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Abstract

:

An environmentally friendly pore size-controlled, superhydrophobic polylactic acid (PLA) membrane was successfully prepared by a simpler freeze solidification phase separation method (FSPS) and solution impregnation, which has application prospects in the field of oil–water separation. The pore size and structure of the membrane were adjusted by different solvent ratios and solution impregnation ratios. The PLA-FSPS membrane after solution impregnation (S-PLA-FSPS) had the characteristics of uniform pore size, superhydrophobicity and super lipophilicity, its surface roughness Ra was 338 nm, and the contact angle to water was 151°. The S-PLA-FSPS membrane was used for the oil–water separation. The membrane oil flux reached 16,084 L·m−2·h−1, and the water separation efficiency was 99.7%, which was much higher than that of other oil–water separation materials. In addition, the S-PLA-FSPS membrane could also be applied for the adsorption and removal of oil slicks and underwater heavy oil. The S-PLA-FSPS membrane has great application potential in the field of oil–water separation.






Keywords:


PLA membrane; freeze solidification phase separation method; adjustable pore size; superhydrophobic; oil–water separation












1. Introduction


With the rapid development of economy and society, industrial wastewater, domestic wastewater discharge, and oil leakage have caused serious damage to the environment and ecology, and affected the life of aquatic organisms and human health [1,2]. To solve the problem of oil pollution, oil–water separation has become an important research topic [3,4,5]. Membrane separation technology with the advantage of simple operation is one of the most effective methods for oil–water separation [6,7]. However, the traditional membranes with small pore sizes, poor separation rate, and poor separation efficiency, limit the scope of the applications. Therefore, there is an urgent need to develop new types of selectively separating various oil–water mixtures. The key to oil–water separation material is to design and synthesize materials with special wettability [8,9,10]. In recent years, people have designed various superhydrophobic and superoleophilic [11], superhydrophilic and underwater superoleophobic [12], and superhydrophobic and superoleophobic [13,14] materials, such as polymer membranes [15] and ceramic membranes [16]. Typically, polymer membrane materials with hydrophobic properties are built with a rough micro-structure [17,18,19] or decreased surface energy by surface modification [20,21,22]. However, these materials are usually non-degradable, fluorinated, or non-recyclable, and prone to secondary environmental pollution after use. Therefore, it is of great significance to prepare environmentally friendly polymer materials for the separation of oil–water.



At present, the preparation methods of separation of oil–water membranes include electrospinning [23,24], phase separation [25,26], layer-by-layer assembly [27], etc. By contrast, the membranes prepared by the phase separation method has the advantages of simplicity. Wang et al. [28]. successfully induced micropatterns with micro- or nanometer-scale concavities on the polymer film surface using a facile phase separation method. This further indicates that it is feasible to prepare the porous polymer membrane by the phase separation. In addition, the improvement of hydrophobicity usually requires the addition of nano-materials and fluorine-containing components [29], which have some problems such as high cost, complex operation, and secondary environmental pollution. Compared with these modification methods, the solution impregnation induction is one of the simplest and efficient methods to improve the superhydrophobicity of a membrane.



Polylactic acid (PLA), also known as polylactide, is a polyester polymerized from lactic acid [30]. Lactic acid is derived from the fermentation of starch (such as corn and rice), and can also be obtained from cellulose, kitchen waste, or fish waste as raw materials [31]. PLA has a wide range of raw material sources and excellent biodegradability. Products made of PLA can be directly composted after use, and are eventually completely degraded into CO2 and H2O, meeting the requirements of sustainable development [32,33]. Most PLA membrane separation materials are prepared by freeze-vacuum drying [34,35], but there are problems with energy consumption and industrial production. In this study, a new freeze solidification phase separation method was proposed, which only formed the membrane by freezing and curing at room temperature. The simple preparation method is more competitive.



To develop environmentally friendly high-efficiency and stable polymer materials for oil–water separation, a new type of freeze solidification phase separation method was used to prepare superhydrophobic porous S-PLA-FSPS membrane. Induced freezing solvent was used as pore-forming agent. The homogeneous mixed solution of PLA and 1,4-dioxane (DiOX) was placed in low temperature (below the freezing point of DiOX). During the DiOX freezing crystallization, the DiOX between the PLA polymer chains induced PLA to form the three-dimensional polymer skeleton. Then, the phase separation occurred at room temperature, and the DiOX solvent was evaporated to obtain the PLA membrane. By this method, the PLA-FSPS membranes had uniform pore size, high porosity, super-oleophilic, and hydrophobic properties. Moreover, the effects of the different solvent ratios and solution impregnation on the regulation of pore size and superhydrophobicity were explored. The S-PLA-FSPS membrane had an efficient and stabile oil–water separation effect, and the mechanism of oil–water separation was analyzed, providing the possibility for practical wastewater treatment.




2. Results and Discussion


2.1. Optimization of Preparation Method


The PLA membranes were prepared by the solution casting method (PLA-SC) and freeze solidification phase separation method (PLA-FSPS), respectively. The crystal structure and crystallization behavior of PLA-FSPS and PLA-SC were characterized by XRD and DSC curves, respectively. As shown in Figure 1A, the typical α-PLA crystal diffraction peaks corresponded to (110)/(200) and (203) at 2θ values around 16.8° and 19.2°, respectively. The diffraction peaks of PLA prepared by PLA-FSPS shifted to a lower angle, indicating the increase of interplanar spacing and the stacking between molecular chains. The weaker diffraction peaks at 12.4°, 14.8°, and 22.3° corresponded to the (103), (010), and (150) of α′-PLA crystal form [36], respectively. Therefore, the obtained PLA was composed of α′ and α mixed crystal types. By comparing the two different preparation methods, it could be found that the diffraction peaks of PLA-FSPS was the half-peak width reduced. This was because the freezing process could promote crystallization under the action of internal stress, and the crystal structure became more regular and perfect [37].



The DSC heating test was carried out on PLA prepared by two different preparation methods. Figure 1B shows that the glass transition temperature (Tg) of the PLA-SC sample was about 50.7 °C, and a melting single peak was observed with the melting temperature (Tm) of 173.5 °C. Tg of the PLA-FSPS sample was also about 40.7 °C, while the double melting peaks appeared at 170.6 °C. The appearance of the double peak phenomenon might be due to the rearrangement of the imperfect crystal molecular chain during the crystallization process, and the formation of a perfect crystal during the melting process [38,39].



