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Abstract

:

There is an urgent need to develop new and improved oil-water separation materials with high stability and reusability for the cleanup of oily environmental pollutants. Here, fluorinated poly(ionic liquid)s were synthesized and their structure and property were characterized by nuclear magnetic resonance spectroscopy, Fourier transform infrared spectroscopy and thermogravimetric analysis. These fluorinated poly(ionic liquid)s were proposed as superhydrophobic coating on different metallic substrates through the combination of tethering fluorine groups in the PIL’s cation and anion exchange, and the superhydrophobic coating showed compactly stacked morphology under scanning electron microscope. The results of surface wettability experiments indicated that nearly all the fabricated materials showed a water contact angle larger than 150°, which is devoted to superhydrophobic nature. Moreover, for longer alkyl chain ILs and materials with smaller pore sizes, the water contact angle can be increased. At the same time, the fabricated superhydrophobic material exhibits a relatively high oil phase permeate flux, benefiting from the loose fibrous structure. Take the PIL@SSM300 for instance, the permeate fluxes were reached as high as 374,370 L·m−2·h−1, 337,200 L·m−2·h−1 and 302,013 L·m−2·h−1 for petroleum ether, hexane and cyclohexane, respectively. Instead, water is effectively repelled from the superhydrophobic surface. These virtues make the fabricated superhydrophobic material an effective membrane for oil/water separation under gravity. The separation efficiency and water contact angle are nearly unaffected after at least 20 cycles, confirming the excellent robustness of the coatings. These efficient poly(ionic liquid)s-based superhydrophobic materials possessed the potential to be used for oil/water separation.
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1. Introduction


Oily water is one of the major environmental issues so far, caused by different industries and production processes, such as oil spills, household sewage, pharmaceutical production and industrial oily wastewater [1,2,3,4,5]. Oily water usually contains toxic chemicals, which can pose serious risks to ecosystems and people’s health. Therefore, the development of effective methods to remove oil from water before it is discharged into the environment has become an emerging and urgently necessary critical issue. Different techniques and related materials have been reported to remove oil from water, including gravity separation, skimming flotation, filtration, adsorption, de-emulsification and others [6,7,8,9,10,11,12,13]. These techniques and related materials have their own advantages and disadvantages. Developing efficient methodology or cost-effective, environmentally friendly and recyclable materials is highly desirable. Currently, filtration and adsorption have attracted attention as efficient oil/water separation methods thanks to their convenience, low cost and environmental friendliness [14,15].



Materials with different superwetting properties towards oil and water (e.g., superhydrophobic or superhydrophilic surface) have recently attracted increasing attention in oil/water separation. Metallic mesh, cotton fabrics and textile membranes stand for the most studied superwetting materials by the surface modification. Furthermore, novel porous material-based superwetting materials, such as metal organic frameworks (MOFs), graphene, carbon nanotube, hydrogel and covalent organic frameworks (COFs), have also been proposed as an efficient separation strategy [16,17,18,19,20]. These smart material-based membrane techniques have received high research interest for the efficient separation processes with the characteristics of low energy consumption and simple separation devices. The membrane acts as a barrier, allowing the selective transport of oil or water from one side to the other. The main driving force for the passage of water or oil through the membrane mainly depends on the pressure or surface porosity. In the presence of gravity, surface porosity is particularly important. Smart hybrid membrane materials with large pore sizes and high flow rates are preferred for the separation of oily water [21]. The surface engineering and morphology of solid surfaces have a direct influence upon the wetting behavior [22,23]. Meanwhile, shaping with various technologies and coating on a substrate is demonstrated as an effective strategy to improve recycling and handling. Superhydrophobic materials have aroused broad interest because of their facile fabrication and effective separation oil/water mixtures or emulsions by selective filtration or absorption [5]. The design and construction of superhydrophobic coatings with controllable material surface wettability has been demonstrated as an effective method for enhancing the separation performance. However, the modification of the superhydrophobic surface of functional materials and the improvement of durability remain challenging in practical applications.



