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a b s t r a c t

The cleaning-up of viscous oil spilled in ocean is a global challenge, especially in Bohai, due to its slow
current movement and poor self-purification capacity. Frequent oil-spill accidents not only cause severe
and long-term damages to marine ecosystems, but also lead to a great loss of valuable resources. To
eliminate the environmental pollution of oil spills, an efficient and environment-friendly oil-recovery
approach is necessary. In this study,1expanded graphite (EG) modified by CTAB-KBr/H3PO4 was syn-
thesized via composite intercalation agents of CTAB-KBr and natural flake graphite, followed by the
activation of phosphoric acid at low temperature. The resultant modified expanded graphite (M-EG)
obtained an interconnected and continuous open microstructure with lower polarity surface, more and
larger pores, and increased surface hydrophobicity. Due to these characteristics, M-EG exhibited a su-
perior adsorption capacity towards marine oil. The saturated adsorption capacities of M-EG were as large
as 7.44 g/g for engine oil, 6.12 g/g for crude oil, 5.34 g/g for diesel oil and 4.10 g/g for gasoline oil in
120min, exceeding the capacity of pristine EG. Furthermore, M-EG maintained good removal efficiency
under different adsorption conditions, such as temperature, oil types, and sodium salt concentration. In
addition, oils sorbed into M-EG could be recovered either by a simple compression or filtration-drying
treatment with a recovery ratio of 58e83%. However, filtration-drying treatment shows better perfor-
mance in preserving microstructures of M-EG, which ensures the adsorbents can be recycled several
times. High removal capability, fast adsorption efficiency, excellent stability and good recycling perfor-
mance make M-EG an ideal candidate for treating marine oil pollution in practical application.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Marine oil pollution is one of the environmental concerns that
are currently becoming major issues in the petroleum industry.
Marine oil pollution may arise from oil run-offs from onshore fa-
cilities and from oil tanker spills during transportation (Drevon,
1992; Jackson et al., 1989; Jernel€ov, 2010). Oil pollution has
become severer with increasing petroleum activities. (Lan et al.,
2015; Peterson et al., 2003). Between 2010 and 2015, spills from
oil tankers alone contribute 33,000 tons of oil pollution in marine
environment (Jin et al., 2017; Yuan et al., 2017). Consequently, the
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cleaning-up of viscous oil spills is a global challenge, especially in
Bohai for the slow current movement and poor self-purification
capacity.

Frequent oil-spill accidents not only cause severe and long-term
damages to marine ecosystems, but also lead to a great loss of
valuable resources (Jing et al., 2015; Lin, 2016). To eliminate the
environmental pollution of oil spills quickly, an efficient and
environment-friendly oil-recovery approach is highly demanded.
Conventional methods for oil cleanup include sorption (Hubbe
et al., 2013), manual skimming (Kinner et al., 2014), in situ
burning (Prendergast and Gschwend, 2014), and bioremediation
(Sarbatly et al., 2016). Among these treatment methods, adsorption
has attractedmuch attention because of its high efficiency and ease
to apply (Sun et al., 2013). Adsorbents sorbs contaminant molecules
by providing large surface areas for physical or chemical interaction
(Ding et al., 2015; Sun et al., 2014). Currently, the main limitations
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for applying adsorbents in field remediation of contaminated sites
are high capital cost and relatively low adsorption efficiency and
capacity of sorbent materials.

Carbon-based materials are one of the most commonly used
adsorbents. Among various carbon-based materials, activated car-
bon has already beenwidely used as sorbents in the treatment of oil
pollution (Chang et al., 2007). Its relative low adsorption efficiency,
however, limits its further applications. Although carbon nanotubes
(Fard et al., 2016; Liu et al., 2014) and graphene (Wang et al., 2014)
can provide high adsorption efficiency, they are too expensive to be
used in applications such as oil cleanup. Expanded graphite (EG) is
an inorganic porous carbon based adsorbent with a low density
(0.002e0.010 g cm�3), and is usually prepared from well-
crystallized natural flake graphite (Chen et al., 2006). It is poten-
tially an excellent inexpensive adsorbent with high porosity, weak
polarity, hydrophobic nature and high oleophilic properties to
different oils (Yao et al., 2016; Yue, 2011). In addition, EG causes no
serious pollution to the environment, and can be easily disposed
(Park et al., 2013). Despite the rising attention to EG, few people
have applied it directly to the removal of marine oil because the
preparation of EG is a high energy consumption process (Li et al.,
2008) and its adsorption capacity is relatively low. Therefore, the
modification of EG has become one of the important research fields
for marine oil removing.

