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ABSTRACT: Nano and submicrometric fibers of pol-
y(p,L-lactide) (PDLLA or PLA) were spun from solu-
tions using a solution blow spinning (SBS) apparatus.
Fiber morphology and diameter were investigated by
scanning electron microscopy as a function of polymer
concentration, feed rate, and air pressure. A more sys-
tematic understanding of the SBS process parameters
was obtained, and a quantitative relationship between
these parameters and average fiber diameter was estab-
lished by design of experiments and response surface
methodology. It was observed that polymer concentra-
tion played an important role in fiber diameter, which

ranges from 70 to 2000 nm, and its distribution. Lower
polymer concentration tended to increase the formation
of bead-on-string structures, whereas smooth fibers
were formed at higher concentrations. Fiber diameter
tended to increase with polymer concentration and
decrease with feed rate. Based on these results, optimal
conditions could be obtained for solution-blow spun
fibers. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122:
3396-3405, 2011
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INTRODUCTION

Recently, a novel technique named solution blow
spinning (SBS) was introduced.! This technique uses
conceptual elements of electrospinning, solution, and
melt spinning to produce micro and nanofibers of
polymers with diameters ranging from a few tenths
of nanometers to several micrometers. Therefore,
offering several advantages over electrospinning
such as low cost and higher rate of fiber produc-
tion."? Moreover, fibers produced by SBS are equiv-
alent to electrospun ones and are at least one or two
orders of magnitude smaller in diameter than those
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produced by conventional fiber production methods
like solution and melt spinning.®>”

SBS depends on a certain arrangement of concen-
tric nozzles in which the polymer solution is
extruded through the inner nozzle, while a high
pressure gas (air, nitrogen, argon, etc.) is released
from the outer nozzle. A polymer solution is forced
through the inner nozzle at a constant feed rate,
resulting in the formation of a drop at the tip of the
inner nozzle, which is stretched by the high pres-
sure stream of compressed gas flowing through the
outer nozzle. The compressed air exiting the nozzle
causes the surface of the drop to shape into a cone
similar to Taylor’s cone in electrospinning. When a
critical air pressure is exceeded, a jet erupts from
the apex of this cone and is accelerated toward the
collection target. As this jet travels through the sur-
rounding environment, the solvent evaporates leav-
ing behind polymer fibers, which can be collected
on virtually any target, from human skin to nonme-
tallic collectors such as woven fabrics, and even
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human skin.” This highlights an advantage over tra-
ditional electrospinning, which depends on a volt-
age differential between the polymer output and
the target.

SBS has been successfully applied to produce
micro and nanofibers of several polymers, including
poly(lactic acid) (PLA) that belongs to the family of
aliphatic polyesters commonly made from o-hydroxy
acids, including polyglycolic acid or polymandelic
acid, which are known to be biodegradable and
compostable.'®"® PLA is a thermoplastic, high-
strength, high-modulus polymer made from renew-
able resources with many applications in packaging
and biocompatible/bioabsorbable medical devi-
ces. 01314 [ addition to this, it has been successfully
studied by several researchers throughout the world
to produce nanofibers by electrospinning.’’** These
nanofibers, obtained by electrospinning or SBS from
PLA, have numerous potential applications, such as
in biomimetic scaffolds for tissue engineering,**’
drug carriers,”® 3% sensors,* biosensors,®® and nano-
composites.’**' However, solution blow spun nano-
fibers does not use high voltage that can be an
advantage in the simultaneous spinning of living
cells and other biomaterials, such as proteins, vita-
mins, and hormones.
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In the present work, we report the results on SBS
of PLA though a systematic investigation of the
effect of variation of the process parameters that ulti-
mately govern fiber formation including feed rate,
polymer concentration, and air pressure.

EXPERIMENTAL
Preparation and characterization of the solutions

Poly(p,L-lactide) PDLLA (M, = 75,000 g/mol) pellets
were obtained from Biomater (Sdo Carlos, Brazil).
Chloroform and acetone were purchased from Synth
(Sao Paulo, Brazil) and used as solvents to prepare
solutions with different PDLLA concentrations,
whereby weighed amounts of PDLLA and chloro-
form : acetone 3 : 1 (v/v) were mixed and vigo-
rously stirred for several hours until complete dilu-
tion. A factorial experiment was designed to
investigate and identify the significance of three
processing parameters—feed rate (X1), air pressure
(X2), and polymer concentration (X3)—on average
fiber diameter as shown in Table I. The experiment
was performed for at least three levels of each factor
to fit a quadratic model that resulted in 27 possible
combinations of factor setting.

