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ARTICLE INFO ABSTRACT

Keywords: Water scarcity and contamination are critical global concerns, with organic pollutants such as

Water Scarcity dyes, phenolic compounds, pharmaceuticals, and pesticides increasingly entering aquatic systems

(P;hm‘;catalysr and posing serious risks to ecosystems and human health. Among various treatment technologies,

O:aznfcneollutants photocatalysis has emerged as a sustainable and effective strategy for wastewater purification,
ganic potu particularly for degrading persistent organic contaminants. However, conventional metal-

Physicochemical

semiconductor photocatalysts suffer from inherent drawbacks, including limited visible-light
absorption, sluggish surface kinetics, and rapid electron-hole recombination, which restrict
their large-scale applicability. These challenges can be addressed by incorporating graphene and
its derivatives graphene oxide (GO) and reduced graphene oxide (rGO) which provide high
surface area, excellent electron mobility, and tunable chemical functionality, making them ideal
co-catalyst supports. Unlike numerous reviews that broadly summarize graphene-based photo-
catalysts, the present work adopts a pollutant-specific comparative framework. It systematically
evaluates the performance of graphene, GO, and rGO-based composites in degrading four major
categories of contaminants: dyes, phenolic compounds, pharmaceuticals, and pesticides. Special
emphasis is placed on understanding the role of operational parameters such as pH, oxidizing
agents, light wavelength, photocatalyst dosage, and pollutant concentration in influencing
degradation outcomes. Mechanistic insights, recyclability, and efficiency trends are critically
examined through case studies, highlighting both synergies and limitations across pollutant
classes. By adopting this targeted approach, the review not only underscores key advancements
but also identifies existing knowledge gaps, offering valuable perspectives for designing next-
generation graphene-based photocatalysts tailored to specific water pollutants.
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1. Introduction

‘Water’ is the most precious thing amongst all things available on Earth. Any kind of life on earth does not exist without water; it is
important to maintain quality of life and earth ecology (Rout and Jena, 2022a). Freshwater makes up just 3 % of all the water on Earth
and the rest 97 % is saline (Musie and Gonfa, 2023). The 3 % fresh water is made up of groundwater beneath the earth’s surface and is
haphazardly dispersed around the planet’s surface in the form of rivers, ponds, lakes, and many other species (Ahuja, 2021). Only
2.5 % of Earth’s total waters are drinkable freshwaters, with surface waters comprising 1.2 % of the quantity. The residual waters are
trapped behind the ice and within the soil. Lakes comprise 20.9 % of surface freshwaters, whilst rivers account for 0.49 %
(El-Ghonemy, 2012). Most of the water requirement for human use comes from rivers and lakes, accounting for 60 % of the overall
water. In the human body, 82 % of blood, 90 % of the lungs, and 95 % of brain contain water (Ramalingam et al., 2022). Water is an
essential element in all cells in human body, so this substance is termed the "building material” (Jéquier and Constant, 2010). Water is
employed for numerous applications, including culinary activities, sanitation, agriculture, and production. Water is a vital component
of the human body that fulfils essential hydration needs for life (Armstrong and Johnson, 2018).

In recent years, global water shortage has emerged due to insufficient freshwater to satisfy the demands of the present population.
The United Nations World Water Development report indicates that over 748 million individuals globally lack access to potable water,
and the demand for water in industrial manufacturing is projected to rise by 400 % by 2050 (Musie and Gonfa, 2023). The issue is more
severe in underdeveloped nations, with 3.2 million youngsters succumbing annually to inadequate sanitation and hazardous drinking
water (Zhou et al., 2018). In the past few decades, uncontrolled urbanization, intensive industrialization, growing population, and
unnecessary exploitation of natural water resources have negatively impacted the quality of fresh water, and a large amount of
pollutants were released into this freshwater resource (Baig et al., 2019).

Among the major contributors to water contamination are organic pollutants, which include dyes, pesticides, pharmaceuticals,
endocrine-disrupting chemicals (EDCs), and phenolic compounds (Si et al., 2022; Chakraborty et al., 2022; Shahryari et al., 2022).
Continuing discharging of contaminants from municipal activities, domestic, industrial, and agricultural sources into natural waters
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Fig. 1. Various water pollution sources.
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deteriorates the quality and quantity of resources of useable water (Liu et al., 2021; Mohan et al., 2014; Grandclément et al., 2017
Chowdhury et al., 2016) and Fig. 1 shows various reasons for water pollution. The wastes generated from agriculture polluted about
70 % of the world’s total usable water (du Plessis, 2022). Overdoing pesticides and fertilizers for more production has become the
principal source of water pollutions. The excess pesticides and fertilizers that are not used are sprayed on the surface of soil and, after
raining, mixes with the lake and river water, polluting it and poisoning the entire water ecosystem (Syafrudin et al., 2021). Table 1
shows the various pollutants released by various types of industries. Presence of organic dyes in water causes liver and kidney damage,
failure of heart, and teratogenic, carcinogenic, and mutagenic impacts on human cells (Vishnu et al., 2021; Rout and Jena, 2021,
2022a). Organic pollutants in water, including pesticides, EDCs, phenolic pollutants, and insecticides, have a variety of health con-
sequences on both humans and aquatic creatures (Al-Musawi et al., 2022; Bervia Lunardi et al., 2022; Zhu et al., 2022a). The above
pollutants in water can causes nephropathy, diarrhea, diabetes, skin anemia, and lung cancer (Zhu et al., 2022b; Santhosh et al., 2017).

Even at trace concentrations, these contaminants alter the physicochemical properties of water, disrupting pH, conductivity, and
dissolved oxygen balance. Such alterations not only degrade water quality but also pose serious risks to human health, leading to
cancers, organ damage, and reproductive disorders, while simultaneously harming aquatic biodiversity. Currently, several procedures
have found exploitation in the removal of pollutants from wastewater, viz. sedimentations, flocculation, and coagulations
(Al-Hamadani et al., 2016; Cheng et al., 2021), electrochemical separation (Thamaraiselvan et al., 2021), chemical precipitations
(Pohl, 2020), ion exchange methods (Charles et al., 2016), filtration techniques (Thamaraiselvan et al., 2021), sorption technologies
(Rout and Jena, 2021, 2022a, 2022a), photocatalysis (Rout et al., 2022), and biological processes (Cherniak et al., 2022; Daud et al.,
2022). Nonetheless, numerous treatment systems exhibit drawbacks, such as elevated operational costs, substantial sludge generation,
disposal challenges, protracted processes, and technical constraints for industrial exploitations (Rout and Jena, 2022b). Among these
photocatalytic degradation, categorized as an advanced oxidation process, has emerged as a highly efficient method for organic
pollutant remediation owing to its relatively low operational cost, minimal generation of toxic by-products, superior degradation
performance, and capability to mineralize persistent organic pollutants (Rout et al., 2025). Graphene and its derivatives are considered
as the most advanced supported materials for the synthesis of photocatalyst among all the carbonaceous materials because of their
unique characteristics (Table 2). Graphene and its derivatives have excellent properties such as large delocalized n-electron system,
enhanced active sites, high chemical stability, and very high surface area, making them efficient materials for wastewater treatment
application (Rout and Jena, 2022b).

Considering the growing challenges of water pollution, the present review begins with an overview of its impact on water resources
and a critical evaluation of conventional and emerging wastewater treatment strategies. It then focuses on the potential of graphene-
based photocatalysts, examining the synthesis and physicochemical properties of graphene, graphene oxide (GO), and reduced gra-
phene oxide (rGO). Particular attention is given to synthesis methods, the influence of structural and operational parameters on
photocatalytic degradation, and their role in improving treatment efficiency. Furthermore, the review highlights the fundamental
principles, underlying mechanisms, recent developments, and key outcomes associated with graphene-supported semiconductor
catalysts, supported by schematic illustrations for clarity. The growing importance of graphene-derived photocatalysts in addressing
water contamination underscores the need for this comprehensive analysis. Despite extensive studies on graphene, GO, and rGO in
photocatalytic systems, there remains a lack of focused examination of how these materials function synergistically to enhance the
degradation of organic pollutants.

2. Various methods for water treatment

To enhance the quality waters, mitigate health issues and diseases, and provide a conducive habitat for marine creatures, it is
imperative to address the treatment of constantly released wastewater from diverse sources. Currently, several procedures have found
exploitation in the removal of pollutants from wastewater, viz. sedimentations, flocculation, and coagulations (Al-Hamadani et al.,
2016; Cheng et al., 2021), electrochemical separation (Thamaraiselvan et al., 2021), chemical precipitations (Pohl, 2020), ion ex-
change methods (Charles et al., 2016), filtration techniques (Thamaraiselvan et al., 2021), sorption technologies (Rout and Jena, 2021,

Table 1
Various types of pollutants released by various industries.

Type of Industry

Major Pollutants Released

Specific Examples

Glass industries
Chemical fertilizer
industries

Paper industries
Leather industries

Sugar industries
Textile industries

Pharmaceutical
industries
Agrochemical industries
Oil refinery/
Petroleum industries

Heavy metals
Nutrients, salts

Organochlorines, furans, phenolic compounds
Heavy metals, dyes, salts, solvents

Organic load, biodegradable waste
Dyes, pigments, surfactants, detergents

Active pharmaceutical ingredients (APIs),
antibiotics, hormones

Pesticides, herbicides, insecticides
Hydrocarbons, phenolics, polycyclic aromatic
hydrocarbons (PAHs)

Chromium (Cr), Iron (Fe), Cadmium (Cd), Nickel (Ni)
Ammonia (NHs), Potassium (K*), Phosphorus (PO3), Urea

Dibenzo-p-dioxin, Benzofuran, Chlorophenols

Chromium salts (Cr**, Cr®"), Sulfides, Alkalis, Acid dyes (Reactive Black 5),
Solvents

Alcohol, Molasses, Sucrose, Lignocellulosic residues

Azo dyes (Methyl Orange, Congo Red), Reactive dyes (Reactive Blue 19),
Pigments (TiO,, carbon black)

Diclofenac, Ibuprofen, Ciprofloxacin, Sulfamethoxazole, Estradiol

Atrazine, Malathion, Glyphosate, Endosulfan
Benzene, Toluene, Xylene, Naphthalene, Phenol
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Table 2

Properties of single layer graphene at room temperature.
Characteristics Value
Optical transparency 97 %
Bond length of C—C 0.142 nm
Specific surface area (BET surface) 2630 m?/g
Thermal conductivity 5000 W/m.K
Young modulus 1100 Gpa
Resistivity 10-6 Q cm
Carrier density 1012 cm™2
Fractural strength 125 GPa
Electron mobility 200,000 cm?/V.s

2022a, 2022a), photocatalyses (Rout et al., 2022), and biological processes (Cherniak et al., 2022; Daud et al., 2022). Nonetheless,
numerous treatment systems exhibit drawbacks, such as elevated operational costs, substantial sludge generation, disposal challenges,
protracted processes, and technical constraints for industrial exploitations (Rout and Jena, 2022b).

Conventional wastewater treatment methods, including physical approaches such as adsorption, sedimentation, coagulation, and
membrane filtration, as well as chemical and biological treatments, are effective in removing contaminants to some extent. However,
these processes often face significant drawbacks when dealing with complex or synthetic pollutants. Physical methods generally
require subsequent treatments to prevent secondary pollution and frequent regeneration of the treatment medium (Singh et al., 2023).
Chemical oxidation processes such as chlorination (Kumari and Kumar, 2023), ozonation (Lim et al., 2022), electrochemical oxidation
(Jiang et al., 2021), Fenton oxidation (Walling et al., 2021), and sonolysis (Madhavan et al., 2019) are capable of degrading organic
pollutants but are hindered by high operational costs, formation of hazardous by-products, odor issues, limited compatibility with
certain contaminants, and safety concerns. These treatment methods used various chemical reagents such as copper-silver ionization
system, chlorine dioxide, peroxone (ozone and H205), chlorine, hypochlorite, chloroisocyanurate, or Fenton’s reagent, KMnOg, for the
complete degradation of pollutants to inorganic ions, HyO, and CO (Cuerda-Correa et al., 2019). Moreover, the use of chlorine and its
derivatives is associated with the generation of carcinogenic disinfection by-products, and certain microorganisms exhibit resistance,
necessitating higher dosages (Deborde and von Gunten, 2008). Biological methods, including slow sand filters and biologically active
carbon systems, are environmentally friendly but insufficient to cope with recalcitrant or emerging pollutants. These limitations
highlight the inadequacy of conventional treatment methods for addressing complex wastewater matrices. Consequently, advanced

*  Requires more energy — p. oo o
*  High utility cost = .

*  Requires enorgy
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*  Difficult to install

Coagulation . Needs Chemicals
& . Produces M!.
Flocculation * Formation of large particles
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Fig. 2. Conventional water treatment technologies and their disadvantages, Reprinted with permission from (Rout et al., 2023), copyright 2023
Elsevier, License no. 5881891096511.



D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

oxidation processes (AOPs) have gained prominence as promising alternatives, offering the potential for complete mineralization of a
wide range of persistent organic contaminants into harmless end products such as CO, H30, and inorganic ions.

3. Advanced oxidation process (AOPs)

AOPs are potential strategies for mineralizing extremely stable organic contaminants such as pesticides, surfactants, phenolic
wastes, coloring chemicals, and some difficult-to-degrade inorganic contaminants (Kumari and Kumar, 2023). Additionally, AOPs are
effective for wastewater treatment since they may directly harness solar power for disinfection and chemical cleansing (Cheng et al.,
2016). The photocatalytic degradation process is an advantageous alternative and environmentally friendly water treatment approach
for decontamination and water disinfection. The technique is of great photochemical stability and efficiently uses solar light and visible
light illumination for waters’ treatments (Ren et al., 2021). By converting dangerous molecules into non-toxic forms or destroying
them entirely, the photocatalytic remediation method removes organic pollutants from polluted water without leaving any harmful
byproducts behind.

In photocatalytic reaction, the most important and core of the technology is ‘photocatalyst” which composed of two parts i.e. photo
means light, which will be used for photon energy source and catalyst which is used to enhance the speed of a chemical reactions by
reducing the activation energy (E,) (Mohamadpour and Amani, 2024). For photocatalysis to occur, the energy of the photons must be
more than or equal to the band gap energy, which is the difference between the photocatalyst’s VB (valence band) and CB (conduction
band) (San Martin et al., 2020). When light falls on the metal semiconductor it emits an electron (e”)/hole (h™) pairs and then, because
of band gap energy difference, the e transfers from the VB to the CB (Cerrato and Paganini, 2020). The h™ present in the VB of the
metal-semiconductor then either degrade water to produce hydroxyl radical (OH®) or oxidize the pollutant to form nontoxic product
whereas excited e” present on CB reduces the dissolved oxygen (O2) to form superoxide radical (*0;) (Pavel et al., 2023). The
contaminant or pollutant’s organic groups are attacked by the OH® and *Oj, free radicals, which then undergo a series of reactions that
either render the organic pollutants harmless or cause them to breakdown entirely into CO5 and H2O (Lu et al., 2024). While pho-
togenerated ™ and h™" couples do have a photocatalytic efficiency, they recombine quite easily (Zhou et al., 2024). For this reason, it is
important to regulate or reduce the recombination of photogenerated charge carriers in order to augment the photocatalytic activities.
The ideal properties which should a photocatalyst requires are inexpensive applicability, cheapness, high surface area, easiness in
handling, good crystallinity, non-toxicity, etc., and must not create harmful by-products (Pavel et al., 2023). Fig. 3 illustrates the
photocatalytic mechanism, and the Egs. provide the basic photocatalytic processes.

Photocatalyst + photon energy (hv) — Photocatalyst (eg; +hyj)
Photocatalyst(e;;) + O,—Photocatalyst + O,

Photocatalyst (hyg) + HoO — + Photocatalyst + OH® + H'

Pollutants

\j CO, + H,0
€ o
Light Energy
\ CB P
@,

Catalyst

Pollutants

CO, + H,0

Fig. 3. General photocatalytic mechanism.
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Photocatalyst (ecs)+ ®OOH + H' — Hy05 + Photocatalyst
H,0; + Photocatalyst(ecg)>OH™ + ®0OH
Pollutant + ®OH — Degradation Products
Pollutant + e~ — Reduction Products
Pollutant +hyg— Oxidation Products
Pollutant + ¢O, —Degradation Products

Yet, a greater part of photocatalysts experience various disadvantages and have restricted their photocatalytic execution. Many
metals and metal oxides, including Mny03, MoS,, BiOBr, TiO3, ZnO, CdS, etc., are highly regarded as photocatalysts, owing to their
remarkable photocatalytic activity and suitable band gaps. However, these materials also have some bottlenecks such as having a fast
recombination rate of e /h™ pair, insufficient response to visible light, and insufficient contact with pollutant molecules (Kusmierek,
2020). To improve these drawbacks, in recent years the metal semiconductors are combined with graphene and its derivatives to form
a highly effective photocatalyst that efficiently degrade pollutants (Zhang et al., 2023). Graphene and its derivatives are considered
highly advanced materials for enhancing the photocatalytic performance of semiconductors due to their outstanding properties, which
are summarized in Table 2. The efficient use of graphene and its derivatives in wastewater treatment is due to their remarkable
features, including a huge delocalized n-electron systems, improved active locales, great chemical stabilities, and a large surface areas
(Assafi et al., 2025; Jiang et al., 2025).

Graphene and graphene-based composites stand out as attractive options for photocatalysis compared to other nanocomposites and
conventional AOPs due to their unique physicochemical properties. Graphene offers an exceptionally large surface area, high electron
mobility, and excellent adsorption capacity, which enhance light absorption and charge carrier separation, thereby improving pho-
tocatalytic efficiency (Rout et al., 2025). When combined with semiconductors or metals, graphene derivatives such as GO and rGO act
as electron acceptors and transporters, minimizing recombination losses. Unlike traditional AOPs that often require harsh conditions,
costly reagents, or generate secondary pollution, graphene-supported photocatalysis is more sustainable, efficient under mild con-
ditions, and suitable for large-scale water purification. These advantages make graphene composites highly promising for environ-
mental remediation applications.

4. Graphene and its properties

Graphene, a sheet of carbon with only one layer, was created in 2004 by Geim and Novoselov. The carbon atoms in graphene sheets
are organized in a flat 2D (two-dimensional) layers in honeycomb-like lattice structures (Geim and Novoselov, 2007). The carbon
family can be completed by rolling it into 1D carbon nanotubes, stacking it into 3D graphite, and wrapping it into OD fullerene, all in
terms of dimensions (Fig. 4) (Zhao et al., 2020). In contrast to other nanosystems, the graphene’s delocalized n-electrons offer stability.
Graphene is an exceptional material, characterized by an electron mobility of 200,000 cm?/V-s, an optical transparency of

2D Graphene

Stacked\

Wrapped Rolled %,%’5%;;;' %

R
f%.;‘;%{j;.,.,} L [337A
G

EEa s

0D Fullerence 1D Carbon nanotube 3D Graphite

2o

so
pety

e

&

Fig. 4. Graphene, the mother of all graphitic forms from 2D graphene to OD fullerene, 1D carbon nanotube, and 3D graphite, Reprinted with
permission from (Zhao et al., 2020), copyright 2020 Elsevier, License no. 5882911199229.
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approximately 97.3 %, and an impressive thermal conductivity of 3000 W/m-K (Ranjan Rout and Mohan Jena, 2022; Khaliq et al.,
2025). Graphene, with a thickness of only 0.335 nm, is the most ultra-thin substance that has ever been created (Singh et al., 2025).
Graphene stands out due to its exceptionally high surface area, measuring around 2630 m?/g and this value surpasses that of carbon
nanotubes (1315 mz/g) and graphite (~10 rnz/g) (Sahu et al., 2021). Current applications of graphene in engineering include aero-
space, sound sensors, biomedical devices, organic light-emitting diodes, energy storage devices, biosensors, protection coatings, in-
tegrated circuits, and wastewaters treatments among others (Bai et al., 2025; Zia et al., 2025). Because of graphene’s usefulness,
scientists throughout the world are investigating its applications as well as those of related materials, such as GO and rGO.

The potential environmental benefits of compounds based upon graphene, like the ability to adsorb and photodegrade contami-
nants in water, have picked the curiosity of scientists all around the globe. The adaptability of graphene and its derivatives to degrade
an ample range of organic contaminants has driven this growing interest. As photocatalysts, GO and rGO have been found to have
extensive usage in the degradation of organic pollutants from waters. The characteristics of pure graphene are similar to those of GO
and rGO, however they differ slightly. Graphene in its purest form lacks any functional groups, while GO and rGO have all sorts of them
attached to their surfaces and edges, including carboxyl (-COOH), hydroxyl (-OH), and carbonyl (-C—=0) (Rout and Jena, 2022a). Both
rGO and GO are functional groups that can degrade organic contaminants, which makes them a good candidate for this task. In-
teractions with other aromatic contaminants can occur through electrostatic and n-n interactions due to the cyclic aromaticity seen in
GO and rGO. Graphene, the "God gifted two-dimensional (2D) material," provides an exceptional platform for semiconducting pho-
tocatalyst materials due to its ample surface area, brilliant electrical conductivity, and flat surface area (Khan, 2024).

5. The necessity of this review

Composite photocatalysts based on graphene, GO, and rGO have been studied for the effective removal of organic contaminants
from wastewaters, including chemicals that disturb endocrine systems (Wang et al., 2014), phenols (Kim et al., 2019), chlorophenols
(Sharma and Lee, 2016), pesticides (Zhu et al., 2020), dyes (Rout et al., 2022), and emerging pollutants (Olatunde and Onwudiwe,
2021). The literature that is now available frequently concentrates on discrete topics like synthesis techniques, energy storage uses, or
particular pollutant degradation mechanisms (Table 3). This all-encompassing strategy will give scientists and industry professionals a
strong basis for developing graphene-supported photocatalysis for the degradation of organic contaminants. Fig. 5(a) demonstrate the
number of scientific publications published related to various organic pollutant degradation using graphene-, rGO-, and GO-based
photocatalyst with the keywords “Graphene” and “Photocatalysis” for the previous 10 years. The use of graphene-based photo-
catalysts for the degradation of various pollutants is increasing rapidly, as seen in Fig. 5(a). Consequently, as can be grasped from Fig. 5
(b), the number of review publications covering this topic is rising annually. A lot of research on using graphene and graphene-based
materials to purge and disinfect water has been completed. Given the aforementioned, this review article compiles the relevant
research on graphene and its derivatives as a photocatalyst for the organic pollutant degradation that has previously been published.

6. Synthesis techniques and properties of graphene-supported materials

The crystal structural form of graphene is shown in Fig. 6a. It can be seen that a honeycomb-like structure are formed between the
carbon atoms and this is visible due to the presence of n and ¢-bonds. The various synthesis routes which are currently available for
graphene synthesis are chemical vapor decomposition (CVD) (Zhang et al., 2013), chemical reduction of exfoliated graphene oxide
(Stankovich et al., 2007), bottom-up synthesis from organic molecules (Mbayachi et al., 2021), liquid phase utilization (Ghanbari
et al., 2019), carbon nanotube unzipping (Mondal et al., 2018), and epitaxial growth of SiC (Yazdi et al., 2016). The benefits and
bottlenecks of the several graphene production processes are detailed in Table 4. Although it has its limits, chemical reduction of GO
stands out among these strategies for preparing large amounts of graphene. Graphene synthesis nearly always results in compounds
and dispersions that are not monodisperse, and mass-producing single-layer graphene is an extremely expensive ordeal.

