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Abstract

:

A functionally graded membrane (FGM) with a special spiral-structured cellulose acetate (CA) membrane was prepared by electrospinning under different collection distances. The membrane morphology was analyzed by scanning electron microscopy (SEM). FESEM images revealed that the high concentration shows the formation of fibers with an irregular diameter, with a large diameter distribution range. The fiber collected at a short distance of 10 cm experiences the strong electrostatic force, resulting in the short flight time for the polymer jet. This causes the bending instability of the polymer jet forming the comparatively thick fiber diameters, whereas the fiber collected at 15 cm shows the presence of a smooth, homogeneous diameter. Furthermore, the water flux of the membrane was determined using 50 mL of Amicon stirred cells. The fiber collected at different distances showed diameter variation, which is used to design a special spiral structure on the membrane by auto-moving the collector between the fixed distances of 10–20 cm. This technique will reveal a new approach for the fabrication of a special spiral structure on the nanofibrous membrane for different biomedical applications from different polymers. Meanwhile, the fabricated FGM with a special spiral-structure CA membrane demonstrates high water permeation flux.
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1. Introduction


Electrospinning is broadly applied for nanofiber fabrication with unique and advanced properties [1,2]. It was first reported in 1914 by Zeleny [3], but the US patented it by Formhals in 1934 [4]. In this process, a high-voltage power supply was used between the spinneret and fiber collector to inject the polymer solution [5,6]. When the applied voltage reaches above a certain threshold value, the charged jet of the polymer solution is taken out from the spinneret tip and is accelerated toward the grounded collector [7,8,9,10]. During the flight of the charged jet in the air, the solvent molecules escape, and the long polymer thread entanglement leads to the formation of a fine nonwoven nanofiber on the collector [11,12]. The electrospinning can fabricate a highly porous nano-fibrous mesh with a high surface-to-volume ratio, which amends the performance in diverse fields [13,14,15]. The relatively high production rate and simplicity in establishment make electrospinning an attractive technique for industrial, as well as academic, research fields [16,17,18]. To date, many polymers have been successfully electrospun into nanofibers, and electrospun polymer nanofibers with a diameter as small as 5 nm have been reported in the literature. In addition, recent electrospinning technology makes it possible to produce low-cost, high-efficiency ultrathin nanofibers with the variable diameters in the range of nanometers to the micrometers [19,20,21,22,23]. Electrospun nanofiber membranes also have unique features, such as high porosity, good thermal stability and water permeability, interconnected pore structure, and well-controlled compositions. These outstanding features make electrospun nanofiber membranes an excellent candidate for different applications, such as separation by filtration, self-cleaning textiles, bio-separation, wound healing, and antimicrobial mats. Most importantly, electrospun nanofibers exhibit a large surface-area-to-volume ratio, high porosity, variable pore size, and highly interconnected porous structure, thus making them attractive. In particular, hydrophilic electrospun nanofiber membranes prepared via electrospinning have been extensively researched in fields of film and membrane separation for their ability to remove or reduce micron/submicron-sized particles from solutions.



