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Abstract

The growing demand for clean and safe water has intensified research on advanced materials capable of addressing complex wastewater
contaminants. Graphene and its functionalised nano-derivatives have emerged as versatile materials in water purification due to their
exceptional physicochemical properties, including high surface area, tunable surface chemistry, superior mechanical strength and excellent
electronic conductivity. The high surface area, mechanical strength and chemical stability of graphene-based materials enhance their
adsorption capacity and effectiveness in removing heavy metals and trapping organic contaminants, such as pharmaceuticals and benzene-
related chemicals, from wastewater. The TT-T7 stacking, electrostatic interactions and surface functional groups play critical roles in promoting
adsorption processes and enhancing the efficacy of graphene-based materials for contaminant removal from wastewater streams. This
review summarises recent advancements in the use of graphene and its derivatives for wastewater treatment, providing insights into the
underlying mechanisms governing contaminant removal and the potential of these nanocarbon materials for global water pollution
mitigation.
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Introduction lateral dimension may be several orders of magnitude larger (5, 6).
Graphene is currently used in a wide range of scientific and

Traditional wastewater treatment methods often face challenges L ) ) -
engineering domains, asillustrated in Fig, 2.

regarding effectiveness, cost, and environmental impact (1).
Graphene and its nano-derivatives have emerged as highly —Grapheneandits properties

promising materials for advanced wastewater treatment due to  Graphene, in which each carbon atom is sp*hybridised, is formed by
their excellent physicochemical properties, including large surface  the hybridisation of ones, px and one p, orbitals and each atom
area, tunable surface chemistry and notable electrical and thermal  forms three o-bonds with neighbouring carbon atoms. These
stability (2). Among the diverse nanomaterials explored,  carbon atoms are covalently bonded in a hexagonal lattice and they
nanocarbons derived from naturally available materials such as  gre all sp* hybridised, resulting in one delocalised electron per
graphite, pre-carbonised materials and agro-waste have gamered  carbon atom. This free electron is associated with the pz orbital,
considerable attention. These nanocarbons, including graphene,
graphene oxide (GO), reduced graphene oxide (rGO), graphene
nanoplatelets (GNPs), graphene nanoribbons (GNRs), graphene
quantum dots (GQDs), graphene aerogel (GA) or graphene foam,
carbon nanotubes (CNTs), fullerenes and carbon nanofibers (CNFs),
possess unique properties such as high surface area, tunable pore
structure, and excellent adsorption capacity, making them ideal
candidates for wastewater remediation (Fig. 1) (3). Graphene is
considered one of the most ground-breaking materials of the twenty
first century. The single two-dimensional sheet of graphite, known
as graphene, is the precursor of all nano-allotropes (4). This
monolayer of graphite is only one atom thick (~0.34 nm), yet its

which forms the T-bonding system located above and below the
basal plane. Despite being more than 200 times stronger than steel,
graphene is remarkably flexible (7). It is also highly durable while
remaining extremely lightweight. It is highly transparent, making it
one of the thinnest materials known. Graphene was first observed
under an electron microscope was in 1962. With a theoretical surface
area of around 2630 m? g, graphene is regarded as a material with
an exceptionally large surface area of approximately 1000 n? g* (8). It
is characterised by high adsorption efficiency, nanoscale dimensions
and large specific surface area. For instance, T-TT stacking,
electrostatic interactions and van der Waals interactions forces
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Fig. 1. Graphene and its nano derivatives used in advanced wastewater treatment.
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Fig. 2. Graphene applications in different sectors.

influence the stacking behaviour of graphene nanosheets.
Structurally, it is a two-dimensional (2D) material with a planar
architecture and an open surface. It may be considered analogous to
a graphene nanoplatelet, enabling bidirectional adsorption (9). The
chemical structure of the grapheneisillustrated in Fig, 3.

Fig. 3. Chemical structure of graphene.

Graphene based nanostructures

While numerous research endeavours are underway, the adsorption
of environmental contaminants is exhibited by graphene, graphene
oxide (GO), and their associated modified nanomaterials with
exceptional performance (10).

