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a b s t r a c t

Pesticide contamination is a growing global environmental concern. Among various remediation
methods, adsorption from wastewater remains one of the most cost-effective strategies. Graphene
—based nanomaterials have been identified as promising candidates for this purpose. Recently, nano-
scale graphene oxide (GO) has attracted interests due to its size compatibility with pesticide molecules,
good biocompatibility, and low cytotoxicity, making it a potential pesticide sorbent. While a previous
study revealed the adsorption mechanisms of individual pesticides (cyfluthrin (CFT), diazinon (DZ), and
ivermectin (IVM))) onto nanoscale GO, the adsorption of mixed pesticides remains underexplored. This
study investigates the adsorption of mixed pesticides (CFT, DZ, and IVM) onto GO with varying oxygen
contents (25% (GO25) and 40% (GO40)) compared to pristine graphene (PG) using Molecular Dynamics
(MD) simulations. The results reveal spontaneous competitive pesticide adsorption on all surfaces
driven by alkyl—π and π—π interactions with the graphene-like regions. PG shows the most effective
sorbent, while GO40 is the worst resulting in the highly shuffling motion of pesticides. IVM exhibits the
strongest affinity across all materials and shows the highest surface occupancy, with its binding
behaviour unaffected by oxygen content. In contrast, the CFT and DZ adsorption varies with GO
oxygenation levels suggesting that surface functionalization can be tuned to selectively target specific
pesticides. Pesticide clustering is also observed. IVM acts as a central anchor molecule through alkyl— π

and π—π interactions and hydrogen bonds. These findings highlight the potential of nanoscale graphene
materials as customizable sorbents for pest control.
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Pesticide is a substance or mixture of substances used to pre-
vent, repel, or mitigate any pest including fungi, insects, weeds,
and rodents [1—3]. Pesticides are used in various settings such as

agriculture, homes, and public health programs. Some pesticides
are incorporated with metals (e.g. lead, copper, cadmium, and
zinc) [4,5] or metal oxides for specific actions (inorganic pesti-
cide); however, its contaminants are toxic to living organisms and
environment [4]. Organic pesticides were reported to be less toxic,
simply degradable than some inorganic substances [6]. Therefore,
organic pesticides have been widely used instead of inorganic
chemicals. To date, commonly used organic pesticides are divided
into four main groups, i.e., organophosphates, organochlorines,
pyrethroids, and carbamates [7]. Although small amounts of pes-
ticides are needed for pest control, their contamination from
environmental sources remains an issue. Farmers usually employ
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the overdose of pesticides to obtain high agricultural productivity,
but they are not aware that using excess pesticides causes more
poisonous contamination unfit for consumption. The pesticide
contamination can lead to serious health issues, including genetic
mutations, cancers, neurotoxicity, endocrine disruption, and
reproductive disorders [7—10]. Excess pesticides persist in the
environment and pose a hazard to living organisms, especially
humans [7]. Due to the significant health risks to humans,
numerous efforts have been made to monitor and detect pesticide
residues in the environment and agricultural products.

Recent studies have explored the methods for detecting excess
pesticide residues [11]. Graphene—based materials, particularly
graphene oxide (GO), have demonstrated strong potential for
pesticide removal from wastewater due to their large adsorption
surface area and thermal and pressure stability [12—15]. GO can be
functionalised to target specific contaminants, and its natural
abundance suggests a potential for cost-effective application [16].
GO also has high specific surface area, providing abundant
adsorption sites [17]. Thus, GO has become a promising tool in
environmental remediation technologies. Traditional spectroscopic
techniques such as liquid chromatography-mass spectrometry
(LC—MS) and gas chromatography-mass spectrometry (GC—MS) are
commonly used for pesticide quantification. Nonetheless, these
methods need sophisticated instruments and trained personnel,
making them impractical for on-site or field applications. Conse-
quently, many studies have focused on developing rapid, sensitive,
and portable sensor technologies where GO has played a significant
role in the design and development [18—20]. Furthermore, GO has
been used as a sorbent due to its high efficiency in pesticide
adsorption and its recyclability [21—23]. The mechanism of pesti-
cide aggregation on GO has been extensively investigated [22,24],
with π—π stacking interactions identified as the primary driving
force behind the adsorption process [14,22,24]. Notably, most prior
studies have used micro-sized GO and graphene materials as
pesticide sorbents. Recently, nano-sized GO or graphene quantum
dot (GQD) with sizes below 100 nm has attracted attention due to
its high biocompatibility and low cytotoxicity [25,26]. Nanoscale
GOs or GQDs are particularly promising for sensing applications
because of their unique optical and electronic properties [25,27,28].
In addition, GQDs have been experimentally employed for pesticide
detection and small-molecule sensing [29—32]. It was found that
while micro-sized GO exhibited toxicity and even caused mortality
in mice, nano-sized GO or GQD had no apparent harmful effects
[25]. Another study reported that nano-sized GO had minimal
impact on human hematopoietic stem cells after 36 h incubation.
Importantly, the nanoscale dimension of GO, which is comparable
to the size of pesticides, makes it particularly attractive for
enhancing adsorption performance and for future applications in
pesticide removal or delivery systems.