Epitaxial growth of graphene involves thermal decomposition of silicon carbide (SiC) at high temperatures, where silicon atoms
sublimate leaving behind graphitized carbon layers (Idczak et al., 2025). This method yields wafer-scale, high-quality graphene
directly on insulating substrates, suitable for electronic applications. Micromechanical exfoliation, also known as the “Scotch tape
method,” involves repeatedly peeling layers from bulk graphite using adhesive tape to obtain single or few-layer graphene (Goodrum
et al., 2024). This technique produces high-quality defect-free graphene, though with very low yield and scalability. CVD synthesizes
graphene by decomposing hydrocarbon gases (e.g., methane) on metal substrates like copper or nickel at high temperatures (Nam
et al., 2024). It enables large-area, uniform, and high-quality graphene films suitable for industrial applications. The colloidal sus-
pension method produces graphene by liquid-phase exfoliation of graphite in suitable solvents or with surfactants, yielding stable
graphene dispersions (Sellathurai et al., 2023). This approach is cost-effective, scalable, and ideal for solution-processed applications
like coatings and inks. The unzipping of carbon nanotubes (CNTs) method involves oxidative, plasma, or chemical treatments that
longitudinally cut CNTs into graphene nanoribbons (Yang et al., 2016). This technique yields narrow, edge-functionalized graphene
structures with unique electronic and chemical properties. The GO reduction method synthesizes graphene by chemically, thermally,
or electrochemically reducing graphene oxide to remove oxygen-containing groups. It is a scalable and low-cost approach, though the
resulting graphene often contains residual defects.

Oxidized GO is a reactive species because of numerous oxygenated functional groups on its surface (Fig. 6b) (Rout and Jena, 2023).
In addition, GO is a type of monolayer graphite oxide that can be created by exfoliating multilayer graphite oxide using methods such
as mechanical stirring, rapid heating, sonication, arc discharge, or microwaves (Zhao et al., 2015). While there are a number of viable
options for GO synthesis, the most effective one is the Improved Hummer’s approach. The Improved Hummer’s approach is a
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Table 3
Some reviews which have previously been published regarding the use of graphene-supported photocatalysts for decomposition of organic
contaminants.

Titles Summaries Bridged gaps in the current work Ref.

An evaluation of the improved catalytic The review reports the enhancement of A more comprehensive analysis isneeded to ~ (Abuzeyad
performance of rGO/GO-hybrid- photocatalytic degradation and antibacterial ~ explore characteristics, synthesis processes, et al., 2023)
nanomaterials in photocatalytic activity of rGO/GO composites through and degradation mechanisms of graphene-
degradation and antibacterial activity synergistic redox reactions, focusing on supported photocatalysts in wastewater
processes for wastewater treatment: A flexible production methods enabling treatment, along with a look at long-term
review applications in heterogeneous catalysis. The viability, cost-effectiveness, and

review also focuses on improving sustainability.
performance and addressing existing
limitations.
Graphene-based materials for metronidazole Focuses specifically on the use of graphene- A broader perspective is needed to be (Vasseghian

degradation: A comprehensive review

Remediation of pharmaceutical pollutants
using graphene-based materials - A review
on operating conditions, mechanism and
toxicology

Graphene-based photocatalysts for
degradation of organic pollution

Graphene-based nanocomposites and
nanohybrids for the abatement of agro-
industrial pollutants in aqueous
environments

Application of graphene-based materials for
removal of tetracyclines using adsorption
and photocatalytic-degradation: A review

Graphene composites in photocatalytic
oxidation of aqueous organic
contaminants — A state of art

Spotlighting graphene-based catalysts for the
mitigation of environmentally hazardous
pollutants to cleaner production: A review

Recent developments of two-dimensional
graphene-based composites in
visible-light photocatalysis for eliminating
persistent organic pollutants
from wastewater

Carbon nitride- and graphene-based materials
for the photocatalytic degradation of
emerging
water pollutants

based materials for the adsorption and
photocatalytic degradation of metronidazole
(MNZ), analyzing influencing parameters
and basic mechanisms.

Reviews the use of graphene-based materials
for removing ibuprofen and ciprofloxacin
from water via adsorption, photocatalysis,
and electro-Fenton processes, focusing on
operating conditions and mechanisms.

Concentrates on the synergistic effects of
graphene with various semiconductors in
photocatalytic degradation, providing an
overview of synthesis, characterization, and
performance.

Reviews graphene-based nanocomposites for
agro-industrial pollutant removal,
highlighting their physicochemical
properties and functionalization methods
graphene. It emphasizes graphene’s potential
in environmental remediation but lacks
details on degradation mechanisms,
sustainability, and cost-effectiveness.
Focuses specifically on the application of
graphene-based materials for the removal of
tetracyclines from aqueous media by
adsorption and photocatalytic degradation.

Discusses the fundamental characteristics of
graphene composites for photocatalytic
enhancement, preparation methods,
applications in treating organic compounds,
and speculated mechanisms. Also, it
examines graphene derivatives’ crystal and
electronic properties and their role as
photocatalytic materials.

The article highlights the benefits of
graphene-based catalysts for organic
pollutant degradation, discusses challenges
in synthesizing graphene and its derivatives,
and mentions various performance
parameters.

Mentions the promise of two-dimensional
graphene composites for photocatalysis and
removing persistent organic pollutants.
Discuses challenges like carrier
recombination and factors influencing
photocatalytic efficiency in wastewater
treatment to some extent.

Highlights recent developments in carbon
nitride- and graphene-based photocatalysts,
focusing on GCN activity enhancement and
graphene’s role as a support.

offered by examining general organic
pollutants, thus widening the applicability
of the findings in studies related to
graphene-supported photocatalysts.

There is a need for critical evaluation of
graphene, GO, and rGO-based
photocatalysts for organic pollutant
degradation, detailing parameters (pH,
light, etc.), mechanisms, recyclability, and
case studies.

Comprehensive evaluation of graphene, GO,
and rGO-based photocatalysts for organic
pollutant degradation is scientifically
necessary for researchers.

Lacks comprehensive analysis of
photocatalytic mechanisms, real-world
application challenges, graphene’s
synergistic effects, long-term viability,
economic considerations in wastewater
treatment, etc.

Providing a broader analysis of graphene-
based photocatalysis, considering multiple
organic pollutants beyond tetracyclines and
addressing the role of different components
and parameters is necessary.

A more detailed analysis of degradation
parameters (pH, light wavelength), catalyst
mechanisms, recyclability, and an up-to-
date comprehensive view of graphene-
supported photocatalysts in wastewater
treatment is necessary.

A comprehensive analysis of the
interactions among graphene, GO, rGO, and
other components, emphasizing their
combined impact on pollutant degradation
mechanisms. A discussion of eco-friendly
production methods of graphene-based
materials, ensuring a focus on sustainability
in wastewater treatment applications.
Analyzing key factors affecting
photocatalytic performance.

Detailed examination of the synergistic
effects of graphene-supported
photocatalysts on the degradation
mechanisms of various organic
contaminants, discussing challenges, as well
as in-depth analysis of critical variables
affecting photocatalytic performance.
Analysis of the interactions among
graphene, GO, rGO, and other components,
emphasizing their combined impact on
pollutant degradation mechanisms. A

et al., 2022a)

(Akash et al.,
2022)

(Zhang et al.,
2023)

(Farhan et al.,
2022)

(Minale et al.,
2020)

(Karim and
Selvaraj,
2021)

(Vasseghian
et al., 2022b)

(Zhang et al.,
2020)

(Budiarso
et al., 2024)

(continued on next page)
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Table 3 (continued)

Titles Summaries Bridged gaps in the current work Ref.

discussion of eco-friendly production
methods of graphene-based materials,
ensuring a focus on sustainability in
wastewater treatment applications.
Analyzing key factors affecting
photocatalytic performance.

Recent advances and prospects on the r-GO Summarizes the properties and green A broad review of graphene-supported (Shukla et al.,
incorporated metal oxide semiconductors  synthesis of r-GO based materials for organic  photocatalysts, including characteristics, 2025)
for enhanced photo-adsorptive abatement =~ wastewater pollutant removal, focusing onr-  synthesis, degradation mechanisms, and
of toxic wastewater pollutants GO composites with metal oxides. real-world applications in wastewater

treatment.

Graphene-based TiO, composites for The article discusses graphene-based TiO2 Instead of analysis of narrow group of (Purabgola
photocatalysis & environmental composites related photocatalysts, providing a et al.,, 2022)
remediation: synthesis and progress for photocatalysis, focusing on their synthesis ~ comprehensive analysis of graphene-

and applications in wastewater treatment for ~ supported photocatalysts is necessary.
removal of some dyes.
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Fig. 5. Number of (a) Review articles and (b) Research articles published from year 2014 — 2024 for photocatalytic degradation of organic con-
taminants by using keywords graphene-, GO-, and rGO-based photocatalyst acquired from Scopus database.

cost-effective technique relative to the synthesis of monolayer graphene. This process involves in an acidic solution. The graphite
powder is chemically oxidized, giving rise to the fabrication of various functional moieties such as -COOH at the ends, while -C—=0 and
—OH moieties are produced in the basal planes (Rout et al., 2019; Rout and Jena, 2022c). Due to these functional groups, GO exhibits
inherent hydrophilicity, making it appropriate for waters treatment applications. Due to the existence of several functional groups on
graphene oxide layer surfaces, the depth of single-layer graphene oxide ranges from 0.7 to 1.2 nm, which is more than original
graphene (0.335 nm) (Rout et al., 2023). Graphene oxide can be described as an extraordinarily generous support, resembling a pliable
membrane, anisotropic, colloid, 2-D polymer, liquid crystal, and even amphiphilic solid (Padmajan Sasikala et al., 2018). The func-
tional groups on GO enable its functionalization with various materials for diverse applications.

Reduced graphene oxide (rGO), the reduced form of graphene oxide (GO), is produced through the chemical reduction of GO, or
through hydrothermal and thermal hardening techniques (Fig. 6¢). The reduction of some oxygenated functional groups in rGO allows
for its repeated modification through physical sorption of small molecules and polymeric materials through n-n stacking or non-
covalent van der Waals force (Dreyer et al., 2010). Because of this, rGO and the related composite materials have gained a lot of
attention and are being considered for a number of potential uses, one of which being water purification. The biocompatibility and
distinctive characteristics of graphene have made it an attractive candidate for use as a nanocomposites’ support material. 2-D gra-
phene (Fig. 6a) has higher surface area than other materials which contains carbon, fullerenes, carbon nanotubes, and activated
carbon. In addition to preventing the aggregation of metal oxides adsorbed on its surface, the increased surface area promotes
interfacial interaction with other inorganic/organic equivalents (Zhu and Xu, 2016). Nanocomposites made of immobilized nano-
materials, like metal oxides, can reduce graphene aggregation by acting as spacers between graphene nanosheets. Nanocomposites
made of graphene have numerous desirable qualities, such as biocompatibility, an easy way to functionalize them chemically, and
good water dispersion (Li et al., 2021).

Due to its sensitivity to oxidative environments, graphene’s use as a catalyst on its own is problematic, since its bandgap value is
0 eV (Nandee et al., 2022). As a result, various systems that incorporate modified-metal oxide/graphene or metal oxide/graphene
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Fig. 6. Crystal structures of (a) Graphene, (b) Graphene oxide, and (c) reduced Graphene oxide.
composites have been investigated for applications involving processes like nanoelectronics, conversion of CO; into non-toxic prod-

ucts, storage of hydrogen, wastewater remediation, water splitting for green Hy generation, indoor air purification, sensors, and
supercapacitors, and self-cleaning surfaces. The foundation of these applications primarily stems from their extended absorption of
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Table 4
Benefits and drawbacks of various synthesis methods of graphene.
Synthesis method Advantage Limitation
Epitaxial growth e High quality of graphene e Economically not viable
o Few defects. e More temperature required
Micro mechanical e Less defects e Mass production is not feasible
exfoliation e Easy process e Poor reproducibility
o For fundamental research it is better suited
e Excellent quality of graphene
CVD e High quality graphene. e Poor scalability.
e Limited number of defects. e Expensive.
e Mass production.
e Large area.
Colloidal suspension e Scalable e Substantial number of defects.
e High volume of production
Unzipping of CNTs e Appropriate for chemical functionalization. e More expensive
e Scalable with controlled width and edge structures. e Less production
GO reduction e Mass production. e Substantial number of defective locales
e Economical and facile technique.

light photons, increased stability, enhanced electron-hole separation and migration, and concurrently improved adsorption capacity
(Etacheri et al., 2015). Recently, graphene-based photocatalyst has emerged as a viable, environmentally suitable, and cost-efficient
technology for waters purification, with numerous visible-light photocatalysts fabricated and evaluated for waters decontamination
(Sun and O’Connell, 2022). Research has confirmed that using graphene as a substrate for anchoring catalytic nanoparticles (NPs)
creates new opportunities for developing a novel generation of catalysts (Garcia-Zaragoza et al., 2023). Composites made of graphene
and semiconductors or metal nanoparticles have opened up new avenues for use in water purification. Research over the last several
decades has shown that heterogeneous photocatalysis is crucial to achieving very high photocatalytic efficiencies. However, as pre-
viously stated, many photocatalysts have limitations that limit their practical application, such as high band gap, high aggregation, low
quantum yield, inefficient solar light harvesting, low stability, etc. One easy way to improve graphene’s photocatalytic activity and
stabilities is to mix it with nanoparticles and metal oxide semiconductors.

7. Degradation of pollutants using graphene based photocatalyst
7.1. Photocatalytic degradation of dyes

Water pollution resulting from dye contamination is a crucial concern in contemporary society. Organic dyes are discharged into
aquatic systems through industrial effluents, agricultural runoff, and chemical mishaps (Kolya and Kang, 2024). Numerous processing
units in the pulp and paper, pharmaceutical, plastic, leather, textile, culinary, and paint industries utilize significant quantities of dye
and release dye effluents into environmental environments (Rout et al., 2023). The dyeing process necessitates substantial water usage,
which is continuously discharged into the environment. The acute toxicity, stability, and environmental persistence over extended
periods have raised significant concerns among societies and regulatory bodies worldwide. The presence of dyes in aquatic envi-
ronments obstructs light penetration, hence diminishing the photosynthetic activity of aquatic flora and lowering dissolved oxygen
concentrations in the water (Rout and Jena, 2022a). The effluent containing harmful and carcinogenic colours produced by dyeing
companies is poisonous to fish, aquatic microbes, and animals, posing significant hazards to aquatic plants’ photosynthesis and thus
leading to the degradation of the aquatic ecosystem (Rout and Jena, 2022d). Dye effluents from the photographic and textile industries
pose a significant environmental challenge due to their toxicity, undesirable colouration, resistance to chemical, biological, and
photochemical degradation and elevated chemical oxygen demand (Rout and Jena, 2021). Dyes can induce allergic reactions,
including contact dermatitis, respiratory ailments, irritation of the eyes and respiratory tract, and may even contribute to cancer in the
kidneys, urinary bladder, and liver (Rout et al., 2022). Consequently, rapid, efficient, and economical technologies are necessary to
eradicate the dyes prior to their discharge into water bodies. The primary environmental impacts of dyes include the mortality of soil
microorganisms and the discoloration of aquatic ecosystems; therefore, the removal of dyes from industrial effluent is critically
important.

To process these environmentally toxic effluents, a variety of treatment technologies have been employed including coagulation-
flocculation (Ibrahim et al., 2024), membrane separation (Yang et al., 2024), solvent extraction (Adedokun et al., 2018), and reverse
osmosis (Gubari et al., 2023). The remediation of environmental pollutants in wastewater by active semiconductor photocatalysts has
garnered significant interest due to their capacity to entirely decompose organic toxins into COs, HO, and minerals.
Semiconductor-based photocatalysis is the most promising technique, owing to the potential uses, particularly in the degradation of
organic pollutants (Wu et al., 2023). Various influential parameters, like catalyst dosage, solution pH, initial concentration of pol-
lutants, the intensity of irradiation light, irradiation time, influence of coexisting ions, and oxidizing species are optimized. The
experimental kinetic results of the photocatalytic degradation process are fitted with several kinetic models such as pseudo-first order
reactions (De Mello Peters et al., 2018; Sarwar et al., 2023), Langmuir-Hinshelwood first-order kinetics (Rout et al., 2022), and the
pseudo-second-order kinetics. More and more, graphene, GO, rGO, and composites of these materials with metals and oxides are being
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used as photocatalysts to degrade pollutants. Composite substances based upon graphene have emerged as the gold standard in
wastewater treatment, owing to the offered distinct properties, which include extremely mobile charge carriers, a wide variety of
functional groups, a large specific surface area, a low recombination rate, and a low band gap (Cheng et al., 2022). The present section
delineates the publications of several researchers about the photocatalytic degradation of dyes with graphene-based catalysts.

Table 5 delineates the experimental circumstances, pollutants, and degradation efficiencies of several graphene- and its derivatives-
based composites utilized as photocatalysts for the dye decomposition. In their study, Rout et al., (2022) investigated the use of a
ternary composite of graphene oxide, zinc oxide, and manganese oxide (GO-ZnO/Mn,03) to decompose malachite green (MG) dye
when exposed to solar light (Rout et al., 2022). The photocatalyst showed tremendous degradation capability owing to its low bandgap
energy of 1.6 eV and large specific surface area of 75.35 my/g. Due to its high surface area, it can adsorb more amount of MG dye on its
surface which was later degraded by the GO-ZnO/Mn3Os catalyst. Also, the low band gap energy facilitates the easy transfer of e- from
the VB to CB so that it can degrades the MG dye. The optimized parameter conditions were pH 8, irradiation time 30 min, catalyst dose
0.2 g/L, and initial MG dye level 50 mg/L. Synthesized GO-ZnO/Mny0O3 composites are compared to GO, Mny0O3, and GO-ZnO
composites in terms of their photocatalytic degradation performance for MG dye. While pure GO-ZnO, GO, and MnyOs3, decay
65.85 %, 25.9 %, and 20.2 % of MG dye, respectively, after 30 min under solarlight irradiation, the GO-ZnO/Mny03 composite de-
grades 98.75 % of the dye. In addition, a study on MG dye’s recyclability found that its degradation efficiency drops slightly (11.65 %
reduction) after five cycles. Fig. 7 shows the schematic diagram of MG dye degradation mechanism using GO-ZnO/Mny03 composite.
An extremely effective photocatalyst for the breakdown of MB (Methylene blue) and RhB (Rhodamine B) was synthesized by Hong
et al. (2020) using a SnO2/rGO-HM (hydrophilic macroporous SnOy/reduced graphene oxide) composite (Hong et al., 2020). The
results demonstrated that compared to ordinary SnO,/rGO, commercial TiO3, and pure SnO; photocatalyst, SnO,/rGO-HM photo-
catalyst exhibited superior degradation efficiencies. The optimized parameter conditions were initial level 10 mg/L, catalyst dosage
0.5 g/L, irradiation duration 40 min for RhB dye and 20 min for MB dye and more than 95 % degradation occurs. The monotonous
distribution of SnOy NPs onto rGO layers, along with the high specific surface area and hydrophilicity nature of the SnO,/rGO-HM
composite, is responsible for the remarkable photo degradation

A ternary hybrid nanocomposite CeO2/Fe;03/r-GO was synthesized and demonstrated by Gomathi et al. (2023) to be an effective
photocatalyst for MB and methyl orange (MO) dye degradation (Gomathi et al., 2023). Interestingly, when exposed to UV light, the
hybrid CeOy/Fex03/r-GO composite resulted in a 90 % and 86 % reduction of MB and MO dyes, respectively. The activity and
crystalline properties of the CeOy/FexO3/r-GO composite remained unchanged over five photodegradation phases, which was a
tremendous boon for its recycling. The optimized parameter conditions were catalyst dosage 0.1 g/L, initial level 10 mg/L, pH 7 and

Table 5
Photocatalytic decomposition of various dyes using graphene-based photocatalyst materials.
Dye Catalyst Energy Operating Conditions Photocatalytic References
Source Degradation (%)
Brilliant NiO-CuO-rGO UV-Visible [BGJo = 10 mg/L, pH = t = 60 min, 99 % (Sree et al., 2020)
green light Catalyst dosage = 0.5 g/L
(BG)
RhB Nb,Os-g- Visible [RhB]Jo = 20 mg/L, pH =, t = 100 min, Catalyst 94.8 % (Xu et al., 2020)
C3N4/TGA dosage = 0.3 g/L
MB NdMnO3:rGO UV light [MB]o = 5 mg/L, pH = 8, t = 105 min, Catalyst 55.6 % (Misra et al., 2023)
dosage = 0.05 g/L
MG rGO/CuS Sun light [MGJlo = 10 mg/L, pH = 5, t = 90 min, Catalyst 99.2 % (El-Hout et al., 2020)
dosage =1 g/L
MB rGO-TiOy/ Mercury [MB]o = 20 mg/L, pH = 7, t = 100 min, Catalyst 100 % (Sawut et al., 2023)
SA/PAM lamp dosage = 2 g/L
MG GO-ZnO/ Sun light [MGJlo = 50 mg/L, pH = 8, t = 30 min, Catalyst 98.75 (Rout et al., 2022)
Mn,03 dosage = 0.2 g/L
MB Sn0,/rGO- Visible [MB]o = [RhB]o = 10 mg/L, pH = 8, t = 40 min for > 95 % for both MB (Hong et al., 2020)
RhB HM light RhB and 20 min for MB dye, Catalyst dosage = 0.5 g/  and RhB dye
L
MG S-TiO,/rGO UV light [MGJo = 20 mg/L, pH = 7, t = 90 min, Catalyst 99.87 % (Giang et al., 2022)
dosage = 0.4 g/L
MB Ce0,/Fey03/ UV light [MO]o = [MB]o = 10 mg/L, pH = 7, t = 100 min, MB =90 % (Gomathi et al., 2023)
MO r-GO Catalyst dosage = 0.1 g/L MO = 86 %
MG Bi@TiO,-rGO Visible [MGJlo = 40 mg/L, pH = 8.3, t = 150 min, Catalyst 93.34 % (Kallawar et al., 2023)
light dosage = 0.05 g/L
RhB g-C3N4/BiOBr Visible [RhB]o = 10 mg/L, pH = 7, t = 180 min, Catalyst 94.6 % (Pan et al., 2022)
light dosage =1 g/L
MG GO/CuFe,04 Visible [MGJlo = 10 mg/L, pH = 7, t = 200 min, Catalyst 90.7 % (Yadav et al., 2021)
light dosage = 0.01 g/L
MB S-GO-Sn02 Visible [MB]o = 50 mg/L, pH = 7, t = 120 min, Catalyst >90 % (Pandiyan et al., 2019)
light dosage = 0.2 g/L
MO RF@CeO,- Visible [MO]Jo = 30 mg/L, pH = 8, t = 120 min, Catalyst 90 % (Verma and
rGO light dosage =1 g/L Ananthakrishnan, 2020)
Victoria blue ~ GO-V,0s Sun light [VB]o = 10 mg/L, pH = 8, t = 90 min, Catalyst 97.95 % (Beaula Ruby Kamalam
[VB] dosage = 0.1 g/L et al., 2021)
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Fig. 7. Schematic diagram of MG dye degradation mechanism using GO-ZnO/Mn,03 composite, Reprinted with permission from (Rout et al., 2022),
copyright 2023 Elsevier, Licence no. 5881890051112.

irradiation duration 100 min. The bandgaps were estimated to be 1.85, 1.9, 1.94, and 2.8 eV for the CeOy/Fe03/r-GO, CeOy/Fey03,
Fes03, and CeO; respectively. It is observable that the band gap energy value of CeO2/Fe;03/r-GO is decreased because of the addition
of rGO on the surface of CeOy/Fe303. It shows that the addition of 2-D graphene sheets augmented the photocatalytic performance. The
enhanced degradation efficacy of the CeOy/Fe203/r-GO catalyst was mostly due to the synergistic effects of the heterojunctions at the
interface. The hydrothermal synthesis of a new NiMnO3/NiMnyO4 - Graphene nanocomposite was carried out in order to appraise the
photocatalytic degradation of MB dye when exposed to visible light (Chandiran and Nagamuthu Raja, 2023). The BET surface area of
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Fig. 8. Proposed mechanism of
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photocatalytic decomposition of pollutants by KPCN/GO/ZnFe,;04 photocatalyst, Reprinted with permission from

(Kumar et al., 2023a), copyright 2023 Elsevier, License no. 5881920645300.
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14.8 m?/g and bandgap energy of 1.2 eV have been obtained by BET surface area analyzer and UV-VIS DRS method. The optimized
parameter conditions were pH 7, catalyst loading 0.2 g/L, initial level 10 mg/L and irradiation time 70 min. The optimal photo-
catalytic dye degradation performance occurs at a pH of 7, because of the electrostatic interaction amid the negatively charged MB dye
molecules and the positively charged NiMnO3/NiMnyO4—Graphene nanocomposite and likely serves as the primary adsorption
mechanism. The NiMnO3/NiMn,O4-Graphene nanocomposite exhibits enhanced photocatalytic efficacy, surpassing that of NiM-
n0O3/NiMny04, NiMnO3, and NiMn,O4 achieving complete degradation of MB dye with 100 % efficacy in half an hour. The enhanced
photocatalytic efficacy is attributed to reduced recombination of € /h™ pairs, better visible-light absorption, and effective separation of
photogenerated charge carriers (Zeng et al., 2022). Both the stability and the performance of repeated cycles are outstanding in the
NiMnO3/NiMn304-Graphene photocatalyst.

