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Abstract: With the intensification of human activities, a large amount of oil and organic solvent waste
has been created, resulting in serious ecological and environmental pollution. Therefore, how to bal-
ance environmental benefits and economic benefits control a large number of organic solvent and oil
pollution is an urgent problem. To solve this problem, a highly efficient oil-water separation material
was designed and prepared in this paper. Graphene oxide aerogels were synthesized by the Pickering
emulsion and hydrothermal method, and then hydrophobically lipophilic polydimethylsiloxane
(PDMS) reduced graphene oxide aerogel composites (PDMS/GA) were obtained by modification
of PDMS. The surface functional groups, hydrophobicity, thermal stability, and micromorphology
of the materials were tested by various characterization methods. Their properties were tested by
an oil absorption test and repeated experiments. The oil absorption performance experiments and
repeated performance experiments of PDMS/GA are reported. The number of oxy-gen-containing
functional groups of the modified graphene oxide (GO) decreased, and the contact angle of water
was 134.4◦. The adsorption capacity of n-hexane was up to 18.5 times its own weight. The material
has the advantages of being lightweight, easy to recover, good hydrophobicity and lipophilicity, and
has the potential for large-scale applications in the field of oil-water separation.

Keywords: PDMS; graphene oxide; aerogel; nanomaterials; oil-water separation

1. Introduction

In the 21st century, there are a many problems in the scientific field that need to be
studied in depth, such as the energy crisis [1,2] and environmental pollution issues [3,4].
There is an urgent need for lightweight, high porosity, environmentally friendly, and sus-
tainable materials with high mechanical properties in many emerging research fields such
as energy storage [5,6], sensors [7,8], thermal insulation materials [9,10], adsorption [11,12],
and so on. If any material can be called the king of lightweight, graphene oxide (GO)
with the largest specific surface area must be the first choice [13,14]. GO has abundant
oxygen-containing functional groups [15,16], which allows it to be active in many reactions.
The material synthesized as a raw material has high porosity [17,18], low density [19,20],
and low thermal conductivity [21,22], which has attracted widespread attention.

Hydrophobic graphene aerogel (GA) synthesized by the hydrothermal method, due
to its high oil absorption performance, no pollution to the environment, and good selective
oil absorption performance in water, makes it a relatively good choice in the treatment
of marine oil spill accidents [23,24]. However, in terms of practical application, due to
the easy coalescence of GO during the initial reaction, its products often have problems
such as high brittleness, fragility, hygroscopicity, and non-renewability, which limit its
commercial use [25–27]. In order to obtain higher porosity and lower density of graphene-
based nanocomposites, better mechanical strength, and an increase in the dispersion of
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GO in the initial reaction, the preparation of Pickering emulsion before the hydrothermal
reaction is a solution to the dispersion of GO.

In 2010, Kim et al. [28] first proposed and verified that GO can form a very stable
Pickering emulsion due to its parental characteristics. Li et al. [29] verified through experi-
ments that GO’s Pickering emulsion is an oil-in-water emulsion. Song et al. [30] reported
that GO stabilized styrene/water Pickering emulsion can produce polystyrene coated
with graphene oxide. Kulkarni et al. used the Pickering emulsion method to synthesize
hydrophobic GA through freeze-drying and high-temperature annealing, but there is no
doubt that the raw materials and experimental conditions used in this synthesis are far
from being applicable to industrial mass production [31].

In this study, we used a simple mechanical stirring method to mix GO, ethylene-
diamine, n-hexane, and deionized water to form a Pickering emulsion to increase the
dispersion of GO. Next, through a hydrothermal reaction, GO was combined through the
π–π bond forces to obtain graphene oxide hydrogel. The hydrogel was dialyzed with a
hydroalcoholic solution to remove n-hexane, and then lyophilized to obtain GA, modified
by Polydimethylsiloxane (PDMS) to obtain PDMS/GA. The microscopic morphology and
structure of the composite aerogel were characterized, and the adsorption capacity of the
composite aerogel for n-hexane was studied.

