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Abstract: Pharmaceutical compounds (PCs) are one of the most notable water pollutants of the
current age with severe impacts on the ecosystem. Hence, scientists and engineers are continuously
working on developing different materials and technologies to eradicate PCs from aqueous media.
Among various new-age materials, graphitic carbon nitride (g-C3Ny) is one of the wonder substances
with excellent catalytic property. The current review article describes the latest trend in the appli-
cation of g-C3Ny-based catalyst materials towards the degradation of various kinds of drugs and
pharmaceutical products present in wastewater. The synthesis procedure of different g-C3Ny-based
catalysts is covered in brief, and this is followed by different PCs degraded as described by different
workers. The applicability of these novel catalysts in the real field has been highlighted along with
different optimization techniques in practice. Different techniques often explored to characterize the
g-C3Ny-based materials are also described. Finally, existing challenges in this field along with future
perspectives are presented before concluding the article.
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1. Introduction

Emerging contaminants are the most alarming water pollutants of the present era.
Pharmaceutical compounds (PCs) have become one of the notable classes of emerging
water pollutants [1]. These compounds have been detected in various concentration ranges
(ng/L to pg/L) in natural water bodies. These compounds are reported to be present in
natural water bodies, such as Taihu Lake in China and Mississippi River in the USA [2].
Moreover, an estimation has shown that till now at least 3000 species of PCs have been
detected in water and wastewater [3]. Among various categories of drug compounds,
nonsteroidal anti-inflammatory drugs and sulfonamides are often used for the treatment of
various categories of diseases. However, the long-term existence of these compounds in
natural water bodies leads to the chronic poisoning of the aquatic lives. Various drugs have
been marked by several environmental agencies for their toxic effects. Naproxen (NPX),
a drug often used to treat menstrual cramps, has been enlisted by US EPA as Class I in
Current Contaminant Candidate List. Diclofenac (DC), a commonly used painkiller, is well
known for its bioaccumulation and toxic characteristics. Evidence shows that it causes
hemodynamic changes and thyroid tumor in humans [4].

Moreover, due to the COVID-19 pandemic, their concentration has increased drasti-
cally in the environmental matrices. Morales-Paredes et al. [5] in their recent review article
mentioned the abnormal increase in the concentration range of these compounds in natural
water and wastewater. Among several antiviral drugs used during the COVID-19 times,
azithromycin and chloroquine are some of the most commonly used PCs. The concentration
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of azithromycin drug is increased by 217 times in comparison to the normal concentration
(WWTP-river-estuary at Wuhan, China). Due to various toxic effects, its removal from
water streams is of utmost importance to environmental scientists and engineers. Conven-
tional biological water treatment processes, adsorption, and coagulation are not feasible for
the ultimate destruction of these recalcitrant compounds in aqueous media.

Eradication of organic compounds is possible through photocatalytic reaction, which
undoubtedly is one of the green waste management options. In this regard, it may be noted
that g-C3Ny is a prominent photocatalyst of the new age. It provides an attractive option to
the research community for synthesizing noble metal-free efficient semiconductor-based
photocatalysts. It possesses several distinguishing features such as higher thermal and
chemical stability, due to the presence of strong covalent bonds between the C and N
atoms in the conjugated g-C3Ny4 framework in it. It is easily prepared and nontoxic in
nature [6]. However, the high probability of charge recombination, small surface area,
and low reusability are some of the major hindrances behind its large-scale application [7].
Often these hurdles are minimized by means of doping [8], co-doping, co-polymerization
via hybridization, exfoliation [9,10], formation of heterojunction structures [11], etc. A
significant amount of research work has been performed by scientists all over the globe
in recent times regarding the modification of g-C3Ny and its application for the treatment
of PC-bearing wastewater. The current review article aims to focus on the latest trends
in the applications of g-C3Ny-based composite photocatalysts towards PC wastewater
remediation. Firstly, different types of g-C3Ny-based catalysts and their novel synthesis
procedures are discussed. After that, various types of g-C3Njy-based catalysts applied for
PC wastewater treatment in recent times have been elaborated. The next two sections
deal with the optimization and applicability of different g-C3Ny-based catalysts for real
wastewater treatment. Several characterization procedures often followed to get better
insight into the removal process are then mentioned. The last section mentions the current
challenges and future perspectives. This is followed by the concluding remarks. Almost all
the papers discussed here have been published within the last five years.

2. Synthesis of Different Types of g-C3Nj-Based Catalysts for PC Degradation

Different types of g-C3Ny-based catalysts have been reported in the literature regard-
ing the degradation of PCs. In the current section of this article, three categories have
been selected for distinguishing g-C3Ny-based catalysts in respect of preparation technique.
Firstly, they have been differentiated on the basis of the precursor material used for the pro-
duction of g-C3Njy. Different starting materials, such as melamine, urea, and dicyanamide,
have been reported in the literature for the preparation of g-CsNy. Therefore, the first
categorization describes the synthesis procedure of different novel catalysts from different
precursor materials.

Moreover, it has been stated in the previous section that in comparison to the bare
g-C3Ny, composite formation with other materials and doping improved the catalytic
efficiency. Hence, the next two subsections deal with the preparation procedure of several
g-C3Ny composite and doped catalysts. As the classification is based on different criteria, a
particular catalyst may satisfy more than one principle.

2.1. Various Precursors for Preparing g-C3Ny

In g-C3Ny, nitrogen is placed in a framework of graphite with a p-conjugated system
and the distance between the two layers is 0.326 nm. g-C3Ny is often produced from a
precursor material such as urea. Upon condensation of urea molecules, NH; and CO, gases
are produced, which ultimately helps in the production of porous g-C3N4. However, in
comparison to pure g-C3Ny catalysts, doped materials are often preferred by the research
community for their improved photocatalytic features. Due to the doping with Na or
K, the potentials of the valence band and conduction band for absorbing visible light
are enhanced, which ultimately leads to increased photocatalytic activity. Guo et al. [12]
reported the preparation of g-C3N4 nanosheets from urea. Briefly, urea was placed inside
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an alumina crucible and heated to 550 °C for 3 h at the rate of 5 °C/min. The obtained
yellow powder was heated for the second time in a muffle furnace at 52 °C to complete the
thermal polymerization reaction and g-C3N, nanosheets were produced.

Many studies reported the synthesis of g-C3N4 from melamine as the precursor. Chi
etal. [13] prepared a g-C3Njy-based catalyst from melamine. Guo et al. [14] also prepared
a g-C3Ny-based novel photocatalyst from melamine and urea. Briefly, 7.704 g urea, 5.4 g
melamine, and different amount of ammonium chloride (NH4Cl) were added to 90 mL
deionized water. After stirring the solution for 30 min, it was dried at 80 °C to obtain the
precursor powder. Then, the precursor powder was calcinated at 550 °C for 3 h at the
heating rate of 0.5 °C/min. The whole schematic of the preparation of the Cl-doped g-C3Ny
nanosheet catalyst is shown in Figure 1. Smykalova et al. [15] produced exfoliated g-C3Ny
catalyst using melamine as the precursor.
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Figure 1. Schematic illustration of the preparation for Cl-doped porous CN nanosheets [14].

He et al. [16] prepared g-C3N4 powder from dicyanodiamine. Sixteen grams of
dicyanodiamine was heated at the rate of 2.5 °C up to 600 °C and it was maintained for 4 h.
After that, the heated powder was cooled and ground for further use. Wang et al. [17] also
reported the preparation of g-C3Ny from dicyandiamide as the precursor. Sun et al. [18]
produced bulk g-C3Ny from dicyandiamide as the precursor. To the prepared g-C3sNy,
kaolinite was loaded via the impregnation calcination process and the composite thus
produced was named as g-C3Ny4 /kaolinite (KCN). To it, Ag was loaded to form the ternary
composite Ag/g-C3Ny/kaolinite composite. The preparation procedure is illustrated
in Figure 2.

g-CGN, Ag

kaolinite

Figure 2. Scheme of the synthetic process for the Ag/KCN-X photocatalysts [18].
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2.2. Composite with Other Materials

Often g-C3Ny is utilized in making composite catalysts with other suitable materials.
Zn0 is an excellent semiconductor photocatalyst material and has been proven to be an
efficient catalyst for degrading different categories of PCs. Its bandgap is 3.2 eV and there
is a huge possibility of electron-hole recombination. Along with this, its optical corrosion is
another major hindrance behind its usage for real field purposes. In this regard, composite
with g-C3Ny offers a sustainable efficient photocatalyst with higher activity. Feyzi et al. [19]
prepared ZnO/g-C3Ny/zeolite P supported photocatalyst for photodegradation of the
tetracycline (TC) molecule. The composite catalyst was synthesized in three steps. Firstly,
ZnO was prepared by the sol-gel method. Then g-C3N4 was synthesized at a large scale
by means of pyrolysis of urea. In the final step, the as-synthesized ZnO and g-C3Ny
were mixed and added to zeolite for the production of the composite catalyst. Mirzaei
et al. [20] synthesized a ZnO@g-C3Ny catalyst for the mineralization of a sulfamethoxazole
(SMX) drug. Baladi et al. [21] reported the preparation and application of g-C3N4-CoFe;O4-
ZnO photocatalyst for the degradation of the penicillin G antibiotic compound. Chen
et al. [22] applied Ag-AgVO3/g-C3Ny photocatalyst for the degradation of TC antibiotic.
g-C3Ny/TiOp/CFs composite was synthesized by Guo et al. for TC elimination from
wastewater [23]. Firstly, different quantity of oxamide and 10 g of urea were blended
mechanically. After that, the mixture was subjected to calcination in a muffle furnace at
550 °C to produce g-C3Ny4. In order to synthesize the g-C3N4/TiO, composite, the as-
prepared g-C3N4 was dissolved in a previously prepared Ti(SO4); solution and the whole
setup was subjected to ultra-sonification. The whole process was repeated in the presence of
carbon fibers (CFs) to prepare the composite C3N4/TiO, /CFs. Kumar et al. [24] deployed
BiOCl/g-C3sNy4/CuyO/Fe304 ternary composite photocatalyst for oxidative degradation of
SMX from wastewater.