Recently, nano-sized GO with 25% oxygen contents has shown
the capability to collect organic pesticides (cyfluthrin (CFT), iver-
mectin (IVM), diazinon (DZ)) from different families (pyrethroid,
avermectin, and organophosphate families) [33]. These are the
major pesticides that have a serious impact on humans and ani-
mals [34—38]. All pesticides were found to spontaneously adhere
on GO at a graphene-like region via the π − π and π− alkyl in-
teractions, where each pesticide exhibited different binding af-
finities [33]. IVM acts as the best adsorbate for nano-sized GO via
both dispersion and hydrogen bonds [33]. Yet, no effect of mixed
pesticides on GO bindingwas investigated. In practice, a mixture of
pesticides is found in the environment, so the binding of mixed
pesticides to nano-sized GO is an interesting topic to explore the
feasibility of using the nanoscale GO to remove or collect pesti-
cides from the environment. Also, the effect of oxygen content
ratio on the pesticide-GO clustering remains unclear.

Therefore, in this study, the effects of mixed pesticides and the
oxygen contents (%) of nano-sized GO on pesticide-GO aggregation
are investigated. Molecular Dynamics (MD) simulations were
conducted to study the aggregation of pesticides and nano-sized
GO. A nanoscale GO model was constructed based on the
Lerf—Klinowski model, using the most stable configuration with
2:1 ratio of hydroxyl (―OH) to epoxy (―O―) groups [39]. Nano-
scale GO models with 25% and 40% oxygen contents were
employed (Fig. 1A). The 25% oxygenation ratio was used here
because it provides an optimal balance of functional group and
structural stability for adsorption [40,41], while the 40% oxygen
content represents a highly oxidised, but still structurally stable
[42,43]. A nanoscale pristine graphene (PG) was also studied as a
reference. A mixture of six commonly used pesticides (two each of
cyfluthrin (CFT), ivermectin (IVM), diazinon (DZ)) was selected to
represent three main classes of organic pesticides (Fig. 1B and
Fig. S2D in Supplementary Material). Six pesticides included in
each system are adequate to surround the GO sheet in all di-
mensions (Fig. 1C), thereby mimicking the random orientations of
the pesticides in solution. Given that GO has previously been
employed as a pesticide carrier [14,44], the adsorption insights
obtained from this work may contribute to the development of
new strategies for both pesticide removal and delivery.

