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Abstract: The growing pollution of the environment with slowly decomposing waste, as well as
the increasing drug resistance of pathogens, including the antibiotic resistance of bacteria, has led
to a search for new solutions based on biodegradable and natural materials, which are known
for their potential bacteriostatic properties. This study aimed to produce nanofibers by blowing
from a polylactide (PLA) polymer solution containing natural compounds (e.g., beeswax, propolis).
As a result of the conducted research, nanofibers were produced from PLA solutions containing
various additives. The fibers’ mean diameter ranges from 0.36 to 2.38 µm, depending on the process
parameters. To the authors’ knowledge, fibers were produced for the first time by blow spinning
from a polymer solution containing propolis and beeswax.
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1. Introduction

Nanofibers can be obtained through many techniques. One of the most widely used
and relatively straightforward methods, wherein fibers are produced from a polymer solu-
tion under the influence of high electric potential forces, is electrospinning. Electrospinning
makes it possible to produce nanofiber scaffolds with high porosity and specific surface
areas, and it is widely used in biomedical engineering [1]. Electrospinning also allows the
production of fibers from solutions of both vegetable proteins (e.g., zein [2], soy protein [3],
and gluten [4]) and animal proteins (e.g., casein [5], gelatin [6], and collagen [7]). Nanofibers
can be produced from many other proteins and polymers using the proper voltage and
suitable solvent and selecting the correct process parameters in electrospinning [8,9]. Fibers
fabricated by electrospinning can also be given bacteriostatic properties [10–13]. However,
the disadvantage of electrospinning is the high voltage and low efficiency of the process
using a single nozzle, although there are ways to scale up and thus increase efficiency [14].
Blow spinning is a less-known technique that is also capable of obtaining nanofibers. In
blow spinning, there is no need to use high voltage. Hence, the method is safer for the
operator than electrospinning. The high flexibility of process parameters allows for ob-
taining fibers from many polymers (e.g., poly(L-lactic acid) (PLA), poly(vinyl alcohol)
(PVA), and poly(ethylene oxide) (PEO)), including even proteins [15–17], provided that
appropriate working conditions are selected. The disadvantage of blow spinning is the
formation of irregularly arranged fibers (which can be minimized by choosing the proper
collector rotation speed) and their larger diameter than those produced in electrospinning.
However, the efficiency of blow spinning is much higher than electrospinning, making
it more appropriate to use on an industrial scale, thus gaining utility. The mass of fibers
obtained by electrospinning is 0.01–0.1 g/h (single nozzle) [18], while by blow spinning, it is
even 0.98 g/h [19]. The most critical process parameters in blow spinning include polymer
flow rate from the nozzle, compressed gas flow rate, nozzle diameter, nozzle-to-collector
distance, and collector rotational speed [20,21]. Among the physicochemical parameters
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of the solution, the following are essential: polymer concentration, extensional viscosity,
surface tension, and apparent viscosity [22]. The temperature and humidity in which blow
spinning is carried out also affect its course. Considering the multitude of parameters that
can be controlled to obtain fibers in the blow spinning method, the relatively high efficiency
of the process, and the purpose of this study (obtaining fibers from a polymer solution
containing non-polymer additives with bacteriostatic potential), it was decided to use blow
spinning to produce fibers.

Many natural compounds/products have bacteriostatic, fungicidal, or virucidal prop-
erties [23]. For example, Bag and Chattopadhyay [24] showed that the essential oils of
coriander, cumin, and mustard have antibacterial activity against Bacillus cereus, Listeria
monocytogenes, Micrococcus luteus, and Staphylococcus aureus. Dias et al. [25] indicated the
antibacterial properties of wasabi against Escherichia coli, Salmonella typhimurium, S. aureus,
Pseudomonas aeruginosa, and Helicobacter pylori. Hasan et al. [26] proved the antibacterial
effect of the ethanol extract of Trigona spp. propolis on Salmonella sp. Watanabe et al. [27]
showed that Manuka honey exhibits antiviral properties against the influenza virus. The
antibacterial effect of the blend of propolis and beeswax (1:1, v/v) on Candida albicans and
S. aureus has also been proven [28]. Such products may become necessary considering
increasing antimicrobial resistance, which applies to bacteria, viruses, fungi, and parasites.
A report published in 2016 shows that in 2050, nearly 10 million people will die from an-
timicrobial resistance [29]. Therefore, this study aimed to produce fibers by blow spinning
from a polymer solution containing natural additives with bacteriostatic potential.