2.3. Doping of g-C3Ny-Based Catalysts

Doping and co-doping with various metals and metal oxides enhanced the catalytic
activity of g-C3Ny-based materials. Wang et al. [25] investigated the co-doping of bimetallic
oxides and the effect of oxygen on the catalytic degradation performance of g-C3Ny4 on
SMX removal. Liang et al. [26] prepared Ba-atom-embedded g-C3Ny-based catalyst for the
degradation of carbamazepine (CBZ) and DC drug molecules. The Ba atom got anchored
onto the surface of the g-C3N4 by means of forming an ionic bond with the triazine
ring. The catalyst was prepared by the thermal polymerization method. In this method,
2.52 g melamine was mixed with 60 mL of ethylene glycol. This solution was kept in
the temperature range of 58-62 °C and was named as solution A. On the other hand,
28% 5 mL HNOj was prepared and named as solution B, and 40 mL of Ba(NO3); (in the
range of 10-25 mmol) solution as solution C. These three solutions (A, B, and C) were
mixed to form a white hydrogel and allowed to stand for 1 h. Then it was filtered and
washed thoroughly with ethanol. The solid residue was heated at 550 °C to produce the
Ba-embedded g-C3Ny catalyst. Tian et al. [27] prepared a Se-doped g-C3N4 novel catalyst
for SMX detoxification. Due to Se doping, nitrogen vacancy is created in the catalyst matrix
to modulate the electron distribution of g-C3N4. Additionally, it also helped in exfoliation
and creating a large specific surface area of the composite catalyst due to the large radius of
the Se atom. Guo et al. [14] reported the preparation and application of a Cl-doped novel
porous g-C3Ny4 nanosheet photocatalyst for TC degradation under the irradiation of visible
light. For doping purposes, different amounts of Cl were added, and the composite was
named accordingly as CN-Cl1-0.1, CN-Cl-0.3, CN-CI-0.5, etc.

3. Different Categories of g-C3N;-Based Catalysts Reported in the Literature for
PC Degradation

It has been already mentioned in the previous section that although g-C3sNy is a
promising photocatalytic material, several drawbacks hinder its application. Therefore,
researchers look forward to constructing different types of composite materials for en-
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hanced photocatalytic activity. The main purpose of developing a novel g-C3Ny-based
photocatalyst is to reduce the bandgap and prevent the electron-hole recombination. For
this purpose, photocatalysts having Z-scheme and S-scheme heterostructures are synthe-
sized. Most of the g-C3Ny-based catalysts have been found to be efficient under visible light
irradiation. However, in some cases, the inclusion of some external agents, such as HyO,,
peroxymonosulfate (PMS), and ultrasound assistance, facilitates the degradation process.

3.1. g-C3Ny-Based Z-Scheme Photocatalysts

Z-scheme photocatalysts can be categorized into traditional Z-scheme, direct Z-scheme,
and all-solid-state Z-scheme photocatalysts. Traditional Z-scheme photocatalysts were first
introduced by Bard in 1979 [28]. It resembles the photosynthetic activity performed by
green plants. This type of photocatalysts consists of two semiconductors with suitable
intermediate couples. The two semiconductors used in this system have staggered band
structure configurations. However, the major disadvantage of this type of catalyst is that it
is confined to the solution phase only. Moreover, there is also a possibility of the occurrence
of many side reactions.

All-solid-state Z scheme is also known as the indirect Z scheme. The idea of the all-
solid-state Z scheme started in the year of 2006. Tada et al. [29] synthesized CdS-Au-TiO,
ternary composite photocatalyst. In this composite, Au acts as the electron mediator. Noble
metals, such as Ag, Au, and Cu nanoparticles, are often explored as the electron mediator.
Other than these, carbon quantum dots, graphene, and carbon nanotubes are also used as
the electron mediator. As the solid conductor is used in all-solid-state Z scheme, it can be
easily utilized in liquid as well as in gas.

However, in all-solid-state Z-scheme-based catalysts, charge transfer is solely based
on the conductor. To improve the situation, a direct Z scheme was proposed. In the
direct Z-scheme mechanism, no intermediate redox couples exist. Many recent studies
on the application of g-C3Ny-based catalysts are developed based on a direct Z-scheme
mechanism. The photodegradation of TC by applying 2D /2D MnlIn,S, /g-C3Ny composite
is based on the direct Z-scheme mechanism [30]. Photodegradation of DC via S, B-co-doped
g-C3Ny nanotube@MnO; catalyst also proceeded via a direct Z-scheme mechanism [3]. The
main reactive species involved in the degradation mechanism were h*, O, ~, and SO4 .
Moreover, the catalyst showed excellent stability up to 10 cycles. Ghosh and Pal [8], in
their recent work, reported the synthesis and application of composite formed by g-C3Ny
nanosheet, tungsten oxide hydrate nanoplates, and carbon quantum dots towards TC
degradation under visible light exposure. It worked on the principle of all-solid-state Z

schemes, and the degradation proceeded with a rate constant of 0.044 min~!.

3.2. g-C3Ny-Based S Scheme Photocatalysts

S scheme is the other name of the step scheme photocatalyst. An S scheme photocata-
lyst comprises an oxidation photocatalyst and a reduction photocatalyst with a staggered
band structure. Its band structure is similar to that of the type II heterojunction but a
completely different charge transfer route. Pham et al. [31] prepared S scheme x-Fe;,O3/g-
C3N4 nanocomposites as an efficient photocatalyst for the degradation of model antibiotic
compounds, such as amoxicillin (AMX) and cefalexin (CFX). Ni et al. [32] prepared a novel
g-C3N4/TiO;, catalyst for TCH degradation under UV light irradiation. The S-scheme
heterostructure facilitated the formation of ‘O, ™, h*, and OH' reactive species which ul-
timately helped in degradation performance. Feyzi et al. [19] reported the application of
S-scheme ZnO/g-C3Ny/zeolite P supported catalyst for the degradation of TC molecule.
The ternary composite catalyst was loaded on a plasma reactor for degradation purposes.
Under optimized reaction conditions, 95.5% degradation efficiency was achieved. Guo
et al. [23] synthesized an S-scheme-based novel g-C3N4/TiO, /CFs catalyst for the photo-
catalytic degradation of TCH. Under 350 W Xe light irradiation, 99.9% degradation was
achieved within 90 min.
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3.3. §-C3Ny-Based Fenton-Type Catalysts

Fenton-type reactions are one of the powerful techniques for the degradation of or-
ganic pollutants. It deploys the generation of powerful hydroxyl radicals from H,O, in
the presence of Fe?* as the catalyst. However, there exists a lot of technical problems with
the homogeneous Fenton process and therefore, the scientists are continuously developing
novel heterogeneous Fenton catalysts for degradation purposes. There are several reported
studies on the application of heterogeneous Fenton catalysts for PC wastewater degrada-
tion. It is very important to note that g-CsN4 undoubtedly added a new dimension for
synthesizing heterogeneous Fenton-type catalysts. In the traditional Fenton process, iron
was used as the catalyst, and HyO, was the oxidant. However, apart from iron, different
other transition metals have also been explored as Fenton-type catalysts. Moreover, PMS
has replaced H,O, in many studies. Moreover, visible light irradiation also often enhances
degradation and is known as photo-Fenton degradation. This section describes different
Fenton, Fenton types, and PMS-mediated g-C3Ny-based catalysts for PC degradation.

Zhang et al. [33] reported the application of MnO, /Mn-modified alkalinized g-C3Ny4
catalyst for TC degradation through the photo-Fenton process. Excellent degradation
(96.7%) occurred due to the synergistic effect of the surface-grafted hydroxyl groups,
charge transfer via the Z-scheme mechanism, and activation of HyO, by the redox cycle of
Mn(IV)/Mn(III)/Mn(II). He et al. [16] utilized g-C3N4/Fe304@MIL-100(Fe) composite for
photo-Fenton detoxification of CIP from wastewater. In comparison to the bare g-C3N4 and
Fe30,@MIL-100(Fe), the composite catalyst showed promising performance, exhibiting
94.7% degradation of CIP and having an initial concentration of 200 mg/L in 120 min.

Mei et al. [34] explored a metal-free carboxyl-modified g-C3Ny catalyst for PMS activa-
tion in order to degrade model PC, CBZ. As the process did not involve any strong acids
or solvents, it has been described as a green low-cost environmentally friendly system.
Luo et al. [35] reported the successful application of a Co-MOF-based /g-C3Ny catalyst for
degrading antidepressant PC venlafaxine in the presence of PMS. Wang and Wang [36]
studied the degradation process of SMX in the presence of y-Fe,O3/0O-g-C3Ny /biochar
composite via PMS activation. SMX eradication followed a first-order kinetic model with a
rate constant value of 0.153 min . Wang et al. [25] utilized a Fe-Co-O-co-doped g-C3Ny
catalyst for PMS activation in order to degrade SMX molecules. Detailed experimental
investigation revealed that both sulfate radical and singlet oxygen were present in the
reaction mixture. However, the role of singlet oxygen in the SMX removal process was
not clear. Superb degradation efficiency was attributed to the existence of the synergism
between the metal oxide and O-g-C3Ny.

Liu et al. [37] developed a novel Z-scheme Fe-g-C3Ny/BiyWOg heterogeneous photo-
Fenton catalyst for TC degradation purposes. Experimental investigation revealed that
10, and ‘O, were the predominant species participating in the degradation phenomenon.
Li et al. [38] prepared a g-C3N4/MgO composite which acted as a Fenton-type catalyst
for the oxidation of the SMX drug present in wastewater. The composite catalyst showed
excellent performance towards the degradation. The H,O, requirement was also less for
oxidative degradation.

Li and Gan [39] applied Cu-doped g-C3N, composite as the heterogeneous photo-
Fenton-type catalyst for the degradation of different PCs at a very low concentration. Due
to the doping, the bandgap got reduced from 2.79 eV to 2.17 eV, which proved beneficial
for adsorbing visible sunlight for degradation purposes. Cao et al. [40] synthesized novel
Fe/g-C3Ny/kaolinite as the heterogeneous photo-Fenton catalyst for TCH degradation
purposes. High degradation efficiency was achieved due to the large specific surface area
of the kaolinite, which can result in the adsorption of the TCH molecule. Moreover, Fe(IlI)
acted as the electron acceptor in the composite matrix, restricted the electron-hole recombi-
nation rate, and facilitated the photo-Fenton process. g-C3N4 nanosheets/schwertmannite
nanocomposites were explored by Qiao et al. [41] for chlortetracycline eradication from
wastewater through the photo-Fenton mechanism.
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3.4. g-C3Ny-Based Sonocatalysts for PCs Degradation

Ultrasound is often deployed for the destruction of stable organic molecules in wastew-
ater streams. Experimentally it has been proved that sound waves having a frequency
greater than 20 kHz have the capability of breaking organic pollutants of higher molecular
weight into simpler products. Some g-C3Ny-based sonocatalysts have also been reported
in the literature related to the degradation of PCs. Zhang et al. [42] utilized CoFe,O,/g-
C3Ny composite as the sonocatalyst for the degradation of the TCH molecule. Maximum
sonocatalytic efficiency of 26.71% in 10 min was exhibited by the composite catalyst when
the amount of CoFe;Oy in the catalyst matrix was 25%. Charge transfer and electron-hole
separation mechanism proceeded via S scheme heterojunction. The mechanism is shown
in Figure 3.
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Figure 3. Proposed mechanism for the sonocatalytic degradation of TCH with CFO/CN [42].