In the present research, expanded graphite was modified to
reduce the preparation temperature and increase the ability to
remove oils from ocean. To this aim, EG was modified by composite
intercalation agent of CTAB-KBr, followed by the activation of
phosphoric acid under low temperature, which has rarely been
reported in the literature. The structural characteristics of EG before
and after modification were evaluated via various techniques. In
addition, a comprehensive set of experiments was performed in
order to evaluate the adsorption and regeneration capability of EG
modified by CTAB-KBr/H3PO4 (M-EG) for different oils of the Bohai
Sea.

2. Experimental part

2.1. Materials

Natural flake graphite (99%, grain size 50 mesh) was purchased
from Kim to Qingdao Graphite Co., Ltd, (China). Potassium per-
manganate (KMnO4, �99.5%), nitric acid (HNO3, 65%), phosphoric
acid (H3PO4, 85%), acetic acid (CH3COOH, 36%e38%) were supplied
by Beijing Yili Fine Chemicals Co., Ltd (China). Cetyl trimethyl
ammonium bromide (CTAB, �99.5%) and potassium bromide (KBr,
�99.8%) was supplied by Beijing chemical Reagent Co., Ltd (China).
The seawater used in the experiments was collected from the Bohai
Sea, Tianjing, China.

2.2. Preparation of EG&M-EG

EG was synthesized by the following several steps. The mixed
acid was prepared with perchloric acid and nitric acid at a ratio of
1:1.1.00 g of KMnO4 was dissolved into the mixed acid, and then
10.00 g of natural flake graphite (NFG) was added to the solution.
The graphite was oxidized for 5 h under continuous stirring. Af-
terwards, the resulting mixture was washed with water, the pre-
cipitate was filtered and dried at 70 �C for 40 min. The expandable
graphite was prepared, and then expanded with muffle furnace at
900 �C to obtain EG.

The preparation process of M-EG was similar to that for EG (as
described in Fig. 2). 2 ml of phosphoric acid was added to themixed
acid, and 6.00 g of CTAB and KBrwasmixed in deionizedwater with
a mass ratio of 1:1 to make CTAB-KBr composite modification
agent; then 10.00 g of expandable graphite was mixed with the
compound modifier, stirred for 30 min and placed for 3 h, and then
washed, dried and heated on a low-temperature furnace operated
at 800 W for 20 s to obtain M-EG. The expanded volume was
determined by measuring 1.0 g of the expanded graphite by grad-
uated cylinder.

2.3. Characterizations

Both EG and M-EG samples were characterized by Scanning
electron microscopy (SEM), specific surface area, FTIR spectra and
XPS spectra. SEM (SU 8020) was operated at an acceleration voltage
of 5 kV. Fourier transformed infrared (FT-IR) spectra of samples was
recorded using a Thermo Nicolet NEXUS FI-IR spectrophotometer
in the wave number range of 400e4000 cm�1 at a resolution of
4 cm�1 using the KBr pellet method. The XPS spectra of M-EG were
obtained using an Amicus (Shimadzu Co., Japan) X-ray photoelec-
tron spectroscopy. The specific surface areas of EG and M-EG were
determined by N2 Brunauer-Emmett-Teller adsorption analysis
using a surface area analyzer (Nova, 2000e; Quantachrome In-
strument, USA).

2.4. Batch adsorption experiment

The synthesized materials were tested for their capacity to
remove oil from water using batch sorption experiments. Briefly,
100 ml of seawater was transferred to a 250 ml jar, and the sorbent
materials were added to the seawater with various oil types, con-
centrations and temperatures. In order to simulate the real ocean
situation, the mixture was placed on a shaker with a frequency of
70 cycles per minute. At the end of the experiment, the sorbent
material was removed from the oil and water mixture, drained for
2 min in a filtration equipment, and weighed. The mass of water
entrapped into the sorbent was determined by Karl Fischer titration
following ASTM D1533.

