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Membrane distillation (MD) has emerged as a novel technology capable of recovering fresh water from brackish, saline, and wastewater. However, its industrial application is limited to various challenges including membrane properties. In this work, the polyvinylidene fluoride (PVDF) membranes were modified to improve their performance towards desalination of simulated seawater particularly, acid treated carbon nanotubes (f-CNTs) and cellulose nanocrystals-capped silver nanoparticles (CNC-AgNPs) were incorporated into the PVDF matrix prior to casting. Simulated seawater (33.59 g/L) was used as the feed during DCMD tests. The modified membrane displayed improved tensile strength, surface roughness, and hydrophobicity. Interestingly, minimal leaching of AgNPs (0.378 ± 0.0628 ppm) was recorded within 72 h. Although water flux (0.179 ± 0.0303 kg/m2/hr) remained relatively low, salt rejection (99.8%) improved upon incorporation of NPs. This provides a one-step solution towards better performance in MD for recovery of freshwater from high saline seawater.
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1 HIGHLIGHTS

• PVDF membranes were prepared via phase separation process.
• To improve process performance, the membranes were modified with CNTs and CNC-capped AgNPs.
• Tensile strength, hydrophobicity and thermal stability of the PVDF membrane improved upon incorporation of NPs.
• Resulting membranes demonstrated improved performance in DCMD.
2 INTRODUCTION
Shortage of freshwater continues to threaten global socio-economic development despite abundant availability of saline water. However, desalination technologies are used to alleviate these challenges. Among others, reverse osmosis is the most utilized technology to recover freshwater from seawater. However, the high operational costs associated with this technology render it invalid for use in developing countries. For this reason, consideration of freshwater supply alternatives is imperative. MD emerged as a low-cost separation technology harnessed to treat high saline effluent for the recovery of potable water achieving separation efficiencies >99% (Hou et al., 2014). However, its industrial application is still limited to various factors, including production of low water fluxes and membrane fouling (Drioli, Ali and Macedonio, 2015). Although MD continues to be evaluated on laboratory scale for water desalination and treatment of wastewater, extensive studies are required to realize industrial operation (Lalia et al., 2014; Huang et al., 2021; Makanjuola, Anis and Hashaikeh, 2021; Rabie, Elkady and El-Shazly, 2021; Tian et al., 2021). Notably, pilot scale testing is actively underway in various research institutions (Tijing et al., 2015; Nthunya et al., 2022). Among others, Aquaver commissioned MD pilot plants in the Maldives (Drioli, Ali and Macedonio, 2015).
The mechanism of operation of MD includes the movement of vaporized water from the hot feed compartment to the cold distillate through a porous, hydrophobic membrane (Eryildiz et al., 2021). The membrane acts as a barrier, facilitating the separation of the feed water from the produced vapor (Tijing et al., 2015). The vapor pressure induced by the temperature difference across the two interface of the membrane acts as driving force (Eykens et al., 2017; Nthunya, Gutierrez, Derese, et al., 2019). Several hydrophobic membranes commonly used in MD include PVDF, polytetrafluoroethylene (PTFE) and polypropylene (PP) (Hou et al., 2014). Among these, PVDF possesses excellent hydrophobicity, thermal stability, mechanical strength and chemical resistance (Nthunya, Gutierrez, Verliefde, et al., 2019; Ji et al., 2021). In addition, PVDF dissolves in a myriad of organic solvents, dissimilar to PP and PTFE whose preparation require solvent choice and complex processing methods (Bottino, Capannelli and Comite, 2005).
For successful use in MD, PVDF membranes often require modification to improve process performance (Nejati et al., 2015; Mpala et al., 2022). Modification processes include incorporation of suitable nanoparticles to 1) improve membrane hydrophobicity and/or 2) fouling control measures. Leaper et al. (2018) modified PVDF with 3-(aminopropyl)triethoxysilane (APTS)- functionalized graphene oxide to improve the membranes’ properties. Reportedly, an increase in surface and bulk membrane porosity was attained with an enhancement in mean pore-size. This translated to 86% increase in permeate flux. In another study, Kim et al. (2021) purified artificial seawater in vacuum membrane distillation (VMD) using polypropylene (PP)-modified PTFE. Notably, the membrane modification improved rate of water recovery and salt rejection (99.9%), achieving good agreement between computational and experimental results. Commonly used NPs including functionalized carbon nanotubes (f-CNTs) and silver nanoparticles (AgNPs) are incorporated into the various membranes not only to ensure resistance to thermal and mechanical stress but also to improve process performance. To ensure their safe use in water treatment, AgNPs require a facile environmentally benign preparation method (Nthunya et al., 2016; Nthunya, Gutrierrez and Mhlanga, 2022).
