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Abstract

Graphene oxide (GO), with its unique surface chemistry, adjustable oxidation degree, and
large specific surface area, has emerged as a highly promising platform for environmental
remediation. Among hazardous contaminants, organophosphates pose a significant global
concern due to their persistence, high toxicity, and widespread presence in aquatic systems.
This review provides a comprehensive overview of recent advances in the synthesis and
functionalization of GO and GO-based composites specifically tailored for organophosphate
removal. Particular emphasis is placed on strategies that optimize GO surface chemistry,
defect engineering, and porosity control, which are critical determinants of adsorption
efficiency and selectivity. In addition to its sorptive role, GO’s role in photocatalytic
and electrochemical degradation of organophosphates is discussed, demonstrating its
multifunctionality as both an adsorbent and a catalytic support. Finally, challenges related
to scalability, regeneration, and environmental safety of GO-based systems are examined,
along with perspectives for future research aimed at developing sustainable, cost-effective,
and environmentally friendly technologies to mitigate the risks associated with neurotoxic
organophosphates.

Keywords: adsorption; photocatalysis; electrochemical degradation; environmental
remediation; water pollution control

1. Introduction

Organophosphates (OPs) constitute a large, structurally diverse class of phosphorus-
containing compounds that have found use across multiple domains, including agriculture,
medicine, industry, and defense. They have been applied as plasticizers [1], lubricating oil
additives [2], flame retardants [3], and even as therapeutic agents in ophthalmology [4].
Still, their most prominent applications fall into two critical categories. The first is their
extensive use as agricultural pesticides, where their high efficiency as insecticides has led
to decades of global deployment [5]. The second, far more notorious, is their development
as chemical warfare agents [6], commonly referred to as nerve agents (Figure 1).

The same biochemical principle that makes OPs highly effective insecticides also
underlies their toxicity in humans and other non-target organisms. Their primary mode of
action is the inhibition of acetylcholinesterase (AChE), the enzyme responsible for rapidly
hydrolyzing the neurotransmitter acetylcholine in synaptic clefts [7]. By phosphorylating
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the serine hydroxyl group in the active site of AChE, OPs irreversibly inactivate the enzyme,
leading to the accumulation of acetylcholine at cholinergic synapses [8]. This overstimu-
lation of muscarinic and nicotinic receptors disrupts neurotransmission throughout the
central and peripheral nervous systems [9]. In insects, this manifests as rapid paralysis
and death. In mammals, birds, aquatic organisms, and even beneficial insects, the out-
come is equally harmful due to the non-selective nature of this mechanism. In humans,
acute exposure to OPs can trigger a cholinergic crisis characterized by miosis, excessive
salivation, muscle fasciculations, convulsions, respiratory distress, and, if untreated, death
due to respiratory failure [10]. In contrast, chronic low-level exposure does not usually
cause overt cholinergic symptoms but has been associated with subtle and long-term neu-
rological outcomes. This phenomenon reflects the fact that chronic low-level exposure
triggers subtle and sustained reductions in AChE activity, which can disrupt finely balanced
neurophysiological processes that are highly sensitive to small perturbations. Over time,
these mild but continuous disruptions interfere with homeostatic regulation of cholinergic
signaling, leading to compensatory stress on neuronal networks, altered synaptic plasticity,
dysregulated neuroendocrine responses, and increased vulnerability to neuroinflamma-
tory and oxidative processes. Although not immediately life-threatening, such long-term
disturbances can accumulate, ultimately resulting in premature or persistent neurological,
cognitive, and affective impairments. Growing epidemiological and experimental evidence
links such exposure to impaired cognitive performance [11], mood disorders including
anxiety and depression [12], and an increased risk of neurodegenerative diseases such as
Parkinson’s [13] and Alzheimer’s [14].

Dimethoate
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Diazinon VX

Figure 1. Structural formulas of selected organophosphate pesticides (left) and nerve agents (right).
Atoms: grey—carbon, white—hydrogen, green—chlorine, blue—nitrogen, red—oxygen, orange—
phosphorus, and yellow—sulfur.

Beyond their severe health effects, OPs are characterized by their persistence and
mobility in the environment. Their residues are frequently detected in soil, food, and
aquatic systems [15-17], raising global concerns about food safety, ecosystem stability, and
human health. While regulatory limits vary across regions, available guidelines show that
the required removal levels are quite strict. For example, the European Union Drinking
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Water Directive sets a limit of 0.1 ug L~! for any single pesticide and 0.5 pg L™! for total
pesticide residues [18], while the World Health Organization (WHO) and U.S. Environ-
mental Protection Agency (US EPA) provide similar low-ug L~! thresholds for several
OPs [19,20]. Conventional treatment methods often suffer from limitations, including
incomplete degradation, the generation of secondary waste, or a lack of selectivity [21-23].
Thus, there is a pressing need for advanced, sustainable technologies capable of efficiently
removing and degrading OPs across diverse environmental matrices.

Graphene oxide (GO), a two-dimensional carbon nanomaterial, has attracted signifi-
cant attention in recent years due to its unique combination of physicochemical properties.
Structurally, GO consists of sp?-hybridized carbon domains interspersed with sp® regions
containing oxygenated functional groups such as hydroxyl, epoxy, and carboxyl moieties.
In addition to these domains, GO also contains a significantly disrupted sp? network, where
broken aromatic regions and defect sites strongly influence its reactivity, hydrophilicity,
and surface interaction behavior [24]. This highly defective and chemically rich architec-
ture provides GO with several advantages over pristine graphene, including enhanced
hydrophilicity, improved colloidal stability in aqueous media, and a greater abundance
of binding sites for contaminants [25]. Its large specific surface area [26] and adjustable
degree of oxidation further enhance adsorption capacity. At the same time, the presence of
functional groups allows facile modification and incorporation into composites with metals,
metal oxides, polymers, and enzymes [25,27]. As a result, GO can act not only as a passive
sorbent but also as an active support for catalytic, photocatalytic, or electrochemical degra-
dation of toxic compounds [28]. These unique features have positioned GO and GO-based
composites at the front of research in environmental remediation, with demonstrated effi-
ciency against a broad spectrum of pollutants ranging from heavy metals [29] and dyes [30]
to pharmaceuticals [31] and pesticides [32]. In the context of organophosphates, GO rep-
resents an emerging material of growing practical relevance, since its surface chemistry
and high reactivity enable both strong adsorption and potential catalytic transformation of
these neurotoxic compounds.

The aim of this review is to provide a comprehensive and focused overview of recent
advances in the use of GO-based materials for the remediation of neurotoxic organophos-
phates. Although several reviews have examined GO for general water treatment, adsorp-
tion of organic pollutants, or photocatalytic degradation systems, these works typically
address broad contaminant classes (e.g., dyes, pharmaceuticals, phenols, general pesti-
cides) and rarely provide a critical synthesis tailored to organophosphate chemistry [33-37].
No available review integrates adsorption mechanisms with photocatalytic, electrochem-
ical, and enzyme-assisted degradation routes specifically for OPs, nor do they bridge
pesticide and chemical warfare agent simulant studies into a unified framework. The
novelty of this work lies in consolidating these scattered findings into a single compar-
ative perspective that links GO structure, OP molecular reactivity, and hybrid catalytic
pathways. This paper will first outline the fundamental structural and chemical properties
of GO relevant to contaminant removal. It will then summarize current strategies for
modifying GO and its composites to enhance adsorption efficiency and selectivity toward
organophosphates. Moreover, the paper will review developing approaches that integrate
adsorption with catalytic pathways, including photocatalytic, electrochemical, and enzyme-
assisted degradation. Finally, the review will address the key challenges of scalability,
regeneration, and environmental safety, and highlight future perspectives for translating
GO-based systems into sustainable and practical technologies that mitigate the risks posed
by neurotoxic organophosphates.
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2. Review Methodology

The literature search for this review was conducted between January and Novem-
ber 2025 using Web of Science, Scopus, PubMed, ScienceDirect, and Google Scholar. All
available publication years were included to ensure complete coverage of both early foun-
dational GO studies and recent developments. Search terms were adapted to each thematic
section. They included combinations of: “graphene oxide”, “GO composite”, “rGO”,
“TiO,-GO”, “ZnO-GO”, “organophosphate”, “chlorpyrifos”, “pesticide adsorption”, “GO
photocatalysis”, “electro-Fenton GO”, and related expressions. Studies were included if
they reported experimental or computational results on GO or GO-based hybrids relevant
to adsorption, photocatalysis, electrochemical degradation, or physicochemical interactions
with organophosphate compounds. Papers where GO was not experimentally used or
that focused on unrelated pollutants were excluded. Approximately 1800 records were
initially retrieved, of which 186 met the relevance criteria after duplicate removal and
title/abstract screening.

3. Properties of GO Relevant for Remediation

Understanding the fundamental properties of GO is essential for rationally designing
and optimizing its performance in adsorption and catalytic remediation. The physicochem-
ical behaviour of GO, defined by its atomic structure, surface functionality, and synthesis
route, directly determines its reactivity, stability, and interactions with pollutants.

