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Abstract

Antibiotic contamination in aquatic environments has been widely reported due to the
extensive discharge from pharmaceutical industries, as well as human and veterinary
medical practices. Even at trace concentrations, these compounds have been found to
exert serious mutagenic and carcinogenic effects, raising significant environmental and
public health concerns. f-lactam antibiotics, including ampicillin and cephalexin, rep-
resent a major class of antibacterial agents characterized by the presence of a -lactam
ring. However, no universally accepted treatment strategy has been established for their
effective removal from water bodies. Conventional physical and chemical remediation
methods were reported to be either time-consuming or economically inefficient. In re-
sponse, numerous studies have explored the green synthesis of silver-based graphene
nanocomposites using plant-derived biomass, such as Azadirachta indica, as cost-ef-
fective and eco-friendly alternatives for antibiotic degradation. These nanocomposites
demonstrated promising photocatalytic activity under various environmental condi-
tions, including variations in pH, contact time, and initial drug concentration. Charac-
terization techniques such as UV-Vis spectroscopy, X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), particle
size analysis, and zeta potential measurements were employed to evaluate their struc-
tural and surface properties. The efficiency of photocatalytic degradation was com-
monly assessed through UV-Vis spectrophotometry, while statistical optimization us-
ing Response Surface Methodology (RSM) provided insights into the interaction of op-
erational parameters. This review summarizes recent advances in the development,
characterization, and application of green-synthesized Ag/rGO nanocomposites for the
photocatalytic removal of B-lactam antibiotics from aqueous systems.
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1. Introduction

In developing countries around the world, remediation of water pollution and the protection of the environment are taken
as special concerns. The contaminants that are present, particularly in water are mainly consist of heavy metals, organic
pollutants like detergents, pharmaceuticals, biomaterials, and inorganic pollutants. When these pollutants are left untreated,
they may become a threat to the environment and living beings, which makes it necessary to treat the wastewater before
discarded [1-3]. Antibiotics, due to their nonstop introduction in the environment, are often considered as pseudo-persistent
compounds [4]. The B-lactam class of antibiotics is considered as most popular antibacterial agent that has a ring of -
lactam in its structure [5]. Ampicillin antibiotic is an extremely active antibiotic against the gram-negative and gram-
positive organisms. Both ampicillin and cephalexin are members of B-lactam antibiotics [6]. A broad-spectrum antimicro-

bial agent, cephalexin [7], shows a noxious nature toward aquatic organisms and algae [8].

Table 1. Major classes of water pollutants, sources, environmental impacts, and treatment methods

Category of Pollu-
tants

Examples

Main Sources

Environmental & Health
Impacts

Common Treatment Tech-
niques

Heavy metals

Antibiotics &
Pharmaceuticals

Organic pollutants
(Detergents, Dyes,
Pesticides)

Inorganic pollu-
tants

Biomaterials &
Pathogens

Pb, Cd, Hg, As, Cr

Ciprofloxacin,
Amoxicillin, Tetra-
cycline, NSAIDs

Surfactants, azo
dyes, organophos-
phates

Nitrate, Phosphate,
Sulfate, Fluoride

Viruses, Bacteria,
Algae

Mining, electroplating,
tanneries, industrial efflu-
ents

Pharmaceutical indus-
tries, hospitals, veterinary
waste, domestic sewage

Textile industries, agri-
culture runoff, house-
holds
Fertilizers, agricultural
runoff, industrial efflu-
ents

Sewage, livestock waste,
agricultural runoff

Toxicity, carcinogenicity,
bioaccumulation, kid-
ney/liver damage

Antibiotic resistance, en-
docrine disruption, eco-
toxicity

Eutrophication, toxicity to
aquatic life, carcinogenic
effects
Eutrophication, methemo-
globinemia (blue baby
syndrome), soil salinity
Waterborne diseases
(cholera, typhoid, dysen-
tery), harmful algal
blooms

Adsorption, ion exchange,
membrane filtration, precipita-
tion, nanomaterials [1,2]
Photocatalysis, advanced oxida-
tion processes (AOPs), nano-
composites, activated carbon
[2-4]
Biodegradation, activated
sludge process, adsorption,
nanophotocatalysts [1,3]
Ion exchange, reverse osmosis,
constructed wetlands, adsorp-
tion [3,5]