2. Materials and Methods
2.1. Materials

Flake graphite (325 mesh 99.6 wt%; Nanjing Xianfeng Nanomaterials Technology
Co., Ltd., Nanjing, China), concentrated sulfuric acid (H2SO4 98%; Beijing Chemical
Reagent Factory, Beijing, China), potassium permanganate (KMnO4 99.5%; Beijing Chemi-
cal Reagent Factory, Beijing, China), sodium nitrate (AR Tianjin Chemical Reagent Factory,
Tianjin, China), hydrogen peroxide (H2O2 30%; Shanghai Civic Chemical Technology Co.,
Ltd., Shanghai, China), ethylenediamine (Shanghai Civic Chemical Technology Co., Ltd.,
Shanghai, China), PDMS (Dow Corning Corporation 184), and n-hexane (Shanghai Civic
Chemical Technology Co., Ltd., Shanghai, China).

2.2. Instruments and Characterization

LEICA DM2500P microscope and supporting instruments (DM2500P polarizing mi-
croscope (Leica, Wetzlar, Germany); JY-PHB type contact angle measuring instrument
(Chengde Jinhe Instrument Manufacturing Co., Ltd., Chengde, China); DHG-9030A type
vacuum drying oven (Shanghai Yiheng Technology Co., Ltd., Shanghai, China); Panalyti-
cal model X-ray diffraction Instrument (Netherlands PANalytical, Almelo, Netherlands);
Thermo Fisher Nicolet Is5 model FTIR (Thermo Fisher, Waltham, America); Thermo Sci-
entific Apreo 2C model field emission scanning electron microscope (Beijing Obertong
Optical Technology Co., Ltd., Beijing, China).

2.3. Methods
2.3.1. Preparation of GO

The preparation method of GO adopted the hummers’ method, and the preparation
method was improved. The main preparation method was: add 23 mL of concentrated
sulfuric acid into a three-necked flask and placing the flask in an ice water bath, with
the temperature less than 8 ◦C. Add 1g of natural flake graphite powder and 0.5 g of
NaNO3 under the condition of constant stirring, add 3 g of KMnO4 to it after 3 min, and
continue to stir and react for 2 h. Then, the temperature was raised to 35 ◦C and reacted
for 35 min. After that, 46 mL of deionized water was added to the three-necked flask and
the temperature was raised to 98 ◦C. After stirring the reaction for 20 min, 5 mL of H2O2
(5%) was added to neutralize the excess KMnO4, and then transferred to the refrigerator.
After cooling overnight, the obtained solution was washed repeatedly with 0.1 mol/L
dilute hydrochloric acid and deionized water and transferred to a drying box for drying to
obtain GO.
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2.3.2. Preparation of GA by the Pickering Emulsion Method

Disperse 20 mg of graphene oxide into 5 mL of deionized water, add 20 µL of ethylene-
diamine, 2 mL of n-hexane, and stir at high shear for 20 min to obtain a Pickering emulsion.
The formed Pickering emulsion is shown in Figure 1. Put the solution into a high tempera-
ture and high pressure reactor with a polytetrafluoroethylene lining, heat it at 180 ◦C for
10 h, cool it naturally to room temperature, take out the graphene oxide hydrogel, and
dialyze it several times with a hydroalcoholic solution at −30 ◦C. After freezing for 12 h
and freeze-drying for 48 h, graphene oxide aerogel was obtained.
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2.3.3. PDMS Modified Graphene Oxide Aerogel

Dissolve 1.1 g PDMS in 50 mL n-hexane solution (PDMS purchased from Dow Corning
184, 1 g A glue and 0.1 g B glue were mixed for use), immerse the graphene oxide aerogel
in an appropriate amount of PDMS. The solution was heated in a vacuum drying oven at
60 ◦C for 2 h to pre-cure the PDMS, then the cured aerogel was further processed at 120 ◦C
for 6 h to obtain an aerogel sample. As shown in Figure 2, a final graphene oxide aerogel
that can be supported on flowers is obtained.
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3. Results
3.1. Chemical Composition Analysis of GO, GA, and PDMS/GA

