[bookmark: _Hlk486327893]Engineering the re-entrant hierarchy and surface energy of PDMS-PVDF membrane for membrane distillation using a facile and benign microsphere coating
Eui-Jong LEE1,2, Bhaskar Jyoti Deka1, Jiaxin Guo1, Yun Chul Woo3, Ho Kyong Shon3, and Alicia Kyoungjin AN1* 

1School of Energy and Environment, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China
2Graduate School of Water Resources, Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon, Gyeonggi-do, 440-746, Republic of Korea
3 Centre for Technology in Water and Wastewater, School of Civil and Environmental Engineering, University of Technology Sydney (UTS), P.O. Box 123, 15 Broadway, NSW 2007, Australia

*Corresponding author: Dr. Alicia Kyoungjin An
Tel: + (852)-3442-9626, Fax: + (852)-3442-0688, E-mail: alicia.kjan@cityu.edu.hk

Abstract: 
To consolidate the position of membrane distillation (MD) as an emerging membrane technology that meets global water challenges, it is crucial to develop membranes with ideal material properties. This paper reports a facile approach for a polyvinylidene fluoride (PVDF)-membrane surface modification that is achieved through the coating of the surface with poly(dimethylsiloxane) (PDMS) polymeric microspheres to lower the membrane-surface energy. The hierarchical surface of the microspheres was built without any assistance of a nano/micro composite, by combining the rapid evaporation of tetrahydrofuran (THF), and the phase separation from condensed water vapor. The fabricated membrane exhibited superhydrophobicity—a high contact angle of 156.9° and a low contact-angle hysteresis of 11.3°—and a high wetting resistance to seawater containing sodium dodecyl sulfate (SDS). Compared with the control PVDF-hexafluoropropylene (HFP) single-layer nanofiber membrane, the proposed fabricated membrane with the polymeric microsphere layer showed smaller pore size and higher liquid entry pressure (LEP). When it was tested for the direct-contact MD (DCMD) in terms of the desalination of seawater (3.5% of NaCl) containing SDS of a progressively increased concentration, the fabricated membrane showed stable desalination and partial wetting for the 0.1 and 0.2 mM SDS, respectively.
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1. Introduction 
[bookmark: _Hlk486331460][bookmark: _GoBack]Membrane distillation (MD) is considered a versatile method that can be substituted for the existing membrane process, or combined with another process (or energy source), due to its unique features, i.e., a vapor-driven process based on low-grade thermal energy, and a lesser susceptibility to high salt concentrations.1–3 In addition, regarding the separation mechanism for the volatile matters that penetrate across the hydrophobic membranes, only MD is enabled for the effective removal of the substances, compared with the conventional membrane processes.4 With the increase of the steady and economical applicability of MD, membrane wetting is one of the key issues for MD, particularly when treating feed water containing surfactants that make feed liquid readily intrude into membrane pores.5 Among various membrane properties, improvement of membrane hydrophobicity is an effective approach to prevent the wetting that commonly decreases productivity through fouling.6–8 Several hydrophobicity- enhancement efforts have been conducted over the last two decades.9–12
	The commercial hydrophobic membranes for MD are mostly composed of polymers, such as polyvinylidene fluoride (PVDF), polypropylene (PP), and polytetrafluoroethylene (PTFE).12, 13 Due to the easy solubility characteristics, PVDF (or the PVDF copolymer) and polystyrene (PS) are ideal materials for the customization of membranes via phase inversion or electrospinning.15–18 The high porosity and low tortuosity of the hydrophobic membranes are fabricated using the promising and versatile electrospinning technique; also, the high roughness enhances the hydrophobicity.19 In spite of the PTFE properties that are the most hydrophobic, few membrane-fabrication studies have been carried out, because of its low electric conductivity, and the difficulty regarding its dissolution.19, 20
	However, the simple usage of a hydrophobic polymer in membrane fabrication is insufficient for the formation of a sufficiently hydrophobic membrane for the treatment of different kinds of wastewater, without abnormal wetting during the MD operation. Accordingly, abundant studies for the enhancement of the MD performance have been conducted to modify the surface morphology via the addition of a functionalized nanocomposite to a polymeric solution,22–24 or its attachment to prepared membranes.25–27 Other researchers attempted to add hydrophobic functional groups on the membrane surface to reduce the surface energy.28 In particular, it is of importance to realize the Cassie-Baxter state,29 considering a composite solid-liquid-air interface. In this condition, the contact angle is determined by the roughness and direct contact area between the liquid and the surface. The specific structure so-called re-entrant confers the solid surface with surprising liquid repellency by trapping air underneath the liquid, which can be possible even if the intrinsic properties of substances are not hydrophobic.30 The re-entrant structure is beneficial to retard membrane wetting, as well as inflow of water vapor into membrane pores, due to the large area of the membrane in contact with air. Recently, an Elimelech research group explained an effect of different fluoroalkyl-chain lengths, with or without any morphologic modification, on the wetting resistance to low surface-tension liquids with dealing with re-entrant structure, and applied it to direct-contact MD (DCMD), using a synthetic wastewater containing different types of contaminant.30, 31 The application of the nanomaterial or chemical of a long fluoroalkyl chain is a useful method, but it can give rise to environmental problems.32, 33
	Herein, we report a non-fluorine polydimethylsiloxane (PDMS) polymer that is suitable for the fabrication of a tailored membrane for MD due to its low surface energy. While PDMS has been used widely for the formation of hydrophobic surfaces in other research areas,35–37 the employment of PDMS for the fabrication of an MD membrane is until now very limited, due to its low molecular weight. Combinations of nanoparticles,38 or another polymer,39 are typically adopted for hydrophobic MD membranes. With regard to membrane-surface modification for which PDMS is used with another polymer, it was recently reported that robust superhydrophobic fabrics were achieved via the squeezing of PVDF/PDMS-solution wetted fabrics with a scraping bar, and the subsequent placement of the fabrics into a non-solvent water.40 Moreover, J. Park et al.41 and J. Gao et al.42 attained superhydrophobic surface modifications based on the principle of polymeric phase inversion by using electrospraying with polyimide and polymethylmethacrylate, respectively.
	In the context of the previous studies regarding surface modifications for which the mixed polymer of PVDF/PDMS and electrospraying with another polymer are used, a straightforward PVDF/PDMS-based electrospraying technique can be a versatile method for the modification of the membrane-surface properties without additional inorganic materials or functional chemicals. Therefore, in this study, the fabrication of a tailored membrane for MD was attempted by preparing an electrospun membrane, followed by the coating of ragged polymeric microspheres with a mixture of PVDF and PDMS. The mechanism associated with the microspherical formation and its unique structure was elucidated through experimental investigations with different polymeric solutions and operating conditions. The wetting resistance of the fabricated membranes was evaluated according to the membrane characteristics and the DCMD operation, for which synthetic wastewater was used with the raising of the concentration of sodium dodecyl sulfate (SDS). 

