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Abstract

:

An easy method to prepare hydrophilic PES membranes with anti-fouling properties was developed by UV-polymerization of poly vinyl pirrolidone (PVP) on membrane surfaces. The modified membrane surfaces were analyzed by ATR-FTIR, and the new hydrophilic nature of the membranes was determined by contact angle measurements. The novel membranes were prepared using Rhodiasolv® Polarclean as a green solvent and compared with a control PES membrane, without the exposure at the hydrophilization procedure. The influences of the UV lamp distance (15 and 30 cm) and the exposure time (0 cm to 60 cm) were evaluated. All membranes were characterized in terms of surface morphology, porosity, pore size, and pure water permeability (PWP). The treated membranes resulted in an increase in hydrophilicity and in improved performances in terms of PWP and foulant rejection. In particular, an anti-fouling test was performed using a solution of 100 mg/L of humic acid (HA) as a model foulant. The UV-treated membrane efficiency, compared with a commercial PES membrane, showed a recovery of about 97%, confirming that these membranes can be applied in wastewater treatment.
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1. Introduction


Recently, industries are focusing on a more sustainable approach in separation processes, especially in the chemical sector, in food applications, or in processing heavily contaminated industrial wastewater. Membrane technology has become one of the most used processes, thanks to characteristics that include high efficiency, eco-friendliness, low operation, easy scalability and integration in existing processes, temperature, and energy conservation [1,2,3]. Although membrane processes possess a higher potential for water treatment, one of their major drawbacks is the fouling phenomenon. Fouling is the deposition and/or absorption on the membrane pores or surface of particles, proteins, macromolecules, particulate matter, salts, etc. [4,5]. Fouling affects flux dramatically, and degenerates membrane performance and lifespan [6,7]. Consequently, development of non-fouling membranes represents the solution to overcome this problem. Whereas the separation process is a surface phenomenon, one of the most common methods to reduce the fouling is to modify the membrane surface. In particular, hydrophilization procedures modify the membrane surface, and inhibit or minimize the fouling phenomenon because they operate at the level of surface interactions (foulant and membrane interactions) [4,8]. Membrane-surface hydrophilization is generally based on chemical and/or physical processes, with two principal approaches: (i) introduction of hydrophilic additives to dope solutions; and (ii) tailoring of the membrane surface [4,8,9,10]. Almost all membranes for industrial processes are made of organic polymers and/or inorganic materials. In particular, the polymers that are most used are: polyamide (PA), poly(vinylidene fluoride) (PVDF), polypropylene (PP), polytetrafluoroethylene (PTFE), and the family of sulfone polymers, such as polysulfone (PSF), poly(ethersulfone) (PES), and poly(phenylsulfone) (PPSU). PES is widely used for preparation of ultrafiltration (UF) and microfiltration (MF) membranes. In fact, PES offers unique peculiarity for membrane filtration applications, such as higher mechanical strength, chemical stability and caustic resistance, outstanding biocompatibility, and the possibility to produce both MF and UF hollow fibers (HFs) and flat-sheet membranes by modulating the mean pore size [11,12]. However, a disadvantage of PES membranes is their hydrophobicity, even though they present the highest water absorption rate with respect to the other commercial sulfone polymers. Several works have reported the modification of PES membranes in order to improve their hydrophilicity. The development of an asymmetric PES membrane blended with hydrophilic copolymer, which sulfonated poly (arylene ether sulfide sulfoxide sulfone) (SPAESSS), was reported by Peyravi et al. [12]. Oulad et al. [7] developed a coupling treatment of PES modified with 4,4-diaminodiphenyl sulfone, in order to create CPES/PES blended membranes with higher flux and fouling resistance properties with respect the bare PES membrane. An innovative hydrophilic and anti-fouling coating using a polymerizable bicontinuous microemulsion (PBM) for commercial PES membrane-surface modification was presented by Galiano et al. [13]. Moreover, numerous studies have mentioned the use of different nanoparticles (NPs) in order to produce PES nanocomposite antifouling membranes [14,15,16,17]. An interesting study on PES membrane performance after a modification with the addition of poly vinyl pirrolidone (PVP), UV irradiation, and thermal annealing was performed by Kusworo et al. [18]. The authors reported that the modified membrane exhibited significant enhancement of hydrophilicity and lower foulant deposition on the its surface during the biodiesel purification experiment. Pieracci et al. [19] reported the graft polymerization of N-vinyl-2-pyrrolidone on PES membranes by photolysis via UV for reducing bio-fouling. The effect of the different hydrophilic additives, such as aluminum oxide (Al2O3) NPs and polyethylene glycol (PEG), on PES membranes modified using UV irradiation was studied by Garcia-Ivars et al. [20]. An overview of UV-induced modifications of PES membranes was also presented by Ng et al. [21]. PES membranes are generally fabricated by phase inversion (PS) techniques [22]. Among these, the vapor phase, coupled to the non-solvent-induced phase separation (NIPs/VIPs), is one of the most used techniques to produce asymmetric or symmetric porous membranes. This method can modify the membrane morphology using the non-solvent (i.e., water) in vapor phase inside the climatic chamber, and modify the humidity degree, the exposure time, and the temperature. Moreover, the NIPs/VIPs technique can prevent the formation of macrovoids due to the delay of mass transfer in the climatic chamber, followed by an immersion precipitation in a coagulation bath [23]. Commonly, the preparation of a dope solution requires the solubility of a polymer in polar organic solvents, such as dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), or dimethylacetamide (DMAc), which pose serious concerns, due to their toxic profiles, for human health and the environment [1,3,22]. Today, research focuses on the use of alternative safe and less-toxic solvents according to the fifth principle of green chemistry, as reported by Anastas [24]. Therefore, in our study, methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate (Rhodiasolv® Polarclean) was chosen as a greener alternative solvent. According to the circular economy design on the use of new chemicals [25], this solvent derives from the recycling of synthesis of nylon 6,6, and presents good properties: it is not toxic, reprotoxic, or mutagenic; and it is biodegradable [26]. It has also a low vapor pressure and high boiling point (280 °C), and it is totally soluble in water, making it suitable for membrane preparation [27]. Polarclean has already been successfully proposed for the preparation of MF and UF membranes, using different polymers, e.g., PES and PVDF [28,29]. In this study, an easy procedure for improving the anti-fouling performance of PES membranes is presented. Polymeric porous PES membranes were prepared via PS technique using Polarclean as a green solvent and exposed to a UV-lamp in order to induce the PVP photopolymerization inside the membranes [30]. The nature of PVP as a hydrophilic additive was exploited. It is a hydrophilic polymer without hydroxide or ionic charged groups, and is commonly used as a pore former in a casting solution for porous membrane preparation [4,31,32,33,34,35,36]. It is also a non-toxic polymer and is commercially accessible at low cost [37]. The effects of UV-lamp distance (15 and 30 cm) and the exposure time (0 cm to 60 cm) inside the UV chamber were studied and evaluated. The success of the hydrophilization procedure was verified via ATR-FTIR and water contact angle measurements (CAw). The UV-modified membranes were studied in terms of morphology, using SEM and AFM microscopy, porosity, and pore size. Membrane performance was initially evaluated by measuring the water permeability. An anti-fouling test was conducted by using the model foulant humic acid (HA) (100 mg/L). In order to highlight the properties of the UV-modified membranes, a hydrophilic commercial PES membrane was used as model during the experiments.




