N

N

Fabrication of superhydrophobic/superoleophilic
functionalized reduced graphene
oxide/polydopamine/PFDT membrane for efficient
oil/water separation
Yuanyuan Cheng, Alexandre Barras, Shixiang Lu, Wenguo Xu, Sabine
Szunerits, Rabah Boukherroub

» To cite this version:

Yuanyuan Cheng, Alexandre Barras, Shixiang Lu, Wenguo Xu, Sabine Szunerits, et al.. Fabrication of
superhydrophobic/superoleophilic functionalized reduced graphene oxide/polydopamine/PFDT mem-
brane for efficient oil/water separation. Separation and Purification Technology, 2020, 236, pp.116240.
10.1016/j.seppur.2019.116240 . hal-03090045

HAL Id: hal-03090045
https://hal.science/hal-03090045v1
Submitted on 21 Jul 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03090045v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S1383586619320283
Manuscript_66778fc36358a14d884abbfcaddc05e3

Fabrication of superhydrophobic/superoleophilic functionalized reduced
graphene oxide/polydopamine/PFDT membrane for efficient oil/water

separation

Yuanyuan Cheng,*® Alexandre Barras,® Shixiang Lu,* Wenguo Xu,® Sabine Szunerits® and

Rabah Boukherroub®"

“School of Science, China University of Geosciences (Beijing), Beijing 100083, P.R. China
b Univ. Lille, CNRS, Centrale Lille, ISEN, Univ. Valenciennes, UMR 8520 - IEMN, F-59000
Lille, France
¢ School of Chemistry and Chemical Engineering, Beijing Institute of Technology, Beijing

100081, P.R. China

*To whom correspondence should be addressed:

E-mail: rabah.boukherroub @univ-lille.fr; Fax: +33 362 53 17 01; Tel: +33 362 53 17 24

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1383586619320283

Abstract

A superhydrophobic/superoleophilic (SS) reduced graphene oxide-polydopamine
functionalized with /H,1H,2H,2H-perfluorodecanethiol (rGO-PDA-PFDT) membrane was
successfully fabricated by a facile and simple two-step method. The surface morphology
and chemical composition were thoroughly investigated by scanning electron
microscopy (SEM), energy dispersive X-ray (EDX) analysis, UV-vis
spectrophotometry, Fourier transform infrared (FT-IR) spectroscopy, Raman
spectroscopy, X-ray diffraction (XRD) pattern and X-ray photoelectron spectroscopy
(XPS). The wetting properties were assessed using water contact angle (WCA)
measurements. The as-prepared rGO-PDA-PFDT membrane displayed a WCA of about 156°,
and the water droplet can leave the surface without hysteresis, indicating a stable Cassie-
Baxter state. Using the Cassie-Baxter model, we found that approximately 7% serves as the
contact area of the water droplet and the solid surface, and the remaining 93% represents the
contact area of the water droplet and air. Organic solvents such as chloroform, hexane,
toluene, acetone, 1-octane wet completely the surface, indicating superoleophilicity. The
superhydrophobic/superoleophilic (SS) membrane was highly stable even in harsh
environments such as acid and alkaline media. The rGO-PDA-PFDT was filtered on
Whatman filter paper to obtain a membrane and was subsequently applied for oil/water
separation. The rGO-PDA-PFDT membrane was able to separate chloroform from water
owing to its superhydrophobicity and superoleophilicity. Additionally, the membrane
can be reused for 10 repetitive separation cycles without any apparent loss of its
performance. These properties are expected to promote the application of the rGO-
PDA-PFDT membrane in various environmental processes.
Keywords: Reduced graphene oxide; Polydopamine; 1H,1H,2H,2H-Perfluorodecanethiol;

Superhydrophobicity; Superoleophilicity; Oil/water separation.



1. Introduction

Graphene, as an allotrope of carbon, has attracted a huge attention of scientists and
technologists, because of its outstanding properties such as good chemical stability, high
surface area, excellent thermal and electronic conductivity [1-2]. Thus, graphene and its
derivatives (graphene oxide and reduced graphene oxide) have been studied separately or in
combination with many other materials to produce composite materials with specific
properties for potential applications in various fields such as ethanol dehydration, sensing,
drug delivery, energy storage and conversion, water purification, etc [3-8].

