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Abstract: With the development of civilization, the awareness of the impact of versatile aerosol
particles on both human health and the environment is growing. New materials are needed to purify
the air to control this impact The aspect of processing the produced waste is not negligible. In view of
the above, this study proposes utilizing the solution blow spinning process (SBS) for manufacturing
a biodegradable filtration structure that ensures high efficiency of nanoobject filtration, with a low
pressure drop. Polylactic acid (PLA) was used to produce a nanofiber layer on the coconut substrate.
The advantage of this method is the ability to blow fibers with diameters in the nano-scale, applying
relatively simple, cost-effective, and easy to scale-up equipment. This work selected appropriate
process parameters to produce good quality filters. Moreover, the process conditions influence on the
morphology of the obtained structures and, thus, also the filtration properties, were examined. For
tested solutions, i.e., 4% and 6%, the mean fiber diameter decreased as the concentration decreased.
Therefore, the overall filtering efficiency increased as the concentration of the used solution decreased.
The produced structures exhibited approximately 70% filtration efficiency for particles ranging from
0.02 to 0.2 pm with a pressure drop of less than 60 Pa. Obtained results are optimistic and are a step
in producing efficient, biodegradable filters to remove nanoparticles from air.

Keywords: non-woven filter; solution blow spinning; PLA; air cleaning; nanofibers; nanoparticles filtration

1. Introduction

Along with the development of civilization, the number of dangerous aerosol particles
emitted into the environment is increasing. The World Health Organization reported that
3 million deaths every year were a result of exposure to ambient air pollution. The compounds
of air pollution are mainly particulate matter (e.g., mineral dust, soot), ozone, nitrogen
dioxide, sulfur dioxide, ammonia, sodium chloride, benzo[a]pyrene. They are a complex
mixture of solid and liquid, organic and inorganic substances. Calderén-Garciduefias et al. [1]
found that exposure to air pollution causes neuroinflammation, an altered brain innate
immune response in childhood that should be considered a risk factor for Alzheimer’s
and Parkinson’s diseases. Wu et al. [2] noticed that long-term exposure (>12 years) to
particulate matter particles suspended in the air (PM) could cause an increased risk for
Alzheimer’s disease in the elderly (>60 years old). Kioumourtzoglou et al. [3] also showed
that increases in annual PM2.5 exposure are associated with time to the first hospitalization
for Alzheimer’s and Parkinson’s diseases and dementia. Moreover, when the concentration
of PM10 increases by 10 pug/m?3, the daily mortality increases by 0.6%, chronic obstructive
pulmonary disease (COPD) in people over 65 increases by 10%, and the risk of heart disease
increases by 11% [4]. Particulate matter is considered a significant component of outdoor air
pollution. Therefore, the International Agency for Research on Cancer (IARC) has classified
air pollution and separately PM as carcinogenic to human.

The sources of PM in the environment can be divided into two groups: natural
(e.g., ocean evaporation, volcanic eruptions, sandstorms, forest fires) and anthropogenic
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(industrial processes, domestic heating for households, fuel combustion, transportation,
thermal power generation). The impact of PM on human health is primarily related to its
size. The larger the particles are, the shorter the residence time in the air and the exposure
time. In addition, particles with a diameter of more than 5 um are mainly deposited in
the oral cavity and upper respiratory tract, where a cough can easily remove them from
the body. On the other hand, small particles remain in the atmosphere longer and can
penetrate deeper into the respiratory tract, up to the alveoli. The smallest of them, those on
a nanometric scale, penetrate the body’s barriers and, therefore, are the most dangerous.

There are many ways to reduce the PM from the atmosphere. Devices equipped
with fibrous filters or electrostatic precipitators are the most popular because they provide
high filtration efficiency over a wide range of particle sizes. Hasler and Nussbaumer [5]
showed that the fractional separation efficiency for non-woven filters and electrostatic
precipitators is higher than for other devices. Comparing these two methods of aerosol
separation, fibrous filters are used more often since their production and exploitation is
cheaper. The particles, depending on their diameter and process conditions, are deposited
on the fiber’s surface of the non-woven filters due to five mechanisms: diffusion (Brownian
motions), interception, inertial impaction, gravitational settling, and electrostatic forces [6].
Particle diameter, air velocity, filter thickness, porosity, and fiber diameter influence particle
deposition efficiency for a given mechanism. Jackiewicz et al. [7] compared the behavior of
melt-blown polypropylene filters composed of microfibers with those made of nanofibers.
As the mean fiber diameter decreases, the pressure drop and particle deposition efficiency
increases. Therefore, non-woven filters with only nanometric fibers, despite high filtration
efficiency, are rarely produced and rarely used. It is also due to the poor mechanical
strength of such thin fibers [8,9]. However, in the numerical simulation, Przekop and
Gradon [10] showed that mixing nanofibers with microfibers ensured high efficiency in
nanometric particle filtration without generating high pressure drops because nanofiber
is a significant attractor for collecting particles due to the huge surface area to volume
ratio. One can affect filtration efficiency by controlling parameters such as fiber diameter
or porosity at the stage of fibrous filter production. Moreover, considering that nanofibers
are excellent attractors for collecting particles, one can mix them with a highly porous
structure containing fibers with a higher diameter (micrometer size and higher) and, thus,
significantly improve the nanoparticle filtration efficiency without significantly increasing
the pressure drop. This means that the nanofiber production’s capability is crucial in
designing and creating optimal filters for air purification.