Graphene oxide

Graphene oxide (GO) has a variety of functional groups that contain
oxygen and a strong ability to remove ions and coloured chemicals
(11). The GO is an atomic sheet of graphene with a hybrid structure
made up of a blend of sp? and sp? hybridized carbon atoms with the
thickness of one layer of graphene oxide nanosheet is ~0.8 to 1.0 nm
(12, 13). It is an atomically thin layer 2D structure with many
oxygenated functional groups on its basal planes and at its borders
(14). The GO has high surface to weight ratio (theoretical value of
2620 m? g?) and oxygenated groups including carboxyl (-COOH),
epoxide-COC-) and hydroxyl (-OH) groups (Fig. 4).
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Fig. 4. Graphene oxide chemical structure contains hydroxyl, epoxyl
and carboxyl groups.

Small clusters of pure epoxy and -OH groups can be found
within the carbon network (15). Additionally, graphene-like sections
and gaps are frequently present in GO. These properties make GO
hydrophilic, allowing it to be readily dissolved in water and other
solvents (16). The GO was found to be composed of 2.588 %
hydrogen and 47.665 % carbon with 50 % oxygen by weight,
according to the element analysis results (17). Incorporation of
nanoparticles such as ZIF-8, TiO,, BiOBr, g-C;N, to GO membranes
has strong hydrophilicity, permeability, anti-fouling and
photocatalytic self-cleaning properties diverse applications efficient
removal of dyes an organic pollutant in wastewater treatment
(18, 20). The different methods used for the synthesis of GO is shown
inFig. 5.

Reduced graphene oxide (rGO)

Reduced graphene oxide (rGO), referred to as functionalised
graphene, chemically modified graphene and chemically transformed
graphene (Fig. 6) (19). The rGO developing into a very good graphene
or GO compromise is also simple to synthesise appropriate amounts
from inexpensive reduced GO utilising a range of (electro) chemical,
microwave, photo-assisted and thermal reductions. Composite of
TiO,, Zn0O, SnO, and Ag nanoparticles exhibit enhances photocatalytic
activity under visible light, leading to efficient degradation of dyes,
pharmaceuticals and other organic contaminates (20, 21). The
synergistics interaction of graphene’s high electron mobility with the
photocatalytic properties of metal oxides or noble metal minimalize
electron hole recombination, enhances light absorption and
significantly improves degradation efficiency (22).

Fig. 6. Chemical structure of reduced graphene oxide.
Graphene nanoplatelets (GNPs)

Graphene nanoplatelets (GNPs), which offer potential for large-scale
manufacturing at low cost, have emerged as an alternative. GNPs
contain few graphite layers, ranging in thickness from 5 to 20 nm is
shown in Fig. 7. This nanoflake powder can be produced without
additional centrifugation steps through liquid-phase exfoliation. Ball
milling, microwave radiation treatment of acid-intercalated
graphite, shear exfoliation and contemporary wetjet milling are
other common processes (23, 24). The thickness, aspect ratio, lateral
flake size and defect concentrations of the powders produced by
these production processes vary greatly. The GNPs are
architecturally in between graphene and graphite since they are
made of one and a few layers of graphene combined with thicker
graphite (25). Recent advances in chemical and mechanical
exfoliation techniques enable high-yield, low-defect GNP production
from graphite, facilitating their application in industrial wastewater
treatment, particularly in corrosion resistance, sensing and
advanced composite materials (26).

Graphene quantum d(GQDs)

Graphene quantum dots (GQDs) are zero-dimensional nanomaterials,
typically less than 20 nm in diameter, that combine the unique
properties of graphene with quantum confinement and edge effects.
Application of GQDs, photo-induced electron transfer, tunable
photoluminescence (PL), high solubility, minimal toxicity, and
biocompatibility (27). Previously, carbon-based QDs had distinct
advantages such as simple production, superior biocompatibility,
nontoxicity, good metallic QD and physicochemical features like
great stability and controllable fluorescence (28). Two-dimensional
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Fig. 5. Systematic diagram shows different methods for synthesis of graphene oxide.
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Fig. 7. Graphene nanoplatelets (GNPs).

graphene restricts electrical transport in all 3 spatial dimensions
because of their graphene layer structure, graphene quantum dots
(GQDs) exhibit superior chemical and physical properties over
carbon nanodots. These properties include a larger length-to-
diameter ratio, more surface area and stronger surface bonding with
adouble T1-1T network (29).

