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Abstract: The climate crisis, growing pollution of the environment with waste, and ubiquitous
microplastics have encouraged the search for new methods and new opportunities to use natural
materials in the least harmful processes. Replacing synthetic materials with raw materials is not only
a matter of “fashion”, but also a necessity. Therefore, this study aimed to produce fibers from an
aqueous solution containing the highest possible concentration of soy protein isolate (SPI) through
solution-blowing. As the aqueous solution of SPI has no fiber-forming potential, polyethylene oxide
(PEO) was used as the carrier/matrix. The rheology of the aqueous PEO solution and PEO/SPI
blends (flow curves, loss modulus, and storage modulus) was then analyzed. The proportions of
the PEO/SPI mixtures and the process parameters were determined on this basis. As a result of the
conducted research, nanofibers were produced from water solutions of PEO/SPI with a soy protein
content of up to 7.88%, with a PEO share of 1.25%. The average diameter of the obtained fibers
was 225–495 nm, depending on the process parameters and SPI content—as the SPI content in the
PEO/SPI mixture increased, the average fiber diameter decreased. The production of nanofibers
with a high soy protein content increases their application possibilities. Firstly, due to a much larger
surface area, and secondly, due to the presence of numerous functional groups in the protein structure,
which can be a place of attachment for additional compounds that give the obtained nanofibers the
desired properties.

Keywords: solution blow spinning; polyethylene oxide; soy protein isolate; nanofibers

1. Introduction

Using natural, renewable, and environmentally friendly materials is becoming an
increasingly important aspect of activity in every area of life, especially in science. Examples
of such materials are natural polymers such as chitin, cellulose, or soy protein, which are of
interest to engineers and bioengineers, not only because of their origin but also due to their
unique properties. They are biodegradable, relatively easy to obtain, exhibit bacteriostatic
properties, are biocompatible as biomaterials, and have a high water content and good
mechanical strength. Due to their chain structure, they are also subject to the process
of defibrating, including nanofibers, which means that their application possibilities are
numerous. Due to their size, high ratio of surface area to volume, and the ability to penetrate
cell membranes, nanofibers are often used in bioengineering, catalytic processes, separation
processes, and many other industrial areas. If the nanofiber surface is additionally modified,
e.g., by immobilizing drug particles, sorbents, enzymes, etc., the application potential of
nanomaterials will be even greater.

Natural polymers, particularly proteins, seem to be suitable objects for surface modifi-
cation due to the numerous and diverse chemical groups, with different properties, present
in the chain. Therefore, there is a question of producing nanofibers from them and giving
them the appropriate, desired properties, either at the stage of defibering (in situ) or after.
Electrospinning is the most common and best-known method of producing nanofibers
from natural polymers. For example, ref. [1] obtained nanofibers with an average diameter
ranging from 88 nm to 131 nm from chitosan solved in acetic acid, while [2] produced zein

Processes 2023, 11, 2310. https://doi.org/10.3390/pr11082310 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr11082310
https://doi.org/10.3390/pr11082310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-1114-526X
https://doi.org/10.3390/pr11082310
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11082310?type=check_update&version=1


Processes 2023, 11, 2310 2 of 16

fibers with an average diameter of 700 nm from an 80% ethanol solution. It is possible to
produce fibers from corn, soybean, gluten, casein, silk, gelatin, albumin, and many other
natural polymers with the use of a high voltage, properly selected solvent, and process pa-
rameters [3]. Other methods that allow the production of fibers, but not always nanofibers,
from natural polymers are wet spinning, dry spinning, centrifugal spinning, and, the least
known, blow spinning [4].

Blow spinning creates nanofibers by blowing the polymer in the solution through a
thin nozzle in an airflow axis under pressure. Due to the lack of the need to apply high
voltage, it is safer than electrospinning but is more sensitive to the process, environmental,
and polymer solution parameters. There is also little data on producing natural polymer
fibers using this method. However, it has been successfully used to make fibers/membranes
from polyvinyl chloride, nylon-6, poly (lactic acid), poly (d, l-lactic acid), as well as from
poly (ethylene oxide), soy protein/nylon-6, and soy protein/poly (ethylene oxide) [5–7].
The most common solvents are formic acid, ethanol, chloroform, and acetone mixed in
appropriate proportions and, occasionally, (for poly (ethylene oxide)) water.