In nature, mussels can attach to a variety of natural or synthetic substrates and move
randomly. Analysis of mussel’s byssal proteins revealed that these proteins contain a
substantial amount of 3,4-dihdroxy-L-phenylalanine (L-DOPA) and lysine amino acids
bearing amino and catechol functional groups [9]. The investigation allowed to identify
dopamine (DA) as an interesting synthon for the preparation of adhesive coatings. Indeed, at a
weak alkaline pH, DA can self-polymerize in an oxidative process to form an adherent
polydopamine (PDA) layer merely on any substrate, demonstrating strong interfacial adhesion
ability [10]. Besides its fascinating adhesive property, DA also possesses remarkable reducing
properties, which can be used as an eco-friendly and effective reducing agent for the
fabrication of multifunctional materials in various research areas [10-13]. The reducing
properties of DA have also been applied for the effective reduction of GO and preparation of
rGO-polydopamine [14-16] or rGO-DA [17] composites.

Application of polydopamine (PDA) coating on various substrates with the aim to prepare
superhydrophobic materials has been investigated in several reports [18-21]. For example, Liu
et al. prepared compressible and stretchable superhydrophobic polyurethane sponge (PU)
using layer-by-layer method [18]. In this approach, PDA was coated on PU, followed by Ag

nanoparticles deposition and dodecanethiol functionalization. Oribayo efr al. fabricated a



superhydrophobic and superoleophilic lignin-based PU foam by grafting polydopamine-
reduced graphene oxide (rGO) and octadecylamine (ODA) into the interior part of the foam
[21]. Sorption experiments with crude oil, engine oil, kerosene and chloroform showed that
the LPU-rGO-ODA foam was an excellent oil sorbent with a sorption capacity of 26-68 times
its own weight.

Recently, oil pollution and oil spill have become a global problem [22]. Therefore, there is
an urgent need for more effective methods to solve oil contamination. Many methods,
including biochemical degradation and physical extraction have been used. In the last years,
materials which possess both superhydrophobicity and superoleophilicity have aroused broad
attention for oil/water separation [23]. Wang et al. formulated a simple, inexpensive, and
efficient protocol to achieve a desirable superhydrophobic and superoleophilic surface on
conventional filter paper; the superhydrophobic filter paper showed nanostructured
morphology and demonstrated great separation efficiency (up to 99.4%) for water/oil
mixtures [23]. Suhas et al. prepared a graphene loaded polymer composites of chitosan and
poly (vinyl pyrrolidone) for pervaporation (PV) dehydration of ethanol [24]. Although many
materials have been used for reducing oil contaminant, there are still much challenges to
overcome, such as high cost, poor recyclability, and so on. Novel materials that are cost-
effective and easy-to-prepare are still highly in demand for efficient oil/water separation.

In this study, a superhydrophobic and superoleophilic reduced graphene oxide coated with
polydopamine chemically functionalized with low surface free energy [H,/H,2H,2H-
perfluorodecanethiol (PFDT), rGO-PDA-PFDT, composite was fabricated successfully by a
facile and a simple two-step immersion method. The rGO-PDA-PFDT was vacuum filtered
through a Whatman filter paper to produce a superhydrophobic/superoleophilic rGO-PDA-
PFDT membrane. The superhydrophobic property was stable in harsh conditions with no

apparent evolution after 24 h immersion of the membrane in acidic and alkaline media. The



rGO-PDA-PFDT membrane was capable of separating immiscible organic solvent/water

mixtures with high efficiency.

2. Experimental section
2.1. Materials

All chemicals were reagent grade or higher and were used as received unless otherwise
specified. Phosphate buffered saline (PBS), dopamine hydrochloride (DA, CsHiiNO.-HCl),
1H,1H,2H,2H-perfluorodecanethiol (PFDT, CioHsF17S, 97%), sodium hydroxide (NaOH,
>98%), hydrochloric acid (HCIl, ~37%), ethanol (CH3CH2OH, 95%), and the Whatman
qualitative paper (grade 1, diameter 25 mm) were purchased from Sigma-Aldrich. The water
used throughout the experiments was purified with a Milli-Q system from Millipore Co.

GO was prepared from native graphitic flakes according to the modified Hummer’s and
Offeman method. The detailed experimental conditions can be found in our previous report
[25].

Methylene Blue (MB, Ci6HisCIN3S-3H>0) and Rhodamine B (RhB, CysH3CIN2O3) were
purchased from Sigma-Aldrich and used to color the HCI solution (pH 1) and NaOH solution
(pH 14), respectively. Methylene Blue was also used to color the chloroform for clear
observation of the oil/water separation experiment.

