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Environmental significance statement

Aromatic compounds (ACs) and graphene oxide (GO) may be introduced into the water environment in their life

cycles with their promising applications. Therefore, elucidating the interaction between GO and ACs will help to
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evaluate their environmental risks. In addition, a deep understanding of the interaction mechanism will allow the
9 improvement for the decontamination and sensing of ACs with GO. Furthermore, the MD- and DFT-relevant
measurements developed in this study will provide a platform to explore the behavior of other nanomaterials in

water.
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Theoretical Insight into the Adsorption of Aromatic Compounds

on Graphene Oxide

Huan Tang **¢, Ying Zhao *°, Sujie Shan *®, Xiaonan Yang *°, Dongmei Liu *°, Fuyi Cui *’, and

Baoshan Xing ©

In this work, adsorption of aromatic compounds (ACs) on graphene oxide (GO) was systematically
investigated. Bisphenol A, nitrobenzene, phenol, benzoic acid, and salicylic acid were employed as
representatives of ACs. Experimental isotherm analysis indicated the order of adsorption capacity is
nitrobenzene > BPA> phenol > salicylic acid > benzoic acid. To examine which mechanism (including m-m,
hydrogen bonds, vdWs, and hydrophobic interaction) governs the adsorption capacity, m-stacking ability,
hydrogen bonds interaction energy, polarizability, and the interaction intensity of ACs with water were
examined using molecular dynamic simulations and density functional theory calculations. The results
showed that adsorption capacity was mainly guided by the m-stacking ability of ACs. Hydrophobicity, GO-ACs
hydrogen bond, van der Waals, and electrostatic interaction may contribute to the adsorption of ACs on GO,
but are not important in regulating the adsorption capacity. Local configurations of ACs adsorbed on GO
were captured, and two patterns for multilayer adsorption were observed. Further analysis suggested that
upon adsorbing on GO, the translational motion of ACs in water will be suppressed; however, the solvent

accessible surface area will be increased, which may increase the bio-accessibility of ACs.

Introduction

Aromatic compounds (ACs), with one or more benzene rings in their
chemical structure, are present in a wide variety of products used in
our daily life." Due to their growing applications, ACs are detected
in water effluents and drinking water.”® Some ACs are endocrine-
disrupting chemicals and can affect the growth and reproduction of
many species even at very low concentrations." For example,
bisphenol A (BPA) can act through a variety of physiological
receptors, such as the receptors of genomic estrogen, membrane-
bound estrogen, androgen, and thyroid hormone.> Once entering
into the water environment, ACs may accumulate and transfer
through food chains in the ecosystems, and affect animal and
human health.® ACs have been reported to occur in some surface
water; for instance, the concentration of BPA in some drinking
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water sources is part-per-trillion (ng LM to part-per-billion (ug L'l).2
Environmental exposures to many phenols are documented
worldwide and exposures can be quite high (>1uM of urine
metabolites).7 Therefore, the removal of ACs from contaminated
wastewater is becoming an important issue in environmental
pollution and wastewater treatment.

The decontamination of ACs can be accomplished by various
techniques such as photocatalyticc,  molecular-imprinted,
biodegradation, advanced oxidation, and adsorption approaches.g'12
Among these methods, sorption is one of the most widely used
technologies considering its simple operation, low cost, and high
efficiency. Recently, graphene-based nanomaterials have been used
widely as adsorbent materials for ACs removal.*? Graphene oxide
(GO), a two-dimensional carbon-based material, has been
extensively investigated to remove organic contaminants in
environmental cleanup due to its large specific surface area and a
variety of oxygenated functional groups.m'18 Additional to the
application for elimination of ACs, GO-based systems have been
successfully employed for the electrochemical sensing of ACs.® ! n
previous studies, the effect of solution chemistries (pH, ionic
strength, and the presence of natural organic matter) and GO
structural characteristics (wrinkles, folds, and grooves) were fully
elucidated, and adsorption mechanisms were investigated
employing adsorption isotherms and spectroscopic methods. m-nt
Interaction was verified to constitute one of the most important
driving force governing the adsorption of ACs on Go."™ However,
quantitative measures to identify the m-m interaction intensity
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between GO and ACs is still scarce, and the configurations of ACs-
GO after adsorption as a function of the concentration of ACs are
unknown. Moreover, systematic studies and discussions on the
mechanism that governs the adsorption capacity of GO towards ACs
are still lacking. A thorough understanding of the interaction
between GO and ACs will allow the improvement for sensing and
removing ACs, thus, fundamental investigations are required.

