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Abstract

:

The effect of amphiphilic block copolymer polyethylene glycol (PEG)-polypropylene glycol (PPG)-PEG concentration in the polyphenylsulfone (PPSU) casting solution and coagulation bath temperature (CBT) on the structure, separation, and antifouling performance of PPSU ultrafiltration membranes was studied for the first time. According to the phase diagram obtained, PPSU/PEG-PPG-PEG/N-methyl-2-pyrrolidone (NMP) systems are characterized by a narrow miscibility gap. It was found that 20 wt.% PPSU solutions in NMP with the addition of 5–15 wt.% of PEG-PPG-PEG block copolymer feature upper critical solution temperature, gel point, and lower critical solution temperature. Membrane composition and structure were studied by Fourier-transform infrared spectroscopy, scanning electron and atomic force microscopies, and water contact angle measurements. The addition of PEG-PPG-PPG to the PPSU casting solution was found to increase the hydrophilicity of the membrane surface (water contact angle decreased from 78° for the reference PPSU membrane down to 50° for 20 wt.%PPSU/15 wt.% PEG-PPG-PEG membrane). It was revealed that the pure water flux increased with the rise of CBT from 18–20 L·m−2·h−1 for the reference PPSU membrane up to 38–140 L·m−2·h−1 for 20 wt.% PPSU/10–15 wt.% PEG-PPG-PEG membranes. However, the opposite trend was observed for 20 wt.% PPSU/5–7 wt.% PEG-PPG-PEG membranes: pure water flux decreased with an increase in CBT. This is due to the differences in the mechanism of phase separation (non-solvent-induced phase separation (NIPS) or a combination of NIPS and temperature-induced phase separation (TIPS)). It was shown that 20 wt.% PPSU/10 wt.% PEG-PPG-PEG membranes were characterized by significantly higher antifouling performance (FRR—81–89%, DRr—26–32%, DRir—10–20%, DT—33–45%) during the ultrafiltration of bovine serum albumin solutions compared to the reference PPSU membrane prepared at different CBTs (FRR—29–38%, DRr—6–14%, DRir—74–89%, DT—88–94%).
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1. Introduction


Polyphenylsulfone (PPSU) is an amorphous high-performance engineering plastic with a number of unique properties: high-temperature performance, excellent chemical resistance, outstanding toughness, good creep resistance, high thermo-oxidative stability, reduced notch sensitivity, excellent colorability, transparency, isotropic thermal and mechanical properties, high glass transition temperature (220 °C), low-equilibrium water absorption (1.1%), and high chlorine tolerance [1,2]. Moreover, according to manufacturer data (BASF), PPSU can withstand up to 2000 sterilization cycles using superheated steam at a temperature higher than 100 °C [1,3]. This makes PPSU a very promising polymer for medical applications. Compared to other polymers from the arylsulfone family (polysulfone, polyethersulfone), PPSU is not often used for membrane fabrication due to limitations in mixing with some abundant pore-forming additives, low permeability of PPSU porous membranes, and high hydrophobicity [4,5,6]. However, excellent heat and chemical stability makes PPSU a very attractive polymer for application as a membrane material. Significant efforts have been made to improve PPSU membrane properties: decrease water contact angle, and increase membrane permeability and antifouling performance [1,7,8,9]. According to the literature review, PPSU was successfully applied by researchers to design membranes for ultrafiltration [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], organic solvent nanofiltration [21], pervaporation [22], and gas separation [23], as well as membrane support for thin-film composite membranes for nanofiltration [24,25,26,27], forward osmosis [28], and organic solvent nanofiltration [29]. PPSU membranes were studied in various applications including surface water treatment [19,26,30], oil/water separation [20], removal of heavy metals [4,16] and dyes from aqueous [17,18,24,27] and organic solvent [21,29] media, protein separation [31], removal of tetracycline [18] and kinetic hydrate inhibitor [25] from wastewater, dehydration of acetic acid [22] and alcohols [32]. PPSU membranes have been developed both in flat-sheet [4,5,6,7,8,9] and hollow-fiber [3,30,33] configurations due to the good film and fiber-forming properties of this polymer [1].



The most abundant approaches to PPSU membrane modification include chemical modification of the polymer (sulfonation [24,28], amination [34], chloromethylation [35]), introducing low molecular weight pore-forming additives (1,2-propylene glycol [9]), oligomers (oligoethylene glycol [3,4,7,8,13]), polymers (polyethylene glycol (PEG) [7,8,9,11], polyvinylpyrrolidone (PVP) [9,11,14,15,16,17,18], polyetherimide [5], cellulose acetate [36], polysulfone [4,13], polyethersulfone [37], polyaniline [19]), surfactants (Tween 80) [9], and nanomaterials [2,11,15,16,17,20,21,22,25,29] to the casting solution. The combination of different modification techniques can be often found in the literature: blending with PEG and dendritic fibrous nanosilica [12], PVP and nano-tin oxide (SnO2) [17], polysulfone and oligoethylene glycol [4,13], oligoethylene glycol and graphene oxide [6], and oxidized multiwalled carbon nanotubes, PEG and PVP [11]. However, the most practical and technologically reproducible methods include the blending of PPSU with hydrophilic oligomeric and polymeric pore-formers such as PEG and PVP of different molecular weights [1].



It is widely known that the membrane structure is highly dependent on the phase state, properties, and viscosity of the polymer casting solution used for membrane preparation. Yin et al. [14] carried out systematic research on the influence of PVP molecular weight (10, 55, 360, 1300 kDa) and its concentration in the casting solution (5, 7.5, and 10 wt.%) on the structure formation of anisotropic porous PPSU membranes for ultrafiltration via non-solvent-induced phase separation (NIPS). It was found that an increase in PVP molecular weight and its content in the casting solution led to a sharp increase in the casting solution viscosity. It yielded the transfer from the instantaneous demixing to the delayed demixing mechanism of the polymer solution during membrane formation via NIPS. The change in phase separation kinetics resulted in the change in membrane structure from anisotropic morphology with elongated finger-like macrovoids to sponge-like macrovoid-free structure at a PVP molecular weight higher than 360 kDa and a concentration higher than 5 wt.%. An increase in PVP molecular weight and concentration was reported to decrease the water contact angle and surface roughness, as well as the membrane pure water flux and molecular-weight cut-off (MWCO) [14].



The effect of PEG molecular weight (0.4, 1, 2, 6, 20, 35, 40 kDa) on the formation of the structure of PPSU porous membranes was studied in detail in [7,8]. This study focused on the correlation between phase state together with properties of the casting solution and membrane structure together with performance. It was reported that with the increase in molecular weight, the miscibility gap between PPSU and PEG on the phase diagram significantly decreased at T = 25 °C. It was shown that 15–20 wt.% PPSU systems containing 15 wt.% PEG with a molecular weight of 6–40 kDa had an upper critical solution temperature (UPCST), gel point, and lower critical solution temperature (LCST). It was revealed that a variation in coagulation bath temperature during membrane preparation could change the mechanism of phase separation from NIPS to a combination of NIPS and temperature-induced phase separation (TIPS). This caused the formation of a macrovoid-free structure for PPSU casting solutions with the addition of high molecular weight PEGs. Moreover, the application of PPSU casting solutions with the addition of PEG with molecular weights of 6–40 kDa, which possessed critical solution temperatures and the gel point, yielded a sharp increase in membrane pure water flux at a high level of human serum albumin rejection [7,8].