He et al. [43] prepared g-C3N4/MoS; catalyst for levofloxacin (LFX) oxidation through
a sonocatalytic mechanism. The as-prepared catalyst showed excellent degradation effi-
ciency towards LFX (75.81%) with an initial concentration of 10 mg/L in 140 min with
promising reusability. Experimental investigation revealed that both "'OH and ‘O, played
a major role in the degradation process. The authors validated the sonocatalytic degradation
via hotspot and sonoluminescence effect theory.

Vinesh et al. [44] described the application of r-GO supported g-C3N4 nanosheet
catalyst for sonophotocatalytic degradation of TC. Influence of ultrasound generated more
active sites in the catalyst, which ultimately improved PC degradation. For a TC sample
having a 15 mg/L initial concentration, almost 90% degradation was achieved within
60 min of reaction under sonophotocatalysis. Gholami et al. [45] applied Zn-Cu-Mg mixed
metal hydroxide/g-C3N4 composite as the effective sonophotocatalyst for the degradation
of sulfadiazine (SDZ) drug from wastewater. When the content of mixed metal hydroxide
remained at 15 wt%, maximum degradation efficiency of 93% was attained with an initial
concentration of SDZ as 0.15 mM, solution pH 6.5, and ultrasonication power of 300 W.

4. Degradation of Different PCs
4.1. Tetracycline (TC)
TC is one of the most common drugs, often explored to test the catalytic efficiency of a

newly developed catalyst. It is a broad-spectrum antibiotic. Its major functional groups
include phenolic hydroxyl group, dimethylamino group, acylamino group, etc. Owing to
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the possession of both electron-rich and electron-deficit groups, it has three dissociation
constants [1]. TC, OTC (oxytetracycline), and TCH (tetracycline hydrochloride) all belong to
the TC group of drugs. Chen et al. [22] explored Ag-AgVO3/g-C3N, photocatalyst for the
degradation of TC in aqueous media. The photocatalytic activity of the composite catalyst
was two times higher than that of the pristine g-C3Ny. A highly promising MnIn,S,/g-
C3Ny photocatalyst was developed by Chen et al. [30] and successively applied for TCH
degradation. The composite catalyst exhibited higher degradation efficiency in comparison
to the MnlIn;S, nanoflakes and mesoporous g-C3Ny nanosheets. The enhanced removal
occurred due to the formation of the Z scheme which results in the transfer and effective
separation of the photogenerated charge carriers. Chi et al. [13] reported the exploration
of B/Na-co-doped g-C3Ny photocatalyst for the degradation of TC. The synergistic effect
between the B/Na co-doping and the porous g-C3Ny nanosheet played a major role in
the degradation process. Within a reaction time of 30 min, under visible light irradiation
(A =430 nm), 78.39% degradation was achieved. Cl-doped g-C3Ny-based catalysts were
explored by Guo et al. [14] for TC degradation purposes. The optimized removal efficiency
of 92% within 120 min of reaction time has been achieved. Due to the Cl doping, the
electronic structure of g-C3Ny4 material was regulated. Moreover, because of the Cl doping,
the specific surface area of the composite got increased and the recombination of hole—
electrons on the catalyst surface was prevented. Thus ultimately, TC degradation was
improved in comparison to the bulk g-C3Nj catalyst.

Jiang et al. [46] developed a nitrogen self-doped g-C3Ny nanosheet catalyst following a
self-doping and thermal exfoliation procedure. Thus, the newly developed nitrogen-doped
g-C3Ny photocatalyst showed enhanced visible light absorption, high specific surface
area, and improved electron-hole separation in comparison to the bulk g-C3Ny4. Hence, it
showed promising efficiency towards TC degradation. The authors proposed an interesting
mechanism behind the photocatalytic degradation of TC. The whole degradation process
progressed via three steps, such as light harvesting, photogenerated electron-hole pairs
separation and transfer, and surface adsorption and redox reaction. Moreover, the catalyst
showed excellent repeatability and only a negligible efficiency is lost during the fifth cycle
of reuse.

Palanivel et al. [47] reported the synthesis of a novel NiFe,O4-deposited S-doped
g-C3Ny nanorod catalyst and deployed it for TC degradation through a photo-Fenton
mechanism. Strong chemical interaction between the NiFe;O4 and sulfur-doped g-C3Ny
helps in efficient visible light absorption, and electron-hole recombination is also pre-
vented effectively. Preeyangha et al. [48] prepared g-C3N,/BiOBr/Fe;04 nanocomposite
photocatalyst for the degradation of TC under the irradiation of visible light. Complete
degradation and 78% TOC removal were achieved within 60 min, where the reaction rate
constant was found six times higher than that obtained with the bare g-C3Ny catalyst.
Based on the radical scavenging investigations, it was observed that h* has a major role in
the degradation followed by ‘O, and OH'. Besides that, the ternary composite showed
excellent recyclability also. The possible reaction mechanism is shown in Figure 4.

Various reported g-C3Ny-based catalysts for TC removal are presented in Table 1.

Table 1. A list of g-C3Ny-based catalysts reported for TC degradation.

Description of the g-C3Nj-Based Photocatalyst  Optimized Degradation Efficiency with Reaction Condition = References

B/Na-co-doped porous g-C3Ny nanosheet TC degradation of 78.39% within 30 min under visible light

photocatalyst

irradiation (10 W LED lamp) [13]

Cl-doped porous g-C3Ny

At a catalyst dose of 0.5 g/L, TC concentration = 10 mg/L,
nanosheets under visible light irradiation (300 W Xenon lamp, with cut-off [14]
filter at 420 nm), 92% degradation within 120 min reaction time

95.5% TC degradation in plasma reactor (16.5 kV as operating

Zn0O/g-C3Ny/zeolite P supported catalyst voltage, 300 Hz regulated frequency, airflow [19]

rate = 130 mL/min)
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Table 1. Cont.

Description of the g-C3Ny-Based Photocatalyst ~ Optimized Degradation Efficiency with Reaction Condition = References
83.6% degradation at 120 min (rate constant = 0.0298 min 1)
Ag-AgVO3/g-C3Ny composite under visible light irradiation (300 W Xenon lamp, with 410 nm [22]
filter): TC concentration = 30 mg/L, catalyst dose = 0.2 g/L
99.99% TC-HCl degradation (initial concentration = 10 mg/L)
g-C3Ny/TiO, /CFs with a catalyst dose of 0.5 g/L, under the irradiation of visible [23]
light (350 W Xe lamp) for 90 min
With TCH concentration of 50 mg/L, catalyst dose =1 g/L
) (g-C3Ny kept as 20% mass ratio in the composite), under visible
MnlngSy/g-C3Ny photocatalyst light irradiation (300 W Xenon lamp, with 400 nm filter) almost (301
complete degradation
In the presence of catalyst (g-C3N4:TiO; = 1:25) at a
) . dose =1 g/L, under UV light irradiation (300 W Mercury lamp),
8-C3Na/TiO, maximum degradation efficiency obtained 97.6% for TCH in [32]
90 min
Porous Z-scheme MnO, /Mn-modified . o
alkalinized g-C3Nj heterojunction With 0.5 g/L catalyst dose, 96.7% TC removal [33]
. . . . 98.42% degradation in the presence of 1 mM of H,O,, with TC
Fe-g-C3Na4/Bis WO heterojunctions =10 mg/L, catalyst dose = 0.4 g/L, solution pH = 6.5 [37]
rGO supported self-assembly of 2D nanosheet of With 0.25 g/L catalyst d(?se, TC conce.zn.tratlgn - 1 5 mg/L,
almost complete degradation (under visible light irradiation [44]
(8-C3Na) and ex
posure to ultrasound)
. With 0.5 g/L catalyst dose, 10 mg/L TC concentration, under
Nitrogen self-doped g-C3Ny nanosheets visible light irradiation, 81.67% degradation in 60 min [0
NiFe,Oy4-deposited S-doped g-C3Ny nanorod 97% degradation in 60 min under visible light irradiation [47]
With catalyst dose = 0.5 g/L, TC = 15 mg/L, under visible light
g-C3N4/BiOBr/Fe304 nanocomposite irradiation (300 W Halogen lamp), complete degradation in [48]
60 min
91.94% TC degradation within 120 min under visible light
Ba-doped g-C3Ny photocatalyst irradiation at 2% Ba loading at a solution pH 10 491
Using photocatalyst dose of 1 g/L, TC concentration of
. . 20 mg/L, irradiation under Xe lamp (300 W) complete
g-C3Ny4/MoS; p-n heterojunction photocatalyst degradation achieved within 40 min [50]
(rate constant = 547 x 10~ min—1)
At 4% loading of PdO, catalyst dose (0.5 g/L) 94.5%
) .. degradation of TCH (40 mg/L) by PMS activation under visible
PdO/g-CsNy /kaolinite catalyst light (300 W Xenon lamp, with 420 nm cut-off filter) irradiation 511
within 20 min
90% TCH degradation under the action of 0.5 g/L catalyst dose,
. o TCH concentration = 20 mg/L,
Nltrogen-doped_garﬁor;g;ar:gi: dots modified peroxydisulphate (PDS) dose = 0.5 g/L, under visible light [52]
&34 p irradiation (300 W Xenon lamp, with 420 nm cut-off filter)
within 60 min reaction time
Initial concentration of TC = 10 mg/L, catalyst dose = 0.5 g/L
) y . . (30 wt% Co00), 90% degradation within 60 min under visible
C00/g-C3Ny p-n heterojunction light irradiation (300 W Xenon lamp, with cut-off filter at (531
420 nm)
83.7% degradation within 60 min, initial concentration of
CulnS, /g-C3Nj heterojunction photocatalyst TC =20 mg/L, catalyst dose = 0.5 g/L (CulnS, mass = 50 wt%) [54]

