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Nanoremediation of arsenic from contaminated
water by new generation graphene-based
nanomaterials: a comprehensive review
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Water contamination by metals and metalloids, particularly arsenic (As), is a serious global issue and
a pressing challenge for countries with limited water resources. Since As is derived both from natural
sources and human activities, including industrial effluents, agricultural runoff, and domestic sewage
water discharges, it poses a severe threat to biodiversity, ecosystems, and human health due to its
toxicity, carcinogenicity, and mutagenicity, even at trace levels. Traditional remediation methods for As
removal from water media, including coagulation, reverse osmosis, and adsorption, are increasingly
popular due to low cost and higher removal efficiency. However, recent advances in adsorption research
have focused on the development of nanostructured materials with superior physicochemical properties
and higher removal efficiencies compared to conventional treatment methods. The high porosity, low
density, mechanical strength, and exceptional electrochemical properties of graphene (G)-based
nanomaterials distinguish them from other metallic and other polymeric nanomaterials. These new
generation GO-based nanomaterials, such as ultra-thin layers of graphene atoms, 2D materials, and
nanofibrous sheets, are also efficient remedies for HMs, particularly As, from wastewater. The efficiency
and stability of arsenic removal are further improved by nanocomposites, such as GO-polymer hybrids,
GO-chitosan, GO-ZnO, GO-cellulose, Fe-functionalized GO, and reduced GO. For environmental
remediation, these advanced nanohybrids offer sustainable, high-performance solutions. The present
review synthesizes insights from nearly 200 research papers and review articles indexed in Web of
Science, Scopus, and Google Scholar, focusing on As removal from wastewater utilizing graphene-based
nanomaterials. It also highlights the sources and toxicity of As, limitations of traditional treatment
methods, and the enhanced adsorption capabilities of graphene-derived materials and their composites.
Overall, this review provides a concise and integrated perspective on current advancements, existing
challenges, and future directions for next-generation graphene-based membrane technologies for
effective As remediation.

1. Introduction

Conservation and protection of water is extremely important for
sustainable growth of life on earth. Day in and day out, deple-
tion and decline of global freshwater resources is resulting in
water scarcity. Contamination of freshwater and soil with
inorganics (metals and metalloids) and organics (dyes, persis-
tent organic pollutants (POPs), polychlorinated biphenyls
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(PCBs), and polycyclic aromatic hydrocarbons (PAHs), from
domestic effluents and industrial discharges is a serious global
issue.'?

In earth's crust, minerals, soils, groundwater, and living
organisms, arsenic (As) is one of the most toxic metals and
metalloids. Additionally, As is used in wood preservation;
fertilizer and pesticide manufacturing; and metallurgical
mining, glass, and semiconductor formations.* It is estimated
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that As is released into the environment between 52 000 and 1
12 000 tons annually, and it is regarded as a class-1 contaminant
and a hazardous pollutant due to its high persistence and low
degradation. The WHO estimated an annual global exposure of
As (=10 pg L™" in water) to more than 180 million people
around the globe. Arsenic toxicity and bioaccumulation capacity
depend on As chemical species and the metabolically mediated
biomagnification process.>® Arsenic species can exist in four
oxidation states (—3, 0, +3, +5), and unfortunately both organic
and inorganic forms are toxic to humans. Pentavalent As(v) is
the most prevalent form in an oxidized environment (high Eh
value), and its distribution has been related to pH. Under
natural environmental conditions (pH = 4-8), H,AsO,, and
HAsO,>~ are anionic forms of As(v) along with other metal
cations that are naturally occurring in waters.”® Once released
into the environment, these contaminants are a serious concern
for the environment and pose health issues via food chains and
biomagnification processes.**°

Arsenic removal from water bodies is achieved by a variety of
procedures, including filtration/separation, coagulation/
flocculation, electrocoagulation, ion exchange, and sorption/
adsorption.”*> Among these removal techniques, sorption is
regarded as the most cost-effective, simple, and easily imple-
mentable technique. Due to the synthesis of nanostructured
sorbents and nanomaterials in recent years, this approach has
gained popularity in the removal of toxic substances from water
and soil.”* Due to their high specific surface area, distinct
physicochemical features, and increased availability of func-
tional groups, these nanomaterials have a unique sorption
potential. Among the plethora of nanomaterials,
generation graphene (G)-based materials are key players and
highly effective for decontamination of pollutants from soils
and waters. Unique physicochemical characteristics of gra-
phene and graphene-based materials, such as high specific
surface area, more reactive sites and functional groups, better
sorption efficacy, high porosity, low density, mobility, chemical
suitability, ionic strength, and electrochemical performance,
make these G-based materials super sorbents. New generation
super sorbents have superior surface chemistry, structure,
properties, and functional groups for higher reactivity and their
ability to selectively adsorb specific molecules. This makes them
highly efficient in applications such as water purification,
cleanup of oil spills, and chemical processing, where traditional
sorbents often fall short in performance and versatility.

In this review, key themes such as arsenic occurrence,
toxicity, and limitations of current treatment methods of
removal from wastewater using graphene-based nanomaterials
are discussed, providing a detailed assessment of the adsorp-
tion performance of carbon-based nanomaterials and
graphene-derived nanocomposites. The criterion for new-
generation graphene includes nanomembranes that are more
effective than traditional GO-based nanocomposites. Graphene,
as the first known crystal of carbon, has better efficiency than
typical nanomaterials, particularly carbon-based nano-
materials. In addition to the extensive literature on As adsorp-
tion utilizing ordinary graphene and its derivatives, this review
provides some insights for improving and advancing work

new-
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using nano graphene membranes to make it more compatible,
usable, and effective. As(i) and As(v) removal mechanisms are
clarified in the review of recent advances in graphene-based
fabricated membranes. This article presents a comprehensive
overview of current advances, research gaps, and potential
opportunities for developing efficient and sustainable
graphene-based technologies for As remediation by combining
these diverse aspects into a single framework.

2. Carbon-based nanomaterials and
nanocomposites

Carbon-based nanomaterials (CBNM) are a type of nanoscale
material with outstanding physical, chemical, and mechanical
capabilities, making them extremely important in a wide range
of research and industrial applications. In addition to zero-
dimensional fullerenes and carbon quantum dots, these mate-
rials include one-dimensional (1D) carbon nanotubes and
nanofibers, two-dimensional (2D) graphene sheets, and three-
dimensional (3D) nanodiamonds and carbon nano-onions.**"
They are widely used in electronics, energy storage, catalysis,
environmental remediation, biosensing, and biomedical engi-
neering due to their high surface area, exceptional electrical and
thermal conductivity, superior mechanical strength, and
chemical tunability. Following Fig. 1 outlined the major clas-
sification of carbon-based nanomaterials along with the focus
on graphene and its types with sustainable applications.