Despite the significant effect of PEG and PVP on PPSU membrane structure formation and, hence, membrane performance, the main problem is the washing out of these additives during membrane formation to the water coagulation bath, especially when the molecular weight of PEG and PVP is not high. Moreover, PEG and PVP can also leach out during the ultrafiltration of aqueous media, which results in a decrease in membrane hydrophilicity, and an increase in permeability and MWCO during operation. Amphiphilic block copolymers of PEG and PPG can be used as alternative pore-forming additives, which can improve the hydrophilicity of the membrane selective layer [38,39,40,41,42]. When PEG-PPG-PEG amphiphilic block copolymer is added to the casting solution, hydrophilic PEG blocks form aggregates (nanodomains) on the interface between the membrane surface and a feed solution, while hydrophobic PPG blocks are tightly entangled in the polymer membrane matrix. This membrane morphological structure restricts the migration of PEG-PPG-PEG copolymers from the membrane matrix during membrane formation via NIPS and filtration of aqueous media [38,39,40,41,42]. Gronwald et al. [43] synthesized a number of PEG-based tri- and multiblock oligomers with hydrophobic PPSU blocks and applied them as an additive to the PPSU casting solution for the preparation of flat-sheet and hollow-fiber membranes. It was reported that these additives increased membrane flux and MWCO, and enriched the surface of the selective layer with PEG blocks, which yielded the hydrophilization of the membrane selective layer and an improvement in antifouling stability during the ultrafiltration of diluted potting soil extract [43]. However, no systematic studies on the modification of PPSU anisotropic membranes prepared via NIPS using block copolymers of PEG and PPG were found.



The aim of this work was to reveal the effect of PEG-PPG-PEG block copolymer (Mn = 12,600 g·mol−1, content of PEG units is 70%) as an additive to the PPSU casting solution on the structure, separation, and antifouling performance of anisotropic porous PPSU membranes for ultrafiltration. The novelty of this research is that for the first time, the phase state and viscosity of PPSU/PEG-PPG-PEG/N-methyl-2-pyrolidone (NMP) systems were systematically studied and a correlation between the casting solution properties and membrane structure formation was established.




2. Materials and Methods


2.1. Materials


Polyphenylsulfone (PPSU, Ultrason P3010, BASF, Ludwigshafen, Germany) with a molecular weight of 48,000 g·mol−1 was used as a membrane material. N-methyl-2-pyrrolidone (NMP) was purchased from EKOS-1 (Moscow, Russia) and applied as a solvent for casting solution preparation. Triblock copolymer PEG-PPG-PEG (Mn = 12,600 g·mol−1, 70% ethylene glycol blocks (EG), 30% propylene glycol blocks (PG), (PEG)100–(PPG)65–(PEG)100, Pluronic F127, Sigma-Aldrich, St. Louis, MO, USA) was applied as a pore-forming additive to the casting solution.



Polyvinylpyrrolidone with a molecular weight of 40,000 g·mol−1 (PVP K30, Sigma-Aldrich, St. Louis, MO, USA) and bovine serum albumin (BSA, Mn = 69,000 g·mol−1, pI = 4.6, Serva, Heidelberg, Germany) were used as model substances for investigation of membrane separation and antifouling performance.



The structural formulas of substances used in this study are presented in Figure 1.




2.2. Preparation of PPSU/PEG-PPG-PEG/NMP Solutions and Investigation of Their Properties


PPSU/PEG-PPG-PEG/NMP solutions were prepared using round-bottom flask and overhead stirrer at rotation speed of 800 rpm and 120 °C for 5 h. For membrane preparation, PPSU concentration was 20 wt.%, and PEG-PPG-PEG concentrations were 5, 7, 10, 12, and 15 wt.%. For membrane preparation, PPSU casting solutions were left for 12 h in an oven at 60 °C to get rid of gas bubbles and then cooled down to room temperature.



The fragment of the ternary phase diagram PPSU/PEG-PPG-PEG/NMP at T = 25 °C was obtained using cloud point method described in [7,38]. We used 20 wt.% PEG-PPG-PEG solutions in NMP for titration of PPSU solutions in NMP of different concentrations under constant stirring at T = 25 °C. The solution of triblock copolymer in NMP was added using a syringe to PPSU solution in NMP until it turned turbid. The cloud point was fixed when the turbidity of the solution did not disappear after 30 min of stirring.



Critical solution temperatures (CSTs) and the gel point of PPSU/PEG-PPG-PEG/NMP systems were determined visually after keeping 15 mL of the solution in the drying oven for 100 min at a constant temperature. The temperature was gradually raised from 25 °C up to 200 °C in increments of 2 °C. For investigation of the behavior of PPSU/PEG-PPG-PEG/NMP systems at temperature below room temperature (from 0 °C up to 25 °C), the solutions were placed in the refrigerator-thermostat.



Viscosity of PPSU/PEG-PPG-PEG/NMP solutions was measured using Brookfield DV-III-Ultra instrument at 25 °C, 40 °C, and 60 °C at the shear stress of 18 N∙m−2.



The turbidity of PPSU/PEG-PPG-PEG/NMP solutions was determined using 2100 AN Laboratory Turbidimeter (HACH, Loveland, Colorado, USA) with filter USEPA 180.1.



The enthalpy of the activation of viscous flow (∆H, kJ·mol−1) of PPSU/PEG-PPG-PEG/NMP systems was calculated as the slope of “lnη − 1/T” curve at 25, 40, and 60 °C by Equation (1), as described in detail in [44,45,46]:


  Δ H = 2.303 · R ·   d l n η   d    1 T      / 1000 ,  



(1)




where R—universal gas constant, J∙mol−1·K−1; T—temperature, K; ƞ—absolute solution viscosity, Pa∙s.



Free Gibbs energy of the activation of viscous flow was determined using Equation (2) [44,45,46]:


  Δ G = 2.303 · R · T ·   l n η + 4   / 1000 ,  



(2)




where ∆G—free Gibbs energy of the activation of viscous flow, kJ·mol−1.



To calculate the entropy of the activation of viscous flow of PPSU/PEG-PPG-PEG/NMP solutions, Equation (3) was applied [44,45,46]:


  Δ S =   Δ H − Δ G   / T ,  



(3)




where ∆S—entropy of the activation of viscous flow, J·mol−1·K−1.




2.3. Preparation of the Reference PPSU and PPSU/PEG-PPG-PEG Membranes


PPSU/PEG-PPG-PEG flat-sheet ultrafiltration membranes were obtained via NIPS method by casting the polymer solution on the smooth glass plate using casting knife with gap height of 250 µm. Distilled water at T = 25, 40, 60, and 70 °C served as the coagulation bath. Membrane abbreviations and preparation conditions are listed in Table 1. Ultrafiltration membranes were stored in distilled water at least 24 h before measurements of their performance. Some samples of ultrafiltration membranes were impregnated with 30 wt.% aqueous glycerol solution and dried at room temperature for further studies by scanning electron microscopy (SEM) and atomic force microscopy (AFM).