2. Materials and methods
2.1 Materials
[bookmark: _Hlk485640708]To prepare the polymeric solution for the electrospinning and electrospraying processes, polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP, Mw = 455,000 g mol-1), polyvinylidene fluoride (PVDF, Mw = 530,000 g mol-1), lithium chloride (LiCl), N-dimethylformamide (DMF), tetrahydrofuran (THF), and acetone were purchased from Sigma-Aldrich. Sodium dodecyl sulfate (SDS) with ACS reagent grade was used to control the surface tension of feed water. PDMS (Sylgard® 184) that is composed of a silicon-elastomer base and curing set (10:1 wt/wt), another polymer for electrospraying, was purchased from Dow Corning Corporation. A commercial PVDF (hereafter, C-PVDF) membrane (0.45 μm, HVHP) from Millipore Company was used as a reference membrane in the assessment of the MD performance. 

2.2 Membrane fabrication
[bookmark: _Hlk486330007]To fabricate the electrospun membrane that was used as the scaffold membrane for the microsphere-coated membrane, the dope solution was prepared by adding PVDF-HFP into the mixed solvent with N-dimethylformamide (DMF) and acetone with a small LiCl2, followed by stirring at 70 °C until the polymer was dissolved completely for 12 h. The dope solution (PVDF-HFP:DMF:acetone = 15:59.5:25.5, wt.%) was degassed during the stirring under an ambient temperature, before it was employed in the electrospinning. The electrospun membranes were obtained through the accumulation of charged (16 kV) nanofibers on a collector (15 cm from the nozzle) with a flow rate of 0.7 mL/h. The electrospun membrane without the coating (hereafter, E-PH) was prepared by drying the detached membrane from the collector in an oven at 60 °C for more than one day. Table 1 shows that to prepare the dope solution for the electrospraying, the designated concentration of crosslinked PDMS by mixed precursor and curing agent (10:1 wt%) was dissolved in a mixed solvent with DMF and THF (1:1 wt.%) via a 1 h sonication, followed by a stirring at 80 °C for 4 h. A certain amount of PVDF, 1%, 3% and 5% (hereafter, E1, E3, and E5, respectively). was added to the completely dissolved 3% PDMS solution, and the PVDF/PDMS solution was stirred until the solution became homogenous. The prepared relatively low-concentration polymer solution was employed in the electrospraying process that was carried out directly on the prepared electrospun membrane with PVDF-HFP. Figure 1 shows such a simple fabrication process. The electrospraying operation conditions are a 14-kV voltage, an 8 cm tip-to-collector distance, and a 1.5 mL/h flow rate. The prepared PVDF/PDMS-coated electrospun membrane was dried in an oven to remove the remaining solvents. In this study, two kinds of coated membrane with well-formed polymeric microspheres were obtained through the use of a combination of 2% PVDF and 3% or 5% PDMS (hereafter, E-M3 and E-M5, respectively). 
[bookmark: _Hlk485657645]Table 1. Contents of dope solutions used for electrospraying.
	Membranes
	PVDF
(wt%)
	PDMS
(wt%)
	DMF
(wt%)
	THF
(wt%)