To further address the interaction between ACs and GO,
investigations with theoretical calculations should be conducted.
Molecular dynamics (MD) simulation is a method allowing the
physical movements of molecules to be characterized and giving a
view of the dynamic evolution of the system.zz'24 Recent decades
have seen tremendous efforts in exploring the adsorption
mechanisms employing MD. Chen et al. captured the dynamic
behaviour of pollutants on the surface of hexagonal boron nitride,
and revealed the relationship between adsorption energies and n-
octanol / water partition coefficient.” Tang et al. uncovered the
mechanism behind the pH-dependent adsorption of ionizable
compounds on GO using MD, and six kinds of hydrogen bond (H-
bond) configurations during the adsorption process were
observed.?® Density functional theory (DFT) calculation has also
proven to be an effective tool in probing the adsorption energy and
configurations. Based on DFT theoretical calculations, Wang et al.
examined the interaction mechanisms of organic compounds on
graphene-related materials, and the computed results were further
evidenced by experimental te(:hniques.27'30 Inspired by this, it is
reasonable and important to explore the adsorption of ACs on GO
combining experimental measurements, MD simulations, and DFT
calculations.

Based on the above discussion, the adsorption of ACs on GO were
explored systematically. BPA, nitrobenzene, phenol, benzoic acid,
salicylic acid are widely used with considerable industrial
importance and environmental impact, therefore, they were
employed as representatives of ACs. Isotherm analysis was
employed to explore the adsorption capacity of ACs on GO, and MD
simulations and DFT calculations were performed to uncover the
mechanisms behind the distinct adsorption capacity.

Experimental
Preparation and Characterization of GO

GO was synthesized through the reaction of graphite powder
(Nanjing XFNANO Materials Tech Co., Ltd.) with KMnO, in a
concentrated H,SO, solution (the Hummers method)."’1 Detailed
preparation method is the same with our previous studies® and is
provided in the Electronic Supplementary Information (ESI). Physical
dimensions of GO were determined following an AFM procedure
developed elsewhere.® X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FTIR) were used to
determine the surface functionalities of GO. The area under peaks
from the XPS spectra was used for quantifying the relative
concentrations of functional groups.

Adsorption Experiments

Adsorption experiments were conducted using a batch approach as
reported in previous studies.” Adsorptions of ACs (0-500 mg/L)
were carried out by mixing with GO (600 mg/L) in 10 mL vials at
25+1°C. The pH was adjusted to 7 by adding negligible volumes of
0.1 mol/L HCl or NaOH solution. The vials were placed on a shaker
and agitated in the dark at 120 rpm for 24 h to reach an apparent
equilibrium (preliminary experiments showed that there was no
significant adsorption difference of ACs on GO after 24 h). After
separation, the supernatant was immediately analyzed using high-
performance liquid chromatography (HPLC).

Experimental data were obtained by the average values of triple
parallel samples. The Langmuir and Freundlich models (eq 1 and 2)
were used to fit the experimental isotherm data®*®;

AmKLC,
Qe= 17-7:1( ce @)
L%e

Qe=KpC? (2)

where C, (mg/L) was the final concentration of ACs in aqueous
solutions after sorption equilibration, Q. (mg/g) was the amount of
AC adsorbed on GO, g,,(mg/g) was the maximum sorption capacity,
K, (L/mol) was a constant that associated with the sorption energy,
Ke [(mg/g)/(mg/L)")] was the Freundlich constant when the
equilibrium concentrations of ACs reach to 1, and n represented the
sorption intensity.

The kinetic data were fitted by pseudo-first order and pseudo-
second-order models”:

In (Qe - Q(t)) = IHQe - klt (3)
t t 1

—_— =4+ — (4)
ae e kaq?

where g (mmol /g) was the amount of adsorbed ACs at time t (h),
g.(mmol /g) was the amount of adsorbed ACs at equilibrium, k;
(1/h) and k, (mmol /(g-h)) were the rate constant of pseudo first-
order and pseudo-second-order sorption, respectively.