3.1. Structure, Synthesis, and Surface Chemistry of GO

GO is a two-dimensional carbon material obtained by the oxidation of graphite,
followed by exfoliation, consisting of a hexagonal carbon lattice decorated with oxygen-
containing functional groups. It serves as both a versatile adsorbent and a key precursor
for reduced graphene derivatives used across technological and environmental applica-
tions [38—40]. Structurally, GO includes a carbon framework with disrupted sp? hybridiza-
tion due to oxygen functionalities, producing a heterogeneous mixture of sp? and sp®
domains that differentiate it from pristine graphene [38,41,42]. The most widely accepted
structural model, proposed by Lerf and Klinowski based on '*C NMR data, describes GO
as consisting of aromatic “islands” separated by aliphatic regions bearing hydroxyl and
epoxy groups [39,43,44]. These functional domains are randomly distributed, resulting in
a rigid structure with increased interlayer spacing compared to graphite. Computational
modeling further reveals that oxidation preferentially initiates at defect sites and propagates
across basal planes, forming distinct oxidized and aromatic regions, in agreement with
high-resolution microscopy [43].

GO was first synthesized by Brodie in 1859. However, modern production largely relies
on modifications of the Hummer’s method, developed in 1958, which remains the industrial
standard. The process involves the oxidation of graphite using potassium permanganate
(KMnOQy,) in concentrated sulfuric acid (H,SO4) and sodium nitrate (NaNOj3) under con-
trolled temperature conditions (initially 0—4 °C, followed by gradual heating) [45,46]. The
reaction proceeds via the intercalation of acids, the formation of the active Mn,Oy species,
and its subsequent thermal decomposition to yield atomic oxygen, which oxidizes the
carbon lattice [45].

Several safer and more efficient modifications have since been proposed. The Tour
method replaces NaNO3 with a HySO4/H3POy (9:1) mixture, reducing the evolution of
toxic gases and achieving higher oxidation levels. Other environmentally improved proto-
cols eliminate nitrates, employ alternative oxidants (e.g., H3PO, or Na;B,0O7-10H;0), and
adopt single-pot or shorter-duration processes [40,47-49]. Mechanistic studies confirm that
Mn,0O7 remains the key oxidizing intermediate, intercalating between graphite layers to
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generate oxygen functionalities (epoxy, hydroxyl, carbonyl, and carboxyl) that define the
reactivity and adsorption behaviour of GO. These oxygenated groups form the chemical
foundation for the spectroscopic, electronic, and catalytic properties discussed in later
sections. More recently, electrochemical synthesis has emerged as a greener, controllable
alternative, relying on the anodic oxidation of graphite electrodes in mild electrolytes
(such as ammonium sulfate or sodium nitrate). This method allows precise control of
oxidation degree and flake size, avoids the use of concentrated acids, and produces GO
with fewer metallic impurities, which is particularly beneficial for adsorption and electro-
chemical applications [50]. Complementary low-temperature oxidation routes, such as
ozonation, UV /ozone treatment, sonication-assisted oxidation with mild oxidants, and
plasma-assisted surface oxidation, are valuable for preparing thin films or partially oxidized
graphene but are not widely used for bulk GO synthesis [38,51,52]. A schematic overview
of the development of graphene oxide synthesis methods is presented in Figure 2. At the
same time, detailed descriptions of the individual approaches, including their advantages
and limitations, are summarized in Table 1.

Synthesis Routes for Graphene Oxide
. I Yy NNy

Alternative/Green methods”

Electrochemical I
oxidation/exfoliation

Mild/Ozone/UV oxidation m
sonochemical exfoliation

w [ I 7
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Figure 2. A schematic overview of the development of graphene oxide synthesis methods.

I

Table 1. Summary of graphene oxide synthesis methods.

Method Key Chemicals/Tools GO Quality Advantages Limitations

Hummers KMnOy,4, NaNO3, H,SO4 Medium Scalable, fast Toxic NOx (in original)
EIIIEII; (I):::i/MOdiﬁEd KMnOy4 + H,SO4/H3POy4 High lsaif;é I:fff IZSSuCible’ Requires acid handling
Brodie/Staudenmaier KCIO3, HNO3 High High oxidation Dangerous ClO, gas
Electrochemical Electrolyte + power supply Medium-High  Green, tunable Smaller flakes
Ultrasonic/mild oxidation =~ H;O,, O3 Low—-Medium Green Low oxidation degree
Plasma/UV O, plasma, O3, UV Surface only Thin-film control Not for bulk
Gas-phase/thermal 0,, CO,, NO, Low Simple Poor oxidation control
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3.2. Physicochemical Characteristics and Structure-Property Relationships

GO exhibits a set of distinctive physicochemical features rising from its partially
oxidized, mixed sp?/sp® carbon framework. Interlayer spacing of dry graphene oxide is
frequently determined using X-ray diffraction (XRD), as there is a characteristic reflection
around 20 = 10°, which depends on the oxidation degree. This reflection actually originates
from the (0002) reflection of graphite, which moves to a lower 26 as the interlayer spacing
increases to approximately 0.8 nm [53,54]. For example, in ref. [55] lower oxidation degree
GO showed the reflection at 20 = 11.2° (interlayer spacing of 0.789 nm), while a higher
oxidation degree GO had the same reflection at 20 = 9.8° (interlayer spacing of 0.902 nm).
Trapped water can also affect the interlayer spacing, besides the oxidation degree. Atomic
force microscopy (AFM) gives similar interlayer spacings of 0.7 to 0.8 nm when measured
on well-defined few-layer GO samples [56,57]. It should be noted that the measurement
method determines what we consider the interlayer spacing and the layer thickness. For
example, in XRD, the interlayer spacing is obtained by analyzing reflections from the basal
planes. In AFM, the thickness is defined through the atomic force field acting between
the substrate, sample, and the AFM tip. The thickness of a single layer is the distance
between the substrate and the AFM tip, divided by the number of GO layers in the
analyzed GO sheet. On the other hand, the layer thickness could also be defined as the
distance between the oxygen functional groups on the opposing sides of the basal plane.
The layer thickness defined in this way can be calculated theoretically and ranges from
0.35 to 0.5 nm, depending on the types of groups that functionalize the basal plane [58].
Schematic representations of GO models are given in Figure 3. Individual sheets display
lateral dimensions ranging from hundreds of nanometers to several micrometers and
a characteristic wrinkled, paper-like morphology that contributes to their high specific
surface area [38,41,59]. GO also shows characteristic optical properties, including a main
absorption band at 230-233 nm (7-nt* transitions of C=C bonds) and a secondary band at
300-305 nm (n-7t* transitions of C=0 bonds). The optical bandgap, typically between 2.5
and 3.6 eV, varies with the degree of oxidation, while broad photoluminescence originates
from the distribution of oxygen functionalities [59,60].

A comprehensive understanding of GO’s structure relies on a combination of advanced
characterization techniques. X-ray Photoelectron Spectroscopy (XPS) enables quantitative
determination of functional groups through C 1s and O 1s signal deconvolution, with
asymmetric pseudo-Voigt fitting enhancing the accuracy of O/C ratio assessment [42,61].
Fourier Transform Infrared Spectroscopy (FTIR) reveals the characteristic vibrational modes
of oxygen groups: O-H stretching (3200-3600 cm~!), C=0O stretching (1720 cm~1), O-H
bending of adsorbed water (1615 cm ™), C-O-C stretching (1225 cm '), and C-O stretching
(1056 cm~1) [59]. Raman spectroscopy provides insight into structural disorder, revealing
the D band (~1350 cm~!) associated with sp3 defects, the G band (~1590 cm™1) originating
from sp? carbon domains, and a weak 2D band related to layer stacking. The Ip /I ratio,
typically 0.9-1.2 for GO compared to <0.1 for pristine graphene, quantifies the degree of
structural disorder [41,59]. Thermogravimetric analysis (TGA) further complements this
information by revealing decomposition stages corresponding to water loss (50-100 °C),
decarboxylation (150-200 °C), lactone decomposition (200-300 °C), and oxidative carbon
burn-off (530-620 °C) [62,63].

Standardized metrics further define high-quality GO as having an O/C ratio of 0.8-1.2,
a sp3 carbon fraction of 25-42% (by XPS), and an interlayer spacing of 0.7-0.8 nm [41].
The thermal stability of GO is strongly influenced by the synthesis route and atmosphere,
with the decomposition onset shifting with oxidation degree, particle size, and residual
metal ions; under inert atmospheres (N or Ar), Timax values typically range from 558 °C to
616 °C [64].



Processes 2025, 13, 4028

7 of 32

Figure 3. Models of GO with nominal composition (al-a3) Cy5H5014 (C/O ratio 5.35) and (b1-b3)
Cys5H34097 (C/O ratio 2.78), where single layer (1), bilayer (2), and trilayer (3) are presented. It can be
seen that a higher oxidation degree ((al) vs. (b1)) leads to greater basal-plane corrugation, while in
both cases, layer stacking causes plane deformation. Also, a higher oxidation degree leads to larger
interlayer spacing ((a3) vs. (b3)). The structures were optimized using semi-empirical quantum
chemical calculations.

The macroscopic behaviour of GO is governed by three interconnected parameters:
oxidation state, defect density, and lateral flake size. These variables together determine its
electronic, mechanical, optical, and interfacial properties, and are key design parameters
for remediation-oriented applications [65-67].

