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Abstract

:

Numerous studies have been previously reported on the use of nanoscale carbonaceous fillers, such as multi-walled carbon nanotubes (MWCNTs) and graphene oxide (GO), in polymeric ultrafiltration (UF) membranes; however, no insight has been clearly reported on which material provides the best enhancements in membrane performance. In this study, a comparative analysis was carried out to establish a comprehensible understanding of the physicochemical properties of hybrid polyethersulfone (PES) UF membranes incorporated with MWCNTs and GO nanoparticles at various concentrations. The hybrid membranes were prepared via the non-solvent-induced phase separation process and further characterized by field emission scanning electron microscopy and atomic force microscope (AFM). The AFM images showed homogeneous membrane surfaces with a reduction in the membrane surface roughness from 2.62 nm for bare PES to 2.39 nm for PES/MWCNTs and to 1.68 nm for PES/GO membranes due to improved hydrophilicity of the membranes. Physicochemical properties of the hybrid PES membranes were assessed, and the outcomes showed an enhancement in the porosity, pore size, water contact angle, and water permeability with respect to nanoparticle concentration. GO-incorporated PES membranes exhibited the highest porosity, pore size, and lowest contact angle as compared to PES/MWCNTs, indicating the homogeneous distribution of nanoparticles within the membrane structure. PES/MWCNTs (0.5 wt.%) and PES/GO (1.0 wt.%) hybrid membranes exhibited the highest water flux of 450.0 and 554.8 L m−2 h−1, respectively, at an applied operating pressure of 1 bar. The filtration and antifouling performance of the PES hybrid membranes were evaluated using 50 mg L−1 of humic acid (HA) as a foulant at pH = 7. Compared to the bare PES membrane, the MWCNTs and GO-incorporated PES hybrid membranes exhibited enhanced permeability and HA removal. Moreover, PES/MWCNTs (0.5 wt.%) and PES/GO (1 wt.%) hybrid membranes reported HA rejection of 90.8% and 94.8%, respectively. The abundant oxygen-containing functional groups in GO-incorporated PES membranes resulted in more hydrophilic membranes, leading to enhanced permeability and fouling resistance. The antifouling properties and flux recovery ratio were improved by the addition of both nanoparticles. Given these findings, although both MWCNTs and GO nanoparticles are seen to notably improve the membrane performance, PES membranes with 1 wt.% GO loading provided the highest removal of natural organic matter, such as HA, under the same experimental conditions.
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1. Introduction


Global water scarcity is increasing annually due to many reasons, most importantly, global population increase, industrialization, climate change, and mismanagement of natural water resources [1]. Efficient desalination and wastewater treatment are crucial for minimizing global water scarcity. Filtration processes based on polymeric membranes are among the leading technologies in this field [2]. Ultrafiltration (UF) is considered a low-pressure-driven membrane technology that can efficiently decontaminate proteins, viruses, macromolecules, suspended particles, and organic substances from water [3]. Despite the separation capabilities of polymeric UF membranes in water treatment, membrane fouling is yet a major challenge in its application that decreases water permeability with time and shortens the membrane life span [4]. Accordingly, different approaches have been investigated for improving the UF polymeric membranes fouling resistance and, at the same time, maintaining higher values of membranes’ water flux [5].



Polyethersulfone (PES) is one of the most widely used polymers to fabricate UF membranes however, the hydrophobic nature of PES membranes limits their fouling resistance leading to decreased water permeability with time [6]. Therefore, porosity and hydrophilicity of PES UF membranes is suggested to be improved by the use of several kinds of fillers [7]. Mixing the PES with certain additives was reported to alter the membrane characteristics such as permeation and fouling properties and mechanical stability [8,9]. In addition, the surface charge of the PES membrane could be rectified toward the removal of certain pollutants [6].



Different materials have been incorporated within PES UF membranes, such as graphene oxide (GO) [10], calcium chloride [11], titania [12], iron oxides [6], hydroxyapatite/boron nitride [13], activated carbon (AC) [14], and multi-walled carbon nanotubes (MWCNTs) [15]. For example, Kallem et al. found that hydroxyapatite-decorated AC nanocomposite improved the hydrophilicity and antifouling properties of bare PES membranes with a maximum flux of 660 L m−2 h−1 using 4 wt.% of nanoparticles [14]. Recently, it was found that iron oxide-functionalized halloysite nanoclay can improve the properties of PES UF membranes with a maximum flux of 294.4 L m−2 h−1 using 0.1 wt.% of the prepared composite [16]. Among the aforementioned materials, carbon-based materials such as GO and MWCNTs were of great interest in altering the physiochemical properties of PES UF membranes. GO and MWCNTs are chemically and mechanically stable, accessible and have been widely reported to improve the antifouling properties and water permeability of PES membranes. For instance, Algamdi et al. reported an increase in the water flux with increasing GO loading reaching a maximum flux of 340 L m−2 h−1 using 5 wt.% of GO nanoparticles [10]. Moreover, their results demonstrated a gradual decrease in membrane contact angle and better humic acid (HA) removal by increasing the GO loading [10]. In another report, Najjar et al. prepared PES UF membranes using Arabic gum (1 wt.%) as a pore-forming agent and different loadings of oxidized MWCNTs. The filtration outcomes illustrated an increase in water permeability up to 500 L m−2 h−1 using 3 wt.% of MWCNTs. Additionally, promising results were obtained in total fouling resistance and mechanical strength for the modified membranes [15]. Many other reports concluded that the use of carbon nanoadditives improved the permeability and antifouling characteristics of polymeric UF membranes [17,18].



