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ABSTRACT: The solution blow spinning (SBS) technique s
conceptually similar to electrospinning, but without the application of
low currents and high voltage, however with results as satisfactory as
for the production of micro and nanofibers. This study aimed to produce
ultra-high molecular weight polyethylene (UHMWPE) nanofibers
from the SBS technique. SEM images show nanofibers with an average
diameter of 200 — 325 nm. The results obtained indicate that the
working distance, injection pressure and concentration are variables
that directly influence the average fiber diameter, resulting in fibers
with smaller diameters for lower concentrations.

KEYWORDS: Ultra-high molecular weight polyethylene. Nanofibers.
Solution blow spinning.

RESUMO: A técnica de fiagao de solugdo por sopro (solution blow
spinming — SBS) é conceitualmente similar a da eletrofiagdo (electrospinning),
porém sem a aplicagdo de baixas correntes e de alta tensao, mas com resultados
lao satisfatorios quanto para produgdo de micro e nano fibvas. Este estudo
objetivou, por meio da técnica SBS, produzir nanofibras de polietileno de
ultra alto peso molecular (PEUAPM). As imagens de microscopia eletronica
de varredura (MEV) mostram nanofibras, apresentando didmetro médio de
200-325 nm. Os resultados obtidos indicam que a distdncia de trabalho,
a pressio de injegio e a concentragdo sio varidveis que influenciam
diretamente no didmetro médio das fibras, resultando em fibras com menores
didmetros para concentragoes mais baixas.

PALAVRAS-CHAVE:  Polietileno de ultra alto  peso  molecular.
Nanofibras. Fiagdo de solugdo por sopro.

1. Introduction

Itra-high-molecular-weight polyethylene
(UHMWPE) is an engineering polymer
of increasing industrial production and

high performance and economic value. Produced

from ethylene gas, similarly to other polyethylene, its
macromolecular chain can be 30 times larger than the
others. The UHMWPE has a molar mass of 3x10°g/mol,
with better mechanical response than other polymers
of the same class, including: high resistance to impact,
abrasion, and chemicals; low coefficient of friction;

and high resistance/weight ratio [1,2].

Due to these characteristics, the polymer is mainly
applied in harsh or corrosive environments subject to
moderate temperatures [2].

However, since UHMWPE presents high viscosity in
the molten state, it is difficult to drain at temperatures
above the melting point (~135°C) and therefore difficult
to process using the conventional methods adopted
for thermoplastic polymers [3]. Special processing
techniques can be alternatives for UHMWPE, such as
compression molding (hot or cold), RAM extrusion,
calendering, and gel spinning [4,5].

Despite having limited processing resources, the

polymer can be used in various areas of activity,
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such as: coatings, in the construction, agricultural,
and mining industries; inert artifacts, in the food
industry; structural parts, in the beverage, naval, and
automotive industry; and mainly in the manufacture
fibers
applications and in ballistic shields [4,6].

The conformation of UHMWPE in fibers and/
or threads allows both obtaining better mechanical

of high-performance for  high-strength

response, mainly attributed to thelength/diameter (L/D)
ratio of the fiber, and studying new processing media
for this and other polymers of high viscosity difficult
to process by conventional means. Commercial fibers/
membranes of UHMWPE already exist, such as
Dyneema®, produced by polymer gel spinning [7,8],
Tensylon®, by solid state extrusion [9,10], and Spectra®,
by spinning process [11,12].

The advent of nanotechnology has increased the
interest of science on the production of polymer
nanofibersregardingtheir potentialhigh-performance
applications, attributed to the high specific surface
area (area/unit of mass) and the aspect ratio, as shown
in macroscopic fibers. On a commercial scale, these
fibers are currently made by electrospinning, facing
challenges such as high productivity and effective
cost [13-15]. The electrospinning technique consists
of applying a high-voltage electric field to a syringe
containing the polymeric solution. After overcoming
the surface tension, a thin jet is directed to the
collector where the nanofibers are deposited. The
fibers obtained by this method are greatly influenced
by the physical-chemical variables of the solutions
used, including viscosity, dielectric potential, needle
to collector distance, environmental factors, etc. These
variables affect the morphology and thickness of the
fibers. The influence of other factors, including the
chemical composition of both polymer and solvent,
molecular weight and molecular weight distribution,
and concentration of solutions, among others, on the
fibers generated can vary [16-18]. However, since the
commercial scalability of the fibers is still low, new
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processing routes have been investigated, such as the
Solution Blow Spinning (SBS) system [19].

The SBS method is considered efficient to largely
produce fine fibers since, unlike electrospinning, it
requires no electric field to direct the fibers to the
collector. The SBS system consists of a gas/air source
equipped with a pressure regulator, a syringe pump,
a spray machine, and a collector [19]. In the system, a
high-pressure flow created from a controlled injection
of compressed air stretches the fibers. The polymer
solution is blown towards the collection target and
the fibers are generated during solvent evaporation
within the working distance between the injection
nozzle and the collector [19,20].