The oxidation state, as quantified by the C/O ratio, strongly influences electronic
properties. Increasing oxidation disrupts the m-conjugated network, transforming GO
from a semimetal to a wide-bandgap insulator [67-69]. Typical conductivity values range
from <107% S em ™! at high oxidation (C/O~2-3) to ~1072 S cm ™! at low oxidation (C/O
> 10). Correspondingly, the optical bandgap narrows with decreasing oxidation, ranging
from 2.5 eV to 3.6 eV [68,70]. Reduced GO (rGO) shows improved conductivity relative to
oxidized GO due to partial restoration of the sp2 network [67,71]. Defect density correlates
closely with oxidation degree, but the relationship is non-linear. Graphite with higher
initial defect density yields more efficiently oxidized GO [65,72]. Increased defects elevate
Ip/Ig ratios and can induce paramagnetic behaviour [72,73]. Defects also modulate me-
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chanical strength. Oxygen bridges and epoxide configurations locally stiffen the lattice,
while random distributions act as stress concentrators. Optimal surface functionalization
(~15-20%) retains significant tensile strength while preserving chemical activity [74,75].

Flake size plays an equally critical role. Larger GO sheets (>80 um) provide enhanced
mechanical strength and fatigue resistance in aerogels, whereas smaller flakes (<1 um)
improve interfacial compatibility in polymer composites but reduce bulk strength. In-
termediate flake sizes (~5 pum) often yield an optimal balance between reinforcement
and processability [76-79]. The size of the starting graphite strongly affects oxidation
kinetics. Larger flakes require higher oxidant doses and harsher conditions, which can
sometimes generate more defects [66,80]. Controlled sonication enables size reduction
to ~100 nm while preserving C/O ratios and optical properties [80,81]. Dispersion and
interfacial behaviour depend strongly on flake dimensions and functionalization. Smaller
flakes exhibit higher critical coagulation concentrations (CCCs), implying better colloidal
stability, while deprotonated edge carboxyls stabilize GO at alkaline pH. Ionic strength
and counterion valence (Na* vs. Ca®*) significantly alter aggregation behaviour [82,83].
Water structuring near GO surfaces follows a size-dependent pattern, with small flakes
(<5 nm) inducing minimal dipole alignment, and larger ones (>7 nm) organizing structured
hydration shells [82,84].

In practice, optimizing GO for composite or adsorption applications requires balancing
conductivity, processability, and stability. Larger flakes favor load transfer and thermal
transport, but small flakes enhance dispersion and surface accessibility. Similarly, higher
oxidation improves hydrophilicity but compromises conductivity. Recognizing the need
to balance competing parameters is essential for designing GO structures for targeted
remediation performance [70,78,85,86].

3.3. Surface Area and Functional Groups Relevant to Organophosphate Interactions

The adsorption behaviour of GO toward organophosphate compounds is governed by
the interaction between its large specific surface area and the abundance of surface func-
tional groups [26]. The extended surface of GO provides a dense population of accessible
adsorption sites, allowing multiple organophosphate molecules to interact simultane-
ously. Compared with bulk graphite, GO exhibits a markedly higher accessible area due
to its exfoliated structure and interlayer spacing [87,88]. Nanostructured forms, such as
GO/ electrospun cellulose nanofiber composites, further enhance adsorption performance
through expanded pore networks and interconnected fiber matrices that facilitate diffusion
and molecular access [89].

Building on the structural insights discussed in Sections 3.1 and 3.2, the oxygenated
functional groups distributed across the basal plane and sheet edges serve as active sites
for hydrogen bonding, electrostatic attraction, and coordination with organophosphate
species. These interactions strengthen surface affinity and, in some cases, promote partial
catalytic hydrolysis of organophosphates under aqueous conditions.

The combination of a highly developed surface and diverse surface chemistry provides
GO-based materials with large adsorption capacity and potential for molecular selectivity.
While the high surface area favors physical uptake, oxygen functionalities contribute to
specific interactions with phosphoryl and alkoxy groups. However, adsorption perfor-
mance is not universal: aliphatic organophosphates such as dimethoate preferentially
adsorb on oxidized, hydrophilic GO surfaces, whereas aromatic compounds like chlorpyri-
fos exhibit stronger affinity for more graphitic, m-conjugated carbons such as graphene
nanoplatelets [54].

Together, these structural and chemical features define the possible roles of GO. Under-
standing how surface area and functionalization jointly influence organophosphate binding
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is therefore essential for rational design of next-generation graphene-based sorbents for
environmental remediation.

3.4. GO Among Carbon Allotropes

Carbon occurs in multiple allotropic forms, each defined by distinct hybridization
states and structural dimensionalities. As mentioned, GO belongs to the two-dimensional
(2D) family, in which carbon atoms are arranged in extended sheets of sp? and sp® domains.
For context, carbon nanomaterials (CNMs) include four major dimensional categories
(Figure 4): zero-dimensional (0D) species such as fullerenes, graphene quantum dots,
and nanodiamonds; one-dimensional (1D) structures including carbon nanotubes and
nanofibers; two-dimensional (2D) layers such as graphene, GO, and graphitic carbon
nitride; and three-dimensional (3D) frameworks such as graphite, amorphous carbons,
and porous activated carbons [90-92]. These allotropes differ fundamentally in bonding
type, crystallinity, and accessible surface area, which together determine their suitability
for adsorption and catalytic processes.

fullerene

nanodiamond

Figure 4. Classification of carbon materials.

Among crystalline forms, graphite is composed of stacked graphene layers bound by
weak van der Waals interactions, giving it electrical conductivity within the basal planes
and easy exfoliation into individual sheets. Diamond, by contrast, features sp3-hybridized
carbon atoms in a tetrahedral lattice, producing a dense, insulating, and mechanically
robust structure. Amorphous carbons lack long-range order but often contain nanometer-
scale graphitic or diamond-like domains, leading to moderate conductivity and tunable
porosity [93]. A broad class of nanostructured carbons, including activated carbons, carbon
aerogels, and carbonized biopolymers, can be observed as 3D porous networks composed
of interconnected micro- and mesopores. Their internal surface area directs adsorption
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capacity, and various physical or chemical activation routes are employed to enlarge pore
volume and tailor surface chemistry [94-98].

Within this hierarchy, GO occupies a distinctive position. It couples the high the-
oretical surface area and mechanical integrity of graphene with abundant oxygenated
functional groups that contribute to hydrophilicity, adjustable charge, and chemical reac-
tivity. These features enable strong interfacial interactions with metal oxides, polymers,
and organophosphate molecules, bridging the performance gap between inert graphitic
carbons and conventional activated carbons. Therefore, GO combines structural order with
the chemical diversity required for environmental remediation.

4. Adsorption of Organophosphates on GO-Based Materials

As discussed earlier, the adsorption of organophosphorus compounds on GO arises
from a combination of physical and chemical interactions that collectively determine
binding strength, selectivity, and reversibility. These interactions include hydrogen bonding,
electrostatic attraction, -7t stacking, and coordination-type complexation, all of which
depend on the surface chemistry of GO, pH, and the molecular features of the pesticide.

GO contains abundant oxygenated functional groups (hydroxyl, carboxyl, and epoxy)
that act as both hydrogen bond donors and acceptors. Organophosphate molecules, charac-
terized by a phosphoryl (P=0) and an alkoxy oxygen atom, readily participate in hydrogen
bonding with these surface sites. Such interactions stabilize the adsorbed species and en-
hance surface wettability, allowing stronger physisorption on hydrophilic GO sheets [88,99].
Electrostatic attraction also contributes significantly, as the ionization of GO’s acidic groups
under neutral or mildly alkaline conditions imparts a negative surface charge, which inter-
acts favourably with partially positively charged moieties on organophosphate molecules.
The strength of this interaction depends strongly on solution pH and ionic strength. Adsorp-
tion is typically most effective around pH 4-6, where electrostatic attraction and hydrogen
bonding coexist [88,100].

The sp?-hybridized graphitic domains within GO retain 7-conjugated regions capable
of -7t stacking with aromatic or heterocyclic rings in organophosphate molecules (Fig-
ure 5). These interactions are particularly relevant for compounds containing benzene or
phenyl substituents, where planar alignment of 7t systems produces additional stabilization
energy and contributes to reversible adsorption [101-103]. In parallel, defect sites, vacan-
cies, and oxygenated edges can form coordination-type or even partial covalent bonds
with phosphorus centers or other electron-rich groups of organophosphates, leading to
complexation. Such chemisorptive interactions are typically stronger and less reversible,
often contributing to partial catalytic hydrolysis of P-O or P-S bonds. As a result, GO
frequently acts as an adsorbent and also as a chemically active surface for organophosphate
degradation [104,105].

A subtle yet important structural feature of GO is the presence of oxidative debris,
small, highly oxidized polyaromatic fragments that adhere to its surface via 7- and hy-
drogen bonding. These fragments affect surface charge, hydrophilicity, and adsorption
energetics, and their removal through alkaline washing can improve reproducibility and
surface homogeneity [38,61]. Organophosphate adsorption on GO represents a continuum
between physisorption and chemisorption, with the relative dominance of each mecha-
nism determined by molecular structure, solution chemistry, and the extent of surface
oxidation [89,100,102,103].