Despite the extensive research progress made to improve the physiochemical properties of PES UF membranes by MWCNTs and GO, it is yet incredibly difficult to compare the effect of embedding nanoadditives within PES matrices to evaluate the membrane’s performance. For example, some studies reported the suitable distribution of GO nanosheets and MWCNTs nanoparticles in polymeric membranes [10,15], while other studies reported the weak distribution and agglomeration of GO nanoparticles within the membrane structure [19]. Therefore, it is necessary to provide the readers and scientific community with a comparative study on the effect of GO and MWCNTs nanoadditives on the physiochemical and antifouling properties of PES UF membranes using the same fabrication and testing conditions. There are very limited studies in the literature that compares GO and MWCNTs as nanoadditives in polymeric membrane applications [20,21]. Seetharaman et al. found that GO is a better filler for polysulfone polymer than MWCNTs in water electrolysis applications [20]. Another study by Zhang et al. reported that oxidized MWCNTs provide lower contact angle and higher water flux for polyvinylidene fluoride ultrafiltration membranes compared to GO-modified UF membranes; however, this study only focused on studying the synergetic effect of GO/MWCNTs mixtures at different mass ratios, and hence, no comparative conclusions between GO and MWCNTs were laid out at the end [21].



The main objectives of the current study are: (i) synthesize GO nanosheets by the Hummer’s method and investigate the morphology and surface properties of raw GO and MWCNTs, (ii) inspect the effect of mass loading of GO and MWCNTs on the water flux and antifouling properties of PES UF membranes, (iii) explore the effect of GO and MWCNTs on the morphology and structure of PES UF membranes, (iv) examine the influence of GO and MWCNTs on the water content, porosity, and contact angle of PES UF membranes, (v) study the HA removal by bare PES, GO, and MWCNTs-modified UF membranes, and, finally, (vi) based on the obtained data, comparison conclusions on the effect of incorporation of MWCNTs and GO nanoadditives on the performance of - PES UF membranes were drawn.




2. Materials and Methods


2.1. Materials


Graphite nanopowder (particle size: 300 nm) was purchased from Changsha Easchem Co., Limited, Changsha, China. Multi-walled carbon nanotubes (MWCNTs, length 10–30 μm and outer diameter 20–40 nm) were obtained from Chengdu Organic Chemicals Co. Ltd., Chengdu, China). Polyethersulfone pellets (PES; MW: 59 kDa) were purchased from GoodFellow Co., Cambridge, England, U.K. Polyvinylpyrrolidone (PVP; MW: 360 kDa) was acquired from Sigma Aldrich, Beijing, China. Humic acid (HA, MW: 227.17 Da) was obtained from Sigma Aldrich, Steinheim, Germany. N,N-dimethylacetamide (DMA), sulfuric acid (H2SO4), hydrochloric acid (HCl, 37%), sodium nitrate (NaNO3), hydrogen peroxide (H2O2, 35%) and potassium permanganate (KMnO4) were obtained from Merck, Darmstadt, Germany. The non-solvent used in the coagulation bath was Milli-Q deionized water (DW, 0.055 µS cm−1). All chemicals were of analytical reagent grade and were used without further treatment.




2.2. Synthesis of Graphene Oxide


In brief, 2 g of graphite nanopowder and 1 g of NaNO3 were added into a 500 mL volumetric flask containing 90 mL ice-cold concentrated H2SO4. The mixture was stirred continuously for 10 min to ensure uniform dispersion. Next, 12 g of KMnO4 was gradually added to the mixture while maintaining a temperature below 5 °C using an ice bath. The mixture was then stirred for approximately 2 h while maintaining a temperature of 45 °C using an oil bath until the mixture turned pasty brown. A total of 100 mL DW was then added in a dropwise fashion to the mixture while maintaining a temperature below 20 °C. Next, stirring was continued for 1 h at 85 °C. Later, to arrest the reaction, 120 mL chilled DW was added to the mixture, followed by the slow addition of 15 mL 30% H2O2, which, as a result, caused a color change to bright yellow. The sample was then centrifuged at 5000 rpm for 30 min at room temperature and washed with 5% HCl to remove existing impurities. The supernatant was then discarded, and the process was repeated several times using DW to neutralize the content and regenerate the pellet. After the neutral pH was achieved, the GO pellet was dried overnight in an oven at 85 °C and then ground into powder form and kept for further analysis.




2.3. MWCNTs and GO Characterization


The nano-fillers (MWCNTs and GO) were characterized through the measurements of specific surface area and pore size, surface functional groups, crystallographic structure, morphology, and elemental analysis. The surface area and pore size distribution measurements were obtained from the nitrogen adsorption/desorption technique using the NOVATECH LX2 BET analyzer from Anton Paar GmbH, Graz, Austria. The functional groups on MWCNTs and GO nanomaterials were identified using a Fourier Transform Infrared spectroscopy (FTIR) using the JASCO FTIR-6300 instrument, Jasco Inc., Tokyo, Japan. The samples were prepared by the KBr pellet method, and the spectral range was investigated between 4000 and 400 cm−1. A powder X-ray diffractometer (XRD, D8 Advance, Bruker, Bremen, Germany) was utilized to evaluate the crystallographic structures of MWCNTs and GO nanomaterials. Furthermore, morphological, and elemental analysis was conducted via a Field emission scanning electron microscopy (FESEM, type: Apreo, Thermo Fisher Scientific, Waltham, MA, USA) fitted with Energy Dispersive X-ray Spectroscopy (EDS, Bruker Xflash 6/60, Berlin, Germany). The number of graphitic layers in the prepared GO was studied by using Raman spectroscopy within a spectral range between 200 and 3000 cm−1 (RENISHAW Raman Microscope, Wotton-under-Edge, England, UK) and an atomic force microscope (AFM, Nanosurf 3000, Liestal, Switzerland) equipped with Gwiyddion software was utilized to process the AFM height images and the thickness profiles.