2. Materials and Methods


2.1. Chemicals


The Rhodiasolv® Polarclean HSP (methyl-5-(dimethylammino)-2-methyl-5-oxopentanoate; boiling point: 278–282 °C; water solubility >490 g dm–3 at 24 °C) and polyethersulfone (Veradel® 3000P) were kindly provided by Solvay Specialty Polymers (Bollate, MI, Italy). The poly vinyl pirrolidone (PVP, Luviskol, K17; Mw=9 kg/mol and K-90; Mw = 1400 kg/mol) was purchased from BASF and desiccated under vacuum at 50 °C for 24 h before use. The polyethylene glycol (PEG-200; Mw = 0.2 Kg/mol), 2.2 Dimethoxy-2-phenylacetophenone, 2-Isopropyl alcohol ≥99.5%, Fluorinert FC-40, and humic acid (HA) were purchased from Sigma Aldrich (St. Louis, MO, USA) and used without further purification. The polyethersulfone (PES) membrane filters (0.45 µm) (PES0453001) were purchased from Sterlitech (Sterlitech corporation, Kent, WA, USA).




2.2. Polymeric Dope Solution Preparation


The polymeric dope solution was produced by dissolving 11 wt.% of the polymer in the correct amount of solvent Polarclean. Subsequently, the 25 wt.% of PEG-200 was added, and after few minutes, 13 and 2 wt.% of PVP-K17 and K-90, respectively, were added to complete the solution. Only in the case of UV treatment, the 1 wt.% of the photo-initiator (2.2 Dimethoxy-2-phenylacetophenone) was included in the dope solution. Polymeric dope was prepared at 70 °C, under constant mechanical stirring for 2 h. When the solution became homogeneous, the dope was kept at 50 °C for 3 h for degassing, before casting.