under visible light irradiation (300 W Xenon lamp, with cut-off
filter at 420 nm)
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Table 1. Cont.
Description of the g-C3Ny-Based Photocatalyst ~ Optimized Degradation Efficiency with Reaction Condition = References
CoP nanoparticles anchored on g-C3Ny 96.7% degradation within 120 min reaction time under visible [55]
nanosheets light irradiation (500 W Xenon lamp with 520 nm cut-off filter)
With initial TCH concentration = 20 mg/L,
g-C3N4/RGO/InyS3 catalyst dose = 0.5 g/L, 95.6% degradation in 60 min under [56]
visible light irradiation
. . Catalyst dose of 2 g/L, TC concentration = 20 mg/L, under
Metal-free g-C3Ny-based heterojunction visible light irradiation (300 W Xe lamp with 420 nm filter) 91% [57]
photocatalyst . .
removal in 100 min
. TCH concentration = 10 mg/L, under visible light irradiation
BixOyl/5-C3Ny (500 W Xe lamp with 420 nm filter), 40% degradation in 4 h (581
2wt% BipW;Og in the matrix, with 1 g/L catalyst dose, with
. . . initial concentration of TCH = 10 mg/L, under visible light
Bi2W209/8-C3Ny heterojunction irradiation (35 W Xe lamp), at pH 10.54, 95% degradation [591
occurred
More than 95% degradation in 90 min reaction time under
Carbon-doped g-C3Ny visible light irradiation [60]
. With TC concentration = 10 mg/L, catalyst dose = 0.1 g/L, PMS
Single-atom Fe-g-C5Ny catalyst =0.25 mM, 93.29% degradation achieved [61]
With 8 wt% Ag in the matrix, 1 g/L catalyst dose, 20 mg/L TC
Ag-modified g-C3N4 composite concentration, under visible light irradiation (300 W Xe lamp, [62]
with 420 nm filter), at pH 11, 90% degradation achieved
With catalyst dose 1 g/L, TC concentration = 10 mg/L, under
g-C3Ny4/AgrCrOy4 photocatalyst visible light irradiation (1000 W halogen lamp), almost [63]
complete degradation in 180 min
. . . With 4 g/L catalyst dose, initial concentration of
Fefgrifilo‘:a‘llif;lelgg f‘é‘dl\rl‘lt;‘f:;l Tftrl‘g;es OTC =10 mg/L, under visible light irradiation (300 W Xe lamp, [64]
§7-3N4 ) with 420 nm filter), 92.83% degradation in 90 min
With catalyst dose = 1 g/L, TC concentration = 10 mg/L, under
Co-doped KC1/NH4Cl/g-C3Ny catalyst visible light irradiation (500 W Xe lamp with 420 nm filter), [65]
almost complete degradation in 120 min
Potassium-eluconate-cooperative pore With catalyst dose = 1 g/L, TC concentration = 20 mg/L, under
o o e visible light irradiation (300 W Xe lamp, with 420 nm filter), [66]
generatio sed.on g3t osheets 82.2% degradation in 30 min
Sulfur-doped carbon quantum dots loaded With Céte.lIYSt d ose = ! g./].“' IC concentration =20 mg/L(; under
visible light irradiation (300 W Xe lamp), about 90% [67]
hollow tubular g-C3Ny N .
degradation in 60 min
With 0.33 g/L catalyst dose, TC concentration = 20 mg/L, under
Nano-confined g-C3Ny in mesoporous SiO; visible light irradiation (300 W Xe lamp), complete degradation [68]
in 120 min
Mult}llf ukr)lr 23?;;1 3\7]?&}: 03181;51 i;fillj ia?é}l{;g;heets With 0.5 g/L catalyst dose, TC concentration = 20 mg/L, under [69]
Y . 2 visible light irradiation, 90% degradation achieved in 60 min
microflowers
) . . With catalyst dose of 0.1 g/L, 30 mg/L OTC, under visible light
Cu0/g-C3N4 2D/2D heterojunction irradiation (300 W Xe lamp, with 420 nm filter), 100% [70]
photocatalysts d LT .
egradation in 10 min
With 0.5 g/L catalyst dose, TC concentration of 10 mg/L, under
Sulfur-and tungStitE'j";dgped porous -C3Ns - {icible light irradiation (300 W Xe lamp, with 420 nm filter), [71]
crorods 85.3% degradation in 120 min
Supramolecular self-assembly synthesis of . . o
noble-metal-free (C, Ce) co-doped g-C3Ny with With 0.5 g/L catalyst dose, 10 mg/L TC concentration, 90% [72]

porous structure

degradation in 60 min
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Table 1. Cont.

Description of the g-C3Ny-Based Photocatalyst ~ Optimized Degradation Efficiency with Reaction Condition = References

Bi,0,CO5/g-C3Nyg/ Bix O3

With catalyst dose = 0.2 g/L, TC = 10 mg/L, under visible light [73]
irradiation (300 W Xe lamp), 95% degradation in 60 min

With catalyst dose = 0.5 g/L, TC concentration = 20 mg/L,

Fe-doped surface-alkalinized g-C3Ny under visible light irradiation (300 W Xe lamp), 70% [74]

degradation in 80 min

Donor-acceptor structured g-C3Ny

With 0.5 g/L catalyst dose, OTC concentration = 20 mg/L, [75]
degradation of 93% at 60 min

With catalyst dose = 1 g/L, TC concentration = 10 mg/L, under

C-doped g-C3Ns/WO3 visible light irradiation (500 W Xe lamp with 420 nm filter), [76]

~78% degradation in 60 min

g-C3Ny4/NiFeyOy4 S scheme 79.3% degradation at pH 3 [77]

C0O,+H,0 TC

4.2. Diclofenac (DC)

DC is also another drug like TC which is also investigated by researchers for degrada-
tion purposes. It is one of the notable members of the nonsteroidal anti-inflammatory drug
group possessing high Ko and bioaccumulating potential power. Due to its wide unre-
stricted usage during the last four decades, it has become one of the significant emerging
contaminants of the current era. Various reports are available in the literature describing
the applicability of g-C3Ny-based photocatalysts towards sustainable eradication of DC
from wastewater. Li et al. [78] applied Fe oxide nanoclusters supported on g-C3Ny as a
robust photocatalyst for DC degradation purposes. He et al. [4] prepared a heterostructure
of Ti3Cy/g-C3Ny4 photocatalyst for the degradation of DC. Polymeric g-C3Ny catalyst was
explored by Papamichail et al. [79] for degradation of DC. Quantum carbon dots modified
reduced ultrathin g-C3Ny photocatalyst was designed and applied by Jin et al. [80] for the
oxidative degradation of DC from wastewater. Complete degradation of DC took place
within 6 min. Hu et al. [81] deployed g-C3N,/TiO; photocatalyst for the degradation of
DC and CBM. The mechanism is shown in Figure 5.

vs. NHE

N\

TC CO,+H,0

Figure 4. The schematic representation of plausible charge transfer mechanism (a) type II and
(b) Z-scheme heterojunction during the photocatalytic TC degradation over g-CN/BiOBr/Fe3;O4

nanocomposites [48].
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Figure 5. Possible mechanism for the photodegradation of DCF and CBZ under LED lamp irradiation

over 30% BCCNT composites [81].

A comprehensive list regarding the application of different g-C3Ny-based photocata-

lysts for the degradation of DC is provided in Table 2.

Table 2. A list of g-C3Ny-based catalysts reported for DC degradation.

Description of the Catalyst Reaction Conditions f.01: Optimum Degradation Optimizet.i l?egradation References
Efficiency Efficiency
Z-scheme S, B-co-doped g-C3Ny  In the presence of 0.06 mM PMS, photocatalyst dose of 0.5
nanotube@MnO, g/L, DC concentration = 20 mg/L, under the irradiation of 99% degradation [3]
heterojunction 8 x 8 W visible light lamps at a wavelength of 460 nm
2D /2D heterostructure of Initial concentration of DC = 10 mg/L, catalyst 100% degradation efficiency (4]
Ti3Cy/g-C3Ny dose = 0.25 g/L, PMS concentration = 0.25 g/L within 30 min
Ferric oxide nanoclusters Initial concentration of DC = 1 mg/L, dose of catalyst = 0.1 Kinetic rate constant of 78]
anchored g-C3Ny nanorods g/L, irradiation under 300 W Xenon arc lamp 0.206 min !
. At a catalyst dose of 1 g/L, initial concentration of DC = 20 s .
- 7!
Polymeric g-C3Ny photocatalyst mg/L, solution pH =5 Complete removal within 120 min [79]
TO,/-CsN. Initial concentration of DC = 5 mg/L, 0.3 g of catalyst Maximum degradation efficiency (82]
278734 loading, pH = 5, irradiation under 1000 W halogen lamp of 93.49%
Cellulose biochar/g-C3Ny At a DC concentration of 0.05 mM, catalyst dose of 1.5 g/L, s .
1 1 within 2
composite (WPBCsp/g-C3Ny) 3 mM of PMS under visible light irradiation Complete removal within 25 min (831
Initial concentration of DC = 3 mg/L, catalyst
’ - 4
&-C3Ny nanosheets dose = 0.65 g/L under solar and LED irradiation [84]
Tunable V boron-doped 100% degradati ithin 1 i
unable V;05/ oron. ope With 5 wt% B doping, 2 g/L catalyst dose 00% eglja‘ 2 1o.n Wl, m . 05. mn [85]
g-C3Ny4 composite under visible light irradiation
Under the action of the catalyst composed of MOF and
- Hy-MIL-12
&CaNa/NHo-M > g-C3Ny in the ratio 50:50. DC concentration kept at 10 Complete eradication within 2 h [86]

photocatalyst

mg/L, under UV LED irradiation at 384 nm
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4.3. Sulfamethoxazole (SMX)

SMX is another widely used sulfonamide antibiotic. Due to its overuse, it often comes
across in different quantities in different water bodies. In recent years, several studies
report the catalytic elimination of sulfamethoxazole from water bodies by deploying g-
C3Ny-based composite catalysts. ZnIn,Ss/g-C3Ny photocatalyst was utilized by Reddy
et al. [87] to catalytically degrade SMX in a water medium. Tian et al. [27] fabricated a Se-
doped g-C3Ny catalyst for the degradation of SMX through PMS activation. Experimental
findings showed that 93% SMX can be degraded by the synthesized catalyst within 180 min
with a reaction rate constant of 0.0149 min~'. The rate constant of the doped catalyst
was four times higher in comparison to the bulk g-C3Ny catalyst. The inclusion of Se
in the composite matrix created nitrogen vacancy to modulate the electron distribution
of the g-C3Ny catalyst. Peng et al. [88] utilized a “trap-zap” catalyst for the degradative
elimination of SMX through PMS activation. -Cyclodextrin polymer composite with
Fe-doped g-C3N, catalyst was used for the degradation. The degradation rate constant
by the B-CDPs/Fe-g-C3N, catalyst was found as 0.132 min~! which was 14.7 times and
2.2 times higher than that of the g-C3Ny4 and Fe-g-C3Ny catalyst. The inclusion of 3-CDPs
in the catalyst composition accelerated the electron transfer between the catalyst and PMS.
Li et al. [89] applied a FeCo,S4-modified g-C3Ny catalyst for the degradation of the SMX
drug. Optimized degradation efficiency has been obtained at the unadjusted pH of 6.5. On
the other hand, acidic pH inhibited the degradation. Temperature played a major role in
the degradation process. When the reaction temperature was increased from 10 °C to 40 °C,
the degradation efficiency got enhanced from 61.2% to 99.9% with a rate constant value of
0.294 min~!. The schematic for the mechanism is shown in Figure 6.
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Figure 6. Schematic illustration of the mechanism of PMS activation on FeCo0,54-CN [89].

