
  
    Research Article | Volume 3, Issue 1 | DOI: 10.35840/2631-5084/5507


    ISSN: 2631-5084

  


  
    [image: ]International Journal of Nanoparticles and Nanotechnology

  


  
    [image: ijnn]

    Solution Blow Spinning and Obtaining Submicrometric Fibers of Different Polymers

  


  
    J Gonzalez Benito*, J Teno, D Torres and M Diaz


    Department of Materials Science and Engineering, University Carlos III of Madrid, Spain

  

  

  
    Corresponding author: J Gonzalez Benito, Department of Materials Science and Engineering, University Carlos III of Madrid, IQMAAB, Av.de la Universidad 30, 28911 Leganes, Madrid, Spain.


    Published Online: June 24, 2017


    Citation: Benito JG, Teno J, Torres D, Diaz M (2017) Solution Blow Spinning and Obtaining Submicrometric Fibers of Different Polymers. Int J Nanoparticles Nanotech 3:007.


    Copyright: © 2017 Benito JG, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

  


  
    Abstract


    Thermoplastic polymers with potential biomedical and electrical applications such as polyethylene oxide, PEO, polyvinylidene fluoride, PVDF, polyethylene-co-vinyl acetate, EVA were prepared by solution blow spinning, SBS, looking for the best processing conditions to obtain submicrometric fibers with highest homogeneity in terms of morphology. Fabrication was carried out by a commercial airbrush and a home-made automatic SBS device. The aim of this work was to optimize the SBS process for each of the polymer systems to get films in the form of mats formed by submicrometric fibers. In particular, the pressure of the ejecting gas, the feed rate of the polymer solution and the working distance was considered as the final influencing parameters on the materials morphology. SEM was used as the main technique to evaluate the effect of the processing conditions on the final morphology. The different morphologies obtained showed a directly dependence of between them and the processing conditions. Gas pressure, feed rate and working distance have a great influence in the fiber production, fiber diameter, and fiber diameter distribution.
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    Introduction


    Nowadays Solution Blow Spinning (SBS) process is becoming an easy method to produce in situ films from polymer solution [1]. It consists in ejecting a polymer solution by the action of a gas flow through concentric nozzles, which in turn allows quick solvents evaporation. This process usually produces non-woven mats formed by micro or even nanofibers. SBS was developed by Medeiros, et al. [1] and during the last years many authors are using this method as an alternative of electro spinning process. The reasons they state lie on that SBS does not need complex equipments nor applying a high electric field attaining high production of material in very short period of time [2].


    Regarding recent publications SBS is being carried out using a commercial airbrush or SBS device manufactured at the research labs. Several authors using an airbrush [3,4] have explained how the processing parameters affect the production of nano or microfibers. The use of a simple airbrush allows producing in situ wound dressing as was reported by Behrens, et al. [5], pointing that is easier to handle it than a SBS equipment. However, the feed rate cannot be well controlled with this system, so sometimes it can lead to nozzle obstructions [6]. On the other hand, several authors made their own SBS devices based on the Medeiro's, et al. patent [6-9]. The use of this kind of devices usually allows a better control of the processing parameters as the feed rate, gas pressure and polymer concentration. This variables may greatly influence the average fiber diameter as has reflected several studies [10,11]. Therefore, controlling the processing parameters opens a wide field of researching since is the way of optimizing the SBS process to finally obtain morphologically tailored films of any soluble polymeric system.


    In this work, the SBS processing conditions were studied to understand their final influence on the submicrometric morphology of so prepared films of several thermoplastic polymers with potential electric and biomedical applications. The first proposed candidate is Poly(ethylene oxide), PEO. It is one of the most common used polymers for biomedical applications as drug delivery. It has good flexibility; low toxicity, is water soluble and good biocompatibility. Besides, this polymer is one of the first polymers used in electrospinning and SBS process [12,13].


    The second candidate is polyvinylidene fluoride, PVDF. This polymer has electro active properties like pyro, piezo-electricity, is highly chemically resistant and biocompatible [14-17]. Furthermore, PVDF mats obtained from SBS and electro spinning processes, have been just reported, by several authors [18-20].