2.4. Membrane Fabrication


Membrane casting solutions were prepared by mixing PES (16 wt.%) and PVP (2 wt.%) in DMA solvent (84 wt.%). Varying quantities of the nanoadditives (elaborated in Table 1) were added to the doped solutions to cast the PES membranes. The casting solutions were first stirred for 1 h using a digital hotplate stirrer (Daihan scientific, Wonju, South Korea), followed by probe sonication (Hielscher Ultrasonics, UP400St, Teltow, Germany) at a frequency of 24 kHz for a period of 1 h to allow the homogeneous dispersion of the additive materials throughout the solution. The solutions were then degassed for 1 h to eliminate any air bubbles. The membrane casting was carried out on a glass plate at room temperature following the standard non-solvent-induced phase separation technique using a knife casting system (Automatic thick film coater, MSK-AFA-II, MTI corporation, Qingdao, China). All membranes were cast at a speed of 2.7 m/min (45 mm/s) and a knife gap height of 250 µm. The glass plate was then gently immersed into a coagulation bath containing DW, allowing the exchange of DMA/DW solvents. This technique allows the precipitation of the polymeric membrane of the glass. Lastly, the fabricated membranes were washed several times and stored in DW until further testing.




2.5. Membrane Characterization


Surface and cross-section morphologies of the prepared membranes were evaluated using FESEM. The cross-section membrane samples were fractured in liquid nitrogen, while other samples were coated with a gold layer using a sputtering coating machine prior to the analysis. Vacuum conditions were set throughout the analysis to demonstrate high-resolution images. In addition to FESEM imaging, elemental identification of the membrane samples was demonstrated using EDS analysis. AFM was used to study the topography of the membranes. Moreover, Gwiyddion software was utilized to process the AFM images and assess the roughness of the membrane surface.



The porosity (  ε , % )   and water uptake (  φ ,   %  ) of the membranes was assessed using gravimetric methods [22]. Triplicate square samples of each membrane were cut to a set measured size (2 × 2 cm) and weighed using an analytical balance. The pieces of the membrane were soaked in DW at room temperature for 24 h. Excess water droplets were carefully wiped off before weighing the membrane to obtain the wet mass (   w w   ). The membranes were then dried in the oven at 50 °C for 24 h before obtaining the dry mass (   w d   ). The average porosity and the water uptake were calculated using Equations (1) and (2) [22]:


  ε    ( % )  =    w w  −  w d    A × l × ρ   × 100    



(1)






  φ    ( % )  =    w w  −  w d     w d       



(2)




where    w w      and    w d     are the wet and dry masses of the membranes, respectively,  ρ  is the density of DW at 25 °C, A is the area of the membrane (cm2), and l is the thickness of the membranes (cm). Using the Guerout–Elford equation (Equation (3)) and the values of the membrane porosity and flux, the mean pore sizes of the membranes can be calculated as follows [23]:


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



(3)




where  ε  is the porosity (%),  Q  represents the volume of DW (m3/s),  µ  is the viscosity of DW at 25 °C taken as 8.9 × 10−4 Pa. s, and  P  is the operating pressure (typically 1 bar).



A Ramé-hart contact angle goniometer (USA) was used to measure the water contact angle (WCA) between the water droplet and the surface of the membrane with a drop size of 2.5 µL. Contact angle measurements were taken at 3 different locations on the membrane surface for every membrane sample.



The degree of interaction between the water droplets and the membrane surface can be measured through the surface free energy (  − Δ  G  L S    ) from the static contact angle using the Young–Dupre equation (Equation (4)) stated below [24]:


  − Δ  G  L S   =  (  1 + C O S θ  )  ×  γ L     



(4)




where    γ L     is the surface tension of water taken as 72.8 mJ m−2.




2.6. Ultrafiltration and Water Flux Assessment


Flux measurements and membrane performance evaluation were carried out using a high-pressure 316 stainless steel stirred dead-end filtration cell (HP4750, Sterlitech, Auburn, AL, USA) with an active membrane surface area of 14.6 cm2. The cell was connected to an air cylinder comprising a pressure regulator to control the applied operating pressure on the cell to the feed. Membrane water flux (   J w   , L m−2 h−1) was calculated using the collected permeate volume at a particular time interval using Equation (5).


   J w  =  V  A × t      



(5)




where  V  is the permeate volume (L),  A  is the area of the membrane (m2), and  t  is the time required to collect the water (min).



The performance of the PES hybrid membranes was evaluated by the dead-end continuous filtration cell at room temperature. Briefly, 250 mL DW was filled in the cell and filtered at a stirring rate of 200 rpm by applying an operating pressure of 1–5 bar. The HA rejection and fouling experiments were conducted through the filtration of 250 mL of 50 mg L−1 HA solution at pH = 7. HA experiments were comprised of 20 min DW filtration, followed by additional 20 min HA solution filtration. The membrane was then thoroughly cleaned using DW for approximately 6 min at a stirring rate of 500 rpm. After the cleaning procedure, DW was filtered again through the washed membranes. Three consecutive filtration cycles were carried out for selected PES membranes. HA flux and normalized flux of the PES hybrid UF membranes were calculated using Equations (5) and (6), respectively.


  N o r m a l i z e d   f l u x =    J  w 2      J  w 1      



(6)




where    J  w 2     is the water flux of the membranes after the cleaning procedure and    J  w 1      is the initial water flux of the membrane.



The fouling resistance properties of the membranes during HA filtration can be better interpreted through quantitative variables such as the flux recovery ratio (FRR, %) and irreversible    (   R  i r   , %  )     fouling rates determined using Equations (7) and (8), respectively.