Propolis is one of five beekeeping products commonly known and widely used in
medicinal care. The others are honey, beeswax, bee pollen, and beebread. Propolis is
produced by various bee species (including honey worker bees) to prevent intruders from
moving inside the hive but also to repair it and obtain stable conditions [30]. It is made by
mixing bee saliva with plant extracts. It is composed of resins (60%), waxes (up to 30%),
essential oils, pollen, minerals, vitamins, flavonoids, phenolic acids, and terpenoids [30,31].

Since bees produce propolis, its composition strongly depends on the environmental
conditions in which the plant extracts were collected and the type of bees and plants from
which the extracts were collected [31]. Propolis is a safe and non-toxic substance [30]; its
safe dose for humans is 1.4 mg/kg per day or 70 mg/day [30]. However, the cytotoxic
activities of propolis have been confirmed against numerous bacteria (B. subtilis, S. aureus,
Streptococcus pyogenes, Streptococcus viridans, Streptococcus pneumoniae, Corynebacterium
diphtheria, E. coli, S. typhi, Salmonella paratyphi-A, Salmonella paratyphi-B, and Shigella flexneri),
fungi (Candida, Saccharomyces, Cryptococcus), protozoa (Toxoplasma gondii, Trypanosoma cruzi,
Trichomonas vaginalis), and viruses (herpes simplex type 1 (an acyclovir-resistant mutant),
herpes simplex type 2, adenovirus type 2, influenza viruses A and B, vaccinia virus, and
Newcastle disease virus) [32].

Beeswax was chosen as the second natural additive. Beeswax is produced by Apis
mellifera and Apis cerana [28]. It is secreted by the wax glands of 12–18-day-old bees. After
production, the wax is enriched with enzymes in the bees’ saliva, and only in this form is it
used to build a comb.

Beeswax consists of alkanes (12–16%), wax esters (50–72%), free fatty acids (12–14%),
and exogenous substances [28,33]. Due to the presence of exogenous substances, e.g., plant
extracts or impurities, its composition, similar to propolis, may depend on the place of
occurrence of bees and their species [28]. Beeswax is soluble in chloroform and carbon
disulfide but insoluble in water [28].

The cytotoxic activities of crud beeswax have been confirmed against bacteria (S. au-
reus, Streptococcus epidermidis, S. pyogenes, B. subtilis, P. aeruginosa, and E. coli) and yeast
(C. albicans) [28].

The background presented above indicates the need for the efficient and sustainable
production of polymer nanofibers containing bacteriostatic additives like beeswax or
propolis. We adapted the blow spinning process to produce such materials and investigated
how processing parameters and the composition of working solutions affect the process.
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This is the first attempt to produce fibers in blow spinning from a polymer solution
containing propolis and beeswax.

2. Materials and Methods
2.1. Materials

Poly(L-lactic acid) PLA (Ingeo™ 6202D) was supplied by NatureWorks® LLC (Min-
neapolis, MN, USA). PLA average molecular weight is 44,350 g·mol−1 [33]. Acetone and
chloroform were obtained from Sigma-Aldrich (Poznań, Poland). Propolis was obtained
from Prokit (Kazimierów, Poland), and beeswax (100% natural, pure without additives)
from Pallas (Bielsko-Biała, Poland).

2.2. Methods
2.2.1. Preparation of PLA Solution

The PLA (4, 6, 8, and 10% w/w) solution in a mixture of chloroform/acetone in a ratio
of 3/1 was prepared at room temperature in closed containers on a magnetic stirrer for
24 h.

