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Abstract

:

This manuscript describes a novel in situ interfacial dynamic inverse emulsion polymerization process under sonication of aniline in the presence of carbon nanotubes (CNT) and graphene nanoparticles in ethanol. This polymerization method is simple and very rapid (up to 10 min) compared to other techniques reported in the literature. During polymerization, the nanoparticles are coated with polyaniline (PANI), forming a core-shell structure, as confirmed by high-resolution scanning electron microscopy (HRSEM) and Fourier-Transform Infrared (FTIR) measurements. The membrane pore sizes range between 100–200 nm, with an average value of ~119 ± 28.3 nm. The film resistivity decreased when treated with alcohol, and this behavior was used for selection of the most efficient alcohol as a solvent for this polymerization technique. The membrane permeability of the PANI grafted CNT was lower than the CNT reference, thus demonstrating better membranal properties. As measured by water permeability, these are ultrafiltration membranes. An antimicrobial activity test showed that whereas the reference nanoparticle Bucky paper developed a large bacterial colony, the PANI grafted CNT sample had no bacterial activity. The thicker, 2.56 mm membranes exhibited high salt removal properties at a low pressure drop. Such active membranes comprise a novel approach for future water treatment applications.
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1. Introduction


The challenge of meeting the global demand for clean water is rising constantly [1]. Purification processes combining innovative filters and membranes are ever-growing. Two major challenges with current purification systems are fouling and biofouling [2,3,4]. Fouling is produced by macromolecule depositions, particles, colloids, and inorganic materials on membranal pores and surfaces. Biofouling involves the deposition of large bacterial clusters, biofilm, and colonies on membrane surfaces and inside pores. Both fouling and biofouling are difficult to clean efficiently. Biofouling can be addressed as a four-step process [5,6]. The first step involves the deposition of polymeric abiotic and biotic elements. This step is the only reversible step and crucial to biofilm formation since microorganisms are affixed to the membrane surface mainly via physical interactions. The other irreversible steps involve chemical adhesion to the membrane surface, biofilm development, and dispersion and propagation of the biofilm.



Anti-biofouling additive efficiency is low as additives need to be durable at any rate of the fluid flux and are located on the membranes or filters interface, or surface, where they can be active [4,6,7,8,9,10]. Recently, electrically conductive polymers have been recommended as biofouling prevention materials [11,12,13,14,15]. Ghaffari-Mogahaddam et al. [16] reported the use of silver particles, pre-treated with NaBH4 and then blended with poly(vinyl-alcohol) (PVOH) and polyaniline (PANI) for antimicrobial activity. Vast numbers of reported techniques involve pre-polymerized PANI followed by adsorption to the membrane surface. However, most studies have not used an “all-in-one” approach, and a latest review indicated the lack of work on PANI as an antimicrobial agent in polymeric membranes [17,18].



Nanocomposites consist of nanoparticles imbedded in synthetic or natural polymers and are a relatively new class of materials. A major challenge is the homogeneous dispersion of nanoparticles in polymers using conventional processing. Nanoparticles have a considerable tendency to agglomerate due to strong Van-der-Waals forces. The search for efficient methods for fine dispersion have been pursued in recent years. One of the most interesting techniques is the in situ polymerization of monomers in the presence of nanoparticles [19,20,21,22,23,24]. There are numerous reports in the literature on CNT, the polymerization of aniline, and the preparation of PANI/CNT nano-composites for different applications [25,26].



Among the family of intrinsically conductive polymers (ICP), PANI has been studied extensively owing to its simple polymerization, high electrical conductivity, and environmental stability [18,26]. PANI can be synthesized using different techniques, in the aqueous or organic phase, using agitation or ultrasonication techniques, as well as static interfacial, emulsion, or inverse emulsion polymerization.



This study further extends an ultra-fast inverse emulsion sonication technique reported previously by the author [27,28]. The PANI combines two anti-biofouling mechanisms: electric current and chemical reactivity [29]. Oxidation or reduction affects the PANI conductivity through a process termed doping [30]. The conductivity of PANI can be reversibly switched from an insulator to a metallic conductor.



Coating with water-treatment membranes comprises drop casting, dip-coating, and interfacial polymerization [31,32]. However, a literature search only indicated one report on inverse emulsion polymerization techniques [17]. The oil-in-water, or emulsion polymerization technique, occurs in systems comprised of a majority of water and a minor amount of oil, monomers, and surfactants. The monomers polymerize within micelles and form stable colloidal dispersions, i.e., emulsions [33]. In the inverse emulsion polymerization process, the major continuous phase is the organic phase containing the aniline monomer, whereas the aqueous solution containing the surfactant and initiator is emulsified by the surfactant.