TABLE I
Experimental Design (Coded and Uncoded Values) for the Solution Blow Pinning of PDLLA Fibers

Coded and uncoded values

Feed Polymer
Experiment X1 X2 X3 rate (uL/min) Air pressure (MPa) concentration (wt %)
1 -1 -1 -1 20 0.2 4
2 0 -1 -1 80 0.2 4
3 1 -1 -1 120 0.2 4
4 -1 0 -1 20 0.3 4
5 0 0 -1 80 0.3 4
6 1 0 -1 120 0.3 4
7 -1 1 -1 20 0.4 4
8 0 1 -1 80 0.4 4
9 1 1 -1 120 0.4 4
10 -1 -1 0 20 0.2 6
11 0 -1 0 80 0.2 6
12 1 -1 0 120 0.2 6
13 -1 0 0 20 0.3 6
14 0 0 0 80 0.3 6
15 1 0 0 120 0.3 6
16 -1 1 0 20 0.4 6
17 0 1 0 80 0.4 6
18 1 1 0 120 0.4 6
19 -1 -1 1 20 0.2 8
20 0 -1 1 80 0.2 8
21 1 -1 1 120 0.2 8
22 -1 0 1 20 0.3 8
23 0 0 1 80 0.3 8
24 1 0 1 120 0.3 8
25 -1 1 1 20 0.4 8
26 0 1 1 80 0.4 8
27 1 1 1 120 0.4 8

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Schematic representation of the solution blow spinning apparatus used fiber preparation. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Solution properties such as surface tension (y) and
shear viscosity (1) were measured at ambient tem-
perature using a Kibron Microtrough X pressure
sensor and an Anton Paar Physica MCR rheometer,
respectively.

SBS of the PDLLA solutions

The solution blow spinning (SBS) system consisted
of a source of compressed air, equipped with a pres-
sure regulator, a 10-mL glass syringe, a syringe
pump (KD Scientific, USA) to control the injection
rate (B) of the polymer solutions, a spinning appara-
tus that consisted of a setup with concentric nozzles
(see Fig. 1), and a collector with a controllable rota-
tion speed.” A series of experiments were performed
by varying processing parameters using polymer
solutions of poly(p,L-lactide) (PDLLA) in a chloro-
form : acetone mixture.

Processing variables were tested to determine their
effect on fiber diameter and morphology. Process
conditions, that is, feed rate (B), air pressure (p), and
polymer concentration were investigated using a
fixed working distance of 12 cm, a length of the pro-
truding inner nozzle of 2 mm, and ratio diameter
between the concentric nozzles of 0.5 for all experi-
ments (Table I).

Morphological studies

Morphology of PDLLA fibers was observed by a
Zeiss DSM960 scanning electron microscope (SEM),
after being gold-coated with a sputter coater. Diame-
ters of electrospun fibers were measured with an
image analyzer (Image ], National Institutes of
Health, USA). For each experiment, average fiber di-
ameter and distribution were determined from about
100 random measurements of fiber diameters for
each SEM micrograph representative of fiber
morphology.

Journal of Applied Polymer Science DOI 10.1002/app

Statistical treatment

A Box-Behnken design of experiments was realized
using three factors (air pressure, feed rate, and con-
centration). For application of response surface
methodology to optimize the process, sequential
experiments were carried out. These experiments
were planned according to the modified central
composite design. This type of design defines the
minimum number of experimental combinations in
the experimental domain to be explored to obtain
the maximum information for adjusting the pro-
posed model. For a quadratic model, experiments
must be performed for at least three levels of each
factor. These levels are best chosen and equally
spaced. The three factors and three levels resulted
in 27 possible combinations of factor settings. The
coded and uncoded variables are listed in Table I
Pareto Chart was also chosen due to its capability
to verify interactions among the various factors
and its influence on the average fiber diameter.
The software Statistica 7.0 (StatSoft, USA) was used
to carry out experimental designs and data
analyses.

