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LIST OF ABBREVIATIONS

o — packing density;

AA — acetic acid;
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INTRODUCTION

Air pollution is a major environment related health threat to human and a risk
factor for both acute and chronic respiratory diseases (World health organization,
2005). The main sources of air pollution still remain automotive exhausts, power
generation, industrial air emissions and other human activities like home heating and
cooking (Colvile et al., 2001; Chen et al., 2015; Kibble and Harrison, 2005).
Aerosols affect more people than any other pollutants (World health organization,
2005). Aerosols consist of complex mixtures of solid particles and droplets of
liquids of inorganic and organic substances suspended in the air. Due to the better
ability to penetrate and lodge deep inside the lungs, fine particles with aerodynamic
diameter less than 2.5 pm are considered to be the most health damaging particles.
Air filters and other particle air cleaners are used extensively in various industrial
processes to remove particles from the incoming or recirculated air (Fisk et al.,
2002). The conventional filters consist of quite high performance filtration medium,
including glass fibers, meltblown fibers and spunbonded fibers, and are based on the
micro sized fiber diameter. However, the fact that the decreasing fiber diameter
leads to a better filtration efficiency makes the submicron filter media (including
nano scale) attractive for the filtration applications (Hinds, 1999). The usage of
nanofiber media filters becomes a viable area, since the development of
electrospinning has been accelerated during the recent years. Electrospinning is a
simple and widely used technigue to fabricate fibers in a submicron scale (Askari et
al., 2014; Barhate et al., 2011; Maze et al., 2007; Oh et al., 2008). Electrospun fibers
have unique characteristics such as large surface area to the volume ratio, low basis
weight, small pore size and relatively uniform fiber size (Leung et al., 2010).
Because the fiber diameter is very small, the increase of pressure drop due to the gas
phase "slips" around the fibers is not as large as in the case of an equivalent surface
area of micron size fibers (Brown, 1993; Sambaer et al., 2011). The gas slip effect
increases the single fiber capture efficiency of impaction, interception and diffusion
due to the increased contact of air and small particles with the fiber surface
(Hosseini and Tafreshi, 2010; Sambaer et al., 2011).

Numerous experimental studies were carried out to examine the filtration
performance of electrospun fibers. The effects of some electrospinning parameters
(Zhang et al., 2009) as well as nanofiber filter characteristics (Hung and Leung,
2011; Leung et al., 2010; Sambaer et al., 2011; Wang et al., 2008a) on filtration
performance were extensively studied theoretically and experimentally. The
influence of fiber media properties to achieve the enhanced filtration quality factor
were gained by using multi-ply layer fiber mats (Leung et al., 2010; Wang et al.,
2014; Zhang et al., 2010). This shows that the effects of various parameters and
media properties on air filtration performance are quite well examined; however,
there are no studies that are specifically focused on the comparative assessment of
filtration characteristics of the nanofibers produced from various polymeric
materials. Thus, the detailed characterization of polymer solution parameters,
electrospinning conditions as well as nanofiber filtration characteristics in the
airflow is a relevant task for the experimental research.
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Aim of the thesis

To produce nanofibers by using electrospinning and investigate the
characteristics as well as to perform the comparative evaluation of filtration
properties of nanofiber media in an air stream.

Objectives of the thesis

1.
2.

3.

To prepare and optimize the formation of nanofibers in electrospinning.

To assess the effects of the polymer concentration as well as
electrospinning parameters on the characteristics of nanofiber media.

To perform a comparative evaluation of filtration properties of nanofiber
media produced from various polymeric materials.

To assess and compare filters quality factors of one-ply and multi-ply
nanofiber media.

To assess and compare filtration efficiency of polystyrene latex and sodium
chloride aerosol particles through the nanofiber media.

Scientific novelty

1.

The formation of nanofiber media for filtration applications was performed
from various polymeric materials (including polyamide 6, polyamide 6/6
and polyacrylonitrile), while, for the first time, the electrospun cellulose
acetate and polyvinyl acetate nanofiber media were used for filtration
applications.

The novel ternary solvent system consisting of acetone/
dichloromethane/N,N-dimethylformamide at the ratio of 2/1/1 (v/v/v) was
developed for the electrospinning of cellulose acetate nanofiber media. The
suggested composition of the solvents ensured the continuous formation of
cellulose acetate nanofiber media.

The unique data covering the comparison of filtration performance of
various nanofiber media, the comparison of single-ply to multi-ply
nanofiber mats as well as the comparison of the penetration ability of
polystyrene latex and sodium chloride aerosol particles through the
nanofiber media were obtained.

Practical value of the work

1.

The findings of the thesis provide new knowledge and data associated with
the electrospun nanofiber media characterization and testing of filtration
properties in the airflow. For better understanding of the interplay between
the nanofiber formation in the electrospinning process and nanofiber filter
media characteristics, the operational parameters were defined.



2. The main challenges of nanofiber media filters were identified, and the
subsequent recommendations were provided in order to adapt nanofiber
filters as closely as possible in practical air filtration processes.

3. The experimental setups for electrospun nanofiber media formation and
filtration testing were developed by supporting the improved
methodologies of further knowledge-based experimental work.

Structure and outline of the dissertation

The dissertation is divided into the following parts: list of abbreviations,
introduction, literature review, experimental part, results and discussion,
conclusions, list of 168 references, list of publications on the dissertation topic. The
literature survey and results of the research are presented in 83 pages, including 10
tables and 21 figures.

Publication of the research results

The results of this thesis are presented in three (3) publications corresponding
to the list of the Web of Science database by Thomson Reuters; one (1) publication
referred in international databases, reported at five (5) international conferences and
two (2) local conferences as well as presented in one (1) local scientists contest.
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1. LITERATURE REVIEW

1.1 Particles separation by filtration media

The basis of the filter is filter media. The filter media is defined as any permeable
material used in filtration and upon which, or within which, the solids are deposited
(Wakeman, 1985). The definition “nanofiber filter media” used in this work is a
porous media composed of random electrospun nanofibers whose function is to
capture aerosol of air gas stream transported through the medium. The scale “nano”
in nanofiber is not the same, according to different sources. According to the
definition provided by the International Standardization Organization (ISO), the
word “nano” is nano-object material with one, two or three external dimensions in
the nanoscale. The nanoscale size range is approximately from 1 nm to 100 nm.
However, the non-woven industry uses the definition nanofiber for diameter less
than 0.5 um (Ford, 2011; Wang et al., 2008a). Moreover, Barhate and Ramakrishna
(2007) consider nanofibers as having a diameter ranging from 100 to 1000 nm (0.1-1
pm). Leung and Hung (2012) proposed additional definition of nanofibers: ultrafine
nanofibers are nanofibers with a diameter below 100 nm, while nanofiber is defined
as fibers with a diameter up to 500 nm. According to these sources, the author of this
thesis uses the definition of nanofiber for all the fiber filter media produced and
tested in this work ranging from 60-535 nm of diameter.

According to filtration theories, the filtration is a mechanism or device for
separating one substance from another (Butler, 1999). The filtration according to the
phase of separating substances can be classified to these separations categories: gas-
gas, gas-liquid, liquids-liquids, solids-solids, solids-liquids and solid-gases. The last
is the most related to the thesis, and it will be analysed in more details.

In the filter media, some fundamental filtration mechanisms can exist
theoretically (Hutten, 2007):

o Surface straining. This type of mechanism traps particles larger than the
pore size on the top surface of the media. Particles that are smaller than the
pore size may pass through the filter. Surface straining is common in the
filtration of gases with high particle concentrations. This type of filtration is
generally more associated with media that has uniform pore openings.
Examples are membranes, screens and mesh fabrics.

e Depth straining. In this case, filter media is relatively thick compared to
their pore size. The particles travel along the pore, until they are captured
by the narrowest pore point, where the particle is too large to go ahead.

o Depth filtration. This mechanism allows particles to penetrate into the filter
media and be captured throughout the depth of the filter media as well as
on the surface of the media. In depth filtration compared to the depth
straining has mechanisms, which are able to remove a particle from a gas
stream, even though the particle may be smaller than the diameter at any
point in the pore structure. The mechanisms (aka particle deposition
mechanisms), which are responsible for doing this, are discussed later.
Depth filtration is most commonly applied to rather lower concentrations of

14



particles in the upstream region to reduce particle concentrations to very
low levels. Depth filters are more associated with the mats of random
metallic, polymeric or inorganic materials. These filters are characterized
by a broad pore size distribution. Examples are fibrous filters (high-
efficiency air filters).

o Cake filtration. In this case, particles are mostly collected on the surface or
near the surface of the filter media by building the layer of captured
particles. Then, this layer (aka filter cake) acts as the additional filter
medium for subsequent filtration. Cake filtration can occur for larger or
smaller particles, even when the particles are smaller than the pores,
especially when the particle concentration is relatively high. This happens
with the bridging of the particles across the entrance to a pore to form a
layer (base), upon which the cake begins to grow.

Generally, any real filtration process will probably involve a combination of

two or more of the above-mentioned mechanisms (Sutherland and Purchas, 2002).
As mentioned above, the depth filtration is more associated with the nonwoven filter
media, including nanofiber filter media. Depth filtration is more concerned with
other mechanisms for particle deposition. Particles can be captured through straining
(sieving), inertial impaction, interception, diffusion and electrostatic attraction
mechanisms (Hinds, 1999). Each mechanism has a certain size range, where it is the
dominant factor for the filtration of particles. A typical particle capturing efficiency
as a function of the aerosol particle diameter that is accounting for the different
mechanisms is shown in Fig. 1.1.

100

settling

impaction

50+  diffusion

interception

collection efficiency/%

0.01 0.1 1.0 10.0
particle diameter/pum

Fig. 1.1. Collection efficiency for individual single-fiber mechanisms and total efficiency
(Hinds, 1999)

Sieving (Fig. 1.2.), the most common and the simplest mechanism in filtration,
occurs when the particle is too large to fit between the fiber spaces. This principle
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spans across the most filter designs, and it is entirely related to the diameter of the
particle, media spacing and media density. Sieving is efficient for very large
particles; the mechanisms start from ~1um.

Particle

Fiber

Streamline

Fig. 1.2. The principle illustration of the sieving filtration mechanism (adapted from Camfil,
2015)

Inertial impaction (Fig. 1.3.) uses a rapid change in the air direction and the
principles of inertia to separate heavier particles from the air stream. Particles at a
certain velocity tend to remain at that velocity and travel in a continuous direction.
This principle is normally applied when there is a high concentration of the course
particulate and in many cases as a prefiltration mode to higher efficiency final
filters. This mechanism starts working for particles greater than ~0.1 pm and is
sufficient for particles greater than ~0.6 um.

Particle

0_ ..................... »>

Fiber

«~Streamline

Fig. 1.3. The principle illustration of inertial impaction filtration mechanism (adapted from
Camfil, 2015)

In the interception mechanism (Fig. 1.4.), a particle must come within a
distance from a fiber of one radius of itself. Thus, the particle makes a contact with
the fiber and becomes attached. The interception can be contrasted with the
impaction mechanism in that a particle, which is intercepted, is smaller, and its
inertia is not strong enough to cause the particle to continue in a straight line.
Therefore, it follows the air stream until it comes into contact with a fiber. This
mechanism starts to capture particles from ~0.05 pm by diameter and is effective for
particles greater than ~0.5 pm.

16



.o~ Particle

Q
Fiber

«_Streamline

Fig. 1.4. The principle illustration of the interception filtration mechanism (adapted from
Camfil, 2015)

Diffusion (Fig. 1.5.) occurs when the random Brownian motion of a particle
causes that particle to contact the fiber (Boss and Day, 2009). As a particle vacates
an area within the media, by attraction and capture, it creates an area of lower
concentration within the media to which another particle diffuses only to be
captured. In order to enhance the possibility of this attraction, filters that are
employed in this principle must operate at low face velocities, and the filter media
must be characterized by the larger volume fraction. The bigger is the retention time
of a particle in the "capture zone", the greater is the volume fraction of the fiber
media, and the greater are the chances of capture. Diffusion works on the smallest
particles (<0.1 um).

A\
; Particle
‘/ \\) //‘ (/\ /\/ / L/ /‘\
LViPs V o Fiber
. Streamline

Fig. 1.5. The principle illustration of the diffusion filtration mechanism (adapted from
Camfil, 2015)

Electrostatic attraction (Fig. 1.6.) usually stands for filters with a larger fiber
diameter, and the electrostatic charges are responsible for increasing filters
efficiency of fine particle removal. Filter media with a larger fiber diameter is
normally chosen due to the low cost and airflow resistance. However, these filters
often lose their electrostatic charge over time, because the particles that are captured
on their surface occupy the charged sites thereby neutralizing their electrostatic
charge. Electrostatic attraction is obtained by charging the media as a part of the
manufacturing process.

17



Particle

Fiber

«Streamline

Fig. 1.6. The principle illustration of the electrostatic attraction filtration mechanism
(adapted from Camfil, 2015)

As shown in Fig. 1.1., there is a vertical line indicated as the most penetrating
particle size (MPPS). MPPS is defined as the one corresponding to the lowest
overall filtration efficiency (Chuanfang, 2012). This is a characteristic size of a filter
media, typically around ~0.3 pum. Exactly 0.3 pum particles are characterized as
MPPS in high efficiency particulate air (HEPA) filters (European Standard EN1822-
1). Efficiency ratings in EN1822-1 for HEPA and ultra-low penetration air (ULPA)
media are based on MPPS. Particles in the mentioned size range are too large to be
effectively pushed around by diffusion and too small to be effectively captured by
interception or impaction. For nanofiber filter media, MPPS is in the smaller range
of sizes (<<0.3 pum). According to the filtration theories (Hinds, 1999; Lee and Liu,
1980; Leung et al., 2010; Wang et al., 2008a), the decreasing fiber diameter
(nanofiber) and increasing packing density of filters transfer the MPPS to the
smaller range of sizes.

Practically, the most important particle filtration mechanisms for the nanofiber
filter media are diffusion, impaction and inertial interception. This is because sieving
and electrostatic attraction mechanisms are not of specific importance for the
nanofiber filter media. Sieving mechanism effects very large particles (1-10 pm);
therefore, these large particles are collected at a very high efficiency (equal or near
100 %) in most of the filters (including microfibers and nanofibers). While
electrostatic attraction must be obtained by additionally charging the media. Charged
filter media can be only explored as an additional subject, because according to the
European filtration standards, (EN1822) all the new filters must be neutralized
before testing in order to remove the electrostatic charge of the filter media. Studies
associated with the investigation of nanofiber filters (Hung and Leung, 2011; Yun et
al., 2010; Leung et al., 2010; Leung and Hung, 2012; Sambaer et al., 2011; Zhang et
al., 2009; Zhang et al., 2010; Wang et al., 2008a; Wang et al., 2013; Wang et al.,
2014) that are revealed in the literature review perform the filtration tests with
particles smaller than 1 wm, most of them below 0.5 um to several tens of nm. This
as well shows that the mechanisms of interception and diffusion are more significant
for the nanofiber filter media than the inertial impaction (Hung and Leung, 2011)
(see Fig. 1.1.).
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Fig. 1.7. Some contaminants of air and their relative sizes (Hinds, 1999)

Nanofiber filter media is preferable for the filtration of smog, fumes, tobacco
smoke and viruses. Most of these contaminants by the sizes (see Fig 1.7.) are in the
interaction with diffusion, where nanofiber filter media have the best chances to
capture those particles (Hung and Leung, 2011). Moreover, the filtration of large
particles such as dusts will be a challenge for the nanofiber filter. Despite the
effectiveness of filtration, the clogging problem of media will occur under
continuous micron particle loading such dusts (Leung and Hung, 2012).

1.2. Filter media and filtration parameters

The most important parameters associated with air filtration are filtration
efficiency and pressure drop (Hinds, 1999). The filtration efficiency is the
quantitative measurement, which characterizes the ability to remove particles from
the air stream flowing through the media. The opposite parameter for filtration
efficiency is penetration. Filtration efficiency (i) relates to the fraction of particles
removed from the air gas stream and captured by the media, while the penetration
(P) is associated with the fraction of particles, which penetrated through the media.
After measurement, these parameters can be calculated by using formulas (Hinds,
1999):

Cup - Cdown ; (1)

Cup

P=1-mn; 2

where C,, and Cgun are the aerosol concentrations (mg/m® or numbers
(particles/cm®) before (upstream) the filter media and after (downstream) the filter
media. Efficiency and penetration can be expressed both as friction (-) and
percentage (%).

The review of filtration studies revealed that the efficiency of nanofiber filters
as the main filtration indicator is more common among the scientists in Europe
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(Podgorski et al., 2006; Sambaer et al., 2011) and Chine (Hung and Leung, 2011,
Leung and Hung, 2012; Leung et al., 2010; Mao et al., 2012; Wang et al., 2013;
Wang et al., 2014), while penetration is more common in the USA (Zhang et al.,
2010; Wang et al., 2008a; Wang et al., 2008b) and Japan (Yun et al., 2010). The
author of this work focuses on the parameter of efficiency for further analysis of
filter media, both theoretically and practically.

