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Introduction

The formation of polycyclic aromatic hydrocarbons (PAHs)
stems from different ways, such as pyrolysis of petroleum
products, incomplete combustion of biomass, and the manu-
facture of coal tar.[1] Exposures to low-level PAHs in the en-
vironment have raised significant attention to concerns
about carcinogenic, mutagenic, and teratogenic effects on
human health.[2] Thus, it is of great importance to develop
efficient treatment technologies for the in situ removal of
PAHs in benthic environment cleanup.

Accurate predictions of the fate and transport of PAHs in
the environment and in the development of materials suita-
ble for encapsulation and disposal of PAHs require funda-
mental knowledge of the adsorption behavior of PAHs onto
various solid–solution interfaces. Adsorption is superior to
other techniques owing to low cost, flexibility and simplicity
of design, ease of operation, and insensitivity to organic pol-
lutants. The adsorption of PAHs on various carbonaceous

adsorbents (e.g., soot, activated carbon, carbon nanotubes
(CNTs), and graphene) has attracted a great deal of re-
search attention in recent years.[3] van Noort et al. found
that logarithmic maximum adsorption capacities (log Qmax)
of activated carbon and graphite were 7.85 and 5.25 nmol g�1

for phenanthrene, respectively.[3b] Ji et al. found that gra-
phene nanosheets and graphite oxides showed similar se-
quences of adsorption affinity (in mmol kg�1): 1-naphthyla-
mine>2-naphthol> tylosin>naphthalene (NAP).[3k] Gra-
phene nanosheets are regarded as one of the potential supe-
rior adsorbents owing to the presence of a huge theoretical
surface area (�2630 m2 g�1). Zhao et al. also noted that the
maximum adsorption capacity (Qmax) of sulfated graphene
was 2.326 mmol g�1 for NAP.[4] To the best of our knowl-
edge, there is little information available in the literature
about the difference in adsorption of PAHs on graphene
oxides (GOs) and reduced graphene oxides (rGOs) under
ambient conditions.

The overall objectives of the work described herein were
1) to characterize the microscopic and macroscopic proper-
ties of carbonaceous adsorbents by SEM, XRD, Raman
spectroscopy, and potentiometric acid–base titration; 2) to
elucidate the effects of pH, humic acid (HA), and tempera-
ture on NAP adsorption onto GOs and rGOs by means of
a batch technique; 3) to discuss the interaction mechanism
between PAHs and rGOs; and 4) to simulate the adsorption
behaviors of PAHs on rGOs in terms of theoretical calcula-
tions. This study highlighted the adsorption mechanism be-
tween PAHs and rGOs with a combination of macroscopic
adsorption and theoretical calculation methods.
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Results and Discussion

Characterization of Carbonaceous Adsorbents

The results obtained for characterization by SEM, XRD,
and Raman spectroscopy are given in Figure 1. The SEM
images (Figure 1 A and B) show that GOs and rGOs are

randomly aggregated and agglomerated together. The XRD
patterns of graphite and GOs (Figure 1 C) indicate that the
c axis spacing increases from 0.334 (corresponding to the
diffraction peak at 2q= 26.668) to 0.865 nm (corresponding
to the diffraction peak at 2q= 10.228) during the oxidation
process owing to the formation of oxygen-containing func-
tional groups (�OH,�COOH,�O�,�CHO, etc.) on the sur-
face of the GOs.[5] For rGOs, the reappearance of the weak
and broad diffraction peak at 2q=25.408 is attributed to the
rather limited ordering in each rGO nanosheet and the
uneven interlayer spacing over the whole rGO sample.[6] Ac-
cording to Raman spectroscopy, the G band (�1580 cm�1)
and D band (�1350 cm�1) of GOs and rGOs are observed
(Figure 1 D); these are related to the vibration of sp2-carbon
atoms in a graphitic 2D hexagonal lattice and the vibrations
of sp3-carbon atoms of defects and disorder, respectively.[7]