RESULTS AND DISCUSSION
Solution characterization

In SBS, similar to electrospinning, solution viscos-
ity plays an important role in determining the
range of concentrations from which continuous
fibers can be obtained. Above a critical concentra-
tion, continuous fibrous structure is obtained, and
its morphology is affected by solution concentra-
tion. Formation of continuous fiber can be attrib-
uted to extensive chain entanglements in polymer
solution.** However, as reported by Regev et al.,*’
if the extensional viscosity is not sufficiently high
throughout the length of the spun jet, the
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viscoelastic jet will generally split into single drop-
lets. Moreover, Yu et al.** showed by extensional
rheology measurements that the elasticity of the
polymeric solution, or its extensional viscosity, is
not necessarily related to polymer entanglements
in solution. According to them, uniform fibers can
be obtained by any sufficiently strong elastic
response of the solution, even for polymer solu-
tions in dilute regime.

Figure 2 shows the change in solution viscosity
with increasing concentration of PDLLA in chloro-
form acetone 3 1 (v/v). PDLLA viscosity
increased rapidly at ~ 7% (w/v), indicating that
an extensive chain entanglement occurred around
this concentration. Another change in the viscosity
at ~ 2.5% (w/v) indicated the onset of the dilute
regime for this polymer solution. Surface tension
increased from 26 (solvent) to 34 mN m™! (poly-
mer solutions). As in the electrospinning pro-
cess, ™ the lower surface tension and higher
evaporation rate of the solvent diminish the forma-
tion of beads. The SBS process requires a high
evaporation rate of the solvent, and consequently a
low surface tension in order for the fibers to reach
the target already in the dry state. Otherwise, a
net of interconnected fibers is formed, and, in the
worst case, a continuous film can be produced.
Literature reported*®™* that surface tension has the
effect of decreasing the surface area per unit mass
of a fluid. In the case of SBS, due to Rayleigh
instability, there is a greater tendency for solvent
molecules to segregate when there is a high con-
centration of free solvent molecules. A higher vis-
cosity or lower surface tension means a decrease

3399

in the segregation of solvent molecules and thus a
better interaction between solvent molecules and
polymer chains. Therefore, when the solution is
stretched under the influence of drag forces, due
to the air exiting, the spinning nozzle, solvent mol-
ecules will not tend to agglomerate with entangled
polymer chains, reducing the tendency of bead for-
mation. From Figures 3-5, it is observed that the
formation of beaded fibers occurs when the dilute
solution regime is approached.

Effect of feed rate on fiber morphology

An increase in feed rate (Fig. 3) has been found to
increase fiber diameter and its distribution, but the
effect may become parabolic at lower concentrations.
The optimal feed rate can be expected to narrow fiber
size distribution and reduce fiber diameter, because
when feed rate is equivalent to the rate at which the
jet carries the solution away, the conic shape at the
nozzle exit remains stable, unlike in the case of nozzle
blocking (high feed rate) or jet instability (low feed
rate). High feed rates may cause nozzle obstruction, in
which a pendant droplet accumulating at the tip
begins to solidify, sealing the nozzle by solidified
polymer residue. Jet instability occurs when the solu-
tion is dragged to the collector faster that the feed rate
[Fig. 3(a)]. Higher feed rates would naturally increase
fiber productivity at least in cases when nozzle block-
ing would not occur. Moreover, the optimal value of
this parameter is strongly affected by the viscosity of
the solution, which in turn is dependent on polymer
molecular weight and concentration.
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Figure 2 Dependence of specific viscosity, measured at 10° s

~! shear rate, on the concentration of the polymer solutions.
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Figure 3 SEM of structures obtained by SBS of PDLLA solutions at different feed rates: (a) 20; (b) 80; and (c) 120 pL/

min. Inset: fiber diameter distribution.

Effect of air pressure on fiber morphology

A paraboliclike dependence between fiber diameter
and pressure, at lower air pressures, and linear de-
pendence at high air pressures was found. This
occurs because the air flow surrounding the surface
of the jet exiting the nozzle does not allow an accu-
mulation of solvent molecules immediately above
the jet surface, therefore promoting a high evapora-
tion rate. This occurs because the boundary layer at
the evaporation surface decreases with flow velocity,
reducing solvent diffusion in the stagnant layer.
Then, at high air pressures, solvent evaporation rate
is increased. As a consequence, fiber diameter also
decreased. Moreover, as discussed later in the Pareto
chart (Fig. 6), the quadratic and linear interactions
between air pressure, feed rate, and polymer concen-
tration play important roles in fiber formation by
SBS. In this study, the quadratic interaction between
the feed rate and air pressure was more important
than the effect of the isolated variables, because this
combined effect is responsible for jet formation caus-

Journal of Applied Polymer Science DOI 10.1002/app

ing drag and lift forces that stretch the jet to
form fibers. The reduction in pressure (Fig. 4)
increased the fiber diameter and its distribution and
also affected negatively the spinning process, that is,
nozzle blocking seemed to be slightly higher in trials
using reduced air pressure.