Seen from the FT-IR spectrum (Figure 1C), the C=O stretching vibration adsorption peak of PLA appeared at 1756 cm−1. The absorption peaks of symmetric stretching vibration and asymmetric stretching vibration of C-O appeared at 1091 cm−1 and 1185 cm−1, respectively. The infrared absorption peak at 1455 cm−1 was assigned to the bending vibration peak of –C–H–. The C–C vibrational absorption peak in the molecular chain appeared at 863 cm−1. The characteristic peak of –CH3 and –OH appeared at 1383 cm−1 and 3475 cm−1, respectively. Thus, the different preparation methods have no effect on the change of molecular structure.



The pore size and pore size distribution of PLA samples were determined by the capillary flow pore size analyzer. As shown in Figure 1D and Table S1 (Supporting Information), PLA-SC had a wide pore size distribution range with the average pore size of 25.86 μm, the maximum and minimum pore size were 71.30 μm and 2.35 μm. The average pore size of the PLA-FSPS membrane was 0.46 μm, and the maximum and minimum pore size were 0.54 μm and 0.25 μm. In comparison, the PLA-FSPS was smaller pore size and uniform distribution. The porosity of PLA-FSPS was 77.60%, which was 26.59% higher than that of PLA-SC (Table S1). Therefore, the PLA prepared by the freeze solidification phase separation method had the uniform pore size distribution and high porosity. Moreover, due to the formation of more voids, the PLA-FSPS had higher reflectance than that of the PLA-SC (Figure S1), which was consistent with the results of the porosity test.



The effects of different preparation methods on the surface morphology and roughness of membranes were analyzed by the photographs, SEM, AFM, and CA and shown in Figure 2. Compared with the solution casting method (Figure 2(A-1)), the PLA-FSPS (Figure 2(B-1)) was more flat, smooth, and whiter. The surface of the PLA-SC was closely packed with crystal balls [40], which had more macroporous structures and uneven distribution (Figure 2(A-2,A-3)). In addition, as seen from Figure 2(A-4,A-5), the roughness (Ra) and contact angle were 23.4 nm and 117.80° ± 4.78°, respectively. As for the PLA-FSPS, the pores formed on the surface were multi-micro or nano-scale size and more uniform (Figure 2(B-2,B-3)), the roughness (Ra) was 78.4 nm (Figure 2(B-5)), and the contact angle was 141.67° ± 1.45° (Figure 2(B-4)). Through the comparison of different preparation methods, it is found that the PLA-FSPS has more dense and uniform pores. The surface morphology of the porous structure led to the increase of roughness and contact angle, and the improvement of hydrophobicity. Combined with the surface and cross section of the PLA-FSPS membrane (Figure S2), the formation possibility of the porous membrane was analyzed. Induced freezing solvent was used as pore-forming agent. When the solvent reached freezing point solidification at low temperature, PLA polymer chains were fixed by the solvent and crystallized to form a three-dimensional polymer skeleton. At room temperature, the DiOX solvent was evaporated to obtain the porous PLA membrane. Compared with the reported preparation of porous PLA materials by the freeze–vacuum drying method [34,35,41], the freeze solidification phase separation method omitted the harsh process of vacuum drying, which was more beneficial to energy saving and industrial production. In practical applications, the thermal stability and mechanical properties of membranes played an important role. The TG and DTG curve of the PLA-FSPS membrane under nitrogen atmosphere (Figure S3), PLA-FSPS have only one weightlessness stage due to thermal degradation. The initial and end final degradation temperatures of PLA membranes were 328 °C and 381 °C, respectively. The maximum stress and strain of the membrane were 4.04 MPa and 2.1% (Figure S4), respectively, providing reference for practical application.



The PLA-FSPS with uniform porosity, high porosity, and hydrophobicity was obtained, which could be used as an oil–water separation material. The oil–water separation test of PLA-SC and PLA-FSPS were investigated and shown in Figure S5. The membrane flux of PLA-SC could not achieve oil–water separation due to excessive pore size and poor hydrophobicity. Remarkably, the PLA-FSPS had excellent oil–water separation property with a membrane flux of 2923 L·m−2·h−1 and a water separation efficiency of 96.4%. To sum up, the freeze solidification phase separation method was optimized to prepare PLA-FSPS membrane in the work below. In addition, to further improve the membrane flux and separation effect, the membrane pore size and surface wettability was regulated in the next step.




2.2. Control of the Pore and Surface Structure


2.2.1. Effect of Different Solvent Ratios


Based on the above analysis, the multi-level micro-nanoporous PLA-FSPS membranes prepared by the simple freeze solidification phase separation method could be applied to the oil–water separation field. Membrane aperture has an important effect on membrane flux. In order to obtain PLA-FSPS membrane with excellent flux performance, DCM additive was introduced to control the pore size of PLA-FSPS membrane by adjusting the ratio of DiOX and DCM. The volume ratios of DiOX and DCM (10:0, 9:1, 4:1, 1:1, and 0:10) were adjusted during the preparation process. As shown in Figure 3A–E,a–e, the change of the solvent ratio resulted in the change of the surface morphology of the PLA membranes. With the introduction of DiOX in the solvent, a large number of pores appeared on the membrane surface, and the size of the surface pores ranged from 20 to 40 μm. When only DCM was used as the solvent, the membrane was dense and had no pores. When the volume ratio of DiOX and DCM was 4:1, the distance between holes became much smaller, and the membrane pores were much denser. To understand the effect of DiOX and DCM solvents on membrane surface wettability, the contact angles of these membranes were tested by CA (Figure S6A’–E’). With the increase of DCM solvent, the contact angle decreased from 141.67° to 90.08°. This was mainly due to the change in wettability and the size and spacing of pores on the surface caused by the difference in solvent ratios.



To understand the effect of DiOX and DCM solvents on pore size and pore size distribution (Table 1), the pore size and pore size distribution of different PLA samples were determined. The pore size distributions of PLA with the DiOX:DCM volume ratios of 10:0, 9:1, 4:1, and 1:1 were mainly concentrated in 0.1~0.6 μm, 0.9~2 μm, 0.5~2.1 μm, and 0.1~0.5 μm, respectively (Figure S7), and the average pore diameters of which were 0.46 μm, 0.98 μm, 1.32 μm, and 0.35 μm, respectively. Therefore, the regulation of pore size, pore size distribution, and morphology could be achieved by adjusting the ratios of solvent. Among them, when the ratio was 4:1, the pore size was the largest and the pore size distribution was the widest. When the solvent was only DCM, the membrane became dense, and its pore size could not be measured by this instrument. The reason for the formation of non-porous membrane was that the freezing temperature did not reach the freezing point (−95 °C) of DCM solvent, and the non-frozen DCM solvent could not fix the distance between PLA molecular chains, so the closely packed polymer membrane was obtained after the solvent volatilization. Through the oil–water separation experiment, PLA-FSPS (4:1) with abundant pores have good membrane flux (Figure S8). Thus, in the subsequent experiment, the PLA-FSPS membrane was prepared by the freeze solidification phase separation method with the volume ratio of DiOX to DCM at 4:1.




