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A B S T R A C T   

Mechanically-robust nanocomposite membranes have been developed via crosslinking chemistry and electro-
spinning technique based on the rational selection of dispersed phase materials with high Young’s modulus (i.e., 
graphene and multiwalled carbon nanotubes) and Cassie-Baxter design and used for oil and water separation. 
Proper selection of dispersed phase materials can enhance the stiffness of nanocomposite fiber membranes while 
their length has to be larger than their critical length. Chemical modification of the dispersed phase materials 
with fluorochemcials and their induced roughness were critical to achieve superhydrophobocity. Surface analytic 
tools including goniometer, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spec-
troscopy, Raman spectroscopy, atomic force microscopy (AFM) and scanning electron microscope (SEM) were 
applied to characterize the superhydrophobic nanocomposite membranes. An AFM-based nanoindentation 
technique was used to measure quantitativly the stiffness of the nanocomposite membranes for local region and 
whole composites, compared with the results by a tensile test technique. Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) techniques were used to confirm composition and formation of nano-
composite membranes. These membranes demonstrated excellent oil/water separation. This work has potential 
application in the field of water purification and remediation.   

1. Introduction 

Sea oil exploration, extraction, and transportation increase the risk of 
oil spills into the water (Cui et al., 2022; Gu et al., 2021; Hui et al., 
2021). In recent years, incidents of oil spills, especially deep sea oil 
leaks, can be seen more frequently in different locations of the world 

(Beyer et al., 2016; Cirer-Costa, 2015; Nelson et al., 2018; Wiley et al., 
2013). According to the International Tanker Owners Pollution Feder-
ation Limited (ITOPF) (International Tanker Owners Pollution Federa-
tion, London, UK, 2010), a significant number of oil spill cases at 
different magnitudes took plance between 1970 and 2020. Among them, 
1381 cases had over 7000 tons of oil spilled into the ocean and 466 of 
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these cases had between 7 and 7000 tons of oil spilled. Three incidences 
of oil spills that leaked between 7 and 7000 tons of oil into the ocean 
occurred in 2020 alone [ITOPF] (International Tanker Owners Pollution 
Federation, London, UK, 2010). The pollution from natural oil leakage 
and industrial waste have harmed the seafood industry from both 
environmental and economic aspects (de Oliveira Estevo et al., 2021) 
and the financial cost to purify and restore water is still expensive (Egan 
et al., 2021). On the reverse side, the presence of water impurity in 
diesel fuel, gasoline fuel and even crude oil not only damages car engines 
but also causes a multitude of safety risks to petroleum refinery. The 
contaminated fuel slows the combustion process, which increases hy-
drocarbon emission and causes corrosion in the engine (Peters and 
Stebar, 1976; Singh et al., 2020). Furthermore, the water impurity in the 
fuel increases the freezing point, which leads to a decrease in engine 
efficiency (Ritchie and Kulawic, 1970). 

Currently, the purification of oil or water from one another is still a 
challenge (Che et al., 2022)). Although a number of technologies have 
been developed (Ding et al., 2022; Hu et al., 2020, the membrane-based 
technology has drawn broad attention due to its low cost, easy 
process-ability, and reusability. Recently, superhydrophobic mem-
branes have been successfully used for the separation of oil and water 
(Hong et al., 2018; Huang et al., 2013; Lei et al., 2017; Zeiger et al., 
2017). Polystyrene (PS) is one of the materials, which can be used to 
produce the membrane with the merit of its low cost and excellent 
resistance in any harsh media. However, its low mechanical property 
hampers the application in the membrane technology. Developing 
composites might be a potential solution for the problem. Stiffness of the 
bulk materials can be enhanced by adding small amount of the materials 
with high Young’s modulus. On the other hand, proper selection and 
optimal design between dispersed phase materials and matrixes are still 
challenges. Furthermore, since carbon nanotubes (CNTs) exhibit 
outstanding mechanical properties such as high stiffness and high flex-
ibility, inclusion of CNTs in the membrane might address the mechanical 
weakness of the membrane (Rodrigues et al., 2016). But, inertness of the 
CNT is a major obstacle for fabricating composites with polymers. For 
this, carboxylation and hydroxylation of CNTs by oxidation reaction 
improve the reactivity of CNT toward complexation with other mate-
rials, thus facilitating the fabrication process (Datsyuk et al., 2008). The 
carboxyl and hydroxyl groups of CNTs further reacted to produce the 
composite membrane through the silanization reaction (Ihsanullah, 
2019; Wu et al., 2019). 