Carbon nanotubes (CNT) have been well-known for many years since their first observation by Iijima [34]. CNT’s possess a significant combination of mechanical properties including high strength and flexibility with high electrical and thermal conductivity, thus offering new opportunities for the development of nanocomposites [35]. However, the fine dispersion of CNT within the polymeric matrix is hard to achieve due to its poor "solubility" in most solvents.



An inverse emulsion technique has been used successfully for PANI/CNT nanocomposite manufacturing [24,28] where a core-shell structure of PANI coating the CNT was formed. The existence of CNT increased the PANI’s mechanical properties, resulting in higher conductivities exhibited by the PANI/CNT nanocomposites compared to neat PANI.



In the present study, Bucky paper membranes [36] were prepared and analyzed in depth. Bucky paper is prepared by an in situ inverse emulsion polymerization method under sonication of aniline in the presence of nanoparticles, resulting in PANI coated nanoparticles, which then undergo Millipore filtration. A study of the alcohol post-treatment effect on the electrical properties reported better conductivity and better antimicrobial activity [17]. The antimicrobial activity of the PANI coated nanoparticles Bucky-paper led to improved antibacterial properties.




2. Materials and Methods


2.1. Materials


An aniline monomer was used after purification (Sigma-Aldrich, St. Louis, MO, USA). Dodecyl benzene sulfonic acid (DBSA) (Zohar, Dalia, Israel) was used as received. The Nanocyl 7000 MWNT has an average diameter of 9.5 nm and an average length of 1.5 μm (Nanocyl, Sambreville, Belgium). A selected grade of graphene AO-3 with an average flake thickness of 12 nm and an average particle size of 1.5–10 μm (Graphene Nanopowder, Calverton, NY, USA) was also investigated. Ammonium peroxydisulfate (APS) was used as received (Riedel de-Haën, Sigma-Aldrich, Munich, Germany). Methyl alcohol, 1-butanol, 2-propanol (Frutarom LTD., Haifa, Israel), ethyl alcohol 96% (Gadot chemicals, Haifa, Israel), 1-pentanol (Flucka chemie, Buchs, Switzerland), and iso-propyl alcohol (Finkelman LTD., Afula, Israel) were used to remove impurities from the composite.




2.2. Preparation of Nanocomposites


The inverse emulsion polymerization procedure of aniline in organic solvent was carried out as previously reported [24,28]: 1 g of DBSA was dissolved in 200 mL of alcohol using magnetic stirring. Then, 0.3 g of distilled aniline was added, and a clear solution was formed. A Vibra cell VCX 750 (Sonics & Materials Inc., Newtown, CT, USA), with a 40% amplitude, ultrasonic liquid processor was used to disperse the nanoparticles and to accelerate the polymerization process. Nanoparticles were added to the alcohol solution in situ before polymerization began. The nanoparticle concentration was 0.5% w/v of the dispersion. Next, 0.37 g of ammonium peroxydisulfate (APS) dissolved in 10 mL distilled water was added to the solvent/aniline solution followed by sonication at 4 °C for 10 min. The PANI/nanoparticles dispersion then served for film formation using a 4 μm coating rod to produce a homogenous film (K Hand Coater Large Starter Set, RK Print Coat Instruments, Royston, UK). This step was used to determine the best alcohol for the polymerization procedure. The film’s surface resistivity was measured to determine the preferred solvent for this procedure. A reference CNT sample without PANI and a PANI/CNT physical mixture were prepared using the same procedure. The PANI and PANI/nanoparticle dispersions were mixed in an excess of ethanol followed by filtration under vacuum using the Millipore system (at a diameter of 47 mm, Millipore LTD, Carrigtwohill, Ireland). The hybrid dispersions were filtered with 25, 50, and 100 mL to obtain different thicknesses. The resulted filtration cake, i.e., Bucky paper, was used as a membrane for water filtration experiments and characterization.



All the techniques had the same composition. The dynamic and in situ polymerization involved a chemical reaction in the presence of the nanoparticles, whereas the later mixing with PANI involved the physical contact of the nanoparticles with the pre-polymerized aniline. The Bucky paper membranes were placed in ethanol for 12 h to remove non-grafted PANI.