For comparison, the reference PPSU membrane was obtained from 20 wt.% solution in NMP by casting the solution on the non-woven polyester fabric. Distilled water at T = 25, 40, 60, and 70 °C was applied as the coagulation bath (Table 1). Non-woven polyester fabric was applied as a membrane substrate since the reference PPSU membrane obtained on a smooth glass plate was completely impermeable to water at the studied transmembrane pressure.




2.4. Studies of Composition and Structure of PPSU/PEG-PPG-PEG Membranes


Compositions of membrane selective layers were explored by Fourier-transform infrared spectroscopy (FTIR) by Nicolet Is50 IR Fourier instrument (Thermo Scientific™, Waltham, MA, USA). Before measurements, the as-prepared PPSU/PEG-PPG-PEG membranes were dried at room temperature for 5 days.



Membrane cross-sections were investigated using a Phenom Pro scanning electron microscope (Thermofisher Scientific, Waltham, MA, USA). Samples of membrane cross-sections were covered by gold using a vacuum sputter coater (Vaccoat, London, UK).



The topography of the surface of the selective layer of the PPSU ultrafiltration membranes was investigated using an NT-MDT nTegra Maximus atomic force microscope with standard silicon cantilevers, with a stiffness of 15 N·m−1 (NT-MDT Spectrum Instruments, Zelenograd, Russia). The sample area of 10 µm ×10 µm was considered for the calculation of surface roughness parameters (root-mean-squared surface roughness (Rq), average surface roughness (Ra)).



Hydrophilic–hydrophobic balance of the membrane selective layer of ultrafiltration membranes was studied by water contact angle measurements via attached bubble method in the system “membrane–water–air” using goniometer LK1 (“Open Science”, Krasnodar, Russia). Measurements of 5 samples were carried out, and the deviations did not exceed 2°.




2.5. Study of PPSU/PEG-PPG-PEG Membrane Performance in Ultrafiltration


Membrane performance was studied using an Amicon-type stirred filtration cell with an effective membrane area of 24.6 cm2 at room temperature and transmembrane pressure of 0.1 MPa under the stirring speed of 300–400 rpm.



Membrane fluxes (J, L·m−2·h−1) were calculated as follows:


  J =  V    S · t     ,  



(4)




where V—the volume of permeate, L; S—the working area of the membrane surface, m2; t—the filtration time, h.



The rejection coefficient (R) was calculated by Equation (5):


  R =   1 −    C p     C f      ,  



(5)




where Cp and Cf—the concentrations of the test substance in permeate and feed solution, correspondingly.



Performance of ultrafiltration membranes was characterized by measurements of membrane pure water flux (PWF, L·m−2·h−1). A 0.3 wt.% aqueous solution of PVP K30 and 0.5 wt.% solutions of BSA in phosphate buffer (pH 7.2 ± 0.05) were used as feed solutions for ultrafiltration studies.




2.6. Study of PPSU/PEG-PPG-PEG Membrane Antifouling Stability


A 0.5 wt.% BSA solution in phosphate buffer (pH 7.2 ± 0.05, 0.18 M, buffer capacity β = 0.1) was applied to explore the antifouling stability of the reference PPSU and PPSU/PEG-PPG-PEG flat-sheet membranes. At first, the ultrafiltration of distilled water proceeded at a transmembrane pressure of 0.1 MPa for 40 min, and the PWF was measured. Thereafter, the ultrafiltration of BSA buffered solution through the membrane for 60 min at the transmembrane pressure of 0.1 MPa was carried out, and the BSA solution flux was determined (Jp, L·m−2·h−1) every 15 min. The studied membrane was cleaned with distilled water for 30 min in ultrafiltration mode, and the membrane flux of the cleaned membranes was determined (JWF, L·m−2·h−1). This procedure was repeated 2 times. The flux recovery ratio (FRR, %) is calculated by Equation (6), total flux decline ratio (DT, %)—by Equation (7), reversible flux decline ratio (DRr, %) and irreversible flux decline ratio (DRir, %)—using the Equations (8) and (9), correspondingly:


  F R R =     J W F   P W F     · 100 % ,  



(6)






  D T =     P W F −  J p    P W F     · 100 % ,  



(7)






  D  R r  =     J W F −  J p    P W F     · 100 % ,  



(8)






  D  R  i r   =     P W F − J W F   P W F     · 100 %  



(9)









3. Results


3.1. Physical–Chemical Properties of PPSU/PEG-PPG-PEG/NMP Solutions


In the previous studies, NMP was found to be the best solvent for PPSU compared to other commonly used amide aprotic solvents such as N,N-dimethylacetamide and N,N-dimethylformamide [7,8,47,48]. The threshold PPSU concentration when the binary system PPSU/NMP remains a one-phase homogeneous solution was revealed to be 38 wt.% [7]. It is widely known that block copolymers tend to form micelles (self-assembly) in solutions because a solvent usually has a different affinity to different blocks of copolymer [49,50,51,52,53,54,55]. It was revealed that polar amide solvents and water are selective to PEG blocks compared to PPG blocks [49,50,51,52,53,54,55]. Limits to the concentration stability of the solutions of the block copolymer PEG-PPG-PEG in NMP were studied in our previous work [38]. The upper limit of PEG-PPG-PEG concentration in bicomponent solutions in NMP was 50 wt.%. The 50 wt.% solution of PEG-PPG-PEG in NMP was found to feature lower critical solution temperature (LCST) and gel point at 35 °C. This solution appeared to be a gel with a high degree of turbidity at temperatures below the LCST, and an opalescent liquid with a high viscosity at temperatures above the LCST. It was revealed that the PEG-PPG-PEG solution in NMP features a thermoreversible transition from a micellar solution to a micellar gel [38].



PPSU is expected to have higher compatibility with PPG blocks of PEG-PPG-PEG block copolymer compared to PEG-blocks due to the hydrophobic nature of PPSU. As was reported before, PPSU has quite a low miscibility with PEG, especially when the PEG molecular weight increases [7,8].



For the first time, the ternary phase diagram for the PPSU/PEG-PPG-PEG/NMP solution was obtained in this study. According to the phase diagram, PPSU/PEG-PPG-PEG/NMP systems are characterized by a narrow miscibility gap (area I in Figure 2). The threshold PEG-PPG-PEG concentration for 7 wt.% PPSU solution was found to be 22 wt.%, for 10 wt.% PPSU solution—19 wt.%, for 14 wt.% PPSU solution—16 wt.%, for 20 wt.% PPSU solution—10 wt.%, for 25 wt.% PPSU solution—7 wt.%, and for 35 wt.% PPSU solution—3 wt.% (Figure 2).