For each experiment, the corresponding value of the adsorbed
oil onto the adsorbent at equilibrium, Qe, was calculated by sub-
tracting the water content and the initial adsorbent weight from
the total weight of the wet adsorbent:

Qe ¼ Ce � Cw e CM (1)

Where Ce is the total weight (g) of oil, water and adsorbent material
at equilibrium, measured gravimetrically. Cw is thewater weight (g)
as determined by the Karl Fischer technique and CM is weight of the
adsorbent material (g). In order to measure the amount of oil
adsorbed onto the sorbent material at each specified of time, Qt, Eq.
(2) was given as follows:

Qt ¼ Ct � Cw e CM (2)

Where Ct is the total weight (g) of oil, water and adsorbent material
at time t.

3. Results and discussion

3.1. Characterization of EG and M-EG

In order to analyze EG before and after modification, corre-
sponding characteristics were shown in Table 1. From the table, it
can be seen that, despite the low working power M-EG required
during preparation, M-EG obtained larger surface area and
expanded volume than EG. In particular, the expanded volume
achieved an increase of 100 mL/g. This increase can be explained by
the change in pore structure before and after the modification by



Fig. 1. Characterization of EG and M-EG (A)SEM image of EG; (B)SEM image of M-EG; (C) wettability measurement of EG; (D) wettability measurement of M-EG; (E) FT-IR spectra of
EG and M-EG; (F) XPS spectra of M-EG.

Fig. 2. Schematic illustration of modification mechanism.

Table 1
Characteristics of EG and M-EG

Preparation equipment The resulting material Working power(W) Expanded volume (mL/g) The specific surface area (m2/g)

Muffle furnace EG 2000 290 219
Low-temperature furnace M-EG 800 390 259
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CTAB-KBr/H3PO4, suggested by the results from SEM. Consequently,
M-EG, prepared by low temperature furnace, is energy saving and
has better surface characteristics than EG.

The SEMmicrographs of EG andM-EG in Fig.1(A) and (B) showa
more porous and uneven structure in samples post-modification.
From the SEM image in Fig. 1(A), it can be seen that EG present a
framework with the pore numbers ranging from hundreds to
thousands, which are constructed by folds and open, semi-open
type of pore structure on EG's surface. Such structure increases
EG's surface and thus the pollutants can be adsorbed more easily
under appropriate conditions. After treated with composite modi-
fication agents, as displayed in Fig. 1(B), M-EG still kept the uneven
and porous structure. However, compared to the surface of EG, M-
EG architectures showed an interconnected and continuous open
microstructure. The surface of M-EG has a honeycomb substructure
with diamond-shaped pores, and graphite layers are mostly open.
Compared to EG, slit-shaped holes were reduced or even dis-
appeared, and polygonal pore structurewas formed, which resulted
in increased pore size and volume. The porous structure and plenty
of the capillary interstices were revealed in the high magnification
SEM image of Fig.1(B), and the pore sizes vary from several microns
to tens of microns. The result of pore structure analysis of M-EG
indicates that themicropore volume and average pore size are up to
48.86 cm3 g�1 and 87.84 nm, respectively. The special loosely
bonded, porous and honeycomb structures that EG achieved post-
modification provide it with high ability of sorption.
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FTIR spectra of EG and M-EG are presented in Fig. 1(E) to
elucidate the modification mechanism, a variety of functional
groups of expanded graphite were detected by FTIR spectra. The
broad band at 3434 cm�1 and the band at 1633 cm�1 found in EG
could be attributed to the stretching vibrations of intra and inter-
molecular hydrogen bonded eOH and C¼C, respectively. The bands
around 2914 cm�1 corresponded to the -CH2 stretching vibrations,
while the characteristic CeH peaks appeared at 1385 cm�1 for the
-CH3 group. The bands at 1120 cm�1 were attributed to the eCO
stretching of the secondary alcohol, and the band at 2312 cm�1

indicated the presence of C¼O bending. After modification, the
characteristic peaks of EG at 3434 cm�1, 2312 cm�1 and 1633 cm�1

almost disappeared. Meanwhile, new bands at 1570 cm�1 and
1720 cm�1 were ascribed to the stretching vibration of C¼N and
eCOOH. In addition, the peaks of intermolecular hydrogen bonds at
3742 cm�1 and the peaks for C-Br at 657 cm�1 were also detected
on M-EG. The FT-IR results indicated that compound modifier had
been grafted on the surface of EG through intermolecular hydrogen
bonded eOH groups, C¼O groups and C¼C bending.

