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Abstract

:

At present, the types of pollutants in wastewater are more and more complicated, however, the multifunctional membrane materials are in short supply. To prepare a membrane with both high efficient oil-in-water emulsion separation performance and photocatalytic degradation performance of organic dyes, the bifunctional separation membrane was successfully prepared by electrostatic spinning technology of PVDF/PEMA and in situ deposition of anatase TiO2 nanoparticles containing Ti3+ and oxygen vacancies (Ov). The prepared composite membrane has excellent hydrophilic properties (WCA = 15.65), underwater oleophobic properties (UOCA = 156.69), and photocatalytic performance. These composite membranes have high separation efficiency and outstanding anti-fouling performance, the oil removal efficiency reaches 98.95%, and the flux recovery rate (FRR) reaches 99.19% for soybean oil-in-water emulsion. In addition, the composite membrane has outstanding photocatalytic degradation performance, with 97% and 90.2% degradation of RhB and AG-25 under UV conditions, respectively. Several oil-in-water separation and dye degradation experiments show that the PVDF composite membrane has excellent reuse performance. Based on these results, this study opens new avenues for the preparation of multifunctional reusable membranes for the water treatment field.
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1. Introduction


In recent years, the rapid development of industrialization has brought critical environmental pollution issues. Industries such as textile, leather, printing and paper-making, etc., tend to create large amounts of organic dyes wastewater [1,2,3,4], while metallurgical, chemical, new energy sources, and pharmaceutical, etc., tend to drain large amounts of oily wastewater [5,6,7], which is very harmful to human health. To effectively solve the water pollution problem, photocatalytic technology and membrane separation technology have become a research hot spot.



Photocatalysis is one of the most common methods to remove organic dyes, with the advantages of environmentally friendly operation and high photo-degradation efficiency [8,9]. However, most of the catalysts used in photocatalytic technology are powders, which are difficult to recycle and reuse. Membrane separation technology has low energy consumption, high efficiency, simple operation, no secondary pollution, etc. [10,11,12]. Loading the photocatalyst into the membrane can effectively solve the problems of difficult recycling and reuse of the catalyst [13,14]. However, organic dye wastewater often contains a large amount of oil contamination and surfactants. Oil contamination and surfactants will adsorb on the membrane surface, which will reduce the active sites in the membrane and lead to the weakening of the catalytic activity of the membrane. Therefore, it is of great significance to develop new separation membranes with intellectualized, multifunctional, and controllable characteristics for diverse wastewater systems and complicated environments.



The bifunctional composite membranes are a new development trend in the field of membrane materials. For example, a bifunctional composite membrane can not only perform high-efficiency oil-in-water emulsion separation, but also effectively degrade organic dyes in wastewater. In order to endow excellent degradation ability without sacrificing separation performance, the strategy of combining photocatalytically active nanoparticles with hydrophilic membrane materials to prepare bifunctional composite membrane materials has attracted extensive attention in water treatment [8,15]. Xiang et al. loaded MIL-53(Fe) nanoparticles into polyacrylonitrile membrane via electrospinning to achieve highly-efficient oil-in-water emulsion separation and photocatalytic organic dye degradation [16]. Xie at al. loaded NH2-MIL-88B(Fe) nanoparticles into PVDF membranes via a one-step non-solvent induced phase inversion method to achieve highly-efficient oil-in-water emulsion separation and photocatalytic organic dye degradation [17]. However, these nanoparticles are not only unevenly dispersed in the polymer, but also the surface of nanoparticles is easily encapsulated by the polymer, weakening the degradation ability and separation performance of the membrane. At the same time, the types of dyes degraded by these membranes are relatively single (such as rhodamine B, methyl orange, and other cationic dyes). Therefore, a novel and simple preparation method is urgently needed to obtain high-performance bifunctional composite membranes.



Titanium dioxide (TiO2), a semiconductor material, mainly has three main crystal forms—anatase, rutile, and brookite—and is currently widely used in the field of photocatalytic degradation [18,19,20]. Among them, due to the wider band gap of anatase crystalline TiO2, it has the highest photocatalytic activity and is the most widely used [21]. In the preparation of nanosized TiO2, its crystal structure can be effectively controlled by controlling some conditions. For example, Yin et al. successfully prepared anatase TiO2 with clear cube-like geometry by using hydrogen fluoride and hydrogen chloride as synergistic catalysts [22]. Wang et al. synthesized uniformly sized cubic anatase TiO2 nanoparticles by changing titanium hydroxide precipitates into their corresponding ethanol gels, followed by drying in supercritical ethanol (7.0 MPa, 270 °C) and calcination at high temperature (AS-preparation); the anatase TiO2 nanocrystallites have highly-efficient photocatalytic methyl orange degradation [8].



In addition, several studies have found that surface defects and oxygen vacancies (Ov) present on the catalyst surface can facilitate charge transfer, thereby enhancing the photocatalytic activity of photocatalysts [23,24,25,26]. For example, Ji et al. successfully prepared TiO2 nanoparticles with Ti3+ and Ov by in situ growth method and vacuum freeze-drying, the nanoparticles have higher photocatalytic activity compared to commercial TiO2 [27]. Qi et al. prepared TiO2 with Ti3+ and Ov through vacuum heating activation treatment, these TiO2 shows high photoactivity and photosensitivity [28]. Therefore, inspired by the above, it is speculated that the carrier separation efficiency and photocatalytic activity can be effectively improved by synthesizing anatase-type TiO2 with Ti3+ and Ov.



In this work, poly(ethylene-alt-maleic anhydride) (PEMA) was used as the wetting agent, PEMA and Polyvinylidene fluoride (PVDF) were blended to prepare the base membrane by electrospinning method, and then the maleic anhydride in the fiber membrane was hydrolyzed, so as to prepare the carboxy-rich hydrophilic PVDF composite membrane. Last, in situ deposition of anatase TiO2 with Ti3+ and Ov on the hydrophilic PVDF composite membrane surface by a hydrothermal reaction method for oil-in-water emulsion separation and photocatalyze the degradation organic dyes. The preparation process of the bifunctional composite membrane is shown in Figure 1. Abundant carboxyl group and TiO2 in membrane improve the permeation flux and catalytic degradation performance of the hybrid membrane. The surface morphology, chemical composition, wettability and water flux, mechanical properties, oil-in-water emulsion separation properties, photocatalytic degradation properties of different dyes, and reusable properties of the composite membranes were investigated by SEM, XRD, FTIR, XPS, WCA, etc. The separation mechanism and photocatalytic degradation mechanism of the bifunctional composite membrane were analyzed. The obtained TiO2/PVDF composite membrane showed several distinct advantages: (1) the membrane achieves remarkable underwater superoleophobicity property; (2) the membrane can effectively separate oil/water emulsion and good anti-fouling ability; (3) the membrane has high photocatalytic degradation ability for both anionic and cationic dyes. The work show that the composite membrane has great application potential in the field of wastewater treatment.