Moreover, blow spinning allows for obtaining fibers from natural polymers, including
proteins, without losing their properties. The blow spinning method is sensitive to the
process, environment, and prepared polymer solution parameters, which, on the one hand,
makes it difficult to use, and on the other hand, gives the possibility of producing fibers
from natural polymers, provided that the optimal set of parameters is selected.

The main parameters influencing the SBS fiber manufacturing process are:

- Feed rate: When the feed rate increases, the fiber diameter and its distribution also
increase; high feed rates may lead to nozzle blocking, while a low feed rate may cause
jet instability;

- Gas flow pressure: When the air pressure increases, the fiber diameter decreases
because the solvent evaporation rate increases;

- Distance from the nozzle to the collector: When the distance from the nozzle to the
collector decreases, the time to solvent evaporation decreases; thus, the fibers reach
the collector in the wet state. In addition, the distance of the nozzle from the collector
affects the porosity of the obtained fibrous structure, which significantly affects the
properties of the material received;

- Polymer concentration and solution characterization: When the polymer concentration
decreases (the viscosity also decreases), the fiber diameter decreases due to the higher
mobility of the polymer chains in the jet during the blowing process [8].

Other critical parameters that influence the solution blow method are temperature
and humidity. However, there is no systematic work showing their clear impact. It can be
expected that with increasing temperature and humidity, the ability to make fibers will
decrease because of the slower evaporation of the solvent.

The influence of the parameters on the polymer solution-blowing process shows a sim-
ilar tendency for most of the tested polymers used in this method: polyvinylidene fluoride
{PVDF}, poly (ethylene oxide) {PEO}, and poly (ethylene-co-vinyl acetate) {EVA} [9].

Natural polymers are used relatively rarely in the solution blow method. Although, in
the work [10–12], monolithic fibers were blown from blends of soy protein and nylon-6 in
formic acid, and [6] created nanofibers 0.52 ± 0.16 µm in diameter using a solution of soy
protein and PEO in water.

However, one of the most significant disadvantages of the solution blow method
is the high amount of organic solvent used, which must be evaporated during blow
spinning. The lower the concentration of the polymer solution (the higher the amount
of organic solvent), the thinner the diameter of the fibers is. If, under the appropriate
conditions, a water solution can be used in the solution blow method, it becomes possible
to elaborate on the “environmentally friendly” aspect of the procedure for the production of
natural/protein for various applications. The solution blow method is also more “flexible”
for various modifications as it is more compatible with different solvents (compared to, for
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example, electrospinning), which is very important because it eliminates the need to use
high voltages.

Natural/protein nanofibers are widely used in the biomedical and engineering fields.
As a result of the enzymatic decomposition of organisms, they decompose into non-toxic
and harmless compounds that the body can reabsorb. They can be used as drug carriers
without losing their activity, and their mixing with other polymers enables the production
of materials with appropriate properties and controlled biodegradation [13,14]. Moreover,
in separation applications, the presence of nanofibers plays a crucial role in improving
filtration efficiency.

Therefore, this study aimed to produce fibers from an aqueous, and hence environ-
mentally friendly, solution containing as much soy protein as possible through the safe
method of polymer solution blowing.

2. Materials and Methods
2.1. Materials

Poly(ethylene oxide) (PEO) (Mv = 900,000, powder), HCl, and NaOH were supplied
by Sigma-Aldrich (Poznań, Poland). Soy protein isolate (SPI) was obtained from Pride
Sport Nutrition (Częstochowa, Poland). Ultrapure water (Direct-Q UV-R water purification
system) was used as a solvent.