Further, the systems with 20 wt.% PPSU in NMP and different amounts of PEG-PPG-PEG additive (5–15 wt.%) were studied since they are prospective for the preparation of anisotropic porous membranes via NIPS (Figure 3). It was revealed that the studied systems PPSU/PEG-PPG-PEG/NMP featured a lower critical solution temperature (LCST), upper critical solution temperature (UCST), and gel point (Tgel) (Figure 3). PPSU/PEG-PPG-PEG/NMP solutions were found to have two phases and high turbidity at the temperature above the LCST (region III in Figure 3). On the contrary, these systems were viscous one-phase homogeneous solutions at temperatures below LCST and higher UCST (Tgel) (region II in Figure 3). A similar effect of the addition of the PEG-PPG-PEG into the polysulfone solution in N,N-dimethylacetamide was reported in [38]. When the temperature was lower than UCST (Tgel), PPSU/PEG-PPG-PEG/NMP systems were found to be gels with high turbidity (region I in Figure 3).



For 20 wt.% PPSU solutions, LCST was shown to decrease with the increase in PEG-PPG-PEG concentration (Figure 3). The existence of CSTs in these solutions is the result of the introduction of a fraction of the non-compatible block copolymer PEG-PPG-PEG. The addition of the block copolymer into the casting solution yielded the microphase separation due to the block copolymer self-assembly in NMP as well as the different affinity of PPSU with PPG and PEG blocks (better affinity with PPG blocks compared to the PEG blocks). When PEG-PPG-PEG concentration in 20 wt.% PPSU solution was higher than 10 wt.%, liquid–liquid demixing of the solution took place at 20 °C (Table 2).



It was revealed that PPSU solutions with the addition of 10 wt.%, 12 wt.%, and 15 wt.% PEG-PPG-PEG were biphase systems in the temperature range from 20 °C to 202–204 °C (boiling point of NMP). PPSU solution with the addition of 10 wt.% PEG-PPG-PEG was opalescent, and PPSU solutions with 12 wt.% and 15 wt.% PEG-PPG-PEG were highly turbid. However, these solutions became homogeneous and transparent after cooling down to −16 °C and heating up to room temperature.



After cooling, the phase separation did not occur at room temperature due to the kinetic inhibition of the process. After cooling to −16 °C and heating up to room temperature, the 20 wt.% PPSU solutions in NMP with the addition of 10 wt.%, 12 wt.%, and 15 wt.% PEG-PPG-PEG were available for application as casting solutions for the preparation of porous membranes. Using such PPSU/PEG-PPG-PEG/NMP solutions in the metastable state may be promising for membrane preparation via the NIPS process.



It was found that the introduction of PEG-PPG-PEG into the PPSU/NMP casting solution led to an increase in solution turbidity and viscosity (Table 2, Figure 4). An increase in the turbidity of PPSU/PEG-PPG-PEG/NMP solutions with a rise in PEG-PPG-PEG concentration is assigned to the rise in the number and size of block copolymer micelles due to the amphiphilic nature of the block copolymer as well as the possible formation of PPSU/PEG-PPG-PEG agglomerates. Thus, the solution turbidity increased from 2.3 NTU for 20 wt.% PPSU/80 wt.% NMP system to 14.8 NTU for 20 wt.% PPSU/15 wt.% PEG-PPG-PEG/65 wt.% NMP system (Table 2).



The dependence of the PPSU/PEG-PPG-PEG/NMP solution viscosity on the triblock copolymer concentration at different solution temperatures is shown in Figure 4. It was revealed that polymer solution viscosity significantly increased with the increase in the block copolymer concentration in the casting solution at all studied temperatures: from 1.98 Pa·s for 20 wt.% PPSU/80 wt.%NMP solution (at 25 °C) to 8.25 Pa·s for 20 wt.% PPSU/15 wt.% PEG-PPG-PEG/65 wt.%NMP solution (at 25 °C) (Figure 4). This effect was a consequence of an increase in the total mass fraction of the dissolved polymer mixture. Moreover, the addition of the second polymer to the PPSU solution led to the increase in incompatibility between PPSU and PEG-PPG-PEG and a decrease in solvent quality for rigid chain polymer PPSU, which resulted in a significant increase in viscosity. As expected, the rise in the solution temperature yielded a decrease in its viscosity; for instance, the viscosity of 20 wt.% PPSU solution with the addition of 10 wt.% block copolymer was 5.42 Pa·s at 25 °C and 1.69 Pa·s at 60 °C (Figure 4).



The thermodynamic parameters of the activation energy of the viscous flow of PPSU/PEG-PPG-PEG/NMP solutions were calculated according to [44,45,46] and presented in Table 3. It was shown that the enthalpy (ΔH) of the activation of viscous flow increased with the increase in the PEG-PPG-PEG concentration in the casting solution. The entropy of the activation of viscous flow (ΔS) was found to have both negative and positive values (Table 3). It was revealed that an increase in the concentration of block copolymer in the casting solution resulted in a rise in ΔS values. When PEG-PPG-PEG concentration in 20 wt.% PPSU solution in NMP was higher than 7 wt.%, ΔS values turned positive (Table 3). It is generally known that negative values of ΔS are attributed to the pronounced structuring of systems under viscous flow. However, positive values of ΔS point out at the disordering of the system structure during the flow. Such differences could indicate the incompatibility of components in polymer solutions with the addition of a higher amount of block copolymer, which increased the probability of interaction between PPSU macromolecules (PPSU-PPSU contacts) as well as interactions between block copolymer macromolecules (block copolymer–block copolymer contacts). Thus, the separation of the polymer system into two phases could be due to the formation of supramolecular particles of similar polymer type, which led to the delamination of solutions (Table 1).




3.2. Investigation of the Composition and Structure of PPSU/PEG-PPG-PEG Membranes


The reference PPSU membrane and PPSU/PEG-PPG-PEG membranes were prepared via NIPS using water as a coagulant. Previously, it was revealed that water is a very strong coagulant for PPSU/NMP solutions [8]. PEG-PPG-PEG block copolymer is known to be well soluble in water. Temperature-dependent micellization and gel formation are two of the most characteristic properties of aqueous PEG-PPG-PEG block copolymer solutions, which will affect PPSU/PEG-PPG-PEG formation via NIPS [55].



3.2.1. FTIR Spectroscopy


The effect of the concentration of PEG-PPG-PEG copolymer in the casting solution and CBT on the composition of the membrane selective layer was studied using FTIR spectroscopy (Figure 5 and Figure 6).



It was shown that the addition of PEG-PPG-PEG block copolymer into the casting solution led to an increase in the intensity of the stretching vibrations of the C–H bonds in the range of 2850–2980 cm−1 with the peak value at 2860 cm−1, which is attributed to the appearance of methyl and methylene groups of PEG-PPG-PEG copolymer in the membrane structure (Figure 5). Moreover, the intensity of the vibration at 2860 cm−1 was found to increase with the rise in the concentration of the PEG-PPG-PEG copolymer. Absorbance bands at 1585 and 1486 cm−1 indicated C=C stretching of PPSU aromatic rings. The peaks in the range of 1240–1290 cm−1 and peaks in the region of 1150–1160 cm−1 were responsible for O=S=O antisymmetric vibrations in PPSU (Figure 5). The peak at 1107 cm−1 was assigned to the vibrations of the C–O aliphatic bond, which may be attributed both to PPSU and PEG-PPG-PEG. To evaluate the relative content of PEG-PPG-PEG block copolymer in the PPSU membrane structure, the ratio of the intensities of the peaks at 1107 cm−1 and 1585 cm−1 (the characteristic peak of PPSU) (I1107/I1585) was calculated. It was found that for the reference PPSU membrane I1107/I1585 ratio was 0.76, for the membrane with 5 wt.% PEG-PPG-PEG—1.19, for the membrane with 7 wt.% PEG-PPG-PEG—1.24, for the membrane with 10 wt.% PEG-PPG-PEG—1.27, and for the membranes with 12 wt.% and 15 wt.% PEG-PPG-PEG—1.19 and 1.22, correspondingly. These data prove the incorporation of PEG-PPG-PEG block copolymer into the membrane selective layer upon membrane preparation via NIPS.



