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Abstract The toxicity of soluble oil to the aquatic environ-
ment has started to attract wide attention in recent years. In the
present work, we prepare graphene according to oxidation and
thermal reduction methods for the removal of soluble oil from
the solution. Characterization of the as-prepared graphene are
performed by scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, Raman spectra,
Brunauer-Emmett-Teller, X-ray photoelectron spectroscopy,
and contact angle analysis. The adsorption behavior of soluble
oil on graphene is examined, and the obtained adsorption data
are modeled using conventional theoretical models. Adsorp-
tion experiments reveal that the adsorption rate of soluble oil
on graphene is notably fast, especially for the soluble diesel
oil, which could reach equilibrium within 30 min, and the
kinetics of adsorption is perfectly consistent with a pseudo-
second-order model. Furthermore, it is determined that the
adsorption isotherm of soluble diesel oil with graphene fit
the Freundlich model best, and graphene has a very strong
adsorption capacity for soluble diesel oil in the solution. These
results demonstrate that graphene is the material that provided
both good adsorptive capacity and good kinetics, implying
that it could be used as a promising sorbent for soluble oil
removal from wastewater.
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Introduction

Following an accidental oil spill at sea, the collection and
removal of surface oil over a large area are usually the primary
concern for decreasing energy loss and damage to the envi-
ronment. However, the treatment of dissolved oil retained in
deep-water columns should not be ignored, as the dissolved
oil is the most available to marine biota (Kennedy and Farrell
2005, Neff and Anderson 1981). The early impact of the
spilled product on marine life will rely on the composition
and concentration of the soluble fraction. From this point of
view, aromatic hydrocarbons are of special concern as they
exhibit higher solubility and toxicity in the aquatic environ-
ment (Gonzalez et al. 2006). Greater acute toxicity is generally
associated with the lower molecular weight polycyclic aro-
matic hydrocarbons (PAHs) (Gonzalez et al. 2006, Le Dû-
Lacoste et al. 2013, Meador et al. 1995). In fact, many of these
compounds appear in the priority pollutant list of the United
States Environmental Protection Agency (USEPA) (Hannam
et al. 2010, Harper et al. 1996). Even though the potential
effects of dissolved oil on marine life has been paid much
attention, only a small number of studies to date have proposed
effective methods for managing the water-soluble fraction
(WSF) of oil spills. To the best of our knowledge, the main
techniques that are useful for cleaning up the soluble oil are
biological treatment (Atlas 1981) and photocatalytic destruction
(Ziolli and Jardim 2002a), but removing the soluble oil from the
deep-water column always takes a long time when these
methods are used. In addition, even though many researchers
have extensively investigated natural materials (Korhonen et al.
2011, Radetic et al. 2008, Wang et al. 2012), synthetic materials
(Hayase et al. 2013, Nicolas et al. 2006), and graphite-based
materials (Cong et al. 2012, Sun et al. 2013, Toyoda and Inagaki
2003) as potential sorbents for the removal of floating oil in large
area fromwater, research on the soluble oil sorption capability of
these sorbents, particularly graphene, has not been reported.
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Graphene, a two-dimensional structure of carbon hexagons
consisting of sp2-hybridized C–C bondswith aπ-electron cloud
(Allen et al. 2010, Stankovich et al. 2006), has attracted a great
deal of scientific interest in recent years. Due to its extremely
high surface area (Stankovich et al. 2006) and hydrophobic
nature (Wang et al. 2009), it can be used as an adsorbent. The
focus on the removal of toxic compounds from contaminated
water by graphene is emerging. Iqbal and Abdala (2012) dem-
onstrated that graphene has excellent sorption capacity for the
removal of floating oil, with sorption capacity as high as
131 g g−1. Ji et al. (2013) also investigated the removal of
naphthalene, 2-naphthol, and 1-naphthylamine in wastewater
by graphene via п-п electron donor–acceptor interactions. The
adsorption of pyridine and its derivatives on the graphene surface
has been studied using density functional theory (DFT)
(Voloshina et al. 2011). From earlier-reported literatures, it is
known that the aromatic compound can easily adsorbed on
graphene by π–π stacking. Therefore, graphene could be an
excellent candidate for the removal of dissolved oil with a low
concentration, which mainly consists of lower molecular weight
polycyclic aromatic hydrocarbons. Currently, three graphene
preparation methods have been reported, including the
micromechanical exfoliation of graphite (Meyer et al. 2007,
Novoselov et al. 2004), the reduction of graphite oxide
(McAllister et al. 2007, Schniepp et al. 2006, Stankovich et al.
2007), and chemical vapor deposition (CVD) (Kim et al. 2009,
Ueta et al. 2004). Among these methods, graphene prepared by
the thermal exfoliation of graphite oxide seems to be best because
this graphene possesses a high surface area and a smaller number
of layers (Steurer et al. 2009). Moreover, the thermal exfoliation
of graphite oxide technique is relatively easy, and hazardous
reductants are not used. Furthermore, the most exciting advan-
tages of this method are its low-cost and massive scalability.

