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Abstract: Solution blow spinning (SBS) is an innovative process for spinning micro/nanofibers.
In this paper, polyamic acid (PAA) nanofibers were fabricated via a SBS apparatus and then
imidized into polyimide (PI) nanofibers via thermal process. The morphology and diameter
distributions of PAA nanofibers were determined by scanning electron microscope (SEM) and
Image Tool software, the processing parameters, including PAA concentration, solution feeding rate,
gas pressure, nozzle size, and receiving distance were investigated in details. The fourier transform
infrared spectroscopy (FTIR) was used to characterize the chemical changes in the nanofibers
after thermal imidization. The results showed that the solution concentration exhibited a notable
correlation with spinnability, and the formation of bead defects in PAA nanofibers. Solution feeding
rate, gas pressure, nozzle size, and receiving distance affected nanofiber production efficiency and
diameter distribution. The average diameters of fibers produced ranged from 129.6 to 197.7 nm
by varying SBS parameters. Precisely, PAA nanofibers with good morphology were obtained and
the average diameter of nanofibers was 178.2 nm with optimum process parameter. After thermal
imidization, the PI nanofibers exhibited obvious adhesion morphology among interconnected fibers,
with an increased average diameter of 209.1 nm. The tensile strength of resultant PI nanofiber mat
was 12.95 MPa.

Keywords: solution blow spinning (SBS); polyamic acid; process parameters; polyimide; thermal
imidization; nanofibers

1. Introduction

Novel nanofiber techniques have gained wide interest, since nanofibers possess extraordinary
structure features, novel performance, and exhibit tremendously potential application [1]. Electrospinning
(ES) is the most common process used to produce fibers with micron- to nanometer-sized diameters [2].
In the process, the ultrafine fibers are generated as the suitable viscous polymeric solution is
continuously stretched due to electrostatic repulsions between the surface charges and the evaporation
of solvent [3,4]. Although ES has been densely adopted for continuously making polymeric
nanofibers [5], some drawbacks still remain, for instance, the requirement of collector’s conductivity
and the safety issue caused by high voltage, it also suffers from a relatively low fiber production
efficiency, these restrictions prohibit it from being applied in industrialization [6].

The next-generation nano-manufacturing techniques will be toward high yields and processing
security, as the nanofibers market is growing. For this purpose, emerging technologies have been
employed, for instance, forcespinning (FS), which uses centrifugal force to process a polymer solution
or polymer melt into nanofibers with the capability for mass production [7–9]. FS features its
almost 100% yield and solvent-free process (i.e., melt forcespinning), thereby making it a more cost
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effective method and better safety operation when compared to other nanofiber making techniques.
As a promising alternative method, solution blow spinning (SBS) is newly developed to fabricate
polymeric micro/nanofibers [10–12]. It could produce nanofibers that are analogous to those
electrospun from polymers dissolved in suitable solvents [13]. SBS process is similar to that used in
conventional melt blow spinning, it only requires a simple apparatus, a homogeneous polymer solution
in a volatile solvent, and a high-velocity gas source [14]. For spinning apparatus, a specialized nozzle
that consists of an inner nozzle, through which a polymer solution is pumped and a concentric outer
nozzle that supplies pressurized gas is of great necessity [15]. During the SBS process, the solution
streams are stretched to ultrathin jets by high-velocity gas flow from outer nozzle and is solidified into
nanofibers after solvent evaporation [16]. It is worth noticing that SBS is superior to ES in terms of
production efficiency due to its high solution feeding rate per orifice (2.0–10.0 g/h) [17]. It is reported
that SBS can produce tens of times more nanofibers than ES with an improved cost/benefit ratio [18].
Additionally, apart from restriction on the electrical polymer solution and high-voltage equipment are
not required, it is easy to use as a die assembly with many nozzles without considering of electric field
interference [19]. Furthermore, one can use the multi-orifice die assembly of conventional melt blow
spinning to fabricate nanofibers in industrialized level via SBS.

Over the last few years, SBS has been successfully employed to produce micro/nanofibers of
many polymers, including cellulose [20], polyacrylonitrile (PAN) [21], nylon-6 [22], polyvinylidene
fluoride (PVDF) [3], sulfonated polyether ether ketone (SPEEK) [23], polyvinyl chloride (PVC) [24],
polyvinyl alcohol (PVA) [25], poly(lactic acid) (PLA) [26], PLA/hydroxypropyl methylcellulose [27],
polymethyl methacrylate (PMMA) [28], soy protein [29], and even inorganic ZnO nanofibers [16],
as well as core-shell fibers with cellulose core and polyethylene oxide (PEO) shell [20]. Polyimide (PI)
is a polymer of imide monomers, PI fibers are usually retrieved from their precursor polyamic acid
(PAA) fibers because it is hard to melt PI or dissolve it in the solvent. PI fibers own characteristics of
excellent thermal stability and flame resistance, good chemical resistance, and electrical insulation
property, as well as outstanding mechanical properties [30]. Given this, PI-based nanofiber mat
has been considered as a prospective material for high-temperature high-efficiency filtration and
lithium battery separator, the exploration methods for rapid manufacturing PI nanofibers are of vital
practical significance.