2. Materials and Methods


2.1. Materials


PVDF (Solvay 6010, Mn = 500,000) was obtained from Solvay S.A. (New York, NY, USA). PEMA (Mn = 50,000) was purchased from Vertellus (New York, NY, USA). Tetrabutyl titanate (TBOT), Rhodamine B (RhB, Figure S1a), Acid Green 25 (AG-25, Figure S1b) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). N-N-Dimethylacetamide (DMAc), Acetone, HCl, H2SO4, Tween-80, and dichloroethane (EDC) were obtained from Hangzhou Gaojing Chemicals Co., Ltd. (Hangzhou, China).




2.2. Preparation of Carboxy-Rich PVDF Composite Membrane


The carboxy-rich PVDF composite membrane was obtained by a simple blending electrospinning technique. Firstly, 2 g PVDF and PEMA (PEMA is 0 g, 0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g, 0.6 g) blended powder was dissolved in 20 mL DMAc/Acetone (v/v = 3:2) solvent to obtain a uniform spinning solution. The spinning process was carried out in a closed spinning machine at room temperature and a relative humidity of about 50%. The feeding speed and voltage were set as 0.5 mL/h and 15 kV, respectively, and a collection device covered by an aluminum foil was placed 15 cm away from the needle. After the spinning, the obtained membrane was dried in a vacuum oven at 50 °C to remove residual solvent and then immersed in 0.1 mol/L HCl solution for 1 h before being dried 60 °C for 3 h. Membranes prepared with different PEMA contents were named M0/1/2/3/4/5/6. The hydrophilicity and tensile properties of the membrane were tested to select the membrane prepared with the best PEMA content, and follow-up experiments were carried out.




2.3. Preparation of Bifunctional Composite Membrane Loading Anatase TiO2 with Ti3+ and Ov


In situ deposition of TiO2 on the membrane surface by a hydrothermal reaction method [29]: 1 mL TBOT was dripped into 30 mL of 2 mol/L H2SO4 solution and stirred for 30 min, and the PVDF composite membranes was immersed in the above reaction solution. After reacting at 120 °C for 1, 2, 3, and 4 h, respectively, named as membranes M5-TiO2 (1), M5-TiO2 (2), M5-TiO2 (3), M5-TiO2 (4), respectively.




2.4. Emulsion Separation


A composite membrane with an effective area of 13.85 cm2 was pre-moistened with deionized water and then fixed on the filter cartridge of the dead-end filtration device under a transmembrane pressure of 0.1 bar. The permeation flux of the membrane was calculated by Equation (1):


  J =  (   V  A × Δ t    )   



(1)




where J (L·m−2·h−1) is the preparation flux, A (m2) is the effective membrane area, V (L) is the volume of permeation over a time interval Δt (h).



The oil-in-water emulsion was prepared as follows: 1000 g of water was mixed with 1 g of soybean oil, and then 0.1 g of Tween-80 was added. Lastly, the mixed liquor was stirred at 4000 rpm for 10 min. The maximum UV absorption wavelength of soybean oil was tested by UV spectrophotometer (Figure S2). The oil-in-water emulsion separation experiment was operated under a transmembrane pressure of 0.1 bar. The particle size of oil droplets and oil content in water before and after filtration was tested by dynamic light scatterer (DLS) (LB 550, HORIBA) and UV spectrophotometer at 220 nm, respectively. The separation efficiency was calculated according to the oil rejection efficiency of Equation (2) [30,31]


  R =  (  1 −    C p     C 0     )  × 100 %  



(2)




where R (%) is oil rejection efficiency, C0 is the oil concentration of emulsion, and Cp is the oil concentration of filtrate.



To evaluate the anti-fouling performance of the composite membrane, the flux recovery rate (FRR) was calculated by the following Formula (3).


  F R R =  (  1 −    J p     J 0     )  × 100 %  



(3)




where J0 is the pure water flux, JP is the pure water flux after oil-in-water emulsion separation and cleaning.




2.5. Photocatalytic Degradation Performance of Membranes


The photocatalytic activities of the composite membrane were analysed by RhB (initial concentration 5 mg/L, pH = 7) and AG-25 (initial concentration 50 mg/L, pH = 3) in the dark and under UV irradiation, respectively. A schematic of the photoreactor equipment is illustrated in Figure 2. The 30 mg sample was immersed in 150 mL dye solution, the adsorption was carried out under dark conditions, and the sample was tested every 30 min. After adsorption equilibrium, the solution was placed under 250 w UV lamp (main spectrum 365 nm) for light treatment, and samples were tested every 60 min. The degradation efficiency η (%) can be calculated using Equation (4) [32]


  η = ( 1 −  C   C 0    ) × 100 %  



(4)




where C0 and C are the solution initial and different periods a concentrations of the dye, respectively.



To evaluate the reusability of the composite membrane, after the reaction was completed, the membrane was regenerated after washing with ethanol and water and then immersed in another fresh dye solution for the next photocatalytic experiment under the same conditions.




2.6. Characterization


The crystalline structure of TiO2 NPs on membranes was analyzed by X-ray diffractometer (XRD, Bruker D8 Advance, Billerica, MA, USA) at the scanning range of 10–80°. Attenuated total reflection Fourier transform infrared spectra (ATR-FTIR, Nicolet 5700, Thermo Scientific, Madison, WI, USA) and X-ray photoelectron spectra (XPS, Kratos XSAM800, Nanuet, NY, USA) were used to evaluate the chemical composition of membranes. The surface morphology and elements of membranes was observed by field emission scanning electron microscopy (FESEM, Hitachi S-4800, Tokyo, Japan). The mechanical properties of samples were measured by a tensile testing machine. The optical property of membranes was evaluated by UV-Vis diffuse reflectance spectroscopy (DRS, HACH DR3900, Loveland, CO, USA) in the range of 320–1100 nm.





3. Results and Discussion


3.1. XRD Analysis


Figure 3 shows the XRD of anatase TiO2, PVDF, M5, and M5-TiO2 (2) to reveal the crystalline structure of the resulting materials. A diffraction peaks at 2θ = 20.6° were found, which constituted the typical XRD patterns of PVDF [29]. As for M5-TiO2 (2), other diffraction peaks at 2θ = 25.49°, 38.03°, 48.13°, 54.27°, 55.22°, 62.95°, 68.57°, 70.23°, and 75.51° were attributed to (101), (004), (200), (105), (211), (204), (116), (220), and (215) planes of anatase TiO2 [33], meanwhile, the diffraction peaks of brookite and rutile TiO2 no found [34]. The results show that the presence of the carboxyl group can effectively control the crystal form of TiO2 to be anatase type.