In this work, we prepare graphene by the oxidation and
thermal reductionmethods.Moreover, the as-prepared graphene
is characterized by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), X-ray diffraction (XRD),
Raman spectra, Brunauer-Emmett-Teller (BET), X-ray photo-
electron spectroscopy (XPS), and contact angle analysis. Addi-
tionally, to achieve a comprehensive understanding of the ad-
sorption capacity of graphene on soluble oil, we test two typical
dissolved oils—diesel oil and crude oil—to investigate the
adsorption performance of graphene on each soluble oil. More
importantly, we also quantify the soluble oil sorption (milligrams
per gram) of graphene and discuss its adsorption mechanism.

Experimental

Materials

Graphite flakes (∼50 mesh, 99.995 %) and expandable graph-
ite were obtained from Qingdao Haida Graphite Co., Ltd.

Activated carbon with a particle size range between
0.5 and 2.0 mm was provided by Cuihong Technology
Co., Ltd. Sulfuric acid (98 %), sodium nitrate, potassi-
um permanganate, hydrogen peroxide (30 %), hydro-
chloric acid (37 %), barium chloride, silver nitrate, and
n-hexane were purchased from Tianjin Jiangtian Chem-
ical Reagents Co., Ltd., China. Diesel oil was collected
from a local service station and crude oil was provided
by CNOOC Ltd. Tianjin Company. The experimental oil
properties are listed in Table 1.

Preparation of graphite oxide

Graphite oxide was prepared according to the Hummers–
Offeman method (Steurer et al. 2009), whose principal steps
include the oxidation of graphite in concentrated H2SO4 with
NaNO3 and KMnO4. In brief, 10 g of the graphite powder
were added into a 1,000-mL beaker, and 5 g of NaNO3 and
250 mL of H2SO4 were subsequently added while stirring.
After 1 h of stirring, the dispersionwas cooled to 8 °C using an
ice-water bath. Next, 30 g of KMnO4 were added slowly into
the beaker over the course of 5 h under stirring conditions, and
the temperature of the dispersion was controlled up to 20 °C.
Later, the ice-water bath was removed and the mixture was
stirred at room temperature for 2 h. Next, the reaction was
quenched by pouring the dispersion into 500 ml of ice water.
Next, an aqueous solution of H2O2 was added to reduce the
residual KMnO4 until the bubbling ceased. Finally, the pro-
duced graphite oxide was washed with aqueous HCl until no
sulfite ions were detected and then washed with water until no
chloride ions were detected. The brown graphite oxide was
dried by vacuum at 60 °C for 12 h.

Thermal reduction of the graphite oxide and preparation
of expanded graphite

Thermal exfoliation of graphite oxide was performed by plac-
ing the dry graphite oxide (0.5 g) into a crucible that was
sealed at the end. Then, the crucible was placed in a muffle
furnace and was rapidly heated to approximately 1,000 °C for
30 s under a nitrogen atmosphere (Iqbal and Abdala 2012).
The resulting graphene was a black power with very low
bulk density (5.7 g L−1). Expanded graphite was prepared
by placing expandable graphite in a muffle furnace at
approximately 1000 °C for 30 s.

Table 1 Properties of the experimental oils at room temperature

Oil type Density (g/cm3) Viscosity (cP) Surface tension (MN/m)

Diesel oil 0.839 6.5 12.8

Crude oil 0.859 79.8 15.4
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Obtaining the WSF

For each tested oil sample, a flask filled with 5 L water was
used. Twenty-five milliliters (25 ml) of oil was added, and the
solution was mechanically stirred for 12 h. For experiments in
the absence of light, the flask was allowed to equilibrate
undisturbed for up to 45 days in the dark at room temperature.
Then, the mixture located 5 cm under the surface was slowly
transferred to another container by an oil-repellent glass bend
pipe, and the obtained mixture was exactly the WSF that we
needed (Ziolli and Jardim 2002b).