	PVDF-1% PDMS-3% (E1)
	1
	3
	48
	48

	PVDF-3% PDMS-3% (E3)
	3
	3
	47
	47

	PVDF-5% PDMS-3% (E5)
	5
	3
	46
	46

	PVDF-2% PDMS-3% (E-M3)
	2
	3
	47.5
	47.5

	PVDF-2% PDMS-5% (E-M5)
	2
	5
	46.5
	46.5



[image: ]
Figure 1. Fabrication process of the polymeric-microsphere-coated membrane.
2.3 Membrane characterizations
[bookmark: _Hlk486330618]Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) techniques were employed to analyze the physicochemical properties of the membrane surface. The surface morphology of the completely dried membranes with the gold coating was visualized by EVO MA 10 (Zeiss, Germany) scanning electron microscopy at an accelerating voltage of 20 kV. The chemical composition of the membrane surface was examined by XPS (PHI-5802, Physical Electronics) and FTIR (IRAffinity-1, Shimadzu). Regarding the FTIR, the attenuated total reflectance (ATR) mode was used, due to the thickness of the membranes. The surface roughness and topography was measured by an optical profiler for 3D surface height measurements of precision surfaces (Wyko NT9300, Vecco, USA).
	The pore-size distribution was measured using a calculation with a Young-Laplace formula, for which the data from a capillary flow porometer (POROLUXTM1000, Germany) were used, based on the displacement of a wetting agent (POROFIL, surface tension 16 mN/m). During the application of pressure on the membrane samples covered with water in the same equipment, the highest pressure immediately before the water infiltration was regarded as the liquid entry pressure (LEP) of a water-repellence indicator, like that of the authors’ previous study.9 The contact angles and the contact-angle hysteresis were measured using a geometrical method (sessile drop), for which a drop shape analyzer (DSA 100, Kruss, Germany) was used. During the measurement of the advancing (receding) angles, a sharply pointed needle was used to position the needle at the center of the water droplet; regarding the use of the original needle, the water droplet easily moved to the other side, due to the hydrophobic membrane surface, and the surface tension of the droplet. The membrane porosity was calculated by using the weight difference between the completely wetted membrane with 1-butanol and the dry membrane with the material densities of wetting solution and the polymer. The membrane thickness was measured using Digital Calipers (Mitutoya, U.S.A.). All the measurements regarding the membrane properties were in triplicate. 

2.4 Direct-contact membrane distillation (DCMD)  
[bookmark: _Hlk486330094]The DCMD test was performed using custom-made lab-scale equipment that was composed of a feed (permeate) container, gear pumps, flow meters, and a temperature controller. The feed (60 ± 0.5 °C) was initially filled with 3 L of a 3.5 % NaCl solution containing 0.1 mM SDS, and the SDS concentration was increased by 0.1 mM at 4 h intervals. The reduced feed quantity was supplemented with deionized water (DIW) every 4 h with the additional SDS. The permeate container (20 ± 0.5 °C) with 1.5 L of DIW was placed on an electronic balance that was connected to a computer. The electrical conductivity and the vapor permeability were obtained from a permeate-submerged conductivity probe, and the amount of permeate stored in the container was changed. The effective membrane area was 9.8 cm2, and all of the tubes were insulated to minimize the heat loss and the temperature fluctuation.