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



(7)






   R  i r    ( % )  =  (     J  w 1   −  J  w 2      J  w 1        )  × 100    



(8)







For HA rejection tests, filtrate fluxes were recorded for a period of 20 min, followed by collecting 10 mL of the permeate. The optical densities of the feed and collected HA permeate samples were measured using a UV-Vis spectrophotometer (Shimadzu, Nakagyo-ku, Kyoto, Japan) calibrated at an absorption peak of 254 nm. Equation (9) was used to calculate the HA rejection    (  R ,   %  )   .


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



(9)




where    C p     and    C f     are the concentrations of HA in the permeate and in the feed solution, respectively.





3. Results and Discussion


3.1. Characterization of MWCNTs and GO


The FESEM micrographs of MWCNTs and GO are presented in Figure 1a,b, respectively. The FESEM results demonstrated that the MWCNTs have a well-defined tubular structure. Moreover, the MWCNTs were found to be randomly oriented and agglomerated in some areas, such as cotton clumps. The GO nanosheets presented an exfoliated sheet-like morphology, indicating successful oxidation of graphite using Hummer’s method. Moreover, the EDS spectra of GO (an inset of Figure 1b) show abundant oxygen content (atomic percentage: 26.4%), while MWCNT demonstrated 2.79 at.% of bulk oxygen content, suggesting the GO particles might demonstrate higher oxygen functional groups than the MWCNTs.



The FTIR spectra of MWCNTs and GO are depicted in Figure 2a. Both MWCNTs and GO nanoparticles showed a broad peak at around 3410–3380 cm−1 of −OH stretching vibrations. The shoulder peaks observed at 2920–2845 cm−1 corresponds to −CH stretching vibrations. The presence of aromatic −C=C stretching vibration at 1625 cm−1 signifies the graphitic structure of MWCNTs and GO. A sharp peak in the range of 1050–1026 cm−1 corresponds to the C-OH vibration of the carboxylic group in both samples. Compared to MWCNTs, GO is found to have a sharp peak at 1719 cm−1 related to the carbonyl group vibration. Moreover, the intensities of GO peaks are found to be higher, validating the presence of more oxygen-containing functional groups [25]. The FTIR outcomes confirm the EDS analysis that GO particles illustrated higher amounts of oxygen-containing functional groups.



The powder X-ray diffraction spectra (Figure 2b) of MWCNTs demonstrated two peaks at around 25.9° and 42°, which corresponds to (002) and (100) planes of graphitic and carbon nanotube structure, respectively. The XRD spectra of GO show a strong diffraction peak at 11.2°, which corresponds to the (002) plane of graphitic carbon [25].



The N2 adsorption-desorption isotherm of MWCNTs and GO (Figure 2c) can be categorized as a type IV isotherm with an H1 hysterias loop. The appearance of the H1 loop at P/P0 of 0.8 to 1 indicates the presence of mesoporous along with macroporous structure [26]. The specific surface area of MWCNTs, GO, and graphite is found to be 149.28, 67.14, and 12.9 m2 g−1, respectively. The increased surface area of GO compared to graphite indicates the successful oxidation of graphite layers via Hummer’s method. The oxidation can lead to the exfoliation of graphitic layers, which imparts the surface area of GO [27,28]. In addition, the exfoliation of GO layers was clearly evident in the SEM image of GO.



The number of graphitic layers on the synthesized GO was investigated using Raman spectroscopy (I2D/IG ratio) and AFM analysis, as per the previous literature [29]. From the Raman spectra of GO (see Figure 3a), the intensity ratio of I2D/IG is found to be 0.85, which indicates the formation of a few layers (4–5 layers) of GO. These outcomes are in agreement with previously reported studies conducted by Nguyen et al. [30] and Hwangbo et al. [31]. Additionally, the number of layers was measured using AFM cross-section analysis. The AFM thickness measurement provides an idea about the number of layers presented in the GO [29]. Figure 3b displays the height image of the prepared GO, showing sheeted morphology with serval micrometer length as well as some aggregation. This aggregation could be formed during the sample preparation. In order to analyze the number of layers, section profiles were performed using the Gwydion software. Figure 3c shows the thickness of GO sheets in a number of different areas. The results showed that the thickness is in the range of 2–9 nm, which confirmed the multilayer formation (less than 10 layers) in the prepared GO.




3.2. Membrane Characterization


The morphology changes of the top surfaces and membrane cross-section view of the bare and modified PES membranes were investigated by FESEM. Figure 4 displays the FESEM images of the pristine PES membrane versus the PES membranes incorporated with various loadings of MWCNTs and GO nanoadditives into the polymeric matrix. All fabricated membranes demonstrated an asymmetric morphology with a dense top membrane surface and a larger, loose, and porous bottom layer. Moreover, the membranes also possessed relatively small pores with no visible defects on their surfaces. The bare PES membrane exhibited a very smooth top surface with a sponge-like cross-section, suggesting thermodynamic stability of the primary phase during the phase inversion process. The incorporation of MWCNTs and GO material into the polymer matrix caused the formation of a finger-like cross-section, which can be attributed to the decreased thermodynamic stability as a result of instantaneous demixing between the solvent and non-solvent during membrane preparation [32]. The top surfaces of M1-M6 membranes were found to be regular and smooth, suggesting the homogeneous distribution of MWCNTs and GO nanoparticles within the structure of the PES membranes. According to the magnified cross-section images, MWCNTs were seen to be deposited within the inner walls and pores of the membrane channels, whereas GO nanosheets were embedded within the polymeric matrix during the phase inversion process. Due to the thermodynamic instability of MWCNTs and GO nanoparticles and their migration along the polymer chain to the upper surface of the membranes during the casing process, an increase in pore size and more gaps were noticed in the body of the modified membranes. Consequently, the particles remained homogeneous and well distributed on the inner walls and within the structure of the membranes. Despite the minor changes in the surface and cross-sectional morphology after the addition of MWCNTs and GO nanoparticles, it is expected that the incorporation of these carbonaceous fillers could increase the membrane hydrophilicity and result in improved water passage properties that will be investigated in the following sections.