3.2. The Compositions of Membranes


The functional groups of the PVDF, PVDF/PEMA (25%), M5, and M5-TiO2 (2) membrane were analyzed by FTIR spectra, and the results are shown in Figure 4a. It can be found from the figure that all the membranes exhibited peaks at 874 cm−1, 1175 cm−1, and 1402 cm−1, which were caused by the stretching vibration of C-C, -CF2-, -CH2-, respectively. As for PVDF/PEMA (25%), three characteristic absorption peaks at 1710 cm−1, 1840 cm−1, and 1780 cm−1 were caused by the stretching vibration of the C = O and C-O-C absorption peaks of maleic anhydride. M5 was prepared from PVDF/PEMA (25%) membrane after acid treatment, the absorption peak intensity at 1840 cm−1 and 1780 cm−1 almost disappeared, while the absorption peak intensity at 1710 cm−1 became stronger, suggesting the anhydride was converted to carboxyl groups. In addition, the M5-TiO2 (2) membrane displayed a new broad characteristic absorption peak at 400–900 cm−1, which was caused by the stretching vibration of O-Ti-O bonds [35]. Simultaneously, the absorption peak intensity at 2650–3600 cm−1 became stronger, which was caused by the stretching vibration of -OH. This result indicated that composite membranes loading with TiO2 were successfully prepared.



In order to verify whether the prepared membrane is photoresponsive and the wavelength of light response, we analyzed the optical properties of the membrane by using UV-vis DRS, and the results are shown in Figure 4b. It can be seen that M5-TiO2 (2) membrane has a stronger absorption peak at 262–378 nm, which is mainly due to the efficient UV harvesting of TiO2. Meanwhile, no new absorption peaks were found in the whole test band for PVDF and M5 membrane. The results show that the composite membrane has a high efficiency of light energy utilization, which is beneficial to the formation of photogenerated pores on the catalyst on the membrane, thereby improving the photocatalytic efficiency [36,37].



The surface chemical composition of the membrane was analyzed by XPS. Figure 5a shows the full XPS spectra of PVDF, M5, and M5-TiO2 (2). It can be seen that all the membranes have a C 1 s peak at 285.46 eV and an F 1s peak at 687.37 eV. As for M5 and M5-TiO2, the O 1 s peak at 531.97 eV appeared. When TiO2 was deposited on the composite membrane surface, the level peak of Ti 2p appeared, which confirmed the presence of the Ti element. The chemical element composition and content of the membrane are shown in Table 1, and the results are consistent with the above XPS spectra.



Meanwhile, the two peaks of Ti 2p3/2 and Ti 2p1/2 visible in the high-resolution XPS spectra (Figure 5b) at 459.12eV and 464.5eV, respectively, and the splitting energy between Ti 2p3/2 and Ti 2p1/2 is about 5.38 eV, indicating the existence of normality for Ti4+, similar to the reported data for TiO2 [38]. At the same time, the other two peaks appeared at 462.75 (Ti 2p1/2) and 457.2 eV (Ti 2p3/2) confirming the presence of Ti3+ in the titania lattice [39]. In addition, as shown in Figure 5c,d, by comparing the high-resolution spectrum of O1s of M5 and M5-TiO2 (2) can be found two new peaks from left to right (the new binding energy of M5-TiO2 (2) are 531.10 eV and 529.20 eV), which can be attributed to the Ov and the Ti-O on the structure [27]. The results suggest that such a carboxyl induction strategy can create Ti3+ defects in TiO2 lattices. We think that under high-temperature conditions, the electrons of the carboxyl group will break the Ti-O bond, forming Ov and Ti3+ in TiO2 [40].




3.3. Membrane Morphologies


The surface morphology of fibrous membrane were investigated using SEM. As shown in Figure 6, all membranes consist of randomly oriented nanofibers, forming a massive porous structure, which facilitates adequate contact between dyes and active sites [41]. Figure 6a shows that the fibers of PVDF membrane have a smooth surface and different fiber diameters. For composite membranes prepared by adding PEMA, the fiber diameter of the composite membrane became larger and more uniform, and the grooves appeared on the surface of fiber (Figure 6b). At the same time, the fiber morphology of the composite membrane basically did not change after acid treatment (Figure 6c). In addition, with the increase of PEMA content, the fiber diameter gradually increases, and the fiber surface grooves are more obvious (Figure S3a–e). Increased fiber size and surface roughness lead to the increased mechanical strength of the membrane (Figure S4). When the PEMA content is too high (25%) the cracks are found on the fiber surface (Figure S3f), resulting in a reduction in the mechanical strength of the composite membrane (Figure S4). The main reasons are the difference in surface tension between PVDF and PEMA and the formation of the Taylor cone at the needle tip during spinning, which leads to obvious grooves on the surface of blended fibers, and the grooves on the fiber surface are more obvious at high PEMA content. After in situ deposition of TiO2, a large number of micro-nano particles appeared on the surface of the membrane fibers(Figure 6d). With the increase in deposition time, the content of micro-nano particles on the membrane surface gradually increased, and the phenomenon of pore blocking occurred when the time was too long (Figure S5).



In order to investigate the distribution of TiO2 in the composite membrane, the distribution of Ti and O elements on the surface and section of M5-TiO2 (2) membrane was tested by EDS, and the results are shown in Figure 7. It can be seen that Ti and O elements are evenly distributed not only on the surface of the composite membrane but also on the inside of the membrane. This uniform dispersion ensures that the composite membrane has good hydrophilic and photocatalytic properties.




3.4. Hydrophilicity of Membranes


To explore the effects of PEMA content and TiO2 content on the hydrophilicity of composite membranes, the wettability and permeability of composite membranes were analyzed by measuring the surface water contact angle (WCA) and penetration water flux of the membranes. As shown in Figure 8a, with the increase of PEMA content, the WCA of the composite membrane first decreased and then increased, and the penetration flux first increased and then decreased. When the content of PEMA was 25%, the hydrophilicity of the composite membrane was the best, the WCA was 61.16°, and the pure water permeation flux was 318.47 L·m−2·h−1 under 0.1 bar transmembrane pressure. The main reason is that with the increase of PEMA content, the number of hydrophilic groups on the membrane surface gradually increases, which makes the membrane has a better binding ability with water. When the content of PEMA is too high, it may be because the split fibers make PVDF more exposed and increase the surface hydrophobic group content. Therefore, according to the hydrophilic properties (Figure 8a) and tensile strength (Figure S3) of the composite membrane, the M5 has the best performance, and the subsequent deposition experiment of TiO2 is conducted in the M5 membrane.