Cellulose is the most commonly distributed polymer in nature. This is an important biopolymer with exciting features widely available in different natural products, like wood pulp, cotton, hemp, and other plant-based materials [24,25]. Structurally, it is composed of closely associated units with a complex molecular structure, along with polysaccharides and lignin in the plant cell wall [26]. Basically, it is derived from esterification of cellulose, which is obtained via the reaction of cellulose with acetic anhydride and acetic acid in the presence of sulfuric acid. Moreover, CA possesses good fiber-forming capability, promoting new formulations and applications. Cellulose is also present in hemicellulose form in the cell wall, along with lignin and other extractives [27,28]. The nano-sized fibers of cellulose are designed to be microscopic and are often referred to as microfibrils, having diameters in the micrometer range of 2–20 µm, and their lengths depend on their own origin [29,30,31]. The fibers with uniform and fine structures produced from cellulose show versatile application in different fields, like textile industries, water filtration, pharmaceuticals, food industries, cosmetics, energy storage, and conversion devices [14,15,22,32]. It shows different health-friendly and beneficial properties so that it can be used with other materials as insulators or high-thermal-resistance, cost-effective materials and eco-friendly polymer composite materials [33,34,35,36]. Cellulose acetate has several fascinating features, including its biodegradable nature, non-toxicity, high affinity, good hydrolytic stability, relatively low cost, excellent chemical resistance, and non-irritating nature, so it is widely used in the biomedical-related sector and can be used as bioactive molecules after partial chemical modifications [37,38,39,40]. In past years, intensive studies have been conducted in regard to understanding the microfiltration of electrospun fibers [41]. Shin and coworkers fabricated nonwoven coalescence filtering media for separating secondary dispersions, using Nylon-6, polyamide, polyacrylonitrile, and polystyrene [42]. For instance, Ma utilized surface functionalized CA mats for successful separation of biomolecules in water [43]. CA membranes have been used for reverse osmosis for the conversion of contaminated water into fresh water and blood dialysis. Chou et al. reported using composites of silver nanoparticles and cellulose acetate hollow fiber membrane for water treatment [44]. The above studies have carried out a series of complex compositions for the fabrication of the nanofibers. CA nanofibers’ membranes have an excellent performance for low-molecular-weight toxic contaminants. Also, they have an excellent hydrophilicity, which is a very important factor in the minimization of fouling [45,46]. Moreover, CA membranes exhibit good toughness, high biocompatibility and hydrophilicity, moderate chlorine resistance, good desalting properties, and a high flux capacity [47,48]. Compared to commercially available filtering materials produced via a conventional technique, the pore size distribution of the electrospun nanofibers can effectively be tuned in the range of sub-microns to a few micrometers simply by adjusting the process parameters of the electrospinning [49]. Electrospun CA nanofibers are also capable of maintaining high porosity, which ensures the high-flux liquid filtrations [47,50,51]. However, CA membranes usually suffers from a narrow operating pH range and are susceptible to biological attack and structural compaction at variable temperatures and pressures [52]. Besides, due to poor inter-fiber interaction, which was impacted by physical entanglements, electrospun pure CA nanofibers usually have an unsatisfactory microstructure and poor mechanical strength. Hence, improving the morphology and mechanical properties of CA nanofibers is critical. The incorporation of nanoscale fibers with good mechanical strength into CA nanofibers is an effective method to produce high-performance composite nanofibers. Therefore, it is urgent to maximize the performance of CA membranes by optimizing the porous structures. Moreover, this issues can be overcome by the selection of polymer solvents, concentrations, additives, solvent evaporation time, and other parameters during membrane processing [53]. Process modifications to increase fiber–fiber interactions and the reinforcing of electrospun fibers using nanoparticles are becoming a highly promising route to address this issue. In addition, biofouling is a significant and constant problem with membrane filtration and specifically for hydrophobic cellulose acetate membranes. Methods to address biofouling can include mechanical or chemical cleaning operations, but another area of focus is the manipulation of the surface chemistry of the membranes to create a surface inhospitable for biofilm formation [29,37]. Miao et al. reported the fabrication of structure-controllable three-dimensional CA nanofibers via adjusting the humidity in the electrospinning process. The cytocompatibilities of 3D nanofibers were found to be better than those of 2D nanofibers and were expected to be used in biodegradable scaffold applications [54]. Lee et al. reported coating of electrospun CA mats with chitin nanocrystals, whose surface had homogenous nanostructured networks, and the mats had tailored surface characteristics [55]. The prepared nanofibers exhibited high water flux and less fouling; thus, they could be applied to water purification in the food industry. Mahalingam et al. devised a new route to synthesize CA/PAN composite fiber by pressurized gyration [56]. Consequently, well-characterized self-generating porous composite fibers were obtained by carefully tuning the parameters of the working pressure. Bui et al. fabricated a hydrophilic PAN/CA fiber in DMF at different weight ratios for engineered osmosis via a combination of nanotechnology and membrane science. The results showed that the CA/PAN composite fiber possessed excellent perm selectivity. These composite fibers have potential applications for engineered osmosis [57]. Silva et al. prepared CA membranes using nanoparticles as additives [58]. These composite nanofibers exhibited enhanced physicochemical properties and good performance as adsorbents, as well as anti-biofouling agents. Similarly, a quaternary ammonium-propylated polysilsesquioxane (QPAS)/cellulose acetate membrane prepared by Ravi et al. demonstrated excellent water permeability [59]. Meanwhile, Ansari et al. prepared an amphiphilic cellulose membrane incorporated with molybdenum disulfide for oil–water separation [60]. The resultant membrane showed a high water flux under different conditions, such as initial oil concentration, salt concentration, and pH conditions, and such results might be attributed to the hydrophilic support of the cellulose acetate polymer. Several research studies based on ion mixed-matrix nanoporous membranes have been reported by incorporating organic/inorganic compounds [61,62]. However, a functionally graded membrane (FGM) with a special spiral-structured cellulose acetate (CA) membrane prepared by a single-step electrospinning process is yet to be discovered.