2.2.2. Preparation of PLA/Beeswax Solution

The beeswax (3, 6, and 12% w/w) was added to the previously prepared PLA solution
(10% w/w). The beeswax was ground in a mortar before being poured into the PLA solution.
The PLA/beeswax mixture was placed on a magnetic stirrer in a sealed container for one
hour. After this time, the PLA/beeswax mixture was transferred to a water bath set at 60 ◦C
for 20 min. After the beeswax had dissolved, the mixture was left on a magnetic stirrer for
22 h at room temperature.

2.2.3. Preparation of PLA/Propolis Solution

The PLA/propolis solution (propolis concentrations of 1.5, 3, and 6% w/w) was
prepared at room temperature with continuous agitation for 24 h. The propolis, like
beeswax, was ground in a mortar before being added to the previously prepared PLA
solution (10% w/w).

2.2.4. Rheological Measurement

The tests were carried out on an oscillatory rheometer (MCR 102, Anton Paar, Graz,
Austria) in the plate–plate system with a gap of 1 mm. Due to work with volatile solvents
(3/1 chloroform/acetone mixture), the test was carried out on a rheometer equipped with
an adapter for rapidly evaporating solvents. The attachment slows down evaporation but
does not eliminate it. Therefore, the measurement was shortened to 30 s; such a short
measurement time allowed us to obtain repeatable and reliable results. The tests were
conducted for PLA/beeswax and PLA/propolis blends at 20 ◦C and 20, 22, and 24 ◦C for
pure PLA.

The oscillatory rheometer tests were conducted to determine the apparent viscosity as
a function of the shear rate of the PLA mixtures used in the polymer blow spinning process.
The dependence of apparent viscosity as a function of shear rate characterizes the solution
used in blow spinning at the stage of its flow through the syringe and nozzle. However,
the extensional viscosity of the blown solution is also essential in the polymer solution
blowing process. Extensional viscosity affects stretching the polymer filament and forming
the fiber. However, extensional viscosity measurements are challenging due to problems
with maintaining constant values of the tensile force acting on the sample, which is why
this study focused only on apparent viscosity measurements.

2.2.5. Blow Spinning Process

The apparatus used in the blow spinning method consists of a coaxial nozzle (the inner
diameter is 1 mm; the outer diameter is 5 mm), precise infusion pump (Legato270, KDSci-
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entific, Holliston, MA, USA), a compressed air source, a mass flow controller (SFC5500–200
slm, Sensirion, Zurich, Switzerland), and a collector.

Compressed air was supplied to the nozzle through a mass flow controller at a
100–200 L/min flow rate. The polymer was fed to the nozzle using a syringe pump with a
flow rate of 0.2–3 mL/min. The fibers were collected on a 13 × 21 cm cylindrical collector
37 cm from the nozzle outlet. The collector was covered with a base material (21 × 41 cm).
The collector rotated at 18 rpm around its longer axis. Its axis was parallel to the ground
and perpendicular to the direction of the airflow. The process was carried out at a constant
temperature of 20 ◦C.

2.2.6. Fibers’ Morphology

The morphology of the obtained fibers was analyzed using a scanning electron mi-
croscope (TM-1000, Hitachi, Tokyo, Japan). Fibers from a minimum of three areas were
taken from each sample produced. Before taking the SEM image, the fibers were sputtered
with a gold layer (K550X EMITECH Quorum, Heathfield, East Sussex, UK). The mean fiber
diameter was determined based on a minimum of 50 fibers from all photos taken for a
given experiment variant.

2.2.7. Fiber’s Composition

The presence of the specific functional groups of beeswax and propolis within fibers of
PLA prepared from PLA/beeswax and PLA/propolis was determined using Fourier Trans-
form Infrared (FTIR) spectroscopy with the Attenuated Total Reflectance (ATR) mode. We
used a Nicolet 6700TM spectrometer with OMNIC 8.3 (Thermo Fisher Scientific, Waltham,
MA, USA) and recorded spectra ranging from 4000 to 400 cm–1 in the wavenumber range.
One spectrum integrated from 32 scans for each tested material was selected for presenta-
tion as a representative spectrum.