In the present work, we adopt the facile SBS method to fabricate PAA nanofibers. The processing
parameters are optimized, the effects of polymer concentration, solution feeding rate, gas pressure,
nozzle inner diameter, and receiving distance on the nanofibers morphology and diameter distribution
of resultant PAA nanofibers are systematically evaluated by means of SEM and image tool analysis
software. Afterwards, PI nanofibers are produced via thermal imidization process from as-spun PAA
nanofibers. The chemical and morphological changes in the nanofibers before and after imidization
are analyzed. To the best of our knowledge, this is the first comprehensive study of fabricating PAA
nanofibers via the SBS process, and this work will help to show the future applicability in large-scale
production of PI nanofibers.

2. Results and Discussion

2.1. SBS Parameters for PAA Solution

The polymer concentration, solution feeding rate, gas pressure, nozzle size, and receiving distance
during SBS process are important factors affecting the morphology and diameter distributions of
solution blown PAA nanofibers.

2.1.1. The Effect of PAA Concentration

Concentration of polymer solution is the primary key factor affecting the spinnability in SBS
process that it has to be properly controlled. Changing the concentration could alter the solution
viscosity [31]. It is noteworthy that trial and error indicates that PAA nanofibers formation was
relatively feasibility at a reasonable concentration range of 6–8 wt %. The excessive concentration
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of solutions (>8 wt %) presented difficulties in the spinning process because the nozzle was blocked
frequently due to increased viscosity while concentrations below 6 wt % could result in a large number
of droplets in nanofibers due to relatively low viscosity. As presented in Figure 1, the as-spun nanofibers
were collected with random orientation to form a nanofiber mat. Intriguingly, three-dimensional
crimping and twisted loop structure was observed due to the effect of the turbulent gas flow.
Much spindle-like beads occurred at 6 wt %, and gradually decreased with an increasing PAA
concentration, nanofibers with concentration of 8 wt % exhibited the optimum morphology of relatively
smooth and defect-free in nanofiber mat. Trying out heating, the entire polymer solution is helpful for
spinnability to reduce the solution apparent viscosity; unfortunately, it may cause polymer degradation
and resultant poor fiber properties. In addition, the average diameters of PAA nanofibers were
129.6, 147.4, and 178.2 nm corresponding to PAA concentration at 6%, 7%, and 8 wt %, respectively.
Obviously, the fiber diameter was positively associated with viscosity of polymer solution, increased
polymer concentration produced nanofibers with larger average diameter. The surface tension effects
could be dominant with increased polymer concentration/solution viscosity [32], which resulted in
higher resistance to drawing forces of high-velocity gas flow [33]. Therefore, the diameter of PAA
nanofibers dramatically increased with an increasing polymer concentration. When considering the
solution blow spinnability and resultant nanofibers morphology, the optimal PAA concentration for
SBS in this study was determined to be 8 wt %.
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Figure 1. SEM (scanning electron microscope) micrographs and diameter distributions of solution
blown parallel coaxial nozzles (PAA) nanofibers at different polymer concentration. The solution
feeding rate, gas pressure, inner nozzle diameter and receiving distance were fixed as 2.4 mL/h,
0.08 MPa, 0.4 mm and 20 cm, respectively. (Ave. indicated the average diameter of fibers).
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2.1.2. The Effect of Solution Feeding Rate

The effect of solution feeding rate (varied from 0.8 to 3.2 mL/h) on the morphology and diameter
distributions of PAA nanofibers was evaluated at a fixed PAA concentration, gas pressure, inner nozzle
diameter, and receiving distance of 8 wt %, 0.08 MPa, 0.4 mm and 20 cm, respectively. The results
shown in Figure 2 indicated that the average fiber diameters ranged from 168.1 to 197.7 nm when
the solution feeding rate increased from 0.8 to 3.2 mL/h. The overall fiber diameters increased with
the increase of solution feeding rate. Moreover, further comparison indicated that the fiber diameter
increased gradually when the feeding rate increased at the range of 0.8–2.4 mL/h, and the nanofibers
exhibited smooth surface and with no obvious beads. When the feeding rate reached 3.2 mL/h,
the fiber diameter increased significantly, accompanied by a great many doublings in the nanofibers.
A possible reason for this behavior was that as the feeding rate increased, the shearing force of flowing
gas applied on the surface per unit volume solution was correspondingly decreased, and the drawing
velocity gradient on the extruded solution also became weaker, thus the high velocity air flow released
from the outer nozzle could not sufficiently stretch the solution stream, resulting in a larger fiber
diameter and adhesive interconnection between nanofibers. A high solution feeding rate produced
higher fiber productivity, thus the optimal PAA solution feeding rate was selected as 2.4 mL/h in
our study.
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2.1.3. The Effect of Gas Pressure