A comprehensive list regarding the application of different g-C3Njy-based photocata-
lysts for the degradation of SMX is provided in Table 3.
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Table 3. A list of g-C3Ny-based catalysts reported for SMX degradation.

Description of the Catalyst Reaction Condition Optimized Degradation Efficiency = References
Photocatalyst dose of 0.65 g/L, pH 5.6, 90.4% oxidative removal within
Zn0@g-C3N, airflow rate of 1.89 L/min 60 min of reaction time 201
. Degradation 1jeac.t19r.1 with catalys.t dose of 99.5% degradation under Xenon
Quaternary magnetic 0.2 g/L, with initial concentration of lamp for irradiation within 1 h and
BiOCl1/g-C3Ny4/CuyO/Fe304 SMX = 25.328 mg/L, under visible light Po . [24]
. . . o . 92.1% degradation under natural
nano-junction irradiation (800 W Xenon lamp, with sunlioht within 2 h
400 nm cut-off filter) &
Complete degradation of 0.04 mM
Fe-Co-O-co-doped g-C3Ny - of sulfamethoxazole within 30 min [25]
at a reaction rate of 0.085 min~!
93% degradation of SMX in 180 min
Se-doped g-C3Ny ) with a rate constant of 0.0149 min~! (271
. With the dose of the catalyst =0.2 g/L, o s
g-C3N4/MgO composite initial concentration of SMX = 20 mg /L 92 + 3% degraded within 3 h [38]
In the presence of 0.2 g/L catalyst, initial
Heterostructured 2D /2D concentration of SMX = 15 mg/L, under o ..
ZnInySs/g-C3Ny nanohybrids  visible light irradiation (solar simulation 89.4% degradation in 2 h [87]
AM 1.5 G, intensity 100 mW /cm™2)
3-CDPs/Fe-g-C3Ny catalyst In the presence oif()ﬁl\%é L catalyst, 2 mM Rate constant value of 0.132 min~! [88]
FeCo,S4-modified g-C3Ny At a pH of 6.5, a reaction temperature of 91.9% degradation with a rate 189]
photocatalyst 40°C constant of 0.151 min~!
Fe-dispersed g-C3Ny Initial concentration of sulfamethoxazole o . s .
photocatalyst 10 mg/L, dose of catalyst 50 mg/L 98.7% degradation within 6 min (501
AgCl/AgsPOy/g-C3Ny With 43% AgCl in the matrix 95% removal Wt‘fr};l;‘ 2h of reaction [91]
Under the action of 0.05 g/L catalyst dose,
Porous g-C3Ny modified with  initial concentration of SMX = 0.5 mg/L, at o . 1 .
ammonium bicarbonate pH 9, under visible light irradiation (150 W 93.37% degradation within 30 min (921
Xenon lamp)
With a catalyst dose of 1 mg/L, under the Complete degradation within
AgaPOs/8-C3Ns irradiation of Xenon lamp 90 min of visible light irradiation 931
Under the action of 0.05 g/L catalyst dose,
2.538 mg/L of initial concentration of SMX,  99.5% degradation using 10 wt%
Ag/8-CaNy under the irradiation of Xe lamp (300 W Ag in the matrix (541
with 400 nm cut-off filter)
Under the action of 0.4 g/L catalyst dose, . .
g-C3Ny nanotubes 100 mg/L of SMX, under irradiation of Xe Complet.e degrada’Flon Wlthm [95]
120 min of reaction time
lamp (300 W)
Porous loofah-sponge-like Ungcéi; \(;lsl‘t::} ;;%};:igifatgz iOI:/er
ternary heterojunction - °ces P [96]

g-C3N4 /Bi2W06 /MOSZ

60 min with a rate constant value of
0.089 min~!

4.4. Ibuprofen (Ibu)

Ibu is also a nonsteroidal anti-inflammatory drug commonly used for pain relief,
fever, and inflammation purposes. In recent years, some studies have been performed on
using g-CsNy-based catalysts for degrading Ibu from aqueous media. Liu and Tang [97]
reported the application of g-C3Ny4/Bi;WOg /rGO heterostructured nanocomposite for the
degradation of Ibu. Ag/g-C3N,/kaolinite composite was applied by Sun et al. [18] for
the eradication of Ibu. Mao et al. [98] reported the preparation and application of 1D/2D
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nanorod FeV3;0g/g-C3N4 composite catalyst for the degradation of Ibu. In comparison to
the g-C3N4 nanosheets, the catalytic activity of this nanocomposite was nearly four times
higher. The authors proposed a Z-scheme mechanism for the composite. Meng et al. [99]
utilized layered g-C3N4 and BiOBr photocatalysts for the degradation of Ibu in wastewater.
A list is provided in Table 4 regarding the application of various g-C3Ny-based catalysts

towards catalytic eradication of Ibu from water.

Table 4. A list of g-C3Ny-based catalysts reported for Ibu degradation.

Description of the Catalyst Reaction Conditions Optimized Degradation Efficiency = References
) .. 7 wt% Ag, with catalyst dose =1 g/L, Almost complete degradation in
Ag/g cccj)f4()/sli(fe olinite Ibu = 5 mg/L, under visible light irradiation 300 min with, [18]
P (500 W Xe lamp, with 400 nm filter) rate constant = 0.0113 min~!
At a catalyst dose of 0.2 g/L, Ibu 93% degradation with a rate
g-C3Ny4/BisWOg /rGO concentration = 5 mg/L, pH = 4.3, under constant of 0.011 min~—! under [97]
heterostructured composites  visible light irradiation (300 W Xenon lamp visible light irradiation and 98.6%
with 420 nm filter) degradation under sunlight
10 wt% FeV30g in the matrix, with catalyst
dose =0.33 g/L, Ibu = 10 mg/L, under o L .
1D/2D FeV30s/g-CsNy visible light irradiation (300 W Xenon lamp 95% degradation in 85 min (98]
with 420 nm filter)
Layered g-C3N, and BiOBr ~ With catalyst dose = 0.2 g/L, Ibu = 20 mg/L Complete degradation in 10 min [99]
g-C3Ny/Ag/AgCl/Bivo, ~_nder the catalyst dose of 0.25 g/L, under =g, 70/ 4012 dation within 1 h of
h . visible light irradiation (compact fluorescent L [100]
micro flower composite 1 reaction time
amps)
Under the action of 0.15 g/L of catalyst,
g-C3Ny /MIL-68(In)-NH; 20 mg/L of Ibu concentration, with visible =~ Photocatalytic rate = 0.01739 min—!, [101]
heterojunction composite light irradiation (300 W Xenon lamp, with 93% degradation, in 120 min
cut-off filter at 420 nm)
With catalyst dose of 1 g/L, 5 mg/L of Ibu Lo
TiO, /g-C3Ny4 composite concentration, under the visible light Almost com1:>61((le t;;inegradatlon m [102]
irradiation (250 W Xe lamp)
. With initial concentration of Ibu as 5 mg/L,
Tloz/[ij;iﬂa nﬁl %{tCSN‘l catalyst dose of 2.69 g/L, at pH 2.51 under Complete degradation in 120 min [103]
visibie s the action of 4-10 W LED lamps
With initial concentration of Ibu as 5 mg/L, L .
A;:li;g}{ gl;rciillzu catalyst dose of 2.69 g/L, under the action of Comfj E?eiiiii:l:;lrjl? 1th0 mim [104]
Y natural sunlight and 4-10 W LED lamps &
Initial concentration of Ibu = 80 mg/L, dose
) of catalyst = 0.1 g/L, under visible light o L .
g-C3N4/CQDs/CDInySy irradiation (300 W Xenon lamp with 420 nm About 90% degradation in 60 min [105]
filter)
Plasma-treated Using g-C3Ny4/TiO; catalyst with 15 min o . s .
¢-C3Ny /TiO; freatment of plasma oxygen 95% degradation within 90 min [106]
Trlgle 2D 3 wt% rGO in the composite, catalyst 86% deggadatlon under visible light
g-C3Ny4/BipWOg /rGO _ _ ~ and 98% removal under natural [107]
. dose=2g/L,Ibu=5mg/L, pH=4.3 .
composites sunlight
g-C3Ny4/BiaWOg 2D /2D With 0.2 g/L catalyst, initial concentration of = 96.1% degradation efficiency within [108]
heterojunction Ibu = 103.145 mg/L 1h,
a-SnWOy, /UiO-66(NH3)/ g- . _ o .
C3N, ternary With 0.5 g/L catalyst dose, Ibu = 10 mg/L More than 90% degraded in [109]

heterojunction

under visible light irradiation (Xe lamp)

120 min reaction time
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4.5. Other Drugs

Studies have also been conducted on the application of g-C3Ny-based catalysts to
degrade ciprofloxacin (CIP) from water bodies. Deng et al. [110] reported the preparation
and application of Ag-modified phosphorus-doped ultrathin g-C3N4/BiVO, photocatalyst
for the degradation of CIP drug., In the study, more than 92% degradation efficiency was
achieved under visible light and near-infrared light irradiation (A > 420 nm, A > 760 nm),
with an initial concentration of CIP 10 mg/L. Zhang et al. [111] applied Fe304/CdS/g-C3Ny
composite for the photocatalytic degradation of CIP under visible light irradiation. CdS
itself is a photocatalyst. However, the addition of g-C3Ny in the composite improved its
optical response and the incorporation of Fe3O,4 nanoparticles helped in the easy recovery
of the catalyst. Triclosan (TCS) is a famous nonionic broad-spectrum antimicrobial phar-
maceutical compound. However, US Food and Drug Administration banned its usage
in 2016 due to the health risk associated with it [112]. In recent years, some research
groups also explored g-C3Njy-based photocatalysts towards triclosan degradation in water.
Wang et al. [113] reported the application of g-C3N4/MnFe,Oy catalyst for the degradation
of TCS through PMS activation. The as-prepared catalyst showed promising behavior
in terms of stability and metal leaching. Dechlorination, hydroxylation, and cyclization
along with other bond-breaking mechanisms were attributed to the triclosan degradation
purpose. In one of the recent articles, Yu et al. [114] described the highly efficient degra-
dation performance of a novel catalyst g-C3Ny4/BipMoOg towards TCS drug. TCS was
converted to 2-phenoxyphenol under visible light irradiation. In 180 min, 95.5% degrada-
tion was achieved, which was 3.6 times higher in comparison to that obtained with pure
g-C3Ny catalyst.