Superhydrophobic surfaces are well-known for repelling water 
(Nuraje et al., 2013; Ye et al., 2023). These surfaces can be obtained via 
optimizing surface roughness of the membrane and adding various sizes 
of nanoparticles (Asmatulu et al., 2011; Shao et al., 2021; Sun et al., 
2017; Wang et al., 2022). Our team and other groups also developed 
super-hydrophobic polymeric nanofibers (Kang et al., 2008; Nuraje 
et al., 2013). However, the composite membranes especially the com-
parison of fillers of CNTs and graphene have not been reported for 
oil-water separation especially via the assistance of powerful electro-
spinning (Choi et al., 2023; Zhang et al., 2022; Ziyadi et al., 2021). 

In this study, the electrospinning technique was used to produce 
superhydrophobic polymeric composite membranes via controlling 
nano and microsize porous structures of fibres. This work aims to 
develop superhydrophobic PS composite membranes with strong me-
chanical properties for the separation of oil and water based on two 
strategies. The first strategy is that the superhydrophobicity improves oil 
separation from the mixture of oil and water. The second strategy is to 
enhance robustness of the PS membrane via rationally designing com-
posites. This work will study two types of electrospun nanocomposite 
membranes for oil water separation. One is the PS nanocomposite 
membranes with modified MWCNT, and the other one is the PS nano-
composite membranes with graphene. Their mechanical and surface 
properties will be studied in details for oil water separation efficiency. 

2. Experimental 

2.1. Materials 

Multiwall carbon nanotube (MWCNT), 1H,1H,2H, 2H per-
flurodecyltriethoxysilane, polystyrene (PS), H2SO4:HNO3, and dime-
thylformamide (DMF) were purchased from Sigma-Aldrich. 

2.2. Fabrication of polystyrene nanocomposite membrane 

Polystyrene nanocomposite membranes were fabricated in three 
steps: generation of functional groups, silanization of CNT or graphene, 
and production of electrospun composite. The details are stated as 
follows. 

2.3. Functionalization (oxidation) of MWCNTs 

In the first step, the acid treatment approach was applied to generate 
functional groups on the surface of MWCNT or graphene using a mixture 
of concentrated H2SO4:HNO3 at 3:1 (v/v). To summarize, first, 0.1 g of 
MWCNT was dispersed in a mixture of concentrated H2SO4:HNO3 3:1 
(v/v). Then, the reaction was stirred for 20 h at 50 ◦C. Finally, the 
mixture was washed with fresh distilled water until the pH value reaches 
6–6.5. 

Silanization of Multiwalled Carbon Nanotubes (MWCNT) with alkyl 
fluorosilane: 

In this step, two different alkyl silane molecules were applied to 
modify MWCNT or graphene. In brief, silanization reaction of MWCNT 
with alkyl fluorosilane was carried out in toluene solution. 1H,1H,2H, 
2H perflurodecyltriethoxysilane was used as alkyl fluorosilane. The 
above functionalized MWCNT (0.017 g) was added into a flask con-
taining 1H,1H,2H, 2H perflurodecyltriethoxysilane (2 mL) at 1:1 mol 
ratio and heated to 80 ◦C for 20 h. Finally, the modified MWCNT was 
removed from the solution by centrifugation, washed with fresh acetone 
and water, and dried in vacuum oven. Fig. 1 shows the 
reaction between functionalized MWCNT and 1H,1H,2H, 2H 
perflurodecyltriethoxysilane. 

First, 0.03 g of the silanized MWCNT sample from the above reaction 
was added to 3 mL of 20% PS in dimethylformamide (DMF) solvent and 
sonicated for 30 min. Then, the solution was stirred for 5 more hours to 
obtain fully dispersed silanized MWCNT into the PS. Next, the mixture 
was poured into a syringe with a needle diameter of 0.9 mm for elec-
trospinning, which was fixed on the electrospinning machine. The 
electrospinning parameters were used as follows: pumping rate at 1.2 
mL/h, and the distance from the needle to the surface of 17 cm. The 
applied positive voltage was 15 kV and a negative voltage of − 5 kV was 
applied to the receiver, which was aluminum foil. The final product was 
labelled as PS-MWCNT-SiF. 

