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Abstract

:

In the present study, nanocomposite ultrafiltration membranes were prepared by incorporating nanotubes clay halloysite (HNTs) into polysulfone (PSF) and PSF/polyvinylpyrrolidone (PVP) dope solutions followed by membrane casting using phase inversion method. Characterization of HNTs were conducted using scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and thermogravimetric (TGA) analysis. The pore structure, morphology, hydrophilicity and mechanical properties of the composite membranes were characterized by using SEM, water contact angle (WCA) measurements, and dynamic mechanical analysis. It was shown that the incorporation of HNTs enhanced hydrophilicity and mechanical properties of the prepared PSF membranes. Compared to the pristine PSF membrane, results show that the total porosity and pore size of PSF/HNTs composite membranes increased when HNTs loadings were more than 0.5 wt % and 1.0 wt %, respectively. These findings correlate well with changes in water flux of the prepared membranes. It was observed that HNTs were homogenously dispersed within the PSF membrane matrix at HNTs content of 0.1 to 0.5 wt % and the PSF/HNTs membranes prepared by incorporating 0.2 wt % HNTs loading possess the optimal mechanical properties in terms of elastic modulus and yield stress. In the case of the PSF/PVP matrix, the optimal mechanical properties were obtained with 0.3 wt % of HNTs because PVP enhances the HNTs distribution. Results of bovine serum albumin (BSA) filtration tests indicated that PSF/0.2 wt % HNTs membrane exhibited high BSA rejection and notable anti-fouling properties.






Keywords:


nanocomposite membranes; polysulfone; halloysite; porous structure; mechanical properties












1. Introduction


Currently, polymeric membranes, due to their low cost, ease of processing, and chemical stability [1,2,3], are widely utilized in numerous membrane based processes, such as gas separation [4,5], pervaporation [6,7], desalination, and water treatment [8,9,10]. Polysulfone (PSF) is one of the most popular and broadly used polymers for the fabrication of microfiltration (MF) and ultrafiltration (UF) membranes [11,12]. In addition, PSF is used for the preparation of porous supports for nanofiltration (NF), reverse osmosis (RO), and forward osmosis (FO) membranes [11,13]. PSF has good chemical, thermal, and mechanical properties as well as an excellent film forming potential and tolerance to a wide range of pH [12,14]. However, the main shortcoming of PSF as a membrane material is the hydrophobic nature of this polymer, which causes PSF membrane fouling and relatively low tensile strength [12,15]. Mechanical properties, such as elastic modulus and yield stress, are important characteristics for polymeric membranes used for pressure-driven membrane processes [16]. Under operating pressure, the membranes undergo physical compaction that causes an irreversible loss of water flux [17]. Also, polymers with low tensile strength are more sensitive to failure under operating pressure or hydraulic stresses imposed by membrane backwashing procedure [18]. To improve the membranes’ elastic modulus and yield stress, the incorporation of inorganic materials that have excellent mechanical and functional properties to membrane polymeric matrices can be used [19].



Inorganic nanomaterials, such as zeolite, graphite, graphene oxide (GO), and silica, have been incorporated into the membrane polymer matrix to enhance its performance and properties [20,21,22,23]. One of the challenges associated with the use of inorganic nanomaterials is their tendency for agglomeration in the polymer matrix [24]. The amount of nanomaterial incorporated into polymer should be optimized to enhance interactions at a polymer-filler interface and minimize agglomeration of the nanomaterial [25]. Studies suggested that using one-dimensional (1D) and two-dimensional (2D) inorganic nanomaterials results in a more even distribution within the membrane matrix and decreases leakage of the nanomaterials from the membrane [24,26].



Among the 1D nanomaterials that have been used in mixed-matrix membranes are carbon nanotubes (CNTs), which gained interest in the synthesis of novel nanocomposite membranes for water treatment [27]. Incorporation of CNTs into the polymer matrix has shown promising results in improving membrane anti-fouling behavior, mechanical strength, membrane rejection, and water flux [28,29,30]. However, the high cost of CNTs is one of the main factors that limits CNTs application in membrane preparation [31]. Additionally, some studies show the toxic effect of CNTs on human health [32] if they leaked out from the membrane to the treated water.



Halloysite (HNTs) is a type of 1D nano-sized clay minerals composed of aluminosilicate [33]. HNTs are naturally existing 1:1 multi-walled inorganic nanotubes built of tetrahedral (SiO) and octahedral (Al–OH) sheets, which has the chemical formula of Al2(OH)4Si2O5·nH2O [34]. It was shown that HNTs possess a combination of unique characteristics, such as tubular nanostructure, high aspect ratio, natural abundance, availability of functional groups, excellent biocompatibility, and strong mechanical strength [35,36,37]. The length of HNTs varies from 200 to 2000 nm with its internal and external diameter ranging from 10 to 40 nm and 40 to 70 nm, respectively [35]. The difference between most clays and HNTs is that the aluminol sheets are found inside the tubular structure of HNTs. Figure 1 represents a schematic diagram of HNTs nanotube and its chemical structure.



In recent decades, HNTs have attracted remarkable scientific attention due to their exceptional physicochemical properties and have been employed as a filler in polymeric materials, a guest loading carrier for controlled release of the guest molecules, and as an absorbent for pollutant removal from water [38,39].



Even though research on HNTs-polymer based membranes in water treatment applications are starting to grow since the last few years, there is still a paucity of studies on HNTs/polymer-based membranes compared to research conducted on CNTs/polymer-based membranes. Figure 2 shows a comparison of the annual number of scientific publications on the CNTs and HNTs composite membranes.