Sorption capacities of synthesized graphene

The adsorption experiments for the two tested oil samples were
performed in a similar manner. All the absorption tests were
performed at 25±3 °C. The simulated soluble oil (50 ml) was
acidized with 0.5 ml sulfuric acid (1:3, v/v) and later extracted by
10 mL n-hexane using a 125-mL separating funnel two times;
subsequently, the above liquid was transferred to a 25-ml volu-
metric flask, and the volume was completed to 25 ml with n-
hexane. The concentration of the resulting solutionwasmeasured
by an ultraviolet spectrophotometer using a calibration curve
prepared by measuring various known concentrations of the
soluble oil solutions. The concentration of the simulated soluble
oil (Coil) was calculated using the following equation:

Coil ¼ Q
V 1

V 2

� �

where Q (milligrams per liter) is the concentration of the
extracted liquid, V1 (milliliters) is the volume of the extracted
liquid, and V2 (milliliters) is the volume of the simulated
soluble oil solution.

For the adsorption kinetic study, 0.01 g of graphene was
added to 50 ml of the simulated oil sample, and the mixture was
stirred in a water bath. After a specified time, the solid and
liquid phases were separated by separating funnel immediately
and analyzed to measure the concentration of the dissolved oil
in the remaining solution, using the method mentioned above.
For the adsorption isothermal study, the simulated soluble oil
was diluted to prepare a series of solutions with different

concentrations. Then, 0.01 g of the adsorbent was added to
50 mL of the solutions with different concentrations while
stirring in a water bath for 4 h. In order to compare with other
adsorbents, 0.01 g of graphene, 0.01 g of expanded graphite,
and 0.1 g of active carbon was added to 50 ml of soluble diesel
oil, respectively. Then, the mixtures were stirred in a water bath
for a long time to reach balance. The adsorption capacity (qoil)
for the dissolved oil was obtained from the following equation:

qoil ¼
CO−CRð ÞV

W

where V (milliliters) is the volume of simulated oil solution,Co

and CR (moles per liter) are the concentrations of initial and
remaining dissolved oil respectively, and W (grams) is the
weight of graphene.

Characterization of graphene

XRD analysis was performed on a Bruker AXS D8 Focus X-
ray diffractometer (Germany) equipped with Cu Ka radiation
(λ=0.1542 nm). The patterns were recorded from 10 to 35°
with a step size of 0.02°/s at 40 kV voltage with an intensity of
40 mA. Raman spectra were obtained on a laser Raman
spectrometer (DXR Microscope, American) with an excita-
tion wavelength of 532 nm at room temperature. N2

adsorption-desorption isotherms were measured at 77 K using
a NOVA-2000 volumetric gas sorption instrument
(Quantachrome, USA). The total surface area was calculated
by the BET method, while the pore size distribution was
obtained from the Barrett-Joyner-Halenda (BJH) equation.
Prior to the measurement, the sample was degassed overnight
at 200 °C. TEM was performed with a JEM-2100F (JEOL,
Japan) at an accelerating voltage of 100 kV. SEM image was
obtained with a Hitachi S4800 SEM (Hitachi, Japan). The
XPS of the samples was observed on a Perkin-Elmer PHI
1600 ESCA X-ray photoelectron spectroscope with a mono-
chromatic Mg Kα radiation (1,253.6 eV) and the binding
energies were normalized to C1s peak at 284.6 eV. The static
and dynamic contact angle between the graphene and the
experimental oils were measured using an optical contact
angle measuring device (Dataphysics OCA-20, Germany)

Fig. 1 SEM image (a) and TEM
image (b) of graphene
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equipped with a charge-coupled device (CCD) camera to
capture images and video of the solid/liquid interface.

Results and discussion

Characterization of graphene

The morphology and nanostructure of graphene were charac-
terized by SEM and TEM observations. Figure 1a showed the
SEM image of the graphene, and it was clear that the curled
and wrinkled graphene sheets stacked together in a disordered
fashion to form a porous structure. Transparent sheets with a
large number of dark ripples were observed in the TEM
image, which was presented in Fig. 1b. The transparency
revealed that graphite oxide had been successfully exfoliated
(Iqbal and Abdala 2012, Pan et al. 2009).