    The last polymer under study is poly(ethyl-co-vinyl acetate), EVA. This copolymer when the composition is 40% by weight in vinyl acetate presents an acceptable mechanical strength taking into account their extremely elastic behaviour. Besides, EVA has good barrier properties and is biocompatible. Due to this, EVA is widely used in the agro-alimentary industry and food packaging. EVA has a dielectric strength and volume resistivity that allows using it in low and medium voltage applications [21,22]. EVA has been previously fabricated by electro spinning by authors like Alhusein, et al. [23-25], also the present authors previously have studied this material fabricated by SBS [26]


    Experimental


    Materials


    Polyvinylidene fluoride, PVDF (Mn = 107,000 and Mw = 275,000, pellet grade), Poly(ethylene oxide), PEO (Mv = 100,000, powder) and Poly(ethylene-co-vinyl acetate), EVA (%VA = 40 wt%, melt index 57 g/10 min, 190 °C/2.16 kg) were supplied by Sigma-Aldrich. The solvents used were N, N-Dimethylformamide (DMF), Chloroform (purity 99.5%), Dimethylchloride (anhydrous, purity 99.8%) and Acetone (HPLC purity 99.9%) all of them analytical reagents, used as received and supplied by Sigma-Aldrich.


    Materials preparation


    The proportions of solvents and polymers in the solutions used to prepare the materials are shown in Table 1. To produce the PVDF and EVA samples a home-made SBS equipment was used (Figure 1a). This equipment was inspired in the work of Medeiros, et al. [1]. It is composed by a nozzle connected to an air compressor with a pressure regulator and a plastic syringe coupled in an automatic pump (NE 1000 X, New Era System, Inc., Farmingdale, NY). The nozzle is made by an aluminium tube (inner diameter 0.7 mm) perforated to introduce the pressurized air and crossed along by a glass tube (inner diameter 0.5) which is positioned so it protruded 2 mm beyond the aluminium cylinder (Figure 1b). When ejecting the solution, the polymer is deposited on a rotating cylindrical collector wrapped with aluminium foil and located at a specific working distance. PEO samples were produced using an airbrush (Elite E7116) (Figure 1c) with a nozzle diameter of 0.2 mm and using an air compressor as gas supplier. The PEO specimens were prepared on a glass plate covered with aluminium foil.


    
      Figure 1: a) Handmade SBS equipment; b) Nozzle of the SBS equipment; c) Airbrush. View Figure 1

    


    
      Table 1: Proportions of solvents and polymers in the solutions used to prepare the materials. View Table 1

    


    Different conditions from each polymer solution as Working Distance (WD), gas pressure and feed rate were used (Table 1, Table 2 and Table 3). In all cases the polymer concentration in the solutions and the nozzle diameter were maintained (Table 4).


    
      Table 2: SBS processing conditions when preparing the PEO system. View Table 2

    


    
      Table 3: SBS processing conditions when preparing the PVDF system. View Table 3

    


    
      Table 4: SBS processing conditions when preparing the EVA system. View Table 4

    


    Techniques


    Morphology analysis for PEO and EVA samples was carried out using a Phillips XL30 and an acceleration voltage of 10 kV. PVDF samples were inspected using a TENEO Field Emission Scanning Electron Microscope, FESEM (FEI), with an acceleration voltage of 2.0 kV. In every case samples were gold coated using a low vacuum coater Leica EM ACE200.


    Fiber diameter measurements were carried out by image analysis using Image J Software. To facilitate the measurements, three straight lines were drawn in the left, right and centre regions of the selected images. All crossed fibers by theses draw lines were measured. With this method a representative number of measurements were done.


    Diameter measurements in the PVDF were performed on images at ×500 magnifications, EVA samples were measured at ×200 magnifications, and PEO fibers were measured at ×8000 magnification.


    Results and Discussion


    PEO


    Effect of gas pressure


    Figure 2a, Figure 2c and Figure 2e show, the SEM images of blow spun PEO films obtained using three different pressures, 2, 4, and 6 bar respectively. As the pressure increases the images show a decrease in the amount of fibers with regions even fibers as if a simple cast film was obtained [6]. At high enough pressures turbulence in the air flow can be produced, so the spinning jet cannot be formed. The late means that solution droplets does not have time to become nanofibers, therefore the solution drops are dragged directly to the target [27]. In these cases therefore it is expected a polymer crystallization similar to that occurring in a cast film, as can be seen in the Figure 2f in where a detail of PEO spherulites are observed.


    
      Figure 2: a) PEO1; b) PEO2; c) PEO3; d) PEO4; e) PEO5; f) details of the spherulites formed in sample PEO5. View Figure 2

    


    Regarding the fiber diameter values shown in Table 5 and Figure 2c, an increase of them is obtained at higher pressure (Figure 2a and Figure 2b). This phenomenon occurs because of a local decrease of the temperature proportional to the gas expansion, due to the high pressure of the gas. It means a poor solvent evaporation leading to higher probability of fiber coalescence between wet fibers and therefore higher diameter final fibers [5,8,27].