Igbal et al. (2023) employed a straightforward sonication technique to create GO-CeO2 nanocomposites utilizing an aqueous
extract of Phoenix dactylifera fruit (Igbal et al., 2023). Nanoparticles ranging in size from 6 to 12 nm in diameter were successfully
isolated, and they exhibited a spherical shape. The synthesized GO-CeO, composite was exploited for the decomposition of MO
(100 ppm) underneath visible light illumination. The GO/CeO5 nanocomposite exhibits enriched degradation of MO dye compared to
CeOy NPs. After 80 min of visible light exposure, the optimized nanocomposite with 30 % GO-CeO, obtained a photocatalytic
degradation efficiency of 93 %, according to the experimental results. The catalyst’s capacity to degrade MO remains at 88 % after five
recycling runs, suggesting only a 5 % decrease in efficiency, according to the reusability study. A hydrothermal synthesis of a po-
tassium, phosphorus/graphitic carbon nitride (KPCN) photocatalyst ameliorated with graphene oxide and heterostructured with zinc
ferroelectric oxide (ZnFey04) was carried out by R. Kumar et al. (2023) (Kumar et al., 2023a). The fabricated photocatalyst was
exploited for the degradation of MB dye, RhB dye, and tetracycline (TC) antibiotic. The degradation efficiency for RhB dye was 96 %
after 30 min whereas for MB dye was 93 % after 120 min. In the photocatalytic process, *OH and O3 were the most reactive oxygen
species, as verified by electron spin resonance and scavenging tests. After five consecutive regeneration cycles the results showed that
only minimal degradation efficiency reduced which confirms the reusability of the catalyst. Fig. 8 shows the proposed mechanism of

photocatalytic decomposition of contaminants by KPCN/GO/ZnFe;04 photo-catalyst.

Table 6
Photocatalytic decomposition of phenolic contaminants using graphene-based photocatalyst materials.
Phenolic Pollutant Catalyst Energy Operating Conditions Photocatalytic References
Source Degradation (%)
BPA Zn0O/GO/Mn,03 Sun light [BPA]o = 100 mg/L, t = 20 min, Catalyst dosage 99.32 % (Rout and Jena,
=0.1g/L,pH=7 2023)
Phenol TiO2/rGO—4 % Visible [Phenol]o = 20 mg/L, t = 720 min, Catalyst 97.9 % (Wang et al.,
Light dosage = 0.2 g/L, pH = 10 2020a)
Phenol Fe-Fe304-GO Sun light [Phenol]o = 100 mg/L, t = 90 min, Catalyst 90 % (Le et al., 2018)
dosage = 0.1 g/L, pH = 3
p-Nitrophenol (p-NP)  W-doped TiO,/ Xenon [p-NP]o = 10 mg/L, t = 180 min, Catalyst dosage 87 % (Yadav et al.,
rGO lamp =02¢g/L,pH=7 2017)

BPA B-TiO,@GO Sun light [BPA]o = 10 mg/L, t = 240 min, Catalyst dosage 47.66 % (Altin et al., 2021)

=1g/L,pH=7

4-NP WS,-rGO Visible [4-NP]o = 20 mg/L, t = 30 min, 96.95 % (Ranjith Kumar

light Catalyst dosage = 0.4 g/L, pH =7 et al., 2024)

BPA TiO-ACD@rGO UV light [BPA]o = 10 mg/L, Catalyst dosage = 0.1 g/L, 86 % (Wang et al.,

t = 60 min, pH =7 2021)

BPA Fe-PMS@GO Visible [BPA]o = [BPF]o = [2,4-DCP]o = 20 pM, pH = 3, BPA =99 % (Cheng et al.,
Bisphenol-F light t = 60 min, Catalyst dosage = 0.2 g/L BPF = 95 % 2020)
2,4-DCP 2,4-DCP = 95 %

BPA ZnO-CdO@rGO UV light [BPA]o = 10 mg/L, Catalyst dosage = 0.3 g/L,pH  98.5% (Kumar et al.,

=7, t =120 min, 2022a)

Phenol Au-Pd/rGO Sun light [Phenol]o = [2-CP]Jo = [2-NP]Jo = 0.5 mM, Phenol = 94.4 % (Darabdhara
2-CP [Phenol]t = 300 min, [2-CP]t = [2-NP] 2-CP=97% et al.,, 2016)
2-NP t = 180 min, pH = 9 for 2-NP, 2-NP = 98.6 %

pH = 7 for 2-CP and phenol, Catalyst dosage
=0.5g/L
Phenol Ag- Sun light [Phenol]o = 10 mg/L, pH =7 40.51 % (Farooq et al.,
MgAl,0,@rGO t = 135 min, Catalyst dosage = 0.01 g/L 2023)
BPA n-ZnO/n-SnO4y Visible [BPA]o = [p-BP]o = 10 mg/L, pH = 7, p-BP = 98.64 % (Kumar et al.,
p-bromophenol light t = 180 min, Catalyst dosage = 0.6 g/L BPA =98.5 % 2023b)
(p-BP)
p-NP rGO@ZnO UV light [p-NP]o = 0.1 mM, pH = 7, t = 4 min, Catalyst 98 % (Velusamy et al.,
dosage = 0.15 mg 2023)
4-NP Pt loaded ZnO- Sun light [4-NP]o = 0.1 mM, pH = 9, t = 7 min, Catalyst 92 % (Kumar et al.,
RGO dosage = 2 g/L 2018)
p-NP Cuz0/Zn0/rGO Sun light [p-NP]o = 10 mg/L, pH = 7, t = 90 min, Catalyst 98 % (Liu et al., 2019)
dosage = 0.3 g/L
Phenol rGO-NiO/CdO Visible [Phenol]o = 10 mg/L, pH = 7, t = 90 min 89.6 % (Ceril Jeoffrey
light et al., 2023)
BPA MoOs3/Zn0/GO Visible [BPAJo = 1 mg/L, pH = 8, Catalyst dosage 70 % (Moslan et al.,
light = 0.2 g/L t = 180 min, 2023)
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Nie et al. (2023) have developed a heterojunction photocatalyst with HNO3 protonated C3N4 and GO-derived GOQDs (GOQDs/Hp-
C3Ny) via electrostatic self-assembly (Nie et al., 2023). The surface area and band gap energy of GOQDs/Hp-C3N4 were 33.634 mz/g
and 2.367 eV respectively. The synthesized GOQDs/Hp-C3N4 degrades 99 % of MO dye in 105 min of LED irradiation. Compare to
GO/Hp-C3N4, Hp-C3Ny4, and C3N4 the decomposition efficacy of the GOQDs/Hp-C3N4 for MO degradation was increased by 4, 9, and
343 times. The scavenger study shows that the reactive species on the degradation of MO by GOQDs/Hp-C3Ny4 are in the order of
h'<e03< eOH. The favorable parameter conditions were catalyst loading 1 g/L, initial MO dye level 10 mg/L, pH 7, and irradiation
duration 105 min. Pan et al. (2022) produced a recyclable rGO/chitosan (CS) composite aerogel supported g-C3N4/BiOBr photo-
catalyst for RhB dye degradation (Pan et al., 2022). In this composite, borax was used as a crosslinking agent and on the matrix of rGO
and CS g-C3N4/BiOBr was loaded. The synthesized g-C3N4/BiOBr photocatalyst degrades 94.6 % RhB dye at 180 min under pH = 7.
The photocatalytic activity was further augmented by the composite photocatalyst of g-C3N4/BiOBr, which successfully inhibited the
recombination of e /h" pairs placed on the rGO matrix. The recyclability study revealed that after 4 cycles the degradation rate was
about 80 %. The scavenger study showed that h™ and -O3 were the active substances which effectively degrades the RhB dye into
harmless product.

7.2. Photocatalytic degradation of phenolic pollutants

Phenolic pollutants are categorized as organic compounds featuring benzene rings linked to other aromatic compounds that possess
hydroxyl groups. Phenolic pollutants are high-priority pollutants because of the harm they do to human health, says the US Envi-
ronmental Protection Agency (EPA) (Grace Pavithra et al., 2023). However, the hazardous effects of phenol exposure on people and
animals ranged from 9 to 25 mg/L. Strict limitations are applied to phenol discharge due to its high reactivity or tendency to interrelate
with other chemicals in the water system. Phenol was regarded as a dangerous agent due to its capacity to induce both acute and
chronic health issues. Extended exposure may result in tremors, loss of consciousness, respiratory failure, and abnormal breathing
patterns. Injuries to the skin, lungs, kidneys, liver, and digestive systems are symptoms of phenol and chlorophenol poisoning (Rout
and Jena, 2022a). Due to its toxicity, corrosiveness, and carcinogenic properties, phenol must be strictly avoided (Xiong et al., 2021).
Biodegradation may be impeded when effluent concentrations above 50 mg/L (Saputera et al., 2021). The effluents produced by many
industrial sectors, including petroleum, pharmaceuticals, refineries, plastics, coking, fertilizers, and home trash, are characterized by
elevated levels of phenols (Sathya et al., 2022). Humans can absorb phenol through the skin or ingestion, with the latter facilitating
absorption into the gastrointestinal tract. Upon metabolism, phenol is converted into several intermediates, including quinone de-
rivatives (Anku et al., 2017). Both humans and animals are particularly vulnerable to the endocrine-disrupting impacts of BPA and
alkylphenols on the mammary glands (Munoz-de-Toro et al., 2005). Phenol concentrations in bottled water should not exceed
0.001 mg/L, while those in groundwater should not exceed 0.01 mg/L, according to the USFDA (Food and Drug Administration) (Rout
and Jena, 2022b). Therefore, the level of phenolic contaminants in waters must be diminished prior to its release into the environment.
Photocatalytic degradation of phenolic contaminants such as Phenol, Bisphenol-A (BPA), Cresol, 2,4,6, — Trichlorophenol (2,4,6-TCP),
2,4 — Dichlorophenol (2,4-DCP), 2 — Chlorophenol (2-CP), 2 - nitrophenol (2-NP), etc.... by these materials are discussed in this
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Fig. 9. Z-scheme mechanism of ZnO/GO/Mn,03 composite in the BPA degradation, Reprinted with permission from (Rout and Jena, 2023),
copyright 2023 Elsevier, License no. 5881900518573.
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section.

A range of graphene-based composites has been utilized for the photodegradation of phenolic contaminants in wastewaters, as
outlined in Table 6. Rout and Jena, (2023) reported that BPA degradation by using Z-scheme ternary composite ZnO/GO/Mn,03 under
sunlight irradiation involves various stages of degradation (Rout and Jena, 2023). The degradation time is reported as 20 min, pH 7,
catalyst dose 0.1 g/L, and BPA level 100 mg/L. Analysis of free radical capture studies revealed that the primary reactive species
responsible for degradation were *0O5 and h™, with efficiencies of 91.23 % and 95.16 %, respectively. From the kinetic data it can be
seen that the pseudo-first-order exhibits best fitted model. The rate constant (0.201 min~ 1) is 4.08, 14.28, and 22.22 times greater than
that of ZnO/GO, GO, and MnyO3 respectively. The improved catalytic activity resulted from the formation of an effective Z-scheme
heterojunction, facilitating the separation of e /h" pairs and so augmenting the concentration of reactive species in the solution. After
five successive cycles, the recycling trials revealed that just 10.85 % of the degradation had been mitigated. Fig. 9 shows the BPA
degradation mechanism using ZnO/GO/Mny0O3 composite. The mechanism shows that the metallic semiconductor generates
electron-hole pair when light falls on the photocatalyst surface. G. Wang et al. (2020) synthesized a hybridized TiO/rGO composites
for the photocatalytic decomposition of phenol underneath visible light illumination (Wang et al., 2020a). The decomposition time is
reported as 720 min, pH 10, and catalyst dosage 0.2 g/L and initial phenol concentration 20 mg/L. Among the TiO2/rGO nano-
composites, TiO2/rGO-4 % exhibited the strongest photocurrent response. With a bandgap of 2.91 eV, this nanocomposite redshifted
its absorption into the visible region, leading to its high photocatalytic performance underneath visible light (A > 420 nm). In addition,
the samples were used to break down phenol solutions when exposed to visible light. With a degradation rate constant of 0.0190 h™?,
the TiO2/rGO-4 % nanocomposite outperformed other TiO5/rGO nanocomposites in terms of phenol solution degradation, reaching a
maximum degradation rate of 97.9 %.

Le et al. (2018) used the precipitation method and chemical reduction with NaBH4 as the reducing agent and FeCls as the iron
source to successfully manufacture a new nano-Fe-Fe304-GO composite (Le et al., 2018). Following 90 min of reaction underneath
simulated sunshine illumination, the conversion attained 75 % for the Fe304-GO and 87 % for Fe-Fe304-GO composite, respectively.
The catalyst exhibited excellent stability as well; hence, 84 % conversion persisted following three cycles. The degradation time is
reported as 90 min, pH 3, catalyst dosage 0.1 g/L, and initial phenol concentration 100 mg/L. Because of the synergistic impact of the
Fe/Fe304 species, the presence of nano-Fe and Fe3O4 particles results in a high catalytic activity. Because of its great stability and
magnetism, this Fe-Fe304-GO composite is also easily recoverable and reusable. Yadav et al. (2017) propose a hybrid approach to
mitigate surface and bulk recombination by doping TiOy with tungsten and creating a composite with rGO (Yadav et al., 2017).
Incorporating W®* into the TiO, crystal lattice generates an impurity level situated just beneath the conduction band, which acts as a
site for electron entrapment, prolonging the duration of photo induced charge carriers. The nanocomposites exhibit 87 % degradation
of p-nitrophenol under various optimized methods, significantly outperforming single materials or binary composites. Photo-
luminescence and X-ray photoelectron spectroscopy studies demonstrate that tungsten functions as an electron trap, hence reducing
interband recombination. The interaction between rGO and TiOs facilitates a pathway for rapid electron excitation transfer before
recombination occurs at surface defect sites. The degradation of BPA under solar light conditions was successfully achieved by
incorporating boron-doped titanium dioxide on GO (denoted as B-TiO,@GO) through a hydrothermal treatment (Altin et al., 2021).
The optimized conditions were catalyst dose 1 g/L, BPA level 10 mg/L, pH = 7, and irradiation time is 240 min. The degradation of
BPA exhibited a general trend in the kinetic constants with the addition of B-TiO,@GO photocatalysts: an increase was noted with a
higher TiO2 content in B-TiO,@GO (ranging from 0.5 % to 2 % TiO, mass), while the lowest value was recorded for the B-TiO,
catalyst, indicating the substantial influence of the direct interaction between the photocatalyst and substrate occurring at the catalyst
surface. The results further validated that the photocatalytic rate is significantly influenced by both B-doping and the presence of GO.

Hydrothermal synthesis of sulfur vacancy caused WS2-rGO heterostructures was carried out by Ranjit Kumar et al., (2024). The
WS5/rGO heterostructure exhibited excellent photocatalytic activity towards 4-nitrophenol with a kinetic rate constant of
0.113 min~', which is 22 folds greater than that of pristine WS,. The WS/rGO heterostructure degrades 96.95 % of 4-nitrophenol
(4-NP) in 30 min. Distinct TiOx@aspartic acid p-cyclodextrin@reduced graphene oxide (TiO2-ACD@rGO) nano photocatalysts
were effectively synthesized using a photochemical method and examined for their photocatalytic efficacy in the elimination of BPA
under ultraviolet irradiation (Wang et al., 2021). The degradation rates were in this order: TiO2< TiO2@rGO <TiO2-ACD@rGO.
Following 60 min of UV exposure, the degradation rate of BPA by TiO,-ACD@rGO attained 86 %, surpassing that of TiO,@rGO and
TiO2 by roughly 10 % and 25 %, respectively. The optimized parameter conditions were pH 7, initial BPA concentration 10 mg/L, and
catalyst loading 0.1 g/L. TiO,@ACD@RGO has a reaction constant of 0.739 mg/L.min for BPA, which is 1.34 times higher than
TiO2@RGO and 1.87 times greater than TiO,. Photogenerated electrons are caught and transmitted by TiO2-ACD@rGO, which has a
comparatively high active surface area of 82.8 m?/g. This, in turn, stimulates charge separation, which could explain the findings. ACD
might build host-guest complexes with BPA by molecular recognition, hence enhancing the sorption of BPA on the photocatalyst
surface. In conclusion, both ACD and rGO facilitate the photocatalytic breakdown of BPA.

Darabdhra et al. (2016b) have effectively synthesized rGO nanosheets adorned with Gold-Palladium bimetallic alloy nanoparticles
by a chemical method that involves the reduction of metals using ascorbic acid. The synthesized substance facilitates the decompo-
sition of phenolic derivatives in sunlight. Degradation efficiencies of 94.40, 97, and 98.6 % were obtained for phenol, 2-CP, and 2-NP
at optimized parameter conditions such as catalyst dosage 0.5 g/L, initial concentration 0.5 mM, pH for 2-CP and phenol were 7 and
for 2-NP it was 9. The degradation kinetics follow a linear Langmuir-Hinshelwood model with rate constant 0.0078 min~"! for phenol,
0.0078, 0.0172, and 0.0181 min™" for phenol, 2-CP, and 2-NP respectively. Moreover, the photocatalyst has outstanding stability and
can be reused up to five cycles. A nanocomposite consists of ZnO-CdO nanoparticles modified with reduced graphene oxide
(ZnO-CdO@rGO) were prepared by a simple refluxing procedure and employed for the degradation of BPA under UV irradiation
(Kumar et al., 2022a). The maximum efficiency of 98.5 % occurred by using ZnO-CdO@rGO composite under UV light irradiation. The

16



D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

optimized parameter conditions were pH 7, initial BPA level 10 mg/L, and irradiation duration 120 min. The kinetic rate constant for
this BPA degradation using ZnO-CdO@rGO composite was 0.0088 min~!. Kumar et al. (2023) synthesized a superior n-ZnO,/n-SnOx
heterojunction integrated with rGO nanosheets, which was evaluated for the removal of several organic contaminants, namely
p-bromophenol and BPA (Kumar et al., 2023b). Using a simple refluxing process, the ZnO/SnO; heterojunction was functionalized
with varying weight percentages of rGO. The peak photocatalytic efficiency of the nanocomposite containing 5 wt% rGO was recorded
at around 98.50 % and 98.64 % for the degradation of BPA and p-bromophenol respectively, following 180 min of UV light exposure.
The optimized parameter conditions were initial p-bromophenol and BPA level 10 mg/L, catalyst dosage 0.6 g/L and initial pH = 7.0.
The exceptional photocatalytic performance of the nanocomposite containing 5 wt% rGO is evidenced by the existence of homotypic
Zn0/Sn0O3 and rGO, attributable to their synergistic interaction. This interaction facilitates significant charge carrier separation,
leading to an increased generation rate of Oy and improved photodegradation of p-bromophenol and BPA. Fig. 10 shows the plausible
degradation mechanism of p-bromophenol and BPA using n-ZnO/n-SnO; composite.

Farooq et al. (2023) have fabricated the Ag-doped MgAl,04@rGO using the coprecipitation method followed by sonication (Farooq
et al., 2023). The band gap energy value decreases from 2.55 to 2.40 eV, and the visible light harvesting ability is substantially
improved by doping. In contrast to Ag-MAO, and MAO the Ag-MAO@rGO photocatalyst exhibited exceptional degradation efficiency.
The increased activity of Ag-MAO@rGO was assigned to the existence of rGO and silver ions in the synthesized nanocomposite. The
degradation efficiency of organic effluent is enhanced by the increased surface area provided by reduced graphene oxide.
Ag-MAO@rGO possesses the capability to function as a photocatalyst for environmental remediation. In a different research, the
enhanced photocatalytic performance of the Fe(Ill)/peroxymonosulfate (Fe-PMS@GO) process for getting rid of BPA, bisphenol-F
(BPF), and 2,4-DCP were looked at (Cheng et al., 2020). This work reports that GO is an exceptional accelerant for improving the
redox cycle of Fe(IlI)/Fe(II) underneath visible light illumination. The photocatalyst can eliminate 99 % of BPA in 60 min and pos-
sesses extensive oxidative capability for decomposing various organic contaminants. According to ESR analysis and scavenger study, it
can be observed that both OH" and SO* are responsible for BPA degradation. A reduction mechanism for Fe(III) was postulated based
upon the analysis of Fe mass balance. Fe(Il) is mostly present in the form of GO-Fe(II) complex resulting from GO’s reduction of the
GO-Fe(Ill) complex by means of the intramolecular electron transition, therefore exposing the iron cycle mostly on GO surface.
Another benefit of using GO is that some of the Fe(II) that is produced there can be released into the water to create a cycle of dissolved
Fe(IlI)/Fe(Il). An integral part of the process, GO speeds up the Fe(IlI)/Fe(Il) cycle and increases free radical yields, which aid in
pollution removal. The schematic diagram of BPA degradation using Fe-PMS@GO composite was shown in Fig. 11.

7.3. Degradation of pharmaceutical pollutants

When it comes to treating a wide range of illnesses in both humans and animals, antibiotics are by far the most used family of drugs.

P-Bromophenol
Bisphenol A
Ofloxacin

H,0

P-Bromophenol

/°(I)_ID Bisphenol A
Ofloxacin

Fig. 10. The plausible degradation mechanism of p-bromophenol and BPA using n-ZnO/n-SnO, composite, Reprinted with permission from (Kumar
et al., 2023b), copyright 2023 Elsevier, License no. 5881930309147.

17



8T

b

GO

-
<

Complexation

9

“Dissolved Fe(III)
M Dissolved Fe(IT)
® Surface bound Fe(IT)

Surface bound Fe(IIT)

The evolution of Fe

IS

Fe species Vis-GO-Fe (uM) | Vis-GO-Fe/PMS(uM)
Dissolved Fe(Ill) 22271187 22.52-25.60
Dissolved Fe(Il) 332-13.05 0.26—1.05
Surface bound Fe(Ill) | 12.21—13.35 15.08—12.41
Surface bound Fe(Il) | 2.20—1.73 213093

Fig. 11. Schematic diagram of the reaction mechanism of the Vis-GO-Fe/PMS system, Reprinted with permission from (Cheng et al., 2020), copyright 2023 Elsevier, License no. 5882900941243.