The FTIR spectra of the selective layer surfaces of the P-10 ultrafiltration membrane series obtained at different CBTs via NIPS are presented in Figure 6. It was found that the intensity of characteristic peaks of the triblock copolymer PEG-PPG-PEG at 2860 and 1107 cm−1 decreased with the rise in CBT. The reason for this phenomenon is probably that the PEG-PPG-PEG copolymer is washed out more from the membrane matrix during membrane preparation via NIPS, when CBT increases. This is confirmed by the decrease in the I1107/I1585 ratio, when CBT rises: 1.27 at CBT = 25 °C, 1.25 at CBT = 40 °C, 1.23 at CBT = 60 °C, and 1.17 at CBT = 70 °C.




3.2.2. Study of the Effect of PEG-PPG-PEG Concentration and Coagulation Bath Temperature on PPSU Membrane Structure


The addition of PEG-PPG-PEG into the PPSU casting solution may lead to three effects on the formation of the membrane structure via NIPS [56]. The first one is the aggregation of the PPSU and PEG-PPG-PEG block copolymer since hydrophobic PPG blocks in the PEG-PPG-PEG copolymer strongly tend to associate with PPSU macromolecules. Thus, during the “liquid–liquid” phase separation, amphiphilic PEG-PPG-PEG block copolymers preferred to locate at the interface between PPSU-rich domains and PPSU-poor domains to decrease interface energy. PPG segments in PEG-PPG-PEG block copolymers are entrapped in the PPSU-rich phase, and PEG segments are located in the PPSU-poor phase [56,57]. Firmly anchored PEG blocks will decorate the pores of the selective layer leading to hydrophilization. The second effect is associated with the decrease in surface tension. Amphiphilic block copolymers PEG-PPG-PEG form a layer on the interface between hydrophilic solvent (NMP) and non-solvent (water) when the as-cast polymer film is placed in a coagulation bath during membrane preparation. This increases the rate of the non-solvent in-diffusion into the nascent PPSU membrane and leads to the formation of more nuclei and the simultaneous growth of the highly concentrated polymer phase in the porous sublayer. The third effect is attributed to the self-assembly (micellization) of PEG-PPG-PEG block copolymer-forming micelles with PPG hydrophobic core and hydrophilic corona from PEG chains [55]. The formation of PEG-PPG-PEG micelles enables the flexible adjustment of the pore size of the selective layer. During the contact of the polymer solution with the non-solvent (water), PEG-PPG-PEG micelles are formed and encapsulated in the selective layer. The repulsive interaction between PEG-PPG-PEG micelles and PPSU will loosen the membrane selective layer. When the hydrophilic PEG-PPG-PEG micelles are extracted from the membranes by the non-solvent (water), the vacant regions are left to determine the pore size of the membranes. Therefore, the size of PEG-PPG-PEG micelles will affect the pore radius of the selective layer. It was reported that the critical micellization concentration (CMC) decreases, and the aggregation number of PEG-PPG-PEG micelles increases, with the increase in concentration of PEG-PPG-PEG copolymers in the aqueous solution [55].



Anisotropic porous membranes were obtained via NIPS from PPSU/PEG-PPG-PEG/NMP polymer systems using water at 25 °C, 40 °C, 60 °C, and 70 °C as a coagulation bath. However, considering that PPSU/PEG-PPG-PEG/NMP systems feature LCST, it can be concluded that, when CBT is higher than LCST, the NIPS mechanism is accompanied by TIPS. According to Figure 3 and Table 1 and Table 2, the P-0, P-5, and P-7 membrane series were prepared by NIPS at all studied CBTs. It was revealed that when PEG-PPG-PEG concentration in the 20 wt.% PPSU solution in NMP is 10–15 wt.%, these systems are biphase and heterogeneous at 25 °C (Table 2). Hence, for the P-10, P-12, and P-15 membrane series, membrane formation via the combination of NIPS and TIPS occurs at all studied CBTs (25–70 °C) (Figure 3).



The scanning electron microphotographs of cross-sections of PPSU membranes with different amounts of PEG-PPG-PEG block copolymer are presented in Table 4.



PPSU membranes obtained within this study feature an anisotropic porous structure with a thin selective layer and porous membrane matrix with large elongated macrovoids (Table 4). A transitional layer is located between a dense thin selective layer and a porous membrane matrix. The boundary of the selective layer is difficult to identify at the given instrument magnification. The reference PPSU membranes were characterized by the typical structure obtained by the instantaneous demixing mechanism. PPSU reference membranes had very dense and thick selective layers and non-uniform elongated macrovoids in the membrane matrix. It is worth noting that the 20 wt.% PPSU/80 wt.% NMP solution has the lowest viscosity compared to PPSU/PEG-PPG-PEG systems. This facilitates a fast “solvent/non-solvent” exchange rate upon NIPS and the formation of large macrovoids in the membrane matrix. It was found that the temperature of the coagulation bath did not significantly affect the structure of the reference PPSU membrane (Table 4).



It was shown that the introduction of PEG-PPG-PEG block copolymer into the casting solution and an increase in its concentration yielded an increase in the thickness of the transitional layer and its porosity. Moreover, the macrovoids of the membrane matrix moved closer to the bottom side of the polymer membrane (Table 4). The main reason for these structural changes is a significant increase in PPSU solution viscosity with the increase in PEG-PPG-PEG concentration (Figure 4). This decreases the “solvent/non-solvent” exchange rate, leading to the transfer from the instantaneous demixing to the delayed demixing phase separation mechanism. An increase in CBT does not significantly influence membrane structure for the P-0, P-5, and P-7 membranes, but the transitional layer seems to become thicker and denser (Table 4). However, for the P-10, P-12, and P-15 membrane series with an increase in CBT, the structure of the transitional layer becomes more porous. This is due to the increase in the contribution of the TIPS mechanism during membrane formation and faster out-diffusion of block copolymer micelles from the casting solution to the coagulation bath. Moreover, for the P-10, P-12, and P-15 membrane series, at all studied CBTs, formation occurs due to a combination of NIPS and TIPS, which usually increases the porosity of the selective layer and membrane matrix [7,8]. It is worth noting that an increase in PEG-PPG-PEG concentration in the casting solution leads to a decrease in CMC and aggregation number of block-copolymer micelles, which increases membrane porosity.




3.2.3. Investigation of the Selective Layer Surface by Atomic Force Microscopy


The AFM microphotographs and surface roughness parameters of the ultrafiltration membrane selective layer surface obtained at the CBT 25 °C with different PEG-PPG-PEG concentrations in the casting solution are presented in Figure 7 and Table 5.