2.1 Types of graphene oxide nanomaterials

Graphene represents the preliminary discovery of a two-
dimensional crystal by humankind. Comprising a singular
graphite sheet, its distinctive characteristics are revolutionizing
material research. Graphene nanoparticles present significant
appeal owing to their flat structure, lightweight nature, high
aspect ratio, excellent electrical conductivity, affordability, and
robust mechanical properties. Graphene and its derivatives,
including graphene oxide and reduced graphene oxide, along
with various types of graphene, are outlined as follows.

2.1.1 Graphene oxide (GO). Nonstoichiometric GO with
differential compositions is synthesized depending on the
synthesis environment. These approaches based on chemical
exfoliation and oxidation of graphitic flakes include the Brodie
protocol (oxidizing mixture of KClO, + fuming HNO; synthe-
sizes GO with graphitizable-C of graphite).'® During synthesis of
GO, the exfoliation process is carried out using different
solvents via an ultrasonic approach followed by sonication.***°
More recently, GO exfoliation and reduction can be carried out
by different methods, such as rapid heating (thermal),
mechanical method (stirring), chemical, plasma, and micro-
wave methods.” The synthesis of GO by Hummer's approach
displays disrupted conjugated graphene planes and modified
surfaces containing different functional groups such as
carboxyl (COOH, carbonyl(C=O0), hydroxyl (OH), and epoxide
(C-0-C). After graphitic chemical oxidation, graphene layers
are decorated with OH and C-O-C groups on basal plane
functional groups and COOH as terminal end functional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Classification of carbon-based nanomaterials classified with major types with special focus of graphene-based nanomaterials, their types

and sustainable applications.

groups. The characteristics of GO, like hydrophilicity and
negative charged density, can be attributed to the decoration of
O-containing functional groups.*” Functionalized single layers
of GO with C-O-C, OH, and COOH functional groups are
characterized with higher (0.7-1.2 nm) thickness than the
pristine graphene thickness (0.335 nm).”® Upon oxidation of

© 2026 The Author(s). Published by the Royal Society of Chemistry

bulk materials, synthesized GO is a solid product that still has
a graphitic layering structure but with wider and erratic spaces
and has a C: O ratio between 2.1-2.9. The oxidation-based GO
sheet characterization and separation can be accomplished via
fractionation techniques that can be ascribed to polydispersion
of distributed oxygen on GO. Different techniques are in
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practice to synthesize different forms of GO. Synthesis of GO by
modified Hummer's protocol via chemical exfoliation and
oxidation approach.

2.1.2 Reduced graphene oxide (rGO). Reduced graphene
oxide (rGO), a derivative of GO, is characterized by a low C: O
ratio compared to GO and can be synthesized successfully by
a sequential reduction process via chemical, thermal/pyrolysis,
and other processes. The rGO has a close resemblance to pris-
tine graphene. Major synthesis methods include thermal
annealing, microwave-assisted laser irradiation and light-
induced reduction hydrothermal methods, and chemical
reduction by reducing agents, such as ascorbic acid (C¢HgOs),
hydrohalic acids (HX where X= halogens), sodium borohydrate
(NaBH,), aluminum hydride (AlHj3), hydrazine hydrate (N,H,),
and thiourea (CH,N,S).>*** Among reducing agents, N,H, is the
most used as oxygen molecules scavenger and N, and H,O
molecules are formed during reaction processes.

2.1.3 Functionalized graphene oxide (FGO). Graphene-
based nanomaterials can be functionalized via covalent and
noncovalent approaches by modifying their surface chemistry,
such as surface functionalization due to rehybridization of one
or more sp> C atoms into Sp® C atoms in carbon systems, and by
enhancing specificity and solubility.”** Graphene exterior
surfaces modified by strong oxidants (KMnO, H,SO, and
HNO;) due to the addition of -OH and -COOH are ascribed to
covalent functionalization. For example, possible hydrogena-
tion of graphene by atomic H on SiC-supported G and Ir (111),
and G-derivates with fluorine (F) due to more affinity of F to C
than H, and fabrication of G-surfaces with sulfonate (-SO3, —
SOz;H) and amino (-NH,) groups. Nondestructive changes in
characteristics of graphene-based materials without changes in
structural arrangement can occur by non-covalent functionali-
zation via van der Waals, hydrophobic, and electrostatic inter-
actions. Examples of non-covalent functionalization of G-based
materials include robust affinity of pyrene butyric acid
C,oH;160, via T-stacking, linking molecules with a tail (aromatic
linkers) or end (responsive linkers). Likewise, G-decking with
metallic nanoparticles (Ru, Au, Pt, Ni, Ag etc.) via thermal
evaporation, reduction (in situ) process, electrical deposition
and photochemical processes.

2.1.4 Biobased graphene (b-G) materials. More recently,
green chemistry approaches/methods are becoming more
popular because these are ecofriendly and sustainable. Plants
and animal-based biomass and biomaterials are available in
bulk and renewable in nature. These biomass/biomaterials are
precursor materials for carbon sources, and their reuse will
minimize waste. Biomass waste/agrowastes are being used for
the synthesis of G-based materials, which have advantages in
terms of sufficient availability and their carbon-rich structure.
Biomass-derived bio-based graphene (bG) can be synthesized by
pyrolysis/thermal approach and carbon growth. Removal of
volatile matter contents from polymeric chains of biomass via
thermal processes can enhance carbon content. Like the
graphitic route, bio-based graphene oxide (bGO) and bio-based
reduced graphene oxide (brGO) can be synthesized using the
non-graphitic route. Nonetheless, bG-based materials synthe-
sized from biomass or biomaterials display some similarity with
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materials synthesized from a non-graphitic route, however, bG-
based materials display slight differences in structure and
characteristics.