Graphene nanoribbons (GNRs)

Graphene nanoribbons (GNRs), which are less than 10 nm wide,
have unique electrical and spin transport characteristics (30). The
GNPs are in different forms based on carbon atom arrangement
which are in zigzag and armchair patterns (Fig. 8a & b). But it's still
practically difficult to produce high-quality nanoribbons in large
quantities. To create graphene nanoribbons, lithographic, chemical
and Sono-chemical techniques have been devised (31, 32).

Graphene aerogels

Graphene aerogel (GA) or graphene foam has properties such as
ultra-low density, high electrical conductivity, low thermal
conductivity and super compressibility. The GA is especially
attractive for practical applications since it may be attained in
macroscopic  monoliths ~ with  configurable  hierarchical
nanoarchitectures (33). GA can be produced by the sol-gel
procedure, hydrothermal, chemical reduction and in-situ growth
using chemical vapour deposition popularly known as chemical
vapour deposition (CVD) (34-37).

Synthesis of graphene and its nano-derivatives

The synthesis of graphene and its above-stated nano-derivatives,
such as graphene oxide, reduced graphene oxide, graphene
nanoplatelets, graphene quantum dots, graphene nanoribbons and
graphene aerogels, has gained significant attention due to their
exceptional properties and wide application potential, with

(a)

Fig. 8. Graphene nanoribbons. a: arm-chair; b: zig zag.

synthesis methods advancing rapidly to improve scalability (Fig. 9).
Top-down approaches such as mechanical exfoliation and liquid
phase exfoliation are widely used to producing layer graphene with
liquid phase methods often assisted by ultrasonication to enable
scalable production (38). Oxidative exfoliation via the Hummers and
modified Hummers methods convert graphite to GO, which can be
reduced chemically, thermally or electrochemically into rGO,
offering scalability and functional groups incorporation group
incorporation to enhances dispersibility and reactivity (39).

Ultrasound assisted synthesis further accelerates exfoliation
and functionalisation, producing thin layer GO or rGO with high yield
and uniformity, while enabling homogeneous nanoparticle
deposition a diverse graphene morphology such as foams and
sponges (40). Bottom approaches such as CVD allow the growth of
high quality, large area graphene films on metal substrates (Ni, Cu)
and are extendable to the synthesis of GNRs and nanopores
graphene through polymerization and cyclodehydrogenation of
organic precursors, enabling control over width, edge structure and
pore size (41). Green and biomass derived methods have recently
emerged, enabling graphene synthesis from coal, biomass offering
sustainable and cost-effective alternatives (42).

Functionalisation strategies, including covalent and non-
covalent modifications such as esterification, imidation and surface
decoration with metals or polymers, allow tailoring of GO ant its
derivative for specific application (43). Emulsion-based and in situ
polymerization enhance graphene-polymer nanocomposite
performance, while noble metal decoration broadens applications
in catalysis and sensing. Industrially, oxidative exfoliation-reduction,
liquid-phase exfoliation and CVD offer scalable synthesis, though
challenges of environmental impact, aggregation and defect-free

(b)
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Fig. 9. Diagrammatic representation of various methods for the synthesis of graphene and its nano derivatives.
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production persist (44). Overall, graphene synthesis advances
toward sustainable, scalable and application-specific strategies.

Biodegradable graphene and different graphene nano
composites used in wastewater treatment

Biodegradable carbon nanoparticles provide great potential for
transforming wastewater treatment procedures and providing an
efficient, long-term and low-cost solution to environmental issues.
These nanoparticles have unique characteristics such as large
surface area, non- toxicity, adjustable porosity and are incredibly
effective at adsorbing and catalysing the degradation of a wide
range of pollutants, from organic contaminants to heavy metals, in
the context of wastewater treatment (45, 46). The ability of
naphthalene-degrading bacteria to oxidise and degrade the
graphitic materials including GO, graphite and reduced GO by the
process of oxidation (47). The interactions between lignin peroxidase
(LiP), a ligninolytic enzyme secreted from the white rot fungus
(Phanerochaete chrysosporium) and oxidised and reduced graphene
oxide nanoribbons (GONRs and rGONRs) (48). The composite was
highly crystalline, thermally stable and exhibited excellent surface
activity, making it a sustainable alternative to conventional filters.

