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ABSTRACT

The increasing occurrence of antibiotic residues in aquatic environments has become a significant
environmental concern due to their persistence and their role in promoting antibiotic resistance. Among
advanced oxidation technologies, photocatalysis has attracted considerable attention because it enables
the mineralization of organic contaminants into harmless products without generating secondary
pollution. In recent years, the incorporation of graphene-based materials and the design of
semiconductor heterojunctions have emerged as effective strategies for improving photocatalytic
efficiency. Unlike previous overviews that focus primarily on photocatalytic efficiency, this review
integrates mechanistic insights, heterojunction engineering strategies, and practical considerations such
as real-wastewater performance, catalyst stability, and toxicity evolution. Particular emphasis is placed
on the roles of graphene oxide and reduced graphene oxide in promoting charge separation, facilitating

electron transport, and enhancing the activity of conventional semiconductor photocatalysts. Different
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heterojunction architectures, including Type-II and Z-scheme systems, are comparatively discussed to
clarify their charge-transfer pathways and their influence on photocatalytic performance under UV,
visible, and solar irradiation. Furthermore, this review synthesizes current knowledge on the key factors
governing photocatalytic antibiotic degradation, including operational parameters, reactive species
generation, catalyst stability, and reusability. Special attention is also given to studies conducted in real
wastewater matrices and to issues related to mineralization efficiency, toxicity evolution, and the
mitigation of antibiotic resistance during photocatalytic treatment. Finally, current challenges and
future research directions are highlighted, including the application of advanced characterization
techniques and the emerging role of artificial intelligence and machine learning in optimizing
photocatalyst design. These perspectives provide a clearer understanding of the potential of
graphene-based heterojunction photocatalysts for sustainable antibiotic removal in water treatment

applications.
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1-INTRODUCTION

With the development of urbanization, the main problem of mankind in the 21st century is the lack of
energy and the problem of global warming[1,2]. However, water resources are essential for survival [3].
Urbanization and industrialization are important factors of modern civilization that underlie many
advances in improving living standards, economic growth, and technological innovations[4,5]. Water
pollution is becoming a global threat due to urbanization, industrialization and human activities. Any

change in the physical, chemical, and biological properties of groundwater, oceans, lakes, and rivers is



called water pollution[6]. With the increase in the world's population and the shortage of water
resources on the one hand, and environmental pollution issues on the other, water resources for humans
have been severely reduced[7]. A large portion of industrial wastewater is discharged into the
environment without treatment[8]. Industrial operations are an important part of industrial wastewater,
which are by-products of various industrial processes and include a wide range of substances such as
Organic pollutants (pharmaceuticals, antibiotics, organic dyes, nitrobenzene, cyclohexane, phenols,
toluene, biphenyls, pesticides, plasticizers, detergents, oils, greases, proteins and carbohydrates,
fertilizers, hydrocarbons)[9,10]. Inorganic pollutants (such as heavy metals), and biological pollutants
(such as microorganisms) are the three common groups of pollutants in wastewater[11]. Antibiotics
have been widely used in the treatment and prevention of microbial infections in humans and animals
since their introduction in the 1930s[12]. With the rapid development of pharmaceutical and medical
industries, the use of antibiotics has expanded greatly among animals and humans. The use of
antibiotics is actually to prevent the occurrence of diseases by treating infections quickly, also prevents
the spread of bacterial infections in humans and animals and thus saves many lives[13]. Most antibiotics
used in animals are excreted in the environment as metabolites through urine or feces due to the low
capacity of absorption of antibiotics by the animal intestine (about 30 to 90%). Antibiotics have a toxic
effect on some organisms in the aquatic environment[14]. Although the discovery of antibiotics has
played an important role in maintaining human health and saving lives, their excessive use has led to
environmental pollution of antibiotics in the environment[15]. The long-term presence of antibiotics in
water makes it easier for bacteria to develop resistance, posing a serious risk to humans and the
effectiveness of antibiotic drugs[16]. Antibiotics, even at very low concentrations, can be hazardous to
the environment because[15], Excessive use of antibiotics has led to the accumulation of antibiotic-
resistant bacteria (ARB) and antibiotic-resistant genes (ARGs) in the environment, which is a serious
threat to the ecosystem and human health[14]. The overuse of antibiotics has led to their rapid entry

into the environment, entering the food chain, disrupting ecosystems, and threatening the health of



living organisms[14,17]. The amount of antibiotic consumption in 2016 was 40.8 billion doses per day
and is expected to reach 49.3 billion doses in 2023. This amount is expected to reach 75.1 billion doses
by 2030[18]. Wastewater treatment can be carried out by various physical or chemical methods,
including filtration, adsorption, boiling, distillation, chlorination, electromagnetic radiation, etc. These
methods have several problems. For example, the chlorination method produces carcinogenic
substances during the process, and the hypochlorite in the treated water has a high corrosive power,
which leads to increased treatment costs[7]. Although conventional methods are effective in removing
many pollutants, they do not perform well in removing antibiotics. Therefore, the development of
pollutant removal technologies is essential[19]. Biological treatment methods are not effective in the
degradation of these pollutants due to their toxicity and chemical stability. Advanced oxidation
processes (AOPs) have been considered in the degradation of these pollutants[9]. Among the effective
AOP methods, photocatalytic degradation is an effective method that uses semiconductor materials as
catalysts to accelerate chemical reactions under sunlight exposure[9]. Photocatalytic degradation is
initiated when semiconductor materials absorb photons with energies equal to or greater than their band
gap, promoting electrons from the valence band to the conduction band and leaving positively charged
holes behind [20,21]. These photogenerated charge carriers drive the redox reactions responsible for
pollutant degradation. Electrons in the conduction band can react with dissolved oxygen to generate
superoxide radicals (-Oz"), while holes in the valence band oxidize water or hydroxide ions to produce
highly reactive hydroxyl radicals (‘OH), which are capable of attacking and decomposing organic
contaminants such as antibiotics [22,23]. However, rapid recombination of electron—hole pairs
significantly limit photocatalytic efficiency because the absorbed light energy is dissipated as heat
rather than being used in surface reactions [21,24]. Once formed, these reactive oxygen species initiate
a sequence of oxidation reactions that break chemical bonds in antibiotic molecules, producing smaller
intermediates that are gradually mineralized into harmless products such as CO; and H>O [20,22].

Improving photocatalytic activity therefore requires strategies that enhance light absorption and



suppress electron—hole recombination. Various studies show that constructing heterojunction systems
or incorporating conductive materials such as graphene can facilitate charge separation and directional
electron transfer, thereby prolonging carrier lifetimes and increasing reactive species generation [22—
25]. These improvements in charge-transfer dynamics are considered a key factor in enhancing the
degradation efficiency of semiconductor photocatalysts for antibiotic removal [26]. Recent studies have
shown that constructing more advanced heterojunction configurations can further improve
photocatalytic efficiency by simultaneously enhancing charge separation, increasing visible-light
absorption, and maintaining strong redox capability. In particular, S-scheme and dual Z-scheme
heterojunctions have received significant attention because they enable the migration of
photogenerated electrons and holes along an energetically favorable pathway that reduces carrier
recombination and preserves the high oxidation and reduction potentials required for efficient pollutant
degradation [27,28]. For example, a dual S-scheme g-C3N4/ZnO/TiO2 photocatalyst supported on cork
exhibited 98.25% degradation of methyl orange under visible light, while a dual Z-scheme
GCN/CdO/CaFe;04 composite achieved 88% Congo red removal within 60 min [27,28]. Likewise, the
Bi1203/g-C3N4/ZnO ternary heterojunction showed 92% degradation of methylene blue due to its
effective dual Z-scheme charge-transfer pathway and enhanced carrier migration confirmed by
photocurrent analysis [29]. A similar improvement was observed for AgzPO4/g-C3N4/Bi2M0QOs, where
a dual Z-scheme mechanism led to approximately 94% degradation of methylene blue and improved
catalyst stability through efficient generation of -O>™ and -OH radicals [30,31]. These findings confirm
that heterojunction engineering, particularly in S-scheme and Z-scheme forms, is a promising approach
for achieving higher photocatalytic activity by prolonging charge-carrier lifetime and promoting the
formation of reactive oxygen species essential for the degradation of persistent organic contaminants.
Although adsorption, flocculation/coagulation ion exchange membranes and Fenton-like catalysts are
widely used in the removal of pollutants from water, their use is limited due to the complex process,
high energy requirements and the production of by-products such as sludge and sediment. Which is not

environmentally friendly. Photocatalyst is an environmentally friendly method that reacts with the



pollutant electrons and holes and converts them into simpler substances[32]. Photocatalysts are an
effective method for removing antibiotics, due to their lack of secondary pollution, simple operation,
and low energy consumption[15]. However, complete removal of antibiotics requires a long time, so
the development of photocatalysts using metal-organic frameworks (MOFs) is necessary due to their
semiconductor-like behavior under light irradiation. The porous MOF structures can provide more
active sites for the photocatalyst and have more surface contact with the pollutant[33]. Graphene-based
materials (GBMs) are an effective method for the removal of various pollutants due to their properties
such as specific adsorption capacity, high surface area and excellent chemical stability [34,35].
Graphene and its derivatives such as GO and rGO have been extensively studied and investigated in
wastewater treatment. The use of graphene has received serious attention due to its performance in the
adsorption of antibiotics and its large-scale efficiency[19]. Heterojunction structure is the interface
between two different photocatalysts with different electronic properties. A suitable heterojunction
structure leads to effective separation of electron-hole pairs in the presence of light, and consequently
leads to improved photocatalyst performance. Different types of heterojunction structures are S-type,
p-n-type, Schottky-type, surface heterojunctions, traditional heterojunctions (such as type I, type II,
and type III), and Z-type[36]. Most photocatalysts suffer from electron-hole recombination, which leads
to a decrease in the performance of the photocatalysts. Therefore, it is important to use visible light
efficiently [37-39]. The use of heterojunction structure leads to a decrease in the band gap of the
photocatalyst, an increase in the specific surface area of the photocatalyst, and electrons and holes must

be separated, and their lifetime is extended[40].

In this review, we first provide a brief overview of the major methods used for antibiotic removal and
then examine how graphene-based materials—particularly GO and rGO—enhance the photocatalytic
degradation of antibiotics. A structured classification of heterojunction architectures relevant to
antibiotic removal is presented, covering p—n, non-p—n, Z-scheme, and Schottky junction systems. In

addition, the key environmental variables and operational parameters influencing photocatalytic



efficiency are discussed, followed by a comparison of photocatalysts that exhibit superior performance
for different antibiotic classes. Although several previous reviews have addressed graphene-based
photocatalysts or focused on isolated heterojunction types, a comprehensive synthesis that integrates
graphene chemistry, heterojunction engineering, charge-transfer mechanisms, and antibiotic-specific
degradation pathways has been lacking. The present article fills this gap by combining mechanistic
insights with a unified heterojunction classification and a critical evaluation of photocatalytic
performance under both laboratory and real-wastewater conditions. By also considering catalyst
stability, mineralization, and toxicity evolution—factors often overlooked in earlier literature—this
review offers a more application-oriented perspective. These elements collectively establish the novelty

and contribution of this work.

1-1-Methodology

The articles reviewed in this study were mainly identified from Google Scholar and Scopus using
keywords such as “photocatalyst”, “graphene”, “heterojunction structure”, and combinations such as
“photocatalyst + graphene” or “photocatalyst + heterojunction structure”. Only peer-reviewed articles
and books published between 2011 and 2025 were included in this study. Studies were selected if they
investigated antibiotic removal from a photocatalytic perspective and involved both graphene-based

materials and heterojunction structures. Fig. 1 presents the PRISMA flow diagram illustrating the

selection process and the number of articles included in this review.
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Fig.1- PRISMA Flowchart for selection of literature.



2- ANTIBIOTICS: CLASSIFICATION, OCCURRENCE, AND ENVIRONMENTAL IMPACTS

The extensive and often uncontrolled use of antibiotics in human therapy, veterinary medicine,
aquaculture, and agriculture has led to their widespread occurrence in aquatic environments. A
significant proportion of administered antibiotics is not fully metabolized and is consequently excreted
into sewage systems, eventually reaching wastewater treatment plants and natural water bodies [41,42].
Conventional treatment processes are frequently inefficient in completely removing these biologically
active compounds, allowing them to persist and accumulate in the environment. The presence of
antibiotics in water systems has raised serious concerns due to their potential ecological toxicity and
their role in promoting antimicrobial resistance among microbial communities. Therefore, a clear
understanding of the major classes of antibiotics, their environmental occurrence, and their associated
impacts is essential for evaluating the challenges they pose and for guiding the development of effective

remediation technologies [43—45].
2-1- CLASSIFICATION AND EXAMPLES OF ANTIBIOTICS

Antibiotics are a structurally diverse group of bioactive molecules used extensively in human and
veterinary medicine, aquaculture, and agriculture. They can be broadly categorized into several major
classes based on their core chemical scaffolds and modes of action, including tetracyclines, f-lactams,
fluoroquinolones/quinolones, sulfonamides, macrolides, and others. In environmental studies, these
compounds are often selected as model pollutants because they are frequently detected in surface
waters, groundwaters, and wastewater effluents [46,47]. Among these, tetracyclines constitute one of
the most widely studied families. Tetracycline (TC) and its hydrochloride salt (TC-HCI), as well as
oxytetracycline (OTC), are commonly used broad-spectrum antibiotics that have been extensively
investigated as target contaminants in adsorption and photocatalytic degradation studies using
graphene-based materials. These compounds are often used to simulate “tetracycline antibiotic
wastewater” due to their frequent detection and relatively high persistence in aquatic environments

[43,47]. B-Lactam antibiotics, such as amoxicillin (AMOX), are another important group. They are



widely prescribed in clinical practice and are frequently found in municipal and hospital effluents,
where they can be removed using graphene oxide (GO) and reduced graphene oxide (rGO)—based
adsorbents and photocatalysts [45,48]. Fluoroquinolones and quinolones, including norfloxacin and
flumequine, are synthetic broad-spectrum antibiotics that exhibit high activity at low concentrations
and are often reported in wastewater and surface water monitoring campaigns. Their removal via
advanced oxidation processes and graphene-based composites has been reported in several studies,
underscoring their environmental relevance [45,49]. In addition, sulfonamides represent a historically
important and still widely used class of synthetic antibiotics. Trace-level occurrence of multiple
sulfonamides has been documented in environmental wastewater, with low detection limits and high

analytical recoveries, indicating that they can persist in treated effluents at ng-L™! levels [41,46,47].

Taken together, tetracyclines, [-lactams, fluoroquinolones/quinolones, and sulfonamides are
frequently selected as representative antibiotic pollutants in graphene-based adsorption and

photocatalytic studies [45,47].
2-2- OCCURRENCE AND PATHWAYS INTO THE AQUATIC ENVIRONMENT

The continuous detection of antibiotics in environmental waters is largely attributed to their incomplete
metabolism in humans and animals, followed by excretion as parent compounds and active metabolites
into sewage systems. Municipal wastewater treatment plants (WWTPs), hospital effluents,
pharmaceutical manufacturing discharges, and effluents from livestock and aquaculture facilities
therefore act as key point sources of antibiotic residues [41,43]. Conventional WWTPs are generally
not designed to efficiently remove trace organic micropollutants such as antibiotics. As a result, these
compounds can pass through treatment barriers and be discharged into receiving surface waters or
infiltrate into groundwater. The presence of “antibiotic wastewater” and “tetracycline antibiotic
wastewater” specifically highlights the role of pharmaceutical and related industrial effluents as
concentrated sources [44,47,50]. Monitoring studies have reported antibiotics at concentrations ranging

from ng-L! to pug-L! in environmental wastewater samples, including sulfonamides and various



tetracycline- and B-lactam-type compounds [44,51]. These findings indicate that antibiotics are not
only episodic pollutants but can behave as pseudo-persistent contaminants due to their continuous input

and limited removal in conventional treatment systems [43,49].
2-3- ENVIRONMENTAL AND BIOLOGICAL IMPACTS

The occurrence of antibiotics in wastewater and natural waters raises serious concerns regarding both
ecological integrity and public health. A key issue is the promotion of antibiotic resistance: long-term
exposure of environmental microbial communities to sub-inhibitory concentrations of antibiotics can
contribute to the selection and propagation of antibiotic-resistant bacteria (ARB) and the dissemination
of antibiotic resistance genes (ARGs) [49,50]. Several studies have emphasized that antibiotics in
wastewater create selective pressure that worsens the emergence of antimicrobial-resistant pathogens,
thereby compounding global water quality challenges [44,52,53]. Beyond resistance development,
antibiotics can directly disrupt aquatic ecosystems. Even at low concentrations, they may alter the
composition and function of microbial communities, affect primary productivity, and impact higher
trophic levels. Persistent antibiotic residues can enter the food chain, eventually posing risks to human
health through bioaccumulation or chronic exposure to mixtures of antibiotics and their transformation
products [54-56]. The ecotoxicological consequences are not limited to microbial endpoints.
Antibiotics and their degradation products may exhibit biological toxicity towards a range of aquatic
organisms, including algae, invertebrates, and fish. Therefore, the removal of both antibiotic molecules
and their associated biological toxicity has been highlighted as a critical objective for advanced water
treatment technologies [57,58]. From a human health perspective, the co-occurrence of antibiotics and
antibiotic-resistant bacteria in wastewater and receiving waters represents a dual threat, potentially
facilitating the spread of resistance determinants and increasing the difficulty of treating bacterial
infections. These combined environmental and public-health concerns underscore the urgent need for
effective treatment strategies capable of degrading antibiotics, mitigating their toxicity, and limiting

the propagation of antimicrobial resistance [42,46,56]. A summary of the major antibiotic classes,



representative compounds, common environmental sources, and their associated ecological concerns

is presented in Table 1.

Tablel- Representative antibiotic classes commonly investigated in graphene-based photocatalytic

studies and their environmental relevance.

Representative Key environmental and
Antibiotic class Typical use Reference
examples biological concerns
1-frequent detection in
“tetracycline antibiotic
) wastewater”
Tetracycline Broad-spectrum,
(TC), TC-HCI, widely used in 2- persistent in aquatic systems
Tetracyclines [45,46,49]
Oxytetracycline medicine & 3- contribute to antibiotic
(OTO) livestock resistance
4- ecotoxicity to algae, microbes,
fish
Common in 1-passes through conventional
clinical WWTPs
Amoxicillin medicine, enters
B-Lactam 2-affects microbial communities [45,49,56]
(AMOX) municipal &
hospital 3-contributes to resistance gene
effluents propagation
1-detected in surface waters &
Synthetic
. t t
Norfloxacin, wastewatet
Fluoroquinolones / broad-spectrum,
Flumequine, 2-difficult to remove by [45,56,59]
Quinolones human &
Ciprofloxacin conventional treatment
veterinary use
3-disrupt aquatic ecosystems




1-persistent at very low

Sulfadiazine, Widely used concentrations
Sulfonamides sulfanilamide, historically & 2-chronic exposure risks [45,46,56,59]
sulfamethoxazole currently 3-contributes to resistance
selection
1-biological toxicity of
General Model mixed T
antibiotics in water
“antibiotics” pollutants
Mixed Antibiotic 2-interplay with pathogenic
used in representing real [43,44,47]
Systems bacteria
photocatalysis wastewater
tests matrices 3-combined ecotoxicity of

antibiotic mixtures

3-METHODS OF REMOVING ANTIBIOTIC POLLUTANTS FROM WASTEWATER

There are various methods for removing antibiotics, including biological, adsorption, and advanced

oxidation methods.
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Fig.2- number of articles and citations on the use of photocatalysts in the removal of antibiotics[60].

Fig.2 shows that published articles and citations using photocatalysts for antibiotic removal have
increased from 2015 to 2024, indicating that the use of this method in antibiotic removal is increasing

day by day.
3-1- BIOLOGICAL METHOD

In this method, bacteria and fungi are used to remove pollutants and both aerobic and anaerobic processes can
be used in wastewater treatment. In the aerobic process, free or dissolved oxygen is used together with
microorganisms. In the anaerobic process, organic compounds convert into methane, carbon dioxide and water
in the absence of
oxygen[61].

Tylosin, Sulfamethoxazole, Sulfamethazine, sulfachloropyridazine, sulfadiazine, chlorotetracycline,

tetracycline,

Chloramphenicol, thiamphenicol, levofloxacin, minocycline, amoxicillin, Oxytetracycline and

Ciprofloxacin antibiotics are removed using biological methods [62-65].
3-2- ADSORPTION METHOD

Adsorption is one of the uncomplicated methods to remove organic pollutants, including antibiotics,
due to its simplicity in design and operations, easy regeneration of the adsorbent, low energy
consumption, no by-product generation and relatively low operating cost[66]. However, this method only

leads to the change of the antibiotic phase, not the destruction of the antibiotic. The influencing factors in the
amount of absorption are: initial concentration of adsorbate, solution pH, temperature and physical properties of

adsorbent[67,68]. Activated carbon has a porous structure and has been used to remove many organic
compounds from water. Activated carbon has a high absorption surface (500-1500 m?/g) and pore volume of

0.7-1.8 cm3/g[69]. Chlortetracycline, Tetracycline, Ciprofloxacin, norfloxacin, Sulfamethazine,



Amoxicillin, erythromycin, clarithromycin, ampicillin, ofloxacin, sulfamethoxazole, trimethoprim

antibiotics that have been removed using the absorption method[70-72].
3-3- ADVANCED OXIDATION PROCESS (AOP)

The advanced oxidation method is an effective and promising method for removing emerging
contaminants, including antibiotics[73,74]. The basis of this method is the production of highly
oxidative free radicals (mainly hydroxyl radicals) in a very short time. Hydroxyl radicals can be
produced in AOPs in different ways[75]. Hydroxyl radicals (OH¢), with strong oxidation capacity (2.8 V
oxidation potential) is the most common reactive oxygen species (ROS) and is commonly used for
conventional AOPs. Hydroxyl radicals produced from the reaction with water, react with the pharmaceutical

pollutants and after the formation of intermediates, carbon dioxide and water are produced. The basis of this

method is the production of hydroxyl radicals[76-78]. Fig.3 shows different methods of the advanced
oxidation process, which is divided into three categories: photochemical processes, non-photochemical

processes, and hybrid processes. Equation 1 shows the reaction in the advanced oxidation process.

OH' + antibiotics — Intermediates — CO; + H,0 1

Non-photochemical
processes
(Fenton,ozonation,ultras
ound,sonolysis,electroch

emical,radiation) T —

(Sono-
photolysis,photocatalyti
¢ ozonation,sono-
biphotocatalysis,photoe
lectrocatalysis,electrope
roxone,sono-fenton)

Photochemical processes
(UV oxidation (UV and
UV/H,0,),photo-

fenton,photocatalysis)

Fig.3- Types of AOPs for Antibiotics wastewater treatment (adopted from [76]).



3-3-1-TYPES OF METHODS

The most common wastewater treatment methods with advanced oxidation methods are shown in the Table 2
below. Methods such as the combination of O3, H,0, and UV, Fenton's method, supercritical oxidation and

ionizing radiation are used in all scales, such as laboratory and industrial. But the ultrasonic and photocatalyst

methods are only used on a laboratory scale[79].

Table2-Most used AOPs for water and wastewater treatments (adopted from [80]).

Photochemical processes Non- photochemical processes
UV oxidation processes Ozonation
UV/H,0, Fenton
UV/04 Ultrasound(us)
UV/H,0,/0; Us/H,0,,Us/O3, Us/Fenton
UV/ultrasound Electrochemical water oxidation
Photo-Fenton supercritical water oxidation
photocatalysis Ionizing radiation
sonophotocatalysis Electron-beam irradiation
Vacuum UV(VUV) wet-air oxidation
Microwave pulsed plasma

3-3-1-1-OZONATION



The use of ozone for wastewater treatment dates back to the early 20th century. For the first time, ozone was
used to disinfect drinking water in 1906. Ozone has been used for several purposes, including disinfection,

minimizing taste and smell, reducing the formation of secondary disinfectants, and oxidizing organic
pollutants[81]. The use of ozone in aqueous reactions produces various unwanted side products due to
its high redox potential. Usually, ozone is used to break C=C bonds in organic compounds.
Ozone/hydrogen peroxide is used in the removal of drugs, especially antibiotics. One of the limitations

of ozone is its low solubility in water[82].

In surface water as well as wastewater, ozone decomposition is done through active organic compounds in water
(dissolved organic matter (DOM)). Ozone has a high reactivity with some of the DOM, such as second and

third-type amines and phenols. In 2 reaction, ozone reduced the ozonide radical by donating an electron.

DOM + 0; - DOM™ + 05 2

Then the ozonide radical decomposes according to the 3 and 4 reactions and provides OH" [83].

05— 0,+0" 3

O™+ H,0— OH'+ OH’ 4

Florfenicol, oxytetracycline, sulfadimethoxine, sulfamethoxazole, trimethoprim, mpicillin,
azithromycin, erythromycin, clarithromycin, ofloxacin, and tetracycline antibiotics that have been

removed using the absorption method[84,85].
3-3-1-2-FENTON METHOD

Adding aqueous solutions of Fe?*ions and hydrogen peroxide (H,0,) to produce hydroxyl radicals is called

Fenton's process. Fenton process is a good method to remove organic pollutants, including antibiotics,



and its basis is the production of hydroxyl radical from Fe-catalyzed decomposition of H,0,. This
method has limitations, including continuous production of iron sludge, a narrow pH range, high
chemical involvement, and high costs attributed to chemicals, namely H,0,[86-88]. Fenton method is
divided into four categories: Homogeneous Fenton process, Heterogeneous Fenton process,
Homogeneous photo Fenton process and Heterogeneous photo Fenton process. In Homogeneous Fenton

2

process, all reactions take place in the aqueous phase and the catalysts F ee;’ and Feggf have been used. In the

heterogeneous photon process, Fe?* and Fe3* are used as catalysts. The use of iron, which is initially solid, can
reduce the amount of sludge formed. The difference between Homogeneous Fenton process and
Heterogeneous Fenton is that in a homogeneous process, chemicals react throughout the solution. In a
heterogeneous way, chemical reactions are carried out on the surface of catalyst adsorption and mass

transfer limit of reactants[83]. In homogeneous photo Fenton process according to reactions 5 to 7,

Fe?;q) /H,0, photolysis Fe3*to Fe?" in the presence of UV light, also along with the direct production of OH".

The reactivity of Fe(OH)?™ is extremely high, which leads to a clear effect of pH in the process[83].

Fe3* — Fe?* + OH' 5
Fe(OH)?* - Fe?* + OH- 6
H,0, — 20H 7

The heterogeneous photo-Fenton process is usually done using the iron catalyst in the presence of light [83].
The disadvantages of the photo-Fenton method include the need for an acidic environment and the need to

remove the iron catalyst at the end of the process[89]. Tylosin, Chloramphenicol, Amoxicillin, Cloxacillin,



Tetracycline, Sulfamethoxazole, and ofloxacin are antibiotics that have been removed using the Fenton

method[90,91].

3-3-1-3-PHOTOCATALYST METHOD

Choosing the right photocatalyst is the most important step in any process[92]. Photocatalysis is one of
the advanced oxidation processes that is known as an efficient method for breaking down toxic and
harmful pollutants[93]. The chemical reaction resulting from the absorption of photons by a
photocatalyst is called photocatalysis. Photocatalysis is an effective method for removing veterinary
antibiotics from wastewater[94]. Photocatalytic degradation, or simply photodegradation, is a process
that uses infrared (IR), ultraviolet (UV), and visible (Vis) light to convert an environmental pollutant
into an environmentally harmless product that occurs on the solid surface of a photocatalyst[95].
Recently, research into efficient and active photocatalysts with the ability to be activated in the visible
light range has gained particular importance[96]. When the photocatalyst is activated by absorbing
light, it leads to the excitation of electrons, which are transferred from the valence band (VB) to the
conduction band (CB). The holes in the VB react with water molecules on the surface of the
photocatalyst and produce hydroxyl radicals. At the same time, the charge separation between the two
bands increases the electrons in the conduction band to carry out reduction reactions on the surface.
The performance of a photocatalyst requires a narrow band gap energy, enhanced charge separation
and charge transport, suitable band edge location, reasonable surface active sites, and a low charge
recombination rate[97]. Fig.4 shows the photocatalytic method of antibiotic removal. After the
photocatalyst is activated by light, electrons and holes react with oxygen and water molecules to
produce hydroxide radicals and superoxide radicals, which react with the antibiotic and convert the
antibiotic into lighter substances, water, and carbon dioxide. The chemical reaction resulting from the
absorption of photons by a photocatalyst is called photocatalysis. Photocatalysis is an effective method
for removing veterinary antibiotics from wastewater[98]. The photocatalyst process consists of several

steps, which are:



I-Transfer of pollutants to the surface of the photocatalyst
2-Adsorption of pollutants on the surface of the photocatalyst
3-Degradation of molecules activated by photons begins
4-Removal of reaction products

5-Removal of reaction products from the surface of the photocatalyst[98].