2.3. Membrane Preparation and Hydrophilization Procedure


The membranes were fabricated via the PS method by casting the polymeric solution at 50 °C on the glass plate using a knife with a gap of 250 µm within a climatic room (DeltaE srl, Rende, CS, Italy). The nascent membranes were exposed for 2.5 min at 55 Rh% humidity and 25 °C, following immersion in the water coagulation bath. In the case of UV-treatment, after the exposure time to humidity in the climatic chamber, the nascent membrane was exposed to a UV lamp (500 W; purchased from Helios Italquartz Production Site/R&D and Technical Center, Cambiago, MI, Italy). It presented an emission spectrum from 180 nm to visible light. The effects of lamp distance and exposure time were studied; in particular, the lamp distance (cm) was changed between 15 and 30 cm, and the exposure time to UV was varied from 0 to 60 s, as reported in Table 1.



After the hydrophilization procedure, the membranes were dipped in a water coagulation bath, and washed in hot water (60 °C) three times. The obtained membranes were then dried in air, and subsequently in an oven at 40 °C overnight. The scheme of the membrane preparation and hydrophilization procedure is shown in Figure 1. In order to confirm cross-linking of PVP in the PES membranes, the membranes were soaked in a solution of sodium hypochlorite (NaOCl) at 400 ppm and pH = 7 for 24 h at room temperature.




2.4. Viscosity Measurement


The viscosity of the polymeric solutions was measured by employing a rotational rheometer (Brookfield, DV-III Ultra, Toronto, ON, Canada) equipped with a thermostatic bath. The data were acquired as a function of temperature (between 30 and 70 °C), selecting the proper shear rate in order to be within the Newtonian regime and torque value (between 10 and 90% of the maximum value). The measurement was repeated three times. The spindle used was an SC4-34.




2.5. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)


The membrane surfaces were analyzed using ATR-FTIR. Ten different points in the sampling area were analyzed, and the resulting spectra, at a resolution of 4 cm−1, were acquired at the same pressure with a micrometer torque (UATR crystal Diamond/ZnSe–Spectrum One System, Perkin Elmer Instruments, Waltham, MA, USA). The depth of penetration was up to 1.66 µm.




2.6. Scanning Electron Microscopy (SEM)


A Zeiss EVO MA100 scanning electron microscope (Zeiss, Assing, Roma, RM, Italy) was used in order to study the membranes’ morphology (cross-section, top and bottom side). Cross-section samples were obtained by freezing the membrane in liquid nitrogen and then fracturing it [38]. All samples were sputter-coated with a thin gold film prior to SEM observation (Q150R S, Quorum Technologies Ltd., Lewes, UK).




2.7. Atomic Force Microscopy (AFM)


A Bruker Multimode 8 combined with Nanoscope V controller was employed to investigate the topography of the membranes via AFM. The data were acquired in tapping mode, using silicon cantilevers (model TAP150, Bruker, Karlsruhe, Germany). The pictures of the membrane surfaces were imaged at a scan size of 10 μm × 10 μm. Five measurements were taken in different points of the sample. The average and standard deviation have been reported.




2.8. Thickness


The membranes’ thickness was measured using a digital micrometer (Carl Mahr, Gottingen, Germany, ±0.001 mm of precision). Specifically, membrane thickness was registered in ten regions of the membrane. The average value and standard deviation were calculated.




2.9. Porosity


A membranes’ porosity (ɛ) is the volume of the voids inside the membrane divided by its total volume. Porosity was calculated using the gravimetric method, according to the literature [39]. The method involves weighing the dry membrane samples and subsequently weighing the wet membrane samples after the impregnation in IPA for 24 h. Porosity was calculated as:


  Ɛ ( % )    =    {      W w − W d     / ρ i     W w − W d   / ρ i +     W d   ρ P        }   ×   100  



(1)




where Ww and Wd are the weight of the wet and dry membranes, respectively, ρi is the IPA (0.78 g/cm3), and ρP is the polymer density (1.37 g/cm3). For all samples, the measurement was repeated three times, and the average and corresponding standard deviation were calculated.