2.2.2. Effect of the Impregnating Solution


In order to further improve the superhydrophobicity of PLA, the S-PLA-FSPS was obtained by solution impregnating the semi-cured PLA-FSPS. The deionized water, acetic acid, and a mixture of deionized water and acetic acid with a volume ratio of 1:1 was selected as the solution impregnation, respectively, and the induction effects of the solution impregnation were analyzed. As shown in the SEM images (Figure 4A–D), by deionized water (Figure 4B) and mixed solution (Figure 4D) inducing, the pores on the membrane surface were of different sizes and irregular shapes. After the acetic acid treatment, the pores on the membrane surface enlarged, and changed from regular circles to ellipses (Figure 4C). According to the large scanning magnification (Figure 4(D,D-1,D-2)), the solution induced by solution impregnation showed a star-like wrinkled structure connected by lamellar structures. Visibly, the solution impregnation had a great influence on the surface morphology of the PLA membrane. In the solution impregnation process, due to the different composition and concentration of the polymer solution and impregnation solution, the solvent and impregnation solution in the semi-cured PLA membrane began to diffuse bidirectionally under the action of the concentration difference [42,43]. The morphology of the semi-cured PLA was changed, and the nano-scale wrinkled structures and a large number of pore structures appeared on the membrane surface in the above process (Figure 4(D-1,D-2)). Thus, it could be expected that the surface micro-roughness and contact angle increased after solution impregnation.



To verify the above analysis, the AFM surface roughness test was also performed on these membranes (Figure 4A’–D’). The membranes’ roughness Ra of without induced solution impregnation, water, acetic acid and mixed solution induced membranes were 78.4 nm, 177 nm, 171 nm, and 338 nm, respectively. Compared with no solution impregnation induced roughness, the roughness of the membrane induced by the mixed solution increased by 259.6 nm. Apparently, the roughness of the membrane surface greatly increased after the solution impregnation induced, particularly the membrane induced by the mixture of deionized water and acetic acid. Presumably, the semi-cured PLA membrane was impregnated in a mixed solution, the mixed solution diffused between the polymer and solvent. The acetic acid induced the semi-cured PLA molecular chains to entangle with each other, and water molecules accelerated the phase separation rate. Thus, more micro–nano structures with star-shaped folds were formed on the surface, which greatly increased the roughness.



In addition, these membranes also had good superhydrophobicity (Figure 4a–d). The contact angles of the membranes induced by no solution impregnation, deionized water, acetic acid, and mixed solution were 140.67°, 145.73°, 145.07°, and 151.00°, respectively. The contact angle is closely related to the surface roughness of materials [44,45]. The increase of contact angle was mainly because the solution impregnation promoted the change of surface morphology and the increase of membrane roughness. The membrane induced by the mixed solution had the best superhydrophobic property, which was consistent with the test results of SEM and AFM. Significantly, the contact angle of the membrane induced by the mixed solution to oil was 0°, indicating that it also had good superoleophilicity (Figure S9). Additionally, the water was stained with methylene blue dye, and the oil was stained with Sudan red. The wettability of the mixture induced membrane was observed and shown in Figure 4E. The digital photos showed the membrane could only be infiltrated by the red oil, which further confirmed its good superhydrophobicity and superoleophilicity (Video S1).



For the oil–water separation, the membrane flux is an important measure. Therefore, the pore size and pore size distribution of the membrane is of great significance. It can be seen from Figure 5 and Table S2 that the pore size distribution of the membrane induced by solution impregnation was shifted to the large pore size, and the maximum pore size was about 11 μm. The membrane induced by the mixed liquid had the largest average pore size of 4.05 μm, which was beneficial to membrane flux.





2.3. Oil–Water Separation Performance


The PLA membranes with the good superhydrophobicity, superoleophilicity, and suitable pore structure have potential application prospects in oil–water separation [46]. The oil–water separation property of the PLA membrane was investigated by using an oil–water separator under gravity driving force, and the operation flow of oil–water separation is shown in Figure 6A. The prepared PLA membrane was placed in a separator, and the mixture of oil–water with the volume ratio of 1:1 was successfully separated. In addition, the membrane flux and oil–water separation efficiency of PLA-FSPS, PLA-FSPS (4:1), and S-PLA-FSPS are present in Figure 6B. After adjusting the proportion of solvent and impregnating the solution, both the membrane flux and oil–water separation efficiency were greatly improved. The membrane flux of S-PLA-FSPS was 16,084 L·m−2·h−1, and the water separation efficiency further promoted to 99.7%. Thus, this was further confirmed that the solution impregnation induction played an important role in improving the membrane flux. Moreover, the S-PLA-FSPS membrane still exhibited the excellent membrane flux and high separation efficiency after 20 cycles (Figure 6C), making it a strong practical application potential in the field of oil–water separation. Compared with the membrane flux values of the oil–water separation materials prepared in recent studies (as shown in Table 2), the S-PLA-FSPS membrane prepared in this study had significant advantages.



To sum up, the S-PLA-FSPS membrane had a good oil–water separation effect, which could be explained as follows. The oil–water separation performance of membranes was determined by three basic elements: wetting properties, membrane pore size, and breakthrough pressure. The breakthrough pressure refers to the maximum pressure required for the liquid penetrating into the membrane pores, and it can be expressed as the Young–Laplace equation [54]:


ΔP = −(2 γLcosθ/rp)



(1)




where, ∆P is the breakthrough pressure, γL is the surface tension of the liquid, θ is the contact angle of the liquid, and r is the pore radius.



It can be seen from Equation (1) that the surface wettability of the membrane had a very important influence on the breakthrough pressure. The oil–water separation principle is shown in Figure 7 [54,55]. The S-PLA-FSPS membrane was superhydrophobic, the water contact angle was greater than 90°, and the corresponding ΔP was greater than 0. Thus, the S-PLA-FSPS membrane could withstand a certain pressure before being wetted by water, and the water can be retained and cannot penetrate into the membrane pores. Meanwhile, the S-PLA-FSPS also had super-oleophilic property, the oil contact angle was less than 90°, and the corresponding ΔP was less than zero, indicating that oil could directly penetrate through the S-PLA-FSPS surface. The above analysis can be explained that the selective and rapid oil–water separation can be achieved by the S-PLA-FSPS membrane with appropriate driving force.