Fig.4-Schematic diagram of the photocatalytic removal process of antibiotics in the presence of

sunlight(adopted from[99]).
3-3-1-3-1-PHOTOCATALYTIC DEGRADATION OF ANTIBIOTICS

In general, it can be said that the photocatalytic reactions in antibiotics are as follows: after reacting
with a hole, hydroxyl radical, and superoxide, the antibiotic finally turns into water and carbon dioxide.

Equations 8-12 show how the photocatalytic reaction for antibiotics occurs[100].

Photocatalyst + hv — Photocatalyst + h* + e~ 8



h* + antibiotics— CO, + H,0 + Degradation products 9

0, +e” » 035 10

H,0/0H + h* - OH + H* 11

antibiotics + 0;°/OH" — CO, + H,0 + Degradation products 12
4- GRAPHENE

Graphene is an allotropic form of graphite in which carbon atoms are arranged in a single layer. Carbon
atoms are hybridized in a two-dimensional arrangement with a honeycomb or hexagonal structure,
consisting of a monoatomic layer of SP? carbon atoms[101], which has a large specific surface area (2630
m?/g), zero band gap (band gap of 0-0.25 V), Hall effect at room temperature, adjustable band gap,
high electron mobility, optical transparency, good chemical stability, excellent electrical, thermal
conductivity and hydrophilic properties, low production cost on a large production scale, unexpected high
absorption of white light, high elasticity, unusual magnetic properties[102-107], gas absorption and
charge- transfer interactions with molecules[108] and has different functional groups (epoxy, carbonyl,
hydroxyl) that enable graphene-based catalysts to adsorb pollutants on their surface and effectively
scavenge through adsorbed reactive oxygen species (ROS) decompose[109]. Graphene has a high capacity
to absorb antibiotic pollutants through van der Waals interactions. Antibiotic compounds mainly include
aminoglycosides, B-lactams, glycopeptides, macrolides, quinolone, and sulfonamides. This structure of
antibiotics suggests that graphene may be an ideal adsorbent for the removal of antibiotics using 7-7 interactions,
however, graphene easily aggregates in solution and is a challenge for adsorption, separation and recovery

capacity. Therefore, is necessary to overcome these limitations. As a co-catalyst, in addition to the fact that



graphene as an electron acceptor prevents electron-hole recombination, the high absorption activity of
molecules leads to the extension of the light range[110]. Also, graphene can be combined with other
semiconductor photocatalysts in the removal of antibiotics. The combination of graphene with metal oxide
photocatalysts leads to the improvement of the performance of the catalysts by helping to overcome
the inherent problems of ultraviolet light activity and fast electron-hole recombination rates[111].
Graphene consists of a single-layer structure, and all atoms are exposed to the environment from all sides, and
their contact with antibiotics easy compared to conventional adsorbents. The porous structure and high surface
area of graphene adsorbents make it an ideal option for faster diffusion or surface reactions of antibiotics,
leading to effective and faster adsorption[110]. The large-scale production cost of graphene adsorbents is lower

than that of other high-performance adsorbents (carbon nanotubes), but the antibiotic adsorption capacity is
comparable[110]. The main limitation of graphene is its hydrophobicity, which leads to its accumulation in
aqueous solutions, greatly reducing the adsorption capacity of graphene[110]. To improve the dispersion of
graphene, modified graphene which have oxygen-containing groups attached to carbon can be used, thus forming
a homogeneous aqueous suspension[110]. Graphene oxide (GO) and Reduced graphene oxide (RGO) are
among the most important graphene-based nanocomposites. The use of oxygen in the graphene network leads
to the distribution of carboxyl, hydroxyl, and epoxy groups in the carbon network[110]. GO is a compound of
carbon, oxygen, and hydrogen whose relative ratios can be modified mainly through synthesis conditions. GO
acts as a stable suspension and provides the possibility of antibiotic adsorption due to its high dispersion. GO
surface has a good adsorption for organic and inorganic pollutants due to its carboxyl(-COOH),
carbonyl (C=0), and hydroxyl(-OH) functional groups[111]. Most of the graphene-based composites that
are used to remove antibiotics have functional groups such as oxygen, carbonyl, epoxy,carboxyl, and hydroxyl
compounds[110,111]. Some molecules such as nitrilotriacetic acid and polymers such as chitosan have more
adsorption sites for antibiotics due to having rich hydrophilic groups, and as a result, their binding to
graphene is easy. Therefore, modification of GO with hydrophilic compounds leads to the binding of
antibiotics in the graphene oxide surface and accelerates the removal of antibiotics[110]. Due to the expensive

and toxic nature of some organic molecules, in terms of cost and environmental considerations, polymers are a



good option for modifying GO, which can be easily mixed with many polymers [110,112]. Nanoparticles
such as magnetic nanoparticles, metal oxides, etc, are easily placed on the surface of graphene and it leads to an
increase in the absorption capacity of antibiotics[110]. Modification of GO/graphene with metal oxides
leads to increased adsorption capacity and separation efficiency[111]. GO has good dispersion and adsorbs
antibiotics quickly, while graphene and RGO adsorption rate is low and due to poor dispersion require higher
time to reach adsorption equilibrium. For example, the adsorption of tetracycline by GO takes 15 minutes, while
for RGO this time is 6 hours[110]. When the pH is low, most functional groups of graphene are protonated
and therefore have a positive charge. At pH lower than the PZC level, graphene is fully positively
charged and binding of anions occurs due to electrostatic interactions. Most of the studies based on

graphene nanoparticles show that the adsorption rate is low at low pH. As the pH increases, the graphene surface
becomes deprotonated which results in the antibiotic cation ions are easily adsorbed by graphene. The optimal

pH is around 4-9[110]. Fig.5 shows the antibiotic removal mechanism with graphene. Fig.5 shows the
different methods of adsorption mechanism of antibiotics on graphene/ graphene-based
nanocomposites (GBNP), which are: hydrogen bonding, n-n interaction, cation-n bonding, amidation
bonding, electrostatic attraction, hydrophobic interaction and others (pore-filling and ion exchange).
The study of the adsorption mechanism of antibiotics on the graphene/GBNP surface has been
considered in order to improve the adsorption capacity. The adsorption mechanism depends on the
surface properties of graphene/GBNP, especially the surface area and pore structure which play an
important role in the absorption of antibiotics. However, the properties of antibiotics and surface
functional groups may affect the adsorption mechanism. When the surface area becomes larger, more
active sites are exposed to antibiotics, and as a result, the adsorption rate increases. Therefore, to
maximize the surface area and achieve higher adsorption, the adsorbent should have high porosity and
smaller particle size distribution. Graphene has a high specific surface area, but it does not have
porosity, so to solve the lack of porosity, the solution is to combine it with other porous materials.
Different adsorption interactions between antibiotics and graphene/GBNP include Physical forces and

chemical interactions. The main interactions of graphene/GBNP with antibiotics are hydrogen bonding



interactions, electrostatic interactions, and n-w interactions. However, other mechanisms such as cation-
n bonding, hydrophobic interaction, and amidation reaction are also used between antibiotics and
Graphene/GBNPs, which are less important. Graphene/GBNP structure, due to being rich in =«
electrons, actively establishes m-m interaction with antibiotics that have an aromatic ring and plays an
important role in the absorption of antibiotics on graphene/GBNP. Different functional groups involved
in antibiotics and graphene/GBNP due to the creation of specific bonds with antibiotics may be another
way to improve the adsorption performance of graphene/GBNP. Oxygenated functional groups such
as hydroxyl (-OH), carboxyl (-COOH) and carbonyl (-CO-), amino (-NH3) lead to more hydrophilic
GBNPs and easily antibiotics react with containing -OH, -COOH, -NH; through hydrogen bonding.
Another main mechanism of antibiotic absorption with graphene/GBNP is electrostatic interaction,
which includes two driving forces of electrostatic attraction and electrostatic repulsion, which are
related to the surface charge of adsorbents and adsorbates. Mechanisms that are less important:
Graphene/GBNPs, which have ©t electrons, can easily protonate amino groups to form cation-r bonds.
Hydrophobic interaction, which occurs between the hydrophobic part of the antibiotic and graphene.
The amidation reaction, which is less useful, occurs between the amino and carboxyl groups of
antibiotics and GBNPs through the amide bond (-CO-NH-)[110]. MOFs, which are porous materials
composed of organic ligands and inorganic clusters, have been considered to have properties such as
high specific surface area, tunable porosity, high thermal stability, high mechanical stability, uniform
pore structure, and low density in various fields such as storage, membranes, pharmaceuticals,
catalysis, separation, and photocatalysis. The use of MOFs in graphene structures has attracted

attention[113].
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Fig.5-The proposed mechanism for the removal of antibiotics using graphene-based

nanoparticles[110].
4-1- PHOTOCATALYTIC REACTION OF GRAPHENE WITH ANTIBIOTICS
The photocatalytic removal of antibiotics with graphene has two mechanisms[110,114].

In the first mechanism in equations 13-15, after GBPs are activated by light, electrons and holes are
produced. The electrons react with oxygen and produce superoxide radicals. In the second mechanism
in equations 16-24, after GBPs are activated by light, electrons and holes are produced. The electrons
react with oxygen and produce the superoxide radical. The holes react with water and produce OH and
H* radicals. Hydroxyl radical, superoxide radical, and antibiotic react to produce intermediates and
finally water and carbon dioxide. Superoxide radical and H*react together to produce HOO. HOO' is

converted into hydrogen peroxide and oxygen. Hydrogen peroxide and electrons react to produce



hydroxide ion and hydroxide radical. Holes react with hydroxide ions and hydroxide radicals are
produced. Holes react with hydroxide radical, superoxide radical, and antibiotic react to produce

intermediates and finally water and carbon dioxide.

The first mechanism:

Graphene based photocatalysts(GBPs) + hv — GBPs(ecg + h{g) 13
GBPs(ecg) + 0, = GBPs + 03" 14
03" + GBPs(h{g) + antibiotic — intermediate products — CO, + H,0 15

The second mechanism:

GBPs + hv - GBPs(egp + hip) 16
GBPs(ecg) + 0, = GBPs + 03" 17
GBPs(hjz) + H,0 » GBPs + H* + OH’ 18
05" + OH’ + antibiotic = intermediate products - CO, + H,0 19

0; +H* - HOO' 20



2HOO - H,0, + 0, 21

H,0, + e~ » OH™ + OH’ 22
GBPs(h{z) + OH™ — GBPs + OH’ 23
GBPs(h{g) + OH + 03" + antibiotic —» intermediate products —» CO, + H,0 24

Table 3 summarizes the removal rate in the optimal state. Raja et al. [115] used RGO- BiV0,-ZnO
photocatalyst to remove the antibiotic ciprofloxacin. The synthesis method plays an important role in
the morphology of the photocatalyst for photocatalytic reactions, and the synthesis method of the
photocatalyst is hydrothermal. The cubic structure of pure ZnO leads to the creation of a significant
number of cavities on the surface. The use of BiVO, due to its low band gap (2.4ev), good stability and
excellent efficiency for the decomposition of ciprofloxacin. BiVO, conduction band potential (+0.32ev) is
more positive than ZnO conduction band potential (-0.38ev), Also, the valence bands are 2.78ev and
2.85ev respectively. Therefore, electrons are transferred from ZnO to BiVO,and lead to effective charge
separation. Doping RGO to ZnO and BiVO, photocatalysts lead to a decrease in electron-hole recombination .
The higher efficiency of rGO-BiVO4-ZnO compared to other catalysts is due to the cooperative effect
of rGO on BiVO4-ZnO[116]. The scavenger experiment investigated the effect of active species on the
photocatalytic removal of ciprofloxacin. Sacrificial reagents such as isopropyl alcohol-0.1 mmol in 100
mL for OH., triethanolamine-1 mmol in 100 mL for h+, benzoquinone(BQ)-0.1 mmol in 100 mL (for

02.-) and ethanol-50 mL in 100 mL (for e—) were used to trap the active species involved in the

degradation. The h+ plays a major role in the removal of ciprofloxacin because the removal rate was



reduced to a maximum by the addition of triethanolamine. The removal rate is also affected by BQ, so
superoxide radicals also play a role in the removal of ciprofloxacin, but not as effectively as h+. As
shown in fig.6, in the first step of ciprofloxacin decomposition, defluoridation and decarboxylation
occurred and intermediates were produced (I, IT). Then the hydroxyl radical attacks these intermediates
and intermediate III is produced. Further oxidation was carried out and the piperazine ring of
ciprofloxacin was completely destroyed to form the quinolone derivative (D1). In addition, the primary
intermediates react with the hydroxyl radical and led to the cleavage of the quinolone ring and the
formation of oxygenated aliphatic compounds. Finally, these aliphatic byproducts are mineralized to
CO: and H20 .The removal rate in 60 minutes for 10 mg/L ciprofloxacin is exposed to a visible light
source (A <400 nm) and uses a tungsten lamp (150 mW/ cm—2) and the photocatalyst concentration is
0.3g/L. For the pure ZnO photocatalyst is 63.3%, for pure BiVO, photocatalyst 55.6%, for BiVO,-ZnO
photocatalyst 80.3% and finally for rGO- BiV0,-ZnO 98.4%. The rGO structure resulted in an 18.1%

increase in antibiotic removal rate compared to the BiVO,-ZnO photocatalyst alone[115].
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Fig.6- Photocatalytic mechanism of removal of antibiotic ciprofloxacin and intermediates formed in

the photocatalytic reaction[115].

Equation 25 is a Pseudo-first-order apparent rate constant for the kinetic modeling of photocatalytic

antibiotic removal reaction. Although the photocatalytic reaction of antibiotics is very complex, a



pseudo-first-order reaction is used to approximate and calculate the rate constant. where C; is the
concentration at time t, Cy is the concentration at the initial time, and Ky, is the rate constant. The

apparent first-order rate constant normalized to the concentration of the photocatalyst for the rGO-

BiV0,-ZnO photocatalyst is 0.2143 min-1.g-1.L[115].

Ce 25

Pu et al. [117] used Cu-TiO2/GO photocatalyst to remove tetracycline hydrochloride. The synthesis
method of TiO2/GO photocatalyst is hydrothermal and the synthesis method of Cu-TiO2/GO
photocatalyst is impregnation. Adsorbed Cu in the center of TiO, are used to prevent electron-hole
recombination. Copper with a reduction potential of 0.16V (Cu?*/Cu*) and 0.52v(Cu?* /Cu) is a suitable
modifier for GO/ TiO, photocatalyst[117,118]. The adsorption capacity of TiO: is greatly increased by the
addition of Cu and GO. The specific surface area of TiO2/GO is larger than that of TiO> alone due to
the high specific surface area of GO. The regular hexagonal structure consisting of sp2 hybrid orbitals
between C atoms is a characteristic of GO. The adsorption rate of TC on Cu-TiO2/GO is enhanced due
to the m-m interaction between GO and the four aromatic rings of TC. Photocatalyst performance increases

from pH 3 to 7 and decreases from 7 to 11, which is due to the surface charges of the photocatalyst. Tetracycline
has acidic and alkaline groups and the amount of removal depends on the electrostatic repulsion forces between
tetracycline and the photocatalyst. As shown in fig.7 increasing the initial concentration of tetracycline leads
to a decrease in photocatalytic activity because it leads to the active sites located on the surface of
nanoparticles are not enough to remove high amounts of tetracycline and its intermediates. As shown
in fig.8 also, a large amount of catalyst increases the active sites but prevents the absorption of UV light. Unlike
Ti0,, GO/ TiO, and GO/ TiO,/Cu has better performance in the visible light range. The absorption of GO/ TiO,
is slightly better than GO/ TiO,/Cu due to its darker color. The scavenger experiment investigated the effect

of active species on the photocatalytic removal of tetracycline hydrochloride. Isopropanol (IPA),



benzoquinone (BQ), and EDTA-2Na were used to investigate the effects of ® OH radicals, €O, —, and
photogenerated h+ species on the photocatalytic removal of tetracycline hydrochloride antibiotic,
respectively. The order of effect of active species was observed as *O,” > h* > «OH for both TiO,/GO
and Cu-TiO,/GO photocatalysts. For TiO,/GO photocatalyst, the role of *OH was 62.6% removal rate
and for Cu- TiO,/GO photocatalyst, the removal rate was 10.8%, which is due to the reactions taking
place in the surface phase and the stronger adsorption of tetracycline on the catalyst surface. However,
due to the higher production of *O,” and h* in the Cu- TiO,/GO photocatalyst compared to TiO,/GO,
the removal rate of tetracycline hydrochloride is higher with the Cu- TiO,/GO photocatalyst than with
Ti0,/GO. The removal rate in UV light with a 300 W mercury lamp (A > 400 nm)and 20 mg/L antibiotic
for pure TiO, photocatalyst and GO/ Ti0, photocatalyst in 60 minutes is about 92%, while this rate for
TiO,/Cu and GO/ Ti0,/Cu photocatalyst are about 95% and 99.8%, respectively. The increase removal
amount with the addition of GO is about 4.8% compared to the TiO,/Cu photocatalyst. The amount of
energy consumed per gram of antibiotic removed for the Cu-TiO2/GO photocatalyst in the optimal state
is 450.9 kWh/g, which is a high amount of energy and requires a suitable reactor design to minimize
energy consumption. The apparent rate constant normalized to the weight of the photocatalyst for the

GO/ Ti0,/Cu photocatalyst is 0.185 min-1.g-1.L[119].
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Fig.7- Photocatalytic removal of tetracycline at different initial concentrations of tetracycline in the

dark and in the presence of UV light [119].
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Fig.8- Photocatalytic removal of tetracycline at different catalytic dosages in the dark and in the

presence of UV light [119].

Guo et al. [120] used a graphene-based TiO2&Ag photocatalyst to remove chloramphenicol. TiO, has
very good electrochemical and photocatalytic properties. However, due to its high band gap and fast electron-

hole recombination, it is limited. Doping TiO, with silver leads to changes in the surface properties by
increasing the produced electron-hole separation and leading to a broadening of the wavelength
response. Doping with graphene or graphene oxide can improve the charge separation in TiO,.
Graphene oxide is a new nanomaterial that has features such as high specific surface area, high
electronic properties and fast charge transfer. Graphene oxide as a support deposit TiO, and silver on
its surface. The role of GO as a substrate for the distribution of silver and TiO, nanoparticles, which
increases the contact of bacteria with nanoparticles and consequently increases the photocatalytic
effect. The aim is to investigate the effect of the photocatalyst on ARB and ARGs, and the presence of
the antibiotic Chloramphenicol is actually due to the effect of the presence of the antibiotic in the

solution to investigate the efficiency of the photocatalyst in killing ARB and transferring ARGs. The



Survival rate of antibiotic-resistant bacteria for 5 mg/L chloramphenicol with light source (500W
Xenon lamp) with 50 mg/L Ti0,/Ag/GO photocatalyst in 60 min is 86.2%. The article reports the Survival
rate of antibiotic-resistant bacteria the TiO,/Ag photocatalyst for comparison, but graphene oxide in
the TiO2/Ag photocatalyst structure is effective in the Survival rate of antibiotic-resistant bacteria [120].
Kumar et al. [121] used Carbon quantum dots/RGO/S@C3N, /B@C3;N, (CRSB) photocatalyst for
chloramphenicol removal. The S@C;N, /B@C3N4(SB) junction structure uses the self-assembly
method. The carbon material acts as an electron acceptor and generates current through electron-hole re-
reduction. It is used in the visible region; however, the limitations of activated carbon nitride graphite,
insufficient sunlight, as well as the replacement of carriers lead to the weakening of catalytic activities.
Therefore, to solve it, metals and non-metals, and other doping compounds will be. The use of RGO is due to
its high electron mobility, conductivity, and stability, as well as the creation of active sites for pollutant
absorption, and acts as a catalyst support and electron mediator. Quantum carbon has high conversion
characteristics, and the simulation of visible light activity with electron transfer becomes photo-induced electron
transfer. It also expands the absorption spectrum. The use of S and B as electron donors and acceptors is to

reduce electron-hole recombination. The specific surface area of the graphene carbon nitride photocatalyst is
44.2 m?/g, while it is 124.2m?/g for the doped photocatalyst. Also, the size and volume of graphene carbon
nitride are less than those of the doped photocatalyst, which leads to an increase in active sites and better
absorption of pollutants, resulting in photocatalytic activity. The band gap of carbon nitride graphene is 2.7ev,
while it is 2.05ev for the doped photocatalyst. The good performance of the photocatalyst is due to the high
absorption and specific surface area and increased activity in the visible light range of RGO, reducing the
electron-hole recombination and increasing the charge transfer of RGO and CQDs. The addition of RGO to
the B@CN and S@CN structures leads to an increase in the specific surface area, which leads to greater
absorption of chloramphenicol for the photocatalytic reaction. RGO and CQDs are effective in electron
transport because they act as electron sinks, electron sources in visible light, and transfer agents.
Although the specific surface area increases with the addition of RGO, excessive addition hinders the

photoabsorption of the junction and the rate decreases sharply. RGO and CQDs lead to an increase in



electron flow and a decrease in electron-hole recombination. The Fermi level of RGO at -0.08 eV helps
it to act as an electron well. The generated electrons may accumulate on the RGO surface, in addition
to migrating to the CB surfaces. As a result, more reactive oxygen species are produced. In fact, RGO
acts as an electron well/mediator due to its high electron conductivity and mobility in its planar
structure - reduced recombination and easy electron diffusion. PZC for the doped photocatalyst is 6.5 and
the maximum amount of removal occurs at pH=6-7. In completely acidic and basic conditions, the pollutant and
the catalyst have the same charge and electrostatic repulsion forces lead to low catalyst activity. In addition, this
highly acidic property leads to the dissolution of the catalyst in the acid. Also, in completely alkaline conditions,

the hydroxyl ion competes with the drug for absorption. The scavenger experiment investigated the effect
of active species on the photocatalytic removal of chloramphenicol. The basis of the role of electrons,
holes, and active oxygen species generated by irradiation, namely hydroxyl radical (e OH), superoxide
radical anion (#O2 —). Isopropanol, benzoquinone (BQ), and EDTA were used to investigate the effect
of eOH radicals, ®0O,—, and photogenerated h+ species on the photocatalytic removal of
chloramphenicol antibiotic, respectively. The removal rate of chloramphenicol was significantly
reduced by the addition of BQ, indicating that ®O>— species plays an important role in the removal of
chloramphenicol antibiotic. Electron scavenging also leads to a decrease in chloramphenicol
degradation because they play an important role in the production of superoxide radicals. However,
hydroxyl radicals are still active in the degradation. Therefore, further investigation is needed by ESR
measurements and thermodynamic feasibility of radical formation, possible charge flow and junction
properties. The removal rates of chloramphenicol at a concentration of 10 mg/L in 90 min in visible
light radiation with 300 W Xe lamp (with 450mW.cm 2 intensity), 0.3g/L photocatalyst for the single
photocatalyst g—C3N4, B@g— C3Ns, S@g— C3N4 and CRSB(40% S@g— C3Ns in SB+8%RGO) are
44.4,54.1, 60.3 and 99.1, respectively in visible light for solar light the removal rate of CRSB is 92.4
in 120 min, so adding 8% RGO to the photocatalyst helped increase the adsorption rate by 45% and
38.8%, respectively, compared to the B@g—C3N4 and S@g—C3N4 photocatalysts. The reason for the

reduced removal rate in the presence of sunlight is due to the lower intensity of sunlight and its broader



spectrum. The apparent rate constant normalized to the weight of the photocatalyst for the CRSB
photocatalyst is 0.27 min-1.g-1.L in visible light and 0.1707 min-1.g-1.L in solar light in 60 min [121].
Wang et al. [122] used Fe-Ag,V0,/GO photocatalyst to remove the antibiotic chloramphenicol. The
synthesis method is precipitation method. Ag,VO, has extensive properties in photocatalysts, medicine,
lithium batteries and sensors. But the limitation of this photocatalyst is its fast electron-hole recombination. By
doping with Go, the electron from the Ag,VO, the valence band is excited by visible light and goes to Go, and
the structure of the Go ring absorbs the chloramphenicol molecule well. Also, the precursor of iron, which
is FeCl;, reacts with chlorine ion and superoxide ion. and chlorine radical is created, which chlorine radical or
ClO™ through electrophilic substitution reactions lead to improvement of the elimination process The ring
structure of GO leads to the effective adsorption of chloramphenicol molecules on the surface of the

Fe-Ag, V0, photocatalyst. The removal rate of chloramphenicol with an initial concentration of 20 mg/L

and 300W Xenon lamp covered with a UV filter (A>420 nm) in time of 60 minutes is about 70% for

Fe-Ag,V0, /Go, while it is less than this value for the Ag,VO, only photocatalyst[122]. Sodeinde et al.

[123] used a reduced graphene oxide-zinc oxide nanocomposite (rGO-ZnQO) photocatalyst for the
removal of chloramphenicol. The synthesis method is the Solvothermal method .The photocatalytic
interaction of 12.5g/L rGO-ZnO nanocomposite with UV radiation using a UVP Compact lamp (4 W,
230 V, A = 254 nm) for 40 minutes. As shown in Fig 9, the presence of H>O> leads to electron transfer
from the valence band to the conduction band in the ZnO nanocomposite semiconductor and electron-
hole generation. The reduced graphene oxide facilitates the reduction of the initial band gap and also
improves the rapid charge transfer and free hydroxyl radical generation due to the interaction of OH-
ions with the positive holes valence band of the ZnO photocatalyst. The conduction band electron reacts
with O> and forms a superoxide radical. The superoxide radical reacts with water and produces the
hydroxyl radical, which reacts with chloramphenicol and produces water, carbon dioxide, and nitrate
and nitrite as byproducts. The addition of graphene oxide to the ZnO photocatalyst leads to a significant

increase in the photodegradation process of chloramphenicol, reducing the band gap and preventing



electron-hole recombination and surface photo corrosion. Graphene oxide leads to an increase in the
specific surface area of the photocatalyst to 722 m?/g, which leads to the adsorption of more molecules
of chloramphenicol and is effective in the removal rate. The removal rate for 1000mg/L
chloramphenicol with the ZnO photocatalyst alone in 100 minutes is 56%, but for the rGO-ZnO
photocatalyst, it is 90.8%. The removal rate increased by 34.8% with the presence of rGO. Also, for
real livestock wastewater, it is 90.2%. Fig.9 shows the mechanism of antibiotic removal. The apparent

rate constant of the rGO-ZnO photocatalyst is K, = 0.002min~t. g1 L [123].
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Fig.9-mechanism of photocatalytic degradation of chloramphenicol with rGO-ZnO nanocomposite

and converted into simpler molecules [124].

4-1-1-EVALUATING THE CLAIM OF RGO AS AN ELECTRON SINK

Separation of charge carriers and electron-hole currents is essential in investigating the performance of
photocatalytic processes. This can be investigated using Nyquist plots obtained from electrochemical

impedance spectroscopy (EIS). As current passes through the photocatalyst, its resistance to the passage



of current is measured, which is called impedance, and if the electron transfer in the photocatalyst is
high, the impedance decreases. As shown in figl0(a), an increase/decrease or change in electrochemical
impedance indicates that there are changes in the properties of the photocatalyst interface. The arc
radius represents the electron resistance. Doping S or B helps to reduce the interface resistance of the
photocatalyst and leads to an increase in the electron transfer improvement. The radius for the reduced
graphene oxide layers modified S@g-C3N4+/B@ g-C3Ns4 structure has the lowest value, indicating the
lowest resistance and the highest electron transfer compared to the single and S@g-C3N4/B@ g-C3N4
photocatalysts. In the time-current diagrams, the photocatalysts S@g-CsNsand B@ g-C3N4 show a
weak photocurrent intensity due to the high electron-hole recombination, while for the reduced
graphene oxide layers modified S@g-C3;N4/B@ g-CsN4 photocatalyst, the photocurrent is high due to
the presence of CQDs and RGO. As shown in fig10(b), also, the photoluminescence (PL) intensity for
the g-C3N4 photocatalyst is the highest value, and respectively, g-CsN4 > S@ g-CsN4 > B@ g-C3Ng >
SB- 40 > CRSB. The impurity levels created by S and B doping act as electron-hole separation centers.
Electrons are transferred from the conduction band of B@ g-C3N4 to CQD and holes are transferred
from the valence band of S@ g-CsNa, thus, the photoluminescence intensity for CRSB decreases. The
electron-hole recombination for CRSB is the lowest and is also confirmed by EIS[125]. The PL spectra
of ZnO, BiVO4 and rGO-BiVOs4-ZnO show that the intensity of ZnO and BiVO4 photocatalysts is
higher compared to rGO-BiVOs-ZnO photocatalyst. The lower intensity of rGO-BiVO4-ZnO

photocatalyst indicates the reduction of electron-hole recombination with the addition of rGO[115].
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Fig.10- a) EIS Nyquist plots. b) Photoluminescence spectra for different photocatalysts[125].