In the current study, AgNPs were prepared from a CNC mediated method. Microwave irradiation process was carried out to improve homogenous dispersion of AgNPs on the capping CNCs. Dispersion of AgNPs on CNCs was reported elsewhere (Mpala et al., 2023). Cellulose nanocrystals (CNC’s), commonly referred to as cellulose Nanowhiskers (CNW) or nanocrystalline celluloses (NCC’s) are nano-structural forms of cellulose, the most abundant biopolymer in the environment (Naz, Ali and Zia, 2019; Amara et al., 2021). They exhibit enormous crystallinity (between 54% and 88%) with widths ranging from 4–70 nm, requiring acid hydrolysis (at high temperatures) for isolation (Brinchi et al., 2013; Naz, Ali and Zia, 2019). Moreover, CNCs are relatively elongated, rod shaped and less flexible (Brinchi et al., 2013). The CNCs can immobilize metal nanoparticles (MNPs), thus minimizing their leaching from supporting structures including PVDF membranes. To the best of our knowledge, AgNPs prepared via a greener microwave assisted irradiation with a simultaneous capping on CNCs ensuring minimal leaching from PVDF membranes is barely reported.
3 MATERIALS AND METHODS
3.1 Materials
PVDF (powder, Mw = 534,000 g/mol), polyvinylpyrrolidone (PVP, powder, Mw = 360,000 g/mol), dimethylformamide (DMF, ACS reagent, 99%), Dimethylacetamide (DMac, ACS reagent, 99%), 1-propanol (ACS reagent, 99%), sodium chloride (NaCl, Mw = 58.44 g/mol), magnesium chloride (MgCl2, Mw = 95.21 g/mol), sodium sulphate (NaSO4, Mw = 142.04 g/mol), calcium chloride (CaCl2, Mw = 110.99 g/mol) and potassium chloride (KCl, Mw = 74.56 g/mol) were procured from Sigma Aldrich (Germany). The CNCs were procured from Nanografi Nano Technology and CNTs from SabiNano (Pty) Ltd.
3.2 Methods
3.3.1 Preparation of PVDF membranes
The PVDF membranes were prepared using phase inversion technique. Briefly, a solution of 15% PVDF was prepared using a mixed solvent system of DMAc/DMF (3:2 v/v ratio) and various non-solvent additives according to the requirements of each membrane (Table 1). The choice of mixed solvent system was based on reported literature. According to Karimi et al. (2020), diffusion rate of DMAc/DMF mixed solvent system is higher compared to DMSO and NMP, leading to formation of small pore sized membranes with finger-like structures. The polymer solution containing the reagents was stirred until full dissolution followed by degassing. Specifically, PVP and f-CNTs were blended with PVDF under magnetic stirring for 24 h (until attainment of homogenous solution). Afterwards, a solution of CNC-capped AgNPs was coated on the surface of the membrane during casting using a casting knife film applicator. The wet films were immersed in a water bath and coagulated for 24 h, followed by air-drying for 48 h.
TABLE 1 | Casting solution composition for each membrane
[image: Table 1]3.3.2 Characterisation of PVDF membranes
The analyses of the as-synthesized membranes were carried out to understand their physicochemical properties. Dead-end filtration was used to determine the liquid entry pressure (LEP) of each membrane. Technically, 150 mL of de-ionized water was added into a membrane-equipped dead-end filtration cell. System pressure was gradually increased until the first water drop was recorded. This minimum pressure required to drive the water through the membrane was referred to as the LEP. Scanning electron microscopy (SEM) analysis was conducted using TESCAN Vega SEM at a voltage of 30 kV (kV) to understand the morphological properties of the membranes. Prior to SEM analysis, samples were sputter coated using gold/palladium (Au/Pd) to minimize sample charging. Atomic force microscopy (AFM, Witec Alpha 300 A, TS-150) was used at scanning area of 2.0 μm × 2.0 μm to evaluate membrane roughness. Fourier transform infrared spectroscopy (Tensor 27 FTIR, Bruker South Africa (PTY) LTD.) was used to evaluate the chemical composition of the membranes at a scanning range of 500 cm-1 to 4,000 cm-1.
