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Superhydrophobic and superoleophilic graphene
aerogel for adsorption of oil pollutants from water

Hui Wang,® Chunchun Wang,® Shuai Liu,? Lin Chen*® and Sudong Yang & *

Three-dimensional graphene based materials with superhydrophobic/superoleophilic attributes are highly
desirable for water treatment. The graphene aerogel (GA) was prepared by hydrothermal reaction of the
graphene oxide (GO) solution in the presence of dopamine followed by freeze-drying. The subsequent
surface modification of GA using fluoroalkylsilane occurred by a vapor-liquid deposition process. The
superhydrophobic graphene aerogel (SGA) fabricated from GA exhibits superhydrophobicity and
superoleophilicity with the water contact angle of 156.5° and the oil contact angle of 0°. With this
property, SGA could selectively adsorb various types of oils/organic solvents from the oil-water mixture.
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Moreover, the SGA possesses excellent low bulk density (9.6 mg cm
230 fold weight gain), and superior adsorption recyclability. With all these desirable features, the SGA is
a promising candidate for oil-polluted water remediation.
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Introduction

Recently, the environmental and ecological damage caused by
oil spills and chemical leakage has been an area of great
concern around the world.*”® Among multifarious methods that
use of oil skimmers, chemical dispersants, adsorbents, in situ
burning, and microorganisms,'*** adsorption is considered as
the most economical and efficient choice due to low cost,
simple operation, and prevention of secondary pollution.'
However, most conventional adsorption materials show low oil
adsorption capacity and poor selectivity for the oil-water
mixture. Thus, the development of novel adsorption materials
for the cleanup oil polluted water is of great significance.'*>*
Graphene nanosheets with intrinsic hydrophobic properties
are attracting increasing attention in the oil-water separation
field.”® 3D graphene-based monoliths, such as aerogels, foams
and sponges, not only keep the advantage of the unique struc-
ture of graphene sheets, but also possess low density, high
porosity, and large surface area. 3D graphene-based materials
are a promising candidate of adsorption material for the
removal of oil and organic solvents from water. For example,
Sun et al. fabricated graphene sponge as the oil adsorption
material through a hydrothermal method.?® Li and Shi prepared
graphene aerogel (GA) adsorption materials by the chemical
reduction of graphene oxide (GO) dispersion.>””® Liu et al
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~3), high absorption capacity (110-

synthesized graphene foam for oil adsorption by the thermal
reduction of graphene oxide foam.* Qu and Xie manufactured
nitrogen doped graphene framework as the adsorbents of oils
and organic solvents.**** Losic and Gao prepared graphene/
carbon nanotube composite aerogels.*** Our previous study
also reported porous graphene foam with good hydrophobicity
and oil adsorbability, which could be used for oil/water sepa-
ration.*** Although the above graphene-based monoliths have
high adsorption capacity, they have no selectivity for oil and
water, decreasing the separation selectivity and efficiency.***” In
order to endow the neat graphene monolith with super-
hydrophobicity and superoleophilicity so as to further improve
its separation efficiency, designing surface structure with high
roughness and low surface energy is expected to be a feasible
and effective pathway.****

In this work, the superhydrophobic graphene aerogel (SGA)
was prepared by polydopamine (PDA) functionalized GA via
hydrothermal method and subsequent hydrophobic modifica-
tion using fluoroalkylsilane through vapor-liquid deposition.
Various techniques were employed to study the morphology and
surface properties of the materials. The wetting characteristics
of SGA monolith were measured to confirm its super-
hydrophobicity and superoleophilicity. The oily compounds
adsorption and oil-water mixture separation properties of
monolith were systematically characterized.

Experiments
Materials

Powder-like graphite was obtained from Sinopharm Chemical
Reagent Co. (China). Dopamine hydrochloride (DA) and
1H,1H,2H 2H-perfluorooctyltriethoxysilane =~ (PFOES)  were
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obtained from Sigma-Aldrich. All chemicals were analytical
grade and used as received without further purification.

Preparation of aerogel

GO was prepared from graphite powder through a modified
Hummer's method as reported before.* In a typical experiment,
17.0 mg of GO was ultrasonically dispersed in 5.0 mL water for
4 h. Then 0.31 mL of DA solution (16.0 mg mL™") was added
into the GO dispersion and stirred for 10 min. The mixture was
then transferred into a Teflon-lined stainless steel autoclave
and hydrothermally processed at 120 °C for 12 h. Finally, the
treated hydrogel sample was freeze-dried to get GA.

The obtained aerogel was placed in a glass vessel filled with
an ethanolic solution of (PFOES) (2 wt%) with no direct contact
between the liquid and the aerogel. Subsequently, the glass
vessel was sealed and heated at 70 °C for 8 h. The SGA resulted
after thoroughly drying at 100 °C for 1 h.