4-1-2-COMPARATIVE EVALUATION OF GRAPHENE CONTRIBUTION IN

PHOTOCATALYTIC SYSTEMS



Although graphene-based materials are frequently credited with exceptional photocatalytic
enhancement, a closer comparison between systems with and without graphene reveals a more nuanced
picture. Several studies in this section provide a clear basis for evaluating how much graphene actually

contributes, and under what conditions its effect becomes decisive.

A representative example is the ternary rGO-BiVOs+—ZnO composite, in which the photocatalytic
activity rises from 63.3% for ZnO to 80.3% for BiVO4+ZnO, and ultimately to 98.4% when rGO is
incorporated [115]. The roughly 18% improvement introduced by rGO is significant, yet the stepwise
increase also shows that proper semiconductor coupling already contributes substantially to charge
separation before graphene is added. In contrast, the Cu-TiO2/GO system displays a more modest
enhancement: TiO> removes 92%, Cu-TiO; removes 95%, and Cu-TiO2/GO reaches 99.8% [119].
Here graphene provides only a small incremental benefit, suggesting that when the semiconductor
junction is already efficient, GO’s electron-migration function may play a supporting rather than

dominant role.

Other reports demonstrate situations where graphene exerts a much stronger influence. The rGO-ZnO
composite achieves 90.8% removal, compared to 56% for bare ZnO [124], reflecting the combined
effect of improved charge transport and higher surface affinity. A similar trend appears in the CRSB
composite, which attains 99.1% degradation, sharply outperforming pristine g-C3N4 (44.4%) and its
doped analogues (54.1% and 60.3%) [125]. These large jumps indicate systems in which graphene not
only facilitates electron extraction but also mitigates structural limitations of the host photocatalyst.
Graphene can also function primarily as a dispersion scaffold, as seen in the Ag— TiO2/GO system,
where improved nanoparticle distribution and surface contact contribute more than electronic effects

alone [120].

Taken together, these comparisons demonstrate that the contribution of graphene is highly
system-dependent. Its impact ranges from marginal (a few percent) to transformative (over 30%),

depending on factors such as semiconductor band alignment, intrinsic recombination rate, defect



density, and graphene—particle interfacial contact. Thus, while graphene is unquestionably valuable in
many antibiotic-degradation photocatalysts, its role is not universal or uniformly dominant. Critical

assessment of each composite system remains essential to avoid overstating graphene’s mechanistic

contribution.

Table3-Removal of antibiotics drug with different graphene photocatalysts.

Photocatalyst

Antibiotic

Targeted
pollutant
concentratio

n

Irradiatio

n time

Optimized
photocatalyst

condition

Degradatio

n

Referenc

RGO-ZnO-

BiVOy4

ciprofloxacin

10mg/L

60 min

Visible light( (A < 400

nm)

tungsten lamp (150

mW/ cm—2)

hydrothermal method

0.3g/L catalyst

Optimum pH is 7

Kapp

=0.2143min 1. g7 L. L

98.4%

[115]

Cu-TiO, /GO

tetracycline

20mg

90min

UV light with a 300 W
mercury lamp (A > 400

nm)

TiO, /GO Synthesized
by hydrothermal

method, Cu-TiO, /GO

99.8%

[119]




Synthesized by

impregnation methods
0.2g/L catalyst is
optimum
PH=S5 is optimum

Kapp

=0.185min"t.g 1. L

84.5% TOC in 360

min

TiOx/Ag/GO

chloramphenico

1

Smg/L

60min

light source (S00W

Xenon lamp)

50 mg/L TiO»/Ag/GO

pH=7

86.2%

[126]

CQD//RGO/S

@

C3N4/B@C3N4

Chloramphenic

ol

10mg/L

90min-
visible

light

visible and solar

300 W Xe lamp (with
450mW.cm™>

intensity)
Self-assembly method

0.3g/L catalyst

8 % RGO is optimum

Kapp =
in 0.27min"t. g7 L
60 min in distilled

water

84% TOC in 360min

99.1%

[125]




chloramphenico

1

120min

Natural

solar light

Kapp =
0.1707min"t. g 1. L
in 60 min in distilled

water

70% TOC in 360 min

92.4%

90min
visible

light

Kapp =
0.207min"t. g 1L in
60 min in municipal

tap water

82%

Fe-AgzV04/Go

chloramphenico

1

20mg/L

60min

Visible light
300W Xenon lamp
covered with a UV

filter (A>420 nm)

Precipitation method

70%

[127]

rGO-ZnO

nanocomposite

chloramphenico

1

1000mg/L

100min

uv light
UVP Compact lamp (4
W, 230 V, A =254 nm)

for 40 minutes
Solvothermal synthesis
12.5g/L 1GO-ZnO

Kapp

= 0.002min"t. g7 1. L

distilled water

90.8%

veterinary effluent

90.2%

[124]

5- SEMICONDUCTOR HETEROJUNCTION PHOTOCATALYSTS




Table 5 summarizes the optimal concentrations of different antibiotics with different photocatalytic
heterojunction structures. An effective method to reduce electron-hole recombination in heterogeneous
photocatalysis is to couple it with another semiconductor with a different band gap. A semiconductor
coupled with another semiconductor with a different band gap is called a heterojunction[102,128]. In
general, semiconductors with different band structures, which can lead to particular band
alignment[129]. A heterojunction structure is a region where two semiconductors with the same crystal
structure are in contact with each other[130]. The band edges of these two semiconductors do not align
with each other, so a band offset is developed at the heterojunction interface[102]. Semiconductor
heterojunctions with appropriate band edge positions lead to increased visible light absorption and

efficient electron-hole separation[131].
5-1- INTERFACE ENGINEERING PRINCIPLES

The photocatalytic performance of semiconductor systems is strongly governed by how efficiently
photo-generated carriers are managed at solid—solid and solid—liquid interfaces. Interfacial engineering
therefore represents a central design lever, enabling simultaneous control over light harvesting,
interfacial charge separation/migration and surface redox reactions. In the context of antibiotic
degradation, recent work has demonstrated that augmenting light absorption, improving charge
separation, and strengthening interface interactions are key, synergistic strategies to construct
high-efficiency photocatalysts [44,47]. Conceptually, junction interfaces can be classified as
homogeneous or heterogeneous. Homogeneous junction interfaces are formed within a single
compound, typically by constructing phase or facet junctions; these architectures create internal
migration pathways for electrons and holes without introducing a secondary phase [43,47]. In practice,
however, the synthetic complexity and cost of well-defined homojunctions often limit their
deployment, prompting substantial interest in heterogeneous junction interfaces [42,48].
Heterojunction architectures—including Schottky, plasmonic, Z-scheme, and p—n configurations—

have been widely explored as interfacial engineering platforms [41,47]. In such hybrid nanocomposite



systems, intimate surface and interface contacts are deliberately created to accelerate the spatial
separation and transport of photoinduced carriers. For example, efficient 2D/2D and 3D/2D
configurations provide large, coherent interfacial areas coupled with well-matched band structures,
which together yield effective inter-surface contact, higher electron—hole separation, and improved
overall photo absorption [41,42,47]. Representative systems such as Bi4Ti13012 /I-BiOCl and CdS-based
composites anchored on carbonaceous hosts or oxide scaffolds clearly show that perfect or strong
interface interactions enhance the generation and transfer of photo-excited carriers, reduce
recombination, and translate into higher degradation rates for antibiotics like ciprofloxacin and
tetracycline [42,48]. Similar conclusions have been drawn for direct Z-scheme constructions—for
instance CulnS2/Bi2WOs—where an intimate interface contact not only stabilizes the junction but also
enforces a Z-scheme charge-transfer pathway. This configuration preserves strong redox potentials on
the respective components, leading to markedly improved separation of photo-generated electrons and
holes and superior photocatalytic activity in Fenton-assisted antibiotic degradation [42,43]. Even in
earlier heterogeneous systems such as anatase TiO2 /Co030Os nanocomposites, the formation of a
heterojunction has been shown to induce photon-driven oxidative pathways for antibiotic removal,

underscoring the generality of the interface-engineering concept [41-43].

Beyond geometric contact, chemical bonding at the interface is crucial for dictating carrier dynamics.
Covalent or strongly chemisorbed connections between different components can provide energetically
favorable channels for directional charge transfer. An illustrative example is the Bi nanodots/Bi3NbO~
system, where covalent interactions between Bi nanodots and the Bi—O layers of BizNbO7 nanosheets
markedly accelerate charge separation and interfacial carrier transfer [41,42,132]. The resulting
improvement in interfacial kinetics enhances the activation of dissolved molecular oxygen to reactive
oxygen species (ROS), especially superoxide radicals (O2-) and singlet oxygen ('O2), which in turn
significantly boosts photocatalytic degradation efficiency [43,44,47]. Similar “strong interface

interaction” effects have been reported for CdS/SnO; and CdS/carbon composites, where lattice



mismatch or intimate anchoring improves interfacial contact, speeds up charge migration, and

suppresses radiative and non-radiative recombination pathways [42,43,133].

Interfacial performance is further tunable through defect and dopant engineering at or near the junction.
Defects such as vacancies and heteroatom dopants play dual roles in photocatalysis, acting as trapping
centers for carriers and simultaneously modulating the electronic structure and light-absorption profile
[43,44,48]. Appropriately engineered shallow traps can extend carrier diffusion lengths and facilitate
interfacial transfer, whereas deep traps tend to behave as recombination centers, reducing activity if
not carefully controlled. Consequently, elaborated strategies based on vacancy construction and
elemental doping have been proposed to exploit the beneficial aspects of defects while minimizing
their detrimental effects [41,48]. Vacancies, in particular, are attractive because they alter the catalyst
composition without introducing foreign species and allow fine tuning of the band structure by
adjusting defect type and concentration; however, excessive vacancy densities can generate too many
recombination centers, while insufficient densities are ineffective [41,42]. On the dopant side, the
Bi14Ti3012 /I-BiOCl 2D/2D heterojunction provides a clear example where I" doping, in conjunction
with an efficient interfacial contact and band alignment, significantly improves visible-light absorption
and accelerates inter-surface charge transfer, resulting in enhanced photocatalytic degradation of
fluoroquinolone antibiotics [41,42,48]. Analogous concepts have been used in graphene-based
systems, where controlled introduction of structural defects and heteroatom doping adjust conductivity
and local electronic structure, thereby impacting the collection and transport of carriers at

graphene/semiconductor interfaces [42—44].

Although interfacial charge-transfer behavior is often investigated through dedicated characterization
techniques, trends in photocatalytic activity, reactive oxygen species (ROS) generation, and catalyst
stability also provide meaningful insight into the effectiveness of charge separation and transport at
engineered interfaces. In practice, interface-engineered photocatalysts are evaluated using a

combination of steady-state and time-resolved methods that probe recombination dynamics and carrier



mobility, including photoluminescence (PL) quenching, transient photocurrent response,
electrochemical impedance spectroscopy (EIS), and electron spin resonance (ESR) for identifying
reactive radical species [41-43]. For example, the substantial enhancements in tetracycline and
tetracycline-hydrochloride degradation achieved by 3D/2D heterostructures and direct Z-scheme
architectures—together with their improved structural stability and reusability [41,42]—are typically
correlated with reduced interfacial charge-transfer resistance, increased photocurrent response, and
suppressed PL emission, all indicative of more efficient carrier separation and utilization at
well-engineered interfaces. Moreover, even in systems governed partly by gas—liquid boundary-layer
dynamics (e.g., sonolysis or UV-H20; advanced oxidation), the interplay between interfacial reaction
zones and bulk-solution processes underscore the broader principle that optimizing interfacial transport
and reaction environments is essential for maximizing radical-mediated pollutant degradation
[42,43,47]. Overall, the integration of interface bonding design, defect/dopant engineering, and
controlled interfacial charge-transfer pathways provide a coherent and unified framework for
constructing next-generation photocatalysts with high efficiency and robustness toward antibiotic

removal.
5-2- P-N-TYPE HETEROJUNCTION

The construction of a p-n heterojunction provides advantages, including high adsorption capacity,
efficient collection and separation of charge carriers, longer life of the photogenerated electron-hole
pair and fast charge transfer to the catalyst. As shown in fig.11, when n-type and p-type semiconductors
are in contact, a space charge region is created at the interface due to the penetration of e~ and h™,
which leads to the production of a valence and conduction band that the e~ and h* move to the opposite
direction. Light radiation in the p-n heterojunction with an energy higher than the Band gap of the
catalyst causes rapid separation of photoelectron-hole pairs generated by the internal electric field. This
electric field directs the electrons to the CB of the n-type semiconductor and h* to the VB of the p-

type semiconductor[102].



L
-

Fig.11- Schematic figure of p-n-type heterojunction and how oxidation and reduction occur and how

charge is separated (adopted from [102]).

Cui Laia, et al. [134] used a CuS/BiVO, (0 4 0) binary p-n heterojunction photocatalyst for the removal
of the antibiotic Ciprofloxacin. The synthesis method of BiV0O, photocatalyst is a precipitation method
and the synthesis method of CuS/BiV0, is probably wet chemical deposition depending on the type of
synthesis. The Bi orbital (6S) is combined with the O orbital(2p), leading to a change in the valence band and,
as a result, a reduction in the Band Gap. BiVO, has a limited Band Gap (2.4ev), so it has great absorption in the
visible region. Fig.12 shows the mechanism of photocatalytic degradation of ciprofloxacin using
CuS/BiV0, photocatalyst. The conduction band of the CuS photocatalyst (-0.32ev) is more negative than the
conduction band of the BiVO, photocatalyst (+0.45ev). Therefore, the electron excited from the conduction band
of CuS goes to BiVO, and the hole produced in the valence band of BiVO, goes to the valence band of CuS, as
a result, it has led to the separation of production charge carriers. BiVO, The conduction band potential is more
positive than 0,/0; Reduction potential, also CuS valence band potential, is more negative than (OH/H,0), so
the electron produced in the conduction band of BiVO, is not trapped to O, radical and also hole. It is not able

to react to produce hydroxide radicals from water. Therefore, the hole on the surface is used as the active species



for the removal process. The CuS/BiVO, heterojunction structure leads to an increase in the visible light
range and an expansion of the optical band. The CuS/BiVO, heterojunction structure also has a
pronounced red shift compared to BiVO,. This structure leads to improved effective separation of
generated charge carriers as well as more active sites and a large surface area. The removal rate in a
300W Xe lamp with a 420 nm cutoff filter, 1g/L photocatalyst, and 10mg/L ciprofloxacin for pure CuS
photocatalyst is 8.1%. The removal rate with the pure BiVO, photocatalyst is 54.1%, while the removal

rate for the CuS/BiVO, photocatalyst with a mass ratio of 7% reaches 86.7%. Kp, =

0.02151min~t. g 1. Lis the apparent rate for the CuS/BiV0, photocatalyst with a mass ratio of 7%[135].
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Fig.12- mechanism of photocatalytic degradation of Ciprofloxacin with CuS/BiVO, in the presence of

sunlight and the production of reactive species [134].

Cui et al. [136] used Cu2O-TiO; photocatalyst for the removal of tetracycline. The synthesis method of
Ti0>—Pal photocatalyst is sol-gel, and the synthesis method of Cu,O-TiO> —Pal photocatalyst is liquid-
phase reduction. To overcome this problem, doping, depositing noble metals and combining semiconductors.

Dispersing p-type semiconductors such as CuO and Co30,4 on the surface of an n-type semiconductor such as



TiO, leads to an increase in the electron-hole separation activity and an increase in the catalytic activity
compared to the semiconductor only in the visible range. Palygorskite, a non-metallic mineral, has a high
absorption capacity for organic compounds, is inexpensive, has stable physical and chemical properties, and is

non-toxic. It is used as support here. In addition to increasing the antibiotic adsorption capacity, Pal in the
Cu20-TiO-Pal photocatalyst structure is also effective in the degradation process. Palygorskite
improves the light utilization in the photocatalyst due to its light-scattering property. The Cu,O
photocatalyst leads to a decrease in the band gap and an increase in the absorption of visible light[136].
Fig.13 shows the proposed mechanism for the removal of tetracycline under sunlight. When the
photocatalyst is exposed to light, tetracycline is photocatalytically decomposed by the Cu,0 — TiO, p-
n heterojunction, which leads to the transfer of electrons from the conduction band of Cu,0 to the
conduction band of TiO, due to the fact that the conduction band of Cu,0 is more negative compared
to TiO,. In addition, the valence band of TiO, is more anodic than that of Cu,0, which leads to hole
transfer from the valence band of TiO, to the valence band of Cu,0. Therefore, the electron-holes are
effectively separated to minimize the energy, which leads to increased photocatalytic activity. The
excited electrons from CuO can generate OH radicals by absorbing O> molecules adsorbed on the
photocatalyst surface. Also, the holes generated (h+) from TiO; lead to the generation of *OH radicals
by reacting with OH— and H20. *OH radicals play a key role in the removal of tetracycline. In this
research, the removal rate under simulated solar light using a 500WXe lamp for tetracycline removal
with 30mg/L and 1g/L photocatalyst in 240minutes in the presence of pure palygorskite is about 56%,
in the presence of palygorskite doped with TiO-, it is about 63%, while with palygorskite-supported

Cu,0-TiOz composite, the removal rate reaches 88.81%. The K,,, = 0.0129min~1. g~ 1. L is apparent

app

rate constant of the palygorskite-supported Cu20-TiO: photocatalyst[137].
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Fig.13- mechanism for the removal of tetracycline under sunlight with Cu,0 — TiO, in the presence of

Solar Light[137].

Shen et al. [138] used Cu2O/Bi,02CO3/PEO nanofibers photocatalyst to remove chloramphenicol. The
synthesis method of Cu20/Bi1202CO3/PEO photocatalyst is the Chemical Precipitation Method, but the
article does not directly mention it. Bi2O2CO; photocatalyst has a good performance in removing
antibiotics, but its high electron-hole recombination, high band gap, and inactivation in the visible light
range have led to its limitations. To overcome these limitations, Doping is the best solution for this
problem. Cuz0 photocatalyst, which has a limited band gap, is activated in the visible light range.
Despite the good photocatalytic activity of CuzO, it has limitations such as easy aggregation and is easy
to scatter. To overcome these limitations, CuyO is combined with other polymers. Composite
nanofibers have important applications, such as removing antibiotics. Due to the small diameter of the
fibers, they have high flexibility for surface modification and restoration. Unlike the Bi20.COs3
photocatalyst, the Cu20/Bi202CO3 photocatalyst has higher absorption in the visible range. As shown
in fig.14, when Bi20O2CO3; N-type photocatalyst forms a p-n heterojunction with Bi202COs p-type
photocatalyst, electrons are transferred from Cu20 to Bi2O2COs and holes from Bi20>CO3 to Cu0.

Therefore, p-n heterojunction, the n-type photocatalyst is positively charged and Cu,O p-type



photocatalyst has a negative charge. In the presence of this internal field, electron-hole recombination
decreases due to the redistribution of electrons and holes on the surface. Chloramphenicol efficiently
with radical O>—, which is generated by electrons from the conduction band Bi2O>CO3 by O,. Adsorbed
reacts. In addition, Cu2O nanoparticles also shortened the distance of light charge transfer from the
interior to the surface. Therefore, the photocatalytic activity increases. The removal rate of the
antibiotic chloramphenicol with an initial concentration of 20 mg/L in 30 minutes using PEO is about
25% and 300 W Xe lamp equipped with a 420 nm cut off filter with visible light, for the Bi,0.CO3/PEO
photocatalyst the removal rate is about 84%, and for the PEO-based CuxO/ Bi,0>COsphotocatalyst
with a mass ratio of Cu20 to Bi2O2COs3 of 3%, it is about 98.2%. In this paper, instead of adding a pure
amount of photocatalyst to the solution, a piece of membrane with a specific surface area was used, but
since the mass or density of the membrane was not reported, it is not possible to calculate the apparent

1

velocity normalized to the photocatalyst concentration; therefore, the K,p, = 0.1339min™" is first-

order apparent velocity constant [138].
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Fig.14-Schematic of Cu,O/ Bi2O2CO3; p-—n heterojunctionand and the valence band and conduction

band of the Cu,0O and Bi,0>COsphotocatalysts[139].

Kim et al. [140] used ZnO/MoS; composites as photocatalysts to remove ciprofloxacin. The ZnO/MoS>
photocatalyst synthesis method is hydrothermal. To overcome the limitation of ZnO, the best solution
is to dope with another semiconductor to create composites or heterojunctions. MoS; under visible light
is activated and its absorption capacity is improved in visible light. MoS> is a p-type semiconductor
and ZnO is an n-type. The lowest photoluminescence intensity is related to the MZ-30
photoluminescence heterojunction structure, which has the lowest electron-hole recombination and the
highest charge separation efficiency. When light is irradiated to MoS2/ZnO, electron-hole pairs are
generated. Due to the negative potential of ZnO, electrons generated in the CB band of ZnO are
transferred to the CB band of MoS», which leads to electron-hole separation and charge facilitation.
The electrons in the CB in MoS; react with oxygen to produce superoxide radicals, and the holes in the
VB react with water molecules to produce hydroxyl radicals. The removal rate of the antibiotic
ciprofloxacin with an initial concentration of 16.57mg/L, UV light with a 250 W metal halide lamp and
0.5g/L photocatalyst in 120 min with ZnO photocatalyst is 43%, while for 30 wt% MoS: it is 89% for
50 mg of photocatalyst, but for 200mg of photocatalyst it is 98.18%. For the ZnO/MoS; heterojunction
photocatalyst, it results in a 46% increase compared to the ZnO photocatalyst. In Fig.15, the effect of
the amount of catalyst on the rate constant of the photocatalytic reaction has been investigated in the
values of 100 mg, 150 mg, 200 mg and 250 mg, and the rate constants were obtained as 0.022min™?,
as 0.025min"!, as 0.032min~! and as 0.026min"! respectively. For different photocatalyst
concentrations (100, 150, 200, and 250 mg), the removal percentage of ciprofloxacin was 91.12%,
94.06%, 96.18%, and 92.10%, respectively. As shown in Fig 15, by increasing the amount of catalyst
from 100 mg to 150 mg, the rate constant increases. But by increasing the amount of catalyst from 200
mg to 250 mg, the rate constant has decreased, which is because the turbidity of the solution has

increased at high amounts of catalyst, leading to the accumulation of particles and the effect of light



screening. The K,,, = 0.038min™'.g™".L is the apparent rate constant for the ZnO/MoS;

photocatalyst with 30wt% MoS2[140].
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Fig.15- The effect of different amounts of photocatalyst on the apparent first-order rate constant of the

reaction[141].

Qiua et al. [142] used ZnO-Ag>O/porousg-C3Nscomposite for the removal of ciprofloxacin. The
synthesis method of ZnO-Ag>O/porous g-C3N4 photocatalyst is the calcination and hydrothermal
method. The use of silver and silver oxide is considered due to their high solubility, larger ionic particle size,
and minimal energy orbital. Ag,0 is used to overcome the large band gap of ZnO due to its limited band gap
(1.3ev). To overcome the fast electron-hole recombination, g-C3N, is used, which has excellent photocatalytic

activity in the sunlight range with a band gap of 2.7ev and leads to separation and improved charge transfer and

thus increases photocatalytic activity. The hole produced in the valence band of ZnO is easily transferred to

the valence band of Ag,0, but the electron produced in the conduction band of ZnO is due to its negative

potential compared to Ag, 0 is hardly transferred to the conduction band of Ag,0. When the Ag,0 /ZnO/ g-



C3N4photocatalyst is activated in the visible light range, the electrons produced from the conduction band of
Ag,0 is transferred to the conduction band of g-C3N, and then to ZnO. As a result, the trapped oxygen becomes
the radical anion superoxide produced and prevents electron-hole recombination. The hole produced from the
valence band of ZnO to the valence band of and then to the valence band of Ag,0 Ciprofloxacin. The
electron-hole recombination is inhibited by the interface between the Ag>O and ZnO phases. The band
gaps of ZnO, ZnO/Ag>O and ZnO-Ag>O/p-g-C3N, are about 3.35, 2.83 and 2.60 eV, respectively,
which leads to improved light absorption. The excited electrons in the zinc cations migrate to oxygen
atoms and finally to C3N4, forming ZnO-pg — C3N,, which can lead to the improvement of ZnO
excitation and consequently reduce the required energy. The low intensity of the ZnO-Ag>O/pg-C3N,
photocatalyst in photoluminescence due to the combination of semiconductors indicates a higher
separation rate of photoinduced charge carriers. The electrons generated in the conduction band of
AgO are transferred to the porous g-C3N,sheets and finally to ZnO, producing superoxide radical
anions (*O2—) as the electrons are trapped by O». These events lead to the reduction of electron-hole
recombination and consequently produce more *OH and *O>—, which efficiently decompose organic
pollutants because they are strong oxidants. Ciprofloxacin removal rate in 48 minutes and with an
initial concentration of 20 mg/L, visible light with a tungsten lamp equipped with an ultraviolet cut

filter to provide visible light with >420 nm and 0.5g/L photocatalyst using ZnO, porous g-C3N,, Ag,0,
Zn0O-Ag,0 and ZnO-Ag,0 / porous g-C3N4photocatalysts under visible light are 8.2, 25.4, 42.3, 69.4,

and 97.4%, respectively. The K,p, = 0.114min~". g~1. L is apparent rate constant for the ZnO-Ag,0 /

app

porous g-C3N, photocatalyst[142].
5-3-NON P-N-TYPE HETEROJUNCTION

As shown in fig.16, if the conduction band and valence band of a semiconductor (narrow band gap) are
respectively lower and higher than the conduction and valence bands of the other semiconductor (wider
band gap), then it is called band offset type [ (symmetric). In the case of band offset type Il(staggered),

both the conduction and the valence bands of a semiconductor are higher than the bands of another



semiconductor. There is another type of heterojunction in which there is no overlap between the band
gaps of the two semiconductors, and therefore it is called a type III (broken) offset band. Among the
three different types of heterojunctions, the type II interface is suitable for visible light photocatalysis
because with light radiation the narrow band gap semiconductor will be excited in which the electron
and hole is generated and the created electron easily migrates to the conduction band of the wide band
gap semiconductor, resulting in effective charge separation[102,143]. One of the disadvantages of type-
IT heterojunctions is that the reduction and oxidation reactions are carried out on semiconductors with
lower reduction and oxidation potentials, respectively, thus greatly suppressing their redox ability[129].
Electron-hole separation efficiency at p-n heterojunction photocatalysts due to synergy between the

internal electric field and band alignment is faster than type I1[129].
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Fig.16- Schematic figure of non non-p-n-type heterojunction[129].



Mengelizadeh et al. [144] used a g-C3N4/Fe2Os3 photocatalyst with a Type II heterojunction structure to
remove ciprofloxacin. The synthesis method of g-C3Naphotocatalyst is thermal condensation, and the
synthesis method of g-C3N4/Fe>O3; nanocomposite photocatalyst is the calcination method. Considering
the limitations of g-C3N4 photocatalyst, the solution is pairing with other semiconductors, including
Fe;O3, which is an environmentally friendly photocatalyst that has attracted attention due to its
abundance, high chemical stability, excellent electrical conductivity, and easy preparation. As shown
in Figl7, both g-C3N4 and Fe>O; photocatalysts are excited to produce electron-holes when the
photocatalyst is irradiated by UV light. The valence band of Fe,O3 is more positive than g-C3N4 and
the conduction band of g-C3N4 is more negative than Fe,O3, so the electrons in the conduction band of
g-C3Ny are transferred to the conduction band of Fe2Os to produce Oze-. The hole in the valence band
of Fe2Os3 is transferred to the valence band of g-C3N4 to degrade ciprofloxacin and produce *OH.
Finally, the electron-hole recombination decreases and the photolysis activity of ciprofloxacin adsorbed
on the photocatalyst surface increases. In this research, hydroxyl radical and hole play an important
role in the elimination of ciprofloxacin. Due to the reduction of electron-hole recombination, the
generation of more reactive species, and the efficient coupling of two semiconductors, the energy
consumption for photocatalyst activation is low. The removal rate of ciprofloxacin did not change after
5 repeated uses, so the stability of the g-C3N4/Fe2O3 photocatalyst is excellent . The removal rates for
ciprofloxacin with an initial concentration of 25 mg/L and 60 min and 0.3g/L photocatalyst using UV
alone with mercury lamp (photolysis), g-C3N4/Fe>O3 in the dark (absorption) and g-C3N4/FeoO3 + UV
(photocatalysis) are about 20%, about 69.35% and about 100%, respectively. The K,p, =

0.31min"1. g71. L is apparent rate constant for the g-C3N4/Fe>Os photocatalyst[144].
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Fig.17-mechanism for the photodegradation of ciprofloxacin on the surface of g-C3N4/Fe,O[145].