\
GO-Fe(II) complex GO-Fe(IT) complex é.?
‘ QY
PMS 0.
| ¢ ol - N Y
. » \ <
‘\
Tiees

Intramolecular

electron transfer

L é
L
¢

__> Bisphenol A

mineralization

Products

o A

32 mMmoy ¥'d

09S+01 (5202) 0% uonpaouu 3 A30]0UY3 ], [DIUSUILOIAUT



D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

A growing amount of antibiotics have been detected in several sources, including surface water, drinking water, groundwater, and
animals, as a result of the persistent discharge of antibiotics (Maghsodian et al., 2022). Wastewater from antibiotic producers, in-
dustrial animal farms, and healthcare facilities is the primary contributor to this pollution in waterways. As a consequence, antibiotics
like ampicillin, erythromycin, levofloxacin, sulfamethoxazole, ciprofloxacin, ofloxacin have been traced in water species such as algae,
crustaceans, fish, bacteria, rotifers, etc... (Ebele et al., 2017). Florfenicol, oxytetracycline, doxycycline, and azithromycin are more
lethal to algae than cefotaxime and amoxicillin (Fu et al., 2017). Ofloxacin influences the physiological mechanisms of algal photo-
chemistry and antioxidant systems, leading to reduced algal cell growth, photosynthetic efficiency, and chlorophyll levels. A decrease
in chlorophyll content hinders metabolic processes and photosynthesis, which in turn restricts the growth and multiplication of cells.
The methyl ester of carbohydrates and fatty acids can be reduced in S. obliquus by sulfamethazine and sulfamethoxazole (Xiong et al.,
2019). The most susceptible species to oxytetracycline, with an ECsq value of 3.26 mg/L, is duckweed, however it also causes growth
harm and reproductive damage in algae (S. vacuolatus) and crustaceans (D. magna). Exposure to tetracycline (TC) caused photo-
inhibition of V. fisheri, and the resulting degradation product was more toxic than the original compound (Sharma et al., 2022). The
metabolism of Carassius auratus, both in the liver and outside the liver, can be affected by roxithromycin and its physiologically active
byproducts (Ramos-Sosa et al., 2022). A multi-pronged strategy incorporating correct disposal techniques and reducing antibiotic
release into the environment is necessary to address the antibiotics’ ecotoxicology impact for the benefit of humans, plants, and
animals.

Numerous composites based on graphene have been used for the photodegradation of pharmaceutical pollutants and are sum-
marized in Table 7. Lu and colleagues reported the production of a novel Z-scheme photocatalyst g-C3N4/rGO/WO3 by the photo-
reduction procedure for ciprofloxacin (CIP) degradation (Lu et al., 2019). The PL and EIS investigation results revealed that the
synthesized catalyst g-C3N4/rGO/WOj3 exhibited superior charge separation and increased electron mobility compared to g-C3Ny,
g-C3N4/WOs, and WO3. The dimensions of the produced nanocomposite range from 50 to 150 nanometers. The optimized parameter
conditions were time 180 min and catalyst amount 0.2 g/L. Photocatalytic investigations indicated that g-C3N4/rGO/WO3 demon-
strated superior photocatalytic efficacy for CIP degradation, achieving up to 80 % under visible light. The unique electron and hole
transport mechanism in the Z-scheme system enables g-C3N4/rGO/WOs3 to exhibit enhanced oxidation and reduction capabilities,
facilitating the creation of diverse reactive species for the decomposition of CIP. Wang et al. (2020) have synthesized TiO2 and
iron-oxide co-doped GO nanosheets (TiO2/Fex03/GO) by a self-assembly procedure for CF degradation (Wang et al., 2020b). Char-
acterization studies revealed that produced TiOy/Fe203/GO nano-sheets possess narrow band-gap energies and high structural sta-
bility. The integration of TiO, significantly improves catalytic activity, achieving approximately 99 % degradation of CF in 140 min
under visible light irradiation. The synthetic photocatalyst is capable of being reused for a maximum of four cycles.

A graphene-SBA/TiO2 photocatalyst was synthesized by combining a hydrothermal procedure for TC degradation with a
straightforward sol-gel co-condensation method (Ali et al., 2021). Nanocomposite has a pore volume of about 5-10 nm and a surface
area of 310-340 m?/g. Within 30 min of being exposed to visible light, 98 % of the TC had been broken down. The ability of the
SBA/TiO; to absorb aromatic chemicals through = - & stacking interaction is exceptional. Vinesh et al. (2019) documented the pro-
duction of the Au/B-TiO2/rGO composite for TC decomposition underneath visible light (Vinesh et al., 2019). The addition of Au and
e deficient B atoms to TiO» has significantly improved optical absorption in the visible spectrum. The improved degrading might be

Table 7
Graphene based photocatalyst for degradation of pharmaceuticals.
Pharmaceutical Catalyst Energy Operating Conditions Photocatalytic References
Pollutant Source Degradation (%)
CIP 8-C3N4/rGO/WO3 Visible [CIP]o = 10 mg/L, t = 180 min, Catalyst dosage 80 % (Lu et al., 2019)
light =0.2g/L
Sulfamethoxazole o-Fe,03/1GO Visible [Sulfamethoxazole]o = 20 mg/L, t = 45 min, 99.9 % (Asif et al., 2023)
light Catalyst dosage = 0.025 g/L
TC a-Fe;03/rGO LED light [TCJo = 5 mg/L, pH = 7, t = 140 min, Catalyst 99 % (Shibu et al.,
dosage =5 g/L 2022)
CIP Ag,CrO4/Ag/ Visible [CIP]o = 0.5 mg/L, pH = 8, t = 90 min, 96.3 % (Kumar et al.,
BiFeO;@rGO light Catalyst dosage = 0.3 g/L 2019)
TC MoS,/Ag/GO Visible [TClo = 10 mg/L, pH = 8, t = 120 min, Catalyst 90.7 % (Monga and Basu,
light dosage = 0.25 g/L 2022)
CIP TiOy/Fe;03/GO Xenon [CIP]o = 10 mg/L, pH = 6.6, t = 140 min, 99 % (Wang et al.,
lamp Catalyst dosage = 0.4 g/L 2020b)
Norfloxacin(NF) rGO/BiaWOg UV light [NF]o = 10 mg/mL, pH = 4.75, t = 180 min, 87.49 % (Zhao et al., 2021)
Catalyst dosage = 0.5 g/L
CIP Bi,Ti»07/TiO2/ rGO Solar light [CIP]Jo = 10 mg/L, pH = 7, t = 180 min, 95 % (Li et al., 2020)
Catalyst dosage = 0.25 g/L
Azithromycin GO@Fe304/Zn0O/ UV light [Azithromycin]o = 30 mg/L, pH = 3, 90.6 % (Sayadi et al.,
SnO, t = 120 min, Catalyst dosage = 1 g/L 2019)
Metronidazole CeM/GO Visible [Metronidazole]o = 20 mg/L, pH = 5, 99 % (Karthik et al.,
t = 50 min, Catalyst dose = 0.5 g/L 2017)
TC MGO-Ce-TiO, Visible [TClo = 25 mg/L, pH = 5, t = 60 min, Catalyst 82.92 % (Cao et al., 2016)
dose = 0.5 g/L
TC rGO-CdS/ZnS Visible [TClo = 15 mg/L, t = 60 min, Catalyst dose 85 % (Tang et al., 2015)

=0.5g/L
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due to the synergistic influence of swift e /h™ pair separation facilitated by e~ deficient B atoms and rGO. Parasuraman and colleagues
have synthesized Bi;S3/BiWOe/rGO ternary nanocomposites by simple hydrothermal strategy for the TC degradation under visible
light (Parasuraman et al., 2023). The BisS3/BiWOe/rGO nanocomposite exhibit enhanced photocatalytic activity compared to rGO,
BiWOe, BisSs, and BiyS3/BiWOg photocatalysts. The degradation efficiency of TC medication using the ternary BizS3/BiWOe/rGO
composites over 120 min was 86 %. The free radicals trapping experiments identified the *O3 and e~ as the significant active species.
Another encouraging approach for wastewater treatment is the ternary nanocomposites of BizS3/BiWOe/rGO, which showed
remarkable promise in eliminating a ample range of pollutants from different water matrices. The hypothesized photocatalytic
mechanism of the BiyS3/BiWOg/rGO nanocomposites for TC degradation is schematically illustrated in Fig. 12.

Using a hierarchical method, a new ternary nanostructure was created for doxycycline (DOX) degradation when exposed to visible
light. The structure consists of titania (TiO) and graphene quantum dots (GQDs)/zeolitic imidazolate framework-8 (ZIF-8) (Rabeie
and Mahmoodi, 2023). The optimized parameter conditions were initial DOX concentration 220 mg/L, pH 7, catalyst dose 0.1 g/L, and
irradiation duration 210 min. This photocatalytic degradation process was dominated by ®03 radicals, according to the research, and
the ternary composite in question exhibited zero-order kinetics. Roy et al. (2023) generated a new ferrocene-functionalized rGO-ZnO
composite using the simple hydrothermal technique (Roy et al., 2023). The Fc@rGO-ZnO composite was utilized for the decomposition
of pharmaceuticals CIP and sulfamethoxazole (SMX) in water media underneath UV radiation. The synthesized Fc@rGO-ZnO pho-
tocatalyst exhibited a fivefold enhancement in removal efficiency compared to pure ZnO. This higher performance was ascribed to the
greater light absorption, charge carrier interface, and improved charge separation. Furthermore, the photocatalyst conformed to the
Lagergren model, i.e. pseudo-first-order kinetic model. The combined method utilizing Fc@rGO and ZnO as oxidizing agents effec-
tively eliminated over 95 % of CIP and SMX within 180 min. Moreover, the heterostructure arrangement established betwixt Fc@rGO
and ZnO facilitates charge movement and the production of a substantial quantity of O3 and eOH radicals for photodecomposition
processes. Yadav and colleagues documented the biogenic production of Cup0/rGO utilizing orange peel as both reduction and sta-
bilization agents for the breakdown of DOX (Yadav et al., 2023). The biogenically produced Cu0O/RGO nanocomposites shown
exceptional catalytic efficacy, achieving a degradation efficiency of 98.68 % in 15 min and 86.38 % in 30 min for a 10 mg/L dye
concentration, facilitated by ultrasonic waves and sun light in distinct processes. The entire degradation process adhered to
pseudo-first-order kinetic model, with a rate constant of 0.0542 min-'. According to the surface area analysis, the decomposition of
DOX rises as the amount of GO increases. The optimized parameter conditions were DOX concentration = 10 mg/L; Catalyst loa-
ding = 0.1 g/L; pH = 7. This photocatalyst provides a straightforward, cost-effective, and time-efficient procedure for water filtration.

The GO-BiVO4-ZnO ternary photocatalyst has been synthesized by solvothermal procedure for the degradation of CIP underneath
visible light illumination by (Raja et al., 2020). The produced ternary nanocomposite demonstrated 98.4 % decomposition of CIP in
60 min exhibiting remarkable reusability, with a band gap value of 2.35 eV. Photogenerated holes significantly contribute to the
degradation of CIP. Despite six trials, the decomposition of CIP exceeded 90 %, demonstrating the exceptional reusability of the
catalyst for practical applications. The proposed path for the photocatalytic decomposition of CIP utilizing the rGO-BiVO4-ZnO
nanocomposite is illustrated in Fig. 13. Gao et al. (2021) have created NiAlCeLDH/RGO composite trough one-step hydrothermal
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Fig. 12. Schematic diagram of Bi»S3/BiWOe/rGO nanocomposites for TC degradation, Reprinted with permission from (Parasuraman et al., 2023),
copyright 2023 Elsevier, License no. 5882910321524.
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Fig. 13. Proposed pathway for the degradation of CIP utilizing the rGO-BiVO4-ZnO nanocomposite, Reprinted with permission from (Raja et al.,
2020), copyright 2022 Elsevier, License no. 5882910547472.

method for degradation of CIP using visible light (Gao et al., 2021). The produced nanocomposite exhibits homogeneous dispersion
and an extensive surface area. The combination of Ce and rGO enhances the segregation of photo created charges, resulting in
exceptional photocatalytic efficacy. The synthetic photocatalyst destroyed 94 % of ciprofloxacin underneath visible light illumination,
markedly surpassing the 36 % degradation acquired by bare NiAILDH. The incorporation of Ce and RGO enhances the separation of
e /h™ pair, leading to exceptional photocatalytic activity. Furthermore, the NiAlCeLDH/RGO exhibits remarkable cycling stability,

retaining 84 % efficiency after five successive testing.

Table 8
Photocatalytic degradation of pesticides using graphene-based photocatalyst.
Pesticides Catalyst Energy Operating Conditions Photocatalytic References
Source Degradation (%)
Dimethoate ZnO/rGO UV light [Dimethonate]o = 5 mg/L, pH = 7, t = 180 min, 99 % (Zhu et al., 2020)
Catalyst dosage = 0.5 g/L
CP g-C3N4/GO/ Visible [CP]o = 100 mg/L, pH = 4.0, t = 120 min, Catalyst 88.97 % (Tabasum et al.,
V305 dosage = 0.3 g/L 2024)
CP Cu-doped UV light [CP]o = 100 mg/L, pH = 2.0, t = 80 min, Catalyst 91.4 % UV (Esfandian et al.,
TiO2/GO Visible dosage = 0.2 g/L 78.25 % for visible 2024)
light
Acetamiprid GO-CoFe,04 UV light [Acetamiprid]o = 16 mg/L, pH = 3.0, 97 % (Tabasum et al.,
t = 60 min, Catalyst dosage = 0.1 g/L 2020)
CP RMGO-Ag- Visible [CP]o = 20 mg/L, pH = 7.0, t = 80 min, Catalyst 99 % (Aziz et al., 2024)
V205 light dosage = 0.7 g/L
CP GNPs/ZrV,0;, UV light [CP]o = 44.90 mg/L, pH = 4.05, t = 80 min, 99.99 % (Samy et al., 2020)
Visible Catalyst dosage = 0.1 g/L
light
Atrazine Graphene/g- Visible [Atrazine]o = 10 mg/L, pH = 7, t = 300 min, 100 % (Altendji and
C3Ny light Catalyst dosage = 0.3 g/L Hamoudi, 2023)
Malathion GO-TiOy UV light [Malathion]o = [Dichlorovos]o = 0.5 mg/L, pH = 6, Malathion = 90 % (Kumar et al.,
Dichlorovos t = 80 min, Catalyst dosage = 0.06 g/L Dichlorovos = 80 % 2022b)
CP Graphene-CdS Visible [CP]o = 10 mg/L, pH = 7.5, t = 90 min, Catalyst 97.58 % (Patel et al., 2024)
light dosage = 1.5 g/L
Diazinon GO/Fe304/ Visible [Diazinon]o = 30 mg/L, pH = 7.0, 97.9% (Naynava et al.,
CeO, light t = 60 min, Catalyst dosage = 0.2 g/L 2024)
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7.4. Degradation of pesticides

Pesticides are synthetic substances or combinations designed to prevent, eradicate, or control pests, including disease vectors,
undesirable flora and fauna, and animals that inflict damage during the production, storage, distribution, transportation, or sale of
food and agricultural products (Rasmussen et al., 2015). These pesticides demonstrate persistence, bioaccumulation, and ease of
transfer, hence posing a significant hazard to environmental environments (Aziz et al., 2023). Chlorpyrifos (CP) is a very toxic
organophosphate class utilized in agriculture for the eradication of rootworms, insects, and many undesirable weeds (Esfandian et al.,
2024). The application of CP for food crops has been prohibited in the United States and Canada from 2000, subsequently in the United
Kingdom from 2016, and in European countries from 2020 (Khan et al., 2018). Neonicotinoids represent a rapidly expanding category
of commercial pesticides. They are derived from nicotine and function as substitutes for synthetic, highly hazardous insecticides
(Hladik et al., 2018). The widespread application of these pesticides poses significant risks to both aquatic and terrestrial ecosystems.
These substances are photo-stable, water-soluble, and resistant to biological destruction. Acetamiprid is a third-generation pesticide
within this category and it is extensively utilized in diverse crops including leafy vegetables, melons, fruit trees, tobacco, wheat, and
cotton to manage sucking insects such as beetles, aphids, and moths (Simon-Delso et al., 2015). It is soluble in numerous organic
solvents and exhibits enhanced solubility in water (25 g/L), which elevates its concentration in surface water. Owing to its elevated
water solubility, over 80 % of acetamiprid residues remained in the soil of treated crops, eventually infiltrating surface water or
groundwater. A recent assessment across nine nations indicated that over 80 % of surface water contaminated with concentrations
ranging from 0.14 to 18 ug/L. Research has shown that water arthropods and other aquatic plants and animals are not killed out at this
concentration. Therefore, the concentration of pesticides in water must be diminished prior to its release into the environment. The
studies of different authors that have utilized graphene-based composites as a photocatalyst for pesticide breakdown are detailed in
this section (Table 8).

Zhu et al. (2020) have synthesized a ZnO/rGO nanocomposite through hydrothermal method and used it for dimethoate (DM)
degradation using UV irradiation (Zhu et al., 2020). The photodegradation efficiency and degradation rate of DM by the ZnO/rGO
nanocomposite were higher than 1.5 and 4 folds than ZnO. The pore volume and surface area of ZnO/rGO composite were 4.72 x 1073
em®/g and 41.0 m?/g which were suitable for the mass transfer and adsorption of oxygen and pesticides. The greater photocatalytic
effectiveness of the ZnO/rGO nanocomposite was attributed to the decreased e”/h™ recombination and improved carrier transport due
to the presence of rGO. Photoelectrochemical tests verified that the nanocomposite demonstrated a high e /h" transfer rate at the
composite interface. In another work, g-C3sN4/GO/V205 nanocomposite was synthesized and utilized for the Chlorpyrifos (CP)
degradation (Tabasum et al., 2024). The studies revealed that the g-C3N4/GO/V205 composite shown great degradation performance
towards CP than g-C3N4. More than 88 % of CP has been degraded in just 120 min of irradiation. The used photocatalyst was re-
generated with 0.1 g/10 mL of H0; solution and after five photocatalytic cycles the degradation efficiency is still 49.5 %. Esfandian
et al. (2024) have synthesized a Cu-doped TiO2/GO composite via situ chemical polymerization for the degradation of CP (Esfandian
et al., 2024). The composite underneath UV light and visible light degrades 91.4 % and 78.25 % of CP respectively. The kinetic data
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Fig. 14. The photocatalytic oxidation mechanism of CP by GNPs/ZrV,0,, Reprinted with permission from (Samy et al., 2020), copyright 2020
Elsevier, License no. 588291077030.
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shows that Pseudo-first order model is the best fitted model with rate constant 0.0301 and 0.0177 min™" with UV light and visible light
respectively. The degradation mechanism involves the absorption of visible and UV light then e” and h™ generation after that e~
transfer, OH® generation, pesticide degradation, and converted into harmless byproducts. A magnetic composite consists of cobalt
ferrite decorated on graphene oxide (GO-CoFe304) was synthesized by ultrasonic impregnation using FeSO4.7H20 and FeCls.6H20 as
iron precursors (Fe?* and Fe>* respectively) (Tabasum et al., 2020). The synthesized GO-CoFe,04 magnetic composite was used for
acetamiprid degradation under UV light. The degradation study revealed that using GO-CoFe;04 and GO-Fe304 nearly 97 and 90 %
degradation of the acetamiprid occurred. The development of the composite boosted catalytic activity by preventing the aggregation of
magnetite, thereby exposing active sites to both oxidants and contaminants in water. The scavenger study revealed that the OH® radical
mainly responsible for acetamiprid degradation. The optimized parameter conditions were catalyst dosage 0.1 g/L, pH 3, initial level
16 mg/L, and irradiation duration 60 min.

A novel composite consists of rGO with Ag/V,0s as a composite was synthesized using hydrazine as a reducing agent for the
degradation of CP and MO dye under visible light (Aziz et al., 2024). The kinetic study shows that the experimental results were best
fitted by pseudo-first-order kinetics for both CP and MO with quantum yields of 2.16 x 10~% and 1.07 x 10~ molecules/photon and
space time of 2.7 x 107> and 1.53 x 10> molecules/photon'mg, respectively. From the scavenger study the results vouchsafed that
the OH® was the major contributor for the decomposition of both CP and MO. After 10 cycles of operation the catalyst still degrades
more than 80 % which shows its remarkable commercial applications. Samy et al. (2020) have synthesized a low band-gap energy
photocatalyst consists of graphene nano-platelets with zirconium vanadate (GNPs/ZrV,07) for the degradation of CP (Samy et al.,
2020). From the scavenger study it can be seen that without scavenger the degradation of CP was 96.8 %, where as in presence of OH,
h', and *0, the degradation reduced to 64.8 %, 75.6 %, 95.2 %. After five consecutive degradation cycles the efficiency was still
91 % which indicates the photocatalyst stability. Fig. 14 shows the photocatalytic oxidation mechanism of CP by GNPs/ZrV;07. An
efficient graphene with graphitic carbon nitride (Graphene/g-C3N4) composite was produced through in situ method where g-C3N4
nanosheets were directly deposited on the graphene surface (Altendji and Hamoudi, 2023). The photocatalyst was used for the
degradation of Atrazine a systemic herbicide used in weed control under visible light. The composite degrades 100 % of Atrazinein 5 h
time whereas 40 % degradation occurs when the pristine g-C3N4 was used. This increase occurs due to the augmentation in adsorption
sites on the surface of graphene for adsorption of Atrazine and also the easy transfer of (e /h™) pairs on the surface of composite due to
presence of graphene. After five cycles of degradation the graphene/g-C3N4 composite was still active for photocatalytic study which
proved its stability and its commercial use in industrial scale. Kumar et al. (2022) have fabricated a heterogeneous photocatalyst using
GO modified-TiOz (GO-TiO3) nanocomposite for degradation of malathion and dichlorvos pesticides under UV and visible light
(Kumar et al., 2022b). The outcomes revealed that the nanocomposite degrades 90 % and 80 % of malathion and dichlorvos,
respectively. The kinetic study shown that the data followed Langmuir-Hinshelwood model. Malathion had a superior overall reaction
rate in comparison to dichlorvos. The optimum parameter conditions were initial concentration 20 mg/L, pH 6, catalyst loading
60 mg/L, and irradiation duration 80 min.

7.5. Comparison of binary and ternary photocatalysts and semiconductor selection for Graphene derivatives

The efficiency of graphene-based photocatalysts for degrading organic pollutants is strongly dependent on the composite’s
structural composition, where binary and ternary composites play major roles with distinct characteristics and performance profiles
(Thakur and Kandasubramanian, 2019). Binary composites, which consist of graphene derivatives such as graphene oxide (GO) or
reduced graphene oxide (rGO) coupled with a single semiconductor photocatalyst (Suresh et al., 2020), have been vastly studied. Such
composites typically demonstrate enhanced surface area, improved adsorption capacity, and more efficient charge carrier separation
compared to bare semiconductor photocatalysts. For example, TiO2/rGO and ZnO/GO composites have exhibited notable improve-
ments in degrading various contaminants including dyes, pharmaceuticals, and pesticides (Ahtasham Igbal et al., 2024; Zango et al.,
2025). The high electron mobility of graphene derivatives facilitates faster electron transport and reduces electron-hole recombination
(Shandilya et al., 2020), which is key to enhancing photocatalytic activity. However, binary composites often have intrinsic limitations
such as relatively narrow visible light absorption and moderate charge carrier dynamics, which can limit their effectiveness in complex
and diverse wastewater matrices.

In contrast, ternary composites incorporate two different semiconductor materials alongside graphene derivatives, leading to the
formation of heterojunctions that considerably improve photocatalytic performance. These ternary systems, such as GO-ZnO/Mny0O3
Rout et al., 2022y CeO2/Fe303/rGO (Naidu, 2024), and g-C3N4/rGO/WO3 (Lu et al., 2019), show superior degradation efficiencies
compared to their binary counterparts. The synergistic interactions between multiple semiconductors optimize spatial charge sepa-
ration by providing multiple pathways for photogenerated electrons and holes, thereby lowering recombination rates significantly
(Raizada et al., 2019). Additionally, ternary composites broaden the light absorption range into the visible spectrum and increase the
density of catalytic active sites, which together enhance overall photocatalytic efficiency (Jing et al., 2024). The effective interfacial
charge transfers and trapping in these heterojunctions lead to their improved performance (Li et al., 2024). However, the synthesis of
ternary composites is more complex and costly, and prolonged stability can be an issue, posing challenges for their large-scale
application in wastewater treatment.