The fabrication of polystyrene and graphene nanocomposite fibres 
followed the above described fabrication procedures of polysytrene and 
MWCNT nanocomposite fibers to produce the polystyrene-graphene 
nanocomposite fibers, which are labelled as PS-G-SiF. 

2.4. Characterization 

Scanning electron microscopy (SEM, Crossbeam 540) and atomic 
force microscopy (AFM, NanoWizard III) were applied to obtain the 
topological information of the nanofibers. 

Raman spectroscopy (The Horiba LabRam Evolution, Japan) and 
FTIR spectroscopy (ANicolet iS10) in combination with XPS analyses 
(NEXSA, Thermo Scientific) were utilized to confirm the chemical 
modification of MWCNT and graphene. The compositions of the com-
posite materials and their phase diagram were obtained by using both 
thermogravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) technique. Thermal analysis carried out with a Thermal Analyzer 
(STA) 6000 in Nitrogen environment, heated from 30.00 ◦C to 800.00 ◦C 
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at 10.00 ◦C/min. Contact angles of the membranes were determined by a 
goniometer (Dataphysics OCA 15Pro). 

2.5. Mechanical property of composite membranes 

Measurement of stiffness by AFM: The atomic force microscope (AFM, 
NanoWizard III, JPK Instruments) was used to measure the height and 
Young’s modulus of fibers. The AFM offers a 100 μm × 100 μm lateral 
and 15 μm vertical range of scanning with various imaging modes. The 
basic principle to obtain different profiles is illustrated in Fig. 2 and 
Fig. S1. 

A texture analyzer machine (Stable Micro Systems, UK) was applied 

to obtain the mechanical properties of the composite fibers. The samples 
were cut into rectangular shapes of 1 cm in width and 4 cm in length. 
After that, samples were clamped at both ends on the tensile machine 
and pulled at 1 mm/s. The Young’s modulus of polymer composite fibers 
was determined by stress-strain curve. 

2.6. Oil/water separation experiment 

In the oil and water separation experiment, either PS-G-SiF or PS- 
MWCNT-SiF composite membrane was shaped into a cylinder with a 
diameter of 3.5 cm and thickness of 0.15 mm. Then, the top of the 
membrane was placed onto the separation funnel. The mixture of water, 

Fig. 1. Schematic Illustration of the Formation Mechanism of the Superhydrophobic Structure by Electrospinning of Polymer Solutions with MWCNT modified with 
1H,1H,2H, 2H perflurodecyltriethoxysilane. F-CNT indicates functionalized MWCNT with modified with 1H,1H,2H, 2H perflurodecyltriethoxysilane. Electrospinning 
of polystyrene solution of silanized MWCNT. 

Fig. 2. (Right) Schematic description of AFM working for determination of Young’s modulus of composite fibers. (Left Top) A curve of forces and height was 
recorded through detector. (Left middle) Topological image obtained by AFM and (left bottom) Young’s modulus was obtained by applying Hertz model. 
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cyclohexane, and chloroform was poured to measure the separation 
value of the membrane. The separation process was carried out by the 
gravitational force. 

3. Results and discussion 

Mechanically-robust multifunctional nanocomposite membranes 
were developed to separate oil and water mixture based on the following 
premises: (1) superhydrophobicity can improve the separation of oil 
from the mixture of oil and water; (2) rational design of dispersion 
materials in the matrix can enhance the mechanical properties of the 
composite membrane. Thus, graphene and MWCNT were selected as 
dispersion materials for the composites since they have high Young’s 
modulus, which would enhance the stiffness of the composites through 
rational design, and a strong hydrophobic property. 