3. Results and Discussion

When blowing from a polymer solution, the fibers are formed due to the interaction
of gas (usually air) with the polymer flowing out of the nozzle. The expansion of the
gas to atmospheric pressure (due to the outflow from the nozzle) causes an increase in
the polymer flow velocity at the nozzle outlet, which leads to the formation of a polymer
droplet. As a result of contact with the flowing gas, which generates high shear forces, the
polymer droplet changes its shape to a conical one. When the shear force exceeds the value
of the surface tension of the polymer, a polymer stream is formed, from which the solvent
evaporates on the way to the collector, and a fiber is formed. The fiber is deposited on the
collector [34].

Thus, the fiber formation process will be most affected by three factors: polymer flow,
air flow, and the surface tension of the polymer solution. Unfortunately, in the case of
polymers dissolved in volatile solvents (such as, for example, the chloroform/acetone
solution used in this study), the determination of the surface tension (due to the long
test time) is complicated and subject to a significant error. Therefore, when looking for a
fiber-forming window (i.e., process parameters at which fibers are generated), one should
focus on linking the airflow at the nozzle outlet with the polymer flow. An increase in the
polymer flow velocity should lead to a rise in the fibers’ diameter due to a larger volume
of polymer droplets accumulating at the nozzle outlet and, thus, a lower value of the air
shear force acting per drop area unit [35]. However, too much polymer flow can cause
solidification at the exit of the nozzle. In turn, a polymer flow rate that is too low may
result in the formation of shorter fibers or their absence due to the lack of continuity in
maintaining the droplet at the nozzle outlet. The influence of the gas flow on the fiber
formation process results from the shear stresses generated by the gas, which cause the
formation of a polymer stream, and from the solvent evaporation taking place on the way
to the collector, which is the more intense, the higher the gas flow velocity. It has been
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observed that increasing the gas flow rate (by increasing the pressure) causes a decrease in
the average fiber diameter.

Solution blowing of pure PLA polymer is well described in the literature (e.g., [36]).
This process is often carried out at a polymer flow of 0.5 mL/min and an airflow of
200 L/min. However, for new blends, the blowing of which has yet to be described
in the literature so far, finding the fiber-forming window boils down to performing a
series of experiments with variable values of the polymer and air flow rate. That is why
the blow test started with pure PLA’s blowing parameters for each analyzed solution
(PLA/beeswax, PLA/propolis). Then, the airflow and polymer flow rates were changed
until fiber formation was observed. When fibers were observed, the blowing process was
continued for 5 min to collect the appropriate number of fibers for morphological analysis.

Next, another set of parameters was searched for to obtain fibers. For each analyzed
solution, three sets of parameters were found at which it was possible to get fibers. The
blowing parameters presented in this article are certainly not all possible air and polymer
flow rates at which it is possible to obtain fibers from the tested solutions.

3.1. Rheology of Pure PLA and with Additives

A pure PLA solution is a non-Newtonian shear-thinning fluid. Its apparent viscosity,
as expected, increases due to the greater entanglement of polymer chains with increasing
concentration and decreasing temperature (Figure 1). As the concentration of PLA increases,
the effect of temperature also becomes apparent. The viscosity of 4% PLA at 20 ◦C and
24 ◦C differs by 7%. For subsequent PLA solutions (6, 8, and 10%), these values are
9, 11, and 15%, respectively. Such a considerable change in viscosity with a relatively
small temperature change can significantly affect the morphology of the obtained fibers.
Therefore, the blowing process should be carried out at a constant, uniform ambient
temperature, assuming the blown PLA solution is at ambient temperature, especially when
the high-concentration PLA solution is blowing.
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Figure 1. Apparent viscosity as a function of shear rate for pure PLA in various concentrations and
temperature.