X-ray diffraction was used to determine any changes to the
interlayer distance between the nanosheets, which was an
important parameter to evaluate for obtaining structural

information on the graphene. Figure 2 showed the XRD
patterns of graphite, graphite oxide and graphene. As oxida-
tion proceeded, the intensity of the (002) diffraction peak,
which was an intrinsic peak of graphite exhibiting the stacked
graphene layers, appeared at 2θ=26.35°, corresponding to a d-
spacing of 0.338 nm, and gradually weakened and finally
disappeared. Simultaneously, a peak at 2θ=11.8° appeared,
which corresponded to the (001) diffraction peak of graphite
oxide, indicating interlayer expansion to a d-spacing of
0.75 nm and was due to the presence of oxide functionalities
and the adsorbed water intercalation (Lerf et al. 2006, Zhao
et al. 2010). These results suggest that the layer-to-layer
distance was enlarged and the graphite had been completely
oxidized. After thermal reduction, the diffraction line showed
a typical broad trace with an obvious disappearance of the
characteristic peaks, implying that the graphite oxide had
successfully exfoliated to form a monolayer or a fewer layers
(Chen et al. 2010, Wang et al. 2009, Zhao et al. 2010).

Significant structural changes during the chemical process-
ing from graphite to graphite oxide and to graphene sheets
could also be characterized by Raman spectroscopy, as shown
in Fig. 3. The spectrum revealed some useful information, for
example, structural disorder (D band), the relative motion of
the sp2 carbon atoms (G band) and the stacking order (2D
band) (Ferrari et al. 2006, Ferrari and Robertson 2000, Kudin
et al. 2008). On the one hand, the integrated intensity ratio of
the D and G bands (ID/IG) was a measure of the disorder
degree and average size of the sp2 domains (Ferrari and
Robertson 2000, Pan et al. 2009). Comparing the spectrum
of the graphite with that of graphite oxide, we could see that
the ID/IG increased dramatically, and the G band became
broader and more symmetric. Moreover, the G band initially
shifted to higher frequencies (from∼1,583 to ∼1,587 cm−1).
These results implied that the carbon-carbon double bond in
the graphene lattice was destroyed, resulting in an increase in a
considerable amount of structural disorder by the oxidation

Fig. 2 XRD patterns of graphite (a), graphite oxide (b) and graphene (c)

Fig. 3 Evolution of the Raman spectra during the oxidation and exfoli-
ation processes for graphite (a), graphite oxide (b) and graphene (c)

Fig. 4 Nitrogen adsorption-desorption isotherm and pore size distribu-
tions for graphene
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process (Meador et al. 1995, Pan et al. 2009, Paredes et al.
2009). When a Raman spectrum of graphene was compared
with that of graphite oxide, the ID/IG ratio decreased slightly,
suggesting that the aromaticity of the graphene lattice was
restored after the thermal reduction. Moreover, the G band of
the graphene was somewhat sharpening and shifted back in
position (∼1,584 cm−1), which attributed to a graphitic “self-
healing” (Han et al. 2001, Kudin et al. 2008, Sato et al. 2006).
Nevertheless, comparing the spectrum of graphene with that
of graphite, the intensity of the D band increased substantially,
which demonstrated that during the oxidation and thermal
exfoliation process, the carbon lattice possesses highly
defected areas but returns to an essentially graphitic state.
On the other hand, the shape of the 2D peak was used to
distinguish between single-layer graphene, bilayer graphene,
and the bulk graphite. Bilayer sheets or sheets with less than
five layers have a broader and symmetrical 2D peak, while
bulk graphite exhibited a distorted peak (Iqbal and Abdala
2012). The Raman spectrum of graphene showed a broader
and symmetrical 2D peak in the 2,600 to 2,900 cm−1 range,
indicating that the graphene sheets with less than five layers
were obtained after thermal exfoliation.

The N2 adsorption-desorption isotherm and pore size dis-
tribution of the graphene were shown in Fig. 4. The isotherm
exhibited a standard Langmuir-type curve at low relative
pressure, pertaining mainly to surface coverage and the filling
of the sample pores. At the same time, a hysteresis loop was
clearly visible at high relative pressure, suggesting the forma-
tion of a mesopore, which also had been confirmed by the
SEM results. The pore size distribution curves calculated by
the BJH method further confirmed that the majority of the

graphene nanosheet pores had a pore width between 2 and
25 nm (within the mesopore range). Moreover, its bimodal
pore size distribution provided oil soluble molecules suitable
access to the interior (Leinweber et al. 2002). The graphene
nanosheets had a surface area of 290 m2 g−1, which was
substantially smaller than the theoretical surface area of
2,620 m2 g−1 for single-layer graphene sheets (Stankovich
et al. 2006) and partially due to overlap and the stacking of
exfoliated layers.