2.1.5 Single layered graphene oxide. Graphite is a carbon
material crystalline in nature with fixed planes and similar
layers with covalent and metallic intraplanar bonding greater
than interplanar van der Waals forces. Graphite acts as
a precursor of graphene (G), as a stack of graphene is known as
graphite. Graphite layers have regular hexagons with fixed
carbon atoms with interlayer spacing of 3.35 A. The carbon
atoms are detached (carbon-to-carbon distance) by 1.42 A in
a graphitic hexagonal array. Graphite is highly anisotropic in
structure due to differential interplanar and intraplanar prop-
erties.”® Due to the reactivity of graphite with different chem-
icals and reagents, different intercalation compounds can be
synthesized via surface substitution and modifications.?” High
sorption capacities and unique surface chemistry of graphite
intercalation compounds might offer promising solutions for
decontamination of pollutants from water and soils. Graphene
is sp® hybridized single monomolecular layer (2-D sheets)
characterized with a honeycomb lattice structure decorated
with a high number of oxygen-containing functional entities
orderly arranged on both sides of 3-D graphitic sheets.* This 2-
D material is structured with benzene rings along with stuffed
carbon atoms and striped of hydrogen atoms. Pristine graphene
is an original, pure, and unoxidized form of graphene having
high carrier mobility. Synthesis of graphene is possible by
different protocols/methods such as cleavage (micro-
mechanical), arc discharge, CVD (chemical vapor deposition),
growth (epitaxial) on SiC (silicon carbide), electrochemical
approach, C-nanotube unzipping, chemical reduction of GO,
total organic synthesis, and plasma discharge induced etching
of graphite.®® Nevertheless, graphene synthesized by these
methods might not be practical for environmental applications
because the synthesis of graphene should be cost-effective,
efficient, and on a large scale. Furthermore, pristine graphene
displays less dispersion in water for removal of pollutants due
to its hydrophobic nature. However, the recent study of pristine
graphene in removing arsenic from wastewater is found
promising due to its strong adsorption character and high
surface area. It happens since pristine graphene in both vacuum
and aqueous conditions can efficiently fix arsenic through
different adsorption sites, including edges and bridge positions
on its surface, achieving strong interaction energies.*

Among the family of carbon nanomaterials, graphene (G)
gained much interest in the current arena after its discovery by
Andre Geim and Konstantin Novoselov in 2004, who synthe-
sized graphene by stripping off the graphite using adhesive tape
via the mechanical exfoliation approach (Novoselov et al., 2004).
Exfoliation of graphitic layers via a nanomanipulation approach
to extract and characterize graphene was started much earlier
by the pioneer work.** Two major routes are generally adopted
to synthesize graphene.?** In the top-down approach, graphitic
layers are exfoliated, whereas in the bottom-up approach, the
growth of small (molecular-sized) C-precursors is ensured to
synthesize nanomaterials.**>** To overcome the solubility issue
of pristine graphene, modification and fabrication in graphene

© 2026 The Author(s). Published by the Royal Society of Chemistry
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is generally done by introducing different surface functional
groups via chemical modification and functionalization (cova-
lent or noncovalent). Functionalized graphene family members
include different carbon nanomaterials such as graphene oxide
(GO), reduced graphene oxide (rGO), functionalized G-
derivatives, and G-nanocomposites. These carbon-based nano-
materials and nanocomposites have different sizes, shapes,
orientations, surface chemistry, morphological and physico-
chemical characteristics.*

2.1.6 Graphene quantum dots (GOQDs). Graphene oxide
quantum dots (GOQDs) are ultra-small, zero-dimensional
carbon nanostructures derived from graphene oxide, with
lateral dimensions typically below 100 nm and oxygen-
containing functional groups. Their structure combines the
robust, sp>-hybridized carbon framework of graphene with the
enhanced solubility and chemical reactivity imparted by surface
oxygen groups, resulting in excellent fluorescence and tunable
band gaps via quantum confinement and edge effects in
aqueous environments.”” These characteristics make GOQDs
very appealing for a variety of biomedical applications: they can
activate the Wnt/B-catenin signaling pathway to promote oste-
ogenic differentiation of human stem cells,*>** and when
combined with hyaluronic acid, they function as dual-function
nanocarriers that have the ability to deliver drugs both thera-
peutically and specifically, such as increasing the effectiveness
of metformin in metabolic inflammation models.** All things
considered, GOQDs' distinct blend of bioactivity, tunable
optical behavior, and adaptable functionalization make them
an extremely attractive platform for nanotherapeutics, regen-
erative medicine, and next generation bioimaging.

2.1.7 Graphene based composites. Graphene-based nano-
materials and nanocomposites could be promising and poten-
tial super sorbents for environmental contaminants because of
their unique physicochemical properties (higher surface area
and delocalized m-electrons) and superior surface chemistry.
Nevertheless, strong interplanar interactions can result in
restacking G-nanolayers into graphitic layers, due to which
binding affinity of GO for different compounds/substances can
occur due to sturdy electrostatic repulsion and less detachment
of G-based materials. Functionalization of G via covalent or
non-covalent interactions with different nanomaterials and
dissimilar molecules can overcome these limitations. These
synthesized nanocomposites are multicomponent materials
where one phase is dispersed into another phase in the nano-
metric range.

2.1.8 Graphene polymer and graphene carbon nanotubes
composites. The G-polymer composites and G-carbon nanotube
composites can be synthesized in addition to G-based nano-
composites. Carbon nanotubes (CNTs) are carbon allotropes
with rolled up G-sheets having long, thin, and cylindrical
shapes. Improvement in compatibility and distribution of CNs
and GNs can be done due to surface reactive groups modified
with phenol-formaldehyde resin that will result in possible
synthesis of different nanocomposites such as glassy C and C/C
composites. Likewise different G-polymer composites such as
polyaniline, polystyrene, polyvinyl alcohol, polycarbonate, and
Nafion are reported in pertinent literature.****

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3. Arsenic occurrence and exposure,
environmental contamination and
health impacts

Arsenic (As) is found in varying concentrations in water bodies
throughout the globe. The higher level of As exposure may cause
instant and long-standing health problems, comprising heart
disease, cancer, childhood cancer, miscarriage, diarrhea, vomit-
ing, diabetes, and even loss of life. The World Health Organiza-
tion (WHO) recommends a maximum allowable concentration
(MAC) of As in drinking water at 10 ug L~ to ensure safe drinking
water and protect public health. After being released into the
surroundings, it becomes part of our biogeochemical cycle and
thus unable to be degraded. It suffers compound chemical
speciation in aquatic environments, causing a variety of organic
and inorganic arsenic species. The organic forms of As include
methylarsonate  (MMA), dimethylarsinate (DMA), tetra-
methylarsine (TMA), trimethylarsine oxide (TMAO), arsenocho-
line (AsC), arsenobetaine (AsB), thiolated arsenic, and
arsenosugars (As-Sug) etc, while inorganic forms of As consists of
arsenite As(m) and arsenate As(v).”> However, in water, As exists in
various redox states, mostly as inorganic types such as As(ur) and
As(v). It is noticed that organic species are more common when
there is anthropogenic contamination. Moreover, As(m) is
extensively renowned for its greater toxicity compared to As(v).
Through the water and diet chain, when As mixes into aquatic
organisms, they start to accumulate, retain, and alter different
forms of arsenic within their structures.*® Arsenic participation in
nature, its absorption and assimilation, biotransformation, and
ultimately harm the ecosystem and human health. The main
bioaccumulation paradigm is illustrated in Fig. 2.