2.2. Methods
2.2.1. Solution Preparation

The PEO aqueous solutions (4, 5, 6, 7, and 10% w/v) were prepared at room tempera-
ture with continuous agitation for 48 h.

The two kinds of solutions of SPI (thermal treatment and no-thermal treatment) were
prepared as follows. The no-thermal treatment SPI aqueous solution was prepared at room
temperature by shaking for 5 min. The concentration of SPI in the no-thermal treatment
solutions was 7%, 9%, 11%, 13%, 15%, 20, and 25% (w/v).

The use of thermal SPI treatment was aimed at straightening the soy protein chains,
which should facilitate the defibering process. The thermal treatment of the SPI solutions
was carried out according to the procedure described in [15]. The solutions were heated
in a water bath at 90 ◦C for 20 min. Then, after cooling, the pH was adjusted by adding
HCl or NaOH so that the solutions reached pH = 2 or pH = 9. The thermal treatment SPI
solution concentrations were 13% (w/v). The blend solutions were prepared by mixing 9%
SPI and 10% PEO solutions in the appropriate proportion described in Table 1.

Table 1. Concentrations of SPI and PEO.

PEO/SPI PEO {%} SPI {%}

1 1/1 5.00 4.50

2 1/2 3.33 6.00

3 1/3 2.50 6.75

4 1/4 2.00 7.20

5 1/5 1.67 7.50

6 1/6 1.43 7.71

7 1/7 1.25 7.88

8 1/8 1.11 8.00

9 1/9 1.00 8.10

2.2.2. Rheological Parameters

The flow curves, apparent viscosity, storage modulus, and loss modulus of the
PEO, SPI, and blend solutions were determined using an oscillatory rheometer (MCR102,
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Anton Paar, Graz, Austria) equipped with a Peltier system in a plate–plate system with a
1 mm wide gap, at 22 ◦C.

The storage modulus provides information about the fluid’s ability to store energy,
thus representing the elastic properties of the fluid. The loss modulus reflects the ability to
dissipate energy and therefore represents the viscous properties of the fluid.

The range of viscoelastic linearity during the amplitude sweep (indicating the long-
and short-term properties of the polymer) was determined during testing in the range of
0.01% to 100% shear strain and at a constant angular frequency of 10 rad/s. The results
obtained for high frequencies reflect the short-term behavior of the sample, while low
frequencies reflect the long-term behavior.

Frequency sweep measurements were carried out for angular frequencies in the range
of 0.1–100 rad/s, with the shear deformation selected for the sample from the viscoelastic
linearity range determined during the amplitude sweep.

2.2.3. Solution-Blown Methods

The solution-blowing system consisted of the following elements: an infusion pump
(Legato270, KDScientific, Holliston, MA, USA), compressed air, a nozzle with a diameter
of 1 mm, and a collector. The volumetric flow rate of the polymer delivered to the nozzle
directly from an infusion pump was 0.008 to 0.5 mL/min. Compressed air was supplied to
the system at a pressure range from 0.5 to 5 bar. The distance from the collector to the nozzle
for each tested solution was 15 cm, and the blow time was 15 and 60 min. The collector
was cylindrical with a diameter of 3.6 cm and a length of 12 cm. It was placed horizontally,
rotated around its longer axis, and simultaneously moved in a plane perpendicular to the
nozzle. The collector was covered with a base material (22.6 × 12 cm).

A stream of compressed air and a polymer solution were supplied to the nozzle
through two stubs. Both air and polymer exited the nozzle through two concentric holes.
Polymer flowed out through the inner hole, and compressed air flowed out through the
outer hole. As a result of expanding the air to atmospheric pressure, the polymer stream’s
flow energy increases, leading to the formation of polymer droplets. The polymer droplet,
under the influence of the shear force caused by a high gas velocity, changes its shape
to a conical one. When the value of the shear force exceeds the value of the interfacial
tension between the polymer and the air, a polymer stream is formed, from which solvents
evaporate on the way to the collector, and a fiber is formed [16].