A number of processing parameters influence the electrospinning of polymer solutions, which ultimately determine and control the properties of the fabricated nano-fibrous membrane. The concentration of polymer, solvent type, flow rate, distance between nozzle tip and collector, and applied voltage affects the morphology of nano-membrane. Similarly, the physical and environmental parameters, like the operating temperature and humidity, are also responsible for controlling the nature of fiber [19]. The schematic representation of the electrospinning technique for the fabrication of the cellulose acetate membrane is outlined in Figure 1. It focuses on the impact of different cellulose concentrations, as well as different collection distances on the fiber morphology. The low concentration of CA showed the presence of beads and tiny fibers. Upon increasing the concentration homogeneous, smooth fibers were formed, which were also favorable for excellent water permeation flux. Here, two different approaches of electrospinning were carried out: first by nano-membrane collection on the same plate under different distances and second by collection on the same plate by automatically moving the collector drum between the fixed distances of the spinneret tip to collector drum. By this method, the functionally graded membrane having a special spiral structure on CA membrane was successfully designed. This showed that the as-fabricated CA membrane is much better for water filtration with a high water permeation flux, making it beneficial for the transport of aqueous media from one place to other. Loading some extra functional nanoparticles on different layers of the functionally graded membrane of the special spiral structure will add more benefits for diverse use in tissue engineering or biomedical fields.




2. Materials and Methods


2.1. Materials


Cellulose acetate (CA, MW = 50,000) was purchased from Daejung Chemicals & Metals Co. Ltd., Daejeon, Republic of Korea. Acetone, N, N-Dimethylacetamide (99.5%) (DMAc), and sodium hydroxide (NaOH) were purchased from Samchun Chemicals Co. Ltd., Seoul, Republic of Korea. All the chemicals were of research grade and used without purification. Deionized water was used throughout this work. Electrospinning was carried out using a NanoNC electrospinning system.




2.2. Fabrication of Nano-Membrane


Cellulose acetate (CA) of 15 wt.% was dissolved in the solvent mixture of acetone and DMAc at a weight ratio of 2:1. The CA mixture was stirred on the magnetic stirrer at 250 rpm for 6 h, under a stirring temperature of 60 °C. The CA solution was loaded on a 12 mL plastic syringe (Norm-Ject, Duisburg, Germany) and connected with a metal capillary tube (d = 0.51 mm, 21 G) via a plastic tube. The solution was pumped by a digital pump (New Era Pump System, Inc., Farmingdale, NY, USA), with a constant flow rate of 1 mL/h. The distance between the collector drum and spinneret tip varied—10, 15, and 20 cm—with an applied voltage of 15 kV. During fabrication, the fiber was collected on the polyethylene sheet wrapped around the rotating aluminum mandrel connected with a negative pole of applied voltage, while the spinneret connected with a positive pole. The auto-controlled electrospinning was carried out at 27 °C (room temperature), with the relative humidity at 45–55%. During the process, the nozzle moved horizontally on its axial distance of 10 to 145 mm with the linear speed of 100 mm/min. With these set up, the total membrane collection time was 6 h.