2.2. Fabrication of rGO-PDA-PFDT porous membrane

Individual graphene oxide (GO) sheets were exfoliated from graphite oxide (3 mg) in PBS
buffer solution (10 mL) with the help of ultrasound for 2 h. Then, NaOH aqueous solution
(0.1 mol/L) was added into the suspension dropwise and the pH was adjusted to 8.5. Nitrogen
was bubbled into the solution steadily for 20 min to remove dissolved oxygen in the solution.
After addition of dopamine (DA, 3 mg), the colloidal suspension was sealed quickly. The

mixed suspension was further stirred at room temperature for 3 h, resulting in the formation of



rGO-PDA composite. In this process, we can clearly see that the color of the suspension
changed from light brown to deep brown, as shown in Figure 1. The resulting deep brown
precipitate was separated from the aqueous supernatant by centrifugation at 6000 rpm for 30
min. Without drying, absolute ethanol (10 mL) was added into the rGO-PDA suspension
solution and subjected to ultrasonication for 30 min to achieve a homogeneous dispersion.
Then, /H, 1H,2H,2H-perfluorodecanethiol (PFDT, 25 uL) was added into the ethanol solution.
The mixed solution was reacted at room temperature for 24 h with magnetic stirring. After
that, the color of the solution became darker.

The rGO-PDA-PFDT membrane was fabricated by vacuum filtration of the mixed
suspension through a Whatman filter paper, followed by air drying in the oven at 50°C for 1 h
and peeling off the filter paper. For comparison, pristine GO and rGO-PDA membranes were

fabricated by filtering a GO or rGO-PDA dispersion similar to the above described approach,
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Figure 1. (a): The digital photos (from left to right) of GO aqueous solution (light brown),

respectively.
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GO aqueous solution + DA for 3 h (deep brown), rGO-PDA ethanol solution + PFDT for 24 h
(black), (b): as-prepared rGO-PDA-PFDT membrane peeling off the filter paper.

2.3. Characterization

Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) images and energy dispersive X-ray (EDX) spectra of

the samples were obtained using an FEI Nova NanoSEM 450 scanning electron microscope
6



with FEG (field emission gun, Schottky type) system equipped with an energy dispersive X-
ray analyzer at an accelerating voltage of 20 kV.

UV/Vis spectrophotometry

Absorption spectra were recorded by using a Perkin-Elmer Lambda UV/Vis 950
spectrophotometer in plastic cuvettes with an optical path of 10 mm. The wavelength range
was 200-600 nm.

Fourier transform infrared spectroscopy (FTIR)

Transmission FTIR spectra were recorded using a Perkin-Elmer Spectrum One FTIR
spectrometer with a resolution of 4 cm™ using KBr pellets. Dried powder (1 mg) was mixed
with KBr powder (100 mg) in an agate mortar. The mixture was pressed into a pellet under 10
tons load for 2-4 min, and the spectrum was recorded immediately. Thirty-six accumulative
scans were collected. The signal from a pure KBr pellet was subtracted as a background.
Raman spectroscopy

Micro-Raman spectroscopy measurements were performed on a Horiba Jobin Yvon LabRam
HR Micro-Raman system combined with a 473 nm laser diode as excitation source. Visible
light was focused by a 100x objective. The scattered light was collected by the same objective
in backscattering configuration dispersed by a 1800 mm focal length monochromator and
detected by CCD.

X-ray powder diffraction (XRD)

The crystal structure was determined by using an X-ray powder diffractometer (XRD, D8
Advance, Bruker, Germany) with Cu Ko radiation at a continuous scanning mode (40 kV, 40
mA, and A = 0.15418 nm) and scanning rate of 3° min™'.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed with an ESCALAB 220 XL spectrometer from Vacuum

Generators featuring a monochromatic Al Ko X-ray source (1486.6 eV) and a spherical



energy analyzer operated in the CAE (constant analyzer energy) mode (CAE = 100 eV for
survey spectra and CAE = 40 eV for high-resolution spectra), using the electromagnetic lens
mode. The detection angle of the photoelectrons is 30°, as referenced to the sample surface.
Contact angle measurements

Water contact angles were measured using deionized water. We used a remote computer-
controlled goniometer system (Digi-drop from GBX, Bourg-de-Peage, France) for measuring
the contact angles. The accuracy is +1°. All measurements were conducted in an ambient

atmosphere at room temperature.

3. Results and discussion

3.1. Preparation of rGO-PDA-PFDT composite

Superhydrophobic and superoleophilic rGO-PDA-PFDT composite was fabricated
successfully by a facile and a simple two-step immersion method, as shown in Scheme 1.
Graphene oxide (GO) sheets were dispersed in PBS buffer solution and the pH was adjusted
to 8.5 by NaOH solution. Then, dopamine was added into this suspension, resulting in the
formation of rGO-PDA composite. After centrifugation, /H,1H,2H,2H-perfluorodecanethiol
(PFDT) was added into the rGO-PDA ethanol solution to produce rGO-PDA-PFDT
composite. Then vacuum filtration through a Whatman filter paper was applied to obtain a
membrane. The wetting properties, morphology, and chemical composition of the membrane

were characterized using various techniques.
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Scheme 1. Schematic illustration of the preparation of rGO-PDA-PFDT.