2.3. Characterization


A two-point probe technique was used to measure the electrical conductivity of the films produced. The morphology of PANI/membrane hybrid was examined using a LEO 982 (Cambridge, UK) high resolution scanning electron microscope (HRSEM), equipped with a high-resolution field emission gun (FEG), operated at a 4 kV accelerating voltage at a 3–4 mm working distance, with an in-lens detector of secondary electrons.



The PANI/membrane composites were studied using a TA 2050 Thermal Gravimetric Analyzer (TGA). The measurements were conducted under air, at a heating rate of 20 °C min−1. The sample’s weight loss was monitored as a function of temperature. Two types of data can be obtained from TGA thermograms: (a) the degradation temperature zones of the acid and polymer fractions, which are normally between 200 and 350 °C and 400 and 700 °C, respectively, and (b) the membrane fraction.



Absorbance Infrared Fourier-Transform spectra were recorded using a Thermo 6700 FTIR instrument equipped with a Smart iTR diamond ATR device. Each spectrum was recorded at a resolution level of 4 cm−1. The electrical conductivity of the Bucky membranes was measured using a four-point probe apparatus. Continuous linear membrane cell was used to measure the flow parameters. The cell was constructed for a “dead end” filtration procedure. The membrane diameter was 15 cm. The fluid capacity and membranal pressure drop were recorded. A colony counting technique [37] was used for evaluation of the membranes antimicrobial activity. Five (5) neat CNT and PANI grafted CNT membranes were tested. The samples were deposited on agar substrate and E. coli pathogens were implanted. The hybrids were then incubated for 96 h.



A 0.5% NaCl solution in distilled water was used for measurement of the salt removal at different trans-membranal pressure drops. Five membranes were tested for each flux and salt removal measurement.





3. Results and Discussion


Figure 1 depicts the film resistivity of the different solvent washes. The films were deposited from nanoparticle dispersions on PET substrates using a 4 μm thick coating rod.



Figure 1 depicts the film resistivity of the different alcohol washes. The films were deposited from nanoparticle dispersions on PET substrates using a 4 μm thick coating rod. The reference sample exhibited high surface resistivity values of 590 kΩ. All the alcohols exhibited a dramatic reduction in surface resistivity. Alcohol is considered to have washed away the free DBSA fraction and impurities left in the reaction [38]. Ethanol, the least toxic alcohol of the materials studied, exhibited a relatively low resistivity of 27 kΩ sq−1. Thus, further polymerization and characterization was continued using ethanol. The lowered resistivity was due to (1) removal of impurities and (2) the doping effect of the solvents [39]. PANI can exhibit secondary doping effects due to the polymer extended chain effect, as reported earlier [27].



The surface area, measured using the BET technique, of the neat CNT, graphene, and PANI was 140, 115, and 20 m2 g−1, respectively, while the physical mixture of PANI and CNT had a surface area of 147.5 m2 g−1, similar to the neat CNT. The PANI-coated CNT exhibited a higher surface area, ~220 m2 g−1, whereas the PANI-coated graphene exhibited a value of ~17 m2 g−1. The fact that the surface area of the PANI-coated graphene was similar to the neat PANI further supports the claim that graphene Bucky paper is a poor candidate for membranal applications.



A preliminary investigation of the PANI grafted graphene membranes found that the fluid velocity was practically zero, i.e., there was no flux. A report has indicated that graphene platelets exhibit a dense structure without enough cavities for fluid flow [40]. Thus, in the current study, only PANI/CNT hybrids were further analyzed.



Figure 2 illustrates the FTIR spectra of the neat CNT, the PANI/CNT mixture, and the PANI grafted CNT. The neat CNT had characteristic FTIR peaks at 1475–1600 cm−1 representing the C=C stretching of aromatic rings, as reported elsewhere [41,42]. PANI/CNT had characteristic peaks, similar to previous reports [28,43], at 2800–3400 cm−1, which represent the Nitrogen containing groups such as protonated imine -NH+ = and secondary amine -NH-. The ring-stretching vibrations of quinonoid and benzenoid appear at 1570 cm−1. The bands between 700–900 cm−1 correspond to aromatic ring out-of-plane deformations. The ~1040 cm−1 FTIR peak represents the quinonoid ring, N=Q=N [28]. These peaks confirmed that the dynamic sonication inverse emulsion polymerization alone resulted in doped PANI. The PANI/CNT samples showed similar peaks as the reference PANI and CNT, thus validating that this polymerization technique in the presence of CNT alone resulted in PANI/CNT. Note that the physical PANI/CNT mixture exhibited lower transmittance values than the grafted PANI/CNT. In addition, the bottom part exhibited slightly higher transmittance, suggesting that since there is no chemical bond, the PANI was removed from the Bucky paper during the rinsing step. These results support the author’s previous claims [17,27,28,40] for the grafting of PANI chains to the CNT surface.



