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Introduction

The association between the concentration of the airborne particulate matter
(PM) and its adverse effects on human health has been thoroughly established in the
recent decades 1. The size of particles is of importance, thus, size classes of PMo,
PM:2s, and PM; have been established in order to reflect the negative effects on health.
Smaller particles are associated with more pronounced adverse health effects owing
to their higher penetration and deposition efficiencies in lung alveoli and their overall
higher toxicity 5-°. Not only the respiratory system but also skin contact 1>** might be
a pathway for nanoparticles to an organism. Because of that, it is important to look
for solutions regarding particle removal in order to avoid potential health risks.

Air filters serve as the most robust and well-established technology for
removing particles from air. Filters are installed as standard equipment for use in
heating, ventilating and air-conditioning systems in order to improve the indoor air
quality by controlling indoor particulate matter from both indoor and outdoor sources
4,58,14-16

Non-woven fibrous media have been extensively used in air filtration
applications. This type of filter manufacturing technology includes the synthesis of
the filter material by means of melt-blown, melt-spun, wet-laid, and various other
techniques. Electrospun filtration materials are relatively new, but they are being
considered as a promising alternative to the currently well-established technologies
owing to their high filtration efficiency at a relatively low basic weight compared to
the traditional air filtration media because of their small fibre diameters, which results
in a high surface area-to-volume ratio, high porosity, an interconnected pore structure,
and a controllable fibre diameter >17-%9,

Melt electrospinning is an emerging technique that is capable of spinning
polymers from their melts thus avoiding the undesirable consequences of solvent use.
Moreover, applications in filter material manufacturing are still limited at present,
mostly owing to the insufficient capability of producing small-diameter fibres
compared to solution electrospinning 52022,

Mixed micro and sub-micro-sized fibre materials are gaining attention in the
fields of energy and the environment, particularly for air filter and fluid membrane
applications 2224, High-durability filters or membranes with a high surface area and a
low pressure drop are essential for such applications. Synthesizing nanofibres is one
of the methods used to address these issues, which is becoming increasingly common.
This strategy has been proven to increase the performance of the air filter by allowing
a higher surface area in order to trap more dust particles and by introducing the
presence of the slip flow at the same time 8232% As nanofibres create high-density
filters, the pressure drop may increase rapidly even despite the presence of the slip
flow phenomena. The combination of submicron-sized fibres and nanofibres should
decrease the density of fibrous media 22,

While information on the mixed nano-submicron and supermicron media filters
is quite limited, we believe that it is a promising path for the further development of
air filtration. For that reason, we have created a novel technique of combined
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electrospinning which utilizes both solution and melt electrospinning. Such a method
allows simultaneous formation of nano-submicron and supermicron-sized fibres and
could be a new direction on the way to achieve high filtration efficiency with a low
air pressure drop.

Aim of the doctoral thesis
To develop novel melt electrospun fibrous structures, test their suitability for air
filtration applications, and optimize the process parameters.

Objectives

e To determine the main variables affecting the process of melt electrospun fibre
formation and optimize the fibre formation parameters.

e To form melt electrospun fibrous materials and test the filtration properties of the
produced fibre mats.

e To design a prototype fibre formation apparatus based on combined melt and
solution electrospinning principles.

e To manufacture fibrous materials by combining melt and solution
electrospinning, to compare the morphology and filtration efficiencies of the
produced structures.

e To determine the pressure drop and estimate the filtration quality factors for the
produced fibrous mats.

Scientific novelty
A novel method for fibrous media formation when melt and solution electrospinning
are being simultaneously applied with an objective to form mixed size fibres has been
developed. The filtration properties of these novel structures for different PM size
classes in several model systems have been tested thus providing new knowledge on
the filtration properties of such filter media.

Structure of the dissertation
This doctoral thesis consists of the following chapters: introduction, literature review,
materials and methods, results and discussion, conclusions, reference list, publication
list, and three appendices. The thesis comprises 103 pages, including 29 figures, 10
tables, and 3 appendices.

Publication of the research results
Two original research articles based on the research presented in this thesis have been
published in international journals registered in the CA Web of Science database. One
more manuscript has been submitted. The experimental results have been presented
at five international conferences.
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Practical value of the work

The novel morphology of a composite supermicron and nano-submicron structured
fibrous material provides technologically and environmentally favorable
opportunities to achieve superior air filtration properties. The presented work is aimed
at the demonstration of the technological feasibility of the developed fibrous
materials. This research corresponds to level 3 of the Technology Readiness Level.
Small-scale production can already be applied in personalized, low-capacity treatment
plants for air quality improvement. Nevertheless, the scaling-up of the production of
such filter media still poses a major research challenge. Possible applications of this
research are being discussed with air filter manufacturers.

Author’s contribution
The data and results presented and discussed in the third chapter of this doctoral thesis
were originally obtained and analyzed by the author. The research was carried out in
3 consecutive experiments resulting in three research articles.
In Experiment #1, optimization (D-optimal) of melt electrospinning parameters was
performed. The author designed and conducted all the fibre formation experiments,
performed data analysis, and prepared the manuscript for publication.

In Experiment #2, optimization (D-optimal-interaction) was performed for the
parameters left out in Experiment #1. In order to select the most suitable air filtration
parameters, four additional polymers for fibre formation were introduced. In the
second set of experiments, the author conducted the formation of melt electrospun
fibrous materials, performed hot-pressing, applied the electrostatic discharge, and
tested the filtration efficiency as well as the pressure drop. Based on the analysis of
the experimental data, the author prepared the manuscript for publication.

In Experiment #3, combined melt and solution electrospinning methods were applied
thus providing fibre mats with mixed nano-, sub- and super- micron structures. The
author designed the system for combined electrospinning, designed and conducted
mat formation experiments, tested the filtration efficiency as well as the pressure drop,
performed data analysis and prepared the manuscript for publication. The filtration
efficiency and pressure drop testing was performed by the author at the Institute for
Energy and Environmental Technology (IUTA), Duisburg, Germany.

The published manuscripts of the research articles were prepared by the author under
professional guidance of the supervisor and the co-authors.
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1. LITERATURE REVIEW

1.1. Air pollution

Pollution is one of the most significant environmental causes of disease and
premature death in the world today. Diseases caused by pollution were responsible for
an estimated 9 million premature deaths in 2015 — 16% of all the deaths worldwide,
which is three times more deaths than from AIDS, tuberculosis, and malaria combined
and 15 times more than from all the wars and other forms of violence. In the most
severely affected countries, pollution-related disease is responsible for more than one
death in four 2. Air pollution not only endangers health, but also causes economic
loss, which eventually leads to a number of social problems 282°, As attention to the
pollution problem has been rising, more and more researchers are focusing their
attention not only on the pollution sources and health effects, but also on innovative
solutions how to reduce these risks.

1.1.1. Currentsituation and problems

Health effects of air pollution from particulate matter are well known, and
worldwide efforts are being made to reduce both air pollution peaks and long-term
exposure to harmful levels. However, air pollution episodes and sustained high levels
still occur in various parts of the world. The World Health Organization (WHO) states
that 91% of the world’s population lives in places where air quality exceeds WHO
guideline limits, which results in 4.2 million deaths due to the exposure to the
ambience, and 3.8 million deaths are due to indoor air pollution *.

Indoor air pollution causes deaths resulting from pneumonia (12%), stroke
(34%), ischemic heart diseases (26%), chronic obstructive pulmonary diseases (22%),
and lung cancer (6%) 23132, As shown in Table 1, indoor air pollution has been
extensively studied in homes 33 schools %3¢, hospitals 3, offices ?** and
restaurants “243, However, indoor air pollution continues to be a global problem,
especially in the developing countries.

Recent studies have shown that about 90% of the population’s time is being
spent in the indoor environments: homes, schools, offices, etc. This is much higher
than the average time spent in the outdoor environments, which indicates the enormity
of human health risk posed by indoor air pollutants 27-3244-46,
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1.1.2. Particulate matter

Particulate matter (PM) is the segment of air pollution that is made up of
extremely small particles and liquid droplets containing acids, organic chemicals,
metals, and soil or dust particles. PM can be described by its aerodynamic equivalent
diameter (AED). Particles of the same AED tend to exhibit the same settling velocity.
Researchers traditionally subdivide particles into AED fractions based on how the
particles are generated and where they deposit in human airways: <10, <2.5, and <0.1
um (PMag, PMy s, and PMo 1, respectively).

Particles with a diameter greater than 10 pm have a relatively small suspension
half-life and are largely filtered out by the nose and the upper airway. Researchers
define a diameter between 2.5 and 10 um (PM25-10) as ‘coarse’, less than 2.5 um as
‘fine’, and less than 0.1 pum as ‘ultrafine’ particles. When interpreting this PM
research, it is important to appreciate that PMs contains ultrafine (PMo.1), fine (PMo.1-
25), and coarse (PM2s_10) fractions. In a mixed environmental sample, the total number
and the total surface area of these particles increases exponentially as the diameter of
the particles decreases. However, the total particulate mass of a substance generally
decreases exponentially with the decreasing particle diameter. For example, in a
sample of PMyo, the numerical majority of particles would be ultrafine, but these
particles would make up a negligible portion of the sample’s total particulate mass *.
A hypothetical mixed particle distribution is shown in Figure 1.

Particle Number

Particle Mass

1 1 1 3 1
) ! PM.2 s b
PM0.01 PM0.1 PM1 : PM10

1 t

Ultrafine Fine Coarse
Figure 1. Hypothetical mixed particle distribution *

Particulate matter is thought to contribute to cardiovascular and cerebrovascular
disease by the mechanisms of systemic inflammation, direct and indirect coagulation
activation, and direct translocation into systemic circulation 46°1°2, The data
demonstrating PM’s effect on the cardiovascular system is well-grounded.
Populations subjected to long-term exposure to PM have a significantly higher
cardiovascular incident and mortality rate *!>32, Short-term acute exposures
prominently increase the rate of cardiovascular events within days of a pollution spike.

Particle Size
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Respiratory diseases are also exacerbated by exposure to PM, such as
respiratory morbidity and mortality by creating oxidative stress and inflammation,
which leads to pulmonary anatomic and physiologic remodeling. Literature shows
that PM causes worsening of respiratory symptoms, triggers more frequent
medication use, decreased lung function, recurrent health care utilization, and the
subsequent increased mortality 462,

These consistent results were obtained by multiple studies with varying
populations, protocols, and regions. The data demonstrates a dose-dependent
relationship between PM and human disease, and shows that removal from a PM-rich
environment decreases the prevalence of these diseases. Indoor PM exposure can be
reduced by the usage of air conditioning and particulate filters, decreasing indoor
combustion for heating and cooking, and smoking cessation. Susceptible populations,
such as the elderly or asthmatics, may benefit from limiting their outdoor activity
during peak traffic periods or on poor air quality days. These simple changes may
benefit individual patients in both short-term symptomatic control and long-term
cardiovascular and respiratory complications “.

1.2. Theoretical background of air filtration

Air filters are the most common air purification systems due to the low cost,
application simplicity, and a wide variety of suitable materials. Extensive theoretical
investigations of filtration mechanisms have been conducted since 1943. The
mechanical collection mechanisms of air filters are Brownian diffusion, inertia,
interception, and gravity 5. The main filter mechanisms of fibre material, filtration
efficiency for individual single-fibre mechanisms, and the total efficiency and

different filtering effects on the particle size are represented in Figure 2.
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Figure 2. Main fibrous filters air filtration mechanisms: a) Main filter mechanisms of
fibre material 3*; b) Filtration efficiency for individual single-fibre mechanisms and total
efficiency. c) Different filtering effects on the particle size %
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The interception capture mechanism occurs when particles move with the
airflow as the distance between the streamline of the particle’s centreline and the
streamline of the fibre centreline is less than or equal to the sum of the fibre radius
and the particle radius. Interception efficiency is affected by Reynolds number (Re)
and the intercept coefficient °°.

The diffusion capture mechanism is observed when small-sized particles are
captured by the fibre surface with gas molecule collisions and random movement. The
diffusion capture mechanism is a function of Reynolds number (Re) and Peclet
number (Pe). This mechanism is most significant for the particles smaller than 1 um.
The smaller is the particle size, the more intense is the random movement, and the
more obvious is the diffusion efficiency. Research shows that the theoretical
calculation value of the diffusion capture efficiency becomes greater than 80% when
the particle size is less than 0.1 um. Under these circumstances, any other capture
efficiency can be ignored .

One of the simplest ways to combine the diffusion and the interception
mechanisms with a reasonable accuracy is to add the two individual efficiencies so
that to obtain the combined efficiency. This practice assumes that only one mechanism
is predominant, with the contribution made by the other mechanism being small. This
assumption has been found to be adequate for combining the diffusion and the
interception mechanisms. The efficiency due to diffusion decreases with the
increasing particle size, whereas the efficiency due to interception increases rapidly
with the increasing particle size 7.

The inertia capture mechanism is closely related to the mass of the particles.
The inertia effect occurs when particles move with the airflow. Particulate matter that
is not within the airflow streamline will be arrested by the fibre surface when the flow
changes. The inertial capture efficiency is greatly influenced by the speed of the air
stream, as it is the function of Stokes parameter (St) and Reynolds number (Rey). The
bigger is the particle size, the greater is the inertia, and the higher the inertia efficiency
will be 8,

Electrostatic capture efficiency refers to the collection efficiency of particles or
fibres in the electric field formed by the opposite charged Coulomb force, the image
force, and the polarization force of the electric field emission. Electrostatic effects are
generally present in filtration processes because particles and fibres are charged to
some extent. However, the effects are insignificant unless the particles or fibres are
highly charged *°.