    
      Table 5: Fiber diameters of all PEO samples. View Table 5

    


    Effect of working distance


    Considering the two pressures (2 and 4 bar), fiber spinning was studied as a function of the working distance (Figure 2a, Figure 2b, Figure 2c and Figure 2d). It can be seen that at 4 bar there exists more and larger plane regions (like a cast film) when the working distance increases. The same result is observed in the previous section. So, it seems that the optimal pressure to obtain nanofibers is at 2 bars. Comparing the two samples at low pressure (Figure 3a and Figure 3b) it is easy to see more fiber production when the target is farther away the nozzle. It might be explained if it is considered that the polymer solution spend more time in the air flow, leading to an easier solvent evaporation [28-30].


    
      Figure 3: a) SEM Image (×8000) of PEO2; b) SEM Image (x8000) of PEO3; c) Plot of diameter distribution of all samples. View Figure 3

    


    Taking into account the fiber diameters, it can be seen in the Table 5 and Figure 3c, that in all samples is possible to find nanometric fibers. However, the fiber diameter and the average diameter extracted from the diameter distributions increase when the working distance increases. The wide diameter distribution at longer working distances can be explained considering that different solvent evaporation times occurred during the fibers fly. But, the diameter increase is difficult to understand although it can be due to the fibers welding and fiber-drops coalescence.


    PVDF


    Effect of feed rate


    The feed rates studied were from 0.02 to 0.5 ml/min (Table 3). In Figure 4, the samples morphology as a function of feed rate is presented [31]. It can be seen that the density of fibers is lower the slower feed is. This result is pointing out that with 0.5 ml/min of feed rate the fiber production obtained is higher being in accordance with other experimental results [8]. A possible reason is that slow rates may lead to jet instability because polymer droplets cannot be properly extruded by the shear gas forces [32]. Thus, regions similar to those obtained by simple casting and bundles are increased at slow rates. This kind of morphologies were well explained by several authors [2,3,33]. On the other hand, the feed rate does not seem to exert any influence on the fiber diameters at least under the other conditions of 4 bar for the ejecting gas and 10 cm of working distance (Table 6).


    
      Figure 4: SEM images of SBS PVDF using different feed rates (Table 3): a) PVDF1; b) PVDF2; c) PVDF3; d) PVDF4. View Figure 4

    


    
      Table 6: Fiber diameters of PVDF samples as function of feed rate. View Table 6

    


    Effect of gas pressure


    The next step in the optimization of the SBS process for producing PVDF was the study of the effect of the ejecting gas pressure when the feed rate and the working distance are set at 10 cm and 0.5 ml/min respectively. Figure 5 clearly shows that there is poorer fiber production when 2 and 3 bars of pressure are used (Figure 5b and Figure 5c respectively) instead of using 1 bar of pressure (Figure 5a). In fact both samples show the very similar morphology, they are basically based on welded fiber bundles, roller beads and large smooth regions similar to those obtained by simple solvent casting.


    
      Figure 5: SEM images of SBS PVDF using different ejecting gas pressure (Table 3): a) PVDF5; b) PVDF6; c) PVDF7. View Figure 5

    


    However as can be seen in Figure 4a when the pressure is increase up to 4 bars again more fiber production is obtained. On the other hand, in terms of fibers diameter an opposite tendency is observed; there is an increase of average diameter when the gas pressure is increase until 4 bars of pressure is used for which the average diameter of the fibers produce decreases (Figure 6a). Besides, the distribution of fiber diameters tend to be narrower the thinner the fibers (Figure 6b) being in accordance with other results obtained by Oliveira, et al. [8].


    
      Figure 6: a) Fiber average diameter as a function of ejecting gas pressure; b) Distribution of fiber diameters at different gas pressures. View Figure 6

    


    Effect of the working distance


    Figure 7 shows SEM images of SBS PVDF samples obtained at different working distances. In all cases the fiber formation is too poor being most of the surface covered by beads of polymer. This result may be attributed to short solution time of fly in relation the evaporation rate. But, comparing sample fabricated at 10 cm (Figure 4a) with samples at 15 and 20 cm (Figure 7b and Figure 7c respectively), fiber formation decreases when 10 cm is overlapped. It may be consider that more time of flight implies more fiber welding, bundles and roller bead formation.