XPS analysis has been performed on both graphite oxide
and graphene samples and the high resolutionC1s spectrum is
plotted in Fig. 5. The C1s XPS spectrum of GO (Fig. 5a)
clearly showed four main peaks at 285, 286.7, 287.3, and
288.9 eV corresponding to C═C, C–O, C═O, and O═C–OH
functional groups, respectively, indicating the presence of a
large fraction of hydrophilic moiety in GO (Dreyer et al. 2010,
Yang et al. 2009). However, the two peaks (C═O, O═C–OH)
at 287.3 and 288.9 eValmost disappeared and the peak (C–O)
at 286.7 eV slightly decreased after thermal treatment, as
shown in Fig. 5b. This also confirms that the thermal reduc-
tion of GO significantly reduced the oxygen content in the
samples, changing the surface from hydrophilic into hydro-
phobic. To further confirm their hydrophobic characteristics,
water contact angle measurement was also used and the results
were shown in Fig. 6a–c. It was observed that the contact
angle decreased from 95.9 to 29.4° after the graphite oxidation
process, whereas then increased from 29.4 to 149.8° after the
thermal reduction of graphite oxide, which consistent with the
XPS results. And it was interesting to note that the contact
angle of graphene was larger than that of graphite. This result
was quite unexpected and apparently contradicted the idea

Fig. 5 XPS C 1s spectra of
graphite oxide (a) and graphene
(b)

Fig. 6 Optical image of a water
droplet on a graphite film at a CA
of 95.9° (a), a graphite oxide film
at a CA of 29.4° (b) and a
graphene film at a CA of 149.8°
(c)
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that the partial hydroxyl and carboxyl group could not be
reduced, which resulted in the hydrophobic characteristics of
graphite being stronger than those of graphene. However,
water repellency which was an interfacial behavior also
depended on the surface roughness on a multiple scale
(Hsieh and Chen 2010), such as lotus leaf. As observed in
Fig. 1b, the graphene powders offered a primary roughness
whereas the flake-like voids between the nanosheets generat-
ed a secondary roughness which allowed an air pocket into the
roughened structure, and then the existing air film in the
graphene surface was capable of providing a floating force
to resist water penetration, thus inducing the contact angle of
graphene was larger than that of graphite (Hsieh and Chen
2011). Previous work also reported that graphene showed a
low surface energy and large contact angle in comparison with
graphite (Wang et al. 2009).

Furthermore, the variation of the dynamic contact angles
with time of the two types of experimental oils on the
graphene film were also performed, which was described in
Fig. 7. The results indicated that water formed a stable droplet
on the surface of the graphene film and generally did not
spread over time. Meanwhile, the diesel oil droplet had
completely spread immediately upon contacting the graphene

film. In the case of crude oil droplets, the contact angle
became 34.3° after 20 s. This result indicated that graphene
was a superoleophilic-superhydrophobic material.

Adsorption kinetics

The ability of graphene to act as an absorbent for soluble oil
removal was tested. Figure 8 showed the adsorption kinetics
curve of soluble diesel oil and soluble crude oil to analyze the
adsorption behavior of trace oil on graphene. The results
showed that the soluble diesel oil adsorption rate occurred
more quickly, achieving balance within 30 min (Fig. 8a), and
the soluble crude oil adsorption rate was very fast during the
first 40 min, and the equilibrium was established after 2 h
(Fig. 8b). The process of adsorption achieved equilibrium in
such a short time, suggesting that graphene had a very high
adsorption efficiency and, therefore, high-value industrial ap-
plications. Lower values of surface tension and viscosity
suggested that the soluble oil penetrated the graphene pore
structure and was adsorbed on the solid sorbent more easily.
These results were consistent with our previously reported
work (Li et al. 2012). Additionally, the achieved equilibrium
sorption capacity was more than 500 times lower than the
maximum reported capacity for graphene for sorption of crude
oil from the water surface (Iqbal and Abdala 2012), which
could be mainly attributed to that the initial concentration of
soluble crude oil is very low (2.638 mg L−1) in this study
while the large mass of crude oil was onto the water surface
(10 mL crude oil per 50 mL water) in that report (Iqbal and

