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on graphene oxide
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Catechol (CT), hydroquinone (HQ), and aniline (AN) are environmentally significant aromatic pollutants that

pose severe risks to human health even at trace levels. Their structural similarity makes selective detection

and removal challenging, particularly on carbon-based adsorbents such as graphene oxide (GO). In this

work, all-atom molecular dynamics (MD) simulations were employed to investigate the interfacial

structure, dynamics, and adsorption behavior of CT, HQ, and AN on GO surfaces functionalized with

epoxide (–O–), hydroxyl (–OH), and carboxyl (–COOH) groups. CT and HQ, as positional isomers, were

compared to assess the impact of hydroxyl group arrangement, while AN served to evaluate the

influence of a different functional group (–NH2). Radial distribution function analysis revealed strong

hydrogen-bonding interactions between molecular functional groups and oxygen-containing surface

functionalities, with distinct second-neighbor peaks for CT and AN linked to their molecular geometry.

HQ exhibited island-like aggregation on the surface, enabling simultaneous interaction via both hydroxyl

groups and the aromatic ring, leading to enhanced affinity for –O– sites but reduced accessibility to –

COOH groups. Native contact analysis indicated a parallel adsorption geometry for HQ, while CT and AN

preferentially interacted via hydroxyl or amine-linked hydrogens. Interaction energy calculations

confirmed that HQ had the strongest –O– affinity, whereas CT and AN showed balanced but slightly

higher interactions with –O– and –COOH compared to –OH. These results elucidate the role of both

surface chemistry and molecular structure in determining adsorption preferences and mobility, providing

molecular-level guidelines for designing GO-based sensing and separation platforms for aromatic

contaminants.
1. Introduction

Catechol (CT) and hydroquinone (HQ) are frequently coexisting
isomers of phenolic compounds in nature, widely used in
cosmetics, dyes, pesticides, and pharmaceutical industries.1–3

Owing to their toxicological impact, numerous environmental
protection agencies have identied CT and HQ as primary
contaminants and have established maximum permissible
concentration in drinking water.4–7 Likewise, Aniline (AN) is also
used in different industries as a raw material.8–10 which can
undergo diverse chemical processes, including oxidation,
diazotization, and acylation, and its use poses signicant risks
to both human health and the environment.11–14 Even at low
concentrations, these compounds are toxic to various species
and can adversely affect human health, they are classied as
priority and hazardous pollutants.15–17 Despite their environ-
mental relevance, selective detection of these benzene deriva-
tives remains challenging due to their closely related aromatic
structures, which differ only in functional group composition
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and the location of the functional groups in the structure.18,19

Given their pronounced sensitivity to carbon-based mate-
rials,15,20 these ndings pave the way for the rational design of
modied carbon surfaces with tailored functional groups,
enabling the selective identication of CT, HQ, and AN through
their distinctive –OH and–NH2 interaction patterns.

Traditional approaches for the detection and removal of CT,
HQ, and AN include electrochemical sensors,21 adsorption,22

column gas chromatography,23 incineration,23 catalytic oxida-
tion24 from aqueous solutions. Among these, adsorption has an
advantage over other technologies in terms of cost due to its
simplicity.25–27 The efficiency of adsorption depends strongly on
the surface properties of the adsorbent, including its chemical
and mechanical stability, broad specic surface area, accessi-
bility, and affinity toward target molecules.28,29

Functionalized graphene and fabricated graphene have been
used for diverse technological applications including sensing or
capturing ow gasses,30,31 energy storage systems,32,33 simulta-
neous detection of hazardous chemicals34 etc. One of the
common functionalized form of graphene, graphene oxide (GO)
possess high specic surface area and oxygen containing
functional groups is widely used to remove hazardous
RSC Adv., 2025, 15, 38211–38217 | 38211
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Fig. 1 (a) van-der-Waals structure of graphene oxide (GO), where
hydrogen (white), carbon (grey), and oxygen (red) and ball-stick
structure of the AN, CT and HQ, where hydrogen (white), carbon
(grey), nitrogen (blue) and oxygen (red). (b) partial charge distribution
per atom in GO, AN, CT, and HQ.
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compounds through the adsorption technique.22,35 Numerous
theoretical and experimental studies have been conducted to
evaluate the interaction, chemical stability, sensitivity, and
diffusivity of phenolic derivatives on graphene oxide.36–41 For
instance, Tran et al. measured the redox potential of aromatic
compounds with varying hydroxyl groups on graphene oxide
using cyclic voltammetry. They found ortho- and para-
substituted phenols show the greatest electrochemical sensi-
tivity to graphene oxide surface.42 Yi et al. showed that the ACS/
GO composite (GO well-dispersed, 7.46 m2 g−1) efficiently
adsorbs aniline from water (Freundlich and Langmuir models,
pseudo-second-order kinetics) and enhances adsorption from
cigarette smoke.43 Xiaobo Li et al. investigated HQ and CT
sensitivity at a thionine/graphene oxide modied glassy carbon
electrode electrochemically and showed that the TH-GO/GCE
sensor enables sensitive, reproducible detection of HQ and CT
with low detection limits, wide linear range, and applicability to
real samples and other analytes.44