2.10. Pore Size


An analysis of bubble point and pore size was performed using a PMI capillary flow porometer (CFP1500 AEXL, Porous Materials Inc., Ithaca, NY, USA), in a wet-up/dry-up operating mode. The data were analyzed using the software Capwin. Each membrane sample was initially immersed and wetted for 24 h using Fluorinert FC-40 (16 dyne/cm). For each membrane, three measurements were taken. The average and the standard deviation were calculated.




2.11. Contact Angle


A CAM 200 contact angle meter (KSV Instruments LTD, Helsinki, Finland) was utilized to study the hydrophilic nature of the membranes. A drop of 5 µL of ultrapure water was used for the measurements. The data was acquired five times, and the average and the corresponding standard deviations have been reported.




2.12. Pure Water Permeability


A pure water permeability (PWP) test was performed using a cross-flow cell (DeltaE srl, Milan, MI, Italy) equipped with a gear pump (Tuthill Pump Co., Concord, CA, USA). The effective active area of the membrane was 8 cm2, and the experiments were conducted at room temperature (25 °C). Before the permeability tests, the membrane was conditioned for 30 min at a trans-membrane pressure of 1 bar. The membrane was exposed at three different transmembrane pressures (0.85/0.65/0.45 bar), separated by a stabilization period of 15 min. The permeate was collected at 60 s. The PWP was calculated according to this equation:


PWP = Q/A t p



(2)




where A is the membrane area (m2); p is the pressure (bar); Q is the permeate volume (L); and t is the time (hours). The PWP test was repeated three times, and the average was reported with its corresponding standard deviation.




2.13. Anti-Fouling Tests


HA, at 100 mg/L, was used as model foulant for the fouling tests. The permeability (PHA) was measured three times and evaluated at steady-state conditions. The fouling test was repeated three times on the same sample (six hours for each test). Between fouling tests, the membrane was washed with ultrapure water at 0.25 bar for 3 h, and the pure water permeability (PWN) was evaluated again. The reduction and recovery in the PWP were calculated as follows:


Reduction (%) = (1 − PHA/PW*100)



(3)






Recovery (%) = ((PWN − PHA/PHA)*100)



(4)







During the HA permeability tests, the absorbance of the feed and permeate solutions were measured with a UV-160 A spectrophotometer (Shimadzu Scientific Instruments, Inc., Tokyo, Japan). A calibration curve, using reference compounds of known concentration (0-30-60-90-100-120 mg/L of HA), was created. The absorbance of the resulting solutions was measured at 254 nm (final concentration of HA equal to 0, 0.60, 1.19, 1.69, 1.75, 1.92 Abs) in order to obtain from the equation of the line (y = 0.0184x), the value of the correlation coefficient (R2 = 0.9909), the slope, and the intercept, using the least squares method.



Rejection (R%) was then calculated using the following equation:


R(%) = ((Cf − Cp)/Cf)*100



(5)




where Cf and Cp are the concentrations (expressed in mg/L) of feed and permeate, respectively.



Three anti-fouling tests were performed for each sample; the average and the standard deviation were calculated and reported.





3. Results and Discussion


The hydrophilization procedure is a simple and direct process for modifying PES membranes using a UV process. UV light is radiated onto the nascent membrane while the membrane is in the presence of PVP, a hydrophilic polymer. This easy procedure promotes the attachment of free radically polymerizable hydrophilic compounds onto the surface of the membranes, according to literature [19,30,35]. In our work, the hydrophilization of the membrane surface occurs through UV irradiation and thermal annealing [18,35]. On one hand, the UV irradiation promotes the cross-linking of PVP, forming an interpenetrating polymeric network by using a suitable polymerizable photoinitiator, such as 2.2 Dimethoxy-2-phenylacetophenone (DMPA) [40]. The UV can induce the degradation of DMPA in a radical segment in order to obtain a grafted PVP PES membrane [41]. The reaction of the radical with the PVP can generate macroradicals centered in three possible positions, as reported by Parisi et al. [42] and by Zhu et al. [43], that can be grafted onto the PES membrane, considering the lability of the hydrogen atoms present in its structure. On the other hand, according to Allegrezza et al. [35], the membrane surface should hydrophilize due to the thermal annealing condition (80 °C) created in the UV chamber during polymerization. Thermal annealing can cause the rearrangement of membrane molecules, with a modification of surface membrane in terms of performance.