To address these issues, many efforts have been aimed at fabricating robust and versatile superhydrophobic materials suitable for practical environments. Mohamed and co-workers reported a biological MOF constructed of copper and aspartic acid to improve the surface roughness of the pristine textile fabric [24]. A water contact angle of 158° was observed for the obtained superhydrophobic textile fabric. The results imply that the superhydrophobic textile fabric exhibits excellent oil-water mixture and emulsion separation performance, oil absorption capacity, chemical stability, mechanical abrasion resistance and high flux rates. Meng and co-workers developed superhydrophobic wrinkled ZIF-8@rGO microspheres by intercalating the crumpled reduced graphene oxide (rGO) nanosheets in the well-dispersed ZIF-8 nanoparticles [25]. The wrinkled ZIF-8@rGO microspheres exhibit fast absorption rates and high sorption selectivity of oily compounds from water thanks to their super wettability and rich meso/microporosity. Cui et al. report controllable hydrophobicity and processability two-dimensional robust fluorinated COFs by condensation of triamines with fluorine and/or isopropyl groups and perfluorodialdehyde [26]. A superhydrophobic stainless-steel mesh (SSM) substrate coated by fluorinated COFs shows water contact angles of 111.5–145.8° and excellent water-resistance and self-cleaning properties. Bhaumik et al. developed a superhydrophobic COF through Schiff-base condensation reaction and 1,4-conjugate addition reactions [27]. The tailorable wettability of the prepared COF significantly enhances the oil absorption capacity under diverse and harsh conditions.



On solid surfaces, fluorinated coatings are an effective strategy to convert hydrophilic surfaces into hydrophobic ones, and they can easily find a wide range of applications, from electronic devices to membranes and nanocomposite materials. Despite being an indispensable role in some scientific fields, it is necessary to pay attention to the toxicity of long-chain linear perfluoroalkyl compounds (n > 8) to environment [28,29,30,31]. Ionic liquids (ILs), featuring non-volatility and non-flammability, excellent thermal and chemical stability, tunable structure and property, and high solvency power, etc., had aroused wide public concern in the scientific and industrial fields [32,33,34,35,36,37]. The tunable nature of ILs offers a promising way to fabricate fascinating functional materials to meet the needs of specific applications. Poly(ionic liquids) (PILs), as fascinating materials, have the desirable tunability of physico-chemical property through the selection of the right anions or tethering functional groups in the main framework [38,39,40]. Smart separation materials coated by functional PIL are considered a vital alternative for oil-water separation [41,42,43,44,45]. So far, PIL-coated functional membrane materials with switchable hydrophilic/hydrophobic surfaces have been successfully fabricated by anion exchange or functional group modification on the PIL backbone. For example, Song and co-workers designed several porous hypercrosslinked poly(ionic liquid)s with high stability and reusability for oil-water separation [41]. The hydrophobicity of PIL materials can be tuned by the choice of different auxiliary crosslinkers. Zhao et al. reported a series of poly(ionic liquid) coated cotton fabric, cotton ball and nylon fabric intelligent materials [42]. A switchable superhydrophilic/superhydrophobic capability and an efficient oil-water separation performance have been observed for these materials. However, superhydrophobicity was difficult to achieve through simple ion exchange, where surfaces tend to switch after repeated and long-term use. There is an urgent need to develop superhydrophobic functional materials with high stability and durability for the cleanup of oily environmental pollutants. Recently, functionalization of ILs with the addition of a fluoro-alkyl chain to the cation structure is of particular interest due to their broad range of potential applications [30].



In this case, the combination of tethering fluorine groups in the PIL cation and anion exchange enables a flexible approach to fabricate robust superhydrophobic surfaces. Two ILs with different alkyl chain lengths were synthesized and subsequently coated on the surface of stainless-steel mesh and nickel foam metallic substrates by in situ polymerization and ion exchange. The wettability of the fabricated superhydrophobic material was examined by means of the water contact angle and permeation experiments. In addition, the variation of the permeate fluxes of the materials with the structure of the ILs and crosslinkers was investigated. These superhydrophobic materials have been demonstrated to be an effective oil-water separation material with the merits of excellent reusability, cost-effectiveness and high stability in the oil-water separation process.