Chlorination, UV disinfection,
ozonation, membrane bioreac-
tors [4,5]
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In order to remove the organic compounds, a broad range of physical and chemical methodologies has been used [9]. In
conventional wastewater treatment plants [10], mostly used biological processes are coagulation, filtration, and sedimen-
tation. The oxidation process includes the Chlorination and advanced chlorination processes, including Fenton, Ozonation,
and Photo Fenton, Semi-conductor photolysis, photolysis, and Electrochemical process [9]. Many biotic and abiotic pro-
cesses have been used for the conversion of pharmaceuticals into less toxic forms in wastewater. The elimination of phar-
maceutical compounds such as ampicillin, cephalexin, and ciproflaxin from wastewater, an important and chief pathway
method, photo degradation can be used [11]. It is considered that photo degradation is an active tool of remediation for
polluted water, mainly for decontaminating the run-off system and increasing the biodegradability of pollutants [12]. In
order to check the efficiency of degradation, the nanocomposites act as a catalyst, might transport a more biologically
effective substitute, and be more cost-effective as compared to the use of artificial light sources. Photo-catalysis of phar-
maceuticals in wastewater in the presence of UV light has been previously studied [13, 14].

Graphene oxides are a planar 1-atom-thick layer of carbon atoms sp?>-bonded in 2 2-dimensional lattice of honeycomb,
and are also considered the basic building block of carbon allotropes [15]. Graphene exhibits extraordinary characteristics
such as zero effectiveness, very high thermal connectivity, impermeability to gases, extreme stiffness, and high mobility
of charge carriers when it is optically transparent. Due to these outstanding properties, graphene is used for synthesizing
various metal nanocomposites [16].

In recent years, nanoparticles of metals have been used significantly in wastewater treatments due to their characteristics
of many active sites and large surface area. Silver nanoparticles among the noble nanoparticles receive more attention, the
reason is that it has good conductivity [17], antibacterial, high catalytic, antifungal activities, and anti-viral [18]. The
extracts of plants are used on a large scale for the synthesis of metal nanoparticles as they are available easily, nontoxic,
safe, and also have a wide variety of metabolites that help in the metal ions reduction quickly than that of microbe-mediated
synthesis [19].

Gupta et al. (2017) reported that Azadirachta indica (neem), a medicinal plant widely recognized for its therapeutic
potential, contains a rich profile of phytochemicals, including both isoprenoids and non-isoprenoids. These bioactive com-
pounds exhibit a variety of pharmacological properties such as antipyretic, anti-inflammatory, antiseptic, fungicidal, and
antihistaminic activities, making 4. indica a valuable candidate for green synthesis approaches. Leveraging these phyto-
chemicals, graphene-based silver nanocomposites synthesized using A. indica leaf extract are anticipated to exhibit en-
hanced photocatalytic activity, particularly for the degradation of antibiotic contaminants under in vitro conditions [20].

This review focuses on the green synthesis of graphene-based silver nanocomposites using Azadirachta indica extract,
highlighting their potential application in the photocatalytic degradation of antibiotics in aqueous environments. Emphasis
is placed on the sustainable and eco-friendly synthesis route, the role of phytochemicals in nanoparticle formation, and the
analytical and statistical methods used for evaluation. By summarizing recent advancements and presenting experimental
insights, this review aims to provide a comprehensive understanding of the development, characterization, and environ-
mental applications of Ag/rGO nanocomposites in water purification technologies.

1.1 Aquatic pollutions: A crucial issue

Water quality is declining as a result of certain man-made and natural causes involved in the effluent discharge containing
micro pollutants that are mandatory in different receiving sources of water [21-23]. The contaminants that are emerging in
nature include persistent organic pollutants, cyan toxins, micro elements, pesticides, decontaminated by-products, endo-
crine-disrupting chemicals, pharmaceuticals, herbicides, personal care products, and other compound hosts. The rapid in-
crease in population of human population, insufficient treatment facilities for wastewater, poor agricultural practices of
agriculture, fast urbanization, and insufficient act of land use practices associated with drought occasioned by global
change in climate change have created issues of water pollution at a level that has not been seen in the past [24]. Among
these pollutants, antibiotics pose unique challenges due to their wide variety and extensive use in both veterinary medicine
and human healthcare. The large-scale use of antibiotics may cause their existence in the environment and also cause a
risk of antibiotic resistance [25].