Superhydrophobic electrospun fiber membranes were successfully 
obtained by controlling the ratio of polystyrene with either carbon 
nanotubes or graphene nanoflakes. The roughness of the electrospuns 
resulted in the superhydrophobicity as the ratio between the polystyrene 
and either CNT or graphene was optimized (Fig. 3 A and B). The highest 
water contact angle obtained for pure PS fibres reached 134◦ when the 
concentration of PS was 20% (Fig. 3C and D). It can be easily seen that 
surface roughness of both PS composite fibres, PS-G-SiF (graphene and 
fluorinated silane) (Fig. 3A) or PS-MWCNT-SiF (MWCNT and fluori-
nated silane) (Fig. 3B), is larger than that of pure PS fibres. The high 
surface roughness led to superhydrophobicity. The water contact angles 
obtained for both PS-G-SiF and PS-MWCNT-SiF fibres are 154◦ and 161◦, 
respectively. The concentration of PS was selected from 5% to 20% in 
terms of the formation of the fibres. At the same time, the concentration 
of both graphene and MWCNT in these two different composites was still 

determined by the formation of fibres in the electrospinning process. 
The average diameters of the composite fibres (either PS-MWCNT-SiF or 
PS-G-SiF) were relatively reduced. Furthermore, the average diameter of 
the PS fibers was around 2 μm, whereas the mean diameters for the PS- 
G-SiF fibers and PS-MCNT-SiF were about 200–300 nm and around 
100–200 nm, respectively. The super-hydrophobicity of the composites 
was ascribed to the surface roughness and air-trap in the composite fi-
bres (Shao et al., 2021; Wang et al., 2011). 

The formation of two different types of composites was confirmed by 
experimental analytic tools. The XPS technique confirmed the chemical 
modification of both MWCNT and graphene with 1H,1H,2H,2H-Per-
fluorodecyltriethoxysilane (PFDTES). Fig. 4 and Fig. S2 show the XPS 
analysis of PS-MWCNT-SiF fibers. The compositions of four major ele-
ments are listed in Table 1. These results were compared with the cor-
responding theoretical values. According to the XPS results, the 
concentration of F, C and Si atoms was lower than that in the 
1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES) molecule. The 
reason for this is that the molecular weight of the compound increased 
after PFDTES was chemically bonded to the MWCNT. The concentration 
of oxygen was increased because more oxygen atoms from PFDTES were 
added to the new compound. Furthermore, the curve of C1s was 
deconvoluted into different Gaussian lines (Fig. 4). The C1s peaks at 
290–293 eV and at 294 eV in the modified MWCNT were assigned to the 
C–F2 bond and C–F3 peak, respectively. The second highest peak at 286 
eV was due to the C–O bonds. A broad peak from 284 to 288 eV was 
assigned to Si–C–O and C–O bonds. The C––O peaks appeared at 289 eV 
(Fig. 4a). The two peaks of CF2 and CF3 from 690 to 695 eV originated 
from the C–F bonds in the PFDTES (Fig. 4b). The peaks of Si between 101 
and 106 eV were assigned as the Si–O bonds (103–104 eV), and Si–O–C 
(104–105 eV) (Fig. 4c). The peaks of O1s between 533 and 534 eV are 

Fig. 3. Scanning electronic microscope (SEM) image of PS-G-SiF with contact angle 154◦ (A), PS-MWCNT-SiF with contact angle 161◦ (B) fibers and PS fibers with 
contact angle 134◦ (C and D). 
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C––O and C–O bonds, respectively. The data of Si–C–O and C–O–Si from 
the peak of C and Si indicates the successful modification of MWCNT 
with PFDTES (Fig. 4d) (Oke et al., 2019; Okpalugo et al., 2005; Pacheco 
et al., 2015). 

To confirm the presence of either MWCNT or graphene nanoflakes in 
the PS composite fibres, Raman spectroscopy technique was further 
applied to investigate their composition. The Raman spectra of PS- 
MWCNT-SiF and PS-G-SiF fibres are shown in Fig. S3. The D-peaks, 
which are disordered bands of carbon structure due to the sp2 hybridi-
zation, appeared in the range of 1300–1400 cm− 1. The sharp G band 
peaks between 1500 and 1600 cm− 1, indicating the stretching and vi-
bration in the lattice of carbon atoms in the MWCNT and graphene 
nanoflakes, are shown in the 1579 cm− 1 for MWCNT and 1599 cm− 1 for 
graphene. Interestingly, the split peaks between 1579 and 1599 cm− 1 

indicated the G-vibrations along with the circumferential (G− ) and vi-
brations along the direction of the nanotube axis for functionalized CNT 
(G+). In the curve of PS-MWCNT-SiF, G− was stronger than G+, which 
indicates that the circumferential vibrations are in abundance. On the 
contrary, G− peak is weaker than G+, showing that no obvious circum-
ferential vibrations present in the graphene (Hussain et al., 2017; Rebelo 
et al., 2016). 