Yang et al. [146] used a type II heterojunction ZnS/BiOBr photocatalyst for the removal of tetracycline.

The synthesis method of ZnS/BiOBr photocatalyst is a one-step, facile hydrothermal method.
Combining two semiconducting structures is an effective strategy for charge separation in the photocatalyst.

Therefore, the use of ZnS photocatalyst is optimal for designing a combined photocatalyst. When ZnS / BiOBr
is subjected to sunlight, the electrons are excited in the Valence band of BiOBr to the conduction band
and create in hole in the valence band. These electrons reach the ZnS surface and combine with a hole
in the valence band of ZnS. The electron in ZnS is more negative than EO2/ 05°(-0.33 ev) and reacts
with O; to form a O; . A hole in the valence band of BiOBr directly oxidizes tetracycline; as a result,
the recombination of the electron-hole decreases and the photocatalytic activity increases. Removal
rate in 25 minutes for pure BiOBr is about 70%, while for ZnS /BiOBr with 2.5wt% of ZnS, it is 82%.

The K,pp, = 0.1311min"1. g71. L is the apparent rate constant for the ZnS /BiOBr photocatalyst[146].
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Zhou et al. [147] in doxycycline removal, g-C3N, thin layer @ CeO, core-shell composite photocatalyst

used. The synthesis method of photocatalyst Nano-sized g-C3 N, thin layer @ CeO, sphere is a simple



hydrothermal and in situ synthesis method. The photocatalyst with a limited band gap, which has more
absorption in the visible region, has been considered. Metal oxides such as CeO, (2.8ev), MoO5 (2.9¢ev),
Bi,05(2.3-2.8ev), CuO(1.2ev) and Fe, 05 (2.1ev) are the semiconductors of interest in the removal of
pollutants. Also, g-C3N, photocatalyst is a metal-free organic polymer that has a band gap limited to
2.7ev, which is easily activated in the visible region and also has high stability. However, the electron-
hole recombination leads to a decrease in the performance of the photocatalyst. Therefore, the g-
C3N, photocatalyst must be modified. CeO, is widely used in the reduction of CO, CO, and NOy as
well as the removal of organic pollutants, have been taken into consideration. Despite the limited band
gap and non-toxicity, it has poor photocatalytic performance due to weak electron-hole separation.
However, the combination of these two photocatalysts leads to improvement. It becomes a
photocatalyst. Photoluminescence spectra of g-C3N,@ CeO, photocatalyst with mass ratios of g-
C3N,4 to CeO, 5% have the lowest peak intensity, as a result of which electron-hole recombination is
low and the photocatalytic activity is increased. After the g-C;N,@ CeO, photocatalyst is activated,
electrons and holes are generated. The electrons in the conduction band of the g-C3N, photocatalyst is
transferred to the conduction band of the CeO, photocatalyst, and .O,— radicals are generated from the
reaction of electrons and oxygen. At the same time, the holes in the valence band of CeO,, are partially
transferred to the valence band of g-C3;N,. The transfer of electrons and holes between g-C;N and
CeO0, leads to the reduction of electron-hole recombination. The electrons and .O,— radicals react with
H>0: and lead to the decomposition of the antibiotic. The removal rate of doxycycline antibiotic with
an initial concentration of 10 mg/L, with visible light, with a 150W Xeon lamp with a 420 nm filter in
60 min and 0.5 g/L for CeO,, g-C3N, and 5% g-C3N,@ CeO, photocatalysts is 14.8%, 18.3% and
19.3%, respectively. By adding 100 uL H2O», the removal rate for these photocatalysts becomes 66.7%,
71.7% and 84%, respectively. The two photocatalysts g-C;N, and CeO, have an increase of 12.3% and

17.3% compared to the heterojunction structure, respectively. The K,,, = 0.0655min"t.g"1.L is
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apparent rate constant for the 5% g-C;N,@ CeO, photocatalyst[147]. In equations 26-32, after the g-



C;N,@ CeO, photocatalyst is activated by light, electrons and holes are produced. The electrons are
separated and transferred to g-C3N, and the holes are transferred to CeO,. The electrons react with
oxygen to produce superoxide radical, and also react with hydrogen peroxide to produce hydroxide ion
and hydroxide radical. The superoxide radical reacts with hydrogen peroxide to produce hydroxide
radical and positive H. The superoxide radical reacts with holes and the hydroxide radical reacts with

the antibiotic doxycycline to finally produce water and carbon dioxide[148].

g — C3H,@Ce0, +hv -» g— C3H,u(e™ + ht)@CeO,(e” + h*) 26
g— CsHy(e™ + ht)@Ce0,(e” + h*) » g— C3H,u(ht + ht)@CeO,(e™ +e7) 27
e"+0, -0, 28
e + H,0, > OH' + OH~ 29
0™, + H,0, - OH' + OH' + 0, 30
h* + H,0 -» OH- + H* 31
0™, +h*™ + OH 4+ DOX - products + H,0 + CO, 32

Li et al. [149] used Fe3;04/CdS/g-C3Ns photocatalyst to remove the antibiotic ciprofloxacin. The

synthesis method of Fe3O4 photocatalyst is the co-precipitation method, the synthesis method of



Fe304/CdS photocatalyst is liquid chemistry, and the synthesis method of Fe3;O4/CdS/g-C3N4
photocatalyst is monodispersion. CdS photocatalyst has a limited band gap of 2.4ev, and its absorption
spectrum is very close to the spectrum of the sun, so the combination of these two photocatalysts leads to a
reduction of electron-hole recombination and improves charge transfer. Magnetic separation is a convenient
method to remove and recycle photocatalysts using an external magnetic field, Fe;04 has been used for this
purpose. One of the characteristics of the ideal photocatalyst is to maintain efficiency during its reuse.
The heterojunction structure in Fe304/CdS/g-C3N4 (FCN) is of Z-scheme type, which leads to effective
charge separation and makes full use of visible light. The two photocatalysts g-C3Ns4 and CdS are
activated by visible light, and the electrons generated move rapidly to the CdS surface, and superoxide

radicals (-O2-) are produced in the adsorbed solution. The holes in the VB of CdS react with water

molecules to form a hydroxyl radical (-OH). Superoxide radicals (-O2-), in addition to being converted
into hydroxyl radicals (-OH), can directly eliminate ciprofloxacin. The key role in the degradation of

CPFX in water is actually the strong oxidation potential of hydroxyl radicals (-OH), thus accelerating

the degradation. The role of Fe3O4in the FCN structure is mainly used to magnetize the photocatalyst
and load nanomaterials. In this way, the photocatalyst is separated into a suspension, and as a result,
the problem of photocatalyst recovery is solved and it does not cause secondary pollution. The removal
rate of Fe304/CdS/ g-C3N4 photocatalyst with 15 wt% g-CsN4 for an initial concentration of 20 mg/L,
visible light with 250-W xenon lamp, 0.5g/L photocatalyst and a time of 180 minutes is 81%. The
Kapp = 0.044min~".g™'. L is apparent rate constant for the Fe304/CdS/ g-C3Na photocatalyst[149].
Liu et al. [150] used Carbon dots(CDs)/g-C3N4/ZnO nanocomposite for tetracycline removal. The
synthesis method of g-C3N4/ZnO photocatalyst is a chemical deposition method, the synthesis method
of CDs is an electrochemical method, and the synthesis method of CDs /g-C3N4/ZnO photocatalyst is
a facile impregnation-thermal method. ZnO photocatalyst is characterized by outstanding optical and
electrical properties, cheapness, high biological safety, compatibility with the environment and good

degradation ability to remove organic pollutants in the presence of UV light. But due to the high band



gap in visible light, which includes about 43% of sunlight, it is not activated, which has led to its
limitation. To overcome this problem, doping it with metals, non-metals and semiconductors. One of
these photocatalysts is graphite carbon nitride, which has high photocatalytic activity. Although ZnO/
g-C3N, photocatalyst is an excellent photocatalyst, one of its limitations is not being activated in visible
light. To solve this problem, doping with Noble metals such as silver leads to increased absorption in
the visible region as well as electron-hole separation. However, the use of noble metals along with two
other photocatalysts leads to increased costs and limits their industrial application. CDs, a new type are
one of nano carbon, which have a low price, high solubility in water, and also lead to an increase in the
absorption range. To investigate the role of CDs in the photocatalytic structure of g-C3N4/ZnO, the
quantum yield was investigated, which uses the method of measuring changes in luminescence
quantum yield through Stern-Volmer plots. The photoluminescence of CDs under excitation at 485 nm
is significantly reduced in the presence of an electron acceptor (2,4-dinitrotoluene (0.9 V vs. NHE))
and an electron donor (DEA, 0.88 V vs. NHE). The results indicate that CDs act as both acceptors and
electron donors, leading to increased charge separation and improved photocatalytic activity. It leads
to its easy transfer to the photocatalyst surface .ZnO/ g-C3N, photocatalyst is an excellent photocatalyst,
one of its limitations is not being activated in visible light. CDs, a new type of nanocarbons, have a low
price, high solubility in water, and also lead to an increase in the absorption range. As a donor and acts
as an electron acceptor, it leads to its easy transfer to the photocatalyst surface. The ZnO photocatalyst
cannot be excited by visible light, so visible light only activates the g-C;N, photocatalyst (2.7 eV).
Since the conduction band potential of the g-C3N, photocatalyst (1.12 eV vs. NHE) is more negative
than that of the ZnO photocatalyst (0.5 eV vs. NHE), electrons in the conduction band of the g-C5N,

photocatalyst is directly transferred to the photocatalyst, creating holes in the valence band of the g-
C;3N,4 photocatalyst. The electrons in the conduction band of the ZnO photocatalyst react with dissolved
oxygen in water to form O radicals because the conduction band potential of the ZnO photocatalyst

(0.5 eV vs. NHE) is more negative than the standard redox potential E(O2/O2-) (0.33 eV vs. NHE).



When CDs are adsorbed on the g-C3N,/ZnO nanocomposite facilitates two tasks. CDs help the
heterojunction structure to have a broader visible spectrum absorption and better stimulate g-C3N,/ZnO
to form electrons. On the other hand, CDs act as electron donors and acceptors, allowing electrons to
be easily transferred to the g-C3N,/ZnO surface, and the excess electrons on the CZ30 can also be
transferred to CDs, which facilitates the separation of the electron pairs. Further improves the electron-
hole. It can also be transferred to CDs, which further improves the separation of electron-hole pairs.
The holes generated in the valence band of g-C3N4 (EVB = +1.40 eV vs. NHE) are not successful in
oxidizing hydroxyl groups to OH radicals (E (OH/OH.) = +1.99 eV vs. NHE) of g-C;N,. OH radicals
are produced from O radicals by the photochemical reaction. The removal rate in visible light with 18
mW/cm?, xenon lamp (1>420 nm), 0.5g/L photocatalyst in 10mg/L tetracycline in 60 minutes in the
presence of pure ZnO photocatalyst is about 8%, this rate is about 28% for g-C3N, photocatalyst. The
amount of removal in the presence of CDs/ ZnO/ g-C;N4nanocomposite, which is with mass ratio of g-
C3N,/ZnO: 30%wt and CDs4%wt(CZ) are 100%.The K,p, = 0.164min'.g~'.L is apparent rate
constant for the CDs/ ZnO/ g-C;N, photocatalyst with an optimal amount of a mass ratio of g-
C3N4/Zn0O: 30%wt and CDs4%wt(CZ)[150]. Wang et al. [151] used CuO/ CuFe;Os / g-C3N4
photocatalyst to remove tetracycline. The synthesis method of CuO/ CuFe;04 / g-C3N4 photocatalysts
is the calcination method. CuO is a P-type photocatalyst with a limited band gap of 1.2 eV, which has
properties such as non-toxicity, low cost, and ideal electrochemical and optical properties. CuFe,O4 is
an n-type photocatalyst that has relatively high stability and forms a p-n heterojunction with CuO with
excellent photocatalytic properties. However, these metal oxide semiconductors tend to aggregate; as
a result, the reaction sites to remove antibiotics are significantly reduced. Carbon-based nanostructures
are often used as a substrate for the uniform dispersion of semiconductors, thereby creating sufficient
reaction sites for photodegradation. The use of CuO/ CuFe 04 / g-C3N4 (CCCN) photocatalyst is
effective in removing tetracycline. In general, the activation of persulfate (PS) leads to the production

of oxidizing substances, including hydroxyl radical (OH) and sulfate radical (SO4). On the other hand,



the Cu(I) and Fe (II) ions in the surface lattice of the CuO/CuFe;04/g-C3N4 could also lead to the
activation of PS with the generation of SO4" = .Fig.18 shows the mechanism of tetracycline after
photocatalyst activation in reactions 33-41. The photoinduced electrons react with PS to produce SO4°—
(Equation (34)), which prevents electron-hole recombination. Electrons can also react with dissolved
oxygen (O2) in the solution to produce Oz*— (equation (35)). In addition, Cu(I) and Fe (II) ions present
in the CCCN surface network lead to PS activation by producing SO4¢ — (equations (36)- (37). The
standard oxidation-reduction potentials of O2/ Oz —, Cu(II)/Cu(I) and Fe(III)/Fe(II) ions are —0.33,
0.16 and 0.77 V vs. the normal hydrogen electrode (NHE), respectively. Fe(Ill) and Cu(II) are reduced
to Fe(Il) and Cu(l), respectively, by O2¢ — (equations (38)-((39)). The generation of *OH radicals is
used through the oxidation of H>O with SOg4e— (equation (40)). The removal rate in 10 mg/L
tetracycline in simulated sunlight with a 300 W xenon lamp,0.1g/L photocatalyst in 30 minutes for
pure g-C3N4 photocatalyst is 5%, this rate is 51% for g-CsN4 +PS photocatalyst. CuO/ CuFe>O4
removal rate is 31%, while for CuO/ CuFe;0O4 +PS, this rate is 44%. Finally, for CuO/ CuFe,O4 / g-
C3Ng4 with ratio of CuO, CuFe>Osand g-C3Ng as 1.4:1.0:19.0 this amount is 32% and for CuO/ CuFe204

1

/ g-C3N4 +PS this amount is 99%.The K,,, = 1.3min"1.g~1.L is apparent rate constant for the CuO/
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CuFex04 / g-C3N4 +PS with ratio of CuO, CuFe>O4and g-C3Ny as 1.4:1.0:19.0 photocatalyst[151]
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Fig.18- Mechanism of photocatalytic removal of tetracycline[152].

5-4- Z-SCHEME HETEROJUNCTION



All types of heterojunction photocatalysts are effective for increasing electron-hole separation. But
oxidation and reduction processes occur in semiconductors with lower oxidation-reduction potentials,
the redox ability of photocatalysts is sacrificed. To solve this problem and maximize the redox potential
of the heterojunction system, Z-Scheme Heterojunctions are used[129,153]. According to equations 42-
43 and as shown in Fig.19, a photocatalytic system with Z design is composed of two different
semiconductors, photocatalyst I (PS I) and photocatalyst II (PS II) and an acceptor/donor (A/D) pair.
PS I and PS II are in physical contact. During the photocatalytic reaction, the photogenerated electrons

move from the conduction band of PS II to the valence band of PS I through a pair of A/D redox

reactions.
A+e —-D 42
D+ht—>A 43

A is reduced into D by reaction with the photogenerated electron produced from the conduction band
of PSII, and D is oxidized to A by holes created from VB. As electrons accumulate on PS I with further
reduction potential, and holes accumulate on the PS II with higher oxidation potential, this leads to

spatial separation of electron-hole pairs and optimal redox ability [129].
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Fig.19- Schematic figure of Z-Scheme heterojunction[129].

Hernandez-Uresti et al. [154] used W03/ g-C3N, photocatalyst for the removal of ciprofloxacin. The
synthesis method of W03/ g-C3N, photocatalyst is a sonochemical process. W05 It is a semiconductor

that shows absorption in the visible region of the sun's spectrum and can be used in various applications.
p g p pp

However, Photocatalytic activity is limited due to the edge of its conduction band being lower than the
position of single electron reduction of oxygen[154]. The conduction band and valence band for the g-
C3N, photocatalyst are estimated to be -1.22 eV and 1.58 eV, respectively, which are in agreement with
reality. Also, for WO5 photocatalyst, these values are 0.70 eV and 3.28 eV, respectively. When W05/
g-C3N, is exposed to visible light, both semiconductors are excited and electron-holes are generated. In
addition, the recombination between electrons in the conduction band of W03 and the hole in the
valence band of g-C3N, is performed due to the internal electric field generated between the two
semiconductors, flexion of the edge of the band and the Coulomb interaction. As shown in fig.20, it
reduces the recombination of electrons in g-C3N, and a hole in WO;. As a result, a Z-scheme
heterojunction is obtained, which allows efficient spatial separation, increasing the photocatalytic
activity[155]. To overcome these problems, g-C3N, has been used. The WO5/ g-C3N, heterojunction

structure leads to reduced electron-hole recombination and thus increased formation of reactive oxygen



species. Photogenerated holes in W03 and reduced electron recombination in g-C3N,. As a result, the
heterogeneous Z-junction leads to effective spatial separation of generated charge carriers and leads to
reduced electron-hole recombination and improved photocatalytic performance. Direct antibiotic
removal is a feature of the holes generated by W05/ g-C3N,. The visible light with 35-W Xe lamp (6000
K) with a radiation intensity of 1380 pW-cm? ,1g/L photocatalyst and 10mg/L. Using only g-C3N,
photocatalyst, 60% removal is in 4 hours. Using WO3 leads to only 19% removal. But using 5% WO;3 along

with g-C3Ny, It leads to 100% removal in 4 hours. The K., = 0.0256min"1.g71. L is apparent rate

constant for the 5% W0,/ g-C3N, photocatalyst [155].
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Fig.20- Schematic figure Z-scheme heterojunction W03/ g-C3 N, photocatalyst[155].

Wolski et al. [156] used a CeO2/ZnO photocatalyst to remove the antibiotic ciprofloxacin. The
synthesis method of CeO»/Zn0O photocatalyst is a facile coprecipitation method. Research shows that
the photocatalytic activity of ZnO is improved by forming heterojunctions with other semiconductor

materials. Research shows that the main component that plays the role of antibiotic absorption in



Ce02/Zn0 nanocomposite is ZnO. The interaction between ZnO and CeO; improves the formation of
defect sites in the structure of metal oxides. The lower ability of the CeO»/ZnO photocatalyst to adsorb

Due to the lower adsorption of CeQ», is related to the lower oxidation potential of the hole created in
the valence band of CeO». Based on the position of the estimated band edges, it can be concluded that
the electrons are transferred from the conduction band of CeOx to the conduction band of ZnO and the
holes are transferred from the valence band of ZnO to the valence band of CeO». Such a transition leads
to the accumulation of holes in CeO; and photo-excited electrons in ZnO, which leads to the effective
separation of charge carriers. Photooxidation of antibiotic molecules by positive holes occurs on the
surface of ceria particles, where the holes are accumulated, so the effective adsorption of ciprofloxacin
molecules on the ceria surface is necessary to start the removal. Fig.21 shows two different
mechanisms. Due to the lower absorption of CeO., Z-scheme heterojunction(B) is better than the Type
II(A) heterojunction in removing ciprofloxacin. Removal of ciprofloxacin using CeO2/ZnO
photocatalyst proceeds from two parallel paths. Path 1: in which the path is dominant and in which the
piperazine moiety of ciprofloxacin molecules is selectively oxidized by h™, path 2: in which both the
fluoroquinolone and piperazine moieties of the antibiotic were degraded. In path 2, the presence of
both A" and hydroxyl radicals (HO") is necessary. The ability to absorb CIP molecules for ZnO is much
higher than that of CeO», and the hole in the valence band of ZnO has a stronger oxidizing potential
than that of CeO,. Therefore, the performance of the Z heterojunction structure is better than that of
the II heterojunction structure. Ciprofloxacin removal with 15 mg/ L, 200 W Hg-Xe lamp equipped
with a UV filter and 0.25g/L photocatalyst in 60 min using CeO> pure photocatalyst is about 13%,
using ZnO pure photocatalyst, this amount is about 38%, while with ZnO photocatalyst with an optimal

amount of 8wt% CeO., the removal rate reaches 63%. The K,p, = 0.052min~t. g1 L is apparent rate

constant for the CeO2/ZnO photocatalyst with an optimal amount of 40 wt% CeO, [156].
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Fig.21- Mechanism of ciprofloxacin degradation over CeO»/ZnO nanocomposites[157].

Du et al. [158] used a Z-scheme ZnO/Ag/Ag,PO, photocatalyst for the removal of ciprofloxacin. The
synthesis method of ZnO/Ag/Ag,PO, photocatalyst is a simple precipitation deposition method and
photoreduction technology. Ag,PO, photocatalyst has photocatalyst activity and high quantum efficiency due

to a limited band gap of 2.4ev. But due to poor stability and high cost, its use on a large scale is limited. ZnO

photocatalyst combined with Ag, PO, photocatalyst and leads to a reduction of electron-hole recombination and

an increase in photocatalyst performance. Noble metals such as Ag lead to the expansion of the absorption range



and it also leads to the acceleration of charge transfer. Ag leads to rapid electron-hole transfer to ZnO and
Ag,P0O,. The addition of silver leads to a red shift and also increases the absorption of light in the visible
region, which is related to the surface plasmon effect (SPR) of Ag. In this research 03" the main species
in elimination is ciprofloxacin. According in equations 44-52, after the ZnO/Ag/Ag, PO, photocatalyst is
activated by light, the electrons generated in the Ag,PO, conduction band is transferred to Ag
nanoparticles because the Fermi level of Ag,PO, is lower than that of metallic Ag. The holes in the
valence band of ZnO are transferred to the Ag surface and recombine with the electrons. Between
Ag,P0, and the ZnO photocatalyst, the silver nanoparticles act as a charge transfer bridge, which leads
to a decrease in the photocatalytic efficiency due to recombination. The electrons in the Ag,PO,
conduction band cannot produce 03" from O: because the reduction potential of O2/0;" (0.33 eV) is
lower than the Ag3PO4 conduction band edge. The electrons can only react with ZnO and produce 05
to oxidize organic pollutants. The valence band holes of Ag,PO, can combine with H.O and OH-
because the valence band potential of AgzPOgs is higher than that of O2/H2O and OH-/*OH. The
ZnO/Ag/Ag,P0, heterojunction structure plays an important role in carrier separation. The specific
surface area of pure AgzPO4 1s 9.59 m2/g, which is 11.2 m2/g for the heterojunction structure, leading
to an increase in the specific surface area. The amount of removal with 10 mg/L ciprofloxacin in 120
minutes in visible light with the 300 W xenon lamp with a wavelength of less than 420 nm and 0.5g/L
photocatalyst, pure Ag,PO, and pure ZnO is 56.1% and 29.8%, respectively. This amount of ZnO
combined with Ag,PO, reaches 77.5% and finally, with the doping of silver to this composition and
ZnO/Ag,PO,wt%: 0.6/1, the removal rate reaches 87.1%. For the ZnO/Ag/Ag;PO4 photocatalyst, the
energy consumption per gram of ciprofloxacin antibiotic removed is 688.86 kWh/g, which requires
further attention to reduce it and optimize the photocatalytic reaction of ciprofloxacin antibiotic

removal. The K,,, = 0.02886min~1. g~ 1. L is the apparent rate constant with an optimal amount of
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ZnO/Ag,P0O,wt%: 0.6/1for the Ag/ZnO/Ag,P0, photocatalyst[158].
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Pham et al. [159] used the Z-scheme Agl/N-TiO> photocatalyst for the removal of tetracycline. In this
research, doping nitrogen with TiO, leads to a decrease in the band gap from 3.2ev to 2.7ev[160,161]. In the
meantime, Agl has a band gap of 2.8ev and combines with other photocatalysts and leading to increased charge

separation and adsorption capacity. The intensity of the photoluminescence peaks for the Z-scheme



Agl/N—TiO, photocatalyst is reduced, which proves that the heterojunction structure is effective in
electron-hole separation. The N—TiO, photocatalyst has a large absorption in the visible range
compared to TiO; alone, and the visible absorption edge of the N-TiO» photocatalyst is about 430 nm.
The AgI/N-TiO> photocatalyst is a highly stable photocatalyst during the removal process of the
antibiotic tetracycline, and the photocatalyst properties are similar to those of the recycled
photocatalyst. Agl and N— TiO, photocatalysts have narrow band gaps and according to equations 53-58,
after the photocatalysts are activated in the visible light range, electrons are transferred from the valence
band to the conduction band and holes are generated in the valence band. The electrons transferred in
the conduction band of N— Ti0, easily move to the valence band of Agl to assume these h+ there. These
transfers minimize electron-hole recombination and the absorption rate is much higher than that of
single N-TiO; or Agl[159]. After the photocatalyst — TiO, is activated, electrons and holes are produced.
The holes react with the antibiotic Tetracycline and are converted into simpler substances. The holes
also react with water and produce hydroxide radical and hydrogen ion. The electrons react with oxygen
and produce superoxide radical. The superoxide radical reacts with Tetracycline and is converted into
simpler substances, also the superoxide radical reacts with water and produces hydroxide ion and

hydroxide radical and oxygen[159].

Visible light
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The Total Organic Carbon (TOC) for the Z-scheme AgI/N—TiO,photocatalyst with an initial
concentration of 10 mg/L, visible light with 30 W DUHALLED, 0.5 g/L photocatalyst and a time of
105 minutes is about 73%, indicating that 73% of the compounds have been converted to minerals or
lighter organic products. The article does not mention the rate of antibiotic removal and only states that
the heterojunction structure was successful in the removal rate[159]. Zhang et al. [162] used Cu20/Bi2S3
photocatalyst to remove the antibiotic tetracycline. The synthesis method of Cu2O/Bi2S; photocatalyst
is a simple hydrothermal method. Bi,03 is a photocatalyst with a limited band gap of 1.3ev, which has good
absorption in the entire visible region. Cu,0 is a photocatalyst with a cubic structure and P-type photocatalyst
with a band gap of 2.2ev. photoelectrons are eliminated by the intense adsorption of molecular oxygen,
Therefore, the level of electron-hole recombination is minimized, which leads to an increase in photocatalytic

activity. The Cu,0 photocatalyst is activated in the wavelength range of 600 nm, while the Cu20O/Bi.S3
photocatalyst has strong absorption in the visible light range of 40 to 80 nm. As a result, the formation
of heterogeneous bonds adjusts the band gap and forms electron-hole pairs on the catalyst surface,
which has a good effect on improving the photocatalytic performance. The Cu20/Bi, 03 photocatalyst
produces electrons and holes after being activated by light. The electrons are transferred from the
valence band of the Bi, 05 photocatalyst to the conduction band. The electrons in the conduction band
cannot convert O> to the ‘O, radical because the potential of the Bi, 05 conduction band is more positive
than the potential of the O2/°O2" (0.33 V vs. NHE). The electrons on the Bi,0; conduction band are

transferred to the valence band of the CuxO photocatalyst, and then convert oxygen to the ‘O, radical.