3.2. Wettability

Figure 2 depicts the images of static water contact angles (SWCA) on the GO, rGO-PDA

and rGO-PDA-PFDT membrane surfaces, respectively, which clearly demonstrate the

changes of wettability. The SWCA of GO membrane is approximately 75°, indicating the

hydrophilic character of the membrane. After reaction with DA for 3 h, the SWCA decreases

to 10° in agreement with polydopamine formation. Indeed, polydopamine comprises many

polar groups that confer a hydrophilic character to the membrane. Interestingly, after

treatment with PFDT for 24 h, the wetting properties of the rGO-PDA-PFDT membrane

successfully changed to superhydrophobicity with a SWCA of 156°. This can be attributed to

the presence of low surface energy groups (-CF; and -CF3) in the PEDT molecule.

(a)

WCA =75°

(b)

WCA=10°

(0

WCA =156°

Figure 2. The static water contact angles (SWCA) of GO (a), rtGO-PDA (b), and rGO-PDA-

PFDT membranes (c).
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Next, we investigated the anti-sticking property of the rGO-PDA-PFDT membrane on a
horizontal surface, as shown in Figure 3 and Video S1. By moving down and up the needle at
a speed of 0.5 mm/s, the water droplet at the end of the needle can touch and leave the
membrane simultaneously. We found that the water droplet always kept a spherical or
contorted spherical shape, instead of spreading on the surface. Additionally, the droplet leaves
the surface without hysteresis, suggesting the anti-sticking property of the membrane. The
anti-sticking property of the rGO-PDA-PFDT superhydrophobic membrane may facilitate its

potential and practical applications such as water repellency, self-cleaning and anti-icing.

Figure 3. Successive snapshots of 8 puL. water droplet on the superhydrophobic rGO-PDA -

PFDT membrane.

3.3. Theoretical explanation of the wettability

In general, there are two models to describe the superhydrophobicity: (1) In the Wenzel
model [26], the liquid can totally wet the solid surface and no gas bubbles between the liquid
and the solid surface can be found. (2) The Cassie-Baxter [27] model suggests that there are
gas bubbles residing between the liquid and the solid and the surface cannot be totally wetted.

The Wenzel model describes the wetted surface by the following equation:

Cos *=rCos 0 (D
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where 6% is the Wenzel CA, 6 is the CA of the smooth surface, and r is the roughness ratio,
defined as the ratio of the true surface area of the structure to its projection area.

In the Cassie-Baxter model, the non-uniform wetting is described by the following equation:

Cos 0% =f1Cos 0 - f» 2)

where 6% is the Cassie-Baxter CA, 6 is the CA of the smooth surface, fi is the ratio of the
solid and liquid interface to the projection area, f> is the ratio of the solid and gas interface to
the projection area, and fi + f>= 1.

The water droplet on the surface of rGO-PDA-PFDT membrane exhibits a completely
superhydrophobic character; the droplet can stay on the membrane without adhesion and can
leave the membrane without hysteresis, according to the Cassie-Baxter model [27], indicating
that microscopic pockets of air may be trapped below the water droplet. Therefore, the
Cassie-Baxter state is considered. Given that * = 156° and 6 = 75°, f1 and f> are estimated as
0.07 and 0.93, respectively. These data indicate that when a water droplet is placed on a
superhydrophobic surface, approximately 7% serves as the contact area of the water droplet
and the solid surface, and the remaining 93% represents the contact area of the water droplet
and air. Consequently, the liquid droplet is non-sticky to the surface and the adhesion between

droplet and surface is low.

3.4. Surface morphology

Figure 4 displays the SEM images of GO, rGO-PDA and rGO-PDA-PFDT membranes,
clearly revealing different surface morphologies. In Fig. 4(a), the GO membrane displays a
relatively smooth surface without other apparent impurities. From the magnification in Fig.
4(b), the GO layer is relatively thin. After GO reaction with dopamine for 3 h, the surface
morphology is slightly altered (Fig. 4(c)). From the magnification in Fig. 4(d), we can clearly

see that the rGO layers are encapsulated by a thin membrane. The WCA of the surface
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changes from 75° to 10° (Fig. 2). This is in accordance with the Wenzel theory [26],
suggesting that the hydrophilicity of a surface is enhanced with increasing its roughness.
However, after subsequent immersion in PFDT solution for 24 h, abundant clusters and
embossments appeared with different sizes and various shapes (Fig. 4(e, f)), implying that

PFDT possesses hydrophobic ability, and the WCA of the surface increased to 156° (Fig. 2).