MD simulation

GO used for MD simulation was built based on the Lerf-Klinowski
model.*® Carboxyl groups are attached to the carbon atoms on the
edges. Epoxy and hydroxyl are the two dominant groups and are
grafted to the carbon atoms on graphene basal plane. It is
suggested that epoxy and hydroxyl are in proximity, moreover, the
lowest-energy configuration is the one where the epoxy and
hydroxyl are the nearest neighbours but located at the opposite
sides of the graphene basal plane (Fig. 1(a)).37 Electrophoretic
mobility measurements indicated that GO is deprotonated and is
negatively charged over the pH range from 1 to 12,32’ 38 therefore,
half of the edge carboxyl groups are set to be deprotonated to
mimic the property of GO in water and the model of GO was set to
Cy0(-0-);(0OH),(COO0H)(5(CO0)gs. The amount of deprotonated
carboxyl groups in our model may different from the real situation
in water environment, but will not affect the mechanism
understanding, and similar models has been employed by other
researchers and were proposed to perform well for exploring the
properties of GO.*3™ |n the range of pH values usually observed

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 2
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in the aquatic environment (5 to 9)38, some ACs will be
deprotonated. Therefore, the model of BPA, nitrobenzene, phenol,
benzoic acid, and salicylic acid were built based on the pKa values
(Table S1). The size of GO was 5.5 nm x 5.8 nm, and a ~ 13.0 x 13.0
x 13.0 nm® simulation box which contains ~ 80000 water molecules
was used. 10 mM Na* and CI” were added to compensate for the
net charges in the simulation box. Model of GO and detailed system
setups are provided in Fig. 1.

<€ 13nm >

Fig. 1 Setup of the simulation system. (a) Positions of epoxy and
hydroxyl groups on GO. (b) Model and dimension of the GO. (c)
Dimension of the simulation system. (d) System setup for the
adsorption of ACs on GO. The initial vertical distance between AC
and GO is set at 2.0 nm. H in white, O in red, C in black, the tiny red
dots represent water molecules, and the small molecules represent
ACs.

The optimized potentials for the liquid simulations-all atoms
(OPLS-AA) force field* implemented in the GROMACS software
package43 was used for simulating the adsorption of ACs on GO. The
force field parameters were chosen accordingly with our previous
studies and are given in ESI. Periodic boundary conditions were
applied in all three directions. Water molecules were simulated
using the standard SPC/E model.** Bond lengths were constrained
with LINCS* and water geometries were constrained with SETTLE.*®
The cutoff for vdWs interaction was set to 1.0 nm. Before the MD
began, energy minimizations were carried out. Then the systems
were equilibrated for 100 ps at a temperature of 300 K (NVT)
followed by a constant pressure of 1 bar (NPT). During the
minimization and equilibration processes, the basal planes of the
GO sheets and ACs were constrained. After annealing and
equilibration, the simulated systems were run for 10-20 ns in an
NVT ensemble at 300 K using a modified Berendsen thermostat®’.
The timestep was 2 fs and the trajectories were collected every 20
ps. Preliminary simulations showed that the simulation system will
take ~5000 ps to reach equilibrium. Therefore, 10-20 ns are enough
for our MD simulations. The system is considered to reaching an
equilibrium when the fluctuations of temperature and total

nvironmental Science:Nano
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energy are within 10%. The MD trajectories resulting from the
dynamic simulations were processed to extract structural and
dynamical properties of the simulated systems. To identify the
binding ability of ACs with water, the number of H-bonds forming
between ACs and the surrounding water molecules was calculated.
Specifically, we consider a bond to be an H-bond only if it meets the
following two criteria: the donor-acceptor distance is smaller than
0.35 nm and the hydrogen donor acceptor angle is smaller than 30°.

3% This criterion for H-bond has been used in previous studies.*”
40,49
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Fig. 2 Characterization of GO. (a) AFM image of GO. (b) FTIR
spectrum of GO. (c) C 1s XPS spectrum of GO.