Figure 8b investigates the influence of TiO2 deposition time on the hydrophilicity of the composite membrane, it can be found that the WCA decreases first and then increases with the increase of TiO2 deposition time. With the increase of the deposition time from 0 to 2 h, the values of WCA decrease from 61.16° (M5 to 15.63° (M5-TiO2 (2)), and the values of Jw increase from 318.47 (M0) to 5547.57 L·m−2·h−1 (M5) under 0.1 bar transmembrane pressure. Such excellent superhydrophilicity of M5-TiO2 (2) membrane may be derived from the following key factor: (i) the appearance of TiO2 not only increases the number of hydrophilic groups in the membrane, but also the micro-nano particles make the surface of the fiber rougher; (ii) the deposition of TiO2 is carried out under strong acid and high temperature, the maleic anhydride bond internal of the composite membrane fiber will be further hydrolyzed with the progress of the deposition time, which will increase the overall carboxyl group content of the fiber, resulting in a decrease of WCA and an increase of Jw. When the content of micro-nano particles is too large, the micropore on the membrane surface is blocked (Figure S5), and the surface roughness of the membrane will be reduced, which will increase the membrane contact angle and reduce the permeation flux.




3.5. Mechanical Properties of Membrane


The excellent mechanical properties of the membrane are crucial for their practical applications. Evaluation of the mechanical properties of membranes by testing stress-strain curves. As shown in Figure 9, it can be seen that the mechanical properties of the composite membrane are better than PVDF membrane(M0), both tensile strength (from 4.75 Mpa to 9.84 Mpa) and tensile strain (from 47.37% to 130%) increased with increasing PEMA content from 0 wt% to 25 wt%. On the one hand, the composite membrane contains a large number of -COOH and -COO−; these groups can not only form hydrogen bonds with each other but also form hydrogen bonds with F in the PVDF chain, thus enhancing the mechanical properties of the composite membrane. On the other hand, when blending PEMA to prepare the composite membrane, not only does the fiber diameter increase but also the grooves appear on the fiber surface, and increased fiber size and surface roughness lead to the increased mechanical strength of the membrane. After in situ deposition of TiO2, the tensile strength further increases (from 9.84 Mpa to 10.60 Mpa) and the tensile strain decreases (from 130% to 91.86%), mainly due to the further increase in the surface roughness of the composite membrane. In conclusion, the prepared bifunctional composite membranes have excellent mechanical properties and have potential application value in wastewater treatment.



Since the M5-TiO2 (2) membrane showed excellent hydrophilicity and mechanical property, all the subsequent experiments were carried out using this composite membrane.




3.6. Separation Performance of the Membrane


In the process of oil/water separation, the separation performance of the membrane is determined by whether the membrane has excellent superoleophobicity underwater, which is usually verified by underwater oil contact angle (UOCA) and anti-oil droplet adhesion experiments. Dichloromethane was selected as the experimental oil, and the prepared composite membrane was tested for underwater oil droplet adhesion resistance and UOCA. The results are shown in Figure 10. It can be seen that when the composite membrane is completely in water, dichloromethane droplets fully contact the surface of the membrane and then lift up and no oil droplets remain on the surface of the membrane, which indicates that the prepared composite membrane has excellent underwater oil adhesion resistance. At the same time, the contact angle of dichloromethane underwater was tested, and the UOCA was as high as 156.65°, indicating that the prepared composite membrane has underwater superoilphobicity.



In order to study the oil/water separation performance of the composite membrane, the as-prepared membrane was placed at the junction of the filtration device, and then the soybean oil-in-water emulsion was poured into the filtration device, and the separation experiment was carried out at the transmembrane pressure of 0.1bar. As shown in Figure 11a, it was found that the M5-TiO2(2) membrane had high separation efficiency (98.95%) and penetration flux (678.64 L·m−2·h−1) for soybean oil-in-water emulsion. Meanwhile, the FRR of M5-TiO2 (2) membrane reached 99.19%, which was much higher than that of the M0 and M5 membranes (Figure 11b), and the M5-TiO2 (2) membrane has good permeability and separation efficiency compared with other membrane materials (Table S1) [42,43,44]. Meanwhile, optical microscope images and particle size distribution before and after emulsion separation were tested, and the results are shown in Figure 11c. It can be seen that the emulsion before separation is milky white and cloudy. The particle size of oil droplets in the emulsion is mainly concentrated in 100–1000 nm, and there are some extreme values at the edge. The filtrate after membrane separation is relatively clear, and the particle size in the filtrate is mainly concentrated in the hundreds of grades. We believe that the appearance of the particle size of oil droplets in the filtrate is mainly caused by Tween 80. The reusable performance of the membrane is also one of the important properties of the separation membrane. In order to further verify the reusable performance of the membrane, five consecutive oil–water separation experiments were conducted on the membrane, and the results were shown in Figure 11d. It is worth noting that after each separation experiment, the membrane was cleaned with deionized water for 5 min before the experiment was conducted again. As can be seen from Figure 11d, the separation efficiency of M5-TiO2 (2) membrane in 5 separation experiments all reached more than 98%, and had a high permeability flux. The results show that the composite membrane has good recyclability and pollution resistance.



Such excellent superoleophobicity and anti-oil-adhesion of the composite membrane under water may originate from the following key factors: (i) -COOH and -COO− have high water molecule binding ability, and through the strong hydrogen bonding between -COOH/-COO− and water molecules, it exhibits excellent water absorption and water retention capacity, forming a highly stable hydration sheath on the membrane surface, according to the classical Cassie model (oil/water/solid three-phase interface) [45,46], the dense hydration layer acts as a strong barrier, which can effectively prevent oil droplets from directly contacting and adhering to the membrane surface, thereby greatly reducing the contact area between oil and the membrane surface, thereby achieving excellent oil-repellent performance. (ii) The rough mesh forms many nanocavities, providing more space to trap water molecules, which apparently promotes the formation of the Cassie state.