The weak and broad 2D band (from two phonons with op-
posite momentum in the highest optical branch) at about
2700 cm�1 is also an indication of disorder as a result of an
out-of-plane vibration model, which is similar to the results
of previous reports.[8] The significant decrease in the relative
intensity of the low-frequency 2D bands shows a further in-
crease in the layers of GOs and rGOs.[9] The G band posi-
tion of GOs is about 100 cm�1 higher than that of rGOs.
This upshift is partially due to chemical doping (occurrence
of substantial oxygen functional groups on the surface of
GOs).[10] According to the results of potentiometric acid–

base titration, the pHPZC (pH at point of zero charge) values
of GOs and rGOs are 3.9 and 7.1, respectively (Table S1 in
the Supporting Information).

pH Effect

The adsorption of NAP on rGOs, GOs, and graphite over
the relatively wide range of pH from 2.0 to 11.0 is shown in
Figure 2 A. The adsorption of NAP on graphite and rGOs is

independent of pH, whereas pH-dependent adsorption of
NAP on GOs is observed at low pH values. The pH-inde-
pendent adsorption of NAP onto graphite and rGOs is con-
sistent with the adsorption of NAP on phospholipids[11] and
on single-walled CNTs.[12] About 95, 60, and 25 % of NAP is
adsorbed onto the rGO, GO, and graphite surface, respec-
tively, under neutral pH conditions; this suggests that rGOs
have a larger adsorption capacity for PAHs than that of
GOs and graphite.

The differences in adsorption capacities between rGOs
and GOs result from the structures and surface properties
of the adsorbents, for example, the formation of micropores
and deprotonation of surface functional groups.[3j] The for-
mation of micropores in the rGOs is attributed to its porosi-
ty, lattice vacancies, and dislocations, which may create het-
erogeneous sites with different adsorption energies for the
adsorption of PAHs.[13] For GOs, the increase in pH over
a relatively wide range facilitates deprotonation of acidic
functional groups (�COOH, �OH) of GOs, which promotes
the p-electron-donor ability of the graphene surface under
low pH conditions. The carboxyl group (�COOH) is a weak
electron donor and acceptor, whereas �COO� is a strong
electron donor, but not an acceptor.[12] For the weak p

donors of NAP, pH-dependent adsorption of NAP on GOs
at low pH values is attributed to p-electron donor–acceptor
interactions. At high pH, however, a subtle change in the
adsorption of NAP on GOs is observed, and it is assumed
that hydrophobic interactions dominate the adsorption be-
havior under high pH conditions. Therefore, the effect of
pH on NAP adsorption cannot simply be attributed to the
changes in the hydrophilicity of functional groups.[11] For
graphite, which is only composed primarily of series of

Figure 1. Characterization of the carbonaceous adsorbents: SEM images
of rGOs (A) and GOs (B); C) XRD patterns of graphite, GOs, and
rGOs; and D) Raman spectra of rGOs and GOs.

Figure 2. A) The effect of pH on NAP adsorption onto graphite, GOs,
and rGOs; CNAP =0.1 mmol L�1, I= 0.01 mol L�1 CaCl2, T= (25�1) 8C.
B) The effect of HA on pyrene (PYR) adsorption onto rGOs; pH 6.5�
0.1, I =0.01 mol L�1 CaCl2, CHA =10 mg L�1, T = (25�1) 8C.
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stacked parallel layer planes, trigonal sp2 bonding is ob-
served; therefore, the graphite has a lower adsorption ca-
pacity for hydrophobic organic compounds compared with
rGOs and GOs.

HA Effect

The presence of natural organic matter (NOM), such as
HA, influences the removal of PAHs from aqueous solu-
tions.[14] It is hypothesized that two types of carbon NOM
(“soft” and “hard” carbon) are observed. Sorption of PAHs
into the soft-carbon NOM follows a nearly linear partition-
ing process, whereas sorption on hard-carbon NOM exhibits
both adsorption and absorption or partitioning. As shown in
Figure 2 B, the presence of HA reduces the adsorption of
PAHs on rGOs, which could be caused by competitive ad-
sorption between PAHs and HA onto rGOs. There are two
possible reasons for this: 1) high affinity for PAH molecules;
2) fouling of HA on the surface of rGOs. It has been docu-
mented previously that HA molecules contain long, flexible
aliphatic chains, which would show high affinity to rGOs,
probably owing to strong electrostatic interactions. In con-
trast to the aliphatic chain, aromatic rings in PAH molecules
are hard and inflexible. It is believed that the binding of
PAHs to HA is dominated by van der Waals type interac-
tions.[15] Schlautman and Morgan found that the binding of
PAHs to HA was significantly influenced by the steric char-
acteristics of the molecule, which controlled its ability to fit
into the hydrophobic cavities of the organic structure.[14c]