Adsorption capacity of aerogel

Different organics, such as crude oil, gasoline, diesel, engine oil,
peanut oil, n-hexane, octane, hexadecane, chloroform, and 1,2-
dichlorobenzene were used to evaluate oil adsorption capacity of
aerogel. Typically, the aerogel was immersed in the oils for 10
minutes and then picked up using tweezers. After removing the
redundant oil on the surface, the aerogel was measured as soon
as possible on the mass balance. The oil adsorption capacity was
obtained by the weight imparity before and after the immersion.

Characterization

The morphology of aerogel was observed by scanning electron
microscopy (SEM, Supra 55VP, Zeiss, Germany). Elemental
analysis was carried out by energy dispersive spectroscopy
(EDS), and the EDS spectra were obtained through a Zeiss Supra
55VP SEM instrument equipped with an EDS detector. Surface
functionalities and elemental composition of aerogel were
studied using an X-ray photoelectron spectroscopy (XPS, Esca-
Lab 250Xi, Thermo Scientific, US). Functional groups in sample
were analyzed through a Fourier-transform infrared spectrom-
eter (FT-IR, NICOLET 5700). The static contact angle of aerogel
against water was measured on a goniometer (XG-CAMA,
Shanghai Xuanyichuangxi, China) at ambient temperature.
The optical images of the sample were acquired using a digital
camera (D7000, Nikon, Japan).

Results and discussion

The synthetic routes of SGA are illustrated in Fig. 1. First, the
PDA functionalized graphene hydrogel was prepared by hydro-
thermal reduction of the mixtures of GO and dopamine.
Second, the graphene hydrogel was by freeze-drying to produce
GA. Third, the low-energy PFOES layer coated on the GA surface
through the reaction of the hydroxyl groups in GA with the
alkoxysilane group of PFOES. Finally, the resulting SGA was
obtained by using the vapor-liquid deposition method.
Different from the frequently used SGA prepared solution-
processed coating approaches, vapor-liquid deposition avoid
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the unmanageable solvent removal process and can maintain
the stable shape, initial monolithic volume and structure of the
materials. Importantly, the surface of the graphene based
material can be modified according to the need of oil-water
separation. As a result, a piece of SGA could effortlessly stand on
the top of foliage without deforming the supporter at all (Fig. 1).
The calculated density of aerogel based on the weight and
dimension of sample was 9.6 mg cm >, belonged to the range of
ultra-low density material.

The morphology of the surface of GA and SGA was examined
by SEM. SEM images of the surface of GA in different magnifi-
cations are shown in Fig. 2a and c. As revealed by SEM images of
the GA (Fig. 2a), the curly graphene nanosheets were randomly
cross-linked to form 3D interconnected hierarchical porous
network with pore size distributions in the scope of sub-
micrometers to ten micrometers. The self-assembly of graphene
nanosheets into the 3D structures could be attributed to the
partial overlapping or coalescence of the flexible reduced GO
nanosheets via noncovalent interactions, such as hydrogen
bonding, and -7 interactions.**** The surface of the graphene
was smooth at the magnified scale (Fig. 2c). The smooth surface
of GA indicated that PDA was uniformly coated on the basal
planes of graphene, which might be due to the strong affinity
between the dopamine aromatic rings and graphene nano-
sheets.*® After the in situ vapor-liquid deposition process,
a similar porous morphology with interconnected frameworks
was observed for SGA (Fig. 2b). However, a compact coating with
a random distribution of many nanoscale granules was
observed on the graphene surface (Fig. 2d), which showed that
the accomplishment of covalent interaction on the surface of
SGA. The nanoparticle morphology provided the nanoscale
roughness to complement the microscale roughness inherent
in the graphene aerogel. Therefore, the surface microscale and
nanoscale roughness was an essential necessity to realize the
superhydrophobicity of SGA. Energy dispersive spectroscopy
(EDS) analysis was used to further investigate the chemical
composition of aerogels. As shown in Fig. 2e, only peaks of C, O,
and N were detected on the GA, and no other impurities could
be observed. After the deposition process and hydrophobic
modification, new peaks of F and Si could be observed besides
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Fig. 1 The fabrication process and the digital image of SGA.
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Fig. 2 Low- and high-magnification SEM images and corresponding
EDS analysis of (a, c and e) GA and (b, d and f) SGA.

C, O, and N for the SGA (Fig. 2f). These results show that F and
Si element is successful introduction overall the surface of SGA.
The 3D porous and hydrophobic structures of SGA are highly
desirable for oil and organic solvent adsorption.

