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ABSTRACT: The pesticide contamination in the environment == {
has become a global concern. So far, pesticide adsorption from S SN
waste solution is one of the most economic strategies for pesticide SHB\ e
removal. Carbon-based nanomaterials were reported to be

potential pesticide sorbents. To date, nanosized graphene oxide
(GO) has been discovered. Its nanosize, which is comparable to
pesticide sizes, is attractive enough to explore its performance to be
the pesticide sorbent. Thus, herein, the adsorption mechanisms of
a single pesticide on GO were studied by comparing 6-pesticide
systems. Three types of common pesticides (cyfluthrin (CFT)
(pyrethroid), ivermectin (IVM) (avermectin), and diazinon (DZ)
(organophosphate)) were used as pesticide models. All pesticides
rapidly adhere to GO at the graphene-like region. The 7—7 and 7—
alkyl interactions contribute most to pesticide adhesion. The adsorption of CFT and DZ is led by the 7—x stacking, whereas bulky
IVM uses the w—alkyl forces. Having more pesticides results in self-clustering. Pesticides pile up and avoid lying on the oxygenated
area. IVM is the most favorable for GO and shows tight self-packing via dispersion force and hydrogen bonding. Overall, this work
displays the encouraging ability of nanosized GO to effectively absorb all pesticides which will benefit future applications in pest
control.

1. INTRODUCTION and cause hazard to living entities, especially humans.* Owing
to the high health risks to humans, many attempts have been
made to monitor and detect pesticide content in agricultural
products.

Recently, many attempts have been made to not only
formulate less toxic and eco-friendly pesticides® ' but also
collect and quantify pesticides. Biodegradation strategies are
also one of eco-friendly techniques.'' Carbon-based nanoma-
terials such as graphene oxide (GO) have been reported to be
recyclable substances to remove pesticides from wastewater
due to its large surface area, high effectiveness in adsorption,
and high stability in high pressure and temperature.”'*"*~"* In
addition, GO can be functionalized to target specific
contaminants,'® and its abundance shows the potential to
provide cost-effective sorbents.'” GO is also known to show
the excellent photocatalytic properties which can promote the
pesticide degradation in water and soil.'® Therefore, GO was

Pesticides are substances that are produced by natural or
synthetic processes. These are used as one of key ingredients in
agricultural developments for shielding agricultural products
from pests, weeds, and bacterial and fungal diseases."”
Pesticides are divided into inorganic and organic classes.
Previously, diverse inorganic compounds were used to
formulate inorganic pesticides including metals (antimony,
arsenic, lead, copper, cadmium, and mercury) and metal
oxides,” but the presence of toxic heavy metals causes high
health risks. Organic pesticides were reported to be less toxic
to living or§anisms and more degradable than some inorganic
substances.” Thus, organic pesticides have largely replaced
these inorganic chemicals. Organic pesticides that are currently
in use are organophosphates, organochlorines, pyrethroids, and
carbamates.” Although only small amounts of organic
pesticides are required for pest control, such amounts still
contaminate the environment. Farmers normally use pesticides
to achieve high agricultural productivity, but they are unaware Received: July 1, 2024

that using excess pesticides leads to more poisonous Revised:  February 15, 2025
contamination unfit for consumption. This pesticide contam- Accepted:  February 20, 2025
ination can lead to severe conditions including cancers, Published: February 25, 2025
reproductive harm, genetic changes, neurological toxicity, and

endocrine disruption.””” The excess pesticides do not wear off
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Figure 1. (a) Chemical structures of nanosized graphene oxide with 25% oxygen contents (GO), cyfluthrin (CFT), diazinon (DZ), and ivermectin
(IVM). (b) Orientations of pesticides in 1-pesticide and 6-pesticide systems. Pesticides were randomly placed at least 1 nm away from GO. Each

bead (P1—P6) represents each pesticide.