Theoretically, efficiency mostly depends on:
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Physical filter media properties such as fiber packing density (a), filter
media thickness (Z), mean fiber diameter (ds) and the morphology of the
media. Reduction in fiber diameter leads to enhanced filtration efficiency
together with the increased pressure drop, when a of fiber media is kept
constant (Hinds, 1999). a together with fiber diameter are the most
important characteristics for the fine particle filtration (Wang et al., 2014).
a shows the volume of fiber solids in the medium per unit volume of
medium. « is the opposite value of porosity (¢ = 1 — a), which is the three-
dimensional volume void fraction of the medium (Hutten, 2007). Knowing
the Z and basis weight (W) of the filter media, which can be easily
measured, the a of the nanofiber could be calculated by using the following
empirical formula (Leung et al., 2010):
o= fiber _ volume(m?) _W (3)
total _media_volume(m®) p-Z’

where p is the density of the fiber material.

Considering the filters with the same fiber diameter and with different «, the
highest filtration efficiency and pressure drop are generated from the nanofiber
filter having higher « together with higher W and Z (Hung and Leung, 2011).
The effect of physical properties and morphology on filtration performance of
nanofiber filters are discussed and described in subchapter 1.4. in more details.

Filtering particle size and morphology. As mentioned before, the
investigations of nanofiber filtration are focused on the particles below 1
um. Nevertheless, the size range below 1 um has its unique MPPS range, in
which interactions of diffusion and interception has weakest forces for
capturing particles. The range of MPPS strongly depends on the fiber
diameter: the decreasing fiber diameter transfers MPPS to the smaller range
of size (Hinds, 1999). The role of morphology is known from the literature
as well. Wang (2013) performs filtration experiments with different
morphology of nanoparticles. He has found that the elongated particles,
such as carbon nanotubes and nanoparticles agglomerates, have higher
filtration efficiency than sphere particles with the same mobility. The main
reason is that the elongated particles by the geometric size are bigger than
the spheres, thus leading to the higher filtration efficiency when the
interception interaction is important. Grinshpun et al., (2014) as well
investigated the effects of particle morphology on filtration efficiency. The
results showed that the particles from combustion processes have lower
filtration efficiency compared to NaCl particles. The biggest difference was



observed between the plastic and NaCl particles, which is the most
common challenging particles of filters between scientists and engineers
working in the filtration industry. The authors of the mentioned study
discussed that the differences in efficiency can be attributed to an
interaction between the particles and filter fibers (particle morphology,
charges, surface properties etc.).

Air gas conditions. This includes filtering air temperature, pressure and
flow rate. According to filtration standard (EN1822, 2009), the filtration
tests of new filter media must be performed under standard air conditions,
T=293 K, p= 760 mm Hg. Therefore, the consideration of the effects of the
temperature and pressure on filtration performances can be neglected. In
this case, the most important indicator is the flow rate, which is defined as
the volume of the air passed through the unit of surface area of filter media.
The flow rate is known as well as the face velocity expressed in terms of
cm/s or m/s. The minimum face velocity for testing HEPA filters must be
5.3 cm/s, according to the filtration standard (EN1822, 2009) requirements.
Moreover, face velocity can be several times higher: it depends on the test
target. Leung et al., (2010) found that with increasing face velocity from 5
cm/s to 10 cm/s, the filtration efficiency was reduced, especially for the
small particles (<100 nm), while for particles larger than 300 nm, the
filtration efficiency remained nearly unchanged. The authors argued that
the doubling of face velocity is similar to the reducing by a factor of half
retention time of particles in filter media. Therefore, the chance for small
particles to collide on fibers through diffusion interaction is lower. Wang
(2013) obtained similar results, when he found that with increasing
filtration velocity (from 2 cm/s to 10 cm/s and then to 20 cm/s), the
filtration efficiency for particles below 200-300 nm reduces because of the
weaker diffusion interaction. The trend is reversed for particles > 300 nm,
because the inertial effect is more important, which increases with the
velocity (Wang, 2013). The results of that study suggest that the lower
filtration velocity should be used to separate larger particles, and the higher
filtration velocity should be used to separate smaller particles. The
optimum filtration velocity depends on the targeted particle size and the
filter parameters. The author concluded that the optimum filtration velocity
depends on the targeted particle size and filter parameters.

Theoretically, the starting point in filtration efficiency is to consider the
collection of particles by single fiber. The single fiber efficiency, according to Baron
and Willeke (2001), is defined as the ratio of the number of particles striking the
fiber to the number which would strike if the streamlines were not diverted around
the fiber. The overall or total filtration efficiency of a clean (unused) fiber filter
media can be analytically calculated by using formula (Brown, 1993):

a —dan:Z |
p-1 exp[—”(l_a)df} @

21



where 7; stand for single fiber efficiency, and d; is the average fiber diameter.
As mentioned in subchapter 1.1., for nanofiber filters, the mechanisms of
interception and diffusion are more significant than the inertial impaction (Hung and
Leung, 2011), then:

Mg =Mp +1rs (5)

where np and 7 are the single fiber efficiencies due to the diffusion and
interception. #g is expressed as (Brown, 1993):

@+ R) ™ —(1+R)+2(1+1.996Kn)(L+R) In(L+R) . (6)
R 2(-075-05Ina)+1.996Kn(-05-Ina)

where R is the interception ratio and is equal to the ratio between particle
diameter and fiber diameter - d,/d; ; Kn is Knudsen number equal to:

anﬁ; (7)
dy

where 1 is the mean free path of air gas molecules (molecules under standard
conditions is 65.3 nm).
The expression of the efficiency due to the diffusion is (Brown, 1993):

1 2 1 1

1o =2.27Ku *Pe 3(1+0.62KnPe*Ku 3); (8)

where Ku is Kuwabara hydrodynamic factor; Pe is Peclet number; both are
expressed in equations (9) and (10) accordingly:

2
Ku:—ilna—§+a—a—; 9)
2 4
deO
Pe=—"—2; 10
5 (10)

where U, is the face velocity, and D is the diffusion coefficient expressed as:

D= XeTCs . (11)
3md,

where kg is the Boltzmann constant, T — absolute temperature, W - air dynamic
viscosity, d, — particle diameter, and C, is the Cunningham slip correction factor,
which, according to Rader (1990), is:

C, =1+ Kn[1.207 + 0.44exp(-0.78/Kn)] (12)

From the expressions given above, it can be seen that the single fiber
efficiency due to the interception mostly depends on the interception ratio that
represents the ratio between filtering particle size and mean fiber diameter of filter
media; the a and the Kn number has an influence on interception as well. Whereas,
single fiber efficiency due to the diffusion depends on three dimensionless
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parameters: the Kn number, the Pe number that represents the relative strength
between the interception and diffusion interactions and depends on the face velocity
itself and the a.

Kn number is very important for the nanofiber filter (Hosseini and Tafreshi,
2010; Sambaer et al., 2011). Kn number is defined as the ratio of the molecular
mean free path length to a representative fiber diameter, and it classifies the regime
of airflow over fibers. The air slip flow regime (0.001<Kn<0.25), the continuum
flow regime (Kn<0.001), transition regime (0.25<Kn<10) and molecular (Kn>10)
flow regime can occur inside the fiber medium. The nanofiber media filter, which
has an average fiber diameter, which is approximately higher than 500 nm, belong to
the slip flow regime, and the nanofiber filters with diameter lower than 500 nm
stands for transition regime. Some scientists (Kirsch and Stechkina, 1978; Hung and
Leung, 2011; Wang et al., 2008a) stated that the results when using the slip flow
condition may be applied to Kn~1 (what corresponds to fiber diameter of ~130 nm),
named as a large slip by Hung and Leung (2011). Slip flow regime affects the
nanofiber filtration in two important ways (Brown, 1993). Firstly, for airflow
through nanofiber medium and microfiber medium of equal fiber lengths, the
pressure drop through the nanofiber medium will be less. This is because fewer
molecules exchange the momentum with the fiber; there is less air drag on fiber.
Secondly, the single fiber efficiency due to the diffusion is enhanced of small
particles on nanofibers. The streamlines of air gas flow pass much closer to the
surface of the nanofiber compared to the microfiber. This provides the improvement
of interception interaction of small particles in air gas stream, because more of these
particles pass close enough to collide with the nanofiber compared to the microfiber.

Practically, the pressure drop is expressed as the difference between the static
pressures measured upstream and downstream of the filter media. The pressure drop
based on Kuwabara flow with slip effect is defined analytically (Brown, 1993):

4416ZU o (1+1.996Kn) (13)
2 1
0.250%(-05Ina—0.75+a —%+1.996Kn(—0.5lna—0.25+%))

AP =

It can be seen that the pressure drop mostly depends on a, Z, Uy and Kn
number as mentioned above in the discussion of efficiency dependencies. According
to Darcy law, there is a linear relationship between the pressure drop and U,. The
steepness of linear relationship depends on the Z of filter and fiber diameter. Hung
and Leung (2011) found that the nanofiber filter with larger Z has a higher steepness
of linear relationship (pressure drop against Up) than the nanofiber with moderate or
lower Z. If the Z of nanofiber filters will be the same, the higher steepness of linear
relationship will have nanofiber filter with smaller fiber diameter.

Finally, for the evaluation of overall performance of the filter, a useful
criterion named as the quality factor (QF) is used. QF reflects the filter quality and
is intended to describe the ratio between the filtration efficiency and the pressure
drop. According to Hung and Leung (2011), QF is regarded as the benefit to cost
ratio of a filter, where benefit stand for filtration efficiency, and cost refers to the
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pressure drop. Simply, QF is a filter quality factor and is expressed by the formula
(Hinds, 1999):

In@—7)
QF =——"7— (14)

According to Wang et al., (2008a), the desirable filters give high efficiency
and low pressure drop; thus, the larger values of QF indicate better quality of the
filters. Nanofiber filter media with high efficiency (>90 %) and rather high-pressure
drop (>100 Pa) have a lower value of QF in comparison to the nanofiber filter with
rather low efficiency together with the low pressure drop. This can be explained by
the fact that electrospun nanofiber mat elevates pressure drop without significantly
improving the efficiency, which lowers QF and leads to worse performance (Leung
et al., 2010). The significance is more noticeable when the nanofiber filter media
have higher basis weight or thickness. Moreover, the nanofiber filters (with lower
basis weight or thickness), which have high QF (as a result of the combination of
low filtration efficiency and low-pressure drop) have no practical applications
notwithstanding that its performance by QF is high.

1.3. The electrospinning and properties of nanofiber media
1.3.1 The principle of electrospinning

The main techniques for nanofiber based material production are
multicomponent fiber spinning, centrifugal spinning, modular meltblowing,
pressurised gyration process, solvent-free (melt) electrospinning and electrospinning
(Agarwal et al., 2013; Chang et al., 2014; Hassan et al., 2013; Lu et al., 2013;
Mahalingam and Edirisinghe, 2013; Nagy et al., 2013; Ward, 2005). The latter is the
most popular technique due to its simplicity and inexpensive instrumental setup
(Bhardwaj and Kundu, 2010; Pham et al., 2006; Wang et al., 2012). There are some
varieties of electrospinning designs, but typically, the basic electrospinning
equipment consist of a high voltage power supply, a syringe pump with a flat tip
needle and a conducting collector (Rogina, 2014). This type of electrospinning is
known as the needle electrospinning as well (Li et al., 2014; Vahtrus et al., 2015).
Electrospinning is an electro-hydrodynamic process, which begins with the
preparation of polymer solution. Then, the syringe of the pump is filled by the
polymer solution, which is used as spinning material. With increasing voltage, the
polymer solution droplet at the needle tip is electrified by the electrostatic forces,
which are formed between the needle and the conducting collector. When the high
voltage overcomes the solution surface tension, the droplet is deformed into a cone
shape named Taylor cone (Li and Xia, 2004; Taylor, 1969). This induces the
ejection of solution droplet to form a charged jet. This jet is eventually stretched into
long filaments, which are travelling to the collector. In this travel, solvent
evaporation leads to the solidification of the filaments into fibers (Niu and Lin,
2012). Electrospun fibers are collected on the collector as randomly oriented or
parallel-aligned mats (Beachley and Wen, 2009).
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There are two different types of needle electrospinning setup, vertical and
horizontal (Bhardwaj and Kundu, 2010). The typical set up of electrospinning
devices in vertical and horizontal position is shown in Fig. 1.8.a and 1.8.b,
respectively.
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Fig. 1.8. The principle diagram of the vertical electrospinning (a) and the horizontal
electrospinning (b) (Bhardwaj and Kundu, 2010)

The main parameters, which affect the fiber diameter and morphology of
electrospun fibers, are the polymer solution parameters, processing (electrospinning)
conditions and ambient conditions (Teo and Ramakrishna, 2006). The most import
factor in solution parameters is a polymer solution concentration in the chosen
solvent or solvent mixture for dissolving that polymer (Greish et al., 2010; Li et al.,
2013; Zander, 2013; Zheng et al., 2012). Solution concentration, which is strongly
proportional to the viscosity of the solution, has significant influence on the fiber
diameter (Bhardwaj and Kundu, 2010). It has been observed that in low polymer
concentrations, only the beads are formed on the collectors, whereas the increase in
polymer concentration leads to the beaded fiber production, and finally, in the
following increase, the fibers are formed. The increasing polymer solution
concentration leads to the thicker fiber deposition in electrospinning. Practically, the
formation of fibers in electrospinning has a broad polymer solution concentrations
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range, but there is the upper polymer concentration after which the electrospinning
process is impossible. After that, the upper concentration, the entanglements of the
polymer chains are restricted, and the deposition of fibers is repressed. At this
concentration point, the electric field is not able to overcome the interactions
between the polymer chains, because they are very strong. In lower polymer solution
concentrations, which are responsible for the formation of beaded fibers or beads,
there are not enough entanglements between the polymer chains. As a result, the
fibers are not formed, because the interaction, which keeps the polymer chains
together, is too weak. Zheng et al., (2012) have investigated polystyrene (PS) in
order to study the formation of fibers from different solvents (tetrahydrofuran (THF)
and N, N-dimethylformamide (DMF) and concentrations (5-30 % (w/v)). They
found that the beads of average size of 10 pm were produced from 5 % (w/v)
concentration of PS in THF, whereas bowl-like beads with size of 10-20 pum
occurred from 10 % PS/THF solution. When the concentration increased to 20 %,
the beaded fiber (bead size ranging from 10 to 30 um, and the fibers thickness of 1-2
pum and the width of 2-5 um) structure occurred. Finally, only the ribbon like fibers
with the thickness of 1-2 um and the width of 5-10 um were produced from 30 %
PS/THF solution. Slightly different results were observed by using the PS/DMF
solution, which is not volatile as THF. Electrospinning with this solution was able to
form the beaded fibers from 10 % concentration with fiber diameter of 100-300 nm
and the size of beads 4-10 um. As the concentration increased to 20 % PS/DMF,
mostly the fibers with the diameter of 300-900 nm were composed, whereas, when
the concentration was increased to 30 %, the uniform fibers with the diameter
around 1.5-2.5 pm were produced. The similar tendency was observed with other
polymers from the other studies: the increase in cellulose acetate (CA) concentration
from 10 to 20 wt% has influenced the increase in fiber diameter in a range of 200-
800 nm (Greish et al., 2010); the increase in the concentration of PEO solution from
8 to 10 wit% leads to the increase in the fiber diameter from 85 to 115 nm (Li et al.,
2013); the fiber diameter has increased from 553 to 1071 nm for 15-25 wt%
polyamide 6 solutions (Chowdhury and Stylios, 2010).

Ambient parameters such as humidity and temperature can influence the
process of electrospinning as well. By increasing the temperature of polymer
solution, the viscosity of the polymer solution decreases, whereas the solution
conductivity increases. All these trends lead to the deposition of smaller fibers
(Bhardwaj and Kundu, 2010). Zheng et al., (2012) have observed that at low
humidity (<10 %), the electrospun fibers have smooth surface, while at high
humidity (>50 %), the nanopores on the surface of the fibers and network structure
inside the fibers have occurred. However, the most of the researchers use of
higher/lower temperature and humidity for special purpose and investigations.
Normally, the temperature and humidity are kept at ~18-25 °C and ~30-40 % in
most of the studies.

Fundamentally, as mentioned above, the electrospinning process is influenced
by the electrospinning conditions, which are described in more details:

e Applied voltage. Direct current (DC) voltage supply is used in

electrospinning in most cases; however, it is as well possible to apply
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alternating current (AC) potential (Andrady, 2008). Usually, it is enough to
use a DC voltage in the range of several tens of kiloVates to produce fibers
in the electrospinning. The voltage expressed in kV is a crucial parameter
in electrospinning. In every research associated with the experiment of
electrospinning, it is indicated, used or applied voltage in kV (Bhardwaj
and Kundu, 2010). Sometimes, the term electric field expressed in kV/cm
(applied voltage over spinning distance (as well known as the tip-to-
collector distance) is used (Yang et al., 2015; Zhang et al, 2010). The
applied voltage affects the fiber diameter, but the influence of each case is
very individual and depends on various other polymer solutions and
electrospinning parameters. It has been observed that the increasing voltage
from 10 to 20 kV in PS electrospinning cause the fiber diameter reduction
from 223 to 173 nm (Subramanian et al., 2010). As the voltage increases,
the electrostatic forces acting on the solution droplet increase as well,
which provides an additional force to overcome the viscoelastic and surface
tension forces exerted by the solution (Subramanian et al., 2010). This
induces the increase of the elongation of the polymer chains in the jet and
produces smaller fibers. The similar tendency (when the voltage is
increased, fiber diameter decreases) was reported by Chowdhury and
Stylios (2010); Liu and Wang (2013); Rodoplu and Mutlu (2012).
However, the higher voltage may cause a higher mass flow resulting in
thicker fibers. Jacobs et al., (2010) as well investigated the influence of the
applied voltage on the morphology and diameter of electrospun poly
ethylene oxide (PEO) fibers. They found that the electrospinning at 5 kV
produced irregular beaded fibers instead of the fiber formation. As the
voltage increased from 10 to 17.5 kV, the thicker fibers with fewer beads
were produced. Further increasing the applied voltage to 20 kV was
responsible for the smaller fiber formation, whereas the ‘‘bead-on-string”’
morphology with the smallest fibers was observed at 25 kV. Typically, it is
enough to apply 10-30 kV for fiber production in the needle electrospinning
depending on the certain polymer or its solution and research targets.