3.1. ATR-FTIR


According to the hydrophilization procedure, the nascent membrane, prepared using a photoinitiator (2.2-Dimethoxy-2-phenylacetophenone), was exposed to a UV lamp. This procedure was necessary to enhance the polymerization of the PVP inside the membrane. The IR spectra (Figure 2a,b) confirmed the presence of polymerized PVP in the UV-M15-15 membrane, showing a characteristic peak at 1665 cm−1. This peak represents the stretching of the ketonic C=O band. The UV-M15-15 membrane spectra also showed the presence of the photoinitiator, with a peak at 1729 cm−1. On the contrary, in the UV-M0 membrane (without the hydrophilization procedure) the peak of PVP was not particularly evident, confirming the potential of the UV method. Furthermore, when examining the spectra of the UV-M15-15 membrane with the chemical cleaning of NaClO reported in Figure 2c, it is possible to notice that the peak of the PVP was the same intensity of the membrane UV-M15-15 peak without the NaClO treatment (Figure 2a). It is well known that the action of NaOCl can leach out PVP or other additives from membrane pores [44,45]. In our study, the NaOCl treatment determined a control role on the PVP cross-linking, which remained inside the membrane. The peaks, around 1576 cm−1 and 1485 cm−1, identified the stretching vibration of the C=C skeleton in an aromatic ring. The peak presented at 1240 cm−1 was the absorbance of C–O–C bond of the PES. The bands at 1148 cm−1 and 1103 cm−1 can be attributed to the sulfone group, while the peak at 1083 cm−1 can be attributed to the stretching vibration of –C–O.




3.2. Membrane Morphology and Properties


3.2.1. SEM


Figure 3 shows the SEM pictures of the membranes prepared with and without the hydrophilization procedure. All membranes presented an asymmetric structure in which the selective layer is thin and porous, over a much thicker porous sub-structure, according to the literature [32]. The UV-M0 membrane prepared without the exposure time to the UV lamp and only to humidity in the climatic chamber, also showed a porous structure in the top, bottom, and cross-section surfaces. In this case, the presence of PVP confirmed its nature as a pore-forming agent of the membrane structure [46]. PVP has high miscibility with PES and high solubility in water, as a non-solvent, in the coagulation bath [47]. The combination of the NIPs/VIPs technique with hydrophilic agents at high molecular weight in the polymeric solution led to a slow polymer precipitation, causing a retarded interchange exchange between the solvent and non-solvent, preventing finger-like macrovoid formation, promoting homogenous sponge like structures, and increasing hydrophilicity [29,48,49]. The nascent membrane prepared according to Section 2.4, after humidity, was exposed to a UV lamp (500 W), and the effects of lamp distance and exposure time (15 and 60 s) were studied. The distance from the lamp to the membranes was varied from 15 to 30 cm, as reported in Table 1. The temperature inside the UV chamber was maintained stable by using cooling fans.



The effect of UV irradiation on PES membranes has been reported by Yamagishi et al. [50]. According to this study, the PES polymer presented high photosensitivity, and the UV exposure led to a split of the primary bond of the polymer chain, with a consequent reduction in the molecular weight. Figure 3 shows:




	-

	
A sponge-like structure for all membranes produced (Figure 3a,d,g,l).




	-

	
The top side of the membrane exposed for 60 s (UV-M60-30) appears more porous (Figure 3m) than the top side (Figure 3b) of the control membrane (UV-M0). The opposite trend was observed for the membranes exposed for 15 s for UV-M15-15 (Figure 3e) and for UV-M15-30 (Figure 3h). The selective layer was similar for the UV-M15-15 and UV-M15-30 membranes (Figure 3d,g) while it decreased for the UV-M60-30 membrane (Figure 3l).




	-

	
The bottom side of the UV-treated membranes (Figure 3f,i,n) became more porous with respect the control membrane (Figure 3c).









Similar results were obtained by Roesink H.D.W. et al. [51]. After cross-linking of the hydrophilic polymer (PVP), they obtained a stable polymer matrix with membrane surface that was very smooth and with less fouling. No images were reported for the membrane UV-M60-15. In fact, the UV treatment for 60 s at 15 cm of lamp distance damaged the surface. For this reason, the membrane UV-M60-15 was not characterized.




3.2.2. Viscosity, Thickness, Porosity, Pore Size, and Pure Water Permeability


Features of the membranes are summarized in Table 2. When comparing the thickness of the control membrane (UV-M0), it was observed that in all cases, the thickness decreased after the UV procedure.



Viscosity, as reported in Figure 4 (changed by polymer molecular weight), plays a crucial role during membrane formation, influencing the thermodynamics and kinetics of the phase separation [52,53]. It must be considered that during the hydrophilization procedure, the temperature inside the UV chamber was 40 °C, while the temperature inside the climatic room was 25 °C. Therefore, this increase in temperature also resulted in a viscosity reduction. In fact, a lower thickness was observed for the membrane exposed for 15 s at 15 cm from the UV lamp (membrane UV-M15-15). The membranes exposed for 30 s presented a thickness reduction of 12% and 17% for the membranes UV-M15-30 and UV-M60-30, respectively.