3.7. Separation Mechanism of Oil–Water Emulsion


As shown in Figure 12, the M5-TiO2 (2) membrane exhibits superhydrophilicity and underwater superoleophobicity due to its high surface energy and special micro-nanostructure. When water comes into contact with the membrane, the water molecules will rapidly hydrogen-bond with the hydrophilic groups on the membrane surface. At the same time, due to the existence of the micro-nano structure, more water molecules are trapped on the surface to form a hydration layer, thus forming a strong repelling barrier to resist the contamination of oil droplets. In addition, capillary action can further reveal the superhydrophilic and underwater superoleophobic properties of M5-TiO2 (2) membrane. As shown in Figure S6, the mean pore size of the M5-TiO2 (2) membrane is 1.75 μm, which conforms to capillary mechanics, and these pores can be referred to as abundant capillary tubes. According to the Jurin formula [47], the Jurin height of the M5-TiO2(2) membrane is calculated to be about 16.2 m, which is much higher than the thickness of the M5-TiO2 (2) membrane (0.2 mm). Consequently, the water molecules can be achieved on the superhydrophilic membrane surface and maintain continuous penetration under capillary action. Even though oil drops can access the pores of the superhydrophilic membrane, they are pushed back due to the upward pressure from capillary action. Therefore, the M5-TiO2 (2) membrane presented a high-efficiency separation performance for oil–water emulsions.




3.8. Photocatalytic Degradation of Organic Dyes


The photocatalytic activity of the composite membranes was analyzed by RhB (cationic dye, initial concentration 5mg/L, pH = 7) and AG-25 (anionic dye, initial concentration 50 mg/L, pH = 3) in the dark and under UV irradiation, respectively, and the results were shown in Figure 13. It can be found from Figure 13(a1,b1) that RhB and AG-25 concentrations decreased slightly during the first 3 h under dark conditions. By adjusting pH, the composite membrane can have a certain adsorption on cationic dyes or anionic dyes, the main reasons are as follows: carboxylic acid pKa = 4 [48], when pH = 7, most of the carboxyl groups on the membrane M5-TiO2 (2) surface will be hydrolyzed into carboxyl ion. Meanwhile, in such conditions, the quaternary ammonium groups in RhB are in cationic form, which promotes ionic polymerization between quaternary ammonium and the carboxylic anionic group [49]. For AG-25 dye, when pH = 3, most of the carboxyl groups on the membrane M5-TiO2 (2) surface will exist in the protonated form. Meanwhile, in such conditions, the sulfonic acid group in AG-25 is in the form of an anion due to the pKa = 2.8 of the sulfonic acid [50], which promotes the ionic dipole interaction between the sulfonic acid anion and the carboxyl group [49]. After adsorption saturation, for the dye solutions containing membrane M5, the concentrations of RhB and AG-25 did not change substantially under UV irradiation. For dye solutions containing membrane M5-TiO2 (2), the concentrations of RhB and AG-25 decreased rapidly under UV irradiation, reaching 97% and 90.2% removal rates, respectively. The changes of UV-vis light absorbance of RhB and AG-25 solution at different times are shown in Figure 13(a2,b2). It can be seen from the figure that RhB solution shows strong absorbance at 554 nm, and the corresponding absorbance at 554 nm almost disappears after adsorption and degradation. AG-25 solution showed strong absorbance at 608 nm and almost disappeared after degradation by adsorption. The main reason is that the conjugated chromophore structure of the dye is destroyed in the photocatalytic degradation process, and the dye molecules are completely degraded into small organic/inorganic molecules or/and ionic products.



Meanwhile, the M5-TiO2 (2) membrane prepared in this study has excellent photocatalytic efficiency and high photocatalytic degradation efficiency for both anionic and cationic dyes compared with the membrane materials prepared in other studies (Table S1) [42,43,44]. The reusability of photocatalytic membranes is also one of the important properties used to evaluate the membrane in practical applications [51]. We conducted an experiment on the reusability of the prepared composite membrane, and the results are shown in Figure S7. After each photocatalytic dye degradation experiment, the M5-TiO2 (2) membrane was cleaned with deionized water and then placed in fresh dye solution for repeated adsorption degradation experiments. It can be seen from Figure S7 that the degradation efficiency of the M5-TiO2 (2) decreases slightly after running for five times, but the M5-TiO2 (2) exhibited great recyclability with 96% and 88% removal ratio for RhB and AG-25 dye, demonstrating that the photocatalytic performance of the M5-TiO2 (2) is relatively stable and can be recycled. At the same time, the TiO2 supported on the membrane effectively overcomes the problem that the powder photocatalyst is difficult to recycle. Therefore, this composite membrane is a green material, and it is easier to realize recycling in practical use.




3.9. Mechanism of Photocatalysis of Membrane


The process of dye removal by M5-TiO2 (2) membrane consisted of two main steps: one was dye adsorption, the other was dye photocatalytic degradation. The former could be achieved through the porous structure of the composite membrane, -COOH/-COO− and TiO2 nanoparticles on the membrane surface. The latter was depicted in Figure 14, anatase TiO2 has been shown by numerous studies to be more photocatalytically active due to having lower surface energy than rutile. Under UV irradiation, the valence band electrons of anatase TiO2 were excited to the conduction band (CB), the photogenerated electrons on the CB reacted with O2 to form ·O2−. The introduction of Ti3+ and Ov can produce an impurity level just below the CB, the electrons trapped by Ov and hopping between Ti3+ and Ti4+, which is helpful to improve the concentration of photogenerated carriers and utilization rate of light. On the other hand, the photogenerated holes on the valence band (VB) reacted with H2O or OH− to form ·OH. Under the action of ·O2−, ·OH, and the photogenerated holes, the organic dye can be effectively degraded into CO2, H2O, and other degradation products [52].





4. Conclusions


In this work, bifunctional PVDF composite membranes with excellent oil-in-water emulsion separation and photocatalytic degradation properties were successfully prepared by electrostatic spinning technology and hydrothermal reaction method. A large number of -COOH and anatase TiO2 with Ti3+ and Ov particles on the membrane surface make the composite membrane have strong hydrophilic properties (WCA = 15.65), underwater oleophobic properties (UOCA = 156.69) and photocatalytic performance. These composite membranes have high separation efficiency and outstanding anti-fouling performance, the oil removal efficiency reaches 98.95%, and the FRR reaches 99.19% for soybean oil-in-water emulsion. In addition, the composite membrane has excellent photocatalytic degradation performance, with 97% and 90.2% degradation of RhB and AG-25 under UV conditions, respectively. In summary, the bifunctional PVDF composite membrane provides a new idea for the simultaneous removal of oil and dyes in wastewater, and has broad application prospects in water-environment remediation.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/membranes13030364/s1, Figure S1. Chemical structure of RhB and AG-25 dyes; Figure S2. The maximum UV absorption wavelength of soybean oil; Figure S3. The membrane stress–strain curves of different PEMA content; Figure S4. The membrane SEM of different PEMA content; Figure S5. The membrane SEM of different TiO2 deposition time; Figure S6. The pore size distribution map of M5 (a) and M5-TiO2(2) membrane; Figure S7. Adsorption–degradation performance of the M5-TiO2(2) for RhB (a) and AG-25 (b) during five cycles; Table S1. Comparison of the emulsion separation performance and dye photocatalytic degradation performance of this work with related literature. References [3,9,17,42,43,44] are cited in Supplementary Materials.