To further investigate the chemical composition of the resulting
M-EG, XPS measurements were performed, as shown in Fig. 1(F).
The XPS analyses exhibited the XPS energy spectrum of C1s in M-
EG. The characteristic peaks at 284.6 eV indicated the presence of C-
C or C-H, and the band at 285.2 eV indicated C-N group. Further-
more, a weak peak for -COOH or C¼C at 291.0 eV was also detected.
Meanwhile, the band for C-O, C¼O was not detected. In addition,
elemental analysis showed that the amount of N and Br increased
from 0.84% to 0e1.29% and 0.79%, respectively; while O decreased
from 4.11% to 3.76% after the treatment by compound modifier. The
XPS results indicated that chemical reactions occurred on the sur-
face of EG, and oxygen functional groups were replaced by bromine
or nitrogen functional groups. Importantly, the reduction of oxygen
content on M-EG surface could lead to a decrease in polarity and an
increase in hydrophobicity, which is good for oil-water separation.

The surface tension of EG and M-EG was tested by a water
contact angle measurement. As shown in Fig. 1(C) and (D), The
water contact angles of M-EG and EG were 135.6� and 129�,
respectively, indicating that M-EG displayed stronger surface hy-
drophobicity than EG. Compared to hydrophobic wettability, both
EG andM-EG showed excellent oleophilic property. After an engine
oil droplet was dripped on the surface of EG and M-EG, it was
absorbed immediately and a contact angle of oil of 0� was observed.
Therefore, EG and M-EG displayed high hydrophobicity and super
oleophilicity. However, M-EG showed stronger hydrophobicity
than EG, which is consistent with the decreased polarity. Owing to
above characteristics, M-EG exhibited excellent adsorption and oil-
water separation performance.

Base on the above analysis, the speculation of modification
mechanism is presented in Fig. 2. As a raw material for the syn-
thesis of EG, nature flake graphite was compacted together. When
synthesizing EG, due to the reaction between strong acid (HNO3),
oxidation agent (KMnO4) and graphite layer, the distance between
adjacent graphite was greatly increased, along with slight distor-
tions. Consequently, expandable graphite was expanded at a high
temperature, leading to the breakdown of the bonds between the
interaction compounds and functional groups in EG.

Different from the synthesis of EG, M-EG underwent a further
modification with CTAB-KBr and H3PO4, and this method of
expansion costed less energy. Expandable graphite, the predecessor
of EG, was prepared by NFG under the effect of oxidant and inter-
calation agent. The carbon element on the surface of NFG lost
electrons to form positively charged carbon atom after oxidation
(Liu and Yan, 2002). Due to the charge repulsion, the mutual
exclusion between two positive charges of carbon opens the
compact structure of NFC. In this study, we used the cationic
surfactant of CTAB as the intercalation agent, different from the
traditional anionic intercalation agent (Smith and Korgel, 2008). As
one of the cationic surfactants, CTAB can further increase the
charge repulsion between graphite layers.

However, two obstacles block the way to achieve the above
process. First, CTAB and carbon atom have the same electronega-
tivity, which makes it difficult for CTAB to be inserted into the
graphite layers. Adding a certain amount of potassium bromide
successfully solved the problem. Br� ionized by KBr could partially
shield the positive charges of CTAB, which reduced the electrostatic
repulsion of CTAB solution. With the effect of bromide ions, CTAB
can penetrate deeper into graphite layers, making expansion effect
more obvious and forming more active functional groups such as
C¼N and C-Br bond. Second, the activation energy of the above
process is too high to achieve without catalytic agents. As a solu-
tion, the active agent phosphoric acid, was added and successfully
lowered the activation energy, making it possible to prepare the
composite modified expanded graphite by low-temperature
furnace (Sirimuangjinda et al., 2012).