In the case of SBS, high velocity gas flow has the function of evaporating the solvent, deforming
the solution streams, and solidifying them into the fibers. Figure 3 showed SEM morphology and fiber
diameter distributions of PAA nanofibers when the gas pressure altered and other SBS parameters
were fixed. As can be seen in Figure 3, the gas pressure had a linear influence on the fiber diameters.
When the gas pressure increased from 0.06 to 0.12 MPa, the average diameters showed a significant
decrease from 195.1 nm to about 153.4 nm, correspondingly. In addition, beads or droplets were
almost absent in throughout nanofiber mat, with the optimal PAA concentration of 8 wt % and feeding
rate of 2.4 mL/h. Whereas, when the gas pressure was 0.06 MPa adhesion in nanofibers occurred
because of insufficient pressure elongating the jet. Higher gas pressure facilitated fiber stretching and
provided a stronger shearing force between the gas and solution interface for gas cavity when all of
the other variable parameters were held constant, and thus resulted in a decrease in fiber diameters.
At a lower gas pressure, conversely, the solution jet could not be effectively stretched and the solvent
could not sufficiently evaporate, led to fibers agglomeration and adhesion. It was noted that higher
gas pressure could result in the waste of gas and excessive turbulence. Additionally, the turbulent air
flow at 0.12 MPa made some nanofibers fly out of the range of collector. Thus the optimal gas pressure
in this study was determined to be 0.08 MPa.
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gas pressure. PAA concentration, solution feeding rate, inner nozzle diameter and receiving distance
were fixed as 8 wt %, 2.4 mL/h, 0.4 mm and 20 cm, respectively.

2.1.4. The Effect of Nozzle Size

To evaluate the effect of spinneret nozzle size on nanofiber morphology and diameters,
four different coaxial nozzles were adopted by varying inner nozzle diameters from 0.3 to 0.6 mm
at fixed outer nozzle size and SBS parameters. SEM micrographs and fiber diameter distributions of
PAA nanofibers were presented in Figure 4. The results indicated that an increased nozzle diameter
led to higher fiber diameters. For the nanofibers got with nozzle diameter of 0.3, 0.4, 0.5, and 0.6 mm,
their average diameters were 156.6, 178.2, 186.3, and 192.5 nm, respectively. The variation in the
average diameter can be interpreted that when the solution feeding rate remains constant, the diameter
of solution stream extruded through larger nozzle became thicker, thus the fibers diameter increased
with the increase of nozzle diameter. Meanwhile, the extruding velocity of solution decreased at
a larger nozzle size, thus the relative velocity between the gas and the solution increased because the
gas flow remained the same. Therefore, the growth trend of fiber diameters slowed down when the
nozzle diameter increased from 0.4 to 0.6 mm. Apparently, when the inner diameter of the spinneret
was 0.6 mm, the overall morphology of the nanofibers was poor, and there were a mass of junctions
and bundles of fibers. Based on this, the optimal inner diameter in this study was determined to be
0.4 mm.
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nozzle diameters. PAA concentration, solution feeding rate, gas pressure and receiving distance were
fixed as 8 wt %, 2.4 mL/h, 0.08 MPa and 20 cm, respectively.

2.1.5. The Effect of Receiving Distance

The so-called receiving distance in SBS process generally means the distance from the nozzle
orifice to the surface of the receiving drum, it determines the volatilization time of solvent and the
moving distance of the solution jet before it become solidified. Following the optimization of polymer
concentration, solution feeding rate, gas pressure, and nozzle size, the effect of receiving distances
variable from 10 to 25 cm was discussed in our experiment. As demonstrated in Figure 5, the receiving
distance significantly affected the fiber morphology. When the receiving distance was too short (10 and
15 cm), the solution jet struck the collector surface fleetly, accompanied by a lot of non-volatile solvents,
the fibers did not have adequate time to be fully dried before arriving at the collector, it appeared to
form film-like structure membranes consisting of a mixture of fibers and solutions, as shown circled
in red in Figure 5. With the increasing of the receiving distance, it promoted the disappearance of
solution droplets and the overall fiber morphology gradually improved. However, increased receiving
distance beyond the optimal range (over 30 cm) reduced the amount of nanofibers collected over the
identical period. The jet fibers began to fly to every direction, quite a portion of nanofibers could not
reach and flied out of the range of collector. Additionally, as seen from Figure 5, with the increase
of the receiving distance, the average fiber diameter gradually decreased from 189.4 to 172.5 nm.
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This mainly depended on the duration of the solvent volatilization, exactly, whether extruded solution
streams were stretched to ultrathin jets adequately before they reached on the surface of the collector.
The optimal receiving distance in this study was determined to be 20 cm.
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2.2. Fourier Transform Infrared Spectroscopy (FTIR) Characterization of PAA and PI Nanofibers