reported to be one of tools for environmental remediation
technologies.'” Conventional spectroscopic techniques such as
gas chromatography—mass spectrometry (GC—MS) and liquid
chromatography—mass spectrometry (LC—MS) are also used
to quantify pesticide levels, but such methods require
sophisticated instruments and professional skills that are not
practical under field conditions. Therefore, many studies have
focused on quick and sensitive portable sensors.”’"** GO was
also involved in the pesticide sensor design and develop-
ment.”*>° Besides, GO was reported to be used as sorbents
because they are recyclable substances and show high
effectiveness for pesticide adsorption.””® Earlier, the mecha-
nism of pesticide accumulation on GO was revealed.”””” It was
reported that the assembly of pesticides onto GO requires 7—7x
stacking as a major driving force.””®*” In addition, almost all
studies focused on microsized graphene and GO as a pesticide
sorbent. Recently, nanosized GO has been discovered to
display high biocompatibility and low cytotoxicity.”* ™" It was
found that the microsized GO was toxic and even caused death
to mice, whereas nanosized GO displayed no clear influence on
mice.”’ A previous study also reported that a nanosized GO
hardly influences human hematopoietic stem cells after 36 h
incubation.*” Importantly, its nanosize which is comparable to
pesticide size is attractive enough to explore its performance to
adsorb small pesticides for future design of pesticide removal
or carrier.

Thus, herein, the capabilities of nanosized GO to adsorb
pesticides in solution are investigated. To obtain the
adsorption mechanism on the microscopic level, molecular
dynamics (MD) simulations were employed. MD simulations
have been successfully used to reveal the binding of small
molecules on GO including pesticides.”**”**** Here, we
specifically examine the ability of nanosized GO to adhere
different types of organic pesticides. Commonly used organic
pesticides from different families (cyfluthrin (CFT), ivermectin
(IVM), and diazinon (DZ) belonging to pyrethroid,
avermectin, and organophosphate families, respectively) are
used as pesticide models (Figure 1a). Such pesticides are the
main contact pesticides that have a direct effect on human and
animal. > ™*” A nanosized GO with 25% oxygen contents was
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employed as a nanosized GO model (Figure 1a). This GO
structure was built based on the Lerf—Klinowski model where
the most stable alignment with 2:1 ratio of hydroxyl (—OH)
and epoxy (—O-—) groups was used.”’ The adsorption
mechanism of a single pesticide on GO was studied in
comparison to a 6-pesticide system in order to study the effect
of pesticide concentration on GO adhesion (Figure 1b). Six
pesticides in each system are sufficient to surround a GO sheet
in all dimensions to mimic the random pesticide orientations
in solution. Since GO has been used as a pesticide carrier,”"”
the adsorption insights obtained here will be beneficial for
designing novel strategies for pesticide removal and carrier.

2. MATERIALS AND METHODS

2.1. Preparation of Nanosized Graphene Oxide and
Pesticide Topologies. The structure of nanosized graphene
oxide (GO) was constructed by HierGO*' generated based on
the Lerf—Klinowski model. GO with 25% oxygen contents
(GO2S) was constructed based on a 2:1 ratio of hydroxyl
(—OH) and epoxy (—O-—) groups, where this ratio was
reported to be the most stable alignment.”” GO has a
dimension of 1.5 X 1.3 nm* (72 carbon atoms) as seen in
Figure la. This nanodimension size is comparable to the
pesticides studied here. Geometry optimization and normal-
mode analysis for GO25 were performed by density functional
theory (DFT) at the B3LYP/6-31G(d) level using the
Gaussian16 package.*” Then, the electrostatic potential
(ESP) was calculated at the HF/6-31G(d) level. All atomic
RESP charges converted from ESP were used to construct
topologies using Antechamber from AmberTo00l20.*> The
three-dimensional structures of pesticides which are cyfluthrin
(CFT), diazinon (DZ), and ivermectin (IVM), were built
using Discovery Studio 2021** and ACPYPE.*> AMBER14SB
was used to construct all of the pesticide topologies.

In this work, six systems were set. Three systems contain one
of each pesticide and GO (GO-1CFT, GO-1DZ, and GO-
1IVM) and another three systems contain six pesticides with
one GO sheet localized at the center of the simulation box
(GO-6CFT, GO-1DZ, and GO-6IVM) to mimic high
pesticide concentration. Six molecules of pesticides represent

https://doi.org/10.1021/acsomega.4c06036
ACS Omega 2025, 10, 8951-8959
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Figure 2. Final snapshots of 1-pesticide systems (GO-1CFT, GO-1DZ, and GO-1IVM) (a) and 6-pesticide systems (GO-6CFT, GO-6DZ, and

GO-61VM) (b).

the presence of pesticides in all directions of GO. In all
systems, a pesticide was placed at least 1 nm away from GO in
all directions in a simulation box of 6 X 6 X 6 nm®. The
settings can be seen in Figure 1b. Each system was then soaked
in TIP3P water molecules. For each system, 1000 steps of
energy minimization were run to remove bad contacts with the
steepest descent algorithm (the details of the condition used
are displayed in the “Simulation Protocols” section). The
equilibration run was conducted for 10 ns, followed by the 1 s
production run.

