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A simple method for synthesizing highly wrinkled and less layered structure of graphene sheets by using
a mechano-thermal exfoliation method was developed. During this process, graphite and ammonium
chloride (NH4Cl) powders were loaded by milling and followed with heating at a quartz tube under a
nitrogen gas flow. The method is facile and easy for scaling up. Consequently, such microstructure merits
of structure endowed graphene super strong adsorption ability, which should have great potential for
water purification and treatment.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since graphene was firstly reported in 2004, it has attracted a
great deal of attention [1]. The graphene has excellent electronic,
thermodynamic and mechanical properties, and has been widely
applied in flexible electronics, transparent conductive electrodes,
nanoscale electronic devices, and composite materials [2–7]. The
results of recent researches showed that many synthesis methods
have been developed, including mechanical exfoliation, chemical
vapor deposition (CVD), oxidation-reduction reactions, and the
organic menstruum dispersion method [8–10]. The oxidation-re-
duction process is one of the best options for producing large-scale
graphene sheets with high structural quality for its simple and
multifarious processes. The fluid-phase exfoliation of native gra-
phite is another simple method to produce graphene by way of
sonication of graphite powders in miscellaneous solutions or
surfactants solvents. The first acknowledged process of graphene
synthesis is mechanical exfoliation, which is a top-down science in
nanotechnology based on that the graphite originates from the
stacking of mono-atomic graphene layers by weak van der Waals
forces [11,12]. However, these methods have their each merit as
well as their limitations and demerits: the amount of product is
usually very low and the graphene structure might be damaged
during the processes.

Nowadays, oil spillage, organic solutions and dyes discharged
by the textiles, paper, plastics, tannery, and paint industries are
considered as the primary pollutant in water sources [13,14]. To
y. Production and hosting by Elsev

als Research Society.
overcome these principal drawbacks, a number of advanced ma-
terials have been developed and suggested, but the poor cycling
capability and low adsorption capacity are still unsatisfactory. The
studies on the porous graphene have flourished because it exhibits
light weight for easy separation, high gravimetric capacity from
cleaned water. For long-range cycling, it also provides stable cy-
cling and good adsorption capacity because of its easy cleaning
[15].

In this paper, a simple, effective method of ball milling was
used to realize the production of few layered and large-scale
graphene sheets. The solid-exfoliation of graphite is achieved by
using the ball milling technique. The produced graphene sheets
are few-layered, high quality wrinkled without using any catalysts,
templates or solvents [16]. In addition, the high surface area, na-
nosheet structures and superior porous of graphene provide
highly adsorption capabilities of different substances ranging from
oils and dyes.
2. Experimental procedure

2.1. Preparation of the graphene

The ball milling method was used to produce porous graphene
nanosheets relying on solid-exfoliation of graphite. The laboratory
instrument used in this experiment was QM-3SP04 planetary ball
mill. Initially, the graphite and ammonium chloride (NH4Cl)
powders with 1:14 mol ratio were put into a milling container and
milling for 20 h. The speed of the milling balls was 600 rpm. With
the help of fast speed milling, fully graphene-wrapped NH4Cl
particles were formed. Then the mixed powers were heated at
ier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. XRD patterns of the graphite and graphene.
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800 °C inside a tube furnace for 1 h under N2 gas flow. When the
tube was cooled to room temperature, the final few-layered and
high wrinkled graphene sheets can be obtained.