The results are consistent with the results of PYR adsorp-
tion on granulated activated carbon; Radian and Mishael
found that the adsorption of PYR by granulated activated
carbon decreased dramatically from 80 % to less than 2 %
with increasing HA concentration from 1 to 10 mgL�1.[14h]

Adsorption Isotherms

The adsorption isotherms of PYR on rGOs, GOs, and
graphite are shown in Figure 3. The adsorption capacity of
PYR on rGOs, GOs, and graphite significantly decreases in
the order of rGOs>GOs @graphite. The oxygen-containing
functional groups (�OH, �COOH, �O�, �CHO, etc.) of

GOs can form hydrogen bonds with water molecules, which
can consequently make GOs more hydrophilic to suppress
the adsorption of PAHs through competition with water
molecules.[16] Consequently, the adsorption capacity of PAHs
on GOs is lower than that of PAHs on rGOs, which is in
line with the previously mentioned report for oxidized and
pristine CNTs (KF values were 21.4 and
36.1 (mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n for oxidized and pristine multiwalled
carbon nanotubes (MWCNTs), respectively).[17] Pan and
Xing also demonstrated that the adsorption of PAHs on
CNTs decreased with increasing oxygen content of graphene
nanosheets owing to the depressed hydrophobic interac-
tion.[18]

The Effect of Aromatic Rings

Experiments for the adsorption of three PAHs (NAP, ANT,
and PYR) on rGOs were also conducted in this study to ex-
amine the effect of different aromatic rings on the adsorp-
tion of PAHs from aqueous solutions (Figure 4 A). The rate

and extent of NAP adsorption on rGOs is enhanced relative
to those of ANT and PYR (Figure 4 A); this is attributed to
the surface properties of rGOs and the properties of PAHs.
The given rGOs could not be occupied by large organic
molecules because of strong heterogeneity.[16] The larger
molecule of PYR has a lower adsorption capacity in the
pores of rGO aggregates than the relatively smaller mole-
cules (e.g., NAP and ANT) because of the bottleneck of
pores (aggregation of graphene nanosheets) for organic
chemical diffusion.[19] More specifically, PAHs with more ar-
omatic rings in their molecules have higher p* values and
lower water solubilities (Table S2 in the Supporting Infor-
mation),[20] thereby the lowest adsorption of ANT on rGOs
is observed in this study.

Isotherm fitting with Langmuir, Freundlich, and Polanyi–
Dubinin–Ashtakhov (PDA) models was conducted, and con-
sequently, parameters calculated from the isotherms are
summarized in Table 1. Isotherms for all PAHs correspond
very well to the PDA model; this provides evidence that
pore filling and flat surface adsorption is involved. The fit-
ting results were consistent with the results reported by
Wang et al.,[21] who found that the adsorption data of NAP

Figure 3. A) Adsorption isotherms of PYR on rGOs and GOs; pH 6.5�
0.1, I= 0.01 mol L�1 CaCl2, T = (25�1) 8C. B) Adsorption isotherms of
PYR on graphite; pH 6.5�0.1, I =0.01 mol L�1 CaCl2, T= (25�1) 8C.