2. Materials and Methods

2.1. Preparation of nano-sized graphene and pesticides topologies

Three types of nano-sized GO models (pristine graphene (PG),
and graphene oxide with 25% (GO25) and 40% (GO40) oxygen
content) were constructed using HierGO [45]. Each contains 72
carbon atoms with a dimension of 1.5 nm × 1.3 nm. For GO25 and
GO40, a ratio of hydroxyl (―OH) and epoxy (―O) groups was 2:1
based on the Lerf-Klinowski model [39]. All graphenemodels were
optimised using Density Functional Theory (DFT) at the
B3LYP·6—31G(d) level using Gaussian 16 software package [46].
The restrained electrostatic potential (RESP) charges were ob-
tained by Hartree—Fock calculation at a HF·6—31G(d) level. All
topologies were transformed to gromacs format using Ante-
chamber module in AmberTools20 [47]. The three-dimensional
structures of cyfluthrin (CFT), diazinon (DZ), and ivermectin
(IVM) were generated using Discovery Studio 2021 [48] and
parameterized with ACPYPE [49]. All pesticide topologies were
built using the AMBER14SB force field. For each system, one nano-
sized graphene material (PG, GO25, and GO40) was placed at the
centre of a simulation box with a dimension of 6 nm × 6
nm × 6 nm. The graphene model consists of a single graphene
nanosheet immersed in aqueous solution. This setup is intended to
capture the fundamental intermolecular interactions between
pesticide molecules and a carbon surface, rather than to represent
a full dispersion of nano-sized graphene sheets. Two molecules of
each pesticide (cyfluthrin (CFT), diazinon (DZ), and ivermectin
(IVM)) were then placed at least 1 nm away from both the gra-
phene sheet and each other to ensure unbiased initial configura-
tions (Fig. 1C). Each system was soaked in the TIP3P water
molecules. In total, 3 systems were built, i.e., pristine graphene
with six pesticides, GO25 with six pesticides, and GO40 with six
pesticides, hereafter denoted as PG—6P, GO25—6P, and GO40—6P,
respectively.

2.2. Simulation protocols

All Molecular Dynamics (MD) simulations were calculated us-
ing GROMACS2022.7 software package [50]. The Particle mesh
Ewald (PME) [51] at 1 nm radius cutoff, 0.12 nm Fourier spacing,
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and fourth-order spline interpolation was used for electrostatics
treatment. The bond lengths within each systemwere constrained
by LINCS method [52]. All systems were set in the periodic
boundary in all directions. Simulations were carried out under
isothermal-isobaric (NPT) conditions, maintaining a constant
number of particles, pressure, and temperature. Temperature was
regulated at 300 K using the Berendsen thermostat [53] with a
coupling time constant of τt = 0.1 ps. Pressure was regulated at
1 bar via the Parrinello-Rahman algorithm with a coupling con-
stant of τp = 1 ps. The integration time step was set to 2 fs, and
trajectory coordinates were recorded every 2 ps. Prior to the pro-
duction run, energy minimization was carried out using the
steepest descent algorithm for 1000 steps to eliminate bad con-
tacts. This was followed by a 10—ns equilibration and a 1—μs
production run. System equilibration was verified by monitoring
the time evolution of temperature, pressure, and total energy.
Equilibrium was confirmed when these properties fluctuated
stably around their target values without systematic drift (Fig. S1
in Supplementary Material).

All presented graphical images in this work were built by Dis-
covery Studio 2021 [48] and Visual Molecular Dynamics (VMD)
[54]. The number of hydrogen bonds were counted based on the
hydrogen-donor-acceptor cutoff angle at 30◦ and radius at

0.35 nm. The Poisson-Boltzmann solver (MM·PBSA) option in
GROMACS as “gmx_mmpbsa” [55] was used to calculate the bind-
ing energies of graphene-pesticides and between pesticides. The
percentages of pesticide occupancies were calculated as the
number of contacts formed by that pesticide divided by the total
number of contacts in the system, multiplied by 100.

3. Results and Discussion

Initially, the aggregation between nanoscale graphene mate-
rials and pesticides was observed to occur spontaneously in all
cases (Fig. 2A). The presence of oxygen atoms does not hinder with
nanoscale graphene-pesticide clustering, but they influence the
binding affinities. Pesticides in PG appear to distribute more uni-
formly across the surface, whereas, in both GO25 and GO40, they
preferentially align along the graphene-like areas (Fig. 2B, and
Fig. S2 in Supplementary Material). These observations are
consistent with a previous work reporting that pesticides prefer-
entially adsorb onto graphene-like regions [33]. Moreover, the
limited area within these regions promotes pesticide stacking
(Fig. 2A). In addition to binding with graphene materials, the self-
assembly of individual pesticides on the graphene surface is also
observed (Fig. S3 in Supplementary Material). Among the