The 2D peaks, which are the most significant peaks for the graphitic 
carbon material (especially asymmetric shaped multilayer structure), 
appeared at 2600 cm− 1 – 2900 cm− 1. The two separated peaks for 
MWCNT at 2694 cm− 1 and 2905 cm− 1 originated from the strain or 
stress of CNT by PS along the circumferential and along the direction of 
the nanotube axis. Nevertheless, the peak at 2694 cm− 1 is higher than 
the peak at 2905 cm− 1, proving the strain along the circumferential 
direction. As far as the graphene in PS-G-SiF fibers was concerned, two 
nearly merged peaks were revealed at 2605 and 2904 cm− 1. The peak at 
2904 cm− 1 was much higher than the peak at 2605 cm− 1, indicating that 
the strain or stress by PS occurred only on the flat sheet. The 2D peaks of 
graphene shifted to a higher wavenumber since CNT could be the hy-
drophobic interaction between graphene sheet and polymer, which 
caused higher energy demand for strain or stress to occur (Bagotia et al., 
2019; Chipara et al., 2013; Singh et al., 2011). 

Figure S4 shows the FTIR spectra of PS-MWCNT-SiF and PS-G-SiF, 
where the spectrum of PS is given as reference. The functional groups 
for PS fiber spectra are recorded below: 3059 cm− 1 and 3025 cm− 1 for 
the aromatic C–H stretch, 2920 cm− 1 for the tertiary C–H stretch, 2854 
cm− 1 for CH2 symmetric stretch, C–C ring stretching at 1601 cm− 1 and 
1492 cm− 1, CH2 bending peaks at 1452 cm− 1, 1371 cm− 1 peaks for C–H 
symmetrical bending, 1068 and 1028 cm− 1 for inplane CH deformation, 
754 cm− 1 out of plane C–H bending and 695 cm− 1 C–C out of plane ring 
deformation. The characteristic peaks for Si–O–C and Si–O–Si were 
recorded at 1154 cm− 1 from the fluorosilane molecules. The peaks at 
903 and 1021 cm− 1 were ascribed to MWCNT and graphene in the 
polymer composites and the peak at 1068 cm− 1 corresponded to the 
C–O- bonds in the functionalized MWCNT in the mixture (MacOssay 
et al., 2012; Shi et al., 2021). 

The composition and structures of polymer composites were inves-
tigated by thermogravimetric analysis (TGA) and differential scanning 
calorimeter (DSC) techniques (Simultaneous Thermal Analyzer (STA) 

Fig. 4. De-convoluted high resolution XPS data curves for C1s (a), F1s (b), O1s (c) and Sisp (d).  

Table 1 
Atomic weight percentage comparison of elements in the modified MWCNT by 
XPS and theoretical percentage in the PFDTES.  

Name Atomic weight %, of elements in the 
modified MWCNT by XPS 

Atomic weight %, of elements in 
the PFDTES, theoretical. 