The AFM height profiles and 3-dimensional images of M0, M2, and M5 membranes are depicted in Figure 5a–f. All the membranes (3 × 3 µm analysis area) were found to have comparatively smooth homogeneous surfaces. The average surface roughness of M0, M2, and M5 membranes are determined to be 2.62 nm, 2.39 nm, and 1.68 nm, respectively. The lower value of surface roughness for M5 indicates the strong interaction between the PES and GO nanosheets, which in turn provides a much smoother membrane surface as compared to the bare PES and PES/MWCNTs membranes. This can be explained by the presence of a larger number of oxygen-containing functional groups in the GO, which could interact with sulfonyl groups of the PES via hydrogen bonding. In addition, it might be assumed that suitable dispersibility of GO within the PES matrix at low GO loadings might also account for the low surface roughness of the PES/GO membrane. It has been reported that high loadings of carbon material in polymeric membranes could increase the surface roughness owing to the strong electrostatic attraction between the nanoadditives and thereby result in their agglomeration [33,34].



The incorporation of MWCNTs and GO to the PES matrix showed a significant enhancement in the physicochemical properties of the PES hybrid membranes, as displayed in Figure 6 and Table 2. The porosity and mean pore size of the PES membranes was observed to increase with the addition of MWCNTs up to 0.5 wt.% (from 54.6% to 61.5% for porosity and from 36.9 nm to 61.6 nm for pore size), after which was seen to decrease slightly. Similar trends were reported by Najjar et al. [15] and Zhu and Wang [35] where a decrease in the porosity and pore size of the membrane was observed with increasing concentrations of MWCNTs. It was reported that at higher loadings, MWCNTs have the ability to aggregate, causing possible blockage of the membrane pores, therefore resulting in a slight decrease in the porosity and pore size. Similarly, the membrane porosity and pore size was found to significantly increase with GO loading. M6 membrane with 1 wt.% GO exhibited the highest porosity (76%) and pore size (68.5 nm), suggesting that GO has a more pronounced effect on the pore formation as compared to MWCNTs. The largest porosity and pore size obtained in M6 membrane might be attributed to the high GO loading and increased hydrophilicity of the dope solution, which greatly affects the substitution rate of DMA solvent with DW during the membrane casting.



Typically, WCA measurements provide an estimate of the wettability and hydrophilicity of the membrane surface. Smaller contact angles indicate improved wettability and, thus, a more hydrophilic membrane surface and vice versa. According to the results displayed in Table 2, a reduction in the contact angle was noticed in GO and MWCNTs incorporated membranes compared to the bare PES membrane, implying an enhanced interfacial free energy and improved hydrophilicity of the hybrid membranes. Moreover, higher loadings of the nanoadditives led to a higher decrease in the WCA. For example, the WCA of membranes with MWCNTs decreased from 64.8° (0.1 wt.%) to 61.1° (1 wt.%), while GO addition led to a decrease from 63.4° (0.1 wt.%) to 60.3° (1 wt.%). Similar outcomes were obtained by Mehrparvar et al. [36], who reported that a higher hydrophilic membrane structure is more likely to increment water uptake and result in higher diffusion of water molecules through the membrane structure. Figure 6b shows the WCA of the bare PES and PES/hybrid membranes studied over a period of 120 s. It was noticed that the WCA for all membranes decreased with time, mainly due to the physicochemical properties of the membranes as well as the presence of oxygen-containing functional groups, which play a great role in the water droplet behavior. PES/MWCNTs and PES/GO membranes showed a higher decrease in the WCA as compared to the bare PES membrane, mainly a result of increasing porosity and pore size of the membranes with increment addition of MWCNTs and GO, as well as the chemical attraction between the water droplet and the surface of the membrane. This facilitates the passage of the water droplet into the membrane’s interior, causing a drop in the WCA with time [14].



As clarified in Table 2, the PES/GO membranes exhibited higher water uptake than MWCNTs incorporated membranes. The higher water uptake for PES/GO membranes could be due to the existence of hydrophilic moieties such as −OH, −COOH, and −O− functional groups of GO. These groups commonly provide additional water storage spaces and enhance the membrane strength to attract water molecules. Furthermore, the polarities of PES and PVP enable them to interact strongly with GO through the hydrophilic moieties during the phase inversion process. Similar trends were reported in a study performed by Algamdi et al. [10].




3.3. Membrane Performance


3.3.1. Membrane Fluxes during Filtration of Pure Water and HA Solutions


Figure 7 shows the water fluxes of bare and modified PES membranes at varying operating pressures ranging from 1 to 5 bar. It is seen that the MWCNTs and GO-modified membranes were more permeable than the bare PES membranes. The bare membrane (M0) with the smallest porosity and water uptake and largest contact angle exhibited the lowest water flux compared to MWCNTs and GO-incorporated PES membranes. In the case of MWCNTs-incorporated PES membranes, it was noticed that the water flux was seen to increase from 0.1 to 0.5 wt.% at all operating pressures. When the concentration of MWCNTs in the polymer matrix was 0.5 wt.%, the phase separation was enhanced due to the presence of hydrophilic MWCNTs nanoparticles that caused the formation of larger pores and higher water flux. However, when the loading of MWCNTs was increased beyond 0.5 wt.% (to 1 wt.%), the viscosity of the dope solution increased, which, in turn, resulted in a delayed phase separation process. This behavior led to the formation of smaller pore size and lower water flux. Similar trends were reported by Celik et al. [37] and Han et al. [38]. On the other hand, the GO blend PES membranes possessed a consistent increase in the water flux with GO loadings as well as operating pressures. This can be attributed to the increased porosity, pore size, and hydrophilicity of the PES membranes upon the addition of GO nanosheets containing excessive amounts of oxygen functionalities. A pressure of 1 bar was seen to be sufficient enough to provide a UF membrane flow and was employed in further experiments.