In recent years, Molecular Dynamics (MD) simulations have
emerged as a powerful tool to gain detailed insights into the
interfacial mechanism, dynamics, and adsorption behaviours
in large and complex systems.45–47 Tang et al. studied the
adsorption capacity of aromatic compounds on GO using MD
simulations and Density Function Theory (DFT) calculations.48

The charge transfer mechanism of CT molecules on ZnO and
RGO/ZnO clusters was examined experimentally, and further
validated through DFT calculations.49 Li et al. showed via MD
simulations that phenol adsorption into GO interlayers is
spontaneous, p–p and hydrogen-bonding driven, and
controlled by interlayer spacing and oxidation.50

Despite extensive research, the molecular-level under-
standing of the interfacial structure and dynamics of HQ, CT,
and AN on graphene oxide (GO) remains limited—particularly
regarding the inuence of GO's surface functional groups on
adsorption behavior, as well as the local molecular interactions
with the surface. In this work, we employed all-atom molecular
dynamics (MD) simulations to investigate the interfacial struc-
ture and dynamics of CT, HQ, and AN on GO. The structural
differences between CT and HQ, arising from the distinct
positions of their hydroxyl groups, were examined to elucidate
positional effects, while AN was used to assess the inuence of
a different functional group (–NH2) on adsorption. Various
oxygen-containing surface functionalities of GO, including
epoxide (–O–), hydroxyl (–OH), and carboxyl (–COOH) groups,
were considered to identify the most favourable functional
group for selective sensing.

2. Computational method

All atom MD simulations were performed using GROMACS
simulation package. The simulation setup comprise a single-
layer graphene oxide (GO) sheet of dimensions 5 × 5 nm and
100 organic molecules. The GO sheet was modelled following
the Lerf–Klinowski51 structural model using the GOPY tool,52 as
python-base package developed for generating functionalized
graphene surfaces. In this model, carboxylic groups were
attached to the edge of the GO sheet, whereas hydroxyl and
38212 | RSC Adv., 2025, 15, 38211–38217
epoxy groups were attached onto the basal plane. The overall
chemical composition of the GO structure was C30(–O–)1-
(OH)1(COOH)0.5 consistent with the structure reported else-
where.48,53 This choice provides a reproducible and tractable
representation that includes the principal oxygen-containing
functionalities. We emphasize that this model is an idealized,
average description, while experimentally prepared GO samples
commonly exhibit a wider range of functional group densities
and heterogeneous spatial distributions that depend on the
synthetic route and post-treatment. Three types of fully atom-
istic organic molecules, such as CT, HQ, and AN were used tin
the simulations. The AMBER force eld was employed for both
the GO surface and the organic molecules. The AMBER force
eld has previously been validated for adsorption processes on
graphene and graphene oxide surfaces, including systems
exhibiting p–p stacking and hydrogen bonding, such as DNA
adsorption on GO and reduced GO-PEG-NH2 in electrolyte
solutions.54–56 Non bonded interactions were described using
the standard 12–6 Lennard-Jones (LJ) potential, and electro-
static interactions were calculated using the particle–particle
particle-mesh method with a cut off distance of 1.2 nm.57,58