2.2. Simulation Protocols. All molecular dynamics (MD)
simulations were performed using the GROMACS2022.7
software package.”® The electrostatics were treated with
Particle mesh Ewald (PME)*” at 1 nm radius cutoff, a Fourier
spacing of 0.12 nm, and fourth-order spline interpolation. The
LINCS method** was applied to constrain bond lengths within
each system. Periodic boundary conditions were applied in all
directions. All simulations were performed under constant
particle number, pressure, and temperature (NPT) conditions.
The Berendsen thermostat’ was used to maintain the
temperature at 300 K with a coupling constant 7, = 0.1 ps.
The pressure was coupled using the Parrinello—Rahman
algorithm at 1 bar with a coupling constant of 7, = 1 ps.
The time step for integration was set to 2 fs, and coordinates
were saved every 2 ps.

All graphical images were made by Discovery Studio 2021**
and visual molecular dynamics (VMD).>* The hydrogen bond
counts were operated based on the hydrogen-donor—acceptor
cutoff angle and radius of 30° and 0.35 nm, respectively. The
binding energies of GO pesticides and self-interaction energies
of pesticides were calculated using the Poisson—Boltzmann
solver (MM/PBSA) using “gmx mmpbsa” option in
GROMACS.”!

3. RESULTS AND DISCUSSION

Figure 2 shows the final structures after 1 ys simulations for all
systems. It is clear that the pesticide adsorption onto nanosized
GO is spontaneous in all cases. All pesticides were fully
absorbed onto a GO surface (Figure 2). Among the three, IVM
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and DZ are the bulkiest and smallest molecules, respectively.
Thus, a bulky IVM in GO-1IVM is partly exposed to the
aqueous solution, whereas GO-1CFT and GO-1DZ seem to
align the whole structure on a GO surface (Figure 2a). More
detailed analyses will be discussed later in the text. When more
pesticide molecules are added, they can fully physisorb on GO
where GO-6IVM produces the largest cluster due to its large
size (Figure 2b). Most previous theoretical studies explored
the adsorption of one pesticide on microsized graphene oxide
where such large surface area results in the “laying-flat”
conformation of the pesticide.”” However, this lying-flat
conformation becomes the key bottleneck for effective
pesticide desorption. Due to the smaller GO structure in the
current study, no “laying-flat” conformation is captured in all
simulations. This will allow some pesticides to desorb and be
detected by probes. Moreover, in 6-pesticide systems, all
pesticides can aggregate onto GO and self-assemble at the
same time (Figure 2). GO and all pesticides appear to form a
stable nanocomposite throughout the course of the simu-
lations. Seemingly, this finding suggests that nanosized GO can
act as a good pesticide nanocarrier.

To understand the adsorption mechanism, the number of
contacts and hydrogen bonds between GO and pesticides is
computed in Table 1. In 1-pesticide systems, the larger IVM
molecule shows more GO—pesticide contacts (~103 contacts)
than DZ and CFT (~44 contacts for CFT and ~57 contacts
for DZ). This implies the tight binding of IVM. Furthermore,
bulky IVM seems to be more water-accessible (~11 hydrogen
bonds with water) than DZ and CFT (~2 hydrogen bonds
with water). Nonetheless, each type of pesticides forms only
~1 hydrogen bond with GO. This indicates the minute role of
electrostatic interactions on pesticide adsorption. When
increasing the pesticide concentration (6-pesticide systems),
each pesticide appears to severely lose its contacts to GO due
to self-aggregation (Table 1). Compared to the 1l-pesticide
system, almost half of the GO—pesticide contacts in all systems
are lost during the aggregation, but such loss is compensated
by the self-assembly (Table 1). Nonetheless, all pesticides still
maintain a hydrogen bond with the GO (Table 1). CFT and
IVM lose ~20—30% of water contacts during the aggregation
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Table 1. Number of Contacts and Hydrogen Bonds between
Individual Pesticide (Cyfluthrin (CFT), Diazinon (DZ), and
Ivermectin (IVM)) with Each Component (GO, Water, and
Pesticide) in the Systems”