2. Materials and Methods


2.1. Materials


1H,1H,2H,2H-tridecafluoro-n-octyl iodide (97.0%) and 1H,1H,2H,2H-perfluorodecyl iodide (98.0%) were obtained from TCI (Japan). 1-Vinylimidazole (98%), LiTf2N (99%) and 2,2′-azoisobutyronitrile (99%) were obtained from JK Chemicals. Petroleum ether (AR), cyclohexane (99.9%), hexane (99%), divinylbenzene (DVB) and other organic solvents were acquired from Adamas. All reagents were used directly without any further purification.




2.2. Synthesis of the Ionic Liquids Monomers


Fluorinated IL monomers are synthesized by a two-stage process of alkylation and anion exchange. Take the case of [C8H4F13mim]I, 1-vinylimidazole and 1H,1H,2H,2H-tridecafluoro-n-octyl iodide were mixed with a small amount of toluene and transferred into a flask with the molar ratio of 1:1.1 under Ar atmosphere at 80 °C for one week. Then, the crude ILs were washed with toluene and diethyl ether, and solvent was removed by rotatory evaporator under vacuum at 60 °C. The product [C8H4F13mim]I was obtained. [C10H4F17mim]I was synthesized through the same procedure as [C8H4F13mim]I. The structure of all the fluorinated ILs was confirmed by the nuclear magnetic resonance spectroscopy (1H NMR and 19F NMR, AV-600 Bruker) and spectra given in the supporting information (Figures S1 and S2) and as follows.



[C8H4F13vim]I: 1H NMR (600 MHz, DMSO-d6, ppm): 9.57 (s, 1H, -N-CH=N-),8.21 (s, 1H, -N-CH), 8.02 (s, 1H, -N-CH), 7.31–7.35 (dd, 1H, -N-CH), 5.94–5.97 (dd, 1H, -N-CH), 5.45–5.46 (dd, 1H, -N-CH), 4.58–4.61 (t, 2H, -CH2-), 3.01–3.10 (m, 2H, -CH2-); 19F NMR (600 MHz, DMSO-d6, ppm): 80.25–80.29 (t, 3F, -CF3-), 113.08–113.21 (m, 2F, -CF2-), 121.70 (s, 2F, -CF2-), 122.66 (s, 2F, -CF2-), 123.20–123.23 (s, 2F, -CF2-), 125.76–125.82 (s, 2F, -CF2-).



[C10H4F17vim]I: 1H NMR (600 MHz, DMSO-d6, ppm): 9.60 (s, 1H, -N-CH=N-), 8.23 (t, 1H, -N-CH), 8.03–8.04 (s, 1H, -N-CH), 7.33–7.37 (dd, 1H, -N-CH), 5.95–5.98 (dd, 1H, -N-CH), 5.47–5.48 (dd, 1H, -N-CH), 4.60–4.63 (t, 2H, -CH2-), 3.04–3.08 (m, 2H, -CH2-), 19F NMR (600 MHz, DMSO-d6, ppm): 80.17–80.21 (t, 3F, -CF3-), 113.07–113.13 (m, 2F, -CF2-), 121.43 (s, 2F, -CF2-), 121.67 (s, 4F, -CF2-CF2-), 122.44 (s, 2F, -CF2-), 123.16 (s, 2F, -CF2-), 125.68–125.73 (s, 2F, -CF2-).




2.3. Synthesis of the Superhydrophobic Materials Coated with Fluorinated Poly(ionic liquid)s


Commercial stainless-steel mesh (SSM, 300 and 500 mesh) and nickel foam (NF, 0.3 mm and 1.0 mm) were cut into pieces and washed with ethanol and acetone prior to use. Subsequently, the small pieces of SSM and NF were immersed in aqueous solution of 1.0 M HCl for ultrasonic washing. Take the PIL-1@SSM300-D for instance, 1.0 g [C8H4F13vim]I monomer was dissolved into 5 mL ethanol containing 0.1 g AIBN, an appropriate amount of DVB and a piece of cleaned SSM. After several cycles of vacuum degassing in liquid nitrogen, the reaction was performed in the Schlenk line at 70 °C for about one day in N2 atmosphere. Subsequently, the composite was washed with ethanol and dried at reduced pressure at 60 °C. The above material was immersed into 10 mL LiTf2N aqueous solution (0.1 mol·L−1) with stirring for about 12 h to exchange their anions. The material is then immersed in fresh water to remove impurities. After that, the obtained PIL-1@SSM300-D material was dried at 70 °C for 24 h. PIL-1@SSM500-D, PIL-1@NF0.3-D, PIL-1@NF1.0-D, PIL-2@SSM300-D, PIL-2@SSM500-D, PIL-2@NF0.3-D and PIL-2@NF1.0-D were fabricated using the same protocol. For comparison, superhydrophobic materials without adding crosslinking agent were also synthesized, which were named PIL-1@SSM300, PIL-1@SSM500, PIL-1@NF0.3, PIL-1@NF1.0, PIL-2@SSM300, PIL-2@SSM500, PIL-2@NF0.3 and PIL-2@NF1.0, respectively.