Feed rate. The feed rate of the polymer solution in the electrospinning is
ensured by a syringe pump with a needle or just capillary tube. Basically, in
vertical electrospinning systems, more droplets on the collectors are
produced compared to the horizontal electrospinning devices (Bhardwaj
and Kundu, 2010). Accordingly, the syringe pump is responsible for stable
and continuous feeding of polymer. The needle of the syringe is connected
to one of the electrodes from the DC power supply. The feed rate of the
solution from the syringe is an important parameter because it influences
the jet velocity and the material transfer rate (Bhardwaj and Kundu, 2010).
It has been shown that different feed rates are used for productions of fibers
from various types of polymer. Even in the case of a certain polymer, but
dissolved in different mixture of solvents, the feed rate can be different. For
example, several studies investigated the electrospinning of cellulose
acetate (CA) fibers from the different solutions: Greish et al., (2010) and
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Tian et al., (2011) used 4 mL/h of feed rate (for solution containing acetone
and N,N-dimethylacetamide (DMACc) solvents at a volume ratio of 2:1);
whereas Han et al., (2008) used 3 mL/h of feed rate (for the solution
containing acetic acid/water at a ratio 75:25 by weight), and Celebioglu and
Uyar (2011) used 1 mL/h of feed rate (for the solution containing
dichloromethane (DCM)/acetone in various proportions). Thus, the feed
rate is a unique for different polymers and their solvent systems, but every
polymer system has the optimal range of feed rate, which ensures formation
of uniform fibers. Thus, very low and high feed rates are not describable.
According to Kattamuri and Sung (2004), at very low feed rates, it is
difficult to maintain a continuous jet, while at very high feed rates, the
polymer jet is ejected too fast, and as a result, the fibers with regular
structure are not generated. Zargham et al., (2012) obtained similar results
when they found that very low feed rates (0.1 mL/h) lead to the formation
of small droplets at the needle in the electrospinning of polyamide 6 (PA
6), while at high feed rates (1 mL/h and 1.5 mL/h), a large semi-spherical
droplets were formed at the needle, and as a result, the unspun droplets
were formed on the collector. The authors concluded that the feed rate of
0.5 mL/h, which was proportional to the electrospinning speed, was
responsible for the formation of a stable Taylor cone, less instabilities and
the narrowest fiber diameter distribution with uniform fiber morphology,
whereas the largest fiber diameters with irregular (with defects such as
branched or splitted fibers) fiber morphology were obtained at high flow
rates.

Collector. The nature of the collector significantly affects the morphology
of electrospun fibers (Kumbar et al., 2008). In the most cases, the collector
is a conductor grounded by collecting plate (metallic screen, wire mesh,
plate, aluminium foil or rotating wheel), which utilizes electric field
(Bhardwaj and Kundu, 2010; Li and Wang, 2013). The morphology of
randomly oriented fiber is generated by using simple static collecting
surface (Beachley and Wen, 2009), because fibers on such simple collector
are deposited as a random mass due to the bending instability of charged jet
(Bhardwaj and Kundu, 2010). The aligned fibers are formed as a result of
the presence of a rotating collector (Beachley and Wen, 2009). Moreover, a
rotating collector gives additional time for solvent evaporation. The higher
rotation speed of rotating collector, the greater alignment of fibers with
narrower distribution of fiber diameter are achieved. Very aligned fibers are
produced by using rotation speed over one thousand rpm (Liu et al., 2013;
Mathew et al., 2006). Everyone can consider that the morphology of
random deposited fibers is more attractive for the filtration application due
the high porosity (Gupta et al., 2009), but uniformity of fiber layer in this
system is worse than in the rotating system.

Electrospinning distance. This comprehends to the distance of the electric
field between the needle tip of the syringe and the collector, which is as
well-known as a working distance, spinning distance, collecting distance or



tip to collector distance (Liu et al., 2013; Zander, 2013). The latter
definition is used commonly. The tip to collector distance has an influence
on fiber diameter and morphology, but it is not as significant as other
parameters discussed above (Bhardwaj and Kundu, 2010). However, the
increasing tip to collector distance may increase the evaporation of solvent,
leading to smaller fibers keeping the voltage as a constant (Heikkila and
Harlin, 2008). Moreover, when the distance is too large, no fibers are
deposited. Decreasing the distance between the tip and collector (increasing
the electric field strength) leads to the deposition of wetter fibers, because
the jet has not enough time for the solvent evaporation. As a result, larger
fibers or, in some cases, the beaded fibers are formed (Mazoochi et al.,
2012). For example, Chowdhury and Stylios (2010) demonstrated that the
electrospinning of PA 6 at the tip to collector distances of 5, 8 and 11 cm
leads to the formation of fibers in diameters of 1257, 1002 and 936 nm,
respectively. However, it has been reported that the increase in the distance
leads to the increase of fiber diameter instead due to the weakened field
strength (Bosworth and Downes, 2012). A certain polymer solution has its
optimal electrospinning parameters including the tip to collector distance,
which has a specific range to be able to produce fibers. Typically, the tip to
collector distance varies between ~10 and ~20 cm.
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Fig. 1.9. The principle diagram of needleless electrospinning (Sambaer et al., 2011)
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Typically, the needle electrospinning presented above has a smaller fiber
production rate together with the low consumption of materials, which is more
suitable for laboratory scale experiments (Wang et al., 2012). For industrial
applications, for higher fibers production rates, from open solution surface, the
needleless (as well known as the roller) electrospinning (see Fig. 1.9.) method is
applied (Forward and Rutledge, 2012; Jirsak et al., 2010). Without higher
production rates, which depend on the fibers generator (cylinder with rounded rim,
disc and ball) shape and dimension, this technique is as well characterized by the
continuous mass production and ease of upkeep (Kostakova et al., 2009; Niu et al.,
2012). Several tens to hundred jets are generated from a free surface of polymer
solution held in bath in needleless electrospinning instead of jet generation at the
needle tip in needle electrospinning (Li et al., 2014). Thus, syringes and needles are
not needed there. However, this method has disadvantages too: the high
consumption of materials for experimenting, the diameter of the produced
electrospun fiber is thicker, and the fibers have wider distribution (Sasithorn and
Martinova, 2014). The applied higher voltage and/or the smaller electrospinning
distances are required to overcome the polymer solution surface tension and
additional gravity forces, because the jets in roller electrospinning must flight from
the bottom to the top. As a result, the higher concentrations of the polymer solution
are difficult to spin, whereas in needle, electrospinning is impossible. However, the
electrospinnable polymer concentration depends on the certain polymer and its
origin (Petrik and Maly, 2009). The principal differences between two
electrospinning methods are summarized in Table 1.1., according to Wang et al.,
(2012); Sasithorn and Martinov4, (2014); Niu et al., (2012); Zhou et al., (2010);
Holopainen et al., (2014).

Several researchers as well proposed the modified setup of the needle
electrospinning to enhance the productivity and covering an area (Ding et al., 2004;
Varabhas et al., 2008, Zhang et al., 2011; Zhou et al., 2009). This includes the
increase of the number of needles, i.e., jets (from 2 to 16) by a technique known as
the multi-needle. This technique can be divided into multi-jets from single needle;
multi-jets from multiple needles (Nayak et al., 2011). Despite higher production rate,
this technique had problems as well. Multi-jets from single needle tended to clog,
because it is quite difficult to ensure the distribution of the flow from the syringe
into the different needles. Hence, a regular cleaning system must be ensured for each
needle during the fiber production (Niu and Lin, 2012). Multi-jets from multiple
needles must be separated by a certain distance (1-3.2 cm), because each of the jet
interacts with the neighbouring jets, repelling each other because of the same
polarity electric charge (Varesano et al., 2009). As a result, the separate covered
areas are deposited on the collector. The Moving support, which has fixed syringes
with needles, along the collector is used to combine the separate deposition areas
(Ding et al., 2004; Sun et al., 2010). The usage of the multiple needle technique
allows the formation of blends mats that are consisted of two or more polymers
characterized by different properties as well.
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Table 1.1. The principal differences between needle and needleless
electrospinning techniques

Technique

Needle (see Fig.1.8.)

Needleless* (see Fig. 1.9.)

Main differences

The polymer jet is travelling in
horizontal or vertical (from top to
bottom) direction from needle to
collector

The polymer jets are formed
from a widely open liquid
surface, and the directory of
travelling are from bottom to
top

The fiber diameter is smaller

The fiber diameter is thicker

Small fiber production rate (up to
0.41 g/h for silk fibers, 0.3 g/h for
polyvinyl alcohol (PVA) fibers)

High fiber production rate (up to
2.05 g/h for silk fibers, 3.1-8.6
g/h for PVA fibers, ~9 g/h for
PAN fibers)

The low consumption of materials
for experimenting (min 10 mL
solution)

The high consumption of
materials for experimenting
(min 200 mL solution)*

The electrospinning duration is
the function of the thickness of
fiber media

The thickness of fiber media is
controlled by the speed of
substrate  (0.13  m/min-1.57
m/min)*

Usually, lower spinnable voltage
(10-30 kV) is enough

Higher spinnable voltage (30-80
kV)

Spinning distance of the unit is
longer

Spinning distance of the unit is
shorter

Wider spinnable concentration
range of solutions

Narrower spinnable
concentration range of solutions

* NanoSpider (NS LAB 500). More information is available from www.elmarco.com

1.3.2. Polymeric materials suitable for the production of nanofiber
filtration media

At present, more than 200 different kinds of polymers have been electrospun
(Bhardwaj and Kundu, 2010). They can be divided in synthetic polymers and natural
polymers. The latter normally offer better biocompatibility and lower
immunogenicity, compared to the synthetic polymers, which have other advantages
over the natural polymers, such as necessary mechanical properties and desired
degradation rate (Bhardwaj and Kundu, 2010; Hakkarainen et al., 2002). The
electrospinning, apart from the neat single polymer system, is as well possible with
copolymers, polymer blends, composites, single polymer systems containing
additives and even with inorganic materials (by the combination of electrospinning
and sol—-gel methods with calcination (Mao et al., 2012; Heikkila and Harlin, 2009;
Munj et al., 2014; Shahi et al., 2011; Thammawong et al., 2014).

The used polymeric materials for production (includes needle and needleless
electrospinning techniques) of nanofiber media are summarized in Table 1.2.
Together with the list of the used polymers, additional information of solution
concentrations and electrospinning conditions are presented. The latter information
will be used as well in subchapter 1.3.3. as the initial and additional information for
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evaluation of nanofiber media properties and filtration parameters from the same
studies.

Most of electrospun polymers fiber medium is rather soft; therefore, the rigid
substrate (supporting structure) with sufficient mechanical strength is used, on
which the fibers are deposited (Leung et al., 2010). The substrate was a microfiber
medium (Hung and Leung, 2011; Leung et al., 2010; Leung and Hung, 2012),
nonwoven substrate (Wang et al., 2014), filter paper (Wang et al., 2013), polyester
fabric (Sambaer et al.,, 2011), activated carbon fiber (Zhang et al., 2010),
polypropylene substrate (Li et al., 2012; Shahrabi et al., 2014). The authors of the
mentioned studies stated that the substrate must have negligible filtration efficiency
and pressure drop compared to the nanofiber media.

Over the last 6 years (time period of 2009-2015), most of the studies which
deal with the filtration performance of nanofiber media filter use thermoplastic
polymers. The common electrospinning conditions were applied for these polymers
with the exception of several trends (as discussed in subchapter 1.3.3.): lower
spinnable voltage < 30 kV in needle electrospinning, higher spinnable voltage > 70
kV in needleless electrospinning; different polymers had a different feed rate in
needle electrospinning: PA<0.3 mL/h, PAN>1 mL/h etc. However, in the most of
studies, the arguments for choosing a certain polymer for filtration applications are
lacking. Therefore, the author of the thesis performs an additional review of the
characteristics of used polymeric materials as fiber media. Despite the main
characteristics, in order to capture the aerosol particles from the air, the nanofiber
media filters must have a rich mechanical and antiwear properties as well (Wang et
al., 2013)

Some polymers have unsuitable properties to be used as materials for filter
media. For example, polyethylene oxide (PEO) and polyvinyl alcohol (PVA) are
water-soluble polymers (Chen et al., 2015; Nagy et al., 2010). Fiber mats from PS
are brittle; therefore, they have weak mechanical properties (Feng and Shen, 2010).
Electrospun PEO fibers are not as brittle as PS, but the mechanical properties
presented by Bianco et al., (2013) are rather poor in terms of tensile modulus (4+2
MPa), ultimate tensile stress (0.20+0.03 MPa) and strain at failure (15+4 %). Instead
of using pristine PEO fibers, it was proposed to use PEO blends with poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) to enhance the mechanical
properties, because PHBV electrospun fibers has tensile modulus of 80+15 MPa
(Bianco et al.,, 2013). PVA differently than PEO has higher elasticity and
hydrophilic characteristics. Thus, the mechanical properties of electrospun are
higher: tensile modulus up to 60 MPa (Li et al., 2014), tensile strength in the range
of 4 -20 MPa (Jeung et al., 2007; Li et al., 2010; Li et al., 2014). Some researchers
have found that the mechanical properties of PVA fibers can be reinforced several
times by inserting filamentous nanocellulose fibrils or multi-walled carbon
nanotubes into PVA forming composites (Jeung et al., 2007, Li et al., 2014).
Nevertheless, despite that, both PEO and PVA belong to the polymer group, which
represents “green electrospinning” from aqueous solution avoiding harmful organic
solvents (Chen et al., 2015); the application of both polymers in filtration field are
rather limited due to their solubility in water.
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Table 1.2. Electrospun nanofiber for air filtration applications I: the used polymeric
materials, electrospinning conditions

Study Polymers; solution  Electrospinning parameters
concentrations

Zhang et al., 2009 PA 6 (MW: 63,000 Voltage— 15 kV, Distance — 15 cm, Feed
g/mol), 10, 12, 15 wt% rate — 0.06 mL/h, Collector - stationary
in formic acid

Zhang et al., 2010

PAN (MW: 150,000), 6
% wi/v in DMF

Voltage — 15 kV, Distance — 20 cm, Feed
rate — 1 mL/h, Collector — stationary,
Collection time — 5 and 15 min

Yunetal., 2010

PAN (MW: 150kDa)

Polymethylmethaacrylate
(PMMA) (MW: 90 kDa),
10 wt% and 25 wt% in

Voltage — 13 (for PAN) and 9 (for
PMMA) kV, Distance — 15 cm, Feed rate
— 2.4 mL/h, Collector — rotating cylinder,
Collection time — 20 and 40 min

Voltage — 20 kV, Distance — 14 cm, Feed
rate — 0.36 mL/h, Collector — rotating
cylinder

Needleless electrospinning: Voltage — 80
kV, Distance — 19 cm, Collector — moving
substrate

Needleless electrospinning: Voltage — 75
kV, Distance — 18 cm, Collector — moving
substrate 0.16 m/min

Needleless electrospinning: Voltage — 70
kV, Distance — 12 cm, Collector — moving
substrate

Voltage — 28 kV, Distance — 20 cm, Feed
rate — 2.5 mL/h, Collector — rotating
cylinder, Collection time — 180 min

Voltage — 30 kV, Distance — 15 cm, Feed
rate — 1.5 mL/h, Collector — rotating
cylinder

DMF

Leung et al., 2010 PEO (MW: 600,000
g/mol), 5 % wt% in
isopropyl alcohol and
water (8/2 v/v).