There are three major processes for nanofiber production: electrostatic spinning [11],
the melt-blown technique [12,13], and the blow spinning technique [14,15]. Electrospinning
technology is currently the most common method to produce nanofibers (also for water
filtration [16]), while the two other methods are less frequently used in the case of nanofi-
brous production. Huang et al. [17] used electrospinning methods to obtain nanofibrous
electret polyvinylidene fluoride materials for air filtration. The average fiber diameter was
644 nm. The filtration efficiency of NaCl particles with a mean diameter of 100 nm was
93.8%, but the pressure drop across the membrane was 950 Pa. The filtration efficiency
increased to 99% when nanoscale graphite platelets were incorporated into membranes, but
at the same time, the pressure drop increased to almost 1300 Pa. In turn, Su et al. [18] man-
ufactured a hierarchically structured TiO, /PAN (polyacrylonitrile) nanofibrous membrane
for air filtration and toluene degradation with a mean fiber diameter of approximately
900 nm. The manufactured membrane ensured the filtration efficiency of NaCl particles
(260 nm mass median diameter) in the range of 70-97% and a pressure drop of 50-150 Pa,
depending on TiO; content. Yang et al. [19] proposed air filtration sandwich-structured
polyamide-6/polyacrylonitrile nanonets with a mean fiber diameter in the range of 40 nm
to 320 nm. The obtained filtration efficiency was above 90% for sodium chloride particles
with a mean diameter between 300 and 500 nm with a pressure drop between 20-120 Pa
depending on the surface modification. There are also environmentally friendly procedures
for manufacturing filter membranes for effective air filtration using electrospinning tech-
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nology. For example, Zhu et al. [20] have developed a synthesis procedure for crosslinked
poly(vinyl alcohol) /poly(acrylic acid) composite membranes for air filtration. The obtained
filtration efficiency of NaCl particles (300-500 nm mean diameter) was as high as 90%
but at the same time, pressure drop was 150 Pa. An important aspect of manufacturing
filtration nanostructures is that the procedure should be environmentally friendly, and the
final product should be biodegradable, easily decomposable, or recyclable. Desai et al. [21]
fabricated a nanofibrous chitosan non-woven filter made by electrospinning with an aver-
age fiber diameter of 88 nm-131 nm, depending on the process conditions. The filtration
efficiency for NaCl aerosol particles of 260 nm mean diameter obtained for this structure
was 60-70%. Unfortunately, the pressure drop was not shown. In turn, Fang et al. [22]
used soy protein isolate to produce a nanofiber membrane as “multi-functional eco-friendly
filtration materials”. The filtration efficiency for NaCl particles (260 nm average diameter)
was in the range of 90-100%, depending on the area density of the membrane. However,
the pressure drop across the membrane was an average of 325 Pa. Matulevicius et al. [23]
manufactured nanofiber media using cellulose acetate. The obtained mean fiber diameter
was 350-360 nm, the filtration efficiency for NaCl particles (100 nm diameter) was 24%,
44%, and 55% for a single, double, and triple layer membrane, and the pressure drop was,
respectively, 6.6 Pa, 13.6 Pa, and 20.2 Pa.

Electrospinning has a few disadvantages: (i) the process of fiber production is challeng-
ing to scale up to the industrial level due to its low efficiency, and (ii) the chemicals used
during the process are not environmentally friendly. However, Bottjer et al. [24] showed
that by using electrospinning—the most popular method to produce nanofibers—one can
produce a nanofibrous structure with a high filtration efficiency for nanometric particles.
Notwithstanding, the final product is a membrane with relatively low porosity, leading to
high pressure drops. The high pressure drops in the structure for air filtration are undesir-
able since they require a higher energy input, which entails higher costs. In addition, high-
pressure drop structures, even with high filtration efficiency, cannot be used as personal
protective filters. The research on materials used as personal protection has been strongly
developed in recent years, especially due to the SARS-CoV-2 virus epidemic [25,26].