Porosity decreased for the UV-M15-15 and UV-M15-30 membranes due to an increase in the selective layer, as shown by the SEM images. Moreover, a higher increase in terms of porosity and pore size was observed for the UV-M60-30 membrane. This result was also in agreement with the SEM images; in fact, only the surface of the membrane exposed to the UV lamp for 60 s appeared more porous, with a thinner selective layer. Finally, when the UV exposure time was fixed at 15 s, the pore size increased from 14 to 17%, when the lamp distance was 15 and 30 cm, respectively. Concerning the pure water permeability (PWP) results, it is possible to observe an increase for all the investigated membranes, according to the previous data. In particular, a higher flux was reported for the UV-M60-30 membrane (35,418 L/m2h bar) due to the higher pore size and porosity. Interestingly, the flux obtained for the membrane prepared at 15 s (UV- M15-15) was about 25,000 L/m2h bar. This result was in accordance with the decrease in thickness (85.4 µm) and pore size (0.43 µm).




3.2.3. Water Contact Angle


The water contact angle (CAw) measurements of the membranes, with and without the hydrophilization procedure, are reported in Figure 5. The CAw was less than 55°, indicating the hydrophilic nature of the membranes in all cases.



The control membrane (UV-M0) presented an average CAw of 54 ± 0.5, while the membranes exposed to the hydrophilization procedure showed a CAw of less than 30°. This result indicates that the hydrophilic treatment decreased the Caw and enhanced the hydrophilic nature of the membranes, thereby enhancing their performance in terms of water permeability. Theoretically, the adsorption and deposition of hydrophobic pollutants onto the membrane surface should be reduced [54]. It was observed (Figure 5) that all membranes prepared by UV treatment exhibited less difference between top and bottom surfaces compared to the UV-M0, with slightly higher values for the bottom. This can be attributed to the membrane surface roughness and a more porous bottom surface, which, according to the model of Cassie-Baxter [55], reduces the surface area in contact with water, as a consequence of the air trapped in the membrane pores.




3.2.4. Commercial PES Membrane Properties


In order to evaluate whether the proposed hydrophilic procedure really improved the membranes’ performance, a commercial PES membrane was employed as reference. This membrane was characterized in terms of morphology, thickness, CAw, porosity and pore size. Table 3 shows the results of the characterization tests for the commercial PES membrane.



The SEM analysis confirmed the sponge-like morphology of the membrane, visible in the cross-section, with porous top and bottom surfaces (Figure 6).




3.2.5. Anti-Fouling Tests


According to the membrane morphology and properties results, the UV-M15-15 membrane was selected for the anti-fouling test. In particular, anti-fouling properties were evaluated by using the model foulant HA, as reported in Section 2.12.



The obtained data are presented and compared in Table 4.



The selected PES commercial membrane was characterized by the same porosity and pore size (Table 3) of the prepared UV-M15-15 membrane (Table 2). The high value of PWP for the membrane UV-M15-15 (25,301 L/m2h bar) with respect to the commercial membrane (18,482 L/m2h bar) was principally associated with the lower thickness (about 105 µm) and contact angle (25° and 30° for top and bottom sides, respectively).



As reported in Table 4, the UV-M15-15 membrane presented an initial PWP higher than the commercial PES membrane. During the experiment with HA, a reduction of around 97% was observed for both the membranes. A rejection (R%) of about 92.95 and 93.50 % was found for the UV-M15-15 and commercial PES membranes, respectively (Table 5). A comparison of these membranes’ performance with other studies presented in literature is reported in Table 5. It is well known from the literature that the anti-fouling performance of a membrane is strongly influenced by its surface properties, such as surface hydrophilicity, roughness, and as a consequence, the preparation method of the membrane. The membranes produced with hydrophilic character and smooth surfaces seem to possess good rejection to foulant, as reported by Vatsha et al. [56]. In this study, the trade-off between flux and rejection was represented by 90% of BSA protein rejection. Similar rejection efficiency (91%) was obtained in the work of Kusworo et al. [18] for PES-ZnO membranes with PVP modified by UV irradiation and thermal annealing, where the ZnO was blended into the PES during the dope-solution preparation to improve the homogeneity. As described by Seman et al. [57] and Rahimpour et al. [58], the UV-initiated graft polymerization technique for PES membranes using monomer acrylic acid (AA) and N-vinylpyrrolidone (NVP) can influence the surface roughness and enhance the humid acid rejection factors (96%) and low fouling tendency. In previous studies, the effect of UV light on the homogeneous solution of PSF membranes with methylacrylate (MA) monomer have been discussed. The results demonstrated that at a low degree of hydrophilicity (51°), it is possible to obtain a major permeation of the BSA solution, confirming the antifouling property of the membranes [59].