2.4. Adsorption Performance


The surface area and pore volume of the membranes were S-PLA-FSPS 43 m2/g and 0.15 cm3/g, respectively, by nitrogen adsorption and desorption experiments at room temperature (Figure S10). Due to the rich porous structure of the S-PLA-FSPS membrane, it had a certain adsorption effect on oil. Therefore, it could also be applied to the adsorption and removal of floating oil on water and heavy oil underwater. As shown in Figure 8, the membrane showed the excellent adsorption effect on both light oil (Figure 8A and Video S2) and heavy oil (Figure 8B and Video S3). Adsorption experiments of n-hexane, petroleum ether, ethyl acetate, and methylbenzene were performed within 5 min with S-PLA-FSPS membranes with a thickness of only 0.55 ± 0.05 mm (Figure 8C), the results show that the adsorption capacities for these organic reagents were 2.54 ± 0.55, 2.93 ± 0.21, 4.72 ± 0.28, and 5.37 ± 0.14 g/g, respectively. Therefore, the PLA membrane with the excellent adsorption capacity also had the application value in the field of oil removal and water purification.





3. Experimental


3.1. Materials


PLA was provided by Shanghai McLean Biochemical Co., Ltd., Shanghai, China (PLA, Mw: 110,000, particle size: 3 mm), 1,4-dioxane (DiOX, AR, 99.5%) was provided by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The reagents and medicines provided by Xilong Science Co., Ltd., Shantou, China. was dichloromethane (DCM, AR), acetic acid (AR), methylbenzene (PhMe, AR), methylene blue (AR). Dimethyl sulfoxide (DMSO, AR) was provided by Tianjin Damao Chemical Reagent Factory, Tianjin, China. N-hexane (HEX, AR), petroleum ether (PE, AR), and ethyl acetate (EA, AR) were provided by Guangdong Guanghua Technology Co., Ltd., Shantou, China, and Sudan Red III (AR) was provided by Shanghai Ron Reagent, Shanghai, China.




3.2. Preparation of PLA Membranes


The PLA membranes were prepared by the freeze solidification phase separation method (PLA-FSPS). To be specific, 0.5 g of PLA was added into 10 mL of DCM and DiOX mixed solvent and sufficiently dissolved, then the mixture was heated with magnetic stirring at 30 °C for 3 h to with a uniform concentration of 50 mg/mL. The obtained solution was poured into a glass petri dish, frozen at −7 °C for 3 h, then taken out, and left to dry naturally at room temperature for 24 h. The effect of different solvent ratios (DiOX:DCM to 10:0, 9:1, 4:1, 1:1, and 0:10) on membrane structure was investigated. In order to further improve the superhydrophobicity of PLA, the semi-cured PLA membrane was impregnated in a mixed solution after the frozen PLA was placed at room temperature for 6 h. The solution impregnation was composed of deionized water and acetic acid with different volume ratios (1:0, 1:1, and 0:1). The PLA-FSPS membrane after solution impregnation for 2 h was washed with deionized water, and then placed in an oven at 60 °C to dry, and the PLA functional membrane (S-PLA-FSPS) was finally obtained. By comparison, the PLA membranes were prepared by the solution casting method (PLA-SC): The solution with a uniform concentration of 50 mg/mL obtained above was poured into a glass petri dish and air-dried naturally.




3.3. Oil–Water Separation Experiments


The schematic diagram of the preparation of PLA membrane and the experimental schematic of oil–water separation is shown in Figure 9. The deionized water and n-hexane organic reagent mixed in a volume ratio of 1:1. For the better visual distinction, the deionized water was stained with methylene blue dye, and n-hexane organic reagent was stained with Sudan red III. The prepared S-PLA-FSPS samples were fixed in a filter device with an inner diameter of 4 cm. The oil–water mixture was poured into the filter device, and filtered under only gravity. In order to examine the reusability of the membrane, 20 cycle tests were carried out. The separation efficiency R (%) was calculated as follows:


R = (V2/V1) × 100%



(2)







Among them, V1 (L) and V2 (L) are the volumes before and after separation, respectively.



The calculation formula of membrane flux J (L·m−2·h−1) was as follows:


J = V/(A × △t)



(3)







V (L) represents the volume of the filtered solution, A (m2) represents the effective area of the membrane, and t (h) represents the separation time.




3.4. Oil Adsorption Experiment


The adsorption experiments of n-hexane, petroleum ether, ethyl acetate, and toluene were carried out using the sample membrane, and the calculation formula of the adsorption capacity was as follows:


Q = (m1 − m0/m0) × 100%



(4)




where, m0 and m1 represent the mass before and after adsorption, respectively.




3.5. Characterization


The surface morphology of samples was tested by athermal field emission scanning electron microscope (SEM, JEOL Ltd., Akishima, Tokyo, JSM-7100F), and the samples were sprayed with gold before the test. The vacuum degree was 5 × 10−4 Pa, and the voltage was 5 KV. The surface wettability of samples was tested by a contact angle goniometer (CA, OCA15EC, Dataphysics, Filderstadt, Germany), using the dropping method at room temperature, and 2 μL of deionized water and n-hexane reagents were slowly dropped on the surface of the PLA samples. Each sample was repeated five times and averaged. The Fourier transform infrared spectrometer (FT-IR, Thermo Scientific Nicolet 6700, Waltham, MA, USA) was used to determine the structure of samples. The crystal structure of samples was determined by the X-ray diffractometer (XRD, Rigaku SmartLab 9 Kw, Rigaku Corporation, Japan) with the 2θ range of 5~40° at a scan speed of 5°/min. The pore size and pore size distribution of samples were determined by the capillary flow pore size analyzer (Porolux100, Porometer Ltd., The Woodlands, TX, USA), the samples were cut to 25 mm gauge, and the dry and wet samples were tested under 2~6 bar pressure. The crystallization behavior of samples was tested by the differential scanning calorimeter (DSC, DSC25, TA Instruments, New Castle, DE, USA) under nitrogen atmosphere at the initial equilibrium temperature of −50 °C, and the temperature increased to 200 °C at a rate of 10 °C/min to measure the DSC heating curve. The thermal stability of the membrane was tested by a METTLER TOLEDO thermal analyzer (TGA, Netzsch Sta 2500, Mettler Toledo, Switzerland). The pore structure properties of the membranes were measured by Autosorb-iQ (BET, Quantachrome, Konta, CA, USA) nitrogen adsorption apparatus. The mechanical properties of the membranes (5 mm × 50 mm) were measured by electronic universal tensile testing machine (WDW-1, China) at a speed of 50 mm/min. The surface roughness of the samples was tested by the atomic mechanical microscopy (AFM, Bruker Dimension Icon, Bruker, Germany). The reflectance spectra of membranes were measured in the range of 200–800 nm by using a UV-vis diffuse reflectometer (Shimadzu UV-2600, Shimadzu, Tokyo, Japan). The porosity of the membrane was calculated by the gravimetry of the liquid contained in the pores of the membrane. The membrane samples were immersed in isobutanol for 12 h. The formula for calculating the porosity of the membrane was as follows:


ε = (Ww − Wd/(A × d × ρ)) ×100%



(5)




where Ww is the weight of the wet membrane (g), Wd is the weight of the dry membrane (g), A is the membrane area (cm2), d is the membrane thickness (cm), and ρ is the density of isobutanol (0.8 g/cm3).