Figure 4. SEM images of GO (a and b), rGO-PDA (c and d) and rGO-PDA-PFDT (e and f)

membranes.
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3.5. Surface composition
3.5.1. EDX analysis

In order to confirm the surface elemental composition, EDX analysis was performed on the
different surfaces. The EDX spectrum of GO membrane consists mainly of carbon (60.79
at.%) and oxygen (38.76 at.%), in good agreement with the chemical composition of GO (Fig.
5(a)). Meanwhile, the existence of low concentrations of S and Mn elements can be attributed
to H2SO4 and KMnOy4 introduced during severe oxidation processes used in the modified
Hummer’s and Offeman method. Fig. S5(b) exhibits the EDX spectrum of rGO-PDA
membrane. It comprises peaks due to carbon (60.58 at.%) and oxygen (34.42 at.%), and
additional peaks due to Na, P, Cl, K elements, which can be ascribed to main salts from PBS
that have not been fully removed from the membrane. Subsequent functionalization of
rGO/PDA with PFDT obviously introduced a large amount of fluorine (49.47 at.%) and sulfur

(3.55 at.%), indicating successful PFDT grafting onto the PDA layer (Fig. 5(c)).

Element Weight % Weight % Atom % Atom %

Line Error Error
CK 53.25 +0.45 60.79 +0.51
OK 45.23 +0.63 38.76  +£0.54
SK 0.42 +0.04 0.18 +0.02

Mn K 1.10 +0.16 027 +0.04

Total 100.00 100.00

Element Weight % Weight % Atom % Atom %

Line Error Error
CK 51.17 +0.49 60.58 +0.57
OK 38.73 +0.57 3442  +0.50

Na K 4.94 +0.11 3.05 +0.07

AlK 0.17 +0.03 0.09 £0.02
PK 0.23 +0.03 0.11 +0.02

CIK 3.20 +0.11 128 +0.05
KK 0.55 +0.09 020 +0.03

Mn K 1.01 +0.15 026 +0.04

Total 100.00 100.00
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Element Weight % Weight % Atom % Atom %
Line Error Error
CK 30.92 +0.53 4227  +£0.72
OK 4.01 +0.46 411 £047
FK 57.25 +0.54 4947 +0.46
Na K 0.57 +0.10 041 £0.07
ALK 0.31 +0.04 0.19 +0.02
SK 6.94 +0.15 3,55 £0.08

Total 100.00 100.00

Figure 5. EDX spectra of GO (a), rtGO-PDA (b) and rGO-PDA-PFDT (c) membranes.

3.5.2. UV-vis analysis

UV-vis absorption was used to identify the presence of a conjugated system in the
graphenic-based membranes. Figure 6 illustrates the UV-vis absorption spectra of GO and
rGO-PDA in PBS solution, and rGO-PDA-PFDT in absolute ethanol. For GO, a characteristic
absorbance peak at about 230 nm and a shoulder peak at around 290-300 nm, which can be
assigned to the m-m* transition of C=C and n—n* transition of the carbonyl groups,
respectively, are observed (Fig. 6a). After GO reaction with dopamine (DA), the UV-vis
absorption spectrum displays a characteristic absorption of catechols in polydopamine at 280
nm [28], indicating PDA coating on the GO surface (Fig. 6b). This result is comparable to
that reported by Zhong et al. [29]. Subsequent surface functionalization with /H,1H,2H,2H-
perfluorodecanethiol (PFDT) shows an obvious absorption peak at about 269 nm, which is a
clear indication of partial reduction of GO to rGO during PDA formation and PFDT
modification (Fig. 6¢). This observation is consistent with the restoration of the sp® structure
in rGO and in good agreement with previous studies on GO functionalization with catechol

moieties [24, 28].
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Figure 6. UV-vis absorption spectra of aqueous dispersion of GO (a, blue line), rGO-PDA (b,

red line) and ethanol dispersion of rGO-PDA-PFDT (c, black line).

3.5.3. FT-IR analysis

The chemical composition and changes of functional groups that occurred during GO
functionalization with dopamine and subsequent modification with PFDT have been detected
by Fourier transform infrared (FTIR) spectroscopy (Fig. 7). The FTIR spectrum of the starting
GO depicts the following characteristic peaks: a broad and intense O-H stretching peak at
3389 cm’!, C=0 stretching vibration of carboxyl groups at 1736 cm, aromatic C=C
stretching vibration at 1621 cm™', O-H deformation vibration at 1351 cm™', C-OH stretching at
1225 cm™!, and C-O stretching at 1054 cm™! (Fig. 7a) [29-31].