F1s 56,99 52.95 
C1s 31,77 31.47 
O1s 6,83 7.87 
Si2p 4,4 3.93  
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6000). In TGA analysis, 3% mass loss occurred until 370 ◦C due to the 
evaporation of solvent (DMF). 91% loss of mass in the range from 409 ◦C 
to 426 ◦C was ascribed to the degradation of PS fibers (Fig. 5A and B, 
curve 1). These losses were also proved by DSC analysis (Fig. 5A and B, 
curve 3). Two exothermic curves were recorded in DSC: at 411 ◦C for 
the melting and 429 ◦C for degradation. Unlike the PS fiber, the PS- 
MWCNT-SiF fibers showed different thermal properties. In the thermal 
analysis of PS-MWCNT-SiF, nearly 17% mass loss was determined before 
melting starts, the degradation temperature started at 470 ◦C (Fig. 5A 
curve 2). The increase in melting and degradation temperatures can be 
explained by heat conductivity of MWCNT that increases the thermal 
resistance of the nanocomposites. In the DSC curves, the glass transition 
temperature (313 ◦C) and melting temperature (385 ◦C) are clearly 
observed, respectively. However, in the degradation region (Fig. 5A 
curve 4), the observed broad peak proves the aforementioned assump-
tions that the degradation of the PS-MWCNT-SiF fibers needs a higher 
temperature comparing to PS fibers. Interestingly, it was found that the 
mass loss of the PS-G-SiF fibers started faster than PS-MWCNT-SiF fibers. 
This is a clear evidence that in the PS-MWCNT-SiF fibers, the chemical 
bonding (covalent bonding) between functionalized MWCNT and Si 
needs more temperature to be broken. But in the PS-G-SiF fibers, there 
might be only weak dipole-π attractions between graphene and fluo-
rosilane molecules. Hence, the bonds are easily broken at low temper-
atures. Thus, at 370 ◦C, 22% mass loss occurred due to the loss of 
fluorosilicon molecules, but the degradation temperature started at 
480 ◦C (Fig. 5B, curve 2). This may be due to the fact that the heat 
conductivity of graphene is a little higher than the thermal conductivity 
of MWCNT. The melting and degradation phenomena of PS-G-SiF fibres 
in DSC curves also prove the thermal analysis Fig. 5B, curve 4) (Shi 
et al., 2021). 

To improve stiffness of the polystyrene fibre, two different materials 
with high Young’s Modulus were selected to add the polystyrene matrix 
membrane as dispersion phase materials. The length of the dispersion 
phase materials is critical to improve the stiffness of the polystyrene 
composite materials. The two candidate materials as dispersion phase 
materials are MWCNT and graphene nanoflakes. Furthermore, the 
dimension of graphene nanoflake is much smaller than its critical length, 
the MWCNT is vice versa. As described in the Experimental section, the 
AFM was applied to measure the average Young’s Modulus of the three 
different types of Polystyrene fibers which are PS, PS-MWCNT-SiF, and 
PS-G-SiF fibers. Measurement of nanomechanical properties by AFM are 
already explained in Fig. S1. Height and Young’s modulus of samples are 
illustrated in Fig. 6. The Young’s Modulus measurement by AFM in-
dicates the steep increase in Young’s modulus with the addition of 
graphene and carbon nanotubes. However, the addition of carbon 
nanotubes reflects a steeper peak of Young’s modulus as compared to 
graphene. The PS-G-SiF fiber has an average Young’s modulus of 14.2 

MPa, while PS-MWCNT-SiF has about 27 MPa. The Young’s modulus for 
PS:G (polymer composite with Graphene nanoflakes) and PS:C (polymer 
composite with MWCNT) is 1.3 and 2.5 times respectively larger than 
PS. A tensile test meter was applied to measure the Young’s modulus for 
the above samples in parallel. The results (Table 2) show that the 
addition of both graphene and MWCNT into PS matrix membrane 
increased the Young’s modulus of the PS composites. The Young’s 
modulus was increased from 7.05 MPa to 9.89 MPa with the addition of 
0.25% of graphene. However, the same amount of CNT increased 
Young’s modulus almost 4 times. 

To explain the above results or why the PS-MWCNT-SiF composite 
fiber shows the highest Young’s Modulus, the critical lengths of the 
dispersed phase materials (carbon nanotubes or graphene nanoflakes) 
for PS-MWCNT-SiF and PS-G-SiF composites were respectively evalu-
ated since both were made of carbon. It is obvious that the length of 
MWCNT is close to millimetre range, which is much longer or million 
times longer than that of the graphene nanoflakes (diameter in nano-
scale). At the same time, it is longer than it’s critical length required into 
the polymer fibers (Fig. 7 Left), however, graphene nanoflake is vice 
versa or less than critical length of graphene in the PS-G-SiF fiber (Fig. 7 
Right). Furthermore, addition of long CNTs enhanced Young’s modulus 
of polymer composites due to very high tensile strength of CNTs. As 
shown in Fig. 7, while the length of CNT in the composite is much longer 
than the critical length, the mechanical strength of the composite has 
been enhanced dramatically as shown in Fig. 7Left) and close to the 
stiffness of the dispersed phase materials. In the case of the composite of 
PS-G-SiF, the length of graphene nanoflakes is smaller than its critical 
length (Fig. 7Right). Thus the stiffness of the composite is much lower 
than the stiffness of the dispersed phase materials (graphene 
nanoflakes). 