2.4. Characterization of the Superhydrophobic Materials


Nuclear magnetic resonance (AVANCE-600, Bruker, Billerica, MA, USA) and Fourier transform infrared spectroscopy (FTIR) 400F spectrophotometer (PerkinElmer, Waltham, MA, USA) were suggested to verify the structure of synthesized IL monomers. Thermal decomposition temperature (Td) of the PIL coating material was determined by STA 449C thermal analyzer (NETZSCH, Selb, Germany). The morphology of the materials was revealed through field emission scanning electron microscope (SEM) with the operating voltage of 10.0 KV (SU8010). The static water contact angle was examined by the contact angle instrument (DSA25S, KRUSS, Hamburg, Germany). The X-ray diffraction (XRD) pattern of samples was conducted on X’Pert3 Powder X-ray powder diffractometer. The Cu target Kα ray was used as the diffraction source with a scanning range of 10°–80°. X-ray photoelectron spectra (XPS, ESCALAB250Xi) were used to examine the chemical compositions of the material surface by using a monochromatic Al-Kα X-ray source for in-depth understanding of elemental composition and chemical state.




2.5. Separation Performance of the Superhydrophobic Materials


PILs coated superhydrophobic material was sandwiched between two glass tubes in vertical position and sealed with a silicone ring (Figure 1a). Three model oils, petroleum ether, cyclohexane and hexane, were used in this study. The 20–100 mL of oil is slowly placed into the upper tube (height: 15 cm) and then the oil phase is rapidly penetrated by gravity. The permeate fluxes (F, L·m−2·h−1) of the oil phase were determined by the following equation:


  F =  V  S t    



(1)




where S (m2) and t (h) are the effective permeate area and separate time, respectively. All the permeate flux measurements data were expressed as the mean ± standard deviation of at least three independent tests.



For the oil-water separation, a home-made u-type separation device was used (Figure 1b). The oil-water mixtures (volume ratio 1:1) were added into the left part, the water (colored with methylene blue) was rejected by the superhydrophobic material and oil was penetrated into the right part. The separation efficiency (R) of the oil phase was calculated via the following equation:


  R =    m t     m 0    × 100 %  



(2)




where mt and m0 are the final and initial mass of oil, respectively.





3. Results and Discussion


3.1. Fabrication and Characterization of the PIL Coated Materials


The structure of the monomers of ILs was confirmed by 1H NMR and 19F NMR. The detailed fabrication process of the material coated with PIL is shown in Figure 2a. A schematic of the synthesis of PILs is depicted in Scheme S1. PIL coatings are fabricated by thermal-initiated polymerization and subsequent anion exchange processes. The cleaned substrate is first immersed in a monomer solution. After subsequent polymerization, the PILs produce a circle of superhydrophobic coating around the fiber of the substrate. I− anion of the PIL can be easily replaced by [Tf2N]− by immersing the pristine PIL coated materials into LiTf2N aqueous solution for about 12 h at room temperature. The color of the final superhydrophobic material changes significantly from gray to light yellow. FTIR spectra of ionic liquid monomer [C8H4F13vim]I, PIL-1 and PIL-2 are present in Figure 2b and Figure S3. For [C8H4F13vim]I, the characteristic absorption peaks of 3072 cm−1 and 1572 cm−1 belong to the stretching vibration of the C−H and C−C in imidazolium ring, respectively. The stretching vibration of the C=C bond is primarily situated at 1654 cm−1. Two peaks are observed at 1041 cm−1 and 619 cm−1 which are attributed to the stretching vibration and bending vibration of the C−F bond, respectively. The FTIR results of PIL-1 indicate that the characteristic absorption peaks of monomer [C8H4F13vim]I remain in the PIL-1. However, no characteristic peak of C=C at 1654 cm−1 was found in the spectra of PIL-1, which verifies the successful synthesis of PIL from the ILs monomers.