To accurately confirm the conversion from PAA to PI, FTIR was used to characterize the chemical
structures of the nanofibers before and after thermal imidization. As presented in Figure 6, both of the
spectrums exhibited the characteristic absorption peaks at 1500 and 837 cm−1, which were attributed to
the C=C stretching and C–H bending vibration in benzene ring of PAA and PI, respectively. The most
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obvious difference in the FTIR spectrums was the disappearance of the broad absorption peak at
2900–3600 cm−1 after thermal imidization, which was attributed to the stretching vibration of carboxyl
groups and amide groups of PAA. Meanwhile, the characteristic absorption peak at 1651 cm−1 (C=O
stretching vibration in –CONH– and –COOH– groups) and 1604 cm−1 (N–H bending vibration in
–CONH–) of PAA also vanished in PI spectrum, while new characteristic absorption peaks appeared
at 1773, 1715, and 1355 cm−1 of the PI spectrum, which were accounted for the C=O asymmetric
stretching, C=O symmetrical stretching, and C–N stretching in the imide ring, respectively. The above
information demonstrated that the PAA nanofibers had been effectively converted to the corresponding
PI nanofibers by the thermal imidization process. Furthermore, the absorption peak at 1244 cm−1 that
appeared in both spectrums was attributed to the stretching of C–O–C, which verified the existence of
flexible 4,4′-oxydianiline (ODA) units in the polyamide acid and polyimide molecular chain [34].
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2.3. X-ray Diffraction of Crystallization, Morphological Structure and Mechanical Properties of PI Nanofibers

Wide angle X-ray diffraction (XRD) was performed for examining the crystallization in the
nanofibers (nonwoven membrane made up of PI nanofibers), and the XRD pattern was shown in
Figure 7. It can be observed that a wide dispersion peak occurred at about 2θ = 24.7◦, indicating
that a certain ordered crystalline structure has been formed during the solidifying and imidizing
process of PAA. The degree of crystallinity of PI nanofibers was 23.56%, which was higher than that of
most as-spun PI fibers [35] due to the flexibility of ODA units in PI molecules. The crystallinity of PI
nanofibers fabricated by SBS method might contribute to their strong mechanical properties.
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Figure 8 showed the SEM image and diameter distribution of PI nanofibers, which was imidized
from PAA nanofibers that were prepared at the optimal SBS parameters. Noticeably, straight PAA
nanofibers deformed after imidization, these PI nanofibers presented adhesion morphology among the
interconnected fibers with a relatively smooth appearance. This phenomenon might be attributed to
the presence of ODA flexible segments, which probably led to the nanofibers deformation in thermal
imidization process. Fortunately, this feature results from the intersection of nanofibers forming mats
could favor the enhancement of mechanical properties.

The imidization of PAA is considered to be chemical change accompanied by a molecular chain
self-ordering process. As shown in Figure 9, the tensile strength of the nanofiber mat increased from
2.60 (±0.21) to 12.95 (±0.55) MPa after thermal imidization, this was attributed to not only chemical
change from PAA to PI, but also to the interconnection of nanofibers after thermal imidization and their
high crystallinity (as shown in Figure 7). On the other hand, the diameter of PI nanofibers exhibited
a significant increase in diameter with an average diameter of 209.1 nm (Figure 8), when compared to
that of PAA nanofibers. Generally, the diameter of PI nanofibers could slightly reduce on account of
the escape of water molecules after imidization, nevertheless, this phenomenon might ascribed to the
fiber shrinkage and adhesion caused by fiber deformation and amalgamation.
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3. Materials and Methods

3,3′,4,4′-Biphenyltetracarboxylic dianhydride (BPDA,≥99.7%) and 4, 4′-oxydianiline (ODA,≥99.6%)
were supplied by Changzhou Sunlight Pharmaceutical Co., Ltd., (Changzhou, China). p-Phenylenediamine
(PDA) was purchased from Sigma-Aldrich (Shanghai, China). N,N-Dimethylformamide (DMF) with
analytical grade was provided by Shanghai Ling Feng Chemicals Co., Ltd., (Shanghai, China) and
stored over 4 Å activated molecular sieves for at least a week prior to use.