Fig. 7 Dynamic contact angle measurement of a water droplet (a), crude
oil droplet (b) and diesel oil droplet (c) onto graphene film: contact angle
variation with time

Fig. 8 Soluble diesel oil (a) with
the initial concentration of
76.86 mg L−1 and crude oil (b)
with the initial concentration of
2.638 mg L−1 adsorption kinetics
onto graphene

Table 2 Comparison of equilibrium sorption capacity of soluble diesel
oil on various adsorbents

Adsorbent Equilibrium sorption
capacity (mg g−1)

Reference

Graphene 241.88 This work

Expanded graphite 178.64 This work

Activated carbon 113.97 This work

Cellulose fiber 60 Li et al. (2012)
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Abdala, 2012). Kannan and Sundaram (2001) demonstrated
that the amount adsorbed increased exponentially with the
increase in initial concentration of adsorbate. Similar results
have been reported in literature on the extent of removal of dyes
[Deo and Ali 1993, Mckay et al. 1985] and metal ions [Kannan
1991]. In order to compare the adsorption effect of other
adsorbents on soluble oil, expanded graphite and activated
carbon were also studied and the relevant equilibrium sorption
capacities are given in Table 2. It showed that the graphene
studied in this work has very large adsorption capacity.

To investigate the adsorption properties further, the pseudo-
first-order (Langergren and Svenska 1898) and pseudo-
second-order (Ho and McKay 1998) kinetics and the
intraparticle diffusion model (Weber and Morris 1963) were
selected to simulate the adsorption kinetics curve. The rate
equations were described as Eqs. 1a, 1b and 1c, respectively.

−ln qe−qtð Þ ¼ k1t−lnqe ð1aÞ

t

qt
¼ 1

k2q2e
þ 1

qe
ð1bÞ

qt ¼ kpt
1 2 þ c ð1cÞ

where k1 (grams per milligram per minute), k2 (grams per
milligram per minute) and kp (grams per milligram per square
root minute) are the rate constants of the first-order kinetic

model, second-order kinetic model, and intraparticle diffusion
model, respectively; qt (milligrams per gram) and qe (milli-
grams per gram) are the adsorption capacity of soluble oil at
time t (minutes) and at the equilibrium state, respectively. C is
the constant.

The results of fitting these models were shown in Fig. 9,
and the fitting parameters, linear regression coefficient (R2)
and standard deviation (SD) of all the kinetic models were
calculated and listed in Table 3. Generally, the higher was the
value of R2 and the lower was the value of standard deviation
(SD), the better would be the goodness of fit. As seen in
Table 3, the pseudo-first-order kinetic model (R2<0.9652)
for soluble oil adsorption fit worse in comparison with the
pseudo-second-order model (R2>0.995, SD<0.1197). In ad-
dition, the calculated qe values from the pseudo-second-order
model were much closer to the experimental values, qe(exp).
This finding suggested that the adsorption of soluble oil on
graphene could be described using a pseudo-second-order
kinetic model.

Due to the porous structure of the graphene, the diffusion of
the soluble oil from the external surface to the pores via
boundary layer diffusion and within the pores of the adsorbent
could not be ignored. In this study, the intraparticle diffusion
model was applied to identify the diffusion mechanism of the
soluble oil adsorption onto the graphene. Figure 9c, f showed
that the adsorption plots were not linear over the whole time
range and could be separated into a few linear regions. This
represented that there were two stages taking place. The one
stage was external surface adsorption that the adsorbate