PLA/beeswax and PLA/propolis blends are, like pure PLA, non-Newtonian shear-
thinning fluids (Figure 2). Adding beeswax and propolis to each tested concentration
increases the apparent viscosity compared to pure 10% PLA. The increase is from three to
twenty times at low shear rates, but as the shear rate increases, the differences in viscosity
decrease. The increase in viscosity may result from increased entanglement of PLA chains
due to additives.
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3.2. Solution Blowing of PLA/Beeswax and PLA/Propolis Blends
3.2.1. PLA/Beeswax

Fibers from a PLA solution with the addition of beeswax were obtained for all three
analyzed concentrations of beeswax with the parameters listed in Table 1. The table also
includes the average fiber diameters obtained with the given blowing parameters. Fibers
from a PLA solution containing beeswax are obtained at relatively high values of polymer
flow rate from the nozzle (for pure 10% PLA, the fibers are formed at a polymer flow rate of
0.5 mL/min and an airflow of 200 L/min). All analyzed PLA/beeswax blends have a high
apparent viscosity value at a low shear rate, which translates into high values of polymer
flow resistance and, thus, possibly the need to use a higher polymer flow to produce a drop
at the nozzle outlet. Apparent viscosity is only one of the three physicochemical parameters
of the solution affecting the blowing process (next to extensional viscosity and surface
tension). Therefore, the observed effect is undoubtedly a result of these three quantities;
interpreting the observed phenomena is complex without knowing them.

Table 1. The solution blow parameters for PLA/beeswax blends.

PLA/3% beeswax
polymer flow (mL/min) 1.5 1.8 1.5

airflow (L/min) 150 150 200

mean fiber diameter, µm 0.71 0.65 0.62
PLA/6% beeswax
polymer flow (mL/min) 1.5 2 1.3

airflow (L/min) 100 100 150

mean fiber diameter, µm 0.81 0.70 0.63
PLA/12% beeswax
polymer flow (mL/min) 2.5 3 3

airflow (L/min) 100 150 200

mean fiber diameter, µm 2.07 2.18 2.38

With the increase in the concentration of beeswax in the blend, an increase in the mean
fiber diameter and width of the fiber diameter distribution is observed (Figure 3D–F). For
the PLA/12% beeswax blend, fibers with a diameter of over 2 µm dominate (Figure 3F),
while for the PLA/3% beeswax and PLA/6% beeswax blends (Figure 3D,E), dominate
0.5–0.9 µm fibers. As the beeswax content increases, the fibers become more “twisted” and
stick together (Figure 3A–C).
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Figure 3. Exemplary fibers: (A) PLA/3% beeswax (polymer flow 1.5 mL/min; airflow 150 L/min);
(B) PLA/6% beeswax (polymer flow 1.5 mL/min; airflow 100 L/min); (C) PLA/12% beeswax
(polymer flow 3.0 mL/min; airflow 150 L/min). Fiber diameter distribution obtained from the
following: (D) PLA/3% beeswax; (E) PLA/6% beeswax; (F) PLA/12%beeswax. The markings in the
legends correspond to the following blowing parameters: polymer flow_airflow (e.g., polymer flow
1.5 mL/min and airflow 150 L/min: 1.5_150).

3.2.2. PLA/Propolis

Fibers were obtained from two analyzed concentrations of propolis in PLA solution
(1.5 and 3%). Most likely, too high a concentration of propolis (undissolved propolis
residues could block the nozzle) was the reason why fibers were not formed from the
PLA/6% propolis solution. The blown parameters are shown in Table 2. At a concentration
of 1.5% propolis in the PLA/propolis blend, the blow parameters are like those of pure
10% PLA, which may result from similar physicochemical properties of the PLA/1.5%
propolis and 10% PLA. Increasing the proportion of propolis in the blend increases the
apparent viscosity of the solution, which, as in the case of beeswax, causes an increase in
flow resistance and the need to use higher polymer flow rates to be able to form polymer
drops at the outlet of the nozzle. Depending on the concentration of propolis, fibers with a
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diameter in the range of 0.3–0.7 µm dominate the distributions (Figure 4C,D). The width of
the distribution is not dependent on the concentration of propolis in the blend. The increase
in the concentration of propolis did not affect the appearance of the fibers (Figure 4A,B).
The fibers have a smooth, even surface.