Alginate-coated iron oxide GO composites, an eco-friendly
material, exhibit >90 % removal efficiency for dyes such as methylene
blue and malachite green through adsorption and photocatalytic
degradation, while maintaining strong reusability over multiple cycles
(49). Xanthan biopolymer/GO-TiO, 3D composites exhibit high lead
adsorption capacity (199 mg g*) and excellent recyclability, retaining
over 84 % efficiency after five cycles (50).

Graphene-based composites have demonstrated remarkable
potential for pollutant removal due to their high adsorption capacity,
photocatalytic activity and recyclability. GO-cellulose nanocrystal
membranes can eliminate up to 99 % of heavy metals and dyes with
high sustainability, while alginate-coated Fe;0, at GO achieves more
than 90 % dye removal and maintains over 85 % efficiency after 6
regeneration cycles (49, 51). Bio-graphene-magnetite composites
exhibit high adsorption capacity (>180 mg g?) for dyes and Cr®, with
the added advantage of magnetic recovery (52). Similarly, xanthan/
GO-TiO, 3D composites remove lead ions up to 199 mg g* with >84
% efficiency after five cycles, ensuring long-term usability (53).
Advanced hybrids such as TiO,/GO, ZnFe,O,/graphene and LDH/
rGO achieve nearly 100 % removal of dyes, antibiotics and other
organic contaminants, with biodegradability and regeneration
capacity depending on the composite matrix (54).

A comprehensive summary of recent studies that explore
the application of graphene nano-derivatives in wastewater
treatment are given in Table 1. The table highlights the various
modifications of graphene materials, method of synthesis, the
pollutants targeted and the mechanism of adsorption. This
synthesis offers valuable insights into the versatility of graphene-
based adsorbents in addressing a wide range of contaminants,
illustrating both their effectiveness and potential challenges. By
consolidating these findings, the table serves as a reference point for
future research, helping to identify trends and gaps in the field.

Future developments and applications

The application of nanotechnology in the treatment of water and
wastewater is becoming inevitable due to its constant evolution. The
present water purification technologies are thought to be
adequately replaced by 2D nanoporous materials due to their
outstanding mechanical strength, high surface areas, and atomically

6

thin architectures. The production of materials based on
nanoporous graphene opened up a world of possibilities for water
purification technology. Inorganic nano-adsorbent nanoparticles are
utilised to remove pollutants from wastewater because of their
wonderful, anticipated qualities that rely on their structure (73). To
utilise nanomaterial as a sorbent, some traits such as nontoxic, high
sorption capacity and indefinitely reusable by removing toxins from
the surface of the nanomaterial are crucial.

Functionalization methods might modify graphene's surface
characteristics to maximise how well it interacts with contaminants.
The creation of graphene-based nanocomposites may improve
adsorption even more and make it possible to remove several
pollutants at once (74, 75). Furthermore, scalable fabrication
technology developments may make it easier to produce graphene
membranes on a wide scale, increasing their suitability for realworld
uses in wastewater treatment facilities. The breakdown of organic
contaminants in wastewater is mostly dependent on advanced
oxidation processes (AOPs), where graphene-based nanomaterials
have exceptional catalytic activity (76). Electrodes based on graphene
have demonstrated potential in electrochemical methods for treating
wastewater, such as capacitive deionization, electrooxidation and
electrocoagulation. Tailored nanocomposite materials such as GQDs,
GONRs and GA are used for wastewater treatment.

Conclusion

Graphene and graphene-based nanomaterials such as GO, rGO,
GQD, GONR and GA provide flexible ways to tackle the growing
problems associated with water pollution and bring a paradigm
change in the field of wastewater treatment. A wide range of
applications, from adsorption and membrane filtration to catalysis
and sensing, are made possible by their remarkable features, which
contain mechanical strength, large surface area and catalytic
activity. The full potential of graphene-based nanomaterials in
wastewater treatment is not identified and this needs novel
investigation in nanocomposite designs, synthesis methods and
integrating them into useful treatment systems. Multidisciplinary
and cross-sector collaboration is essential to convert laboratory
discoveries into globally applicable, sustainable solutions for
resource recovery and water purification. By making use of
graphene's extraordinary qualities, we can clear the path for a more
sustainable and clean future for water resources.
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Table 1. Graphene nano derivatives used in wastewater treatment