Hung and Leung, PA6; 12, 20 and 24 wt%

2011 in formic acid

Sambaer et al., Polyurethane (PU), 13

2011 wt% in DMF

Lietal., 2012 PVA (MW: ~121,000),
6-10 wt% in water

Wang et al., 2013 PVC/PU (8/2 wiw), 8
wit% in
tetrahydrofurane/DMF
(1/9 wiw)

Wang et al., 2014 PAN containing 8 wt%
nanoparticles of SiO,, 12
wt% in DMF

Shahrabi et al., PA 66, concentration is

2014 not specified, solvent
formic acid

Voltage — 25 kV, Distance — 15 cm, Feed
rate — 0.3 mL/h, Collection time — 30, 60
and 90 min

PA has a superior fiber forming ability in electrospinning; it is biodegradable
and biocompatible synthetic polymer with good mechanical properties which are
further enhanced by the hydrogen bonds (Baraka et al., 2009; Heikilla et al., 2008;
Pant et al., 2010; Pant et al., 2011; Pant et al., 2012). PA 6 was one of the first
polymers to be electrospun, and the potential usage of PA fibers nowadays is not
decreasing due to its attractive diameter and properties (Bagheri et al., 2012;
Guerrini et al., 2009; Nirmala et al., 2011; Schueren et al., 2010). PA can yield very
small fiber diameter < 150nm with narrow diameter distribution, especially PA 6/6.
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The mechanical properties of PA depend on the amorphous structure and
crystallinity (Lin et al., 2012). In the amorphous region, in the absence of moisture,
PA chains are cross-linked to form networks by intra-chain and interchain hydrogen
bonds. The absorption of moisture breaks the webs. Nevertheless, even moisture PA
fibers have good mechanical properties, such as high tensile modulus in the range of
699-5000 MPa (Bazbouz and Stylios, 2010; Lin et al., 2012; Lingaiah et al., 2008),
high-tensile strength 120-304 MPa (Bazbouz and Stylios, 2010; Marsano et al.,
2010) and elongation 300+50 % (Marsano et al., 2010). It was reported that the
electrospun fibers from the homopolymer PA 6 and the condensation PA 6/6 were
characterized by similar mechanical behaviour, although a small difference in
repeat-unit structure leads to a difference in the degree of hydrogen bonding
interactions (Lin et al., 2012). The filtration industry considers fibers produced from
PA as having good-excellent chemical resistance to various biological and oxidizing
agents, acids and solvents with exception of mineral acids (PA chemical resistance
to mineral acid is defined as poor) (Sutherland and Purchas, 2002).

PAN is another widely used polymer for air filtration application due to the
chemical stability and excellent weatherability (Nie et al., 2013; Wang et al., 2014).
According to Sutherland and Purchas (2002), PAN fibers are defined by good-
excellent chemical resistant to biological and oxidizing agents, mineral and organic
acids and solvents. PAN fibers are characterized as both strong and tough (Papkov et
al., 2013). Recent study (Papkov et al., 2013) has demonstrated improvements in
tensile modulus and strength of electrospun PAN fibers with a decreasing fiber
diameter. The authors found that the reduction in fiber diameter from 2.8 um to
~100 nm leads to the simultaneous enhancement in tensile modulus from 0.36 to 48
GPa, tensile strength from 15 to 1750 MPa, and the toughness from 0.25 to 605 MPa
with the largest values were fixed for the nanofibers smaller than 250 nm. The
similar findings of mechanical properties of PAN fibers in terms of tensile modulus
(3-13.3 GPa) and tensile strength (0.3-870 MPa) were found by Mataram et al.,
(2010) and Qin et al., (2011). Qin et al., found that initial treatment of PAN fibers by
heating and stretching appropriately in nitrogen makes the nitrile groups partially
cyclized and enhances the molecular orientation. Finally, fully stabilized PAN fibers
were obtained in the reaction with air with a higher preferred orientation. These
obtained PAN fiber, known as carbon fibers, had higher density, smaller interlayer
spacing and better preferred orientation, which provided considerable increases in
tensile modulus more than 10 times, and in tensile strength, it was approximately 3
times greater. While, Mataram et al., (2010) reported that the mechanical properties
of electrospun PAN fibers can be increased several times, according to the
enhancement of silica (SiO,) nanoparticles content at 1 wt% in PAN/SIO,
composite. The composite fibers formed from PAN/SIO, were as well tested and
used for air filtration applications (Wang et al., 2014). The authors of a recent study
found that the incorporation of SiO, nanoparticles into electrospun PAN fibers
creates hierarchical roughness on the nanofiber surfaces, which exhibit great impact
on the morphology, porous structure and filtration performance of the resultant
media filters.
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PU fibers are interesting in engineering material fields because of its properties
of both rubber and plastics, including excellent abrasion resistance and the
possibility of significantly improving resistance against mechanical deformation.
(Chen et al., 2006; Lee et al., 2003). Several studies reported that mechanical
properties of PU electrospun fibers are slightly lower compared to PAN or PA. PU
fibers had tensile modulus in the range of 0.62-7 MPa, tensile strength 7.04-40 MPa,
elongation at break 300-1210 % (Chen et al., 2006, Lee et al., 2003; Sen et al.,
2004). PU composites with single walled carbon tubes (SWNT) or MWNT are able
to enhance mechanical properties. It was found that, compared to pure PU fibers, the
tensile modulus and the tensile strength of SWNT-PU composites (1:100 wt%)
increases by 46-104 % and 300 %, respectively, depending on the preparation
degree of SWNT (Sen et al., 2004). Chen et al., (2006) reported that increasing the
concentration of nanotubes from 0 to 17.7 wt% in MWNT-PU composite leads to
the enhancement of tensile modulus by 27 times. While 9.3 wt% of MWNT in PU
exhibited the highest increase in tensile strength, i.e., 2.4 times greater than that of
pure PU fiber. Both works written by Sen et al., (2004) and Chen et al., (2006)
indicated that better mechanical properties for the SWNT or MWNT in PU
composites could be due to the improved dispersion of the nanotubes. Lee et al.,
(2003) investigated the mechanical behaviour of PVC/PU fibers blends. They found
that pure PU had a low tensile modulus (0.62 MPa), while pure PVC fibers had low
tensile strength (0.9 MPa) and elongation behaviour (153 %) due to the non-bonded
structure of PVC fiber mats. Whereas a distinct elastic region was formed before
what seems to be a plastic or elastomeric behaviour with an increased tensile
modulus, strength and elongation for 75/25 and 50/50 PVVC/PU fibers blends (Lee et
al., 2003). As a result, the highest tensile modules (11.8 MPa) were exhibited by
50/50 PVC/PU fibers blend compared to the initial tensile modulus of PU (0.62
MPa) and PVC (3.75 MPa).

PMMA, a well-known, transparent thermoplastic, has previously been used for
adsorption, ionic conductivities and sensing application in composites (Bae et al.,
2013; Khan et al., 2014; Matabola et al., 2011; Zhang et al., 2014) due to the
amorphous PMMA with sufficient amount of molecular orientation (Chen et al.,
2014). Together with the high ionic conductivity, electrospun PMMA fibers are
defined by high electrolyte uptake and good chemical stability (Chen et al., 2014). It
has been reported that pristine PMMA fibers have more moderate mechanical
properties in terms of tensile modulus and tensile strength compared to PAN fibers.
Tensile modulus were in the range of 0.6-1.49 GPa and tensile strength — 16.8-33
MPa (Andersson et al., 2014; Li et al., 2013). Moreover, the mechanical properties
of PMMA electrospun fibers could be doubled with PMMA composites made from
using electrospun graphene-incorporated-PA 6 nanofibers as the reinforcement (Li et
al., 2013).

A literature review revealed that the most attractive polymers for air filtration
applications, according to their mechanical properties, are PAN and PA fiber media.
These polymers have highest tensile modulus and tensile strength and are
characterized as insoluble in water. PAN, PA and PU composites with SiO,
nanoparticles or various nanotubes are suitable for the filtration process as well,
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since the composites offer additional advantages in the morphology of fiber media
surface and mechanical properties. To the best of the author’s knowledge, natural
based electrospun polymers have not been widely used for filtration applications.
The potential possibility of the usage of natural based polymers such as CA in the
filtration field seems attractive, because CA is a cellulose derivative polymer of an
environment benign nature (Tian et al., 2011). Moreover, according to Greish et al.,
(2010), the electrospun fibers from CA are characterized by a good chemical
resistance, thermal stability and biodegradability. Tensile modulus of electrospun
CA fibers (i.e. ~247MPa) is not very high as in the PAN or PA fiber media, but
quite enough to be used in practical application of filtration processes (Gopiraman et
al., 2013).

1.3.3. Properties and filtration parameters of the nanofiber filtration
media

Table 1.3. summarizes the filtration parameters together with the
characteristics of fiber diameter of electrospun nanofiber media for MPPS at face
velocity 5-5.3 cm/s obtained by the different authors. The electrospinning conditions
of presented studies are given in Table 1.2. Only the parameters of nanofiber media
with the best filtration performance are presented. Some results were interpolated
directly from the graphs; thus, caution should be exercised when comparing the
results due the bias.

Numerous experimental studies were carried out to examine the filtration
performance of electrospun fibers for various purposes. One of the purposes was to
achieve high filtration efficiency and QF. Considering the nanofiber filter with high
filtration efficiency seems attractive due to the very small fiber diameter, regardless
the pressure drops. However, the combination of efficiency and pressure drop can be
defined by two alternatives: the pressure drop together with high efficiency (>90 %)
is rather low (<100 Pa), and the pressure drop together with high efficiency (>90 %)
is rather high (>100 Pa). Practically, in nanofiber filtration studies, there is an
impossible combination between the high efficiency and rather low-pressure drop. If
nanofiber filter is characterized by high efficiency, it absolutely has rather higher
pressure drop in most of the cases (see Table 1.3. for studies of Zhang et al., 2009;
Leung et al., 2010; Sambaer et al., 2011), except for a few exceptions. One of the
expectations is multi-ply technology, which is one of the techniques to enhance QF
(see Table 1.3. for Li et al., 2012; Zhang et al., 2010; Wang et al., 2014). Nanofibers
filters with multi-ply structure, which are produced by stacking up nanofiber media
layers into integral multi-layer filter, are expected to improve the filtration
performance with respect to the higher efficiency together with a lower pressure
drop. Leung et al., (2010) argued that the improvements in QF by using multi-ply
layers become more significant at higher basis weight of nanofiber media. The
multi-ply technique can be regarded as an alternative to adjust o and Z under fixed
basis weight what provides higher filtration efficiency and lower pressure drop
(Leung et al., 2010). The recent study of Wang et al., (2014) demonstrated a
fascinating filtration performance (QF=0.077 Pa™) of nanofiber media composed of
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17 layers. Their used nanofiber filter media (PAN/SiO,) with roughness surface as
well contributed to the excellent performance. While Yun et al., (2010) found that
the modification of the internal structure of electrospun nanofiber by using
microspheres was able to enhance QF, compared to the morphology structure of
nanofiber. The enhancement of filtration performance of both beaded nanofiber and
composite particle/nanofiber filters is explained by the fact that the insertion of
microspheres into nanofibers resulted in wider physical separation of nanofiber
media layers. As a result, the distance between nanofiber increased, and the volume
fraction of the structure decreased.

The effects of various electrospinning parameters (voltage, polymer
concentration, collection time, tip-to-collector distance etc.) as well as nanofiber
filter characteristics (packing density - «, basis weight - W, thickness - Z, fiber
diameter etc.) on filtration performance were extensively studied as well. Zhang et
al., (2009) found that the electrospun nanofiber media filter produced from higher
polymer concentration (from 10 to 15wt% of PA 6) and under larger tip-to-collector
distance (from 15 to 20 cm) and higher feed rate (from 0.6 to 3 ml/h) are responsible
for higher filtration efficiency and QF. According to Hung and Leung (2011), the
reduction of nanofiber diameter from 185 (filter M1) to 94 (filter S) nm with the
same W=0.0423 g/m’ (electrospun from 20 and 12 wt% PA 6 solution, respectively)
enhances filtration efficiency but elevates the pressure drop at the same time. MPPS
shits from 120 nm for M1 to 80 nm for S. They noticed that smaller fibers are
responsible for facilitating the filtration of NaCl aerosol particles in the range of 50-
500 nm through improved diffusion and interception mechanisms. The improvement
of interception is larger than of diffusion, as indicated by shifting down of the
MPPS. For nanofiber filter S, QF was higher for capturing 100-380 nm particles
compared to M1, and otherwise, OF was lower for 50-90 nm particles, respectively.
Leung et al., (2010) studied the effect of face velocity, packing density and thickness
on filtration performance of nanofiber filters. One of the findings was that MPPS
decreases (from ~140 nm to ~90 nm) with increasing a (from ~0.005 to 0.035) for
electrospun nanofiber filter with the same fiber diameter. Moreover, the effect of Z
on MPPS in nanofiber filter is less important than that of a. There are dependencies
between W and Z; W and « are not strongly expressed as a linear. o increases with
W, but the increase rate drops subsequently after W=0.4 g/m?; Z starts to increase as
well after W=0.4 g/m?. Another important finding is that the filtration efficiency
decreases with the face velocity (from 5 to 10 cm/s), and the reduction becomes
significant for smaller particles (<100 nm). It is explained by reduced retention time
of particles on nanofiber media; thus, there is the lower opportunity for particles to
collide on nanofiber through Brownian motion. Sambaer et al., (2011) investigated
the effect of air velocity, viscosity, temperature and pressure between the particles
and fiber media theoretically through the 3D structure model and experiment as
well. It has been observed that an increase in face velocity (from 2 to 8.55 cm/s),
viscosity (from 1.9 10° to 7.6 10 Pa s) and pressure (from 0.05 to 0.3 MPa) leads
to efficiency decrease due to the reduced Brownian motion intensity. Whereas the
increase in air temperature (from 100 to 1000 K) leads to efficiency enhancement
due to the reduced particle slip effect and increased Brownian motion.
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Table 1.3. Electrospun nanofiber for air filtration applications I1: the filtration
properties for most penetrating particle size (300 nm)

Study Filter name Fiber Quality Filtration Pressure
diameter, factor, Pa  efficiency, drop, Pa
nm %

Zhang et al., 15wt% 110-150 0.028 ~97 ~122.7

2009 12wt% 70-100 ~0.02 ~90.5 ~114.7

10wt% 60-90 ~0.02 ~87 ~96.9

Zhang et al., PAN5 224 0.037 47.7 18

2010 PAN15 0.023 89.8 98

PAN5x3 0.063 92.05 41
PAN15x2 0.025 97.93 152
Yun et al., NF4 420 The values ~28.5
2010 NF5 420 are ~67.2
BF4 390 uncertain, ~48.3
BF5 390 do not ~81.2
match with
AP
Leung et al., NG9S 208 0.016 ~92.5 161.2
2010 N8S 0.017 ~90 131.8
N7S 0.018 ~83 99.4
N3S 0.028 ~33 13.2
N3Sx2 0.027 ~57 ~31.3
N3Sx3 0.026 ~70 ~46.3
Hung and S 94 0.039 ~56 20.9
Leung, 2011 M4 185 0.022 ~80 74
L 220 0.022 ~75 62.2

Sambaer et PU 293 0.007 ~87 316

al., 2011*

Li et al, N1 90 ~0.047 92.61 ~55

2012** N2 ~0.055 96.44 ~60

N3 ~0.045 96.63 ~74
N4 ~0.037 96.98 ~95
N5 ~0.035 95.95 ~92
N1x3 ~0.061 99.95 ~120

Wang et al., PVC/PU(8wt%) ~800 0.0368 99.5 144

2013**

Wang et al., PAN/SNP-8x17 578 0.077 99.989 117

2014****

Shahrabi et C3 89 0.290 94.48 10

al., Cé 97 0.331 98.66 13

2014*****  C9 103 0.292 99.31 17

*Face velocity was 5.7 cm/s. Under 5-5.3 cm/s, the face velocity QF will be higher.
**Filtration tests were performed with monodisperse ~75 nm NaCl particles. QF will be
lower for filtration tests with 300 nm particles.

***Value of QF for 300-500 nm particles. QF will be lower only for 300 nm particles.

**** Value of QF for 300-500 nm particles. QF will be lower only for 300 nm particles.
**x**Eace velocity was 0.21 cm/s. Under 5-5.3 cm/s, the face velocity QF will be lower.

38



Wang et al., (2013) reported high QF (0.0368 Pa™) of electrospun nanofiber
media filter produced from PVC/PU 8/2 w/w blends. The morphology of the
tortuous structure of blended nanofibers played an important role in the final
properties fiber media, including air permeability (154.1 mm/s), tensile strength (9.9
MPa) and abrasion resistant (134 cycles). Their last study (Wang et al., 2014) as
well deals with the development of fiber media of blends (PAN/SIO,) in the
formation of skeletal frame-worked media with rough surface as mentioned above.

The study of Shahrabi et al., (2014) is interesting, because in this study, as a
test aerosol was used the atmospheric particles. Together with the atmospheric
particles, which are defined as non-uniform, dioctyl phthalate as uniform particles
were used to evaluate the filtration efficiency of the nanofiber filter. The results
showed that the efficiency for dioctyl phthalate particles was less than for the
atmospheric particles. Moreover, at longer electrospinning (collection) time, the
difference between efficiencies was at the lowest level. Together with increasing
collection time, the fiber diameter increases as well as filtration efficiency increases,
especially for smaller particle sizes (see Table 1.3.).

It is worth to note that the nanofiber media filters have increased in pressure
drop much more rapidly compared to the microfiber filter in the usage stage (Leung
and Hung, 2012). It is explained that microfiber filter is thicker and has higher dust
holding capacity under continuous loading of aerosol particles compared to the
nanofiber media filters. The clogging of nanofiber media filter is a problem, since it
is working under high aerosol concentrations, and nanofiber filter must be replaced
by other new, when the deposited mass of aerosol particles reach several grams per
square meter on fiber media surface. When deposited mass was 2g/m?, the pressure
drops were 150-270 Pa of nanofiber filters with corresponding diameters of 98 and
300 nm (Leung and Hung, 2012).