3.1. Synthesis of Precursor PAA Solution

PAA for spinning was synthesized from BPDA/PDA/ODA with molar ratio of 2:1:1. The synthesis
process was as follows: 1.080 g (0.01 mol) PDA and 2.002 g (0.01 mol) ODA were first dispersed in
DMF within a three-neck flask under dry nitrogen gas. After the diamine was almost dissolved, 5.94 g
(0.02 mol) BPDA was gradually added with four batches in an hour. The polycondensation process
was performed with intense stirring at 0 ◦C for 24 h. A pristine PAA solution with a concentration
of 13 wt % was obtained eventually. The inherent viscosity of PAA solution was measured to be
3.56 dL/g by diluting a bit precisely weighted amount of the as-synthesized PAA solution with DMF.
The obtained PAA solution was stored in refrigerator for later use.

3.2. The Preparation of PAA Nanofibers via SBS

A special-designed SBS apparatus used for the experiments was schematically shown in Figure 10.
The self-made parallel coaxial nozzles (PAA solution flows through the inner nozzle, and a source of
pressurized gas flows through the outer nozzle) were in the enlarged schematic. In brief, PAA solution
was injected through the inner nozzle by a syringe pump (LongerPump, LSP01-1A, Baoding, China),
meanwhile a highly pressurized gas flow as fiber forming driving force was released through the
outer nozzle. As soon as the PAA solution stream was pressed out of the nozzle tip, the formed
solution droplet was simultaneously blown and attenuated into ultrathin jets by high-velocity gas
flow (90–111 m/s), accompanied by carrier solvent that was volatilized during fixed receiving distance
between the nozzle and collector, the solidified nanofibers were deposited on the collector surface. It is
worth mentioning that the pressurized gas should be inert gases, such as argon, nitrogen, etc. In the
present work, the pressurized gas used was purity nitrogen. In addition, we equipped two infrared
heating lamps along the spinning line (between the nozzle and the collector) to heat the air in order to
speed up the evaporation of the solvent, the ambient temperature was about 60 ◦C.
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The as-prepared PAA solution was diluted to different concentrations with a calculated amount
of DMF; they were magnetically stirred for 10 h to ensure homogeneity. SBS process was carried
out as follows: the homogeneous PAA solution was loaded into a 20 mL disposable syringe that
was connected with the coaxial nozzle, and was extruded through the inner nozzle by a syringe
pump at a certain rate (varied from 0.8 to 3.2 mL/h). The pressurized gas source was controlled with
a pressure regulator, and the gas pressure varied according to experiment design. The inner nozzle was
protruded 4.5 mm beyond the concentric outer nozzle. The blow-spun PAA nanofibers were deposited
on a rotating drum as a collector, which was covered with aluminum foil, the drum was positioned at
a fixed distance from the nozzle and the rotational speed of the collector was maintained at 150 rpm.
After being spun for a certain time, the collected PAA nanofiber mat was peeled off carefully from the
foil, and was subsequently dried in a vacuum oven at 60 ◦C overnight to volatilize the residual solvent.

3.3. Conversion from PAA Nanofibers to PI Nanofibers

The thermal imidization of the as-spun PAA nanofibers was performed in a high temperature
pipe furnace under argon atmosphere. The procedure was set as follows: heating up to 250 ◦C at a rate
of 5 ◦C /min and annealing for 1 h, then heating up to 340 ◦C at a rate of 1 ◦C/min and annealing for
1 h, and finally cooling down to room temperature. The molecular structural formula of PAA and PI
was shown in Scheme 1.
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3.4. Characterization

Surface morphological observations of solution blown PAA were performed with a field emission
scanning electron microscope (FE-SEM, SU8010, Hitachi, Japan) after sputter-coated with 5–10 nm of
gold. Fiber diameters were determined using Image Tool software (Texas City, TX, USA) by randomly
selecting 100 individual fibers per specimen from at least five different SEM images with 5000×
magnification. The structure of the PAA and PI membrane were confirmed by fourier transform
infrared spectroscopy (FT-IR, NICOLET NEXUS-670, Waltham, MA, USA) with the attenuated total
reflectance (ATR) mode. All spectra were run in 32 scan per spectrum in the range of 4000–600 cm−1

with the resolution of 0.09 cm−1. A wide angle X-ray diffractometer (XRD, D/max-2550 PC, Rigaku
Co., Akishima, Japan) with a CuKα (λ = 1.5406 Å) was used to confirm the crystallographic structure
of the sample. The diffraction angle 2θ was recorded from 5◦ to 60◦. The tensile tests of as-prepared
membranes were performed on a tensile tester (XQ-1C, Shanghai New Fiber Instrument Co., Ltd.,
Shanghai, China) at a crosshead speed of 10 mm/min in ambient condition. The gauge length was
10 mm and the dimensions of test specimens were 3 mm wide and 25 µm thick. Every series of samples
were measured ten times.