After dopamine self-polymerization on the GO surface, the disappearance of the typical
C=0 peak at 1736 cm™' compared to pristine GO strongly suggests the partial reduction of GO
to rGO. Two new features at 1653 and 1559 cm! assigned to the vibrations of C=C ring and
C=N ring stretching modes, respectively, confirm the presence of aromatic amine species [32].

15



The strong peak at 1384 cm is attributed to indole ring CNC stretching modes, indicating the
presence of indole features in PDA [33]. The broad peak in the 3700-3300 cm! range can be
assigned to the vibration of N-H and O-H stretching modes [34, 35]. The shift can indicate a
loss of primary amine groups (peaks expected at =~3500 cm™ for the vibration of N-H
asymmetric and 3400 cm’! for the vibration of N-H symmetric modes) and generation of
secondary amines (peak at <3330 cm™), as is expected in the formation of PDA. Furthermore,
the broad peak at about 3315 cm™is slightly red-shifted, indicating the generation of PDA
(Fig. 7b).

Upon functionalization with the fluorinated PFDT compound, the stretching vibration of -
OH groups at about 3380 cm™! was further reduced and became almost invisible. Additionally,
two characteristic peaks corresponding to C-S-C and -C-F bonds of the PFDT molecule
appear at 1202 and 1148 cm, respectively, indicating PDA functionalization with PFDT
molecules [19]. Hence, treatment with low energy molecules such as PFDT can be used to
endow a hydrophobic property of the sample by removing residual -OH groups from GO

surface.
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Figure 7. FT-IR spectra of GO (a, black line), rtGO-PDA (b, red line) and rGO-PDA-PFDT
powders (¢, green line).

3.5.4. Raman analysis

Raman scattering is a useful tool for characterizing the structural properties of graphene-
based materials. Figure 8 depicts the Raman spectra of GO, rGO-PDA and rGO-PDA-PFDT
membranes; the main features of the graphene-based materials are a D band at 1356 cm™, a G
band at 1589 cm™', and a 2D band at around 2700 cm™' [36]. The ratios of the intensities of the
D and G bands (Ip/lg) are 0.929 for GO, 0.894 for rGO-PDA and 0.881 for rGO-PDA-PFDT,

indicating the decrease of defects and disorders after successive modification of GO with

17



PDA and PFDT. After GO reduction with dopamine, more sp> carbon network has been

restored, while most sp* components have been removed.

G-band|

D- band

2D band
0.881

(b): rGO-PDA

Intensity / a.u.

0.894

IR U N I R R N
500 1000 1500 2000 2500 3000 3500 4000

Raman shift / cm™

Figure 8. Raman spectra of GO (a, black line), rGO-PDA (b, red line) and rGO-PDA-PFDT
membranes (¢, green line).

3.5.5. XRD analysis

To further illustrate the surface composition changes upon PDA formation and its
subsequent modification with PFDT molecules, XRD spectra are recorded (Fig. 9). The
symbols of *, # and ° represent the peaks of CFii, CooF and CisS4, respectively. As a
comparison, the XRD patterns of bare GO and rGO-PDA powder are also recorded and
shown in Fig. 9(a, b), respectively. In Fig. 9a, the strong sharp peak at 26 of 11.50° is

18



assigned to the diffraction from (001) planes of GO; the broad peaks at 26 of 19.24°, 30.61°
and 42.43° are attributed to the m—m stacking interactions of the aromatic rings [37]. After
reaction with dopamine, the main diffraction peak of GO decreased while shifting to a smaller
diffraction angle, indicating a gradual increase of the gap between the GO sheets owing to the
insertion of dopamine (Fig. 9b). The existence of the peak at 26 of 8.32° indicates that not all

of GO has been reduced to rGO, and there are still some oxidized domains in the rGO sheets.

(a): GO
(b): rGO-PDA
(c): rGO-PDA-PFDT

Intensity / a.u.

(@)

(b)
I
* %0

000y * #

10 20 30 40 50 60 70 80

20/°

Figure 9. XRD patterns of GO (a, black line), rtGO-PDA (b, red line) and rGO-PDA-PFDT

powders (¢, green line).

For rGO-PDA-PFDT, many sharp peaks appear in the XRD pattern, suggesting that
crystallinity exists within the material (Fig. 9¢). For example, the peaks at 260 of 15.37° and
64.93° can be assigned to the diffraction peaks of CFy.; (001) and CF;.1 (004), respectively
(JCPDS card no. 30-0476). The peaks at 26 of 15.54° and 78.00° can be attributed to the
diffraction peaks of Ca9F (002) and Ca9F (110), respectively (JCPDS card no. 49-1409). The
peaks in the 5-23° range can be ascribed to Ci5S4 (110), C15S4 (200), C15S4 (021), C15S4 (330),

Ci5S4 (311) and CisS4 (-422) at 260 of 6.20°, 9.10°, 12.33°,18.60°, 19.41° and 22.20°,
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respectively (JCPDS card no. 65-1164) from left to right. Other peaks can be attributed to
carbon crystals. The existence of many sharp peaks suggests that the rGO-PDA-PFDT is

crystalline.