While filters composed of fibres remove particles mainly by the above
mentioned mechanisms, the collection efficiency is affected by the internal structure
of the filter, such as the variance of the fibre diameter, the inhomogeneity factor, and
the packing density. The relative contribution of each collection mechanism to the
particle depends on the physical properties of the filter (the fibre diameter, the packing
density, the orientation of fibres, and the internal structure of the filter), and the
particle properties (their diameter, density, and shape) as well as the filtration
conditions (filtration velocity, pressure, and temperature).
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1.2.1. Parameters of non-woven fibrous filters

Fibrous filters aim to minimize both the particle penetration (P) and the pressure
drop (Pd) across the filter. Particle penetration is defined as the ratio of the particle
number concentration downstream to that upstream of the filter. The overall
performance of the filter is often evaluated by using the quality factor. From the
application point of view, the deposited mass of the particles at which a filter clogs is
also fundamentally important (Chattopadhyay, Hatton, & Rutledge, 2015).

The filtration efficiency of a clean non-woven fibrous filter can be approximated
by an idealized structure of fibres, for which, the filtration efficiency (n, %), fibre
packing density (a, g/cm?), single fibre efficiency (nt, %), filter thickness (Z, cm), and
the mean fibre diameter (dr, cm) are all related as follows 2>;

4ansZ
n(l-a)dr

n=1—exp[— Eqg. 1

When the slip effect is taken into account, it shows good results for the particle
size from 80 to 400 nm and the fibre diameter at 1 um. For nanofibre filters, the
interaction of diffusion and interception is more significant than the inertial impaction,
hence:

Ng=1np+ng Eq. 2

where mp and mr are the single fibre efficiencies due to diffusion and
interception, respectively, and are expressed in Egs. 3 and 8 accordingly:

_N\1/3
o =16(=2) " Pe?3C,C, Eq. 3
1/3
Cy =1+ hKny [122] Eq. 4
1
2= 1+1.6[(1-a)/Ku]/3Pe~2/3¢C, Eq.5

where Ku = — (Ina) /2 + a — a?/4 — 3/4 is Kuwabara hydrodynamic factor,
Pe =Uyds/D is Peclet number with Uo as the face velocity (m/s), D =
kT Cs/3muD, is the diffusion coefficient (m?/s), ke is Bolzmann constant (J/K), T is
the absolute temperature (K), u is the air dynamic viscosity (Pa-s), Dy is the aerosol
size (um), Cs =1+ Kn[1.207 + 0.44exp(—0.78/Kn)] is Cunningham slip
correction factor ®-%* with Kn = 21/D,, as Knudsen number based on the aerosol size,
Kny = 21/ds as Knudsen number based on the fibre diameter, and h is a constant
that equals to 0.388 in Payet’s correlation 2,

_ 1-a Kny \ (_Db/d} )
e = 0.6 (Ku ) (1 + Dp/df) (1+ Dp/ds Eq.6

where Dy/ds is sometimes referred to as the interception ratio.
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There are two ways to improve the filter quality. The first strategy is to make it
more efficient in filtering out particles in order to increase the filtration efficiency,
and the other method is to make it more permeable in order to reduce the pressure
drop 3862,

Forchheimer’s equation is used to evaluate the fluid flow in porous media. The
first term of this equation refers to purely viscous effects, whereas the second term
refers to the inertial effects, according to Equation 7:

ATP:k%-vS+Z—‘;’vSZ Eq.7

where L represents the thickness of the filter media (cm), u is the viscosity of
the fluid (Pas), ki and k» are constants of the permeability of the filter media, pg
represents the density of the gas (kg/m?), and vs is the superficial velocity (m/s). AP is
the pressure drop (Pa) that is the difference between the inlet and the outlet pressure
of the filter during the passage of the air stream %,

When a low filtration velocity is being used, the second term of Eq. 7 can be
neglected, and thus Eqg. 8 may be used:

AP u

L—k—l'vs Eq. 8

Thus, the permeability of the porous filter media can be obtained by Darcy’s
equation. This equation evaluates the flow of fluids in porous filter media relating the
pressure drop values with the superficial velocity .

As it was mentioned in the previous chapter, filtration efficiency is not a
sufficient parameter for filter quality evaluation. Fibrous filters could be described by
the packing density and porosity of mats, which could be estimated by the following
equations:

a=W/Zxp Eq.9
e=(1—-m/zxAXp)x100% Eq. 10

where o is the packing density (g/cm?®) and ¢ is porosity (%), p is the fibre matter
density (g/cm?), Z is the filter matt thickness (cm), W is the filter area density (g/cm?)
22 mis the filter mass (g), and A is the area of the filter (cm?).

The optimal formulation for air filtration performance is defined by the quality
factor (QF; Pa™)!"®3 which balances the filtration efficiency and the pressure drop:

QF = —(In(1 —n)/AP) Eqg. 11
where 1 is the filtration efficiency (%), and AP is the pressure drop (Pa).
1.2.2. Standardization of filter efficiency

High efficiency particle air filters are increasingly being recommended for use
in heating, ventilating, and air-conditioning (HVAC) systems in order to improve the
indoor air quality. ISO Standard 16890-2016 provides a methodology for
approximating mass-based particle removal efficiencies for PM1, PMas, and PMyg by
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using size-resolved removal efficiency measurements 0.3—1 um for ePMy, 0.3-2.5 pm
for ePM_ s, and 0.3-10 um for ePMyo particles ®. The fraction of particles that the test
device removes from the air passing through was referred to as the particle penetration
and was calculated from the amount of the particulate that penetrated the test device
during the test:

P = Cdownstream/cupstream Eq. 12
Eys = (1= Pyg) X 100 Eq. 13

where Cgounstream aNd Cupstream 1S the particle mass concentration downstream and
upstream of the test device, respectively; Egs is the particle fractional efficiency at the
particle size, ps, %; Pys is the particle penetration at the particle size, ps.

The average fractional efficiency Ea;resulting from the averaging efficiencies
of an electrostatically charged and discharged filter was calculated as follows (Eqg.
14):

Ey; =05 (E;+Ep;) Eq. 14

where E; is the initial fractional efficiency of the particle size range, i, of the
untreated and unloaded filter element, % (it equals to the efficiency values Eps of the
filter element taken from ISO 1689-2), and Ep, is the fractional efficiency of the
particle size range, i, of the filter element after the artificial conditioning step, % (it
equals to the efficiency values Egs of the filter element taken from ISO 1689-2 after
the conditioning step has been carried out according to 1ISO 16890-4)

The particulate matter efficiency of ePM; (Urban size distribution) (Eq. 15) was
calculated from the average fractional efficiency Eai, E4,;=0.5-(Ei+Ep,), and the
standardized particle size distribution is defined in 1ISO 1689.

ePM; = Y1 Eq; qsu(di) - Alnd; /371 g3, (d;) - Alnd; Eqg. 15

where d; = \/d; - d;,, is the geometric mean diameter, and A In di=In dix1 — In
di = In(di+1di). In the formula ePMi=i=InEa;-gs,di-Alndii=1ngs.di-Alndi, i is the
number of the channel (size range) of the particle counter under consideration, and n
is the number of the channel (the size range) which includes the particle size, x (dn <
X < dn+1), where x = 1 um for ePMg, and the lower size limit of the smallest channel
of the particle counter taken into account for the calculation of the efficiency values
is equal to 0.3 um (d1=0.3 pm). The same principle is used for the calculation of
ePM_sand ePMio, by changing x to 2.5 and 10, respectively.

Additionally, the minimum efficiency ePMmin could be calculated by using Eg.
15, by replacing Ea; to Ep, in the calculations. The initial efficiency (Ei), efficiency
(Ea,1) and the minimum efficiency (Ep,i) values were used to classify the filter material.

1.3. Fibrous filters

Fibrous filters are the most commonly used separation systems in airborne
particle filtration because they may offer a high filter efficiency while maintaining an
acceptable pressure drop. Because of their numerous manufacturing processes, they
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may exhibit very different characteristics in terms of the packing density, thickness or
the fibre size distribution .

Currently, air filtration is still the most promising technique for air purification.
Filtering exhibits the advantages of high purification efficiency and outstanding
performance stability in a variety of applications. Additionally, the emergence of hew
materials with excellent physical and chemical properties further promotes the
development of the filtration technology, along with the ongoing progress in the field
of membrane materials science and technology €.

1.3.1. Microfibre filters

The traditional air filtration media (micrometre-scale fibres), such as glass
fibres, spun-bonded fibres, and melt-blown fibres usually show low filtration
efficiency for fine airborne nanoparticles (0.1-0.5 pm) because the pore size formed
with the micrometre-scale fibres is fairly large. Although some nonwoven filtration
materials exhibit good filtering performance for micrometre-level particles, their
performance is still far from satisfactory for sub-micrometre PM and for bacterial
filtration. To improve the filtration efficiency of the traditional filter media, it is
necessary to create thicker media. However, a thicker filter medium can be difficult
to use due to a higher pressure drop and increased energy costs °°.

Chattopadhyay, Hatton and Rutledge (2015) analyzed the performance of
microfibre filters with a diameter of 0.1-24 um. By using analysis based on blocking
filtration laws, they concluded that filters with a larger fibre diameter showed a
transition in mechanisms from the initial regime characterized by pore blocking to a
later regime characterized by cake formation . Chen et al. (2017) experimented with
a microfibre filter by loading it with PM from a gasoline direct injection engine. The
experiment results showed that the filtration efficiency in terms of PM mass and
number increased over time. A small fraction of the accumulation mode particles with
a size between 70 nm to 500 nm penetrated the filters, while virtually all the nucleation
mode particles with a size below 50 nm were captured by the filters.

Leung and Hung (2008) investigated the effects of particle loading on the
filtration efficiency and pressure drop for three nanofibre filters and one microfibre
filter at a face velocity of 0.05 ms™. The filters were made of fibres 0.3 and 1.8 um in
diameter, respectively. The thickness and the packing density of the microfibre filter
were 0.1 mm and 0.04845, respectively. Monosized NaCl particles were used as the
test particles. They found that the filtration efficiencies of clean nano- and micro-
fibrous filters for particles smaller than 70 nm were in good agreement with the
theoretical calculations. The most penetrating particle size (MPPS) was 103 and 203
nm, respectively, for nano- and micro- fibrous filters before they were loaded with
particles. Particle loading led to a decrease in MPPSs for both types of filters, and the
decrease was larger for nanofibre filters than for microfibre filters. An increase in the
pressure drop across the nanofibre filter approximately followed a third degree
polynomial function of the specific deposit. Under continuous loading conditions, the
rate of an increase in the pressure drop was lower for the microfibre filter than for the
nanofibre filter ®. This shows that, besides a lower filtration efficiency in microfibre
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filters, certain aspects, such as a lower pressure drop, are more prominent in micro
structured fibre filters.

1.3.2. Nanofibrous filters

Nanofibre filters have been extensively studied in recent years. Nanofibre
membranes are usually made of organic or inorganic polymers with fibre diameters
ranging between 100-500 nm, and pore sizes ranging between 0.2—5um 67072,

Air filtration by using the nanofibrous structures is one of the more promising
and interesting research areas 2>, The main purpose of developing nanofibrous
filters is to create filters with a higher efficiency, a lower energy consumption, a
longer lifetime, and easier maintenance. So far, several methods have been proposed
for the production of nanofibres. In the meantime, the electrospinning process has
been receiving much attention in the recent years due to its simplicity and its capacity
to work with various mechanisms for the production of fibres. Electrospun
nanofibrous mats, as one of the utmost promising and versatile filter media for fine
particle filtration, are denoted by several fascinating features, such as a large specific
surface area, high open porosity, controllable pore size distribution, and an
interconnected porous structure 7680,

The interactions between the fibrous media, the aerosol, and the operating
conditions (filtration velocity, humidity, temperature, etc.) exert a significant impact
on the deposit structure, the efficiency, and the energy expenditure. Typically,
aerosols are first collected within the filter (depth-filtration). Then, the filtration mode
changes from depth to surface filtration with the formation of a cake on the filter
surface. During the transition between these two filtration modes, airborne particles
may be collected by either the growing cake, or by the filter fibres. During filtration,
the pressure drop and the collection efficiency evolve over time 8.

With high aerosol loading, the aerosols that get trapped by the nanofibre filter
can reduce its flowable pores. Furthermore, the region near the upstream end of the
filter which faces the challenging aerosol stream tends to trap more aerosols not only
just from the fibres of the filter, but also from the trapped aerosols themselves thus
producing the avalanche/domino effect. This region is known as the ‘cake’ layer 883
with the majority of the aerosol getting trapped tightly there; it also accounts for a
large percentage of the pressure drop across the filter. Due to that, the filter pressure
drop might reach an unacceptable level 8%, As both nanofibre and microfibre filters
suffer from their own disadvantages, in the recent years, a new form of advanced
filters came into the centre of attention in the scientific community. Mixed media or
Hierarchically structured filters offer combinations of different-sized fibres and
different materials so that the best quality filters could be developed.

1.3.3. Hierarchically structured/mixed media filters

Nano-micro fibrous membranes are seen as promising regarding their
application as the filter media as they are denoted by an extremely high filtration
efficiency for ultrafine to fine particles and a relatively low pressure drop due to their
unique structure 2288 Fibrous filters containing nanofibres are often produced as
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multi-layered filters which consist of a nanoweb and a resistant substrate which
provide physical and mechanical properties required for the filter -2,

By layering materials of differing fibre sizes 2% and/or different properties
87.95-97 a2 new generation of high performance air filters could be developed. These
new structures promise high air filter efficiency without sacrificing the low air
pressure drop or including the sorption of volatile organic compounds (VOCSs) in the
otherwise conventional filtration systems.

In their work, Zhong et al. (2018) fabricated a double-network membrane for
efficient filtration of fine PM particles. The membrane was composed of binary
hierarchical structures including scaffold poly(m-phenylene isophthalamide) (PMIA)
nanofibres and intertwined ultra-fine SiO; nanofilaments on its surface. The presence
of SiO; nanofilaments notably changed the morphology, the specific surface area and
the porosity of the pristine PMIA nanofibres without reducing the mechanical
strength. PM capture measurement demonstrates that the hybrid membrane exhibited
a significantly better PM capture score than the bare PMIA membrane, and the
removal efficiencies of PMzsand PMio were 97.33% and 98.48%, respectively.