3. Results and Discussion
3.1 Morphology and formation mechanism of the PVDF-co-PDMS microspheres 
3.1.1. Polymer concentration for the formation of microspheres 
Under the application of the suitable voltage to the metallic nozzle, a charged polymeric solution emerged from the nozzle, and was placed in an electrical field that is subjected to electrostatic repulsion and coulombic force. Subsequently, the formation of the polymeric fibers or particles is determined by the degree of entanglement, which is influenced by the concentration and the molecular weight of the polymers. In the two kinds of polymer mixture, the PVDF played the roles of an entanglement controller and an electrospraying inducer, due to its large polymeric chains and electric conductivity compared with those of the PDMS. The low polymeric-solution concentration that departed from the nozzle was not converted to nanofibers, but a number of droplets were formed by the repulsive force between the positively charged polymer molecules because of the low entanglement of the solution, which could not enable the fabrication of nanofibers. 
	Under the application of the PDMS solution in the electrospraying, polymeric microspheres are not evident in the SEM imagery, in spite of the high PDMS concentration (20%), so the hydrophobic surface could not be expected. In consideration of the previous study wherein another polymer was added into the PDMS to create well-formed nanofibers, it is implied here that the PDMS entanglement was deficient, not only for the nanofiber fabrication, but also for the fabrication of the polymeric particles.43 However, in this study, a large amount of the PVDF was not required for the formation of the polymeric particles, and therefore the minimum PVDF quantity for the maintenance of small polymeric droplets in the electrical field is regarded as an optimal dosage. Various surface morphologies can be seen in Figs. 2 (b)–(d), depending on different PVDF concentrations (E1, E3, and E5). Regarding the E1 (PVDF-1% PDMS-3%), the electrospun membrane was covered with a ragged polymeric layer without pores. With a small amount of PVDF addition, the polymeric particles could be formed during its flying over the electrical field, but the preservation of the microspherical shape is not possible, due to the collision against the collector. Unlike the E1, various sizes of the irregular-shaped beads with a smooth spherical surface were observed through the increasing of the PVDF concentration by 3% (E3), and a number of inter-bead thin fibers were also observed. With the increase of the PVDF concentration up to 5% (E5), the size and number of the beads were decreased, and the film formation exhibited a characteristic of the electrospinning process through the use of a low PVDF concentration.44 In addition, no structure that was favorable to the enhanced hydrophobicity in the bead surface (i.e., wrinkled patterns or nano-sized bumps) was found. Such a different surface morphology is likely due to the polymer entanglements that are elucidated in the subsequent explanation regarding the formation mechanism of the microspheres, and their surface morphology. 
	The polymeric mixture is composed of PVDF and PDMS that could be well dissolved in DMF and THF, respectively; that is, both solvents are miscible with each other. During the movement of the polymeric droplets, THF evaporated rapidly compared with DMF, owing to its high volatility; therefore, THF molecules migrated toward the microspherical surface immediately with PDMS molecules, because PDMS could only be dissolved in THF. Due to the miscibility between DMF and THF, it is possible for a small PVDF portion to move to the surface region, which is confirmed via the surface chemical-composition analysis in Section 3.2. 
	With its influence on the interfacial behavior, the solvent-evaporation rate is one of the crucial factors in the determination of the surface morphology with an influence on the interfacial behavior. During the evaporation of THF, the PDMS molecules could not congregate for the formation of a uniform surface morphology due to an insufficient time frame, and in consideration of the short polymeric chains of the PDMS, and the fast evaporation rate of the THF. With regard to the polymeric entanglements, a relatively smooth bead surface was observed with the increasing of the PVDF concentration of the long polymeric chains (Figs. 2 (c) and (d)); this is because the polymeric entanglements are sufficiently large to recover the uniform distribution. Furthermore, the solvent evaporation induced a cooling effect on the surface region, allowing the water-vapor molecules in the atmosphere to be condensed on the microspherical surface. Phase separation occurred due to the condensed water vapor, and the migration of the non-solvent DMF to the PDMS combined with the interfacial instability caused the ragged morphology on the microspherical surface. Figure 2 (a) shows a schematic of the unique surface morphology of the microspheres that formed near the nozzle that occurred during the traveling process.
[image: ]
Figure 2. (a) Schematic of the formation of the ragged polymeric microspheres. SEM imagery of the electrospun membranes that were coated by means of the electrospraying with: (b) E1 (PVDF-1% PDMS-3%), (c) E3 (PVDF-3% PDMS-3%), and (d) E5 (PVDF-5% PDMS-3). The humidity during the operations is from 55% to 60%. 
[bookmark: _Hlk485667396][bookmark: _Hlk486330525]	To closely examine the roughness of a large sample area (88.8 μm × 66.4 μm) of precision surfaces in 3D, Supplementary Fig. S1 shows the optical profile images that were obtained. The E-M3 (Ra: 1,260 nm) and E3 (Ra: 1,110 nm) membranes exhibit a rougher surface than that of E1(Ra: 933.85 nm) and E5 (Ra: 920.46 nm) due to microspheres formation. The colors matching the surface height were visualized in the order of red > green > blue. 
[bookmark: _Hlk485663786][bookmark: _Hlk485664327][bookmark: _Hlk486330164]3.1.2 Solidification under the low humidity
[bookmark: _Hlk485646586][bookmark: _Hlk485646757]Interestingly, the well-formed microspheres with many bumps could not be obtained under a relatively low humidity (less than 40%), despite the suitable polymeric entanglements, such as E-M3 (i.e. PVDF-2% PDMS-3%). Primarily, the formation and the mechanical stability of the polymeric microspheres were predominantly affected by the polymeric entanglement. However, despite the fact that low humidity could accelerate the rate of solvent evaporation, due to a relatively small amount of water vapor supposed to be condensed on the microspheres, the well-formed microspheres could not be obtained under a relatively low humidity. Figure S2 shows that the solidification is dominant for the retention of the microspherical shape, after the collision of microspheres against the collector.