3.5.6. X-ray photoelectron spectroscopy (XPS) analysis

To further gain more insights on the elemental composition of the membrane and to obtain
detailed information on the chemical states of different elements, XPS measurements were
performed. Fig. 10a displays the general survey spectra of rGO-PDA and rGO-PDA-PFDT
membranes. The XPS survey spectrum of rGO-PDA consists mainly of Cis, Nis and Oy along
with small contribution from Naj;s and Clyp, from PBS, in agreement with the chemical
composition of the membrane. After functionalization of the PDA coating with PFDT,
additional peaks due to Szp and Fis can be seen in the XPS survey spectrum of rGO-PDA-
PFDT, confirming the successful incorporation of PFDT moieties in the PDA layer.

Typical high resolution scans of Cis, Szp and Fis are depicted in Fig. 10b-e, respectively.
The high resolution XPS spectrum of the Cis region of rGO-PDA can be fitted with two
components at 284.2 and 286.3 eV due to C-C and C-O/C-N bonds, respectively (Fig. 10b).
After PFDT grafting on rGO-PDA, a significant change can be seen in the high resolution
XPS spectrum of the Cis, with a most notable decrease of the C-O/C-N component at 285.7
eV. The spectrum can be deconvoluted into four main components at 284.2, 285.7, 291.3 and
293.4 eV (Fig. 10c). The two new peaks at 291.3 and 293.4 eV are attributed to C-F bond

from CF; and CF;, respectively, in accordance with PFDT grafting on the PDA layer [38, 39].
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Figure 10. XPS spectra: (a) the survey spectra, (b) fitted curve of Cis region of sample A, (c)
fitted curve of Cjs region for sample B, (d) Szp region, and the inset is fitted curve of sample B,

(e) Fis region; (A) rGO-PDA (blue line), (B) rGO-PDA-PEDT (red line).
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The high resolution XPS scans of the Ois region of rGO-PDA and rGO-PDA-PFDT are
displayed in Fig. S1a. The O spectrum of rGO-PDA exhibits an asymmetric peak that can be
deconvoluted into two components with binding energies at 529.6 and 530.8 eV, which can be
attributed to the O-H and O-C bonds, respectively. After grafting PFDT on the PDA layer, the
intensity of the peaks decreased distinctly, while their binding energies are barely changed,
indicating a significant decrease of the oxygen content.

The XPS wide scan of the Ni; is depicted in Fig. S1b. In curve A, the Ny, peak appeared at
about 399.81 eV, which can be ascribed to the amine groups in the heterocycle of PDA,
suggesting that no free-end amine groups remain on the surface, and that PDA had been
successfully coated on reduced graphene oxide [40, 41]. After modification with PFDT (curve
B), the Ny peak at 399.81 eV is still visible, but the intensity of the peaks decreased distinctly.
Given that XPS is a surface sensitive tool, PFDT immobilization on the PDA surface
weakens the intensity of underneath nitrogen.

The XPS wide scans of the Sz and Fi are displayed in Fig. 10d and Fig. 10e, respectively.
Both spectra indicate that before PFDT grafting (curve A), there were almost no peaks due to
S and F. These peaks became apparent after PDA functionalization with PFDT, in good
agreement with the chemical transformation that has occurred on the surface. While the Fis
spectrum exhibits a symmetrical peak at 688.62 eV, the Sz, spectrum can be deconvoluted
into two bands at 163.14, and 164.19 eV, due to C-S group, and S-H group in the molecular
structure of PFDT oligomer, respectively (curve B) [42, 43].

3.6. Stability and durability

The superhydrophobic rGO-PDA-PFDT membrane was exposed to air for 12 months to
test its environmental stability and durability. The value of static WCA was almost unchanged,
confirming that this superhydrophobic composite surface has long-term stability and

durability in air atmosphere.
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In addition, the stability of the as-prepared rGO-PDA-PFDT membrane in acidic and
alkaline pH was also investigated. Aqueous solutions of different pH values (from 1 to 14)
were prepared using hydrochloric acid or sodium hydroxide. The WCAs of all the solutions of
different pH values were higher than 150°, indicating superhydrophobicity (Fig. 11a).
Moreover, the WCAs had nearly no variation, after immersion in a hydrochloric acid solution
of pH 1, a sodium hydroxide solution of pH 14, and also a sodium chloride solution of pH 7
for 24 h at room temperature, suggesting a good chemical stability of the superhydrophobic

membrane (Fig. 11b).
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Figure 11. (a) WCAs of the SS rGO-PDA-PFDT membrane using aqueous solutions of
different pH values (from 1 to 14); (b) the image of different water droplets on the
superhydrophobic membrane: HCI solution of pH 1 (left, blue droplet), NaOH solution of pH

14 (right, pink droplet) and NaCl solution of pH 7 (middle, colorless).