Zhu et al. (2018a) created multifunctional poly(vinyl alcohol)/poly(acrylic acid)
(PVA-PAA) composite membranes via electrospinning and thermal crosslinking.
Superhydrophobic silica nanoparticles were then incorporated into the fibres thus
resulting in a rough surface, after which, AgNO; was introduced, which resulted in
the formation of Ag nanoparticles through UV reduction. The PVA-PAA-SIO,-Ag
NPs membranes were found to possess high air filtration performance (with >98%
filtration efficiency for PM,s) as well as potent antibacterial and antiviral activities.
These newly designed PVA-PAA-SiO2 NPs-Ag NPs nanofibrous membranes with
many superior features (e.g., high filtration efficiency, high tensile strength, biological
compatibility, and antibacterial properties) have a great potential in future
applications.

1.4. Introduction to electrospinning

Almost all fibre barrier membranes used in the industry of nonwovens are based
on the melt blowing technology as melt spinning processes are used to produce
microfibres by injecting molten polymer streams into high velocity gas/air jets that
form a self-bonded web when collected on a moving surface!®. High-velocity air jets
impinge upon the polymer as it emerges from the spinneret. The drag force caused by
the air attenuates the fibre rapidly and reduces its diameter by as much as one hundred
times in comparison to that of the nozzle diameter. The typical melt blown membranes
feature fibre sizes ranging from 0.5 to 10 mm with an average fibre diameter of 1-2
mm. Melt blown webs are known for their high surface area per unit weight, a high
insulation value, and high barrier properties. These properties make them excellent
candidates for making high quality filters, surgical drapes and gowns, diaper leg cuff,
and protective apparel, where a barrier to fluids and breathability are essential features
100-102

Electrospun nanofibre membranes are a promising technology to address the
three primary barriers associated with membrane filtration: high capital cost, low flux,
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and severe fouling. The nanofibre morphology of electrospun membranes results in a
higher flux than the conventional polymer membranes due to the improved effective
porosity while retaining high selectivity in microfiltration applications. Furthermore,
nanofibre membranes are denoted by lower production costs than the conventional
membranes, which results in a significantly lower capital cost of the membrane
systems. As a result, electrospun microfiltration membrane fabrication is a promising
area of research 62103-106,

1.4.1. Basic principle

Electrospinning is a fibre formation technique that was firstly described in 1902
by Cooley and by Morton. This started the long process of innovations and scientific
analysis. Throughout the 20" century, the basic technique of electrospinning was laid
down, but the present understanding of the process is mainly more recent research 17,

The formation of fibres through electrospinning is based on the stretching of a
viscoelastic liquid due to the difference of the potentials between the positively
charged electrode and the negatively charged collector. In order to understand and
assess the process that enables the formation of various fibre assemblies, the principles
of electrospinning and the different parameters that affect the process must be
considered (Teo & Ramakrishna, 2006). Unlike the conventional fibre spinning
methods, such as dry-spinning and melt-spinning, electrospinning makes use of
electrostatic forces in order to stretch the solution or melt as it solidifies. Similarly to
the conventional fibre spinning methods, the drawing of the solution in order to form
the fibre will continue as long as there is enough material to feed the electrospinning
jet. Thus, without any disruption to the electrospinning jet, the formation of the fibre
will be continuous (Chronakis, 2005; Huang, Zhang, Kotaki, & Ramakrishna, 2003;
Teo & Ramakrishna, 2006).

1 — Polymer solution or melt

2 — Needle

3 — Taylor cone

] 4 — Electrospinning jet

V F------ 7 e 5 — Bending instability
< 5 6 — Collector

-6 7_High voltage power supply

i Figure 3. Basic scheme of electrospinning

Electrospinning depends on the complex interactions between the surfaces,
shapes, rheology, and electrical charge. These phenomena cooperate to create
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electrified jets of polymer solutions, and polymer melts 1%, A basic scheme of
electrospinning is shown in Figure 2. When an electric field is applied, charges
accumulate on the surface of the polymer droplet formed at the tip of the needle and
create instability that deforms the hemispherical droplet into a conical shape, referred
to as the Taylor cone. Due to that, a competition develops between the Coulombic
repulsion of charges favoring droplet distortion and the surface tension opposing
droplet division. When the applied electric field strength is sufficiently high, a jet is
continuously ejected from the apex of the cone and travels towards the grounded plate
as a fibre. The high charge density on the surface of the fine jet leads to electrical
instability, making it whip around rapidly. The jet diameter decreases due to stretching

(whipping) and evaporation of the solvent if the solution of the polymer is being used
108-110

During the deposition process, fibres with a small amount of the preserved
residual Coulombic charge are repelled away from the previously deposited fibres.
According to Brown et al., charge storage is dependent on the crystallinity, polymer
structure and the presence of additives in the electrospun jet. Charges may trap at the
interface of crystals and amorphous regions, as well as in the inner regions of
spherulites. Hence, surface free charges may exist 1.

The results of numerous studies show that the final morphology of the fibre is
highly influenced by the physical properties of the polymer precursor. Appropriate
adjustment of the precursor’s electrical conductivity and viscosity may be the most
important factor in fine-tuning the morphology of the prepared fibres 1127115,

In the research by Balgis et al. (2017), due to the high viscosity of the cellulose
nano fibre gel that the researchers were using for electrospinning, a medium
concentration PVP of 8 wt. % was selected for fabricating the nanofibre composite in
order to keep the diameter of the nanofibre composite as small as possible. The
obtained results showed that the final morphology of the fibre is highly influenced by
the physical properties of the polymer precursor. Appropriate adjustment of the
precursor’s electrical conductivity and viscosity may be the most important factor in
fine-tuning the morphology of the prepared fibres %,

The morphology of the out-coming fibres or mats will depend on several
experimental conditions including the viscosity of the solution, the applied electric
field (the applied voltage/the needle-to-collector distance), the pump rate, the
temperature and pressure, the solvent vapor pressure (the evaporation rate), and the
collection time. Another method employed to control the fibre morphology
(alignment) during electrospinning is the use of a rotating collector or an oscillating
needle 116-118 This makes electrospinning serve as a good tool to produce mats with a
better-controlled morphology. A common morphological feature in the
electrostatically deposited fibres and mats is the formation of beads or beading. This
particular feature involves the formation of random beads, preferentially where fibres
intercrossing each other, often due to the viscoelastic nature of the electrospun
precursor fluids or fluctuations in the deposition parameters. The permeability of mats
is a function of the distribution of pore dimensions. These dimensions are statistically
distributed, and they tend to correlate inversely with the mat thickness or the electro-
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spinning deposition time. The dimensions of most pores for reasonable deposition
times (a few hours or less) lie within the range between micro and nano-metres, as
evidenced by SEM micrographs °.

1.4.2. Solution electrospinning

Electrospinning is a fast-emerging technique intended to produce fine and
ultrafine fibres from a wide range of polymers. This technique can be used with both
solution and melt phases of polymers depending on the application. Solution
electrospinning has been widely used due to the low cost and simplicity of the device,
as well as because of the ease of adaptation to a wide variety of polymers. In the
conventional electrospinning processes, polymer solutions turn into continuous
polymer jets in the presence of an electric field applied between the nozzle and the
collector 112 However, the major drawbacks of this technique are related to the
uncontrollable nature of the spun fibres and the use of toxic solvents which may not
evaporate completely during the process 24123, Studies with solution electrospinning
show that the final morphology of the fibre is highly influenced by the physical
properties of the polymer precursor %23, This complicates the selection of polymer
solution electrospinning and may lead to the usage of hazardous solvents and
additives, which will restrict any further usage of the product.

To address these challenges, some innovative approaches, such as the focused
electrical field 124, nearfield electrospinning 1, and direct-write electrospinning 125126
have been used in order to produce structures with more controlled features. However,
these methods still require solvents throughout the process. In contrast, melt
electrospinning is an alternative technique which does not rely on any solvents and
can deliver highly ordered fibre depositions. Moreover, polymer melts usually feature
a higher viscosity than solutions, which results in the formation of more stable
polymer jets denoted by a better control and higher precision 10127131,

1.4.3. Melt electrospinning

The idea of melt electrospinning originated from the work of Norton in 1936
while its importance was truly realized by Kim and Lee in 2000 %2, Since then, the
electrodynamics of nonisothermal polymer jets as well as the polymer structures has
been extensively studied both experimentally and theoretically 133-1%, Different setups
as well as polymers have tested throughout recent years ¥4 Inspiring work was
conducted by Dalton and Hutmacher 126:135:137.144-146 The technique of 3D printing was
embedded into melt electrospinning, which was termed as melt electrowriting 4, by
which, nontoxic and micro-scaled scaffolds with various structures can be easily
printed out for cell culture and drug releasing.

Previous studies demonstrated that it is possible for melt electrospinning to
obtain fibres with sub-micron diameters 133147148 |t was reported that the diameter of
fibres decreases when increasing the applied voltage and the melt temperature. Lyons
et al. found that fibres of polypropylene and poly(ethylene terephthalate) electrospun
by melt electrospinning could be obtained with diameters ranging from hundreds of
nanometres to hundreds of micrometres via a modified device design ¥, While it
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seems that modified melt electrospinning can produce finer fibres, more data is still
needed.

Melt electrospun fibres have been produced by adding a plasticizer 24, with a
CO; laser heated melt electrospinning device '*3, or by employing the airflow
assistance technology 139150151 coaxial 2 and other modifications; these efforts
produced different results which are suitable for a variety of applications.

The solvent-free feature of melt electrospinning has shown great potential in the
fields of air purification>®, tissue engineering '*¢, biomedical engineering 151%,
biosensors %%, etc.

The main effective parameters of melt electrospinning are the collector speed,
the polymer feed rate, the tip-to-collector distance, the temperature of melt, and the
applied voltage. In the literature, there are a number of studies considering the effects
of different process parameters on the fibre diameter and the shape fidelity of
electrospun structures %7-%°; however, a few works also explored their counter-
influence and interactions %, Because of that, determining the influence of process
parameters on the shape and the diameter of the deposited fibres is crucial in
predicting the relevant set of the process parameters in order to achieve the desired
fibre diameter.

While melt electrospinning offers some advantages for air filtration application,
the process of fibre formation is usually overlooked due to the comparatively large
fibre diameter. That being said, numerous researches on melt electrospinning analyze
its suitability for other applications, such as scaffolds, drug delivery, etc. Such interest
in this method results in introducing new materials and offers deeper knowledge on
the process. The research analysis on melt electrospinning (polymers, conditions,
fibre diameters and potential applications) is presented in Table 2.
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1.4.4. Electrospinning for filtration applications

The recent progress in the manufacturing technology of polymer fibres enables
us to produce nanofibres in large quantities at a relatively low cost. Air filters made
of nanofibres featuring a diameter of less than 1 um have been attracting great
attention because they may attain a high collection efficiency with a low pressure drop
at the same time. Various manufacturing methods, e.g., melt-blown, electrospinning
and stretching of polymer films, have been developed to obtain fine fibres
6585.135166.167 particularly, electrospinning is the most popular method because it is
simple and offers the possibility to fabricate nanofibres of various polymers.

Sun et al. (2014) studied the collection efficiency of nanofibre filters laminated
on a base filter by using a theoretical 3-D model and showed that the reduction in the
fibre diameter was effective for increasing the collection efficiency. Matulevicius et
al. (2016) experimentally measured the collection performance of nanofibre filter
media fabricated by electrospinning of polyamide and reported that the filter with
finer fibres had a high collection efficiency and a high quality factor.

Electrospinning is mostly associated with the spinning of fibres from polymer
solutions. Numerous studies on solution electrospinning for air filter media formation
(Al-Attabi, Dumée, Schiitz, & Morsi, 2018; Balgis et al., 2017; Chattopadhyay,
Hatton, & Rutledge, 2015; Matulevicius et al., 2016; Zhang, Liu, Zuo, et al., 2017;
Zhang, Liu, Yin, Yu, & Ding, 2016; Zhang, Liu, Yu, Luo, & Ding, 2016; Zhu et al.,
2018) have highlighted process advances in aerosol separation. Furthermore, this
process is associated with adverse environmental impacts owing to the potential
evaporation of solvents, and thus with increased production costs. Another
disadvantage of uniform nanofibrous matrices includes the high pressure drop as a
result of the small interfibre pore sizes, thereby leading to high energy consumption
in ventilation systems containing such filter products °.

Melt electrospinning is an emerging technique that is capable of spinning
polymers from their melts thus avoiding the undesirable consequences of solvent use.
Moreover, applications in the filter material manufacturing are still limited at present,
mostly owing to the insufficient capability of producing small-diameter fibres as
compared to solution electrospinning 2022,

Additive printing (sometimes referred to as additive manufacturing) is a
technique for fabricating a wide range of structures and complex geometries from
three-dimensional model data. The merging of such an approach and melt
electrospinning may yield several interesting developments in the additive production
of fibrous materials and products. Within such a process, successive layers of
materials are printed on top of one another. A combination of both techniques allows
for a more controllable deposition and layering of the fibre mat, and, thus, offers an
improved quality of the filter media >,

Combined melt electrospinning and hot pressing with an objective to produce
mats containing fibres with an average diameter ranging between 6.18 and 13.92 pm.
The mats with a thickness of 0.42 mm achieved > 95% filtration efficiency with oil
particles of approximately 2.0 um in diameter, while the air permeability and pressure
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drop were 54.69 mm/s and 18.13 Pa, as opposed to the stock filter material resulting
in 10.02 mm/s and 38.67 Pa, respectively. Zhou and Joo 3 directly melt electrospun
polylactic acid fibres onto the cellulose filter media, which resulted in a substantial
enhancement in the collection efficiency of sub-micrometre-sized dust particles.
Despite the increase in the pressure drop by 11.1%, the filtration efficiency increased
by 15% to 40% compared to the initial material °.