Figure 3a,b depicts the thermal gravimetric analyzer (TGA) thermograms and the first derivative (DTG). The neat CNT (dashed line) exhibited a single weight loss peak at ~610 °C of roughly 90%. The PANI/CNT hybrid exhibited two decomposition peaks, at 275 and 640 °C, with a weight loss of 15% and 75%, respectively. The polymerization process was conducted with excess DBSA to increase the anilinium concentration partially affixed to the PANI chains, whereas the remaining part was unbound. Thus, the 15% weight loss of the PANI/CNT roughly reflects the bound DBSA. Furthermore, the PANI/CNT exhibited higher thermal stability than the neat CNT, suggesting that the chemical grafting of PANI to the CNT surface increased the hybrid’s thermal stability. The TGA results further support the grafting process of PANI chains to the CNT surface, adding to its thermal stability.



Figure 4a,b illustrates HRSEM images of the PANI grafted CNT sample. The sample presented as a smooth surface with a highly porous structure. A thin PANI coating had formed on the CNT surface, as the HRSEM images show, acting as a physical barrier to fluid transport, thus adding microbial properties. According to the HRSEM images, the membrane pore size ranged between 100–200 nm, with an average value of ~119 ± 28.3 nm. The HRSEM images contribute to the scientific study of the morphology obtained as a result of the presence of ethanol [27,39]. Further, the grafting of PANI chains to the CNT surface is crucial for the stability and durability of the overall membranal structure.



As part of the membrane activity analysis, an antimicrobial test was performed. Figure 5 illustrates an antimicrobial activity test, performed according to the colony counting technique [37], composed of: (a) the reference CNT, (b) the PANI/CNT physical mixture, and (c) the PANI-coated CNT membrane. E. coli bacteria were used as a model. The neat CNT and the PANI/CNT physical mixture membranes formed a large bacterial colony after 96 h of incubation. As expected, the PANI-coated membrane exhibited zero colonies, further demonstrating the antimicrobial activity of the in situ polymerized PANI. This result further supports the claim that the unattached PANI was removed from the physical mixture membrane when rinsing. The successful antibacterial results are important for increasing the membrane lifetime by reducing biofouling.



The following results were obtained for an in-depth study of the membrane hydraulic properties. The water flux and salt rejection were measured and analyzed. Figure 6 depicts the flux properties of the reference CNT, the physical mixture of PANI/CNT, and the PANI-coated CNT membranes using distilled water. The flux properties can be used as an indicator of membrane density and permeability since a lower flux is correlated with a denser membrane and smaller pores. The PANI grafted CNT exhibited a lower flux at all measured pressures, thus suggesting that the presence of PANI in the membrane increased its density. The physical mixture exhibited higher flux values since the unattached PANI was removed during rinsing, leaving larger voids and resulting in a poor membrane. Given the higher surface area, the grafted PANI improved the membranal properties. The water permeability for grafted PANI compared to the physical mixture and the pristine CNT membrane was 7595, 11,818, and 5400 L h−1 bar−1 m−2, or 524, 815, and 372 L h−1 psi−1 m−2, respectively. Commercial ultrafiltration membranes exhibit water permeability ranges from 3 up to 750 lmh psi−1 [44], suggesting that we have successfully demonstrated a hybrid membrane using the CNT/PANI material. Similar membranes fabricated from neat CNT [45] exhibited water permeability values of ~1400 L h−1 bar−1 m−2, however, with lower salt removal properties.



Figure 7 depicts the distilled water flux properties of the 25 mL (blue), 50 mL (orange), and 100 mL (grey) PANI-coated CNT membranes at a trans-membranal pressure drop of 4 bars. The membranes thicknesses are 0.34, 1.45, and 2.56 mm, respectively. The steady-state fluxes for the 25-, 50-, and 100-mL membranes are ~2500, 1300, and 100 L h−1 m−2, respectively. As expected, the flux for the thinner membranes is higher since the membranal flow resistance is smaller. Similar behavior was obtained for 2 and 3 bar pressure drops. The dramatic reduction in flux for the thicker, 100 mL coating indicates that the membrane is promising as an reverse osmosis (RO) membrane with high resistance [46].