Fig. 1 presents two schemes of the electrospinning
and solution blow spinning systems.

Collector
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Fig. 1 - Schematic representations of electrospinning (a) and
solution blow spinning (b) systems. Source: Adapted from [19, 21].

SBS also presents some parameters and process
variables that influence the shape of the polymer
jet produced, including the molecular weight,

concentration, and viscosity of the polymer solution
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and the gas pressure and flow rate of the solution —
thus affecting the final product [22]. The study
of Silva et al. [23] to obtain PVC nanofibers by SBS
showed that the average fiber diameter is directly
proportional to the polymer concentration in the
[24-26].
Simultaneously, in another study the average fiber

solvent, corroborating previous studies
diameter tends to decrease with a lower viscosity of
the polymer solution [27]. According to the study, this
behavior is associated with greater chain mobility.

The literature has incipient evidence on these
parameters and trends for polymeric materials of
high molecular weight and therefore high viscosity,
such as UHMWPE.

Among the processing variables in SBS, processing
temperature stands out, commonly corresponding
to room temperature (~31°C). UHMWPE, however,
maintains gel form at temperatures from 120°C.
Adjusting processing temperature according to the
polymer used — such as UHMWPE and others —
thus allows controlling the viscosity and solubility of
the polymer.
the

rate of the SBS system and the difficulty to process

Therefore, considering high production
UHMWPE by conventional means, this study aimed
to produce ultra-high-molecular-weight polyethylene
nanofibers using the Solution Blow Spinning system,
assessing the effect of spinning conditions on fiber
morphology and diameter. Processing was validated

by scanning electron microscopy (SEM-FEG).

2. Materials and methods

To design this study, samples of commercial
UHMWPE, MIPELON® PM-200 from Mitsui
Chemicals were used in powder form ranging from
10 pm to 30 pm diameter. Table 1 shows the values of
UHMWPE properties provided by the company.

Table 1 — Properties of MIPELON® commercial UHMWPE.

Mean Molar Mass Internal 10° g/mol 1.8
Density ASTM D-1505 g/cm? 0.940
Tensile strength ASTM D-638 Mpa > 44
Elongation at break ASTM D-638 % > 350

Melting temperature ASTM D-2117 °C 136

Source: [28].

Fig. 2 presents a schematic design of the system
adapted from SBS to obtain UHMWPE nanofibers.
Unlike in Fig. 1b, the system assembled to obtain
nanofibers in this work has a heating system in the
reservoir and in the injection nozzle containing the

polymer/solvent solution.
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Fig. 2 - Schematic representation of the SBS system used to obtain
UHMWPE nanofibers.

For the solubilization of MIPELON® UHMWPE,
the p-Xylene solvent was used. To verify the influence
of the solution concentration and viscosity in
obtaining the nanofibers, the solution concentration
used ranged from 0.01 to 0.04% in polymer weight.
The UHMWPE/Xylene set was pre-mixed into
a heater plate with magnetic agitation at 130°C.

¢ rmcr-3




VOL.39 N°2 2022
https://doi.org/10.22491/IMECTA.10856.en

This gel solution was added to the reservoir of the
experimental device, heated to controlled temperature
(120-135°C). To obtain the nanofibers, the injection
nozzle used included metal concentric needles of
about 0.03 and 0.05 mm. A heating system ranging
from 90 to 150°C was adopted on the needles to avoid
clogging the injection nozzle and help evaporate the
solvent contained in the solution as soon as the latter
was blown against the collector. An injection pressure
was applied to the nozzle, ranging from 40 to 60 Psi.
The needle to fixed collector distance varied from
15 to 30 cm. The process was conducted under the
environmental conditions of ~25°C temperature and
55% of relative humidity. The nanofibers were deposited
in an aluminum substrate with 30 X 30 cm dimensions,
forming non-woven fabric (NWF) membranes (Fig. 3).

UHMWPE nanofibers
placed in Aluminium
substrate.

10000x Magnification

Fig. 3 — Photograph of a membrane of non-woven fibers, spun by
solution blow and collected in a fixed collector of 30 X 30cm.

Table 2 shows the different evaluation groups
studied the
(concentration, pressure, and working distance) for
better conditions of UHMWPE processing by SBS.

The morphology of UHMWPE nanofibers was
assessed under an FEG scanning electron microscope,
SEM-FEG, operated at 10 kv voltage. The Image]
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considering variables

adopted

software was used to determine the average diameter
of the nanofibers. For each evaluation group studied,
50 diameter measurements were taken.