The CuO photocatalyst has a more negative potential and also a part of the holes are related to the
valence band of the BixS3; photocatalyst. The electron-hole generation is more characteristic of the
heterogeneous structure. Therefore, the heterojunction structure cannot be p-n and the heterojunction
structure are Z-type. In the photocatalytic antibiotic removal process, the ‘OH species is practically
ineffective in the removal rate, and the two species, ‘O>" and h+, affect the photocatalytic reaction, with
'Oy playing the largest role. The removal rate for 20 mg/L of tetracycline in visible light with 200 W
high-pressure mercury lamp in and 0.5g/L photocatalyst in 60 minutes with pure Cu,0 photocatalyst is
about 72%, the removal rate with Bi,0z;photocatalyst is about 79%. The removal rate with Cu,0/Bi, 03

and 10wt% Cu,0 is 95.23. The K,p, = 0.088min~1.g 1. L is apparent rate constant with an optimal

amount of 10wt% Cu,0 for the Cu,0O/Bi,S3 photocatalyst[162]. Lu et al. [163] used a dual Z-Scheme
Agl/ ZnIn2S4/Bi1VO4 heterojunction photocatalyst for the removal of tetracycline. The synthesis method
of Agl/ ZnIn,S4/B1VO4 photocatalyst is hydrothermal method. Heterojunction is the simplest and most
effective method to improve photocatalyst performance. Znln,S4 photocatalyst is a limited bandgap
photocatalyst that has excellent photochemical conversion and chemical and physical stability. The
ZnlIn,S4 photocatalyst has a negative valence band, which is suitable for photocatalysts with a positive
conduction band to form a Z-scheme heterojunction, which leads to improved separation of produced
charges and retain the prominent redox potential. Agl is a light-sensitive material with a band gap of
2.8, which has photocatalytic performance, but its large particle size and poor stability have limited its
use. To solve this limitation, a triple combination of photocatalysts Agl/ZnIn,S4/BiVO4 dual Z -scheme
is used, which leads to improved charge separation[163]. As shown in fig.22 and equations 59-63, In
the type Il photocatalytic mechanism(a), the photoinduced electrons move from the conduction band
of ZnIn,S4 to the conduction band of Agl and then to the conduction band of BiVOa. The hole created
in the valence band of BiVOy is transferred to the valence band of Agl and then to the valence band of
Bi1VOs4. The conduction band of BiVO4 (0.32 V) is more positive than O»/*O> "~ (-0.33 V) and the valence

band of ZnIn,S4 1s more negative than OH—/ *OH (2.40 V) [164]. Agl/ZnIn>S4/BiVO4 photocatalyst



follows the heterojunction of the Z scheme(b), the photoelectrons on the conduction band of Agl and
ZnIn>S4 move to the valence band of ZnInoS4 and BiVOg4, respectively. Simultaneously leaving the hole
from the valence band of BiVO4 (2.76 V) and the electron from the conduction band of ZnIn>S4 (-0.54
V), «O>~ and *OH were produced in the photocatalysis reaction. Therefore, *O> ~ and *OH are the main
species of the reaction, and the hole directly participates in the reaction and removes tetracycline. This
photocatalyst structure, with the results the active species is compatible and improves charge
separation. Compared to a type II heterojunction, Z-scheme heterojunction maintains an outstanding
redox potential[164]. h+, *O, ~ and OH species were among the effective species in the photocatalytic
removal process of tetracycline, and the most effective was *O; ~. The removal rate of 20 mg/L
tetracycline in visible light with 300 W Xenon lamp(A> 420 nm), 0.6g/L photocatalyst in 120 minutes
in the presence of pure BiVO4, Agl and Znln,S4 photocatalysts is 60.21%, 42.11% and 54.19%,
respectively. While the removal rate for Z-scheme Agl/ZnIn,S4/BiVO4 with a molar ratio of Bi to

Ag:1:1 reaches 91.44%. The K,pp = 0.0353min"1.g71.L is apparent rate constant with an optimal

amount of 10wt% Cu,0 for the Cu,0O/BiS3 photocatalyst [164].

Agl/ ZnIn,S4/ BiVOs + hv - Agl(e™ + h*)/ ZnIn,Sa(e™ + h™)/ BiVOs(e™ + h™) 59
Agl(e™ + h™)/ ZnIn,Sa(e™ + h™)/ BiVOs(e™ + h™)— Agl/ ZnInySa(e™)/ BiVOs(ht) 60
e +0, > 035 61
h* + OH™—OH’ 62

h* /03" /OH' + tetracycline — degradation products 63
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Fig.22- photocatalytic mechanism of tetracycline with Agl/ZnIn>S4/BiVO4 heterojunction[164].

Liang et al. [165] used a Bi;,04,Cl,/Ag/ AgMO, Z-scheme system photocatalyst to remove the antibiotic
tetracycline. The synthesis method of Bi;,0;,Cl,/ AgMO, photocatalyst is in situ deposition-
precipitation method and the synthesis method of Bi;;04,Cl,/Ag/ AgMO, photocatalyst is ultrasound
(US)-assisted ethanol reduction method. Delafossite oxide, AgMO, (M=Fe,Co, Ni, Cr) has attracted a lot of
attention. Meanwhile, AgFeO, It is easily activated in visible light due to its limited band gap. Also, due to its
non-toxicity and compatibility with the environment, it has led to increased attention to this photocatalyst. Easy
aggregation, poor use of sunlight, fast electron-hole recombination, and slow electron transfer have led to the
limitations of this photocatalyst. Bi;;04,Cl,((BOC)) nanosheets as a substrate effectively suppressed the

aggregation of AgMO, (AFO) nanoparticles, which leads to an increase in the specific surface area and
thus leads to an increase in the active sites for tetracycline molecules. The z-shaped system leads to strong
charge separation and utilization of the powerful electrons and holes. According to equations 64-69, upon

activation of the Z-scheme Bi;;04,Cl,/AgMO, photocatalyst, an electron-hole pair is generated. The



electrons in the conduction band of AFO were transferred to the electron shuttle intermediates (Ag
nanoparticles) and the holes in the valence band of BOC photocatalyst were recombined. The electrons
in the conduction band of BOC photocatalyst are able to react with oxygen and produce O> radical,
which can react with surface-adsorbed H> to produce OH radicals or directly oxidize TC molecules.
The holes generated in the valence band of AFO can directly contribute to the removal of TC. Also,
the role of Ag nanoparticles leads to the excitation of surface electrons, increasing the interfacial
electron migration and light absorption ability of the photocatalysts. The removal rate of 40 mg L!
tetracycline in visible light, 0.5g/L photocatalyst in 60 minutes for pure AgMO, photocatalyst is 46.8%,
this rate for pure Bi;,01,Cl, photocatalyst is 53.9%. The removal rate for Ag/ AgMO, is 62%. The
removal rate for Bij,04,Cl,/AgMO, with a mass ratio of 20% is 77.3%. Finally, for
Bi;,04,Cl,/Ag/AgFe0, with a mass ratio of Bi;;0,,Cl,/AgMO, : 20% it is 94.1%[166]. As shown in
TEM images in Fig23, the Fig23 a shape corresponds to AgMO, photocatalyst, Fig23 b corresponds to
Bi;;047Cl, and Fig23c corresponds to photocatalyst Bi;,0;,Cl,/Ag/AgFe0, with a mass ratio
of Bi;;04,Cl,/AgMO, : 20% .TEM images confirm that the shape of AgMO, photocatalyst is spherical
nanoparticles, while for photocatalyst Bi;;0,7Cl,was stacked nanosheets. It is also clear from Fig23d
that the addition of Bi;;04,Cl, photocatalyst leads to the reduction of AgMO, agglomeration. The

Kapp = 0.07738min"1.g 1. L is apparent rate constant with an optimal amount of a mass ratio

ofBi;,04,Cl,/AgMO, : 20% for the Bi;;0,,Cl,/Ag/AgFe0, photocatalyst[165].
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Fig.23- (a, b, c) TEM images of AgFeO>, Bi12017Cl> and 20- Bi12017C/Ag/AgFeO,, respectively; (d)

HRTEM image of 20- Bi12017Clo/Ag/ AgFeO»[165].

Manikandan et al. [167] used WO3@ g-C3N4 @MWCNT photocatalyst for the removal of tetracycline.
The synthesis method of bulk g-C3N4 photocatalyst is a thermal condensation process, the synthesis
method of WO3 photocatalyst is a low-temperature hydrothermal process, and the synthesis method of
WOs@ g-C3Ns @MWCNT composites photocatalyst is a self-assembling method. g-C3N4 has a band
gap of 2.7 eV, and its semiconductor nature is metal-free. WO3 has a moving band structure, higher
carrier mobility and narrow bandgap energy. Along with the higher VB potential at 3.2 eV, it has been

noticed. Therefore, it exhibits stronger oxidizing properties. Unfortunately, the reduction ability is



lower due to the position of the conduction band at 0.4 eV, leading to the accumulation of charge from
the valence band, so the rate of electron-hole recombination increases. MWCNT has a sp2
hybridization structure, so by combining it with a semiconductor nanostructure, excellent charge
transfer with defects smooths the Schottky barrier. Also, due to their higher conductivity, they can act
as an electron sink. Therefore, electron-hole recombination is reduced. MWCNT leads to an increase
in the absorption in the visible region as well as the absorption intensity of the WO3@ g-C3N4
@MWCNT photocatalyst and is effective in narrowing the band gap of the photocatalyst and producing
more charge carriers. WO3@ g-C3N4s @MWCNT photocatalyst generates electrons and holes after
being activated by light. The electrons generated in the conduction band of WO3 are transferred to the
valence band of g-C3N4. The conduction band level of WOs is the same as the valence band of g-C3Na,
so the holes generated by the g-C3N4 photocatalyst recombine with the electrons generated by the WO3
photocatalyst, and simultaneously, the electrons in the conduction band of the g-C3N4 photocatalyst
participate in the antibiotic removal process. The holes in the valence band of the WO3 photocatalyst
contribute to the oxidation of the pollutant. The presence of MWCNT, due to its negative work function
(-4.95 eV vs. vacuum), traps electrons in the conduction band of WO3, thus allowing electrons to be
easily transported and preventing electron-hole recombination. MWCNT acts as a bridge for charge
transfer and separation between the g-C3N4 photocatalyst and WOs;.The removal rate in visible light
with halogen lamp 500 W, 420 nm, 0.2g/L photocatalyst in 20 mg/L of tetracycline in 120 minutes
in the presence of pure WO3 photocatalyst is 41.03%, this rate is 59.23% and 79.54% for WOs;@ g-
C3Ns photocatalyst and WOs@ g-CsNs @MWCNT photocatalyst, respectively. The K,p, =
0.0861min~1. g 1. L is apparent rate constant for the WO3@ g-C3Ns @MWCNT photocatalyst[167].
Lu et al. [168] used Ag3PO4/AgBr/g-C3N4 photocatalyst with dual Z-scheme heterojunction for the
removal of tetracycline. The synthesis method of Ag3PO4, AgBr and g-C3N4 photocatalysts are facile
chemical deposition method. Photocatalyst Ag, PO, It is an excellent photocatalyst in the removal of organic

pollutants in the presence of visible light. Silver halides are light-sensitive materials and lead to an increase in



photocatalytic activity and also lead to an increase in adsorption capacity in the visible region. In fig24(a), for
three photocatalysts g-C3N,, AgBr and Ag,P0O, two mechanisms of conventional and Z heterojunction
are proposed. In Figure 24a, the electrons produced in the conduction band of g-C3N, are transferred to
the conduction band of AgBr and then to the conduction band of Ag,PO,, and the holes produced in the
valence band of Ag, PO, are transferred to the valence band of AgBr and finally to the valence band of
g-C3N,. As a result, electrons and holes accumulate on Ag,P0, and g-C3N,, respectively. Neither the
electrons in Ag,PO, nor the holes in g-C3N, are capable of producing reactive species such as 03" and
OH" because the conduction band of Ag,PO, is more positive than 0,/03" (-0.046 ¢). The g-
C3N, valence band is more negative than the H,0/OH" potential (2.72 eV). Therefore, 05" and OH’
radicals cannot be produced in a conventional heterojunction, and this mechanism is ineffective with
these photocatalysts. In Fig24(b) in the z mechanism, Ag* in Ag,P0O, and AgBr photocatalysts is
reduced to metallic Ag, which is used as an electron transfer mediator to facilitate electron-hole
recombination. In the z mechanism, Ag™ in Ag,PO, and AgBr photocatalysts is reduced to metallic
Ag, which is used as an electron transfer mediator to facilitate electron-hole recombination. The
electron produced in the conduction band of AgBr is transferred to the metallic Ag and combines with
the holes produced in the valence band of g-C3N,, in addition, the electrons in the conduction band of
Ag,PO, recombine with the holes in the valence band of AgBr through the metallic Ag, which leads to
effective electron-hole separation. The electrons in the g-C3N, conduction band is not more positive
than the potential of O, to 03" and the holes in the valence band of Ag,PO, are not more negative than
the potential of H,0 to OH". As aresult, O;" and OH" are produced and this mechanism is effective in
removing tetracycline. The removal rate 40mg/L tetracycline in visible light with 300 W Xe lamp with
160 mW.cm 2 , 0.5g/L photocatalyst in 25 minutes in the presence of pure Ag,PO, photocatalyst is
about 62%, for Ag,P0,/0.6AgBr is about 70% while this rate reaches 80.2% in the presence of

Ag,P0,/AgBr/ g-C3N, photocatalyst with a mass ratio of g-C3N,to Ag,PO, : 20%.The K,p, =



0.24min" 1. g71. L is apparent rate constant photocatalyst with an optimal amount of a mass ratio of g-

C3N, to Ag,PO, : 20% for the Ag,PO,/AgBr/ g-C3N, photocatalyst[168].
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Fig.24- Photocatalytic mechanism of Ag3PO4/AgBr-g-C3Ny: (a) conventional heterojunction; (b) dual

Z-scheme heterojunction[169].

Malinga et al. [170]. used g-C3N4/NbOs / HPEI/PES photocatalytic membrane for tetracycline
removal. The synthesis method of g-C3N4/Nb,Os / HPEI/PES photocatalysts is in-situ hydrothermal
method. Niobium oxide photocatalyst (Nb2Os) is a photocatalyst with a bandgap of 3.2 eV, low
toxicity, high acidity level, high specific surface area and excellent performance in removing organic
pollutants, including antibiotics. To overcome this limitation, g-C3N, with a band gap of 2.7 eV has
been used in a heterojunction. Although absorption occurs in the visible region in this two-dimensional
structure, the formation of this structure leads to the non-dispersion of Nb2Os on the g-C3N4 layers.
hyperbranched polyethyleneimine (HPEI) has amine groups as ligands for connecting nanoparticles,
and its structure consists of shells that prevent the aggregation of nanoparticles and lead to improved
photocatalytic activity. Polyethersulfone (PES) polymer matrix, due to its mechanical and chemical

stability used as a photocatalytic membrane[171]. In fig25, the conduction band potential of



heterostructures (-0.67 ev) is lower than the reduction/oxidation potential of O2/ O- (-0.35 ev), also
valence band potential is more positive (2.5 ev) than the redox potential of HoO/OH- (1.23 ev). When
g-C3N4/Nb2Os photocatalyst is activated by visible light, the electrons produced in the conduction band
are transferred to O2 molecules, and a superoxide radical is produced. The holes created in the valence
band participate in the generation of hydroxyl radicals that increase the degradation of tetracycline over
redox potentials. Since both g-C3N4/Nb>Os are n-type semiconductors, the upward bending of the edges
limits the recombination of g-C3N4 electrons with Nb2Os holes, which is expected in a Z-scheme
heterojunction. The presence of HPEI improves the removal rate due to the presence of holes that play
the role of the catalytic site and are a favorable place for photocatalytic interaction with tetracycline.
The suitable separation structure and strong absorption in the visible light range are the characteristics
of the Z-scheme g-C3N4/Nb2Os composite membrane photocatalyst. The membrane is also effective in
visible light absorption and charge separation efficiency. The removal rate in Smg/L tetracycline in 50
W visible light, 180minutes the presence of pristine PES is 68%, while the removal rate in 0.3% g-
C3N,/ Nb2Os/HPEI in pristine PES is 88%. In this article, the photocatalyst is on a polymer membrane
and since it is not soluble, the photocatalyst concentration in milligrams per liter is not available, so it

is not possible to calculate the normalized apparent rate. The K,p, = 4.5 X 10~*min~? is apparent rate

constant with an optimal amount of 0.3% g-C3N, for the g-C3N,/ Nb,Os/HPEI in pristine

photocatalyst[170].
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Fig.25- photocatalytic degradation of tetracycline[170].

Kai Yan et al. [172] used a Z-scheme composite of TiO2 nanorod/g-C3;N4 nanosheet photocatalyst for
the removal of ciprofloxacin. considering that TiO, photocatalyst is non-toxic, stable and cheap[173-175],
but its weak response in the range of visible light and electron-hole recombination has led to the limitation of
this method[176—178]. TiO, nanorod has a high dimension ratio. The use of graphene carbon nitride as the
reason for the limited Band Gap, its high thermal and chemical stability and its good performance in removing
organic pollutants have been considered. Doping the TiO, photocatalyst with graphene carbon nitride has led to
the widening of the visible light range and better electron-hole separation[179-182]. This photocatalyst shows
a shorter penetration path and a freer path for charge transfer. The advantages of electron conservation and one-
way transfer are very clear for charge transfer, so it prevents electron-hole recombination and increases
separation and charge transfer. The optimum pH is 6.3 and at pH less than 6.3, due to electrostatic forces between
the drug and the photocatalyst, preventing the removal of the drug. Also, at a pH greater than 6.3, due to the
electrostatic attraction between the drug and the photocatalyst leads to an increase in the photocatalytic activity.
The electrostatic repulsion between the drug and the photocatalyst intensifies with increasing pH, resulting in a

reduction in the amount of removal. Compared with TiO, the TiO> nanorod/g-C3N4 nanosheet

photocatalyst shifts towards the 450—500 nm red wavelength range and is able to be activated by visible



light and shows significant additional absorption in the 450 nm region. The composites with different
amounts of g-C3N4 show significant additional absorption in the 450 nm region. After the activation of
the g-C3N, / TiO, photocatalyst in equations 70-77, the holes formed in the TiO, photocatalyst is
transferred to the g-C;N, photocatalyst and the electrons generated from the g-C;N,are transferred to
TiO,. The valence band of the g-C3;N, (+1.54 eV) is lower than the standard redox potentials of
.OH/OH- and OH/H;0, which are +1.99 eV and +2.38 eV, respectively. As a result, the holes of the g-
C;N, photocatalyst are unable to produce .OH from the oxidation process of OH- and H>O in the
conventional heterojunction structure. h+ and .OH plays a role in the removal of antibiotics .OH is
most likely formed through the oxidation of OH- and H>O by h+ in the Evg of the Ti0, nanorods (+2.94
eV). Therefore, the heterojunction structure is Z. In fact, in the Z-scheme structure, unlike the
conventional heterojunction, holes remain in TiO2, which have a higher potential (+2.94 eV) and can
easily generate active species (such as “OH) [172]. The electrons present in the g-C3N, photocatalyst

react with oxygen to form the radical Oz-., and the holes in TiO- react with water molecules to produce

.OH. Finally, these active species are converted into CO2, H20, F~, and NOs[172].

TiO, nanorod/ g-C,N, + hv — TiO, nanorod (h*, ¢7)/ g-C,N, (h*, ¢) 70
TiO, nanorod (h*, e7)/ g-C,N, (h*, ¢7) — TiO; nanorod (h*) + g-C,N, () 71
g'C3N4 (e_) +0,—-0,” 72

-0,” +2H* — H,0, 73



H,0, + g-C,N, (¢7) — -OH + OH" 74

H,O + TiO, nanorod (h*) — -OH + H* 75
OH™ + TiO, nanorod (h*) — -OH 76
h*/-OH/:0,” + CIP — Intermediates — CO, + H,O + F~ + NO,~ 71

The removal rate of 6.63mg/L ciprofloxacin in visible light with a 500W Xenon lamp, 0.2g/L
photocatalyst in 120 min for g-CsNa4 photocatalyst was about 30%, for TiO2 photocatalyst powder about

68%, and for TiO: nanorod-CN (mass ratio of g-C3Ns %, 30 wt%) about 92%. The K,p, =

0.183min"1. g1, L is apparent rate constant with 30 wt% mass ratio of g-C3N for the TiO> nanorod/g-
C3N4 photocatalyst[172]. Hu et al. [183] used the SnS>@ZnlIn,S4@kaolinite photocatalyst to remove
the antibiotic tetracycline hydrochloride. The synthesis method of SnS:@Znln>Ss@kaolinite
photocatalysts is the hydrothermal method. ZnIn,Ss photocatalyst is a ternary metal sulfide
semiconductor that is activated due to the suitable band gap in the visible light range. Tin disulfide
(SnS») has a band gap of 2.35 eV, which is capable of absorbing visible light. This photocatalyst is
non-toxic, cheap, and has visible light responsiveness. This photocatalyst is only susceptible to photo-
corrosion and has the problem of electron-hole separation. SnS>@ZnlIn2S4 heterojunction leads to
charge separation and improved photocatalytic activity. To improve the recyclability and performance
of photocatalysts, natural non-metallic minerals are often used as carriers to disperse photocatalysts,
due to their wide availability, low cost, synergistic effect, and ease of recovery. Kaolinite
(Al2S1205(0OH4)) is an abundant mineral that contains the aluminosilicate structure is a layer which

facilitates the dispersion of nanocatalysts to achieve better performance. As shown in fig.26, after the



SnS>@7Znln,S4 @kaolinite photocatalyst is activated by visible light, the electrons generated in the
conduction band of the ZnIn>S4 photocatalyst recombine with the holes in the valence band of the SnS2
photocatalyst, resulting in the holes in the valence band of the ZnIn>S4 photocatalyst and the electrons
in SnS; being separated. The electron potential in the conduction band of SnS» is 0.43 eV (vs. NHE)
because it is more negative than the O2/°O»- potential (0.33 eV vs. NHE), it is able to generate the *O»
radical from oxygen, which reacts directly with tetracycline hydrochloride. Also, some electrons attack
tetracycline hydrochloride. The holes in the valence band of ZnIn>S4 have a potential of 2.07 eV and
are able to oxidize oxygen to O2/10, (1.88 eV vs. NHE).10, is able to oxidize tetracycline
hydrochloride to intermediates and CO; and H>O. The removal rate in 40 mg/L of tetracycline
hydrochloride in visible light with 300 W xenon lamp with a 420 nm cut-off filter, 0.2g/L photocatalyst
in 60 minutes for pure kaolinite is 2.24%, this rate is about 18% for pure SnS> photocatalyst, while it
is about 43% for pure Znln>S4 photocatalyst, and finally for SnS>@ ZnlIn,Ss@kaolinite photocatalyst
with SnSa»/ ZnInaSq wt%: 0.75:1, The removal rate is 88.23%. The K,,, = 0.1155min™". g™ *. L is
apparent rate constant with mass ratio of SnS2/ ZnlIn,Ss wt%: 0.75:1 for the SnS2@ZnIn2S4 @kaolinite

photocatalyst[183].
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Fig.26-Photocatalytic mechanism of SnS>@Znln,S4 @kaolinite heterojunction structure for the

removal of tetracycline hydrochloride[184].

Tian et al. [185] used the Z-scheme 2D/3D g-C;N,@ZnO photocatalyst for the removal of the antibiotic
cephalexin. The synthesis method of g-C3N,@ZnO photocatalyst is a thermal atomic layer deposition
method. As a polymer semiconductor, g-C3N has a limited band gap of 2.7ev, and it has relatively high
photocatalyst activity and stability. This polymer is easily compatible with other catalysts. The aggregation of
nanoparticles is one of the disadvantages of g-C3N, photocatalyst[186]. The use of ZnO, which is an n-type
inorganic semiconductor with high quantum efficiency, low cost, and environmental compatibility[185,187].
When the ZnO layer on the surface of g-C3Ny, is placed, leading to an increase in the specific surface area of the

catalyst, an increase in photocatalytic activity through a decrease in aggregation and an increase in oxidation
potential. It also leads to an increase in the active sites for antibiotic absorption and higher zeta potential of the

surface Z-scheme g-C3N,@ZnO leads to an increase in the attraction between the photocatalyst and the drug,



and as a result, the molecules are easily absorbed[185]. After the Z-scheme 2D/3D g-C3N,@ZnO
photocatalyst is activated by light, electrons are transferred from the valence band of g-C;N and ZnO
to the conduction band of the photocatalysts, resulting in holes remaining in the valence band. The
valence band potential of the photocatalysts (1.58 V) and ZnO (2.64 V) is 2.27 V, which is between
the potentials of the two photocatalysts. Therefore, it is natural that OH radicals are generated on the
valence band of the ZnO photocatalyst through the oxidation of water by holes (Equation 2), but cannot
be generated on the valence band of g-C3N4. Due to the more negative CB edge potential of g-C3N,
(—1.17 V) compared to the standard O2/—0s. redox potential (—0.33 V), O is converted to —O,. only
in the conduction band of the g-C3N, photocatalyst. The electron-hole transfer generated by light does
not follow the traditional double charge law. Electrons in the conduction band of ZnO photocatalyst
are transferred by the potential difference (1.64 V) as the driving force of the valence band of g-
C;N,4 photocatalyst, and electrons remain in the conduction band of g-C3N, and holes in the valence
band of ZnO photocatalyst (Equation (78)). As a result, the 2D/3D g-C3N,@ZnO is determined as a Z-
type photocatalyst. The holes in the valence band of ZnO can react with cephalexin directly (Equation
(79)) or react with water to produce active species OH (Equation (80)). The electron in the conduction
band of g-C3N, reacts with oxygen to form —O». radicals (Equation (81)). With further reaction between
—0s. and e—,"OH is also produced (equations (82) and (83)). The -OH and —O,. radicals that were

formed later also contributed to the decomposition of cephalexin (equations (84) and (85)) [185].

g — C3N,@Zn0 + hv -» h*(Zn0) + e~ (g — C3N,) 78

h*(Zn0) + cephalexin — products 79

h*(Zn0) + H,0 - OH + H™ 80



e_(g—C3N4) +02 —>02_ 81

03 + e~ + 2H' - H,0, 82
H,0, +e~ - OH + OH™ 83
0, + cephalexin — products 84
OH' + cephalexin — products 85

The removal rates of the antibiotic cephalexin with initial concentrations of 10 mg/L and in solar light
with Xenon lamp (300 W), 0.3g/L photocatalyst in 60 minutes without photocatalyst, g-C3N4, ZnO and
g-C3N4@ZnO are 5.8%, 58.4%, 45.3% and 98.9%, respectively. The apparent rate constant for the g-
CsN4@ZnO photocatalyst is Kopp = 0.245min~*.g™*. L. The g-CsN4@ZnO structure leads to an
increase in removal rate of 53.6% and 40.5% compared to ZnO and g-C3N4 photocatalysts,
respectively[185]. Ding et al. [188] used a magnetic dual Z-scheme BiV0,/ g-C3N4/NiFe, 0, photocatalyst
for the removal of ofloxacin. BiVO,/ g-C3N,/NiFe,0, photocatalyst has been used in the removal of
ofloxacin. BiVO, has been considered due to its ineffectiveness, non-toxicity and band gap of 2.4ev. However,
due to fast electron and hole recombination, weak quantum function and weak response in the visible light range,
its use has been limited. Among the different photocatalysts, g-C3N,4 a semiconductor is a suitable option to be
combined with BiVO, due to its high specific surface area, suitable chemical performance and suitable electronic

structure of the band. Reusing the photocatalyst and recovering it on a nanoscale in aqueous environments



becomes a challenge and prevents it from being used on a large scale. To solve this problem, magnetic Fe30, It
is used together with a catalyst. and reducing the performance of the photocatalyst. NiFe,0, It is an attractive
magnetic material with a band gap of 1.7ev and has a very good response in the visible light range and does not
have the limitations of Fe;0,. After the BiV0O,/ g-C3N,/NiFe,0, photocatalyst was activated by light in a
conventional heterojunction structure, electrons in the conduction band of g-C3N, and NiFe,0, were
transferred to BiVO,, while holes were transferred in the opposite direction to the valence band. The
electrons were unable to generate O,— radicals from oxygen because the conduction band potential of
BiV0, (+0.46 eV) was lower than the O2/*O>— redox potential (-0.33 eV). The oxidation-reduction
potential of *OH/H>O (+2.27 eV) as well as *OH/OH— (+1.99 eV) is lower than the valence band
potential of g-C3N, (+1.60 eV) and NiFe,0, (+1.07 eV), which leads to insufficient capacity of the
professions in producing *OH. Therefore, the conventional heterojunction structure is unable to
produce *OH and *O>—. After activation, the electrons in the conduction band of BiV 0, and the holes
in the valence band of g-C3N, and NiFe,0, occurred in a direct double Z-pattern. The migration speed
of electrons is higher than that of holes. As a result, the holes in the valence band of BiVO4 and the
electrons in the conduction band of g-C3N, and NiFe,0, can provide effective separation under the
assumption of a direct Z-pattern structure. The oxidation-reduction potential of *OH /H>O and
*OH/OH— of the valence band of BiVO4photocatalyst (+2.87 eV) is higher than that of holes to produce
*OH. The O/*O>— redox potential has a higher position compared to the conduction band electrons of
g-C3N, (-1.14 eV) and NiFe,0,4 (-0.57 eV), which leads to the generation of *O,— radicals from oxygen
and can even be further oxidized by holes to 10,. The Z-design heterojunction resulted in better charge
separation and stronger oxidation and reduction capacity. The removal rates of the antibiotic ofloxacin
with an initial concentration of 10 mg/L in visible light with 300 W Xenon lamp with the filter (A >
420 nm),1g/LL photocatalyst for NiFe,0, and g-C3N4 photocatalysts in 60 min are 9% and 28%,
respectively. For pure BiVOs4, the removal rate is 70% in 30 min. For the BiV0O,/ g-C3N,/NiFe,0,

photocatalyst with a mass fraction of 5% g-C3Ns in BiVO4/g- C3Ns, it is 93.8% in 20 min. The



Kapp = 0.1353min"'.g7*.L is the apparent rate constant for the BiVO,/ g

C3N4/NiFe, 0, photocatalyst[188]. Wang et al. [189] used a direct Z-scheme g-C;N,/CdS photocatalyst
to remove the antibiotic erythromycin. The synthesis method of Bulk g-C;N, photocatalyst is thermal
polymerization method, the synthesis method of CdS nanorods photocatalyst is solvothermal method,
and the synthesis method of g-C3N,/CdS photocatalyst is chemisorption and self-assembly method. g-
C5N, photocatalyst despite having a limited band gap of 2.7ev, which is easily activated in the visible
light range. It has chemical and thermal stability and unique electronic properties, but the the low
specific surface area and fast electron-hole recombination and the weak quantum efficiency has led to
the limitation of the use of this photocatalyst. Therefore, a photocatalyst is needed that, in addition to
preventing electron-hole recombination, also leads to an increase in the absorption limit. CdS having a
limited band gap of 2.4ev leads to an increase in the amount of absorption in the visible region. Due to
its instability, the S?” ion easily produces oxide with the created hole, so the electron-hole
recombination leads to the weakening of the photocatalyst performance. Also, the rapid transfer of the
hole created in the valence band effectively prevents optical corrosion and stabilizes the photocatalyst.
Fortunately, by comparing the valence band of CdS and g-C3;N, photocatalysts, it is clear that these
two photocatalysts have a good overlap, on the other hand, The heterogeneous structure leads to the
rapid separation of the generated electron-hole and, as a result, leads to an increase in the photocatalytic
performance. The combination of these two photocatalysts leads to the improvement of the
photocatalytic performance of both photocatalysts. Since CdS and g-C3N, photocatalysts have narrow
band gaps; upon activation by light, electrons and holes are generated. The holes generated in the
valence band of the g-C;N, photocatalyst are doubly recombined with electrons generated in the
conduction band of the CdS photocatalyst. The electrons generated in the conduction band of the g-
C3N, photocatalyst have a more negative potential (-1.12 eV) than the standard O»/.0- redox potential
(-0.33 V vs. NHE) and are prone to react with oxygen and produce .O»- radicals. The valence band of

CdS photocatalyst (1.94 eV) is lower compared to the .OH/H>O potential (2.68 eV vs. NHE). As a



result, the holes generated in the valence band of CdS photocatalyst cannot react with H>O to produce
.OH, but can react with antibiotics to produce carbon dioxide, water, and other small inorganic
molecules. The ultrathin nanosheet structure of g-C;N, reduces the distance of the generated carriers
to the interface, which leads to reduced electron-hole recombination. The removal rates of
erythromycin antibiotic with an initial concentration of 50 mg/L, visible light with a 35W Xenon lamp,
a stable wavelength of 3002500 nm, 0.5g/L photocatalyst and a time of 60 min for g-C;N,, CdS, and
g-C3N,/CdS photocatalysts with nominal mass ratios of g-C3N,/CdS 3:1 are 49.09%, 55.12%, and
81.02% at pH 5, respectively. The g-C3N,/CdS heterojunction structure increases removal rates of

31.93% and 25.9% compared to g-C3N,and CdS photocatalysts, respectively. The K,p, =

0.056min"1.g 1L is the apparent rate constant with mass ratios of g-C3N,/CdS 3:1 for the g-

C3N,/CdS photocatalyst[189].