1.4. The summary of the literature review

The literature review revealed that the effects of various parameters and media
properties on air filtration performance are quite well examined; however, there are
no studies specifically focused on the assessment of filtration characteristics of
various polymeric materials. With this in mind, it would be useful to perform
experimental study with comparison of nanofibers produced from various polymeric
materials for their suitability and performance to be used as the air filters based on
the comparison of filtration properties.

Based on analysis of recent studies presented in the literature review, the
principal diagram of linkages between solution parameters, electrospinning
parameters, nanofiber filter media characteristics of filtration parameters is proposed
in Fig. 1.10. The diagram comprises dependence between various sub-parameters
and sub-characteristics. Polymer solution parameters combined with voltage, nature
of collector and feed rate from electrospinning area are the main contributors to fiber
diameter and morphology of filter media. Collection time and tip to collector
distance parameters in electrospinning have the greatest influence on the basis
weight and thickness characteristics, which directly affect the packing density in
filter media. While the filtration parameters mainly depend on fiber diameter,
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The following recommendations can be drawn in terms of electrospun

nanofibers for air filtration applications:

1. It is recommended to use nanofiber media filters in applications where the
concentration of particles is comparatively low (between 1,000 and 50,000
particles/cm®), otherwise the pressure drop will increase, and the filter
media will be clogged. The diameter of the vast majority of particles should
be <1 pm.

2. The face velocity should range between 0.02 and 0.1 m/s, otherwise the
quality factor will decrease dramatically, especially for smaller particles
(<100 nm).

3. The substrate (supporting structure) used for collection of deposited
elementary fibers must be strong and tough, but at the same time, it must be
permeable with a negligible decrease in filtration efficiency (<10 %) and/or
pressure drop (< 5 Pa).

4. Nanofiber media filters could be used in the final stages of filtration, for
example: clean room environments, low face velocity ventilation systems
as a supplement to microfiber filters and specific applications of chemical
engineering.
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2. EXPERIMENTAL

2.1. Materials used for the production and testing of nanofibers media

The materials used in the experiment can be classified into polymers, solvents
and filter testing materials. Polymers and solvents were used for the preparation of
polymer solutions, which further were employed in electrospinning for the
formation of nanofiber. Electrospun nanofiber was further tested in an experimental
filtration stand with testing materials, i.e., challenging aerosol particles, which were
generated by nebulizer. The materials, their properties (analytic grade, MW etc.) and
subchapter where they were used are listed in Table 2.1. All the materials were
purchased from Sigma-Aldrich and were used without any purification.

Table 2.1. The list of materials used in the experimental of electrospinning and filter
media testing

Material Properties Subchapter
Polymers
Cellulose acetate (CA) MW ~30,000 by GPC. 39.8 wt. % 3.1.and 3.3.
acetyl. Relative density 1.3 g/mL
at 25 °C
Polyamide 6, MW not provided. Relative 3.2.and 3.3.
poly(hexano-6-lactam (PA  density 1.084 g/mL at 25 °C
6)
Polyamide 6/6, 262.35 g/mol. 3.2.and 3.3.
Poly[imino(1,6- Relative density 1.18 g/mL at 25
dioxohexamethylene (PA  °C
6/6)
Polyacrylonitrile (PAN) MW 150,000. 3.3.
Relative density 1.184 g/mL at 25
°C
Polyvinyl acetate, poly (1- MW ~100,000 by GPC. Relative ~ 3.3.
acetyloxiethene (PVAC) density 1.18 g/mL at 25 °C
Solvents
Acetone min. concentration 99.8 % 3.1.and 3.3.
Dichloromethane (DCM) min. concentration 99.8 % 3.1.,3.2.and 3.3.
N,N-dimethylformamide min. concentration 99.8 % 3.1.and 3.3.
(DMF)
Acetic acid min. concentration 99 % 3.1, 3.2.and 3.3.
Formic acid min. concentration 85 % 3.2.and 3.3.
min. concentration 98 %
Test aerosols
Sodium chloride (NaCl) min. concentration 99 % 3.3.
Polystyrene latex (PSL) 0.1 um mean particle size 3.3.

suspension

0.3 pm mean particle size
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2.2. Experimental electrospinning system for nanofiber media fabrication

Polymer solutions were prepared by dissolving a specific polymer in the
characteristic solvent or solvent mixture. The solutions were prepared by mechanical
stirring at the room temperature. The used polymer solutions for different parts of
the research of the thesis are presented in the following subchapters: 2.2.1., 2.2.2.,
2.2.3.

LExhaust

Metallic Needle

Syringe
Pump

Polymer
Solution

| T M:_ii w

Fig. 2.1. Schematic view of the experimental electrospinning system

A single needle system was used in the electrospinning experiments. The
electrospinning system (see Fig. 2.1.) consisted of a high voltage DC power supply
based on the “Flyback” principle (Alaraj et al., 2014; Arshak and Almukhtar, 2000).
The grounded electrode was connected to the collector drum, while the high voltage
electrode was connected to the needle of the syringe. The mixed polymer solutions
were loaded into a syringe equipped with a needle, fixed horizontally on the syringe
pump (LSPO1-1A, Baoding Longer Precision Pump Co., Ltd., China). Electrospun
fibers were collected on a vertically positioned cylindrical collector coated with the
supporting substrate and rotating at a linear speed of 0.025 m/s (rotation frequency
of 6 rpm). The electrospinning was carried out in an enclosed Plexiglas chamber at
ambient conditions (~19-21 °C and ~34-42 % relative humidity) for all the
experiments. Collected samples of the electrospun nanofibers were dried in a
vacuum at room temperature for several hours.

The electrospinning parameters (voltage, tip to collector distance, feed rate and
collection time) as well as the supporting substrates used in this thesis for different
part of the researches are given in the following subchapters.

2.2.1. Fabrication of the cellulose acetate nanofiber media

The cylindrical-collector was coated with aluminium foil substrate due its
conductivity. Moreover, the aluminium foil as a conductivity material has an
advantage for better observation of nanofiber mats by microscope.

Homogeneous solutions were obtained by dissolving CA in an
acetone/DCM/DMF ternary solvent mixture in room temperature. A full-factorial
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experiment design was applied, including acetone/DCM/DMF ratios of 1/1/1 and
2/1/1 (viviv) as well as CA concentrations of 9, 10, 11, 12 % (w/v). The
conductivity measurements of prepared CA solutions were performed before
electrospinning by using conductivity meter (HI 8733, Hanna Instruments, USA) at
20 °C.

The electrospinning parameters were as follows: voltage = 18 kV, feed rate =
2.8 mL/h and tip to collector distance (TTCD) =11 cm.

2.2.2. Fabrication of the polyamide nanofiber media

The polyester fabric (17 g/m?) was selected as a supporting substrate on the
collector. This type of substrate allowed performing measurements of thickness and
basis weight due its flexibility, easy severability of layers between the pristine
substrate and the nanofiber media.

The polymer solutions were obtained by dissolving PA 6 or PA 6/6 in formic
acid, formic acid (FA)/acetic acid (AA) 3:2 (v/v) or FA/DCM 3:2 and 3:1 (v/v) at
room temperature. The PA6/6 concentrations in the solutions were 8, 11 and 14 %
(w/v), while PA 6 concentrations were 20, 24 and 28 % (w/v). The concentration
ranges that were chosen for both PA species ensured the formation of well-defined
nanofibers.

The electrospinning process parameters used for PA 6/6 were as follows:
voltage of 12 and 20 kV, feed rate of 0.25 mL/h and TTCD of 6 and 12 cm. The
electrospinning process parameters for PA 6 were voltage of 12 and 20 kV, feed rate
of 0.25 mL/h and TTCD of 7 and 14 cm.

2.2.3. Experimental design of the nanofiber media

The mathematical design of the experiments presented in subchapter 3.2. was
based on the D-optimal-interaction model developed within MODDE 7 software
(Umetrics AB, Sweden). Each experiment for PA 6 and PA 6/6 was conducted with
the predefined combination of variables that included the concentration of the
solution, the nature of the solvent, the deposition voltage, the tip-to-collector
distance and the collection time. Once all the responses (fiber diameter, basis
weight, thickness and solidity) of the experiments were obtained, the Partial Least
Squares (PLS) method was applied to develop a polynomial model relating the
factors to the responses. PLS deals with all the factors simultaneously considering
their covariances. The advantage of this model is a reliable interpretation and
prediction of the interaction between the experimental factors and responses.

The electrospinning of PA fibers was carried out via 34 controlled experiments
as recommended by D-optimal-interaction model, 17 experiments for each grade of
PA. Seven different combinations of solution concentrations and solvents were
applied for each PA species. Two separate models, one for the PA 6/6 and one for
the PA 6, were developed. Goodness of fit (R%) and goodness of prediction (Q?)
parameters were estimated as measures for the accuracy of the model.
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2.2.4. Fabrication of the polyamide, polyvinyl acetate, polyacrylonitrile
and cellulose acetate nanofiber media for filtration applications

The fiberglass mesh surface (substrate) having a structure of the square pore
network of 1x1 mm was used to collect the nanofibers. The substrate of fiberglass
with the basis weight of ~120 g/m? was characterized by a negligible pressure drop
AP=0.3 Pa and the filtration efficiency (300 nm particles) of 0.2 % at a face velocity
of 5.3 cm/s.

Table 2.2. The characteristics of polymer solutions and electrospinning parameters

ID Polymer Solvent

- <

S > E £

g ~ 5 g o =

ST & 5 E 0 E5

£ £ 0 g GEE

ST o [l D =5

ox > = L w & o
PA6/6_120s  Polyamide 6/6 FA 0 20 16 0.25 120
PA6/6_1201  Polyamide 6/6 FA 140 20 16 0.25 120
PAG6/6_1601  Polyamide 6/6 FA 140 20 16 0.25 160
PAG6_300 Polyamide 6 FA 260 20 16 0.25 300
PVAc_30 Polyvinyl acetate DMF/AA (10/1v/lv) 375 24 20 05 30
PVAc_40 Polyvinyl acetate  DMF/AA (10/1vlv) 375 24 20 05 40
PVAc_60 Polyvinyl acetate  DMF/AA (10/1vlv) 375 24 20 05 60
PVAc_80 Polyvinyl acetate  DMF/AA (10/1v/iv) 375 24 20 05 80
PAN_40_6 Polyacrylonitrile DMF 60 19 20 038 40
PAN_40 8 Polyacrylonitrile DMF 80 19 20 08 40
PAN_60 Polyacrylonitrile DMF 80 19 20 038 60
PAN_80 Polyacrylonitrile DMF 80 19 20 038 80
CA_40 Cellulose acetate ~ Acetone/DCM/DMF  11.0 18 16 3 40

(2/1/1 viviv)
CA_T70 Cellulose acetate ~ Acetone/DCM/DMF 110 18 16 3 70
(2/111 viviv)

Polymer solutions were prepared by dissolving PA6/6 or PA6 in FA, PVAc in
DMF/AA (10/1 viv), PAN in DMF, while CA was added in the solvent mixture of
acetone/DCM/DMF  (2/1/1 vlviv). After numerous trials, the following
concentrations of solutions were found as best suitable for the electrospinning:
PA6/6 was 9 and 14 % (w/v), PA6 26 % (w/v), PVAc 37.5 % (w/v), PAN 6 and 8 %
(w/v) and CA 11 % (w/v).

The electrospinning process parameters used for PA6/6, PA6, PVAc, PAN and
CA nanofiber mats formation are presented in the Table 2.2.

2.3. Characterization of the electrospun nanofiber media

The morphology of fiber networks and corresponding diameters were
investigated by using a scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Hitachi S-4800 microscope (Japan) equipped with a cold field
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emitter was operating at 2 kV accelerating voltage, while Quanta 200 FEG (USA)
was operating at 10-20 kV accelerating voltage. No specific sample preparation was
performed before imaging. AFM was performed by using Asylum Research MFP-
3D instrument (USA) in alternating current (AC) mode. Mikromasch NSC-15
silicon cantilevers with Al coated backside, typical resonant frequency of 325 kHz
and force constant of 40 N/m were used in the experiment. The samples for AFM
analysis were electrospun on the Si wafer surface attached to the collector.

The basis weight (the mass of the nanofibers per unit filter area in g/m?) of
nanofiber media was controlled by the duration of electrospinning process and was
defined by using microbalances (MXA-5, Radwag, Poland). The thickness of the
nanofiber filter mat was measured in the centre of the nanofiber media by using a
digital micrometer with a measurement resolution of 1 um. The measurements of
basis weight and thickness were performed at 5 different samples from two different
mats of electrospinning. The packing density of nanofiber media was estimated by
using formula (3).

The average diameter of the fibers was determined by analysing the SEM
images with ImageJ (NIH, USA) image analysis software. In case of each sample,
the fiber diameters were measured at 50-100 different points.

2.4. Experimental electrospun nanofiber media filtration performance
testing system

The experimental setup shown in Fig. 2.2. was used to measure the filtration
efficiency and pressure drop across the filter sample. The air compressor provided
dry and clean air through the three-filter system to Collison nebulizer (Model CN 24
J, BGI Inc., USA), where monodisperse PSL and polydisperse NaCl aerosol
particles were generated. The monodisperse PSL particles (diameter = 100 and 300
nm) were suspended in deionized water (DIW) (0.2 mL of PSL suspension in 100
mL DIW). The concentration of NaCl by weight in DIW was 0.1 %. After
nebulisation, the generated aerosol was dried by the diffusion dryer packed with the
silica gel and was flown to the dilution chamber. After passing the dilution chamber,
the airflow with aerosol split into two paths. In one path, the airflow passed through
the aerosol charge equalizer (based on the DC corona discharge) (Alonso et al.,
2006; Intra and Tippayawong, 2011) and was directed to the tube with the installed
filter sample. The flow rate was 3.23 L/min corresponding to the face velocity of 5.3
cm/s in case of 36 mm filter. The diameter of sampling probes upstream and
downstream around the filter was 20 mm. The airflow from the dilution chamber
was directed to HEPA filter and flowmeter for balancing flow rates of the entire
filtration system. The pressure drop before and after the filtration media was
measured by a pressure sensor (Model P300-5-in-D, Pace Scientific Inc., USA). The
upstream and downstream concentrations of aerosols were measured by ELPI+
(Electrical Low Pressure Impactor, Dekati Ltd., Finland). ELPI+ enables the
measurement of real-time particle size distribution and concentration in the size
range of 6 nm — 10 um with a 10 Hz sampling rate.
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Fig. 2.2. The experimental set-up for filtration efficiency and pressure drop measurements

Nanofiber media filters having high filtration efficiency at a low-pressure
drop are the most desirable in filtration. Both aspects are considered in the quality
factor (QF) of the filter as well referred to as a figure of merit of the filter, which is
often used to evaluate the filtration performance of filters. QF was estimated by
using formula (14).
The tested corresponding gas flow regimes of nanofiber media were estimated
by using Knudsen number in the formula (7).
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3. RESULTS AND DISCUSSIONS

3.1. Optimization of the preparation conditions for the formation of
cellulose acetate nanofibers

The potential possibility of the usage of natural based polymers such as CA in
the filtration field seems attractive, because CA is a cellulose derivative polymer of
an environment benign nature (Tian et al., 2011). Moreover, according to Greish et
al., (2010) the electrospun fibers from CA are characterized by a good chemical
resistance, thermal stability and biodegradability.

It has been demonstrated that the solvent systems used for CA fiber production
have a significant influence on the morphology and diameter of fibers (Celebioglu
and Uyar, 2011; Han et al., 2008; Tungprapa et al., 2007). Traditional single solvent
systems are not suitable for uniform CA fiber formation. Using single solvent
systems such as N,N-dimethylformamide (DMF), dichlormethane (DCM), formic
acid, methanol, chloroform and pyridine mainly produce discrete beads, while the
acetone solvent in electrospinning forms short and beaded fibers (Tungprapa et al.,
2007). As a result, the binary solvent systems are used in CA electrospinning to
obtain uniform fibers below diameter of 1000 nm. The most appropriate solvent
system for electrospinning of CA fibers was shown to be a mixture of acetone/N,N-
dimethylacetamide (DMAC) (Hong et al., 2013; Liu and Hsieh, 2002; Tian et al.,
2011; Tsioptsias et al., 2011). Binary solvent systems of successful uniform CA
fibers electrospinning are mixtures of acetone/DMAc (Greish et al., 2010;
Tungprapa et al., 2007), acetone/DCM (Celebioglu and Uyar, 2011), methanol/DCM
(Tungprapa et al., 2007) and acetic acid/water (Han et al., 2008). In most cases, the
successful electrospinnability of CA fibers from binary solvent systems was defined
by the difference in the boiling points and dielectric constants of both solvents.
Prolonged utilization of the solvent system containing volatile compounds causes
clogging of the spinneret during the electrospinning process, especially in a low
humidity environment (Bhardwaj and Kundu, 2010; Wang et al., 2012). A binary
system of acetone/DCM (boiling point 40 °C and 56 °C, respectively) is a typical
example of such solvent system.

In this thesis, there was developed a new ternary solvent system
(acetone/DCM/DMF) for continuous electrospinning of CA nanofibers introducing
DMF (boiling point 154 °C) as a widely used solvent to the mixture of acetone and
DCM to reduce the overall volatility of the system. The influence of the CA
concentration on the average diameter and morphology of the electrospun nanofibers
was investigated.