Figure 3 reports X-ray diffraction (XRD) patterns of GO, GA and PDMS/GA. There
was a very sharp diffraction peak at 2θ = 10.990◦ and the interlayer spacing was 8.0441. This
is due to the presence of oxygen-containing functional groups such as hydroxyl carboxyl
groups on the GO surface, which leads to the presence of intercalated water molecules. The
improved interlayer spacing and the graphene oxide synthesized in other literature [32] was
basically the same. From the XRD pattern of GA, it can be seen that a wider diffraction peak
was observed at 2θ = 24.014◦, the corresponding interlayer spacing was d = 0.37027 nm.
The intensity of the diffraction peak was reduced, the diffraction peak became wider and
the sharp diffraction peak disappeared. These changes indicate that the oxygen-containing
functional group indicated by GO was removed by the hydrothermal reduction reaction,
which reduced the interlayer spacing of GA and improved the hydrophobicity to a certain
extent. From the XRD pattern of PDMS/GA, it can be seen that the modified PDMS/GA
was in an amorphous state.
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In Figure 4, since all samples were freeze-dried or vacuum-dried and then subjected
to thermogravimetric treatment, there was no significant quality degradation at 25–120 ◦C.
The first significant thermal weight-loss stage of GO was 150–240 ◦C. The weight loss
in this stage was mainly caused by the decomposition of oxygen-containing functional
groups in GO; after 240 ◦C, the slow decrease in the mass of GO was also caused by the
decomposition of oxygen-containing functional groups; After 475 ◦C, its mass continued to
decrease, which was due to the change in mass caused by the burning of amorphous carbon
in the graphite powder during the test. GA and PDMS/GA continued to decrease slowly
from 150 ◦C, which indicated that the unreduced oxygen-containing groups disappeared.
At 475 ◦C, the amorphous carbon in the gel starts to burn, so there is a significant thermal
weight loss stage. At 730 ◦C due to PDMS, the combustion of the silicone rubber formed
after curing leads to changes in the quality development and a significant thermal weight
loss stage.

Energies 2021, 14, x FOR PEER REVIEW 5 of 10 
 

 

In Figure 4, since all samples were freeze-dried or vacuum-dried and then subjected 
to thermogravimetric treatment, there was no significant quality degradation at 25–120 
°C. The first significant thermal weight-loss stage of GO was 150–240 °C. The weight loss 
in this stage was mainly caused by the decomposition of oxygen-containing functional 
groups in GO; after 240 °C, the slow decrease in the mass of GO was also caused by the 
decomposition of oxygen-containing functional groups; After 475℃, its mass continued 
to decrease, which was due to the change in mass caused by the burning of amorphous 
carbon in the graphite powder during the test. GA and PDMS/GA continued to decrease 
slowly from 150 °C, which indicated that the unreduced oxygen-containing groups disap-
peared. At 475 °C, the amorphous carbon in the gel starts to burn, so there is a significant 
thermal weight loss stage. At 730 °C due to PDMS, the combustion of the silicone rubber 
formed after curing leads to changes in the quality development and a significant thermal 
weight loss stage. 

 
Figure 4. The GO of raw GO, GA, and PDMS/GA. 

The infrared spectrum of GO is shown in Figure 5. There are strong characteristic 
peaks at 3446 cm−1 (stretching vibration of -OH), absorption peaks at 1403 cm−1 (defor-
mation vibration of -OH), and 1110 cm−1 (stretching vibration of C-O-C); all are caused by 
the oxygen-containing functional groups. It is worth noting that, compared with GO, the 
3446, 1403, 1110 cm−1 peaks in the infrared spectrum of GA almost disappeared, and the 
band of oxygen-containing functional groups decreased significantly, which proved that 
graphene oxide was effectively reduced and the material was hydrophobic and lipophilic. 
Performance has been improved to a certain extent. 

Figure 4. The GO of raw GO, GA, and PDMS/GA.

The infrared spectrum of GO is shown in Figure 5. There are strong characteristic peaks
at 3446 cm−1 (stretching vibration of -OH), absorption peaks at 1403 cm−1 (deformation
vibration of -OH), and 1110 cm−1 (stretching vibration of C-O-C); all are caused by the
oxygen-containing functional groups. It is worth noting that, compared with GO, the
3446, 1403, 1110 cm−1 peaks in the infrared spectrum of GA almost disappeared, and the
band of oxygen-containing functional groups decreased significantly, which proved that
graphene oxide was effectively reduced and the material was hydrophobic and lipophilic.
Performance has been improved to a certain extent.