Mafa et al. [115] developed a multi-elemental doped g-C3Ny catalyst and tested it
towards NPX degradation. Pure g-C3Nj catalyst showed poor performance in terms of
degradation efficiency (21.5%). With rare earth metals loading (1%), the composite catalyst
showed excellent behavior (92.9% efficiency) towards drug removal. A heterojunction was
formed between the rare earth metal and the g-C3Ny surface which provided the defect for
facilitating electron—hole separation. The degradation followed the Z-scheme mechanism
with visible light absorption, with the participation of superoxide radicals.

Truong et al. [116] utilized ZnFe,O,/BiVO,/g-C3Ny4 photocatalyst for the efficient
removal of lomefloxacin antibiotic degradation. Keeping the amount of ZnFe;Oy, BiVOy,
and g-C3Ny in the ratio 1:8:10, the optimized removal efficiency of 96.1% was obtained after
keeping the set-up illuminated for 105 min.

Like the above-mentioned drugs, AMX is another commonly used drug which often
occurs in the ecosystem. Mirzaei et al. [117] prepared a magnetic fluorinated mesoporous
g-C3Ny catalyst for the AMX elimination purpose. Fluorination of the catalyst material
provides a facilitating condition for the catalysis by even distribution in the aqueous
medium. Due to the inclusion of the iron nanoparticles, the removal efficiency further
got enhanced due to the formation of the heterostructure. However, on increasing the
iron content, the catalytic efficiency got diminished due to the fact, that the nanoparticles
covered the active sites. A list of g-C3Njy-based catalysts for degrading other PCs is provided
in Table 5.

Table 5. A list of g-C3Ny-based catalysts reported for other PC degradation.

Description of the Catalyst

Target Compound Optimized Degradation Efficiency References

g-Cg N4 /Fe3 O4 @MIL-
100(Fe)

94.7% degradation of CIP having an initial concentration of

cIp 200 mg/L within 120 min of visible light irradiation

[16]

Mesoporous g-C3Ny

92.3% degradation with an initial concentration of 4 mg/L,

cip catalyst dose =1 g/L

[17]
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Table 5. Cont.

Description of the Catalyst Target Compound Optimized Degradation Efficiency References
Ag-modified
phosphorus-doped ultrathin CIP 92.6% degradation efficiency for CIP with an initial [110]
g-C3Ny nanosheets/BiVO, concentration of 10 mg/L
photocatalyst
81% degradation with an initial concentration of
Fe30,4/CdS/g-C3Ny CIP CIP =20 mg/L, catalyst dose = 0.5 g/L in 180 min [111]
reaction time
Lignin nanorods/g-C3Ny TCS 99.9% removal with an initial concentration of [112]
nanocomposite TCS = 10 mg/L, catalyst dose = 0.5 g/L in 90 min time
Almost complete degradation of TCS having initial
g-C3Ny4/MnFeyOy TCS concentration of 9 mg/L, catalyst dose = 0.2 g/L, in 60 min of [113]
reaction time
. 95.5% oxidative removal of TCS
&CsNa/BisMoOs TS (initial concentration = 2 mg/L), catalyst dose =1 g/L [114]
Multi-elemental doped NPX 92.9% removal with initial concentration of [115]
g-C3Ny naproxen = 10 mg/L, catalyst dose = 0.3 g/L
96.1% removal after 105 min of visible light irradiation, with
ZnFeyO4/BiVOy,/g-C3Ny Lomefloxacin initial concentration of lomefloxacin = 25 mg/L, with dose of [116]
catalyst=0.5g/L
Magnetic fluorinated AMX Initial concentration of AMX 91.35 mg/L, dose of [117]
mesoporous g-C3Ny catalyst =1 g/L, 90% removal
. Almost complete degradation of CIP at initial concentration
La/FeO3/g-CsNy/BiFeO; cip of 10 mg/L, catalyst dose = 0.4 g/L in 60 min [118]
. 92.3% degradation with TCS concentration = 10 mg/L,
S-Ag/Ti0,@g-C5Ny TS pH =7.8, catalyst dose = 0.2 g/L in 60 min [119]
. 96.5% removal in 150 min, with ofloxacin
& CsNa/NH,-MIL-88B(Fe) Ofloxacin concentration = 10 mg/L, catalyst dose = 0.25 g/L [120]
Carbon-rich o-C~N Complete degradation in 150 min under irradiation of
§7-3 N4 AMX simulated solar light and in 300 min under irradiation of [121]
nanosheet .. .
visible light
92.1% AMX removal in 80 min, with initial concentration of
Sn0O, /g-C3Ny AMX AMX =10 mg/L, dose of catalyst = 0.25 g/L under 300 W Xe [122]

lamp irradiation

4.6. Application on Multiple Compounds

In some studies, prepared g-C3Ny-based catalysts have been applied on more than
one PC rather than one compound. Dai et al. [123] applied surface hydroxylated g-C3Ny
nanofibers for the catalytic degradation of TCH, DC, and metaprolol (MT). Within 60 min
of reaction time, 97.3%, 88.9%, and 63.2% degradation of TC, DC, and MT, respectively, was
achieved. Barium-embedded g-C3N4 was tested against CBM and DC degradation [26].
Thang et al. [124] prepared Ag/g-C3Ny/ZnO nanorods photocatalyst and assigned it for
the degradation of commercial drugs, such as paracetamol (PR), cefalexin (CF), and AMX.
By applying only a catalyst dose of 0.08 g/L, the degradation of a target compound having a
concentration of 40 mg/L was possible. Di et al. [2] applied g-C3Ny/ZnFeMMO composites
for the photocatalytic degradation of Ibu and sulfadiazine (SDZ) drugs. The Z-scheme
mechanism was found to be appropriate for the overall process. The degradation of Ibu
proceeded via h* generation in the process while OH' was responsible for the elimination
of SDZ. A list is presented in Table 6, regarding the application of g-C3Njy-based catalysts
for multiple PC degradation.
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Table 6. A list of g-C3Ny-based catalysts reported for multiple PC degradation.
Catalyst Target Drugs Optimized Reaction Condition Reference

With an initial concentration of paracetamol = 25 mg/L,

) . . Ibu =15 mg/L, DC =25 mg/L, catalyst dose =0.9 g/L,
g-C3Ny4/TiO; nanomaterials PR, Ibu, DC complete degradation of paracetamol and Ibu was (151

possible; however, DC did not get fully degraded

Single Almost complete degradation of CBZ (1 mg/L) and DC

barium-atom-embedded DC and CBM ost comprete degradation o1 ;L mg . [26]
(8 mg/L) under visible light irradiation in 60 min
g-C3Ny catalyst
Complete degradation of both drugs at initial
o-Fe203/8-CaNs CFXand AMX concentration of 20 mg/L within 180 min (311
Carbon quantum dots
modified reduced ultrathin DC, TCS, NPX 100% degradation within 6 min [80]
g-CsNy
Carbon-doped o o . .
supramolecule based DC and CBM 98.92% anc.l 99.77% d.egrad.atlo.n of DC and CBZ in [81]
. ) 30 min and 6 h illumination under LED
g-C3Ny /TiO, composites
0D/1D Co304 quantum o . o o

dots/surface-hydroxylated TC, DC, MT 97.3% degradation for TC, 88.9% for DC, 63.2% for MT [123]

g-C3Ny nanofibers

in 60 min of reaction time

Ag/g-C3N4 /ZHO

With an initial concentration of each drug = 40 mg/L,
PR, AMX, CEX catalyst dose = 0.08 g/L, 78% degradation for PR, 70% [124]

nanocomposite for cefalexin, and 35% for AMX
g-C3Ny-supported 92.5% degradation of TCH at initial concentration of
WO, /BiOCI heterojunction LFXand TCH 20 mg/L [125]
(2D/3D/2D) . -
Complete degradation of both compounds at an initial
rGO/Fey05/8-C5Ny TCand CIP concentration of 50 mg/L within 60 min [126]
nanostructure

5. Optimization Techniques

Optimization of the photocatalyst is one of the pertinent areas for proper resource
utilization. In the present era, multiparameter optimization has gained more predominance
in comparison to single-parameter optimization. Response surface methodology (RSM)
and artificial neural network (ANN) are commonly used for this purpose. Mirzaei et al. [20]
used the RSM technique for the photodegradation of SMX by taking catalyst dose, solution
pH, and airflow rate as the variables. The authors used central composite design (CCD)
for RSM analysis and the catalyst dose, pH, and airflow rate were varied in the range of
0.4-0.8 g/L, 3-11, and 0.5-2.5 L/min, respectively. Twenty experiments were run for the
purpose and the experimental values showed a good correlation with the predicted values
(R? = 0.9802). The optimum condition was found as 0.65 g/L of photocatalyst dose, pH
of 5.6, and airflow rate of 1.89 L/min and under this condition, the removal efficiency
achieved was 94%. Shanavas et al. [126] conducted an optimization study regarding the
application of rGO-gC3Ny-based catalysts for TC and CIP degradation. The reaction time,
reaction temperature, and molar concentration were chosen as the variables for the purpose.

John et al. [82] explored RSM for the optimization of DC degradation. Four variables,
namely, irradiation time, initial solution pH, initial DC concentration, and g-C3Nj loading,
were chosen for the study. From the analysis, it was found that the optimum reaction
conditions were obtained as irradiation time = 90 min, initial solution pH = 5, initial DC
concentration = 5 ppm, and g-C3Njy loading = 0.3 g/g TiO,, and the maximum removal
efficiency achieved was 93.49%.