1.2 Pharmaceuticals in wastewater

The basic sources that are considered as pharmaceutical pollutants in the environment are waste material from animals,
healing compounds used in hospitals, the release of expired medicine in the surrounding and pharmaceutical industries.
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Hospitals are a great source to release pharmaceutical waste in the environment from the various resources. The consump-
tion of water in the hospitals is about 400 and 1200Lbed 'day! [4]. The grouping of antibiotics can be done either on their
mode of action or chemical structure. They are a various group of chemicals that are further divided into subgroups -
lactams, macrolides, tetracyclines, sulphonamides, quinolones, and others. These molecules are often complex in nature,
which may have different functions within the same molecule [26].

A study was reported in which the degradation of the antibiotic ampicillin was done in aqueous solution with the help
of photocatalysis under the influence of UV radiation. The results revealed that no effective degradation occurred by using
UV radiation, but pH has a significant effect on the degradation of antibiotics. Elmola and Chaudhary (2010) reported
complete degradation of ampicillin in 30 min when H>O5 and TiO> (1.0gL™") are added at an ambient pH of approximately
5. UV/H20,/TiO; photocatalysis is more effective for the degradation of antibiotics in aqueous solution [27].

Another research was reported in which the degradation of cephalexin antibiotic was studied using fixed-bed photoca-
talysis under UV light. The analysis of degradation was done by the UV-spectrophotometer/HPLC. The study revealed
that variation in H,O, dose, light intensity of UV, and pH greatly affects the degradation of the antibiotic [28].

2. Overview of the Technique

A broad range of physical and chemical methodologies, such as liquid extraction, chemical oxidation, biodegradation,
membrane technique, and adsorption, have been active for the organic compounds from wastewater treatment. Different
methods can be chosen for the removal of antibiotics from wastewater, and these methods greatly depend upon the cost
and pollutant concentration [9].

2.1 Advanced oxidation process

The advanced oxidation process is effectively used to remove many aquatic pollutants. Nowadays, most commonly used
oxidation processes such as semiconductor photolysis, wet air oxidation, electrolysis, and ultrasound irradiation are known
as the most useful and trustworthy for the treatment of wastewater [29]. They can be defined on a large scale as the method
of oxidation that is based on the use of highly reactive species, like radicals of hydroxyl, that lead to the target compound
degradation. The advanced oxidation processes offer benefits such as non-selective oxidation and very quick reaction rates,
allowing for the different contaminants at the same time. They offer many ways that are possible to produce ‘OH and other
radicals that allow specific treatment requirements of wastewater [29, 30]. In order to remove the synthetic pollutants,
along with the reactive species, the advanced oxidation process is also used. The performance of treatment is further in-
creased by using many options, such as the sequential application of many advanced oxidation processes. The advanced
oxidation processes combined with the conventional physicochemical process are used for the treatment of water reservoirs
[29].

2.2 Photocatalytic degradation

Advanced oxidation processes (AOPs), such as the Fenton oxidation and photocatalytic degradation, have been widely
applied for the removal of antibiotics from aqueous environments [31]. While the Fenton process is effective, it presents
challenges related to the generation of large volumes of iron-containing sludge, which complicates post-treatment handling
and disposal. In contrast, photocatalytic degradation is considered a more sustainable and cleaner alternative, offering
efficient degradation of antibiotics without the drawback of secondary waste production [32-35]. In the photocatalytic
degradation of antibiotics using graphene-based nanocomposites, exposure to light energy initiates the excitation of elec-
trons from the valence band to the conduction band within the photocatalyst, generating electron—hole (e7/h*) pairs. These
charge carriers play a key role in initiating redox reactions. The photo-generated holes can oxidize water molecules ad-
sorbed on the catalyst surface, leading to the formation of hydroxyl radicals (*OH), which are highly reactive species
capable of breaking down complex organic pollutants. These radicals attack the antibiotic molecules adsorbed on the
nanocomposite surface, leading to their oxidative degradation into less harmful or non-toxic byproducts through radical-
driven mechanisms. The graphene-based material enhances charge separation and provides a large surface area for pollu-
tant adsorption, improving photocatalytic efficiency [33-39]. The mechanism of photocatalytic degradation for antibiotics,
as shown in Figure 1, typically involves the following key steps under light irradiation:
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Photocatalyst + hv — ¢~ (CB) + h* (VB)
h* (VB) + H.O — *OH + H*
OH + Antibiotic — Degraded products

Intermediate :
Products 1
+CO, + H,0 |

H,0
Figure 1. Mechanism of photocatalytic degradation for antibiotics [40].