Mu et al. [40] prepared L-DOPA (L-DOPA is a mixture of hormone and amino acid produced naturally by many plants and animals [41]) functionalized HNTs (LDPHNT) and blended them in different ratios with cellulose acetate (CA) polymeric membrane. It was observed that the introduction of LDPHNT to CA membrane resulted in an increase in the number and size of the membrane’s surface pores, higher hydrophilicity, notable enhancement in mechanical properties, and a better anti-fouling performance for CA/LDPHNT hybrid membranes [40]. Zhu et al. [42] modified HNTs with poly (sodium-p-styrenesulfonate) (PSS) to be sandwiched between two layers of porous reduced graphene oxide (PRGO) and used it as an upholder to expand the interlayer space between adjacent PRGO sheets. PRGO/HNTs-PSS mixtures of different concentrations were prepared and immobilized onto a PAN-based membrane surface using an in-situ evaporation technique. It was shown that the pure water flux of the prepared nanocomposite membranes was improved due to the sandwiched structure of the additive, which provides more pathways and facilitates the passage of water [42]. Hebbar et al. [43] fabricated nanocomposite hollow fiber membranes using the dry–wet spin method. Their membranes were composed of different loading of HNTs that were chemically modified with poly (m-aminophenol) (PHNTs) and added to the polyetherimide membrane matrix. The study showed that the addition of 2 wt % of PHNTs increases both membrane porosity to 65.8%, reduce contact angle to 64.8°, and increase surface energy to 102.6 mN/m. As a result, the pure water flux increased to 104.9 L/m2h, and flux recovery after filtration of dyes solutions reached up to 90.3%. In addition, the rejection of both Reactive Red-120 and Reactive Black-5 dyes were found to reach 97% and 94%, respectively [43]. Ibrahim et al. [44] described the use of tannic acid (TA) to modify HNTs through one step self-polymerization. The modified HNTs (THNTs) were then incorporated into PSF with a PVP dope solution to fabricate loose hollow fiber NF membranes. In the study, it was observed that the number of macrovoids elevated in both sides of the membranes as the concentration of THNTs increased. Their membranes exhibited a reduction in water contact angle measurements as THNTs loading increased. It was also shown that the membrane with 0.36 g of THNTs exhibited increased porosity, surface charge, highest pure water flux of 92 L/m2h, and a rejection of >99% and >97.5% for reactive black 5 and reactive orange 16 dyes, respectively. Ghanbari et al. [45] prepared FO substrates composed of PSF with varying concentrations of HNTs (0.25, 0.5, 1.0 wt %) and examined the influence of HNTs on morphology and performance of thin film nanocomposite (TFN) FO membranes. It was observed that hydrophilicity, mean pore radius, total porosity, and pure water flux increased with increasing HNTs contents. It was stated that the thickness of the FO substrate was reduced when elevating HNTs contents. The study also showed that the defects of enlarged voids and presence of HNTs observed on the surface of the substrate could affect the integrity of the polyamide layer that will be created on top of the substrate [45]. Swapna et al. [46] incorporated HNTs modified with telechelic polyetheramines into PSF membranes. It was found that at low HNTs loading, the porosity of the neat PSF membrane was higher than PSF/HNTs composite membranes. The thermal stability of composite membranes was found to be decreased due to the existence of aliphatic chains found in polyetheramines HNTs modifier, while the hydrophilicity was enhanced with increasing HNTs loading. Water uptake of composite membranes decreased when adding up to 5 wt % of modified HNTs, which was ascribed to a decrease in the free volume and to increase in tortuosity in the membrane matrix [46].



Despite the great contribution of the above-mentioned studies on inclusion of HNTs into polymeric membrane matrixes, previous studies used raw or modified HNTs embedding with other membrane polymers [40,42,43,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65] modified HNTs with PSF [46,66], raw HNT with PSF/PVP matrix for the preparation of porous substrate for thin film nanocomposite membranes [45,67] or used other membrane fabrication methods, such as the electrospinning technique [68,69].



The purpose of this study is to provide better insight into the effect of incorporation of raw HNTs into PSF membranes, particularly to gain a better understanding of how HNTs interact with a PSF polymer matrix. In addition, the study intended to investigate how different HNTs loadings affect morphology, porous structure, and performance with special focus on mechanical properties of PSF/HNTs nanocomposite membranes casted both with and without PVP additive.




2. Materials and Methods


2.1. Materials


PSF pellets (average molecular weight (Mw) ~35,000), N,N-dimethylacetamide (DMA, purity ≥99%), polyvinylpyrrolidone (PVP, average Mw 10,000), HNT (Mw 294.19), hydrochloric acid (37 wt %), Bovine Serum Albumin (BSA, 69 KDa) were obtained from Sigma-Aldrich® (St. Louis, MO, USA). Sodium hydroxide was purchased from Fisher Scientific® (Bishop Meadow Road, Loughborough, UK). Millipore deionized water (DI) was used to prepare all aqueous solutions.




2.2. Methodology


Preparation of PSF and PSF/HNT nanocomposite membranes were done using the following steps. A dope solution containing 16 wt % PSF and 84 wt % DMA was mixed at 25 °C for 24 h using a magnetic stirrer, allowing PSF to be completely dissolved in DMA and form a homogenous dope solution. Another dope solution was prepared the same way but with the addition of 1.0 wt % PVP to the PSF/DMA solution. Membrane casting solutions have been prepared by adding different HNT loadings of 0.0, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, 5.0 wt % to PSF/DMA or PSF/DMA/PVP solutions. Each mixture was sonicated at 25 °C for 30 min using a Q500 sonicator probe (Thomas Scientific, Swedesboro, NJ, USA) with maintaining continuous stirring using labForce digital hotplate stirrer (Thomas Scientific, Swedesboro, NJ, USA) to further improve dispersion of HNTs in the dope solution. The casting solution was then degassed in a water bath at 25 °C for 30 min to remove air bubbles before casting. The membrane samples were cast using the phase inversion method by employing a flat sheet Labcoat Master membrane casting system (PHILOS, Gyeonggi-do, Korea). The prepared casting solutions were poured on a clean, dry glass plate, and cast at room temperature using a casting knife of a 200 μm gap height with a casting speed of 2.5 m/min. Then, the glass plate with cast membrane film was immersed into a coagulation bath filled with deionized (DI) water at room temperature and was left until the membrane was detached from the glass plate. The membrane was then washed and kept for 24 h into a plastic container that contained DI water to allow traces of the solvent to be removed. Membranes samples were then labeled according to the type of membrane matrix and HNTs incorporated concentration. Table 1 shows the composition of the prepared membranes.