It was shown that the surface of the selective layer consisted of the polymer nodules. This is a typical structure for ultrafiltration membranes prepared via NIPS (Figure 7). It was found that surface roughness parameters of ultrafiltration membranes prepared at 25 °C gradually increased from Ra = 3.65 nm and Rq = 4.76 nm for the reference P-0-25 membrane, up to Ra = 7.07 nm and Rq = 9.06 nm for the P-10-25 membrane (Figure 7, Table 4). This is due to the increase in the number of macromolecules of the additive, which caused disorder in the casting solution and the generation of irregular rambling weaves, resulting in the formation of a less even and less smooth layer via NIPS. It is worth noting that the increase in the PEG-PPG-PEG concentration yielded an increase in the viscosity and turbidity of the casting solution (Table 2, Figure 4). This indicated the increase in the number of block copolymer micelles. The leaching out of PEG-PPG-PEG micelles from the casting solution into the coagulation bath results in an increase in the pore size and porosity of the selective layer. The increased pore size and porosity in combination with the fast “solvent/non-solvent” exchange rate leads to the enhanced surface roughness of the selective layer.



However, the further increase in the PEG-PPG-PEG concentration resulted in a significant decline in surface roughness parameters (Figure 7, Table 5). This is due to the more equilibrium conditions of membrane formation for P-12-25 and P-15-25 membranes, which leads to the formation of a smoother selective layer surface enriched with PEG chains. High casting solution viscosity yields the delayed demixing mechanism of NIPS. Moreover, the combination of NIPS and TIPS enables the formation of a more uniform membrane surface due to the absence of fast in-diffusion of non-solvents into the nascent polymer film, when it is placed in the coagulation bath.



The effect of the CBT on the surface roughness parameters was studied using the P-10 membrane series (Figure 8, Table 6). It was revealed that an increase in CBT resulted in a decline in the roughness parameters of the membrane surface (Figure 8, Table 6). In this case, the rise in the CBT facilitated conformational transitions, which yielded the formation of a more uniform network of interlacing macromolecules of PPSU and PEG-PPG-PEG block copolymer and a more uniform distribution of PEG-blocks and nanodomains on the membrane surface (Figure 8). Moreover, the increase in CBT led to the increase in TIPS contribution in the phase separation mechanism, which resulted in the formation of a more uniform selective layer surface.




3.2.4. Influence of PEG-PPG-PEG Concentration in the Casting Solution and CBT on the Water Contact angle of Membrane Selective Layer


The water contact angle of the membrane selective layer was found to decrease with the addition of PEG-PPG-PEG into the casting solution from 78 ± 2° (for the reference PPSU membrane) to 50–60 ± 2° for PPSU/PEG-PPG-PEG membranes (Figure 9). Moreover, the water contact angle declined with the rise in the triblock copolymer concentration in the casting solution. This indicates membrane surface hydrophilization due to the addition of amphiphilic block copolymer into the casting solution. Hydrophilization of the membrane surface is the result of stretching out of hydrophilic PEG blocks of PEG-PPG-PEG on the membrane surface, which are arranged in hydrophilic nanodomains. It was found that the water contact angle decreased with the increase in the CBT up to 60 °C (Figure 9). However, the water contact angle increased for membranes obtained using the coagulation bath with a temperature of 70 °C. This is probably due to the enhanced leaching out of the PEG-PPG-PEG micelles from the nascent polymer film at CBT 70 °C during membrane preparation (Figure 9).





3.3. Investigation of the Effect of PEG-PPG-PEG Concentration and CBT on the PPSU Membrane Performance in Ultrafiltration


It was revealed that membrane pure water flux significantly increased with the addition of PEG-PPG-PEG block copolymer into the casting solution compared to the reference PPSU membrane. Moreover, a rise in the PEG-PPG-PEG concentration in the casting solution yielded an increase in membrane pure water flux. It was found that the pure water flux of PPSU/PEG-PPG-PEG membranes was in the range from 47 to 77 L·m−2·h−1 at 25 °C (Figure 10) compared to the 20 L·m−2·h−1 for the reference P-0-25 membrane. An increase in the pure water flux with the addition of triblock copolymer into the casting solution is attributed to the pore-forming properties of PEG-PPG-PEG that caused the increase in pore size and pore number. It was revealed that the pure water flux of membranes prepared at CBT 25 °C increased up to 77 L·m−2·h−1 (for the P-7-25 membrane) and remained constant (for the P-10-25, P-12-25, and P-15-25 membranes) with a further rise in the PEG-PPG-PEG concentration.



When CBT increased, different trends were observed for membranes that were prepared only via the NIPS mechanism (P-0, P-5, P-7 series) and membranes that were formed via the combination of NIPS and TIPS (P-10, P-12, P-15 series). For the first group of membranes, the increase in CBT led to a decrease in membrane permeability. This may be attributed to the following: water is a very strong coagulant for PPSU, and PPSU solutions in NMP are characterized by a low coagulation value of 9.2 g∙dL−1 (the quantity (g) of the non-solvent needed to cause the phase separation of 100 mL (1dL) of 1 wt.% PPSU solution) [7,8]. The increase in CBT enabled a very fast “solvent/non-solvent” exchange rate and polymer precipitation in non-equilibrium conditions, which facilitated the increase in selective layer thickness. The rise in selective layer thickness resulted in a significant decrease in membrane permeability. Moreover, the increase in CBT may cause shrinkage of the PPSU membrane, which decreases membrane porosity and pore size. It was revealed that when the coagulation bath temperature decreases down to 13 °C, pure water flux increases up to 80 L·m−2·h−1 for the P-5 membrane and up to 125 L·m−2·h−1 for the P-7 membrane. It was shown that 20 wt.% PPSU casting solutions with the addition of 5 wt.% and 7 wt.% PEG-PPG-PEG were found to have UCST and Tgel at 5 °C. The increase in pure water flux with the decrease in CBT for the P-5 and P-7 membrane series may be due to the approach of CBT to the UCST (Tgel) and the increase in the thermodynamic instability of the solutions (Figure 3).



However, for the P-10, P-12, and P-15 membrane series, the pure water flux tended to rise with the increase in CBT (for 40 °C—up to 52–106 L·m−2·h−1, for 60 °C—up to 60–131 L·m−2·h−1, and for 70 °C—up to 75–140 L·m−2·h−1) due to the increase in TIPS contribution in the mechanism of membrane formation, which resulted in the formation of the more porous selective and transitional layers (Table 4).



The dependence of PVP K30 and BSA rejection coefficients on the triblock copolymer concentration at different CBTs is presented in Figure 11. It was shown that the introduction of PEG-PPG-PEG into the casting solution did not significantly affect the PVP K30 rejection coefficient for membranes obtained at CBT 25 °C. However, the PVP K30 rejection coefficient was revealed to increase from 95% for the reference P-0-25 membrane up to 97% for the P-5-25 and P-7-25 membranes, correspondingly (Figure 11a). The further addition of higher amounts of triblock copolymer into the casting solution led to a slight decrease in the PVP K30 rejection coefficient down to 94% for the P-10-25, P-12-25, and P-15-25 membranes (Figure 11a).