Experimental data consistently confirm that environmental conditions govern adsorp-
tion efficiency. pH exerts a critical influence by modulating both the GO surface charge
and pesticide speciation. Under slightly acidic conditions, adsorption is typically maxi-
mized, whereas higher pH values increase surface deprotonation but diminish hydrogen
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(b)

bonding, and strongly acidic environments lead to competition with protons. Temperature-
dependent studies reveal spontaneous and exothermic adsorption behavior, with Gibbs free
energy changes between —15 and —25 k] mol ! and negative enthalpy values indicative
of exothermicity. Positive entropy changes further suggest increased randomness at the
solid-liquid interface during adsorption [106,107]. Ionic strength also alters adsorption by
screening electrostatic forces-high electrolyte concentrations reduce charge-based attraction
but have minimal effect on 7-7t or van der Waals interactions [82,103].

(c)

n-mt stacking

Electrostatic
o interactions

Hydrogen
bond

Figure 5. Examples of pesticides’ interactions with carbon surfaces: (a) 7-7t stacking; (b) hydrogen
bond; (c) electrostatic interactions. Atoms are color-coded as follows: grey—carbon, white—hydrogen,
green—chlorine, blue—nitrogen, red—oxygen, orange—phosphorus, and yellow—sulfur.

Chemical functionalization of GO surfaces has proven highly effective in enhancing
capacity and selectivity. Aminated GO introduces basic nitrogen groups that form strong
electrostatic and hydrogen-bonding interactions with phosphoryl oxygens at near-neutral
pH. Decoration with metal oxides such as Fe3Oy, TiO,, or ZnO allows coordination with
phosphate oxygens. It can promote catalytic hydrolysis, while polymer coatings, particu-
larly those based on chitosan or polyaniline, improve mechanical integrity and dispersion
while supplying additional binding sites [104,105,108]. These hybrid systems often display
higher adsorption capacities and better reusability, combining the advantages of physi-
cal and chemical sorption. Kinetic analyses further clarify these mechanistic differences.
Adsorption of organophosphates on GO generally follows pseudo-second-order kinet-
ics [89,107], implying that the rate-limiting step involves chemical interactions with surface
sites, while pristine graphene exhibits pseudo-first-order kinetics characteristic of faster
but weaker physisorption processes [109,110]. This distinction is summarized in Table 2,
which highlights the contrasting kinetic regimes.
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Table 2. Comparative kinetic behavior of GO and pristine graphene in organophosphate adsorption
[89,107,109,110].

Parameter Graphene Oxide Pristine Graphene

Pseudo-second-order Pseudo-first-order
Slower (chemisorption) Faster (physisorption)
0.994-0.999 0.92-0.98

1073-10"2 g mg~! min~! 1072-10"! min !

Dominant kinetics
Adsorption rate
R? values
Rate constant

Equilibrium data exhibit similar contrasts. Organophosphate adsorption on GO is
typically well described by the Freundlich isotherm, indicative of a heterogeneous surface
with multiple energy sites. In contrast, the Langmuir model better fits adsorption on
pristine graphene, whose uniform aromatic surface promotes homogeneous monolayer
coverage [54,89,106]. These distinctions are summarized in Table 3.

Table 3. Comparative equilibrium behaviour of GO and pristine graphene in organophosphate
adsorption [54,89,106].

Model Graphene Oxide Pristine Graphene Surface Character
Freundlich Predominant (R? > 0.95) Moderately applicable Heterogeneous
Langmuir Moderately applicable Predominant (R? > 0.95) Homogeneous

Across studies, GO shows markedly higher adsorption capacities, typically
50-200 mg g~ ! compared to 20-80 mg g~ ! for pristine graphene. They are attributed
to its greater density of functional groups, higher hydrophilicity, and hybrid adsorption
mechanisms [106,107,111,112]. These trends emphasize the dual role of GO as both an
adsorptive and reactive interface, where physisorption ensures broad molecular uptake
and chemisorption enables selective or catalytic binding. The chemical versatility and
controllable surface chemistry of GO make it one of the most promising carbon-based
materials for the removal of organophosphates from aqueous and environmental systems.
Representative examples of GO-based adsorbents used for the removal of neurotoxic
organophosphates are summarized in Table 4.

Table 4. GO-based adsorbents for the removal of neurotoxic organophosphates.

Experimental Adsorption
Type of GO-Based Target ier .
Material/Dose of Type of Sample Pollutant(s)/ (%;[md-l tions Qaip acity (mg Notable Features Limitations Reference
. atrix, pH, g 1)/Isotherm
Adsorbens Concentrations T
emperature) Model
Spiked aqueous Ma i
. gnetic
. g samples, real Chlorpyrifos, . Reduced
Fe;O4 @I})%SZ@GO environmental malathion, and 10 mL water 1%01{) 1£)egi)aercm-d k?ﬁggz:tl‘fl?éiash magnetlzatlon',
nanocomposite/ water samples parathion/1 matrix, EH 7,25 tive’ly /Sips 1i, e P moderate capacity [111]
15mg (Vaal River and pg/mL pesticide ° model appica : ty, compared to some
Vaal Dam, South mix rel%sablf or carbons
Africa) cycles
Air samples Dimethyl li]c?r};tlesr zléi}(;lgcgl Requires thermal
(synthetic air methylphospho- Dry air, room 14 high SSA. llont  desorption, capacity 3
HPGA/2mg spiked with nate (DMMP)/ temperature 8 lggas dif,ffl);?snen depends on aerogel [113]
1 2 :
DMMP 05mgL >100 reuse cycles. porosity
Limitations: tested
Activated carbon only in spiked
derived from Spiked agueous 10 mL water, pH Hich itv and water; requires
sieve-like P . ql gy Chlorpyrifos/ 1-7 tested (no 152.5/Langmuir 18 pforOSI yan organic solvent for 106
cellulose/GO samples (10 m 2mg L1 strong pH 7, model sur 1ace area,l Tegeneration; [106]
composites water) temmg:ture reusable >8 cycles performance may
(ACCE/G)/50 mg P vary with complex

matrices
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Table 4. Cont.
Experimental Adsorption
Type of GO-Based Target ter .
Material/Dose of Type of Sample Pollutant(s)/ (%/});fil;wﬁ C,a ?Icsltglhggl Notable Features Limitations Reference
Adsorbens Concentrations Tempera,tgre’) 8 Model
. . 103.72,and 90.17, High porosity and
GO/ZIF-8 Spiked aqlueous Ch101jp}7‘r1fos and Water matrix, pH respec- GO/ ZIF-8 synergy, ’
mposite/20 m samples diazinon/ 7,25°C tively/Langmuir i / (114]
composite g (10-50 mL water) 1-10 mg L1 f vely/Langmu stable, selective
ate & model toward OPPs
Methyl thion,
Spiked aqueous ethy parah ton 9.20,3.44,3.42
samples, river ethoprophos, Water or and 3.97, respec- Rapid adsorption
GO/CNF/5mg ples, sulfotepp, and food-extract tivel /L'n muir p 15 mi P / [89]
and lake water, chlorpyrifos/ matrix vely /Langmu (15 min)
cabbage, rice 4 model
0.05-10mg L
Strong 7t-7r and
Magnetic GO Diazinon, 161.29,172.41, H-bond
coated with L fenitrothion, 217.39,175.44, interactions, .
polyvinyl alcohol Applejuice and chlorpyrifos, Food and water and 222.22, superparamagnetic, Low selectivity
environmental matrix, pH 6, 25 _ 5 toward different [115]
(PVA@MGO t profenofos, and S respec fast extraction ticide cl.
nanocomposite)/ water ethion/ tively /Langmuir (7 min), very low pesticide classes
15mg 10-120mg L~! model LODs
(20-80 pg mL1).
. Very high capacity
Spiked aqueous . . y high cap Strong dependence
1 Phosmet/ Milli-Q water, pH 2680/Langmuir atlow dose,
rGO/0.0005-0.035g  samples (Milli-Q 20-100mg L' 6.8, 1545 ° model axothermic on adsorbent dose [107]
water, 20 mL) adsorption and temperature
High adsorption
efficiency (98.79%);
. . Spiked aqueous fast kinetics
Magnetic composite - - . PO
samples Diazinon/ Distilled water, 7.384/Langmiur exothermic and .
clay/ C14C1)4/ Fe3Oy4/ (distilled /Milli- 1-5mgL-! pH6.9,25.9°C model spontaneous Moderate capacity [116]
28 Q water) adsorption,
reusable up to 20
cycles
Magnetic GO and
carboxymethyl Groundwater . . Green, recyclable
cellulose (MGOC) and polluted C}lliorpylilf?s/ ir:tli ir)\(d%aot%r 1083/ Le:;%mulr composite, strong / [117]
composite/ water mg ’ mode chlorpyrifos affinity
04gL™!

5. Catalytic and Advanced Remediation Pathways

Effective remediation and removal of hazardous substances require understanding
the specific chemical form in which a pollutant occurs, as a result of interconnected, micro-
biologically mediated processes, which are strongly determined by prevailing hydrogeo-
chemical and redox conditions in water and soil environments [118-120].

5.1. Photocatalytic Degradation

GO has been extensively coupled with semiconductor photocatalysts to enhance light
absorption, charge separation, and catalytic stability. Its oxygen-containing groups act as
anchoring sites for nanoparticles, while the conjugated domains facilitate electron transport,
thereby suppressing charge recombination. This synergy has enabled the design of numer-
ous GO-based composites with high efficiency for degrading neurotoxic organophosphate
pesticides [121] and warfare agent simulants [121,122] under UV or visible irradiation.