2.3. Post-Electrospinning Treatment


The electrospun cellulose acetate (CA) membrane was deacetylated into hydrophilic cellulose via alkaline hydrolysis with 0.05 M NaOH solution. The aqueous ethanolic solution was prepared by dissolving the calculated amount of NaOH in water and then with ethanol to make the volume-by-volume solvent ratio of 1:4. The CA membrane was immersed in NaOH solution for 24 h to generate hydrophilic CA. After the completion of hydrolysis, the membrane was washed copiously with DI-water to remove any residual reactants and dried under vacuum for 12 h at 60 °C.




2.4. Characterization


The morphology of membrane was examined by field emission scanning electron microscopy (FESEM, S-7400, 200 kV, Hitachi, Tokyo, Japan). The SEM images of membrane were further analyzed by ImageJ (Version 2) software to obtain the fiber diameter. The crystallographic structure was investigated by powder X-ray diffraction (XRD, Rigaku, Cu Kα λ = 1.540 Ao, 30 kV, 40 mA). The water flux permeability test was carried out using 50 mL Amicon stirred cells (UFSC05001, Billerica, MA, USA).




2.5. Water Permeability Test


The water permeability test of the as-fabricated membrane was carried out using Amicon stirred cells, and it was able to operate at a maximum working pressure of 75 psi, with a 50 mL feeding capacity. Nitrogen gas was used for external pressure on the feed water, and the water permeability of the membrane was compared by measuring the time required to pass the equal volume of pure water through the as-fabricated membranes under similar conditions. Four different pressures as 0, 5, 10, and 15 psi were used for the measurement of water flux. Here, 50 mL of pure DI-water was allowed to pass through the fibrous membrane of 44.5 mm in diameter, with an effective area of 13.4 cm2 in Amicon stirred cells at room temperature.





3. Results and Discussion


3.1. Morphology


3.1.1. Effect of Concentration


The morphology of the electrospun fibrous membrane is greatly affected by the concentration of polymer solution. At a low concentration, large numbers of bead structures were formed. Figure 2a shows the FESEM image of 8 wt.% CA fiber collected at a 15 cm distance between the spinneret tip and collector drum. Here, CA undergoes electrospray due to the jet breaking up into the droplets, resulting in the formation of spherical beads rather than fibers. During this, when the solvent is evaporated from the beads, a vacant space is formed inside, which undergoes structural collapse into a cavity due to the atmospheric pressure [20]. If the solvent did not evaporate completely, then the beads may coagulate with each other to form the big solid lumps. Solid beads are generally obtained at a comparatively low solvent evaporation rate within the small collection distance. Upon the gradual increase in concentration, the spherical beads start to change into spindle and elongated-spindle shapes. The concentration shows a change in the aspect ratio of the nanofibers. The aspect ratio of the nanofibers increases continuously with the increasing concentration of the polymer. Figure 2b shows the special bird’s nest-like elongated-spindle shape beaded fiber collected from 13 wt.% at 15 cm. CA of 15 wt.% showed the formation of smooth, homogenous fibrous membranes with a comparatively small diameter distribution range (as shown in Figure 3b). The fully wetted and interconnected porous network will yield a support material that will create a membrane with one of the lowest possible structural parameters to date and maximize osmotic water flux performance. At an excessively high concentration, the thick polymer solution blocks off the nozzle tip, making it difficult to perform electrospinning. The high concentration shows the formation of fibers with irregular diameters and a large diameter distribution range. The crystallographic properties and chemical compositions of the samples were evaluated by XRD. Figure 2c shows the XRD patterns of CA fiber. A broad peak at 2Ɵ 21–23° indicates the cellulose acetate [63]. The CA membrane was deacetylated into hydrophilic cellulose by alkaline hydrolysis with 0.05 M NaOH solution. An FTIR analysis was performed to study the change in the chemical structure of CA nanofibers after NaOH treatment for deacetylation (Figure 2d). As can be seen in Figure 2d, the CA nanofibers showed characteristic peaks of cellulose acetate at 1741.9 cm−1, 1365.6 cm−1, and 1227.61 cm−1, which is attributed to the C=O, C-CH3, and C-O-C vibrations. The characteristic peaks of CA disappeared after deacetylation, implying the elimination of acetate groups. On the contrary, the peak intensity of the -OH group increases significantly.