3.3.2. HA Filtration


Figure 8a displays a bar graph showing the water (Jw) and HA (JHA) fluxes of the hybrid membranes comprising different loadings of MWCNTs and GO in the PES matrix compared to the bare membrane. The figure clearly shows a gradual increase in the water flux for the modified membranes as compared to the bare PES membrane. The water flux was seen to increase from M0 to M2 samples upon the addition of 0.1 and 0.5 wt.% MWCNTs, followed by a decrease in the water flux from 450.0 L m−2 h−1 to 365.8 L m−2 h−1 when MWCNTs loading is increased from 0.5 wt.% to 1 wt.%. This could be accounted for by the slight decrease in the porosity and pore size of the M3 membrane at high MWCNTs loading. Similar trends were reported by Rahimpour et al. [39], who concluded that by raising the concentration of MWCNTs, the viscosity of the casting solution will increase, and the membrane porous structure becomes denser, which leads to a decrease in the flux. Furthermore, higher MWCNTs loadings will affect the rate of the solvent/non-solvent exchange during the phase inversion process and thus slows down the precipitation of the membrane in the coagulation bath. Consequently, a less porous membrane is formed during the membrane casting. For the GO-modified membranes, the water flux was found to increase from M4 to M6 samples. The M6 membrane exhibited the highest initial water value of 554.8 L m−2 h−1, which was 3.45-fold higher than the bare PES membrane’s initial water flux. These enhancements can be related to higher hydrophilicity, pore size, and porosity of the M6 sample compared to the bare PES membrane (see Figure 6 and Table 2, respectively). The permeate fluxes during HA filtration with PES/GO and PES/MWCNTs membranes were also notably higher compared to the bare PES membrane. The fluxes of PES hybrid membranes robustly increase with increasing MWCNTs and GO loading. The highest JHA value of 246.6 L m−2 h−1 was obtained for the M6 membrane. For all prepared membranes, the JHA values were found to be lower than the Jw values. This could be a result of the concentration polarization close to the surface of the membrane and membrane fouling. Figure 8b displays the normalized flux for different PES hybrid UF membranes before and after HA filtration. The figure clearly shows an enhancement in the normalized flux after HA filtration for MWCNTs and GO hybrid membranes. An increase in the normalized flux was also noticed with the incremental addition of MWCNTs and GO additives to the PES matrix.



Membranes M0, M3, and M6 were selected for further antifouling assessment using HA as the feed solution at an operating pressure of 1 bar. Moreover, the recyclability of the membranes was evaluated by conducting three water and HA filtration cycles. The filtration cycle was comprised of four water filtration phases (I, III, V, and VII) and three HA filtration phases (II, IV, and VI), as indicated in Figure 9a. Each phase was run for a period of 20 min. After each HA filtration phase, the membrane was thoroughly washed with DW for 6 min at a stirring rate of 500 rpm prior to further water filtration. Regardless of the investigated membrane type, a modest reduction in permeate flux persisted even after the membrane was washed, suggesting membrane fouling. The M6 membrane exhibited the highest water flux of 554.8 L m−2 h−1 during phase 1, which gradually declined to 528.1 L m−2 h−1 during phase VII. A similar pattern was observed for the M3 membrane, with a much lower initial water flux of 365.8 L m−2 h−1 during phase I and a final flux of 324.7 L m−2 h−1 during phase VII. These findings are in compliance with the higher porosity and pore size values for the M6 membrane as compared to the M3 sample. Bare PES membrane (M0) exhibited the lowest fluxes during these test experiments: the water flux declined from 162.3 L m−2 h−1 during phase 1 to 125.3 L m−2 h−1 during phase VII.



Figure 9b presents the normalized flux data for selected PES hybrid UF membranes. As seen, the M6 membrane exhibited the highest flux recovery compared to M0 and M3 membranes. This behavior might be attributed to the lower fouling of the M6 sample during HA filtration due to improved hydrophilicity of the PES/GO membrane, which minimized the adsorption of HA macromolecules on the membrane surface and within the porous membrane matrix.




3.3.3. HA Rejection


Figure 10 presents the HA rejection for different PES hybrid membranes. It was revealed that the PES/MWCNTs and PES/GO membranes exhibited higher HA rejection, up to 95%, compared to the bare PES membrane. This indicates that the removal efficiency of HA through the PES hybrid membranes was significantly improved by the addition of carbonaceous nanoparticles. The HA rejection percentage using M0, M3, and M6 membranes was 78.8%, 93.6%, and 94.5%, respectively. It might be assumed that a hydration layer is formed on the surface and in the pores of more hydrophilic PES/MWCNTs and PES/GO membranes, which thereby enhances the membrane rejection [6]. The higher HA removal with PES hybrid membranes compared to the bare PES membrane might also account for the enhanced electrostatic repulsive forces between the oxygen-containing functional groups of MWCNTs or GO and HA molecules [40,41].