While numerous heterojunction photocatalysts have been described as operating through Z-scheme
charge-transfer pathways, establishing the true direction of electron—hole migration remains a non-trivial task
and requires careful interpretation of experimental evidence. Several characterization strategies have therefore
been employed to probe this mechanism, although each provides only partial insight. Electron paramagnetic
resonance (EPR) using spin-trapping agents such as 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) is widely used
to identify reactive oxygen species including -O;™ and -OH [190-192]. In many reported Z-scheme systems, the
simultaneous formation of strong oxidation and reduction radicals is interpreted as indirect evidence that highly
oxidative holes and strongly reducing electrons are preserved on different components of the heterostructure.
Nevertheless, radical detection alone cannot unequivocally confirm a Z-scheme pathway, since similar species
may also arise in type-II heterojunctions or through secondary interfacial reactions. In situ irradiation X-ray
photoelectron spectroscopy (XPS) provides complementary information by monitoring light-induced shifts in
binding energies, which can reveal charge redistribution between coupled semiconductors. However, the surface
sensitivity of XPS and the vacuum environment of the measurement may limit its ability to fully represent
photocatalytic processes occurring at solid-liquid interfaces [191,193,194]. Photodeposition experiments, in

which noble metal ions are selectively reduced at electron-rich sites, have also been employed to map reduction



centers and infer charge-transfer routes. Yet the deposition process can be affected by surface defects, adsorption
behavior, and kinetic factors that complicate mechanistic interpretation. Consequently, convincing identification
of Z-scheme photocatalysis typically relies on the combined analysis of these techniques together with
band-structure evaluation and photocatalytic performance trends, rather than on any single experimental method

alone [193,195].

5-5-METAL/SEMICONDUCTOR SCHOTTKY JUNCTION

As shown in fig.27, the loading of metal nanoparticles on the surface of semiconductor nanoparticles
is called heterojunction between metal and semiconductor, which leads to the removal of limitations
such as: reduction of carrier recombination by increasing charge separation, covering a wide range of
light ranges, increasing selectivity towards the destruction of specific pollutants and acting as a trapping

center to increase carrier life[196].

Metal-like

Semiconductorl

Fig.27- Schematic figure of Schottky junction [130].



5-6-INTEGRATING HETEROJUNCTION STRUCTURE WITH GRAPHENE-BASED

CONDUCTIVE NETWORKS

Zhu, Guo et al. [197] used BiOI/ZnO/rGO photocatalyst to remove chloramphenicol. The synthesis
method is a simple one-step hydrothermal. Zinc oxide photocatalyst with a band gap of 3.37 eV and a
higher exciton binding energy (60 meV) and ease of fabrication in various forms has been considered
in the removal of antibiotics, but due to the rapid charge recombination and the settled band structures,
its application is limited. The improvement of charge carrier density, increase in optical current
conductivity and effective electron-hole separation can be mentioned as the effect of rGO on BiOl/ZnO
photocatalyst. Also, rGO prevents the aggregation of BiOI and ZnO. The presence of rGO reduces light
reflection and helps to enhance light absorption. However, the excessive use of rGO leads to excessive
graphene aggregation, which reduces the efficiency of the photocatalyst. In fact, the excessive presence
of rGO occupies the active sites of ZnO and prevents sufficient light from reaching the photocatalyst
[197]. Zinc oxide photocatalyst with a band gap of 3.37 eV and a higher exciton binding energy (60
meV) and ease of fabrication in various forms has been considered in the removal of antibiotics, but
due to the rapid charge recombination and the settled band structures, its application is limited. The
combination of p-type BiOI photocatalyst with n-type ZnO photocatalyst, which forms a p-n
heterojunction structure, which leads to the creation of an internal electric field and electron-hole
separation and continuous surface charge transfer, and the performance of BiOl/ZnO photocatalyst
from ZnO and BiOl is as follows The main role of graphene in this composition is not only to inhibit
the accumulation, improve the specific surface area and the possibility of effective absorption of
pollutants, but also to delocalize the photogenerated electrons via its m network and finally delay the
recombination rate of the carrier. The carrier density of BiOl/ZnO/rGO with a mass fraction of rGO of
5 is approximately doubled compared to BiOI/ZnO, indicating that the electron density is increased in
the presence of graphene oxide. The BiOI/ZnO/rGO photocatalyst has a red shift after the addition of

GO, which is due to the reduction in light reflection and the improvement in light absorption. Electrons



in the ZnO photocatalyst are transferred to the BiOI photocatalyst, leading to the accumulation of
negative charge on the BiOI particle. Holes are transferred from the BiOI photocatalyst to the ZnO
photocatalyst, creating a positive region in the ZnO. After charge separation, an electrostatic field
directed by ZnO to BiOlI is generated, so that electrons generated by visible light irradiation flow from
the conduction band of BiOI to ZnO, leaving holes in the valence band. The conduction band potential
is more reducing than the potential of the O; species (O2 / Oz., -0.28 eV), while the valence band

potential of BiOI/ZnO/rGO is more oxidizing than the potential of the OH species (.OH/H>0O, +2.27
eV). As a result, electrons and holes easily convert H2O and O to OH -, .0;. Compared to the

conduction band of BiOI/ZnO, the potential of rGO (rGO/rGO-, -0.08 eV) has a smaller decrease,
enabling rGO to effectively receive photoactivated electrons from the BiOlI/ZnO heterojunction. The
removal rate of chloramphenicol with an initial concentration of 10 mg/L  in 300 W Xenon lamp as
the visible light source without any cutting filter and a reaction time of 180 min with 0.5g/L
BiOI/ZnO/rGO photocatalyst is about 31%, about 72%, about 78%, and about 90% for BiOI, ZnO,
BiOIl/ZnO, and BiOl/ZnO/5%wt rGO (BZGS5) photocatalysts, respectively. The apparent rate constant
of the BZG5 photocatalyst is Kgp,, = 0.0306min™", g 1.L. In summary, it can be said that the
heterojunction structure helps in charge separation by creating an electric field, and the graphene
structure as an adsorbent leads to an increase in the specific surface area[198]. Nguyen et al[199] used
WOs3/Agl heterojunction photocatalyst decorated on rGO to remove the antibiotic amoxicillin.
Amoxicillin is a beta-lactam antibiotic. After the photocatalyst is activated by visible light, electrons
in WOs3 and Agl photocatalysts are transferred from the valence band to the conduction band, leaving
holes in the valence band. The electrons in the conduction band react with oxygen to produce
superoxide radicals( .O»-). .O»- reacts with water to produce hydroxyl radical (¢*OH), which is used to
remove amoxicillin. The holes also react with water to produce hydroxyl radical (*OH) or directly react
with the antibiotic amoxicillin. Compared with single photocatalysts, in WO3/Agl photocatalyst, due

to the Z scheme heterojunction, the electron in the conduction band of WO3 photocatalyst recombines



with the holes in Agl photocatalyst, which leads to the reduction of electron-hole recombination.
Therefore, the Z scheme heterojunction structure leads to the creation of significant holes and electrons
in the valence band of WOs; photocatalyst and in the conduction band of Agl photocatalyst,
respectively. As a result, these charges have a high oxidation-reduction ability for the photocatalyst
reaction compared with single WO3 and Agl photocatalysts. The rGO structure in WO3/Agl
photocatalyst, as an electron transfer medium, leads to the efficient transfer of electrons from the
conduction band of WO3 photocatalyst to the valence band of Agl photocatalyst due to the folded three-
dimensional n-conjugated structure, leading to the improvement of charge separation. Also, rGO leads
to an increase of 71.39 m2/g of the specific surface area of rGO/ WO3/Agl photocatalyst compared to
WOs/Agl photocatalyst. The removal rates under visible light with a 30W LED lamp and 0.5g/L
photocatalyst with an initial concentration of 20mg/L of amoxicillin antibiotic in 240 min for WOj3,
Agl, WOs3/Agl and rGO/WOs/Agl photocatalysts are 36.4%, 41.1%, about 65% and. 86.1%,
respectively. Therefore, rGO leads to an increase in the removal rate of about 21.1%. For the
rGO/WOs/Agl photocatalyst, the energy consumption per gram of amoxicillin antibiotic removed is
348.43 kWh/g, which requires optimizing the energy required for the photocatalytic removal of

amoxicillin antibiotic .The apparent pseudo-first-order rate constant is K,,, = 0.0212min"t.g 1. L

app

for rGO/WOs/Agl photocatalysts[199].
5-7- EVALUATING THE CLAIM TYPES OF HETEROJUNCTION STRUCTURES

In Fig.28. A and B, the Mott—Schottky diagram, which is an electrochemical method used to analyze
semiconductors and determine the type of semiconductor, is shown. The slope of the Cu,O
photocatalyst is negative according to the Mott—Schottky analysis, indicating that the photocatalyst is
p-type, while the slope of the Bi2O>COs3; photocatalyst is positive according to the Mott—Schottky
analysis, indicating that the photocatalyst is n-type. In addition, the flat band potential (VFB) of the
Cu0 photocatalyst and the Bi,O>CO3 photocatalyst are 1.92 V and 0.27 V, respectively. The valence

band for p-type semiconductors is about 0.2 volts lower than VFB, while the conduction band for n-



type semiconductors is about -0.2 volts more negative than VFB. Thus, Vg for Bi20.CO3 and Vv for

Cuz0 are calculated to be —4.57 eV and —6.62 eV, respectively[139].
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Fig.28- Mott—Schottky curve for photocatalysts (a) BioO2CO3 and (b) Cu0[139].

Also, according to the Photoluminescence spectra (PL) curve, the CuxO/ Bi20>COsphotocatalyst has a
much lower intensity than that of Bi2O2CO3, which indicates that the electron-hole recombination of
the Cux0/ Bi202CO3 photocatalyst is reduced compared to the Bi2O.CO;3 photocatalyst. The highest
separation efficiency corresponds to a mass ratio of Cu2O to Bi20.CO3; (wt%) :3(C3B). Using
photocurrent response and electrochemical impedance spectroscopy (EIS), the improvement of charge
separation and electron transport in the CuxO/ Bi2O2COs photocatalyst was confirmed. The longest
photoelectric carrier lifetime and effective separation of electron-hole pairs were found for the C3B
photocatalyst, which had the highest photocurrent density. Also, EIS Nyquist plots show that the higher
rate of surface reactions and the lowest charge transport resistance were found for the C3B
photocatalyst. These analyses prove that the p—n heterojunction shape between Cu2O and Bi0,CO3
improved the charge transport and enhanced the photocatalyst performance[139]. For the MoS»/ZnO
photocatalyst with 30 wt% of MoS2(MZ-30), the current density is 3.5 pA.cm-2 while for the ZnO only
photocatalyst, this value is 1.58pA.cm-2. Therefore, the MZ-30 photocatalyst has the highest
photocurrent, which leads to increased charge generation and separation of electrons and reduced
electron-hole recombination. The photoluminescence (PL) spectrum confirms the results regarding the
photocurrent. It shows that the lowest intensity is associated with the MZ-30 photocatalyst, which has
the highest electron-hole separation efficiency[141]. The article states that the type of heterojunction
structure is p-n by analyzing the formation of the internal electric field, photoelectrochemical
measurements, electrochemical impedance spectroscopy (EIS), and Mott—Schottky diagram[198].
According to the energy band arrangement and photocurrent tests, electrochemical impedance
spectroscopy (EIS), photoluminescence (PL) spectroscopy, and the proposed mechanism, the
heterojunction structure is a p-n heterojunction[134,137,200].The conduction band position of the g-
CsNa4 photocatalyst (—1.12 eV vs. NHE) is more negative than that of the ZnO photocatalyst (—0.5 eV).

As aresult, the photogenerated electrons in the conduction band of the g-C,N, photocatalyst are directly



transferred to the ZnO photocatalyst, but the holes remain in the g-C3N4 photocatalyst, which confirms
the type II heterojunction structure. The photoluminescence (PL) spectra show that the fluorescent
intensity is greatly reduced in the CZ30-CDs4 photocatalyst compared to the g-C3N4, g-C3N4/ZnO(CZ)
photocatalyst, indicating that the introduction of CDs into the CZ heterojunction structure leads to
faster electron transfer in the CZ-CDs structure. Also, the charge transfer between the two
photocatalysts ZnO and g-C3N4 is confirmed by electrochemical impedance spectroscopy (EIS) and
photocurrent (PC) experiments. Higher photocurrents lead to increased photocatalytic activity and
effective separation of photogenerated charges. Scavenger test shows that after the addition of BQ and
EDTA-2Na, the photocatalytic degradation efficiency decreases by 10.2% and 87.3%, respectively,
with oxygen being the main reaction species while h* plays a minor role in the removal reaction of
tetracycline antibiotic. When isopropanol is added to the solution, the reduction in removal is 42%,
indicating that the OH radical is the secondary species. This pattern is exactly consistent with the type
II mechanism, because the electrons in ZnO react with oxygen to produce ‘O, , while the holes in the
g-C3N4 photocatalyst do not have enough potential to directly convert water molecules to *OH, and the
secondary ‘OH is formed from "O, [201]. Considering the arrangement of energy bands and the proposed
scavenger test and mechanism, the heterojunction structure is a type I heterojunction [145,148,202,203].
The paper does not perform any of the key experiments to distinguish Type-II and Z-scheme (such as
Mott-Schottky, XPS before and after photocatalysis, or electron-mediated tracking) and does not report
the positions of the energy bands quantitatively. Also, the system studied is not a pure photocatalytic
system but a hybrid photocatalyst/persulfate (PS) system. Therefore, the main active species (such as
SOas¢~ and *OH are mainly produced from the activation of persulfate by electrons or Cu(I)/Fe(Il) ions
and may not be related to the charge separation in a heterojunction. Therefore, the type of
heterojunction cannot be precisely determined. But it is probably a Type II heterojunction[152]. The
paper did not directly determine the type of heterojunction using the Mott—Schottky test, but rather by

analyzing tests such as CB ZnO is higher than CB CeO: and VB ZnO is more positive than VB CeO-



(ZnO: CB=-0.35eV, VB =42.87 ¢V CeO2: CB =—0.45 ¢V, VB =+2.52 e¢V), and the decrease in PL
intensity (which confirms effective charge separation), LC-MS data indicate that oxidation occurs on
ZnO in the degradation of the antibiotic. As shown in fig.29, in the scavenger test, the presence of 2-
propanol in the reaction medium reduces the degradation of the antibiotic ciprofloxacin, indicating that
hydroxyl radicals are effective but not the determining factor in the removal of the antibiotic. By adding
EDTA-Na,, a very sharp decrease in the rate constant of the h" scavenger is observed; in fact, the
EDTA-Na, molecules react with the hole and no hole remains to react with the antibiotic ciprofloxacin
and the reaction stops. Different ROS scavengers showed that hydroxyl radicals participate in the
removal of the antibiotic, but the main reaction species are positive holes in the valence band of metal
oxides. Since the positive holes react directly with the antibiotic, it can be said that the destruction of
the antibiotic on the surface of the photocatalyst is a local surface reaction. According to LC-MS
studies, ZnO is the main component in the CeO2/Zn0O photocatalyst for the removal of the antibiotic
ciprofloxacin. In other words, the destruction of the antibiotic in the CeO2/ZnO photocatalyst starts
using the existing holes in the valence band of the ZnO photocatalyst and does not start in the holes
accumulated in the valence band of ceria. According to the type II heterogeneous mechanism, the
photooxidation of ciprofloxacin molecules should occur by h™ on the surface of ceria particles where
the holes accumulate. Therefore, effective adsorption of the antibiotic on the ceria surface is necessary,
but according to the absorption graphs, the adsorption of ciprofloxacin by ceria is low and the
photocatalytic activity is also limited. Therefore, considering this evidence, it is claimed that the
heterojunction structure cannot be type II. ZnO shows a greater ability to adsorb ciprofloxacin
molecules and the holes in the valence band of ZnO have a stronger oxidizing ability than the holes in
the valence band of CeOx. It can be claimed that the heterojunction structure is Z-scheme, which is

consistent with the performed analyses[157].



1.0~

Scavenger: N
&
B nNnOo scavenger Q{Q\’-
® 2-propanol NDS
0.8 S
A EDTA-Na, O
T
' A
S 0.6- ~o
O o
= 0.4 _
- -
-
0.2 e
Kk = 0.0004 min™
0.0 A - Ao A A A

Time, min

Fig.29-The effect of scavengers on the removal of the antibiotic ciprofloxacin by CeO2/ZnO
photocatalyst with 40% Wt CeO: under the following conditions: Reaction conditions: catalyst
loading: 0.25g.L"! (or other, if indicated), 100 mL of CIP aqueous solution (15 mg.L™!, pH = 3.2),

concentration of ROS scavengers: 10 mmol.L!, stirring rate: 1000 rpm, temperature: 30 °C[157].

To investigate the heterojunction structure of the CuxO / Bi,S; photocatalyst, the flat-band potentials
of Cuz0 and Bi,S3 were studied using an electrochemical workstation. As shown in Fig. 30, the Mott-
Schottky (M-S) diagram is shown in fig 30a and 30b for both photocatalysts. After plotting the
intersections on the horizontal axis of the curves, the negative slope and n-type semiconductor are
identified for the CuxO photocatalyst, and the positive slope and p-type semiconductor are identified
for the Bi2S3 photocatalyst. In addition, the Ug of the Cu2O and Bi>S3 photocatalysts are 0.125 V (vs.
standard hydrogen electrode (SCE)) and -0.43 V, respectively, which are 0.37 V (vs. NHE) and -0.185
V (vs. NHE), respectively. Also, in general, the flat band potential of a p-type semiconductor is 0.1 to

0.3 volts higher than the conduction band potential, while the conduction band potential of an n-type



semiconductor is 0.1 to 0.3 volts lower than the flat band potential. Using the flat band potential from
the Mott—Schottky data, the CB and VB have been calculated. CB of Bi»S3 is —0.285 eV, VB of Cu,0
is +0.47 eV, VB of Bi»S3 is +1.015 eV and CB of CuxO is —1.73 eV. This is consistent with the Z-
scheme heterojunction mechanism. In the scavenger test, three sacrificial agents, IPA, BQ and EDTA-
2Na, were added to the solution to investigate the effects of free radical species ("OH), superoxide
anions ('O;") and light-generated impurities (h") on the removal of tetracycline. After adding IPA to
the solution, the removal rate decreased from 95.23% to 90.77% for the Cu2O / B1,S3 photocatalyst
with 10%wt CuxO, while the addition of BQEDTA-2Na and BQ resulted in a decrease in the removal
rate from 95.23% to 44.61% and 6.15%, respectively. The results indicate that h™ and "O; " are the active
species in the photocatalytic reaction of tetracycline removal, with *Oz™ being the key species and "OH
being almost ineffective. According to the position of the energy bands calculated from the Mott
Schottky data, the conduction band electrons of the Bi-Ss photocatalyst are not able to convert O, to
‘Oz (because CB of BixS3 =—0.285 eV is higher than E°(O./'0, ) = —0.33 eV). Therefore, to produce
'Oy, the electrons must be in the conduction band of Cu2O, which occurs when the electrons of the
conduction band of the Bi-Ss photocatalyst are transferred to the valence band of the Cu,O photocatalyst

and recombine with the holes there, which is the Z-scheme mechanism([204].
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Fig.30- Mott-Schottky diagram for photocatalyst a) Bi»S3 and b) for photocatalyst Cu,0[204][91].

For the Agl/ ZnIn,S4/BiVO4 photocatalyst, similar to the Cu,O / Bi2S3 photocatalyst, the paper proves
with indirect methods, such as scavenger, ESR, conduction and valence band calculations, that the
structure is a dual Z-scheme, but it does not use direct methods, such as a dual Z-scheme[164]. The
paper first investigated the positions of the VBs and CBs of the Bi1.017Cl> (BOC) and AgFeO (AFO)
photocatalysts and then calculated the flat band potentials of AFO and BOC through the Mott—Schottky
diagrams. Both AFO and BOC have typical n-type semiconductor characteristics because the slope of
the linear potential curves is positive 1/C2. Therefore, the heterojunction structure cannot be p-n. Also,
their flat potentials were measured as —0.7 V and +0.29 V with respect to NHE, respectively. The
positions of the conduction bands and valence bands were also determined as CB of AFO is +0.19 V,
VB of AFO is +2.04 V, CB of BOC is —0.8 V and VB of BOC is +1.43 V. In the scavenger test,
benzoquinone (BQ, a typical superoxide radical scavenger) was used, and only 11.1% tetracycline
removal was achieved. It can be concluded that O> plays a key role in the removal rate. The
heterojunction structure is not type-II, because the electrons in the conduction band of AFO (0.19 V)
are not able to reduce oxygen to *O, due to the lower potential than (O2/*O2~ = —0.33 V). In contrast,
in the Z-scheme heterojunction structure, the excited electrons of the AFO conduction band were
transferred to the electron shuttle intermediates (Ag nanoparticles) and subsequently recombined with
the equivalent holes generated on the VB of BOC. As a result, the high-energy electrons remain in the
BOC conduction band (—0.8 V) and are able to produce *O,”, which is fully consistent with the
scavenger and ESR data and the band position of the photocatalysts. So, it can be said that the
heterojunction structure is Z-scheme[165]. In the Mott-Schottky test, the slopes of the three
photocatalysts Ag;PO4, AgBr and g-C3Ns were positive, indicating that they are n-type
semiconductors. Therefore, the heterojunction structure cannot be p-n. According to these graphs, the
flat band potentials for g-C3N4, AgzPO4 and AgBr are -1.49, -0.27 and 0.44, respectively. The valence

band potentials of g-C3N4, AgsPOs4 and AgBr photocatalysts are 1.77, 2.52 and 3.06 eV. Three



scavengers, isopropanol (IPA), (BQ) and Na>C,04, were investigated to determine the effect of "OH,
h+and <O, on the removal rate of tetracycline respectively. The removal rate was significantly reduced
by adding BQ or Na>C>0O4 compared to the absence of adsorbent, but the removal of tetracycline was
slightly inhibited by adding IPA. Therefore, ‘OH has little effect on the removal rate of tetracycline,
but h+ and <O, species have a significant effect on the removal of tetracycline. The Agz:PO4/AgBr-
20% g-C3N4 composite has a higher photocurrent density than the single photocatalysts. Also, the
Ag3PO4/AgBr-20% g-C3N4 photocatalyst had the smallest arc radius, which indicates the lowest charge
migration resistance and the best separation of e— and h+ pairs. The presence of (Ag°) acts through
electron transfer between AgsPOsand AgBr as well as AgBr and g-C3Ns. Therefore, the AgsPO4/AgBr/
g-C3N4 photocatalyst is not a Type-II heterojunction structure and the dual Z-scheme structure can be
justified according to the analyses[169]. By analyzing the position of energy bands, scavenger and ESR
experiments, and electrochemical data, the paper rejects the Type-II heterojunction structure and for
the photocatalyst, due to the absence of a metal intermediate, charge transfer occurs through direct
contact between the two semiconductors, which is the definition of the Z-scheme direct heterojunction
structure[172,184,185,205,206].The paper logically proves that the heterojunction structure is Z-scheme
using scavenger tests, PL data, EIS, photocurrent, and energy band position calculations[155,164,207—
209]. The paper refers to the band positions (CB =—0.67 V and VB = +2.5 V vs. NHE) and does not
refer to key experiments such as scavenger, ESR, Mott-Schottky, or in-situ XPS. Since both
semiconductors are n-type, the upward bending of the edges limits the recombination of electrons from
g-C3Nawith Nb2Os holes, which is expected in a Z-scheme heterojunction. However, staggered gap
alignment is a feature of type II heterojunctions that is effective in electron and hole separation[170].
Since antibiotics have complex structures and are mostly toxic, the need for an efficient method to
remove antibiotics is increasingly felt. As shown in Table 5, the most common method to increase the
performance of photocatalysts and prevent electron-hole recombination and activation in the visible

light range is doping. Although doping leads to an increase in the specific surface area, a decrease in



the band gap in nonmetals mainly by raising the valence band and in metals by creating impurity levels
within the energy gap, a decrease in electron-hole recombination, due to the high cost of some metals
such as noble metals, pollution caused by the release of some metals into the environment and
aggregation of nanoparticles which leads to a decrease in photocatalytic activity. Therefore, the use of
dopants has recently been reconsidered[14,210,211]. In the type II heterojunction structure,
photogenerated electrons are transferred from the conduction band of photocatalyst A to the conduction
band of photocatalyst B, while holes migrate from the valence band of B to the valence band of A,
which leads to electron-hole separation and thus increases the lifetime of charge carriers, but electrons
accumulate in the conduction band of photocatalyst B (with lower energy) and holes in the valence
band of photocatalyst A (with higher energy), which leads to a decrease in the reduction and oxidation
potentials and the overall efficiency of redox reactions. However, the Z-scheme heterojunction
structure provides a stronger redox potential due to the highest energy charge carriers. The low-energy
holes in the valence band of the semiconductor combine with the low-energy electrons in the
conduction band of the semiconductor, while the high-energy electrons and high-energy holes remain
to carry out the reduction and oxidation reactions. The heterojunction structures of traditional Z-scheme
systems, due to the use of soluble redox couples, have an unstable redox environment in the liquid
phase, which affects the photocatalytic performance. Also, if the photocatalysts are poorly selected or
the Fermi levels are not aligned properly, a sufficient potential difference is not created for effective
charge separation. This misalignment of the conduction and valence bands is the main reason for the
lack of a significant redox potential gradient in some Z-scheme systems. In the p-n heterojunction
structure, at the interface between the p-type and n-type regions, there is a depletion region due to the
diffusion of charge carriers, which allows for efficient charge separation, but it is difficult to select
photocatalysts that are p-type and n-type[14,60,212-215]. Among the Z-scheme structures (first, second
and third generation) that have attracted much attention in antibiotic removal, the third generation has

better performance in antibiotic removal because it solves the problems of the first and second



generations, such as instability and backward reaction[212]. Table 4 summarizes the advantages and

disadvantages of different heterojunction structures.