The industrial production of filters is based on the melt-blown technique. The most
popular polymer used is polypropylene, causing an environmental problem at the end
of the filter’s life. Waste that is difficult to recycle is produced, and it can form nano
plastic, which recently became a huge environmental issue [15]. If biodegradable mate-
rial is used to produce filtration structure, it will reduce environmental pollution. This
work proposes using polylactic acid (PLA) to produce nanofibers via the solution blow
spinning method (SBS). Such fibers are already successfully used for applications other
than separating particles from the air, e.g., tissue engineering, controlled drug release, as
surgical sealants [27]. In this technique, the polymer solution is carried by the stream of
compressed gas that induces fiber formation. It does not require a high temperature in
the solution or severe conditions for the process [14]. That fact gives a possibility to use
some of the polymers that were not yet applied in filters manufacturing. Using the suited
composition of the solution and process parameters makes it possible to acquire fibers with
several dozens of nanometer diameters. Applying such fibers may result in the fabrication
of new, highly efficient filtering media. Data on the use of non-woven PLA materials for
the effective removal of submicron- and micron-sized particles from the air can be found in
the literature [28]. Pierpaoli et al. [29] determined the filtration efficiency for NaCl aerosol
particles with diameters of 0.23 um, 0.5 um, and 1 pm. Jafari et al. [30] studied the filtration
performance of PLA media using 0.3 pm monodisperse DOP (dioctyl phthalate) particles.
However, there is a gap in the data on nanoparticles filtration using PLA non-woven fabric.
Data on the separation of nanoparticles from the air in other non-woven materials can
be found, e.g., for polypropylene [31,32] and PAN (polyacrylonitrile) [33]. The produc-
tion of non-woven materials made of biodegradable polymers effective for nanoparticle
separation is another excellent advantage of the solution blow spinning method. Such
materials could reduce the danger of nanoparticle inhalation and the environmental costs
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of utilizing the filters. Therefore, the main goal was to develop a new, biodegradable
filtration structure that ensures high efficiency in nanoobject filtration with a low pressure
drop (<100 Pa). The sandwich model of the filter was chosen for investigation. This was
created by applying a layer of biodegradable PLA nanofibers to the coconut substrate via
the SBS method. Within the work: (i) a system producing filter materials was launched;
(ii) operation parameters were selected to ensure materials with the desired properties were
obtained; (iii) filter materials were prepared from PLA solutions of selected concentrations;
(iv) pressure drops and filtration efficiencies of solid nanoparticles were investigated for
new materials; (v) influence of the electrostatic mechanism on filtration in PLA filters
was analyzed.

2. Materials and Methods
2.1. Production of Fibrous Materials Media via Solution Blowing
2.1.1. Coconut Support Mat

One of the features that the newly created filter material was supposed to have is
biodegradability. For this reason, organic materials were used as a backing layer for the
fibers generated by the SBS process. There are a lot of natural fiber sources, i.e., cotton,
flax, hemp, even properly processed straw. Coconut fibers are suitable in this case because
they have an appropriate diameter and already have the necessary mat structure. They are
easily available on the market in this form, and there is no need for a mat forming process.
Moreover, coconut fibers were chosen due to their numerous advantages: (i) they are hard
and rigid, therefore, they allow the entire filtering structure to be stiffened and stabilized;
(if) the mineral salts found in coconut fibers prevent the growth of microorganisms such as
bacteria and mites, which are present in ventilation and air-conditioning systems where
our materials can be used; (iii) they absorb and release moisture well; (iv) they have a
very porous structure, therefore, the pressure drop for aerosol flowing through such media
is low. The base layer should be characterized by the lowest possible pressure drop and
small filtration efficiency for submicron particles and high micron-size particles to act as a
prefilter for nanofiber structures. Due to the above, it was decided to use a coconut fiber
mat as a base layer.

The dimensions of each mat were approximately 14 x 14 cm and 1 cm thickness. The
exemplary coconut mat’s photo and a SEM image of its fibers are shown in Figure 1.

L D27 x250 300 um
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Figure 1. Support coconut mat for PLA fibers.

2.1.2. Polylactic Acid Solution

Polylactic acid (PLA) (Biomer L9000, Schwalbach, Germany) was chosen to produce
nanofibers. It is considered biodegradable and compostable. PLA is a thermoplastic, high-
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strength polymer that can be made from renewable sources to yield products for use in
many applications, e.g., in the packaging field or in medical devices.