3. Graphene Oxide and Reduced Graphene Oxide

Due to the unique structure and physicochemical characteristics of graphene, it is considered a capable material for many
fields [41]. A study was reported in which graphene-based composites decorated with noble metal, with the help of photo
deposition, were used for the enrichment of photocatalytic degradation under solar light. The results revealed that 79% and
94% reduction occurred in the chemical oxidation demand of propranolol under UV and solar light, respectively [42].

Many types of carbon materials, such as carbon black, carbon fibers, activated graphite, and activated carbon, are used
to enhance the optical and photocatalytic properties of different semiconductors, which act as electron reservoirs, charge
carriers, and as a supporter. Due to the exceptional physical properties of graphene oxide and reduced graphene oxide, it
is considered as the most preferable material among all carbon materials. Photocatalytic properties increased by decorating
graphene with doped SCs, because of its great properties such as high surface area, high thermal conductivity, and optical
transparency [43]. The deposition of metal oxide on the surface of graphene is difficult due to the poor solubility of gra-
phene in water, but GO and rGO show a hydrophilic nature due to the presence of oxygen groups, which support metal
oxide nanoparticles in the liquid phase [44].

3.1 Role of nanotechnology in photocatalytic degradation

The plant-based materials are suitable for the large-scale biosynthesis of nanoparticles. The synthesis of metal nanoparti-
cles is being done by using different parts of plants, such as seeds, stems, leaves, and latex. Polyphenols are considered as
an active agent in the synthesis of nanoparticles, and it is present in tea, red grape pomace, and wine [45].

3.2 Silver nanoparticles

Silver nanoparticles have great attention towards the vast areas of applications such as chemical sensing, bio-sensing,
antibacterial, and catalysis due to their high catalytic activity. In a previous study, to synthesize the silver nanoparticles,
many methods have been used, such as physical and chemical methods, but these methods have many disadvantages re-
garding the sources of reproducibility and applicability. Green synthesis is easy to optimize, cost-effective, eco-friendly,
and has a great demand for developing green approaches, and has a broad range of applications along with the colloidal
stability of nanomaterials as compared to other approaches. Green agents from natural sources contain different types of
phytoconstituents, having multiple activities such as antioxidants, reducing agents, and capping as shown in Figure 2.

A study reported the successful decoration of silver nanoparticles onto TiO. nanotubes via a photoreduction method
conducted at 25°C without the use of any external reducing agents. The findings revealed that silver nanoparticles, with
an average diameter of approximately 5 nm, were uniformly distributed across the TiO: nanotube surface. The incorpora-
tion of silver significantly enhanced both the antibacterial and photocatalytic properties of the TiO2 nanotubes under sun-
light irradiation. At a concentration of 20 ppm, the Ag/TiO. nanotube composites (Ag/TNTs) achieved a 99.99%
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degradation of Staphylococcus aureus within 60 minutes of sunlight exposure [40]. Inspired by such outcomes, the green
synthesis of Ag/rGO nanocomposites is also expected to demonstrate excellent photocatalytic degradation efficiency
against pharmaceutical contaminants, particularly under environmentally relevant conditions.

| Safflower waste |

Leaf +Stem

Preparation of
Aqueous extract

| Ag Nanoparticles |

s LN
[ AgNO; +extract |

Aqueous extract |

[ AgNO? solution |

Figure 2. Green synthesis of silver nanoparticles [46].
3.3 Preparation of biomass

Moorthy et al. (2015) reported a method for preparing Azadirachta indica (neem) leaf extract that involves the use of
freshly harvested plant material to ensure the presence of active phytochemicals. In their protocol, 5 grams of neem leaves
were first washed thoroughly with distilled water to remove dust and surface impurities, followed by air drying at room
temperature (approximately 25°C) for 15-20 minutes. The extraction was carried out by boiling the dried leaves in 200
mL of distilled water within a 500 mL beaker for one hour at 100°C. The resulting aqueous extract, rich in bioactive
compounds, was then employed freshly for the green synthesis of silver-reduced graphene oxide (Ag/rGO) nanocompo-
sites. Notably, the study emphasized the use of only freshly prepared extracts throughout the synthesis to maintain con-
sistency in the biochemical profile and reactivity of the extract [47].