3.1.2. Effect of Distance


The distance between the nozzle tip and the collector of fiber shows the pronounced effect on the fiber deposition time, solvent evaporation rate, strength of applied voltage, and polymer jet instability time interval [64]. The applied electric field becomes very strong at very short distances, thus enhancing the instability of the jet solution, resulting in the multiple jets of the polymer coming out from the single nozzle tip. CA of 15 wt.% was used for the electrospinning at different collection distances. The different distances between the nozzle tip and collector drum experience different electrostatic forces of attraction, bringing versatility to the fiber diameter. The fiber collected at a short distance of 10 cm experiences the strong electrostatic force, resulting in the short flight time for the polymer jet. This causes the bending instability of polymer jet forming the comparatively thick fiber diameters, as shown in Figure 3a. The fiber collected at 15 cm shows the presence of a smooth, homogeneous diameter (Figure 3b). These fibers show a small diameter distribution range. This indicates that the polymer jet sprayed at this distance experiences the optimum and stable electrostatic pull, which results in the formation of homogeneous fibers. At a higher distance of 20 cm, the polymer jet experiences a weak electrostatic force of attraction, and, because of this, it gains high floating time in air. This leads to the formation of thin fibers (Figure 3c).



From this, it is concluded that the homogeneous fiber can be collected from 15 wt.% CA at the distance of 15 cm. This smooth, homogeneous fiber with a special morphological structure will be more beneficial for diverse application. The collection of fibers at different distances from the spinneret tip to the collector drum suggested the clear distinction of fiber diameters, making them useful for fabricating the fibrous membrane of the special structure. The fiber was collected on the same plate at different distances (10, 15, and 20 cm) between the spinneret and collector drum, with a fixed collection time of 2 h at each distance to obtain the special spiral structure. Here, the total fiber collection time was 6 h at three different distances. Figure 4a shows the surface FESEM of the fibrous membrane of 15 wt.% CA collected at different distances on the same plate, and Figure 4b shows the cross-section of it, showing the three distinct fiber layers with clear variations in diameters, as doing so is important to outline the functionally graded membrane (FGM)’s special spiral structure. The collection of the fibrous membrane at 10, 15, and 20 cm formed the upper layer with fine fibers with small diameters, and the diameter increases moving onward. This leads to the formation of a finer and bigger pore size in the upper layer; meanwhile, the small pore size in the inner fiber layer collected at 10 cm is due to the presence of thick fibers [65]. The presence of a hollow spiral channel in the fibrous membrane collected at three different distances on the same plate is very useful for the transfer of liquids from one end to the other end.



The morphological verification of the spiral structure can also be made by comparing it with a membrane prepared from the opposite collection approach. Figure 5a shows the membrane collected with the distance pattern of 20, 15, and 10 cm on the same plate for a total of 6 h of collection time. The fiber diameter on the membrane surface shows the presence of thick fiber in the 0.8–1.6 μ range because of the upper layer collected at 10 cm. The cross-section image shown in Figure 5b does not show any distinct layers as Figure 4b does, but the average diameter pattern of the fiber is almost the same. This helps to conclude that the membrane is fabricated in the same manner as above to facilitate the formation of a functional graded membrane with a special spiral structure.