To verify the presence of significant differences
between the average diameter of each evaluated group,
the Kruskal-Wallis statistical analyses and Dunn’s
multiple comparisons test were performed. This allowed
identifying the statistical significance of these values for a
given confidence level since p-values equal to or greater
than a (0.05% test significance level) indicate that the

study variables are not statistically significant.

Table 2 — Evaluation groups.

0.01 m/v% UHMWPE, 40 Psi, and 30 cm from the collector.
0.03 m/v% UHMWPE, 40 Psi, and 30 cm from the collector.
0.04 m/v% UHMWPE, 40 Psi, and 30 cm from the collector.
0.01 m/v% UHMWPE, 50 Psi, and 30 cm from the collector.
0.01 m/v% UHMWPE, 40 Psi, and 15 cm from the collector.
0.01 m/v% UHMWPE, 50 Psi, and 15 cm of the collector.

oo g 0w B

3. Results and discussion
3.1 Influence of concentration

UHMWPE nanofibers were obtained by SBS
using three different concentrations: 0.01%, 0.03%,
and 0.04% m/v. A 30 cm distance from the collector
and 40 Psi injection pressure were applied to assess
the morphology and average diameter of the fibers
obtained by the spinning method as a function of
the concentrations used. Figs. 4, 5, and 6 present
the photomicrographs and their respective average
diameter distribution curves for concentrations 0.01%,
0.03%, and 0.04%.

For the three concentrations studied, fibers had
no pores or beads, presenting constant diameter
along their length. However, we observed a complex
structure formed by fibers with two dimensional

levels: micro and nano.
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Fig. 4 — Morphology and distribution curve of fibers obtained
from condition A. Concentration of 0.01% m/v, 40 Psi injection
pressure, and 30 cm distance from fixed collector.

Fig. 5 — Morphology and distribution curve of fibers obtained
from condition B. Concentration of 0.03% m/v, 40 Psi injection
pressure, and 30 cm distance from fixed collector.

Fig. 6 — Morphology and distribution curve of fibers obtained
from condition A. Concentration of 0.04% m/v, 40 Psi injection
pressure, and 30 cm distance from fixed collector.

In the literature, several researchers [19,29,30]
have reported this result. The distribution of fibers
for the SBS technique was more uneven than for the
electrospinning technique. This suggests that fiber
bundles are more likely to form from the supply of
a minimum solution quantity, as seen by the greater
diameter distribution in concentration 0.01% m/v.
This behavior could also occur due to the turbulence
produced by the air jet around the gel-spun solution,
forming several bundles of gel solution that come out
of a single nozzle and intersect in the air, producing
bundles of fibers before the solvent completely
evaporates [22]. The morphologies obtained are
similar to the visual pattern of UHMWPE nanofibers
obtained via electrospinning [31-33].

Table 3 shows the average diameter found for each
of the conditions. Average diameter progressively
increased with concentration, being 5% for the
concentration of 0.03% m/v (p-value 6.65 X 107
and 64% for the concentration of 0.04% m/v (p-value
3.96 X 1077) when compared to the concentration
of 0.01%. This could be associated with increased
viscosity of the solutions used since the increase in the
viscosity of the polymer/solvent mixtures contributes
to uniformity, increasing fiber diameter [34,35].

However, results show that from concentration 0.03%
m/v the increase in polymer/solvent concentration
greatly influences the diameter of the spun fibers of
UHMWPE, almost doubling the value obtained in

condition A.

Table 3 - Average diameters obtained from conditions A, B, C.

Injection pressure 40 Psi and distance from collector 30 cm.

Group Concentration (%m/v) Average diameter (nm)
A 0.01 199.66 + 60.13
B 0.03 207.86 + 55.82
C 0.04 325.90 + 136.27
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3.2 Influence of injection pressure

As aforementioned, the literature proposes that
injection pressure is one of the processing variables
which monitors the average diameter of fibers and their
distribution due to the orientation imposed on the jet
trajectory, the stability of the Taylor cone formed and,
mainly, the area of fiber deposition [36,37]. The effect
of injection pressure on morphology and distribution
of average diameters was investigated from the
previous concentration, 0.01% m/v of UHMWPE,
which had the lowest diameter values. To assess the
influence of this processing parameter, a 30 cm distance
from collector was set and the pressure varied from
40 Psi to 50 Psi. Fig. 7 presents the photomicrographs
and their respective distribution curves of average
diameter for the injection pressure of 50 Psi and
Tab. 4 reports the measured diameter values for each
of the conditions.

Fig. 7 — Morphology and distribution curve of fibers obtained
from condition D. Concentration of 0.01% m/v, 50 Psi injection
pressure, and 30 cm distance from fixed collector.

Table 4 - Average diameters obtained from conditions A and D.
Concentration 0.01% wt and distance from collector 30 cm.