TiO,-based systems are the most widely studied due to their robustness and cost-
effectiveness. GO-TiO, nanocomposites have been demonstrated to remove dichlorvos
and malathion from water [123], mineralize dichlorvos under visible light [124], and
retain activity in real water matrices, such as treated wastewater and lake water [125].
Ultrasound-modified TiO, /GO also exhibited bifunctional activity, combining adsorption
and photocatalysis for the detoxification of warfare agent surrogates [126]. Other strategies
involve ternary TiO, composites, such as TiO,-rGO-MoS; hybrids, which achieve control-
lable performance depending on the MoS; loading [127]. Additionally, TiO, nanowires
decorated with graphene quantum dots have been shown to double the degradation rates
of pesticides compared to pristine TiO; [128]. Notably, TiO,-rGO composites achieved
nearly complete removal of sarin analogues, with efficiencies strongly dependent on rtGO
content [129].
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ZnO-based composites are another important class, often chosen for their responsive-
ness to visible light. A GO-ZnO nanocomposite achieved 93.6% degradation of chlorpyrifos
under sunlight within 90 min [130], while ZnO/rGO prepared hydrothermally showed
a fourfold increase in photodegradation rates compared to bare ZnO due to improved
charge transport [131]. Incorporating Co3O4 with ZnO/rGO further enhanced performance,
achieving greater than 99% removal of parathion and diazinon [132].

Heterojunction and hybrid systems have expanded photocatalytic efficiency into the
visible spectrum. WO3-Fe304/rGO composites degraded diazinon with 94% efficiency in
100 min [133], while g-C3N4/GO/V,0s5 catalysts removed more than 88% of chlorpyrifos
in 120 min, with further improvement upon H,O, addition [134]. GO/Fe304/CeO, hetero-
junctions demonstrated rapid charge transfer and efficient degradation of diazinon under
visible light [135]. Similarly, innovative designs, such as GNP/ZrV;,0; reactors [136] or
Pd-Fe304/GO nanoplates [137], have shown excellent performance. Meanwhile, amine-
functionalized Fe;O4@GO composites have supported photo-Fenton activity against recal-
citrant pesticides [138].

Table 5 provides an overview of key GO-based photocatalytic systems reported in
the literature, illustrating how material design, the choice of semiconductor partner, and the
light source collectively determine the degradation efficiency of organophosphate pollutants.

Table 5. Photocatalytic degradation of organophosphates using GO-based composites.

Composite Target . X
System/Dose of Type of Sample Pollutant(s)/ Light Source ]zieég;zg/a[?i(:;gfg' Notable Features Limitations Reference
Photocatalyst Concentration
. - Performance
TiO,-rGO-MoS; Aqueous pestmde Malathion/ . Tunable ?thlty Improved dependent on MoS;
ternary/1gL~! solution 10mgL™! UV/Vis depending on electron-hole ratio, no toxicity or [127]
(laboratory-prepared) MoS; loading separation mineralization data
Moderate surface
GO-ZnO Aqueous pesticide Chl ifos/10— Simple area (2.99m?/g),
nanocomposite /5- solution oz%yrl r(;‘s Sunlight 93.6% in 90 min hydrothermal decreased efficiency [130]
20 mg (laboratory-prepared) PP synthesis above 15 mg
catalyst dose
. Aqueous pesticide Dichlorvos ~90% removal, .
GO-TiO,/ q p . " . - e Stable under Real-water matrix
D00MELT oSy gmen/S Vbl minemlaaton i e 029
GO-TiO,/ Aqueous Pestlade Dichlorvos /0.5 o 69% degroadation, Stable Real-water matrix )
20200 mg L~! solution 20mg L™t Visible 64% erformance not tested [124]
mg (laboratory-prepared) g mineralization p
Mineralization
degree high,
- Distilled water, better
GO-TiO, i’ . ~80%
nanocompos- secondary treated Dichlorvos, UV/Vis degradation after p erforma‘nce vS- / [125]
ite/60 mg L1 wastewater, lake malathion 80 min bare TiO,,
1te/60mg water toxicity reduction
assessed via
Ellman assay
rGO-AgNP fici B
composite using Aqueous pesticide . 7 ~75.5% Efficiency drops > 1
Curcubita maxima solution Chlc;rggg 1f0?3/ 200 Sunlight degradation in Green synthesis ppm, real-water [139]
0 25e§t5ract / - (laboratory-prepared) PP 105 min matrix not tested
.20—Z., mg -
. Controlled Dimethyl methyl- ~80% Enhanced
n :102 l’{l GO it atmosphere (in situ phosphonate/ Solar light degradation after phqtpca(tialytlc / [140]
anocomposite DRIFTS cell) 99 ug min-1 120 min actlv1810 ue to
WO;- d Real-water néatrix
Aqueous pesticide - . not teste
Fe304/rGO q p D - 4% degradat 4
composite/ solution s gL Visible it min / performance [133]
051501 (laboratory-prepared) decreases above 5
.5-1.5¢g mg L
rGO- . ; :
Aqueous pesticide Parathion, Real-water matrix
C03I(\)I4 /S ZnO solution diazinon/ Visible >99% in 140 min re]ixiﬁfirllit not tested, no [132]
10-120 mg L~ (laboratory-prepared) 5-30 ppm 4 ty mineralization data
gONyGO/  MERERI  orpyritos Visible 8-90%in120  Highstabiliy  REURIEIAN
V205 (laboratory-prepared) min over cycles mineralization data
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Table 5. Cont.
Composite Target . X
stem/Dose o e of Sample ollutant(s ight Source . Prie otable Features imitations eference
System/Dose of Type of Sampl Pollutant(s)/ Light S Degradation Effi-  Notable F L Ref
Photocatalyst Concentration clency eties
. Enhanced charge
Aqueous pesticide Lo : T8 .
GO/Fe304/Ce0,/ 3 Diazinon/ _ . . separation via Real-water matrix =
10-40 mg solution 30mg L1 Visible 97.9% in 60 min CeO, not tested [135]
(laboratory-prepared) functionalization
) Aqueous pesticide Methiocarb
GQDs/TiO, WT 3 4 _ 2x faster than Extended
; solution carbofuran, and Visible . R’ [128]
composite (laboratory-prepared) dimethoate TiO; alone absorption range
. 98% removal .
frr%;ra g;{;‘{g}) Aqueous pesticide Monocrotophos /10— witha Rerallg)-tvzgstteerdmggnx
leaves/ solution 400 ppm Visible degradation rate Green synthesis mineralization or [141]
10-25mgL!  (laboratory-prepared) p;fn?'/ori?n toxicity data
~100%
. degradation in 40 ; ;
SnS,- Aqueous pesticide - g High catalytic .
Fe;04/rGO/ solution ]:5)1az1n03/ Visible rélun, g?q . performance and Real-water matrix [142]
) mgL reduced 78%; L not tested
05gL (laboratory-prepared) pseudo-first- reusability
order kinetics
Photodegradation
rate 4x and
Zn0O/rGO Aqueous pesticide . efficiency 1.5x .
nanocomposite/ solution Dgrrﬁthfgge/ UV/Vis higher than bare / Realr—1 ‘(l)vtattgsrtgéat‘rlx [131]
0.1-1gL! (laboratory-prepared) & Zn0O; pseudo-
first-order
kinetics
High N
. Aqueous pesticide : . photocatalytic No o
GO-Fe304/TiO,/ . Chlorpyrifos/ - 97% degradation L TOC /mineralization N
0.005-0.1g lab roton d 10mgL~! Visible in 60 min activity and data, real-water [143]
(laboratory-prepared) stability upon matrix not tested
reuse
- ~100% : Real-water matrix
Aqueous pesticide : P Innovative
GNPs/ZrV,0, solution Chlorpy“ff’f/ Visible degr, ada“g“ o 6? photocatalytic not fels.te‘z./ no [136]
laboratory-prepared) 4.9mgL fun; pseudo-rst: reactor design fneraszation ot
( y-prep order kinetics toxicity data
CoFe,04@TiO, / - : No
GO Aqueous Eestlade Chlorpyrifos/ High ) Stable, recyclabl_e, TOC /mineralization -
nanocomposite/ solution 5mgL-! uv photocatalytic excellent catalytic data, real-water [144]
0.05-0.6gL ! (laboratory-prepared) activity activity matrix not tested
- No
TNP-Pd- Aqueous pesticide . ; -
! Parathion/ . 98.7% TOC /mineralization
Fes Og ({ GO/30- . solution 4 10mgL-! Visible degradation data, real-water [137]
mg (laboratory-prepared) matrix not tested
AFG@MIL- -
101(Fe) ~100% Synergistic
(amine- . : photo-Fenton
functionalized AqueOIils Eestlade Diazinon, Visibl dglegradahodxlsi)li o, and Real-water matrix [138]
Fe;0,@GO sotution atrazine/30 ppm sible 1faz1nor_1 an e photocatalysis not tested :
core—shell (laboratory-prepared) of atrazine in 105 via GO-enhanced
wrapped with mm electron transfer
MIL-101(Fe))
Efficiency drops at
Graphene/ZnO Adueous pesticide Enhanced >100mg L~! due to
nanocomposite q | F Diazinon uv ~100% removal photocatalytic turbidity, no TOC or [145]
doped with Mn/ sofution 10mgL~ after 60 min activity viaMn ; izati -
(laboratory-prepared) & ) mineralization
50-200 mg L! doping analysis, real-water
matrix not tested
- Performance
TiO,-rGO Gas-phase nerve . o
composites agent simulant system Sarin uv 99.5% removal depengsﬁc(x)n rGO / [129]

A growing number of studies demonstrate that coupling GO with metal oxides or

magnetic nanoparticles can markedly enhance degradation pathways. The synergistic

effects observed in these GO-semiconductor systems come primarily from GO'’s ability to

act as an efficient electron mediator. Upon irradiation, photogenerated electrons in the

semiconductor are rapidly transferred to GO, where they become delocalized across its sp?

domains. This process suppresses electron-hole recombination, prolongs the lifetime of reac-

tive species, and increases the rate of hydroxyl and superoxide radical formation [146-148].