To further verify the formation mechanism of the super-
hydrophobic surface, XPS measurements were used to compare
the chemical composition of the GO, GA, and SGA. The peaks of
C1s and O1s were observed in GO, while a new peak of N1s
emerged in GA, which should arise from polydopamine on the
graphene hydrogel during the process of preparing (Fig. 3a).
After the modification process, the XPS spectrum of SGA
(Fig. 3a) had fluorine component originating from SGA, indi-
cating that the covalent functionalization of GA by PFOES
successfully occurred. This result was consistent with the
results of the EDS analysis. The detailed deconvolutions of the
C1s spectra for GO, GA, and SGA were investigated as shown in
Fig. 3b. Deconvolution of the C1s signal in GO sample showed
a strong peak at high binding energy for the heavily oxygenated
carbon species. This result was consistent with the results of the
previous GO.** After hydrothermal reduction, the intensity of
the peak was decreased obviously for the heavily oxygenated
carbon species, and the peak related to C=C/C-C (~284.6 eV)
became dominant (Fig. 3b). Furthermore, deconvolutions of the
C1s spectrum for SGA appeared new peak associated with the
C-F covalent bonds at about 291.9 eV corresponding to C-F
bonding (Fig. 3b).*” The new Si2p (102.3 eV) (Fig. 3c) and Fis
(689.2 eV) (Fig. 3d) peak in the XPS spectrum of the SGA
confirmed the successful binding of fluoroalkylsilane on the
surface of the as prepared SGA. The atomic ratios of carbon,
oxygen, nitrogen, silicon, and fluorine measured by XPS in

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Nis

Relative Intensity (a.u.)
@
»

Relative Intensity (a.u.)
‘? A

0 260 4(’)0 61')0 800 280 282 284 286 288 290 292 294
Binding Energy (eV) Binding Energy (eV)
=IC) 2 (d) Fis
2z £
S s
= =
@ S
B z
= =
_— Y
& &
100 04 680 685 690 95

102 1 685
Binding Energy (eV) Binding Energy (eV)

Fig. 3 XPS results. (a) XPS wide-scan spectra and (b) Cls high-reso-
lution spectra of the GO, GA, and SGA. (c) Si2p and (d) F1s high-
resolution spectra of SGA.

different materials were summarized in Table 1. After reduc-
tion, the content of carbon increased gradually to 81.07% while
the oxygen content decreased gradually. This result shows that
the majority of oxygen-containing groups are removed and
some of them may be from PDA (Fig. 3b). GA contained 1.62%
of N originating from the PDA, indicating that the PDA
successfully deposited on surface of the GA. Additionally, after
the hydrophobic modification process, the new element of
silicon and fluorine content in the SGA sample was 0.72% and
2.12%, respectively. The above results indicate fluorine and
silanes are chemically bound on the SGA surface by the
hydrolysis/condensation reaction.

The FT-IR spectra of GA and SGA were shown in Fig. 4. For the
spectrum of the GA, the peak appeared at 1445 cm " (N-H of
amide group shearing vibration) and 1677 cm™" (N-H in-plane
stretching vibration), indicating the presence of amine groups
after polydopamine-mediated assembly. After surface function-
alization with PFOES, new bands at 1162, 1262, and 1385 cm ™"
were rocking vibration peaks of C-F bond, and two bands at 2917
and 2961 cm™ " appeared, showing the stretching of the ~CH,
groups from the alkyl chains assigning to silane moieties of
PFOES-GAs.*® Besides, the bands at 1065 and 1109 cm ™' were
attributed to the Si-O-Si and Si-O-C bonds, indicating the
successful chemical functionalization of GA by PFOES.*

The wetting behavior of the SGA is shown in Fig. 5. The
dynamic wettability of water and oil on the surface was inves-
tigated through the high-speed camera system to record the
liquid droplet permeating process. For the water droplet

Table 1 Atomic ratio of GO, GA and SGA

Sample C (%) 0 (%) N (%) Si (%) F (%)
GO 66.67 33.33 — — —
GA 81.07 17.31 1.62 — —
SGA 77.34 18.12 1.7 0.72 2.12

RSC Aadv., 2019, 9, 8569-8574 | 8571
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Fig. 4 FT-IR spectra of GA and SGA.

adhesion performance, a water droplet was driven to completely
contact with the surface of SGA and then lifted it up. From the
corresponding photographs of the water droplet (Fig. 5a), no
deformation was observed when water droplet left the surface of
aerogel. The result confirms the SGA has extremely low water
adhesion. Conversely, when oily liquid droplet contacted with
SGA, it continuously spread and permeated on the material
surface with the contact angles of 0° (Fig. 5b). The SGA can
adsorb the hexadecane droplet within 5 s. The SGA behaves as
a superior oil-adhesion property. The SGA exhibit the super-
hydrophobicity with a water contact angle of 156.5°, while the
oil drop is adsorbed completely by the SGA and no contact angle
can be found. Solid surface energy was 76.82 and 0.96 mN m ™"
for the GA and SGA, respectively, which was calculated by
Owen's two liquid methods. The lower surface energy of the SGA
is crucial for get superoleophilic surface in air. The super-
hydrophobic and superoleophilic wettability of SGA avoids
direct contact with water and ensures fast oil permeation and
moving during oil-water separation process.