Other interesting applications of melt electrospun fibres were observed in water
filtration and air purification by catalysis. Electrospun-oriented fibre membranes with
a diameter of 2.49 + 0.418 pum exhibited a higher efficiency in removing 0.5 pm
particles from water, and maintained nearly the same permeate flux as that of the
conventional membrane %°. Melt electrospun microfibre from polyamide 12 polymer
has been demonstrated as an efficient support for nanofibrous TiO; catalysts 3. Such
a composite material is denoted by favorable structural properties and increased
catalytic activity, which results in a high degradation efficiency of organic pollutants.
The above listed applications indicate the high potential of melt electrospinning for
filtration/purification applications, however, the data relating to such applications still
remains sparse °.

1.5. Summary of literature review

While solution electrospinning is a widely used technique for fibre formation,
the limited control on the fibre placement and the toxic solvents that are usually used
during the process limit the use of products and raise concern for the environment.
For these reasons, more and more researchers are moving away from the conventional
electrospinning and are shifting their research towards melt electrospinning. Both
processes use the same principles, but fibre formation from melt eliminates all the
concerns related to solvents being not only cheaper but also more sustainable. Despite
the growing interest and the ever increasing amount of publications, there still is a lot
of room for further improvements.

Hierarchically structured nanofibres are gaining attention in the fields of energy
and environment, particularly for air filter and fluid membrane applications %1174,
High-durability filters or membranes with a high surface area and a low pressure drop
are essential for such applications. Synthesizing nanofibres with diameters less than
100 nm is one of the methods used to address these issues that are becoming
increasingly common. This strategy has been proven to increase the performance of
the air filter by allowing a higher surface area to trap more dust particles and
introducing the presence of the slip flow at the same time '™>7®. However, the
durability is still questionable because, in general, nanofibres create high-density
filters, in which, the pressure drop may increase rapidly, even with the presence of the
slip flow phenomena. The addition of either beads or submicron-size fibres among
the nanofibres is a promising way to decrease the density of the nanofibre layers .

The presence of beads or microfibres creates a space or pores on the filter mat,
which will maintain the pressure drop of the filter. However, the presence of these
pores decreases the particle collection ability of the filter, while the addition of
submicron-sized fibres to nanofibre mats promises a better filter performance and a
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lower pressure drop. The two-step electro spinning is a common method used to
obtain these dual-sized fibres. Typically, submicron-size fibres are spun on the surface
of previously spun nanofibres 23. Therefore, this process is time-consuming, and it is
also difficult to obtain a good and random mixture of nano- and submicron-sized
fibres. An appropriate filter design to obtain high particle collection while maintaining
the pressure drop at a low level remains a great challenge. Furthermore, a facile
method to obtain the optimum morphology is also necessary 2.

For these reasons, we decided to look into the suitability of melt electrospinning
for air filtration applications by optimizing the process in order to generate fibres with
our preferred qualities. In order to further improve the filtration efficiency, the
technique for simultaneous melt/solution electrospinning was developed. Such a
technique offers one step creation of mixed size (submicro-/supermicro-) fibrous mat
maximizing filtration efficiency with a relatively low air pressure drop.

2. METHODS AND MEASUREMENTS

2.1. Preparation of Fibrous Material
2.1.1. Materialsin Use

Five commercially available polymers representing polyester, polyether block
amide, and polyamide classes (Table 3) were selected for the melt electrospinning
based on their favorable melt viscosity and flow rate as the most important parameters
for a stable melt electrospinning process 3. More detailed characteristics of each
polymer used for melt electrospinning are shown in Supplemented materials
(Appendix 1) °.

Table 3. List of polymers used for melt electrospinning

Supplier Product Product | Not. | Core Chemical | Melt Flow | Melting | Beginning
Brand Code structure rate*; point, of thermal
name 9/10 min (°C)** | degradation

(O)*

Evonik Vestamid | L 1600 A Polyamide 12 132 178 382

Industries AG | ™ L 1901 B Polyamide 12 15 178 332

DSM N.V. Arnitel® 3106 C Co-polyester 28 185 322

Arkema Rilsamid AMN 0 | D Polyamide 12 44 178 254

Group ® TLD
Pebax® 35R53 E Block Polyether | 25 135 317

SPO01 Amide

*Determined by the researcher; (2.16 kg; 230 °C), ** Declared by manufacturers

Both in Experiment | and Experiment 111, only Polyamide 12 (Table 3, polymer
A) was used for melt electrospinning. In Experiment 11, in order to test a broader range
of polymers, all the polymers shown in Table 3 were used.

In order to obtain a mixed fibre size material, solution electrospinning was
added to the process. For solution electrospinning, Polyamide 6/6 was chosen in order
to maintain the same polymer group. PA 6/6 (Zytel ST801 nylon resin) and Formic
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acid (85%) was purchased from Sigma-Aldrich (Darmstadt, Germany). 15% wi/v
Formic Acid solution of PA 6/6 was prepared and used for solution electrospinning.

2.1.1.1. Characterization of polymers

The degradation temperature for all the polymers was determined by
thermogravimetry (Q50, TA Instruments, USA) by increasing the temperature at a rate
of 10 °C/min, up to 800 °C. The melt flow rate (MFR) was tested according to
ISO 1133 Standard by using a melt flow rate meter (C-Flow, ThermoFisher,
USA) with a weight of 2.16 kg and a polymer melt temperature of 230 °C.

2.1.1.2. Filament preparations

Granular polymers were extruded into filaments following the optimum
extrusion temperature below the degradation point. The degradation temperature was
determined by thermogravimetric analysis (Q50, TA Instruments, USA), while the
melt flow rate (MFR) was tested according to 1SO 1133 Standard by using a melt flow
rate meter (C-Flow, ThermoFisher, USA) °.

2.1.2. Melt electrospinning

Polymer fibre mats were formed by means of a prototype fibre printing
apparatus designed and constructed at the Department of Environmental Technology,
Kaunas University of Technology, based on the principles of additive printing and
melt electrospinning (Fig. 4). The polymer was fed from a coil (Fig. 4 item 2) in a
filament form via the filament feeder (Fig. 4 item 4) to a heating system consisting of
a heating element and a nozzle (Fig. 4 items 7; 8) mounted on a movable arm (Fig. 4
item 10). Such a setup is unique and allows for the control of the tip-to-collector
distance, voltage, and temperature for melting a polymer. A high-voltage source (Fig.
4 item 1) was connected to the changeable nozzle in order to form a positively charged
electrode. A spinning collector drum (Fig. 4 item 9) served as a grounded electrode.
The high-voltage apparatus, the feeder, the heater, and both the mechanic arm
movement and collector rotation motors (Fig. 4 items 5 and 6) were managed by the
appropriate controllers (Fig. 4 item 3). To ensure stable environmental conditions
controlled by the external air conditioning system, all the parts except for the polymer
coil, the high-voltage apparatus, and the control unit, were mounted in a transparent
enclosure (Fig. 4 item 11) °.
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Figure 4. Schematics of fibre printing melt electrospinning apparatus

2.1.3. Combined electrospinning

Polymer fibre mats were formed with a prototype fibre formation (printing)
apparatus designed and constructed at the Department of Environmental Technology,
Kaunas University of Technology, based on the principles of additive printing and
melt electrospinning in combination with solution electrospinning (Figure 5). For the
melt electrospinning part, a polymer was fed from a coil (Figure 5 item 2) in the
filament form via the filament feeder (Figure 5 item 4) into a heating system
consisting of a heating element and a nozzle (Figure 5 items 7; 8) mounted on a
movable arm (Figure 5 item 10). Such a setup is unique and allows for controlling the
tip-to-collector distance, the voltage, and the temperature required to melt the relevant
polymer. For solution electrospinning, the polymer solution was supplied with a
syringe pump (Figure 5 item 11) to a stationary holder with a needle attached (Figure
5 items 12; 13). Two high voltage sources (Figure 5 item 1) were mounted. The first
one was connected to the changeable melt electrospinning nozzle, whereas the second
one was connected to the solution electrospinning needle in order to form a positively
charged electrode. A spinning collector drum (Figure 5 item 9) served as a grounded
electrode. The high voltage apparatus, the feeder, the heater and both mechanic arm
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movement and collector rotation motors for melt electrospinning (Figure 5 items 5
and 6) were managed by the appropriate controllers (Figure 5 item 3). In order to
ensure stable environmental conditions controlled by the external air conditioning
system, all the parts except for the polymer coil, the high voltage apparatus, the control
unit, and the syringe pump, were mounted in a transparent enclosure (Figure 5 item
14).

3

14 CONTROL

UNIT

SYRINGE
i | HV

1 11

Figure 5. Schematics of combined melt electrospinning and solution
electrospinning apparatus

2.1.4. Experiment |

The screening experiment (D-optimal) was performed by using MODDE 10
(Umetrics, Sweden) software. The tip-to-collector distance (TCD) (1 cm; 4.75 cm;
8.5cm), the melting temperature (260 °C; 291 °C; 353°C) and voltage (8 kV; 19 kV;
30 kV) were chosen as the main variables. In total, 75 runs, including quintuplicates,
were performed. For all the tests, the polymer feeding speed (0.1 g/min) and the
diameter of the nozzle tip (0.3 mm) were constant, while the collector and the needle
arm were both kept stationary. The duration of the primary sample collection was 30
s 10,

After optimization, 6 fibrous mats were formed. In order to evaluate the
reproducibility, 5 samples were made duplicating the primal experiment conditions.
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The last sample was formed by using the distance, voltage and temperature which
were generated as optimal by the MODDE10 built-in function Optimizer. For all the
mats, the rotation of the collector was on, at the drum surface speed of 10 cm/s, and
the duration of spinning was 3-5 min. All the samples for both stages of

experimentation were prepared by using aluminum foil as the base for fibre collection
10

2.1.5. Experiment Il

An experimental design was applied to assess the effects of various melt
electrospinning operational parameters on the fibre formation. The D-optimal-
interaction model, available within the MODDE 10 software (Umetrics AB, Sweden),
was set up by means of 14 runs (denoted by N1 to N14) containing 10 original
experiments and triplicate middle points for each polymer. 5 different polymers
(Table 3) were used during this experiment. The Pebax filament appeared to be too
soft for efficient feeding and caused polymer accumulation, degradation, and
clogging, as a result of which, the experiments with polymer E were repeated with
additional runs (denoted by N15E to N25E). A total of 68 polymer mats were formed
and subsequently analyzed. The voltage, the nozzle diameter, and the feeding rate
were defined as the variable operational parameters with the greatest influence on the
morphology of the fibrous mats, while the collector drum rotation velocity (10 cm/s),
the nozzle horizontal speed (1 cm/s), the tip-to-collector distance (5 cm), and the
polymer melting temperature (approximately 30 °C below the melting point) were
maintained constant. The mats were formed on a nonwoven fibrous polypropylene
support, with sufficient mechanical stability, and a low pressure drop. All the mats
were formed during 1 h of spinning; the resulting surface density varied from 26 to
122 g/m?. In order to increase the packing density, the mats were processed by hot
pressing at a temperature of 90 °C and under a pressure of 0.4 MPa. The fibre
formation duration was limited to 60 min in order to avoid variations in the voltage
owing to the thickening layer. Subsequently, a higher thickness of the filtering layer
(expecting to increase the filtration efficiency) was achieved by stacking layers of
material of the same mat °.

2.1.6. Experiment Il

The experimental design was based on the results obtained in prior research
10177 'Numerous studies showed that higher voltage results in thinner fibres, thus, in
our research, we maintained stable 25kV voltage both for the solution and melt
electrospinning. The feeding rate and the tip-to-collector distance were defined as
parameters exerting a high influence on the morphology of fibrous mats, therefore,
several variations of feed rates (0.6 g/h and 1.8 g/h) and tip-to-collector distances (50
mm and 70 mm) were applied. The rotation velocity (10 cm/s), the horizontal speed
of the nozzle (1 cm/s), the nozzle diameter (0.4 mm), and the polymer melting
temperature (300°C) were kept constant. The mats were formed on a nonwoven
fibrous polypropylene support having sufficient mechanical stability and a low
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pressure drop. The electrospinning parameters and process combinations are
presented in Table 4.

Polyamide 12 (Table 3 A) was used for melt electrospinning, whereas
Polyamide 6/6 was used for solution electrospinning, thus sticking to the same
polymer family.

Table 4. Electrospinning parameters and process combinations for combined
electrospinning

Code
M Melt electrospinning
| 1] 11
Voltage — 25 kV Voltage — 25 kV Voltage — 25 kV
Feed rate — 0.6 g/h Feed rate — 1.8 g/h Feed rate — 0.6 g/h
Tip to Collector Distance | Tip to Collector Distance | Tip to Collector Distance
—50 mm —50 mm —70 mm
Needle diameter — 0.4 mm | Needle diameter — 0.4 mm | Needle diameter — 0.4 mm
S Solution electrospinning
Voltage — 25 kV;
Feed rate — 0.2 ml/h;
Tip to Collector Distance — 100 mm;
Needle diameter — 0.02 mm

Process combinations
|
MS Melt electrospinning (0—60 min) + Solution electrospinning (0—60 min) I
11
|
M_MS_M | Melt electrospinning (0—60 min) + Solution electrospinning (15-45 min) I
11
|
MS_M Melt electrospinning (0-60 min) + Solution electrospinning (0-30 min) I
11

As a basis for comparison, the experiments were started with the formation of
distinct melt and solution electrospinning mats. The combined electrospinning was
performed in three variations: MS — simultaneous melt and solution electrospinning;
M_MS_M — permanent melt combined with periodic solution electrospinning in the
middle of the process; MS_M — permanent melt combined with periodic solution
electrospinning at the beginning of the process. Also, three variations of process
parameters were applied to melt electrospinning, while solution electrospinning was
performed with the same set of parameters. In order to avoid any variation of voltage
due to the thickening layer °, the duration of fibre formation was limited to 60 min.
Three sets of melt electrospinning parameters were combined with three temporal
variations of solution electrospinning. Altogether, 13 unique polymer mats were
fabricated and subsequently analyzed.
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2.2. Mat characterization

The morphology of the mats obtained during Experiments | and Il was evaluated
by using scanning electron microscopy (SEM) images (Carl Zeiss EVO MALO,
Germany). At least 10 images were obtained from one sample (1 cm?) in random
locations.