Lorentz–Berthelot mixing rules were applied to determine the LJ
parameters for unlike atom pairs across different components.
For each system, 100 organic molecules were randomly
distributed near to the GO surface within a three-dimensional
periodic simulation box. A vacuum space of 120 nm was intro-
duced along the z-axis to prevent the long range interactions
between the periodic images. All simulations were conducted in
the NVT ensemble at 298 K using the Nosé–Hoover thermostat.
Each system was equilibrated for 5 ns with a timestep of 0.001
ps. Convergence was veried by monitoring both the total
potential energy (Fig. S1) and the center-of-mass distances
between the adsorbates and the GO surface (Fig. S2), which
stabilized within the few nanoseconds, conrming that a 5 ns
trajectory was sufficient to reach the equilibrium.
3. Results and discussion
3.1 Atomic and surface structure

Fig. 1(a) presents the ball and stick representation of the GO
surface and the CT, HQ, and AN molecules. The GO surface
© 2025 The Author(s). Published by the Royal Society of Chemistry
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incorporates three distinct functional groups, including epoxy
(–O–), hydroxyl (–OH–), and carboxyl (–COOH). CT and HQ are
structural isomers, each containing two hydroxyl groups
attached to a benzene ring but differing in their relative posi-
tions. In contrast, AN features an amine group bonded to the
benzene ring. The presence of these functional groups on the
GO surface results in a heterogeneous charge distribution,
a characteristic that also applies to the CT, HQ, and AN mole-
cules. To quantify this effect, partial atomic charges were
computed using the AM1-BCC method. As illustrated in
Fig. 1(b), charge polarization, both positive and negative is
localized primarily around the functional groups of the GO
surface and the organic molecules.
3.2 Interfacial structure

Fig. 2 (a–c) depicts the temporal evolution of the distance and
population of HQ, CT, and AN molecules relative to the GO
surface. The distance was calculated as the separation between
the surface and the center of mass of each molecule. Over the
course of the simulations, all three types of molecules
progressively approached the surface. However, HQ consistently
remained at a slightly greater distance from the surface
compared to CT and AN, even aer equilibration. The average
distances, shown in Fig. S2, indicate that HQ remained
approximately 6.2 Å from the surface, whereas CT and AN were
positioned at around 4.7 Å.

The lower panel of Fig. 2 presents the spatial distribution of
HQ, CT, and AN distances from the surface, derived from the
nal simulation snapshot. In this representation, violet color
corresponds to the shortest distances and transitions to yellow
as the distance increases. HQ exhibits distinct yellow regions,
indicating that a fraction of HQ molecules reside at around 9 Å
from the surface, which is not the case for CT and AN. This
observation suggests that HQ molecules tend to aggregate into
surface bound islands through strong intermolecular interac-
tions, whereas CT and AN molecules are more uniformly
distributed across the surface with comparatively weaker
intermolecular interactions. The origin of the intermolecular
Fig. 2 Changes of the distances from surface and the amount of HQ
simulation snapshots with the final distances of the HQ, CT and AN from

© 2025 The Author(s). Published by the Royal Society of Chemistry
interactions in HQ is governed by the para position of its –OH
groups, as conrmed by the RDFs between HQ molecules
(Fig. S3), which display a pronounced peak at∼0.6 nm, which is
missing for the other two molecules, indicating a strong
correlations between –OH groups of the neighboring HQ
molecules. Additional initial and nal snapshots of the simu-
lation systems were depicted in Fig. S4.

The simulated radial distribution functions (RDFs)
describing the correlations between HQ, CT, and AN molecules
and the oxygen atoms of surface functional groups (–COOH, –
OH, and –O–) are presented in Fig. 3(a–c). For HQ and CT, the
correlations were calculated between the oxygen and hydrogen
atoms of their functional groups and the oxygen atoms of the
surface functional groups, whereas for AN, the nitrogen and
hydrogen atoms were considered. For –COOH groups, strong
correlations were observed between the oxygen atoms of –