Owing to the above-mentioned superhydrophobicity, hier-
archical structure, and ultra-low density, the aerogels are
considered as a promising material for highly efficient oil-water
separation and  organic  solvents adsorption.  As

e

J J
| —

Fig. 5 Wetting behavior of (a
SGA surface.

) water and (b) hexadecane droplet on
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a demonstration, the light oil atop water surface (Fig. 6a) and
heavy oil underwater (Fig. 6b) were used as an example to show
the adsorption process of SGA. Fig. 6a showed the adsorption
performance of SGA to light oil atop water. The SGA could
immediately adsorb the hexadecane layer (dyed with oil red)
around it and leave transparent regions on water surface when
a piece of it contacted with the hexadecane on water. The hex-
adecane was completely absorbed by SGA within a few seconds
because the SGA had a rapid adsorption process for oils and
organic solvents on water. Fig. 6b demonstrated that SGA could
quickly adsorb heavy oil underwater as well. The droplet of
chloroform was immediately sucked into the aerogel once the
SGA was immersed into water and started to contact with
chloroform. There was no detectable water in the adsorbed
aerogel materials. The above results demonstrate the SGA has
excellent adsorption selectivity for immiscible oils-water. The
adsorption performance of SGA was further evaluated through
a series of adsorption experiments for various organic solvents
and oils. Compared with GA, SGA has a high adsorption
capacity (Fig. 6¢). It can be seen that adsorption capacity of SGA
in the range of 110-230 times higher than its own weight for
various oils and organic solvents (Fig. 6¢). The capacities of SGA
for all oily liquids are over 100.0 g g~ *. The SGA showed high
adsorption capacity for various oils and organic solvents, which
were much higher than most previous activated carbon and
polymers,**** and superhydrophobic graphene-based aerogels
reported in the previous literatures.’®* Furthermore, similar to
the previously reported,* the adsorption capacity of SGA was

Crude oil

Gasoline|

Diesel oil

Engine oil

Peanut oil|
1,2-Dichlorobenzen

n-Hexane

Octane

Hexadecane

Chloroform

300

100 150 200 250
Adsorption capacity(g/g)

50

Fig. 6 Oil adsorption performance of different aerogels (a) illustration
showing the adsorption process of SGA for hexadecane and (b) chlo-
roform; (c) adsorption capacity of SGA and GA for various organic liquids.
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Fig. 7 Recyclability of SGA for oil adsorption ((a) adsorption recycla-
bility of aerogel over ten times cycles; (b) remained adsorption
capacity of sample).

approximately proportional to the density of the various
solvents. Combined homogeneous internal structure with low
surface energy, the adsorption capacity of SGA toward oil and
other organic chemicals is greatly improved.

The recyclability and recoverability are important property
for an ideal adsorption material in the actual application of oil
cleaning. As shown in Fig. 7, octane was used as an example to
evaluate the recycling potential and recovering of SGA for the
oils and organic solvents through a simple sorption-drying
cycle. As a result, only a small decline for the adsorption
capacity of SGA was observed after ten times adsorption-
desorption cycles test. The adsorption capacity was still higher
than 70 g g~ for the used common solvent. This result high-
lights the excellent recyclability of SGA for oil-adsorption by
taking this simple sorption-drying method over ten repeat
times. Notably, a slight drop for oil adsorption capacity may be
attributed to the residual oil entrained in the pores of the aer-
ogels.”® These results indicate the good recyclability and recov-
erability of SGA by a simple sorption-drying cycle method.

Conclusion

In summary, SGA with superhydrophobic and oleophilic prop-
erties was prepared from PDA functionalized graphene aerogel
via hydrothermal method and subsequent hydrophobic modifi-
cation using fluoroalkylsilane through vapor-liquid deposition.
The modification not only introduces nanoscale roughness on
the surface of the graphene, but also decreases the surface
tension. The resulting SGA showed a high water contact angle of
156.5° and low water adhesion property. Furthermore, the SGA
can selective removal of organic pollutants from water and
adsorb a broad variety of oil liquids with enormous adsorption
capacities. The superhydrophobic GA is very stable in oils and
can be used repeatedly for oil/water separation.
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