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Abstract. 
Nonwoven mats of poly(lactic acid) (PLA), poly(ethylene oxide) (PEO), and poly(ε-caprolactone) (PCL) were prepared at a nano- and submicron scale by solution blow spinning (SBS) and electrospinning in order to compare crystalline structure and morphology developed by both processes during fiber formation. Polymer solutions were characterized by rheometry and tensiometry. Spun fibers were characterized by several analytical steps. SEM analyses showed that both solution blow spun and electrospun fibers had similar morphology. Absence of residual solvents and characteristic infrared bands in the solution blow spun fibers for PLA, PCL, and PEO was confirmed by FTIR studies. XRD diffraction patterns for solution blow spun and electrospun mats revealed some differences related to distinct mechanisms of fiber formation developed by each process. Significant differences in thermal behavior by DSC were observed between cast films of PLA, PCL, and PEO and their corresponding spun nanofibers. Furthermore, the average contact angles for spun PLA and PCL were higher than for electrospun mats, whereas it was slightly lower for PEO. When comparing electrospun and solution blow spun fibers, it was possible to verify that fiber morphology and physical properties depended both on the spinning technique and type of polymer.
 

1. Introduction
Polymer fibers are used in a wide variety of applications ranging from scaffolding biomaterials, textiles, and sensors to composite reinforcement and filtration [1]. Traditional methods used to obtain polymer fibers include melt spinning [2–4], solution spinning, and gel-state fiber forming [5]. These methods can be used to produce fibers with diameters of a few nanometers; however, in most cases, fiber diameter lies in the micron scale [6].
Since the 1990s there has been an increasing interest in methods of fiber production such as electrospinning [7–9], which can consistently produce submicron and nanometric fibers from a variety of polymers, including PLA, PCL, and PEO [1, 10–12]. The preparation of nanofibers from these polymers for tissue engineering applications was recently reported in the literature [13].
Recently, another method of fiber production, known as solution blow spinning (SBS), was developed that is conceptually similar to electrospinning without the voltage requirement and also retains elements of solution spinning. This method has been successfully used to produce micro- and nanofibers of polymers with diameters ranging from a few tenths of nanometers to several microns, depending on the experimental conditions used [14–17]. This technique applies a novel pair of concentric nozzles in which a polymer solution is forced through the inner nozzle at an appropriate rate. The droplet formed at the tip of the inner nozzle is then stretched by a high-pressure stream of compressed gas flowing around the droplet through the outer nozzle (Scheme 1(a)). This causes the surface of the drop to distort into a conical shape (solution cone) somewhat similar to electrospinning (Scheme 1(b)). When a critical air pressure is exceeded, this solution jets from the apex of the cone towards its target. As these jets travel across the working distance, they are stretched by the pressure drop, while the solvent evaporates, leaving behind polymer fibers which can be collected, basically, on any target. By varying polymer architecture and processing conditions, polymer fibers can be spun with a large surface area for different potential applications such as membranes for biological and chemical sensors, drug delivery, filtration media, and tissue engineering [14, 16, 18].


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
			
				
					
					
					
				
			
		
		
			
				
					
					
					
				
			
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
		
		
		
		
		
		
			
				
					
					
					
					
					
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
			
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
				
				
				
				
				
			
		
		
		
			
				
				
				
				
				
				
				
				
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
	
	
	

Scheme 1: Cutaway diagram of the (a) concentric nozzle system used in solution blow spinning and (b) electrospinning processes. 


The goal of this work was to study, by solution blow spinning and electrospinning, different polymer/solvent systems from which micro- and nanofibers are produced. Crystalline and amorphous polymers, including poly(ethylene oxide) (PEO), poly(lactid acid) (PLA), and poly(ε-caprolactone) (PCL), were spun from different solvent systems to investigate the influence of polymer type and processing parameters on fiber structure and morphology. Spun samples were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetry (TG), differential scanning calorimetry (DSC), and contact angle measurements. Fourier-transform infrared spectroscopy (FTIR) was also used in order to verify the presence of residual solvent on the spun fibers.
2. Experimental
2.1. Preparation and Characterization of Polymer Solutions
Poly(lactic acid), PLA, (
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 = 75,000 g·mol−1) was obtained from Biomater (São Carlos, Brazil). Poly(ε-caprolactone), PCL, (
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mol−1) was obtained from Perstorp (Warrington, UK), and poly(ethylene oxide), PEO, (
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 = 100,000 g·mol−1) was obtained from Sigma-Aldrich (USA). Chemical structures of these polymers are shown in Figure 1. Chloroform, dichloromethane, and acetone, purchased from Synth (São Paulo, Brazil), were used to prepare the polymer solutions used in this study. In order to prepare these solutions for solution blow spinning and electrospinning, weighed amounts of PLA, PCL, and PEO were dissolved according to proportions listed in Table 1 and under vigorous stirring for several hours until complete dissolution. 
Table 1: Solution parameters of spun fibers.
	

	Polymer	Concentration (wt. %)	Solvent (v/v)
	

	PLA	6	Chloroform : acetone 3 : 1
	PCL	6	Dichloromethane
	PEO	6	Dichloromethane
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(c)
Figure 1: Chemical structure of the polymers used for fiber spinning: (a) PLA, (b) PEO and (c) PCL. 


2.2. Characterization of the Solutions
Solution properties, such as surface tension (
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) and shear viscosity (
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), were measured at ambient temperature using a Kibron Microtrough X pressure sensor and an Anton Paar Physica MCR rheometer, respectively. 
2.3. Fiber Spinning
Fibers prepared by electrospinning were spun using a voltage of 24 kV, working distance of 12 cm, and a feed rate of 2 μL·min−1. Fibers obtained by solution blow spinning were prepared under an air pressure of 0.4 MPa, working distance of 12 cm, and feed rate of 120 μL·min−1. In both cases, a polymer concentration of 6 wt.% was used.