Author Contributions


Conceptualization, C.L. and H.Y.; methodology, B.H.; software, H.Z.; validation, C.L. and Y.G.; formal analysis, B.Y.; resources, B.H.; data curation, C.L. and H.Y.; writing—original draft preparation, C.L.; writing—review and editing, H.Z. and Y.G.; funding acquisition, C.L., G.L. and Y.G. All authors have read and agreed to the published version of the manuscript.




Funding


The research was supported by National Key Research and Development Program of China (2021YFB3801502) and Fund for the Research Start-up Fund project of Zhejiang Sci-Tech University (22202003-Y).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no competing financial interest.




References


	



Pourmortazavi, S.M.; Sahebi, H.; Zandavar, H.; Mirsadeghi, S. Fabrication of Fe3O4 nanoparticles coated by extracted shrimp peels chitosan as sustainable adsorbents for removal of chromium contaminates from wastewater: The design of experiment. Compos. Part B Eng. 2019, 175, 107130. [Google Scholar] [CrossRef]

	



Wei, F.; Li, J.; Dong, C.; Bi, Y.; Han, X. Plasmonic Ag decorated graphitic carbon nitride sheets with enhanced visible-light response for photocatalytic water disinfection and organic pollutant removal. Chemosphere 2020, 242, 125201. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; He, Z.; Wang, F.; Zhu, H.; Guo, Y.; Chen, M. Laccase-catalyzed homo-polymer of GAL and cross-linking with PEI to enhance hydrophilicity and antifouling property of PTFE flat membrane. Prog. Org. Coat. 2019, 132, 429–439. [Google Scholar] [CrossRef]

	



Bhoi, Y.; Fang, F.; Zhou, X.; Li, Y.; Sun, X.; Wang, J.; Huang, W. Single step combustion synthesis of novel Fe2TiO5/α-Fe2O3/TiO2 ternary photocatalyst with combined double type-II cascade charge migration processes and efficient photocatalytic activity. Appl. Surf. Sci. 2020, 525, 146571. [Google Scholar] [CrossRef]

	



Liu, H.; Yu, H.; Yuan, X.; Ding, W.; Li, Y.; Wang, J. Amino-functionalized mesoporous PVA/SiO2 hybrids coated membrane for simultaneous removal of oils and water-soluble contaminants from emulsion. Chem. Eng. J. 2019, 374, 1394–1402. [Google Scholar] [CrossRef]

	



Xie, A.; Cui, J.; Liu, Y.; Xue, C.; Wang, Y.; Dai, J. Preparation of Janus membrane based on biomimetic polydopamine interface regulation and superhydrophobic attapulgite spraying for on-demand oil-water emulsion separation. J. Membr. Sci. 2021, 627, 119242. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, L.; Si, Y.; Yu, J.; Ding, B. Electrospun Nanofibrous Membranes: An Effective Arsenal for the Purification of Emulsified Oily Wastewater. Adv. Funct. Mater. 2020, 30, 2002192. [Google Scholar] [CrossRef]

	



Wang, H.; Wu, Y.; Xu, B.-Q. Preparation and characterization of nanosized anatase TiO2 cuboids for photocatalysis. Appl. Catal. B Environ. 2005, 59, 139–146. [Google Scholar] [CrossRef]

	



Pascariu, P.; Cojocaru, C.; Samoila, P.; Olaru, N.; Bele, A.; Airinei, A. Novel electrospun membranes based on PVDF fibers embedding lanthanide doped ZnO for adsorption and photocatalytic degradation of dye organic pollutants. Mater. Res. Bull. 2021, 141, 111376. [Google Scholar] [CrossRef]

	



Li, C.; Wang, J.; Luo, Y.; Wang, F.; Zhu, H.; Guo, Y. One-bath two step method combined surface micro/nanostructures treatment to enhance antifouling and antibacterial property of PTFE flat membrane. J. Taiwan Inst. Chem. Eng. 2019, 96, 639–651. [Google Scholar] [CrossRef]

	



Xue, S.; Li, C.; Li, J.; Zhu, H.; Guo, Y. A catechol-based biomimetic strategy combined with surface mineralization to enhance hydrophilicity and anti-fouling property of PTFE flat membrane. J. Membr. Sci. 2017, 524, 409–418. [Google Scholar] [CrossRef]

	



Gao, J.; Chen, L.; Yan, Y.; Lu, J.; Xing, W.; Dai, J.; Meng, M.; Wu, Y. Dotmatrix-initiated molecularly imprinted nanocomposite membranes for selective recognition: A high-efficiency separation system with an anti-oil fouling layer. Environ. Sci.-Nano. 2021, 8, 2932–2949. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, L.; Zhou, X.; He, X.; Zhou, M.; Jia, K.; Liu, X. Design of polymer composite-based porous membrane for in-situ photocatalytic degradation of adsorbed organic dyes. J. Phys. Chem. Solids 2021, 154, 110094. [Google Scholar] [CrossRef]

	



Tang, T.; Li, C.; He, W.; Hong, W.; Zhu, H.; Liu, G.; Yu, Y.; Lei, C. Preparation of MOF-derived C-ZnO/PVDF composites membrane for the degradation of methylene blue under UV-light irradiation. J. Alloys Compo. 2022, 894, 162559. [Google Scholar] [CrossRef]

	



Liu, N.; Zhang, W.; Li, X.; Qu, R.; Zhang, Q.; Wei, Y.; Feng, L.; Jiang, L. Fabrication of robust mesh with anchored Ag nanoparticles for oil removal and in situ catalytic reduction of aromatic dyes. J. Mater. Chem. A 2017, 5, 15822–15827. [Google Scholar] [CrossRef]

	



Xiang, X.; Chen, D.; Li, N.; Xu, Q.; Li, H.; He, J.; Lu, J. Mil-53(Fe)-loaded polyacrylonitrile membrane with superamphiphilicity and double hydrophobicity for effective emulsion separation and photocatalytic dye degradation. Sep. Purif. Technol. 2022, 282, 119910. [Google Scholar] [CrossRef]

	



Xie, A.; Cui, J.; Yang, J.; Chen, Y.; Lang, J.; Li, C.; Yan, Y.; Dai, J. Photo-Fenton self-cleaning PVDF/NH2-MIL-88B(Fe) membranes towards highly-efficient oil/water emulsion separation. J. Membr. Sci. 2020, 595, 117499. [Google Scholar] [CrossRef]

	