Fig. 1. (A) Chemical structures of nanoscale pristine graphene (PG), graphene oxide with 25% oxygen contents (GO25), and 40% oxygen contents (GO40). (B) Structures of
cyfluthrin (CFT), diazinon (DZ), ivermectin (IVM). (C) Locations of pesticides in all systems. Pesticides were randomly placed at least 1 nm away from GO. Each bead (P1—P3)
represents each pesticide (P1, P2, and P3 are CFT, DZ, and IVM, respectively).
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pesticides studied here, IVM (the largest molecule) exhibits the
highest surface occupancy (~50% to 60%) across all systems
(Fig. 2C), which is attributed to its ability to form persistent in-
teractions with a graphene surface. In contrast, the smaller mol-
ecules, CFT and DZ, display ~25% occupancy on PG but respond
differently to GO25 and GO40. GO40 enhances DZ adsorption,
suggesting that increased oxygen content improves DZ binding
affinity. However, the same oxygen content significantly reduces
the CFT adsorption (Fig. 2C). Interestingly, GO25 appears to inhibit
DZ binding. IVM appears to be insensitive to the oxygen content,
whereas DZ and CFT exhibit oxygen-dependent adsorption be-
haviours. DZ shows a preference for high oxygen-ratio graphene,
while increased oxygenation reduces CFT adsorption (Fig. 2C).
Among all pesticides, the radial distribution functions (RDFs) show
that IVM has the largest surface occupancy, due to its strong ability

to bind to the graphene surface across all graphene types, partic-
ularly in GO25 (Fig. 2D). Interestingly, DZ in GO40 also displays an
increased occupancy due to its penetration capability (Fig. 2D).
These different degrees of pesticide occupancies and penetrations
suggest the competitive adsorption of pesticides. Unlike micro-
scale graphene, no “laying-flat” pesticide conformation was
observed, likely due to the limited surface area of the nano-sized
graphene sorbent. This characteristic may be advantageous for
facilitating future desorption. Furthermore, the constantly small
radius of gyration (Rg) of PG-pesticide system indicates stable
clustering (Fig. S3B in Supplementary Material). In contrast,
although pesticides seem to be clustered on the surfaces in GO25
and GO40, the highly fluctuating Rg with occasional large values
suggest the dynamic shuffling behaviour in both cases, with pes-
ticides intermittently entering and leaving the cluster during

Fig. 2. (A) Final snapshots of all systems (PG—6P, GO25—6P, and GO40—6P). (B) Graphene—like areas in all systems are shown in yellow. (C) Percentages of pesticide occupancies
on graphene—based materials (PG, GO25, and GO40). (D) Redial Distribution Function (RDF) of all pesticides.
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formation (Fig. S3B in Supplementary Material). Increased
oxygenation in GO25 and GO40 likely leads to frequent shuffling of
pesticides. Thus, PG appears to be the most effective pesticide
sorbent within the three systems studied here.

To explore how each pesticide interacts with the graphene
materials, the pairwise contacts between components are ana-
lysed (Table 1). The results highlight the competitive adsorption
behaviour of all pesticides, with IVM emerging as the most effec-
tive absorbate. This is supported by the high graphene-IVM con-
tacts in all cases (Table 1). For CFT and DZ in PG, their contact
numbers are comparable (Table 1). However, the presence of ox-
ygen contents alters the binding affinities of such small pesticides.
CFT forms ~28 contacts with GO25, but this number decreases to
~5 contacts with GO40, which contains more oxygens (Table 1). On
the contrary, DZ exhibits a preference for GO40 by increasing its
contact number from ~12 contacts with GO25 to ~26 contacts with
GO40 (Table 1). These observations show that the binding affinities
of small pesticides (CFT and DZ) are influenced by the oxygen
contents in graphene materials, while IVM remain unaffected due
to its ability to interact with both graphene-like and oxygenated
regions (Table S1 in Supplementary Material). Thus, varying oxy-
gen levels primarily impact the adsorption of small pesticides like
CFT and DZ. These findings also indicate the potential of the
nanoscale graphene oxide as a controlled-release absorbent for