The SBS method requires the use of a highly volatile solvent [34]. In this work, the
PLA was dissolved in a mix of chloroform (pure p.a, Chempur, Piekary Slaskie, Poland)
and acetone (pure p.a, Sigma-Aldrich, Poznan, Poland) at the volume ratio of 3:1 [35]. The
concentrations of tested solutions were 4 and 6% wt. Every mixture was stirred until the
polymer was completely dissolved. The PLA solution in a mix of chloroform and acetone
has nonnewtonian rheology with shear-thinning viscosity. For conditions present in the
nozzles during fiber formation (shear rate more prominent than 20 1/s), the apparent
viscosity was 70 mPa-s. The density of the polymer solution was equal to 1.377 kg/dm?3.

2.1.3. Solution Blow Spinning

The solution blow spinning setup consisted of four main parts: nozzle, infusion pump,
collector, and source of the compressed air (Figure 2a). The dissolved polymer was pumped
into the nozzle at a fixed rate, where a stream of high-velocity air surrounded it. Due
to the solution’s contact with air, the fibers were formed primarily due to shear stresses.
Elongation forces create the long filaments of solution. The solvent evaporates, and filament
solidification occurs. The air stream carried fibers and dried them simultaneously. The
dried fibers were gathered on the collector, where the coconut fibrous support mat was
fixed. The mat was rotated on a scaffold that performs additional reciprocating moves to
provide homogeneous nanofiber distribution on their surface.

Compressed air (b) 2
@
\|/ i
‘ ’ Dissolved N //W/
polymer il
oo A . v @
Infusion  Nozzle S
pump Collector

Compressed air
Figure 2. Scheme of the solution blow spinning setup (a) and cross-section through the nozzle (b).

The nozzle consisted of two concentric channels, as shown in Figure 2b. The polymer
solution was pumped through the inner one via a syringe placed in the infusion pump,
while the compressed air was released through the outer one. A compressed air stream
accelerated the polymer solution at the end of the channel. As a result, a cone was formed
from the collected solution. If air with sufficiently high pressure is used, solution streams
are entrained at the tip of the cone, from which solidified fibers are formed when the solvent
is evaporated.

2.2. Research Methodology
2.2.1. Preliminary Tests

In the first stage of the research, it was necessary to determine the process parameters
(air pressure and flow rate of PLA solutions) at which fibers with the desired properties
are formed. Owing to the analysis of data in the literature, it was possible to approximate
the order of magnitude of the parameters at which the research should be conducted.
Oliveira et al. [36] used PLA solutions with 4-8% concentrations, the solution flows ranging
from 0.02 mL/min to 0.12 mL/min and pressures from 2 x 10° Pa to 4 x 10° Pa. The
distance between the nozzle and the collector was set at 0.8 m. This distance provided a
long time between the formation of the fibers and their collection on the collector, giving
the solvent the longest possible time for evaporation.
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To establish approximate process parameters, PLA concentrations of 3%, 4%, 6%, and
7% wt were chosen for preliminary tests. For every solution, the feeding rate varied from
0.05 mL/min to 5 mL/min. For the stated conditions, pressure in the range of 0.5 x 10° Pa
to 3 x 10° Pa was applied in order to acquire an effective fiber formation. It was concluded
that defibration was the most effective at the polymer feed of 0.1 mL/min to 0.5 mL/min
with applied pressure of 0.5 x 10° Pato 1 x 10° Pa. At higher pressures, the fiber formation
was complex due to the high turbulence of the air at the point where the solution was
dispensed, which made the spiral cone impossible. The Reynolds number for air flow at the
end of the air channel was approximately 9500. If the flow rate was too low, the formation
of a spherical cone did not occur, as the gas stream immediately entrained the polymer. On
the other hand, at too high a flow rate, the gas stream could not take up the solution at a
sufficient rate, leading to the deposition of the solution as drops at the point of dosing. It
was observed that below a 3% concentration of PLA, fiber formation was difficult due to the
low viscosity of the solution. In comparison, above 7%, the process was complicated due to
the high viscosity of the solution, preventing the efficient formation of the spinning cone.

For the concentrations at which the fiber production process was the most stable and
the fibers collected on the coconut support were visible to the naked eye (4% and 6% wt),
detailed SEM analyses were carried out. For both polymer solutions, combinations of
polymer feed and pressure were tested as presented in Table 1. During the testing of each
set, 5 mL of a PLA solution was fed to the nozzle. The collected fibers were examined
under a scanning electron microscope (SEM, Hitachi TM-1000, Hitachi, Tokyo, Japan) to
determine their morphology. Fiber samples were coated with gold using sputter K550X
EMITECH (Quorum, East Sussex, UK) before the SEM analysis. Fiber diameter distribution
was determined based on SEM photos, each considering approximately fifty fibers from
different parts of the samples. The Image] analysis program was used to measure the
fiber diameters and the surface area of fibers and undefibrated polymer. The proportion
of undefibrated polymer surface area to fiber surface area was calculated. Results are
presented in Table 1.