Figure 8 depicts distilled water flux properties of the 100 mL PANI-coated CNT membranes at different trans-membranal pressure drops. The steady-state flux for the 2, 3, and 4 bar pressure drops is ~41, 35, and 100 L h−1 m−2, respectively. The membranes reached steady state after ~3 min. According to this study, one can determine the steady-state operating conditions. Further study of the prolonged effect, including chemical backwash, is currently in progress.



Figure 9 depicts salt removal properties of PANI-coated CNT membranes at different pressure drops. The thinner membranes exhibited low salt removal, since there was not enough membranal resistance to prevent salt penetration. The thicker membrane exhibited high salt removal properties of 30.4, 56.2, and 57.6% for 2, 3, and 4 bars, respectively. Such values would be considered low compared to typical RO processes with ~98% salt removal. However, the process described in this manuscript was conducted with higher initial salt concentration (5% compared to 3.5%) and with much lower pressure drop (4 compared to 70 bar). The higher salt concentration increases the osmotic pressure drop, and the driving force for the filtration process is the pressure drop. Thus, the membranes fabricated are quite efficient for salt removal. The PANI-coated CNT acts as an ionic polymer, removing ions from water, thus increasing the membranal salt removal properties.




4. Conclusions


The purpose of this article was to present a study of the key parameters involved in the fabrication of PANI/CNT water filtration membranes characterized by a combination of the preferred flux and antimicrobial properties. Specifically, it analyzed a novel in situ interfacial dynamic inverse emulsion polymerization process under the sonication of aniline in the presence of CNT in ethanol. The polymerization process described in this manuscript is simple and very rapid (10 min) compared to previous reports in the literature. During polymerization, nanoparticles are spontaneously coated with PANI, creating a core-shell structure as demonstrated by HRSEM and FTIR measurements. The membrane pore size ranged between 100–200 nm, with an average value of ~119 ± 28.3 nm. This structure is a key-component for the durability and stability of hybrid membranes. The water flux of PANI grafted CNT was lower than that of the CNT reference, improving membranal activity. The efficacy of PANI grafting to the CNT surface was demonstrated to exhibit improved antimicrobial and flux properties. Film resistivity decreased when the film was treated with alcohol and was used for selection of the most efficient alcohol as the solvent for this polymerization technique. According to the water permeability, these membranes are in the range of ultrafiltration membranes. An antimicrobial activity test demonstrated that while the neat nanoparticles membrane formed a large bacterial colony, the PANI-grafted CNT membrane had zero bacterial activity. The thicker, 2.56 mm membranes exhibited high salt removal properties at a low pressure drop. Such active membranes comprise a novel approach for future water treatment applications. For example, these membranes can perform in countries with low energy availability, allowing for freshwater production for all.
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Figure 1. Film resistivity with different solvents washes. 
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Figure 2. Fourier-Transform Infrared (FTIR) spectra of neat CNT, PANI/CNT physical mixture, and PANI grafted CNT Bucky paper. 
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Figure 3. (a) Thermal gravimetric analyzer (TGA) thermograms of neat CNT and PANI grafted CNT Bucky paper. (b) derivative thermal gravimetric (DTG) thermograms of neat CNT and PANI grafted CNT Bucky paper. 






Figure 3. (a) Thermal gravimetric analyzer (TGA) thermograms of neat CNT and PANI grafted CNT Bucky paper. (b) derivative thermal gravimetric (DTG) thermograms of neat CNT and PANI grafted CNT Bucky paper.



[image: Processes 08 01503 g003]







[image: Processes 08 01503 g004 550] 





Figure 4. High-resolution scanning electron microscopy (HRSEM) images of PANI/CNT Bucky paper. 
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Figure 5. Antimicrobial activity test, using the colony counting technique for the (a) reference CNT, (b) PANI/CNT physical mixture, and (c) the PANI-coated CNT membranes. Red indicated no bacteria populations at all, whereas blue indicated intense bacterial activity. 
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Figure 6. Distilled water flux properties of the reference CNT (triangle), PANI/CNT physical mixture (X), and PANI-coated CNT (circle) membranes. 
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Figure 7. Distilled water flux properties of the 25 mL (blue), 50 mL (orange), and 100 mL (grey) PANI-coated CNT membranes at the trans-membranal pressure drop of 4 bars. 
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Figure 8. Distilled water flux properties of the 100 mL PANI-coated CNT membranes at different pressures. 
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Figure 9. Salt removal of the PANI-coated CNT membranes. 
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