After As is captivated by an organism, it could undertake
biotransformation of a more toxic form of As to convert into
a less toxic As in an aquatic environment. The inorganic arsenic
(iAs) is more dangerous than organoarsenic in terms of toxicity
and is considered a verified pollutant for humans. Also, arsenite
As(m) is classically more toxic than arsenate As(v), while
monomethylarsonous acid (MMAAIII) and dimethylarsinous
acid (DMAAIII) show greater toxicity than their respective parent
compounds.*® Although there are some exceptions in aquatic
systems, inorganic arsenic (iAs) is typically more harmful than
organo-arsenic compounds. Species and arsenic form affect
toxicity: freshwater phytoplankton is more sensitive to arsenate
As(v) than sea phytoplankton (Dunaliella sp. and Polyphysa
peniculus) to arsenite As(m). This variation emphasizes the
necessity of toxicity evaluations that are species- and
environment-specific rather than generic.

4. Arsenic removal techniques from
wastewater

Work on graphene discovery started much earlier than the
graphene extraction and characterization by Novoselov et al
(2004), such as the nanomanipulation approach focusing on the
exploitation of a few graphitic layers.®® Two approaches are
generally adopted in graphene synthesis, i.e., a top-down and
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Fig. 2 Arsenic in nature: from sources to direct health impacts to human beings, exposure and contamination to environment.

a bottom-up approach.”” Graphite or graphitic derivatives are
separated or exfoliated to synthesize graphene in a top-down
approach, while graphene is synthesized by the growth of
small molecular precursors of carbon in a bottom-up approach.
Both approaches have their own merits and demerits, which
were documented in pertinent literature.*=**** Globally,
a variety of technologies are applied for the removal of As from
water bodies, which are given in Fig. 3. The removal of As from
water sources can be undertaken by various techniques such as
electrocoagulation, membrane filtration, chemical precipita-
tion, ion-exchange, phytoremediation. and adsorption.

4.1 Electrocoagulation

By using the technique of electrocoagulation (EC), As can be
rejected by using ferric chloride, ferric sulfate salts, and alum,
etc., being common and famous materials for effective As
removal from water. However, on a weight basis, the iron salts
are found to be more effective as compared to alum over a wider
PH range in eradicating As than alum. By using EC technique,
the fully automated high-tech EC reactor can be used on a large-
scale for As removal from water sources.* The fully automated
EC reactor can remove As(ur) and As(v) from contaminated water
with an impressive efficiency range of 93% and 99.9%.%°

4.2 Membrane filtration

The technique of membrane technology offers an excellent
option for As removal from groundwater. It can prevent bacteria

8424 | RSC Adv, 2026, 16, 8419-8438

from piercing the membrane and ultimately ejecting As from
polluted water. The latest membrane-based processes for the
capture of As and a variety of other dissolved particles from
water include ultrafiltration (UF), reverse osmosis (RO), micro-
filtration (MF), and nanofiltration (NF). Among various
membrane techniques, the RO and NF techniques are found to
be very effective for As(ur) and As(v) removal from polluted water
bodies in different environments. Moreover, the efficiency of As
removal greatly depends upon the pore size of the membrane
filters and the type of membrane technique used for water
purification.*

4.3 Ion exchange technique

The removal of As by a physicochemical action during which
electrostatically seized ions on the solid phase are exchanged by
ions having a similar charge present in the solution. This
technique is suitable for removing various chemicals from
wastewater.”> However, the drawback of ion exchange technique
is that it releases reagents in water during regeneration of resin
which is hazardous chemical for living organisms.

4.4 Phytoremediation

Phytoremediation is a technique of removing various toxic
contaminations from water sources, including As, by using
a variety of plants. For instance, the Chinese brake fern, named
Pteris vittata, showed a great aptitude to absorb As from water
bodies. During water purification, the phytoremediation is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Global distribution of As removal from wastewater utilizing the different advanced and efficient techniques.

supplemented alongside the techniques of phytovolatilization,
phytostabilization, and phyto extraction, respectively. During
phytoremediation, the desired impurities of contaminated
water are successfully absorbed by the plant roots and then
transported to the outer ground parts of the plants and then are
safely removed along with the crops grown in the polluted water
environments. Nowadays, phytoremediation joins hands with
green nanotechnology called nanophytoremediation (NP) to
clean up polluted environments in a sustainable way. The
phytostabilization used for water purification drastically lowers
the chances of As transfer in food chains since the vegetative
biomass above ground is not polluted with As, which is its
principal benefit. So, using NP in union with a variety of plants,
the polluted water sources can be cleaned up from As adulter-
ations accordingly.® It is noticed that phytoremediation taken
up with nanomaterials has been found very effective in water
purification systems even though it is time-consuming.>*

4.5 Adsorption technique

The adsorption technique is found to be very effective in
removing As due to its ease of operation, sludge-free nature,
high efficiency, and low cost as compared to other techniques.
Adsorption of As in water depends on the van der Waals sepa-
ration process and the electrostatic forces present between
molecules of the solution.*® As(u) and As(v) can be effectively
removed by adsorption with an impressive efficiency of more
than 95% As removal. However, this adsorption success is
associated with factors like initial As concentration, amount of
adsorbent, surface temperature, pH, presence of other chemical
contaminations, and exposure time.*® It is verified that the

© 2026 The Author(s). Published by the Royal Society of Chemistry

engineered nanoparticles can display adsorption levels for
As(m) beyond 100 mg g (Liu.et al, 2019). Moreover, the
extreme adsorption capacity of engineered adsorbents is greater
than that of single adsorbents for As removal from water bodies.