Table 1. Tested parameters of PLA defibration.

Concentration

Pressure

Flow Mean Fiber Standard Ratio of Undefibrated PLA Surface

[%] [x10° Pa] [mL/min] Diameter [um] Deviation [um] Area to Fibers Area [-] Overall Quality
4 0.5 0.1 0.411 0.144 0.120 Good
4 1 0.1 0.396 0.157 0.108 Good
4 0.5 0.2 0.341 0.102 0.056 Very good
4 1 0.2 0.412 0.129 0.077 Good
4 0.5 0.3 0.400 0.129 0.093 Good
4 1 0.3 0.346 0.144 0.083 Good
4 0.5 0.4 0.461 0.329 0.172 Poor
4 1 0.4 0.279 0.087 0.038 Very good
4 0.5 0.5 0.425 0.197 0.061 Good
4 1 0.5 0.449 0.223 0.451 Poor
6 0.5 0.1 0.637 0.271 0.767 Poor
6 1 0.1 0.504 0.263 0.028 Very good
6 0.5 0.2 0.812 0.687 0.343 Poor
6 1 0.2 0.524 0.199 0.141 Good
6 0.5 0.3 0.602 0.289 0.054 Good
6 1 0.3 0.499 0.381 0.173 Poor
6 0.5 0.4 0.631 0.412 0.600 Poor
6 1 0.4 0.452 0.266 0.039 Very good
6 0.5 0.5 0.815 0.409 0.424 Poor
6 1 0.5 0.582 0.226 0.066 Good

The overall quality of the produced materials was assessed by comparing all factors
listed in Table 1, i.e., mean fiber diameter, standard deviation, and proportion of undefi-
brated PLA surface area to fiber area. The low value of the last-mentioned parameter means
that the sample consists mostly of fibers. On the contrary, a high value in this factor proves
that defibration was ineffective and many different structures, e.g., bubbles, droplets, are
visible in a sample. Every process parameter (flow of the solution, concentration, pressure)
had a significant effect on the final morphology of the materials. Exemplary photos of poor,
good, and very good-quality PLA materials are shown in Figure 3.
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very good-quality PLA material

TM-1000_3599 L x3.0k  30um TM-1000_3319 L x5.0k  20um

good-quality PLA material

TM-1000_3651 L x1.5k 50 um TM-1000_3306 L x500 200 um

poor-quality PLA material

TM-1000_3709 L x1.5k 50 um TM-1000_3593 L x500 200 um

Figure 3. Exemplary very-good-quality materials: (a) 4% PLA, 0.2 mL/min, 0.5 x 10° Pa; (b) 6% PLA,
0.4 mL/min, 1 x 10° Pa; good-quality materials: (c) 4% PLA, 0.2 mL/min, 1 x 10° Pa; (d) 6% PLA,
0.2 mL/min, 1 x 10° Pa; poor-quality materials: (e) 4% PLA, 0.5 mL/min, 1 X 10° Pa; (f) 6% PLA,
0.5 mL/min, 0.5 x 10° Pa.

2.2.2. Proper Measurements

As a consequence of the preliminary stage, a set of process parameters and solution
concentrations was obtained, for which, in the next stage, high-quality non-woven material
was produced. To sum up, two solution concentrations were tested: 4 and 6% wt. For every
solution, three samples were examined. The pressure of air and solution flow rate was
fixed during an experiment at the level of 1 x 10° Pa and 0.4 mL/min, respectively. The
working distance was set to 0.8 m.

The dependence of the fractional filtration efficiency of new material on the amount
of defibrated polymer was investigated. Initially, the coconut mat’s filtration efficiency
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and pressure drop were tested. The solution was applied on the mat surface in portions of
5 mL until 45 mL. After each portion, pressure drop and fractional filtration efficiency were
measured for three samples, and the results were presented as mean values.

Three samples of each filtering media were taken to characterize the PLA fiber size
distribution. The coconut mat was also characterized: pressure drop, fractional efficiency,
and mass were determined.

To check the influence of the electrostatic mechanism on the filtration efficiency of the
produced fibrous mats, some samples were placed into a desiccator with isopropanol for
twelve hours for charge neutralization. After this time, the filtration efficiency of samples
with and without charge neutralization was tested.