3.2. Removal performance of EG and M-EG towards marine oil

In order to be suitable for oil leakage accidents under seawater
conditions, materials need to work effectively under high salinity
system. In this regard, the adsorption of engine oil on M-EG under
different sodium salt concentrations was investigated by batch
experiments. As shown in Fig. 3(A), M-EG exhibited exceptional
adsorption features for engine oil. The adsorption of engine oil on
M-EG was observed to be independent from sodium salt concen-
tration. The results indicated that M-EG was suitable for oil leakage
accidents under high salinity conditions.

In order to highlight the superior performance of M-EG in
removing different marine oils, we compared the adsorption ca-
pacity of EG before and after modification. The maximum adsorp-
tion capacity of EG and M-EG for engine oil, crude oil, diesel oil and
gasoline oil is shown in Fig. 3(B). In our experiment, the maximum
adsorption capacities of EG are 6.32, 5.54, 5.15 and 4.00 g/g and the
maximum adsorption capacities of M-EG are 7.44, 6.12, 5.34 and
4.1 g/g respectively for engine oil, crude oil, diesel oil and gasoline
oil. The results demonstrated that M-EG is a more efficient adsor-
bent to extract different oils from seawater. The excellent adsorp-
tion capacities for different oils of M-EG may be ascribed to the
following synergistic effects. First, of the pore structure was
changed inM-EG.With the effect of CTAB-KBr, expansion volume of
EG increased with growth of pores inside the expanded graphite
particles, which provided adequate transportation channels and
facilitated the diffusion of oil from the exterior to interior sites on
the adsorbent. Therefore, the larger expanded volume was, the
higher sorption capacity of expanded graphite for marine oil ob-
tained. Second, a large amount of CTAB cations available on the
surface of M-EG provided more opportunities for the adsorption of
negatively charged oil molecules through electrostatic attraction.
Third, the correlation between the removal capacities and BET
surface area, in which M-EG demonstrated enhanced removal ca-
pacities towards oil molecules over EG, indicates the extensive
exposed outer surface is also thought to endow them with abun-
dant adsorption sites available for oil molecules capture. On the
other hand, M-EG has better hydrophobicity than EG, which is
crucial for selective uptake of spilled oils. In addition, for M-EG, the
adsorption capacity increased by 17.72%, 10.47%, 3.68% and 2.5% for
engine oil, crude oil, diesel oil and gasoline oil, respectively. It could
be explained by the different glutinosity and density properties of
different oils. The viscosity and density of engine oil and crude oil
are larger than that of diesel oil and gasoline.

The complexity of marine oil pollution in the practical operation
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is beyond our imagination, since there are many external factors
that interferes with the adsorption process. In this study, we
examined the effect of engine oil concentration on the adsorption
properties of M-EG. As shown in Fig. 3(C), increasing the concen-
tration of engine oil can result in an increase in adsorption capacity
of M-EG. This observation can be justified by the fact that both M-
EG and oil are non-polar substances, which lead to great affinity to
each other. Thus, M-EG has a preferential adsorption on oil, and the
adsorption capacity of M-EG increases rapidly with the increase oil
concentration. In addition, the amount of water adsorbed onto M-
EG decreased sharply and then increased slightly. Since M-EG has a
certain saturated adsorption capacity, the adsorption amount of
water decreases with the increase of adsorption oil. However, when
the amount of adsorbed oil increases to a certain extent, the
amount of water adsorbed by M-EG may also increase slightly due
to the presence of winding space, which is caused by EG defor-
mation after oil absorption (Zheng et al., 2008). According to
Zhou(Zhou et al., 2001), a model of winding space was built to
analyze the oil absorption process of expanded graphite. They
found that the oil adsorbed on the surface of EGwas only about 40%
of the total amount of oil adsorbed, and most of the rest went into
the winding space or the hole inside. It is worth mentioning that
shaking by shaker enabled the molecules of oil to penetrate further
into the adsorbent in this study when simulating the real marine
environment, possibly because the surface area between oil mol-
ecules and M-EG was increased significantly by shaking.