small pesticide molecules. Nonetheless, only about one pesticide-
graphene hydrogen bond is formed in GO25 and GO40 (Table 1), as
all pesticides tend to favour graphene-like regions (Table S1 in
Supplementary Material). The limited number of graphene-
pesticide hydrogen bonds observed suggests that pesticide
adsorption is driven by hydrophobic interactions. In this context,
the binding affinities are influenced by the limited graphene-like
surface areas and steric effects common to all pesticides. Due to
the limited availability of graphene-like regions, all pesticides tend
to aggregate once these regions are fully occupied (Fig. 2A and
Fig. S3A in Supplementary Material). The high number of con-
tacts with CFT and DZ suggest IVM, which is the largest molecule,
acts as a core to anchor other pesticides onto the graphene surface.
Each IVM can interact and form hydrogen bond with other pesti-
cides (Table 1, and Tables S3 and S4 in Supplementary Material).
For CFT and DZ, neither self-nor CFT—DZ hydrogen bonds is
observed (Table 1). This indicates the aggregation of these pesti-
cides are driven by hydrophobic interactions. However, the more
contacts and hydrogen bonds with IVM suggest the binding to IVM
is more preferrable for CFT and DZ than self— and CFT—DZ ag-
gregation (Table 1 and Fig. S3A and Tables S3—S4 in Supplemen-
tary Material). As expected, increased oxygen content in graphene
enhances its wettability (Table 1). GO40 exhibits the highest water
exposure, whereas the hydrophobic PG shows the lowest. For
pesticides, binding to graphene does not significantly affect their
water exposure. All pesticides display similar levels of water
exposure across all conditions (Table 1). This suggests that the
pesticide adsorption is not primarily driven by the degrees of
water exposure. The large standard deviations observed in Table 1
is from the dynamic nature of the pesticide-GQD system due to the
in-and-out binding events of the pesticides to the nanoscale gra-
phene surface. The block-averaged data (Table S2 in Supplemen-
tary Material) can confirm that despite these fluctuations, the
system is well sampled, and the reported averages are represen-
tative of the true binding behaviour.

To investigate how each pesticide aligns on a graphene surface,
the number of contacts associated with specific pesticide regions
are computed (Fig. 3). The results indicate that aromatic groups
play a role in graphene-pesticide interactions, while hydrogen
bond is minimal (Fig. 3). This implies that the hydrophobic in-
teractions are the main driving force for pesticide adsorption. In
PG, CFT interacts with the graphene surface through both
cyclopropane-carboxylate ester and phenylacetonitrile moiety
(Fig. 3A). However, in GO25 and GO40, the phenylacetonitrile
moiety becomes the dominant interacting group (Fig. 3). Similarly,
for DZ, the heterocyclic pyrimidyl group is responsible for gra-
phene binding across all graphene types, showing approximately
6—12 contacts (Fig. 3B). Both CFT and DZ show no significant
hydrogen bonds with GO25 and GO40 (Fig. 3B). IVM, capable of
forming both dispersive interactions and hydrogen bonds, engages
all of its structural regions in graphene binding. Nonetheless,
consistent with a previous work [33], the non-lactone regions
(regions 2 (disaccharide), 3 (spiroketal), and 4 (benzofuran) in
Fig. 3A) are the main contributors to IVM adsorption. Notably, in
GO25, the benzofuran group of IVM can form a hydrogen bond
with the graphene surface (Fig. 3). Overall, in the mixed pesticide
system, each pesticide behaves similarly to the case in single-
component systems observed in the previous study [33].

Next, the effect of chemical properties of each pesticide on the
adsorption capability is investigated via the interaction energies
between each component (GO-pesticide and pesticide-pesticide)
computed by MMPBSA [56] (Table 2). Like the previous studies
[24,57—59], the adsorption of all pesticides is driven by vdW in-
teractions. The large size of IVM contributes to its more favourable
vdW interaction energies (ranging from − 48 to − 84 kJ·mol− 1)

Table 1
Number of contacts (within 0.35 nm) and hydrogen bonds between each compo-
nent (CFT, DZ, IVM, PG, GO25, GO40, and water) in all systems with standard
deviations.