Table4-Comparison of different heterojunction structures and doping[14,60,212,213,216,217].

Structure type

Advantages

Disadvantages

Type II heterojunctions

Effective separation of
electron-hole pairs, increasing

electron lifetime

Reducing the redox potential
of the entire system, Complex

synthesis

Z-scheme heterojunction

electrons with high reduction

ability and holes with high
oxidation ability and

provides a continuous redox

cycle, efficient

utilization of light energy

poor stability and backward

reaction, require

liquid phases, Complex
synthesis, No significant
oxidation-reduction potential

gradient

p-n heterojunction

strong internal electric field,
depletion region due to the

diffusion of charge carriers

Limitations in the selection of
n-type and p-type
photocatalysts, Complex

synthesis

Doping

increasing specific surface
area, Simplicity in synthesis,
increasing light absorption,
improving charge mobility,

reducing band gap, creating

The high cost of some
dopants, such as noble
metals, Pollution caused by

metals and non-metals in the




more active sites, reducing environment, and
photogenerated electron-hole | Aggregation of nanoparticles
recombination, promoting

charge carrier generation

6- INVESTIGATING THE ENVIRONMENTAL EFFECTS OF GRAPHENE-BASED
PHOTOCATALYSTS AND HETEROJUNCTION STRUCTURES IN THE REMOVAL OF

ANTIBIOTICS

Given that environmental issues have received great attention, the photocatalytic degradation of
antibiotics is no exception to this rule, and this section examines the environmental issues related to

the removal of antibiotics using photocatalytic structures with graphene and heterojunctions.

6-1-INVESTIGATION OF BACTERIAL ANTIBIOTIC RESISTANCE IN

PHOTOCATALYTIC ANTIBIOTIC REMOVAL

Guo et al. [126] used the Ti02/Ag/GO photocatalyst to investigate the effect on ARB. To investigate
ARB inactivation, the bacterial strains E. coli HB101 (resistant to kanamycin, tetracycline, and
ampicillin), E. coli HB10663 (resistant to tetracycline and gentamicin), and E. coli HB10667 (resistant
to streptomycin) were used. Bactericidal activity of TiO2/Ag/GO under simulated sunlight irradiation
on the survival rate of ARB under different concentrations of TiO2/Ag/GO has been investigated. The
survival rate shows a decreasing trend with increasing photocatalyst concentration. When exposed to
sunlight without the presence of photocatalyst, the survival rate of E. coli HB10667 and E. coli
HB10663 reached 92.7% and 96.5%, respectively, which was a slight decrease, while the reduction of
E. coli HB101 reached less than 80%, indicating that different bacteria have different tolerances to
sunlight. The photocatalyst at a concentration of 10 mg/L and above has significant inactivation activity

for E. coli HB101, while this is not the case for E. coli HB10663 and E. coli HB10667. With the



addition of 10 mg/L of TiO2/Ag/GO, the survival rate of E. coli HB101 is 63.4%, while to achieve the
same level of inactivation, 80 mg/L and 100 mg/L of TiO2/Ag/GO photocatalyst should be added to
the E. coli HB10667 and E. coli HB10663 solutions, respectively. The survival rates of E. coli HB101,
E. coli HB10667 and E. coli HB10663 were reduced by 59.1%, 43.4% and 12.2%, respectively, with
the addition of 100 mg/L of TiO2/Ag/GO. The observed sequence of bacterial survival rates regardless
of the increase in photocatalyst is (E. coli HB101<E. coli HB10667<E. coli HB10663). Fig.31(a)
investigates the role of the antibiotic chloramphenicol (CAP) in the ARB inactivation process a) in the
absence of photocatalyst and b) in the presence of photocatalyst with a bacterial concentration of
108CFU (Colony Forming Units)/mL. The Fig.31(a) shows that the effect of chloramphenicol has little
effect on ARB survival. The survival rate of bacteria remains high with increasing contact time.
Different concentrations of the antibiotic chloramphenicol have little effect on ARB survival because
after one hour of reaction, the survival rate of bacteria with different concentrations of chloramphenicol
(5, 10,20 mg/L) is 86.2%, 86.1% and 83.4%, respectively. In Fig.31( b), the survival of ARB changes
drastically by adding photocatalyst to the solution at a concentration of 50mg/L TiO2/Ag/GO. The

lowest bactericidal activity corresponds to a concentration of 20 mg/L of clonidine[126].
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Fig.31-ARB levels with different concentrations of the antibiotic chloramphenicol A) without the
presence of photocatalyst, depending on the contact time with a bacterial concentration of 108

CFU/mL B) in the presence of 50mg/L TiO2/Ag/GO photocatalyst[126].

Shen et al[139] evaluated the performance of the synthesized photocatalyst in antibacterial experiments.
PEO and B1,0,CO3/PEO did not show any antibacterial activity against Escherichia coli and
Staphylococcus aureus. However, the CuxO / Bi20>CO3/PEO photocatalyst showed antibacterial
activity against both bacteria. The antibacterial activity was directly proportional to the amount of Cu,O
in the nanocomposite. Due to the ability of CuyO to penetrate through the cell wall or outer membrane
of bacteria and bind to DNA, thereby blocking the cell proliferation process, it is used against
pathogens. Therefore, the Cu20 / Bi2O2CO3PEO photocatalyst is an attractive option for the treatment
of wastewater contaminated with both organic pollutants and pathogenic microorganisms. Also, the
inhibition rate for Escherichia coli was up to 81.5% and for Staphylococcus aureus was up to 75.6%,
indicating that the Cu,O / Bi20,CO3/PEO photocatalyst performed well in reducing bacterial
growth[139]. Manikandan et al. [208] investigated the antibacterial performance of the synthesized
photocatalyst in the experiments. The WO3/g-CsN4o/MWCNT photocatalyst was investigated on two

clinical isolates, namely Bacillus subtilis and Klebsiella pneumonae, by the agar disk diffusion method.



Advanced oxidation process is an efficient method for converting toxic pollutants into non-toxic
substances. While the microorganism carries a negative charge, the oxide semiconductor carries
positive charges, in which electrostatic attraction occurs between them, where the oxidation reaction
caused by the metal oxide can kill the microorganism. Therefore, the WO3/g-CsN4/MWCNT
photocatalyst is not only highly effective in degrading the antibiotic tetracycline but also has significant
antibacterial activity against gram-negative bacteria under visible light[208]. One of the research gaps
in the photocatalytic removal of antibiotics literature is the attention to ARB and ARG, and their study

alongside antibiotic removal.

6-2-INVESTIGATION OF THE USE OF REAL WASTEWATER IN THE

PHOTOCATALYTIC REMOVAL OF ANTIBIOTICS

Kumar et al. [125] investigated the removal of the antibiotic chloramphenicol from CRSB
photocatalyst in the presence of visible light for 90 minutes in municipal tap water and the removal rate
reached about 82%, which is about 17.1% less than distilled water in laboratory conditions, and the

apparent pseudo-first-order rate constant is also K,,, = 0.207min"1.g~1. L. No studies have been

app
conducted for municipal tap water in the presence of sunlight[125]. Wang et al. [124] used a 0.1g rGO-
ZnO photocatalyst to remove the antibiotic chloramphenicol with an initial concentration of 1000mg/L
in 100 minutes. In veterinary effluent in the presence of UV light, the removal rate was 90.2%, which
was 0.6% lower than the experimental conditions, indicating good performance of the photocatalyst.
The reason for this is the use of auxiliary oxidant H,O,, the very high surface area of the photocatalyst
(722 m2/ g) and the use of rGO and its protective role against the toxicity of the ZnO photocatalyst
and the prevention of photocorrosion of the surface, and [124]. Tian et al[185] used 0.3g g-C3N4s@ZnO
photocatalyst to remove the antibiotic cephalexin with an initial concentration of 10 mg/L in 60 min.

From the sludge collected from municipal wastewater in the presence of simulated sunlight, the

removal rate was 92.7%, which was 6.2% lower than that under laboratory conditions, indicating good



performance of the photocatalyst[185]. One of the research gaps in the photocatalytic removal of
antibiotics literature is the attention to the removal rate of antibiotics in real wastewater and the effort

to improve the performance of photocatalysts on an industrial scale.
6-3-MINERALIZATION AND TOXICITY ASSESSMENT

The purpose of examining Total Organic Carbon (TOC) is to completely destroy the antibiotic by
converting it to CO> and H»O, because the antibiotic may be completely removed but converted into

intermediates that are harmful to the environment. Therefore, TOC is an important parameter in
environmental issues. Shengyan Pu et al. [119] investigated the TOC for Cu-TiO2/GO photocatalyst.
The antibiotic tetracycline hydrochloride with an initial concentration of 20mg/L, 0.3g/L photocatalyst
concentration in 90 min and UV-visible light with intensity of 300 W has a 100% removal rate.
However, the TOC is 84.5% in 360 min. For TiO2 and TiO2/GO photocatalysts, the TOC is also lower
than that of tetracycline hydrochloride degradation. The reduction in TOC in the removal of tetracycline
hydrochloride antibiotic compared to antibiotic removal is because the removal generally starts from
some specific structures (C-N-C) [119]. Kumar et al. [125] investigated the TOC of the photocatalyst
Carbon quantum dots/RGO/S@C3N4/B@C3N4(CRSB). The antibiotic chloramphenicol, with an initial
concentration of 10mg/L, 0.3g/L photocatalyst concentration at 360 min and Xe lamp (with
450mWcem—2 intensity), showed a TOC of 84% and 70% under visible and solar light, respectively.
Kumar et al. [125] evaluated the toxicity of the antibiotic chloramphenicol with the CRSB photocatalyst
on PBL cells using the MTT assay. The purpose of investigating the toxicity of photocatalytic removal
of antibiotics is to determine whether the removal process has harmful or lethal effects on living
organisms (such as cells, bacteria, fish, or even humans). The MTT assay is a tetrazolium salt (pale
yellow) and is reduced to formazan (dark blue) by mitochondrial dehydrogenases. Fig.32(a) shows the
percentage cell viability in untreated cells, ConA (concanavalin A) as a positive control, and
photocatalyst-treated water obtained after CMP degradation. The cell viability for untreated cells was

85.2% and for ConA (95.1%), which are high values. For cells treated with the mineralized products



of the antibiotic chloramphenicol, the cell viability was still 84.4%, indicating mineralization of non-
toxic products. The treated water did not affect the viability of blood cells and mitochondrial function.
Fig.32((b), (¢), and (d)) shows Digital images of treated PBL cells, where no increase in dead cell debris
is observed for cells treated with degradation products. Also, CRSB photocatalyst is a stable metal-free

photocatalyst with high removal rate and mineralization performance[125].
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Fig.32-a) Cytotoxicity of Chloramphenicol degradation of products with CRSB photocatalyst (treated
water sample) under visible light b) Human peripheral blood lymphocytes (PBL) treated with Con A
(positive control-an immunomodulatory drug) c) Untreated PBL cells d) PBL cells treated with water

containing Chloramphenicol degradation products (adopted from [125]).



Shen et al. [139] investigated the toxicity of the photocatalyst Cu,O/Bi202.CO3/PEO nanofibers under
the conditions of 20 mg/L of the antibiotic chloramphenicol in a 300 W Xe lamp equipped with a 420
nm cut-off filter with visible light. After exposing the test solution for 24 h using cytotoxicity assay
(CCK-8) and fibroblast cells (L-929), it was shown that during the photocatalytic degradation process
of chloramphenicol, some intermediate products, such as dehydrochloramphenicol and nitrosamine
chloramphenicol, can increase the toxicity of the solution. In fact, between 90 and 120 minutes of the
process, the toxicity increased significantly and the cell viability reached less than 70%[139].
Mengelizadeh et al. [145]investigated the parameters of TOC, COD and BOD to evaluate the degree of
mineralization during the photocatalytic removal process of the antibiotic ciprofloxacin (CIP). In this
study, the mineralization rate of 25 mg/L CIP was evaluated under operating conditions including pH
of 7, 0.3 g/L of g-C3N4/Fe2O3 and UV intensity of 36 W. With increasing irradiation time from 10 to
60 min, TOC increased from 18.68% to 93.86%. The amount of oxygen required for the complete
oxidation of organic matter and some chemicals in water is called Chemical Oxygen Demand (COD).
The COD value increased from 16.74% to 94.93% with increasing irradiation time from 10 to 60 min.
The amount of oxygen that microbes need to decompose organic matter in water is called Biochemical
Oxygen Demand (BOD). It increased from 24.48% to 75.49% with increasing irradiation time from 10
to 60 minutes. Also, with increasing irradiation time from 10 to 60 minutes, the BOD/COD ratio
increased from 0.12 to 0.66, which indicates that the CIP antibiotic removal process has been completed
into degradable compounds. The optical density (OD) of E. coli and E. fecalis bacteria was used to
investigate the toxicity of the solution treated with the g-C3N4/Fe2Os-based photocatalytic process. The
OD values in the untreated solution for E. fecalis and E. coli ranged from 0 to 1.09 and 0 to 0.96,
respectively, between times 1 to 24 hours. When the solution was treated with the g-C3N4/Fe2O3 /UV
process, the OD increased significantly compared to the initial solution, indicating that the CIP
antibiotic was efficiently degraded into non-toxic substances[145]. Wolski et al. [157] investigated the

TOC and mineralization parameters for the photocatalytic removal process of the antibiotic



ciprofloxacin (CIP). The initial concentration of CIP was 15 mg/L, CIP was evaluated under operating
conditions of pH = 3.2, Ce0»/Zn0 dosage of 0.5 and UV intensity. According to Fig33, the TOC value
decreased from about 9 mg/L to about 0.7 mg/L in 360 min, which is a reduction of about 92.2%.
Mineralization actually means the complete conversion of organic compounds into inorganic end
products such as CO2, H>O and inorganic ions (NHs+, NOs3-, F-). Mineralization is about 92% in 360

min[157].
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Figure.33 - Investigation of TOC and mineralization of the antibiotic ciprofloxacin in the presence of

Ce02/Zn0 photocatalyst[157].

Lu et al. [164] investigated the TOC parameter for the photocatalytic removal process of

tetracycline(TC) antibiotic. In this study, the initial concentration of 20 mg/L, TC under the operating



conditions of 300 W Xenon lamp Agl/ZnIn>S4/BiVO4((AZB)) was evaluated under visible light. The
COD and TOC removal efficiencies for AZB photocatalyst with molar ratios of Bi to Ag 1:1 were
64.89% and 57.85%, respectively, which were lower than the photocatalytic properties. The reason for
the low COD and TOC for TC antibiotic is that the antibiotic was not completely decomposed and the
intermediates still existed[164]. Wang et al. [152] investigated the COD parameter for the photocatalytic
removal process of tetracycline hydrochloride antibiotic (TC). In this study, the initial concentration of
20 mg/L, TC was evaluated under the operating conditions of a 300 W xenon lamp under simulated
sunlight with 0.1 g/ CuO/CuFe;04/g-C3Ns ((CCCN)). The COD removal efficiency for the
photocatalysts CCCN, g-C3N4 and CuFe>O4/g-C3Ns was 48%, 35% and 39%, respectively. After
adding PS, the COD was 74%, 47% and 54%, respectively. Therefore, the addition of PS led to an
increase in the COD efficiency[152]. Hu et al. [184] investigated the TOC parameter for the
photocatalytic removal of the antibiotic tetracycline hydrochloride (TCH). In this study, the initial
concentration of 40 mg/L, TCH under the operating conditions of 300 W xenon lamp
SnS>@ZnInzSa@kaolinite ((SZK)) was evaluated to be 0.2g/L photocatalyst under visible light. The
TOC removal efficiency for the SZK photocatalyst with weight ratios of SnS2@ZnIn>S4:0.75:1 showed
a TCH removal rate of 88.23% in 60 min, while the TOC removal efficiency was 55.86%.
Mineralization was not completely completed and the materials were still present[184]. Tian et al. [185]
investigated the TOC parameter for the photocatalytic removal process of antibiotic cephalexin. In this
study, the initial concentration of 10 mg/L, cephalexin under the operating conditions of a 300 W xenon
lamp (300 W) with g-C3N4@ZnO was evaluated to be 0.3g/L under solar light. The TOC removal rate
of cephalexin solution for g-C3N4, ZnO and g-C3N4@ZnO photocatalysts was 34.2%, 25.6% and 72.8%
in 60 min, respectively[185]. Wang et al. [205] investigated the TOC parameter for the photocatalytic
removal process of the antibiotic ofloxacin. In this study, the initial concentration of 10 mg/L ofloxacin
was evaluated at 1g/L under the operating conditions of 300 W Xenon lamp BiVO4/g-C3N4/NiFe 04

under visible light. The TOC removal rate of ofloxacin solution for the BiVO4/g-C3N4/NiFe2O4



photocatalyst was 28.2% and 40.5% at 60 and 120 min, respectively[205]. As the goal of removing
antibiotics from wastewater is to preserve the environment and prevent the spread of disease, it is
necessary to pay attention to TOD, COD and BOD because antibiotics may be converted by the
photocatalyst into intermediates that are even more dangerous than the antibiotics themselves.
Therefore, their investigation is essential in the photocatalytic removal of antibiotics and is considered

a research gap.

6-4-INVESTIGATING THE CHANGE IN ANTIBIOTIC REMOVAL RATE BY REUSING

THE PHOTOCATALYST

One of the effective parameters in the photocatalytic removal of antibiotics is the reuse of
photocatalysts in reactions, which leads to cost reduction and enables their use on an industrial scale.

Raja et al. [115] used the RGO-BiVO4-ZnO photocatalyst at a concentration of 0.3 g/L to remove 10
mg/L of the antibiotic ciprofloxacin in 60 min under visible light. The rGO-BiVO4-ZnO photocatalyst
did not significantly degrade after 6 times of use in the photocatalytic reaction and was reusable[115].

Pu et al. [119] used Cu-TiO2/GO photocatalyst with a concentration of 0.3 g/L to remove 20 mg/L of
tetracycline hydrochloride antibiotic in 90 min under UV light. After 5 times of use of Cu-Ti02/GO
photocatalyst in the photocatalytic reaction, the removal rate decreased from 99.8% to 98.5%, which
was a 1.3% decrease after 5 times of use of the photocatalyst, indicating a very good performance of
the photocatalyst[119]. Kumar et al. [125] used the photocatalyst reduced graphene oxide layers
modified S@g-C3N4/B@g-C3N4 (CRSB) to remove the antibiotic chloramphenicol. After 5 times of
using the photocatalyst, there is no significant decrease in the removal rate[125]. Sodeinde et al. [124]
used rGO-ZnO photocatalyst with a concentration of 2.5 g/L to remove 1000 mg/L of the antibiotic
chloramphenicol in 40 min under UV light. After 4 times of use of the rGO-ZnO photocatalyst in the
photocatalytic reaction, the removal rate decreased from 87% to 68%, which was a 19% decrease after
4 times of use of the photocatalyst, indicating the relative stability of the photocatalyst[124]. Cui et al.

[137] used palygorskite (Pal)-supported Cu,O-TiO2 photocatalyst with a concentration of 1 g/L to



remove 30 mg/L of tetracycline hydrochloride antibiotic in 240 min under solar light source. After 3
times of photocatalytic reaction, the photocatalyst Cu,O-TiO>—Pal photocatalyst showed that the
photocatalytic degradation rate without light exposure and the adsorption rate were 81.45%, 78.42%,
and 73.88% in the first, second, and third cycles, respectively. The physical adsorption in the dark was
7.36%, which was not combined with the photocatalytic degradation, and the recovery rate of
photocatalytic degradation was investigated[137]. Shen et al. [139] used a photocatalyst
Cu20/Bi202CO3/PEO nanofibers with a mass ratio of Cuz0 to Bi202CO3 of 3% to remove the antibiotic
chloramphenicol. After using the photocatalyst 4 times, the removal rate of photodegradation remained
at a similar level, indicating that the photocatalyst is stable[139]. Mengelizadeh et al. [145] used g-
C3N4/Fe203 photocatalyst with a concentration of 0.3 g/L to remove 25 mg/L of the antibiotic
ciprofloxacin in 60 min under UV light. After 8 cycles of g-C3Na4/Fe2O3 photocatalyst, the removal
efficiency in the fifth and eighth cycles was 98.21% to 91.58%, respectively. This decrease is probably
due to the saturation of the active sites of the photocatalyst and the decrease in the amount of
photocatalyst during the recovery process[145] . Li et al. [203] used a 0.5 g/L Fe304/CdS/g-CsNy
photocatalyst to remove the antibiotic 20 mg/L ciprofloxacin.in visible light. the Fe;0,4/ CdS /15 wt%
g-C3N,photocatalyst is reduced by about 4.8% after three test cycles in 330 min, which indicates a very
good performance of this photocatalyst[203]. Du et al. [207] used a ZnO/Ag/Ags;PO4 photocatalyst with
a concentration of 0.5g/L to remove 10 mg/L of the antibiotic ciprofloxacin in 120 min under visible
light. The photocatalyst ZnO/Ag/Ag3;PO4 wt%:0.6/1 After 4 times of use in the photocatalytic reaction,
the removal rate decreased from 90.1% to 75%, which shows the good stability of the
photocatalyst[207]. Zhang et al. [204] used Cu,0/B1i2S3 photocatalyst with a concentration of 0.5 g/L
to remove 20 mg/L of tetracycline antibiotics in 60 min under visible light. The CuxO/Bi,S;3
photocatalyst with 10 wt% Cuz0O after 4 times of photocatalytic reaction, the removal rate decreased
from 95.23% to 92.8%. The decrease in the removal rate may be due to the adsorption of organic

pollutants on the surface of the material, and a small part of it was not completely washed away. Also,



the p-n heterojunction was not formed and the high photocarrier separation efficiency was not damaged
in the degradation process[204]. Lu et al. [148] used Agl/ ZnIn>S4/BiVO4(AZB) photocatalyst with a
concentration of 0.6g/L to remove 20 mg/L tetracycline, an antibiotic, in 120 min under visible light.
The AZB photocatalyst, with a molar ratio of Bi to Ag: 1:1, after 10 cycles of photocatalytic reaction,
the removal rate decreased from 91.44% to 82.16%. The reduction in the removal rate was about 9%
in the 10th cycle. The formation of heterogeneous bonding of the AZB composite effectively inhibited
the photocorrosion phenomenon of the catalyst, and the photocatalyst had excellent recovery
performance[164]. After using the photocatalyst 4 times, the photocatalyst still had a high performance
in removing antibiotics[148]. Manikandan et al. [208] used WO3/P- g-C3N4s -MWCNT photocatalyst
for the removal of tetracycline antibiotic. The photocatalyst did not show much decrease in removal
rate after 3 times of recovery[208]. Liu et al. [201] used a CDs/g-C3N4/ZnO photocatalyst with a mass
ratio of g-C3N4/ZnO: 30%wt and CDs4%wt(CZ) for the removal of the antibiotic tetracycline. The
photocatalyst showed complete stability during repeated experiments after 10 times of recovery,
although the degradation efficiency decreased slightly[201]. Lu et al. [169] used AgzPO4/AgBr/g-C3N4
photocatalyst to remove the antibiotic tetracycline. The photocatalyst showed relatively good stability
after 5 recycling cycles, which may be due to the photocorrosion of Ag+[169]. Wang et al. [152] used
CuO/CuFe;04 /g-C3N4 photocatalyst for the removal of the antibiotic tetracycline hydrochloride. The
photocatalyst achieved a removal rate of 93.50% after 4 recycling cycles, which was a very good
performance. This decrease was due to the possible blocking of the active site by organic intermediates
decomposed by tetracycline hydrochloride[152]. Hu et al. [97] used the photocatalyst
SnS>@ZnInzSs@kaolinite (SZK) with a mass ratio of SnS2/ ZnInaS4 wt%: 0.75:1 to remove the
antibiotic tetracycline hydrochloride. The photocatalyst was reduced by 6.86% after 3 times of
recovery, which showed very good performance. Also, the catalyst deposition performance was
excellent and it could be deposited rapidly in a short time [97] . Tian et al. [185] used g-C3N4@ZnO

photocatalyst for the removal of the antibiotic cephalexin. The photocatalyst decreased by 1.9% after



5 times of recovery, which may be due to the mass loss during the regeneration of g-C3N4@ZnO.
Therefore, the photocatalyst showed excellent performance after 5 times of removal[185]. Ding et al.
[205] used BiVO4/g-C3N4/NiFe2O4 photocatalyst to remove the antibiotic ofloxacin. The photocatalyst
decreased from 94% to 89% after 5 times of recovery, indicating very good stability of the
photocatalyst[205]. Zhu, Guo, et al. [198] used a BiOl/ZnO/rGO photocatalyst with 5%wt rGO to
remove the antibiotic chloramphenicol. The photocatalyst was recycled four times, and the removal

rate remained above 95% even after the fourth time[198].

6-S-LIMITATIONS OF THE USE OF PHOTOCATALYSTS AND THEIR

ENVIRONMENTAL CHALLENGES

In addition to the limitations of photocatalysts themselves, they also pose challenges for the
environment. Although semiconductor photocatalysts have shown effective performance in the
removal of antibiotics, they have limitations, such as catalyst stability, because many photocatalysts
that are exposed to long-term light undergo photocorrosion or structural degradation, and the
photocatalytic performance decreases. Most photocatalysts are activated by UV light and have poor
performance in visible light. Due to poor charge transfer and inefficient separation, the low quantum
efficiency of photocatalysts is low. Some effective photocatalysts use rare and expensive materials,
which limit their application on an industrial scale. Due to variable environmental conditions, such as
reactor size and maintenance, scaling from laboratory to industrial scale has become a serious
challenge. Electron-hole recombination is also a fundamental limitation of photocatalysts[218]. When
treating wastewater with photocatalysts, photocatalyst nanoparticles may remain in the water. The
assessment of toxicity and risks to human health should be investigated. If the photocatalyst
nanoparticles are lipophilic, they tend to remain in the food chain and eventually reach our digestive
system, posing a direct threat to humans. Metals like silver, lead, mercury, arsenic and cadmium
nanoparticles photocatalysts have adverse effects on human health due to their high toxicity,

carcinogenic properties and potential damage to organs such as the liver, heart, eyes, and skin. Although



carbon-based photocatalysts such as carbon nanotubes have lower toxicity, they require a costly
ultrafast centrifugation process to purify them from wastewater; otherwise, secondary pollution will
occur and increase toxicity to aquatic life and humans. Separation of photocatalyst nanoparticles after
wastewater treatment is a major challenge. The high surface area of photocatalysts leads to strong
interactions with water molecules, complicating the separation process. Also, due to the attraction
between photocatalytic nanoparticles molecules, their tendency to aggregate increases and their
resistance to sedimentation or filtration removal methods increases. If photocatalysts contain surface
charges, they create electrostatic interactions with water molecules. Photocatalytic nanoparticles are
often lightweight and float in water, making their separation by gravity-based methods difficult[219].
Photocatalysts released into aquatic environments can cause toxic effects, the consequences of which
for aquatic species and humans are unknown; however, they pose a risk through entry into the food
chain[220]. Various parameters such as environmental conditions, crystalline phase, presence of surface
coating, size of nanoparticles, Active surface area, chemical composition and shape affect

toxicity[221,222].