Quarajehdaghi et al. [127] optimized photocatalytic degradation of CIP by application
of CdS/g-C3Ny/rGO/CMC catalyst using RSM and ANN approach. Four parameters were
chosen for the RSM study, such as initial concentration of CIP, dose of catalyst, pH, and time
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of irradiation. Using the CCD model, 30 experiments were run. Predicted removal efficiency
shows a good correlation with the experimental values. The quadratic model best fitted the
trend with a high R? value of 0.9827. From the RSM analysis, the condition for the optimized
removal efficiency was determined as initial concentration of CIP = 7.89 mg/L, the dose of
catalyst = 0.6 g/L, pH = 6.15, and irradiation time = 33.94 min. The predicted optimized
removal was 84.25%, while experimentally, the removal was achieved at 81.93%. From the
ANN study, the relative importance of different parameters on the degradation efficiency
was determined. It was seen that the influence of the dose of catalyst was the highest (34%),
followed by pH (30%), irradiation time (26%), and, lastly, initial concentration of CIP (10%).
Furthermore, the values obtained from the ANN model were also compared with those
obtained from the RSM model as well as with the experimental values. The values found
from RSM, ANN, and experimental investigation were quite close to each other.

AttariKhasraghi et al. [128] also used RSM and ANN models for cefoperazone degra-
dation using a zeolite-supported CdS/g-C3Ny catalyst. CCD model was used for the
purpose using four variables, such as dose of catalyst, initial concentration of cefoperazone,
pH, and time. The degradation percentages predicted by both the models (RSM and ANN)
showed a good correlation with the experimentally obtained values. Using RSM analysis,
the optimized condition was found as the dose of catalyst = 0.4 g/L, initial concentration of
cefaperazone = 17 mg/L, pH =9, and time = 80 min. The predicted maximum removal
efficiency was 95.66%, while actually 93.23% was achieved. It proves the accuracy of
the model.

6. Real Field Application

It is pertinent to check the performance of the catalyst towards real wastewater. For
utilization of the novel g-C3Ny-based catalyst in real wastewater treatment, firstly scaling
up the process is mandatory. Plasma reactor is one of the innovative reactors which has
the feasibility of being applied in the real field scenario. Feyzi et al. [19] used ZnO/g-
C3Ny/zeolite-P-supported catalyst in a dielectric barrier discharge plasma reactor for
photodegradation of TC.

Kumar et al. [129] reported the application of novel g-C3Ny4/TiO; /Fe304@SiO, pho-
tocatalyst for the degradation of Ibu in sewage. Ibu concentration was kept at 2 mg/L,
while the dose of the photocatalyst was maintained at 1 g/L and 2 g/L. Witha 1 g/L
dose of catalyst, only 13% degradation efficiency was achieved, while with a 2 g/L dose,
92% efficiency was obtained. Nivetha et al. [122] tested the potency of the SnO, /g-C3Ny
nanocomposite photocatalyst towards the degradation of real pharmaceutical effluent after
being successful towards degrading AMX. Untreated pharmaceutical effluent shows a
strong absorbance at 280 nm. However, after the application of the novel photocatalyst, the
peak started decreasing with the fading of the solution visible to the naked eye.

Rapti et al. [130] investigated the photocatalytic efficiency of g-C3Ny and 1% MoS, /g-
C3Ny catalysts towards 10 psychiatric drugs in hospital wastewater effluent. Experiments
were conducted in a stainless-steel lamp reactor of volume 46 L provided with 10 UVA
lamps and quartz filters connected to a propylene recirculation tank of volume 55-100 L.
The composite catalyst (1% MoS, /g-C3Ny) showed higher catalytic performance compared
to that obtained with pure g-C3Ny catalyst. The degradation efficiency for every phar-
maceutical compound varies in the range of 91-100%. Moreover, the reaction was also
conducted in a solar simulator under the irradiation of 500 Wm~2, where the degradation
efficiency was maintained in the range of 54-100%. Further, the study was escalated to
the pilot wastewater treatment plant (parabolic reactor) established at University Hospital,
Ioannina City. The degradation efficiency of the targeted pharmaceutical compounds was
evaluated using natural sunlight as the source of irradiation. All the samples were analyzed
using solid phase extraction followed by chromatographic measurements. Antonopoulou
et al. [131] used a g-C3Ny catalyst under the irradiation of UVA light for the catalytic
degradation of amisulpride, a psychiatric drug in distilled water as well as in municipal
wastewater. High degradation percentage was maintained in both the distilled water and
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municipal wastewater matrix. However, a slower reaction rate was observed in the case of
the latter due to the complex nature of the real wastewater.

Kumar et al. [132] developed a novel g-C3Ny nanorod catalyst by hydrothermal
method. Thus, the prepared activated g-C3Ny catalyst exhibited higher degradation ef-
ficiency in comparison to that of the bare g-C3Ny material. The catalytic efficiency was
tested towards 17 o-ethinylestradiol in real hospital wastewater effluent. Within 45 min of
reaction time, high removal percentage was attained.

Jin et al. [80] applied the as-prepared quantum carbon dot modified g-C3zNy4 photo-
catalyst for the oxidative degradation of DC in distilled water as well as DC spiked in tap
water, wastewater treatment plant effluent, Pearl River water, lake water, and South China
Sea water. In comparison to the distilled water, degradation efficiency got reduced in the
range of 5-13% for different real water matrices. The reduction in removal efficiency might
have caused due to the presence of several that act as light filters and electron trappers.
Further investigation on the interference study revealed that certain anions such as chloride,
sulfate, and nitrate had minimal adverse effects on the degradation efficiency. However, the
presence of HCO3 ™ caused a moderate hindrance to the reaction as it can quench OH' to
form less reactive CO32~. In the presence of Cu?* and Fe3*, removal efficiency got reduced
significantly, as it reacted with O," prior to the degradation of DC.

7. Characterization Techniques
7.1. Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR analysis is a common tool for knowing the functional groups involved in the
degradation process. In the work of Kumar et al. [132], strong peaks were noticed around
1515 cm~! corresponding to the C-N= stretching vibration. The appearances of a double
peak at 1276 and 1350 cm ! are designated to the aromatic C-N stretching. In the photo-
catalytic degradation study of DC by reduced ultrathin g-C3Ny decorated with quantum
carbon dots, FTIR spectra of ultrathin carbon nitride (UCN), reduced ultrathin carbon
nitride (RUCN), and carbon quantum dots decorated ultrathin g-C3Ny were recorded [80].
In all the spectra, peaks appeared at 810 cm~!, 1200-1700 cm~?, and 3000-3700 cm ™!
corresponding to the bending mode of triazine units, stretching vibration due to C-N
heterocycles, and N-H vibrations, respectively.

7.2. Electron Microscopic Analysis

Morphological features of the g-C3Ny catalyst are obtained from electron microscopic
analysis, such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Mafa et al. [115] conducted both SEM and TEM analyses of the different elements
(Ce, Er, Gd, and Sm) doped g-C3Ny catalysts. The pure g-C3Njy catalyst exhibits a tubular
structure with small openings. Due to doping, the tubular structure got transformed to
flake-like structure. Cerium doping reduces the size of the flake. The SEM image is shown
in Figure 7.

In another study, Palanivel et al. found from the SEM image that the structure of
S-doped g-C3Ny resembled to that of the nanorods [47]. On the other hand, NiFe,O4
nanoparticles possessed agglomerating structure. The nanorod structure helped in im-
proving charge carrier mobility and facilitated electron channelization which ultimately
made the composite a suitable photocatalyst. In the work of Peng et al. [88], the 3D porous
structure of BCDPs/Fe-g-C3Ny catalyst was confirmed by both SEM and TEM analyses.
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Figure 7. FESEM micrograms of (a) CN, (b) CeCN, (c) ErCN, (d) GACN, (e) SmCN, (f) IRECN,
(g) 3RECN, and (h) 5RECN photocatalysts [115].

7.3. BET Surface Area Analysis

BET surface area analysis is important for providing insight into the porosity and
surface area of the catalyst material. Mirzaei et al. [117] found the specific surface area of the
prepared fluorinated g-C3Nj catalyst as ~243 m?/g. On the other hand, the specific surface
area of bare g-C3Ny was found to be around 37.85 m?/g. Enhancement in the specific
surface area of the g-C3Ny nanosheets occurred due to the acid-assisted hydrothermal
treatment. The pore volume of the bare g-C3Nj and fluorinated catalyst was 0.082 cm®/g
and 0.427 cm?/g, respectively. The nitrogen adsorption-desorption isotherm showed a
similar trend with the type IV isotherm.

In the study of TC degradation by Ba-doped g-C3Ny catalyst, BET surface area analysis
for g-C3Ny and the composite material was performed [49]. Pure g-C3N4 had a specific
surface area of 9.98 m?/g. On the other hand, due to the composite formation, it got
increased to 11.41 m?/g. Similar results were also found in the case of pore volume
measurements (0.068 m3/g for g-C3Nj and 0.073 m3/g for the composite).

7.4. XPS Analysis

The chemical composition of the constructed photocatalyst and the oxidation states
of the elements involved are obtained from the XPS analysis. Guo et al. [12] performed
the XPS analysis of a 5% CuzP-ZSO-CN catalyst. The survey spectra revealed the presence
of the Zn 2p, Sn 3d, O 1s, P 2p, Cu 3d, C 1s, and N 1s, and no impurities were found in
the catalyst. Furthermore, the high-resolution spectra of Zn 2p displayed strong peaks
appearing at 1021.5 eV and 1044.8 eV corresponding to Zn 2p3,, and Zn 2pq . In Sn 3d
spectrum, peaks appeared at 486.4 eV and 494.7 eV denoting the presence of Sn 3d5,, and
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Sn 3d3/,. Chen et al. [102] performed the XPS analysis of TiO;, g-C3Ny, and TiO; /g-C3Ny
(5% weight) in order to get an idea regarding the surface chemical properties.

Liang et al. [96] conducted the XPS analysis in order to get a clear idea regarding the
elemental composition as well as the surface chemical properties of the composite catalyst.
From the survey spectrum, prominent peaks of the elements C, N, O, Mo, and Bi were
visible. No signal corresponding to S and W was noticeable, which might be due to their
presence in very low concentrations. In the Ols spectrum, peaks corresponding to W-O
and Bi-O at 232.7 eV and 229.9 eV were visible. On the other hand, Mo 3d peaks at 232.7 eV
and 229.9 eV, corresponding to Mo 3d3,, and Mo 3d5/,, implying that Mo is in a +4 state,
were observed. The XPS spectra are shown in Figure 8.
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Figure 8. XPS of (a) survey spectra, (b) C 1s, (c) N 1s, (d) O 1s, (e) Mo 3d, and (f) Bi 4f of CN-BM2 [96].

Kumar et al. [129] conducted an XPS analysis of the g-C3Ny/TiO;/Fe;04@SiO,
(gCTEFS) catalyst. The wide-scan spectra indicated that the nano photocatalyst was com-
posed of Fe, Si, Ti, C, N, and O. Among all these elements, the signal corresponding to N
was very weak indicating that only a few nitrogen atoms were retained after calcination.