In addition, the oxygenated functional groups and defect sites on GO promote interfacial

charge transfer and provide additional adsorption sites for organophosphates, improving

their local concentration at the catalytic interface. Still, the performance of these sys-
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tems varies considerably depending on the target organophosphate, operational pH, and
activation conditions. TiO,-GO composites typically exhibit the highest photocatalytic
degradation efficiencies under UV or simulated sunlight due to improved charge separation
and an expanded absorption range [123-125,128]. Yet, their reusability is often limited
by photocorrosion and the need for a light source. ZnO-GO systems exhibit comparable
degradation rates at neutral pH and milder conditions but suffer from Zn2?* leaching over
the long term, which compromises environmental compatibility [130,131,145]. Fe3O04-GO
materials, although generally less active catalytically, offer unmatched magnetic recover-
ability and low operational cost, making them highly practical for large-volume treatment
and repeated cycles [133,135,142].
These comparisons highlight a set of practical trade-offs:

o TiO,-GO: highest photocatalytic efficiency, moderate cost, stability issues under pro-
longed illumination.

e 7ZnO-GO: effective under ambient/light conditions, inexpensive, but less durable.

e  Fe304-GO: lower intrinsic activity but excellent recyclability and low-energy recovery.

GO-based photocatalytic composites have evolved from simple TiO, hybrids into
sophisticated heterojunctions capable of visible-light activation, high degradation efficiency,
and even partial mineralization of pesticide residues and simulants of warfare agents. De-
spite this progress, several critical challenges remain. The stability of catalytic performance
in real environmental waters, where competing ions and organic matter interfere with
active sites, remains a significant limitation to its practical applicability. Equally important
are the issues of catalyst recovery and structural durability over repeated cycles. Moreover,
balancing the growing complexity of synthesis routes with the need for cost-effective, scal-
able fabrication remains a significant challenge. Future research should focus on developing
mechanistic models that explicitly link surface chemistry, light-harvesting dynamics, and
degradation pathways. Bridging these knowledge and engineering gaps will ultimately
determine whether GO-based photocatalysts can transition from laboratory demonstrations
to real-world implementation in pesticide remediation.

5.2. Electrochemical Degradation

Beyond photocatalysis, graphene-based materials, particularly GO and its reduced
form (rGO), have gained importance as efficient electrode modifiers in advanced electro-
chemical oxidation processes such as electro-Fenton (EF), electrochemical ozonation, and
related hybrid systems. Their high conductivity, large surface area, and abundant func-
tional groups promote in situ HyO, generation and hydroxyl radical production, enabling
rapid mineralization of organophosphate pesticides. Compared with conventional carbon
electrodes, graphene-based systems offer superior electron transfer, chemical stability, and
corrosion resistance, thereby directly translating into enhanced degradation efficiency [149].
The enhancement observed in GO-based EF and hybrid oxidation systems arises from
several complementary roles played by GO. First, GO/rGO facilitate in situ HyO, gen-
eration by accelerating the two-electron oxygen reduction pathway owing to their high
conductivity and large density of electroactive surface sites [150]. Second, the oxygenated
functional groups and edge defects on GO promote Fe?" /Fe** redox cycling and thereby
enhance eOH production from HyO; [151]. Then, GO acts as an efficient electron-transfer
mediator between the electrode and catalytic particles, reducing charge-transfer resistance
and increasing current efficiency. Finally, when used as a support, GO prevents nanoparticle
agglomeration and exposes a larger number of accessible catalytic sites [152,153].

Among various approaches, rGO-based electrodes have shown outstanding perfor-
mance in EF systems. For instance, rGO-aminopyrazine-modified nickel foam achieved
complete mineralization of dichlorvos, confirmed by stoichiometric release of chloride



Processes 2025, 13, 4028

17 of 32

and phosphate ions [154]. Nitrogen-doped GO and graphene composites containing
Fe304/FeyO5 further accelerated H,O, activation, increasing EF efficiency and maintaining
stability through multiple regeneration cycles [154]. Similarly, Fe304@N-GO heterojunction
electrodes enabled complete degradation of dimethoate within 40 min, while mechanistic
analysis confirmed hydrolysis and eOH-driven oxidation pathways [155]. Beyond binary
systems, multi-component and doped electrodes have broadened the versatility of GO-
based electrochemical materials. N-doped TiO, /Graphene/Au and TiO, /Graphene/Ag
composites achieved nearly 100% diazinon removal through photo-electrocatalytic ozona-
tion and retained high activity over seven successive cycles [156]. Hydrothermal rtGO/V,05
composites have also demonstrated efficient charge transfer and long-term stability [157].
These examples underscore the importance of rational heteroatom doping and metal incor-
poration in tuning both the catalytic and electrochemical behavior of GO electrodes.

In addition to remediation, graphene electrodes are also employed for the electrochem-
ical detection of organophosphates, such as methyl parathion, either by direct reduction
of nitro groups or via enzyme-inhibition-based sensing [158]. Such dual applicability
highlights the multifunctional potential of GO-based systems in both environmental reme-
diation and analytical monitoring.

Representative studies of electrochemical degradation using GO-based electrodes are
summarized in Table 6, illustrating how electrode composition and architecture influence
catalytic efficiency and operational stability.

Table 6. Electrochemical degradation of organophosphates using GO-based composites.

Target
Eéecsttr:rﬂe Type of Sample Pollutant(s)/ Process Type Efficiency/Kinetics  Notable Features Limitations Reference
y Concentration
. 76.7%
N-TiO, / O
Graphere/ degradationsn
AuG(I>IA"I;11)Oz/ Aqueous pesticide ) tPho;col- s/ Wifh/PEC Enhanced i Lower PE,[% "
solution Diazinon/ elec ro}?ata ysis ozonation d%gradation_ via eolz(:éirécifewzl irgsl,l
) (laboratory- 10mgL~! photo- 31.1% PEC ozonation, 1€, req [156]
N-TiO/ repared) electrocatalytic Lo stable for 7 cycles applied voltage
Graphene/ prep ozonation gg%ﬁaﬁ?&)}; (900 mV)
Ag (N-TIO,/ withPEC
G/Ag) ozonation
High H,0,
100% generation, stable
rGO- Agricultural Dichlorvos/50 g S and reusable, ; sdi y
AmPyraz@3DNiF wastewater mgLt EF oxidation degrad;ltilr(l)n in 60 complete Requires acidic pH [154]
dichlorvos
mineralization
Boh-rGO Aqueous pesticide Electrochemical Enhanced charge Phosphate buffer
pher solution X oxidation storage, efficient causes higher
(laboratory- Triclopyr/1 uM ~60% removal oxidant generation, ohmic losses, [159]
hBN-rGO prepared), . lower energy pe;formance drops
wastewater matrix consumption in wastewater
N-doping enhanced
conductivity and
H,0; generation,
Simulated . 100% DFT confirmed P=S
Fe;0,@N-GO laboratory Dimethoate/ Hetero EF degradation in and P-O bond [155]
wastewater g 40 min attack, reduced
toxicity of

by-products,
excellent reusability

Electrochemical oxidation on graphene-modified electrodes typically follows pseudo-
first-order kinetics, achieving near-complete removal of target pesticides. The reusability
demonstrated across cycles confirms their mechanical robustness and chemical durability.
Nonetheless, several obstacles remain, particularly electrode fouling, energy consumption,
and the scalability of electrode fabrication. Future progress will depend on optimizing
material durability, simplifying synthesis routes, and improving the energy efficiency of
electrochemical systems to enable real-world applications in water treatment.
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5.3. Enzyme-Assisted Remediation

In addition to physical and chemical pathways, enzymatic and biomimetic approaches
have emerged as complementary routes for the degradation of organophosphates. GO and
its derivatives have gained attention as versatile supports for enzyme-assisted degradation
of organophosphates. The large surface area, 7-7 interactions, and abundance of oxy-
genated groups on GO provide an excellent platform for immobilizing hydrolytic enzymes
such as phosphotriesterases (PTEs) and organophosphorus hydrolases (OPHs). Immo-
bilization improves enzyme stability, reusability, and resistance to denaturation, while
facilitating electron transfer in biosensing and degradation systems.