Figure 4. Adsorption isotherms of NAP, ANT, and PYR on rGOs (A)
and the effect of temperature on the adsorption of PYR onto rGOs (B);
I=0.01 mol L�1 CaCl2, T= (25�1) 8C.
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on CNTs fitted to the PDA model very well. As illustrated
in Table 1, the saturated adsorbed capacities (in mmol g�1)
of rGOs for PAHs calculated from the PDA model signifi-
cantly decreased in the order of NAP>PYR>ANT, which
is consistent with the maximum adsorption capacity calculat-
ed from the Langmuir model. It is observed that the degree
of heterogeneity (1/n, calculated from the Freundlich
model) of PYR on rGOs is higher than that of graphite, sug-
gesting that more homogeneous adsorption sites are ob-
served on the surface of rGOs. The aggregated structure of
rGOs results from its strong hydrophobicity, which may
create heterogeneous sites with different adsorption ener-
gies for PAHs. The heterogeneous sites of rGOs may stem
from the following types: 1) in the interstitial spacing be-
tween neighboring graphene nanosheets; and 2) on the
curved surface of the periphery of nanosheets.[3j] From a liter-
ature survey (Table 2), the logarithmic Freundlich adsorp-
tion coefficients of NAP, ANT, and PYR on rGOs (KF =

15.92, 247.17, and 369.06 (mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n for NAP, ANT,
and PYR, respectively) are comparable to other adsorbents
used to adsorb PAHs from aqueous solutions, such as acti-
vated carbon (KF =45.71, 331.13, and
187.75 (mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n for NAP,[17] ANT,[22b] and PYR,[22c]

respectively), MWCNTs (KF = 12.88 and
234.42 (mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n for NAP[22d] and PYR[21] respec-
tively), activated sludge[22b] (KF =0.24 and
20.42 (mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n for NAP[22a] and PYR,[22a] respec-
tively) and quartz (KF =0.36 (mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n for PYR[22e]).
From the results of the interaction of PAHs with rGOs, one
can see that rGOs can be used as a suitable material for the
removal of hydrophobic organic compounds in environmen-
tal pollution clean up. Although rGOs are relatively expen-

sive compared with activated carbon, rGOs will be synthe-
sized at a lower price and on a larger scale in the near
future with the development of new technology. The high
adsorption capacity of rGOs for PAHs makes their applica-
tion in hydrophobic organic compound management promis-
ing.

Temperature Effect

The effect of temperature on the adsorption of PYR onto
rGOs from the aqueous phase is given in Figure 4 B. The ad-
sorption of PYR on rGOs decreases with increasing temper-
ature, which is in accordance with the adsorption of PYR on
both laboratory- and field-contaminated sediment.[23] Sleep
and McClure also found that the adsorption of NAP on soil
decreased by 60 % as the temperature increased from 22 to
90 8C.[24] He et al. also found that the adsorption of fluoran-
thene on soil and lava decreased as the temperature in-
creased from 15 to 35 8C.[25] The temperature could poten-
tially affect the adsorption behavior in two ways: 1) diffusiv-
ities in solution and interstitial water change with tempera-
ture, but a change in temperature only influences about
a 10 % range in molecular diffusivities; and 2) temperature
can change the partition coefficients, and consequently,
change the diffusivities. The adsorption processes combine
a negative temperature dependence of the equilibrium of
fast adsorption and a positive temperature dependence on
the kinetics of slow adsorption.[26] The aforementioned re-
sults indicate that the equilibrium of fast adsorption domi-
nates the adsorption of PYR on rGOs.

Interaction Mechanism

For hydrophobic organic compounds without any polar
groups, such as PAHs, the main driving force behind the ad-
sorption process is hydrophobic adsorption.[27] As described
previously for adsorption isotherms, the adsorption of PAHs
on carbonaceous adsorbents can be fitted by the Freundlich
model very well, although this model cannot separately de-
scribe the partition and adsorption mechanisms.[19,28] In
recent years, Polanyi-based models were employed to simu-
late the adsorption of hydrophobic organic compounds on
carbonaceous adsorbents extensively,[3d,e, 15b, 18, 29] by assuming
that the adsorption behavior of hydrophobic organic com-
pounds could be described by pore filling and flat surface
adsorption. The adsorption mechanism of NAP by rGOs
can be dominated by pore filling because there are large
numbers of high-energy sites in micropores, such as nano-

Table 2. Comparison of logarithmic Freundlich adsorption coefficients of
the adsorption of PAHs on various adsorbents.