Selecting appropriate semiconductors for coupling with graphene derivatives is a critical factor that influences the photocatalyst’s
activity, stability, and suitability for specific pollutants. Semiconductors should possess compatible energy band positions and suitable
band gap energies to form effective heterojunctions that facilitate charge carrier transfer. TiO, remains a popular choice because of its
chemical stability, non-toxicity, and strong oxidative ability, though its wide band gap restricts visible light utilization (Pham and Thuy
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Le, 2025); coupling with graphene derivatives helps to overcome this limitation by improving charge separation and extending light
response. ZnO, with similar properties but higher electron mobility than TiO,, has also been used successfully in both binary and
ternary composites to enhance degradation efficiency (Zango et al., 2025). Metal oxides, like MnyO3 (Rout et al., 2025), FeoO3
(Samarasinghe et al., 2025), CeOy (Phor et al., 2025), and BiVO4 (Liaqgat et al., 2024) are often incorporated into ternary composites
due to their narrower band gaps, adding visible light responsiveness and facilitating heterojunction formation for efficient charge
separation. Graphitic carbon nitride (g-C3Ny), a visible-light-active polymeric semiconductor, is frequently combined with graphene
derivatives to further enhance photocatalytic performance (Priyadharsan et al., 2024). Transition metal sulfides (e.g., MoS,, WS,) and
hybrid oxides offer additional catalytic synergies and visible light activity when integrated into graphene-based composites (Shinde
et al., 2024; Tahir et al., 2023; Yu et al., 2021). In choosing semiconductors for graphene coupling, attention must be paid to the
relative conduction and valence band edge positions to achieve favorable charge transfer mechanisms such as type-II or Z-scheme
heterojunctions. These arrangements maximize electron-hole separation and reactive oxygen species production, which are essential
for efficient photocatalytic degradation of pollutants. Thus, the semiconductor selection should be guided by a comprehensive un-
derstanding of band structure alignment, light absorption properties, and chemical stability under operational conditions.

Altogether, whilst binary graphene-semiconductor photocatalysts offer simplicity and notable photocatalytic enhancements,
ternary composites offer superior performance due to synergistic effects between multiple semiconductors and graphene derivatives.
Nonetheless, the design of ternary composites requires careful consideration of synthesis complexity, cost, and stability to enable
practical applications. Strategic selection of semiconductor materials with appropriate band gaps, energy band alignment, and stability
is fundamental for developing high-performance graphene-based photocatalysts. Future research should focus on rational design
principles that integrate these factors to tailor efficient photocatalysts for targeted wastewater treatment challenges.

8. Challenges and future prospective

In this work, we give a wide-ranging review of the literature and the results of in-depth studies on the photocatalytic activity of
nanocomposites based on graphene for use in wastewater treatment. According to the research, the photocatalytic efficacy in removing
organic contaminants from wastewater is significantly enhanced when graphene is combined with metal semiconductors. The rise in
the adsorption of organic contaminants on photocatalytic surfaces, along with improvements in visible light absorption and a decrease
in photogenerated e /h* pair recombination, is responsible for this phenomenon. Despite all these advantages of graphene based
photocatalysts some problems are still lies which needs to be addressed in the future:

(i) Although graphene-based photocatalysts exhibit excellent pollutant degradation efficiency, their large-scale application re-
mains limited by the complexity and expense of current production methods. High-quality techniques such as CVD are costly,
while chemical oxidation-reduction routes introduce defects and raise environmental concerns. Recent efforts focus on green,
low-cost synthesis approaches (e.g., plant extracts, biomass precursors) and scalable fabrication strategies to overcome these
barriers. Advancing such sustainable methods is essential to make graphene-based photocatalysts practical for wastewater
treatment

(i) Under visible light, graphene’s photocatalytic potential is limited by its absence of a natural bandgap. Although techniques like
heteroatom doping or heterostructure formation can assist adjust its electrical characteristics, these changes might make the
synthesis more difficult and might not always result in the performance gains that are sought. Three-dimensional (3D) graphene
structures are one example of a material design innovation that can increase electron transport characteristics and light ab-
sorption. These configurations could improve reactant interaction and boost photocatalytic reaction active sites. By combining
graphene with other semiconductors or nanoparticles, hybrid systems may be produced that improve charge separation and
catalytic efficiency overall by utilizing the advantages of each component. In the future, it will be essential to do research on
band gap engineering and choose the best setups and combinations.

(iii) The amalgamation of various materials with graphene to synthesize composite along with noble metal doping can enhance the
degradation efficiency of the composite photocatalyst; however, it will increase the overall cost which results in the siginificant
barrier to their widespread implementation in wastewater treatment.

(iv) In the future, it is imperative to take into account how the synthesis and disposal of graphene-based materials may affect the
environment. In order to support sustainable practices in photocatalytic applications, the production procedures should reduce
waste and hazardous emissions. Future developments in this area will depend on creating more environmentally friendly
synthesis methods that produce high-quality graphene products with the least possible impact on the environment. Methods like
waste-derived precursors or bio-inspired approaches may provide sustainable substitutes.

(v) Efforts should be made to use sun light as the energy source instead of UV or visible light, as solar light is a renewable energy and
there will be no additional cost required.

(vi) Future photocatalytic research should assess the efficacy of photocatalysts at pilot scales or inside real wastewater plant, rather
than solely in laboratory settings. Furthermore, enhancing the recyclability and stability of composited substances in real ex-
ploitations is essential, owing to the intricacies of real wastewaters. Also, the importance of biological safety must also be
underscored.

(vii) For practical applications, it is crucial to sustain high activity while guaranteeing long-term durability. The inadequate sta-
bilities and challenges in the reutilization of powdered size composites pose significant concerns for the real-world imple-
mentation of water remediation. Selecting adequate substrates for restraining photocatalyst materials or fabricating them in the
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form of granular photocatalysts might diminish photocatalytic efficacy; however, materials exhibiting enhanced recyclability
and greater stabilities are more ideal for practical exploitations.

(viii) The scalability of graphene-based photocatalysts is limited by the complexity and expense of current production techniques.
Techniques frequently call for exact control over the materials’ composition and morphology, which can be difficult to reliably
do. Research in the future should focus on overcoming the limitations of mass production of photocatalysts with desirable
structure and morphology.

(ix) Moreover, these photocatalysts must be fabricated as thin films to enhance their efficacy in degrading diverse industrial ef-
fluents laden with substantial quantities of various hazardous organic dyes, phenolic pollutants, pharmaceuticals, along with
other deleterious substances.

(x) The application of photocatalysis in conjunction with other AOPs presents a promising approach for the treatment of recalci-
trant organic wastewater. Research should concentrate on examining the effects of reaction circumstances on the synergistic
decomposition processes to enhance decomposition efficiency and maximize economic advantages.

(xi) Despite the existing literature on the mechanism of photocatalytic degradation, it is essential to comprehend the fundamental
relationships among the morphology, composition, structure, dimensions, and catalytic activity of photocatalysts.

(xii) To effectively degrade various organic contaminants, it is essential to analyze the degradation mechanism in order to choose the
most appropriate photocatalyst type. For instance, two charge types in dye molecules cause them to be present as cationic dye or
anionic dye, which influence their sorption on the catalyst surface and therefore impact the efficacy of photocatalytic
decomposition. Notwithstanding the previously described problems, graphene-based composite photocatalyst has limitless
applications and potential in the treating of industrial wastewaters.

(xiii) Since many photocatalyst systems (including graphene-based ones) tend to create a range of by-products instead of specified
degradation products, achieving product selectivity throughout the degradation process can be considered as a valuable pur-
pose in the future research efforts.

9. Conclusions

The current review work highlights the degradation of hazardous organic contaminants including dyes, phenolic pollutants,
pharmaceuticals, and pesticides in wastewater, exploiting graphene-supported photocatalysts. Additionally, the principal reaction
factors like solution pH, catalyst dosage, initial pollutant concentration, and irradiation time are also discussed. The kinetic data
follows the Langmuir Hinshelwood model. The regeneration capacity of some photocatalysts has been examined, indicating that these
photocatalysts can be utilized successfully without substantial degradation in their performance. The findings are highly encouraging
in terms of degradation efficiency of organic pollutants. The review paper highlights the issues and challenges associated with the
treatment of wastewater using graphene-supported photocatalysts. Also, perspectives for future research are outlined, and several
recommendations are provided for comprehensive and accurate appraisement of photocatalytic systems. In summary, even though the
development of graphene-based photocatalysts faces many challenges, continued studies into cutting-edge photocatalysts, production
processes, and application strategies holds promise for overcoming these challenges and realizing the full potential of the graphene-
based materials in sustainable environment remediation. At the end, it should be mentioned that, eexploiting graphene-based ma-
terials as photocatalysts, interdisciplinary collaborations that integrate knowledge from chemistry, materials science, and engineering
will promote creative answers to today’s photocatalysis problems.

Author Contributions

“All authors contributed to the study conception and design. Data collection, analysis, and first draft of the manuscript was written
by Dr. Dibya Ranjan Rout. Prof. Hara Mohan Jena, Prof. Aditya Kumar, and Prof. Ahmad Hosseini-Bandegharaei commented on
previous versions of the manuscript. All authors read and approved the final manuscript.”
Funding

“The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.”
CRediT authorship contribution statement

Ahmad Hosseini-Bandegharaei: Writing — review & editing, Writing — original draft, Supervision. Omirserik Baigenzhenov:
Writing — review & editing, Project administration, Methodology, Formal analysis. Dibya Ranjan Rout: Writing — original draft,

Validation, Investigation, Formal analysis. Aditya Kumar: Writing — review & editing, Writing — original draft, Supervision, Meth-
odology. Hara Mohan Jena: Writing — original draft, Validation, Investigation, Formal analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

25



D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560
Data availability

No data was used for the research described in the article.

References

Abuzeyad, O.H., El-Khawaga, A.M., Tantawy, H., Elsayed, M.A., 2023. An evaluation of the improved catalytic performance of rGO/GO-hybrid-nanomaterials in
photocatalytic degradation and antibacterial activity processes for wastewater treatment: a review. J. Mol. Struct. 1288, 135787. https://doi.org/10.1016/j.
molstruc.2023.135787.

Adedokun, O., Sanusi, Y.K., Awodugba, A.O., 2018. Solvent dependent natural dye extraction and its sensitization effect for dye sensitized solar cells. Opt. (Stuttg. )
174, 497-507. https://doi.org/10.1016/].ijle0.2018.06.064.

Ahtasham Igbal, M., Akram, S., khalid, S., Lal, B., Hassan, S.U., Ashraf, R., Kezembayeva, G., Mushtaq, M., Chinibayeva, N., Hosseini-Bandegharaei, A., 2024.
Advanced photocatalysis as a viable and sustainable wastewater treatment process: a comprehensive review. Environ. Res. 253, 118947. https://doi.org/
10.1016/j.envres.2024.118947.

Ahuja, S., 2021. Handbook of water purity and quality, handb. Water Purity Qual. 1-468. https://doi.org/10.1016/B978-0-12-821057-4.0002.2-7.

Akash, S., Sivaprakash, B., Rajamohan, N., Govarthanan, M., Elakiya, B.T., 2022. Remediation of pharmaceutical pollutants using graphene-based materials - a review
on operating conditions, mechanism and toxicology. Chemosphere 306, 135520. https://doi.org/10.1016/j.chemosphere.2022.135520.

Al-Hamadani, Y.A.J., Chu, K.H,, Flora, J.R.V., Kim, D.H., Jang, M., Sohn, J., Joo, W., Yoon, Y., 2016. Sonocatalytical degradation enhancement for ibuprofen and
sulfamethoxazole in the presence of glass beads and single-walled carbon nanotubes. Ultrason. Sonochem. 32, 440-448. https://doi.org/10.1016/j.
ultsonch.2016.03.030.

Ali, A., Shoeb, M, Li, Y., Li, B., Khan, M.A., 2021. Enhanced photocatalytic degradation of antibiotic drug and dye pollutants by graphene-ordered mesoporous silica
(SBA 15)/TiO2 nanocomposite under visible-light irradiation. J. Mol. Liq. 324, 114696. https://doi.org/10.1016/j.molliq.2020.114696.

Al-Musawi, T.J., Mengelizadeh, N., Ganji, F., Wang, C., Balarak, D., 2022. Preparation of multi-walled carbon nanotubes coated with CoFe204 nanoparticles and their
adsorption performance for bisphenol a compound. Adv. Powder Technol. 33, 103438. https://doi.org/10.1016/j.apt.2022.103438.

Altendji, K., Hamoudi, S., 2023. Efficient photocatalytic degradation of aqueous atrazine over Graphene-Promoted g-C3N4 nanosheets. Catalysts 13, 1265. https://
doi.org/10.3390/catal13091265.

Altin, 1., Ma, X., Boffa, V., Bacaksiz, E., Magnacca, G., 2021. Hydrothermal preparation of B-TiO2-graphene oxide ternary nanocomposite, characterization and
photocatalytic degradation of bisphenol a under simulated solar irradiation. Mater. Sci. Semicond. Process 123. https://doi.org/10.1016/j.mssp.2020.105591.

Anku, W.W., Mamo, M.A., Govender, P.P., 2017. Phenolic compounds in water: sources, reactivity, toxicity and treatment methods. in: Phenolic Compd. - Nat.
Sources, Importance Appl. InTech. https://doi.org/10.5772/66927.

Armstrong, L.E., Johnson, E.C., 2018. Water intake, water balance, and the elusive daily water requirement. Nutrients 10, 1928. https://doi.org/10.3390/
nul0121928.

Asif, A.H., Rafique, N., Hirani, R.A.K., Shi, L., Zhang, S., Wang, S., Sun, H., 2023. Graphitic carbon nitride engineered «-Fe203/rGO heterostructure for visible-light-
driven photochemical oxidation of sulfamethoxazole. Chem. Eng. J. 451, 138630. https://doi.org/10.1016/j.cej.2022.138630.

Assafi, A., Zarouki, M.A., Hejji, L., Ali, Y.A.E.H., Chraka, A., Pérez-Villarejo, L., Sdnchez-Soto, P.J., Souhail, B., Azzouz, A., 2025. Olive pomace-derived graphene
quantum dots decorated with iron oxide nanoparticles for efficient malathion removal from environmental water: theoretical and experimental studies. Diam.
Relat. Mater., 112255 https://doi.org/10.1016/j.diamond.2025.112255.

Aziz, K., Naz, A., Manzoor, S., Khan, M.I., Shanableh, A., Fernandez Garcia, J., 2023. Visible light photodegradation of glyphosate and methylene blue using Defect-
Modified graphitic carbon nitride decorated with Ag/TiO2. Catalysts 13. https://doi.org/10.3390/catal13071087.

Aziz, K., Naz, A., Raza, N., Manzoor, S., Kim, K.-H., 2024. Reduced and modified graphene oxide with Ag/V205 as a ternary composite visible light photocatalyst
against dyes and pesticides. Environ. Res. 247, 118256. https://doi.org/10.1016/j.envres.2024.118256.

Bai, M., Liu, J., Wei, J., Chen, L., Lin, L., Miao, J., Li, C., 2025. Thermal stability of graphene-oxide nanofluids during enhanced convective heat transfer in a spacecraft
fluid loop. Diam. Relat. Mater. 154, 112142. https://doi.org/10.1016/j.diamond.2025.112142.

Baig, N., Thsanullah, Sajid, M., Saleh, T.A., 2019. Graphene-based adsorbents for the removal of toxic organic pollutants: a review. J. Environ. Manag. 244, 370-382.
https://doi.org/10.1016/j.jenvman.2019.05.047.

Beaula Ruby Kamalam, M., Inbanathan, S.S.R., Sethuraman, K., Umar, A., Algadi, H., Ibrahim, A.A., Rahman, Q.I., Garoufalis, C.S., Baskoutas, S., 2021. Direct
sunlight-driven enhanced photocatalytic performance of V205 nanorods/ graphene oxide nanocomposites for the degradation of Victoria blue dye. Environ. Res.
199, 111369. https://doi.org/10.1016/j.envres.2021.111369.

Bervia Lunardi, V., Edi Soetaredjo, F., Foe, K., Nyoo Putro, J., Permatasari santoso, S., Gede Wenten, L., Irawaty, W., Yuliana, M., Ju, Y.-H., Elisa Angkawijaya, A.,
Ismadji, S., 2022. Pesticide elimination through adsorption by metal-organic framework and their modified forms. Environ. Nanotechnol. Monit. Manag 17,
100638. https://doi.org/10.1016/j.enmm.2021.100638.

Budiarso, I.J., Dabur, V.A., Rachmantyo, R., Judawisastra, H., Hu, C., Wibowo, A., 2024. Carbon nitride- and graphene-based materials for the photocatalytic
degradation of emerging water pollutants. Mater. Adv. 5, 2668-2688. https://doi.org/10.1039/D3MA01078C.

Cao, M., Wang, P., Ao, Y., Wang, C., Hou, J., Qian, J., 2016. Visible light activated photocatalytic degradation of tetracycline by a magnetically separable composite
photocatalyst: graphene oxide/magnetite/cerium-doped titania. J. Colloid Interface Sci. 467, 129-139. https://doi.org/10.1016/].jcis.2016.01.005.

Ceril Jeoffrey, A., Jothi Ramalingam, S., Murugaiah, K., Balu, A.R., 2023. One-pot Green synthesis of rGO-NiO/CdO nanocomposite materials for the photocatalytic
degradation of phenol from waste waters and the study of resistance against staphylococcus aureus. Hybrid. Adv. 3, 100064. https://doi.org/10.1016/j.
hybadv.2023.100064.

Cerrato, E., Paganini, M.C., 2020. Mechanism of visible photon absorption: unveiling of the ¢ 3 n 4 -ZnO photoactive interface by means of EPR spectroscopy. Mater.
Adv. 1, 2357-2367. https://doi.org/10.1039/DOMA00451K.

Chakraborty, R., Asthana, A., Singh, A K., Jain, B., Susan, A.B.H., 2022. Adsorption of heavy metal ions by various low-cost adsorbents: a review. Int. J. Environ. Anal.
Chem. 102, 342-379. https://doi.org/10.1080/03067319.2020.1722811.

Chandiran, K., Nagamuthu Raja, K.C., 2023. Graphene based NiMnO3/NiMn204 ternary nanocomposite for superior photodegradation performance of methylene
blue under visible-light exposure. Colloids Surf. A Physicochem. Eng. Asp. 667, 131434. https://doi.org/10.1016/j.colsurfa.2023.131434.

Charles, J., Bradu, C., Morin-Crini, N., Sancey, B., Winterton, P., Torri, G., Badot, P.-M., Crini, G., 2016. Pollutant removal from industrial discharge water using
individual and combined effects of adsorption and ion-exchange processes: chemical abatement. J. Saudi Chem. Soc. 20, 185-194. https://doi.org/10.1016/j.
jscs.2013.03.007.

Cheng, C., Liang, Q., Yan, M., Liu, Z., He, Q., Wu, T., Luo, S., Pan, Y., Zhao, C., Liu, Y., 2022. Advances in preparation, mechanism and applications of graphene
quantum dots/semiconductor composite photocatalysts: a review. J. Hazard. Mater. 424, 127721. https://doi.org/10.1016/j.jhazmat.2021.127721.

Cheng, F., Zhou, P., Huo, X,, Liu, Y., Liu, Y., Zhang, Y., 2020. Enhancement of bisphenol a degradation by accelerating the Fe(III)/Fe(Il) cycle in graphene oxide
modified Fe(Il)/peroxymonosulfate system under visible light irradiation. J. Colloid Interface Sci. 580, 540-549. https://doi.org/10.1016/j.jcis.2020.07.029.

Cheng, M., Zeng, G., Huang, D., Lai, C., Xu, P., Zhang, C., Liu, Y., 2016. Hydroxyl radicals based advanced oxidation processes (AOPs) for remediation of soils
contaminated with organic compounds: a review. Chem. Eng. J. 284, 582-598. https://doi.org/10.1016/].cej.2015.09.001.

Cheng, S.Y., Show, P.-L., Juan, J.C., Chang, J.-S., Lau, B.F., Lai, S.H., Ng, E.P., Yian, H.C., Ling, T.C., 2021. Landfill leachate wastewater treatment to facilitate resource
recovery by a coagulation-flocculation process via hydrogen bond. Chemosphere 262, 127829. https://doi.org/10.1016/j.chemosphere.2020.127829.

Cherniak, S.L., Almuhtaram, H., McKie, M.J., Hermabessiere, L., Yuan, C., Rochman, C.M., Andrews, R.C., 2022. Conventional and biological treatment for the
removal of microplastics from drinking water. Chemosphere 288, 132587. https://doi.org/10.1016/j.chemosphere.2021.132587.

26


https://doi.org/10.1016/j.molstruc.2023.135787
https://doi.org/10.1016/j.molstruc.2023.135787
https://doi.org/10.1016/j.ijleo.2018.06.064
https://doi.org/10.1016/j.envres.2024.118947
https://doi.org/10.1016/j.envres.2024.118947
https://doi.org/10.1016/B978-0-12-821057-4.00022-7
https://doi.org/10.1016/j.chemosphere.2022.135520
https://doi.org/10.1016/j.ultsonch.2016.03.030
https://doi.org/10.1016/j.ultsonch.2016.03.030
https://doi.org/10.1016/j.molliq.2020.114696
https://doi.org/10.1016/j.apt.2022.103438
https://doi.org/10.3390/catal13091265
https://doi.org/10.3390/catal13091265
https://doi.org/10.1016/j.mssp.2020.105591
https://doi.org/10.5772/66927
https://doi.org/10.3390/nu10121928
https://doi.org/10.3390/nu10121928
https://doi.org/10.1016/j.cej.2022.138630
https://doi.org/10.1016/j.diamond.2025.112255
https://doi.org/10.3390/catal13071087
https://doi.org/10.1016/j.envres.2024.118256
https://doi.org/10.1016/j.diamond.2025.112142
https://doi.org/10.1016/j.jenvman.2019.05.047
https://doi.org/10.1016/j.envres.2021.111369
https://doi.org/10.1016/j.enmm.2021.100638
https://doi.org/10.1039/D3MA01078C
https://doi.org/10.1016/j.jcis.2016.01.005
https://doi.org/10.1016/j.hybadv.2023.100064
https://doi.org/10.1016/j.hybadv.2023.100064
https://doi.org/10.1039/D0MA00451K
https://doi.org/10.1080/03067319.2020.1722811
https://doi.org/10.1016/j.colsurfa.2023.131434
https://doi.org/10.1016/j.jscs.2013.03.007
https://doi.org/10.1016/j.jscs.2013.03.007
https://doi.org/10.1016/j.jhazmat.2021.127721
https://doi.org/10.1016/j.jcis.2020.07.029
https://doi.org/10.1016/j.cej.2015.09.001
https://doi.org/10.1016/j.chemosphere.2020.127829
https://doi.org/10.1016/j.chemosphere.2021.132587

D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

Chowdhury, S., Mazumder, M.A.J., Al-Attas, O., Husain, T., 2016. Heavy metals in drinking water: occurrences, implications, and future needs in developing
countries. Sci. Total Environ. 569-570, 476-488. https://doi.org/10.1016/j.scitotenv.2016.06.166.

Cuerda-Correa, E.M., Alexandre-Franco, M.F., Ferndndez-Gonzalez, C., 2019. Advanced oxidation processes for the removal of antibiotics from water. An overview.
Water 12, 102. https://doi.org/10.3390/w12010102.

Darabdhara, G., Boruah, P.K., Borthakur, P., Hussain, N., Das, M.R., Ahamad, T., Alshehri, S.M., Malgras, V., Wu, K.C.-W., Yamauchi, Y., 2016. Reduced graphene
oxide nanosheets decorated with Au-Pd bimetallic alloy nanoparticles towards efficient photocatalytic degradation of phenolic compounds in water. Nanoscale 8,
8276-8287. https://doi.org/10.1039/C6NRO0231E.

Daud, N.M., Abdullah, S.R.S., Hasan, H.A,, Ismail, N. ’Izzati, Dhokhikah, Y., 2022. Integrated physical-biological treatment system for batik industry wastewater: a
review on process selection. Sci. Total Environ. 819, 152931. https://doi.org/10.1016/j.scitotenv.2022.152931.

De Mello Peters, R.F., Mantey dos Santos, P.A., Machado, T.C., Rodriguez Lopez, D.A., Machado, E.L., Lawisch Rodriguez, A.D.A., 2018. Photocatalytic degradation of
methylene blue using TiO2 supported in ceramic material. Eclética Quimica J. 43, 26. https://doi.org/10.26850/1678-4618eqj.v43.1.2018.p26-32.