In the case of a ternary solvent system of acetone/DCM/DMF at a ratio of
1/1/1 (viviv), the electrospun fibers showed beaded fibers with droplets and stick
together morphology. This ternary mixture contained 1/3 part by volume of DMF
solvent, which is characterized by high boiling point, while the ternary solvent
system at ratio 2/1/1 (v/v/v) had 1/4 part by volume of DMF solvent. The increased
amount of DMF solvent in the ternary system of 1/1/1 (v/v/v) had an impact on the
overall boiling point of the mixture. When the electrospinning is performed from
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solvents with higher boiling point value, the ejected charged jet does not have
enough time to dry during its time of flight. As a result, the droplets and stick-
together morphology of fibers were fabricated.

Using a solvent system of acetone/DCM/DMF 2/1/1, the electrospinning was
possible starting with the CA concentration higher than 9 % (w/v). In case of
concentration lower than 9 % (w/v), the fibers were not formed due to the jet
breaking up into the droplets. Electrospinning of the 9 and 10 % (w/v) CA (Fig. 3.1.
a and b) resulted in the formation of beaded fibers. The electrospun mat of the 11 %
(w/v) CA showed rather uniform structure with the exceptions of several defected
fibers (Fig. 3.1. ¢). The smooth fibers were obtained from 12 % wi/v solution (Fig.
3.1. d). The respective diameter distributions of fibers are presented on the right side
of Fig. 3.1. Properties of the electrospun CA fibers obtained from the ternary solvent
mixture are presented in the Table 3.1.

The comparative analysis of electrospun CA fiber diameters showed that the
CA solution concentrations have an effect on the fiber diameter range. It has been
determined that the diameters of fibers did not follow the normal (Gaussian)
distribution (Statistica, StatSoft Inc., USA) (p<0.05 based on Shapiro-Wilk’s W test)
(see histograms in Fig 3.1). Moreover, the analysis has clearly shown that an
increase of CA solution concentration has direct influence on the diameter of
electrospun fibers (linear R*=0.966), whereas the concentration increase has
indicated a decline of CA solution conductivity (linear R?=0.965) (see Table 3.1.).

Table 3.1. Properties of the electrospun CA fibers obtained from the
acetone/DCM/DMF ternary solvent system

Parameter Concentration of CA in ternary solution, % w/v

9% 10 % 11 % 12 %
Conductivity of the solution, uS/cm 3.50 3.40 3.35 3.30

Mean fiber diameter, nm 152 179 241 264
Standard deviation of diameter, nm 57 62 92 97

Median fiber diameter, nm 143 165 232 251
25th percentile diameter, nm 116 127 172 199
75th percentile diameter, nm 178 214 299 319

The findings from the other studies that are using various solvent systems for
electrospinning CA fibers are presented in Table 3.2. Han et al., (2008) reported that
the low diameter (up to 200 nm), smooth CA fibers could be formed from acetic
acid/water solvent system (ratio of 70/30 and 75/25 w/w). Respectively, Tungprapa
et al., (2007) found that the low diameter CA fibers could as well be formed from
acetone/DMAC solvent system (ratio of 1/1 v/v). While the largest smooth fibers of
CA by diameter over 1000 nm could be obtained by using the higher amount of
DCM solvent part of the solvent systems. Despite the broader diameter of CA fibers
from DCM/acetone solvent system (ratio of 3/1 and 9/1), these fibers are practically
important, because of its porous structure inside the fibers (Celebioglu and Uyar,
2011). These properties would be useful for the filtration application due to high
surface to volume ratio. However, the morphology of beaded fibers of CA that is

49



shown in Fig. 3.1. (a-b) as well would be useful for the filtration application, as the
beaded fiber mats decrease the volume fraction and increase the effective fiber
surface area (Yun et al., 2010).
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Fig. 3.1. SEM images of the electrospun CA nanofibers obtained from the
acetone/DCM/DMF ternary solvent system and fiber diameter distribution histograms: CA
concentrations (a) 9 % w/v, (b) 10 % w/v, (c) 11 % wi/v, (d) 12 % w/v
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Table 3.2. The comparison of various CA solution parameters and the resulting
electrospun fibers

Research  Electrospinning Concentration of the CA and solvent system Fiber
parameters diameter, nm
Celebiogl  Voltage(V)=15 kV, 10 % wi/v in DCM/acetone 1/1 v/v 300-1000
uand feed rate (fr)=1 7.5 % wl/v in DCM/acetone 2/1 v/v 500-1500
Uyar, mL/h, TTCD=10cm 10 % w/v in DCM/acetone 2/1 viv 750-1350
(2011) (22 °C and 30 % 7.5 % w/v in DCM/acetone 3/1 viv 750-2500
relative humidity 10 % wiv in DCM/acetone 3/1 viv 1000-2500
(RH)) 5 % w/v in DCM/acetone 9/1 v/v 1500-3500
7.5 % w/v in DCM/acetone 9/1 viv 3500-7000
Hanetal., V=25kV, fr=3 17 wt.% in acetic acid/water 70/30 w/w 160
(2008) mL/h, TTCD=10cm 17 wt.% in acetic acid/water 75/25 w/w 180
(25°C) 17 wt.% in acetic acid/water 80/20 wiw ~350
17 wt.% in acetic acid/water 85/15 w/w ~400
17 wt.% in acetic acid/water 90/10 w/w ~600
17 wt.% in acetic acid/water 95/5 w/w 1280
Tungprap V=12 kV, TTCD=15 16 % w/v in acetone/DMAc 1/1 viv 160
aetal., cm 16 % w/w in acetone/DMACc 3/1 viv 260
(2007) 14 % wiv in acetone/DMAC 2/1 viv 230
16 % w/v in acetone/DMAC 2/1 viv 260
18 % wi/v in acetone/DMAC 2/1 viv 330
20 % w/v in acetone/DMACc 2/1 viv 370
8 % wi/v in DCM/methanol 4/1 viv 1100
10 % wi/v in DCM/methanol 4/1 viv 1580
12 % wi/v in DCM/methanol 4/1 viv 1230
Present V=18 kV, fr=2.8 11 % w/v in acetone/DCM/DMF 2/1/1 viviv 241
work mL/h, TTCD=11cm 12 % w/v in acetone/DCM/DMF 2/1/1 viviv 264
(20 °C and 40 % RH)

It can be concluded that the smooth CA fibers could be obtained from the
acetone/DCM/DMF solvent system (ratio 2/1/1 v/viv) with comparatively low
concentrations of CA solutions resulting in a mean fiber diameter of 241-264 nm. It
should be pointed out that in all the described solvent systems, acetone is an
essential component in the electrospinning of CA fibers.

3.2. The effects of the polymer concentration and electrospinning
parameters on the characteristics of electrospun polyamide nanofiber media

Electrospun nanofibers from the PA already found a number of applications
which includes protective textile, sensors, photovoltaic cells, drug delivery, catalysis
and fuel cells (Yan et al., 2015; Nirmala et al., 2014; Schoenmaker et al., 2012; Pang
et al., 2014; Pant et al., 2013; Panthi et al., 2013). However, the discussion of their
applications for filtration purposes is rather limited (Hung and Leung, 2011,
Shahrabi et al., 2014; Zhang et al., 2009). Recent reports on the properties of
electrospun nylon-6 nanofibers showed PA as a particularly attractive material for
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the filtration applications (Barakat et al., 2009; Pant et al., 2010). Therefore, the
research presented in this subchapter was conducted with the comprehensive design
and characterization of the electrospun PA 6 and PA 6/6 nanofiber media suitable
for the air filtration applications. In this thesis, there was employed a principal
component analysis modelling to systematically investigate the effects of the fiber
deposition parameters, such as polymer solution composition and electrospinning
conditions, on the filtration properties of the obtained nanofibers (fiber diameter,
basis weight, thickness and packing density). In this thesis, there derived response
surfaces of the nanofiber media that allow determining the set of parameters
necessary to obtain specific nanofiber characteristics for a particular filtering
application. Finally, based on the modelling results, the author selected the best fiber
deposition parameters, fabricated nanofiber filter media (mats) and characterized
their filtration properties.

3.2.1. The characteristics of the electrospun polyamide 6 and polyamide 6/6
nanofiber media

Morphology and fiber diameter of the electrospun fibers was obtained from the
SEM images shown in Fig. 3.2., whereas the basis weight and thickness have
derived from the experimental measurements, while the solidity values were
estimated by using formula (3). The composition of the initial PA solutions,
electrospinning process parameters and the resulting nanofiber media characteristics
relevant to the air filtration are presented in Table 3.3. The fibers of PA 6/6 were
electrospun from the polymer concentration ranges from 8 to 14 % (w/v), while the
fibers of PA 6 were electrospun at the concentrations ranges from 20 to 28 % (w/v).
The compositional concentration of the precursor solutions appeared to be the main
parameter influencing the fiber diameter, as discussed in the later subsection (3.2.2.).
The selected ranges of the concentrations resulted in a varying fiber diameter with
the corresponding values ranging from 60 to 376 nm for PA 6/6 and 99 to 236 nm
for PA 6. PA 6/6 revealed a wider electrospinnable range in comparison to PA 6.
This agrees with the previously reported data on the electrospinning of PA 6/6
(Chowdhury and Stylios, 2010) and PA 6 (Heikkila and Harlin, 2008).

The values of the calculated basis weight were in the range of 0.12 to 1.84
g/m? for PA 6/6 and 0.11 to 1.07 g/m* for PA 6, while the thickness values were 6 to
16 um for PA 6/6 and 5-14 um for PA 6, respectively. An apparent dependence of
the basis weight and thickness on the collection time can be inferred. However, as
discussed in the subsection 3.2.2., the collection time was not the only factor
affecting the above mentioned nanofiber mat parameters. The packing density
increased simultaneously with the basis weight in most cases, but the increase rate
dropped after the basis weight value of 0.6 g/m? was reached (exp. no. 15 and 17
were not considered).
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Table 3.3. Properties of PA solutions, electrospinning process parameters and the
resulting nanofiber characteristics

Solution Electro- Characteristics of the produced
parameters spinning nanofibers

Exp parameters
no.*

>
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1 8 FA 20 6 20 UF 6810 1.01+0.11 15 0.059
2 8 FA 12 6 5 UF 6712 0.25+0.05 8 0.027
3 8 FA 20 12 5 UF 6011 0.12+0.02 6 0.018
4 8 FA 12 12 20 UF 66+9 0.29+0.09 8 0.032
5 8 FA 20 12 20 UF 6248 0.36+0.04 9 0.035
6 11 FA 20 6 5 UF+FSN 132438 0.34+0.09 8 0.037
7 11 FA 20 12 20 UF+FSN 137128 0.38+0.06 9 0.037
8 11 FA 12 6 5 UF+FSN 184153 0.27+0.02 8 0.030
9 11 FA 12 12 20 UF+FSN 160+34 0.32+0.08 8 0.035
10 14 FA 20 6 5 F+FSN 3471106 0.42+0.08 10 0.037
11 14 FA 12 12 5 F 376+118 0.16+0.08 6 0.023
12 14 FA 12 6 20 F+SN 349+125 0.94+0.07 15 0.055
13 14 FA 20 12 20 F+SN 351+110 0.62+0.09 10 0.055
14 8 FA/AA3:2 20 12 20 UF 95+17 0.63+£0.10 10 0.054
15 11 FA/AA3:2 12 6 20 UF 197+31 1.84+0.11 16 0.101
16 8 FA/IDCM3:2 20 12 20 F+ST+SN  511+253 0.62+0.05 10 0.054
17 11 FA/DCM3:2 12 6 20 F+ST+SN - 1.29+0.44 11 0.103
18 20 FA 20 7 20 UF 135+39 0.89+0.11 14 0.059
19 20 FA 12 7 5 UF 99+29 0.27+0.09 7 0.036
20 20 FA 20 14 5 F 103144 0.11+0.03 5 0.020
21 20 FA 12 14 20 UF 101£30 0.23+0.03 9 0.024
22 20 FA 20 14 20 UF 106+28 0.38+£0.07 11 0.032
23 24 FA 20 7 5 UF+FSN 20049 0.32+0.11 10 0.030
24 24 FA 20 14 20 UF+FSN 184+41 0.43+0.06 11 0.036
25 24 FA 12 7 5 UF 144+38 0.38+0.04 10 0.035
26 24 FA 12 14 20 UF+FSN 169+49 0.32+0.10 9.5 0.031
27 28 FA 20 7 5 UF+FSN 236+23 0.47+0.14 11 0.039
28 28 FA 12 14 5 F 223169 0.21+0.09 6 0.032
29 28 FA 12 7 20 F+SN 215475 1.07+0.17 14 0.070
30 28 FA 20 14 20 UF+SN 228151 0.48+0.09 11 0.403
31 20 FA/AA3:2 20 14 20 UF 90+10 0.31+0.04 10 0.029

32 24 FA/AA3:2 12 7 20 UF+FSN 144+39 0.58+0.05 10 0.054
33 20 FA/DCM3:1 20 14 20 UF+FSN 94+18 0.34+0.03 9 0.035
34 24 FA/DCM3:1 12 7 20 F+SN 192+73 1.02+0.22 14 0.067

* Exp. no. 1-17 - experiments with PA 6/6 solutions, exp. no. 18-34 — experiments with PA 6
solutions. ** F — fibers; UF — uniform fibers; ST — stick together fibers; SN — spider-net structure; FSN
— fragmented spider-net structure.
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Fig. 3.2. SEM images of the PA nanofibers deposited using (a) PA 6/6 8 % w/v in FA, (b) PA6 20 %
w/vin FA, (c) PA 6/6 14 % w/v in FA, (d) PA 6 28 % wi/v in FA, (e) PA 6/6 8 % w/v in FA/AA 3:2
viv, (f) PA 6 20 % in FA/AA 3:2 viv, (g) PA 6/6 8 % wiv in FA/IDCM 3:2 v/v, (h) PA 6 20 % w/w in
FA/DCM 3:1 viv
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The electrospinning technique can form various nanofiber structures
depending on the solvent system and the polymer concentration. The representative
SEM images of PA 6/6 and PA 6 fibers are shown in Fig. 3.2. Based on the
structural differences, the electrospun PA mats were grouped into three basic types
of morphologies: fibers (F), uniform fibers (UF) and stick-together fibers (ST). The
morphology of F was characterized by the wider distribution of fiber diameter
within the electrospun mat (standard deviation of fiber diameter (SD)/fiber diameter
(FD) > 0.3), while the UF morphology of the electrospun mat can be characterized
as smooth with a narrower distribution of the fiber diameters (SD/FD < 0.3). Due to
the residual solvent deposited on the collector, the structure of the coalesced fibers
can be observed in the ST morphology samples.

In most cases, UF morphology was observed for lower to middle range of
polymer concentrations, e.g., 8, 11 % w/v for PA 6/6 and 20, 24 % wi/v for PA 6,
respectively. Only in case of PA 6 with polymer concentration of 28 % wi/v, the UF
morphology was observed (experiments no. 27, 30 in Table 3.3.). It is worth noting
that FA/AA solvent mixture in ratio of 3:2 v/v for both grades of polyamides
contributed to the especially smooth and uniform fibers (Fig. 3.2. ¢, f).

The detailed analysis of the SEM images revealed the presence of the nano
scale fibers in the range of few tens of nanometers known as the spider-net like (SN)
fibers (Fig. 3.2. ¢, d, g) (Barakat et al., 2009; Pant et al., 2010). It has been shown
that the SN structures yield the improved mechanical properties of PA mats (Barakat
et al., 2009). The formation of the SN structure may be explained by the formation
of the hydrogen bonds between the main polyamide chains of the amide groups
(CO-NH) and oligomeric, monomeric ionic species (-CONH,-") (Pant et al., 2010).
The presence of the oligomeric and monomeric ions in solution is due to the formic
acid, which is capable of attacking the lactam to produce a series of short oligomers
and monomers (Pant et al., 2010). In this thesis, it was proposed that these additional
SN structures could be advantageous for the air filtration applications due to the
formation of a denser structure of filtering layer, thus increasing the filtration
efficiency due to the particle interception mechanism. Thus, the formation of the
spider-net like morphology is desirable in case of the application of a nanofiber layer
for filtration.

The SN structures were observed in the electrospun nanofibers obtained from
both polyamides. However, not all the experiments were successful in yielding the
SN morphology (see Table 3.3.). It can be seen that the polymer concentration was
one of the main factors influencing the formation of SN structures. These structures
were observed in the higher polymer concentrations of both polyamides, e.g., 14 %
wi/v for PA 6/6 and 28 % w/v for PAG solutions in FA (see exp. no. 12, 13, 29, 30).
In the case of PA solutions in FA/DCM as a solvent, SN or fragmented spider-net
(FSN) structures for lower and middle range of concentrations were observed (see
exp. no. 16, 17, 33, 34). The formation of SN structure in exp. no. 16 can be
explained by the increased flow of PA solution. The prolonged utilization of the
solvent system containing the volatile compounds, such as DCM with the boiling
point of 39 °C, causes clogging of the nozzle during the electrospinning process,
especially in a low humidity environment (Bhardwaj and Kundu, 2010). The
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clogging of the nozzle was as well observed in the study. In order to avoid clogging,
the feed rates of the solutions with DCM were increased two-fold, which in turn
produced moister nanofibers. Moister nanofibers of electrospun mats exp. no. 16 and
17 were thicker and were characterized by the stick-together morphology. The
effective distance between the short oligomeric and monomeric ionic species and
amide groups were shorter in such morphology. Therefore, the probability of the
hydrogen bond formation mechanism was more viable. Another parameter
influencing the formation of the SN structure was the collection time of the
nanofiber mat. Only the nanofiber mats with 20 min collection time demonstrated
the SN structure (exp. no. 12, 13, 16, 17, 29, 30, 34).