Adsorbents Adsorbate KF [(mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n] Ref.

activated carbon NAP 212.8 [17]
oxidized MWCNTs NAP 9.4 [17]
activated sludge NAP 0.24 [22b]
rGOs NAP 15.92 this study
activated carbon ANT 331.13 [22c]
rGOs ANT 247.17 this study
activated carbon PYR 187.75 [22d]
MWCNTs PYR 234.42 [22a]
quartz PYR 0.36 [22e]
activated sludge PYR 20.42 [22b]
rGOs PYR 369.06 This study

Table 1. Results of fitting Langmuir, Freundlich, and PDA models to the adsorption data of PAHs on carbonaceous adsorbents.

Samples Langmuir Freundlich PDA
Qmax [mmol g�1] KL [L mmol�1] R2 KF [(mmol g�1)/ ACHTUNGTRENNUNG(mmolg�1)n] 1/n R2 Q0 [mmolg�1] E [kJ mol�1] R2

graphite+PYR 0.058 42 860 0.992 0.1222 0.242 0.999 0.530 15.73 0.999
GOs+PYR 0.476 30 018 0.989 100.925 0.346 0.992 1.050 25.09 0.999
rGOs +PYR 0.979 69.47 0.976 153.816 0.298 0.998 4.842 19.04 0.998
rGOs +ANT 0.454 73 353 0.963 87.096 0.312 0.978 1.028 16.14 0.999
rGOs +NAP 5.981 2.858 0.966 262.422 0.928 0.998 46.132 10.25 0.999
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sheet defects, functional groups, and interstitial and grooves
region between graphene nanosheets. The stronger suppres-
sion of the adsorption of PYR by rGOs in comparison with
NAP was due to its larger molecular size; thus, it would be
able to block more micropores and reduce the availability of
adsorption sites for PYR adsorption. The suppressed ad-
sorption of ANT on rGOs could be attributed to limited sol-
ubility in aqueous solution. Therefore, the adsorption of
ANT and PYR on rGOs would be dominated by the sur-
face-adsorption mechanism because there are limited sites
in the pores for large molecules.

The adsorption of NAP, ANT, and PYR on rGOs can be
theoretically modeled by using the Metropolis Monte Carlo
method.[30] The Metropolis Monte Carlo method assumes
that the adsorbate molecules do not have a high degree of
torsional flexibility and ignores any internal degrees of free-
dom that the adsorbate components may possess on the sub-
strate surface. The results of theoretically modeling are
shown in Figure 5. NAP, ANT, and PYR molecules are ad-

sorbed on the rGOs surface in a tilted form with one stable
state. Based on the modeled results, the most stable stacked
structures of NAP, ANT, and PYR on the surface of the
rGOs are 3.389, 3.447, and 3.455 �, respectively, above the
surface of the rGOs with a total energy of 18.583, 27.316,
and 29.676 kcal mol�1, respectively. The binding energy be-
tween PAHs and rGOs increases with an increasing number
of aromatic rings, which is agreement with the previous
study.[31] The enhancement of the binding energy is dispro-
portionate to the actual number of aromatic rings. Chakaro-
va-K�ck et al. also found that the binding energy of PAH
dimers (i.e., NAP, ANT, and PYR) versus the number of
cyclic rings showed nonlinear scaling. [32] A number of quan-
tum chemistry calculations are available for PAH polymers,
such as di- or trimers, but no current calculated results can
offer a direct comparison to our calculations.[33] The PAH
dimer results can be extrapolated to the properties of a gra-
phene dimer. The increase in the binding energy means a de-
crease in the adsorption capacities between PAHs and
rGOs; this indicates that the adsorption of PAHs on rGOs
gradually decreased with an increasing number of aromatic
rings. The results from theoretical calculations are consistent
with our experimental results.