Table5-Removal of antibiotics with different photocatalysts with heterojunction

Photocataly | Antibio | Targeted Irradiation Optimized Degrada | Refer
st tics pollutant time photocatalyst tion ence

concentrat condition

ion
CuS/BiVO4 | ciproflo 10mg/L 90min Visible light 86.7% [134]
xacin 300W Xe lamp
Precipitation method
for BiVO4

1g/L catalyst
7%CusS is optimum

Kapp
= 0.02151min"t. g7*
WO; ciproflo 10mg/L 4h Visible light 19% [155]
xacin sonochemical
process
g-C3Hy ciproflo 10mg/L 4h Visible light 60%
xacin sonochemical
process

WO3s/ g-CsHy | ciproflo 10mg/L 4h Visible light 100%
xacin




sonochemical
process

35-W Xe lamp

1g/L catalyst

%S5Wt WOs is
optimum

Kapp

= 0.02561min"t. g~!

ZnO-
AgrO/porous
g—C3N4

ciproflo
xacin

20mg/L

48min

Visible light
tungsten lamp
calcination and

hydrothermal

method
0.5g/L catalyst

Kapp
=0.114min"t. g 1. L

97.4%

[200]

Z-scheme
ZnO/Ag/Ag;
PO,

ciproflo
xacin

10mg/L

60min

Visible light

300 W xenon lamp

simple precipitation

deposition method

and

and photoreduction
technology

0.5g/L catalyst

a mass ratio of ZnO

to Ag3PO4is 0.6:1 is

optimum

Kapp

= 0.02886min"1. g7?!

87.1%

[207]

Fe304/CdS/g
-C3Ny

ciproflo
xacin

20mg/L

330min

Visible light
250-W xenon lamp
Fe;04 Synthesized
by co-precipitation

method,
Fe304/CdS
Synthesized by
liquid chemistry,
Fe3O4/CdS/g-C3N4

Synthesized by

monodispersion

0.5 g/L catalyst

15%wt g-C3Nais
optimum
Kapp
= 0.044min". gL L

81%

[203]

Ce02/ZnO
nanocomposi
tes

ciproflo
xacin

15mg/L

60min

UV light
200 W Hg-Xe lamp
simple co-
precipitation method
0.25 g/L catalyst
8%Wtis CeO; is
optimum
pH=3.2
with 40% Wt CeOs,
Kapp is

Kapp
= 0.052min"t. g7 L. L
92.2%TOC in
360min with 0.5g/L

63%

catalyst

[157]




MoS»/ZnO
composites

xacin

ciproflo

16.57mg/L

120min

Visible light
250 W metal halide
lamp
hydrothermal
method
Optimum catalyst
doses:0.2g
30%wt is MoS;
is optimum

with 0.5g/L
photocatalyst
Kopp ts

Kapp

=0.038min"t.g71.L

96.18%

[141]

Haematite
(F eZO 3)
loaded on
graphitic
carbon
nitride (g-
C3Ny)

ciproflo
xacin

25 mg/L

60min

UV light
mercury lamp
calcination method
0.3g/L catalyst

Kapp
=0.31min"l. g1 L
93.86% TOC in
60min
94.93% COD in 60
min
75.49% BOD in
60min

100%

[145]

g_
C3N4/ TiOzna
norod

ciproflo
xacin

6.63mg/L

60min

Visible light
500WXenon lamp
30% g—C3N4 is
optimum
PH=6.3 is optimum

Kapp
=0.183min"t. g7l L

93.4%

[172]

Z-scheme
AgI/N-TiO,

tetracycl
ine

10mg/L

105min

decomposition:
visible light
30 W DUHALLED
0.5g/L photocatalyst
Optimum AgI/N-
TiO> molar
ratio:30%

73%

[159]

palygorskite-
supported
Cu,O-TiO,
composite

tetracycl
ine

30mg/L

240min

Solar light
500WXe lamp
palygorskite- TiO;
Synthesized by sol-
gel method,
palygorskite-
supported Cu,O—
TiO, composite
Synthesized by
liquid-phase
reduction method
1g/L catalyst is
optimum
PH=8.7 is optimum
Kapp
= 0.0129min". g7 .}

88.81%

[137]

ZnS/BiOBr

tetracycl
ine

25min

sunlight

82%

[202]




one-step facile
hydrothermal
method
2.5wt%ZnS is
optimum
Kapp
=0.1311min"1. g~1.]

Cu;O/Bi203

tetracycl
ine

20mg/L

60min

Visible light
200 W high-pressure
mercury lamp
simple hydrothermal
method
0.5g/L catalyst is
optimum

10%wt Cuy0 is
optimum

Kapp
=0.088min"t. g7 L. L

95.23%

[204]

Agl/ZnlnoS4/
BiVO4

tetracycl
ine

20 mg/L

120min

Visible light
300 W Xenon
lamp(A> 420 nm)
hydrothermal
method and in-situ
precipitation method
0.6g/L photocatalyst
molar ratios of Bi
to Ag:1:1 is optimum
Kapp =
0.0353min 1. g71.L
57.85% TOC
64.89% COD

91.44%

[164]

Bi12017C12/A
g/AgFeO, Z-
scheme
photocatalyst
]

tetracycl
ine

40mg/L

60min

Visible light
Bi12017Cly/
AgFeOs:in-situ
deposition-
precipitation method
Bi12017C12/Ag/AgFe
O, ultrasound
(US)-assisted ethanol
reduction method
0.5g/L catalyst
20%wt Bi;2,0,7Cl,
is optimum
pH=3.8 is optimum

Kapp
= 0.07738min"1. g7}

94.1%

[165]

bifunctional

direct Z-
scheme

WO;@g-

CNy@MW

CNT ternary

nanocomposi

tes

tetracycl
ine

20 mg/L

120min

Visible light
Halogen lamp 500
W, 420 nm
Self assembling
method
0.2g/L catalyst
in pH=7, The
removal rate
1879.54% in pH=10
The removal rate is
86%

Kapp
= 0.0861min"1. g7 1.

79.54%

[208]




CDs/g-
C3N4/ Zl’lO
(CZ)nanoco
mposite

tetracycl
ine

10mg/L

30min

Visible light
18 mW/cma, xenon
lamp(A > 420nm)
facile impregnation-
thermal method
mass ratio of g-
C3N4/ZnO: 30%wt
and CDs4%wt are
optimum
is Kapp =
0.164min"t. g7 1. L

100%

[201]

Agi;PO4/AgB
I‘/g-C3N4

tetracycl
ine

40mg/L

25min

visible light

300 W Xe lamp with
160 mW.cm™2
facile chemical
deposition method
0.5g/L
a mass ratio of g-
c3N4 to Ag3PO4 20%
is optimum
The optimum pH is 7
Kapp
= 0.24min" 1. g71.L

80.2%

[169]

nanostructur
ed g-
C3N4/NbyOs/
HPEI/PES
photocatalyti
¢ membrane

tetracycl
ine

Smg/L

200min

Visible light
visible light source
250 W)
in-situ hydrothermal
method
0.3%g—C3N4/Nb205/
HPEI is optimum
pH=10 is optimum

Kapp
= 4.5 X 10"*min~?!

88%

[170]

CuO/
CuFe04 / g-
C3N4+PS

tetracycl
ine

20 mg/L

30min

simulated sunlight
300 W xenon lamp
ratio of CuO,
CuFe;0sand g-C3N4
as 1.4:1:19
pH=3 and 0.2 g/L
photocatalyst
+PS=Immol/L is
optimum
Kapp
=13min"t.g 1. L
in 0.1g/L
photocatalyst
+PS,74% COD

99%

[152]

SIISz@
ZnIn,S4@ka
olinite

tetracycl
ine

40mg/L

60min

Visible light
300 W xenon lamp
with a 420 nm cut-

off filter
hydrothermal
method.
0.2g/L
Wt%SnS,»/ZnIn,S4:
0.75:1 is optimum

Kapp

= 0.1155min"1. g~ 1.

88.23%

[184]




55.86% TOC in
60min

Cuzo/Bizoz
CO3/PEO
nanofibers

chloram
phenicol

20mg/L

30min

Visible light
300 W Xe lamp
mass ratio of Cu,O
to B1,0,COs:3 is
Optimum

Kapp
= 0.1339min*

98.2%

[139]

Z-scheme g-
C3N,@ZnO

Cephale
Xin

10mg/L

60min

Sunlight
Xenon lamp (300 W)
thermal atomic layer

deposition
0.3g/L
The optimum PH is
6.3
Kapp
= 0.245min"t. g7 1. L
distilled water

72.8%TOC in 60min

98.9%

Sewage from
municipal
wastewater treatment
plant

92.7%

[185]

g-C3N, thin

layer @
CeO,

doxycyc
line

10mg/L

60min

Visible light
150W Xeon lamp
simple hydrothermal
and in situ synthesis
0.5g/L catalyst
5% g-C3N,/ CeO, is
optimum

Kapp
= 0.0655min"*. g7,

84%

[148]

g_
NiFe,0,/
BivVoO,

ofloxaci
n

10 mg/L

20min

Visible light
300 W Xenon lamp
(A > with the filter
420 nm)
1g/L catalyst
5% wt g-C3N, in
BiV 0,/ g-C3N, is
optimum
Optimum PH is 9
Kapp
= 0.1353min"1. g~ 1.
40.5%TOC in
120min

93.8%

[205]

Z-scheme g-
C5N,/CdS

erythro
mycin

50mg/L

60min

Visible light
The 35W Xenon
lamp
a stable wavelength
0f 300-2500 nm
chemisorption and
self-assembly
method
0.5g/L
Optimum is mass
CN/CS:3/1

PH=5 is optimum

81.02%

[206]




Kapp
= 0.056min"t. g71. L

BiOI/ZnO/rGOchloram 10mg/L | 180min Visible light 90% [198]
phenicol 300 W Xenon lamp
simple one —step
hydrothermal
0.5g/L
BiOI/ZnO/rGO
rGO with a mass
fraction of 5% is

optimum
Kapp
= 0.0306min"t. g~ 1.
WO5/ amoxicil 20mg/L 180min Visible light 86.1% [209]
Agl/rGO lin 30W LED lamp

0.5g/L catalyst

Kapp
=0.0212min"t. g7 1.

OPERATING PARAMETERS AFFECTING PHOTOCATALYTIC REMOVAL OF

ANTIBIOTICS

Although the choice of photocatalyst type and its synthesis method are important in the photocatalytic
removal of antibiotics, operational conditions such as initial antibiotic concentration, amount of
photocatalyst, environmental pH, and light source are effective in the removal rate. pH plays a very
important role in the photocatalytic removal of antibiotics because pH changes affect the concentration
of H" and OH- ions, which have a direct effect on reactive species h*, hydroxyl radicals(OH-), and
superoxide radicals(O;~)[223]. Therefore, pH affects the valence and conduction band positions,
aggregation, surface energy, photocatalyst charge, and photocatalyst size. So, the optimal pH value has
a better performance in antibiotic removal rate [224]. Raja et al. [115] used rGO- BiVO,-ZnO
photocatalyst to remove the antibiotic (CIP)ciprofloxacin. With increasing pH from 3 to 7, the CIP
removal rate increases and then decreases after pH 7. The CIP removal rates at pH 3,5, 7,9 and 11 are
54%, 71.1%, 97.8%, 92.4% and 80.5% after 60 min in the presence of visible light, respectively. The
removal rate is optimal at pH 7. The zero point charge(ZPC) of rGO- BiV0,-ZnO photocatalyst,

calculated by potentiometric titration, is 7.3, which is lower than that of ZnO photocatalyst. The surface



charge density of the photocatalyst is negative when the pH is higher than the ZPC. This affects the
adsorption of CIP, which is anionic at pH levels higher than 7. Therefore, the CIP removal rate is low
at pH 3 and 11[115]. Mengelizadeh et al. [145] used a g-C3N4/Fe,O3; photocatalyst to remove
ciprofloxacin (CIP). At a g-C3N4/Fe2O3 dose of 0.3 g/L, an initial CIP concentration of 25 mg/L, an
irradiation intensity of 36 W, and a time of 60 min, the effect of pH on CIP degradation was
investigated. In completely alkaline (pH = 11) and completely acidic (pH = 3) conditions, the CIP
removal rates were 52.67% and 51.73%, respectively. While at pH 7, it gave complete CIP removal.
The pHzpc for the g-C3N4/Fe2O3 photocatalyst was 5.9 and the pKa of CIP was between 6.16 and 8.23.
Therefore, CIP was in anionic form at pH > 8.23, in zwitterionic form at pH 6.16-8.23, and in cationic
form at pH < 6.16. In strongly acidic and basic pHs, CIP and the g-C3N4/Fe>O3 photocatalyst have very
similar surface charges, so adsorption on the photocatalyst surface is limited. At pH greater than 8, the
photocatalyst surface is covered with OH-Fe complex and fills the holes created in the photocatalyst
by OH— ions[145]. Wang et al. [152] used CuO/ CuFe;04/g-C3N4(CCCN) photocatalyst to remove
tetracycline (TC). The change of pH affects the generation of free radicals. To adjust the solution, 0.1
mol/L sulfuric acid or sodium hydroxide was added to the solution. At pH 3, 9 and 11, the removal rate
decreased to 81.5%, 60.0% and 21.8%, respectively. The decrease in TC removal rate is due to the
increase of electrostatic repulsion between persulfate and CCCN with increasing pH, which
significantly reduces the generation of SO4e- [152]. A high initial antibiotic concentration means that
more active sites on the photocatalyst surface are required for the antibiotic molecules, while the active
sites are limited. In addition, with increasing antibiotic concentration, more by-products and
intermediates are produced that compete with the antibiotic molecules for the limited active sites. As
the concentration increases and the solution becomes more concentrated, the passage of the solution
decreases, resulting in the photons reaching the photocatalyst surface being slower, so fewer photons
reach the photocatalyst surface and fewer reactive species are produced. Also, some antibiotics absorb

photons and prevent them from reaching the photocatalyst. Therefore, the optimal initial antibiotic



concentration has a better performance in antibiotic removal rate[225,226]. Mengelizadeh et al. [145]
used a g-C3N4/Fe>O3 photocatalyst to remove (CIP)ciprofloxacin. At a g-C3N4/FeoO3 dose of 0.3 g/L,
radiation intensity of 36 W, pH 7, and time of 60 min, the effect of CIP concentration on CIP
degradation was investigated. The CIP removal rate decreased from 100% to 84.79% with an increase
in the initial CIP concentration from 10 to 50 mg/L. The decrease in removal rate was probably due to
the reduction in the path length of the incoming photons into the solution and the occupation of the
active sites of the nanocomposite. Also, the reason for the decrease in removal rate at high
concentrations under constant reaction conditions is that since the reaction rate is constant, the amount
of active species produced is limited and is sufficient to remove large amounts of CIP[145]. Zhang et
al. [204] used Cu20/Bi2S3 photocatalyst to remove the antibiotic (TC) tetracycline. With 50 mg of
Cu20/Bi2S3 photocatalyst, the photocatalytic removal of TC with different concentrations from 5 to 40
mg/L was investigated. The TC removal was complete in 40 min when the concentration was low.
When the concentration was increased to 20 mg/L, the TC removal rate could reach about 95%. When
the concentration was increased to 30 mg/L, the removal rate reached 75% in 60 min. Finally, at 40
mg/L TC, the removal rate reached 60%. A certain amount of photocatalyst was able to produce limited
active species, which was not sufficient for high TC concentrations[204]. Increasing the amount of
photocatalyst leads to the creation of more active sites that participate in the photocatalytic reactions
of the antibiotic. However, increasing the amount of photocatalyst beyond the optimal amount leads to
the aggregation of the photocatalysts, resulting in a decrease in the number of active sites and turbidity
of the solution, resulting in a decrease in the removal rate of the antibiotic Therefore, the optimal
photocatalyst amount has better performance in antibiotic removal rate[225,227]. Raja et al. [115] used
rGO- BiV0,-ZnO photocatalyst to remove the antibiotic (CIP)ciprofloxacin(CIP). For rGO- BiV0,-ZnO
photocatalyst with 10, 20, 30 and 40 mg photocatalyst, the removal percentages are 83.9%, 88%, 98.4%
and 96.4% in 60 min, respectively. Therefore, the optimum photocatalyst loading is 30 mg. The

decrease in CIP removal rate for 40 mg loading is due to the reflection of light by the photocatalyst



particles[115]. Zhang et al. [204] used Cu2O/Bi2S3 photocatalyst to remove the antibiotic tetracycline
(TC). At a concentration of 20 mg/L. TC, the degradation rate increased from 50% to 85% with
increasing the amount of photocatalyst from 10 mg to 30 mg. If the amount of photocatalyst increased
from 30 mg, the removal rate decreased due to insufficient light transmission and increased turbidity
of the suspension[204]. The wavelength and intensity of light have a direct effect on the rate of removal
of antibiotics in the presence of light because photocatalysts are sensitive to the wavelength of light
and its intensity. With increasing light intensity, the number of photons increases and more charge
carriers are produced for the photocatalytic oxidation reactions of antibiotics. The wavelength and
intensity of light must also be optimal because if the wavelength is greater than the optimal wavelength,
no reaction occurs because the photon is not absorbed. If the wavelength is less than the optimal value,
too much energy may damage the photocatalyst structure. Also, high light intensity leads to electron-
hole recombination and low intensity leads to a slow photocatalytic reaction of antibiotic degradation
[225]. Mengelizadeh et al. [145] used a g-C3N4/Fe2O3 photocatalyst to remove (CIP)ciprofloxacin. At a
g-C3N4/Fex03 dose of 0.3 g/L, an initial CIP concentration of 25 mg/L, pH 7, and a time of 60 min, the
effect of light intensity on CIP degradation was investigated. The CIP removal efficiency increased
significantly from 78.19% to 100% with increasing light intensity from 8 to 36 W. The reason for this
increase is probably due to the increased production of reactive species through water hydrolysis by

UV alone and the photocatalyst surface[145].

7-1- INFLUENCE OF WATER MATRIX COMPONENTS

In realistic water environments, photocatalytic removal of antibiotics occurs in complex matrices
containing natural organic matter (NOM), dissolved inorganic ions, and multiple coexisting pollutants.
These constituents can substantially influence photocatalytic performance by modifying light
absorption, reactive oxygen species (ROS) dynamics, adsorption equilibria, and charge-carrier
utilization. Consequently, evaluating photocatalysts solely in simplified laboratory solutions may lead

to misleading conclusions regarding their practical efficiency[228-230].



Natural organic matter is an unavoidable component of natural and engineered water bodies and
therefore a critical variable when extrapolating photocatalytic antibiotic removal from idealized
solutions to real matrices. A detailed kinetic and mechanistic study on tetracycline photolysis in the
presence of humic-like surrogates (tannic acid and gallic acid) underscores the non-trivial, and partly
counter-intuitive, role of NOM [231]. When these NOM analogues were introduced under UV
irradiation, the overall disappearance of tetracycline became slower, even though the indirect,
ROS-mediated routes were actually promoted. In other words, NOM simultaneously acts as a
photosensitizer that opens additional reaction channels and as an inhibitor that suppresses the most
efficient, direct excitation of the antibiotic [231,232]. This duality is precisely what many simplified
studies fail to capture when they evaluate catalyst performance in NOM-free media and then generalize
those trends to natural waters. Mechanistically, the work reveals that aromatic NOM components
strongly compete with the antibiotic for incoming photons and thus attenuate direct photolysis.
Spectroscopic analyses show that tannic and gallic acids exhibit humic-like fluorescence signals, which
are quenched progressively as tetracycline concentration increases, indicating intimate interaction and
excited-state quenching between the drug and the NOM matrix [231,233]. Such quenching is consistent
with the formation of ground-state complexes and with deactivation of NOM triplet states that would
otherwise participate in ROS generation. In parallel, however, excitation of these humic-like species
gives rise to singlet oxygen and related reactive intermediates, which mediate an indirect oxidative
attack on tetracycline [232,234]. The net observed outcome is therefore a redistribution: the
contribution of NOM-sensitized pathways increases, but the suppression of direct absorption by the
antibiotic dominates, leading to a lower apparent degradation rate. Importantly, despite this pronounced
kinetic influence, NOM does not substantially alter the distribution of phototransformation products,
indicating that it primarily modulates reaction rates rather than fundamentally changing degradation

pathways [230,231].



In addition to NOM, dissolved inorganic ions present in natural and engineered waters can significantly
modulate photocatalytic antibiotic degradation by interacting with reactive intermediates or affecting
surface reactions. Studies on Bi>O3/Ti**-TiO2 p—n heterojunctions for visible-light degradation of
tetracyclines (TC, OTC, TCH) provide a representative example of such matrix effects [229].
Systematic tests with common cations (K*, Na*, Ca*") revealed negligible influence on tetracycline
degradation, suggesting that these species mainly behave as background electrolytes under typical
experimental conditions [229]. In contrast, the impact of anions is more pronounced and strongly
species-dependent. The addition of Cl- and NO;~ at concentrations of 0.02—0.10 mol L' did not
significantly inhibit tetracycline removal, indicating limited interaction with the dominant oxidative
species responsible for degradation. However, the presence of SO4>~ produced a measurable reduction
in degradation efficiency, which was attributed to its role as a radical scavenger that competes with
tetracycline for reactive oxygen species generated on the catalyst surface [229,232]. Experiments
conducted in real water matrices such as tap, mineral, and river water further confirmed that mixed
ionic compositions can introduce moderate inhibition through combined radical scavenging,
competitive adsorption, and light-screening effects, although the photocatalytic system maintained
overall activity [229]. These observations highlight that the influence of inorganic ions on antibiotic

degradation is highly ion-specific and closely linked to the dominant reaction mechanism.

Beyond inorganic constituents, antibiotics in wastewater typically coexist with a wide range of
additional organic and inorganic contaminants originating from industrial, agricultural, and municipal
sources. Such pollutant mixtures can substantially influence photocatalytic reactions by altering
charge-carrier dynamics and redistributing redox processes among different substrates. Evidence for
this behavior is provided by mixed-pollutant photocatalytic systems involving Cr(VI) and nitrophenol
derivatives, where simultaneous reduction and oxidation reactions occur on the catalyst surface. In
these systems, photogenerated electrons are preferentially consumed in the reduction of Cr(VI) to

Cr(I1I), while photogenerated holes or derived oxidative species participate in the degradation of



nitrophenol compounds. This complementary consumption of charge carriers suppresses electron—hole
recombination and improves photocatalytic efficiency through more effective charge utilization
[228,235]. The extent of this cooperative behavior strongly depends on catalyst architecture and
interfacial charge-transfer pathways. For instance, oxygen-vacancy-rich BioMoOs coupled with
MIL-121 forms a heterostructured system that promotes spatial separation of photogenerated carriers,
enabling parallel reduction and oxidation reactions during the simultaneous removal of Cr(VI) and
2-nitrophenol [235,236]. Similarly, engineered dual heterojunction systems such as AgoO-Ag>CO3
/g-C3Ny facilitate directional charge migration and interfacial electron transfer, supporting concurrent
transformation of multiple pollutants through distinct oxidative and reductive pathways [237].
Nevertheless, pollutant coexistence does not always enhance performance. In many cases, different
contaminants compete for adsorption sites, reactive oxygen species, or photogenerated charge carriers,
which can suppress degradation efficiency. The overall outcome therefore depends on the relative
redox potentials of the pollutants, their adsorption affinity toward the catalyst surface, and the kinetics
of the competing reactions [235,238]. As a result, pollutant coexistence can either promote synergistic
redox utilization or introduce competitive pathways that diminish photocatalytic activity, underscoring

the importance of evaluating photocatalysts under realistic multi-component water matrices.

8- CONCLUSION

Environmental challenges are increasing and becoming more complex day by day. One of the most
important policies in developed countries is to pay attention to environmental issues of industries.
There are various pollutants in the environment, including noise pollutants, air pollutants, and
pollutants in wastewater. Among the various pollutants in wastewater, heavy metals, pesticides, toxins,
and drugs can be mentioned. The consumption of drugs is increasing due to advances in medical fields
and population growth, and this trend is expected to continue. Among drugs, antibiotics deserve special

attention due to their different applications in animal husbandry and the human sector. Drug pollutants



have complex structures and conventional methods increase in complexity due to the presence of
different antibiotics in water. Among the different methods for removing antibiotics, the most common
is photocatalyst, which leads to the conversion of antibiotics into simpler substances, water and carbon
dioxide. The use of different graphene structures alongside other photocatalysts leads to an increase in
the specific surface area and, consequently, an increase in antibiotic removal. Graphene has played an

effective role in the photocatalytic removal of antibiotics.

The graphene structure provides effective charge separation and improves the photocatalyst
performance. The addition of rGO to the BiVO4-ZnO structure leads to an 18.1% increase in the
removal of ciprofloxacin with an initial concentration of 10 mg/L in 60 min in the presence of visible
light. In the Cu-TiOz structure, the presence of GO leads to a 4.8% increase in the removal of 20 mg/L
antibiotic tetracycline hydrochloride in 90 min in the presence of UV light. Also, the energy
consumption per gram of antibiotic removed is 450.9 kWh/g, which is a high number on a laboratory
scale. The addition of rGO to the ZnO photocatalyst leads to a 34.8% increase in the removal of 1000
mg/L of chloramphenicol in 100 min in the presence of UV light. The addition of 8% rGO in the S@g-
C3N4/B@g-CsNy structure leads to an improvement in the photocatalytic performance of 45% and
38.8% compared to B@ g-C3N4 and S@ g-CsNy, respectively, in the presence of visible light and in 90

min for 10 mg/L chloramphenicol.

The heterojunction structure with different energy band positions leads to effective electron-hole
separation and broadening of light absorption and enhancement of redox potential. In p-n
heterojunction structure for CuO/Bi20,CO3/PEO photocatalyst, it leads to 14.2% increase over
Bi202CO3/PEO photocatalyst for removal of 20 mg/L Ciprofloxacin in 30 min under visible light. In
removal of 20 mg/L Ciprofloxacin in 48 min under visible light, ZnO-Ag>O/porous g-C3N4
photocatalyst has effective removal performance compared to single photocatalysts. Compared to
single ZnO photocatalyst, ZnO/MoS> heterojunction structure leads to 46% increase in performance of

16.57 mg/L Ciprofloxacin in UV light.



In the type II heterojunction structure, compared to the g-CsNs photocatalyst, the heterojunction
structure leads to a 72% increase in the removal of tetracycline antibiotic 10 mg/L in the presence of
visible light and a time of 60 min. In the CuO/ CuFe>O4 / g-C3N4 +PS heterojunction structure, the
heterojunction structure leads to a 48% increase compared to g-C3Ny4 +PS for tetracycline antibiotic 10

mg/L in the presence of sunlight in 30 min.

In the Z-scheme heterojunction structure, the Cu>0/Bi>03 heterojunction structure leads to a 23.23%
increase compared to Cu»0 for the removal of 20 mg/L of tetracycline in 60 min in the presence of
visible light. The heterojunction structure of Bi2017Cl2/Ag/AgFe0> leads to a 32.1% increase
compared to Ag/AgMO> leading to the removal of 40 mg/L of tetracycline in the presence of visible

light in 60 min.

The simultaneous combination of the heterojunction structure and the graphene structure leads to a
significant increase in the removal rate of the antibiotic. In the photocatalytic structure of
BiOI/ZnO/rGO, the removal rate of the BiOI/ZnO photocatalyst increases by 6% in the removal of 10
mg/L of chloramphenicol in 180 min in the presence of visible light compared to the ZnO photocatalyst,
while in the heterojunction structure of BiOl/ZnO with 5%wt rGO, the removal rate increases by 12%
compared to BiOI/ZnO. The removal rate of 20mg/L of amoxicillin in the presence of visible light and
in 240 min for WO3/AglI photocatalyst leads to an increase of 28.6% compared to WO3 photocatalyst,

while adding rGO to the WO3/AgI structure leads to an increase of 21.1% compared to WO3/Agl.

8-1-FUTURE DIRECTIONS
e Development of advanced photocatalyst architectures:

Future research should focus on designing novel photocatalytic structures such as MOFs, covalent
organic frameworks (COFs), and multifunctional nanocomposites with enhanced visible-light activity,

high stability, and large specific surface areas to improve antibiotic degradation efficiency[239,240].



e Integration of machine learning in photocatalyst discovery:

Machine learning techniques can accelerate the identification of optimal photocatalyst compositions
by screening large materials databases and predicting the most promising structures, synthesis routes,

and operational conditions for antibiotic removal.

e Optimization of Operational Parameters and Reactor Design:

Further research is required to optimize operational conditions such as pH, photocatalyst dosage, light
intensity, and pollutant concentration. In addition, the development of efficient photoreactor designs is

essential for improving degradation performance and enabling large-scale treatment applications [241].

e Coupling artificial intelligence with density functional theory (DFT):

The integration of artificial intelligence with DFT calculations can significantly accelerate the
discovery of new photocatalysts by rapidly predicting key material properties such as band structure,
optical absorption, and structural stability, thereby enabling efficient screening of large numbers of

candidate materials.
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