Carp, O.; Huisman, C.L.; Reller, A. Photoinduced reactivity of titanium dioxide. Prog. Solid State Chem. 2004, 32, 33–177. [Google Scholar] [CrossRef]

	



Buso, D.; Post, M.; Cantalini, C.; Mulvaney, P.; Martucci, A. Gold Nanoparticle-Doped TiO2 Semiconductor Thin Films: Gas Sensing Properties. Adv. Funct. Mater. 2008, 18, 3843–3849. [Google Scholar] [CrossRef]

	



Zhu, T.; Gao, S. The stability, electronic structure, and optical property of TiO2 polymorphs. J. Phys. Chem. C 2014, 118, 11385–11396. [Google Scholar] [CrossRef]

	



Pan, L.; Huang, H.; Lim, C.K.; Hong, Q.Y.; Tse, M.S.; Tan, O.K. TiO2 rutile–anatase core–shell nanorod and nanotube arrays for photocatalytic applications. RSC Adv. 2013, 3, 3566–3571. [Google Scholar] [CrossRef]

	



Yin, H.; Wada, Y.; Kitamura, T.; Kambe, S.; Murasawa, S.; Mori, H.; Sakata, T.; Yanagida, S. Hydrothermal synthesis of nanosized anatase and rutile TiO2 using amorphous phase TiO2. J. Mater. Chem. 2001, 11, 1694–1703. [Google Scholar] [CrossRef]

	



Lu, L.; Wang, G.; Xiong, Z.; Hu, Z.; Liao, Y.; Wang, J.; Li, J. Enhanced photocatalytic activity under visible light by the synergistic effects of plasmonics and Ti3+-doping at the Ag/TiO2-x heterojunction. Ceram. Int. 2020, 46, 10667–10677. [Google Scholar] [CrossRef]

	



Wang, K.; Zhao, K.; Qin, X.; Chen, S.; Yu, H.; Quan, X. Treatment of organic wastewater by a synergic electrocatalysis process with Ti3+ self-doped TiO2 nanotube arrays electrode as both cathode and anode. J. Hazard. Mater. 2022, 424, 127747. [Google Scholar] [CrossRef] [PubMed]

	



Fang, W.; Zhou, Y.; Dong, C.; Xing, M.; Zhang, J. Enhanced photocatalytic activities of vacuum activated TiO2 catalysts with Ti3+ and N co-doped. Catal. Today 2016, 266, 188–196. [Google Scholar] [CrossRef]

	



Zhang, X.; Zuo, G.; Lu, X.; Tang, C.; Cao, S.; Yu, M. Anatase TiO2 sheet-assisted synthesis of Ti3+ self-doped mixed phase TiO2 sheet with superior visible-light photocatalytic performance: Roles of anatase TiO2 sheet. J. Colloid Interf. Sci. 2017, 490, 774–782. [Google Scholar] [CrossRef] [PubMed]

	



Ji, Z.; Wu, J.; Jia, T.; Peng, C.; Xiao, Y.; Liu, Z.; Liu, Q.; Fan, Y.; Han, J.; Hao, L. In-situ growth of TiO2 phase junction nanorods with Ti3+ and oxygen vacancies to enhance photocatalytic activity. Mater. Res. Bull. 2021, 140, 111291. [Google Scholar] [CrossRef]

	



Qi, D.; Lu, L.; Xi, Z.; Wang, L.; Zhang, J. Enhanced photocatalytic performance of TiO2 based on synergistic effect of Ti3+ self-doping and slow light effect. Appl. Catal. B Environ. 2014, 160–161, 621–628. [Google Scholar] [CrossRef]

	



Yin, J.; Roso, M.; Boaretti, C.; Lorenzetti, A.; Martucci, A.; Modesti, M. PVDF-TiO2 core-shell fibrous membranes by microwave-hydrothermal method: Preparation, characterization, and photocatalytic activity. J. Environ. Chem. Eng. 2021, 9, 106250. [Google Scholar] [CrossRef]

	



Li, C.; Chen, X.; Luo, J.; Wang, F.; Liu, G.; Zhu, H.; Guo, Y. PVDF grafted Gallic acid to enhance the hydrophilicity and antibacterial properties of PVDF composite membrane. Sep. Purif. Technol. 2021, 259, 118127. [Google Scholar] [CrossRef]

	



Cao, J.; Su, Y.; Liu, Y.; Guan, J.; He, M.; Zhang, R.; Jiang, Z. Self-assembled MOF membranes with underwater superoleophobicity for oil/water separation. J. Membr. Sci. 2018, 566, 268–277. [Google Scholar] [CrossRef]

	



Nworie, F.; Nwabue, F.; Oti, W.; Mbam, E. Removal of methylene blue from aqueous solution using activated rice husk biochar: Adsorption isotherms, kinetics and error analysis. J. Chil. Chem. Soc. 2019, 64, 4365–4376. [Google Scholar] [CrossRef]

	



Liu, G.; Pan, X.; Li, J.; Li, C.; Ji, C. Facile preparation and characterization of anatase TiO2/nanocellulose composite for photocatalytic degradation of methyl orange. J. Chil. Chem. Soc. 2021, 25, 101383. [Google Scholar] [CrossRef]

	



Tichapondwa, S.; Newman, J.; Kubheka, O. Effect of TiO2 phase on the photocatalytic degradation of methylene blue dye. Phys. Chem. Earth 2020, 118–119, 102900. [Google Scholar] [CrossRef]

	



Choksumlitpol, P.; Mangkornkarn, C.; Sumtong, P.; Onlaor, K.; Eiad-Ua, A. Fabrication of Anodic Titanium Oxide (ATO) for waste water treatment application. Mater. Today: Proc. 2017, 4, 6124–6128. [Google Scholar] [CrossRef]

	



Xin, X.; Huang, G.; An, C.; Feng, R. Interactive toxicity of triclosan and nano-TiO2 to green alga eremosphaera viridis in lake erie: A new perspective based on fourier transform infrared spectromicroscopy and synchrotron-based X-ray fluorescence imaging. Environ. Sci. Technol. 2019, 53, 9884–9894. [Google Scholar] [CrossRef]

	



Sahu, S.P.; Cates, S.L.; Kim, H.-I.; Kim, J.-H.; Cates, E.L. The Myth of Visible Light Photocatalysis Using Lanthanide Upconversion Materials. Environ. Sci. Technol. 2018, 52, 2973–2980. [Google Scholar] [CrossRef]

	



Chen, C.; Bai, H.; Chang, C. Effect of plasma processing gas composition on the nitrogen-doping status and visible light photocatalysis of TiO2. J. Phys. Chem. C 2007, 111, 15228–15235. [Google Scholar] [CrossRef]