The effect of temperature on the removal capacity of engine oil
in seawater was investigated in the range of 0 �Ce40 �C, which was
used to imitate the real environment of the ocean. The results are
shown in Fig. 3(D). Based on Fig. 3(D), the adsorption capacity of
engine oil increased with rising temperature in the presence of M-
EG. The adsorption capacity of M-EG was about 5.90 g/g at 0 �C,
while the adsorption capacity of M-EG increased to 9.21 g/g at
40 �C. This can be explained that the adsorption of engine oil is an
endothermic process, and the adsorption process of engine oil is
promoted with the increase of temperature. In addition, this
change in adsorption capacity may be related to the decrease in
viscosity of engine oil with increasing temperature. When the
temperature increases, the engine oil molecules diffuse to the
surface of M-EG more rapidly, and the time required for reaching a
state of equilibrium in the adsorption system is shorter at higher
temperatures.

Overall, M-EG has high environmental performance, in which
adsorption capacity of the material has changed within an



Fig. 4. (A) The adsorption recyclability of M-EG for marine oil with compression treatment over six cycles; (B) The adsorption recyclability of M-EG for marine oil with suction
filtration treatment over six cycles; (C) SEM image of M-EG after cyclic utilization with compression treatment; (D) SEM image of M-EG after cyclic utilization with suction filtration
treatment (initial concentration: 100 g/L; Temperature: 20 �C; Adsorbent dosage: 2 g/L; adsorption equilibrium time: 120min).
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acceptable range in different environmental factors, and thereby
further promotes the application of M-EG in marine oil pollution.
3.3. Recyclability and recoverability

High recyclability of the adsorbent and recoverability of oil are
key requirements for practical oil cleanup applications. In this
study, oil sorbed onto M-EG was recovered either by a simple
compression or a filtration-drying cycle (Fig. 4). When M-EG was
squeezed after sorbing engine oil to its maximum capacity, a large
amount of engine oil came out fromM-EG. However, it can be seen
from Fig. 4(A) that the adsorption capacity of M-EG decreased
significantly with the increase of cycle times. After compression, M-
EG was broken into pieces and the characteristic texture of M-EG
Fig. 5. Schematic diagram of the adsorption of marine oil and recyclabi
was destroyed. And the bulk density became higher, and the porous
structure of M-EG disappears (Fig. 4(B)). As a consequence, it's
unfavorable to recycle M-EG by simple compression. Therefore, it
was necessary to develop a much milder procedure for oil recovery
in order to recycle M-EG.

Therefore, we adopted a simple filtration-drying cycle for
recycling M-EG and recovering engine oil (Fig. 5). In this process,
M-EG was first saturated with engine oil and then the majority of
oil in the materials was separated by a suction filter under mild
pressure. Finally, the materials were heated to the boiling point of
engine oil. The vapor of engine oil was collected and condensed for
recovery, while M-EGwas regenerated. This process was repeated 6
times to determine recyclability (Fig. 4(C)). Over six repetitions, M-
EG showed stable performance: M-EG adsorbed engine oil up to
lity of expanded graphite by suction filtration and heat treatment.
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over 6 times of its dry weight, and no obvious decrease of
adsorption capacity was observed. The recovery yield of engine oil
was close to 100% during this process. Therefore, by using a suction
filtration and drying of the sorbed M-EG, engine oil was recovered
without disrupting the microstructure of M-EG (Fig. 4(D)). There-
fore, the honeycomb substructures with diamond-shaped pores
were homogenously distributed on M-EG framework, which
guaranteed the outstanding adsorption performance of M-EG to-
wards oil from seawater after repeated use several times.

4. Conclusions

In summary, M-EGwas successfully synthesized via the reaction
between NFC, CTAB, KBr and H3PO4 with low-temperature furnace
as the expanding equipment. The resultant M-EG has a homoge-
neously distributed honeycomb substructure with diamond-
shaped pores. M-EG exhibited outstanding adsorption perfor-
mances towards different oils in seawater due to the high surface-
to-volume ratio and interconnected pore in the honeycomb sub-
structure and the effect of CTAB-KBr. Besides high removal effi-
ciency, M-EG demonstrated desirable environmental stability, good
recycling performance, and easy separation operations. Therefore,
M-EG could be an ideal candidate for treating marine oil pollution
in practical application.
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