system pair no. of contacts no. of hydrogen bond
GO-1CFT GO—-CFT 44.13 + 16.00 1.13 + 0.23
GO—water 600.82 + 43.65 26.66 + 2.57
CFT—water 150.88 + 33.59 2.19 + 1.07
GO-1DZ GO-DZ 57.82 + 18.10 1.04 + 0.48
GO-—water 610.78 + 41.99 26.35 + 2.58
DZ—water 161.67 + 30.58 1.89 + 0.97
GO-1IVM GO-IVM 103.98 + 18.30 1.00 + 0.45
GO—water §71.51 + 37.82 25.79 + 2.5§
IVM-water 512.69 + 47.90 11.11 + 1.85
GO-6CFT GO—-CFT 26.48 + 3.17 1.03 + 0.03
CFT-CFT 16.81 + 0.81
GO—water 481.84 + 50.95 24.13 + 2.70
CFT—water 103.54 + 33.85 1.83 + 0.97
GO-6DZ GO-DZ 36.39 + 3.63 1.07 + 0.06
DZ-DZ 21.06 + 1.73
GO—water 477.86 + 47.71 23.18 + 2.65
DZ—water 160.96 + 43.12 2.17 + 1.17
GO-6IVM GO-IVM 52.53 + 29.09 1.19 + 0.67
IVM-IVM 38.11 + 32.66 1.00 + 0.45
GO—water 409.90 + 47.48 21.07 + 2.62
IVM—water 416.48 + 60.25 6.32 + 1.32

“The contacts are counted when all pairs between two chosen
components are in the cut-off distance of 0.35 nm.

in GO_6CFT and GO_6IVM, whereas enhancing DZ
concentration does not disrupt DZ—water contacts. DZ in
both GO_1DZ and GO_6DZ remains surrounded by water
via ~160 contacts (Table 1). Also, it is expected that GO
becomes less water-exposed in 6-pesticide cases (~100 GO—

water contacts are lost) (Table 1).

To further investigate how each pesticide interacts with GO,
the number of contacts between GO and main functional
groups of each pesticide (cyclopropane-carboxylate ester for
CFT, organophosphorus for DZ, lactone, and a group of
disaccharides, benzofuran, and spiroketal for IVM) is
computed in Figure 3. Compared to the total contacts in
Table 1, the number of DZ—GO and IVM—GO contacts
(parent group—GO contacts, where parent groups are
phosphate ester of DZ and lactone of IVM (red and cyan
labels in Figure 3b)) in Figure 3a is smaller, indicating that
both do not require their parent groups to interact with GO
(Figure 3). Rather, both DZ and IVM employ the rest of the
structure to adhere to GO (Figure 3). For CFT, its carboxylate
ester appears to play a role in the adsorption where 30% of the
total CFT—GO contacts are obtained from its functional group
(cyclopropane-carboxylate ester; Table 1 and Figure 3a).
Moreover, the hydrogen bond found in Figure 3a for DZ and
CFT demonstrates that the total number of GO—pesticide
hydrogen bonds found in Table 1 is rooted from a parent
group of DZ and CFT. Unlike others, IVM seems to employ
the side chain moieties to hydrogen bond to GO (Figure 3).
The results obtained demonstrate that each type of pesticide
employs nonidentical mechanisms to interact with GO. The
hydrophobic interactions were reported to contribute most to
GO—pesticide adsorption.””****™>* The pesticides studied
here are consistent with this trend since only one hydrogen
bond is captured (Table 1 and Figure 3a) while a large number
of contacts are found. This highlights the role of hydrophobic
interaction for adhesion. In addition, we further decompose
the adsorption mechanism of each type of existing pesticides in
detail later in the text.