It is worth noting that the rise in the CBT from 25 °C up to 70 °C resulted in a slight increase in PVP K-30 rejection for the P-0, P-5, and P-7 membranes and decline in PVP K30 rejection for the P-10, P-12, and P-15 membranes (from 94 to 89% for P-10 and P-12 membranes, and from 94 to 83% for P-15 membrane), which is consistent with the change in membrane structure and permeability (Table 4, Figure 10 and Figure 11a). It was found that for the P-5 and P-7 membranes obtained at CBT 13 °C, PVP K-30 rejection was 92–93%.



The BSA solution in the phosphate buffer with pH 7.2 ± 0.05 was used to study membrane separation and antifouling performance. BSA macromolecules had a negative charge and extended conformation at pH 7.2 ± 0.05. It was found that the studied membranes were characterized by rather high values of the BSA rejection coefficient (83–97%) (Figure 11b). The BSA rejection coefficient followed similar trends compared to PVP K-30 rejection with the increase in CBT; it slightly increased with the increase in CBT for the P-0, P-5, and P-7 membrane series and decreased for the P-10, P-12, and P-15 membrane series (Figure 11b).



The antifouling performance of the P-0 and P-10 membrane series during the BSA solution filtration was studied during two cycles of ultrafiltration (Figure 12). It is known that membrane antifouling stability depends on several factors: pore size, porosity, hydrophilic–hydrophobic balance, surface roughness, and zeta potential of the membrane selective layer.



It was found that FRR for the P-10 membrane series was significantly higher compared to the reference P-0 membrane series at all studied CBTs (Figure 12a). The higher antifouling stability of the P-10 membrane series was due to the higher surface hydrophilicity caused by the presence of hydrophilic PEG chains on the membrane surface (Figure 9). Hydrophilic PEG chains induce the formation of a hydrate layer on the membrane surface in the aqueous medium, which prevents the adsorption of protein macromolecules on the surface. Total flux decline ratio (DT) was observed to be much lower for the P-10 membrane series in comparison with the P-0 membrane series (Figure 12b). This is also due to the enhanced hydrophilicity of the modified P-10 membrane series compared to the reference P-0 membrane series. However, surface roughness parameters of the selective layer of the P-10-25 membrane were significantly higher compared to the P-0-25 membrane (Table 5). It can be seen that the substantial rise in hydrophilicity for the P-10-25 membrane compared to the P-0-25 membrane counterbalances the increase in the surface roughness parameters. An increase in CBT practically does not change the water contact angle for the P-10 membrane series, but does decrease surface roughness. According to the increase in the pure water flux of the P-10 membrane series with the increase in CBT, it can be seen that membrane porosity increases (Figure 10). Moreover, based on the results of the rejection studies, it can be concluded that the pore size of the P-10-70 membrane is substantially higher compared to the P-10-25, P-10-40, and P-10-60 membranes (Figure 11).



An increase in the porosity of the membrane selective layer yields a slight decrease in FRR with an increase in CBT for the P-10 membrane series (Figure 12a) despite the decrease in surface roughness. It is commonly known that smaller pore size and surface layer porosity result in a lower degree of penetration of foulant molecules into the pores, and thus, decrease the surface fouling compared to membranes with larger pore sizes and porosity.



Figure 12c,d represent the reversible (DRr) and irreversible (DRir) flux decline ratios. It was found that DRr for the P-10 membrane series was over two times higher compared to the P-0 membrane series (Figure 12c), which indicates that modified membranes were more easily cleaned from contaminants from the membrane surface. It was found that DRr decreased and DRir increased with the increase in CBT (Figure 12c) due to the higher porosity of the membrane surface. However, the DRir was found to be much lower for the P-10 membrane series compared to the P-0 membrane series (Figure 12d). Thus, according to the results presented above, the obtained PPSU/PEG-PPG-PEG ultrafiltration membranes demonstrated better performance and antifouling stability compared to the reference PPSU membrane.



The comparison of the performance of the developed PPSU/PEG-PPG-PEG membranes and different modified PPSU membranes reported in the literature is presented in Table 7. It was found that the developed PPSU/PEG-PPG-PEG membranes had comparable transport characteristics and, in most cases, higher hydrophilicity (lower water contact angle) compared to the PPSU membranes reported in the literature. Moreover, the developed PPSU/PEG-PPG-PEG membranes demonstrate similar or better antifouling stability compared to the PPSU membranes reported in the literature.





4. Conclusions


The effect of PEG-PPG-PEG concentration on the physical–chemical properties of the PPSU/NMP solution was investigated for the first time. It was revealed that an increase in the concentration of the PEG-PPG-PEG copolymer resulted in a decrease in the LCST, which led to solution delamination and an increase in the solution viscosity and turbidity. A series of membranes with different concentrations of PEG-PPG-PEG additive and CBTs were prepared. The addition of PEG-PPG-PPG to the PPSU casting solution was found to increase pure water flux and membrane hydrophilicity. Two patterns of the effect of coagulation bath temperature on the structure and separation performance of PPSU/PEG-PPG-PEG membranes were revealed: for the membrane series P-5 and P-7, pure water flux decreased, and for the membrane series P-10, P-12, and P-15, there was an increase of pure water flux with the increase in CBT due to the differences in the mechanism of phase separation (NIPS or combination of NIPS and TIPS). It was shown that PPSU/PEG-PPG-PEG membranes are characterized by significantly higher antifouling performance during the ultrafiltration of bovine serum albumin solutions compared to the reference PPSU membrane.
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Figure 1. Structural formulas: (a)—PPSU, (b)—NMP, (c)—PEG-PPG-PEG block copolymer, (d)—PVP. 
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Figure 2. Fragment of triangle phase diagram of polymer system PPSU/PEG-PPG-PEG/NMP: I—one-phase homogeneous solution region (miscibility gap), II—two-phase solution region (demixing gap), red dots are cloud point concentrations. 
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Figure 3. Dependence of CSTs on the content of PEG-PPG-PEG in 20 wt.% PPSU solution in NMP: 1—LCST, 2—UCST (Tgel). I—gel region, II—one-phase solution region, III—liquid–liquid demixing region (two-phase system). 






Figure 3. Dependence of CSTs on the content of PEG-PPG-PEG in 20 wt.% PPSU solution in NMP: 1—LCST, 2—UCST (Tgel). I—gel region, II—one-phase solution region, III—liquid–liquid demixing region (two-phase system).