2.3. Characterization of HNTs and PSF/HNTs Membranes


2.3.1. Characterization of HNTs


HNTs structure and morphology was investigated by scanning electron microscopy (SEM) imaging using FEI Quanta FEG 650 FE-SEM (FEI, Hillsboro, OR, USA) at 5 kV. Elemental composition of HNTs was analyzed using elemental analyzer Bruker Quantax EDS (Billerica, MA, USA) at 15 kV. The internal tubular structure, internal and external dimensions of HNTs were evaluated by using transmission electron microscopy (TEM) with FEI TalosF200X TEM (FEI, Hillsboro, OR, USA) at 200 kV. The crystalline phase of NHTs was analyzed using Bruker D8 Advance X-ray diffractometer (Billerica, MA, USA) with Cu Ka radiation (λ = 1.5418 Å) and instrument settings of 40 kV and 40 mA. The scan range was set from 3° to 100° with step size at 0.010°. Thermal stability and degradation of HNTs were measured under a nitrogen atmosphere using Discovery TGA Operator supplied by TA Instruments (TA Instruments, New Castle, UK). The operating temperature was in the range of 0–800 °C at 10 °C/min step.




2.3.2. Characterization of PSF/HNTs Membranes


Morphology, Pore Size, and Porosity


Membranes’ surface and cross-section morphologies were studded by a field emission scanning electron microscopy (FE-SEM) technique conducted using FEI Quanta FEG 650 (FEI, Hillsboro, OR, USA) with a set vacuum condition at 3 kV. Before imaging, liquid nitrogen was utilized to prepare cross-section of the membrane samples before their coating with 3 nm gold layer.



Total porosities of the prepared membranes were determined by using the gravimetric method [70]. Three samples were taken from each membrane, and the average porosity was determined as follows: (a) membrane samples were cut into circle shapes having a diameter of 46 mm and then dried in an oven for 24 h at 50 °C before weighing their mass (   w d   ); (b) the dried membranes samples were immersed in DI water at 25 °C for another 24 h; (c) the membrane samples were taken from water and wiped gently using filter paper before weighing their wet mass (   w w   ).



Calculation of total membrane porosity ( ε ) was conducted using Equation (1) [11].


  ε =      w w  −  w d    A × l ×   ρ   × 100  



(1)




where    w w   ,    w d    represent the wet and dry masses of the membrane sample, respectively, ρ is the density of DI water at 25 °C, A is the membrane surface area (m2), and l is the membrane thickness (m).



The Guerout–Elford–Ferry equation [52] below (Equation (2)) was used to calculate the average membrane pore size:


   r m  =      (  2.9 − 1.75 ε  )  8 η l Q   ε A Δ P      



(2)




where  ε  is the total porosity,  η  is the viscosity of DI at 25 °C, Q is the permeate volume (m3), A is the membrane sample surface area (m2), l is the membrane thickness (m), and   Δ P   is the operating pressure (1.0 bar).




Hydrophilicity


Measurements of the water contact angle at the membrane surface were conducted using a KRUSS DCA-25 contact angle goniometer (KRÜSS GmbH, Hamburg, Germany) with a 1.5 µL DI water droplet size. The contact angle of every membrane sample was measured at room temperature (25 °C) in 3 different locations on the membrane surface.




Mechanical Analysis


Characterization of the mechanical properties (stress-strain relationship and elastic modulus) of membrane samples were investigated at room temperature using dynamic mechanical analysis Q-800 supplied by a TA Instrument (TA Instruments, New Castle, UK). The samples were cut by a dog-bone-like mold (Figure 3) to ensure the stress was focused on the middle of the sample’s length. The membrane samples were gripped on the testing fixture and stretched with a controlled constant displacement rate of 100 µm/min under tensile load until the samples breakage. The obtained stress–strain curves were used to determine the elastic modulus and yield stress values using TA universal analysis software (TA Instruments, New Castle, UK). The elastic modulus was determined from the slope of the linear part of the stress–strain curve, and the yield stress was determined from the onset point of plastic deformation (onset of yielding) and considered to be the stress at the stress–strain curve that corresponds to 3% strain.






2.4. Membranes Performance


Membrane samples stored in DI water were thoroughly washed with DI water before using in a filtration test to remove any impurities. Pure water flux of the fabricated membranes was measured using a dead-end HP4750X stirred cell (Sterlitech, Kent, WA, USA). Nitrogen gas was used to pressurize feed solution inside the cell. Figure 4 shows a schematic representation of the bench scale filtration system used in the study.



The permeate flux (J) L/m2h (LMH) through the membrane was calculated as [71]:


  J = Q /  (  A × T  )   



(3)




where A is the effective membrane area (m2), T is the filtration time (h), and Q is the permeate volume (L).



The same dead-end filtration set-up was used to filter a 100 mg/L BSA solution prepared in DI water. BSA was used as a protein fouling model to investigate the anti-fouling and rejection capacity of the prepared membranes. BSA rejection (R) of membranes was calculated using Equation (4) [44].


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



(4)




where    C p    and    C f    are corresponding BSA concentrations of permeate and feed, respectively. BSA solutions’ concentrations were evaluated by measuring the optical densities of BSA solutions at 220 nm by using a Shimadzu spectrophotometer (Shimadzu, Kioto, Japan).



Anti-fouling properties of cast membranes were determined by flux recovery ratio (FRR):


  %   F R R =  (     J 2     J 1     )  × 100  



(5)




where J1 and J2 are initial DI water flux and final DI water flux before and after 30 min of BSA filtration, respectively. A 100 mg/L BSA solution was used in this study, and all filtration experiments were conducted at room temperature (25 °C).





3. Results and Discussions


3.1. HNT Characterization


3.1.1. Microstructure of HNT


SEM and TEM images in Figure 5a,b show the tubular structure of HNTs samples with a well-defined empty and open-end lumen. The outer diameter for HNTs ranges from 44.6 to 45.8 nm and the inner diameter from 10.6 to 27.2 nm with a thickness of about 17.8 nm. Scanning transmission electron microscope (STEM) in combination with a high-angle annular dark-field imaging (HAADF) technique was used for elemental mapping of HNTs samples. As seen in Figure 5c, Si, Al, and O elements are uniformly distributed through the HNT nanoparticles.