Thermogravimetric analysis (TGA) of PIL and monomer are shown in Figures S4 and S5. Similar weight loss is observed for both ILs monomer and PILs. The higher decomposition temperature of the PIL exhibits superior thermal stability. PIL-2, with a longer alkyl chain length, exhibits higher thermal stability than that of PIL-1. The XRD pattern of PIL-1 with and without DVB is depicted in Figure 2c. A broad peak with expressive width at 2θ of 10–20° and 35–45° in the XRD pattern was observed for the PIL-1 without addition of DVB, which was predominantly originated from amorphous structure. After the addition of DVB, the PIL exhibits some sharp peaks, indicating that the PIL is well crystallized. XPS was used to characterize the surface chemical composition of PIL-1 before and after anion exchange. Figure 2d shows the XPS full spectrum of the PIL-1, showing that C1s, N1s, F1s and I3d peaks are all observed for PIL-1 before the anion exchange. It is noted that the characteristic peak of S2p appears after the anion exchange. The S elements are derived from Tf2N, indicating successful anion exchange by Tf2N anions. In addition, the distinctive peak of I3d is significantly weaker. In order to illustrate the effect of anion exchange, the deconvolution of I3d before and after anion exchange is shown in Figure 2e. The I content in PIL-1 was 2.46 atomic% before the anion exchange and decreased to 0.27 atomic% after the anion exchange. This phenomenon can be explained by the successful anion exchange of the PIL coating.



SEM was suggested to determine the morphology of bare SSM and NF, PIL@SSM and PIL@NF. As shown in Figure 3a, the bare SSM exhibits a neat fibrous morphology and a smooth surface. In the SEM images of the PIL@SSM, a large number of PIL particles are compactly stacked with each other on the SSM surface, and the surface becomes rough. For the PIL@SSM-D, no significant change in the morphology of PIL@SSM-D was observed after the introduction of DVB. In addition, the diameter of the SSM fiber and the average pore size of SSM-300 were 40 μm and 44 μm, respectively. After the polymerization of ILs monomer, the diameter of SSM fiber rose to about 50 μm. Figure 3d shows a bare NF network with a smooth surface. Because the NF was built up layer by layer, the average pore size was about 200 μm. After the polymerization of the PIL on the NF fiber, a thicker polymeric coating is observed, as shown in the SEM images of Figure 3e,f. The surface roughness of the NF fiber increases. In summary, SEM images were used to characterize the morphology of the PIL coated material and also to show the enhanced roughness. The above results indicate the successful fabrication of the superhydrophobic materials coated with PIL. The superhydrophobic PIL coating effectively prevents water from passing through the mesh. The oil phase, meanwhile, passes rapidly through the lipophilic PIL coated mesh.