Membrane-water contact angle (WCA) was assessed using the sessile drop method. Approximately 5—8 µL of water was dropped on the membrane followed by contact angle measurement using a digital camera. Analysis was run in triplicates. Membrane porosity was determined gravimetrically using Equation (1). Also, the pore-size of the membranes was determined via filtration velocity method following Guerout-Elford-Ferry Equation (2):
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Where [image: image] is membrane porosity (%), m1 and m2 are the masses of the saturated membrane g) and dry membrane g) respectively, De and Dp are the specific gravities of 1-propanol (g/cm3) and PVDF (g/cm3), respectively.
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Where rm is the mean pore radius m), [image: image] is the porosity, µ is the viscosity of water (0.001 Pas), [image: image] is the membrane thickness m), Q is the volume of filtrate per unit time (m3/s), A is the membrane area (m2) and [image: image] P is the pressure (Pa).
3.3.3 Leaching studies of AgNPs
A modified method was used to quantify amount of AgNPs released from CNC/AgNP-modified PVDF membrane (M4) (Xuan et al., 2020). Briefly, prepared membrane was cut into rectangles (1 × 3 cm), placed in 15 mL DI water, and shaken at 140 rpm for 72 h. Aliquot samples of 3 mL were taken at different time intervals (1, 3, 6, 9, 12, 24, 48 and 72 h), with an equal supplement of fresh DI water. The collected aliquots were analyzed for silver using inductively coupled plasma optical emission spectroscopy (ICP-OES).
3.3.4 Evaluation of MD process performance using synthetic membranes
Lab-scale DCMD tests were conducted to evaluate membrane performance (Figure 1). The active surface area for each membrane tested was 1.147 m2. Artificial seawater (the feed stream) was composed of 24.5 g/L NaCl, 5.2 g/L MgCl2, 4.1 g/L NaSO4, 1.1 g/L CaCl2, and 0.69 g/L KCl. Distilled water (approx. conductivity of 0.691 μS/cm) was used as the permeate stream. The plate and frame membrane module was used during operation. The solutions were circulated in a counter-current direction at a crossflow velocity of 7 mL/s using a peristaltic pump (Cole Parmer Ltd., Masterflex). The feed and permeate solution temperatures were set at 60°C and 15°C, respectively. Salt rejection (R%) and permeate flux (J) were calculated using Equations (3), (4) respectively.
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where R%, kf,, kp J, m, A, t represents the salt rejection (%), feed conductivity (µS/cm), permeate conductivity (µS/cm), water flux (kg/m2·h), permeate mass obtained from the digital balance (kg), effective membrane area (m2) and time (h) respectively. Each of these parameters were obtained as per schematic illustration presented in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental design for recovery of fresh water from salty water in direct contact membrane distillation.
4 RESULTS AND DISCUSSION
4.1 Chemical composition of PVDF membranes
FTIR analysis of the as-synthesized membranes was carried out to understand their chemical composition. The individual membranes exhibited similar peaks with minimal differences (Figure 2) where, 1,078 cm-1, 1,174 cm-1, 1,401 cm-1 were assigned to C-C stretching, intense C-F stretching, and C-H wagging and stretching vibration respectively (Tan et al., 2020; Lu et al., 2021). Indeed, the fingerprint region of PVDF was reported at 600—1,500 cm-1 (Teoh et al., 2021). The weak stretch at 1,676 cm-1 caused by the presence of C=O for M2, M3 and M4 confirmed the presence of PVP within the modified PVDF membrane. The CNC/AgNP-modified PVDF membrane displayed the α and β phases of PVDF at 838 cm-1 and 871 cm-1, respectively, with the β phase existing in the highest intensity. This was attributed to AgNPs’ interaction with PVDF (Issa et al., 2017).
[image: Figure 2]FIGURE 2 | FTIR spectra of the as-synthesised membranes.