    
      Figure 7: SEM images of SBS PVDF using different working distance (Table 3): a) PVDF8; b) PVDF9; c) PVDF10. View Figure 7

    


    Effect of parameter combination


    The aim of this section is study how simultaneous changes in ejecting gas pressure and working distance affect the PVDF fiber formation. Samples was prepared using 2 bars at different working distances while feed rate was maintained at 0.5 ml/min. Figure 8 shows the SEM images with their respective diameter fibers distribution. Comparing both images with sample at 2 bar (Figure 5b) big differences are found. When the highest working distance is employed, fiber formation decreases drastically. It is meaning the formation of fibers coalescence, rolling beads, and welded fibers-bundles, as heterogeneous film. Seems morphology is also well found when higher pressure is used, as is above commented for sample at 4 bar and 20 cm (Figure 7c).


    
      Figure 8: SEM images of SBS PVDF using 2 bars, 0.5 ml/min and different working distances (Table 3): a) PVDF11; b) PVDF12. View Figure 8

    


    However when near distance is used (Figure 5b), bad fiber formation is founded. It can be solvent evaporation during the fly that is low for pressure at 2 bars. Nevertheless, sample prepared at 15 cm (PVDF11) shows a well fiber formation with a good fiber distribution. Also bundles shapes are well observed linking the fibers.


    EVA


    Two processing parameters have been studied to optimize the SBS process for preparing EVA films, feed rate and pressure of ejecting gas as reported in previous works [8,30]. In particular, in this section gas pressure and fluid rate as a function of working distance were evaluated. Figure 9a and Figure 9b show the morphology of samples prepared at 2 bars of gas pressure, 0.5 ml/min of feeding rate, and 15 and 20 cm as working distances respectively. On the other hand, Figure 9c and Figure 9d show morphologies of the EVA samples prepared using 0.5 bar of gas pressure, 0.25 ml/min of feeding rate, and 15 and 20 cm as working distances respectively. In terms of working distance, regardless the gas pressure and the feeding rate, there is a decrease in the number of beads and simple canting-like regions for the higher working distance.


    
      Figure 9: SEM images of SBS EVA using different processing conditions (Table 4): a) EVA1; b) EVA2; c) EVA3; d) EVA4. Diameters distributions are shown as inserts. View Figure 9

    


    The combination of a feed rate of 0.5 ml/min with pressure at 2 bars shows fibers over large regions with morphology similar to a simple cast EVA (EVA1 and EVA2). This result seems to be due to a slow solvent evaporation, probably because the ejecting gas pressure used is not enough to remove the solvent and get a good spinning jet. Besides, it seems that the used feeding rate is quite fast leading to the production of droplets instead of fibers at that pressure. However, the combination of a feed rate of 0.25 ml/min and a gas pressure of 0.5 bars shows a completely non-woven mats with some fiber bundles (EVA3 and EVA4). It seems to be that using low pressure and low feed rate an optimal equilibrium in microfibers formation is obtained.


    Comparing fiber average diameters it can be said that they are higher at the highest working distance considered in this work for the highest pressure considered, as can be seen for the sample EVA2 (Figure 9 and Table 7). This phenomenon is similar to that previously commented for the PVDF system. In the case of low pressure and low feed rate (EVA3 and EVA4), little changes were observed as a function the working distances used, only that associated to the fiber production.


    
      Table 7: Fiber diameters of EVA samples. View Table 7

    


    Finally, in Figure 10 it is shown narrower fiber diameter distribution for samples at low pressure and feed rate (EVA3 and EVA4), being the opposite behaviour when higher pressure and feed rate were used (EVA1 and EVA2). Again, this result can be explained as it was done for the PVDF system.


    
      Figure 10: Plot of fiber diameter distribution of EVA samples. View Figure 10

    


    Conclusions


    The solution blow spinning, SBS, process has been revelled as a good method to prepare submicrometric fibers of PEO, PVDF and EVA polymers. By simply varying a few set conditions in the SBS process to optimize the fabrication of mats of the polymers considered is possible. In the case of the PEO polymer only when the pressure of the ejecting gas is low enough, 2 bars, a material formed by a randomly distributed submicrometric fibers is obtained, reducing the average diameter of the fibers at shorter working distances. On the other hand, for the PVDF, the best fiber mat formation is obtained when high feed rate, intermediate pressure and a medium working distance is employed. Finally, for EVA with a 40% of vinyl acetate the optimal mat film formation occurs using low feeding rates and pressures of the ejecting gas so as relatively long working distances.
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