5. Adsorption of As using graphene-
based nanomaterials

Nowadays, As removal from water can be efficiently done using
activated graphene-based adsorbent sources like carbon and
biochar. Graphene oxide-based nanomaterials provide much
greater adsorption than the other nanomaterials and can effi-
ciently remove heavy metal ions such as As from wastewater on
a large-scale using graphene-based adsorption methods.*” Due
to the large surface areas of graphene-based materials such as
reduced graphene oxide, strong mechanical strength, and
plenty of oxygen-containing useful groups, it can be adsorbed
As ions on its surfaces.”®* In one of the studies, adsorbing both
As(m) and As(v) from contaminated soil by use of composite
material of graphene oxide combined with copper ferrite (GO/
CuFe,0,) was found to be very effective. This research verified
that the GO/CuFe,0, has an adsorption capacity of 51.64 mg g~
for As(ur) while for As(v) the adsorption reached to the level
of 124.68 mg g~ '. Because of its high adsorption values of
306 mg g~ for As(m) and 431 mg g~ for As(v), respectively, the
composite material of graphene oxide functionalized with iron
nanoparticles (FeNP@GO) has been discovered to be one of the
most effective materials for the removal of arsenic. Through
complexation and electrostatic attraction, As(u) and As(v) are
bound to the iron nanoparticles on the GO surface, causing this
adsorption.®® Additionally, As(v) can be effectively removed and
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absorbed by magnetite-reduced graphene oxide (Mag-PRGO).
With an absorption capacity of 131.9 mg g~ ' for As(v), this
mag-PRGO is one type of graphene-based adsorbent that works
with magnetite (FeO,) particles. Magnetite-reduced graphene
oxide shows magnetic properties, which permit easy split-up of
the adsorbent after arsenic removal from the water or soil. The
use of quantum dots with graphene oxide is also an effective
medium for As removal from the soil. In one such study the
fabricated material joined with iron oxyhydroxide quantum
dots onto graphene oxide (a-FeEOOH QDs@GO) yielded an
adsorption capacity of 147.38 mg g~ * for As(m) and 69.03 mg g~ "
for As(v) respectively. It happens due to the facts that the o-
FeOOH nanoparticles aid to raise both the porosity and
absorbing surface area in raising the higher arsenic uptake
from the contaminated soil. It is noticed that the arsenic metal
can also be effectively removed from water by use of function-
alized graphene materials, for instance graphene oxide (GO)
composites. The surfaces of this functionalized graphene
material offer greater adsorption capacity, making it highly
active for seizing both arsenic(in) and arsenic(v) impurities from
water. Moreover, these amendments increase the surface area
and chemical interactions between arsenic ions and GO. Due to
these characteristics, functionalized graphene provides a favor-
able and proficient way out for large-scale environmental
applications in handling arsenic-contaminated water.*

A recent study of optimized GO in eradicating arsenic from
water verified that different oxidation levels impact the
adsorption capacity of GO accordingly. That is, as the oxidation
of GO increases, its capacity to arrest arsenic, predominantly
As(m), also increases. It was noticed that enhanced GO can
adsorb up to 288 mg g~ " of As a remarkable improvement from
former values of As(ur). Hence, optimized GO behaves as an
active material, proposing an accessible answer for removing
arsenic from contaminated sources of wastewater.

The polyethyleneimine-functionalized graphene oxide (PEI-
GO) has also been used for the elimination of arsenic from
contaminated water sources. The PEI-GO functionalization
increases GO's adsorption capacity by increasing its contact
with arsenic impurities, primarily arsenic(m) and arsenic(v),
respectively. This PEI-GO amendment presents additional
functional groups that permit tougher electrostatic attraction,
boosting the material's efficiency in interacting with arsenic
ions. This research reveals that PEI-GO is an effective material
to be used in water treatment applications, offering a promising
approach for the selective removal of arsenic from contami-
nated water sources. Arsenic concentrations in water bodies
around the world are summarized in Table 1, with Nicaragua
having the highest level in drinking water (1320 pg L™ "). These
concerning levels in groundwater, wastewater, marine life, and
drinking water emphasize how urgently efficient removal tech-
niques are needed. Chandra et al.** effectively extracted arsenite
As(u1) and arsenate As(v) from water using modified magnetic
graphene oxide (GO).

GO-based iron and magnetic nanocomposites have received
significant attention as next-generation adsorbents for arsenic
remediation due to their high surface area, abundant oxygen-
ated functional groups, and strong affinity for arsenic species.
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MGO and GO-Fe consistently outperforms pristine GO, mainly
because of the additional active sites introduced with iron-
based functionalization, which significantly enhance chemi-
sorption, surface complexation, and hydrogen bonding with
As(m) and As(v).**>**”® Comparatively, iron oxide-decorated GO
materials such as Fe;0,@GO, FeO,-GO, and FeOOH-GO
exhibited remarkable improvements in both adsorption
capacities and kinetics compared to GO alone, with removal
efficiencies often exceeding 95-99% within minutes.*®”*
Magnetic modification further enables rapid separation and
reuse, one of the most critical advantages of real-world
deployment, as many MGOs maintain performance over five
or more regeneration cycles.*>* More specifically, GFeN and
Fe;0,-GO hybrids demonstrated exceptionally high adsorption
capacities for both As(mr) and As(v), exceeding even 300-400 mg
g ' and showed the synergistic role of GO sheets in dispersing
iron nanoparticles and preventing aggregation.”” More
advanced composite architectures have been developed to
further enhance selectivity, stability, and scalability. Ternary
systems such as GO/CNT/Fe;O, showed improvement in
conductivity, structural stability, and resistance against
competing ions, which could achieve almost complete removal
of arsenic (=99%) with high Langmuir correlation.®® Similarly,
biopolymer-assisted composites like GO-goethite-chitosan and
GO-FeO,—chitosan beads resulted in enhanced immobilization,
bead recoverability, and column applicability along with high
adsorption capacities (64. 70). Ion-imprinted MGO systems
further improved selectivity toward As(ui), retaining up to 75%
adsorption capacity after multiple reuse cycles.®® Hybrid mate-
rials integrating metal-organic frameworks, hydrogels, or
zeolites with GO have expanded the functional scope of arsenic
adsorbents. UiO-66-GO composites combined high surface area
with structural robustness while showing strong reusability
through acid regeneration,®” and 3D magnetic GO hydrogels
allowed ultra-fast adsorption due to macroporous architectures
and preserved oxygen functionalities.” Zeolite-GO and
clinoptilolite-based composites enhance ion-exchange and
electrostatic interactions, demonstrating promising column-
scale performance in simulated waters.”* Additionally, rGO-
TiO, and Fe,0;/TiO, hybrids introduced photocatalytic oxida-
tion pathways, accelerating As(m) to As(v) conversion and
improving overall removal efficiency under light-assisted
conditions.”” Overall, comparative literature evidence shows
that GO-iron and magnetic nanohybrids exhibit better arsenic
removal performance, reusability, and operational flexibility
than conventional adsorbents. Recent pilot-scale studies and
lifecycle assessments have reiterated their cost-effectiveness
and scalability, hence positioning the MGO-based systems as
one of the most promising candidates for use in groundwater
and wastewater treatment sustainability applications.®*® Table
1 goes into additional detail about the many types of GO and its
derivatives, their synthesis methods, particular uses for water
treatment, and associated experimental procedures and
outcomes. In conclusion, the widespread occurrence of As at
hazardous amounts and the shown efficacy of GO-based nano-
particles underscore the pressing need to create and implement
such technologies to safeguard water quality globally.
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6. Factors affecting arsenic removal
efficiency of graphene-based materials