DFT Calculations

DFT Calculations were performed using Gaussian09 program.50
Geometric optimizations for the calculations of interaction energy
and LOLIPOP were performed using B3LYP functional with the 6-
311+G** basis set, and DFT-D3(BJ) dispersion correction was
employed. During the optimization, the whole system was free to
move. Single point energies were calculated on the level of
B3LYP/aug-cc-pVTZ. Polarizability was calculated on the level of
PBE1PBE/aug-cc-pVTZ. Interaction energy (E;) was calculated by the
formula: E; = Ejgosac) — Efco) — Ejac) + Essse, Where Ejgo.ac) represents

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 3
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the total energy of the target GO-AC system, Egq is the total energy
of GO, Eju is the total energy of AC, and Egsse is the basis set
superposition error (BSSE) energy” . Because DFT calculations are
time-consuming, smaller GO models (Fig. S1) were used and the
system setups are provided in the ESI. LOLIPOP index was calculated
using Multiwfn®? to measure the ni-stacking abilities of ACs.

PCM implicit solvent model was used. Note that the specific
interactions that involve water cannot be described by implicit
solvation, explicit water molecules were also included. To examine
the H-bond interaction between ACs and water, 8 water molecules
were placed around the ACs (Fig. S2). MD simulations showed the
maximum amount of water molecules binding with ACs is 6, and
therefore, 8 water molecules are enough for exploring the H-bond
interaction. During the adsorption, there will be two kinds of H-
bond interaction between ACs and the functional groups on GO: (1)
H-bonds forming directly between ACs and the functional groups
(ACs...GO); (2) water-bridged H-bonds forming between ACs and
the functional groups (ACs...water...GO) through water. Therefore,
two sets of DFT calculation systems were built (Fig. S3). For the
water bridged H-bond, the amount of water in the “bridge” is not
constant, and two molecules were used in our calculations.

Results and discussion

Characterization of GO

AFM image analysis confirmed that the GO sheets were single-
layered and had plate-like structures (Fig. 2(a)). The thickness of GO
was determined to be ~ 0.6 nm, consistent with the values reported
in the literature.® The FTIR spectrum of GO is shown in Fig. 2(b).
The large peak at approximately 3400 emTis assigned to hydroxyl,

300{(®
S 200
g
Gm 1001 ° Experlmt.ental data
— Langmuir model
— Freundlich model

0 ; x ; x
0 100 200 300 400 500

which originates from water, hydroxide, and carboxyl groups. The
sharp peaks at 1731, 1621, 1358, 1228, and 1048 cm™ are assigned
to C=0, aromatic C=C, carboxyl 0=C-O, epoxy C-O, and alkoxy C-O
bending motion, respectively. 3% 3% These functional groups were
further analysed using the XPS. As shown in Fig. 2(c), the carbon
existed mainly in four forms, that is, nonoxygenated C-C carbon
(284.8 eV), carbon in C-0O (286.5 eV), carbon in C=0 (289.5 eV), and
carbon in 0=C-0 (288.7 eV). The percentage of different functional
groups in GO is calculated based on the XPS spectrum and is shown
in Table S2.

Adsorption Capacity of ACs on GO

Sorption isotherms of ACs on GO are shown in Fig. 3, and the
relative parameters calculated from the Freundlich and Langmuir
models are provided in Table S3. The g,, values demonstrated that
the adsorption of nitrobenzene on GO (263.24 mg/g) was the most
favourable; BPA was the second favourable with a g,, value of
224.32 mg/g. By contrast, the adsorptions of phenol (56.56 mg/g),
salicylic acid (33.64 mg/g), and benzoic acid (21.27 mg/g) on GO
were not very significant. The adsorption capacity for nitrobenzene
is similar with a previously reported value of 295.1 mg/g,16 and the
subtle difference may be due to the different compositions of GOs.
The data for the other ACs used in this study are not found in the
literature.

To uncover the mechanisms behind the different adsorption
capacities, driving forces during the adsorption should be
examined. The underlying mechanisms involved in the adsorption
of organic compounds on GO include H-bond, m-i, van der Waals,
electrostatic, and hydrophobic interactions. Therefore, MD
simulations and DFT calculations were performed to identify the
dominant force that governs the adsorption capacity of ACs on GO.