The key factor for the efficient separation of oil-water mixtures is the wettability of the material. The surface wettability is characterized by static water contact angle measurements. The static water contact angles for PIL@SSM and PIL@NF are depicted in Figure 4 and Figure 5, respectively. For a bare SSM or NF, the surface is hydrophilic, and the water droplets are immediately spread out on the cleaned SSM or NF surface, and the angle of water considered to be 0°. Figure 4 showed that the static water contact angle of PIL-1@SSM300 is about 148.9° ± 0.8°, and it behaves as a superhydrophobic surface. In addition, the static water contact angle increases as the length of the alkyl chain of IL cation increases, which is related to the increased hydrophobicity of the longer alkyl chain. For example, the static water contact angle of PIL-1@SSM300 and PIL-2@SSM300 is about 148.9° ± 0.8° and 155.9° ± 1.1°, respectively. Meanwhile, the contact angles of oil on the surface of PIL@SSM are considered as 0° because the oil droplets are absorbed immediately by the materials. Moreover, hydrophobicity depends on the surface roughness or the pore size of the mesh. The pore size of SSM is 44 μm and 26 μm for 300 mesh and 500 mesh, respectively. Smaller pore sizes with smoother surfaces have higher water contact angles. Take the case of PIL-1@SSM, the static water contact angle of PIL-1@SSM300 and PIL-1@SSM500 is about 148.9° ± 0.8° and 151.2° ± 0.9°, respectively. Meanwhile, superhydrophobicity can be obtained by coating the SSM surface with PILs to increase the surface roughness. Water could spread into the surface of cleaned SSM, which means the water contact angle close to 0°. After coating of PILs, the water contact angle increased to about 150°. In addition, as shown in Figure 4, when DVB is used as crosslinking agent, the water contact angle of PIL-1@SSM300 increased from 148.9° ± 1.1° to 156.9° ± 1.1°, while the water contact angle of PIL-1@SSM500 increased from 151.2° ± 0.9° to 160.2° ± 1.0°. Superhydrophobicity is enhanced by the addition of a crosslinking agent. Similar findings have been observed in the PIL@NF material shown in Figure 5. For example, the water contact angle of PIL@NF increases with the length of the alkyl chain and with the addition of the crosslinking agent. The superhydrophobicity is mainly owing to the influence of functional groups on the crosslinking agent [41]. Due to the hydrophobic nature of DVB, the water contact angle is significantly increased after the addition of DVB. The results discussed above indicate the successful introduction of hydrophobic fluorinated PIL to the substrate.




3.2. The Permeate Flux of the Oil Phase


Superhydrophobic materials, also known as oil removing materials, may allow the oil phase to permeate the material while water is repelled. The wettability of the surface by oil phase is examined by the permeate flux (F, L·m−2·h−1). A gravity-driven filtration system is suggested to examine the permeate flux. In general, the permeate flux of a solvent depends on a number of factors such as density, viscosity, polarity and wettability. The higher permeate flux of the oil phase requires a higher density, lower polarity, lower viscosity and superior wettability of the superhydrophobic material. Three model oils, petroleum ether, cyclohexane and hexane, are permeated by gravity through a superhydrophobic material. The oil fluxes passed through the superhydrophobic material are listed in Table 1. The results indicate that these superhydrophobic materials have excellent permeability to different solvents, even though the density of these oil phases is lower than that of water. As an example of PIL-1@SSM300, the fluxes of petroleum ether, hexane and cyclohexane were 374,370 L·m−2·h−1, 337,200 L·m−2·h−1, 302,013 L·m−2·h−1, respectively. The sequence of fluxes agrees with the polarities of oil phase, while the order of polarities of oil phase is petroleum ether < hexane < cyclohexane as shown in Figure 6a,b. The weak polarity of the oil phase favors rapid passing through the superhydrophobic material. The materials fabricated in this work have similar results. Moreover, the structure of the substrate also plays a key role in the penetration process. As an example of petroleum ether, its permeate fluxes decrease from 374,370 L·m−2·h−1 to 122,000 L·m−2·h−1, with the mesh of SSM increasing from 300 to 500, while the pore size fell to 26 μm from 44 μm. Smaller pore sizes should of course increase the resistance, which in turn would lead to a significant decline in the permeate fluxes.



On the other hand, the effect of the alkyl chain length of the ILs on the oil phase fluxes has also been examined. Take the PIL@SSM300 as an example, the flux value of petroleum ether increases from 374,370 L·m−2·h−1 to 573,000 L·m−2·h−1 with the alkyl chain length increasing from PIL-1 to PIL-2. The PIL with longer alkyl chain length is more hydrophobic, while the affinity between the PIL and the oil phase is enhanced, which leading to a higher flux. Similar results exist in other materials. In general, crosslinking agents are helpful in producing crosslinking polymer chain networks. Although the water contact angle of PIL@SSM increases after the addition of the crosslinking agent, the permeation flux of the PIL@SSM-D eventually decreases. The reason for this phenomenon is attributed to the increased resistance to permeation after the addition of crosslinking agent.



Moreover, thicker materials are usually used to increase the permeation distance and resistance, and thus lead to smaller permeation fluxes. This is demonstrated by the results shown in Table 1 and Figure S6. Take the PIL-1@NF as an example, the permeation fluxes values are 43,326 L·m−2·h−1 and 37,922 L·m−2·h−1 for PIL-1@NF0.3 and PIL-1@NF1.0, respectively. Due to the high porosity, the PIL@NF material can provide sufficient room for the storage of the oil phase. These materials can be used for rapid absorption of the oil droplets dispersed in the water phase.