4. Conclusions


The environmentally friendly and superhydrophobic PLA membrane with tunable pore size was successfully prepared by a simple and efficient freeze solidification phase separation method. Compared with the solution casting method, freeze solidification phase separation method used frozen solvent and thawed the solvent at room temperature to obtain porous PLA membranes. By adjusting the pore size and structure of the membrane by different solvent ratios and solution impregnation induction, the porous S-PLA-FSPS membrane with a micro-nano-scale pleated structure was obtained. The surface roughness Ra was 338 nm, and the contact angle to water was 151°. The membrane flux used for oil–water separation reached 16,084 L·m−2·h−1, and the water separation efficiency was 99.7%, which were much higher than that of other oil–water separation materials. In addition, the S-PLA-FSPS membrane could also be applied for the adsorption and removal of oil slick and underwater heavy oil and provide ideas for solving the problems of water and oil pollution and oil leakage.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28145590/s1, Figure S1. Reflectance test of PLA-SC and PLA-FSPS. Figure S2. Images of PLA-FSPS membrane surface (A) and cross-section (B). Figure S3. TG and DSC curves of PLA-FSPS membrane. Figure S4. The maximum stress and strain of PLA-FSPS membrane. Figure S5. The oil-water separation test of PLA-SC and PLA-FSPS. Figure S6. CA test images of PLA-FSPS membranes. Figure S7. Pore size distribution of the membranes prepared by different ratios of solvent. Figure S8. The oil-water separation test. Figure S9. Superoleophilicity of membrane. Figure S10. Nitrogen adsorption-desorption isotherms of membrane. Table S1. Membrane aperture parameters of the membranes prepared by different methods Table S2. Membrane aperture parameters of the membranes with solution impregnation induced.





Author Contributions


Methodology, S.S.; Software, B.L.; Validation, J.L.; Writing—original draft, Y.Z.; Writing—review & editing, T.S.; Supervision, D.Z.; Funding acquisition, Z.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Natural Science Foundation of China (Grant No. 22168017), the Hainan Provincial Natural Science Foundation of China (420QN259, 222CXTD513 and 420QN251).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not applicable.




References


	



Lu, H.; Pan, Z.; Wang, H.; Liu, Y.; Dai, P.; Yang, Q. Fiber coalescence treatment of oily wastewater: A new theory and application. J. Hazard. Mater. 2021, 412, 125188. [Google Scholar] [CrossRef]

	



Gao, Y.; Wang, J.; Mou, X.; Cai, Z. Textile-inspired methodology toward asymmetric fabric based on weft-backed weave for oil/water separation. J. Mater. Sci. 2018, 53, 4683–4692. [Google Scholar] [CrossRef]

	



Deng, Y.; Zhang, G.; Bai, R.; Shen, S.; Zhou, X.; Wyman, I. Fabrication of superhydrophilic and underwater superoleophobic membranes via an in situ crosslinking blend strategy for highly efficient oil/water emulsion separation. J. Membr. Sci. 2019, 569, 60–70. [Google Scholar] [CrossRef]

	



Gao, S.; Zhu, Y.; Wang, J.; Zhang, F.; Li, J.; Jin, J. Layer-by-layer construction of Cu2+/alginate multilayer modified ultrafiltration membrane with bioinspired superwetting property for high-efficient crude-oil-in-water emulsion separation. Adv. Funct. Mater. 2018, 28, 1801944. [Google Scholar] [CrossRef]

	



Xiong, Z.; Lin, H.; Zhong, Y.; Qin, Y.; Li, T.; Liu, F. Robust superhydrophilic polylactide (PLA) membrane with TiO2 nano-particles inlayed surface for oil/water separation. J. Mater. Chem. A 2017, 5, 6538–6545. [Google Scholar] [CrossRef]

	



Wei, Y.; Qi, H.; Gong, X.; Zhao, S. Specially wettable membranes for oil–water separation. Adv. Mater. Interfaces 2018, 5, 1800576. [Google Scholar] [CrossRef]

	



Zhang, M.; Ma, W.; Wu, S.; Tang, G.; Cui, J.; Zhang, Q.; Chen, F.; Xiong, R.; Huang, C. Electrospun frogspawn structured membrane for gravity-driven oil-water separation. J. Colloid Interface Sci. 2019, 547, 136–144. [Google Scholar] [CrossRef]

	



Chaudhary, J.P.; Nataraj, S.K.; Gogda, A.; Meena, R. Bio-based superhydrophilic foam membranes for sustainable oil–water separation. Green Chem. 2014, 16, 4552–4558. [Google Scholar] [CrossRef]

	



Zhang, P.; Zhao, C.; Zhao, T.; Liu, M.; Jiang, L. Recent advances in bioinspired gel surfaces with superwettability and special adhesion. Adv. Sci. 2019, 6, 1900996. [Google Scholar] [CrossRef]

	



Haleem, A.; Pan, J.M.; Shah, A.; Hussain, H.; He, W.-d. A systematic review on new advancement and assessment of emerging polymeric cryogels for environmental sustainability and energy production. Sep. Purif. Technol. 2023, 316, 123678. [Google Scholar] [CrossRef]

	



Ejeta, D.D.; Wang, C.-F.; Kuo, S.-W.; Chen, J.-K.; Tsai, H.-C.; Hung, W.-S.; Hu, C.-C.; Lai, J.-Y. Preparation of superhydrophobic and superoleophilic cotton-based material for extremely high flux water-in-oil emulsion separation. Chem. Eng. J. 2020, 402, 126289. [Google Scholar] [CrossRef]

	



Obaid, M.; Mohamed, H.O.; Alayande, A.B.; Kang, Y.; Ghaffour, N.; Kim, I.S. Facile fabrication of superhydrophilic and underwater superoleophobic nanofiber membranes for highly efficient separation of oil-in-water emulsion. Sep. Purif. Technol. 2021, 272, 118954. [Google Scholar] [CrossRef]

	



Martin, S.; Bhushan, B. Transparent, wear-resistant, superhydrophobic and superoleophobic poly(dimethylsiloxane) (PDMS) surfaces. J. Colloid Interface Sci. 2017, 488, 118–126. [Google Scholar] [CrossRef]

	