Very promising results on recovery in PWP after membrane HA tests were registered. The structure of the cleaned membrane was shown by SEM analysis. Figure 7 illustrates the morphology (cross-section, top, and bottom surfaces), after three tests with HA, and after water-cleaning treatment. The cleaned membrane showed again similar structure to the pristine one in the cross-section (Figure 3d), indicating an effective aging resistance to the membranes. The top and bottom surface morphology (Figure 7b,c) revealed a thin deposit of fouling with a more closed structure. In fact, membrane UV-M15-15 was able to recover its original performance, with a recovery of 97.5% and a permeability flux of 25,180 L/m2h bar (Table 4).



On the contrary, the commercial PES membrane presented a recovery of about 2.70%, confirming the lower propensity of UV-M15-15 membrane to be affected by fouling due to its enhanced hydrophilic properties [13,19].





3.3. AFM Analysis


An in-depth analysis of the UV-M15-15 and commercial PES membranes’ surfaces, before and after the anti-fouling experiment, was performed using AFM. The data are reported in Table 6.



The roughness average (Sa) was obtained from the deviations of the center line within the evaluation length. The root mean square roughness (RMS, Sq) is the average of height deviations from the mean image plane, and it is expressed as:


  S q =       ∑  i       z i  −  z ¯     2   N     



(6)




where zi is the height measured at each point of the image,   z ¯   is the height average, and N is the number of the points. The peak-to-peak distance (Sz) is the average difference between the height of the highest peaks and the valley of the plane.



Considering the images and data reported in Figure 8 and Table 6, respectively, we observed that before the anti-fouling experiment, the commercial PES membrane presented a smooth surface compared to the UV-M15-15 membrane. On the contrary, after the anti-fouling experiment, in all cases the roughness increased. It is interesting to note that for the UV-M15-15 membrane, the roughness (Sq) increased only 20%, while for the commercial PES membrane, an increase of 95% was registered.



Surface roughness is one of the properties that influences membrane performance during water filtration [60]. Despite several studies reporting that the particle adhesion increases in relation to the higher surface roughness, and therefore a smooth surface is preferred [13,60,61], the real correlation between the surface roughness and membrane performance is controversial [4]. As reported by Riedl et al. [62], smooth membranes produce a dense surface fouling layer, while rough surfaces produced a more open fouling layer. According to this study, the roughness measurements confirmed the observed recovery and permeation data. In fact, the high roughness increased the water flux of the membranes [63,64].





4. Conclusions


An easy procedure to produce anti-fouling PES membranes was presented. The nascent PES membranes were modified by UV-polymerization, inducing the cross-linking of the hydrophilic PVP additive on the membrane surface. Two variables during the hydrophilization procedure were considered: UV exposure time (15 and 60 s) and distance between membrane and UV lamp (15 and 30 cm). The produced membranes presented porous asymmetric structure with a thin selective top layer and a much thicker porous sublayer. The UV treated membranes showed an enhanced hydrophilicity, with a CAw decreasing from 54° to 24°, resulting in better performances in terms of water permeability, with a maximum value of about 25,000 L/m2h bar. The success of the procedure was confirmed by the anti-fouling experiments conducted using HA as the model foulant. The UV-treated membranes showed a significant improvement in performance with respect to the commercial membranes. The obtained results show the UV-membranes were capable of recuperating their original performance after the HA test, with a recovery of about 97%, confirming that the hydrophilization procedure improved the membranes’ anti-fouling surface properties, reducing the adsorption and deposition of pollutants, and promoting the formation of reversible fouling.
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Figure 1. A simplified scheme of the membrane preparation. 
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Figure 2. (a) ATR-FTIR spectra of UV-M0 and UV-M15-15 PES membranes; (b) spectra magnification of the UV-M15-15 PES membranes (from 1807 to 1557 cm−1), and (c) ATR-FTIR spectra of UV-M15-15 PES membranes after NaClO treatment. 
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Figure 3. SEM images (cross-section, top side, and bottom side) of the (a–c) UV-M0 control membrane; (d–f) UV-M15-15 membrane; (g–i) UV-M15-30 membrane; and (l–n) UV-M60-30 membrane (magnification of 5.00 KX for cross-section and top side, and 10.00 KX for bottom side). 
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Figure 4. Viscosity of the polymeric dope solutions. 
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Figure 5. The CAw of the membranes with and without the UV hydrophilization procedure. 
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Figure 6. SEM picture of the commercial PES membrane (magnification of 4.00 KX for cross-section and top side, and 10.00 KX for bottom side). 
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Figure 7. SEM pictures of the UV-M15-15 PES membrane after tests of HA rejection and cleaning with magnification of 4.00 KX for (a) cross-section and (b) top side, and magnification of 10.00 KX for (c) bottom side. 
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Figure 8. AFM images of the UV-M15-15 and PES0453001 membranes, (a) before and (b) after the anti-fouling experiments. 
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Table 1. Summary of the prepared membranes.
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Membrane Name