3.2 Morphology and chemical composition of the microsphere-coating membrane surface
[bookmark: _Hlk486331378]In the previous section, the formation of the well-formed microspheres with bumps on the surface was elucidated through the contributions of PVDF concentration and the humidity. Figure 3 (a) shows that such hierarchically structured microspheres were obtained in the polymeric condition of PVDF-2% PDMS-3%. Considering the lower surface energy of PDMS compared with the PVDF,45 it was expected that an increase of PDMS concentration would be beneficial to water-repellent properties for the anti-wetting of the membrane; however, with the increasing of PDMS concentration to 5% (E-M5), the bumps on the microsphere disappeared, or the wrinkled pattern became vague. As mentioned in the previous Section 3.1, the surface morphology of microspheres was determined by the interfacial behavior and the migration of PDMS molecules to outer layer of microspheres resulting from solvent evaporation. Therefore, during the evaporation of THF, the higher concentration of PDMS allows denser and bigger microspheres leading to smooth surface, rather than winkled pattern with bumps on the microspheres.  
[bookmark: _Hlk486330999]In addition, the size of the microsphere of E-M5 was found larger and uniform (1.99 ± 0.21 µm) compared to that of the E-M3 (1.47 ± 0.33 µm) using Image J (NIH, USA), which is attributed to the increased entanglement. At the coating conditions of the PVDF-3% PDMS-3% (Fig. 2 (c)) and the PVDF-2% PDMS-5% (Fig. 3 (b)), 1% of PVDF and 2% of PDMS were increased, respectively, compared with the PVDF-2% PDMS-3%. While a large bead size with a smooth surface morphology and inter-bead linked nanofibers were formed at the former, less-wrinkled patterns and partially linked microspheres were observed at the latter, this is because, compared with PDMS, the longer polymeric chain of PVDF could impact the total entanglement more significantly, albeit with a small addition.
[image: ]
[bookmark: _Hlk485668536]Figure 3. SEM imagery of the electrospun membrane coated with the micropheres using: (a) PVDF-2% PDMS-3% (E-M3), and (b) PVDF-2% PDMS-5% (E-M5). The humidity during the operations is from 55% to 60%.
[bookmark: _Hlk486330421]	Figure 4 (a) of the FTIR analysis shows that the surface layers of the three kinds of membrane reveal PVDF characteristics that are composed of the chemical compositions of C-H and C-F due to the electrospinning (or elestrospraying), for which the PVDF copolymer and the mixture of PVDF and PDMS were used. The stretching vibration of the C-H bonds, the symmetrical stretching of the C-F bonds, and the skeletal vibration of the C-C bond were observed at the peaks of 1,400, 1,168, and 877 cm-1, respectively, in all of the membranes.46–48 Further evidence of PVDF, the crystallization-induced β phase, was confirmed at the peak of 840 cm-1. Regarding the E-M3 and the E-M5, the PVDF-associated peak intensities were alleviated, which is attributable to the dilution from the addition of PDMS. Instead, both membranes had multi-component peaks in the region from 1,000 to 1,100 cm-1, and the obvious peak at around 800 cm-1 corresponds to the Si-O-Si stretching and the Si(CH3)2 rocking.48, 49 Another characteristic peak of PDMS was shown between 1,240 and 1,280 cm-1 attributed to Si-CH3 deformation, which was more obvious in the E-M5 as the peak of 800 cm-1.50 Due to a large portion of fluorine in PVDF-HFP, XPS spectra of the E-PH showed a quite-strong F1s peak, and a small C1s peak. In the cases of the E-M3 and the E-M5 that were coated by the mixture of PVDF and PDMS, a relatively intensive O1s peak was evidence of the Si-O-Si bond compared with the E-PH,51 and a new Si2p peak that could be deconvoluted into the two components of the Si-C and the Si-O was exhibited;52 however, in spite of the addition of PVDF, an F1s peak did not appear. Considering the XPS focus on the surface chemical-composition analysis, this result was in line with the depiction of the microsphere-formation mechanism that is associated with the migration of PDMS molecules. 
[image: ]
Figure 4. (a) FTIR spectra of the electrospun membrane without (E-PH) and with the micropheres using PVDF-2% PDMS-3% (E-M3) and PVDF-2% PDMS-5% (E-M5). XPS spectra of: (b) E-PH, (c) E-M3, and (d) E-M5.