Deborde, M., von Gunten, U., 2008. Reactions of chlorine with inorganic and organic compounds during water treatment—Kinetics and mechanisms: a critical review.
Water Res 42, 13-51. https://doi.org/10.1016/j.watres.2007.07.025.

Dreyer, D.R., Park, S., Bielawski, C.W., Ruoff, R.S., 2010. The chemistry of graphene oxide. Chem. Soc. Rev. 39, 228-240. https://doi.org/10.1039/B917103G.

Ebele, A.J., Abou-Elwafa Abdallah, M., Harrad, S., 2017. Pharmaceuticals and personal care products (PPCPs) in the freshwater aquatic environment. Emerg. Contam.
3, 1-16. https://doi.org/10.1016/j.emcon.2016.12.004.

El-Ghonemy, A.M.K., 2012. RETRACTED: future sustainable water desalination technologies for the Saudi Arabia: a review. Renew. Sustain. Energy Rev. 16,
6566-6597. https://doi.org/10.1016/j.rser.2012.07.026.

El-Hout, S.I., El-Sheikh, S.M., Gaber, A., Shawky, A., Ahmed, A.I., 2020. Highly efficient sunlight-driven photocatalytic degradation of malachite Green dye over
reduced graphene oxide-supported CuS nanoparticles. J. Alloy. Compd. 849, 156573. https://doi.org/10.1016/j.jallcom.2020.156573.

Esfandian, H., Mirzaei, S., Chari, A.S., Ghadi, R.A., Moqadam, I.H., 2024. Photocatalytic degradation of chlorpyrifos pesticide in aqueous solution using Cu-doped
TiO2/GO photocatalysis vicinity of UV and visible light. Mater. Sci. Eng. B 305, 117385. https://doi.org/10.1016/j.mseb.2024.117385.

Etacheri, V., Di Valentin, C., Schneider, J., Bahnemann, D., Pillai, S.C., 2015. Visible-light activation of TiO2 photocatalysts: advances in theory and experiments.
J. Photochem. Photobiol. C. Photochem. Rev. 25, 1-29. https://doi.org/10.1016/j.jphotochemrev.2015.08.003.

Farhan, A., Rashid, E.U., Waqas, M., Ahmad, H., Nawaz, S., Munawar, J., Rahdar, A., Varjani, S., Bilal, M., 2022. Graphene-based nanocomposites and nanohybrids for
the abatement of agro-industrial pollutants in aqueous environments. Environ. Pollut. 308, 119557. https://doi.org/10.1016/j.envpol.2022.119557.

Farooq, A., Anwar, M., Somaily, H.H., Zulfigar, S., Warsi, M.F., Din, M.1., Muhammad, A., Irshad, A., 2023. Fabrication of Ag-doped magnesium aluminate/ rGO
composite: a highly efficient photocatalyst for visible light-driven photodegradation of crystal violet and phenol. Phys. B Condens. Matter 650, 414508. https://
doi.org/10.1016/j.physb.2022.414508.

Fu, L., Huang, T., Wang, S., Wang, X., Su, L., Li, C., Zhao, Y., 2017. Toxicity of 13 different antibiotics towards freshwater Green algae pseudokirchneriella subcapitata
and their modes of action. Chemosphere 168, 217-222. https://doi.org/10.1016/j.chemosphere.2016.10.043.

Gao, Z., Liang, J., Yao, J., Zhao, Y., Meng, Q., He, G., Chen, H., 2021. Synthesis of Ce-doped NiAl LDH/RGO composite as an efficient photocatalyst for photocatalytic
degradation of ciprofloxacin. J. Environ. Chem. Eng. 9, 105405. https://doi.org/10.1016/j.jece.2021.105405.

Garcia-Zaragoza, A., Cerezo-Navarrete, C., Ona-Burgos, P., Martinez-Prieto, L.M., 2023. Boosting the catalytic performance of graphene-supported pt nanoparticles
via decorating with —-SnBu n: an efficient approach for aqueous hydrogenation of biomass-derived compounds. Nanoscale 15, 12319-12332. https://doi.org/
10.1039/D3NR02083E.

Geim, A.K., Novoselov, K.S., 2007. The rise of graphene. Nat. Mater. 6, 183-191. https://doi.org/10.1038/nmat1849.

Ghanbari, H., Shafikhani, M.A., Daryalaal, M., 2019. Graphene nanosheets production using liquid-phase exfoliation of pre-milled graphite in dimethylformamide and
structural defects evaluation. Ceram. Int. 45, 20051-20057. https://doi.org/10.1016/j.ceramint.2019.06.267.

Giang, N.T.H., Hai, N.D., Thinh, N.T., Tan, N.N., Phuong, L.P., Thinh, D.B., Van Duc, N., Viet, V.N.D., Duy, H.K., Phong, M.T., Hieu, N.H., 2022. Enhanced
photocatalytic degradation of malachite Green by sulfur-doped titanium dioxide/porous reduced graphene oxide. Diam. Relat. Mater. 129, 109321. https://doi.
org/10.1016/j.diamond.2022.109321.

Gomathi, A., Prabhuraj, T., Gokilapriya, S., Vasanthi, G., Maadeswaran, P., Ramesh Kumar, K.A., 2023. Design of ternary CeO2/Fe203/reduced graphene oxide-based
hybrid nanocomposite for superior photocatalytic degradation material for organic dyes. Dye. Pigment 218, 111473. https://doi.org/10.1016/j.
dyepig.2023.111473.

Goodrum, R., Weldekidan, H., Li, H., Mohanty, A.K., Misra, M., 2024. Graphene-based nanostructures from Green processes and their applications in biomedical
sensors. Adv. Ind. Eng. Polym. Res. 7, 37-53. https://doi.org/10.1016/j.aiepr.2023.03.001.

Grace Pavithra, K., Sundar Rajan, P., Arun, J., Brindhadevi, K., Hoang Le, Q., Pugazhendhi, A., 2023. A review on recent advancements in extraction, removal and
recovery of phenols from phenolic wastewater: challenges and future outlook. Environ. Res. 237, 117005. https://doi.org/10.1016/j.envres.2023.117005.
Grandclément, C., Seyssiecq, 1., Piram, A., Wong-Wah-Chung, P., Vanot, G., Tiliacos, N., Roche, N., Doumeng, P., 2017. From the conventional biological wastewater
treatment to hybrid processes, the evaluation of organic micropollutant removal: a review. Water Res 111, 297-317. https://doi.org/10.1016/j.

watres.2017.01.005.

Gubari, M.Q., Zwain, H.M., Hassan, W.H., Vakili, M., Majdi, A., 2023. Desalination of pigment industry wastewater by reverse osmosis using OPM-K membrane. Case
Stud. Chem. Environ. Eng. 8, 100401. https://doi.org/10.1016/j.cscee.2023.100401.

Hladik, M.L., Main, A.R., Goulson, D., 2018. Environmental risks and challenges associated with neonicotinoid insecticides. Environ. Sci. Technol. 52, 3329-3335.
https://doi.org/10.1021/acs.est.7b06388.

Hong, X., Wang, R., Li, S., Fu, J., Chen, L., Wang, X., 2020. Hydrophilic macroporous SnO2/rGO composite prepared by melamine template for high efficient
photocatalyst. J. Alloy. Compd. 816, 152550. https://doi.org/10.1016/j.jallcom.2019.152550.

Ibrahim, A., Jumadil, N.S., Roger, J.F., Yaser, A.Z., 2024. Revisit. Coagul. FlocculationNanofiltration Dye Remov. 83-89. https://doi.org/10.1007/978-3-031-53456-
0.8.

Idczak, K., Owczarek, S., Trembutowicz, A., Rusin, B., 2025. Step-by-step silicon carbide graphitisation process study in terms of time and temperature parameters.
Surf. Sci. 751, 122630. https://doi.org/10.1016/j.susc.2024.122630.

Igbal, A., Ahamad, T., Qais, F.A., Ahmad, N., Shafi, A., Ahmed, A.S., Srivastava, S., 2023. Proficient visible-light-driven photocatalytic and anti-biofilm activity of
biosynthesized CeO2-graphene oxide nanocomposites. Mater. Chem. Phys. 298, 127397. https://doi.org/10.1016/j.matchemphys.2023.127397.

Jéquier, E., Constant, F., 2010. Water as an essential nutrient: the physiological basis of hydration. Eur. J. Clin. Nutr. 64, 115-123. https://doi.org/10.1038/
ejcn.2009.111.

Jiang, M., Chen, Y., Lin, Z., Zhao, Y., Hou, L., 2025. Polyaniline enhanced partially reduced graphene oxide/carbon nanotube composite films as free-standing
electrodes for flexible solid-state supercapacitors. Diam. Relat. Mater. 154, 112106. https://doi.org/10.1016/j.diamond.2025.112106.

Jiang, Y., Zhao, H., Liang, J., Yue, L., Li, T., Luo, Y., Liu, Q., Lu, S., Asiri, A.M., Gong, Z., Sun, X., 2021. Anodic oxidation for the degradation of organic pollutants:
anode materials, operating conditions and mechanisms. A mini review. Electrochem. Commun. 123, 106912. https://doi.org/10.1016/j.elecom.2020.106912.

Jing, X., Zhang, Y., Chang, H., Qiu, R., Xie, H., Yang, W., Zhang, M., Wang, W., Liu, Q., Wang, X., Crittenden, J., Lyu, X., 2024. When 2D g-C3N4 meets 0D CNQDs and
1D CNTs: a strategy for photocatalytic hydrogen production over a ternary non-metallic catalyst. Sep. Purif. Technol. 343. https://doi.org/10.1016/j.
seppur.2024.127161.

Kallawar, G.A., Bhanvase, B.A., Sathe, B.R., 2023. Sonochemically prepared bismuth doped titanium oxide-reduced graphene oxide (Bi@TiO2-rGO) nanocomposites
for effective visible light photocatalytic degradation of malachite Green. Diam. Relat. Mater. 139, 110423. https://doi.org/10.1016/j.diamond.2023.110423.

Karim, A.V., Selvaraj, A., 2021. Graphene composites in photocatalytic oxidation of aqueous organic contaminants — a state of art. Process Saf. Environ. Prot. 146,
136-160. https://doi.org/10.1016/j.psep.2020.08.042.

27


https://doi.org/10.1016/j.scitotenv.2016.06.166
https://doi.org/10.3390/w12010102
https://doi.org/10.1039/C6NR00231E
https://doi.org/10.1016/j.scitotenv.2022.152931
https://doi.org/10.26850/1678-4618eqj.v43.1.2018.p26-32
https://doi.org/10.1016/j.watres.2007.07.025
https://doi.org/10.1039/B917103G
https://doi.org/10.1016/j.emcon.2016.12.004
https://doi.org/10.1016/j.rser.2012.07.026
https://doi.org/10.1016/j.jallcom.2020.156573
https://doi.org/10.1016/j.mseb.2024.117385
https://doi.org/10.1016/j.jphotochemrev.2015.08.003
https://doi.org/10.1016/j.envpol.2022.119557
https://doi.org/10.1016/j.physb.2022.414508
https://doi.org/10.1016/j.physb.2022.414508
https://doi.org/10.1016/j.chemosphere.2016.10.043
https://doi.org/10.1016/j.jece.2021.105405
https://doi.org/10.1039/D3NR02083E
https://doi.org/10.1039/D3NR02083E
https://doi.org/10.1038/nmat1849
https://doi.org/10.1016/j.ceramint.2019.06.267
https://doi.org/10.1016/j.diamond.2022.109321
https://doi.org/10.1016/j.diamond.2022.109321
https://doi.org/10.1016/j.dyepig.2023.111473
https://doi.org/10.1016/j.dyepig.2023.111473
https://doi.org/10.1016/j.aiepr.2023.03.001
https://doi.org/10.1016/j.envres.2023.117005
https://doi.org/10.1016/j.watres.2017.01.005
https://doi.org/10.1016/j.watres.2017.01.005
https://doi.org/10.1016/j.cscee.2023.100401
https://doi.org/10.1021/acs.est.7b06388
https://doi.org/10.1016/j.jallcom.2019.152550
https://doi.org/10.1007/978-3-031-53456-0_8
https://doi.org/10.1007/978-3-031-53456-0_8
https://doi.org/10.1016/j.susc.2024.122630
https://doi.org/10.1016/j.matchemphys.2023.127397
https://doi.org/10.1038/ejcn.2009.111
https://doi.org/10.1038/ejcn.2009.111
https://doi.org/10.1016/j.diamond.2025.112106
https://doi.org/10.1016/j.elecom.2020.106912
https://doi.org/10.1016/j.seppur.2024.127161
https://doi.org/10.1016/j.seppur.2024.127161
https://doi.org/10.1016/j.diamond.2023.110423
https://doi.org/10.1016/j.psep.2020.08.042

D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

Karthik, R., Vinoth Kumar, J., Chen, S.-M., Karuppiah, C., Cheng, Y.-H., Muthuraj, V., 2017. A study of electrocatalytic and photocatalytic activity of cerium
molybdate nanocubes decorated graphene oxide for the sensing and degradation of antibiotic drug chloramphenicol. ACS Appl. Mater. Interfaces 9, 6547-6559.
https://doi.org/10.1021/acsami.6b14242.

Khaliq, A., Abdelbacki, A.M.M., Elaissi, S., Dahshan, A., Khan, M.J., Ahmad, K., 2025. Facile fabrication of CeNiO3/rGO nanohybrid for high performance
supercapacitor. Diam. Relat. Mater. 154, 112153. https://doi.org/10.1016/j.diamond.2025.112153.

Khan, H., 2024. Graphene based semiconductor oxide photocatalysts for photocatalytic hydrogen (H2) production, a review. Int. J. Hydrog. Energy 84, 356-371.
https://doi.org/10.1016/j.ijhydene.2024.08.057.

Khan, S.H., Pathak, B., Fulekar, M.H., 2018. Synthesis, characterization and photocatalytic degradation of chlorpyrifos by novel fe: ZnO nanocomposite material.
Nanotechnol. Environ. Eng. 3, 13. https://doi.org/10.1007/541204-018-0041-3.

Kim, S.-R., Ali, L., Kim, J.-O., 2019. Phenol degradation using an anodized graphene-doped TiO2 nanotube composite under visible light. Appl. Surf. Sci. 477, 71-78.
https://doi.org/10.1016/j.apsusc.2017.12.024.

Kolya, H., Kang, C.-W., 2024. Toxicity of metal oxides, dyes, and dissolved organic matter in water: implications for the environment and human health. Toxics 12,
111. https://doi.org/10.3390/toxics12020111.

Kumar, A., Sharma, G., Naushad, M., Ahamad, T., Veses, R.C., Stadler, F.J., 2019. Highly visible active Ag2CrO4/Ag/BiFeO3@RGO nano-junction for photoreduction
of CO2 and photocatalytic removal of ciprofloxacin and bromate ions: the triggering effect of ag and RGO. Chem. Eng. J. 370, 148-165. https://doi.org/10.1016/
j.cej.2019.03.196.

Kumar, R., George, L., Jun, Z., Mukherji, S., 2022b. Photocatalytic activity of graphene oxide-TiO2 nanocomposite on dichlorvos and malathion and assessment of
toxicity changes due to photodegradation. Chemosphere 308, 136402. https://doi.org/10.1016/j.chemosphere.2022.136402.

Kumar, R., Sudhaik, A., Sonu, Raizada, P., Nguyen, V.-H., Van Le, Q., Ahamad, T., Thakur, S., Hussain, C.M., Singh, P., 2023a. Integrating k and p co-doped g-C3N4
with ZnFe204 and graphene oxide for S-scheme-based enhanced adsorption coupled photocatalytic real wastewater treatment. Chemosphere 337, 139267.
https://doi.org/10.1016/j.chemosphere.2023.139267.

Kumar, S., Pandit, V., Bhattacharyya, K., Krishnan, V., 2018. Sunlight driven photocatalytic reduction of 4-nitrophenol on pt decorated ZnO-RGO
nanoheterostructures. Mater. Chem. Phys. 214, 364-376. https://doi.org/10.1016/j.matchemphys.2018.04.113.

Kumar, S., Kumar), (S., Kaushik, R.D., Purohit, L.P., 2022a. ZnO-CdO nanocomposites incorporated with graphene oxide nanosheets for efficient photocatalytic
degradation of bisphenol A, thymol blue and ciprofloxacin. J. Hazard. Mater. 424, 127332. https://doi.org/10.1016/j.jhazmat.2021.127332.

Kumar, S., Kaushik, R.D., Purohit, L.P., 2023b. RGO supported ZnO/Sn0O2 Z-scheme heterojunctions with enriched ROS production towards enhanced photocatalytic
mineralization of phenolic compounds and antibiotics at low temperature. J. Colloid Interface Sci. 632, 196-215. https://doi.org/10.1016/j.jcis.2022.11.040.

Kumari, P., Kumar, A., 2023. ADVANCED OXIDATION PROCESS: a remediation technique for organic and non-biodegradable pollutant. Results Surf. Interfaces 11,
100122. https://doi.org/10.1016/j.rsurfi.2023.100122.

Kusmierek, E., 2020. A CeO2 semiconductor as a photocatalytic and photoelectrocatalytic material for the remediation of pollutants in industrial wastewater: a
review. Catalysts 10, 1435. https://doi.org/10.3390/catal10121435.

Le, G.H., Ngo, Q.T., Nguyen, T.T., Nguyen, Q.K., Quan, T.T.T., Vu, L.D., Lee, G.D., Vu, T.A., 2018. High catalytic activity of phenol photodegradation from aqueous
solution with novel Fe-Fe304-GO nanocomposite. J. Mater. Eng. Perform. 27, 4225-4234. https://doi.org/10.1007/511665-018-3496-2.

Li, J., Zeng, H., Zeng, Z., Zeng, Y., Xie, T., 2021. Promising Graphene-Based nanomaterials and their biomedical applications and potential risks: a comprehensive
review. ACS Biomater. Sci. Eng. 7, 5363-5396. https://doi.org/10.1021/acsbiomaterials.1c00875.

Li, N., Ma, J., Wang, W., Chang, Q., Liu, L., Hao, C., Zhang, H., Zhang, H., Hu, S., Wang, S., 2024. Dual S-scheme Mo0S2/ZnIn2S4/Graphene quantum dots ternary
heterojunctions for highly efficient photocatalytic hydrogen evolution. J. Colloid Interface Sci. 676, 496-505. https://doi.org/10.1016/j.jcis.2024.07.144.

Li, W., Zuo, Y., Jiang, L., Yao, D., Chen, Z., He, G., Chen, H., 2020. Bi2Ti207/TiO2/RGO composite for the simulated sunlight-driven photocatalytic degradation of
ciprofloxacin. Mater. Chem. Phys. 256, 123650. https://doi.org/10.1016/j.matchemphys.2020.123650.

Liaqat, M., Munir, R.M., Maryam, 1., Igbal, T., Afsheen, S., Nabi, A.G., Khan, R.R.M., El-marghany, A., Warad, 1., Basit, A., 2024. Synthesis and characterization of
WO3/BiVO4/Graphene ternary nanocomposites for the photodegradation of methlyene blue and tetracycline. Mater. Chem. Phys. 320. https://doi.org/10.1016/
j.matchemphys.2024.129465.

Lim, S., Shi, J.L., von Gunten, U., McCurry, D.L., 2022. Ozonation of organic compounds in water and wastewater: a critical review. Water Res 213, 118053. https://
doi.org/10.1016/j.watres.2022.118053.

Liu, F., Che, Y., Chai, Q., Zhao, M., Lv, Y., Sun, H., Wang, Y., Sun, J., Zhao, C., 2019. Construction of rGO wrapping Cu20/ZnO heterostructure photocatalyst for PNP
and PAM degradation. Environ. Sci. Pollut. Res. 26, 25286-25300. https://doi.org/10.1007/511356-019-05814-7.

Liu, Y., Huo, Y., Wang, X., Yu, S., Ai, Y., Chen, Z., Zhang, P., Chen, L., Song, G., Alharbi, N.S., Rabah, S.0., Wang, X., 2021. Impact of metal ions and organic ligands on
uranium removal properties by zeolitic imidazolate framework materials. J. Clean. Prod. 278. https://doi.org/10.1016/j.jclepro.2020.123216.

Lu, H., Wang, X., Cong, Q., Chen, X., Li, Q., Li, X., Zhong, S., Deng, H., Yan, B., 2024. Research progress on the degradation of organic pollutants in water by activated
persulfate using Biochar-Loaded nano Zero-Valent iron. Molecules 29, 1130. https://doi.org/10.3390/molecules29051130.

Ly, N., Wang, P., Su, Y., Yu, H,, Liu, N., Quan, X., 2019. Construction of Z-Scheme g-C3N4/RGO/WO3 with in situ photoreduced graphene oxide as electron mediator
for efficient photocatalytic degradation of ciprofloxacin. Chemosphere 215, 444-453. https://doi.org/10.1016/j.chemosphere.2018.10.065.

Madhavan, J., Theerthagiri, J., Balaji, D., Sunitha, S., Choi, M.Y., Ashokkumar, M., 2019. Hybrid advanced oxidation processes involving ultrasound: an overview.
Molecules 24, 3341. https://doi.org/10.3390/molecules24183341.

Maghsodian, Z., Sanati, A.M., Mashifana, T., Sillanpa4, M., Feng, S., Nhat, T., Ramavandi, B., 2022. Occurrence and distribution of antibiotics in the water, sediment,
and biota of freshwater and marine environments: a review. Antibiotics 11, 1461. https://doi.org/10.3390/antibiotics11111461.

Mbayachi, V.B., Ndayiragije, E., Sammani, T., Taj, S., Mbuta, E.R., Khan, A. ullah, 2021. Graphene synthesis, characterization and its applications: a review. Results
Chem. 3, 100163. https://doi.org/10.1016/j.rechem.2021.100163.

Minale, M., Gu, Z., Guadie, A., Kabtamu, D.M., Li, Y., Wang, X., 2020. Application of graphene-based materials for removal of tetracyclines using adsorption and
photocatalytic-degradation: a review. J. Environ. Manag. 276, 111310. https://doi.org/10.1016/j.jenvman.2020.111310.

Misra, V., Singh, V., Singh, A., Kumar, D., Sharma, S.K., 2023. Photocatalytic degradation of methylene blue dye in aqueous solution under UV irradiation using
NdMnO3:rGO hybrid nanocomposites as a photocatalyst. Appl. Surf. Sci. Adv. 18, 100491. https://doi.org/10.1016/j.apsadv.2023.100491.

Mohamadpour, F., Amani, A.M., 2024. Photocatalytic systems: reactions, mechanism, and applications. RSC Adv. 14, 20609-20645. https://doi.org/10.1039/
D4RA03259D.

Mohan, D., Sarswat, A., Ok, Y.S., Pittman, C.U., 2014. Organic and inorganic contaminants removal from water with biochar, a renewable, low cost and sustainable
adsorbent - a critical review. Bioresour. Technol. 160, 191-202. https://doi.org/10.1016/j.biortech.2014.01.120.

Mondal, S., Ghosh, S., Raj, C.R., 2018. Unzipping of Single-Walled carbon nanotube for the development of electrocatalytically active hybrid catalyst of graphitic
carbon and pd nanoparticles. ACS Omega 3, 622-630. https://doi.org/10.1021/acsomega.7b01913.

Monga, D., Basu, S., 2022. Combination of MoS2 nanopetals with ag nanoparticles decorated graphene oxide for boosting photocatalytic abatement of recalcitrant
pollutants under visible light irradiation. Adv. Powder Technol. 33, 103555. https://doi.org/10.1016/j.apt.2022.103555.

Moslan, M.S., Othman, M.H.D., Zakria, H.S., Ismail, N.J., Borhamdin, S., Rahman, M.A., Jaafar, J., Puteh, M.H., Hashim, N., Kerisnan, N.D.A.P., Yahaya, N.K.E.M.,
Idris, A., 2023. Photocatalytic degradation of bisphenol a and energy storage capability of novel MoO3/ZnO/GO under visible light irradiation. J. Mater. Sci. 58,
9233-9250. https://doi.org/10.1007/s10853-023-08580-7.