Table 2. The solution blow parameters for PLA/propolis blends.

PLA/1.5% propolis
polymer flow (mL/min) 0.3 0.4 0.5

airflow (L/min) 150 150 200

mean fiber diameter, µm 0.44 0.40 0.37
PLA/3% propolis
polymer flow (mL/min) 1.0 1.2 1.5

airflow (L/min) 100 150 150

mean fiber diameter, µm 0.84 0.57 0.61

Fibers 2024, 12, x FOR PEER REVIEW 8 of 12 
 

the distribution is not dependent on the concentration of propolis in the blend. The in-
crease in the concentration of propolis did not affect the appearance of the fibers (Figure 
4A,B). The fibers have a smooth, even surface. 

Table 2. The solution blow parameters for PLA/propolis blends. 

PLA/1.5% propolis 
polymer flow (mL/min) 0.3 0.4 0.5
airflow (L/min) 150 150 200
mean fiber diameter, µm 0.44 0.40 0.37
PLA/3% propolis 
polymer flow (mL/min) 1.0 1.2 1.5
airflow (L/min) 100 150 150
mean fiber diameter, µm 0.84 0.57 0.61

 
Figure 4. Exemplary fibers: (A) PLA/1.5% propolis (polymer flow 0.4 mL/min; airflow 150 L/min); 
(B) PLA/3% propolis (polymer flow 1.5 mL/min; airflow 150 L/min). Fiber diameter distribution 
obtained from the following: (C) PLA/1.5% propolis; (D) PLA/3% propolis. The markings in the 
legends correspond to the following blowing parameters: polymer flow_airflow (e.g., polymer flow 
0.4 mL/min and airflow 150 L/min: 0.4_150). 

3.2.3. Composition of PLA/Beeswax and PLA/Propolis 
To determine the presence of natural additives in the PLA nanofiber solution blown 

in the present study, FTIR-ATR was used. This technique detects specific groups of com-
pounds in analyzed samples. The PLA spectrum shows the same characteristic peaks from 
1780 to 1760 cm–1 as those for PLA solution blow-spun fibers described by Wojasiński and 
Ciach and associated with ester bonds in the polyester structure (Figure 5) [37]. Hence, 
there was no significant change in the composition of PLA during the solution blowing 
process, as expected. The FTIR spectra changed with the addition of beeswax and propo-
lis. Peaks in the wavenumber range of approximately 1300–1100 cm–1 were also responsi-
ble for the characteristic polyester bonds. However, in PLA/beeswax and PLA/propolis 
samples, they are mixed with signals from alkanes that may appear in the sample. The 

Figure 4. Exemplary fibers: (A) PLA/1.5% propolis (polymer flow 0.4 mL/min; airflow 150 L/min);
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obtained from the following: (C) PLA/1.5% propolis; (D) PLA/3% propolis. The markings in the
legends correspond to the following blowing parameters: polymer flow_airflow (e.g., polymer flow
0.4 mL/min and airflow 150 L/min: 0.4_150).