Early studies demonstrated that PTE and OPH enzymes immobilized on GO or rGO
retained over 90% of their native activity and exhibited prolonged operational lifetimes.
For instance, YT-PTE immobilized on rGO maintained up to 90% of its catalytic activity
and enhanced electron transfer for paraoxon detection through the oxidation signal of
p-nitrophenol, the hydrolysis product [160]. Noncovalent assembly of OPH nanocapsules
onto GO similarly improved catalytic efficiency and reusability compared with the free
enzyme [161,162].

In parallel with biological immobilization strategies, researchers have engineered
enzyme-mimicking systems (“nanozymes”) that reproduce the catalytic functions of OPH
and PTE without requiring proteins. For example, Ma et al. [163,164] designed imidazole-
rich polymer-GO hybrids and bimetallic Zn?*/imidazole centres that mimic the active
sites of natural hydrolases. These GO-based nanozymes achieved rapid hydrolysis of
paraoxon and chlorpyrifos, with turnover frequencies up to 0.65 s~! and retained more
than 90% activity after several cycles. The catalytic activity arose from the synergistic
interaction between imidazole clusters and surface carboxyl groups on GO, which facilitated
nucleophilic attack on the phosphoester bond.

Recent developments have extended the concept of nanozyme-assisted remediation to
hybrid materials combining GO with metal oxides and biopolymers. rGO/ZnO/ chitosan
composites, for instance, exhibited enhanced adsorption and catalytic degradation of diazi-
non following Freundlich-type isotherms, with optimal performance at neutral pH [165].
These multifunctional systems integrate adsorption, catalysis, and biocompatibility, sug-
gesting potential for scalable and reusable pesticide treatment technologies.

Beyond environmental remediation, graphene-based enzymatic and nanozymatic
systems are also being explored for the detection and detoxification of chemical warfare
agents. Enzymes such as human serum paraoxonase 1 (PON1), phosphotriesterase (PTE),
diisopropyl fluorophosphatase (DFPase), and related hydrolases have demonstrated no-
table activity against nerve agents by reactivating or replacing acetylcholinesterase [166].
These approaches illustrate the broader potential of GO-supported enzymatic systems at
the interface of biosensing, catalysis, and defense.

While enzyme-assisted and biomimetic approaches offer high substrate specificity and
mild reaction conditions, their large-scale implementation remains constrained by enzyme
cost, sensitivity to environmental conditions, and the need for efficient immobilization and
recovery strategies. Nevertheless, advances in GO-based hybrid materials and engineered
nanozymes are rapidly bridging these gaps, offering promising routes toward sustainable
and selective organophosphate remediation.

5.4. Multifunctionality of GO

A distinctive advantage of GO is its dual functionality: it can act as both a high-
capacity adsorbent and a catalytic support. This property has inspired the development
of multifunctional materials that integrate adsorption with photocatalytic, Fenton-like, or
other advanced oxidation processes, achieving synergistic pollutant removal. Such systems
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are particularly relevant for complex water matrices, where adsorption alone often fails to
ensure complete detoxification.

The combination of GO with magnetic oxides enables simultaneous adsorption and
catalytic degradation through photo- or electro-Fenton mechanisms. Magnetic GO com-
posites have efficiently removed pesticides such as diazinon via coupled adsorption and
photo-Fenton pathways [167]. Similarly, Fe30,4/GO nanocomposites activated persulfate to
generate hydroxyl and sulfate radicals, leading to rapid pesticide oxidation [168]. Hybrid
magnetic GO/ozonation systems (MGO/O3) accelerated diazinon abatement compared
with ozonation alone, confirming the dominant role of #OH radicals in synergistic degrada-
tion [169]. Graphene quantum dots (GQDs) decorated with Fe304 nanoparticles prepared
from olive pomace also showed strong magnetic separability and high catalytic efficiency
for malathion removal [170]. Similarly, bio-derived 3D magnetic GO composites synthe-
sized from citrus peel via one-pot pyrolysis exhibited a hierarchical porous structure that
enhanced both adsorption and radical-driven degradation [171].

Bio-derived GO-based hydrogels further expand the versatility of these systems by
combining the biocompatibility of natural polymers with GO’s catalytic and adsorptive
properties. Xanthan gum-chitosan-GO hydrogels demonstrated efficient self-assembly
and high sorption capacity, while chitosan/GQDs/Fe3O4 hydrogels achieved nearly
100% chlorpyrifos removal under ultrasonic assistance [172,173]. These materials are
eco-friendly, reusable, and easily recoverable, highlighting their potential for sustainable
water treatment.

GO has also been incorporated into mixed-matrix and thin-film nanocomposite mem-
branes, which combine the advantages of polymeric flexibility with the reactivity of nanoma-
terials. These membranes exhibit improved permeability, selectivity, and antifouling proper-
ties, enabling continuous-flow operation and greater stability than traditional sorbents [174].
Recent designs also exploit GO’s photothermal conversion capability. Graphene/UiO-66-
NH; fabrics achieved ultrafast photothermal-assisted degradation of the nerve-agent simu-
lant dimethyl-4-nitrophenyl phosphate (DMNP), halving its lifetime and maintaining >90%
efficiency after five cycles [175]. 3D graphene aerogels and carbon-nanotube hybrids have
demonstrated exceptional adsorption capacities for both pesticides and chemical warfare
agents: hierarchical porous graphene aerogels efficiently trapped DMMP vapors [113],
while CNT-reinforced graphene frameworks increased adsorption capacity by almost 40%
compared to activated carbon [176].

Further innovations include combining GO with catalytic oxides and polyoxometa-
lates. GO/MnO; nanocomposites enhanced the adsorption and degradation of organophos-
phate simulants DMMP and TEP [177], while Cu(OH)NO3 /GO composites accelerated
organophosphate decomposition through improved electron transfer [178]. Zr(OH),/GO
materials maintained catalytic activity for soman degradation even under humid condi-
tions [179]. In parallel, emerging post-graphene 2D materials, such as transition-metal
dichalcogenides and layered double hydroxides, are being investigated as next-generation
analogues that combine large surface area with strong photocatalytic activity [180]. An
especially promising direction involves mobile micro- and nanomotors that integrate GO
or graphene derivatives with catalytic metals. ZrO,-graphene/Pt tubular micromotors
achieved 91% removal of methyl paraoxon within 5 min, demonstrating the feasibility of
self-propelled, multifunctional cleanup systems [181].

Across these diverse configurations, a consistent trend emerges: integrating GO with
catalytic, magnetic, or bio-based components yields synergistic systems capable of ad-
sorption, degradation, and, in some cases, detection of organophosphate pollutants. The
remaining challenges are primarily practical: ensuring reproducible synthesis, long-term
stability, and cost-effective large-scale production. Nevertheless, multifunctional GO com-
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posites represent one of the most promising directions toward integrated, sustainable, and
adaptive remediation technologies capable of addressing complex contaminant mixtures.

6. Mechanistic Synthesis of GO-Based Pathways for OPs Removal

Mechanistic understanding of OPs removal by GO-based materials relies on a combi-
nation of spectroscopic, kinetic, and computational evidence. Across many studies, several
conclusions are well supported, while others remain speculative. For instance, adsorp-
tion mechanisms are well supported by data. Several studies combining FTIR and XPS
characterization with thermodynamic analysis have shown that OPs binding on GO-based
adsorbents is typically dominated by hydrogen bonding and electrostatic interactions, with
adsorption energies in the range characteristic of physisorption, although systems bearing
strongly chelating nitrogen or metal sites can exhibit a measurable chemisorptive contribu-
tion [106,182]. The adsorption mechanisms proposed for GO-based materials are further
supported by DFT and other computational simulations, which consistently show favorable
adsorption energies and charge-transfer interactions between organophosphate molecules
and oxygenated or graphitic domains of GO [54,88]. On the other hand, photocatalytic
pathways are only partly supported. For TiO,-GO and ZnO-GO hybrids, electron-hole
separation is strongly supported by quenching, transient photocurrent measurements, and
DFT-calculated charge transfer pathways [123,131]. However, proposed cleavage path-
ways for P-O and P-S bonds are often extrapolated and not always directly verified by
intermediate detection (LC-MS), making mechanistic claims partially speculative.

7. Challenges and Limitations

Although GO-based nanomaterials have demonstrated remarkable efficiency in pol-
lutant removal, their transition from laboratory studies to real-world implementation is
constrained by stability, regeneration, scalability, and potential environmental risks.

7.1. Regeneration and Reusability

One of the most critical factors determining the practical applicability of GO-based
materials is their ability to maintain performance over multiple operational cycles. A major
challenge in applying GO-based photocatalysts and adsorbents on a large scale is ensuring
long-term stability and regeneration efficiency without compromising activity. While
several metal oxide-GO composites, such as CuO, ZnO, MgO, TiO,, and WO3-Fe304/1GO,
demonstrate promising reusability and stable photocatalytic performance over multiple
cycles [133,183], most studies remain limited to small-scale or batch tests. For instance,
GQDs/TiO; nanotube composites retained approximately 80% of their photocatalytic
efficiency after four cycles [128], and RMGO/Ag/V;05 maintained over 80% degradation
efficiency even after ten successive cycles [184], confirming excellent structural stability.