The increased collection time and polymer concentration of PA as well as the
presence of DCM were the main factors influencing the formation of SN structure,
while the lower voltage (12 kV) and shorter collection time (5 min) were the factors
having no effect on the formation SN structures (exp. no. 11, 25, 28). The findings
of the thesis agree with the results that were reported previously (Pant et al., 2010)
and could be explained by the fact that the lower voltages invoke less ionization of
the polyamide solution, resulting in the absence of SN structures. It was
demonstrated that the formation of the multi-layer SN structures could be increased
by using inorganic salts (NaCl, KBr and CaCl,) for PA 6 and PVA electrospun
nanofiber mats (Barakat et al., 2009).

Fig. 3.3. Two-dimensional and three-dimensional AFM images of a single polyamide fiber
and the spider-net like (SN) structure

The AFM analysis allowed a more detailed analysis of the formed SN
structure. Fig. 3.3. shows single fiber and the attached SN structure of PA 6/6 (exp.
no. 16). The width and the height of a single fiber was 465 nm and 220 nm, while
the width and height measurements of SN fibers ranged between 9-28 nm and 7-15
nm, respectively.
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3.2.2. Partial Least Squares regression analysis of the nanofiber media
characteristics

The data collected during the experimental runs were fitted to the PLS model
with the aim to establish a relationship between the factors (voltage, tip-to-collector
distance, collecting time, solvent system and concentration of solution) and their
responses (fiber diameter, basis weight and thickness) of the obtained nanospun
fibers. The packing density was not included in the modelling, since it is a function
of the fiber basis weight and thickness of the fiber media (Formula 3). The
calculated values of the packing density for the samples obtained in this work are
presented in Table 3.3. The developed models were rather accurate, as indicated by
their high values of R? (higher than 0.90 for all the filtering parameters), while the
Q? values ranged from 0.62 to 0.71.

The results of the effects modelling of polymer solution and electrospinning
parameters on PA 6 and PA 6/6 nanofiber media characteristics are presented in Fig.
3.4. The positive values stand for the factors positively affecting the responses,
while the negative values represent factors reducing the values of the responses. The
error-bars represent the confidence intervals indicating the uncertainty of each
factor. The factors were considered statistically insignificant if their confidence
intervals included zero.

The analysis of the experimental results agrees with the previous data
(Beachley and Wen, 2009; Guerrini et al., 2009; Pant et al., 2012) where the
polymer concentration had a substantial impact on the fiber diameter (see Fig. 3.4. a,
d). Lower polymer concentrations influenced a greater mobility of the polymer
chains and larger instabilities of the polymer jet during the electrospinning. This
induced greater stretching of the polymer jet resulting in the lower nanofiber
diameters. Higher polymer concentrations caused a restricted movement of the
polymer chain, and the jet of polymer was stabilized (Heikkila and Harlin, 2008).

Another factor having great influence on the fiber diameter was the presence
of DCM in solvent systems (Fig. 3.4. a). For PA 6/6, a rapid evaporation of DCM
from FA/DCM 3:2 v/v system (exp. no. 16 and 17) obstructed the continuous flow
of the polymer solution to the nozzle. After the increase of the feed rate of FA/DCM
3:2 vlv, the fiber diameter increased. However, a stick-together morphology became
noticeable. In contrast, when PA 6 nanofibers were electrospun with FA/DCM 3:1
v/v solvent system (exp. no. 33 and 34), the influence of DCM solvent on the fiber
diameter was found to be negligible. FA/AA 3:2 (v/v) solvent system demonstrated
an inverse effect on the fiber diameter (see Fig. 3.4. a, d).

The effects of TTCD and the deposition voltage on the resulting nanofiber
diameter were analysed for each concentration of the polymer solution by using
experimental data shown in Table 3.3. For PA 6/6, the TTCD had no significant
effect on the fiber diameter, whereas an increase in the voltage resulted in a decrease
of the fiber diameter. On a contrary to PA 6, a higher voltage (20 kV) combined
with a shorter TTCD (7 c¢cm) resulted in the increase of PA 6 fiber diameter. A
stronger electric field (kV/cm) was responsible for the formation of thicker
electrospun PA 6 fibers, whereas the smallest fibers were obtained at medium values
of the electric field. In case of the higher voltage, the jet induced by higher
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electrostatic forces and higher repulsive forces favoured the deposition of smaller
fibers (Heikkila and Harlin, 2008). However, the higher voltage may cause a higher
mass flow resulting in larger fibers. A shorter TTCD caused a deposition of a
moister jet and resulted in the coalescence of the fibers leading to a thicker fiber
mat, while the longer TTCD enhanced the evaporation of solvent leading to smaller
fibers. Similar findings were as well reported previously (Heikkila and Harlin,
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Fig. 3.4. The inputs of polymer solution concentration and electrospinning parameters on air

filtration essential nanofiber media characteristics: (a) PA 6/6 fiber diameter, (b) PA 6/6

basis weight, (c) PA 6/6 thickness, (d) PA 6 fiber diameter, (e) PA 6 basis weight, (f) PA 6

thickness. U — voltage, TTCD - tip-to-collector distance, SS — solvent system, Con —
concentration

The effect of TTCD and the collection time on the basis weight and the
thickness of the nanofibers are presented in Fig. 3.4. b, e and Fig. 3.4. ¢, f. TTCD
had a slightly larger effect on the basis weight and thickness of PA 6/6 fibers with
the corresponding negative responses of -0.27 g/m? and -2.26 um, respectively; the
collection time had a positive modelled response on the basis weight of PA 6/6

fibers with the corresponding value of 0.24 g/m?, while the collection time had as
well a positive modelled response on the thickness of PA 6 fibers with the value of
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2.17 um. The modelling results clearly showed that the basis weight and thickness of
the fibers were dependent not only on the collection time but on the TTCD as well.

3.2.3. Prediction and optimization of the polymer solution and
electrospinning parameters

Prediction of PA 6 and PA 6/6 fiber diameter and basis weight through the
optimization of the polymer solution and electrospinning parameters provide the
prerequisites for the practical usage of the nanofibers for the larger scale air filtration
applications. Based on the results of the complex experimental design data, the
response surface plots for obtaining nanofiber media with desirable fiber
characteristics were derived (see Fig. 3.5.).
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Fig. 3.5. Response surface plots for the prediction of fiber diameter and basis weight through
the optimization of the polymer solution and electrospinning parameters: (a) PA 6/6 fiber
diameter (TTCD - 9 cm, solvent system — FA, collection time — 12.5 min), (b) PA 6 fiber
diameter (TTCD — 10.5 cm, solvent system — FA, collection time — 12.5 min), (c) PA 6/6
basis weight (voltage — 16 kV, concentration — 11 %, solvent system — FA), (d) PA 6 basis

weight (voltage — 16 kV, concentration — 24 %, solvent system — FA)

The PLS analysis showed that the fiber diameters of both PA materials were
influenced mostly by a single factor, a precursor concentration, while the other
factors were almost negligible. However, the voltage was as well chosen as an
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important factor for the nanofiber characteristics prediction due to the experimental
trends observed for both PA precursors at every used concentration, as discussed in
section 3.2.2.

The representative parameters of filtering material productivity are its basis
weight and thickness. It has been shown that both parameters mostly depend on the
collection time and TTCD and had only minor differences between them in models
shown in Fig. 3.5. (b, c for basis weight; e, f for thickness). Basis weight was picked
for the filtering media property prediction as a more reliable one due the higher
precision measurements obtained in this work.

In order to form nanofibers with the desired diameter (see Fig. 3.5. a) for PA
6/6 and Fig. 3.5. b for PA 6, the determined values of the polymer concentration and
electrospinning voltage may be obtained from the data shown in Fig. 3.5. At the
same time, the other parameters (TTCD- 9 cm (for PA 6/6), 10.5 cm (for PA 6),
solvent system — FA, collection time — 12.5 min) should be maintained constant.
Additionally, the deposition parameters, i.e., collection time and the TTCD, of fibers
with the specific basis weight (see Fig. 3.5. ¢ for PA 6/6 and Fig. 3.5. d for PA 6)
may be as well determined from Fig. 3.5., keeping the other parameters (voltage —
16 kV; concentration — 11 % (for PA 6/6), 24 % (for PA 6); solvent system — FA)
constant.

Finally, the size of particles that are filtered is another important parameter in
the development of filtration media. It was proposed that for larger particles (100 nm
and above), the nanofiber filters with smaller fiber size (150 nm and below), larger
packing density (approximately 0.1) and basis weight could be considered (Wang et
al., 2008b). For smaller particles (100 nm and below), the filters with larger fiber
size (500 nm and above), smaller packing density (approximately 0.01) and the basis
weight are suggested (Wang et al., 2008b). From the modelling data presented in
Fig. 3.5., it is apparent that for the larger particle filtration, the desirable smaller
fiber diameter (150 nm and below) and larger basis weight could be obtained by
using high voltage above 16 kV for PA 6/6 and low voltage of less than 16 kV for
PA 6. Additionally, low solution concentrations of PA 6/6 less than 10 % wi/v and
less than 22.5 % w/v for PA 6 as well as a high collection time for both PA
precursors (above 16 min) combined with a short TTCD of ~6 cm and ~7 cm for PA
6/6 and PA 6, respectively, should be used to obtain the filtering material mats
necessary for larger particle filtration. For smaller particle filtration, the desirable
larger fiber diameter of 500 nm and above could not be produced by using the data
obtained via modelling in Fig. 3.5., but it can be produced by using FA/DCM
solvent system for PA 6/6 at higher concentration ranges (see Table 3.3., exp. no.
16). Another alternative is to use other polymers such as PMMA that are able to
generate fibers via electrospinning with diameters up to several micrometres,
especially when mixed with the volatile solvents (Qian et al., 2010).
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3.3. The comparison of the filtration properties of electrospun polyamide,
polyvinyl acetate, polyacrylonitrile and cellulose acetate nanofiber media

The nanofiber media produced from different polymers via electrospinning
were examined for the removal of aerosol particles from the airflow. From the
literature analysis given in subsection 1.3.2. and the results delivered in subsections
3.1. and 3.2., PA 6/6, PA 6, CA and PAN were selected for the further comparative
studies. Additionally, polyvinyl acetate (PVAc) was included in the research,
because the PVAc is characterized by adhesive properties and is insoluble in water,
but it is slightly hydrophilic and is able to absorb water to some extent (Park et al.,
2008). Based on the literature analysis and discussion presented in subsections 1.3.3.
and 1.4., it is useful to perform the comparative work of electrospun nanofibers
produced from various polymeric materials for their suitability and performance to
be used as the air filters. Among PA 6, PA 6/6 and PAN nanofiber media filters, the
application of electrospun PVAc and CA nanofiber media as the air filters is
reported for the first time.

3.3.1. The characteristics of the electrospun nanofiber media

The representative SEM images of nanofiber media electrospun from the four
polymeric materials are shown in Fig. 3.6. The morphology of the nanofiber media
as well as the range of fiber diameter has derived from the SEM images, while the
basis weight was estimated by the experimental measurements. The morphological
characterization, range of fiber diameter and the basis weight for each fiber medium
are presented in Table 3.4. Three different morphological formations: fibers,
uniform fibers (smooth) and beaded fibers (having micro and nano sized embedded
beads along the fiber axis) were defined. In order to distinguish between the fibers
and uniform fibers, the methodology described in subsection 3.2.1. was used. In case
the ratio of the standard deviation of the fiber diameter to the mean of the fiber
diameter (SD)/(FD) was > 0.3, this fiber media morphology was considered not
uniform, while the SD/FD ratio < 0.3 indicated a uniform (smooth) fiber media. The
ratio of SD/FD defined as a coefficient of variation (CV) is as well given in Table
3.4.

The formation of beaded fibers can be explained by the increased molecular
entanglement of the polymer chains, which is high enough to prevent a complete
breakup of the charged jet; at the same time, it is not high enough to suppress the
occurrence of the capillary instability (Somvipart et al., 2013). A desired polymer
concentration (in the lower range of spinnable concentration for most polymers)
(Cramariuc et al., 2013; Munir et al., 2009; Somvipart et al., 2013) as well as a
higher voltage (for smaller electrospinning distances) (Cramariuc et al., 2013) are
the key parameters in the formation of beaded fibers. At higher polymer
concentrations, the regular fibers are produced because the viscoelastic forces from
the entanglement become predominant and suppress the prevalence of the capillary
instability (Cui et al., 2007; Somvipart et al., 2013).
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Table 3.4. The characteristics of produced nanofibers

ID Morphology Fiber Coefficientof  Basis
diameter, nm variation weight, g/m2

PAB6/6_120s Uniform fibers 149434 0.23 1.36+0.25
PAG6/6_120I Fibers 3624131 0.36 1.55+0.27
PAG6/6_160I Fibers 373+119 0.32 2.07+0.30
PAG6_300 Fibers 326+100 0.31 4.56+0.28
PVAc_30 Beaded fibers* 331494 0.28 6.45+0.31
PVAc_40 Beaded fibers* 2984101 0.34 8.09+0.90
PVAc_60 Beaded fibers* 23565 0.28 11.34+0.40
PVAc_80 Beaded fibers* 3994109 0.27 12.03+0.76
PAN_40 6 Beaded fibers* 2924101 0.35 3.36+0.41
PAN_40_8 Uniform fibers 512+35 0.07 3.88+0.32
PAN_60 Uniform fibers 43760 0.14 4.37+0.23
PAN_80 Uniform fibers 535455 0.10 5.26+0.31
CA_40 Fibers 350+129 0.37 8.89+0.52
CA_70 Fibers 363+131 0.36 23.67+1.04

*The morphology of beaded fibers has been directly derived from the SEM images, not from the
values of the variation coefficient

Fig. 3.6. SEM images of the electrospun nanofibers media filters: (a) PA6/6_120s, (b)
PVAc_60, (c) PAN_80, (d) CA_70
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All the electrospun PVAc fiber mats showed the morphology of beaded fibers
(see Fig. 3.6. b). The concentration of PVAc solution was the highest compared to
the other polymers (see Table 2.2.); moreover, the PVAc polymer used in this study
had a relatively lower molecular weight compared to the other PVAc polymers
available on the market. The PVAc fiber media was formed by using the highest (24
kV) fixed voltage (see Table 2.2.). The formation of beaded fibers was observed in
PAN_40 6 mats as well. The concentration of polymer solution was the lowest
amongst all the PAN mats. The average diameter of the fiber beads varied from 1 to
5 um. The PVAc_60 mats were characterized by the largest number of beaded fibers
with the mean diameter of beads of 3.28 um, while the PVAc 80 specimens
indicated a smaller amount of beads with the mean diameter of 2.99 um. Due to the
lower collection time in the electrospinning process, the fiber media PVAc_30,
PVAc_ 40 and PAN40_6 had the lowest amount of beaded fibers.

As seen in Fig. 3.6. a, the fiber media formed from 9 % (w/v) PA6/6 solution
exhibited smooth fibers with the mean diameter of 149 nm. PA6/6_120s nanofiber
mats were characterized by the smallest fiber diameter among all the nanofiber mats.
PAN nanofiber media PAN_40 8, PAN_60 and PAN_80 (see Fig. 3.6. ¢) as well
exhibited continuous smooth fibers with uniform orientation. The mean fiber
diameter varied between 437-535 nm and was the highest among the all analysed
media, while the fiber diameter of the another nanofiber media (PA6/6_I, PA6_300,
PVACc’s and CA’s) ranged between 235 nm (PVAc_60) and 399 nm (PVAc_80).

The basis weight of nanofiber media filters increases with the electrospinning
duration. Thus, the mats with longer electrospinning deposition time had the larger
basis weight. The largest basis weight was observed in CA medium, which could be
considered as a function of the electrospinning duration combined with the polymer
solution feed rate (see Table 2.2.). Accordingly, CA_70 nanofiber medium had the
largest basis weight of 23.67 g/m? while PA6/6_120s exhibited the lowest basis
weight - 1.36 g/m°.

3.3.2. Filtration efficiency of the polystyrene latex aerosol particles

The results of filtration testing using 100 and 300 nm PSL particles are
presented in Table 3.5. The SEM image of filtered PVAc_60 nanofiber media filter
with captured 100 and 300 nm PSL particles is presented in Fig. 3.7.

The filtration tests included single nanofiber media and multi-ply nanofiber
media (indicated as x2 and x3). The multi-ply nanofiber media has been proposed in
previous studies as well (Leung et al., 2010; Zhang et al., 2010). Filters with the
multi-ply structure are expected to improve the filtration performance with respect to
the higher efficiency together with a lower pressure drop.