2.2. Characterizations of the graphene

Firstly, the X-ray powder diffraction (XRD) was used to study
the structure of the graphite and final products. The results are
shown in Fig. 1. The natural graphite revealed a characteristic
height centered at 2θ¼26.6°. According to the Braggs law, this is
assigned to the (002) inter layer demonstration of graphite with a
d-spacing of 0.34 nm. After the milling for 20 h and heating at
800 °C, the 2θ position of the (002) peak shifted lower and the
peak became wider, suggesting that the ball milling reduced gra-
phite thickness and size as well as the lattice distance might be
expanded a little bit. Keeping in mind that no vacuum was em-
ployed in the milling process, the partial of oxygen-containing
groups may be intercalated into the carbon layer, causing the
spacing between fringes nearby was slightly greater than 0.34 nm.
Fig. 2. (a, c, e) Low-magnification SEM images of the architecture of graphene, graph
graphene, graphite and activated carbon, respectively, revealing the interconnected net
This is consistent with the result of XRD.
Scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) were used to study the morphology of samples.
The low magnification SEM image shown in Fig. 2a gives an
overview of the sample morphology, which clearly reveals porous
nature and typical shape of the graphene samples. The natural
graphite samples clearly reveal a lot of aggregates of densely layers
with a good crystal structure (in Fig. 2c and d). The SEM images
(Fig. 2e and f) reveal that the capital particles of several nan-
ometers made of activated carbon. Due to nanoporous channels
inside the particles, we can find the activated carbon in high sur-
face area [17]. However, compared with the initial graphite and
activated carbon, graphene clearly reveals a linked network with
the porous structure (Fig. 2b). After ball milling, the thicknesses
and sizes of graphite were signally lessened. In the enlarged SEM
views, the disordered few-layered graphene sheets show fleecy
and crumpled morphologies. The TEM pictures shown in are
consistent with the SEM observations. It was shown clearly in
Fig. 3 that samples have eminent porous structure, suggesting that
the curly and interconnected sheet construct the structure. Com-
pared with graphite, both SEM and TEM images confirm that the
graphene comprises stratified porous structure with the pore size
ranging from several hundred nanometers to several micrometers.

The specific surface area and porous properties of graphene
were analyzed via the experiments of nitrogen adsorption/deso-
rption, which confirms the formation of this structure. As men-
tioned above, after 20 h of milling, the lamellar stacking spacing of
graphite was scaled to be 0.41 nm, which shows the gradational
exfoliation approaches from graphite to graphene sheets. It can be
seen that the Brunauer–Emmett–Teller (BET) specific surface area
of graphene is 215 m2/g in the nitrogen adsorption/desorption
isotherm (Fig. 4a), which is much lower than the conjectural value
of single-layered graphene sheet, corroborating the structure of
graphene sheets with layering or overlapping. There are a great
many of mesopores within graphene, which further confirm the
extraordinary porous structure of synthesized graphene samples.
ite and activated carbon, respectively, (b, d, f) high-magnification SEM images of
work with the graphene nanosheet structure.



Fig. 3. (a, b) TEM, images indicating a layered graphene sheet structure, (c) high-resolution TEM images of the graphene.
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Fig. 4. (a) Graphene adsorption-desorption isotherm, (b) graphene pore size distribution according to the Barrett–Joyner–Halenda (BJH) adsorption.
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Fig. 5. (a) Absorption capacities for various oils and organic liquids measured by weighing activated carbon and graphene sheets, (b) photography of graphene soaked in oil
after 2 min of absorption.
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2.3. Oil and organic solvent removal tests

Five different kinds of oils and organic solvents were used in this
study, including ethanol, pump oil, bean oil, lubricating oil and olive oil.
The mass of graphene was weighed before absorption tests. The gra-
phene was removed from the oil and weighed again after absorption
was completed. In order to avoid the evaporation of absorbable solu-
tions or oils, the weight measurements were done immediately after
the solid-liquid separation. The same procedure was used to test the
activated carbon to make a contrast analysis. The absorption capacity
value, Q (wt/wt%), was calculated using the following equation:

= −
Q

M M
M

0

0

where M0 and M are the weights of the graphene before and after
absorption separately.