Fibre samples for morphological analysis were prepared by dipping their strips
into liquid nitrogen for 30 s and cutting them in half in order to obtain a clear cross
section with no alterations to the morphology. The morphology of the samples was
evaluated by using Scanning Electron Microscopy (SEM) (Carl Zeiss EVO MA10,
Germany). For the calculation of numerical fibre ratios (the ratio between the number
of submicrometric (<1 pm) and supermicrometric (>1um) fibres), from 5 to 10 images
(depending on the thickness of the mat) were made. Each image was divided into
smaller segments; each segment was marked vertically with three lines. Every fibre
crossing each line was counted, and the average values were derived from the three
data sets (ImageJ, NIH, USA). The schematic of the fibre count is shown in Figure 6.

Figure 6. Schematic of fibre count

The morphological composition of the obtained images was observed and
analyzed in terms of statistical distributions of the fibre diameters in randomly
selected areas of 100 um? (ImageJ, NIH, USA). The median, the geometric mean, and
the interquartile range (IQR) were calculated from the obtained distributions. IQR was
chosen as one of the descriptive parameters for the fibre size as, due to the offset data
and plenty of outliers, the mean or the median by itself is not capable of fully
representing the fibre size distribution. Such a parameter shows the difference
between the first and third quartiles (IQR=Q3-Q1). In our particular case, the bigger
IQR means the larger amount of submicrofibres in the polymer mats. The data was
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subsequently processed by spreadsheet software (Excel 2016; Microsoft Corp., USA)
5

2.3. Testing of filtration efficiency
2.3.1. Experiment Il

The obtained fibre mats were subjected to aerosol filtration tests. Considering
that electrospinning may impose a substantial electrostatic charge on the mats, they
were tested under both ‘as-manufactured’ and ‘charge removed’ conditions. The
electret charge was eliminated by submerging the mats in isopropanol (>98%, Sigma
Aldrich, USA) for 10 min, followed by drying for 48 h until the filter mass reached
its original value (Schumacher, Spiegelhoff, Schneiderwind, Finger, & Asbach,
2018). The experimental setup was similar to that described by Matulevicius et al.
(2016) (Fig. 7). Numerous studies have demonstrated that the shape of the aerosol
particle could affect the filtration efficiency due to owing to the particle motions along
the fibre (Boskovic et al., 2007, p. 6826; Boskovic, Agranovski, Altman, & Braddock,
2008; Miaskiewicz-Peska & Lebkowska, 2012; Science and technology of polymer
nanofibres, 2007). It is known that spherical particles result in a higher filtration
efficiency compared to cubic particles (Boskovic et al., 2008). Therefore, NaCl was
selected to test the filtration efficiency as its aerosol forms cubic particles with
rounded edges. With its intermediate shape, NaCl is well suited to average the
filtration efficiency °.

. Air flow
Air pump meter HEPA filter

Filtration system @ @' E E5 5 L/min

Air compressor (HEPA+OIL+MOISTURE) v Dilution
Dryer i} system

Excess
flow

Collison Aerosol
nebulizer neutralizer é
2.23 L/min . HEPA filter
Air pump
/1\ 3.23L/min
e '@ b N\ pr e H

10 L/min

Figure 7. Experimental setup for filtration efficiency and pressure drop measurements

NaCl aerosol was generated by being dissolved in deionised water (0.1% w/v)
and fed through a Collison nebuliser (Model CN 24 J, BGI Inc., USA), and then being
dried with a diffusion dryer packed with silica gel, and diluted with dry air, followed
by charge equalization by using a bi-polar neutralizer (3054 A, TSI Inc., Germany).
Each sample mat was investigated by taking three random 37 mm diameter circle
specimens with a further filtration efficiency and pressure drop test against the
polydisperse aerosol particles to follow. The upstream and downstream
concentrations of the particulate matter were measured by using an Electrical Low-
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Pressure Impactor (ELPI+, Dekati Ltd., Finland). The pressure drop before and after
the sample media was indicated by a pressure sensor (Model P300-5-in-D, Pace
Scientific Inc., USA) at a face velocity of 5.3 cm/s %5,

2.3.2. Experiment Il

The obtained fibre mats were subjected to aerosol filtration tests. Considering
that electrospinning may impose a substantial electrostatic charge on mats, they were
tested in both ‘as-manufactured’ and ‘charge removed’ conditions. Electret charge
was eliminated by submerging the mats into isopropanol (>98%, Sigma Aldrich,
USA) for 10 minutes and then drying for 48 hours until the mass of the filter reached
its original value >78,

Filtration efficiency and pressure drop tests were carried out at the Institut fiir
Energie und Umwelttechnik (IUTA, Duisburg, Germany). In order to test the removal
efficiency of the fibre mats for a wide range of particle sizes, two setups (S1 and S2)
were used (Figure 3). NaCl particles were generated in setup S1 (Figure 3, S1) from
5% v/w aqueous solution. The generated aerosol was dried and neutralized. The
number particle size distribution was measured by using both an optical particle sizer
(OPS) -Fidas® Frog (0.3-10 ym, Palas Gmb, Karlsruhe, Germany) and a SMPS — a
Scanning Mobility Particle Sizer (U-SMPS) 3050 XB, consisting of a DEMC XB
control unit, a Differential Electrical Mobility Classifier (DEMC) 3000 (0.01-1.4 um)
coupled with a Condensation Particle Counter (UF-CPC) 50, all from Palas Gmb,
Karlsruhe, Germany. The two instruments and a pump sampled in parallel through a
4-way TSI 3708 flow splitter behind the filter holder containing the fibre mat were
used for the tests.

OPS measures simultaneously the environmentally relevant mass fractions PM,
PMzs, PM4, PM1o, TSP as well as the particle number and the particle size distribution
within the particle size range of 0.18-100 um. By providing fine dust values with high
time resolution, the operator receives comprehensive information for the evaluation
and assessment of the fine dust pollution for the investigated application. It uses the
recognized measurement technology of optical light scattering of single particles and
is equipped with a LED light source with high intensity (dp min = 180 nm) 179180,

The SMPS spectrometer is a nanoparticle sizer capable of measuring the size
distribution of airborne submicron particles with accuracy and precision. It combines
electrical mobility sizing with single-particle counting in order to deliver nanoparticle
concentrations in discrete size channels. The size resolution capability of the SMPS
is as high as 128 channels per decade, resulting in up to 192 channels in total 1718,

In order to test larger aerosol particles, a second setup (Figure 3 S2) was used.
Due to the specifications of the aerosol generator and filter testing system, KCI was
used for particle generation. Particles were generated in S2 test setup by using a large-
particle aerosol generator 8108 (TSI, Shoreview, USA) from 12.5% KCI aqueous
solution. This aerosol generator meets the requirements of the established ISO/TS
11155-1 and ASHRAE 52.2 test codes, as well as the proposed ISO 16890 Part 2
code. The test aerosol was fed into a test rig according to 1SO 16890. Only a small
part of the generated aerosol was used to test the retention efficiency of the fibre mats.
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The particle number size distribution in raw and clean gas was measured only with
the Fidas® Frog OPS (Figure 3 S2). The measurement was performed by switching
raw/clean gas three times for each sample. All the measurements were performed at a
face velocity of 5.3 cm/s.
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Figure 8. Experimental setups for filtration efficiency and pressure drop
measurements (S1 — small NaCl particles; S2 — large KCI particles)

2.4.Characterization of filter media

The filtration efficiency of ePM1 was calculated according to 1ISO 1689-1:2016
Standard. Other parameters, such as the packing density, the porosity, and the quality
factor were calculated by using Equations 9-11.

Due to the specificity of the performed research, the author introduced a special
unit of measurement — the Numerical Fibre Ratio (NFR) which shows the ratio
between the number of submicron (<1 um) and micron (>1um) fibres. The ratio
should serve as an indicator of the fibre structure in relation to the filtration
performance parameters.

2.5.Quality assurance

The experiments were conducted with the aim of minimizing both random and
systematic errors. The random error was minimized by introducing the randomization
of the run order within the entire experimental design. This primarily addresses the
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repeatability issue that occurs owing to the fluctuating environmental conditions. The
ambient temperature and humidity remained stable at 21 + 1 °C and 65 + 5%,
respectively. During the experiments, all the mat formations were repeated three
times. Filtration efficiency measurements were performed by switching raw/clean gas
three times for each sample, while ultimately providing the average value. Moreover,
the consistency of the experiments was ensured by introducing samples of known
efficiency filters, and one empty sample was analyzed for every 10 samples °.

The systematic error was minimized by ensuring instrument calibration and
verification. The Electrical Low-Pressure Impactor (ELPI+, Dekati Ltd., Finland), the
pressure sensor (Model P300-5-in-D, Pace Scientific Inc., USA), and the flowmeters
were calibrated by the manufacturers, while the latter was additionally checked by the
metrological centre °.

The results of the analyses for experiments | and Il were statistically processed
by using MODDE 10 (Umetrics AB, Sweden), Microsoft Excel®, and SPSS (IBM
Corp.) software. Descriptive statistics was used for representing the parameter effects
on the fibre diameter °.

3. RESULTS AND DISCUSSION

3.1.Primary Melt Electrospinning Parameter Testing (Experiment 1)}

The main process parameters of melt electrospinning are the polymer feed rate,
the tip-to-collector distance, the collector speed, the melting temperature, and the
voltage. There are a number of studies considering the effects of different process
parameters on the fibre diameter and the shape fidelity of electrospun structures /-
159: however, a few researches explored their counterinfluence and interactions 1%,
Because of that, determining the influence of the process parameters on the shape and
the diameter of the deposited fibres is crucial in predicting the relevant set of process
parameters in order to achieve the desired fibre diameter.

3.1.1. Fibre formation by customized electrospinning setup

The performance of fibre formation by customized electrospinning setup was
investigated by microscopic analyzing of the produced fibre membranes (Figure 9).
Five distinct types of fibre membranes representing different combinations of the
process parameters indicated the following trends.

! The data described in Chapter 3.1. was published in the article “Formation of PA12
fibres via melt electrospinning process: parameter analysis and optimization” 2019,
Buivydiene et al. 1°
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Figure 9. Microscopic pictures of the produced fibre membranes (scale bar — 5mm):
A (N3): Tip-to-collector distance — 1.0 cm, melt temperature — 349 °C, voltage 8kV;
B (N17): Tip-to-collector distance — 4.75 cm, melt temperature — 294 °C, voltage 19kV;
C (N14): Tip-to-collector distance — 4.75 cm, melt temperature — 292 °C, voltage 30kV;
D (N10): Tip-to-collector distance — 8.5 cm, melt temperature — 298 °C, voltage 19kV;
E (N8): Tip-to-collector distance — 8.5 cm, melt temperature — 354 °C, voltage 30kV.

The tip-to-collector distance as small as 1 cm results in the fibre deposition
diameter of 0.5-1 cm, whereas a higher distance results in a larger diameter of the
deposit and variations between its shape (when TtCD is 4.75 cm, the diameter of fibre
accumulation equals = 24 cm; TtCD = 8.5 cm @ =~ 3-8 cm). It was observed that
when the tip-to-collector distance is small, fibres tend to form a bamboo hat structure
(Fig. 9A). According to Huaizhong Xu et al. (2017), changes in the topography of the
fibrous layer of a membrane could be due to the jet break-up. Due to Rayleigh
instability, the polymer melts break up into droplets. The curve peak in the middle of
the polymer layer becomes higher as the breakup frequency increases since the broken
jet with a heavier weight and a lower bending stiffness easily accumulates at the centre
of the target %°.

The difference in the deposition diameter within the same TtCD is influenced
by the temperature of melt and the applied voltage 2°. With an increase of the applied
voltage, the fibre membrane on the target becomes larger (Figure 2 B and C). This
could be attributed to a more pronounced whipping motion. Shu-Xin Yu et al. (2018)
noted that the PLA melt electrospun fibre yield increased while increasing the applied
voltage 7. As the viscoelastic force of the molten polymer decreases by increasing
the processing temperature, it results in a higher flowrate of the molten polymer. Due
to such a combination of the variables, a widely spread thin layer of the fibre was
formed.

An increase of the melt temperature resulted in a considerably larger deposition
area of the fibre membrane (Figure 9 D and E). Huaizhong Xu et al. (2017) argues
that a high melt temperature is favorable for a larger size of the fibre membrane due
to the high flexibility of the thin jet. With an increase of the melt temperature, the jet
gets thinner, and the maximum axial velocity of the jet increases 2°. The same trends
were observed in our work.

3.1.2. Distribution of fibre diameter

The experimental process parameters and the obtained fibre diameter values as
well as the type of the fibre size distribution data is presented in Table 5. Due to the
different tip-to-collector distances (TtCD), temperatures and voltages, the obtained
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melt electrospun mats revealed a broad range of fibre diameters. The average fibre
diameter ranged from 2.40 + 0.3 to 14.97 = 2.43 um, respectively, whereas the median
of the fibre diameters varied from 2.48 to 15.10 pm.