The above obtained superhydrophobic PS-MWCNT-SiF and PS-G-SiF 
membranes were tested for the separation of oil/water mixture based on 
the hypothesis that superhydrophobic property can improve the oil/ 
water separation efficiency. In this test, 100 mL mixture of cyclohexane 
and water at equal 1:1 ratio was poured into a separation flask. Water 
was colored in red with food dye to be more visible. While the mixture 
was poured into the separation flask, first cyclohexane touched the 
surface of the membrane and small amount of cyclohexane passed 
through it. Then due to low density of cyclohexane (0.779 g/mL) rela-
tive to the water, it went up immediately and floated on the top of water 
(Fig. 8-a). Thus, water layer blocked the cyclohexane from passing 
through the membrane. Thereafter, we stirred the mixture of water and 
cyclohexane to make cyclohexane contact the membrane surface. Thus, 
cyclohexane was extracted from water. 

In the second experiment, equal volume (50 mL each) of chloroform, 
water and cyclohexane were transferred into a graduated cylinder to 
form three layers based on the density difference of solvents (Fig. 8-b). 

Fig. 5. (A) Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analysis of the polymer composites for PS (1, 3) and PS-MWCNT-SiF fibres 
(2, 4); (B) for PS (1,3) and PS-G-SiFs fibers (2, 4). 
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As shown in Fig. 8-c, the mixture was poured in the separation flask, the 
oil phase was permeated through the membrane and dropped into the 
flask, no single red drop (water) was revealed in the flask. After 135 s, 
only water layer (colored in red) was left. The water and oil phases were 
measured after separation. The remaining water was 50 mL (100% 
separation) and oil phase was 98 mL, the 2 mL was probably absorbed on 
the membrane. Details of the experiment can be seen from the video 
(Fig. S5). The membranes exhibited a high flux of 693 L m− 2h− 1. This 
result indicated that superhydrophobic membrane can separate the 
water/oil mixture efficiently, which can be extended to industrial fields 
including oil leakage in ocean/sea/river and purification of oil for car 
feed. 

4. Conclusion 

In this research, the superhydrophobic nanocomposite fibers, PS- 
MWCNT-SiF and PS-G-SiF, have been developed to test for oil/water 
separation. The modification of MWCNT and graphene with fluorosilane 

molecules improved the hydrophobic and mechanical properties of the 
above nanocomposite fibers. Furthermore, dispersed phases called, i.e., 
graphene and MWCNT were modified with fluorosilane molecules. 
These molecules functioned as crosslinker and the cross-linked fillers 
lead to the robust superhydrophobic composite membranes. These 
membranes improved the water and oil separation performance. Goni-
ometer was applied to confirm the superhydrophobicity of the mem-
branes. Spectroscopic tools including FTIR, Raman, and XPS confirmed 
the inclusion and modification of dispersed phase materials, i.e., 
MWCNT and graphene. The stiffness of the nanocomposite fibers was 
evaluated by nanoindentation (AFM) and a tensile tester. A nano-
composite model was developed to explain the highest stiffness of PS- 
MWCNT-SiF. The membrane showed excellent performance for oil- 
water separation. This result can be potentially extended for the 
deployment in the industrial field. 
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graphene, (C) Polystyrene with carbon nano tube. (D–F) Young’s modulus, (D) Polystyrene, (E) Polystyrene with graphene, (F) Polystyrene with carbon nanotube. 

Table 2 
Young’s Modulus results obtained by two different approaches.  

# Mixture Young’s modulus by tensile 
test 

Young’s modulus by 
AFM 

1 PS 7.0547 MPa 10.62 MPa 
2 PS + 0.25% 

Graphene 
9.8921 MPa 13.12 MPa 

3 PS + 0.25%MCNTS 27.157 MPa 26.95 MPa  
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