	



Liao, W.; Yang, J.; Zhou, H.; Murugananthan, M.; Zhang, Y. Electrochemically Self-Doped TiO2 Nanotube Arrays for Efficient Visible Light Photoelectrocatalytic Degradation of Contaminants. Electrochimica Acta 2014, 136, 310–317. [Google Scholar] [CrossRef]

	



Liu, D.; Chen, D.; Li, N.; Xu, Q.; Li, H.; He, J.; Lu, J. Surface engineering of g-C3N4 by stacked BiOBr sheets rich in oxygen vacancies for boosting photocatalytic performance. Angew. Chem. Int. Ed. Engl. 2020, 59, 4519–4524. [Google Scholar] [CrossRef]

	



Seo, J.; Seo, J.-H. Fabrication of an anti-biofouling plasma-filtration membrane by an electrospinning process using photo-cross-linkable zwitterionic phospholipid polymers. ACS Appl. Mater. Inter. 2017, 9, 19591–19600. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.; Han, N.; Han, C.Y.; Wang, M.D.; Zhang, W.X.; Wang, W.J.; Zhang, Z.X. Design of a janus F-TiO2@PPS porous membrane with asymmetric wettability for switchable oil/water separation. ACS Appl. Mater. Interfaces 2019, 11, 22408–22418. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Xu, M.; Chen, M.N.; Cui, Y.H.; Chen, L.; Dai, X.H.; Dai, J.D. Fabrication of high flux porphrin-cored with silox-ane-poly(amido amine) dendrimer/PVDF composite membrane for oil/water separation and dye degradation. J. Environ. Chem. Eng 2022, 10, 107634. [Google Scholar] [CrossRef]

	



Zhou, C.; Cheng, J.; Hou, K.; Zhu, Z.; Zheng, Y. Preparation of CuWO4@Cu2O film on copper mesh by anodization for oil/water separation and aqueous pollutant degradation. Chem. Eng. J. 2017, 307, 803–811. [Google Scholar] [CrossRef]

	



Si, Y.; Dong, Z.; Jiang, L. Bioinspired designs of superhydrophobic and superhydrophilic materials. ACS Central Sci. 2018, 4, 1102–1112. [Google Scholar] [CrossRef] [PubMed]

	



Meng, X.; Wang, M.; Heng, L.; Jiang, L. Underwater mechanically robust oil-repellent materials: Combining conflicting properties using a heterostructure. Adv. Mater. 2018, 30, 1706634–1706641. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Kim, S.; Kallem, P.; Choi, H. Capillary effect in Janus electrospun nanofiber membrane for oil/water emulsion separation. Chemosphere 2019, 221, 479–485. [Google Scholar] [CrossRef] [PubMed]

	



Namazian, M.; Halvani, S. Calculations of pKa values of carboxylic acids in aqueous solution using density functional theory. J. Chem. Thermodyn. 2006, 38, 1495–1502. [Google Scholar] [CrossRef]

	



Sadegh, F.; Politakos, N.; Roman, E.G.D.S.; Sanz, O.; Modarresi-Alam, A.R.; Tomovska, R. Toward enhanced catalytic activity of magnetic nanoparticles integrated into 3D reduced graphene oxide for heterogeneous Fenton organic dye degradation. Sci. Rep. 2021, 11, 18343. [Google Scholar] [CrossRef]

	



Rayne, S.; Forest, K.; Friesen, K. Extending the semi-empirical PM6 method for carbon oxyacid pKa prediction to sulfonic acids: Application towards congener-specific estimates for the environmentally and toxicologically relevant C1 through C8 perfluoroalkyl derivatives. Nat. Prec. 2009, 2922, 1–13. [Google Scholar] [CrossRef]

	



Hou, Y.; Xu, Z.; Yuan, Y.; Liu, L.; Ma, S.; Wang, W.; Hu, Y.; Hu, W.; Gui, Z. Nanosized bimetal-organic frameworks as robust coating for multi-functional flexible polyurethane foam: Rapid oil-absorption and excellent fire safety. Compos. Sci. Technol. 2019, 177, 66–72. [Google Scholar] [CrossRef]

	



Houas, A.; Lachheb, H.; Ksibi, M.; Elaloui, E.; Guillard, C.; Herrmann, J. Photocatalytic degradation pathway of methylene blue in water. Appl. Catal. B Environ. 2001, 31, 145–157. [Google Scholar] [CrossRef]








[image: Membranes 13 00364 g001 550] 





Figure 1. The preparation process of the bifunctional composite membrane. 
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Figure 2. Schematic of the photoreactor equipment. 
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Figure 3. XRD patterns of anatase TiO2, PVDF, M5, and M5-TiO2 (2). 
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Figure 4. (a) FTIR spectra of the PVDF, PVDF/PEMA (25%), M5 and M5-TiO2(2), (b) UV-vis DRS spectrum of the membranes. 
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Figure 5. Survey XPS spectra (a), Ti 2p fitting curves of M5-TiO2(2) (b), O1s fitting curves of M5 (c) and O1s fitting curves of M5-TiO2 (2) (d). 
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Figure 6. SEM images of PVDF (a), PVDF/PEMA (25%) (b), M5 (c), and M5-TiO2 (2) (d). 
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Figure 7. The EDS mapping images of M5-TiO2 (2) surface (a) and cross-section (b). 
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Figure 8. The affection of PEMA content (a) and TiO2 deposition time (b) on the hydrophilicity of membranes. 
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Figure 9. The stress-strain curves of the membranes. 
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Figure 10. Dynamic underwater oil adhesion and underwater oil contact angle of the M5-TiO2 (2) membrane (dichloromethane). 
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Figure 11. (a) Separation performance of membranes, (b) flux recovery rate of membranes, (c) optical micrographs and particle size distribution of emulsions before and after separation, and (d) recyclability separation experiment of emulsion. 
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Figure 12. Mechanism of separation of oil-in-water emulsion by M5-TiO2 (2) membrane. 
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Figure 13. Photocatalytic activity under UV conditions for the degradation of organic dyes:. degradation efficiency of RhB (a1) and AG-25 (b1); absorbance at different times (RhB (a2), AG-25 (b2)). 
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Figure 14. The proposed mechanism of photodegrading dyes in the presence of M5-TiO2(2) under UV irradiation. 
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Table 1. Elemental composition of different membranes as determined by XPS.
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Membrane

	
Composition (at%)




	
C

	
F

	
O

	
Ti






	
PVDF

	
51.23

	
48.77

	
/

	
/




	
M5

	
54.7

	
34.29

	
11.01

	
/




	
M5-TiO2 (2)

	
59.28

	
12.21

	
24.15

	
4.36
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