Table 5. Experimental process parameters and obtained fibre diameter values

Average

Diameter

pum um

N1 1 261 8 14.97 +£2.43 15.10 Normal
N2* 8.5 230 8 - - -

N3 1 349 8 2.73+£0.72 2.23 Lognormal
N4* 8.5 353 8 — — —

N5* 1 230 30 — — —

N6 8.5 267 30 448 +£0.17 4.45 Normal
N7* 1 353 30 — — —

N8 8.5 354 30 5.44+0.93 5.07 Lognormal
N9* 1 2915 19 - - -

N10 8.5 298 19 4.50 £ 0.66 4.20 Lognormal
N11 4.75 263 19 2.94 £0.33 2.49 Lognormal
N12 4.75 353 19 3.20+£0.81 2.64 Lognormal
N13 4.75 291.5 8 9.72 £0.49 9.53 Normal
N14 4.75 292 30 2.40 £0.35 2.48 Normal
N15 4.75 291 19 4,70 +£0.62 4.54 Normal
N16 4.75 290 19 2.60+0.77 2.19 Lognormal
N17 4.75 294 19 4.79+£0.82 4.45 Lognormal

* Non-consistent formation of fibres

The SEM analysis of fibre mats revealed two distinct patterns of the fibre
diameter distribution: normal (Fig. 10, A and B) and lognormal (Fig. 10, C and D). It
was observed that more than a half of the samples exhibited a well-pronounced
lognormal fibre size distribution. All the lognormal samples had a higher peak in the
smaller side of the fibre diameter with a lower count of large diameter fibres.
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ibre diameter histograms (magnification
x1000): A—N6; B—N1; C—N16; D - N10

Even though A and B samples (Fig. 10) had similar fibre diameter distributions,
the median of the fibre diameter differed significantly (by 3.4 times). Our
experimental results correspond to the findings of other authors who state that
variations between the fibre size distributions are commonly observed for both
solution (Park et al., 2018; Amin, Merati, Bahrami, & Bagherzadeh, 2016;
Beigmoradi, Samimi, & Mohebbi-Kalhori, 2018) and melt electrospun fibres (Nazari
& Garmabi, 2018; Li et al., 2015). This could be attributed to the high voltage, the
low polymer viscosity, or to the specific qualities of the polymer. As it could be seen
from the experimental results (Table 5) there is no single dominant parameter but
rather a combination of parameters which results in specific distributions of the fibre
diameter.

3.1.3. Impact of process parameters on fibre diameter

One of the objectives of the screening experiment was to determine the
significance of different melt electrospinning process parameters on the fibre
diameter. The general observed trend was that an increase of the investigated process
parameters resulted in a decrease of the fibre diameter.

The tip-to-collector distance and the melt temperature had a moderate effect on
the fibre diameter, while voltage was the most pronounced parameter. Similar
findings were reported in numerous studies both for melt (Yu et al., 2018; Shen, Liu,
Deng, Yao, & Xia, 2016; Ko, Ahsani, Yao, & Mohtaram, 2016) and solution (Zeng
et al., 2018; Abolhasani et al., 2018; Senthil & Anandhan, 2013) electrospinning. It
was noted that voltage exerted a greater influence on the fibre diameter between 8 to
10 kV, and, with a further increase, the decrease of the fibre diameter was subtler.
Several authors reported that, in some instances, high values of voltage could result
in a slight increase of the fibre diameter (Yu et al., 2018; Shen et al., 2016). Shen et
al. (2016) argued that a further decrease of the fibre diameter with a higher voltage
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could be attributed to the electric field force being too strong, therefore, the dropping
force of the jet becomes greater than the tensile force, and the jet stretching is thus
unstable 1%,

An increase of the melting temperature caused a decrease of the fibre diameter,
however, when the melting temperature reached ~ 300 °C and went higher, it had no
significant effect on the fibre diameter decrease. This is beneficial as a lower
temperature of the process requires less energy for achieving high quality fibres. In
the research by Shu-Xin Yu et al. (2018), it was reported that, with the temperature
increasing from 200 °C to 240 °C, the average diameter of melt electrospun polylactic
acid fibres decreased from 58.46 to 2.96 um. Also, beaded fibres and microspheres
were collected when the spinning temperature was further increased to 260 °C ', In
our case, the temperature of melt did not exceed the degradation point, thus, beaded
fibres were not observed.

The dependencies among each process parameter and the median of the fibre
diameter are presented in Figure 11. Based on the presented dependencies, we
developed a combined response-surface plot of the process parameters for the
production of fibres with the desired fibre diameters (Fig. 12). Similarly, the
optimization of the electrowriting process parameters was performed by Dayan et al.
(2018).
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Figure 12. Response-surface plot of process parameters for production of fibres with
the desired fibre diameters (different fibre diameters, um, are represented by different colors)

When all the three electrospinning parameters were combined into a response
surface plot (Fig. 12), both voltage and TtCD affected the fibre diameter more than
the temperature of melt. TtCD showed the most significant effect on the fibre diameter
in combination with the analyzed parameters. The diameter quickly decreased with
the shorter distance up to the point of 2 cm, and then slightly increased. The increase
of the fibre diameter that is seen with the minimum values of TtCD could be attributed
to the limitation of voltage that could be safely applied without forming the discharge.

3.1.4. Optimization of melt electrospinning parameters

Based on the results of the combined effect of the process parameters on the
fibre diameter, we reproduced the screening experiment. In order to adjust the input
values of the process parameters, MODDE 10 (Umetrics, Sweden) software with the
built-in function Optimizer was applied. The input parameters for the five screening
experiments were modified accordingly, and one experiment was assigned the new

input values. The optimized input parameters as well as the obtained fibre diameter
and the median fibre diameter values are presented in Table 6.

Table 6. Input process parameters and obtained fibre diameter values of the
reproduced screening experiment

No | Code TtCD, Temp. | Voltage, | Average fibre | Median fibre
cm °C kv diameter + SD, pm | diameter, pm
1 N15 Il | 4.75 263 19 4.35+0.48 4.48
2 N11 1l | 4.75 290 19 3.07+0.52 3.02
3 N14 11 | 4.75 290 26 2.59+0.25 1.94
4 N12 Il | 4.75 348 19 2.60+0.57 2.46
5 N8 Il 8.5 347 30 4.50+1.13 5.14
6 Optim. | 3 348 19 1.53+0.22 1.27
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The SEM analysis of the reproduced samples revealed a high variation of the
fibre diameters (Fig. 13). The average fibre diameter ranged from 1.53 £ 0.22 to 4.50
+ 1.13 pum, respectively, whereas the median of the fibre diameter varied from 1.27 to
4.48 um. The slight differences of the fibre diameter between the first and the second
experiments could be attributed both to the standard deviation and to the collector
drum rotation. As the collector rotates, it reveals a new surface with no fibre
deposition; thus, the process is not affected by the insulating qualities of polymeric

fibres.
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As it is seen in the SEM images of Figure 13 (A, B) and Figure 14, some cases
showed extreme variations in the fibre size diameter (from 0.81 pm to 15.98 um in
case of N11 II). This variation in the fibre size could be attributed to the jet
instabilities caused by a combination of high voltage and low viscosity due to the
higher temperature of melt.
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Figure 14. SEM image of polymer mat prepared with optimized conditions

The lowest fibre diameters were identified for sample ‘Optim.” (Fig. 14) when
a high temperature (348 °C), medium voltage (19kV), and a relatively small Tip-to-
collector distance (3cm) were selected. The above outlined combination of the process
parameters ensured low viscosity of the polymer and allowed sufficient whipping
motion. Because of that, a decrease of the average fibre diameter by 1.06 um was
observed between the ‘Optim.” and N14 1l samples (Table 6) which had the smallest
average fibre diameter out of all the reproduced membranes.

While this analysis shows that the simple screening process and the linear
regression model could help to achieve the optimal conditions for the melt
electrospinning process, there is still more work ahead regarding the other process
parameters such as the nozzle size, the ambient temperature, or the ambient air
humidity. These parameters shall be analyzed more thoroughly in the following
chapter.

3.2.Characterization of air filter material printed by melt
electrospinning (Experiment 11)?

3.2.1. Morphology of filter mats

The obtained melt electrospun mats revealed a broad range of fibre
morphologies which were further grouped into several categories, as summarized in
the supplementary material (Appendix 2). The most common morphology exhibited
a high dispersion of fibre diameters and was thus referred to as ‘Dispersed’ (Figure
15-A). Such a structure has been reported to occur when the whipping motion of fibres
travelling between electrodes is strong 13318191 Dispersed fibrous structures were

2 The data described in Chapter 3.2. was published in article “Formation and

characterisation of air filter material printed by melt electrospinning” 2019, Buivydiene et al.
5
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observed in all the analyzed polymer mats, however, this pattern was dominant among
the polyamide-based mats.

Figure 15. SEM images of typical morphologies (A — disperse (N9D); B — ribbon
(N7B); C — parallel (N25E); D — normal (N4A); E — suppressed whipping (N8A); F — glued
(N3C)

Another distinct morphology included flat-structured fibres and was thus
referred to as ‘Ribbons’ (Figure 15-B). Ribbon structures have been reported mainly
during solution electrospinning and are associated with the formation of a
mechanically strong ‘skin’ being formed on the jet, thereby preventing the diffusion
of the remaining solvent. During the continuing solvent evaporation, the skin
transforms into a hollow tube and collapses into a flat ribbon %2, Melt electrospinning
does not use solvents, thus, such evaporation should not determine the mechanism for
the ribbon formation. It is more likely that a droplet with a larger surface area will
form on the nozzle due to the combination of the medium or large nozzle tip diameters
(0.4 to 0.5 mm) and the high feed rate (20 g/min). As it is exposed to a lower ambient
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temperature, the droplet cools down and its outer layer solidifies thus forming a shell
on the outer layer of the polymer, while the jet core is spun according to a different
regime. The ‘ribbon’ morphology was mostly observed as secondary, rather than
dominating.

The morphology involving parallel-formed fibres (referred to as ‘Parallel’,
Figure 15-C) generally occurred under low voltage conditions, with a high polymer
feed rate, or with a combination of both. In the cases of overly high polymer viscosity,
the electric field is not capable of initiating sufficient formation of fibre jets or
whipping, thereby resulting in a process of simple drawing of the melt as opposed to
electrospinning. Thus, a mat of uniform parallel aligned fibres with relatively large
diameters was formed as a result of the collector drum rotation and arm movement
(Lyons & Li, 2014; Xu et al., 2017). The same trend was observed in our case, and a
large nozzle diameter was common for all the cases in which such a structure was
observed. Polymers C, D, and E exhibited tendencies of “parallel’ fibre alignment in
3 to 5 mats, whereas, for E, this structure dominated (5 out of 12 cases). Again, the
dominance of ‘parallel’ structures to a major extent was influenced by the melt
electrospinning parameters.

The three morphologies described above represent the majority of the formed
structures, while several less frequent ones occurred at the same time. A normal fibre
diameter distribution (Figure 15-D) was observed in only eight cases. This was most
common for C, in which, four mats with this morphology were noted. Interestingly,
this polymer had the widest range of morphologies, where all six distinctive
morphologies were dominant in one or more cases. As no clear pattern of formation
conditions influencing such a fibre distribution could be identified, it appears that the
polymer itself and its molecular structure could have been the main factor. Such a
distribution has been reported for solution electrospinning (Deitzel et al., 2001; Lian
& Meng, 2017; Casasola, Thomas, Trybala, & Georgiadou, 2014; Liu & Tang, 2007),
while lognormal fibre diameter distributions are more common in melt
electrospinning (Chen et al., 2016; Guo, Zhou, & Lv, 2013; Karahaliloglu et al., 2014;
Lyons et al., 2004; Wang et al., 2014).

Both ‘supressed whipping’ and ‘glued’ structures (Figure 15-E and F) were
observed in only a few mats and were dominant in only a few samples. ‘Suppressed
whipping’ is similar to melt electrowriting, in which, no whipping occurs, and the
fibres coil owing to buckling. The coiling wavelength decreases with an increasing
collector speed. When the collector speed matches the melt electrospinning jet speed
(the critical translation speed), the fibre coiling wavelength becomes infinite, which
results in a straight fibre in the direction of the collector movement 126135144 Ag the
collector speed was relatively low during the fibre mat formation, only buckling
occurred, thereby forming parallel rows of coiled fibre. The ‘glued”’ structure occurred
when the polymer had not cooled down sufficiently during the formation. The molten
polymer reached the collector and fused with the other fibres 21104138,
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3.2.2. Fibre diameter distribution

The fibre diameter is generally considered as the main parameter of melt
electrospun mats. A fibre diameter distribution plot was derived in order to reflect the
full range of the fibre diameter dispersion (Fig. 16). Clear distribution patterns that
are typical for different polymers emerged. Despite the conditions of the fibre media
formation, polymer A had the lowest diameters ranging from the submicron scale to
15 um, excluding several exceptional cases (Table A2). Both polymers C and D had
a diameter mode in the same range as A, but not equally well pronounced. Starting
from 15 pm, the number of polymer D fibres gradually decreased with an increasing
diameter, while polymer C had another mode at 17 to 27 um. No clear fibre number
distribution patterns were distinguished for polymers B and E.
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Figure 16. Fibre diameter distributions of melt electrospun mats obtained from
various polymers (A — Vestamid™ L 1600; B — Vestamid™ L 1901; C — Arnitel® 3106; D —
Rilsamid® AMN 0 TLD; E — Pebax® 35R53 SP 01)

Polymer A had the highest MFR (132 g/min), which means that the whipping
motion was well pronounced during the mat formation. This tended to result in the
stretching of the material as it transited towards the collector, thus significantly
thinning the jet diameter, while the ambient air simultaneously cooled off the jet, and
solidification occurred along the route 8. Moreover, polymer A had the lowest fibre
size distribution. The lower MFRs of the other polymers resulted in higher average
diameters and greater distributions of the fibre diameters. As MFR is an indirect
measure of molecular weight (a high MFR corresponds to a low molecular weight 1%°),
it is suggested that polymers with low spinnability could potentially have a higher
molar mass, which has been proven to exert a significant effect on the sizes of melt
electrospun fibres 133.141.158,
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3.2.3. Effects of process parameters on fibre diameter
3.2.3.1. Voltage

In general, the voltage applied to the fibre formation had an inverse effect on
the fibre diameter: a higher voltage resulted in a smaller fibre diameter. Similar results
have been extensively reported for both solution electrospinning 2% and melt
electrospinning (Bassmann, 2000; Doustgani & Ahmadi, 2016; Lyons & Li, 2014). In
our case, the same effect was observed for four out of five tested polymers. Only
polymer E exhibited an insignificant direct relationship between the voltage and the
fibre diameter.