200{() :
=150
£
*;’1 00; » Experimental data
(¢] 50 — Langmuir model
] — Freundlich model

0 100 200 300 400
Ce (mg/l) Ce (mg/l)
(d) (e)
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= =15
S 20+ )
E Ero
o Experimental data © 104 o Experimental data| 7, o Experimental data
— Langmuir model < — Langmuir model g 5; — Langmuir model
— Freundlich model 0 — Freundlich model 0 — Freundlich model
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Ce (mg/L) Ce (mg/l) Ce (mg/L)

Fig. 3 Sorption isotherms of (a) nitrobenzene, (b)BPA, (c)phenol, (d) salicylic acid, and (e) benzoic acid on GO.
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Hydrophobic Interaction

Hydrophobic interaction was suggested to be one of the most
important adsorption mechanisms for hydrophobic and nonpolar
ACs with the graphitic domains of GO. Octanol-water distribution
coefficient and aqueous solubility of the AC molecules have been
used to determine the intensity of the hydrophobic interactions.>
* These parameters are all related to the affinity between ACs and
water. Along these lines, the ability of forming H-bond with water,
which is an indicator for the intensity of binding with water, can
also be employed to measure the hydrophobicity of ACs. The ability
of forming H-bond with water can be obtained by calculating the
amount of H-bond forming between ACs and water and the
interaction energy of AC...water H-bond. For specifically, AC with
stronger hydrophobicity will form less AC...water H-bond and
possesses lower H-bond interaction energy. Based on the above
discussions, MD simulations and DFT calculations were performed
to examine the hydrophobicity of ACs. Considering that BPA possess
two benzene rings and two hydroxyls, and to make the interaction
intensity between ACs and water independent of the composition
of ACs, the interaction energy and the amount of H-bond were
divided by the relative molecular mass of AC, and the configurations
of the AC-water H-bonds are shown in Fig S4.

The MD results agree well with the DFT results that the order of
the hydrophobicity of ACs is (Fig. 4(a) and (b)): BPA >nitrobenzene >
salicylic acid > benzoic acid > phenol. This order correlates poorly
with the order of adsorption capacity (nitrobenzene > BPA > phenol >
salicylic acid > benzoic acid), implying that the hydrophobicity of
ACs is not an important factor that determines the adsorption
capacity of ACs on GO. It should also be noticed that the order of
aqueous solubility (phenol (83000 mg/L, 20 °C) > benzoic acid (3440
mg/L, 25 °C) > salicylic acid (2480 mg/L, 25 °C) > nitrobenzene (1900
mg/L, 20 °C) > BPA (1000 mg/L, 21.5 °C ))correlated well with the
ACs-water H-bond intensity, implying that the H-bond intensity is
efficient in comparing the hydrophobicity of ACs.

Free energy of transfer between water and oil is also a way to
quantify the ACs’ hydrophobicity, and therefore, was calculated to
examine whether it correlates well with the adsorption capacity.
The free energy of transfer (E;) was calculated on the level of
MO052X/6-31G* (scrf=SMD) by the formula: E¢ = Ejyater] = Efn-hexadecanels
where Ejyater] aNd Efn hexadecane] rePresents the solvation free energy
of ACs in water and in n-hexadecane. In general, the more positive
E¢ is, the more hydrophobic the AC is. As shown in Table S4, the
order of ACs’ hydrophobicity indicated by E; is: salicylic acid >
nitrobenzene > benzoic acid > phenol > BPA. This order correlated
poorly with the adsorption capacity of ACs on GO, indicating that
the free energy of transfer is not efficient in predicting the
adsorption capacity.

H-Bond Interaction

There are two kinds of H-bonds forming between ACs and the
functional groups on GO during the adsorption: the direct ACs...GO
H-bonds and the water-bridged ACs...water...GO H-bonds.
Considering it is impossible to isolate the H-bond interaction energy
from the total interaction energy (includes vdWs, H-bond, n-x, etc..),
bond length and bond angle were employed to compare the H-

bond interaction intensity. Based on the classification of Jerrey
(Table 55)58, H-bonds with shorter length and larger angle are
considered as stronger H-bond interactions. As shown in Fig. 5 and
Fig. S5, hydroxy, epoxy, and carboxyl interact the most strongly with
benzoic acid, BPA, and phenol, respectively. This trend indicates
that the direct H-bond between GO and ACs is not a dominant
factor that determines the adsorption capacity.