System Pair No. of contacts No. of hydrogen bond

PG—6P PG—CFT 21.81 ± 17.07
PG—DZ 24.04 ± 18.23
PG—IVM 49.96 ± 19.78
CFT—CFT 11.23 ± 16.16
CFT—DZ 4.00 ± 9.49
CFT—IVM 19.82 ± 23.72 1.00 ± 0.17
DZ—DZ 6.88 ± 13.10
DZ—IVM 16.87 ± 24.70 1.12 ± 0.22
IVM—IVM 93.99 ± 32.47 1.03 ± 0.48
PG—water 176.78 ± 38.34
CFT—water 108.88 ± 34.28 1.87 ± 0.96
DZ—water 146.10 ± 37.21 2.09 ± 1.06
IVM—water 362.90 ± 71.26 8.57 ± 2.09

GO25—6P GO25—CFT 28.20 ± 9.79 0.50 ± 0.20
GO25—DZ 12.12 ± 13.33 0.04 ± 0.21
GO25—IVM 63.96 ± 16.25 1.32 ± 0.79
CFT—CFT 2.32 ± 8.24
CFT—DZ 6.35 ± 10.89
CFT—IVM 31.78 ± 17.36 1.00 ± 0.14
DZ—DZ 4.43 ± 9.97
DZ—IVM 25.52 ± 30.24 1.05 ± 0.27
IVM—IVM 5.46 ± 12.98 1.02 ± 0.21
GO25—water 434.90 ± 43.86 21.62 ± 2.67
CFT—water 95.17 ± 24.59 1.67 ± 0.85
DZ—water 138.99 ± 36.20 2.00 ± 1.11
IVM—water 411.41 ± 65.96 9.04 ± 2.04

GO40—6P GO40—CFT 5.61 ± 10.04 0.52 ± 0.13
GO40—DZ 25.91 ± 20.46 0.10 ± 0.32
GO40—IVM 41.00 ± 27.57 0.31 ± 0.47
CFT—CFT 12.01 ± 13.20
CFT—DZ 6.19 ± 11.04
CFT—IVM 34.74 ± 23.19 1.00 ± 0.18
DZ—DZ 12.52 ± 17.59
DZ—IVM 22.55 ± 22.20 1.05 ± 0.16
IVM—IVM 55.40 ± 32.14 1.09 ± 0.34
GO40—water 528.92 ± 51.47 24.43 ± 3.20
CFT—water 98.61 ± 32.73 1.66 ± 0.92
DZ—water 128.57 ± 42.09 1.92 ± 1.05
IVM—water 380.79 ± 67.13 9.27 ± 2.12
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(Table 2). Moreover, the electrostatic energies further support
IVM’s capacity to bind effectively to both graphene-like and
oxygenated regions, particularly in GO25 (~− 23 kJ·mol− 1)
(Table 2). Nonetheless, similarly to the other pesticides, increasing

the oxygen contents on the graphene surface reduces the vdW
interaction energies between graphene and pesticide, resulting in
a decrease in their binding affinities. In addition, the high total
energies between IVM and the other pesticides in Table 2 supports
the idea that IVM acts as a core and anchor other pesticides onto
the graphene surface. Compared with the single pesticide-GO25
system in the previous work [33], the comparable size of inter-
action energies between single—IVM and mixed pesticide systems
shows that the competitive adsorption in amixed pesticide system
here does not interfere the binding affinities of IVM (Interaction
energies of single—IVM system and mixed pesticides are ~ − 77
[33] and − 75 kJ·mol− 1). On the other hand, the solution with
mixed pesticide reduces the binding affinities of DZ (interaction
energies of single—DZ system and mixed pesticides are ~ − 58 [33]
and − 14 kJ·mol− 1, respectively), but increases the binding capa-
bility of CFT (interaction energies of single—CFT system and mixed
pesticides are ~ − 40 [33] and − 50 kJ·mol− 1) (Table 2). These
findings suggest that the binding affinities of CFT and DZ are
influenced by the degree of graphene oxygenation.