2.4. Fiber Characterization
2.4.1. SEM
Fiber morphology was observed using a model DSM960 Zeiss scanning electron microscope (SEM), after gold coating with a sputter coater (Balzers, SCD 050). Fiber diameters were measured with the aid of image software (ImageJ, National Institutes of Health, USA). For each experiment, average fiber diameter and distribution were determined from about 100 random measurements using micrographs representative of fiber morphology.
2.4.2. FTIR
FTIR data were recorded on a Nicolet 470 Nexus FTIR spectrometer. The FTIR spectrometer was purged continuously with nitrogen. A total of 64 scans were collected with a resolution of 2 cm−1. The infrared spectra were recorded in transmission mode using thick films of spun (solution blow spinning and electrospinning) polymer nanofibers which were deposited on a silicon wafer.
2.4.3. XRD Characterization
For XRD measurements, nonwoven fibrous mats, which were collected on aluminum foils, were deposited on circular glass slides for further analyses. X-ray diffraction patterns were recorded using a Shimadzu XRD-6000 diffractometer. Scans were carried out from 10° to 30° (2
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) at a scan rate of 2°/min using Ni-filtered CuKα radiation. The full width at half-maximum height (FWHM) of the diffraction peaks was calculated by fitting the X-ray diffraction data with a Gaussian-Lorentzian function (Origin 7.5 software, Origin Lab, USA). The d-spacing for a given scattering angle, 2
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 nm).
The full width at half-maximum height of the diffraction peaks was calculated by fitting the X-ray diffraction data with a Lorentzian function, and the crystallite size, 
	
		
			

				𝐷
			

		
	
, was estimated by calculating the broadening of the diffraction peaks according to the Scherrer equation
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 is the Scherrer constant that depends upon lattice direction and crystallite morphology, and 
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 is the full width at half-maximum height given in radians. A 
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  value of 0.9 was used in this study, which is based on values found in the literature for these polymers [19–22].
2.4.4. Thermal Analyses
TG experiments were performed on a Q500 TA Instruments thermogravimetric analyzer under nitrogen atmosphere, at a flow rate of 20 ml·min−1. Samples were scanned from room temperature to 600°C at a scanning rate of 10°C/min using platinum crucibles. 
DSC studies were performed on a Q100 TA Instruments calorimetric analyzer under nitrogen atmosphere, at a flow rate of 20 mL/min. The samples were heated from 10°C to 200°C for PLA, −70°C to 110°C for PCL, and −20°C to 120°C for PEO at a scanning rate of 10°C/min using aluminum pans.
2.4.5. Contact Angle Measurements
Contact angles of water on the surface of spun fibers (nonwoven mats) were measured by a CAM 101 model KSV Instruments equipped with a CCD camera (KGV-5000). In each measurement, a 5 μL droplet was pipetted onto the surface, and images of the droplet were automatically taken as a function of time. From these images, contact angle values were calculated using dedicated software (KSV CAM2008). Measurements were carried out at 25°C and about 53% humidity.
3. Results and Discussion
3.1. Solution Characterization
Values of viscosity (10−1s−1) for PLA, PEO, and PCL were found to be, respectively, 13, 71, and 35 mPa·s. These differences can be attributed to polymer structures and molecular weights as well as polymer-solvent interactions. According to the manufacturers, these polymers have a number-average molecular weight (
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), respectively, of 75,000, 100,000, and 50,000 g·mol−1 which can account for the differences in the viscosity values found. Although the molecular weight of PCL is lower than that of PLA, its higher value of viscosity can be attributed to the polar ester groups in PCL that promote stronger interchain interactions. Moreover, other factors that play an important role in polymer chain configuration [23], and therefore, in viscosity, such as polymer-solvent interaction parameters, may also be contributing to these differences found.
Solutions showed similar values of surface tension (34, 37, and 39 mN·m1, respectively, to PLA, PEO, and PCL), which can be due to the low concentration of polymer (6 wt.%) as well as because of differences in surface tension of each polymer and solvent, as can be seen in Table 2.
Table 2: Experimental values of surface tension in mN/m for the polymer solutions and solvents (23°C, 43% RH).
	

	Polymer  solution (6% wt)	
	
		
			

				𝛾
			

		
	
 (mN/m)	Solvent	
	
		
			

				𝛾
			

		
	
 (mN/m)
	

	PLA	50.0	Chloroform	27.8
	PEO	42.9	Dichloromethane	28.6
	PCL	51.0	Acetone	25.6
	 	 	Chloroform : acetone 3 : 1 (v/v)	26.7
	



The knowledge of solution properties such as viscosity and surface tension is important to understand fiber morphology. Viscoelasticity was found to be one of the parameters that most influenced the morphology of solution blow spun fibers [14, 24]. On the other hand, surface tension is known to play a major role in fiber morphology developed during the electrospinning process [25].
3.2. Morphological Characterization
SEM micrographs of PLA, PEO, and PCL fibers are shown in Figures 1(a)–1(c). Fiber average diameters, calculated using about 100 individual diameters to each sample, are shown in Table 3.
Table 3: Average diameter of spun fibers.
	

	Polymer	(Average diameter ± dispersion) (nm)
	SB spun fibers	Electrospun fibers
	

	PLA	289 ± 93	159 ± 69
	PCL	317* ± 281	98 ± 51
	PEO	267 ± 131	278 ± 184
	



                *1% of the fibers observed has 3 µm of diameter.


As outlined by the data trends in Table 3 and the micrographs (Figure 2), fiber morph