Murioz-de-Toro, M., Markey, C.M., Wadia, P.R., Luque, E.H., Rubin, B.S., Sonnenschein, C., Soto, A.M., 2005. Perinatal exposure to Bisphenol-A alters peripubertal
mammary gland development in mice. Endocrinology 146, 4138-4147. https://doi.org/10.1210/en.2005-0340.

Musie, W., Gonfa, G., 2023. Fresh water resource, scarcity, water salinity challenges and possible remedies: a review. Heliyon 9, €18685. https://doi.org/10.1016/j.
heliyon.2023.e18685.

Naidu, K.S., 2024. In situ fabrication and photocatalytic performance of CeO2/Fe203 Core-Shell decorated rGO nanocomposites. Asian J. Pharm. 18. https://doi.org/
10.22377/ajp.v18i04.5868.

28


https://doi.org/10.1021/acsami.6b14242
https://doi.org/10.1016/j.diamond.2025.112153
https://doi.org/10.1016/j.ijhydene.2024.08.057
https://doi.org/10.1007/s41204-018-0041-3
https://doi.org/10.1016/j.apsusc.2017.12.024
https://doi.org/10.3390/toxics12020111
https://doi.org/10.1016/j.cej.2019.03.196
https://doi.org/10.1016/j.cej.2019.03.196
https://doi.org/10.1016/j.chemosphere.2022.136402
https://doi.org/10.1016/j.chemosphere.2023.139267
https://doi.org/10.1016/j.matchemphys.2018.04.113
https://doi.org/10.1016/j.jhazmat.2021.127332
https://doi.org/10.1016/j.jcis.2022.11.040
https://doi.org/10.1016/j.rsurfi.2023.100122
https://doi.org/10.3390/catal10121435
https://doi.org/10.1007/s11665-018-3496-2
https://doi.org/10.1021/acsbiomaterials.1c00875
https://doi.org/10.1016/j.jcis.2024.07.144
https://doi.org/10.1016/j.matchemphys.2020.123650
https://doi.org/10.1016/j.matchemphys.2024.129465
https://doi.org/10.1016/j.matchemphys.2024.129465
https://doi.org/10.1016/j.watres.2022.118053
https://doi.org/10.1016/j.watres.2022.118053
https://doi.org/10.1007/s11356-019-05814-7
https://doi.org/10.1016/j.jclepro.2020.123216
https://doi.org/10.3390/molecules29051130
https://doi.org/10.1016/j.chemosphere.2018.10.065
https://doi.org/10.3390/molecules24183341
https://doi.org/10.3390/antibiotics11111461
https://doi.org/10.1016/j.rechem.2021.100163
https://doi.org/10.1016/j.jenvman.2020.111310
https://doi.org/10.1016/j.apsadv.2023.100491
https://doi.org/10.1039/D4RA03259D
https://doi.org/10.1039/D4RA03259D
https://doi.org/10.1016/j.biortech.2014.01.120
https://doi.org/10.1021/acsomega.7b01913
https://doi.org/10.1016/j.apt.2022.103555
https://doi.org/10.1007/s10853-023-08580-7
https://doi.org/10.1210/en.2005-0340
https://doi.org/10.1016/j.heliyon.2023.e18685
https://doi.org/10.1016/j.heliyon.2023.e18685
https://doi.org/10.22377/ajp.v18i04.5868
https://doi.org/10.22377/ajp.v18i04.5868

D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

Nam, J., Yang, J., Zhao, Y., Kim, K.S., 2024. Chemical vapor deposition of graphene and its characterizations and applications. Curr. Appl. Phys. 61, 55-70. https://
doi.org/10.1016/j.cap.2024.02.010.

Nandee, R., Chowdhury, M.A., Shahid, A., Hossain, N., Rana, M., 2022. Band gap formation of 2D materialin graphene: future prospect and challenges. Results Eng.
15, 100474. https://doi.org/10.1016/j.rineng.2022.100474.

Naynava, S.K., Lorestani, B., Cheraghi, M., Sobhanardakani, S., Shahmoradi, B., 2024. Efficient degradation of diazinon pesticide under visible light irradiation using
Ce02 functionalized magnetite graphene oxide Heterojunction-Based photocatalyst. Water Air Soil Pollut. 235, 274. https://doi.org/10.1007/511270-024-07087-
4.

Nie, Y., Bao, R., Liu, L., Yi, J.,, Tao, J., Min, D., Li, L., Tan, S., Wang, J., Zhang, Z., 2023. Constructing a perfect, efficient heterojunction catalyst with HNO3 protonated
C3N4 and GO-derived GOQDs via electrostatic self-assembly. Colloids Surf. A Physicochem. Eng. Asp. 657, 130527. https://doi.org/10.1016/j.
colsurfa.2022.130527.

Olatunde, O.C., Onwudiwe, D.C., 2021. Graphene-Based composites as catalysts for the degradation of pharmaceuticals. Int. J. Environ. Res. Public Health 18, 1529.
https://doi.org/10.3390/ijerph18041529.

Padmajan Sasikala, S., Lim, J., Kim, I.H., Jung, H.J., Yun, T., Han, T.H., Kim, S.0O., 2018. Graphene oxide liquid crystals: a frontier 2D soft material for graphene-based
functional materials. Chem. Soc. Rev. 47, 6013-6045. https://doi.org/10.1039/C8CS00299A.

Pan, H,, Gu, J., Hou, K., Li, J., Wang, Y., Yue, Y., 2022. High-efficiency, compressible, and recyclable reduced graphene oxide/chitosan composite aerogels supported
g-C3N4/BiOBr photocatalyst for adsorption and degradation of rhodamine b. J. Environ. Chem. Eng. 10, 107157. https://doi.org/10.1016/j.jece.2022.107157.

Pandiyan, R., Mahalingam, S., Ahn, Y.-H., 2019. Antibacterial and photocatalytic activity of hydrothermally synthesized SnO2 doped GO and CNT under visible light
irradiation. J. Photochem. Photobiol. B Biol. 191, 18-25. https://doi.org/10.1016/j.jphotobiol.2018.12.007.

Parasuraman, B., Shanmugam, P., Govindasamy, P., Nangan, S., Gnanasekaran, L., Thangavelu, P., 2023. Photocatalytic degradation of tetracycline contaminated
wastewater over Bi253/BiW06/rGO ternary nanocomposite under visible light irradiation. J. Taiwan Inst. Chem. Eng., 105249 https://doi.org/10.1016/j.
jtice.2023.105249.

Patel, J., Gaur, R., Shahabuddin, S., Tyagi, 1., 2024. A facile One-Pot approach for synthesis of Graphene-CdS nanocomposites and implementation towards visible
light driven photocatalytic degradation of chlorpyrifos (One-Pot Synthesis of G-CdS for the degradation of CPY)**. ChemistrySelect 9. https://doi.org/10.1002/
slct.202302762.

Pavel, M., Anastasescu, C., State, R.-N., Vasile, A., Papa, F., Balint, 1., 2023. Photocatalytic degradation of organic and inorganic pollutants to harmless end products:
assessment of practical application potential for water and air cleaning. Catalysts 13, 380. https://doi.org/10.3390/catal13020380.

Pham, T.T., Thuy Le, T.T., 2025. Tertiary heterojunction TiO2-Fe304/rGO composites for visible light-enhanced degradation of organic dyes in wastewater. Phys. B
Condens. Matter 714. https://doi.org/10.1016/j.physb.2025.417465.

Phor, L., Kumar, R., Khanna, V., Menon, S.V., Singh, A., Singh, M., Singh, A., Malik, J., Chahal, S., 2025. Graphene and cerium oxide nanocomposites: pioneering
photocatalysts for organic dye degradation from wastewater. Processes 13. https://doi.org/10.3390/pr13030720.

du Plessis, A., 2022. Persistent degradation: global water quality challenges and required actions. One Earth 5, 129-131. https://doi.org/10.1016/j.
oneear.2022.01.005.

Pohl, A., 2020. Removal of heavy metal ions from water and wastewaters by Sulfur-Containing precipitation agents. Water Air Soil Pollut. 231, 503. https://doi.org/
10.1007/511270-020-04863-w.

Priyadharsan, A., Kamaraj, C., Ranjith, R., Sivakumar, S., Dewiani, R.Y., Muqoyyanah, Thammasak, R., Periyasami, G., Murni, H., 2024. Synthesis of multifunctional
rGO/g-C3N4/FeTiO3 ternary nanocomposites for photocatalyst, antibacterial, and ecotoxicity assessment of zebrafish embryo model. J. Alloy. Compd. 1007.
https://doi.org/10.1016/j.jallcom.2024.176256.

Purabgola, A., Mayilswamy, N., Kandasubramanian, B., 2022. Graphene-based TiO2 composites for photocatalysis & environmental remediation: synthesis and
progress. Environ. Sci. Pollut. Res. 29, 32305-32325. https://doi.org/10.1007/5s11356-022-18983-9.

Rabeie, B., Mahmoodi, N.M., 2023. Hierarchical ternary titanium dioxide decorated with graphene quantum dot/ZIF-8 nanocomposite for the photocatalytic
degradation of doxycycline and dye using visible light. J. Water Process Eng. 54, 103976. https://doi.org/10.1016/j.jwpe.2023.103976.

Raizada, P., Sudhaik, A., Singh, P., Hosseini-Bandegharaei, A., Thakur, P., 2019. Converting type II AgBr/VO into ternary z scheme photocatalyst via coupling with
phosphorus doped g-C3N4 for enhanced photocatalytic activity. Sep. Purif. Technol. 227, 115692. https://doi.org/10.1016/j.seppur.2019.115692.

Raja, A., Rajasekaran, P., Selvakumar, K., Arunpandian, M., Kaviyarasu, K., Asath Bahadur, S., Swaminathan, M., 2020. Visible active reduced graphene oxide-BiVO4-
ZnO ternary photocatalyst for efficient removal of ciprofloxacin. Sep. Purif. Technol. 233, 115996. https://doi.org/10.1016/j.seppur.2019.115996.

Ramalingam, G., Perumal, N., Priya, A.K., Rajendran, S., 2022. A review of graphene-based semiconductors for photocatalytic degradation of pollutants in
wastewater. Chemosphere 300, 134391. https://doi.org/10.1016/j.chemosphere.2022.134391.

Ramos-Sosa, M.J., Hernandez Lopez, V., Sanchez-Henao, A., Garcfa-Alvarez, N., Diaz-Marrero, A.R., Rosario, I, Real, F., Fernandez, J.J., 2022. Metabolic hepatic
disorders caused by ciguatoxins in goldfish (Carassius auratus). Animals 12, 3500. https://doi.org/10.3390/ani12243500.

Ranjan Rout, D., Mohan Jena, H., 2022. Synthesis of novel reduced graphene oxide decorated p-cyclodextrin epichlorohydrin composite and its application for Cr(VI)
removal: batch and fixed-bed studies. Sep. Purif. Technol. 278, 119630. https://doi.org/10.1016/j.seppur.2021.119630.

Ranjith Kumar, D., Shanmugam Ranjith, K., Manoharan, M., Haldorai, Y., Han, Y.-K., Hwan Oh, T., Thangavelu Rajendra Kumar, R., 2024. Sulfur vacancies promoted
highly efficient visible light photocatalytic degradation of antibiotic and phenolic pollutants over WS2/rGO heterostructure. Sep. Purif. Technol. 329, 125172.
https://doi.org/10.1016/j.seppur.2023.125172.

Rasmussen, J.J., Wiberg-Larsen, P., Baattrup-Pedersen, A., Cedergreen, N., McKnight, U.S., Kreuger, J., Jacobsen, D., Kristensen, E.A., Friberg, N., 2015. The legacy of
pesticide pollution: an overlooked factor in current risk assessments of freshwater systems. Water Res 84, 25-32. https://doi.org/10.1016/j.watres.2015.07.021.

Ren, G., Han, H., Wang, Y., Liu, S., Zhao, J., Meng, X., Li, Z., 2021. Recent advances of photocatalytic application in water treatment: a review. Nanomaterials 11,
1804. https://doi.org/10.3390/nano11071804.

Rout, D.R., Jena, H.M., 2021. Removal of malachite Green dye from aqueous solution using reduced graphene oxide as an adsorbent. Mater. Today Proc. 47,
1173-1182. https://doi.org/10.1016/j.matpr.2021.03.406.

Rout, D.R., Jena, H.M., 2022a. Efficient adsorption of malachite Green dye using novel reduced graphene oxide/p-cyclodextrin epichlorohydrin composite: batch and
fixed-bed studies. Int. J. Environ. Anal. Chem. 1-19. https://doi.org/10.1080,/03067319.2021.2022132.

Rout, D.R., Jena, H.M., 2022c. Synthesis of graphene oxide-modified porous chitosan cross-linked polyaniline composite for static and dynamic removal of Cr(VI).
Environ. Sci. Pollut. Res. https://doi.org/10.1007/5s11356-022-23774-3.

Rout, D.R., Jena, H.M., 2022b. Removal of phenol from aqueous solution using reduced graphene oxide as adsorbent: isotherm, kinetic, and thermodynamic studies.
Environ. Sci. Pollut. Res. https://doi.org/10.1007/511356-021-17944-y.

Rout, D.R., Jena, H.M., 2022a. Polyethylene glycol functionalized reduced graphene oxide coupled with zinc oxide composite adsorbent for removal of phenolic
wastewater. Environ. Res. 214, 114044. https://doi.org/10.1016/j.envres.2022.114044.

Rout, D.R., Jena, H.M., 2022d. Chitosan cross-linked polyaniline grafted graphene oxide composite: a new adsorbent to remove phenol and cationic dye from aqueous
solutions. Int. J. Environ. Anal. Chem. 1-21. https://doi.org/10.1080/03067319.2022.2091935.

Rout, D.R., Jena, H.M., 2022a. Synthesis of novel epichlorohydrin cross-linked p-cyclodextrin functionalized with reduced graphene oxide composite adsorbent for
treatment of phenolic wastewater. Environ. Sci. Pollut. Res. https://doi.org/10.1007/s11356-022-21018-y.

Rout, D.R., Jena, H.M., 2023. Facile synthesis of novel Z-scheme GO-modified ternary composite as photocatalyst for enhanced degradation of bisphenol-A under
sunlight. J. Taiwan Inst. Chem. Eng. 147, 104914. https://doi.org/10.1016/j.jtice.2023.104914.

Rout, D.R., Senapati, P., Sutar, H., Sau, D.C., Murmu, R., 2019. Graphene oxide (GO) supported palladium (Pd) nanocomposites for enhanced hydrogenation.
Graphene 08, 33-51. https://doi.org/10.4236/graphene.2019.83003.

Rout, D.R., Chaurasia, S., Jena, H.M., 2022. Enhanced photocatalytic degradation of malachite Green using manganese oxide doped graphene oxide/zinc oxide (GO-
Zn0O/Mn203) ternary composite under sunlight irradiation. J. Environ. Manag. 318, 115449. https://doi.org/10.1016/j.jenvman.2022.115449.

29


https://doi.org/10.1016/j.cap.2024.02.010
https://doi.org/10.1016/j.cap.2024.02.010
https://doi.org/10.1016/j.rineng.2022.100474
https://doi.org/10.1007/s11270-024-07087-4
https://doi.org/10.1007/s11270-024-07087-4
https://doi.org/10.1016/j.colsurfa.2022.130527
https://doi.org/10.1016/j.colsurfa.2022.130527
https://doi.org/10.3390/ijerph18041529
https://doi.org/10.1039/C8CS00299A
https://doi.org/10.1016/j.jece.2022.107157
https://doi.org/10.1016/j.jphotobiol.2018.12.007
https://doi.org/10.1016/j.jtice.2023.105249
https://doi.org/10.1016/j.jtice.2023.105249
https://doi.org/10.1002/slct.202302762
https://doi.org/10.1002/slct.202302762
https://doi.org/10.3390/catal13020380
https://doi.org/10.1016/j.physb.2025.417465
https://doi.org/10.3390/pr13030720
https://doi.org/10.1016/j.oneear.2022.01.005
https://doi.org/10.1016/j.oneear.2022.01.005
https://doi.org/10.1007/s11270-020-04863-w
https://doi.org/10.1007/s11270-020-04863-w
https://doi.org/10.1016/j.jallcom.2024.176256
https://doi.org/10.1007/s11356-022-18983-9
https://doi.org/10.1016/j.jwpe.2023.103976
https://doi.org/10.1016/j.seppur.2019.115692
https://doi.org/10.1016/j.seppur.2019.115996
https://doi.org/10.1016/j.chemosphere.2022.134391
https://doi.org/10.3390/ani12243500
https://doi.org/10.1016/j.seppur.2021.119630
https://doi.org/10.1016/j.seppur.2023.125172
https://doi.org/10.1016/j.watres.2015.07.021
https://doi.org/10.3390/nano11071804
https://doi.org/10.1016/j.matpr.2021.03.406
https://doi.org/10.1080/03067319.2021.2022132
https://doi.org/10.1007/s11356-022-23774-3
https://doi.org/10.1007/s11356-021-17944-y
https://doi.org/10.1016/j.envres.2022.114044
https://doi.org/10.1080/03067319.2022.2091935
https://doi.org/10.1007/s11356-022-21018-y
https://doi.org/10.1016/j.jtice.2023.104914
https://doi.org/10.4236/graphene.2019.83003
https://doi.org/10.1016/j.jenvman.2022.115449

D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

Rout, D.R., Jena, H.M., Baigenzhenov, O., Hosseini-Bandegharaei, A., 2023. Graphene-based materials for effective adsorption of organic and inorganic pollutants: a
critical and comprehensive review. Sci. Total Environ. 863, 160871. https://doi.org/10.1016/j.scitotenv.2022.160871.

Rout, D.R., Kumar, A., Rtimi, S., 2025. A novel ternary mn 2 o 3 decorated GO-MoS 2 heterostructure for enhanced tetracycline degradation and Green h 2 production
under visible light. J. Mater. Chem. A. https://doi.org/10.1039/D5TA04273A.

Roy, N., Kannabiran, K., Mukherjee, A., 2023. Integrated adsorption and photocatalytic degradation based removal of ciprofloxacin and sulfamethoxazole antibiotics
using Fe@rGO-ZnO nanocomposite in aqueous systems. Chemosphere 333, 138912. https://doi.org/10.1016/j.chemosphere.2023.138912.

Sahu, D., Sutar, H., Senapati, P., Murmu, R., Roy, D., 2021. Graphene, Graphene-Derivatives and composites: fundamentals, synthesis approaches to applications.
J. Compos. Sci. 5, 181. https://doi.org/10.3390/jcs5070181.

Samarasinghe, L.V., Muthukumaran, S., Baskaran, K., 2025. Magnetically recoverable MoS2/Fe203/graphene oxide ternary Z-scheme heterostructure photocatalyst
for wastewater contaminant removal: mechanism and performance. J. Environ. Chem. Eng. 13. https://doi.org/10.1016/j.jece.2025.116813.

Samy, M., Ibrahim, M.G., Gar Alalm, M., Fujii, M., Diab, K.E., ElKady, M., 2020. Innovative photocatalytic reactor for the degradation of chlorpyrifos using a coated
composite of ZrV207 and graphene nano-platelets. Chem. Eng. J. 395, 124974. https://doi.org/10.1016/j.cej.2020.124974.

San Martin, S., Rivero, M.J., Ortiz, I., 2020. Unravelling the mechanisms that drive the performance of photocatalytic hydrogen production. Catalysts 10, 901. https://
doi.org/10.3390/catal10080901.

Santhosh, C., Nivetha, R., Kollu, P., Srivastava, V., Sillanpad, M., Grace, A.N., Bhatnagar, A., 2017. Removal of cationic and anionic heavy metals from water by 1D
and 2D-carbon structures decorated with magnetic nanoparticles. Sci. Rep. 7. https://doi.org/10.1038/s41598-017-14461-2.

Saputera, W.H., Putrie, A.S., Esmailpour, A.A., Sasongko, D., Suendo, V., Mukti, R.R., 2021. Technology advances in phenol removals: current progress and future
perspectives. Catalysts 11, 998. https://doi.org/10.3390/catal11080998.

Sarwar, A., Razzaq, A., Zafar, M., Idrees, 1., Rehman, F., Kim, W.Y., 2023. Copper tungstate (CuWO4)/graphene quantum dots (GQDs) composite photocatalyst for
enhanced degradation of phenol under visible light irradiation. Results Phys. 45, 106253. https://doi.org/10.1016/j.rinp.2023.106253.

Sathya, K., Nagarajan, K., Carlin Geor Malar, G., Rajalakshmi, S., Raja Lakshmi, P., 2022. A comprehensive review on comparison among effluent treatment methods
and modern methods of treatment of industrial wastewater effluent from different sources. Appl. Water Sci. 12, 70. https://doi.org/10.1007/513201-022-01594-
7.

Sawut, A., Wu, T., Simayi, R., Wu, T., Gong, X., Wang, Z., 2023. Reduced graphene oxide-TiO2/sodium alginate/polyacrylamide composite hydrogel for enhanced
adsorption-photocatalytic degradation of methylene blue. Colloids Surf. A Physicochem. Eng. Asp. 678, 132531. https://doi.org/10.1016/j.
colsurfa.2023.132531.

Sayadi, M.H., Sobhani, S., Shekari, H., 2019. Photocatalytic degradation of azithromycin using GO@Fe304/ ZnO/ SnO2 nanocomposites. J. Clean. Prod. 232,
127-136. https://doi.org/10.1016/j.jclepro.2019.05.338.

Sellathurai, A.J., Mypati, S., Kontopoulou, M., Barz, D.P.J., 2023. High yields of graphene nanoplatelets by liquid phase exfoliation using graphene oxide as a
stabilizer. Chem. Eng. J. 451, 138365. https://doi.org/10.1016/j.cej.2022.138365.

Shahryari, T., Singh, P., Raizada, P., Davidyants, A., Thangavelu, L., Sivamani, S., Naseri, A., Vahidipour, F., Ivanets, A., Hosseini-Bandegharaei, A., 2022. Adsorption
properties of Danthron-impregnated carbon nanotubes and their usage for solid phase extraction of heavy metal ions. Colloids Surf. A Physicochem. Eng. Asp.
641, 128528. https://doi.org/10.1016/j.colsurfa.2022.128528.

Shandilya, P., Sudhaik, A., Raizada, P., Hosseini-Bandegharaei, A., Singh, P., Rahmani-Sani, A., Thakur, V., Saini, A.K., 2020. Synthesis of Eu3+—doped ZnO/Bi203
heterojunction photocatalyst on graphene oxide sheets for visible light-assisted degradation of 2,4-dimethyl phenol and bacteria killing. Solid State Sci. 102,
106164. https://doi.org/10.1016/j.solidstatesciences.2020.106164.

Sharma, A., Lee, B.-K., 2016. Rapid photo-degradation of 2-chlorophenol under visible light irradiation using cobalt oxide-loaded TiO2/reduced graphene oxide
nanocomposite from aqueous media. J. Environ. Manag. 165, 1-10. https://doi.org/10.1016/j.jenvman.2015.09.013.

Sharma, M., Mandal, M.K., Pandey, S., Kumar, R., Dubey, K.K., 2022. Visible-Light-Driven photocatalytic degradation of tetracycline using heterostructured cu 2
O-TiO 2 nanotubes, kinetics, and toxicity evaluation of degraded products on cell lines. ACS Omega 7, 33572-33586. https://doi.org/10.1021/
acsomega.2c04576.

Shibu, M.C., Benoy, M.D., Shanavas, S., Haija, M.A., Duraimurugan, J., Kumar, G.S., Ahamad, T., Maadeswaran, P., Van Le, Q., 2022. White LED active a-Fe203/rGO
photocatalytic nanocomposite for an effective degradation of tetracycline and ibuprofen molecules. Environ. Res. 212, 113301. https://doi.org/10.1016/j.
envres.2022.113301.