[image: Polymers 16 01349 g003]







[image: Polymers 16 01349 g004] 





Figure 4. Dependence of the viscosity (η) of PPSU/PEG-PPG-PEG/NMP solutions on the concentration of triblock copolymer PEG-PPG-PEG additive at different polymer solution temperatures. 
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Figure 5. FTIR spectra of the selective layer surface of ultrafiltration PPSU membranes depending on the PEG-PPG-PEG copolymer concentration at CBT 25°. 
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Figure 6. FTIR spectra of the selective layer surfaces of P-10 ultrafiltration membrane series at different CBTs during preparation via NIPS. 
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Figure 7. The AFM images of the selective layer surface of ultrafiltration PPSU/PEG-PPG-PEG membranes prepared at the CBT 25 °C: (a)—P-0-25; (b)—P-5-25, (c)—P-7-25, (d)—P-10-25, (e)—P-12-25, (f)—P-15-25. 
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Figure 8. The AFM images of the selective layer surface of P-10 membrane series at different CBTs: (a) P-10-25; (b) P-10-40; (c) P-10-60; (d) P-10-70. 
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Figure 9. Water contact angle of the selective layer surface of PPSU/PEG-PPG-PEG membranes depending on the block copolymer concentration in the casting solution and CBT. 
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Figure 10. Pure water flux of PPSU/PEG-PPG-PEG ultrafiltration membranes at transmembrane pressure of 0.1 MPa versus PEG-PPG-PEG content in the casting solution at different CBT. 
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Figure 11. PVP K30 (a) and BSA (b) rejection coefficients of PPSU/PEG-PPG-PEG ultrafiltration membranes with different content of the PEG-PPG-PEG triblock copolymer in the casting solution at different CBTs. 
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Figure 12. Antifouling parameters of reference P-0 and P-10 membrane series prepared at different CBTs during BSA solution ultrafiltration: (a) FRR; (b) DT; (c) DRr; (d) DRir. 
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Table 1. Membrane abbreviations with different amounts of PEG-PPG-PEG additive in the casting solution prepared at different coagulation bath temperatures (CBTs).
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Membrane Abbreviation

	
PEG-PPG-PEG

Concentration, wt.%

	
CBT, °C






	
P-0-25

	
0

	
25




	
P-0-40

	
40




	
P-0-60

	
60




	
P-0-70

	
70




	
P-5-25

	
5

	
25




	
P-5-40

	
40




	
P-5-60

	
60




	
P-5-70

	
70




	
P-7-25

	
7

	
25




	
P-7-40

	
40




	
P-7-60

	
60




	
P-7-70

	
70




	
P-10-25

	
10

	
25




	
P-10-40

	
40




	
P-10-60

	
60




	
P-10-70

	
70




	
P-12-25

	
12

	
25




	
P-12-40

	
40




	
P-12-60

	
60




	
P-12-70

	
70




	
P-15-25

	
15

	
25




	
P-15-40

	
40




	
P-15-60

	
60




	
P-15-70

	
70











 





Table 2. Properties of the PPSU/PEG-PPG-PEG/NMP solutions at the constant PPSU concentration (20 wt.%) with different amounts of PEG-PPG-PEG additive.






Table 2. Properties of the PPSU/PEG-PPG-PEG/NMP solutions at the constant PPSU concentration (20 wt.%) with different amounts of PEG-PPG-PEG additive.





	
PEG-PPG-PEG Concentration, wt.%

	
Turbidity, NTU

	
Number of Phases at T = 25 °C






	
0

	
2.3

	
1




	
5

	
5.0




	
7

	
6.4




	
10

	
8.4

	
2




	
12

	
12.2




	
15

	
14.8











 





Table 3. Thermodynamic parameters of viscous flow activation of PPSU/PEG-PPG-PEG/NMP solutions.
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	c (PEG-PPG-PEG), wt.%
	ΔG (kJ·mol−1)
	ΔH (kJ·mol−1)
	ΔS (J·mol−1·K−1)





	0
	24.51
	24.21
	–1.01



	5
	25.77
	25.64
	–0.45



	7
	26.31
	26.76
	1.52



	10
	26.99
	27.39
	1.33



	12
	27.68
	28.49
	2.72



	15
	28.02
	28.63
	2.04










 





Table 4. SEM microphotographs of the reference PPSU and PPSU/PEG-PPG-PEG ultrafiltration membranes obtained at different coagulation bath temperatures.
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Membrane

	
Coagulation Bath Temperature, °C




	
25

	
40

	
60

	
70






	
reference PPSU

membrane

(P-0 series)

	
[image: Polymers 16 01349 i001]

	
[image: Polymers 16 01349 i002]

	
[image: Polymers 16 01349 i003]

	
[image: Polymers 16 01349 i004]




	
P-5 series
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P-7 series
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P-10 series
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P-12 series
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P-15 series
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Table 5. Surface roughness parameters of PPSU/PEG-PPG-PEG ultrafiltration membranes obtained at CBT = 25 °C.
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Membrane Abbreviation

	
Roughness Parameters




	
Ra, nm

	
Rq, nm






	
P-0-25

	
3.65

	
4.76




	
P-5-25

	
4.03

	
5.04




	
P-7-25

	
5.25

	
6.57




	
P-10-25

	
7.07

	
9.06




	
P-12-25

	
4.98

	
6.02




	
P-15-25

	
1.34

	
1.86











 





Table 6. Surface roughness parameters of P-10 membrane series.
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Membrane Abbreviation

	
Roughness Parameters




	
Ra, nm

	
Rq, nm






	
P-10-25

	
7.07

	
9.06




	
P-10-40

	
2.24

	
3.02




	
P-10-60

	
1.86

	
2.59




	
P-10-70

	
1.89

	
2.74











 





Table 7. Comparison of the separation and antifouling performance of PPSU-based membranes.
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Membrane Composition

	
Water Contact Angle, deg

	
Pure Water Flux,

L·m−2·h−1bar−1

	
R, %

	
FRR, %

	
Reference






	
PPSU/PEG/PVP/O-MWCNT

	
35

	
544

	
83 (humic acids)

	
62 (humic acids)

	
[11]




	
PPSU/PES/SiO2

	
55

	
15

	
82 (BSA)

	
-

	
[37]




	
PPSU/PVP/SnO2

	
64

	
182

	
73 reactive orange 16)

	
65 (BSA)

	
[17]




	
94 (reactive black 5)




	
PPSU/PVP/ZSM-5

	
69

	
38

	
100 (BSA)

	
68 (BSA)

	
[58]




	
PPSU/PVP/BiOCl-AC

	
67

	
232

	
80 (diesel fuel)

	
54 (BSA)

	
[20]




	
PPSU/PVP/CAU-1

	
63

	
23

	
81 (methyl violet)

	
82 (BSA)

	
[15]




	
PPSU/PVP

	
83

	
149

	
96 (BSA)

	
80 (BSA)

	
[59]




	
SPPSU-SC20

	
65

	
380

	
92 (BSA)

	
92 (BSA)




	
PPSU/PEG

	
93

	
125

	
97 (BSA)

	
50 (BSA)

	
[6]




	
PPSU/PEG/GO

	
65

	
255

	
91 (BSA)

	
60 (BSA)




	
sPPSU

	
53

	
28

	
-

	
-

	
[60]




	
sPPSU

	
64

	
191

	
-

	
84 (oil/water emulsion)

	
[32]




	
sPPSU

	
68

	
240

	
98 (BSA)

	
78 (BSA)

	
[61]




	
PPSU/PEI

	
64

	
200

	
56 (humic acids)

	
43 (humic acids)

	
[5]




	
PPSU/PEG-PPG-PEG

	
50-56

	
77–140

	
89–92 (BSA)

	
81–89 (BSA)
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