The water-bridged ACs...water...GO H-bonds (Fig. 5 and Fig. S5)
plays two distinct roles during the adsorption. On the one hand, this
H-bond represents a minor driving force; for example (Fig. 5), there
is no direct H-bond between nitrobenzene and the epoxy groups on
GO, and one water molecule bridged GO and nitrobenzene by one
moderate (2.03 A, 149.697°) and one weak (2.23 A,132.213°) H-
bond. On the other hand, this kind of H-bond hinders the direct
interaction between GO and ACs. More specifically (Fig. 5), in the
absence of water, benzoic acid and the hydroxy form a strong direct
H-bond (1.28 A, 179.688 °); however, upon the formation of water
bridged H-bond, this direct H-bond was impaired (1.52 A, 172.404°).
By comparing the water-bridged H-bond properties in Fig. S5, it is
concluded that the water-bridged H-bond is not important in
regulating the adsorption capacity.

To make it more convincing that the water-bridged H-bond exists
during the adsorption process, MD trajectories were extracted and
the water-bridged H-bonds were observed (Fig.56). The detailed
property of the water-mediated H-bond (bond length and bond
angle) may be different from the DFT results. This is because the
system setups for MD and DFT calculations are different: only two
water molecules were employed, and the model of GO was
simplified in DFT calculations; in MD simulations, the model of GO
with many functional groups was large and was surrounded by ~
80000 water molecules; therefore, different property of the water-
bridged H-bond is reasonable.

In summary, the H-bond between GO and ACs is not a dominant
factor that affects the adsorption capacity, and other driving forces
should be further investigated. -1t Interaction was suggested to be
important in influencing the adsorption preferences of ACs on Go.”
Therefore, the m-stacking intensity between GO and different ACs
was examined.

n-n Interaction

Bloom and Wheeler proposed that electrons confined to their
atomic rings can deliver stronger n-stacking interactions than those
being delocalized in aromatic systems.60 Based on this proposal,
Jérébme et al. introduced a quantitative criterion, namely the
LOLIPOP (Localized Orbital Locator Integrated Pi Over Plane) index,
to characterize the m-electronic nature of aromatic molecules and
provide information regarding their m-stacking ability. They argued
that benzene ring with smaller LOLIPOP value has stronger m-
stacking ability, implying that strong m-m interaction was likely to
occur for ACs with smaller LOLIPOP values. LOLIPOP values of the
ACs are shown in Fig. 4(c). To make the m-stacking ability
independent of the weight of ACs, the LOLIPOP values were divided
by the relative molecular mass of ACs. By comparing the LOLIPOP
values of each AC, it is clear that for BPA, phenol, salicylic acid, and
benzoic acid, the order of the LOLIPOP value aggress well with the

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 5
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order of the adsorption capacity. Therefore, -1t interaction is a
major factor in regulating the adsorption capacity. It should also be
noted that nitrobenzene exhibited the second weakest m-stacking
ability and possessed the highest adsorption capacity, which implies
that the m- m interaction itself may not completely explain the
adsorption capacity of ACs on GO, and other driving forces should
be further examined.

WA i A
N e R o

phenol — benzoci acid
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Time (ps)
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Considering there is no quantitative index for evaluating the n-
stacking ability of common ACs, the LOLIPOP values of 20 kinds of
ACs were calculated (Fig. S7). These LOLIPOP values will help to
compare the -1 interaction intensity between ACs and materials
containing benzene rings.

o
o
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o
i

1
o
b

Interaction energy (kJ/mol)
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nitrobenzene BPA phenol Salicylic benzoic
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Fig.4 MD and DFT results for the interaction intensity of hydrop

hobic, m-i, and vdWs interactions (the values in the figures are all

normalized by the molecular weight of ACs). (a) Amount ACs...water H-bonds. (b) Interaction energy of AC...water H-bond (c) LOLIPOP

values of ACs. (d) Polarizabilities of ACs.
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vdWs Interaction

The vdWs forces, also known as London forces, are weak
interactions caused by momentary changes in electron density in
molecules. The interaction includes either the attraction or
repulsion between AC molecules and GO surface. Though vdWs
interaction is weak, its long-range nature and collective effect can
be important in the interactions between GO and ACs. vdWs
interaction intensity is proportional to the polarizability.61 To
investigate whether the vdWs exert any effect on the adsorption
capacity, polarizability of the ACs are calculated. As shown in Fig.
4(d), the highest polarizability is for BPA (0.83), phenol (0.79) and
benzoic acid (0.75) are in the middle, and salicylic acid (0.74) and
nitrobenzene (0.71) with the lowest values. Therefore, the vdWs
interaction intensity between GO and ACs is BPA > phenol > benzoic
acid > salicylic acid > nitrobenzene. Notably, this order correlated
poorly with the adsorption capacity among the five adsorbates,
implying that the vdWs interaction is not a crucial factor controlling
the adsorption capacity.