To better understand the effect of chemical properties of
each pesticide on the adsorption ability, the binding energies
between each component (GO-—pesticide and pesticide—
pesticide) are computed in Table 2. The high Vdw energies
observed in all cases confirm that the hydrophobic interactions
contribute most to pesticide adhesion. These binding energies

a) System Pair No. of contacts No. of hydrogen bond

GO-1CFT GO-CFT 14.96 + 10.04 1.20+0.20

GO-1DZ GO-DZ 6.42 +4.28 1.04 £ 047

GO-1IVM GO-IVM 91.42 + 15.67 1.00+£ 045
GO-IVM 10.59 £ 6.08 -

GO-6CFT GO-CFT 12.84 + 8.80 1.01 £ 0.26

GO-6DZ GO-DZ 5.69 £ 3.93 1.05+£0.33

GO-6IVM GO-IVM 4294 + 15.42 1.18 £ 0.52
GO-IVM 14.21 +£7.89 -

Cyfluthrin (CFT)

Diazinon (DZ)

CH,

Spiroketal

gn
Benzofuran CHy

H o

OH

Ivermectin (IVM)

Figure 3. (a) Number of pesticide—GO contacts and hydrogen bonds in all systems. Only the contacts and hydrogen bonds between key chemical
families of each pesticide and GO are computed. The chemical families of each pesticide are shown in red (cyclopropane-carboxylate ester for CFT,
organophosphorus for DZ, a group of disaccharides, benzofuran, and spiroketal for IVM) and cyan (lactone) in (b).
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Table 2. Average Binding Energies (kJ/mol) between Each Component (GO and Pesticide)

with Standard Deviation in All

Systems Using MMPBSA®

system Vdw

GO-1CFT GO—-CFT —94.15 + 30.48
GO-1DZ GO-DZ —104.44 + 23.88
GO-1IVM GO-IVM —144.87 + 16.28
GO-6CFT GO-CFT —34.53 + 37.27

CFT-CFT —12.54 + 16.69
GO-6DZ GO-DZ —48.85 + 36.28

DZ-DZ —6.81 + 11.93
GO-6IVM GO-IVM —62.48 + 23.76

IVM-IVM —29.41 + 15.30

“VdW and Elec denote the van der Waals and electrostatic

elec total
—6.97 + 10.79 —100.52 + 34.28
—12.10 + 5.39 —116.54 + 31.83
—16.48 + 8.37 —161.34 + 18.30
—=5.31 + 10.24 —39.84 + 43.80
—1.53 + 3.67 —14.07 + 18.97
—8.67 + 13.62 —57.51 + 43.69
—-132 + 4.11 —8.13 + 15.02
—14.52 + 10.77 —77.00 + 30.09
—1.73 + 3.51 —-31.15 + 17.19

energies, respectively, and Total is the sum of VAW and Elec terms.

Table 3. Number of Contacts in 6-Pesticide Systems (GO-6CFT, GO-6DZ, and GO-6IVM)

system CFT1 CFT2 CFT3
GO-6CFT GO 24.23 + 17.36 27.13 + 18.86 32.56 + 20.89
CFT1 1595 + 12.41 17.51 + 13.76
CFT2 17.24 + 13.95
CFT3
CFT4
CFTS
CFTé6
DZ1 D72 DZ3
GO-6DZ GO 37.80 + 22.04 33.12 + 21.18 40.53 + 24.76
DZ1 20.81 + 12.18 18.78 + 10.84
DZ2 1941 + 11.52
DZ3
DZ4
DZs
DZ6
IVM1 VM2 VM3
GO-6IVM GO 45.83 + 21.30 32.94 + 17.54 22.88 + 13.66
IVM1 82.26 + 45.54 63.04 + 33.99
VM2 47.83 + 27.24
VM3
IVM4
IVMS
IVM6

CFT4 CFTS CFT6 water
24.46 + 17.82 25.79 + 17.80 24.68 + 18.99 481.84 £+ 50.95
17.44 + 13.87 16.61 + 12.77 16.24 + 13.02 107.89 + 34.61
15.34 + 12.37 16.44 + 13.10 16.72 + 13.47 104.41 + 34.06
16.82 + 13.30 16.89 + 12.86 18.93 + 14.87 95.36 + 33.57

16.47 + 13.32 16.56 + 12.95 107.35 + 30.88
16.96 + 13.39 105.75 + 34.01
100.48 + 36.03

DZ4 DZ5 DZ6 water
39.30 + 23.84 36.46 + 22.49 31.14 + 19.74 477.86 + 47.71
2193 + 12.92 23.30 + 14.58 2241 + 14.56 154.73 + 40.07
21.65 + 12.70 22.71 + 13.09 19.24 + 11.74 167.46 + 43.50
19.16 + 10.80 2148 + 11.85 23.14 + 13.85 162.88 + 44.74
20.06 + 10.80 23.24 + 14.92 155.66 + 43.10
18.57 + 1091 166.00 + 46.30
159.06 + 42.05