3.1.2. HNTs Chemical Composition and Crystallinity


Chemical characterization of HNTs samples was carried out using energy-dispersive X-ray spectroscopy (EDS). The EDS spectrum of raw HNTs in Figure 6a shows strong peaks for O, Al, and Si elements, which confirms the chemical structure of HNTs with 1:1 Al to Si ratio.



Clay minerals, such as HNTs, are basically identified by their basal spacing of the layered silicate structures [33]. The XRD patterns of raw HNTs are presented in Figure 6b. Results indicated that the HNTs sample has characteristic peaks at 2θ diffraction angle at 11.8, 19.9, 24.7, 34.9, 38.35, 54.9, and 62.5°, which correspond to d spacing values of 7.5, 4.4, 3.6, 2.6, 2.4, 1.7, and 1.5 Å, respectively. The diffraction peak at 11.8°, which corresponds to basal spacing of 7.5 Å, is a characteristic of kaolin-type mineral and of dehydrated halloysite [72,73]. However, it was observed that there are other peaks at 20.77 and 26.6°, which correspond to some SiO2 present in the analyzed sample.




3.1.3. Thermal Analysis


Figure 7 shows the results of thermogravimetric (TGA) analysis for HNTs. It has been observed that there is a preliminary mass loss between 0 and 150 °C for the HNTs samples due to the loss of adsorbed water located in the surface and between the rolled sheets of HNTs (interlayer water) [53,63]. Another major weight loss that happened between 400 to 550 °C could be attributed to the dehydroxylation of the structural water present in the AlOH groups [74]. The total mass loss of HNTs at 800 °C was found to be 16.1% weight loss with a residue mass of 83.9%.





3.2. Membrane Characterization


3.2.1. Membranes Morphology and Porous Structure


The thickness of membrane samples was measured using a digital vernier clipper (Fowler, US) and found to be 80 μm for a PSF-based membrane matrix and range from 110 to 120 μm for a PSF/PVP-based membrane matrix, even though all membranes were casted at 200 μm gap height, as mentioned earlier in Section 2.2. The variation of the thicknesses between PSF and PSF/PVP-based membranes was probably because of the hydrophilic nature of PVP, which accelerates the instantaneous demixing of solvent/nonsolvent and therefore results in a fast polymer separation phase. It could be speculated that PVP as a hydrophilic copolymer causes a rapid formation of the top skin layer of the membrane at the beginning of phase inversion process [75] followed by a fast solvent/nonsolvent exchange rate, which may be the main reason for the increase in the membrane thickness observed in PSF/PVP based membranes. The fast leaching out of PVP from the membrane during the immersion precipitation process could be another reason for the increased thickness of PSF/PVP based membranes.



Top surfaces and cross-sections morphologies of different fabricated membranes (M1, M3, M5, M8, M9, M11, M13, M16) are shown in Figure 8. As seen in this figure, the top surface of the neat PSF membrane (M1) has relatively larger pores compared with M3 and M5 samples. It seems that the addition of low amounts of HNTs of 0.2 or 0.5 wt % to the casting solution results in top surfaces that have denser but smaller pore sizes. These findings are somehow unexpected as the majority of the previous studies reported an increase in the membrane’s surface pore size upon the addition of hydrophilic nanoparticles to the casting solution, which results in a faster solvent/nonsolvent demixing during membrane formation [52,60]. Though the origin of decreasing membrane pore size at low HNTs loading compared to neat PSF membrane is still unclear, it might be assumed that at a low HNTs loading to the casting solutions, the gain in hydrophilicity has not been adequate enough to notably contribute into faster solvent/nonsolvent demixing during membrane formation. On the other hand, the decrease in the membrane pore size at low HNTs loading could be an indication of good compatibility and a strong interaction between PSF and HNTs. Due to the presence of hydroxyl groups located on HNTs surfaces, the nanotubes might form numerous hydrogen bonds with PSF, as shown in the schematic diagram represented in Figure 9. This could result in some slowing down of demixing rates between solvent and nonsolvent in the coagulation bath during the formation of the membrane’s top skin layer. The decrease in pore size on the top membrane’s surface was also observed in PSF/PVP membranes with 0.2 and 0.5 wt % HNTs loading (M11 and M13 samples in Figure 8). Similar observations were previously reported for the incorporation of CNTs and modified HNTs into PES and PSF membrane matrices, respectively [50,76]; however, these studies gave no explanation for such a phenomenon.



As seen in Figure 8, large pores were present on the top membrane surface when adding 5.0 wt % HNT to PSF and PSF/PVP casting solutions (M8 and M16 samples). This could be due to an essential increase of hydrophilicity of the casting solution at high HNT loading. As a result, a sharp increase in solvent/nonsolvent exchange takes place when the cast polymer film was immersed in the coagulation bath, which leads to fast polymer precipitation and formation of the enlarged pores in M8 and M16 membrane samples.



The cross-section of the cast membranes shown in Figure 8b indicates that the prepared membranes show an asymmetric structure typical for ultrafiltration membranes and composed of distinct layers of different morphologies and pore sizes, including a thin top skin-layer (formed at the very beginning of phase inversion [77]), a sublayer with finger-like macro pores (formed just after the top skin layer) [77], and in some cases, a big macrovoids bottom layer [52]. The asymmetric cross-section morphology becomes somehow different after the incorporation of varying amounts of HNTs to both PSF (M1) and PSF/PVP (M9) membrane matrices. When adding low HNTs contents of 0.2 or 0.5 wt % to the PSF membrane matrix, the structure of the finger-like sublayer changed from tilted, long, and wide finger-like pores, which stops before reaching the bottom of the membrane in M1 sample, to a cross-section composed of two distinct finger-like structures: straight, short, and thin finger-like pores beneath the top skin layer and large, long, finger-like pores that extend to the bottom of the membrane in M3, M5 samples (Figure 8b). The changes in cross-section morphology observed in M3 and M5 samples could be due to slow formation of the top skin layer because of the interaction between HNTs and PSF (Figure 9), which would result in a smaller surface pore size (Figure 8a) and compacted skin top layer (Figure 8c and Figure 10). With the addition of 5.0 wt % HNTs to PSF (M8 sample), the thickness of the finger-like sublayer has been limited to a narrow stripe under the skin layer with a separate layer of macrovoids expanded from the middle to the bottom of the membrane. This observation could be explained by the fact that at high HNTs content of 5.0 wt %, the interaction between PSF and HNTs will be reduced significantly, and the number and size of HNTs aggregates will be enhanced (as seen in Figure 11). At this stage, the thermodynamic instability of the membrane system intensifies because of large amounts of hydrophilic HNTs. As a result, a rapid solvent/nonsolvent exchange rate took place, which leads to the creation of larger pores in the membrane’s surface and skin layer, as seen in Figure 8a,c (M8). Since in the phase inversion process the top skin layer is the first layer to be formed, these larger pores allow large volume of water to inter and form wider finger-like pores in the sub-layer. However, due to the higher viscosity of the casting solution of M8 that has 5.0 wt % HNTs content; the formation of appreciable number of HNTs aggregates (seen in Figure 11) that are concentrated on the middle and the bottom of the membrane, the solvent/nonsolvent exchange rate would be hindered below the membrane’s skin and sub-layer, which restrain the formation of long finger-like structure and limit it to the narrow thin sub-layer below the top skin layer.