The higher voltage also resulted in lower dispersed fibre diameters in three out
of the five polymers. Moreover, A and E showed a higher dispersion with the increase
in voltage. It was also observed that a change in the voltage between 15 and 25 kV
ensured a narrow fibre diameter distribution range.

3.2.3.2. Feed rate

A higher feed rate generally resulted in a larger fibre diameter. It has been
widely noted that the diameter of the obtained fibre is directly related to the feed rate
in both solution electrospinning %192 and melt electrospinning (Macossay, Marruffo,
& Rincon, 2007). Doustgani et al. 158 reported that the mean fibre diameter increased
with a higher flow rate, owing to the increase in the amount of the material flowing
through the nozzle, which, in turn, resulted in a larger fibre diameter. This effect was
observed for all the samples except polymer B, where the feed rate had no significant
effect on the fibre diameter, with the voltage being the single major effect.
Furthermore, the higher feed rate increased the dispersion of the fibre diameters for
three polymers.

A major feed rate influence on the average diameter and diameter dispersity was
observed for polymer E. The MFR for this polymer was one of the lowest, while the
tensile modulus was 25 times lower than that of the other investigated polymers (Table
Al). This made it difficult for the polymer to be squeezed through the smaller diameter
nozzle without clogging the system. A stable formation process was achieved only by
reducing the initial feed rate.

3.2.3.3. Nozzle diameter

The general trend for all the analyzed polymers was that the nozzle size had no
effect on the fibre diameter median or the geometric mean; however, it did have a
direct effect on the fibre diameter dispersion. The most significant influence of the
nozzle size on the fibre diameter dispersion was observed for polymer C. No
correlation between the diameter of the needle used and the average fibre diameter
was observed with poly(methyl methacrylate) fibres (Macossay, Marruffo, & Rincon,
2007), but the decrease in the needle diameter caused an increase in the polydispersity
of the fibre diameters.
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3.2.3.4. Modeling of process parameters versus fibre diameter

Based on the results obtained via the planned experimental design, the response
surface plots were derived for the resultant fibre diameters. The effects of the voltage
and polymer filament feed rate on the fibre diameter for different nozzle diameters
are presented in Figure 17. The sequence of the IQR plots illustrates that the influence
of the feed rate (as opposed to the voltage) on the fibre diameter decreased as the
nozzle size increased. It is also evident that, with a similar voltage and feed rate, the
nozzle diameter had a direct influence on the dispersion of the fibre diameters.
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Figure 17. Effects of melt electrospinning parameters on the fibre diameter, um (A —
median; B — IQR)
3.2.4. Filtration performance
3.2.4.1. Filtration efficiency

Following the visual inspection and morphological analysis, samples containing
flaws (such as aligned fibre strains and insufficient fibrous layers) were eliminated.
As a result, 38 samples were selected for the filtration tests, and subsequently, 12
samples passed the threshold of ePMymin > 50% (Table 7). All of these mats were

fabricated from polymer A.
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The filtration efficiency curves for mats N4A and N5A are presented in Figure
18 as the representative specimens regarding the filtration performance. The
electrostatic charge neutralization did not have a significant effect on the filtration
efficiency, although electrostatic capture is generally associated with synthetic fibre
filters 2°2, This implies that the prevailing mechanism in the capture of aerosol
particles may be associated with the diffusion and interception resulting from the
unique fibre morphology.

120
X

)

c 100

2

QO

k5

- 801

Re)

k3]

Q

> 60 -

(&]

©

=

O 40 1

o

O

(O]

S

(I

20 T
0.01 0.1 1 10

Particle diameter, um
Figure 18. Filtration efficiencies for N4A and N5A filter media compared to F7 filter
(the positive error bar indicates the initial efficiency, the negative error bar indicates the
minimum efficiency after charge neutralization)

The ePM; of the 12 mats ranged from 55% to 80%, which, according to EN 779
Standard, is equivalent to F7 to F9 filter classes. The best performance was achieved
by mat N5A (ePM; = 80%). One of the hypotheses raised within this study implies
that not only does the average fibre diameter affect the filtration efficiency, but the
combined effect of the median fibre diameter together with the dispersion extent is
important for achieving higher filtration efficiencies and QFs. The direct effect of the
median of the fibre diameters on the filtration efficiency for ePM; (Figure 19-A) was
not pronounced (R?= 0.21), while the IQR of the fibre diameters (as a measure of
dispersion) had a moderate effect (R?= 0.49). The filtration efficiency enhancement
can be explained by the more dispersed distribution of the fibre diameters.
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Figure 19. ePM1 dependency on the fibre diameter (A — median; B — IQR)

Similar to our findings, Kadam et al. 2 reported that the fibre diameter
distribution could influence the filtration performance. Dispersed fibres cause a lower
pressure drop and normalize the mat thickness compared to a wider distribution of the
same fibre diameter (Zhang, Shim, & Kim, 2009). The bimodal distribution of
polyacrylonitrile nanofibres created a scaffold-like structure that decreased the
packing density and facilitated the airflow across the membranes. This could
potentially be useful for high-performance filter media.

The base mass also had a medium effect on the filtration efficiency (R?= 0.34,
Figure 20-A) and a comparatively high filtration efficiency for low base mass values.
Compared to the commercial F9 class filter material, the melt electrospun filter mats
achieved a comparable filtration efficiency with more than twice as low base mass
values. The packing density indicated an even greater impact on the filtration
efficiency (R?= 0.58, Figure 20-B). As the packing density increases, the interstitial
space decreases, and, thus, impaction and interception for larger aerosols prevails. A
higher packing density also indicates an additional filtering material and a larger
surface area for aerosol deposition. Therefore, the aerosol penetration decreases with
an increasing packing density for all the particle sizes 2. An increase in the base
weight would cause a decrease in the pore size and a shift in the pore size distribution
towards lower values, which leads to a synchronous increase in the filtration
efficiency and the pressure drop (Wang & Pan, 2015; Zhang, Liu, Zuo, et al., 2017).
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Highly porous filter media can allow particles to pass through easily and not
perform the filtration function satisfactorily 2°2. Furthermore, the airflow may have
additional path choices for passing through the medium; thus, according to the
minimal resistance principle, the length and tortuosity of the air penetration path can
be reduced significantly, which results in a lower air resistance (Zhang, Liu, Yin, et
al., 2017).

3.2.4.2. Pressure drop

The pressure drop across the 12 mats ranged from 23.5to0 112.3 Pa, with a mean
of 50.0 Pa. In contrast to the solvent electrospun filtration media, melt electrospun
mats exhibit a lower filtration efficiency combined with a significantly lower pressure
drop. The filtration efficiency of the solvent electrospun membranes was
demonstrated to vary in the range of 77.7% to 99.616%, which is associated with a
pressure between 282 and 1243 Pa 1°%,

A wider fibre size distribution moderately affected the filtration efficiency,
while the pressure drop was not affected as much (Figure 21-A). This could be
explained by the fact that the increase in the fibre size dispersion results in an
increasing amount of fine fibres, thus obstructing air permeation. With the lognormal
distribution and a higher count of smaller fibres being achieved, a lower total
permeation level is observed 2%7. As the fibre size distribution is shifted to the smaller
side, the presence of several larger fibres results in a lower pressure drop, while still
maintaining high filtration efficiency and higher mechanical stability.
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Figure 21. Effects of IQR of fibre diameter (A) and packing density (B) on pressure

The regression between the packing density and the pressure drop (see Figure
21-B) indicated an exponential relationship, in which, the change in the packing
density at a higher range could double the pressure drop, as expected (Hung & Leung,
2011; Leung, Hung, & Yuen, 2010; Wang & Pan, 2015). Accordingly, the pressure
drop and the filtration efficiency for ePM; were also closely associated exponentially
(R?=0.94, Figure 22). This indicates that, similarly to the other filtration products,
the filtration efficiency and pressure drop should be balanced.
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The objective of the filter media design is to balance the filtration efficiency and
the pressure drop by assessing the filter QF. As a result, the filter media QFs were
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calculated for the analyzed fibrous mats (Table 2-A). The filter media (N5A) with the
highest efficiency (ePM1 = 80%) and the highest pressure drop (121.3 Pa) exhibited
the lowest quality factor (QF = 0.013). The highest quality factor (QF = 0.037) was
obtained for N4A filter media thus indicating moderate filtration efficiency (ePM; =
58 %) and the lowest pressure drop (23.5 Pa). In general, the QF was adversely
associated with the fibre diameter.

The pressure drop has been demonstrated to decrease more rapidly than the
decrease in the filtration efficiency with an increasing fibre diameter. This
phenomenon reveals the complexity of the dependence of the QF on the structural
parameters as the pressure drop decrease can be outweighed by the decrease in the
filtration efficiency 28,

Moreover, the QF range obtained with the melt electrospun fibre mats was
within a higher range of filtration materials of the same efficiency (0.017 to 0.036 vs.
0.018 of the tested commercial F7 filter material). This confirms our hypothesis that
a broad fibre size distribution is favorable in achieving relatively high filtration
efficiency with a relatively low pressure drop.

3.3. Multi-layered air filter formation: melt/solution electrospinning
for micro/nano fibrous material (Experiment I11)

3.3.1. Mat morphology and characterization

Four distinct variations of mat morphologies were obtained during the
fabrication process by combined melt and solution electrospinning (Figure 23).
Microstructures were obtained via melt electrospinning (Figure23-A), while
submicrometer structures were fabricated via the solution electrospinning method
(Figure 23-D). By combining both methods and variating the timing of solution
electrospinning, different intermediate structures were generated (Figure 23 B-C). By
combining the regular melt with solution electrospinning for 30 minutes, in the middle
of the melt electrospinning process (Figure 23-B), a mat with a relatively large amount
of supermicrometer fibres and large pore size was formed. In the case of simultaneous
melt and solution electrospinning (for the whole process duration), a mesh of densely
packed nanofibres was formed on the randomly placed micro fibres (Figure 23-C).
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| Figure 23. SEM images of fibre urfacs with ifferent process combinations at
magnification x1000 (A —M; B-M_MS_M; C-MS; D -5S)

The characteristic parameters of the resulted fibre mats are presented in Table
8. The analysis showed high porosity (the ratio of the open space in a filter matrix to
the amount of the volume taken by the filter media itself) of melt electrospun mats.
The porosity of the mats formed by using combined melt and solution electrospinning
(average —94.9%) did not significantly differ from the porosity of the melt electrospun
mats (average — 92.8%); however, a significant porosity difference was observed in
comparison to the solution electrospun mats (47.67%).

Surprisingly, even though a highly porous material was obtained, additional
solution electrospinning did not increase the thickness of the mat; in most cases, the
thickness was reduced. Generally, both thickness and radius of the fibre deposition
tends to increase with a longer formation period 2%. The reduction of thickness in our
study might be due to the fact that sub-micrometre fibres had intertwined super-
micrometre fibres thus resulting in a tighter material but still maintaining a high
porosity level.
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Table 8. Parameters of formed fibre mats

. ) .
Numerical Fibre | Weight Welg_ht, g/m Pressure | Porosity Thickness
Code . 5 (without ,
Ratio* , g/m b drop, Pa , %
ase) mm
s Submicrometer | g7 g, 10.67 140.80 | 47.67 0.02
fibres only
M(1) 0.31 85.78 38.52 4.33 97.64 1.60
MS(I) 231 75.51 28.24 15.92 97.67 1.19
MS_M(1) 2.03 86.10 38.84 23.67 96.44 1.07
M_MS_M(l) 2.29 75.13 27.86 16.00 97.02 0.92
M(II) Supermicromete | ;) g 74.61 6.17 93.80 1.18
r fibres only

MS(11) 15.62 119.34 72.08 20.33 91.76 0.86
MS_M(IT) 1.19 132.40 85.14 15.50 92.27 1.08
M_MS_M(I1) 0.90 125.94 78.68 7.33 92.72 1.06
M(11T) 0.21 77.44 30.18 7.00 87.02 0.23
MS(111) 7.38 82.37 35.10 50.17 95.99 0.86
MS_M(l11) 1.11 84.54 37.28 14.17 95.91 0.89
M—MS)—M(”I 0.40 80.18 32.92 8.08 95.07 0.66

* Ratio between the number of submicrometer (<1 pm) and supermicrometer (>1pm)
fibres

The analysis of cross sections of fibre mats produced via melt and combined
melt/solution electrospinning revealed differences in structures (see Figure 24). While
the voltage (25 kV) and nozzle diameter (0.4 mm) were kept constant, for the feed
rate (0.6 g/h and 1.8 g/h) and the tip-to-collector distance (50 mm and 70 mm), three
variations were chosen. Variation | (the feed rate — 0.6 g/h, the tip-to-collector
distance — 50 mm) resulted in rather uniform fibres, thick mats, and porous structures.

Variation Il (the feed rate — 1.8 g/h, the tip-to-collector distance — 50 mm)
resulted in material overflow and ribbon structure formation. Such a structure occurs
when the surplus polymer melt is not stretched from the tip of the nozzle fast enough.
This causes solidification of the outer polymer layer which tends to break apart. As
the solidified outer layer bursts, it forms the ribbon structure. At the same time, the
melted inner core is spun into fibres. The same mechanism was observed during
Experiment Il and described in Subchapter 3.2.1. “Morphology of filter mats”.

Variation Il (the feed rate — 0.6 g/h, the tip-to-collector distance — 70 mm)
formed densely packed fibre mats; the thickness decreased almost twice in
comparison with these of Variation I. This was achieved due to the longer tip-to-
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collector distance which allowed for a longer stretching time of the polymer melt and
a lowered average fibre diameter 108127128,

Variations of melt electrospinning
1 ) 11 T11

Process combinations

Figure 24. Cross sections of fibre mats (without a supporting layer): (1) feed rate — 0.6 g/h,
tip-to-collector distance — 50 mm; (I1) feed rate — 1.8 g/h, tip-to-collector distance — 50 mm;
(111) feed rate — 0.6 g/h, tip-to-collector distance — 70 mm.