3.3 Hydrophobic property
Compared with the phase-inversion-fabricated commercial membrane, the electrospun membrane showed a relatively high contact angle (141.1°) due to the unique nanofiber structure, thereby resulting in a high roughness value.53 However, the size of the space formed by the nanofibers and the intrinsic chemical properties of the polymer were not appropriate for the exhibition of a superhydrophobic surface (higher contact angle than 150°). Regarding the membrane-coated microspheres, although the mixture of PVDF and PDMS was used for the formation of the polymeric microspheres, their surface was mainly composed of PDMS, whose surface energy is lower than that of the PVDF. Moreover, the voids of the three phases (i.e., solid, liquid, and vapor) that face each other were formed among the microspheres, or on their ragged surface. Consequently, the coated membrane presented a high contact angle. Compared with the E-M3, the hydrophobicity of the E-M5 diminished despite the high portion of PDMS, due to the fact that the previously mentioned void structure disappeared or decreased. 
	Figure 5 shows that the advancing angles of each membrane were slightly higher than the corresponding contact angles; this is because, while the contact angle was measured by dropping 0.5 μL of water, the advancing angle with the maximum volume of approximately 15 μL was measured without increase of the three-phase line during the gradual water injection. The receding angle was determined by the interfacial behavior between water and membrane surface. In the case of the E-PH, the empty space on the surface was already filled with water in the contact area, so that the minimum contact angle that was formed during the pulling of the water through the needle was lower than 90°. Alternatively, the unique surface structure of the E-M3 conferred a small gap between the advancing and receding angles that resulted from a non-wetting Cassie state. During the continuation of the water withdrawal, the contact area between the water droplet and the membrane surface was reduced, and finally the remaining water droplet jumped toward the needle (Fig. 5 (d)), which means that the adhesive force among the water molecules was stronger than that between the water molecules and the polymeric membrane surface. Considering the SEM imagery of Fig. 3 (b) and the advancing (receding) angles, the E-M5 membrane surface seems to be in an intermediate state between Wenzel and Cassie states. The disappearance or ambiguity of the bumps on the microspheres allowed the water molecules to partially intrude into the void (air pocket) that formed on the microspherical surface, which resulted in a relatively small receding angle compared with that of the E-M3. Consequently, even with its superhydrophobicity, the E-M5 did not display water-droplet jumping.
	Higher CA values in the order of E-M3 > E-M5 > E-PH were consistent even with the contact angle of SDS (Table 2). This implies that the produced membrane has the potential to repel low surface tension liquid, such as SDS. 
[bookmark: _Hlk485649622][image: ]
Figure 5. Contact-angle hysteresis of (a) neat electrospun membrane (E-PH) and coated membrane with micropheres, using (b) E-M3, and (c) E-M5. (d) Droplet movement at the end of the process that decreased the volume of the water droplet. 
3.4 Other membrane properties
In the measurement based on the capillary-flow porometry, while similar mean-pore-size values were shown in the commercial membrane and both microsphere-coating membranes, the C-PVDF that was made by the phase-inversion method exhibited the smallest maximum pore size, which considerably influences the LEP. In a comparison of the electrospun membrane with and without the microspherical coating, the mean pore size of the electrospun membrane was decreased by more than 20% after the microsphere-coating process. When the electrospraying was employed on the membrane, the membrane still contained a certain amount of solvent, and this means that the pore that resulted from the interconnected fibers could easily be affected by a collision of the polymeric microspheres. Moreover, the upper layer composed of numerous microspheres can confer different spatial properties from the nanofiber-formed void. The various sizes of the E-M3 microspheres are beneficial for the dense structure (small pore size), compared with the relatively large and uniform size of the E-M5. The similar mean pore size of the E-M5 seems to be allowed by the linked structure between the microspheres. Commonly, the pore size of the electrospun membrane is primarily determined by the polymeric concentration. Polymeric-microsphere coating is another method that can be applied to control the membrane pore size with the improvement of the surface hydrophobicity of the membranes. Also, the surface layer of the microspheres is attached firmly on the membrane, due to the incompletely evaporated polymeric microspheres.
	Table 2 shows that the electrospun membrane revealed a much larger porosity than the commercial membrane that was fabricated based on the phase inversion; however, after the microspherical coating, the porosity was reduced, but it was still larger than that of the commercial membrane. The polymeric microspheres of the electrospraying contain a large amount of solvent, compared with those of the normal electrospinning. The pressure occurs when the heaviness of the microspheres that bump against the prepared electrospun membrane is sufficient to compress the membrane. The flexible structure of the accumulated nanofibers that needs more time for the solvent evaporation was easily modified by such a microspherical collision.
Table 2. Characteristics of the commercial and prepared electrospun membranes 
	Code
	Mean pore 
Size (µm)
	Thickness
(µm)
	Porosity
(%)
	LEP
(kPa)
	Water Contact 
angle (º)
	SDS Contact 
angle (º)
	Initial flux*
(L/m2/h)