Fig. 9 Pseudo-first-order kinetic plots for the adsorption of soluble diesel oil (a) and soluble crude oil (d), pseudo-second-order kinetic plots for the
adsorption of soluble diesel oil (b) and soluble crude oil (e), intraparticle diffusionmodel for the adsorption of soluble diesel oil (c) and soluble crude oil (f)
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diffused through the solution to the external surface of the
adsorbent or the boundary layer diffusion of solute molecules,
where the adsorption rate was high. The second stage was that
soluble molecules were entered into the graphene particles by
intraparticle diffusion through pores (Vimonses et al. 2009). It
was clear that both straight lines did not pass through the
origin, suggesting that the intraparticle diffusion was not the
sole rate-limiting step (Ho et al. 2000). The calculated values
of kd2 increased with the increase of the adsorbent dose and the
initial concentration of soluble oil. This could be due to the
concentration gradient existing between the bulk solution and
the surface of the substrate, acting as a driving force for mass
transfer (Maatar et al. 2013). As seen in Table 3, the kd2 value
of soluble diesel oil was large in comparison with crude oil,
since its initial concentration was larger than crude oil. Fur-
thermore, the value of the intercept C gave an idea about the
film transfer caused by the diffusion of the adsorbate from the
bulk solution to the adsorbent surface. The larger the intercept
was, the greater was the boundary layer effect (McKay et al.,
1985). The boundary layer effect on diffusion process of
soluble diesel oil was greater than crude oil. So the boundary
layer diffusion was the rate-limiting step. Previous reports also
demonstrated that the boundary layer diffusion was the rate
controlling step in systems characterized by low concentra-
tions of adsorbate, poor mixing, and small particle size of
adsorbent (Ray 1996, Mohan and Singh 2004).

Adsorption isotherms

To thoroughly understand the adsorption process, we obtained
adsorption isotherms of soluble diesel oil with different initial
concentrations ranging from 8 to 70 mg L−1, as shown in
Fig. 10a. The curves showed that the adsorption capacities
increased with the increase in adsorbate equilibrium concen-
tration, and the slopes of the adsorption isotherms decreased
gradually. Three classic adsorption models, including the
Langmuir, Freundlich, and Temkin models, were used to
describe the adsorption equilibrium. The mathematical repre-
sentations of the Langmuir (1916), Freundlich (1906), and
Temkin (Temkin and Pyzhev 1940) models were given below:

1

qe
¼ 1

bqmCe
þ 1

qm
ð2aÞ

lnqe ¼
1

n
lnCe þ lnK f ð2bÞ

qe ¼
RT

bT
lnCe þ RT

bT
lnAT ð2cÞ

where qm (milligrams per gram) is the theoretical maximum
adsorption capacity corresponding to complete monolayerT

ab
le
3

K
in
et
ic
pa
ra
m
et
er
s
fo
r
th
e
ad
so
rp
tio

n
of

ex
pe
ri
m
en
to

il
by

gr
ap
he
m
e

Ps
eu
do
-f
ir
st
-o
rd
er

m
od
el

P
se
ud
o-
se
co
nd
-o
rd
er

m
od
el

In
tr
ap
ar
tic
le
di
ff
us
io
n
m
od
el

Sa
m
pl
e

C
o
(m

g
l−
1
)
q e
(e
xp
)

(m
g
g−

1 )

q e
(c
al
)

(m
g
g−

1
)

K
1
(m

in
−1
)

R2
SD

q e
(c
al
)

(m
g
g−

1 )

K
2
(g

m
g−

1
m
in
−1
)
R2

SD
K
p
1
(g

m
g−

1
m
in
−1

/2
)

R2
S
D

K
p2
(g

m
g−

1
m
in
−1

/2
)

C
R2

SD

D
ie
se
lo

il
76
.8
6

24
1.
8

64
.5
9

0.
10
41

0.
94
68

0.
08
10
2

24
3.
9

0.
00
18
70

0.
99
99

6.
49
9
×
10

−7
–

–
–

1.
95
3

22
2.
3

0.
59
26

38
.9
1

C
ru
de

oi
l

2.
63
8

9.
98
0

7.
23
0

0.
03
04
0

0.
96
52

0.
08
02
5

10
.0
2

0.
01
96
6

0.
99
84

0.
11
97

1.
08
9

0.
90
49

1.
38
7

0.
13
74

7.
97
3

0.
77
41

0.
04
88
2

6502 Environ Sci Pollut Res (2014) 21:6495–6505



coverage; b, Kf, bT are the adsorption constants of the Lang-
muir, Freundlich, and Temkin models, respectively; and n is
the Freundlich linearity index.