COOH and the oxygen and hydrogen atoms of CT, as well as the
nitrogen and hydrogen atoms of AN, relative to HQ. The rst-
neighbor distances between the oxygen atoms of –COOH and
the oxygen atoms of HQ, CT, and the nitrogen atoms of AN were
0.31 nm, 0.30 nm, and 0.30 nm, respectively. Corresponding
distances for the hydrogen atoms of HQ, CT, and AN were
shorter, at 0.20 nm, 0.20 nm, and 0.22 nm, respectively. For –OH
groups on the surface, the rst-neighbor distances between the
oxygen atoms of HQ, CT, and the nitrogen atoms of AN and the
oxygen atoms of the –OH groups were 0.30 nm, 0.30 nm, and
0.31 nm, respectively. For hydrogen atoms, the distances were
0.21 nm, 0.21 nm, and 0.22 nm, respectively. For –O– groups,
the rst-neighbor distances between the oxygen atoms of HQ,
CT, and the nitrogen atoms of AN and the oxygen atoms of –O–
groups were 0.28 nm, 0.30 nm, and 0.30 nm, respectively,
whereas the hydrogen atoms of HQ, CT, and AN coordinated at
distances of 0.18 nm, 0.20 nm, and 0.20 nm, respectively. In
addition, hydrogen correlations for CT and AN exhibited
a distinct second-neighbor peak, attributable to the presence of
adjacent functional groups, two hydroxyls in ortho positions for
CT and two hydrogens in the –NH2 group of AN. This peak was
absent for HQ due to the para-positioned hydroxyl groups,
(a), CT (b), and AN (c) as a function of temperature. Corresponding
the surface (bottom panel).

RSC Adv., 2025, 15, 38211–38217 | 38213
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Fig. 3 Simulated radial distribution function (RDF) of CT (black), HQ (red), and AN (blue) with different surface functional groups (a) –COOH,
(b) –OH, (c) –O–. Top panels show O/N and bottom panels show H correlation with the surface functional groups.
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which are too far apart to simultaneously correlate with the
same surface functional group. Overall, the short rst-neighbor
distances between the hydrogen atoms of HQ, CT, and AN
functional groups and the oxygen atoms of the surface func-
tional groups are consistent with O–H hydrogen bonding,59

while slightly longer distances were observed for –NH2 groups,
as expected. Despite similar O–H correlations for –COOH and –

OH surface groups, –O– groups exhibited slightly shorter
distances, a trend most pronounced for HQ, likely due to the
positional arrangement of its functional groups.

The structural arrangement of the molecules on the GO
surface signicantly inuences their interactions with surface
functional groups. Simulated snapshots, shown in Fig. 4, reveal
that the hydrogen atoms of the functional groups of organic
molecules predominantly interact with the oxygen atoms of
various surface functional groups. HQ is capable of simulta-
neously interacting with two surface functional groups via its
two hydroxyl groups. In contrast, CT primarily engages with
only one surface functional group, despite possessing two
hydroxyl groups; the second hydroxyl forms an intramolecular
hydrogen bond due to its structural position. Similarly, AN
interacts with only one surface functional group, while its other
hydrogen remains far from the adsorption site, a behaviour
Fig. 4 Simulated snapshot on GO functional groups interacting with
(a) HQ, (b) CT, and (c) AN, where graphene (cyan), epoxy group
(orange), hydroxyl group (yellow), carboxylic group (purple), oxygen
(red), blue (nitrogen), and hydrogen (white).

38214 | RSC Adv., 2025, 15, 38211–38217
consistent with the presence of a distinct second-neighbor peak
in the RDFs.

We further quantied the native contacts between the
hydroxyl groups (OH–GO) and aromatic rings (ring–GO) of the
organic molecules and the GO surface by calculating the
number of contacts over the course of the simulations (Fig. 5).
HQ exhibited an equal number of native contacts with the GO
surface through both its hydroxyl groups and aromatic ring,
indicating that HQ interacts with the surface via both functional
groups simultaneously. This interaction pattern is consistent
with a parallel orientation of HQ relative to the GO surface,
a behavior also reported in previous studies.60

In contrast, CT and AN showed a higher number of OH–GO
contacts compared to ring–GO contacts, indicating that their
interactions with the GO surface are predominantly mediated
through the hydroxyl (for CT) or amine-linked hydrogen (for AN)
groups rather than direct p–p stacking of the aromatic ring.
Among the threemolecules, CT exhibited the highest number of
OH–GO contacts, in agreement with earlier reports involving
polymer-modied glassy carbon electrodes and pristine gra-
phene.60,61 The comparatively lower number of native contacts
for HQ relative to CT and AN can be attributed to the island-like
aggregation of HQ molecules observed in Fig. 2, which limits
the accessible surface area for direct contact. Additionally, the
simultaneous engagement hydroxyl groups of HQ and aromatic
ring likely requires a greater spatial footprint, further reducing
the overall number of contacts per molecule.
3.3 Interaction energy and dynamics