Electrostatic Interaction

The presence of charged functional groups on ACs and GO indicates
that electrostatic interaction may be important in regulating the
adsorption capacity. The pKa values of GO are 4.3, 6.6, and 9.8, with
4.3 and 6.6 corresponding to the ionization of the carboxylic group,

Bl dubd &

m—'f

§iith
!

N S—

and 9.8 corresponding to the ionization of the hydroxyl group.62 The
pK, of BPA, phenol, benzoic acid, and salicylic acid is 9.0, 9.9, 2.98,
and 4.2, respectively. 6384 The range of pH usually observed in the
aquatic environment is from 5 to 9,38 implying that GO, BPA,
benzoic acid, and salicylic acid will be deprotonated. Upon the
ionization, GO and ACs are negatively charged and there will be
electrostatic repulsion between GO and ACs. Nitrobenzene is
neutral and is free of the electrostatic repulsion during adsorption,
indicating that the zero-electrostatic repulsion also contributes to
the higher adsorption capacity of nitrobenzene. However,
comparing phenol with BPA yields the conclusion that the effect of
T-Tt interaction overwhelms the effect of electrostatic repulsion.
Therefore, electrostatic interaction is not the most important in
governing the adsorption capacity.

In summary, the adsorption capacity of ACs on GO is mainly
guided by the intensity of m-m interaction, with hydrophobic
interaction, GO-ACs H-bond, vdWs attraction, and electrostatic
interaction provides additional driving forces. Recent experimental
studies also evidenced that the adsorption of ACs on GO was highly
dependent on the -1t interactions rather than hydrophobic effects.
16, Nitrobenzene exhibited the second weakest ni-stacking ability
and possessed the highest adsorption capacity, which should be a
combined mechanism of stronger hydrophobicity and zero -
electrostatic repulsion.
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Fig. 6 (a) Two patterns for the multilayer adsorption. The grey arrows indicate the first pattern, and the red arrows indicate the self-
aggregation-first pattern. (b) Evolution of the solvent accessible surface area of BPA during the adsorption. (c) Diffusion coefficients of GO

and ACs.

Local Topology of ACs Adsorbed on GO

The configuration of individual AC molecules adsorbed on GO was
reported extensively recently and an offset face-to-face m-m

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 7
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stacking structure was proposed,ze'28 however, the effect of ACs
concentrations was not incorporated. Considering that the local
topology of ACs adsorbed on GO as a function of the ACs
concentration will provide further understandings towards the
interaction mechanism, MD simulations were performed.

Three model systems were built: 20 AC molecules were put into
the 13x13x13 nm® water box to model the low concentration of ACs
(system i), with 40 AC molecules (system ii) and 60 AC molecules
(system iii) were put into the same water box to model the higher
concentration of ACs. As shown in Fig. S8, at lower concentration
(system i) where the adsorption sites are abundant, ACs adsorbed
on GO mainly via monolayer absorption. ACs was lying down on the
GO plane with offset face-to-face m-m interactions (Fig. S9(a)),
consistent with our previous studies. 2628 At higher concentrations,
the adsorption configuration is related to the property of ACs. For
phenol, even in system iii where 60 phenols were present, the main
mechanism is monolayer adsorption (Fig. S9(b)); for BPA, the main
adsorption mode is multi-layer adsorption (Fig. S9(c)). As illustrated
in Fig. 6(a), two patterns were observed for the multi-layer
adsorption by tracing the dynamic trajectories of BPA. One pattern
is that BPAs adsorbed on GO via binding with the BPAs that have
been adsorbed on GO (grey arrows in Fig. 6(a)). However, this is not
the dominant pattern, and the multilayer adsorption is mainly
accomplished via the first-self-aggregation mechanism (red arrows
in Fig. 6(a)). Three stages are identified for this pattern: (l)
significant aggregation of BPAs occurs before adsorbing on GO; (ll)
the BPA aggregates approach GO and bind with the GO in the form
of multilayer adsorption; (lll) the aggregates unfold to some extent
and extend on the basal plane of GO, thus enhancing the binding
with GO. The calculation of solvent accessible surface area (SASA)
offers another measure to evaluate the evolution of BPA aggregates
during the adsorption (Fig. 6(b)): self-aggregation of BPA is
accompanied by a decrease of its SASA, and the unfolding of BPA
aggregates upon adsorbing on GO is accompanied by a minor
increase of its SASA.