As seen in Figure 8, PVP addition to PSF casting solution has influenced the membrane porous structure (M9 sample). PVP, which has a high affinity to nonsolvent (water) used as a hydrophilic pore forming agent, is known to enhance the instantaneous demixing of the dope solution during the membrane formation process [78]. PVP is also known to influnce solvent’s dissolving capacity and improve solvency of polymer in the casting solution [23]. It can be seen in Figure 8a that the M9 sample has larger surface pores compared to the M1 sample, a short finger-like substructure, and a big macrovoid membrane’s middle and bottom structure that has been formed obviously due to the increased solvent/nonsolvent exchange rate during membrane casting. The surface of M9 resembles a carpet-like appearance due to fast leaching out of PVP during membrane formation. However, incorporation of HNTs in the PFS/PVP casting solution restrain this carpet-like surface structure. This observation suggests that HNTs may form hydrogen bonds with PVP, which restrict PVP leaching out of the membrane. Adding of both HNTs nanoparticle and PVP to the PSF casting solution results in their synergistic effect on the membrane’s morphology and porous structure.



As can be seen in Figure 8c and Figure 10, the top skin-layer in M3 and M5 are slightly thicker than in the M1 sample. As discussed earlier, this could be attributed to more homogenous distribution and strong interaction of HNTs with PSF matrix, which reduces the solvent/nonsolvent exchange rate when low HNTs contents were incorporated. On the other hand, the top skin-layer became thinner for the M8 sample that has 5.0 wt % HNTs contents. At high HNTs loading, the hydrophilicity of the casting solution increases, and hence, the solvent/nonsolvent exchange rate also increases, which results in a thinner top skin layer. For the PSF/PVP system in Figure 10, a thicker top skin-layer when adding low HNTs content (M11 and M13) and thinner top skin-layer when adding high HNTs content (M16) were also observed. Interestingly, at the same HNTs loading, the top membrane’s skin layer for M11 and M13 samples from the PSF/PVP matrix is thicker than the top skin layer for M3 and M5 from the PSF matrix. Probably, due to the formation of some hydrogen bonds between PVP and HNTs, PVP facilitates the uniform distribution of HNTs within the casting solution and, thus, improves the nanotubes interaction with the PSF matrix.



The EDS analysis shown in Figure 11 depicts the localization and distribution of Al and Si elements, which are the main components of HNTs, within the PSF membrane matrix. HNTs aggregates can be identified in the membrane’s cross-section images by green and purple dot lights, which represent Si and Al elements, respectively. From Figure 11, it can be observed that HNTs disperse well in the PSF matrix at low HNTs loadings of 0.2 and 0.5 wt %, and only a few HNTs aggregates are visible in the M3 and M5 samples. However, at high HNTs content (M8 sample), HNTs tend to aggregate, obviously because of a high length-to-diameter ratio of the nanoparticles [62]. These aggregates are presumably localized at the membrane’s middle and bottom layers due to the relatively high weight and density of the HNTs nanoparticles.




3.2.2. Porosity and Pore Size


The porosity of the fabricated membranes was investigated using the gravimetric method mentioned in Section 2.3, and the results are displayed in Figure 12a,b. It can be observed from this Figure that there is a slight decrease in the total porosity when incorporating a low content of HNTs in the PSF casting solution. For example, the total porosity decreases from 61.4% for the pristine PSF membrane (M1) to 57.2% for PSF/0.2 wt % HNTs membrane (M3). As was discussed earlier, at low content, HNTs are well distributed within the PSF matrix. Strong interaction between PSF and HNTs nanoparticles might result in a decrease in the total membrane porosity. The obtained data of this decrease in porosity are consistent with other reports that incorporated hydrous ferric oxide modified HNTs [56] and dextran grafted HNTs into a PES membrane matrix [60]. The total membrane porosity started to rise when the HNTs content increased above 0.2 wt %, and the porosity reached the maximum value of 87.7% when the HNTs loading increased to 5.0 wt % in M8. The increase in total porosity observed in M8 could be attributed to the increase in numbers of hydroxylic groups present in HNTs, which attract water molecules (nonsolvent) and accelerate the solvent/nonsolvent exchange rate during phase inversion [65]. When high HNTs loadings were incorporated, the observed big macrovoids in the membrane’s middle and bottom layers and the presence of appreciable numbers of aggregates also contributed to the increased porosity in M8. These aggregates consisted of filler-to-filler networks (HNTs-to-HNTs networks) with free volume and a considerable number of OH- functional groups that attract and facilitate the passage of water more than polymer-to-filler networks (PSF-to-HNTs) [46].