Previous studies have shown that, in addition to π − π in-
teractions, other hydrophobic forces such as alkyl— π interactions
contribute to the adhesion on graphene oxide surface
[24,57,60—62]. Although π interactions cannot be directly
captured by molecular mechanics, they can be inferred from spe-
cific structural features such as the planar orientation of aromatic
moieties toward the graphene surface (planar angle ≤ 20◦),
indicative of π − π stacking, and a consistent proximity between
alkyl chains and the graphene surface, characteristic of alkyl— π

interactions [62,63]. Also, recent computational studies suggest
that alkyl— π interactions can occur within a carbon—carbon dis-
tance of ~0.45 nm [60,62]. In this work, both π − π and alkyl— π

interactions play vital roles in pesticide adsorption. The structural
criteria defining π − π and alkyl— π interactions, as reported in
previous studies, are employed in this work to identify and

Fig. 3. (A) Chemical structures of all pesticides (CFT, DZ, and IVM) where key functional groups are coloured in blue (1), red (2), green (3), and brown (4). In CFT, blue is
cyclopropane-carboxylate ester and red is phenylacetonitrile moiety. In DZ, blue and red are organophosphorus and pyrimidyl moiety. In IVM, blue, red, green, and magenta are
lactone, disaccharide, spiroketal, and benzofuran, respectively. (B) Number of contacts and hydrogen bonds between specific regions of pesticide and graphene.

Table 2
Average interaction energies (kJ·mol− 1) between each component (PG, GO25,
GO40, and Pesticide) with standard deviations in all systems computed by
MMPBSA [56]. “vdW” and “Elec” are noted as the van der Waals and electrostatic
energies. “Total” is the sum of vdW and Elec values.

System vdW Elec Total

PG—6P PG—CFT − 50.37 ± 39.99 − 3.86 ± 5.28 − 54.58 ± 42.96
PG—DZ − 43.29 ± 35.32 − 2.41 ± 6.26 − 45.69 ± 35.08
PG—IVM − 75.88 ± 26.49 − 8.45 ± 6.41 − 84.34 ± 28.89
CFT—CFT − 16.20 ± 20.76 − 1.97 ± 4.07 − 18.18 ± 23.21
CFT—DZ − 5.11 ± 10.38 − 0.73 ± 2.95 − 5.84 ± 12.26
CFT—IVM − 24.23 ± 24.91 − 4.50 ± 8.10 − 28.73 ± 30.64
DZ—DZ − 6.98 ± 12.65 − 1.42 ± 4.24 − 8.39 ± 16.11
DZ—IVM − 23.97 ± 26.86 − 2.97 ± 7.08 − 26.93 ± 31.55
IVM—IVM − 84.28 ± 25.45 − 6.99 ± 12.45 − 91.27 ± 25.51

GO25—6P GO25—CFT − 43.93 ± 29.12 − 6.36 ± 6.52 − 50.29 ± 33.49
GO25—DZ − 12.00 ± 18.15 − 2.57 ± 7.76 − 14.57 ± 23.97
GO25—IVM − 51.53 ± 40.04 − 23.57 ± 23.50 − 75.11 ± 59.86
CFT—CFT − 2.92 ± 8.79 − 0.49 ± 2.37 − 3.41 ± 10.46
CFT—DZ − 6.03 ± 10.89 − 1.01 ± 2.87 − 7.04 ± 12.92
CFT—IVM − 27.82 ± 21.52 − 2.47 ± 4.42 − 30.29 ± 23.96
DZ—DZ − 4.42 ± 10.26 − 1.05 ± 3.66 − 5.47 ± 13.14
DZ—IVM − 20.03 ± 26.68 − 4.03 ± 9.30 − 24.06 ± 33.62
IVM—IVM − 5.64 ± 9.53 − 0.05 ± 2.73 − 5.69 ± 10.48