However, the regeneration of spent GO materials remains energy-intensive and often
requires aggressive solvents or thermal treatment. Studies have shown that desorption and
chemical regeneration (e.g., with HCl, NaOH, EDTA, or thiourea) can restore up to 95%
of the adsorption capacity of metal-ion-loaded GO after several cycles [185-187]. Despite
such successes, maintaining consistent catalytic activity after repeated use and preventing
surface fouling remain unresolved. Furthermore, the tendency of GO sheets to restack
during drying or regeneration reduces accessible surface area and active sites, limiting their
practical reusability [188,189].

In recent years, several strategies have been proposed to mitigate the restacking of
GO sheets during drying or regeneration. These include the introduction of polymeric or
biopolymeric spacers, such as chitosan or cellulose nanofibers [190], to maintain interlayer
separation, the formation of 3D aerogels and hydrogels that preserve porosity during sol-
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vent removal [191,192], embedding metal oxide nanoparticles between GO layers to act as
physical separators, and the use of mild drying techniques (freeze-drying, solvent exchange)
to reduce capillary forces that drive sheet collapse [193]. While these approaches improve
structural stability at the laboratory scale, their effectiveness under realistic operational
and regeneration conditions remains largely unexplored.

7.2. Stability and Risk of Secondary Contamination

Ensuring material stability in natural and engineered water systems is another major
concern. GO and its derivatives can aggregate or transform under variable pH, ionic
strength, and natural organic matter content, affecting their performance and fate. Studies
have shown that divalent cations such as Ca?* and Mg?* strongly promote GO aggregation
via cross-linking of carboxyl groups, whereas negatively charged functional groups enhance
colloidal stability in deionized water [185,194].

Despite good catalytic stability, GO’s environmental persistence increases the risk of
secondary contamination. When released into wastewater systems, GO has been found
to disrupt microbial activity, reduce sludge dewaterability, and interfere with nutrient
removal processes [189,195]. Moreover, its recovery by high-speed centrifugation is often
impractical at industrial scales, leading to potential release of nanosheets into effluents.
With anticipated increases in graphene production and recycling, it is essential to assess the
long-term environmental behavior and potential bioaccumulation of GO-based materials.
Although certain composites, such as RMGO/Ag/V,05 or WO3-Fe304/rGO, exhibit high
stability across multiple cycles [133,184], the broader environmental safety concerns remain.
Understanding the interactions between GO-based catalysts and natural organic matter,
sediments, and microorganisms remains a prerequisite for the sustainable implementation
of graphene-based catalysts [32,157].

7.3. Scalability and Synthesis Cost

Even with strong laboratory performance, cost and production scalability remain
decisive factors for industrial translation. Despite exceptional performance at the laboratory
scale, the mass production of high-quality GO and rGO remains costly and technically
demanding. While chemical, thermal, and electrochemical reduction methods provide
customizable properties, they often require toxic reagents or high-energy inputs [196].
Modified Hummers and improved chemical exfoliation routes have reduced environmental
impact and enabled larger yields at lower costs [189]. To date, achieving uniform dispersion,
controlled defect density, and consistent interfacial bonding in graphene-metal oxide
composites remains a significant bottleneck [157]. Industrial synthesis methods such as
chemical vapor deposition (CVD), epitaxial growth, and plasma-based techniques can
deliver high-purity graphene but face scalability, reproducibility, and cost barriers [197,198].
Conversely, biomass-derived or hydrothermal routes offer eco-friendly alternatives but still
require optimization of yield and quality. Techno-economic analyses remain scarce, and real
cost comparisons with conventional adsorbents (e.g., activated carbon) are limited [188,189].
Future research must therefore focus on process simplification, renewable precursors, and
integration of low-energy synthesis pathways to enhance both scalability and sustainability.

7.4. Ecotoxicity and Biocompatibility

Alongside technical concerns, the environmental and biological safety of graphene-
based materials requires careful analysis. Graphene-based nanomaterials display remark-
able physicochemical and electronic properties, yet their biocompatibility and ecotoxicity
remain under debate. The same surface functionalities that provide high reactivity and
adsorption capacity may also induce oxidative stress, membrane disruption, and genotoxic
effects in living systems [199,200]. Studies indicate that GO exhibits higher reactivity than
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pristine graphene or rGO due to its hydrophilicity and oxygenated groups, which can
interact with cell membranes and microbial populations [201,202].

Toxicological investigations reveal dose- and size-dependent cytotoxicity. For instance,
GO concentrations below 80 pg mL~! typically show minimal effects, whereas higher doses
lead to ROS generation and decreased cell viability [203—205]. Nonetheless, several studies
have demonstrated the potential to tune surface chemistry to enhance biocompatibility.
Green-synthesized rGO/AgNP composites have demonstrated strong antibacterial activity
with reduced embryotoxicity [206], while plant-derived fluorescent GO structures have
maintained over 80% cell viability in mammalian assays [207].

Overall, graphene-based nanomaterials can cross biological barriers such as the blood-
brain and placental interfaces, and their fate in aquatic and terrestrial ecosystems remains
poorly understood [196]. Therefore, comprehensive long-term studies on transformation,
bioaccumulation, and chronic effects are crucial before GO-based technologies can be safely
implemented on a large scale.

8. Future Perspectives

Future progress in the application of GO-based nanomaterials for organophosphate
remediation will depend on translating current laboratory advances into adaptive, field-
ready technologies that address both civilian and defense needs. The next generation of GO-
based systems is expected to evolve into smart hybrid composites that integrate multiple
functionalities, combining the conductivity and tunable surface chemistry of GO with the
catalytic efficiency of metals, the selectivity of enzymes, and the flexibility of polymers.
Rationally designed GO-metal-enzyme-polymer hybrids could unite adsorption, catalysis,
and biodegradation within a single self-regenerating structure, capable of continuous
operation under dynamic environmental conditions.

A central goal in future research is to enhance molecular recognition and selectiv-
ity toward structurally diverse organophosphates, including both agricultural pesticides
and chemical warfare agents. Advances in heteroatom doping, enzyme-mimetic surface
design, and electronic-structure engineering can enable fine control over catalytic sites
that selectively target the P-O and P-S bonds characteristic of these compounds. Coupling
experimental design with computational modeling and machine-learning-driven screening
may accelerate the discovery of GO-based materials with tailored degradation pathways
and predictable activity across complex organophosphate mixtures.

Realistic testing environments remain a crucial missing link. While most studies focus
on model compounds in deionized water, the next phase must address the fluctuations in
pH, ionic strength, and natural organic matter found in actual wastewater, soil leachates,
and contaminated groundwater. Integrating GO-based catalysts into filtration membranes,
soil-treatment amendments, and modular photoreactors can bridge the gap between con-
trolled laboratory studies and field-scale implementation. Such validation is crucial for
emergency response scenarios, agricultural runoff control, and chemical defense operations.
In parallel, GO-based nanomaterials offer promising opportunities for rapid-response de-
contamination systems. Their high conductivity, mechanical strength, and catalytic activity
make them ideal for miniaturized electrochemical or photocatalytic modules capable of
on-site neutralization of organophosphate pesticides and nerve-agent simulants. Portable
devices based on GO electrodes or fabrics could be deployed for real-time detoxification
and monitoring in both military and civilian contexts, providing an integrated approach to
chemical threat mitigation. Equally important is ensuring that this technological progress
aligns with sustainability principles. The future of GO-based remediation lies in adopting
green synthesis routes, such as biomass-derived graphene, solvent-free exfoliation, and re-
cyclable catalysts, combined with comprehensive life-cycle assessments. Embedding these
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innovations within circular-economy frameworks can minimize environmental burdens
while maximizing societal benefits.

GO thus occupies a key position at the interface of environmental chemistry, materials
science, and defense technology. Its evolution from a laboratory nanomaterial to a multi-
functional, deployable platform could redefine how humanity responds to both chronic
pollution and acute chemical threats. By uniting advanced material design, computa-
tional optimization, and sustainable manufacturing, GO-based systems have the potential
to become the cornerstone of next-generation strategies for the selective, efficient, and
eco-responsible remediation of pesticides and chemical warfare agents alike.

9. Conclusions

GO and its derivatives have emerged as one of the most adaptable materials for ad-
dressing complex environmental and chemical challenges. Their surface functionality, high
reactivity, and compatibility with diverse functional components have enabled the creation
of advanced composites capable of adsorption, catalytic degradation, and selective reme-
diation of both organophosphate pesticides and warfare agents. The recent evolution of
GO-based systems toward hybrid and multifunctional platforms underlines their potential
to connect environmental chemistry, materials science, and chemical defence. Despite these
advances, translating GO-based technologies from the laboratory to large-scale applica-
tions remains at an early stage. Long-term stability, regeneration efficiency, ecotoxicity,
and economic feasibility continue to define the boundaries of practical implementation.
Overcoming these challenges will require not only improvements in material design and
green synthesis but also standardized testing in realistic environmental conditions.

Looking ahead, future progress will depend on how effectively GO can be incorporated
into practical and sustainable technologies such as catalytic filters, hybrid membranes, and
portable devices for decontamination and sensing, including rapid-response systems for
neurotoxic organophosphate pesticides and related chemical warfare agents. Achieving this
vision will require closer integration between fundamental materials research and applied
environmental engineering, guided by transparent risk assessment and sustainability
criteria. When guided by sustainability principles and responsible innovation, GO has the
potential to transform how we address chemical contamination, linking scientific progress,
environmental protection, and human safety.
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