2.3. Nanoparticles Filtration
2.3.1. Potassium Chloride Nanoparticles

Solid particles of potassium chloride were used to study the fractional efficiency of the
new non-woven structures. They were generated from a solution of potassium chloride
(KCI) (pure p.a, Sigma Aldrich) in deionized water at a concentration of 0.1 gKCl/100 mL
of water. The concentration of KCl particles is shown in Figure 4. The apparatus was set to
generate particles with maximum concentration at the range of 0.02 pm-0.04 pm. Due to
the insufficient concentration, particles above 0.2 um were not considered.

25,000

20,000 o ®

15,000 =

10,000

5000 L

Concentration of generated particles
[Number of particles per cm3]

°
> @
0 & L] @ °® o
0 0.05 0.1 0.15 0.2 0.25 0.3

Diameter of generated particles [um]

Figure 4. KCl particles size distribution.

2.3.2. Test Bench for Testing Flat Filtration Materials

The PALAS MFP Nano Plus test bench was used to perform the filtration tests on the
PLA material. The scheme of the test stand is shown in Figure 5. It measures the pressure
drop and the fractional efficiency of the filter material, calculated as:

Nupstream, i — Naownstream, i
11_( upstream, i ownstream, i (1)

Nupstream, i

where: Nypstream,i and Nownstream,i denote the number of particles of a particular fraction
counted at upstream and downstream of the tested filter, respectively.
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Dilution columns
KCI DEHS

Figure 5. Test bench for testing flat filtration materials.

Compressed air was supplied to the test bench, and its pressure was adjusted with a
reducer. Then, the air was fed to the UGF 2000 nanoparticle generator. It produced particles
from a solution of a specific composition. Particles with too great a diameter were separated
from the aerosol using an in-line cyclone. Then, the aerosol was directed to a set of three
impactors arranged in series to separate the remaining particles of undesirable diameter.
The next step was to neutralize electrostatic charges with the Kr-85 neutralizer. The
neutralized aerosol was fed to the differential mobility particle counter (DEMC) classifying
column, where the particle diameter was determined through the electric mobility test,
connected to the universal scanning mobility particle sizer (U-SMPS) unit. Due to the
application of an electric voltage with a varying value, particles of a certain diameter were
released from the column and then directed to the pneumatic holder with the tested filter
material. The produced aerosol had a face velocity of 0.1 m/s. The particles were counted
with a universal fluid condensation particle counter (UF-CPC). The MFP Nano Plus stand
enables the efficiency measurement for the particles most penetrating the filtration structure,
having the so-called most penetrating particle size (MPPS). The stand was connected to a
computer that allowed data recording and analysis.

Each filter sample was tested three times, and the mean value of these three measure-
ments was taken. A single measurement lasted 380 s and the break 60 s.

3. Results and Discussion
3.1. Properties of the Coconut Fiber Support Layer

The average values of the filtration efficiency, pressure drop, and mass of the coconut
fiber mat samples used as PLA support layer were 5.24 + 1.30%, 1.52 & 1.66 Pa, and
24.67 £ 3.70 g, respectively. As emphasized earlier, the backing layer should have the
lowest possible pressure drop and filtration efficiency in the case of nanoparticles and high
filtration efficiency for microparticles to function as a prefilter for PLA nanofibers, and the
data below confirm that this was achieved. Moreover, it was observed that the formed PLA
filaments are effectively and permanently deposited on the surface of the coconut mats.

3.2. Influence of the Solution Concentration on the Obtained PLA Fibers’ Diameters

A series of SEM photos were taken of the structures produced by the SBS method
(examples are shown in Figure 6a,b). Their analysis allowed us to determine the PLA fibers’
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diameter distributions (see Figure 6¢) obtained for two concentrations of the solution used
for blowing while maintaining the other process parameters.

TM-1000_2942

o
o N o
| w N

Fraction of counts [-]
5

L x5.0k 20 um TM-1000_3268 L x5.0k 20 um

||m|l-.!l-ﬂ.:--g-ﬂ PO

0 % %5 %8s %6 %65 %2, %% %8, % 08, %0 “p 0 10, 0 Yo, 1 Yo
o T Ye N Yo TGy W % Yp dy Y 9 s Yo = Y
Range of fibers diameter [pum)] m4% m6%

Figure 6. Fibers produced at a flow rate of 0.4 mL/min and air pressure equal to 1 x 10° Pa from
4% solution (a) and from 6% solution (b). Distribution of fibers” diameters for materials made of 4%
and 6% solution (c).