Ruidas, S.; Das, A.; Kumar, S.; Dalapati, S.; Manna, U.; Bhaumik, A. Non-fluorinated and robust superhydrophobic modification on covalent organic framework for crude-oil-in-water emulsion separation. Angew. Chem. Int. Ed. 2022, 61, e202210507. [Google Scholar] [CrossRef]

	



Wu, M.; Liu, W.; Mu, P.; Wang, Q.; Li, J. Sacrifice template strategy to the fabrication of a self-cleaning nanofibrous membrane for efficient crude oil-in-water emulsion separation with high flux. ACS Appl. Mater. Interfaces 2020, 12, 53484–53493. [Google Scholar] [CrossRef]

	



Gao, N.; Wang, L.; Zhang, Y.; Liang, F.; Fan, Y. Modified ceramic membrane with pH/ethanol induced switchable superwettability for antifouling separation of oil-in-acidic water emulsions. Sep. Purif. Technol. 2022, 293, 121022. [Google Scholar] [CrossRef]

	



Yang, S.; Chen, L.; Wang, C.; Rana, M.; Ma, P.C. Surface roughness induced superhydrophobicity of graphene foam for oil-water separation. J. Colloid Interface Sci. 2017, 508, 254–262. [Google Scholar] [CrossRef]

	



Haleem, A.; Chen, J.; Guo, X.X.; Hou, S.C.; Chen, S.Q.; Siddiq, M.; He, W.D. Radiation-induced synthesis of hydrophobic cryogels with rapid and high absorption of organic solvents and oils. Microporous Mesoporous Mater. 2022, 330, 111486. [Google Scholar] [CrossRef]

	



Haleem, A.; Li, H.J.; Li, P.Y.; Hu, C.S.; Li, X.C.; Wang, J.Y.; Chen, S.Q.; He, W.D. Rapid UV-radiation synthesis of polyacrylate cryogel oil-sorbents with adaptable structure and performance. Environ. Res. 2020, 187, 109488. [Google Scholar] [CrossRef]

	



Wong, W.S. Surface chemistry enhancements for the tunable super-liquid repellency of low-surface-tension liquids. Nano Lett. 2019, 19, 1892–1901. [Google Scholar] [CrossRef]

	



Cheng, Q.Y.; Zhao, X.L.; Weng, Y.X.; Li, Y.D.; Zeng, J.B. Fully sustainable, nanoparticle-free, fluorine-free, and robust superhydrophobic cotton fabric fabricated via an eco-friendly method for efficient oil/water separation. ACS Sustain. Chem. Eng. 2019, 7, 15696–15705. [Google Scholar] [CrossRef]

	



Kong, W.; Li, F.; Pan, Y.; Zhao, X. Hygro-responsive, photo-decomposed superoleophobic/superhydrophilic coating for on-demand oil-water separation. ACS Appl. Mater. Interfaces 2021, 13, 35142–35152. [Google Scholar] [CrossRef]

	



Shu, D.; Xi, P.; Cheng, B.; Wang, Y.; Yang, L.; Wang, X.; Yan, X. One-step electrospinning cellulose nanofibers with superhydrophilicity and superoleophobicity underwater for high-efficiency oil-water separation. Int. J. Biol. Macromol. 2020, 162, 1536–1545. [Google Scholar] [CrossRef]

	



Sun, X.; Bai, L.; Li, J.; Huang, L.; Gao, X. Robust preparation of flexibly super-hydrophobic carbon fiber membrane by electrospinning for efficient oil-water separation in harsh environments. Carbon 2021, 182, 11–22. [Google Scholar] [CrossRef]

	



Saini, H.; Kallem, P.; Otyepkova, E.; Geyer, F.; Schneemann, A.; Ranc, V.; Banat, F.; Zboril, R.; Otyepka, M.; Fischer, R.A. Two-dimensional MOF-based liquid marbles: Surface energy calculations and efficient oil-water separation using a ZIF-9-III@PVDF membrane. J. Mater. Chem. A 2021, 9, 23651–23659. [Google Scholar] [CrossRef]

	



Wang, X.; Yuan, H.; Su, M.; Shao, C.; Liu, C.; Guo, Z.; Shen, C.; Liu, X. Simple fabrication of superhydrophobic PLA with honeycomb-like structures for high-efficiency oil-water separation. Chin. Chem. Lett. 2020, 31, 365–368. [Google Scholar] [CrossRef]

	



Zheng, L.; Su, X.; Lai, X.; Chen, W.; Zeng, X. Conductive superhydrophobic cotton fabrics via layer-by-layer assembly of carbon nanotubes for oil-water separation and human motion detection. Mater. Lett. 2019, 253, 230–233. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, Z.; Han, B.; Sun, Z.; Zhang, J.; Sun, D. Phase-separation-induced micropatterned polymer surfaces and their applications. Adv. Funct. Mater. 2005, 15, 655–663. [Google Scholar] [CrossRef]

	



Ruan, C.; Ai, K.; Li, X.; Lu, L. A superhydrophobic sponge with excellent absorbency and flame retardancy. Angew. Chem. Int. Ed. 2014, 126, 5662–5666. [Google Scholar] [CrossRef]

	



Tsuji, H. Poly (lactic acid) stereocomplexes: A decade of progress. Adv. Drug Deliv. Rev. 2016, 107, 97–135. [Google Scholar] [CrossRef]

	



Karamanlioglu, M.; Preziosi, R.; Robson, G.D. Abiotic and biotic environmental degradation of the bioplastic polymer poly (lactic acid): A review. Polym. Degrad. Stab. 2017, 137, 122–130. [Google Scholar] [CrossRef]

	



Rajeshkumar, G.; Seshadri, S.A.; Devnani, G.; Sanjay, M.; Siengchin, S.; Maran, J.P.; Al-Dhabi, N.A.; Karuppiah, P.; Mariadhas, V.A.; Sivarajasekar, N. Environment friendly, renewable and sustainable poly lactic acid (PLA) based natural fiber reinforced composites–A comprehensive review. J. Clean. Prod. 2021, 310, 127483. [Google Scholar] [CrossRef]

	



Benavides, P.T.; Lee, U.; Zarè-Mehrjerdi, O. Life cycle greenhouse gas emissions and energy use of polylactic acid, bio-derived polyethylene, and fossil-derived polyethylene. J. Clean. Prod. 2020, 277, 124010. [Google Scholar] [CrossRef]

	



Sun, X.; Yang, S.; Xue, B.; Huo, K.; Zheng, Q. Super-hydrophobic poly (lactic acid) by controlling the hierarchical structure and polymorphic transformation. Chem. Eng. J. 2020, 397, 125297. [Google Scholar] [CrossRef]

	