4. Conclusions

In summary, we succeeded in fabricating PAA nanofibers by a novel solution blow spinning
method and then imidized them into PI nanofibers. The effect of solution blow spinning parameters
on the morphology and diameter distributions of PAA nanofibers was discussed. It was found
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that solution concentration exhibited a notable correlation with spinnability and the formation of
bead defects in PAA nanofibers. Accordingly, other parameters, including solution feeding rate,
gas pressure, nozzle size, and receiving distance influenced the morphology and diameter distribution
of PAA nanofibers. It was revealed that uniform PAA nanofibers were got under the optimum process
parameters of 8 wt % PAA concentration, 2.4 mL/h solution feeding rate, 0.08 MPa gas pressure,
0.4 mm inner nozzle, and the receiving distance of 20 cm. The diameters of resultant PAA nanofibers
distributed from 130 to 210 nm with an average value of 178.2 nm. FTIR confirmed that PAA nanofibers
were effectively converted to PI nanofibers by the thermal imidization process. Furthermore, the XRD
pattern indicated the degree of crystallinity of PI nanofibers was 23.56%, which contributed to the
nanofibers’ strong mechanical properties. The PI nanofibers exhibited obvious adhesion morphology
among interconnected fibers, along with the average diameter of 209.1 nm and tensile strength of
12.95 MPa, which was increased significantly when compared to that of PAA nanofiber mat (2.60 MPa).
This research provides a novel and effective method to fabricate PI nanofiber mats.
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Michálek, J. Morphological characterization of nanofibers: Methods and application in practice. J. Nanomater.
2012, 2012, 327369. [CrossRef]

6. Wang, H.; Liao, S.; Bai, X.; Liu, Z.; Fang, M.; Liu, T.; Wang, N.; Wu, H. Highly flexible indium Tin oxide
nanofiber transparent electrodes by blow spinning. ACS Appl. Mater. Interfaces 2016, 8, 32661–32666.
[CrossRef] [PubMed]

7. Agubra, V.A.; Zuniga, L.; Flores, D.; Campos, H.; Villarreal, J.; Alcoutlabi, M. A comparative study on the
performance of binary SnO2/NiO/C and Sn/C composite nanofibers as alternative anode materials for
lithium ion batteries. Electrochim. Acta 2017, 224, 608–621. [CrossRef]

8. Agubra, V.A.; la Garza, D.D.; Gallegos, L.; Alcoutlabi, M. Forcespinning of polyacrylonitrile for mass
production of lithium-ion battery separators. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

9. Agubra, V.A.; Zuniga, L.; la Garza, D.D.; Gallegos, L.; Pokhrel, M.; Alcoutlabi, M. Forcespinning: A new
method for the mass production of Sn/C composite nanofiber anodes for lithium ion batteries. Solid State Ion.
2016, 286, 72–82. [CrossRef]

10. Medeiros, E.S.; Glenn, G.M.; Klamczynski, A.P.; Orts, W.J.; Mattoso, L.H.C. Solution blow spinning: A new
method to produce micro- and nanofibers from polymer solutions. J. Appl. Polym. Sci. 2009, 113, 2322–2330.
[CrossRef]

11. Zhang, L.; Kopperstad, P.; West, M.; Hedin, N.; Fong, H. Generation of polymer ultrafine fibers through
solution (air-) blowing. J. Appl. Polym. Sci. 2009, 114, 3479–3486. [CrossRef]

http://dx.doi.org/10.1002/app.39317
http://dx.doi.org/10.3390/nano7070175
http://www.ncbi.nlm.nih.gov/pubmed/28698500
http://dx.doi.org/10.1016/j.memsci.2012.11.036
http://dx.doi.org/10.3390/nano7090236
http://www.ncbi.nlm.nih.gov/pubmed/28837079
http://dx.doi.org/10.1155/2012/327369
http://dx.doi.org/10.1021/acsami.6b13255
http://www.ncbi.nlm.nih.gov/pubmed/27934146
http://dx.doi.org/10.1016/j.electacta.2016.12.054
http://dx.doi.org/10.1002/app.42847
http://dx.doi.org/10.1016/j.ssi.2015.12.020
http://dx.doi.org/10.1002/app.30275
http://dx.doi.org/10.1002/app.30938


Nanomaterials 2017, 7, 395 14 of 15

12. Oliveira, J.E.; Moraes, E.A.; Costa, R.G.F.; Afonso, A.S.; Mattoso, L.H.C.; Orts, W.J.; Medeiros, E.S. Nano
and submicrometric fibers of poly(D,L-lactide) obtained by solution blow spinning: Process and solution
variables. J. Appl. Polym. Sci. 2011, 122, 3396–3405. [CrossRef]