The interaction energies presented in Fig. 6 provide insight into
the specic affinities between the surface functional groups of
GO and the functional groups of the organic molecules. This
interaction energies between the GO functional groups and the
organic molecules were calculated and normalized by dividing
by the number of organic molecules in the system. Error
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Simulated amount of native contact between the GO surface and OH (black), and benzene ring (red) of the HQ (a), CT (b), and AN (c) as
a function of the simulation time.
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estimates were obtained by block averaging of the trajectories,
and the corresponding standard deviations are shown as error
bars in Fig. 6. For the –O– and –OH surface functional groups,
the interaction energies with the functional groups of organic
molecules are comparable. However, for the –COOH group, HQ
exhibits a signicantly higher energy compared to CT and AN.
Presumably, –COOH groups are likely less accessible to HQ due
to its adsorption geometry, engaging both hydroxyl groups and
the aromatic ring in parallel contact with the surface and its
tendency to form densely packed islands via strong intermo-
lecular interactions. Such aggregation can limit the ability of
HQ molecules to reorient and access all surface sites. Further-
more, the interactions with surface –COOH groups are primarily
mediated by the functional moieties of the organic molecules.
As shown in Fig. S6, the overall interaction energy contribution
of the molecules is less for –COOH groups than for the other
surface functional groups.

HQ can adopt congurations that strongly favor interaction
with –O– groups by positioning itself between two adjacent –O–
sites, thereby enabling both hydroxyl groups to form simulta-
neous hydrogen bonds, as suggested by the simulated snap-
shots in Fig. 4. This dual-site binding likely contributes to the
Fig. 6 Interaction energies between surface functional groups and
functional groups of CT, HQ, and AN.

© 2025 The Author(s). Published by the Royal Society of Chemistry
stability of HQ's surface association and explains its
pronounced –O– interaction energy. The combination of strong
–O– interactions and island formation also results in reduced
lateral mobility for HQ, as evidenced by the lower displacement
values shown in Fig. S5, relative to CT and AN.

In contrast, CT and AN display more evenly distributed
interaction energies across all three surface functional groups,
with a slight preference for –O– and –COOH groups over –OH
groups. AN exhibits marginally higher displacement than CT,
which may be attributed to the presence of one unbound
hydrogen in its –NH2 group, providing additional conforma-
tional exibility. Whereas, CT is capable of forming an intra-
molecular hydrogen bond between its two hydroxyl groups,
which can reduce molecular exibility and mobility on the
surface.
4. Conclusions

This study provides a detailed molecular-level understanding of
the adsorption mechanisms of CT, HQ, and AN on graphene
oxide functionalized with –O–, –OH, and –COOH groups. The
simulations demonstrate that the positional arrangement of
hydroxyl groups in CT and HQ, as well as the presence of an
amine group in AN, critically inuence adsorption geometry,
surface affinity, and mobility. HQ exhibits a unique dual-site
adsorption mode, interacting simultaneously through
hydroxyl groups and the aromatic ring, which promotes aggre-
gation into surface-bound islands and preferential binding to –

O– sites. This conguration limits accessibility to –COOH
groups and reduces lateral displacement. In contrast, CT and
AN favour –O– and –COOH functionalities, with CT exhibiting
the highest number of OH–GO contacts and AN showing greater
mobility due to its unbound amine hydrogen. The combination
of RDF analysis, native contact quantication, and interaction
energy evaluation underscores the interplay between molecular
geometry and surface chemistry in driving selective adsorption.
Although the present simulations do not aim to reproduce
experimental adsorption isotherms, available batch-adsorption
studies on GO and GO-based composites report that CT, HQ
and AN are readily adsorbed via combined p–p stacking and
hydrogen-bonding mechanism.62,63 These experimental
RSC Adv., 2025, 15, 38211–38217 | 38215
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observations are consistent with our atomistic results, which
identify hydrogen bonding with oxygenated surface sites and
aromatic-ring interactions as the dominant binding motifs.
From an experimental standpoint, enrichment of –COOH
groups at sheet edges is expected to enhance CT and AN
adsorption, whereas increasing basal-plane epoxide density
would favour HQ adsorption while also contributing to CT and
AN binding. These ndings offer a framework for engineering
GO-based materials with tailored functionalization to enhance
the selective sensing, separation, and removal of structurally
similar aromatic pollutants from aqueous environments.
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