Wang, X.; Pan, Y.; Liu, X.; Liu, H.; Li, N.; Liu, C.; Schubert, D.W.; Shen, C. Facile fabrication of superhydrophobic and eco-friendly poly(lactic acid) foam for oil-water separation via skin peeling. ACS Appl. Mater. Interfaces 2019, 11, 14362–14367. [Google Scholar] [CrossRef]

	



Zhang, J.; Tashiro, K.; Tsuji, H.; Domb, A.J. Disorder-to-order phase transition and multiple melting behavior of poly (L-lactide) investigated by simultaneous measurements of WAXD and DSC. Macromolecules 2008, 41, 1352–1357. [Google Scholar] [CrossRef]

	



Bayattork, M.; Rajkhowa, R.; Allardyce, B.J.; Wang, X.; Li, J. Tuning the microstructure and mechanical properties of lyophilized silk scaffolds by pre-freezing treatment of silk hydrogel and silk solution. J. Colloid Interface Sci. 2023, 631, 46–55. [Google Scholar] [CrossRef]

	



Tábi, T.; Hajba, S.; Kovács, J. Effect of crystalline forms (α′ and α) of poly (lactic acid) on its mechanical, thermo-mechanical, heat deflection temperature and creep properties. Eur. Polym. J. 2016, 82, 232–243. [Google Scholar] [CrossRef]

	



Li, B.; Zhao, G.; Wang, G.; Zhang, L.; Hou, J.; Gong, J. A green strategy to regulate cellular structure and crystallization of poly (lactic acid) foams based on pre-isothermal cold crystallization and CO2 foaming. Int. J. Biol. Macromol. 2019, 129, 171–180. [Google Scholar] [CrossRef]

	



Geng, L.; Li, L.; Mi, H.; Chen, B.; Sharma, P.; Ma, H.; Hsiao, B.S.; Peng, X.; Kuang, T. Superior impact toughness and excellent storage modulus of poly (lactic acid) foams reinforced by shish-kebab nanoporous structure. ACS Appl. Mater. Interfaces 2017, 9, 21071–21076. [Google Scholar] [CrossRef]

	



Wang, S.; Yang, W.; Li, X.; Hu, Z.; Wang, B.; Li, M.; Dong, W. Preparation of high-expansion open-cell polylactic acid foam with superior oil-water separation performance. Int. J. Biol. Macromol. 2021, 193, 1059–1067. [Google Scholar] [CrossRef]

	



Wang, Y.; Yang, H.; Chen, Z.; Chen, N.; Pang, X.; Zhang, L.; Minari, T.; Liu, X.; Liu, H.; Chen, J. Recyclable oil-absorption foams via secondary phase separation. ACS Sustain. Chem. Eng. 2018, 6, 13834–13843. [Google Scholar] [CrossRef]

	



Gao, A.; Zhao, Y.; Yang, Q.; Fu, Y.; Xue, L. Facile preparation of patterned petal-like PLA surfaces with tunable water micro-droplet adhesion properties based on stereo-complex co-crystallization from non-solvent induced phase separation processes. J. Mater. Chem. A 2016, 4, 12058–12064. [Google Scholar] [CrossRef]

	



Li, M.; Li, C.; Blackman, B.R.K.; Saiz, E. Mimicking nature to control bio-material surface wetting and adhesion. Int. Mater. Rev. 2021, 67, 658–681. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, K.; Yao, X.; Jiang, L. Bioinspired Surfaces with Superwettability: New Insight on Theory, Design, and Applications. Chem. Rev. 2015, 115, 8230–8293. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhang, Y.; Cao, Q.; Wang, C.; Yang, C.; Li, Y.; Zhou, J. Novel porous oil-water separation material with super-hydrophobicity and super-oleophilicity prepared from beeswax, lignin, and cotton. Sci. Total Environ. 2020, 706, 135807. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zhang, G.; Gao, A.; Cui, J.; Zhao, S.; Yan, Y. Robust graphene/poly (vinyl alcohol) janus aerogels with a hierarchical architecture for highly efficient switchable separation of oil/water emulsions. ACS Appl. Mater. Interfaces 2019, 11, 36638–36648. [Google Scholar] [CrossRef]

	



Ma, W.; Zhang, M.; Liu, Z.; Huang, C.; Fu, G. Nature-inspired creation of a robust free-standing electrospun nanofibrous membrane for efficient oil–water separation. Environ. Sci. Nano 2018, 5, 2909–2920. [Google Scholar] [CrossRef]

	



Wei, C.; Lin, L.; Zhao, Y.; Zhang, X.; Yang, N.; Chen, L.; Huang, X. Fabrication of pH-sensitive superhydrophilic/underwater superoleophobic poly (vinylidene fluoride)-graft-(SiO2 nanoparticles and PAMAM dendrimers) membranes for oil–water separation. ACS Appl. Mater. Interfaces 2020, 12, 19130–19139. [Google Scholar] [CrossRef] [PubMed]

	



Halim, A.; Xu, Y.; Lin, K.-H.; Kobayashi, M.; Kajiyama, M.; Enomae, T. Fabrication of cellulose nanofiber-deposited cellulose sponge as an oil-water separation membrane. Sep. Purif. Technol. 2019, 224, 322–331. [Google Scholar] [CrossRef]

	



Prabunathan, P.; Elumalai, P.; Dinesh Kumar, G.; Manoj, M.; Hariharan, A.; Rathika, G.; Alagar, M. Antiwetting and low-surface-energy behavior of cardanol-based polybenzoxazine-coated cotton fabrics for oil–water separation. J. Coat. Technol. Res. 2020, 17, 1455–1469. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, C.; Liu, X.; Wang, J.; Zhang, C.; Wen, Y. A durable and high-flux composite coating nylon membrane for oil-water separation. J. Clean. Prod. 2018, 193, 702–708. [Google Scholar] [CrossRef]

	



Yang, S.; Sha, S.; Lu, H.; Wu, J.; Sheng, Z. Graphene oxide and reduced graphene oxide coated cotton fabrics with opposite wettability for continuous oil/water separation. Sep. Purif. Technol. 2020, 259, 118095. [Google Scholar] [CrossRef]

	



Kim, B.S.; Harriott, P. Critical entry pressure for liquids in hydrophobic membranes. J. Colloid Interface Sci. 1987, 115, 1–8. [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]








[image: Molecules 28 05590 g001 550] 





Figure 1. XRD (A), DSC curve (B), FT-IR spectrum (C) and pore size test (D) of PLA-SC and PLA-FSPS. 
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Figure 2. Digital photographs (A-1,B-1), SEM (A-2,A-3,B-2,B-3), CA (A-4,B-4), and AFM images (A-5,B-5) of PLA-SC (A) and PLA-FSPS (B). 
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Figure 3. SEM test images (A–E) and magnification (a–e) of PLA-FSPS membranes with different solvent ratios. 