The CA membrane was collected using another approach, which involved automatically moving the rotating collector drum between the distances of 10 and 20 cm. The fibrous membrane collected by this approach shows the higher diameter distribution range (Figure 6a). Here, fiber diameters less than 0.8 μ are also observed in a considerable number. A majority of diameters lie in the range of 0.8–1.6 μ, which is same average diameter range of the membranes collected previously by another approach. The collector drum was constantly moving from a minimum of 10 to a maximum of 20 cm, giving the highest diameter range with thick fibers of 2.8 μ. The cross-section image, Figure 6b, shows the harmoniously laying fibers within the large diameter distribution range. This large diameter distribution range also supports the formation of functionally graded membrane with a special spiral structure.





3.2. Water Permeation Flux


Water permeation flux is important to any fibrous membrane designed for practical application for water transport or water purification via a filtration technique. The water flux of different membrane samples was measured under different pressures. Nitrogen gas was used to impart external pressure on the feed water. The water permeation flux of 15 wt.% CA membrane collected at different distances is presented in Figure 7. The smooth, homogenous membrane collected at 15 cm showed better water flux in comparison to the fibrous membrane collected at other distances.



The water permeation flux of the functionally graded membrane with special spiral structure prepared by two different approaches was also tested [66]. The membrane collected at three different distances on the same collecting plate by automatically moving the collector drum between the distances of 10 and 20 cm showed the excellent permeation flux at 15 psi compared to that of the membranes collected at different distances on the same plate and other fibrous membranes collected on different collecting plates at different distances (Figure 8). The high water flux of this membrane may be due to the presence of the functionally graded membrane with a special spiral structure due to the difference in average fiber diameters. This special spiral structure on the CA membrane with high water permeation flux may be of excellent application for the purpose of water or liquid transport from one face to another.





4. Conclusions


The present study mainly focuses on the effect of the concentration of cellulose acetate and the different fiber collection distances during the auto-controlled electrospinning process for the fabrication of a functionally graded membrane with a special spiral structure. The change in fiber diameter depends on the concentration of cellulose acetate and also on the fiber collection distances. At a high concentration, the more viscous polymer solution results in the formation of a thick fiber. Upon increasing the collection distance, the polymer jet gets enough time to fly in air before reaching the collector drum with enough elongation, resulting in the thin fiber. The diameter was directly affected by the fiber collection distance. This principle is applied for the fabrication of a functionally graded membrane with a special spiral structure on the fibrous membrane. The continuous one-step automatic electrospinning of cellulose acetate at three different distances on the same collecting plate was carried out to design a functionally graded membrane with a special spiral structure. This special structure of the fibrous membrane is of great importance for application in the liquid transport from one destination to another, which is very useful for tissue engineering, drug delivery, water filtration, etc. The functionally graded membrane with a special spiral structure prepared by two different approaches demonstrates high water permeation flux.
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Figure 1. Schematic diagram showing fabrication process of functionally graded CA membrane by auto-controlled electrospinning process. 
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Figure 2. FESEM images of (a) 8 wt.% CA fiber, (b) 13 wt.% CA fiber, (c) XRD pattern of 13 wt.% CA fiber, and (d) FTIR spectra of CA and deacetylated CA nanofibers. 
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Figure 3. FESEM images of 15 wt.% CA membrane collected at (a) 10 cm, (b) 15 cm, and (c) 20 cm. Fiber diameter given below with corresponding images. 
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Figure 4. (a) FESEM image of fibrous membrane collected at 10, 15, and 20 cm on the same plate for a total of 6 h; and (b) its cross-section, along with fiber diameters (inset schematic diagram of spiral structure). 
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Figure 5. (a) FESEM image of CA membrane collected at 20, 15, and 10 cm on same plate for a total of 6 h; (b) its cross-section image with their diameter. 
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Figure 6. (a) FESEM image of fibrous membrane collected by moving drum between the distances of 10 and 20 cm for 6 h; (b) its cross-section. 
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Figure 7. Water flux under different pressures for 15 wt.% CA membrane collected at (A) 10 cm, (B) 15 cm, and (C) 20 cm. 
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Figure 8. Water permeation flux under different pressures for 15 wt.% CA membrane collected (A) on same plate at 10, 15, and 20 cm; and (B) by moving collector between 10 and 20 cm. 
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