2.4. Dye removal experiments

Methylene blue (MB), a cationic dye was considered as the
main toxic waste in water resources, and was selected as a re-
presentative organic pollutant [18]. In this adsorption of MB ex-
periment, 2 mg of the graphene sample was added to MB aqueous
solvent (5 ml, 40 mg/l). Then the graphene sample was added to
the MB solution and this dye-uptake experiment was reacted at a
room temperature. UV–vis absorption spectroscopy was recorded
in different time intervals to monitor this process at 598 nm. The
removed quantity of dye at time t (Qt, mg/g) was calculated with
the equation below:

=( − ) ×
Q

C C V
mt

t0

where C0 (mg /L) is the primary concentration of dye, Ct is the
concentration at time t, V (L) is the volume of dye solution, and m
(g) is the graphene weights.
3. Results and discussion

The several structural characteristics and properties make
graphene useable in oil absorption. As for an example, they can be
easy spreadable over great range of areas to collect oils due to their
lightweight powders and large free volumes [19]. According to the
SEM and TEM images, the graphene nanosheets consist of several
layers. The high resolution TEM image clearly indicates a crystal
lattice of porous graphene nanosheets, which may lead to an ex-
cellent absorbency for oils and organic solvents. The inside spe-
cifics of the pores are the most essential construction features. It
was confirmed in some reports that methods via structuring the
already hydrophobic material surface at the nanometer scale can
increase its hydrophobicity [20]. Consequently, it is believed that
the hydrophobicity of porous graphene is the same as so-called
Lotus effect by the adsorption of organics from ambient atmo-
sphere based on the surface nanostructures [21,22].

It is useful to soak the graphene powders in oil for the in-
creasing of oil uptake. Using this method, graphene shows the
absorption capability of ethanol, pump oil, bean oil, lubricating oil,
olive oil with values ranging from 1200 to 5300 wt%, as show in
Fig. 5a. It almost absorb up to 25 times of their weights in ethylene
glycol. Although these results are not the maximum value ever
reported [23], the adsorption properties are better than common
absorbents as well as commercial activated carbon and other re-
cent refined materials, including graphene capsules [24], collagen
nanocomposites [25], polyurethane and iron oxide composites
[26], and MnO2 nanowires [27]. Under the same conditions, the
higher absorbencies of oils showed in porous graphene than
activated carbon (Fig. 5a). This represents the absorption capacity
can be increased by nanosheet structure. It should be noted that
the process is very fast, after about 2 min, pump oil has been taken
up by the graphene nanosheets with a capacity of 4300 wt%. The
graphene before and after absorption of engine oil was illustrated
in Fig. 5b, indicating a swelled structure after absorption.

On the contrary, we found that there is no evidence of swelling
when dyes are taken up. The using of methylene blue (MB) as a
marker is to test the dye adsorption of graphene in aqueous so-
lution. With the graphene added, the color of the solution was
gradually faded (Fig. 6b). After 1000 min adsorption, there is no
obvious MB can be observed, suggesting the efficient removal of
MB. Fig. 6a also shows that about 99% of MB has been removed
from aqueous solution within 700 min at room temperature. The
high specific surface area and porous structure of graphene can
explain the high adsorption capacity for MB. Whereas, MB, either
at its pure solid state form or dilutes in water, cannot contribute to
swelling of the graphene nanosheets as a result of capillarity fill-
ing. Thus, dyes sorption only based on the surface effect (adsorp-
tion of MB molecules on the hydrophobic graphene surface),
which causes a lower adsorption capacity compared with the oils
and organic solvents. Nevertheless, graphene also with sig-
nificantly absorption capacity mainly because of graphene pro-
vides a large specific surface area and porosity, which can sig-
nificantly increase the contact opportunity of dye molecules on
graphene nanosheets [28]. In addition, the zeta potential of MB
(�1.45 V) is relatively positive, which may decrease the electro-
static repulsion with negatively charged graphene.
4. Summary

In summary, we have developed highly porous and wrinkled
graphene with a very high specific surface area by using a ball
milling process, which is easy to scale up. The fabricated graphene
structures were characterized by SEM, TEM and XRD etc. The ob-
tained few-layered graphene presents excellent adsorption capa-
city for oils, organic solutions and dyes, such as methyl blue. All
these features make the graphene show the great potential as a
high-performance pollutant scavenger for water treatment.
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