For the concentration of 4%, the most considerable portion is represented by fibers
with diameters in the range of 0.15-0.4 um, which is 82% of the total number of fibers. For
the concentration of 6%, the highest number of fibers was observed in the diameter range
of 0.2-0.55 um, which is 75% of all fibers. Fibers of a minor diameter were observed for a
solution concentration of 4%. For two analyzed concentrations, the number of fibers with
diameters below 0.1 pm is negligible. Moreover, fibers with diameters above approximately
0.8 um are rarely observed.

Table 2 shows the minimum, maximum, and average PLA fiber diameters. The mean
fiber diameter increases as the solution concentration increases, so does the standard deviation.

Table 2. Parameters of PLA fibers.

PLA Solution Minimum Fiber Maximum Fiber Arithmetic Mean Standard
Concentration [%] Diameter [um] Diameter [um] Fiber Diameter [um] Deviation [um]
4 0.042 1.208 0.279 0.087

6 0.104 2.672 0.452 0.266
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3.3. Influence of the Solution Concentration on the Filter Performance

The two main parameters that characterize filter behavior are pressure drop and
filtration efficiency. Both were determined for produced non-woven structures.

3.3.1. Pressure Drop

Figure 7 shows the average values of total pressure drops for produced filters as
a function of the amount of applied polymer, while Figure 8 shows the pressure drop
increments measured for each added portion of polymer used.
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Q. 40.0 } %
o I
S
T 30,0 { . B 7
v = $ i
= e I 1
? 20.0 } - ? y=0.7017x + 1.7
o l T i I R? =0.9974
& 100 AT ?

Lo R

0.0
0 5 10 15 20 25 30 35 40 45 50

Volume of used polymer solution [mL]

Figure 7. Pressure drop as a function of solution volume.
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Figure 8. Pressure drop increment as a function of volume of used solution.

A higher pressure drop was observed for the non-woven fabric made of a 4% solution
than for the 6% solution, as shown in Figure 7. It is explained by the smaller value of
the average fiber diameter formed when the 4% solution was blown. The pressure drop
as a function of the amount of defibrated polymer for used process conditions can be
approximated with reasonable accuracy by a linear function for both concentrations.

In the case of the pressure drop increment, after each 5 mL polymer defibration, it
remains at a similar level for both analyzed solution concentrations. The more significant
discrepancy can be seen for the 4% solution, where the pressure drop increment is initially
higher and then decreases and stabilizes. This phenomenon may be due to the previously
indicated presence of non-fibrous structures in the filter material. The pressure drop
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increase indicates the stability of the process and the collection of a similar amount of
material on the coconut collector in each cycle.

3.3.2. Filtration Efficiency

The results of the fractional filtration efficiency measurements as a function of the
volume of the defibrated polymer solution for individual filter materials are presented in
Figures 9 and 10.
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Figure 9. Dependence of the fractional filtration efficiency on the volume of 4% PLA solution used
for the production of fibers.

90
s0mL e5mL @10mL A15mL ¢20mL
80 8 25mL A30mL ¢35mL @40 mL 4 45 mL
44
iy B0 ADA
X ‘§é
= A
3 60 SIS N
C § A
@ t
'S 50 2 ¢ %
g £ 3 $
40 . §
§ *e t s S S '
© 30 ‘. r A A i
= * Z A : *
e *
= 20 * . . % t b 3
* * . © . 4
| |
10 Bl B " = o= = M u . - - .
0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
KCl particle diameter [um]

Figure 10. Dependence of the fractional filtration efficiency on the volume of 6% PLA solution used
for the production of fibers.

Classical filtration theory states that the thinner the fiber diameter, the greater the
particle deposition efficiency, especially in the case of nanoparticles for which diffusion
is the dominant deposition mechanism. In the SBS technique, a lower concentration of
the polymer solution is used to obtain a smaller average diameter of the fibers produced.
Another feature of the filter that strongly affects the efficiency of its work is its thickness.
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Thicker filters have a higher filtration efficiency but also have a higher pressure drop across
the filter. With the increase in the amount of blowing polymer, the filtration efficiency
increases over the entire range of the tested particle diameters for both used solution
concentrations. The results obtained during the study confirmed the trend consistent
with the classical filtration theory. The more fibers were introduced into the structure (the
greater the amount of blown polymer solution), the higher was the filtration efficiency and
pressure drop.

It can be observed that filtration efficiency decreased for the tiniest particles (less than
about 0.1 um) as the particles” diameter increased. For every tested sample, a minimum
efficiency can be observed in the range of 0.1-0.15 um. This is the most penetrating particle
size (MPPS), for which penetration through the filtration structure is the greatest. This is
related to the influence of the diffusion mechanism that tends to decrease with an increase
in the particle diameter and the growing influence of the direct interception mechanism.
The coconut support layer, i.e., measurements for 0 mL, accounts for only a tiny part of the
overall filtration efficiency of the filter material (less than 10%).