GO40—6P GO40—CFT − 8.02 ± 14.32 − 1.33 ± 5.05 − 9.35 ± 18.08
GO40—DZ − 31.30 ± 29.65 − 8.24 ± 11.15 − 39.54 ± 37.36
GO40—IVM − 39.78 ± 36.53 − 8.30 ± 11.30 − 48.07 ± 44.95
CFT—CFT − 14.84 ± 16.71 − 1.54 ± 3.56 − 16.38 ± 18.86
CFT—DZ − 6.16 ± 11.65 − 1.15 ± 3.57 − 7.31 ± 14.37
CFT—IVM − 33.55 ± 26.42 − 5.25 ± 7.61 − 38.80 ± 31.42
DZ—DZ − 11.68 ± 17.74 − 1.43 ± 4.89 − 13.11 ± 20.37
DZ—IVM − 17.73 ± 20.90 − 2.34 ± 5.92 − 20.05 ± 24.55
IVM—IVM − 40.36 ± 31.11 − 3.45 ± 6.76 − 43.81 ± 32.54
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characterize these interactions. Herein, the π − π stacking and
alkyl— π interactions remain the key player for pesticide adsorp-
tion. A number of π − π and alkyl— π interactions are captured
(Fig. 4and Fig. S4 in Supplementary Material). As the level of
oxygenation increases, the occurrence of π − π and alkyl— π in-
teractions decreases due to the disruption of hydrophobic do-
mains. All pesticides in PG seem to show clear aromatic
interactions, whereas those in GO25 and GO40 display unstable
π − π and alkyl— π interactions (Fig. S4 in Supplementary Mate-
rial). It is due to the limited deoxygenated areas in both systems.
Such unstable aromatic interactions thus lead to the shuffling
motion found here. Each pesticide can also bind to other
graphene—bound pesticides through hydrogen bonds, π − π

stacking, and alkyl— π interactions (Table 1 and Fig. S4 in Sup-
plementary Material). Similar to the single-pesticide system [33],
IVM remains upright to maintain the hydrogen bonds with the
oxygen-rich surface, while smaller CFT and DZ tend to align their
core structures along the graphene surface (Fig. 4 and Fig. S6 in
Supplementary Material). Even though CFT and DZ can form
hydrogen bond and aromatic interactions with oxygenated gra-
phene materials (GO25 and GO40) and IVM (Table 1 and
Figs. S4—S5 in Supplementary Material), these interactions are
not stable enough to effectively localize pesticides onto the gra-
phene surface. This results in the transient adsorption and
desorption of CFT and DZ. In contrast, IVM can bind stably to all
graphene types throughout the courses of simulations. Seemingly,
the varying degrees of graphene oxygenation appear to influence
the adsorption efficiency of smaller pesticides like CFT and DZ. In
other words, this highlights the possibility of tuning nano-sized
graphene oxide to selectively capture specific pesticide.

4. Conclusions

All nanoscale graphene sheets (PG, GO25, and GO40) enable
the rapid and spontaneous adsorption of mixed pesticides (CFT,
DZ, and IVM). The average number of pesticide-graphene con-
tacts ranges from 12 to 60 contacts, reflecting preferential in-
teractions with graphitic regions, consistent with previous
studies [33]. The π—π and π—alkyl interactions are the main
contributor for pesticide adsorption. Among the materials, PG
exhibits the highest adsorption capacity (PG-pesticide contacts
of ~22—50 contacts), whereas GO40 performs the worst due to its
minimal graphitic character (~6—41 contacts). Competitive
adsorption is observed, with IVM showing the fastest and
strongest binding (~40—60 contacts) and acting as an anchor for
other pesticides, while CFT and DZ affinities are more sensitive to
graphene oxygenation levels. These findings demonstrate the
strong sorption capability of nano-sized graphene and the
tunability of adsorption for smaller pesticides through controlled
oxygenation, suggesting potential for sequential extraction.
Moreover, compared with micro-sized GO, previously used as a
pesticide carrier but associated with toxicity to crops and live-
stock [14,15], nanoscale graphene materials provide similar
adsorption performance with reduced cytotoxicity [64,65]. This
highlights the potential as safer alternatives for pesticide man-
agement applications. It should be noted that the present model
does not account for the concentration of nanoscale graphene or
inter-particle competition effects. Therefore, the results pri-
marily provide mechanistic insights into pesticide-graphene
surface interactions rather than quantitative adsorption capac-
ities under realistic nanoscale graphene loadings.

Fig. 4. Orientations of pesticide-graphene complexes in PG—6P (A), GO25—6P (B), and GO40—6P (C). Key interactions between each component are shown as insets (i—iii).
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