Shinde, V., Tanwade, P., Katayama, T., Furube, A., Sathe, B., Koinkar, P., 2024. Ternary composite WS2/GO/Au synthesized from laser ablation and hydrothermal
method for photo- and electro-chemical degradation of methylene blue dye. Surf. Interfaces 46. https://doi.org/10.1016/j.surfin.2024.104067.

Shukla, G., Rani, M., Shanker, U., Baigenzhenov, O., Hosseini-Bandegharaei, A., 2025. Recent advances and prospects on the r-GO incorporated metal oxide
semiconductors for enhanced photo-adsorptive abatement of toxic wastewater pollutants. J. Water Process Eng. 69, 106630. https://doi.org/10.1016/j.
jwpe.2024.106630.

Si, Y., Li, J., Cui, B., Tang, D., Yang, L., Murugadoss, V., Maganti, S., Huang, M., Guo, Z., 2022. Janus phenol-formaldehyde resin and periodic mesoporous organic
silica nanoadsorbent for the removal of heavy metal ions and organic dyes from polluted water. Adv. Compos. Hybrid. Mater. https://doi.org/10.1007/s42114-
022-00446-x.

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Chagnon, M., Downs, C., Furlan, L., Gibbons, D.W., Giorio, C., Girolami, V., Goulson, D.,
Kreutzweiser, D.P., Krupke, C.H., Liess, M., Long, E., McField, M., Mineau, P., Mitchell, E.A.D., Morrissey, C.A., Noome, D.A., Pisa, L., Settele, J., Stark, J.D.,
Tapparo, A., Van Dyck, H., Van Praagh, J., Van der Sluijs, J.P., Whitehorn, P.R., Wiemers, M., 2015. Systemic insecticides (neonicotinoids and fipronil): trends,
uses, mode of action and metabolites. Environ. Sci. Pollut. Res. 22, 5-34. https://doi.org/10.1007/511356-014-3470-y.

Singh, B.J., Chakraborty, A., Sehgal, R., 2023. A systematic review of industrial wastewater management: evaluating challenges and enablers. J. Environ. Manag. 348,
119230. https://doi.org/10.1016/j.jenvman.2023.119230.

Singh, J., Tyagi, P.K., Singh, V., 2025. Potential application of reduced graphene oxide in electrocatalyst for hydrogen/oxygen evaluation reaction in water-splitting.
Diam. Relat. Mater. 154, 112113. https://doi.org/10.1016/j.diamond.2025.112113.

Sree, G.S., Botsa, S.M., Reddy, B.J.M., Ranjitha, K.V.B., 2020. Enhanced UV-Visible triggered photocatalytic degradation of brilliant Green by reduced graphene oxide
based NiO and CuO ternary nanocomposite and their antimicrobial activity. Arab. J. Chem. 13, 5137-5150. https://doi.org/10.1016/j.arabjc.2020.02.012.
Stankovich, S., Dikin, D.A., Piner, R.D., Kohlhaas, K.A., Kleinhammes, A., Jia, Y., Wy, Y., Nguyen, S.T., Ruoff, R.S., 2007. Synthesis of graphene-based nanosheets via

chemical reduction of exfoliated graphite oxide. Carbon N. Y. 45, 1558-1565. https://doi.org/10.1016/j.carbon.2007.02.034.

Sun, Y., O’Connell, D.W., 2022. Application of visible light active photocatalysis for water contaminants: a review. Water Environ. Res. 94. https://doi.org/10.1002/
wer.10781.

Suresh, R., Mangalaraja, R.V., Mansilla, H.D., Santander, P., Yanez, J., 2020. Reduc. Graph. OxideBased Photocatal. 145-166. https://doi.org/10.1007/978-3-030-
15608-4_6.

Syafrudin, M., Kristanti, R.A., Yuniarto, A., Hadibarata, T., Rhee, J., Al-onazi, W.A., Algarni, T.S., Almarri, A.H., Al-Mohaimeed, A.M., 2021. Pesticides in drinking
Water—A review. Int. J. Environ. Res. Public Health 18, 468. https://doi.org/10.3390/ijerph18020468.

Tabasum, A., Alghuthaymi, M., Qazi, U.Y., Shahid, I., Abbas, Q., Javaid, R., Nadeem, N., Zahid, M., 2020. UV-Accelerated photocatalytic degradation of pesticide over
magnetite and cobalt ferrite decorated graphene oxide composite. Plants 10, 6. https://doi.org/10.3390/plants10010006.

Tabasum, S., Rani, S., Sharma, A., Dhupar, N., Singh, P.P., Bagri, U., Kumar, D., 2024. Efficient photocatalytic degradation of chlorpyrifos pesticide from aquatic
agricultural waste using g-C3N4 decorated graphene Oxide/V205 nanocomposite. Top. Catal. 67, 725-736. https://doi.org/10.1007/511244-023-01865-w.

Tahir, N., Zahid, M., Jillani, A., Yaseen, M., Abbas, Q., Abdul shakoor, R., Shahid, I., 2023. Ternary silver tungstate-MoS2/graphene oxide heterostructure
nanocomposite for enhanced photocatalysis under visible light and antibacterial activity. J. Photochem. Photobiol. A Chem. 436, 114376. https://doi.org/
10.1016/j.jphotochem.2022.114376.

Tang, Y., Liu, X., Ma, C., Zhou, M., Huo, P., Yu, L., Pan, J., Shi, W., Yan, Y., 2015. Enhanced photocatalytic degradation of tetracycline antibiotics by reduced graphene
oxide-CdS/ZnS heterostructure photocatalysts. N. J. Chem. 39, 5150-5160. https://doi.org/10.1039/C5NJ00681C.

30


https://doi.org/10.1016/j.scitotenv.2022.160871
https://doi.org/10.1039/D5TA04273A
https://doi.org/10.1016/j.chemosphere.2023.138912
https://doi.org/10.3390/jcs5070181
https://doi.org/10.1016/j.jece.2025.116813
https://doi.org/10.1016/j.cej.2020.124974
https://doi.org/10.3390/catal10080901
https://doi.org/10.3390/catal10080901
https://doi.org/10.1038/s41598-017-14461-2
https://doi.org/10.3390/catal11080998
https://doi.org/10.1016/j.rinp.2023.106253
https://doi.org/10.1007/s13201-022-01594-7
https://doi.org/10.1007/s13201-022-01594-7
https://doi.org/10.1016/j.colsurfa.2023.132531
https://doi.org/10.1016/j.colsurfa.2023.132531
https://doi.org/10.1016/j.jclepro.2019.05.338
https://doi.org/10.1016/j.cej.2022.138365
https://doi.org/10.1016/j.colsurfa.2022.128528
https://doi.org/10.1016/j.solidstatesciences.2020.106164
https://doi.org/10.1016/j.jenvman.2015.09.013
https://doi.org/10.1021/acsomega.2c04576
https://doi.org/10.1021/acsomega.2c04576
https://doi.org/10.1016/j.envres.2022.113301
https://doi.org/10.1016/j.envres.2022.113301
https://doi.org/10.1016/j.surfin.2024.104067
https://doi.org/10.1016/j.jwpe.2024.106630
https://doi.org/10.1016/j.jwpe.2024.106630
https://doi.org/10.1007/s42114-022-00446-x
https://doi.org/10.1007/s42114-022-00446-x
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1016/j.jenvman.2023.119230
https://doi.org/10.1016/j.diamond.2025.112113
https://doi.org/10.1016/j.arabjc.2020.02.012
https://doi.org/10.1016/j.carbon.2007.02.034
https://doi.org/10.1002/wer.10781
https://doi.org/10.1002/wer.10781
https://doi.org/10.1007/978-3-030-15608-4_6
https://doi.org/10.1007/978-3-030-15608-4_6
https://doi.org/10.3390/ijerph18020468
https://doi.org/10.3390/plants10010006
https://doi.org/10.1007/s11244-023-01865-w
https://doi.org/10.1016/j.jphotochem.2022.114376
https://doi.org/10.1016/j.jphotochem.2022.114376
https://doi.org/10.1039/C5NJ00681C

D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

Thakur, K., Kandasubramanian, B., 2019. Graphene and graphene Oxide-Based composites for removal of organic pollutants: a review. J. Chem. Eng. Data 64,
833-867. https://doi.org/10.1021/acs.jced.8b01057.

Thamaraiselvan, C., Thakur, A.K., Gupta, A., Arnusch, C.J., 2021. Electrochemical removal of organic and inorganic pollutants using robust Laser-Induced graphene
membranes. ACS Appl. Mater. Interfaces 13, 1452-1462. https://doi.org/10.1021/acsami.0c18358.

Vasseghian, Y., Le, V.T., Joo, S.-W., Dragoi, E.-N., Kamyab, H., Chelliapan, S., Klemes, J.J., 2022b. Spotlighting graphene-based catalysts for the mitigation of
environmentally hazardous pollutants to cleaner production: a review. J. Clean. Prod. 365, 132702. https://doi.org/10.1016/j.jclepro.2022.132702.

Vasseghian, Y., Dragoi, E.-N., Almomani, F., Le, V.T., 2022a. Graphene-based materials for metronidazole degradation: a comprehensive review. Chemosphere 286,
131727. https://doi.org/10.1016/j.chemosphere.2021.131727.

Velusamy, S., Roy, A., Mariam, E., Krishnamurthy, S., Sundaram, S., Mallick, T.K., 2023. Effectual visible light photocatalytic reduction of para-nitro phenol using
reduced graphene oxide and ZnO composite. Sci. Rep. 13, 9521. https://doi.org/10.1038/541598-023-36574-7.

Verma, N., Ananthakrishnan, R., 2020. Riboflavin-Immobilized CeO 2 -RGO nanohybrid as a potential photoredox catalyst for enhanced removal of organic pollutants
under visible light. J. Phys. Chem. C. 124, 404-415. https://doi.org/10.1021/acs.jpcc.9b08326.

Vinesh, V., Shaheer, A.R.M., Neppolian, B., 2019. Reduced graphene oxide (rGO) supported electron deficient B-doped TiO2 (Au/B-TiO2/rGO) nanocomposite: an
efficient visible light sonophotocatalyst for the degradation of tetracycline (TC). Ultrason. Sonochem. 50, 302-310. https://doi.org/10.1016/j.
ultsonch.2018.09.030.

Vishnu, D., Dhandapani, B., Authilingam, S., Sivakumar, S.V., 2021. A comprehensive review of effective adsorbents used for the removal of dyes from wastewater.
Curr. Anal. Chem. 18, 255-268. https://doi.org/10.2174/1573411016999200831111155.

Walling, S.A., Um, W., Corkhill, C.L., Hyatt, N.C., 2021. Fenton and Fenton-like wet oxidation for degradation and destruction of organic radioactive wastes. Npj
Mater. Degrad. 5, 50. https://doi.org/10.1038/541529-021-00192-3.

Wang, C., Zhu, J., Wy, X., Xu, H., Song, Y., Yan, J., Song, Y., Ji, H., Wang, K., Li, H., 2014. Photocatalytic degradation of bisphenol a and dye by graphene-oxide/
Ag3P04 composite under visible light irradiation. Ceram. Int. 40, 8061-8070. https://doi.org/10.1016/j.ceramint.2013.12.159.

Wang, F., Yu, X., Ge, M., Wu, S., 2020b. One-step synthesis of TiO2/y-Fe203/GO nanocomposites for visible light-driven degradation of ciprofloxacin. Chem. Eng. J.
384, 123381. https://doi.org/10.1016/j.cej.2019.123381.

Wang, G., Guo, W., Xu, D, Liu, D., Qin, M., 2020a. Graphene oxide hybridised TiO2 for visible light photocatalytic degradation of phenol. Symmetry (Basel) 12, 1420.
https://doi.org/10.3390/sym12091420.

Wang, G., Dai, J., Luo, Q., Deng, N., 2021. Photocatalytic degradation of bisphenol a by TiO2@aspartic acid-p-cyclodextrin@reduced graphene oxide. Sep. Purif.
Technol. 254, 117574. https://doi.org/10.1016/j.seppur.2020.117574.

Wu, H,, Li, L., Wang, S., Zhu, N., Li, Z., Zhao, L., Wang, Y., 2023. Recent advances of semiconductor photocatalysis for water pollutant treatment: mechanisms,
materials and applications. Phys. Chem. Chem. Phys. 25, 25899-25924. https://doi.org/10.1039/D3CP03391K.

Xiong, J.-Q., Govindwar, S., Kurade, M.B., Paeng, K.-J., Roh, H.-S., Khan, M.A., Jeon, B.-H., 2019. Toxicity of sulfamethazine and sulfamethoxazole and their removal
by a Green microalga, scenedesmus obliquus. Chemosphere 218, 551-558. https://doi.org/10.1016/j.chemosphere.2018.11.146.

Xiong, Q., Hu, L.-X., Liu, Y.-S., Zhao, J.-L., He, L.-Y., Ying, G.-G., 2021. Microalgae-based technology for antibiotics removal: from mechanisms to application of
innovational hybrid systems. Environ. Int. 155, 106594. https://doi.org/10.1016/j.envint.2021.106594.

Xu, Z., Jiang, J., Zhang, Q., Chen, G., Zhou, L., Li, L., 2020. 3D graphene aerogel composite of 1D-2D Nb205-g-C3N4 heterojunction with excellent adsorption and
visible-light photocatalytic performance. J. Colloid Interface Sci. 563, 131-138. https://doi.org/10.1016/j.jcis.2019.12.002.

Yadav, M., Yadav, A., Fernandes, R., Popat, Y., Orlandi, M., Dashora, A., Kothari, D.C., Miotello, A., Ahuja, B.L., Patel, N., 2017. Tungsten-doped TiO 2 /reduced
graphene oxide nano-composite photocatalyst for degradation of phenol: a system to reduce surface and bulk electron-hole recombination. J. Environ. Manag.
203, 364-374. https://doi.org/10.1016/j.jenvman.2017.08.010.

Yadav, P., Surolia, P.K., Vaya, D., 2021. Synthesis and application of copper ferrite-graphene oxide nanocomposite photocatalyst for the degradation of malachite
Green. Mater. Today Proc. 43, 2949-2953. https://doi.org/10.1016/j.matpr.2021.01.301.

Yadav, S., Shah, A., Malhotra, P., 2023. Orange peel-derived Cu20/RGO nanocomposite: mesoporous binary system for degradation of doxycycline in water. Environ.
Dev. Sustain 26, 4505-4532. https://doi.org/10.1007/510668-022-02895-2.

Yang, H., Zhang, Y., Huang, C., Wang, L., Long, L., He, J., Chen, C., Yang, G., Liu, Y., 2024. Antifouling multi-functional membrane for oil/dye wastewater treatment:
regeneration while treating mixed pollutants. Sep. Purif. Technol. 332, 125804. https://doi.org/10.1016/j.seppur.2023.125804.

Yang, M., Huy, L., Tang, X., Zhang, H., Zhu, H., Fan, T., Zhang, D., 2016. Longitudinal splitting versus sequential unzipping of thick-walled carbon nanotubes: towards
controllable synthesis of high-quality graphitic nanoribbons. Carbon N. Y. 110, 480-489. https://doi.org/10.1016/j.carbon.2016.09.055.

Yazdi, G., Iakimov, T., Yakimova, R., 2016. Epitaxial graphene on SiC: a review of growth and characterization. Crystals 6, 53. https://doi.org/10.3390/
cryst6050053.

Yu, F., Cui, J., Zhou, Y., Li, Y., Liu, Z., He, L., Zhang, J., Tang, X., Liu, Y., 2021. Structural and optical properties of Ultra-thin g-C3N4 nanotubes based g-C3N4/Ag/
Ag2CrO4 ternary composite photocatalyst with Z-scheme carrier transfer mechanism. Opt. Mater. (Amst. ). 121. https://doi.org/10.1016/j.optmat.2021.111608.

Zango, Z.U., Garba, A., Shittu, F.B., Imam, S.S., Haruna, A., Zango, M.U., Wadi, I.A., Bello, U., Adamu, H., Keshta, B.E., Bokov, D.O., Baigenzhenov, O., Hosseini-
Bandegharaei, A., 2025. A state-of-the-art review on Green synthesis and modifications of ZnO nanoparticles for organic pollutants decomposition and CO2
conversion. J. Hazard. Mater. Adv. 17. https://doi.org/10.1016/j.hazadv.2024.100588.

Zeng, Y., Lu, D., Kondamareddy, K.K., Wang, H., Wu, Q., Fan, H., Wang, Q., Zhang, B., Xie, L., Zhang, Y., Wang, Z., Zhao, B., Ho, W., 2022. Enhanced visible light
photocatalysis and mechanism insight for novel Z-scheme M0S2/Ag2S/AgVOx ternary heterostructure with fast interfacial charges transfer. J. Alloy. Compd. 908,
164642. https://doi.org/10.1016/j.jallcom.2022.164642.

Zhang, S., Li, B., Wang, X., Zhao, G., Hu, B, Lu, Z., Wen, T., Chen, J., Wang, X., 2020. Recent developments of two-dimensional graphene-based composites in visible-
light photocatalysis for eliminating persistent organic pollutants from wastewater. Chem. Eng. J. 390, 124642. https://doi.org/10.1016/j.cej.2020.124642.
Zhang, Y., Zhang, L., Zhou, C., 2013. Review of chemical vapor deposition of graphene and related applications. Acc. Chem. Res. 46, 2329-2339. https://doi.org/

10.1021/ar300203n.

Zhang, Y., Li, K., Zang, M., Cheng, Y., Qi, H., 2023. Graphene-based photocatalysts for degradation of organic pollution. Chemosphere 341, 140038. https://doi.org/
10.1016/j.chemosphere.2023.140038.

Zhao, J., Liu, L., Li, F., 2015. Graphene oxide: physics and applications. Springer Berlin Heidelberg, Berlin, Heidelberg. https://doi.org/10.1007/978-3-662-44829-8.

Zhao, S., Zhao, Z., Yang, Z., Ke, L., Kitipornchali, S., Yang, J., 2020. Functionally graded graphene reinforced composite structures: a review. Eng. Struct. 210, 110339.
https://doi.org/10.1016/j.engstruct.2020.110339.

Zhao, Y., Liang, X., Hu, X., Fan, J., 2021. rGO/Bi2WO6 composite as a highly efficient and stable visible-light photocatalyst for norfloxacin degradation in aqueous
environment. J. Colloid Interface Sci. 589, 336-346. https://doi.org/10.1016/j.jcis.2021.01.016.

Zhou, H., Wang, H., Yue, C., He, L., Li, H., Zhang, H., Yang, S., Ma, T., 2024. Photocatalytic degradation by TiO2-conjugated/coordination polymer heterojunction:
preparation, mechanisms, and prospects. Appl. Catal. B Environ. 344, 123605. https://doi.org/10.1016/j.apcatb.2023.123605.

Zhou, X., Li, Z., Zheng, T., Yan, Y., Li, P., Odey, E.A., Mang, H.P., Uddin, S.M.N., 2018. Review of global sanitation development. Environ. Int. 120, 246-261. https://
doi.org/10.1016/j.envint.2018.07.047.

Zhu, Q.-L., Xu, Q., 2016. Immobilization of ultrafine metal nanoparticles to High-Surface-Area materials and their catalytic applications. Chem 1, 220-245. https://
doi.org/10.1016/j.chempr.2016.07.005.

Zhu, X., He, M., Sun, Y., Xu, Z., Wan, Z., Hou, D., Alessi, D.S., Tsang, D.C.W., 2022a. Insights into the adsorption of pharmaceuticals and personal care products
(PPCPs) on biochar and activated carbon with the aid of machine learning. J. Hazard. Mater. 423, 127060. https://doi.org/10.1016/j.jhazmat.2021.127060.

31


https://doi.org/10.1021/acs.jced.8b01057
https://doi.org/10.1021/acsami.0c18358
https://doi.org/10.1016/j.jclepro.2022.132702
https://doi.org/10.1016/j.chemosphere.2021.131727
https://doi.org/10.1038/s41598-023-36574-7
https://doi.org/10.1021/acs.jpcc.9b08326
https://doi.org/10.1016/j.ultsonch.2018.09.030
https://doi.org/10.1016/j.ultsonch.2018.09.030
https://doi.org/10.2174/1573411016999200831111155
https://doi.org/10.1038/s41529-021-00192-3
https://doi.org/10.1016/j.ceramint.2013.12.159
https://doi.org/10.1016/j.cej.2019.123381
https://doi.org/10.3390/sym12091420
https://doi.org/10.1016/j.seppur.2020.117574
https://doi.org/10.1039/D3CP03391K
https://doi.org/10.1016/j.chemosphere.2018.11.146
https://doi.org/10.1016/j.envint.2021.106594
https://doi.org/10.1016/j.jcis.2019.12.002
https://doi.org/10.1016/j.jenvman.2017.08.010
https://doi.org/10.1016/j.matpr.2021.01.301
https://doi.org/10.1007/s10668-022-02895-2
https://doi.org/10.1016/j.seppur.2023.125804
https://doi.org/10.1016/j.carbon.2016.09.055
https://doi.org/10.3390/cryst6050053
https://doi.org/10.3390/cryst6050053
https://doi.org/10.1016/j.optmat.2021.111608
https://doi.org/10.1016/j.hazadv.2024.100588
https://doi.org/10.1016/j.jallcom.2022.164642
https://doi.org/10.1016/j.cej.2020.124642
https://doi.org/10.1021/ar300203n
https://doi.org/10.1021/ar300203n
https://doi.org/10.1016/j.chemosphere.2023.140038
https://doi.org/10.1016/j.chemosphere.2023.140038
https://doi.org/10.1007/978-3-662-44829-8
https://doi.org/10.1016/j.engstruct.2020.110339
https://doi.org/10.1016/j.jcis.2021.01.016
https://doi.org/10.1016/j.apcatb.2023.123605
https://doi.org/10.1016/j.envint.2018.07.047
https://doi.org/10.1016/j.envint.2018.07.047
https://doi.org/10.1016/j.chempr.2016.07.005
https://doi.org/10.1016/j.chempr.2016.07.005
https://doi.org/10.1016/j.jhazmat.2021.127060

D.R. Rout et al. Environmental Technology & Innovation 40 (2025) 104560

Zhu, Y.H., Zhang, Q., Sun, G.T., Chen, C.Z., Zhu, M.Q., Huang, X.H., 2022b. The synthesis of tannin-based graphene aerogel by hydrothermal treatment for removal of
heavy metal ions. Ind. Crops Prod. 176, 114304. https://doi.org/10.1016/J.INDCROP.2021.114304.

Zhu, Z., Guo, F., Xu, Z., Di, X., Zhang, Q., 2020. Photocatalytic degradation of an organophosphorus pesticide using a ZnO/rGO composite. RSC Adv. 10,
11929-11938. https://doi.org/10.1039/DORA01741H.

Zia, R., Ahmad, M., Kaleem, M., Akyiirekli, S., Hassan, S.U., Mohammed, O.A., Alzahrani, F.M., Igbal, M., Ali, A., 2025. Polyoxometalate decorated graphene oxides
sheets for simultaneous non-enzymatic electrochemical detection of biomolecules. Diam. Relat. Mater. 154, 112148. https://doi.org/10.1016/j.
diamond.2025.112148.

32


https://doi.org/10.1016/J.INDCROP.2021.114304
https://doi.org/10.1039/D0RA01741H
https://doi.org/10.1016/j.diamond.2025.112148
https://doi.org/10.1016/j.diamond.2025.112148

	Graphene-, GO-, and rGO-supported photocatalysts for degradation of organic pollutants: A comprehensive review
	1 Introduction
	2 Various methods for water treatment
	3 Advanced oxidation process (AOPs)
	4 Graphene and its properties
	5 The necessity of this review
	6 Synthesis techniques and properties of graphene-supported materials
	7 Degradation of pollutants using graphene based photocatalyst
	7.1 Photocatalytic degradation of dyes
	7.2 Photocatalytic degradation of phenolic pollutants
	7.3 Degradation of pharmaceutical pollutants
	7.4 Degradation of pesticides
	7.5 Comparison of binary and ternary photocatalysts and semiconductor selection for Graphene derivatives

	8 Challenges and future prospective
	9 Conclusions
	Author Contributions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