Effect of polymer concentration

In the currents experiments, polymer concentration
was the most important parameter determining
fiber morphology. The effect of concentration and
thus viscosity can be summarized as follows: (1) at
low viscosities small fibers with beads are formed
[Fig. 5(a)] and (2) with increasing viscosity, fibers
become thicker while the beads become fewer and
merge into the thickening of fibers, leading finally
to a smooth fiber morphology [Fig. 5(b)]. Higher
viscosity might favor the occurrence of new mor-
phologies like branched or bundled fibers [Fig.
5(c)]. Moreover, the dependency between viscosity
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(b)

Figure 4 SEM of structures obtained by SBS of PDLLA solutions at different air pressures: (a) 0.4 MPa; (b) 0.3 MPa, and

(c) 0.2 MPa. Inset: fiber diameter distribution.

(or the concentration) and the fiber diameter was
noted to increase, that is, smaller diameters
obtained at lower viscosities are related to the
higher mobility of polymer chains in the jet during
the spinning process. In the case of the PDLLA
fibers studied here, generally low (4 wt %) or high
(8 wt %) concentrations are considered advanta-
geous to obtain narrower fiber diameter distribu-
tions. A parabolic dependency curve between vis-
cosity and fiber density was also obtained.
Moderate viscosity was associated with the highest
density, which is probably at least partly due to
homogeneous mass flow observed.

Viscoelasticity of fluid jets is a key element in sev-
eral process such as melt blow spinning® and elec-
trospinning.***'** In SBS, the fluid jet travels in
straight paths due to drag air forces, and, in this re-
gime, it undergoes almost pure extensional deforma-
tion that can trigger the elastic response of the fluid
and causes a increase in the elastic stresses in the
polymeric jet. Therefore, this elastic response can
exceed the effects of Rayleigh instability, and the

increase in elasticity of solutions allows the forma-
tion of fibers with more uniform diameters.

Optimization studies for process parameters in
SBS

The standardized effects of the independent varia-
bles and their interactions on the dependent vari-
able were investigated by preparing a Pareto chart
(Fig. 6).

The length of each bar in the chart indicates the
standardized effect of that factor quadratic (Q) or
linear (L) and the quadratic pressure interactions on
the response.” The fact that the bar for polymer con-
centration quadratic and linear—X3(L) and X3(Q)
and feed rate quadratic [X1(Q)]—are outside the ref-
erence line in Figure 6 indicated that these terms
contributed more effectively to the prediction of av-
erage diameter fibers. The negative coefficients for
the model components—X1(Q)X2(Q), X2(Q)X3(Q),
X2(Q)X3(L), X2(L), X1(L)X2(Q), and X2(Q)—indi-
cated a decreasing in the average diameter of the

Journal of Applied Polymer Science DOI 10.1002/app
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Percent (%)

Figure 5 SEM of structures obtained by SBS of PDLLA solutions at different concentrations: (a) 4, (b) 6, and (c) 8% by

weight. Inset: fiber diameter distribution.

fibers, while positive coefficients for the model com-
ponents—X3(L), X3(Q), X1(Q), and X1(L)—showed
an increasing in the average diameter of fibers.

Physically, this occurs because an increase in poly-
mer concentration increases viscosity and chain
entanglements and, therefore, makes the solution
stretching to form fibers (spinning) more difficult.
This behavior was found to be similar to electrospin-
ning of several polymers.***® The increase in air
pressure, that is, the physical force that acts directly
on the stretching of the solution drops, as expected,
resulted in a tendency in reducing fiber diameter. A
similar behavior was observed by Medeiros et al.' in
a first work with SBS of PMMA fibers.

Figure 7 shows the response surfaces of average
fiber diameter, in nanometer, as a function of poly-
mer concentration and feed rate at a constant air
pressure. In addition, comparison of the three
response surfaces shows the effect of air pressure.