Evaporation of the solvent on the way to the collector is crucial for forming fibers. By
extending the distance between the nozzle and the collector, the evaporation time increases,
but simultaneously, the efficiency of capturing nano-sized fibers decreases. Another way is
to reduce the flow rate of the polymer. In the case of polymer blowing from highly volatile
solutions, e.g., from a mixture of acetone/chloroform, the polymer flow rate from the nozzle
is usually approx. 0.5 mL/min. Nevertheless, when the polymer is dissolved in aqueous
solutions, the outflow rate must be much lower to allow the solvent to evaporate. Therefore,
the range of polymer flow rates analyzed in this study was from 0.008 to 0.5 mL/min.

2.2.4. Morphology of the Fibers

The morphology of solution-blown fibers was examined using Scanning Electron
Microscopy (TM-1000, Hitachi, Tokyo, Japan). Fiber samples were sputter-coated with gold
prior to the SEM analysis. The fiber diameter distribution was determined based on SEM
photos, considering about 70 fibers from different sample parts each time. Fiber diameters
were classified into 30 nm ranges. For each range, the mean diameter was determined as
the geometric mean of the initial and final values of the given size range.

3. Results and Discussion

Obtaining fibers from blowing polymer in an aqueous solution is not practical due
to water’s much lower volatility than the organic solvents typically used in blowing a
polymer solution. PEO is a well-known water-soluble polymer that can be made into
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fibers by solution blowing. That is why the aqueous solution of PEO was treated as a
reference solution.

3.1. PEO Fibers

The water solution of PEO with different concentrations was first subjected to rheolog-
ical analysis. Flow curves and loss and storage modulus were also determined.

In the polymer solution-blowing process, there is a smooth transition from simple
shear in the nozzle channel to uniaxial stretching of the polymer stream. The formation of
a polymer stream is associated with the appearance of forces stretching the fluid. Thus, the
extensional viscosity (which differs from the dynamic viscosity in the fluid flow mechanism)
plays an essential role in the process. The extensional viscosity is a function of the stretching
rate, while the dynamic viscosity is a function of the shear rate. The extensional viscosity
increases as the longitudinal velocity gradient increases, facilitating spinnability.

While for Newtonian fluids, the extensional viscosity is about 3 times higher than the
dynamic viscosity, for non-Newtonian fluids, particularly for polymer solutions, the exten-
sional viscosity can be up to 1000 times higher than the dynamic viscosity. Additionally,
the same fluid in a specific range of the deformation rate can be thinned by stretching, and
in another range of the deformation rate, it can be thickened by stretching.

However, extensional viscosity measurements are difficult due to problems with
maintaining a constant value of the sample’s tensile rate or tensile stress. Therefore, in this
study, we decided to base the apparent viscosity of the polymer solution on the initial value
just before the process of forming the polymer stream at the exit of the nozzle.

A wide range of concentrations of the aqueous PEO solution from 4% to 10% was
tested. Our earlier experiments showed that PEO fibers can be obtained by the blow
spinning of a PEO solution in a range of concentrations from 5% to 10%. The obtained
values of apparent viscosity as a function of the shear rate are shown in Figure 1. The
aqueous solution of PEO is a shear-thinning fluid and its apparent viscosity increases with
increasing polymer concentration.
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The obtained values of the loss modulus and the storage modulus for the analyzed
PEO concentrations are shown in Figure 2.
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Figure 2. The loss modulus and the storage modulus for 4%, 5%, 6%, 7%, and 10% PEO concentrations.

An increase in the polymer concentration increases the loss modulus and storage
modulus, which is as expected. The loss modulus exceeds the storage modulus for the 4%
and 5% PEO concentrations. This means that the PEO solutions behave like viscous fluids
in which the polymer’s chains are not tangled. The distance between the modulus values
decreases for higher angular frequencies, which may indicate the beginning of the transition
from a viscous material to an elastic material. Increasing the polymer concentration causes
a gradual change in the properties of the polymer solution from a viscous fluid to an elastic
fluid. This change is visible through the appearance of the intersection of the values of
the loss modulus and the storage modulus for PEO concentrations at levels of 6% and
7%. The higher the concentration, the lower the angular frequency values at which the
intersection appears. For the highest concentrations of PEO (10%), the storage module
dominates, which means that the material exhibits elastic properties.