	C-PVDF
	0.42±0.02
	100±1
	59.2±0.7
	111.0±1.5
	117.9±1.6
	43.7±1.9
	20.7

	E-PH
	0.53±0.02
	82±4
	89.5±0.3
	87.5±2.2
	141.1±0.9
	78.2±2.5
	37.2

	E-M3
	0.40±0.05
	86±2
	77.2±0.5
	104.1±4.2
	156.9±3.2
	128.1±2.7
	31.5

	E-M5
	0.40±0.03
	84±2
	72.4±0.5
	107.0±1.6
	153.8±2.1
	119.7±3.6
	28.8


* Initial flux was calucated as an average value of the first 30 min of experiment 
	Theoretically, the LEP is determined by the geometric structure of the pores, the liquid surface tension, the liquid/solid contact angle, and the maximum pore size.54 Although the contact angle of the C-PVDF was the lowest, the largest LEP value was observed, due to the small maximum pore size. Compared with the E-PH with the lowest LEP that resulted from the largest maximum pore size, the LEPs of both microsphere-coating membranes were significantly enhanced, because the pore size was controlled, in addition to the considerable improvement of the surface hydrophobicity. When the 0.3 mM SDS solution was used for the LEP measurement, the LEP values of the C-PVDF, E-PH, and microsphere-coating membranes (E-M3 and E-M5) were decreased by approximately 19%, 15%, and 10%, respectively. Such different LEP drops are attributed to the different polymers and morphologies of the membrane surface. The cylindrical morphology of the nanofibers in the E-PH is more resistant to the intrusion of the lower-surface-tension liquid, compared with that of water, due to the high contact angle. In particular, in both the E-M3 and the E-M5, the microspheres whose surface mainly consists of the PDMS with small bumps are fairly efficient in preventing the LEP drop.
	However, the microsphere-coating membrane did not possess hydrophobicity against low-surface-tension liquids, such as oil and ethanol. As seen in the comparison of the omniphobic and prepared membranes (Fig. 6), both of the membranes showed water-repellent properties due to the intrinsic high contact angles (θ1 and θ3) of the fluoroalkyl-silane coating layer and PMDS. When a low-surface-tension liquid like oil or ethanol is employed, the contact angles (θ2 and θ4) are lower than the water contact angles (θ1 and θ3). Regarding Fig. 6 (a), the spherical type of nanoparticle that is coated with fluoroalkyl silane is favorable to the re-entrant topology, so that the omniphobicity was possible, despite the lower contact angle (θ2 < θ1), which means the air pocket can be retained.55 In contrast, the bumps on the surface of the microsphere-coating membrane exhibited a hemispherical shape with a larger size compared to the nanoparticle. Morphologically, this structure requires a higher contact angle (θ4 > θ2) to hold the low-surface-tension liquid on the bumps; that is, the omniphobicity. According to the previous study,56 fluorocarbons are more hydrophobic than hydrocarbons. The intrinsic contact angle of PDMS56, 57 (104.7° or 109.3°) was reported as slightly lower or similar to the fluoroalkyl-silane coating layer32 (109°); therefore, the bumpy structure of the current microsphere-coating membrane needs to be improved to attain the omniphobicity. But the coating layer was fabricated using polymers, without any nano/microparticles or chemicals. 
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Figure 6. Schematics of (a) omniphobic-surface structure built with nanocomposites and fluoroalkyl-silane coating in a previous study,32 and (b) superhydrophobic-surface structure in the polymeric-microsphere-coating membrane of this study.