7.5. Diffuse Reflectance Spectra (DRS) Analysis

Optical features of the as-synthesized photocatalysts are often explored by conducting
diffuse reflectance spectral (DRS) analysis. Baladi et al. [21] performed the DRS analysis of
the pure g-C3Ny, ZnO, and the composite prepared from both. The absorption edges for
g-C3Ny and ZnO appeared at 445 nm and 405 nm corresponding to the bandgap of 2.78 eV
and 3.1 eV. However, after forming the composite, a redshift in comparison to the ZnO
appeared indicating a better electron-hole separation efficiency, and an enhanced visible
light absorption by the composite photocatalyst. Moreover, the absorption intensity for the
composite got increased with respect to the pure g-C3Ny indicating the presence of ZnO in
the matrix.

Jin et al. [80] carried out the UV-vis DRS analysis of the as-prepared ultrathin g-C3Ny
photocatalysts. Ultrathin g-C3N4 (UCN) showed a strong absorption edge at 460 nm while
in the case of reduced UCN, the absorption edge showed a red shift due to the nitrogen
defects. Moreover, due to the carbon quantum dot modification, it was shifted to 480 nm
which indicates that the incorporation of CQD can enhance the spectral response.
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Palanivel et al. [47] found that the absorption of bare g-C3Ny4 occurred at 467 nm with
a bandgap of 2.65 eV. On the other hand, carbon nitride nanorod (CNNR) material shows
strong absorption at 452 nm. It happened due to the quantum confinement effect. During
the formation of the nanocomposite, its electronic state became discrete and hence a blue
shift is observed in comparison to the bulk parent material. Moreover, due to sulfur doping,
SCNNR showed a strong absorption at 479 nm with a bandgap of 2.58 eV. Due to the
incorporation of the S atom, the band gap is shortened.

7.6. X-ray Diffraction (XRD) Analysis

XRD analysis is often explored by researchers for finding out the size of the photocata-
lyst material. It is based on the Debye—Scherer equation as follows:

0.9A
4= B cosf @

Di et al. [2] performed the XRD analysis of g-C3Ny/ZnMMO composite catalyst. In
the XRD spectra of pure g-C3Ny, two prominent peaks were observed at 13.2° and 27.4°.
It refers to the (100) and (002) planes, respectively, which indicates interplanar repeated
packing of tri-s-triazine rings and interlayer stacking of graphitic-like structure. In the XRD
spectrum of ZnFeMMO, diffraction peaks corresponding to hexagonal wurtzite ZnO and
ZnFe;O4 were clearly observed. On the other hand, after the formation of the composite
between the two, the peaks got diminished in magnitude indicating a strong interaction
between the two.

Kumar et al. [129] carried out the XRD analysis of Fe304, Fe30,@Si0;, g-C3Ny
nanosheets, and the composite catalyst with TiO,. In the spectrum of Fe;Oy, five peaks
at 30.1°, 35.5°, 43.1°, 57°, and 62.6° were observed corresponding to (220), (311), (400),
(511), and (440) planes. However, in Fe304@SiO,, after forming a composite with SiO,, no
characteristic peak due to SiO, was observed. Finally, in the spectrum of the composite
catalyst (g-C3Ny/TiO, /Fe304@S5i0;), peaks were found at 25.4°, 38°, 48°, 53.9°, 55.19°,
62.72°,69°,70.25°, and 75.3° corresponding to the TiO;.

7.7. Photoluminescence (PL) Spectroscopy

PL spectra are often explored by research groups to have more insight into the photo-
catalytic property of as-synthesized composite materials. Yan et al. [133] recorded the PL
spectra of the pristine g-C3Ny material as well as the metal (Na, K, Ca, Mg) doped g-C3Ny
matrix. A strong absorption peak around 440 nm is observed for the pure g-C3Ny while
similar spectra with reduced intensity are being observed for the doped materials (as shown
in Figure 9). Reduction in the PL intensity indicates that the electron-hole recombination is
reduced as well as the lifetime of the charge carrier is increased. Mirzaei et al. [117] reported
that due to the fluorination of the g-C3Ny catalyst, the intensity of the photoluminescence
spectra got reduced.

7.8. Identification of the Intermediate Products

In pharmaceutical degradation, the identification of the intermediate products con-
stitutes an important study. In the photocatalytic degradation of Ibu by g-C3Ny4/TiO,/
Fe;04@Si0, photocatalyst, the intermediate compounds were identified [129]. Peaks were
obtained at m/z 237, 253, 241, 257, 165, and 163 as a result of the hydroxylation, decarboxy-
lation, and demethylation. Moreover, according to the mass balance equation, 6.5 umol of
CO, was obtained after the complete mineralization of 10 umol of Ibu.

Huang et al. [134] identified the intermediate products by LC-MS analysis while de-
grading CBZ by a g-C3Ny heterogeneous catalyst through the Fenton process. A prominent
peak was identified corresponding to an m/z ratio of 253 due to hydroxyl substitution
reaction. During the reaction process, a loss of CONH,; occurred which was reflected by
the strong signal at the m/z value of 193.
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Figure 9. PL spectra of pristine and doped g-C3N, samples [133].

7.9. Photoelectrochemical Tests

Photoelectrochemical tests constitute an important characterization of the photocat-
alyst material as it gives insight into the charge transfer mechanism of the synthesized
material. Guo et al. [14] showed that in comparison to the bare g-C3Ny catalyst, the CI-
doped catalyst revealed higher photocurrent density which implied that the electron-hole
recombination could be prevented more effectively due to Cl doping. He et al. [4] carried
out the photoelectrochemical test of the TizC,/g-C3Ny4 photocatalyst using Na;SOy as the
electrolyte. It was seen that the photocurrent response of the Ti3C,/g-C3Ny catalyst was
higher in comparison to the bare g-C3N4 material. Due to the high conductivity of TizC,,
photo-generated electrons from the surface of g-C3Ny got transported to the Ti3Cp sur-
face resulting in high charge separation and greater photocurrent response. Furthermore,
the Nyquist plot revealed that the impedance value of TizCy/g-C3Ny is lower than that
of g-C3Ny4, which indicates the efficient generation of photoelectrons under visible light
irradiation. Moreover, it also confirmed the 2D /2D nanostructure of the newly synthe-
sized catalyst.

7.10. Electron Spin Resonance (ESR) Tests

The ESR technique is often explored by researchers to investigate the reactive oxygen
species (ROS) involved in the degradation process. Chen et al. [30] used 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trap chemical in the aqueous dispersion of methanol.
Results showed peaks of both DMPO-"O,~ and DMPO-"OH adducts appeared in the ESR
spectrum. Hence, it can be concluded that under visible light irradiation, the MnISCN-20
photocatalyst was able to generate both superoxide and hydroxyl radicals to facilitate TC
degradation. Cao et al. [51] utilized DMPO for trapping and detecting radicals such as
"‘OH, 'O;7, and SO4 ~ generated during the catalytic degradation of TCH, while 2,2,6,6-
tetramethylpiperidine-1-oxyl for the detection of 'O, radical. The results showed that the
4%P /CNK catalyst was efficient to generate OH, "O,~, SO4 ~, and 10, radicals for TCH
degradation purposes under the combined action of visible light irradiation and PMS.

8. Future Perspective and Current Challenges

g-C3Ny-based photocatalysts are undoubtedly promising materials for pharmaceutical
wastewater treatment. Scientists are rigorously working in this field for further develop-
ment of newer catalysts and their applicability for real field applications. In spite of various
achievements, there still exist several challenges and hurdles which need to be overcome.
Production of a highly stable g-C3Ny-based photocatalyst with a narrow band gap is still
a challenging task. More control over the surface defects and other properties has to be
attained through rigorous research. Another aspect is the synthesis cost of g-C3Ny-based
catalysts causing the major hurdle behind their large-scale applications.
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Balakrishnan et al. [7] in their recent review article highlighted serious challenges
associated with the usage of g-C3Ny catalysts for environmental remediation purposes.
One of the major problems associated with the g-C3Ny-based catalysts is the high electron—
hole recombination and significant loss of weight while reusing the catalyst as already
mentioned in the introduction part. To improve light absorption, scientists are continuously
developing novel techniques for reducing bandgap. Several reports on g-C3N4 showed a
significant reduction in band gap that occurred due to the modification or immobilization.
However, a detailed explanation behind this bandgap reduction is often not dealt with.
Hayat et al. [135] also commented that the charge transfer mechanism of the g-C3Ny-based
catalysts is not always fully understood. Hence, a more rigorous effort is recommended.

Many g-C3Njy-based catalysts have been proven to be toxic to the aquatic ecosystem.
Hence, toxicity analysis should also be dealt with while applying these materials for
pharmaceutical wastewater treatment.

Often magnetic catalysts are designed for various types of pollutant elimination.
However, using a simple bar magnet may lead to severe weight loss during recyclability.
Hence, proper design in this respect should be adopted.

g-C3Ny-based photocatalytic membranes are often explored by researchers for pollu-
tant degradation purposes. Fouling and low mass transfer issues often hinder their use
in large-scale industrial purposes. In this respect, uncommon ceramic materials can be
explored for the optimization of the cost.

Doping is often tried out to enhance the photocatalytic activity of the g-C3Ny-based
catalysts. Patnaik et al. [136], in their recent review article, mentioned that in many cases
doped g-C3Ny-based catalysts showed poor stability under extreme thermal conditions.
Moreover, dopant atoms often become the new area for recombination. Hence, co-doping
has been suggested by the authors rather than single-element doping. Although many
studies are reported in the literature, still more research is required for controlled doping in
order to produce the optimized catalyst.

Yuda and Kumar [137] highlighted some of the important limitations of using g-C3Ny-
based catalysts for real-field wastewater systems. Firstly, their stability under different
environmental conditions is not often explored. Hence, stability against acidic conditions,
temperature variation, etc., should be checked. Moreover, electron-hole separation can
be easily understood in two-component heterostructure systems. However, it becomes
complicated in the case of multicomponent systems.
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Abbreviations

AMX  amoxicillin

ANN  artificial neural network
CBZ  carbamazepine

CFEX cefalexin

CIP ciprofloxacin

DC diclofenac

LEX levofloxacin

NPX  naproxen

OTC  oxytetracycline

PC pharmaceutical compound
PMS  peroxymonosulfate
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PRRSM  paracetamolresponse surface methodology
SDZ sulfadiazine

SMX sulfamethoxazole

TC tetracycline

TCH tetracycline hydrochloride

TCS triclosan
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