Regarding the process of polymer solution blowing, at a polymer flow rate of 0.008 mL/min,
compressed air pressure of 0.5 bar, and after 15 min of blowing, fibers were obtained from the 5,
6, 7, and 10% PEO solutions. No fibers were obtained from the 4% PEO solution. The average
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fiber diameters obtained as a function of polymer concentration are shown in Figure 3. Figure 4
shows the fiber diameter distributions.
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The increase in the concentration of the polymer in the solution, due to the greater
entanglement of the polymer chains, leads to an increase in the apparent viscosity and an in-
crease in the values of the loss and storage modulus. Increasing viscoelastic forces suppress
the shear and tensile forces generated during fiber formation. Therefore, an increase in
the average fiber diameter should be observed with increasing polymer concentration [17].
This effect can be observed by comparing the average fiber diameters of a solution with a
concentration of 5% PEO and 10% PEO. These solutions exhibit either viscous (5% PEO) or
elastic (10% PEO) properties. For solutions of 6% PEO and 7% PEO, for which a transition
from a viscous to elastic character is observed, the average diameter of the fiber is lower
than for the 5% PEO solution. However, explaining the nature of this phenomenon requires
further analysis, which is beyond the scope of this study. Nevertheless, the average fiber
diameters are comparable to those obtained by [18], although the researchers used more
volatile liquids (chloroform, acetone, and dichloromethane) as solvents, however, they are
much smaller than the diameters obtained from aqueous PEO solutions [17].
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3.2. SPI Solution

Figure 5 shows the dependencies of apparent viscosity as a function of the shear rate
for selected concentrations of an aqueous solution of SPI that was not thermally treated
and thermally treated with a pH correction.
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of an aqueous solution of SPI.

As expected, the thermal treatment led to the straightening of protein chains, observed
by the apparent decrease in viscosity. However, the apparent viscosity obtained for all SPI
solutions with a concentration below 15% is much lower than that obtained for a 5% PEO
solution. Nevertheless, attempts were made to find a fiber-forming window.

Each of the aqueous solutions of SPI with concentrations of 7, 9, 11, 13, 15, 20, and
25% were subjected to a defibration test at a polymer flow rate of 0.005, 0.008, 0.01, and
0.5 mL/min and compressed air pressures of 0.5, 1.0, 3.0, 4.0, and 5.0 bar. No fibers were
obtained in any of the experimental variants.

3.3. PEO/SPI Blends

PEO was used as a fiber-forming additive since pure SPI solutions do not have fiber-
forming potential. Based on [6], a 9% SPI solution was chosen, but unlike [6], the solution
was not stirred for 10 h at 50 ◦C (fearing too much decrease in apparent viscosity) but
was shaken intensively for 5 min. The SPI solution was then mixed with the appropriate
volume of the aqueous PEO solution according to the data in Table 1.

Figures 6 and 7 present the results of the measurement of apparent viscosity as a
function of the shear rate for the prepared PEO/SPI blends.
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The apparent viscosities of the PEO/SPI blends for the proportions from 1:1 to 1:4
are within the limit determined by the apparent viscosities of 5% PEO and 10% PEO, so
there is a chance of obtaining fibers from such solutions during solution blowing. The
apparent viscosities of PEO/SPI blends with ratios from 1:5 to 1:9 are lower than those for
5% PEO, so the probability of obtaining fibers from such solutions is much lower. Also,
loss modulus and storage modulus values were determined for each of the nine PEO/SPI
blends (Figure 8).
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behavior was observed for 6% and 7% PEO solutions, but the transition from a viscous
to elastic material occurred at lower angular frequencies. For the remaining PEO/SPI
blends with a proportion of components from 1:3 to 1:9, the loss modulus exceeded the
value of the storage modulus, so these blends behaved more like viscous fluids—like PEO
solutions with concentrations of 4% and 5%. The storage modulus measurement points for
the mixture with the highest protein content (PEO/SPI 1:9) did not follow the curve as in
the other plots, moreover, the reproducibility of the results is very low, probably due to
the lack of a straight line for this solution in the amplitude sweep test. The decrease in the
PEO concentration and the increase in the SPI concentration in the PEO/SPI blends also
resulted in a noticeable decrease in the values of the loss and storage modulus.