3.3.4. Flux Recovery of PES Hybrid Membranes


Figure 11a shows the flux recovery ratios of the prepared PES hybrid membranes. Among all the prepared membranes, the bare PES membrane (M0) demonstrated the smallest FRR value of 82.3%. This could be explained by the hydrophobic interaction between the HA molecules and the PES membrane matrix, resulting in membrane fouling. The FRR value was observed to increase with the incremental addition of MWCNTs and GO content to the PES matrix. In the case of PES/MWNCTs hybrid membranes, the flux recovery rates were seen to increase up to 90.4% by enhancing the concentration of MWCNTs to 1 wt.%. The M6 membrane with 1 wt.% GO exhibited the highest FRR values of 94.4%. The high FRR values of M3 and M6 membranes mainly accounted for the improved antifouling ability of the PES membrane by MWCNTs and GO addition due to higher hydrophilicity of PES hybrid membranes, which in turn reduced the hydrophobic interaction between the HA molecules and the PES matrix, resulting in reduced membrane fouling.



Figure 11b shows the irreversible resistance (Rir) of the prepared PES hybrid membranes. As seen, the Rir for the bare PES membrane is comparably higher than the PES hybrid membranes modified with either MWCNTs and GO nanoadditives. It was also noticed that the Rir decreases with increasing loading of MWCNTs and GO. It is worth mentioning that these behaviors are accounted for the weak binding of HA over the surface of the membrane and/or within the pores of the membrane, which could be easily removed by facile cleaning procedures using water flow. GO-incorporated PES membranes revealed lesser fouling capacities due to the hydrophobic adsorption between the HA and more hydrophilic membrane surface.




3.3.5. Comparative Study


Table 3 shows a summary of the reported literature on PES UF membranes modified with MWCNTs or GO for the removal of different foulants such as BSA, HA, methyl red, reactive red 195, reactive blue 19, and oils. The table clearly suggests that the membrane performance is highly dependent on the physiochemical properties of the fabricated membranes. Regardless of the filler type and concentration of nano-fillers, the UF membranes with higher porosity and pore size and lower WCA, demonstrated better pure water flux and pollutants rejection. These outcomes are mainly attributed to the improved hydrophilicity and permeate channels by the use of MWCNTs or GO nanoparticles. Although the incorporation of both carbonaceous material into the PES matrix have demonstrated excellent physicochemical properties and membrane performance in previous studies, the results do not show a clear indication of which nanofiller material is better. According to our study, the GO blend PES membranes were more effective compared with PES/MWNCTs hybrid membranes.



The FRR values of both PES/MWNCTs and PES/GO membranes obtained in the current study were seen to be in compliance with those in the literature. It is also worth noting that even with the functionalization or the modification of MWCNTs and GO materials carried out in previous studies, we managed to exhibit highly porous and hydrophilic hybrid UF membranes with the addition of PVP, which served as a pore-forming agent with MWCNTs and GO nanoadditives.






4. Conclusions


In this study, the PES membranes incorporated with different loadings of MWCNTs and GO nanoadditives ranging from 0.1 wt.% to 1 wt.% have been prepared, characterized, and tested for HA removal from water. It was found that PES/hybrid membranes showed better permeability and higher HA rejection compared to the bare PES membrane. This is mainly accounted for the higher porosity, pore size, water uptake, and lower WCA of the modified membranes. The M6 membrane comprising 1 wt.% GO nanosheets achieved a DW and HA flux of 554.8 and 217.0 L m−2 h−1, 3.45- and 2-folds higher than the bare membrane, respectively. In addition, the HA rejection of M3 and M6 membranes was found to be 90.8% and 94.8%, respectively. It should be noted that M3 and M6 membranes demonstrated excellent antifouling membrane abilities, with FRR reaching ~90.8% and 94.4%, respectively. To conclude, although the addition of both MWCNTs and GO nanoadditives to the PES matrix exhibited tremendous results in terms of physiochemical properties and membrane performance, the GO-incorporated PES UF membranes was found to demonstrate better performance than MWCNTs modified membranes under same fabrication protocol and experimental testing conditions. This was mainly accredited the abundance of oxygen related functional groups onto the surface of GO particles and the impedance of GO within the PES membrane structure leading to better performance than the MWCNTs.
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Figure 1. FESEM micrographs of (a) MWCNTs and (b) GO nanosheets, including their corresponding EDS spectra as insets. 
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Figure 2. (a) FTIR spectra of MWCNTs and GO, (b) XRD spectra of MWCNTs and GO, and (c) N2 adsorption-desorption isotherm of MWCNTs, GO, and graphite. 






Figure 2. (a) FTIR spectra of MWCNTs and GO, (b) XRD spectra of MWCNTs and GO, and (c) N2 adsorption-desorption isotherm of MWCNTs, GO, and graphite.



[image: Membranes 12 01143 g002]







[image: Membranes 12 01143 g003 550] 





Figure 3. (a) Raman spectra of GO, including their corresponding band intensities as an inset, (b) AFM height image of GO sheets, and (c) AFM section profiles of GO sheets analyzed at different areas. 
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Figure 4. FESEM images of the bare PES, PES/MWCNTs, and PES/GO membranes’ top surfaces and cross-section view. 
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Figure 5. AFM height profiles and 3-dimensional images of M0 (a,b), M2 (c,d), and M5 (e,f) membranes. 
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Figure 6. (a) Porosity and pore size, and (b) WCA at different time intervals of bare PES, PES/MWCNTs, and PES/GO membranes at different loadings of the additives. 
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Figure 7. Influence of applied operating pressure on the water flux for bare PES, PES/MWCNTs, and PES/GO membranes. 
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Figure 8. (a) Permeate fluxes during filtration of pure water and HA solutions with bare PES, PES/MWCNTs, and PES/GO hybrid membranes, and (b) corresponding normalized flux for different PES hybrid membranes. 
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Figure 9. (a) Flux modulation of bare PES (M0), PES/MWCNTs (M3), and PES/GO (M6) hybrid membranes during water (phases I, III, V, and VII) and HA filtration (phases II, IV, and VI) where each phase was run for 20 min, and (b) corresponding normalized fluxes for different PES hybrid membranes. 
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Figure 10. HA rejection with different PES hybrid membranes at pH = 7. 
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Figure 11. (a) Flux recovery ratios (FRR), and (b) irreversible resistance (Rir) for bare PES, PES/MWCNTs, and PES/GO hybrid membranes after ultrafiltration of HA solution (50 mg L−1, pH = 7) and subsequent washing with DW. 