In the infrared spectrum of PDMS-GA, there is the C-H strong symmetrical stretch-
ing vibration peak of -CH3 (2963 cm−1), the in-plane bending vibration peak of Si-CH3
(1262 cm−1), the stretching vibration peak of Si-O-Si (1092 cm−1), and the symmetric stretch-
ing vibration peak of Si-O-Si bond (801 cm−1). The appearance of these new characteristic
peaks indicates that PDMS was successfully grafted onto GA. Since the oxygen-containing
groups on the PDMS/GA surface are greatly reduced at this time, the hydrophobic and
lipophilic properties of the material are improved.

In Figure 6, GO has many oxygen-containing groups, exhibits hydrophilic characteris-
tics, and has a contact angle of 56.7◦ to water. Ethylenediamine is used as a cross-linking
agent and reducing agent to obtain graphene oxide aerogels with a contact angle of 81.3◦
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by the Pickering emulsion method. This is because the surface contains too many oxygen
groups and cannot achieve super-hydrophobicity. When further modified, the gel prepared
by the Pickering emulsion method has better elasticity and tighter structure.
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As an excellent hydrophobic modification substance, PDMS can not only hydropho-
bically modify graphene oxide, but also solidify the overall shape of aerogel so that the
aerogel will not deform in the next high-temperature reduction. After the PDMS is cured at
60 ◦C, the graphene oxide aerogel is further reduced at a high temperature. Under vacuum
and 120 ◦C, the oxygen-containing group chemical bonds of graphene oxide are broken at
high temperature, forming small molecules of water and carbon dioxide. Due to the solidifi-
cation of PDMS, the interlayer spacing between graphene oxide sheets remains unchanged,
and the graphene oxide aerogel with a hydrophobic angle of 134.4◦ is finally obtained.

Figure 7a,b shows GA prepared by the Pickering emulsion method at 95 ◦C under
high pressure. It can be found that the pores of graphene oxide folds are uniform and
small owing to the use of n-hexane oil droplets as a template for the fold pores. Figure 7c,d
shows the PDMS/GA. It is found that the outer layer of the modified aerogel is evenly
covered with a layer of silicone rubber. Compared with the first two synthetic products,
PDMS/GA composite materials by the Pickering emulsion method can still maintain the
pore morphology. This means it can be used as a good oil-absorbing material.
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3.2. Oil Absorption Test

Figure 8 reported the test chart of the adsorption performance of PDMS/GA, all
n-hexane in the liquid surface could be adsorbed within 4 s. The adsorption capacity can
reach 18.5 g/g. After evaporating n-hexane at high temperature, repeated adsorption of
n-hexane still shows excellent adsorption performance, it can still adsorb about 10 times of
n-hexane after five cycles, which is shown in Figure 9.

Dai et al. [33] prepared a three-dimensional macroscopic superhydrophobic magnetic
porous carbon aerogel with popcorn as raw material; its adsorption capacity for corn oil
was 10.28 g/g. He et al. [34] reported a kind of Superhydrophobic bacterial cellulose/SiO2
aerogels (BCAs/SAs); its adsorption capacity for corn oil was 8–14 g/g. The biodegradable
cellulose aerogel prepared by Zhao et al. [35] could absorb 10 times its own weight.
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Compared with the above research, the adsorption capacity of PDMS/GA on oil-water
mixture was improved.

4. Discussion

In summary, a graphene oxide aerogel was modified by PDMS by the Pickering emul-
sion method with a trace amount of ethylenediamine as a cross-linking agent and reducing
agent. The advantages of PDMS/GA are that it has good elasticity, no pollution, strong
adsorption capacity for pollutants, and easy recycling and regeneration. The prepared
graphene oxide aerogels have a loose and porous structure, and pollutants can fill the
pores so that the reduced graphene foam has certain adsorption characteristics for pollu-
tants. Aerogels have good adsorption performance for organic solvents and oil pollutants,
and their adsorption capacity of n-hexane can be up to 18.5 times. At the same time, the
recyclability of the aerogel makes PDMS/GA widely used in practical applications.
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