VM4 IVMS IVMé6 water
45.67 + 17.90 105.20 + 15.54 62.67 + 33.09 409.90 + 47.48
25.93 + 15.85 6.94 + 2.14 18.40 + 13.30 43829 + 53.17
49.28 + 31.14 822 + 397 38.72 + 34.83 426.38 + 76.11
113.10 + 23.12 0.00 + 0.00 23.64 + 19.98 359.60 + 56.11
4.69 + 2.57 69.83 + 18.59 326.16 + 69.27
19.81 + 11.32 498.86 + 48.45

449.60 + 58.36

agree well with previous studies.””***>*° Among all, IVM
shows better binding affinity (binding energies of —161.34 kJ/
mol in GO_1IVM and —77.00 kJ/mol in GO_6IVM) to GO
than to DZ and CFT in all cases. DZ and CFT display a
comparable degree of binding affinities in 1-pesticide systems,
but DZ in GO-6DZ becomes more preferable for GO than
CFT in 6-pesticide systems (GO-6CFT) (Table 2). Seemingly,
the binding affinities of all pesticides on GO are severely
reduced under a high pesticide concentration (Table 2). A
high number of pesticides induce the self-clustering with
different degrees of compactness. Bulky IVM molecules form a
cluster (IVM—IVM binding energy of —31.15 kJ/mol), while
DZs are more dispersed (binding energy of —8.13 kJ/mol)
(Table 2). Although the interactions with GO are the main
attractive forces to trap all pesticides on a GO surface, the self-
clustering interactions also play a role in pesticide adsorption,
especially in GO_6CFT and GO_6IVM (Table 2). DZs in
GO-6DZ can also self-interact but are less favorable than other
pesticides (DZ—DZ binding energy of —8.13 kJ/mol) (Table
2). The standard deviations of the energies are large in the 6-
pesticide systems because of the diffusive dynamics of
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pesticides. In CFT and DZ, all molecules move diffusively
toward GO, where all appear to gain a comparable number of
GO (~25-32 contacts for CFT and 31—40 contacts for DZ)
and self-contacts (~15—19 contacts for CFT and ~19-23
contacts for DZ) (Table 3). Each molecule of CFT and DZ
seems to equally contribute to interact with GO. On the
contrary, different bound IVM conformations on GO are
observed (Table 3). IVMS is fully adhered on one side of the
GO surface at the beginning of a simulation resulting in high
GO contacts (~105 contacts) (Table 3 and Figure 4b). Unlike
IVMS, IVM3 is literarily packed at the outermost of the IVM
cluster, leading to the least GO contacts (~22 contacts)
(Table 3 and Figure 4c). Bulky IVMs appear to act differently
from CFT and DZ. Some IVMs show high self-contacts, while
others display high GO contacts (Table 3). This implies
different degrees of GO accessibility. The high IVM—-IVM
contacts reflect not only the favorable self-assembly but also
the steric hindrance of its structure that blocks the GO
accessibility. The self-clustering of pesticides can also be seen
in GO-free systems with similar levels of self-binding energies
to GO—pesticide systems (Figure S1 and Table S1 in the
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Figure 4. Cartoon representations of 1-pesticide (a) and 6-pesticide (b,c) systems where key interactions are shown as insets.

Supporting Information). However, only loose packing of
small CFT and DZ is captured because of the presence of free
CFT and DZ in the bulk (Figure Sl in the Supporting
Information). Having GO appears to effectively collect all
pesticides. This indicates that GO can serve as a promoter for
pesticide aggregation.
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In previous studies, not only 7—7 stacking but also other
hydrophobic forces such as alkyl-z interactions were reported
to play a role in the GO adsorption.””***~>* Even though #
interactions cannot be directly captured by molecular
mechanics, such interactions can be evident from the planar
orientations of aromatic moieties toward GO for 7—7 stacking
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(planar angle <20°>*°”) and constant distance between alkyl
chain and GO for s-alkyl interactions. Recent theoretical
studies have reported that the z—alkyl dispersion forces can
exist within a C—C distance of 0.45 nm.>>** In this work, the
m—n and w—alkyl dispersion forces are found to play a vital role
in the pesticide adsorption. High number of contacts between
the graphene-like region and pesticides demonstrate that all
pesticides prefer the graphene-like zone to the polar region
(Figure S2 and Table S2 in the Supporting Information). For
the 1-pesticide system, CFT and DZ are mainly trapped on the
GO surface by planar 7—7 interactions in assistance with one
hydrogen bond (Figures 4a and S3 in the Supporting
Information). On the other hand, IVM employs only 7—alkyl
forces and a hydrogen bond for GO binding due to the
absence of aromaticity (Figures 4a and S3 in the Supporting
Information). In the case of a hydrogen bond, the single
adsorbate—GO hydrogen bond obtained in CFT and DZ is
formed by their parent groups (carboxylate ester for CFT and
organophosphate for DZ), while IVM utilizes nonlactone
moieties for hydrogen bonding (Figures 3 and 4). The larger
size also allows IVM to form more interactions, resulting in the
best binding energy (Figures 3 and 4).