4.2 Morphological properties of PVDF membranes
The SEM micrographs of the PVDF membranes illustrating their morphological properties are presented in Figure 3. The top surfaces of all membranes appeared sponge-like, with highly compact surfaces. The sponge-like structure present mechanical strength of the membrane (Lai et al., 2014). No evidence of membrane deformation was detected. Incorporation of CNC-capped AgNPs on PVDF resulted in minimal particle agglomeration (Figure 3, M4). This is undesirable as agglomeration reduces the activity of nanoparticles (NPs), further minimizing membrane performance. Since all membrane surfaces appeared dense, structural variations were assessed using cross-sectional morphology images and AFM.
[image: Figure 3]FIGURE 3 | SEM micrographs of PVDF membranes: Top surface and corresponding cross-sectional morphology.
Based on the cross-sectional images, the membranes were asymmetric and exhibited heterogenous structures containing distinct macro-voids of different shapes and sizes (Figure 3). This was attributed to the difference in solution compositions of the synthesised membranes (Table 1). Although the addition of PVP induced the formation of finger-like macropores (M2) due to its hydrophilicity, addition of f-CNTs lowered the size and number of these structures (M3). This was associated to an increase in the viscosity of the polymer solution and a subsequent decrease in the solvent/non-solvent exchange rate during phase inversion (Nejati et al., 2015). Water was used as the coagulating agent during synthesis because of its ability to rapidly facilitate the solvent/non-solvent exchange rate (Teoh et al., 2021). Further addition of CNC-capped AgNPs increased pore elongation, especially for the top layer of the membrane. This was attributed to the hydrophilicity of the NPs (Xu et al., 2020). Generally, asymmetric structures of membranes translate to enhanced permeability (Wu et al., 2015). The AgNPs were uniformly dispersed on the surface of the membrane as per top surface micrograph of M4. This was a result of AgNPs capping and uniform distribution on the CNCs as per TEM micrographs presented elsewhere (Mpala et al., 2023). Interestingly, there was no structural deformation for all synthesised membranes.
4.3 Physical properties of PVDF membranes
Incorporation of the f-CNTs and CNC-capped AgNPs improved the membranes’ resistance towards passage of liquid water (Table 2). This is evident from the increased LEP. Specifically, the LEP of M1, M2, M3, and M4 were 310 ± 7 kPa 280 kPa ± 3, 340 kPa ± 6, and 330 kPa ± 1, respectively. According to Chiu et al. (2021), addition of f-CNTs increases viscosity of PVDF polymer solution, thus leading to a decreased exchange rate of the solvent (DMac/DMF 3:2) and non-solvent (water) during phase inversion (Chiu et al., 2021). Decreased solvent exchange rate reduced overall membrane porosity and pore size (Table 2). Polymer solution demixing rate depends on various parameters including polymer affinity to the solvent and the solution concentration. As per ternary diagrams, reduced affinity of polymer to the solvent increases demixing rate (Alibakhshi et al., 2019). The decrease in LEP and contact angle from M1 to M2 was attributed to the addition of PVP, largely due to its high polarity and water solubility (Rawat et al., 2014), causing a rise in the thermodynamic instability of the polymer solution during casting (Eren and Güney, 2019). Consequently, an instantaneous demixing of the solvent and non-solvent occurred, leading to the formation of large macropores (Figure 3). This was simultaneously proven by an increased membrane pore size (M2—0.21 µm) (Tofighy, Mohammadi and Sadeghi, 2021). Notably, an increase in overall porosity and reduction in membrane pore sizes were inversely proportional to LEP, a relation directly confirmed by Ardeshiri et al. (2018). Nanofillers such as f-CNTs reduce the membranes pores and porosity by filling the micro-voids, thus causing an increase in LEP (Zhou et al., 2019). Also, the LEP depends on pore microstructure and length. Specifically, membranes characterized by high tortuosity give rise to high LEP (Wu et al., 2018). This was evident as LEP increased with an increase in membrane thickness. High LEP of membranes ensures resistance to wetting by process liquids, thus promoting high salt rejection in water desalination.