13. Medeiros, E.L.G.; Braz, A.L.; Porto, I.J.; Menner, A.; Bismarck, A.; Boccaccini, A.R.; Lepry, W.C.; Nazhat, S.N.;
Medeiros, E.S.; Blaker, J.J. Porous bioactive nanofibers via cryogenic solution blow spinning and their
formation into 3D macroporous scaffolds. ACS Biomater. Sci. Eng. 2016, 2, 1442–1449. [CrossRef]

14. Behrens, A.M.; Casey, B.J.; Sikorski, M.J.; Wu, K.L.; Tutak, W.; Sandler, A.D.; Kofinas, P. In Situ deposition of
plga nanofibers via solution blow spinning. ACS Macro Lett. 2014, 3, 249–254. [CrossRef]

15. Da Silva Parize, D.D.; Foschini, M.M.; de Oliveira, J.E.; Klamczynski, A.P.; Glenn, G.M.; Marconcini, J.M.;
Mattoso, L.H.C. Solution blow spinning: Parameters optimization and effects on the properties of nanofibers
from poly(lactic acid)/dimethyl carbonate solutions. J. Mater. Sci. 2016, 51, 4627–4638. [CrossRef]

16. Shi, S.; Zhuang, X.; Cheng, B.; Wang, X. Solution blowing of ZnO nanoflake-encapsulated carbon nanofibers
as electrodes for supercapacitors. J. Mater. Chem. A 2013, 1, 13779–13788. [CrossRef]

17. Zhao, Y.; Kang, W.; Li, L.; Yan, G.; Wang, X.; Zhuang, X.; Cheng, B. Solution blown silicon carbide porous
nanofiber membrane as electrode materials for supercapacitors. Electrochim. Acta 2016, 207, 257–265.
[CrossRef]

18. Rotta, M.; Zadorosny, L.; Carvalho, C.L.; Malmonge, J.A.; Malmonge, L.F.; Zadorosny, R. Ybco ceramic
nanofibers obtained by the new technique of solution blow spinning. Ceram. Int. 2016, 42, 16230–16234.
[CrossRef]

19. Liu, R.; Xu, X.; Zhuang, X.; Cheng, B. Solution blowing of chitosan/PVA hydrogel nanofiber mats.
Carbohydr. Polym. 2014, 101, 1116–1121. [CrossRef] [PubMed]

20. Zhuang, X.; Yang, X.; Shi, L.; Cheng, B.; Guan, K.; Kang, W. Solution blowing of submicron-scale cellulose
fibers. Carbohydr. Polym. 2012, 90, 982–987. [CrossRef] [PubMed]

21. Zhuang, X.; Jia, K.; Cheng, B.; Feng, X.; Shi, S.; Zhang, B. Solution blowing of continuous carbon nanofiber
yarn and its electrochemical performance for supercapacitors. Chem. Eng. J. 2014, 237, 308–311. [CrossRef]

22. Kolbasov, A.; Sinha-Ray, S.; Yarin, A.L.; Pourdeyhimi, B. Heavy metal adsorption on solution-blown
biopolymer nanofiber membranes. J. Membr. Sci. 2017, 530, 250–263. [CrossRef]

23. Xu, X.; Li, L.; Wang, H.; Li, X.; Zhuang, X. Solution blown sulfonated poly(ether ether ketone)
nanofiber–Nafion composite membranes for proton exchange membrane fuel cells. RSC Adv. 2015, 5,
4934–4940. [CrossRef]

24. Da Costa Farias, R.M.; Menezes, R.R.; Oliveira, J.E.; de Medeiros, E.S. Production of submicrometric fibers of
mullite by solution blow spinning (SBS). Mater. Lett. 2015, 149, 47–49. [CrossRef]

25. Santos, A.M.C.; Medeiros, E.L.G.; Blaker, J.J.; Medeiros, E.S. Aqueous solution blow spinning of poly(vinyl
alcohol) micro- and nanofibers. Mater. Lett. 2016, 176, 122–126. [CrossRef]

26. Oliveira, J.E.; Medeiros, E.S.; Cardozo, L.; Voll, F.; Madureira, E.H.; Mattoso, L.H.; Assis, O.B. Development of
poly(lactic acid) nanostructured membranes for the controlled delivery of progesterone to livestock animals.
Mater. Sci. Eng. C 2013, 33, 844–849. [CrossRef] [PubMed]

27. Bilbao-Sainz, C.; Chiou, B.-S.; Valenzuela-Medina, D.; Du, W.-X.; Gregorski, K.S.; Williams, T.G.; Wood, D.F.;
Glenn, G.M.; Orts, W.J. Solution blow spun poly(lactic acid)/hydroxypropyl methylcellulose nanofibers
with antimicrobial properties. Eur. Polym. J. 2014, 54, 1–10. [CrossRef]