4. Synthesis of Graphene Oxide (GO)

Patil et al. (2017) described a widely adopted method for the synthesis of graphene oxide (GO) from graphite powder.
Their protocol involves the oxidative treatment of graphite, typically through a modified Hummers' method as shown in
Figure 3, which facilitates the incorporation of oxygen-containing functional groups into the graphite layers, resulting in
the formation of GO. This method remains a standard approach for preparing GO due to its simplicity, scalability, and
efficiency in yielding a highly functionalized product suitable for further applications in nanocomposite synthesis and
other advanced material systems [15].
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Figure 3. Graphene oxide (GO) synthesis via modified Hummer's method [48].
5. Ag Doped rGO Nanocomposite Synthesis

Van Viet et al., (2018) reported the use of a hydrothermal approach as an effective method for synthesizing reduced gra-
phene oxide (rGO) metal-based nanocomposites. Among the various available synthesis techniques for fabricating nano-
composites, the hydrothermal method has gained attention due to its simplicity, scalability, and ability to produce well-
dispersed nanoparticles with controlled morphology. In this approach, metal precursors and graphene oxide are subjected
to high temperature and pressure in a sealed autoclave, facilitating the in situ reduction of GO and the simultaneous for-
mation of metal nanoparticles on the rGO sheets. Typically, temperatures of 120-180 °C and autogenous pressure are used
for 6-12 hours. This method was adopted for the synthesis of Ag-doped rGO nanocomposites, owing to its efficiency in
achieving uniform doping and enhanced material properties [49].

5.1 Nanocomposites for the photocatalytic degradation of pharmaceutical contaminants

Bansal et al. (2016) demonstrated the use of nanocomposites for the photocatalytic degradation of pharmaceutical contam-
inants in aqueous media, employing UV-Vis spectrophotometry to monitor the degradation efficiency. In line with their
methodology, a stock solution of antibiotics at a concentration of 1000 ppm is typically prepared in distilled water to serve
as the pollutant model. The Ag/rGO nanocomposite is then utilized as a photocatalyst to facilitate the degradation of these
drug molecules under suitable irradiation conditions. The efficiency of degradation is assessed by measuring the concen-
tration of the antibiotics before and after treatment using a UV-Vis spectrophotometer. This technique allows for the eval-
uation of the nanocomposite's photocatalytic potential in removing persistent pharmaceutical residues from aqueous envi-
ronments [28].

5.2 Characterization

Elmolla and Chaudhuri (2010) highlighted the importance of employing multiple analytical techniques to evaluate the
physicochemical properties and performance of nanomaterials used in environmental applications. In this context, green-
synthesized Ag/rGO nanocomposites are typically characterized using a range of analytical tools to confirm their structural,
morphological, and optical attributes. Techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), and UV-Vis spectroscopy are
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commonly employed to assess crystallinity, particle size, surface morphology, functional groups, and optical behavior,
respectively. These comprehensive characterizations are essential for correlating the material's properties with its photo-
catalytic performance [27].

5.3 Statistical analysis

Demim et al. (2013) emphasized the effectiveness of RSM as a statistical tool for optimizing and evaluating photocatalytic
processes. This approach enables a comprehensive analysis of the interaction between multiple experimental variables and
their collective impact on degradation efficiency. In studies involving the removal of antibiotics from aqueous solutions,
RSM has been widely applied to statistically assess the degradation capacity of photocatalysts. By simultaneously varying
key factors such as pH, catalyst dosage, initial pollutant concentration, and irradiation time, RSM facilitates the develop-
ment of predictive models and optimization of process conditions, thereby enhancing the photocatalytic performance of
nanocomposite materials like Ag/rGO [50].

6. Conclusion

The persistent presence of antibiotics in aquatic environments poses a serious threat to ecosystems and human health,
particularly due to the emergence of antibiotic-resistant bacteria. Conventional treatment methods often fall short in terms
of efficiency, cost-effectiveness, and environmental sustainability. This review highlights the potential of green-synthe-
sized metal-doped reduced graphene oxide (rGO) nanocomposites, particularly those derived using Azadirachta indica
extract as promising photocatalysts for the degradation of B-lactam antibiotics. The integration of graphene's large surface
area and conductivity with the antimicrobial and photocatalytic properties of silver nanoparticles enhances the degradation
efficiency under varied environmental conditions. Advanced characterization techniques and statistical tools, such as RSM,
further support the development and optimization of these nanocomposites. Overall, green nanotechnology offers a sus-
tainable and scalable approach to addressing pharmaceutical pollution; however, scalability under real wastewater condi-
tions remains to be addressed, and continued research in this area could lead to practical applications in wastewater treat-
ment and environmental remediation.
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