The results of fitting thesemodels were shown in Fig. 10b–d,
and the fitting parameters for soluble diesel oil were listed in
Table 4. In the range of tested concentration, the correlation
coefficient of Langmuir model was very high (R2=0.9964,
SD=4.682×10−7), but the ideal maximum adsorption capacity
(qm) was determined by the Langmuir model to be 500 mg g−1,
which seriously deviated from the experimental equilibrium
sorption capacity. These suggested that the Langmuir model
was not fit to describe this adsorption process. Moreover, the
Freundlich model (R2=0.9833, SD=0.00786) fits the adsorp-
tion data well, in comparison with the Temkin model (R2=
0.9672, SD=107.1). So, the Freundlich model could fit best.
The intercept Kf obtained from Freundlich model was a rough
measurement of the sorption capacity and the slope (1/n) of the
sorption intensity (Poots et al. 1978). Low value of 1/n indicated
more heterogeneous adsorption process. Below unity values of
1/n indicated chemisorptions (Zeldowitsch 1934). Using the
Freundlich model, the value of 1/n at equilibrium was less than
1 (Table 3), suggesting chemical adsorption (Zeldowitsch

1934), which agreed with the results of pseudo-second-order
kinetic models.

The adsorption mechanism of soluble oil on graphene is
not clear yet. In the present work, we put forth some assump-
tions regarding the adsorption process based on the above
analysis. As the surface defects of the material increase, there
would be an increased presence of high-energy adsorption
sites, which could cause heterogeneous adsorption. Soluble
oil could first occupy high-energy adsorption sites and then
spread to sites with lower energy (Agnihotri et al. 2008).
Moreover, the large surface area and the high surface hydro-
phobicity of graphene enabled a strong adsorption affinity and
capacity for soluble oil. Furthermore, the graphene honey-
comb lattice was composed of two equivalent sub-lattices of
carbon atoms bonded together with σ bonds, and each carbon
atom in the lattice had a π orbital that contributed to a
delocalized network of electrons (Zhu et al. 2010). Addition-
ally, soluble oil was mainly composed of low-molecular-
weight PAHs; thus, soluble oil was adsorbed on graphene by
π–π stacking interactions (Guo et al. 2011, Rochefort and
Wuest 2009, Waters 2013). The adsorption driving force
was dominated by π–π stacking interactions, which were the

Fig. 10 Adsorption isotherms
(a), linear Langmuir isotherm (b),
linear Freundlich isotherm (c) and
Temkin isotherm (d) of soluble
diesel oil with graphene as the
adsorbent at 25 °C

Table 4 Isotherm parameters for the adsorption of diesel oil by graphene

Langmuir isotherm Freundlich isotherm Temkin isotherm

Sample qm (mg g−1) b (L mg−1) R2 SD n Kf R2 SD AT (L mg−1) bT R2 SD

Diesel oil 500 0.01779 0.9964 4.682×10−7 1.272 11.93 0.9833 0.00786 0.3861 38.22 0.9672 107.1
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most widely recognized. Ji et al. reported that the strong
adsorption of the aromatic compounds was mainly due to
π–π electron donor–acceptor interactions with the hexagonal
structure of graphene (Ji et al. 2013). Tetracycline could be
adsorbed by graphene oxide due to the π–π stacking interac-
tion between the ring structure in the tetracycline and the
hexagonal cells of the graphene oxide (Gao et al. 2012).
π–π interaction was also found to be the dominating force
for adsorption of aromatic and anti-aromatic systems on
graphene (Bjoerk et al. 2010). These results suggested that
adsorption process combines physical adsorption with
chemisorption.

Conclusions

We have successfully prepared graphene using oxidation and
thermal reduction methods. SEM, TEM, XRD, and Raman
spectra analysis indicated that the graphite oxide has exfo-
liated into a monolayer or graphene lattices with fewer layers.
BET analysis showed that graphene possessed a large surface
area and bimodal pore size distribution, which provided the
soluble oil molecules with suitable access to the interior.
Contact angle analysis demonstrated that graphene had better
superhydrophobic-superoleophilic characteristics. Mean-
while, it was found that soluble diesel oil, with an initial
concentration of 76.86 mg L−1, had an equilibrium adsorption
capacity of 241.88 mg g−1, and soluble crude oil, with an
initial concentration of 2.638 mg L−1, had an equilibrium
adsorption capacity of 9.980 mg g−1. The adsorption rate of
soluble oil on graphene was notably rapid, especially for solu-
ble diesel oil, which could reach equilibrium within 30 min,
and the kinetics of adsorption fit the pseudo-second-order
model perfectly. The adsorption isotherm fit the Freundlich
model well. Moreover, soluble oil molecules were strongly
adsorbed on the surface of graphene by hydrophobic interac-
tions, π–π bonds, and van der Waals interactions. This adsorp-
tion process combined physical adsorption with chemisorption.
Furthermore, a deep and comprehensive understanding of the
adsorption mechanism requires further research.
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