TABLE 2 | Physical properties of the as-synthesised membranes
[image: Table 2]4.4 Membrane-water contact angle (WCA)
Membrane hydrophobicity was determined using WCA measurements, where the interaction of water with the membrane surface was measured (Figure 4). The WCA of pristine PVDF membrane was 91.1° ± 0.80. Similar results were reported by Isya et al. (2020). Due to PVDF’s fluorinated carbons, the membrane possesses WCA ˃90 [image: image]. However, to improve their performances in MD, PVDF membranes require modification (Sinha Ray, Dangayach and Kwon, 2021). To increase membrane pore sizes, water soluble PVP was used to modify PVDF membranes. The WCA decreased from 91.1 ± 0.80° to 82.6 ± 0.95°. Upon the addition of NPs (i.e., f-CNTs and CNC-AgNPs), the WCA increased to 92.9 ± 0.35°, implying enhanced hydrophobicity. This was attributed to the hydrophobic nature of the f-CNTs and the increased surface roughness as confirmed by AFM results (Figure 5). Rough membrane surfaces possess air-pockets lowering the surface energy and minimizing interaction with polar solvents (Teoh et al., 2021). The direct correlation between hydrophobicity and surface roughness was noted elsewhere (Zheng et al., 2016).
[image: Figure 4]FIGURE 4 | Contact angle measurements of the membranes.
[image: Figure 5]FIGURE 5 | Surface roughness characteristics of PVDF membranes.
4.5 Surface roughness of PVDF membranes
The AFM micrographs were used to evaluate membrane surface roughness (Figure 5). The micrographs displayed bright regions (signifying peaks) and dark regions (signifying valleys). According to the Cassie Baxter phenomenon, valleys act as air-pockets that reduce the surface energy and interfacial tension, thus increasing membrane-water contact angles (Teoh et al., 2021). The surface roughness (Ra) and root mean square roughness (Rq) were used to estimate membrane-liquid interactions. Upon addition of PVP in the casting solution, the average surface roughness decreased from 15.95 nm (M1) to 13.37 nm (M2) due to formation of a smooth surface. However, a considerable increase in surface roughness was recorded (68.43 nm) upon addition of f-CNTs and CNC-capped AgNPs (i.e., M4). This increase was attributed to adherence of the NPs to the network of the polymer. These changes in membrane roughness cohere with WCA measurements. In MD, rough membranes necessitate increased turbulence of the feed solution, thus lowering the heat transfer resistance at the boundary layer and facilitating better vapor transport (Pagliero et al., 2021).
4.6 Mechanical properties of PVDF membranes
Evaluation of membrane mechanical properties to determine their suitability in MD systems is key as membrane durability affects costs of operation (Lalia et al., 2014). Herein, tensile strength (MPa), elongation stretch (%), and yield strength (MPa) were used to assess the mechanical properties of the as-synthesised membranes (Figure 6; Table 3). Based on the stress-strain plot, the mechanical strength of M1 (pristine PVDF) increased by 75% upon addition of PVP, f-CNTs and CNC-capped AgNPs from 0.4637 MPa to 1.0811 MPa. This was due to the excellent dispersity of NPs within the PVDF matrix and the NPs higher affinity for PVDF (Nassrullah et al., 2020; Tabhane and Giripunje, 2020). Excellent dispersity transfers the load from PVDF to the NPs, thus increasing mechanical strength of the membranes (Dlamini, Mamba and Li, 2019). Owing to their high mechanical strength, CNCs were eminent in increasing the tensile strength of the PVDF membranes (Grishkewich et al., 2017; Mbakop, Nthunya and Onyango, 2021). Also, addition of the pore forming PVP increased the membrane tensile strength to 0.4637 MPa due to formation of stress terminating pores.
[image: Figure 6]FIGURE 6 | Stress-strain plot of the as-synthesised membranes.
TABLE 3 | Mechanical properties of the membranes
[image: Table 3]4.7 The AgNPs leaching assessment
To assess the stability of capped AgNPs, leaching tests were evaluated using DI water. Although high activities are reported upon release of AgNPs from the capping materials, uncontrolled release may: 1) reduce the effectiveness of the membrane within a short time, 2) contaminate the distillate, and 3) cause regular membrane replacement due to activity deterioration, thus increasing operational expenditure (Barrios et al., 2020). Due to its toxicity, leachability studies of AgNPs are required to assess their environmental implications. The leaching of AgNPs from M4 was evaluated at various intervals for 72 h (Figure 7). Approximately, 0.378 ± 0.0628 ppm was released from the membrane, with gradual decline as a function of time. This suggests long term stability of the NPs (Xuan et al., 2020). The release of high concentrations at initial stages of operation was caused by weakly bound or excess AgNPs (Qi et al., 2021). These results ascertain the applicability of the modified membrane for long term application in MD. Similarly, minimal release of AgNPs was reported by Maharubin et al. (2018), noting a 0.918 ppm concentration in the permeate.