3.4. PEO/SPI Fibers

PEO/SPI blends were blown in the same conditions as PEO solutions. Fibers were obtained
at the given process parameters for seven proposed PEO/SPI blend ratios (from 1:1 to 1:7).

Figure 9 shows selected SEM images of the fibers obtained from the PEO/SPI blends.
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For PEO/SPI blends with a high protein content (1:6 and 1:7), thickening is visible on
the fibers (Figure 9F,G). Such thickening is caused by the droplet’s entrainment from the
nozzle’s tip instead of stretching it into a stream of polymer. The small stabilizing effect
of the solution’s elastic forces may explain this phenomenon [6]. Similar effects on fibers
containing soy protein were also observed by, e.g., [10].

The obtained average fiber diameters as a function of SPI concentration are shown in
Figure 10. Figure 11 shows the fiber diameter distributions.
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The increase in the protein concentration in the PEO/SPI blend leads to a decrease
in the average diameter of the fibers and a narrowing of their size distribution. With the
increase in the protein concentration in the PEO/SPI blend, the apparent viscosity, surface
tension, and the values of the loss modulus and the storage modulus decrease, which
translates into a lower flow resistance through the nozzle and lower viscoelastic force of the
fluid. The lower force suppresses the shear and tensile effects less, and thus, it is possible
to produce fibers with smaller diameters [19]. As a result of the work carried out, it was
possible to produce fibers with a nanometer diameter from a solution containing 7.88%
SPI and only 1.25% PEO (PEO/SPI 1:7). It is worth noting that pure SPI and pure PEO
solutions with such concentrations do not have fiber-forming potential.

3.5. The Influence of the SPI Addition on the Parameter of Solution Blowing

The influence of the SPI addition on the process was investigated using three samples:

• Pure 5% PEO;
• A blend of PEO/SPI in a 1:1 ratio (PEO concentration in blend 5%, SPI 4.5%);
• A blend of PEO/SPI 1:7 (PEO concentration in blend 1.25%, SPI 7.88%).

The blowing time was 1 h, and the nozzle diameter was 1 mm. The process was
carried out for pressures of 0.5 bar, 1 bar, and 1.5 bar, and for each pressure, blowing was
repeated at the rate of polymer outflow from the nozzle of 0.005 mL/min, 0.008 mL/min,
and 0.011 mL/min.

For samples of 5% PEO and the blend PEO/SPI 1:1, fibers were obtained in all an-
alyzed variants of process parameters. For sample PEO/SPI 1:7, fibers were obtained
in five experiment variants, but we did not achieve fibers from a polymer flow rate of
0.005 mL/min and pressure of 1 bar, or for any polymer flow at 1.5 bar pressure. The
obtained mean fiber diameters are shown in Figure 12.