Figure 3. SEM test images (A–E) and magnification (a–e) of PLA-FSPS membranes with different solvent ratios.



[image: Molecules 28 05590 g003]







[image: Molecules 28 05590 g004 550] 





Figure 4. No solution impregnation (A,a,A’), water (B,b,B’), acetic acid (C,c,C’), deionized water and acetic acid mixture (D,d,D’,D-1,D-2) induced SEM, CA, AFM images of the membrane, digital photograph of membrane wettability observation (E). 
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Figure 5. Pore size distribution of solution impregnation induced membranes. 
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Figure 6. Oil–water separation device and process (A), PLA-FSPS, PLA-FSPS 4:1, and S-PLA-FSPS 4:1 membrane flux and separation efficiency (B), S-PLA-FSPS cycle test (C). 
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Figure 7. Water and oil intrusion pressures in “oil removal” mode. 
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Figure 8. Adsorption experiments of light oil (A), heavy oil (B), adsorption capacity (C). 
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Figure 9. Schematic diagram of preparation of S-PLA-FSPS membrane and oil–water separation. 
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Table 1. The pore size parameters of PLA-FSPS membranes with different solvent ratios.
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	DiOX:DCM
	10:0
	9:1
	4:1
	1:1
	0:10





	Maximum aperture/μm
	0.46
	6.10
	6.10
	2.29
	--



	Average aperture/μm
	0.54
	0.98
	1.32
	0.35
	--



	Minimum aperture/μm
	0.25
	0.68
	0.51
	0.29
	--
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Table 2. Comparison with similar work in recent years.
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	Material
	Drive
	Membrane Flux
	Separation Efficiency
	Reference





	TiO2-PLA
	1 bar
	963 L·m−2·h−1
	99%
	[5]



	PDMS/SNPs-PI
	Gravity
	4400 L·m−2·h−1
	99.55%
	[7]



	Grphene/Poly(vinyl alcohol) janus aerogels
	Gravity
	1306 L·m−2·h−1
	99.7%
	[47]



	Fe3+-PA/OTMS/PI
	Gravity
	8424 L·m−2·h−1
	99%
	[48]



	PVDF-g-SiO2NPs/PAMAM membrane
	0.9 bar
	>3100 L·m−2·h−1
	>99%
	[49]



	MCNF-membrane
	Gravity
	3730 L·m−2·h−1
	99%
	[50]



	Polybenzoxazine-coated cotton fabric
	Gravity
	7200 L·m−2·h−1
	99%
	[51]



	Cellulose-starch silica composite coating nylon membrane
	1 bar
	31,847 L·m−2·h−1
	99.8%
	[52]



	GO and rGO coated cotton fabric
	Gravity
	7120 L·m−2·h−1
	98.5%
	[53]



	S-PLA-FSPS membrane
	Gravity
	16,084 L·m−2·h−1
	99.7%
	This work
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
0>90° Water 0<90° oil

Air Air





media/file4.png
117.80°

-462.5 nm






nav.xhtml


  molecules-28-05590


  
    		
      molecules-28-05590
    


  




  





media/file18.png
Heated and Dried naturally at

stirred room temperature Solvent ratio control
— — —
Freezing at /
-7°C,3h
: : " PLA-FSPS
Freeze solidification phase separation e i
> - = )-000
4 1510 &
: | . Q&%
Oil and watex \ . &
N
‘i‘ 0‘ : Oil-water ~ 0.00‘9
oy separation >
—

RN —
[
—————— — ‘ ‘
\ U
L. PLA i e
@ Oreanic S-PLA-FSPS
solvents





media/file16.png
@) 4
e w T e A = o
(38/3) Adeded uondaospy
e 2
“ ) .
7 |
\
<) =
<) ’
/ w
& v )

PE EA PhMe

HEX





media/file2.png
Intensity (a.u.)

Transmittance (%)

a——PLA-SC
b —— PLA-FSPS

(110)/(200)

15 20 25 30 35 40

10
20/°
C 1383 1091
PLA-FSPS b :
U]

3475

Vr E EE E 5863
\/—k 1756: 1435 1:8;

3500

3000 2500 2000 1500 1000 500
Wavenumber (cm")

Heat flow (W/g)

Percent flow

a PLA-SC
b—PLA-FSPS
-50 0 50 100 150 200
Temperature (°C)
D, a—s— PLA-SC
b —e— PLA-FSPS
) S ;
— :
: ;
: :
E ;
$ UM N
o0 02 04 06 08 10!
: Diameter (um) :
a
0 10 20 30 40 50 60 70 80

Diameter (um)





media/file5.jpg





media/file3.jpg
100






media/file1.jpg
Intensity (a.u.)

Transmittance (%)

Heat flow (W/g)

a—rLASC
b PLA-FSPS
RN E I AR T
200 Temperature ()
e D a—erLAsC
parses ol b PLAFSPS.

Percent flow.

30 300 250 2000 1500
Wavenumber (em)

00 s

Y

0





media/file7.jpg





media/file10.png
Percent flow

—&— No solution impregnation induction
—&— Deionized water
—&— Acetic acid

—v— Deionized water and acetic acid 1:1

Diameter (um)






media/file12.png
20,000

<, 0il

 p
aner-—*'

- Flux

- Separation efficiency

~16,000 1
=

§
£12,000 -

8,000

Flux ( L

4,000

PLA-FSPS

9

PLA-FSPS 4:1

S-PLA-FSPS 4:1

100

80

2
Separation efficiency( % )

i
=

[\
=

Flux (Lm?h™)

20,000

—&— Flux

18,000 4

16,000 4

14,000 -

12,000 ~

@
§°
#\]

7

| Separation efficiency

—
=
<

- . i

oo
=]

=
=

—a—
—a—

10,000

o
]

10 15
Cycle number

=
=

=
Separation efficiency( % )






media/file9.jpg
Percent flow

~—=— No solution impregnation induction
—e— Deionized water

——h— Acetic acid

~v— Deionized water and acetic acid 1:1

3 4 5 6
Diameter (um)






media/file0.png





media/file14.png
0> 9(° Water

Air





media/file8.png
-846.6 nm

-928.5 nm






media/file11.jpg





media/file6.png
39.2 pm |
10 pm ‘ 10 pm
R & '
32.9 Jm 6.7 pm H Y
10 pm 10 pm
G* - ]
X285 pin \\ 5.1pm 4
10 pm lb‘pm
- H 7.5 pm
28:1 pm
10.pm 10 pm
<,
10 pm 10 pm






media/file15.jpg
HEX | PE EA | PaMe





media/file17.jpg
Heated and
strred

—_—

Dricd naturally
room temperatu

—

Solvent rato control

@