	
UV (s)

	
Lamp Distance (cm)






	
UV-M0

	
-

	
-




	
UV-M15-15

	
15

	
15




	
UV-M60-15

	
60




	
UV-M15-30

	
15

	
30




	
UV-M60-30

	
60
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Table 2. Features of the membranes prepared.
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	Membrane Name
	Thickness (µm)
	Porosity (%)
	Mean Pore Size (µm)
	Pure Water Permeability (L/m2h bar)





	UV-M0
	120 ± 2
	86.5 ± 3
	0.37 ± 0.08
	16,324 ± 1660



	UV-M15-15
	85.4 ± 4
	85.8 ± 2
	0.43 ± 0.03
	25,301 ± 525



	UV-M15-30
	105.4 ± 4
	85.0 ± 3
	0.45 ± 0.02
	19,274 ± 770



	UV-M60-30
	99.4 ± 3
	87.2 ± 2
	0.73 ± 0.01
	35,418 ± 1440
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Table 3. Commercial PES membrane properties.
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	Membrane Type
	Thickness

(µm)
	CAw

(°)
	Porosity

(%)
	Pore Size

(µm)
	PWP

(L/m2hbar)





	PES0453001
	122 ± 2
	34° ± 0.8
	83 ± 2
	0.45 ± 0.02
	18,482 ± 322
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Table 4. The permeability and anti-fouling properties of the UV-M15-15 and commercial PES membranes.
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	Membrane Name
	PWP (L/m2h bar)
	PHA (L/m2h bar)
	PWN (L/m2h bar)
	Reduction (%)
	Recovery (%)
	Rejection (R%)





	UV-M15-15
	25,301 ± 525
	525 ± 15
	25,180 ± 43
	97.92
	97.45
	92.95



	PES0453001
	18,482 ± 32
	445 ± 12
	939 ± 24
	97.59
	2.67
	93.50
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Table 5. Features of the prepared PES membranes in this work and from literature according to hydrophilization UV procedure.
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	Membrane Type
	Material
	Pore Size (µm)
	CA (°)
	Rejection (%)
	Ref.





	UV-M15-15
	PVP-PES
	0.43
	25
	92.95
	This work



	PES0453001
	PES
	0.45
	34
	93.50
	This work



	PES (3100P)
	PVP-PES
	0.02
	38
	90
	[56]



	5NVP-3
	NVP-PES
	0.001
	-
	96
	[57]



	PES-nano ZnO
	ZnO-PVP-PES
	-
	52.22
	91
	[18]



	AA-PES
	Acrylic acid (AA)-PES
	0.006
	64.1
	96
	[58]



	PSF-g-MA
	Methyl acrylate-PSF
	-
	51
	-
	[59]
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Table 6. Surface roughness of UV-M15-15 and commercial PES membranes, before and after the anti-fouling experiment.
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	Membrane
	Roughness Average Sa (µm)
	RMS Sq (µm)
	Peak to Peak Sz (µm)





	PES0453001 *
	0.06 ± 0.00
	0.08 ± 0.00
	0.79 ± 0.06



	PES0453001 **
	0.26 ± 0.03
	1.73 ± 0.10
	0.83 ± 0.20



	UV-M15-15 *
	0.21 ± 0.20
	1.72 ± 0.03
	0.16 ± 0.08



	UV-M15-15 **
	0.31 ± 0.00
	2.17 ± 0.05
	0.24 ± 0.04







* Before the anti-fouling experiment; ** after the anti-fouling experiment.
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