3.3. Oil-Water Separation Performance


PIL-based superhydrophobic materials PIL@SSM and PIL@NF can be used to separate oil-water mixtures. An equal volume of oil and water is mixed and injected into the left part of the u-shaped device, where the superhydrophobic material is sandwiched between two glass tubes. The oil phase flows rapidly into the right part of the u-shaped device and the water phase is blocked. For comparison, both oil and water can pass quickly through the naked SSM or NF membrane. Continuous operation is easily realized by the immediate removal of the oil and water phases by the peristaltie pump. For ease of observation, the water phase is colored by methylene blue. The separation efficiency is intended to indicate the water removal performance of the fabricated superhydrophobic material. The separation efficiency can be calculated from the mass ratio of the oil phase before and after permeation, and the results are shown in Figure 7 and Figure S7 for PIL-1 and PIL-2 based materials, respectively. For all the oil-water mixtures, the separation efficiencies of petroleum ether, hexane and cyclohexane are all greater than 99%, indicating their promising separation performance for oil-water mixtures. The efficiency of the water is nearly 100%. At the same time, benefiting from the loose fibrous structure, it causes the acceleration of the separation process by gravity and is nearly free of the oil absorbed by the material. In addition, unlike the permeate flux, the separation efficiency is unaffected by the alkyl chain length, pore size and thickness of the NF.




3.4. Recyclability of the Superhydrophobic Material


The durability of the superhydrophobic materials is of great importance when used in practical oil/water separation processes. As an example of a cyclohexane/water mixture, the separation efficiency of cyclohexane for PIL-1 based material is not affected after repeating for 20 times as shown in Figure S8. The water contact angle of these superhydrophobic materials after 20 cycles is shown in Figure 8. It is shown that the water contact angle does not decrease significantly for these materials compared to the pristine material. Take the PIL-1@SSM300 and PIL-1@NF0.3 for instance, the water contact angle was maintained 146.4° ± 0.9° and 146.0° ± 1.0°, respectively. Compared with the initial 148.9° ± 0.9° and 146.0° ± 1.0° for PIL-1@SSM300 and PIL-1@NF0.3, the water angle was not nearly affected, further confirming the superior robustness of the coatings. These materials still maintain large water contact angles due to their superhydrophobic nature. These results demonstrate the excellent reusability of PIL-based materials.




3.5. Separation Mechanism


Hydrophobic interactions and electrostatic attractions play vital roles in the sorption of crude oil from the oil-water mixtures [16]. For the model oils, such as petroleum ether, cyclohexane and hexane, the hydrophobic interactions are the main driving force. Superhydrophobic materials usually have a non-polar structure and long carbon chains. Fluorinated PILs coatings belong to the class of superhydrophobic materials, which are insoluble in water. Fluorinated PILs provide a distinct superhydrophobic surface on which densely packed carbon-fluorine (C−F) bonds [52] are present. The oil/water separation mechanism is tentatively proposed in Figure 9. Water molecules effectively repel from these densely C−F bonds on the superhydrophobic surface. On the contrary, superhydrophobicity, also known as lipophilicity, is a common affinity for oil molecules. This effect will cause rapid oil permeation across the superhydrophobic material.