Figure 12b shows the effect of PVP incorporation in the PSF matrix on membrane porosity. As seen in this figure, total porosity increased from 61.4% for pure the PSF membrane (M1) to 75% for PSF/PVP membrane (M9). The increase in porosity could be explained by the fact that PVP acts as a nonsolvent swelling agent and, therefore, triggers the formation of larger network pores in the membrane’s skin and sublayer and bigger macrovoids in the middle and bottom layer [79,80]. Also, compared with PSF based membranes, PSF/PVP based membranes have larger membrane thickness, which would contribute to their overall porosity increase. With the incorporation of HNTs (up to 0.2 wt %) into the PSF/PVP membrane matrix, the total porosity decreased from 75.0% for the M9 sample to 71.1% for the M11 sample. The total membrane porosity started to rise when HNTs loading exceeded 0.2 wt %, and the porosity reached its maximum value of 91.6% for the M16 sample that has a 5.0 wt % HNTs content. The sharp increase in the total porosity observed in M16 could be due to the loose surface and cross-section structure that resulted from the incorporation of both HNTs and PVP hydrophilic additives to the PSF casting solution that sharply accelerated the solvent/nonsolvent exchange rate during membrane formation. In addition, the presence of HNTs aggregates in the M16 sample (Figure 12c) that have free volume and appreciable amounts of OH− groups can facilitate the absorption of water within the aggregates. Surprisingly, when comparing EDS elemental mapping for the M8 sample in Figure 11 with the M16 sample in Figure 12c, it is seen that the light intensity for Si and Al elements in HNTs aggregates found in sample M8 is stronger than in M16, and a lesser number of HNTs aggregates was found in M16. This finding indicates that HNTs aggregation is more pronounced in the PSF membrane matrix than in the PSF/PVP matrix. Obviously because of their surface active properties, PVP macromolecules, which have carbonyl groups, can form hydrogen bonds with hydroxylic groups of the HNTs nanoparticles. As a result, PVP with its miscible affinity to nonsolvent and its tendency for leaching out of the membrane during membrane phase separation can reduce the HNTs aggregation and the formation of tightly packed HNTs aggregates.



Data on pore size of the prepared membranes are presented in Figure 13. As seen in this figure, the membrane’s surface pore size varies between 4.0 and 44.3 nm for PSF/HNTs nanocomposite-based membranes and between 10.6 and 64.0 nm for PSF/PVP/HNTs nanocomposite-based membranes. The membrane pore size decreases at low HNTs content when HNTs are more homogenously distributed within both PSF and PSF/PVP matrices (M3, M5, M11, and M13 samples). At moderate HNTs contents of 1.0 wt % in both PSF and PSF/PVP matrices, the average pore size for M6 sample is less than for M1, while it is more in M14 than in M9. It might be assumed that PVP interaction with HNTs facilitates the migration of nanoparticles toward the membrane surface, which results in faster solvent/nonsolvent exchange and the formation of larger surface pores observed in M14. A sharp increase in pore size was observed for M8 and M16 samples when high content of HNTs (5.0 wt %) was added to PSF and PSF/PVP matrices, respectively.




3.2.3. Water Contact Angle


Water contact angle (WCA) at the membrane surface determines the surface hydrophilicity and wettability of a membrane [81], and this is an important parameter for evaluating the membrane’s ability for fouling. An adjacent hydration layer is formed at a hydrophilic membrane surface, which behaves as a physical barrier for foulants to be deposited on the membrane’s surface [57,82]. Figure 14a shows the WCA values for PSF and PSF/PVP-based membranes at different HNTs loading. Because of the intrinsic hydrophobic nature of PSF, the WCA for pure PSF membrane (M1) showed the highest reading of 78.7° ± 1.7° among all cast membranes. It could be observed in Figure 14a that HNTs addition to the PSF casting solution notably reduced the WCA value from 78.7° ± 1.7° to 64.7° ± 2.5° when HNTs loading increased from 0 to 5.0 wt %. The decrease in WCA values for HNTs containing membranes is explained by the hydrophilic nature of HNTs additive, which contains a large number of hydroxylic groups [57].



For the PSF/PVP based membrane matrix, the addition of PVP to the casting solution decreased the WCA of the cast membranes from 78.7° ± 1.7° to 65.7° ± 1.6°. PVP is a water soluble copolymer additive, which causes swelling in the cast membrane and increases hydrophilicity [83]. The incorporation of HNTs into the PSF/PVP membrane matrix steadily reduces the WCA from 65.7° ± 1.6° for PSF/PVP membrane (M9) to 52° ± 2.5° for PSF/PVP/5.0 wt % HNTs (M16) membrane sample. The sharp decrease in WCA value for M16 can be attributed to increased membrane hydrophilic content as well as the increase in the membrane’s surface pore size, which allows water drops to penetrate quickly into the membrane’s pores. Figure 14b,c shows images of water drops captured at the surface of PSF (M1) and PSF/5.0 wt % HNTs (M8) membranes, respectively.