Figure 11 compares the overall filtration efficiency for samples made of solutions of a
given concentration, and Figure 12 presents the overall efficiency increment.
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Figure 11. Dependence of the overall filtration efficiency on the volume of 4% and 6% PLA solution
used for the fibers production.
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Figure 12. Overall filtration efficiency increments as a function of the polymer solution’s volume.
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The resulting linear correlation between the volume of PLA and filtration efficiency
shown in Figure 11 allows us to easily predict the newly designed filter’s performance.

It is worth paying attention to the trend of non-woven efficiency produced by the
solution concentration of 4% shown in Figure 12. It is characterized by a large increase in
filtration efficiency after the application of the first layer of PLA fibers. However, with the
next portion of the solution, the rate of filtration efficiency increment significantly decreases.
For a concentration of 6%, this effect does not occur. The gain in filtration efficiency after
defibration of each portion of the polymer is around five percentage points and, in any case,
does not exceed ten percentage points. The reason for this phenomenon for samples made
from the 4% solution may be the inhomogeneity of the filter structure, i.e., the presence
of many non-fibrous structures, which, although initially providing high efficiency gains,
also cause a high pressure drop, as presented earlier. The further efficiency gains for this
material can be explained by the deposition of more and more fibers on the support mat,
increasing the filtration efficiency. At the same time resulting non-fibrous structures have
little effect on the efficiency, only increasing the pressure drop.

3.4. Effect of the Electrostatic Mechanism on Filtration in PLA Filters

The mean fractional efficiencies of fibers made of 4% and 6% solutions before and after
neutralization in isopropanol vapor are shown in Figures 13 and 14, respectively.

After neutralization, a decrease in fractional efficiency was observed for every sample.
For the material prepared from the 4% solution, the drop was kept constant at approx-
imately five percentage points over the entire range of the analyzed particle diameters.
For the filter blowing from the 6% solution, a constant decrease in efficiency could also be
observed for all particle diameters, but it was greater and amounted to approximately ten
percentage points.

The presented data suggest a significant impact of the electrostatic mechanism on
the filtration performance of fibrous filters produced from PLA using the SBS technique.
However, the origin of the present charges was not clear. One hypothesis is that there
was charging of fibers during their production, collection on a backing layer, storage, and
preparation for testing mainly due to the presence of a tribology mechanism. The KCl
particles used to study the filtration process were neutralized; therefore, the possibility that
they could induce charges on the fibers was rejected. Due to the above, the electrostatic
interactions, and more specifically, the Coulombic and polarization forces, are responsible
for the higher efficiency of non-woven materials before neutralization.
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Figure 13. Fractional efficiency of material made from 4% solution, before and after neutralization.
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Figure 14. Fractional efficiency of material made from 6% solution, before and after neutralization.

4. Conclusions

It was presented that using the SBS technique, material appropriate for nanoparticle
filtration may be produced as a nanofiber layer collected on a biodegradable coconut mat.
The process conditions significantly affect fiber quality, directly influencing their filtration
performance. If the polymer solution concentration decreases, the average of the produced
fibers diameter shifts to a smaller value. For 4% wt, the nanofibers with a diameter equal to
approximately 280 nm were created. The air pressure in the nozzle was found optimal for
fiber production at the level of 1 x 10° Pa. It was tested that a polymer solution flow of
0.5 mL/min produces mats from fibers with a minimum number of non-fiber structures.
The adhesion of PLA nanofibers to the coconut mat is strong enough to provide the efficient
collection of fibers during the SBS process, even for a distance between the nozzle and
collector equal to 80 cm. The final structures have approximately 70% filtration efficiency
for particles ranging from 0.02 to 0.2 um with a pressure drop of less than 60 Pa. The
obtained results show the benefits of introducing nanofibers to the filter structure. The
SBS technique can be easily scaled up to an industrial scale by, e.g., using multi nozzle
equipment. Moreover, thanks to the obtained dependence of the filtration efficiency on the
amount of PLA used, one can predict what amount of polymer is needed to obtain a filter
for a specific application with the desired efficiency.

The biodegradable filter production process needs further investigation, especially
to produce structures where nanosized fibers will be introduced inside, not only on the
surface. Furthermore, the biodegradation efficiency of PLA filters needs to be evaluated.
Obtained results are very promising and are a step in producing efficient biodegradable
filters for air purification.
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