In the case of 6-pesticide systems, the adsorption on GO
appears to rely on the “first come first served” basis. A first few
molecules start to land on the deoxygenated region and mainly
interact with GO via 7 interactions (7— stacking for CFT and
DZ and w—alkyl interactions for IVM) (Figures 4 and S4 in the
Supporting Information). When the graphene-like zone on GO
is completely occupied, the other pesticides tend to pile up on
top of GO-bound pesticides rather than line up on the
oxygenated area (Figures 1, 4c, and S2b in the Supporting
Information). This is why the pesticide adhesion on to GO
lacks hydrogen bonding (only ~1 GO-—adsorbate hydrogen
bond is found for all GO—pesticide systems). The binding
energies display IVM as the most favorable species on GO
(Table 2) because bulky IVMs are packed upright, allowing the
polar moieties to hydrogen bond with adjacent molecules
(Figure SS in the Supporting Information). This self-packing in
the assistance of a hydrogen bond allows more favorable
IVM~—GO clustering. On the contrary, CFT and DZ show no
significant self-hydrogen bond, but their self-aggregation on
GO is facilitated by 7—r and z—alkyl interactions (Figures 4c
and S4 in the Supporting Information). This finding can
explain why IVM displays better binding energies than the
other two (Table 2). The force fields used in this work can
capture the key interactions between GO and pesticides as
seen in other quantum calculations and MD simulations with
other generalized force fields.”**”***” This indicates the
reliability of the force fields used in this work.

4. CONCLUSIONS

Herein, the aggregation mechanisms of commonly used
pesticides (CFT, DZ, and IVM) on nanosized GO are
investigated for the first time. All pesticides are rapidly and
spontaneously adsorbed on GO without desorption through-
out the course of all simulations. Overall, nanosized GO
exhibits promising potential as a pesticide sorbent. All types of
pesticides here prefer a deoxygenated area for adsorption,
while they can also hydrogen bond with an oxygenated area.
The adsorption affinities of all of the adsorbates here depend
on the degree of hydrophobicity. GO with high oxygen
contents seems to be inappropriate for effective pesticide
adsorption. Among all of these, IVM appears to act as the best

adsorbate. Although bulky IVM cannot form any z—x
interaction owing to the lack of aromaticity, it can favorably
be stabilized on the GO surface by multiple z—alkyl
interactions and hydrogen bonds. In addition, IVM are also
clustered on GO using both hydrophobic and electrostatic
interactions, whereas the self-packing of CFT and DZ employs
only 7 interactions. Thus, more interactions found in the IVM
allow tighter binding. Taken together, both favorable GO-
binding affinities and self-clustering allow IVM to become the
best adsorbate.

The results here suggest that nanosized GO can act as a
potential pesticide sorbent. Furthermore, each pesticide
displays different degrees of accumulation affinities on GO,
suggesting the feasibility of sequential pesticide extraction for
further detection. Recently, microsized GO has been studied as
a pesticide carrier. Such composite was reported to act as a
high-efficiency carrier.”' GO also showed the synergistical
effect with pesticides to improve control efficacy and utilization
efficiency.® While this pesticide—GO composite displays the
high fungicide and insecticide activities,()‘m’60 microsized GO
can be toxic to hosts such as crop or livestock. This is because
large-sized GO was reported to be toxic to various species,
while cytotoxicity is reduced in nanosized GO.®"°* Thus, the
encouraging ability of nanosized GO to effectively adsorb all
pesticides similar to large-sized GO found here suggests the
safer application potential in pest control of nanosized GO.
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