3.7. Separation of oil from water

The surface free energy (tension) of water is commonly much greater than that of organic
solvents. Therefore, solid surfaces possess the proper surface free energy (between those of
water and organic solvents) such that both hydrophobicity and oleophilicity might be
exhibited. Combined with an appropriate surface morphology, porous superhydrophobic-

superoleophilic (SS) materials can be prepared. By combining superhydrophobicity with
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superoleophilicity, a porous surface that possesses special wettability is introduced, intended
to be used to separate organic solvents from water.

For water droplets (the surface tension is about 72.75 mN/m at 20 °C), the rGO-PDA-PFDT
membrane displays superhydrophobicity with a WCA of about 156°, and the water cannot
permeate into the porous surface. For organic droplets, the surface exhibits superoleophilicity,
and the organic solvent can quickly permeate into the membrane. Here, we recorded the
contact angles of different organic solvents, such as chloroform (28.51 mN/m), hexane (18.40
mN/m), toluene (27.73 mN/m), acetone (23.70 mN/m) and 1-octane (22.60 mN/m). All of
them showed superoleophilicity with CA of almost 0°. The big difference of wettability
between water and organic solvents on the porous surface provides a strategy to separate
mixtures of water and organic solvents effectively.

The separation experiment of water and chloroform has been realized, as graphically
depicted in Figure 12 and video S2. In the separation device, the as-prepared rGO-PDA-

PFDT membrane was fixed to the bottom of a tube that is open at both ends (Figure 12).

Figure 12. Photographs of the chloroform/water separation process (video S2). The water

was dyed with Methylene Blue for clear observation.

As expected, while a mixture of water (dyed with Methylene Blue for clear observation)
and chloroform was poured into the separation device, the chloroform was adsorbed and

permeated through the membrane and rapidly dropped into the bottle underneath, whereas
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water could not penetrate the film and still resided on the membrane. Thus, the as-prepared SS
rGO-PDA-PFDT membrane can separate chloroform from water easily. In the same way,
other organic solvents, such as hexane, toluene, acetone and 1-octane, can also be separated
from water successfully.

To further investigate the durability and recyclability of this SS rGO-PDA-PFDT
membrane, we repeated this separation process for 10 times. As expected, this SS membrane
can separate chloroform form water consecutively, and the membrane surface can still
maintain superhydrophobicity. Figure 13 shows the water contact angle (WCA) of the rGO-
PDA-PFDT membrane after different cycles of the separation process. Clearly, the WCA

decreased only slightly from 156° to 152°, and the membrane was still superhydrophobic.
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Figure 13. The WCA of the rGO-PDA-PFDT membrane after different cycles for separation

process.

4. Conclusion

Superhydrophobic-superoleophilic ~ (SS)  reduced  graphene  oxide-polydopamine
functionalized with perfluorodecanethiol (rGO-PDA-PFDT membrane) has been successfully
fabricated by a facile two-steps method, taking advantage of the excellent adhesive properties

of polydopamine and the low surface energy of PFDT molecules. The rGO-PDA-PFDT
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membrane displayed a water contact angle (WCA) of 156° without hysteresis, indicating that
the water droplet can be described by the Cassie-Baxter model. By calculation, approximately
7% acts as the contact area of the water droplet and the solid surface, and the remaining 93%
serves as the contact area of the water droplet and air. The contact angles of various organic
solvents (chloroform, hexane, toluene, acetone, 1-octane) were almost 0° indicating
superoleophilicity. The rGO-PDA-PFDT membrane exhibited good stability in both
acidic and alkaline solutions even after 24 h immersion in these solutions. The
superhydrophobic and superoleophilic properties of the rGO-PDA-PFDT membrane
were successfully applied for the separation of chloroform from water. The good
stability of the membrane combined with its excellent ability for separation of organic
solvents from water hold promise for the development of versatile membranes for oil

filtration for various applications in environmental remediation.
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Video S1: The water droplet touches and leaves the SS surface.

Video S2: Video of the chloroform/water separation process.
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Graphical Abstract

Stable superhydrophobic/superoleophilic rtGO-PDA-PFDT membrane has been fabricated by

facile and simple method for oil/water separation.
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