3.2.4. Mechanical Properties


In pressure-driven membrane processes, the robust mechanical properties of the membrane are very important for durable long-term membrane performance. In this study, HNTs were used as a reinforcing nanoscale additive to improve the mechanical properties of PSF and PSF/PVP membrane matrices. Figure 15a depicts the stress–strain curves for M1, M3, and M9 membranes. As seen in the figure, all membrane samples exhibited an elastic deformation in the beginning of the stress–strain curves followed by plastic deformation. It also can be seen that there is a positive enhancement (an increase in the initial slope of the stress-strain curve) after adding a small amount of HNTs (0.2 wt %) to the PSF matrix in the M3 sample compared to M1 sample. Figure 15a also shows that by adding PVP to the PSF matrix; the stress–strain curve for the M9 (PSF/PVP) sample diminishes dramatically compared with the pure PSF matrix (M1). This is mainly because the PVP addition increases the membrane pore size and porosity, which weakens the mechanical properties. Figure 15b displays the effect of adding different HNTs loadings to the PSF membrane matrix on the elongation at break ((  Δ l / l  )%, where  l  is the initial sample length). The pure PSF membrane sample (M1) exhibited the largest elongation of 38%, whereas the membrane sample with 5.0 wt % HNTs content (M8) showed the least elongation of 19%. This means that the addition of excessive HNTs contents to the PSF matrix reduces its flexibility. However, at low to moderate HNTs content (from 0.1 to 2.0 wt %), the decrease in membranes’ elongation at break values are relatively small compared to the pristine PSF membrane with values ranging between 31% and 27%. Despite the fact that, in many cases, the incorporation of nano-sized inorganic materials into a polymeric membrane matrix reduces its elongation at break (ductility/flexibility), this weak point can be neglected because, in real membrane application, the shear stress exerted by the feed solution flow onto the membrane surface is small [84]. The best mechanical properties (elastic modulus and yield stress) on each membrane matrix were achieved where low HNTs contents were incorporated into the PSF and PSF/PVP matrices. This is because the strong adhesion forces between HNTs and membrane matrices were attained due to good dispersion of HNTs within the polymer matrix, which is confirmed by EDS elemental mapping in Figure 11. Figure 15c,d shows the elastic modulus (the slope of the linear part of the stress-strain curve) and the yield stress (which is defined as the onset point of plastic yielding and was determined by the value of the stress which corresponds to 3% strain on the stress-strain curve) for all cast membranes. According to the obtained results, the incorporation of low content of HNTs into the PSF membrane matrix increases both the elastic modulus and yield stress with an optimal HNTs loading of 0.2 wt %. The elastic modulus increased by 15.6%, from 142 MPa in pristine PSF membrane to 164.1 MPa in the PSF/0.2 wt % HNTs sample. Also, the yield stress increased by 8%, from 3.15 MPa in pure PSF membrane to 3.4 MPa in PSF/0.2 wt % HNTs membrane. Incorporation of PVP in the PSF membrane matrix (M9) reduces the elastic modulus by 48% and the yield stress by 51% compared to M1. Although the obtained values of the elastic modulus and yield stress for PSF/PVP based membranes are lower compared to the values for PSF based membranes, the incorporation of 0.3 wt % of HNTs in the PSF/PVP matrix drastically elevate the elastic modulus and yield stress by 59% and 46.4%, respectively. The elastic modulus increased from 74.2 MPa for M9 to 117.8 MPa for M12, and the yield stress increased from 1.53 MPa for M9 to 2.24 MPa for M12. The increase in HNTs content, which gives the optimal elastic modulus and yield stress (from 0.2 wt % in PSF matrix to 0.3 wt % in PSF/PVP matrix) indicates that PVP enhances the distribution of HNTs within the membrane matrix. The overall notable increasing trend of the elastic modulus and yield stress at HNT content of 0.2 wt. % in PSF matrix and 0.3 wt % in PSF/PVP matrix could be ascribed to the high compatibility of HNTs within the PSF matrix due to the formation of hydrogen bonds with the polymer, as shown in Figure 9. Good HNTs distribution, as well as the interfacial interactions with PSF, dictate the HNTs reinforcing effect in PSF composite membranes, particularly at low HNT content (up to a loading of 0.2 wt % and 0.3 wt % in PSF and PSF/PVP matrices, respectively). However, the elastic modulus and yield stress decreased gradually when the HNTs loading increased above the optimal content in both PSF and PSF/PVP polymer matrices. These findings can be explained by HNTs aggregation at high HNTs loadings. The presence of HNTs aggregates causes weaker spots and inefficient stress transfer at the PSF-HNTs interface. However, when comparing elastic modulus and yield stress for the membrane with the weakest mechanical properties among the PSF membrane matrix (M8) with the membrane with the strongest mechanical properties among the PSF/PVP membrane matrix (M12), it is seen that the M8 sample is still higher by 2.4% and 28% in terms of elastic modulus and yield stress compared to the M12 membrane.





3.3. Performance of PSF/HNTs and PSF/PVP/HNTs Membranes


3.3.1. Pure Water Flux


To investigate the effect of HNTs incorporation in both PSF and PSF/PVP matrices on membranes’ performance, filtration tests were conducted, as was described in Section 2. It is seen in Figure 16a,b that the pure water flux (PWF) values decreased at low HNT loading in both PSF and PSF/PVP membrane matrices. For example, the flux decreased from 7.8 LMH for the PSF membrane (M1) to 2.2 LMH for the PSF/0.2 wt % HNTs sample (M3) and from 32.8 LMH for the PSF/PVP membrane (M9) to 11.6 LMH for the PSF/PVP/0.2 wt % HNTs (M11) sample. This decrease in PWF values can be explained by the decrease in the membrane’s pore size and formation of thicker top skin membrane layers at low HNTs loadings, as was discussed in Section 3.2.1 and Section 3.2.2 As seen in Figure 16, PWF values for the cast membranes start to increase at HNT loading above 0.2 wt % for both PSF and PSF/PVP membrane matrices. A strike increase in PWF values was observed for both membrane matrices when HNTs content raised to 5.0 wt %: from 7.9 LMH for M1 to 398.9 LMH for M8, and from 32.8 LMH for M9 to 734.3 LMH for M16 samples. Such PWF increase could be attributed to larger pore size and total porosity, thinner top skin membrane layer, as well as higher hydrophilicity of PSF/5.0 wt % HNTs (M8) and PSF/PVP/5.0 wt % HNTs (M16) membranes. The M16 sample possesses the highest flux of all cast membranes of 734 LMH. The results of PWF are consistent with the results of membranes pore size and porosity.




3.3.2. BSA Filtration Test


BSA rejection data for the prepared membranes are displayed in Figure 17. It can be seen from the figure that all membranes incorporated with HNTs and/or PVP had high BSA rejection   ( ≥  90%). The rejection for PSF based membranes follow the increasing order of M1, M5, M6, M5, and M3 and for PSF/PVP-based membranes, the increasing order of M16, M14, M13, M9, and M11. As can be seen, even with a high HNTs content of 5.0 wt % in the PSF membrane matrix, the M8 sample maintained a BSA rejection of 92%. The highest BSA rejection (almost 100%) was shown by the M3 membrane, obviously due to its smallest pore size compared to the other membrane samples. The high rejection values exhibited by the PSF/HNTs membranes could also be associated with the increase of membranes’ negative surface charge due to the incorporation of HNTs in the membrane matrix [85].