The removal efficiency of As by graphene-based materials from
water and soil is influenced by multiple factors, including
functionalization and modification, dimensionality and
porosity, pH of the aqueous solution, coexisting ions, and
regeneration and reusability.

6.1 Functionalization and modification

The surface chemistry of pristine graphene limits its interaction
with As due to its property of hydrophobicity. Surface func-
tionalization of pristine graphene introduces many functional
groups onto the surface of graphene, such as carboxyl group (-
COOH), hydroxyl group (-OH) and epoxy group (-O-). This form
of graphene is called graphene oxide, which is hydrophilic in
nature and suitable for attracting As ions present in aqueous
environments. The oxygen functional groups present on the
surface of graphene enhance the adsorption capacity of the
material by facilitating electrostatic interaction and surface
complexation with arsenic species.”” These functional groups
play a key role in the modification of the surface chemistry of
graphene. These functional groups having negative charges on
them attract positively charged As(m) species towards them at
near neutral pH, facilitated by hydrogen bonding. The type and
density of functional groups present on the surface of graphene
oxide can be precisely controlled, which allows graphene to
have adsorption properties for specific arsenic species in the
wastewater. For example, amine groups on the surface of gra-
phene oxide target As(v) specifically through electrostatic
interaction.”

Graphene oxide along with metal oxide and metal nano-
particles has been proven to be an efficient material for removing
arsenic from water and soil. Several studies reported that gra-
phene oxide, along with other nanomaterials combines to form
graphene-based nanocomposites that have removal rates of
arsenic more than 99%. These nanocomposites include magnetic
graphene oxide (MGO), graphene oxide iron nanohybrid (GFeN),
zerovalent iron nanoparticles and graphene oxide hybrid (nZvVl/
GO) and iron oxide-graphene oxide (FeO,~GO) nano-
composites, etc..”*”® Along with oxygen functional groups present
on the surface of graphene oxide, metal oxides provide additional
binding sites for arsenic species to increase overall adsorption
capacity. Metal oxides also oxidize As(ur) into a less toxic form
As(v), a form of arsenic that can be easily absorbed by graphene-
based materials.*® The synergistic effect between graphene oxide
and metal oxides tremendously improves the overall adsorption
capacity of the material. The choice of metal oxide and the
method of its incorporation greatly influence the adsorption
capacity of the overall material®

6.2 Dimensionality and porosity of graphene-based
nanomaterials

Graphene-based material having a two-dimensional (2D)
structure tends to aggregate overtime, which reduces the overall
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surface area available for arsenic species. On the other hand,
graphene-based materials with three-dimensional (3D) struc-
tures overcome the limitation of aggregation by having inter-
connected porous structures such as aerogels and hydrogels.””
Three-dimensional graphene composites like Mg-Al LDH/GO,
demonstrated 183.11 mg g ' adsorption of As(v) when made
from functional graphene sheets.*” Porous graphene oxide-
nickel ferrite nanocomposites demonstrate exceptional effi-
ciency, achieving >99.9% arsenic removal due to increased pore
numbers and adsorption sites that reduce nanoparticle aggre-
gation while maintaining a high surface area. The enhanced
performance is attributed to graphene's unique physicochem-
ical properties, including high surface area, porosity, and
mechanical flexibility.* Hence, 3D graphene-based materials
have more surface area and stability in complex water systems
as compared to 2D graphene-based structures.>® The synthesis
method of these graphene-based materials directly influences
the porosity of the material. For example, a coprecipitation
method was used to synthesize a nanocomposite of graphene
oxide with nickel and iron salt, resulting in a highly porous
material with enhanced adsorption capacity.”

6.3 pH of the aqueous solution

pH variation significantly affects As removal utilizing the
graphene-based nanomaterials through multiple mechanisms.
Graphene oxide-supported nanoscale zero-valent iron (GNZVI)
demonstrates high removal efficiency, achieving >90% removal
efficiency for both As(III) and As(v) across a wide pH range,*”
while magnetite-graphene oxide composites (GM) show high
efficiency (>90%) only at pH 3.® The pH-dependent corrosion
products of iron-based graphene composites also influence
adsorption affinity, with higher pH favouring magnetite
formation that enhances As(v) removal.® Functional graphene
sheets achieve a maximum As(m) adsorption capacity of
138.79 mg g~ ', while Mg-Al LDH/GO, shows the highest As(v)
capacity of 183.11 mg g~ ".*> The presence of an oxygen func-
tional group on the surface of graphene oxide makes the
structure negative in nature. Graphene oxide at a near-neutral
pH value tends to attract more As(m) species efficiently, which
results in increased adsorption capacity. At the lower pH values
the surface of graphene oxide becomes less negative and hence
decreases the adsorption capacity.”” The removal mechanisms
differ by As(v) removal, which is primarily controlled by elec-
trostatic attraction between positively charged adsorbent
surfaces and anionic As(v) species, while As(ur) removal occurs
through surface complexation and ligand exchange rather than
electrostatic interactions.®***

6.4 Coexisting ions

Graphene-based materials for arsenic removal are critically
influenced by competing ions in wastewater treatment.
Graphene-based adsorbents typically contain high concentra-
tions of coexisting anions, such as phosphate (PO,*7), sulphate
(S04>7), and carbonate (CO;>") that compete with arsenic for
adsorption sites on graphene-based adsorbents. Due to its
structural similarity and coordination behavior, phosphate is
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often highly competitive with arsenate/arsenite for the same
binding sites, resulting in dramatic reductions in arsenic
adsorption efficiency. The removal efficiency of sulphate and
carbonate may be less under certain conditions.®*** For adsor-
bents to remain effective under realistic, multi-ion water
conditions, functionalization or composite formation must be
used to maintain high selectivity. For graphene-based remedi-
ation technologies to be applied effectively, it is essential to
evaluate arsenic removal under these competitive conditions.