Conclusion

The adsorption of PAHs (i.e. , NAP, ANT, and PYR) on
rGOs as a function of pH, HA, initial concentration, and
temperature was investigated by batch techniques. The sup-
pressed adsorption of NAP on rGOs was observed both in
the presence of HA and under high-temperature conditions,
whereas increasing the pH from 2 to 11 did not influence
the adsorption of PAHs on rGOs. The adsorption isotherms
of PAHs on rGOs fitted well with the PDA model, and the
saturated adsorbed capacities (mmol g�1) of rGOs for PAHs
calculated from the PDA model significantly decreased in
the order of NAP> PYR> ANT; this was comparable to
the results of theoretical calculations. The pore-filling mech-
anism dominates the adsorption of NAP on rGOs, but the
flat surface adsorption is the main adsorption mechanism
for ANT and PYR.

Experimental Section

Materials

The GOs were synthesized by a modified Hummer method,[34] and rGOs
were obtained by reduction of GOs under hydrazine hydrate condi-
tions.[35] Briefly, flaked graphite was strongly oxidized by using KMnO4

and concentrated H2SO4 under vigorous stirring conditions, and excess
oxidative agents were eliminated by using H2O2 (30 % aqueous solution).
The GOs were obtained by centrifugation at 18000 rpm for 30 min and
repeated rinsing with Milli-Q water. The rGOs were obtained by using
hydrazine hydrate as a reducing agent. Detailed processes for the synthe-
ses of GOs and rGOs are given in the Supporting Information. The prep-
aration and characterization of GOs and rGOs was also described in
detail in our previous papers.[4,36, 37]

The physicochemical properties of PAHs are reported in Table S1 in the
Supporting Information. Stock solutions of NAP, ANT, and PYR at
0.5 gL�1 were prepared from solutions of NAP, ANT, and PYR (purity
99.99 %) in methanol, followed by dilution with a 0.1 mol L�1 solution of
CaCl2 to keep the methanol content in the test solution below 0.1% to
minimize the effect of cosolvent on the interaction of PAHs with GOs or
rGOs. HA extracted from peat soil (Huajia, P.R. China) was character-
ized previously,[38] and a stock solution was prepared by dissolving it in
a 0.1 mol L�1 solution of NaOH. Analytical grade chemicals were sup-
plied by Sigma–Aldrich Chemicals, and used directly without further pu-
rification in this study.

Characterization of GOs and rGOs

The GOs and rGOs were characterized by SEM, XRD, Raman spectros-
copy, and potentiometric acid–base titration. The SEM images were ob-
tained on a field-emission scanning electron microscope (FEI-JSM
6320F). Graphite, GOs, and rGOs were mounted for XRD analysis with
a Rapid-II powder diffractometer (D/RAPID II, Japan) using CuKa radia-
tion (l =0.15406 nm) with a 0.028 step size and a 2 s step time. The po-
tentiometric acid–base titrations were performed by using a computer-
controlled titration system (DL50 Automatic Titrator, Mettler Toledo).
Briefly, these carbonaceous adsorbents were spiked into 0.01 mol L�1

NaClO4 background electrolyte at room temperature, and purged with
argon gas to exclude atmospheric CO2 (g). The initial pH of the suspen-
sion was adjusted to acidic conditions (pH�3.0) by adding a solution of
HClO4 under vigorous stirring, and then the suspension was slowly titrat-
ed to alkaline conditions (pH�11.0) with normalized NaOH titrant at
variable increments. The data sets of pH versus the net consumption of
H+ or OH� were used to obtain intrinsic acidity constants (Figure S1 in
the Supporting Information).

Figure 5. Side views of NAP, ANT, and PYR on the surface of rGOs.
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Adsorption Experiments

The adsorption of NAP, ANT, and PYR on adsorbents (GOs, rGOs, and
graphite) was carried out in glass centrifuge tubes with aluminum foil
lined Teflon screw caps to prevent degradation of PAHs during adsorp-
tion experiments. Vials received various amount of rGOs, GOs, and
graphite with a sufficient volume (10 mL) of 0.01 mg L�1 background
electrolyte (NaClO4 solution) containing 200 mg L�1 NaN3 (as the bioin-
hibitor). The initial concentration ranges were 2.0 � 10�4 to 0.24 mmol L�1