Flux recovery ratio (FRR) is often used to evaluate the membrane’s anti-fouling properties [58]. FRR values for the prepared PSF and PSF/PVP-based membranes are displayed in Figure 18. It can be seen from this figure that the FRR values for PSF/HNTS membranes range from 40.5 to 100%, while it ranges from 31.7 to 89.9% for PSF/PVP/HNTs-based membranes. It is observed that incorporation of HNTs into both membrane matrices initially increased the FRR values and then a gradual decrease took place as the HNTs content increased. The M3 sample was able to restore 100% of the flux after being subjected to BSA filtration compared to 71.4% for the pristine membrane (M1). M5 and M6 also show higher recoveries of 91.7% and 84.6%, respectively, which are both higher than the recovery ratio for the plain PSF membrane (M1). This is obviously due to the improved hydrophilicity of the PSF/HNTs membrane samples. However, the FRR for the M8 sample has been reduced to 40.5% obviously due to its larger pore size, which allows BSA molecules to be absorbed and entrapped inside the membrane porous structure and within the HNTs aggregates [57]. The low FRR value for the M8 membrane is consistent with its relatively high rejection observed in Figure 17. The same trend in increasing FRR values at lower HNTs contents and decreasing FRR values at higher HNTs content was observed for PSF/PVP based membranes.






4. Conclusions


In the present study, novel PSF membranes incorporated with different HNTs loadings were synthesized via a phase inversion technique. Properties of the cast membranes were evaluated against a nascent PSF membrane. Characterization of HNTs confirmed that it has a nano-sized tubular structure with a well-defined empty lumen and open ends composed mainly of Si and Al elements. It was shown that upon the addition of a low HNTs content of 0.2 wt % to both PSF and PSF/PVP casting solutions, the membrane’s surface pore size and total porosity were decreased, and the thickness of the membrane’s skin layer was increased obviously due to the strong interaction between HNTs and PSF polymer matrix. Incorporation of HNTs content higher than 1.0 wt % lead to the formation of PSF/HNTs membranes that have a larger surface pore size, higher porosity, and thinner top-skin layer compared to the pristine PSF membrane. Some HNTs aggregates within the PSF membrane matrix were observed, especially at high 5.0 wt % of HNTs loading. WCA values showed that a membrane’s hydrophilicity was enhanced by the incorporation of HNTs to both PSF and PSF/PVP casting solutions. The mechanical performance test confirmed the compatibility and strong interfacial interaction between the HNTs and PSF matrix. The optimal HNTs loadings, which give the maximum elastic modulus and yield stress, were found to be 0.2 wt % for the PSF matrix and 0.3 wt % for the PSF/PVP matrix. It was found that the addition of PVP improves the HNTs distribution within the PSF/PVP polymer matrix and, hence, increased significantly the elastic modulus and yield stress of the prepared PSF/PVP-based membranes. However, PVP weakened the mechanical properties of the PSF matrix drastically. The BSA filtration tests showed that the PSF membrane incorporated with 0.2 wt % of HNTs showed almost 100% BSA rejection and possessed a high value of flux recovery.
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Figure 1. Schematic representation of halloysites (HNTs) and its chemical structure consisting of rolled sheets of external siloxane and internal aluminol. 
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Figure 2. Comparison of the annual number of scientific publications on the carbon nanotubes (CNTs) and HNTs nanocomposite membranes since 2003 (information obtained by the author from Scopus document search website by using keywords: CNTs, HNTs, polymer, membrane). 
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Figure 3. Dog-bone mold used to cut membrane samples used for dynamic mechanical analysis test. 
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Figure 4. Schematic representation of a dead-end filtration system. 
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Figure 5. Raw HNTs characterization using (a) SEM, (b) TEM, and (c) EDS elemental mapping. 
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Figure 6. Elemental characterization using EDS (a), XRD at 2θ diffraction angle (b) for raw HNTs. 
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Figure 7. TGA analysis for raw HNTs. 
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Figure 8. SEM images for: top surface (a), cross-section (b), enlarged top cross-section (c) for M1, M3, M5, M8, M9, M11, M13, M16 cast membranes. 
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Figure 9. Schematic representation of probable sites of interactions between PSF and HNTs that could form hydrogen bonds. 
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Figure 10. Zoomed SEM images of the skin top layer of M1, M3, M5, M9, M11, M13 membranes. 
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Figure 11. EDS images and elemental mapping of M1, M5, and M8 membranes. 
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Figure 12. Total porosity for: PSF matrix (a), PSF/PVP matrix (b), EDS mapping analysis for M16 (c). 
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Figure 13. Pore size for some of PSF-HNTs and PSF/PVP-HNTs composite membranes. 
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Figure 14. Water contact angle analysis for PSF/HNTs and PSF/PVP/HNTs membranes with different HNTs loading from 0.0 to 5.0 wt % (a), real water drop images for PSF membrane (b), and for PSF/5.0 wt % HNTs membrane (c). 
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Figure 15. Stress–strain curves for M1, M3, and M9 (a), elongation at break for PSF/HNTs composite membranes (b), elastic modulus for all casted membranes (c), and yield stress for all casted membranes (d). 
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Figure 16. Pure water flux for some of PSF-HNTs composite membranes (a), PSF/PVP-HNTs composite membranes (b) (test conditions: DI water, 1 bar at room temperature, 30 min experimental duration time). 
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Figure 17. BSA rejection of PSF-HNTs and PSF/PVP-HNTs composite membranes (test conditions: filtration of 100 mg/L BSA solution at room temperature using 1 bar pressure, 30 min experimental duration time). 
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Figure 18. Effect of HNTs loading on flux recovery ratios (FRR) for some of as-prepared membranes evaluated for both PSF and PSF/PVP-based membranes. 
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Table 1. Composition of synthesized polysulfone (PSF) membranes *.






Table 1. Composition of synthesized polysulfone (PSF) membranes *.





	Membrane
	PVP Content (wt %)
	HNT Content (wt %)





	M1
	-
	-



	M2
	-
	0.1



	M3
	-
	0.2



	M4
	-
	0.3



	M5
	-
	0.5



	M6
	-
	1.0



	M7
	-
	2.0



	M8
	-
	5.0



	M9
	1
	-



	M10
	1
	0.1



	M11
	1
	0.2



	M12
	1
	0.3



	M13
	1
	0.5



	M14
	1
	1.0



	M15
	1
	2.0



	M16
	1
	5.0







* All membranes were composed of 16 wt % PSF dissolved in 84 wt % N,N-dimethylacetamide (DMA) solvent.














© 2019 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 (http://creativecommons.org/licenses/by/4.0/).
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