3.5 Membrane performance in the direct-contact membrane distillation (DCMD)
Because real seawater contains a certain salinity, as well as diverse kinds of inorganic salt with natural organic matter (NOM), the fouling behavior of MD for desalination is very complicated, and difficult to predict. Humic acid (HA), which due to its affinity with hydrophobic membranes is a major foulant,59 can affect the membrane performance of MD, by decreasing the surface tension of raw water.60 Therefore, to preserve hydrophobic membranes from the wetting in the MD that is for desalination, the MD membrane needs to be somewhat repellent against liquids with a lower surface tension than common water (72.8 mN/m at 20 °C).
[bookmark: _Hlk486331208]	To investigate the wettability and desalination performance of our engineered membrane toward low surface tension seawater, we performed DCMD using feed solution varying in surface tension. When an SDS, representative surfactant, which is an amphiphilic organic compound, is present in saline water, it significantly reduces the surface tension of the medium. Therefore, a feed of synthetic seawater (3.5% NaCl) surface tension was reduced by adding 0.1 mM SDS to 0.3 mM every 4 h during the DCMD operation. The surface tensions of the solutions are appropriately 48, 41.4, and 37 mN/m based on the surface-tension variation, and depending on the SDS and NaCl concentrations at the temperature of 60 °C.61 Considering the declined values of the surface tension from the addition of various types of HA,62 the current feed water was suitable for the simulation of a harsh condition for desalination. 
	As mentioned in Table 2, all the membranes showed hydrophobic properties at the lowest contact angle of 117.9°, and a considerable resistance against DIW, which was evaluated according to the LEP. However, when the 3.5 % NaCl solution was employed with the 0.1 mM SDS as the feed, the membrane wetting rapidly decreased the water flux and the salt-removal efficiency of the E-PH. Topographically, the nanofiber accumulation of an electrospun membrane confers a re-entrant structure that favors the obstruction of water intrusion inside the membrane. Nevertheless, the prepared electrospun membrane of the E-PH exhibited low permeability and DCMD-operation selectivity, compared with the commercial membrane, due to the large pore size. Although the C-PVDF that was made based on the phase inversion represents the lowest contact-angle value because of a disadvantageous surface morphology, an adequate resistance to the feed water was initially observed. But after 150 min of operation time, the vapor permeability began to decline, and eventually the membrane was wetted completely after the addition of another SDS of 0.1 mM; this is because the surface morphology of the C-PVDF was not close to the re-entrant structure, and the short chain of PVDF composed of the C-H2 and C-F2 was not enough to keep the hydrophobicity to low-surface-tension liquids (41.4 mN/m). 
[bookmark: _Hlk485667211]In both cases of the membranes that were coated with the microspheres, a flux drop and a significant deterioration of the permeate-water quality were not observed for 4 h under the condition of the 0.1 mM SDS. It is implied here that the re-entrant structure that was built by the low surface energy polymeric microspheres is effective for moderately low surface tension liquids (48 mN/m) in the DCMD for desalination. The membrane pores of the E-M3 and the E-M5 were partially blocked due to the wetting with an increase of the SDS concentration to 0.2 mM (41.4 mN/m), and then a severe wetting occurred abruptly with the consecutive addition of the SDS that reached the concentration of 0.3 mM (37 mN/m). 
[bookmark: _Hlk485667304]	Recently, studies31, 62, 63 related to the membrane modification in the targeting of wastewater with a low surface tension were reported with respect to the MD operation. Compared with these membranes, the proposed microsphere-coated membrane is not proper for MD-process applications for wastewater containing low-surface-tension liquids, such as oil and ethanol; but it is sufficiently hydrophobic to be employed in the treatment of seawater including NOM. Additionally, while the previously mentioned membranes were modified through the use of nanocomposite and hydrophobic chemicals, the proposed membrane was fabricated by a simple electrospraying with polymers.
[image: ]
Figure 7. DCMD using 3.5% NaCl including varying amounts of the SDS at the 20 °C permeate and 60 °C feed of (a) commercial membrane (C-PVDF), and (b) neat electrospun membrane (E-PH) and coated membrane with micropheres, using (c) PVDF-2% PDMS-3% (E-M3), and (d) PVDF-2% PDMS-5% (E-M5). J and J0 are the current and initial fluxes. 
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