Electrospun PVAc and PAN nanofiber media had higher filtration efficiency
than PAG/6, PA6 and CA media. PVACc80 fiber media achieved the highest filtration
efficiency: for 100 nm particles, it was 99.57 %, and for 300 nm particles, it was
97.38 %. The filtration efficiency of PAN8O media for 100 nm particles was 98.01
%, while PAN40_8x3 for 300 nm particles showed 96.02 % efficiency. A relatively
large pressure drop accompanied these high filtration efficiencies: PVAc80 — 132.83
Pa, PAN8O — 90.37 Pa and PAN40 8x3 — 99.80 Pa. Despite the longer deposition
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time of PA mats and higher feed rate of CA mats in electrospinning process, which
were responsible for the largest basis weight, the nanofiber media from PA6/6, PA6
and CA indicated lower than 91 % filtration efficiency and a pressure drop > 100 Pa.
Such differences in filtration performance can be explained by the different
morphologies of nanofiber media. Filters produced from PVAc were related to the
enrichment of media with the volume fraction of beaded fibers (discussed in the
subsection 3.3.1.). The beaded fibers are responsible for better physical separation of
the nanofiber layers and the increase of the distance between nanofibers, which as
well increases the air permeability together with the filtration performance (Yun et
al., 2010). While a good filtration performance of PAN nanofiber media filters can
be explained by the porous PAN fibers (Yu et al., 2010; Nataraj et al., 2012) and
very smooth, continuous orientated fibers with narrow diameter distributions (Chen
and Yu, 2010; Ji and Zhang, 2008) as presented in this thesis (see Fig. 3.6. ¢ and
Table 3.4.). Moreover, PAN nanofibers cause a gas flow slip regime (values of
Knudsen number are in this regime or very close), which contributes to such good
filtration performance. The fiber diameters of electrospun nanofiber media presented
in this thesis varied between 149-535 nm, accordingly, and Kn ranged between
0.890-0.249. Only for PAN_80 nanofiber mats, the airflow conditions reached the
slip flow regime with the Kn of 0.249; other nanofiber media was exposed to the
transition regime of the airflow. The transition regime under Kn<l has a
synonymous name as well, i.e., a large slip (Hung and Leung, 2011). Despite the
lack of comprehensive theoretical predictions on the filtration performance of
electrospun fibers in moderate slip regime (Ahn et al., 2006; Hung and Leung,
2011), the nanofiber media tested in this thesis demonstrated a good filtration
capability.

e v
& ) x 20.00 FEI Quanta 200 FEG

Fig. 3.7. The SEM image of the filtered PVAc_60 nanofiber media filter with captured
PSL particles

The comparison of filtration efficiency and pressure drop from the other
studies is summarized in Table 1.3.
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Table 3.5. Filtration properties of the nanofiber media (meanzstandard deviation)

ID Pressure drop, Pa  Filtration efficiency, %, at Quality factor, (Pa’), at
100 nm 300 nm 100 nm 300 nm
PA6/6_120s 50.77+3.67 62.02+£3.17  72.30+2.75  0.019 0.025
PAB/6_120sx2 94.13+2.74 82.83+2.31  87.6+2.01 0.019 0.022
PAB/6_120sx3 125.50+3.32 85.36+2.72  90.17+1.89  0.015 0.019
PAG6/6_120I 5.10+2.01 24.33+3.34  22.22+3.89  0.055 0.049
PAB/6_120Ix2 9.60+2.22 26.43+3.05  24.22+3.54  0.032 0.029
PAB/6_120Ix3  14.02+2.39 32.16+2.56  32.02+2.89  0.028 0.028
PA6/6_160I 18.70+1.70 25.79+0.13  26.69+0.05 0.016 0.017
PA6_300 148.00+17.19 84.73+1.94  89.24+1.38  0.013 0.015
PVAc_30 4.93+1.31 21.51+0.53  21.16+2.18  0.049 0.047
PVACc_30x2 8.80+1.98 26.62+1.24  23.61+£1.87  0.035 0.031
PVAc_30x3 15.20+2.01 36.29+1.67  31.81+1.48  0.030 0.025
PVAc_40 21.68+4.92 39.73+6.51  43.20+6.57  0.023 0.026
PVAc_60 80.57+16.03 98.79+0.37  96.79+0.49  0.055 0.042
PVAc_80 132.83+15.49 99.57+0.31  97.38+0.16  0.041 0.027
PAN_40_6 21.37+1.25 55.94+2.17  59.92+2.30  0.038 0.043
PAN_40 _6x2  42.40+2.10 80.90+1.45  83.36+1.98  0.039 0.042
PAN_40_6x3  60.00+2.45 86.61+1.23  88.27+1.55 0.034 0.036
PAN_40_8 33.77+8.39 77.64+6.27  79.49+6.75  0.044 0.047
PAN_40 8x2  64.01+4.21 94.29+2.52  91.89+3.01  0.045 0.039
PAN_40 _8x3  99.80+2.10 95.91+1.20  96.02+1.34  0.032 0.032
PAN_60 64.60+1.54 94.24+0.90  91.96+0.94  0.044 0.039
PAN_80 90.37+2.57 98.01+0.47  95.83+0.35  0.043 0.035
CA_40 6.57+0.25 2447+1.77  24.18+2.61  0.043 0.042
CA_40x2 13.6+2.43 44.30+1.57  30.74+1.76  0.043 0.027
CA_40x3 20.2+2.78 55.51+1.42  50.79+1.36  0.040 0.035
CA_T70 49.03+1.21 62.91+0.59  60.22+2.16  0.020 0.019
CA_70x2 105.99+2.49 85.83+1.24  84.40+1.80 0.018 0.018
CA_70x3 139.90+3.81 88.64+1.00 88.59+0.92  0.016 0.016

It is important to note that nearly all the nanofiber mats had a better filtration
efficiency for 100 nm PSL particles than for 300 nm particles. A few exceptions
were observed with PA6/6_120s and PA6_300 nanofiber media: PA6/6_120s had
~10.3 % higher efficiency for 300 nm particles than 100 nm particles, and PA6_300
had ~4.5 % higher efficiency for 300 nm particles than 100 nm. The PA6/6_120s
nanofiber medium was characterized by a fiber diameter of 149 nm and is expected
to have most penetrating particle size (MPPS) in the range between 150 and 100 nm.
Thus, the particles of a larger diameter (300 nm) should be primarily trapped by the
interception and to some extent inertial impaction mechanisms. The result obtained
in this thesis correspond to the findings of other authors (Wang et al., 2008a) and
support the idea that nanofiber media with a low fiber diameter (<200 nm) are more
suitable for the filtration of bigger particles, while the filter media with
comparatively high fiber diameter (>500 nm) are more suitable for the filtration of
smaller particles (~100 nm). The decreasing fiber diameter and increasing basis
weight of nanofiber filters transfers the MPPS to the smaller range of sizes (Hinds,
1999; Leung et al., 2010; Wang et al., 2008a).
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3.3.3. Quality factors of one-ply and multiply nanofiber media

The filtration QFs have derived from the experimental results of filtration
efficiency and pressure drop and are presented in Table 3.5.

The comparison of single-ply to multi-ply nanofiber mats of the same medium
showed that only some of the multi-layer media increased their QF. The
relationships between the basis weight and QF for separation of 100 and 300 nm
PSL particles are presented in Fig. 3.8. The QFs of multi-ply mats from CA and
PA_6/61 dramatically decreased with the growth of basis weight, while the decrease
of QFs of PAN mats was rather moderate. The multi-ply structures of
PAG6/6_120sx2, PA6/6_120sx3 compared to a single-ply PA6/6_120 mats decreased
QFs as well. The same could be said about PA6/6_120Ix and PVAc_30x single-ply
media. While the nanofiber media produced from PAN and CA polymers were able
to improve QF in multi-ply formations, the PAN_40 6x2 nanofiber media for
100nm particles showed slightly higher QF = 0.039 Pa™ compared to QF = 0.038
Pa® of PAN_40 6 (not presented in Fig. 3.8.), the PAN_40 8x2 compared to
PAN_40 8 for 100 nm particles (accordingly, QF = 0.045 and 0.044 Pa™), the
CA _40x2 compared to CA_40 for 100 nm particles (accordingly, QF = 0.0430 and
0.0427 Pa'), and CA_40x3 compared to CA 40x2 for 300 nm particles
(accordingly, QF = 0.035 vs. 0.027 Pa™). These nanofiber media were characterized
by 40 min (shorter compared to the other specimen) deposition time.
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Fig. 3.8. The relationships between the filtration quality factors and basis weight of single-
ply and multi-ply nanofiber media using 100 and 300 nm PSL particles

The exception of the QF value in the single-ply form was PVAc nanofiber
media filter. In case of the basis weight of 11.34 g/m2, the PVAc nanofiber media
filter (i.e. PVAc_60, the second filled dot from the right in Fig. 3.8._PVAc) was able
to improve QF in comparison to the previous value of PVAc single filter with a
lower basis weight. The lowest fiber diameter (235 nm), higher amount of beads and
the optimal collection time in electrospinning of PVAc_60 nanofiber media filter
were the main contributors of this phenomenon.
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The findings of this thesis show that the QF of multi-ply nanofiber media with
shorter electrospinning time (i.e. lower basis weight) can increase by the negligible
margin or even slightly decrease when filtering 100 and 300 nm particles. This
corresponds with the findings of the other authors (Leung et al., 2010; Zhang et al.,
2010). Leung et al., (2010) showed that N3S one-ply nanofiber media for 100 and
300 nm particles had the highest filtration QF in comparison to two or three-ply
layers. The authors argued that the improvements in QF by using multi-ply layers
become more significant at higher basis weight of the nanofiber media. Zhang et al.,
(2010) as well investigated the filtration performance of multi-ply nanofiber
structures. They found that the multi-ply nanofiber media filter with very low
deposition (5 min) time had almost double better QF than the one-ply, while other
multi-ply nanofiber filter with longer deposition time (15 min) showed only slightly
better QF than the multi-ply. However, the nanofiber media filters in that study were
characterized by the lower uniformity due to the absence of rotating drum system in
electrospinning.

Table 1.3. summarizes the QF together with the other filtration properties for
300 nm particle size (characterized as MPPS for HEPA filters by the European
Standard EN1822-1) obtained by different authors. Only characteristics of nanofiber
media with the best filtration performance are presented.

Comparing the results obtained in this thesis with the results presented in
Table 1.3., considering both high efficiency and QF, the attention should be drawn
to the nanofiber media filters of PAN_60, PAN_80, PAN_40_8x3 (Table 3.5.),
PVAc_60 and PVAc_80. The PVAc_60 had the highest QF (0.042 Pa™) and the
second high efficiency (96.79 % at 300 nm) from this group filters due to the
morphology of beaded fiber, which was characterized by the smallest fiber diameter
(see Table 3.4.) and larger beads than in other nanofiber media filters. Such great
structure was responsible for the richer volume fraction with deeper physical
separation of the nanofibers (Yun et al., 2010) compared to the PVAc_80 nanofiber
media filter. The PVAc_80 nanofiber media filter, despite the larger fiber diameter
(see Table 3.4.) and larger beads, showed the highest efficiency (97.38 %) among all
the filters presented in this thesis, when filtering 300 nm PSL particles.

3.3.4. Comparison of the filtration efficiency of polystyrene latex
monodispersed and sodium chloride poly-dispersed aerosols

Based on the results obtained from the filtration performance with PSL
particles, the authors selected the specimens with the highest filtration efficiency and
QF and performed additional filtration efficiency tests with NaCl particles ranging in
diameter between 6 and 1000 nm. The representative nanofiber mats from PAN_60,
PAN_80, PVAc_60 and PVAc_80 were analysed for the filtration efficiency. The
results shown in Fig. 3.9. demonstrate that the PVAc_80 nanofiber medium
achieved the highest filtration efficiency (98.09-99.99 %) for 30-300 nm particles,
while PAN_80 nanofiber medium indicated the highest filtration efficiency (~98.50
%-99.99 %) for 300-600 nm particles. All the selected specimens showed very good
filtration results (~100 %) for the particles larger than 600 nm.
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MPPS determines the particle size, at which the filter media is least efficient
(Lalagiri et al., 2013). Theoretically, the MPPS is a region of minimum filtration
efficiency somewhere between 50-500 nm (Hinds, 1999; Park et al., 2011). Particles
in this range are too large to be effectively pushed around by the diffusion and too
small to be effectively captured by the interception or impaction. In contrast, the
diffusion dominates for the particles smaller than 100 nm, and the particles above
500-600 nm may be captured by interception and inertial impaction. The MPPS of
PVAc_60, PAN_80 nanofiber media ranged between 200 and 300 nm, while for
PVAc 80, the MPPS was shifted towards 300 nm size, whereas MPPS PAN_60
indicated MPPS below 200 nm (as well see Table 3.4. for fiber diameter and basis
weight comparison). According to filtration theories (Hinds, 1999; Leung et al.,
2010; Wang et al., 2008a), the decreasing fiber diameter and increasing packing
density of filters transfers the MPPS to the smaller range of sizes.
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Fig. 3.9. The relationship between the filtration efficiencies (%) and size of NaCl aerosol
particles (nm) at 5.3 cm/s face velocity
It is interesting to note that the nanofiber filters tested for NaCl aerosol
particles showed slightly higher filtration efficiency compared to the respective fiber
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mats analysed for the PSL particles separation (the same size of particles and fixed
average pressure drop values). The filtration efficiency when separating 100 and 300
nm NaCl particles was on average ~0.65 % higher than separating the same size PSL
particles (differences are statistically insignificant according to Mann-Whitney U
test (p>0.05)). Irregular NaCl particles of larger density may have a larger
aerodynamic diameter as compared to their physical diameter (DeCarlo et al., 2004).
This leads to the greater capture efficiency for 100 nm NaCl particles, due to the
stronger diffusion interaction with the fiber. At the same time, ELPI may have
attributed NaCl particles smaller than 100 nm by physical diameter to channel No. 5
(d50=0.094 pm). The aerodynamic particles size distributions can be slightly
underestimated, because there is a relatively wide cutoff aerodynamic diameter of
the stages in ELPI (Jarvinen et al., 2014). Thus, some uncertainty is introduced
when counting particles, which by diameter are very close to 100 nm or 300 nm.
Particles of NaCl are as well less penetrating than the spherical plastic ones
(Grinshpun et al., 2014). The same study reports that the penetration of particles
from combustion processes was significantly higher than that of NaCl particles, and
the biggest difference was observed between the plastic and NaCl particles. The
authors of the mentioned study discussed that the differences in efficiency can be
attributed to the interaction between the particles and filter fibers (particle
morphology, charges, surface properties etc.). PSL particles (dynamic shape factor
(DSF) ~1) are ideal spheres, as opposed to the variously shaped NaCl particles,
which may be nearly spherical (DSF — ~1.02), cubes (DSF — 1.065 — 1.17) and
agglomerates (DSF — 1.3 - 1.4) as a result of coagulation (Zelenyuk et al., 2006).
Nearly cubical are the smaller particles with more rounded edges and cubic particles
or agglomerates with higher DSF associated with a larger fraction of rectangular
prisms. These types of particles have higher chance to collide with the fiber media,
which in turn may result in better filtration efficiency.
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4. CONCULSIONS

70

1. The regular electrospun cellulose acetate fibers were prepared from a novel

ternary acetone/N,N-dimethylformamide/dichloromethane solvent system
with an optimized ratio of 2/1/1 v/v/v. The electrospinning of the 11 and 12
% (w/v) cellulose acetate solutions have resulted in a uniform morphology
of the nanofiber media with the mean fiber diameter of 241-264 nm.

. The experimental results showed that the polyamide 6/6 had a wider

distribution of the fiber diameter (60-376 nm) compared to the polyamide 6
(90-236 nm). The increase of polymer concentration was responsible for
the increase of fiber diameter: the marginal diameters of polyamide 6/6
were received for 8 and 14 % w/v of polymer concentration, while for
polyamide 6/6, the marginal diameters were obtained for 20 to 28 % w/v
polymer concentration solutions. The collection time as well as tip-to-
collector distance had more significant effect on the basis weight of the
nanofibrous materials from polyamide 6/6; the increase of collection time
by 15 min in average raised the basis weight by 0.24 g/m? while the
increase of distance by 6 cm decreased the basis weight values on average
by -0.27 g/m*.

. The comparative filtration properties of the single-ply polyamide 6,

polyamide 6/6, polyvinyl acetate, polyacrylonitrile and cellulose acetate
nanofiber media mats indicated that polyvinyl acetate and polyacrylonitrile
media have the highest filtration efficiencies and quality factors. Due to the
unique morphology of the beaded nanofibers, the polyvinyl acetate media
were characterized by the ultimate values of quality factors and filtration
efficiencies: 0.0548 Pa™ (98.79 %) for 100 nm particles and 0.0423 Pa™
(96.79 %) for 300 nm particles, accordingly.

. The comparison of single-ply to multi-ply nanofiber mats of the same

medium showed that only some polyacrylonitrile and cellulose acetate of
the multi-layer media increased their quality factor compared to the single-
ply form. The increase interval was between 0.0003 and 0.008 Pa™.

. The comparison of filtration efficiency of polystyrene latex and sodium

chloride aerosol particles showed moderate difference. The filtration
efficiency of 100 and 300 nm sodium chloride particles was on average ~
0.65 % higher compared to the same size polystyrene latex particles.
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