[image: Figure 7]FIGURE 7 | Concentration of silver of CNC/AgNP-modified PVDF membrane (M4) following a 72-h silver leaching test.
4.7.1 Evaluation of membrane performance in direct contact membrane distillation (DCMD)
The performance of the membranes (M1, M2, M3, M4) was evaluated in a DCMD lab-scale set-up where artificial seawater was used as the feed solution. Water flux and permeate conductivity profiles are presented in Figure 8. The water flux (0.528 ± 0.0838 kg/m2/hr) of the pristine membrane (M1) remained stable for 24 h. However, permeate conductivity increased gradually without exceeding 85 μS/cm. This demonstrated excellent salt rejection efficiency, averaging to 99.8%. The M2 presented the highest flux in comparison to the other membranes (0.603 ± 0.157 kg/m2/hr), specifically due to high membrane porosity and low LEP (Table 2) caused by the presence of PVP. Similarly, conductivity increased significantly to 166.2 μS/cm, registering poor salt rejection. The high conductivity implied occurrence of membrane wetting leading to the passage of dissolved salts through the membrane pores. According to Teoh et al. (2021), an increase in distillate conductivity above 20 μS/cm demonstrates the initial wetting of the membrane. Ahn et al. (2021) reported similar results, where PVDF membranes presented low salt rejection with high water flux in DCMD. Although the distillate conductivity for M2 was high, excellent salt rejection (99.6%) was recorded, largely due to the hydrophobic nature of the PVDF membrane.
[image: Figure 8]FIGURE 8 | Conductivity and water flux for M1, M2, M3 and M4 using synthetic seawater in DCMD.
While M4 was characterized by high WCA and LEP, the average water flux obtained was the lowest (0.179 ± 0.0303 kg/m2/hr). This was attributed to the blockage of pores induced by the presence of the NPs on the surface and inner pores of the membrane. The decrease in pore sizes induced a mass transfer resistance (Huang et al., 2021). However, the salt rejection of M4 was excellent (99.8%), with the conductivity increasing to 68.2 μS/cm within the 24 h operation period. This was attributed to the hydrophobic nature of the membrane, ensuring passage of vaporized water (Figure 4). Hydrophobicity provides resistance of liquid water transfer due to low surface tension, decreasing the surface energy and subsequently increasing its water-repellence (Zheng et al., 2016). As a result, the mass transfer is facilitated by vapour formation. The failure to attain 99.999% was due to formation hydration layer on M4 caused by presence of hydrophilic CNC-capped AgNPs. Therefore, various modification methods should be explored to ensure maximized process performance. Nonetheless, the findings of this study are comparable to the existing literature where excellent salt rejection is attained (Table 4).
TABLE 4 | Comparison of recent studies assessing MD performance using artificial seawater
[image: Table 4]5 CONCLUSION
Water scarcity has motivated the quest for the development of new and sustainable water purification systems. MD is an emerging membrane separation technology harnessed to recover fresh water from contaminated wastewaters. Although MD possesses attractive features, its industrial application is limited to various factors, affecting process performance. In this work, PVDF was synthesized using the phase inversion technique and functionalized with f-CNTs and CNC-AgNPs to improve membrane properties. Incorporation of the NPs improved membrane hydrophobicity, tensile strength, and surface roughness. Specifically, WCA of the membranes increase from 91.1° (M1) to 92.9° (M4), indicating slight increase in hydrophobicity. Also, LEP of the membranes increased from 310 kPa to 330 kPa due to the decrease in membrane pore size and increase in hydrophobicity. Technically, the MD process should be operated at circulation pressure below LEP of the membrane. Hydrophobic membranes with high LEP improves membrane resistance to wetting, thus ensuring high salt rejection. Minimal leaching of AgNPs was reported (380 ppb), indicating satisfactory capping and support on the membrane surface. Although membrane properties were improved, the water flux remained low. This was attributed to high mass resistance induced by small pore formation because of NPs incorporation. However, salt rejection remained relatively high, markedly at 99.8%. Therefore, f-CNTs and CNC-AgNPs modification of PVDF with will open research directions toward application in membrane-based technologies.
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