In treatment scenarios involving real water matrices, the
simultaneous presence of various ions greatly influences the
adsorption behavior of arsenic on graphene-based adsorbents.
Besides arsenite and arsenate, competitive solutes infiltrate of
the finite binding sites on the graphene surface. The intensity of
this competition is governed by solute loadings, the chemical
identity of the ions, their respective binding affinities, the
nature and distribution of active centers on the adsorbent.
Phosphate, sulfate, and bicarbonate, for instance, adsorb co-
planarly with arsenic and drive down the arsenic uptake,
a phenomenon quantified in recent reports.”®** Concurrent
cationic species, notably calcium and magnesium, modulate
the surface charge density of the graphene composites, with
consequent shifts in the effective arsenic load. Before moving to
large-scale applications, it is necessary to thoroughly study how
competing ions affect arsenic removal due to the interaction
between dissolved substances and arsenic in various types of
water. It has also been proven that phosphate significantly
reduces arsenic adsorption as well. Electrospinning iron-
functionalized chitosan nanofibers showed significantly
reduced arsenic uptake when the water contained high levels of
phosphate.

6.5 Regeneration and reusability

For environmental sustainability and economic viability,
regeneration and reusability of graphene-based materials are
crucial. The optimum regeneration process depends on the type
of material being used and the adsorption mechanism.Reg-
eneration and reusability are both critical in making graphene-
based absorbents for arsenic removal practical and cost-
effective. Acid/base washes or salt solutions, thermal treat-
ment, and rinsing with solvents have been reported in literature
as common chemical desorption techniques; magnetically
separable graphene composites make recovery and repeated use
easy.” Several graphene-based composites demonstrate good
short-term reuse without obvious capacity decline, but they
gradually lose capacity over cycles. Magnetite-graphene and
other metal-oxide/graphene hybrids are most frequently
emphasized to have ease of separation and multiple reuse cycles
with acceptable performance, which makes them attractive for
scale-up. Biopolymer-graphene composites, like chitosan-iron-
GO beads, allow for effective desorption and reuse while
offering improved mechanical stability and handling.”®
However, these repeated regenerations may lead to changes in
the structure or surface chemistry, metal leaching in the case of
loaded composites, and a decline in capacity. Thus, adsorption—-
desorption tests under realistic water chemistries and long-
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term leaching/stability assessments must be performed before
field deployment.

On the other hand, the life cycle of graphene-based materials
is an important factor in terms of environmental sustainability.
Some graphene-based materials have shown excellent reus-
ability over multiple cycles, maintaining high adsorption
capacity. For example, studies have shown that magnetic gra-
phene oxide (MGO) and graphene oxide iron nanohybrid
(GFeN) are reusable of materials over multiple cycles with great
efficiency.”®® On the other hand, some graphene-based mate-
rials showed loss in adsorption capacity after some cycles.*®

7. Removal mechanism of As from
wastewater using graphene-based
nanomaterials

In order to remove arsenic easily from graphene-based nano-
materials, notably graphene oxide (GO), reduced GO, and GO-
based hybrids, a synergistic process is used (i) at metal-oxide
sites attached to graphetic sheets through inner-sphere
surface complexation (ii) by oxygenated or amine-bearing
groups through electrostatic attraction, and (iii) by in situ
redox conversion that oxidizes As(m) into As(v), which is more
readily adsorbable. Graphene oxide decorated with iron oxide
forms stable Fe-O-As inner-sphere complexes by substituting
surface hydroxyls with arsenate/arsenate, resulting in high
capacities and fast kinetics of GO-Fe nanohybrids.”** As
a complement to chemisorption, electrostatic/ion-exchange
interactions with GO -COO/-OH groups and protonated
amines in biopolymer hybrids (e.g., chitosan) increase arsenate
oxyanions while improving membrane integrity and flux.
Arsenic speciation studies indicated that As(v) is primarily
predominant as CaAsO® (47%) and MgHAsO,’ (32%) in
seawater, whereas the predominant As chemical species in fresh
water are HAsO,’— (31%) and H,AsO, (31%) along with
CaHAsO,° (26%).*” Similarly, the most prevalent form of As is
As(m) under a reduced environment (low pH value)®® and
oxoanion speciation depends on pH i.e., arsenous acid H;AsO;
(up to pH = 9) and the stable anionic species H,AsO; (pH = 9-
11). Chelation is also occurring as a result of interaction
between arsenic and chelating agents that ultimately affect
metal availability.*”** During removal/immobilization of other
cationic metals, the anionic nature of As species results in low
efficacy of remediation. Additionally, Fe(u) incorporation into
GO-chitosan enhances As(v) capture by adding additional Fe-
site complexation.®®** A graphetic scaffold's high specific area
and transport pathways facilitate mass transfer, whereas
a customized surface chemistry dictates selectivity. The supe-
rior performance and robustness of GO-based arsenic decon-
tamination adsorbents and membranes for arsenic
decontamination can be attributed to Fe-rich interfaces, amine-
rich matrixes, and ion exchange/electrostatics.”” The following
Fig. 4 illustrates the arsenic removal mechanism using GO
nanomembranes, providing a clear depiction of the As removal
process from wastewater.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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8. Next-generation graphene-based
fabricated membranes for As treatment

The fabricated membranes made from graphene have emerged
as highly promising materials for the removal of arsenic from
soil and water because of their high mechanical strength,
separation efficiency, and excellent permeability. Adsorption
plays a key role in capturing As species from contaminated
environments through these membranes. Among the different
types, graphene oxide-polymer hybrid membranes are recog-
nized for their strong mechanical properties and efficient As
removal, where the functional groups of GO adsorb As ions,
while the polymer matrix enhances stability and filtration
performance with electrostatic interactions. The hybrid gra-
phene oxide-chitosan membranes use GO for adsorption and
chitosan's amino groups for ion exchange, thereby eliminating
As(m) and As(v).”* Through chemical interactions between
arsenic ions and ZnO NPs embedded within GO, GO-ZnO

Negatively charged GO sheets bind together with
positively metal ion

Chemisorption
Functional groups from inner stable sphere
complexes with metal ions

Redox
transformation

Modified GO can oxidize As (III) to less toxic As
(V) which is more easily adsorbed

Amine group of hybrid membranes of GO
exchange ions with As oxyanions

Layered pores and higher surface area of GO
membrane trap As ions aiding separation
Fig. 4 Mechanism of HMs removal especially the arsenic from
wastewater utilizing the graphene-based nanomaterials.