The response surfaces indicate that the resulting
fiber diameter is very responsive to the changes in

Journal of Applied Polymer Science DOI 10.1002/app

X3(L) : 4737
x3(Q) 2976
x1(Q) 2.385
x1(Q)x2(Q) -1;934
x2(Qx3Q -785 I
x2(Q)x3(L) -.693
xI(L) 535

X2(L) | -425 '

XL)X2AQ) -.194

X2Q) | -117

p=05
Standardized Effect Estimate (Absolute Value)

Figure 6 Pareto chart showing the standardized linear (L)
and quadratic (Q) effects of independent variables (X1 is
feed rate, X2 is air pressure, and X3 is polymer concentra-
tion) and their interaction on the fiber diameter.
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Figure 7 Response surfaces of average fiber diameter as a function of polymer concentration and feed rate at (a) 0.2, (b)
0.3, and (c) 0.4 MPa. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

concentration as expected and previously mentioned
in studies with electrospinning.'”*>® 1t is also re-
sponsive to changes in feed rate, but its effect
depends on solution concentration and air pressure.
For instance, at an air pressure of 0.2 MPa [Fig.
7(a)], fiber diameter is more sensitive to the changes
in feed rate. Moreover, at 0.3 and 0.4 MPa air pres-
sure [Fig. 7(b,c)], response surfaces suggest that feed
rate has very little and almost no effect on fiber di-
ameter formation, respectively. Actually, pressure
effect is relative to other physical constraints
involved; at low pressures, there is not enough
stretching and thus thicker fibers are produced.
However, when the pressure is too high, other
effects such as jet instability caused by turbulence at
the nozzle exit takes place; as a consequence, fiber
diameters range from very low to very high, there-
fore broadening the fiber diameter distribution
curve.

The average diameters of PDLLA fibers as a func-
tion of the experimental variables (feed rate, air
pressure, and polymer concentration) are listed in
Table II. It is observed that fibers with narrower di-
ameter distribution can be obtained at intermediate
concentrations and higher air pressures. That is,

process conditions can be chosen according to the
statistical model described in this study to obtain tai-
lor-made structures. But it should be noted that the
model might be valid only to the experimental con-
ditions (i.e., polymer-solvent system) listed in this
study, and it might have to be regenerated for any
other conditions, but we are currently testing other
polymer/solvent systems to investigate whether or
not the same behavior can be extended to these
systems.

CONCLUSIONS

In this work, the effects of process variable and solu-
tion parameters on the morphology of individual so-
lution blow spun PDLLA nanofibers were investi-
gated. We have found that the morphology of the
nano and submicrometric fibers produced is influ-
enced strongly by parameters such as feed rate of
the polymer solution, air pressure, and solution
properties such as concentration and viscosity. Anal-
ysis of the abovementioned parameters suggests that
fibers ranging from 70 to 1800 nm in diameter can
be obtained over the process conditions in this
study. Solution concentration plays one of the most

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Average Diameter of PDLLA Fibers
Feed Polymer
rate Air pressure  concentration Average

(uL min™ Y (MPa) (wt %) diameter (nm)
20 0.2 4 184
80 0.2 4 183
120 0.2 4 125
20 0.2 6 354
80 0.2 6 388
120 0.2 6 426
20 0.2 8 222
80 0.2 8 609
120 0.2 8 288
20 0.3 4 145
80 0.3 4 180
120 0.3 4 172
20 0.3 6 325
80 0.3 6 334
120 0.3 6 398
20 0.3 8 322
80 0.3 8 405
120 0.3 8 306
20 0.4 4 167
80 0.4 4 228
120 0.4 4 164
20 0.4 6 340
80 0.4 6 288
120 0.4 6 289
20 0.4 8 332
80 0.4 8 274
120 0.4 8 378

important roles in fibers morphology. Lower concen-
tration tends to facilitate the formation of beaded
structures, while fiber diameter tends to increase
with increasing polymer concentration and to
decrease with air pressure. Lower concentration
gives lower standard deviation of fiber diameter
regardless of air pressure or feed rate over the range
of process conditions. Therefore, to obtain thinner
fibers with diameter in the nanoscale, it is better to
spin at lower concentrations. But this will bring
spindlelike-beaded structure. Fibers with uniform di-
ameter and narrower distribution can be obtained at
intermediate concentrations and higher air pressures.
That is, process conditions can be chosen according
to the model in this study to obtain tailor-made
structures of PDLLA. Moreover, we show that to
accurately predict fiber diameter, a combination of
variables may have to be taken into account instead
of each variable separately.
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