for NAP, 1.0� 10�5 to 2.5� 10�4 mmol L�1 for ANT, and 1.0� 10�5 to 6.4�
10�4 mmol L�1 for PYR. The solid–liquid ratios of rGOs/GOs and graph-
ite were 0.2 and 0.4 gL�1, respectively. The pH of the suspensions was ad-
justed to be in the range 2.0 to 11.0 by adding negligible volumes of
0.05 mol L�1 HNO3 or 0.1 mol L�1 NaOH solution by using a glass combi-
nation electrode (pH/conductivity meter, Fisher Scientific), but the pH
values after equilibrium were used in this study. All of the vials (no head
space) with aluminum foil lined Teflon screw caps were continuously
shaken on an air-bath shaker at room temperature for 7 days. Our pre-
liminary test showed that adsorption equilibrium was reached within
5 days (data not shown). At the end of adsorption equilibrium, the sus-
pensions were centrifuged at 3000 rpm for 30 min. The blank experiments
(without GOs, rGOs, and graphite) were included in each set of adsorp-
tion experiments to eliminate mass losses during experimental processes
by assuming that these were proportional to the final aqueous concentra-
tions.[39] The concentrations of NAP, ANT, and PYR were analyzed di-
rectly by HPLC (HPLC 1200, Agilent Technologies, US). Isocratic elu-
tion with a UV detector was performed under the following conditions:
75% methanol/25 % water (v/v) with a wavelength of l =254 nm for
NAP. Isocratic elution with a fluorescence detector was conducted under
the following conditions: 90 % methanol/10 % water with excitation/emis-
sion wavelengths of l= 355/402 and 334/391 nm for ANT and PYR, re-
spectively;[11] Solid-phase concentrations were estimated by the differ-
ence between initial concentration references and the corresponding
equilibrium aqueous-phase concentrations. All experimental data were
the average of triplicate determinations and the relative errors were
about �5 %.

Isotherm Models

The Langmuir [Eq. (1)], Freundlich [Eq. (2)], and PDA [Eq. (3)]
models[40] were used for data fitting in this study.

Langmuir model : Qe ¼ QmaxKLCe=ð1þKLCeÞ ð1Þ

Freundlich model : log Qe ¼ log KF þ 1=n log Ce ð2Þ

PDA model : log Qe ¼ log Q0�ðesw=EÞb ð3Þ

in which Qe and Ce are equilibrium solid- (in mmol g�1) and liquid-phase
(in mmol g�1) concentrations, respectively; KL (in Lmmol�1) and KF (in
(mg g�1)/ ACHTUNGTRENNUNG(mg L�1)n) are the Langmuir and Freundlich adsorption coeffi-
cients, respectively; Qmax (in mmol g�1) and Q0 (in mmol g�1) are the max-
imum adsorption capacity and the saturated adsorbed capacity of solute,
respectively; 1/n is often used as an indicator of isotherm nonlinearity;
esw (=RTln ACHTUNGTRENNUNG(Cs/Ce), in kJ mol�1) and E (in kJ mol�1) are effective adsorp-
tion potential and correlating divisor, respectively; R is the universal gas
constant; T (in K) is the absolute temperature; and b is the fitting param-
eter.

Theoretical Calculations

For the adsorption of NAP, ANT, and PYR on the graphene system, the
configuration could be constructed by using the adsorption computer
code of Material Studio; the Metropolis Monte Carlo method was used
to search for adsorption configurations. In this method, the positions and
orientations of the PAH molecules were sampled. The periodic boundary
conditions (6 � 6 matrix, related surface area of 14.76 � 14.76 �2, the
height of 25 �) were chosen to ensure that the distance between two ad-
jacent graphene sheets was large enough to avoid interactions between
them. For simulations of the graphene/PAH system, the COMPASS force
field was designed to detect structural deviations from known properties
of the interlayer region. The COMPASS force field provided the poten-

tial energy equation and all valence and van der Waals interaction pa-
rameters employed in subsequent simulations.[41] The cutoff distance for
van der Waals interactions was 17.7 �. Long-range electrostatic interac-
tions and short-range van der Waals interactions were summed by using
the group and atom-based summation methods, respectively.
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