3.3.2. Filtration efficiency and quality factor

For smaller aerosol particles (NaCl) ranging in size from 0.02 um to 5 pm, the
particle fractional deposition efficiency of the fibre mats was determined in setup S1,
while for the larger (KCI) particles, it was determined in setup S2. The obtained
fractional deposition efficiencies of fibre mats fabricated via different formation
conditions are presented in Fig. 25.
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Variations of melt electrospinning
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Figure 25. Particle trapping efficiencies of fibre mats fabricated by various formation
methods (the dotted line represents solution electrospinning filtration efficiency)

As it was discussed in Chapter 1.2 “Theory of air filtration,” an increase in the
particle size will cause increased filtration by the interception and inertial impaction
mechanisms, whereas a decrease in the particle size will enhance collection by
Brownian diffusion. As a consequence, there is an intermediate particle size region
where two or more mechanisms are simultaneously operating, yet none of them is
dominating. This is the region where the particle penetration through the filter is at
the maximum, and it is called the most penetrating particle size (MPPS). Although
the minimum filter efficiency and the particle size at which the minimum efficiency
occurs will vary depending on the type of the filter and the flow velocity, the existence
of such minimum filter efficiencies has been well established for different types of
filters. For most fibrous filters operating at relatively low filtration velocities, the
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minimum filter efficiency is generally known to occur in the vicinity of 0.3 pm 2%,

Such an effect is clearly seen in Fig. 25.

Regardless of the melt electrospinning parameters, the mats formed by pure melt
electrospinning (M) showed low filtration efficiencies (Figure 25, M). This is not
surprising since a high number of supermicrometer fibres are denoted by limited
capability to capture aerosol particles, especially when approaching the most
penetrating particle size. In order to achieve higher filtration efficiencies ((ePM1) up
to 80%), melt electrospun mats require additional treatment, such as hot pressing or
layer stacking, as it was demonstrated in Experiment Il (Subchapter 3.2.4.1 “Filtration
efficiency”).

In both cases when constant melt electrospinning was combined with partial
solution electrospinning (MS_M and M_MS_M), filtration efficiencies increased.
Introducing submicrometer fibres at the beginning of the mat formation process
(MS_M) was more advantageous compared to the case when submicrometer fibres
were introduced in the middle of the formation process (M_MS_M). The difference
in the filtration efficiency might be due to the fact that — when melt electrospinning is
used prior to solution electrospinning — it creates a thicker and fluffier background
which resists the deposition of solution electrospun fibres.

Higher filtration efficiencies (excluding solution electrospinning) were reached
when both melt and electrospinning methods (MS) were being applied simultaneously
(see Table 9). The filtration efficiency for different PM fractions increased from two
to three times compared to the above described variations of the combined melt and
solution electrospinning. It was also observed that the melt electrospinning process
parameters influenced the mat morphology and filtration efficiency accordingly. As
supposed, a higher feed rate and a longer tip-to-collector distance increased the
filtration efficiencies.

Table 9. Filtration efficiencies of different PM fractions for the produced fibre
mats based on different methods

NaCl KCI Discharged + KCI
Code SMPS | OPS OPS SMPS | oPS

ePM;: | ePM1 | ePMzs | ePMs* | ePM1 | ePM2s | ePMio | ePM1 ePM1 | ePM2s
S 99.5 99.7 | 99.9 99.9 96.3 | 96.6 97.8 91.2 914 | 92.7
M(1) 26.3 5.4 5.8 7.4 215 255 39.4 13.6 12.9 135
MS(I) 72.7 57.2 68.2 717 55.3 65.2 83.4 57.3 447 54.6
MS_M(I) 38.4 305 | 41.0 53.3 62.1 | 68.6 84.1 32.3 29.0 | 37.0
M_MS M(l) |479 |348 |434 |515 |572 |657 |836 |335 |372 |463
M(11) 35.6 18.3 19.7 21.1 30.6 35.3 51.8 34.4 15.3 19.1
MS(11) 74.0 755 | 822 88.6 713 | 76.8 90.2 58.8 69.6 | 755
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NaCl KCI Discharged + KCI
Code SMPS | OPS OPS SMPS | OPS

ePM: | ePM: | ePM2s | ePMs* | ePM1 | ePM25s | ePM1o | ePM1 | ePM1 | ePM2s
MS_M(I1) 494 | 367 |451 |[532 |598 |674 |827 |414 |263 |368
M_MS M(Il) | 413 | 232 | 265 |334 |412 |481 |657 |282 |124 |163
M(I11) 306 |98 |[123 |[152 |[354 |413 |601 |285 |247 |296
MS(111) 924 |960 |969 |993 |925 |945 |983 |732 |841 |88.0
MS_M(Ill) | 502 |239 |323 |418 |414 |523 |763 |381 |124 |175
M_MS M(IIl) | 526 | 212 | 256 |31.6 |347 |429 |632 |258 |286 |347

*In case of NaCl, larger particles than PMs were not measured, therefore, the efficiency was
calculated for ePMs

The differences between the filtration efficiency were determined with the OPS
and SMPS. These differences might be explained by the fact that the two devices are
based on different measurement principles, light scattering, and electrical mobility,
respectively. The differences were also observed between the filtration efficiencies
measured with the OPS when using different types of test aerosols. Likely, this
occurred because of the shape of the aerosol particles 2!%?2, In S1 setup, the aerosol
was generated from NaCl which forms cubic particles with rounded edges, while, in
S2, the measurements were performed with KCI particles with a more spherical shape.
In general, our observations confirm the findings that spherical particles indicate a
higher filtration efficiency compared to cubic particles 22, Some differences in
filtration efficiencies could also be attributed to the particle charges duo to the
differences in the setups. KCI aerosol might have some charge, and, as the filters are
also charged, the KCI particles could be removed with a higher efficiency. For the
NaCl aerosol, we used a Kr neutralizer, which means that the particles are also slightly
negatively charged (bipolar distribution according to Fuchs). In the case of the KCI
aerosol generator, the drying air is ionized by a corona charger, both positive and
negative.
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Figure 26. Filtration efficiencies of ‘without discharge’ and ‘discharged’
fibrous mats at the Most Penetrating Particle Size

As regulated by ISO 16890:2016 Standard, the minimum fractional test
efficiency was measured for charged filters. In order to estimate the impact of
electrostatic forces on the filtration efficiency, a series of tests for the discharged
fibrous mats were performed. The comparison of ‘without discharge’ and
‘discharged’ filtration efficiencies for the Most Penetrating Particle Size (MPPS) of
0.3 pum indicated the general trend that ‘discharged’ fibrous media showed lower
efficiencies compared to ‘without discharge’ samples (Fig. 26). For the solution
electrospun mats, the filtration efficiency difference was 6.2%. This corresponds to
the findings of the other authors and supports the assertion that, due to the charge on
the material, 9, 33, 34 mats demonstrate higher filtration efficiencies while the
filtration efficiency difference for melt and combined melt-solution electrospun mats
ranged from 5.8% to 69.6% and did not show any regular relation. The morphological
analysis of the samples revealed that the initial nano-submicron structures of the mats
were destroyed during the discharge process, which was based on the submersion into
isopropyl alcohol. As a result, we shall study this aspect more profoundly in future
experiments.
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Table 10. Pressure drop, average filtration efficiencies and quality factors for
tested mats

Pressur F F F

;a drop, g/}:Ml' §/IZM2'5' §/IZM10' §3:_1|V|1)| FQ(EPPaMZYS) g;al\_ﬂlm) gaF—l
s 140.8 | 987 | 985 99.0 | 0.031 |0.030 0.033 | 0.031
M(1) 4.3 177 | 155 230 | 0045 | 0.039 0.060 | 0.048
MS(1) 159 617 | 665 80.5 | 0.060 | 0.069 0.103 | 0.077
MS_M(1) 23.7 433 | 550 685 | 0024 |0034 |0049 |0.036
M Ms m() | 16.0 463 | 545 68.0 | 0.039 | 0.049 0071 | 0.053
M(11) 6.2 283 | 275 365 | 0.054 | 0.052 0.074 | 0.060
MS(I1) 203 737 | 795 895 | 0066 |0078 |0111 |0.085
MS_M(1) 155 48.7 | 56.0 68.0 | 0043 |0.053 |0074 |0.056
M Ms M@ | 73 350 |375 495 | 0059 |0064 |0.093 |0.072
M(1I1) 7.0 253 | 265 375 | 0042 | 0044 |0067 |0.051
MS(l11) 50.2 93.7 | 96.0 985 | 0055 |0.064 |0084 |0.068
MS_M(II1) 14.2 383 | 42.0 590.0 | 0.034 | 0038 0.063 | 0.045
M_MS M(IIl | 8.1
) 363 | 345 475 | 0056 | 0052 | 0.080 | 0.063

When analyzing different mat characteristics and filtration parameters, a clear
relationship between the air pressure drop and mat porosity was observed. As it is
seen in Figure 27, the pressure drop tends to decrease with an increase of the porosity.
This is not surprising as, through a more porous structure, the air stream would face
less resistance to pass through the fibrous mats. Similar results were found throughout
the literature as porosity is always shown to have the same effect on the air pressure

drop 62,71,91.
160

140 o

Solution electrospun filter (S)

-
N
(=]

-
o
o

Pressure drop, Pa
[¢2] [e:]
o [=)

s
o

&)
o
®
[ ]

40 50 80 90 100
Porosity, %
Figure 27. Relationship between porosity and pressure drop of the tested mats
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The summarized values of the pressure drop and the average filtration
efficiency indicated that the higher quality factors were reached for simultaneously
melt and solution electrospun (MS) mats (Table 10). For MS mats, the quality factor
ranged from 0.068 to 0.085 Pa. The high quality factors were reached due to the low
values of the pressure drop (15.92-50.17 Pa), though the filtration efficiencies in
different particle mass fractions (ePMi, ePMz5, ePMo) were rather moderate (61.7—
98.5 %). The correlation between the filtration efficiency (ePM1) and the pressure
drop of the mats is presented in Figure 28.

100 -

80 -
= 0
(]
40 -
20 | f = 98.89(1-exp(-0.05x)); R*=0.86

©  Solution electrospun filter (S)

0 20 40 60 80 100 120 140
Pressure drop, Pa
Figure 28. Relationship between filtration efficiency (ePM) and pressure drop of mats

The solution electrospun (S) mat showed a better filtration efficiency for all the
mass fractions, however, the pressure drop on average was two times lower for all the
MS mats, thus, the S mat indicated a quality factor which was more than two times
lower (0.031 Pal). In contrast to our research, other studies 81214 indicated extremely
high filtration efficiencies, however, the quality factors on average were more than
two times lower for multilevel structured nanofibrous membranes.
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efficiency

One of our hypotheses was that blending nano-submicrometer and
supermicrometer fibres into coarse fibrous filter media is a promising way to improve
the filtration performance. It was found that a higher ratio between nano-
submicrometer fibres (<1 pm) and supermicrometer (>1um) fibres in the mat structure
leads to a higher filtration quality factor. Comparative analysis of the quality factors
(Table 10) and Numerical Fibre Ratios (NFR) (Table 8) showed good correlation
R?=0.58 (Figure 29). The higher NFR values were obtained for all the three MS mats.

4. Conclusions

1. The screening experiments proved that melt electrospinning process parameters,
e.g., the voltage, the feed rate, and the nozzle diameter are the main variables
affecting the fibre diameter and the fibre diameter dispersion.

The combined effect of the fibre diameter as well as the fibre diameter dispersion
is an important factor in achieving higher filtration efficiencies.

Not a single process parameter but rather a combination of process parameters
results in a specific fibre diameter. Accordingly, this allows developing the
combined response-surface plot of the process parameters for the production of
fibrous mats with the desired fibre diameters.

2. 12 out of 68 melt electrospinning produced fibre mats passed the standardized
ePM; test (ISO 16890). Polyamide 12 (Vestamid™ L1600), due to its low fibre
diameter dispersion median values, showed the most favorable filtration
efficiencies ranging from 55% to 80%.
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3. A prototype fibre printing apparatus based on combined melt and solution
electrospinning principles was designed. A novel method for the production of
mixed nano-submicrometer and supermicrometer fibre diameter structures was
developed.

4. Melt electrospun mats displayed the highest porosity (94.78%), whereas the

porosity of the mats formed by using combined melt and solution electrospinning
was 92.82%, while the porosity of solution electrospun mats was significantly
lower (47.67%).
Regardless of the melt electrospinning parameters, mats formed by pure melt
electrospinning showed the lowest filtration efficiencies, while higher filtration
efficiencies were reached when both melt and solution electrospinning methods
were applied, the electrospun mats showed the highest filtration efficiencies (98.7—
99.0%) across all the particle size categories.

5. The solution electrospun mats indicated 0.031 Pa* average filtration quality factor,
while the quality factor of the melt/solution electrospun mats ranged from 0.068
to 0.085 Pal. The high filtration quality factors of the melt/solution electrospun
mats were reached due to the low values of the pressure drop (15.92 — 50.17 Pa).
The blending of nano and sub-micron fibres into coarse fibrous media increases
the filtration quality factor. A higher amount of nano and sub-micron fibres within
such composite materials resulted in a higher filtration quality factor.
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Buivydiené, D.; Krugly, E.; Kliu¢ininkas, L.; Martuzevicius, D. Additive
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/I Filtech: The filtration event, March 13-15, 2018, Cologne, Germany. [S.1.]
: [s.n.], 2018, F06-02. eISBN 9783941655157. p. 1-7. [FOR: T 004]
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Chemistry and chemical technology 2017: proceedings of the international
conference, April 28, 2017, Kaunas. Kaunas: Kauno technologijos
universitetas. ISSN 2538- 7359. 2017, p. 63. [FOR: N 003]
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Dainius. Factors affecting solvent-free electrospinning process for nanofibre
production // Baltic polymer symposium 2016: Klaipeda, September 21-24,
2016 : programme and abstracts / Kaunas University of Technology, Vilnius
University, Klaipeda University. Kaunas: Kaunas University of Technology,
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