28. Srinivasan, S.; Chhatre, S.S.; Mabry, J.M.; Cohen, R.E.; McKinley, G.H. Solution spraying of poly(methyl
methacrylate) blends to fabricate microtextured, superoleophobic surfaces. Polymer 2011, 52, 3209–3218.
[CrossRef]

29. Sinha-Ray, S.; Zhang, Y.; Yarin, A.L.; Davis, S.C.; Pourdeyhimi, B. Solution blowing of soy protein fibers.
Biomacromolecules 2011, 12, 2357–2363. [CrossRef] [PubMed]

30. Zhang, R.; Liu, C.; Hsu, P.C.; Zhang, C.; Liu, N.; Zhang, J.; Lee, H.R.; Lu, Y.; Qiu, Y.; Chu, S.; et al. Nanofiber
air filters with high-temperature stability for efficient PM2.5 removal from the pollution sources. Nano Lett.
2016, 16, 3642–3649. [CrossRef] [PubMed]

31. Zhang, C.; Yuan, X.; Wu, L.; Han, Y.; Sheng, J. Study on morphology of electrospun poly(vinyl alcohol) mats.
Eur. Polym. J. 2005, 41, 423–432. [CrossRef]

32. Tana, S.-H.; Inaia, R.; Kotakib, M.; Ramakrishna, S. Systematic parameter study for ultra-fine fiber fabrication
via electrospinning process. Polymer 2005, 46, 6128–6134. [CrossRef]

http://dx.doi.org/10.1002/app.34410
http://dx.doi.org/10.1021/acsbiomaterials.6b00072
http://dx.doi.org/10.1021/mz500049x
http://dx.doi.org/10.1007/s10853-016-9778-x
http://dx.doi.org/10.1039/c3ta13247a
http://dx.doi.org/10.1016/j.electacta.2016.05.003
http://dx.doi.org/10.1016/j.ceramint.2016.07.152
http://dx.doi.org/10.1016/j.carbpol.2013.10.056
http://www.ncbi.nlm.nih.gov/pubmed/24299882
http://dx.doi.org/10.1016/j.carbpol.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22840029
http://dx.doi.org/10.1016/j.cej.2013.10.038
http://dx.doi.org/10.1016/j.memsci.2017.02.019
http://dx.doi.org/10.1039/C4RA10898A
http://dx.doi.org/10.1016/j.matlet.2015.02.111
http://dx.doi.org/10.1016/j.matlet.2016.04.101
http://dx.doi.org/10.1016/j.msec.2012.10.032
http://www.ncbi.nlm.nih.gov/pubmed/25427496
http://dx.doi.org/10.1016/j.eurpolymj.2014.02.004
http://dx.doi.org/10.1016/j.polymer.2011.05.008
http://dx.doi.org/10.1021/bm200438v
http://www.ncbi.nlm.nih.gov/pubmed/21553861
http://dx.doi.org/10.1021/acs.nanolett.6b00771
http://www.ncbi.nlm.nih.gov/pubmed/27167892
http://dx.doi.org/10.1016/j.eurpolymj.2004.10.027
http://dx.doi.org/10.1016/j.polymer.2005.05.068


Nanomaterials 2017, 7, 395 15 of 15

33. Shi, L.; Zhuang, X.; Tao, X.; Cheng, B.; Kang, W. Solution blowing nylon 6 nanofiber mats for air filtration.
Fibers Polym. 2013, 14, 1485–1490. [CrossRef]

34. Yao, J.; Pantano, M.F.; Pugno, N.M.; Bastiaansen, C.W.M.; Peijs, T. High-performance electrospun
co-polyimide nanofibers. Polymer 2015, 76, 105–112. [CrossRef]

35. Wang, S.; Dong, J.; Li, Z.; Xu, Y.; Tan, W.; Zhao, X.; Zhang, Q. Polyimide fibers prepared by a dry-spinning
process: Enhanced mechanical properties of fibers containing biphenyl units. J. Appl. Polym. Sci. 2016, 133.
[CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12221-013-1485-5
http://dx.doi.org/10.1016/j.polymer.2015.08.053
http://dx.doi.org/10.1002/app.43727
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	SBS Parameters for PAA Solution 
	The Effect of PAA Concentration 
	The Effect of Solution Feeding Rate 
	The Effect of Gas Pressure 
	The Effect of Nozzle Size 
	The Effect of Receiving Distance 

	Fourier Transform Infrared Spectroscopy (FTIR) Characterization of PAA and PI Nanofibers 
	X-ray Diffraction of Crystallization, Morphological Structure and Mechanical Properties of PI Nanofibers 

	Materials and Methods 
	Synthesis of Precursor PAA Solution 
	The Preparation of PAA Nanofibers via SBS 
	Conversion from PAA Nanofibers to PI Nanofibers 
	Characterization 

	Conclusions 