The self-aggregation stage is crucial for the multilayer adsorption.
For ACs with stronger hydrophilicity, self-aggregation is not
favoured. More specifically, even in system iii where 60 phenols
were present, only a few self-aggregations were observed, and
phenols tended to adsorb on GO via monolayer adsorption. For BPA,
the flexibility and the hydrophobic components facilitate its self-
aggregation, and therefore, the multilayer adsorption is favourable
for BPA even at lower concentration (Fig. S8).

According to the MD trajectories during the adsorption process,
amount of ACs adsorbed on GO with time was obtained, and
adsorption kinetics was predicted. The parameters (Table S6)
indicated that the adsorption of ACs on GO can be satisfactorily
fitted by the pseudo-first-order model, consistent with the
experimental results (Table S7). However, deviations exist for the
detailed parameters, which may be caused by the differences of
sizes or morphologies (wrinkle or groove) of GOs used in MD
simulations and experiments.

Effect of Adsorption on the Fate of ACs and GO

To understand how the presence of GO (ACs) impacts the
behaviour of ACs (GO) in water, unitary and binary model systems
were employed. The unitary systems contain only ACs or GO in

water, while ACs and GO are both present in the binary system.
Diffusion coefficients of ACs and GO in the unitary and binary
systems were calculated using MD and are collected in Fig. 6(c). In
the presence of GO, the diffusion coefficients of ACs decreased
significantly, implying the translational motion of ACs was
considerably slowed down. This suggests that the GO may retard
the migration of ACs in water. However, no obvious difference was
detected for the diffusion of GO upon the binding of ACs. These
results provide molecular level of evidence that by anchoring ACs
on the surface of GO-related materials, the migration behaviour of
ACs will be significantly changed; however, the presence of ACs in
the aqueous environment will not affect the migration of GO. In the
previous section, it has been established that the aggregates of BPA
will be unfolded upon binding on GO, thus the ACs that are
originally buried in the aggregated structure may be now accessible
for aquatic organisms and may lead to an increase of its biotoxicity.

In previous studies, Lan et al. mimicked the hydrophobic surface
by a carbon nanotube. 20Inspired by this, GO can be employed to
mimic the carbonaceous surfaces in aquatic environment. Chars
from vegetation fires, charcoal produced for fuel and atmospheric
soot particles are all carbonaceous materials which contain carbon
skeleton and functional groups such as carboxyl and hydroxyl.66
Based on the investigation for the interaction between GO and ACs,
it is reasonably inferred that released intentionally or
unintentionally into the aquatic environment, carbonaceous
surfaces will contribute greatly to alter the transport and toxicity of
ACs in water.

Conclusions

In this study, adsorption of BPA, nitrobenzene, phenol, benzoic acid,
salicylic acid on GO were investigated. Isotherm analysis showed
the adsorption capacity is nitrobenzene (263.24 mg/g) > BPA
(224.32 mg/g) > phenol (56.56 mg/g) > salicylic acid (33.64 mg/g) >
benzoic acid (21.27 mg/g). To explore the causative factors behind
the distinct adsorption capacity, m-i, H-bonds, vdWs, electrostatic
interaction, and hydrophobic effect were examined. m-stacking is
the most important property in regulating the adsorption capacity.
The order of hydrophobicity, polarizability, negative charges carried
by of ACs, and GO-ACs H-bond interaction intensity correlated
poorly with the order of adsorption capacity, implying that
hydrophobic interaction, vdWs, electrostatic interaction, and GO-AC
H-bond interactions are not important in regulating the adsorption
capacity. The configurations of ACs adsorbed on GO were captured
and were found to be related to the concentration and properties
of ACs. The calculations of diffusion coefficient and solvent
accessible surface area provided molecular level of evidence that
the interaction with GO will retard the migration and increase the
bio-accessibility of ACs, which may in turn affect their fate and
toxicity. In addition, the LOLIPOP values of twenty common ACs are
provided, which will help to compare the n-stacking ability between
ACs and materials containing benzene rings.
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