Adsorption Capacity .
Target Method of o . Mechanism of
S. no. Adsorbent N : (milligram per gram-mgg*/ . References
contaminant synthesis percentage - %) adsorption
Graphene oxide
. . . 37.65mggland 62.43mgg?
1 GranL_Jlarraacﬁ:svr?et%?(icdaerl'(,wgg)(GAC) Chl%rioq Lrj(';eeand MOd'f'rflgtth?mers for chloroquine and dipyrone  17-1r interactions (55)
grap Py adsorption respectively
Persulfate activated magnetic .
2 Fes0a4/graphene oxide Malathion MOd'f':lgtth?mers 96.5% TI-TT interactions (56)
nanocomposite
Nile Blue, 226.46 mg-g* (Nile Blue), interacti
3 Graphene oxide and agar ~ Methylene Blue, Modified Hummers 79.51 mg-g* (Methylene Blue), "'g '? etrac tlotr]s (57)
biopolymer (agar-GO) Malachite Green, method 58.25 mg-g* (Malachite Green), an te ec ;95 atic
Basic Fuschin 38.11 mg-g* (Basic Fuschin) interactions
Graphene - CdO and graphene Electrochemical 1 Electrostatic
4 oxide - CdO nanocomposites Crvi) exfoliation method 699mge interactions (58)
Reduced graphene oxide
Reduced graphene oxide .
. . Pb (Il MB D f ZnF Pb (Il MB f 89. . .
5 decorated with zinc ferrite b é;gd OP'?r%cg rGr(‘) €04 bl(lgignnglg g’l,dryeip?eft?vseli/nd TI-TT interactions (59)
nanoparticles
Reduced graphene oxide Malachite green ) 1 .
6  nanosheets coated with ZnSand (MG) and Ethyl rGO ZnSAdoped by 25.72 mgrf fc_)lrfl\)/IrGEsnd 18.34 Iiirﬁggcgitgﬁ;: (60)
ZnS-Ag violet (EV) g g8
Montmorillonite - reduced . Thermal reduction 4 . .

7 graphene oxide - PEG polymer Enrofloxacin process 310.6mgg TI-TT interactions (61)
8 Reduced graphene oxide Phenols Sonication method 994 mgg* TI-TT interactions (62)
Graphene nanoplatelets

In-situ methodology lon- dinole
9 Graphene Nanoplatelets As (I11) by using ferric ~99% at 300 K temperature h P (63)

chloride interaction

In-situ Oxidative

10 Graphene nanoplatelets/ Elzoeﬂggg)e::é chemical 94.1% Electrostatic (64)

Polythiophene nanocomposites polymerization ) attraction

Pathogen control technique
SA-GNP (sodium alginate- A
11 graphene nanoplatelet Meth){}\ﬁgf blue Gelaﬁlonclégzlon 290.36 mgg* Chemisorption (65)
composite) beads P
Graphene quantum dots

12 Fe.05-GQD/NF-TiO, Cr (V1) Hy?;‘;tt?]g:jmal 935 mg gt TI-T interactions (66)

. Methylene blue Microwave assisted . . .
13 GQDs-TiO,/AC %MB) preparation 313mgg? TI-TT interactions (67)

Graphene oxide nanoribbons
Aerogels made of sodium s )
- - Modified Hummer’s -
alginate, graphene oxide, and 1 Electrostatic and 1r-
14 graphene oxide nanoribbons Uy profcr:?eszfe%lcr);\ilr?d by 929.16mg g 1T interactions (68)
(GO/GONRs/SA) g
. . Oxidative unzipping ; 1
15  Graphene ?égjﬁé‘s"‘;”o”bbons As (Il and Hg (1) of multi walied /?-|S(\1)| 155.61mgg TI-Tr interactions  (69)
CNTs to GONRs g(ll)-33.02mgg
Graphene and graphene oxide aerogels

Nanocellulose and graphene . . . .
16 oxide aerogels (CNF/GO) Methyl blue (MB) - 99% in 20 minutes TI-TT interactions (70)

Lysine and EDA double cross-  Methylene blue  Ultrasonication 1 . .
7 inked graphene aerogel (LEGA) (MB) method 332.23mgg TI-T0 interactions (1)
18 N-doped graphene oxide aerogel Phenols - 108.19 mgg* TI-TT interactions (72)
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