4. Conclusions


In this work, fluorinated poly(ionic liquid)s coated low-cost stainless-steel mesh and nickel foam superhydrophobic materials were prepared by in situ polymerization and ion exchange. The structure and thermal stability of poly(ionic liquid)s were characterized by NMR, FTIR and TGA methods. The SEM picture hints at the successful fabrication of compact stacked PIL coatings. In addition, nearly all the fabricated materials showed a water contact angle larger than 150°, which is devoted to superhydrophobic nature. Longer alkyl chain ILs coated materials exhibit larger water contact angles. At the same time, the water contact angle can be increased for materials with smaller pore sizes and with the addition of a crosslinking agent. These fabricated superhydrophobic materials exhibit relatively high oil phase permeate fluxes, benefiting from the loose fibrous structure. Instead, water is effectively repelled from the superhydrophobic surface. Systematic oil/water separation experiments have shown that the fabricated superhydrophobic materials exhibit excellent oil/water separation efficiency under gravity, even for low density oil phases. The separation efficiency and water contact angle are nearly unaffected after at least 20 times recycle, indicating excellent reusability. These poly(ionic liquid)s-based superhydrophobic materials could be suggested as efficient absorbents for oil/water separation.
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Figure 1. The device photos of permeate flux (a) and separation efficiency (b). 
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Figure 2. Schematic illustration for the preparation process (a), FTIR spectra of [C8H4F13vim]I monomer and PIL−1 composites (b), XRD patterns of PIL−1 with and without DVB (c), XPS survey of PIL−1 before and after anion exchange (d) and the I3d XPS spectrum of the PIL−1 before and after anion exchange (e). The blue circle in subfigure (d) show the position of I3d. 
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Figure 3. SEM pictures of PIL coated materials. (a) SSM-300, (b) PIL-1@SSM-300, (c) PIL-1@SSM-300-D, (d) 0.3 mm NF, (e) PIL-1@ NF0.3 and (f) PIL-1@ NF0.3-D. The distance between two red arrows represents the diameter of the SSM fiber. 
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Figure 4. Static water contact angle of PIL@SSM. 
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Figure 5. Static water contact angle of PIL@NF. 
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Figure 6. The permeate fluxes of oil phases for PIL−1@SSM (a) and PIL−2@SSM (b) composites. 
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Figure 7. Separation efficiency of oil phase for PIL−1@SSM (a) and PIL−2@SSM (b) composites. 
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Figure 8. The water contact angle of PIL−1@SSM (a) and PIL−1@NF (b) compositesafter 20 times of oil/water separation recycle. 
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Figure 9. The proposed separation mechanism. 
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Table 1. The permeate fluxes (F, L·m−2·h−1) for different oil phases of PIL-based materials and comparison with the literature data.






Table 1. The permeate fluxes (F, L·m−2·h−1) for different oil phases of PIL-based materials and comparison with the literature data.












	PIL−Based Materials
	Petroleum Ether
	Hexane
	Cyclohexane
	Ref.





	PIL−1@SSM300
	374,370 ± 15,310
	337,200 ± 12,416
	302,013 ± 9957
	



	PIL−1@SSM300-D
	75,800 ± 1253
	64,500 ± 910
	44,310 ± 428
	



	PIL−1@SSM500
	122,000 ± 1623
	109,060 ± 1297
	70,608 ± 543
	



	PIL−1@SSM500-D
	45,090 ± 440
	28,345 ± 175
	19,836 ± 170
	



	PIL−2@SSM300
	573,000 ± 35,960
	362,000 ± 14,310
	352,770 ± 13,591
	



	PIL−2@SSM300-D
	377,450 ± 15,563
	291,170 ± 9254
	262,060 ± 7494
	



	PIL−2@SSM500
	175,370 ± 3354
	105,790 ± 1220
	98,900 ± 1066
	



	PIL−2@SSM500-D
	62,865 ± 860
	50,590 ± 558
	43,660 ± 416
	



	PIL−1@NF0.3
	43,326 ± 409
	41,603 ± 377
	18,756 ± 154
	



	PIL−1@NF0.3-D
	36,400 ± 288
	27,330 ± 163
	11,887 ± 110
	



	PIL−1@NF1.0
	37,922 ± 314
	28,793 ± 180
	16,046 ± 114
	



	PIL−1@NF1.0-D
	21,325 ± 198
	18,350 ± 146
	5521 ± 67
	



	PIL@cotton fabric
	
	69,610
	
	[42]



	PIL@nylon fabric
	
	12,123
	
	[42]



	PILM−1 or PILM−5
	122,000
	15,071
	
	[44]



	GO−PIL@cotton fabric
	
	59,000
	
	[45]



	MWCNT@MTMS
	126,400
	
	
	[46]



	TiO2@SSM
	
	7281
	
	[47]



	PDMS@PMMA
	
	35,712
	
	[48]



	SLS@CNT
	13,800
	10,500
	
	[49]



	UA−co−VTMS@
	
	
	8645
	[50]



	Ti3C2Tx/PU
	328,040
	
	360,340
	[51]
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