3.2.3. Composition of PLA/Beeswax and PLA/Propolis

To determine the presence of natural additives in the PLA nanofiber solution blown in
the present study, FTIR-ATR was used. This technique detects specific groups of compounds
in analyzed samples. The PLA spectrum shows the same characteristic peaks from 1780 to
1760 cm–1 as those for PLA solution blow-spun fibers described by Wojasiński and Ciach
and associated with ester bonds in the polyester structure (Figure 5) [37]. Hence, there was
no significant change in the composition of PLA during the solution blowing process, as
expected. The FTIR spectra changed with the addition of beeswax and propolis. Peaks
in the wavenumber range of approximately 1300–1100 cm–1 were also responsible for the
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characteristic polyester bonds. However, in PLA/beeswax and PLA/propolis samples,
they are mixed with signals from alkanes that may appear in the sample. The peaks at 2995
and 2945 cm–1 should also be assigned to alkanes, corresponding to the fatty acid chains
in beeswax and propolis (Figure 5). The addition of beeswax to PLA did not change the
right side of the spectrum. However, propolis must still have some double or triple bonds
because changes in the spectrum appear at 1638 and 1516 cm–1, which are also visible in
the spectrum of pure propolis. However, both additions, beeswax and propolis, gave the
characteristic signal from stretching vibrations of C–H bonds with peaks in the wavenumber
range of 3000–2800 cm–1, that is, peaks associated with longer carbon chains in saturated
carbohydrates, most prominently visible in the spectra of pure additives (Figure 5). Thus,
we confirmed the presence of the additives in PLA/beeswax and PLA/propolis.
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3.2.4. Parameter Analysis

The morphology of fibers obtained in the polymer solution blowing process depends
on many parameters. It is known that an increase in the concentration of the polymer
should result in the formation of fibers with a larger diameter. An increase in the airflow
rate or its pressure should lead to obtaining fibers with a smaller diameter. An increase
in the flow rate of the polymer results in an increase in the diameter of the fibers. In the
process of blowing from a polymer solution, the distance of the nozzle from the collector
and the speed of its rotation will also be critical. Primarily, the efficiency of fiber capture
and the degree of their order will depend on these parameters. In the case of solutions
containing non-polymer additives, determining the influence of a given parameter on
the morphology of the obtained fibers is difficult due to the additional interactions of the
additive used with polymer chains.

Since the formation of fibers in the blowing process depends on interactions between
the polymer solution flowing out of the nozzle and the gas flowing around them, we
decided to use the ratio of Reynolds numbers (Re) for air and polymer solution to describe
these quantities. The general relation to the Re number is described as follows:

Re =
udρ

µ
(1)

where u—linear velocity (m/s); d—diameter (m); ρ—density (kg/m3); µ—dynamic viscos-
ity (Pa·s).

The velocity of air and the polymer solution was determined based on the volumetric
flow rate and the known geometry of the system. The equivalent diameter was used to
determine Re for the air. The dynamic viscosity of the polymer solution with additives
was determined based on the rheological measurements described above in the present
paper. All determined values of the Re number for the polymer solution were in the range
of 0.012–0.114, and for air, they were in the range of 1235–2470. The mean fiber diameter as
a function of Reair/Repol is shown in Figure 6.
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The obtained relationships (Figure 6) show that there is no standard key to predicting
the size of fibers depending on the process parameters when using non-polymer additives.
For propolis, a decrease in the average fiber diameter is observed with an increase in the
Reair/Repol ratio. In the case of beeswax, for high concentrations (12%) [orange dots on left
chart on Figure 6], an increase in average fiber diameter is observed with an increasing
Reair/Repol ratio. In comparison, for lower concentrations (3% and 6%) (blue dots on left
chart on Figure 6), the Reair/Repol ratio value does not affect the average fiber diameter.

4. Conclusions

As a result of the conducted research, nanofibers were produced from PLA solutions
containing propolis and beeswax. The fibers’ mean diameter ranges from 0.36 to 2.38 µm,
depending on the process parameters. The blowing parameter range was 100–200 L/min
for airflow and 0.3–3 L/min for polymer flow. The fibers obtained by blowing from the
PLA/propolis solution had a smaller diameter than the fibers obtained from PLA/beeswax.
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FTIR tests of the obtained fibers confirmed the presence of functional groups characteristic
of beeswax and propolis. To the authors’ knowledge, fibers were produced for the first
time from a solution containing propolis and beeswax. The propolis and beeswax used in
the research have yet to be analyzed for composition, which may vary depending on the
species of bees, their diet, and their living environment. However, considering that propolis
and beeswax tested by scientists from different parts of the world showed bacteriostatic
properties, it can be assumed that the variability of the composition does not significantly
affect the cytotoxic properties. In the following study, we plan to evaluate the bacteriostatic
effect of fibers containing beeswax and propolis.
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