Figure 11. (a) Flux recovery ratios (FRR), and (b) irreversible resistance (Rir) for bare PES, PES/MWCNTs, and PES/GO hybrid membranes after ultrafiltration of HA solution (50 mg L−1, pH = 7) and subsequent washing with DW.



[image: Membranes 12 01143 g011]







[image: Table] 





Table 1. Composition of casting solutions of PES UF membranes.
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	Membrane
	PES (wt.%)
	PVP (wt.%)
	Nanoadditives
	Nanoadditive Loading (wt.%)





	M0
	16
	2
	N/A
	N/A



	M1
	16
	2
	MWCNTs
	0.1



	M2
	16
	2
	MWCNTs
	0.5



	M3
	16
	2
	MWCNTs
	1.0



	M4
	16
	2
	GO
	0.1



	M5
	16
	2
	GO
	0.5



	M6
	16
	2
	GO
	1.0
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Table 2. Physicochemical properties for the hybrid ultrafiltration membranes: water uptake; φ, contact angles; θ and free surface energy;   − Δ  G  L S    .
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	Membrane
	φ (%)
	  θ   (°)
	    − Δ  G  L S      





	M0
	74.62
	72.3
	94.9



	M1
	78.76
	64.8
	103.8



	M2
	79.19
	63.8
	104.9



	M3
	79.73
	61.1
	107.9



	M4
	79.72
	63.4
	105.4



	M5
	80.08
	62.8
	106.1



	M6
	81.65
	60.3
	108.9
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Table 3. Comparison between different PES-based UF hybrid membranes incorporated with MWCNTs and GO nanoadditives with those prepared in this study for water treatment applications.
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Membrane (wt.%)

	
Membrane Preparation Method

	
Physicochemical Properties

	
Water Flux (LMH) and Pollutant Rejection (%)

	
FRR (%)

	
Ref.




	
Porosity (%)

	
Mean Pore Size (nm)

	
WCA (°)






	
PES/GO (0.008)

	
Phase inversion assisted by a direct current electric field

	
80

	
23.2

	
50.7

	
289.86 at 4 bar

86.58% Methyl red

	
89.18

	
[42]




	
PES/GA/GO (5)

	
Phase inversion

	
~85

	
66.4

	
~58–59

	
~200 at 1 bar

~80–85% BSA

	
75

	
[43]




	
GO/Fe3O4/PES (2)

	
Phase inversion

	
~75

	
~30

	
66.1

	
175.6 at 1 bar

98.0% BSA

	
87.9

	
[44]




	
M-GO/Fe3O4/PES (2)

	
Phase inversion

	
~86

	
~32

	
53.9

	
252.7 at 1 bar

92.3% BSA

	
80.1




	
CGO/PES (0.5)

	
Non-solvent-induced phase separation

	
N/A

	
7.2

	
53.2

	
82.6 at 2 bar

99.8% BSA

	
92.1

	
[45]




	
PES-GO (0.6)

	
Phase inversion

	
61.6

	
N/A

	
46.9

	
161 at 1 bar

97% HA

99.5% BSA

	
85

	
[46]




	
PES/GO (1)

	
Non-solvent-induced phase separation

	
76

	
68.5

	
60.3

	
554.8 at 1 bar

94.8% HA

	
94.4

	
This work




	
MoS2/O-MWCNTs/PES (0.75)

	
Phase inversion

	
81.7

	
25.1

	
49.6

	
192.2 at 3 bar

98.4% Reactive red 195

93.5% Reactive blue 19

99.0% BSA

	
60.8

	
[47]




	
PES/ZnO-MWCNTs (0.5)

	
Non-solvent-induced phase separation

	
46.02

	
58.81

	
58.7

	
57.1 at 1 bar

88.5% HA

	
77.18

	
[48]




	
PES/SPSf/O-MWCNT (0.05)

	
Non-solvent-induced phase separation

	
88

	
40.9

	
~50

	
553 at 1 bar

100% BSA

	
~93

	
[49]




	
SiO2-f-MWCNTs/PES (2)

	
Phase inversion

	
~70

	
~65

	
55.3

	
293 at 0.7 bar

85.6% HA

97% oil

	
99

	
[50]




	
f-CNT/PES (2)

	
Phase inversion

	
74

	
~86–87

	
57

	
~600 at 1 bar

>95% BSA

	
>90

	
[51]




	
F-MWCNTs/PES (1)

	
Phase inversion

	
N/A

	
N/A

	
51.9

	
~185 at 3 bar

~86–87% BSA

	
46

	
[39]




	
PES/GA/OMWCNTs (3)

	
Phase inversion

	
~82

	
~68

	
~64

	
~520 at 1 bar

~80% BSA

	
N/A

	
[15]




	
PES/MWCNTs (0.5)

	
Non-solvent-induced phase separation

	
61.5

	
61.5

	
63.8

	
450 at 1 bar

90.8% HA

	
90.4

	
This work
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