The average fiber diameter decreased with increasing compressed gas pressure, which
aligns with expectations. The gas in the solution-blowing process supports the solvent’s
evaporation and the fiber’s drawing and formation. The higher the gas pressure, the greater
the shear force acting on the interface, and this results in the formation of fibers with a
smaller diameter [19]. In addition, a high gas pressure facilitates solvent evaporation by
reducing the boundary layer at the interface [8]. Moreover, as the flow rate of the polymer
from the nozzle increases, the shear force acting per unit area of the droplet suspended at
the nozzle tip decreases, so the fibers should have a larger diameter at higher solution feed
rates [19]. However, in our study, increasing the polymer flow rate had no apparent effect
on the increase in the average fiber diameter. The change in the average fiber diameter was
observed, and it was more pronounced for the process carried out at 0.5 bar than at 1 bar
and 1.5 bar, but for the polymer flow of 0.008 mL/min, the obtained values deviated from
the trend.
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However, the influence of the SPI addition on both the defibering process and the
obtained effects represented by the average diameter of the fiber was visible. The addition
of 4.5% SPI caused an increase in the average fiber diameter for each value of the analyzed
polymer flow from the nozzle and for each analyzed gas pressure, except for one variant
of the experiment (0.011 mL/min, 1.5 bar) in which the average fiber diameters were
identical for pure 5% PEO (0% SPI) and the blend of PEO/SPI 1:1 (4.5% SPI). The increase
in the average fiber diameter could be explained by the significantly higher apparent
viscosity of the PEO/SPI 1:1 blend (SPI content 4.5%, PEO 5%) compared to that of pure
5% PEO, even though the PEO concentration in both samples was 5%. Greater apparent
viscosity causes greater flow resistance and damping of tensile and shear forces, which
leads to an increase in fiber diameter. The increase in the polymer flow rate from the
nozzle did not affect the change in the average fiber diameter for the pure 5% PEO and
PEO/SPI 1:1 blend, but the effect of pressure was visible. The increase in compressed gas
pressure, which causes better stretching and formation of fibers and faster evaporation of
the solvent, eliminates the impact of the higher viscosity of the PEO/SPI 1:1, hence, the
difference in the obtained average diameter values for the pure 5% PEO and the PEO/SPI
1:1 blend decreased with increasing pressure. At the same time, too high of pressure
(1.5 bar) prevented the production of fibers from the PEO/SPI 1:7 blend, whose apparent
viscosity for all shear rate values did not exceed 600 mPas and was much lower than that
of the pure 5% PEO. It is possible to produce fibers in the blowing process from solutions
with low apparent viscosity with appropriate gas pressure. At a pressure of 0.5 bar, fibers
from a PEO/SPI 1:7 blend were obtained, and their average diameter for the two polymer
flow rates from the nozzle (0.005 mL/min and 0.011 mL/min) was more significant than
the average diameter of fibers made of pure 5% PEO. A higher value of the average fiber
diameter for the PEO/SPI 1:7 blend than for pure 5% PEO was also obtained for a pressure
of 1 bar and a flow of 0.008 mL/min.
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4. Conclusions

An increase in the apparent viscosity of PEO/SPI blends with a ratio of 1:1 to 1:4
above the viscosity of pure 5% PEO may suggest additional entanglement of polymer
chains with protein chains and the appearance of bonds that affect the behavior of PEO/SPI
blends. These bonds may play an essential role in blends with a high SPI content, where
the apparent viscosity is lower than the viscosity of pure 5% PEO, and fibers are still
formed in the blowing process. PEO/SPI blends with a high SPI content do not behave
as predictably in the solution-blowing process as pure 5% PEO or even a PEO/SPI blend
containing only 4.5% protein. This may be due to strong interactions between the polymer
and protein chains. A rheological analysis carried out on an oscillatory rheometer made it
possible to determine the behavior of the sample during flow in the nozzle. Still, only the
study of extensional viscosity describing what is happening at the nozzle outlet—during
fiber formation—would give a complete picture of the sample’s behavior and molecular
structure.

PEO can be successfully used as a matrix to produce fibers containing materials that
in their pure form do not have fiber-forming potential through polymer solution blowing.
In this study, fibers were produced from an aqueous solution containing 7.88% SPI and
only 1.25% PEO by solution blowing. This is, to the best of the authors’ knowledge, the
first such achievement described in the literature.

Unlike electrospinning, the method of blowing from a polymer solution does not
use high voltage—therefore, it is safer for the operator. At the same time, because it uses
only aqueous solvents, it is also safer for the environment. A high protein content, with
many different functional groups, with a simultaneous nanometric average diameter of the
fibers, i.e., a large surface area, gives these fibers the potential for numerous applications,
especially where there is a need to attach various functional compounds.
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