Average diameter

Group Concentration (%m/v)  Pressure (Psi) (i)
A 0.01 40 199.66 + 60.13
D 0.01 50 211.51 = 58.77

6 « rmct @,

For the SBS technique, the air injection pressure
should exceed the surface tension of the polymer
solution, lengthening it into ultrafine fibers [38—40].
The fibers obtained with injection pressure of 50 Psi
increased 6% in average diameter compared to those
obtained with 40 Psi (p-value 3.86 x 107°"). High air
flows create fibers with larger diameters since the
fiber bundles are delivered to the collector at high
speed, hindering the complete volatilization of the
solvent. In turn, low air flows produce no fibers or
smaller diameter fibers since they must achieve the
force needed to break the surface tension of the
solution. This phenomenon was observed for PLA,
PTFE, PEO, PCLA, Nylon 6, among others [38,41-
44]. Higher injection pressures thus require longer
deposition distances between the needle tip and the
collector to avoid this phenomenon.

3.3 Influence of distance from collector

The effect of the distance from the collector on the
morphology and distribution of average diameters was
investigated by establishing a 0.01% m/v concentration
and a 15 cm distance from the collector. The results
obtained were compared with those presented in
the previous section. Figs. 8a and 8b present the
photomicrographs and their respective distribution
curves for the injection pressures of (a) 40 Psi and
(b) 50 Psi and Tab. 5 reports the measured diameter
values for each of the conditions.

The optimal working distance is understood in
the balance between the minimum distance required
to collect the fibers completely dry and a maximum
distance without excessive loss of the material, thus
producing more fibers with smaller diameters [45].
Working distance showed no significant change in
the average diameter or morphology obtained for
the injection pressure of 50 Psi (p-value 5.87 x 107),
likely since the deposition speed was very high. For
40 Psi pressure, in turn, the variable increased the
average diameter by 44%, modifying size distribution
and fiber dispersion (p-value 8.33 x 107%).

A too short working distance does not allow
the fibers to sufficiently elongate or the solvent
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to evaporate completely, thus producing larger
diameter fibers and reducing the area of fiber
deposition and dispersion [19,46].

0.01% UHMWPE - 40Psi — 15cm

of I~
o T 20 To W0 M 0 40 %0 %0
Average diameter (nm)

Fig. 8a — Morphology and distribution curve of fibers obtained
from condition E. Concentration of 0.01% m/v, 40 Psi injection
pressure, and 15 cm distance from fixed collector.

Fig. 8b - Morphology and distribution curve of fibers obtained
from condition E. Concentration of 0.01% m/v, 50 Psi injection
pressure, and 15 cm distance from fixed collector.

Table 5 - Average diameters obtained from conditions E and F.
Concentration 0.01% m/v and distance from collector 15 cm.

Grou Concentration Pressure Collector Average
P (%om/v) (Psi) distance (cm) diameter (nm)
E 0.01 40 15 287.01 = 97.74
0.01 50 15 208.24 = 82.46

3.5 Statistical evaluation

The Kruskal Wallis nonparametric statistical
studied
(concentration, air pressure, and distance from

analysis showed that for all variables
collector) in the processing of UHMWPE nanofibers,
the response variable (average diameter) presents a
statistical difference indicated by p = 6.20 X 1077 for
the significance level of 0.05%. To specifically identify
which conditions presented differences, Dunn’s
multiple comparisons test was used. Table 6 presents
the estimated values and the combinations that differ

statistically were highlighted in gray.

Table 6 — Results of multiple comparisons obtained by Dunn’s test.

Comparisons p-value
A-B 6.65 x 10!
A-C 3.96 x 10777
A-D 3.86 x 107"
A-E 8.33 x 107%
A-F 7.46 x 107!
B-C 3.53 x 107%
B-D 6.65 x 107"
B-E 4.64 x 107"
B-F 9.12 x 107"
C-D 2.63 x 107%
C-E 2.56 x 107!
C-F 2.06 x 107
D-E 2.16 x 107%
D-F 5.87 x 107"
E-F 3.05 x 107"

4. Conclusion

Assessment of the experimental results obtained
and of information in the literature indicates that
in processing by solution blow spinning, UHMWPE
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is influenced by solution concentration, injection
pressure, and working distance, affecting morphology
and average diameter distribution.

¢ For the three concentrations studied, 0.01% m/v
presented the lowest mean fiber diameter.

* Regarding injection pressure, the smaller air flows
produced fibers with smaller diameters, depending on
the distance between the needle tip and the fixed collector.

* Working distance mainly affected the dispersion
of the fibers processed, showing no change for the
pressure of 50 Psi.

* Condition A was the processing condition with the
smallest average fiber diameter, with 199.66 = 60.13 nm.

The fiber formation conditions in this spinning
method are physical agents, such as the type of
concentration,

polymer, injection pressure and,
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