RSC Adv, 2026, 16, 8419-8438 | 8431


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08599c

View Article Online

RSC Advances Review

Table 2 Next-generation production of high-quality graphene membranes through advanced synthesis techniques for cutting-edge applica-
tions of graphene nanosheets

Graphene membranes Method of preparation Salient properties References
Graphene Oxide (GO)
r
Vacuum filtration, layer-by- Hydrophilic, oxygen functional
98
layer assembly of GO nanosheets groups, tunable pores

Reduced Graphene
Oxide(rGO)

Chemical, thermal, or Hydrophobic, conductive,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 February 2026. Downloaded on 4/12/2026 7:58:36 PM.

electrochemical reduction . . 98
of GO improved stability
L .
Pristine Graphene
Lo
AR Defect engineering, nanoporous Ultrahigh permeability, 99
graphene sheets molecular sieving
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Graphene membranes Method of preparation Salient properties References
Graphene—Polymer
Composites
Blending GO/rGO with polymers Strong, anti-fouling, 100
(PSf, PVDF, polyamide) selective rejection
Embedding graphene with High thermal/chemical 101
ceramic supports (alumina, silica) stability, reusable
Functionalized Graphene
@ Catom @ "pyridinic” N atom
@ “graphitic” N atom g
Surface modification with
. . Antibacterial, photocatalytic,
nanoparticles (Ag, TiO,, Fe;0,) enhanced adsorption 102
or groups
Lamellar Graphene
membrane
Self-assembly into Porous, high flux, 103

hydrogels/aerogels
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Table 2 (Contd.)
Graphene membranes Method of preparation Salient properties References
Aerogel graphene membrane

Combination of aerogel Flexible, high porous in 104

and graphene oxide
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Fig. 5 Design, properties, types and important characteristics of next-generation graphene-based nanomaterials.
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nanocomposite membranes demonstrate high As adsorption
capacity, providing a large surface area and stable surface
complexes that are efficient in capturing arsenic. Furthermore,
graphene oxide-cellulose membranes have a strong affinity for
As(v), since GO facilitates electrostatic adsorption and cellulose
supports filtration.** By forming strong inner-sphere complexes
between Fe and As species, functionalized GO membranes with
iron oxide further improve As uptake of both As(in) and As(v). By
maximizing surface area and offering multiple adsorption sites
through a combination of physical and chemical processes,
nanohybrid GO-activated carbon membranes enhance removal
efficiency.”® Due to their large surface areas and chemical
adsorption properties, reduced graphene oxygen (rGO) nano-
composites demonstrate excellent binding capacity for As
species, particularly when combined with metallic nano-
particles. A second efficient route is to modify GO with iron
hydroxide, where ligand exchange produces Fe-As complexes,
enabling As(v) to be removed more efficiently. In addition,
nitrogen-doped graphene membranes enhance adsorption by
introducing electron-rich sites that strengthen electrostatic
interactions with As(v) ions.*® Their oxygen-rich functional
groups allow them to promote ion exchange and electrostatic
adsorption, environmentally safe nano green functionalized GO
membranes, which are made with green chemistry techniques,
offer long-term solutions for the removal of arsenic.”” The
following Table 2 presents an overview of several high-
performance graphene-based membranes, highlighting their
synthesis pathways and key functional properties by summa-
rizing these next-generation membranes and their broad
applications in various aspects of daily life.

Graphene oxide (GO)-based nanomembranes have been
developed and applied for the separation and purification of
HMs from wastewater, as shown in Table 2. For the develop-
ment of next-generation GO-based membranes by forming
multilayer and ultrathin structures with the interconnected
chain-like architecture of GO, highly porous membranes with
enhanced separation efficiency can be developed. The structural
advantages of nanomembranes that are tailored and applied to
specific applications help them achieve these properties (Fig. 5).
To promote efficient binding and removal of As ions and sus-
pended contaminants, nanomaterials should be engineered
with interconnected porous networks, intricate architectures,
and enhanced surface interactions. To ensure durability and
superior performance, next-generation nanomembranes must
exhibit high mechanical strength, large surface areas,
composite compatibility, thermal stability, good thermal
conductivity, and rapid reaction kinetics.

9. Conclusion

The severe impacts of arsenic contamination on human health
and ecosystems make it a pressing global challenge. Although
several technologies have been developed for the remediation of
arsenic, many of these technologies remain difficult to access,
expensive, or complex for communities most affected by
contamination. Among emerging solutions, graphene-based
nanomaterials, particularly graphene oxide (GO), reduced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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graphene oxide (rGO), and their functionalized hybrid
membranes, have demonstrated remarkable potential due to
their large surface area, tunable functional groups, strong
adsorption capacity, and reusability. The present review
provides a deeper insight into the emerging generation of
graphene-based nanomembranes designed for more efficient
removal of arsenic (As) and other contaminants from aqueous
solutions. As a result of the abundance of oxygen-containing
functional groups, graphene nanomaterials possess excep-
tional adsorption abilities, creating multiple active binding
sites for removing metal and metalloid ions from wastewater by
creating multiple active binding sites. In addition, eco-friendly
alternatives such as green-synthesized, functionalized GO
membranes offer promising and sustainable pathways for
future large-scale applications. The improved surface chem-
istry, synergistic functionality, and superior interaction with
arsenic species of a variety of graphene-based composites,
including GO-polymer hybrids, GO-chitosan, GO-ZnO, and iron-
functionalized GO, enhance adsorption efficiency for both As(ur)
and As(v) by significantly enhancing adsorption efficiency.
Therefore, future studies must concentrate on creating scalable,
affordable, and environmentally safe nano green technologies
that are verified in real-world settings. By overcoming these
obstacles, graphene-based adsorption technologies may offer
a viable and sustainable solution to reduce As exposure and
protect water supplies for populations that are at risk globally.
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