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Abstract

Airborne particles have a large impact on human health and the environment. They can be as
small as a few nanometers. Electrospun nanofibrous materials have shown strong potential in
filtering airborne nanoparticles for their high efficiency and low energy consumption.
Electrospinning has been investigated for decades. Unlike polymeric fibers, the production of
fibers made from non-polymeric materials is limited. Additionally, the effects of single
parameters on the fiber size are not well understood. To better understand the effects of

electrospinning parameters on nanofiber size, the following tasks have been conducted:

1. Understand electrospinning using polymer-based samples for air filtration

2. Determine a reliable way of producing metal-based fibers, focusing on composition of
the electrospinning solution and calcining atmosphere

3. Conduct a parametric study using metal-based fibrous filter samples

4. Conduct dimensionless parametric studies aiming at predicting the size of the fibers

produced by electrospinning

Before producing metal-based fibers, polymer fibers were produced using an existing apparatus
in the lab. CA solutions were prepared by diluting various concentrations of CA ina 2:1 (w:w)
ratio of N,N-dimethylacetamide (concentration 10 wt.% to 20 wt.%). The electrospinning
voltages ranged from 8 to 12 kV with distances from 10 to 15 cm and deposition times of up to
30 minutes. The produced nanofibrous filter samples were then analyzed in terms of fiber size
distribution and filter quality factor using nanosized NaCl particles ranging from 4 to 240 nm
in diameter. The maximum filtration efficiency measured was 99.8 % for filter samples obtained
with an overall deposition time of 30 minutes. The maximum filter quality factor was 0.14 Pa!
for a CA concentration of 20 wt.% and a tip-to-collector distance of 15 cm. The average fiber
diameters of the fibers were between 175 and 890 nm, and CA concentrations below 15 % led

to the formation of beads.

Then ceria and alumina-based filters were fabricated using the same setup with different
operating parameters. Results showed that a solution mix with a ratio of 2:1 ethanol:water with

a solid concentration of 15% in a weight ratio of 1:2 w:w metal nitrate:polymer yields the best
\Y;



fibers in terms of size distribution. The average fiber diameter was reduced by calcination due
to the loss of polymer. The average diameter of the fibers was as small as 200 nm after
calcination. Additionally, the produced metal-based fibers were tested for filtration and the

filtration quality was 0.07 Pa*, which is comparable to those of polymeric fibers.

The importance of different solution and operating parameters were evaluated. The trial series
was planned according to orthogonal two factorial experimental design. Four parameters, each
with two levels were chosen for this study. The solution parameter chosen was concentrations
of polymer and salt; process parameters included voltage, nozzle size and feed rate of the
solution. It was found that the concentration of the precursor solution had a dominant effect on
the fiber size, while the effects of electric field strength, flow rate and needle diameter were

comparable in their effect on the fiber size.

Dimensionless numbers have been developed using the Pi-theorem aiming at the prediction of
electrospinnablitiy. The development of the dimensional tables and the identification of suited
parameters for the dimensional table show that the processing parameters electric field strength,
needle diameter and solution feed rate; the solution parameters, including viscosity, surface
tension and solution conductivity, are the most appropriate for characteristic numbers describing

the electrospinning process.
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Chapter 1 Introduction

1.1. Problem Statement

Particulate matter (PM) is one of the most critical air pollutants. It is generated from different
sources including volcanic emission, fuel combustion, agriculture crop burning, cooking, and
house cleaning. PM can be classified according to the particle size in the air. Micron particles
have a diameter between 0.1 and 100 um. They are further divided into coarse, fine and ultrafine
particles. Ultrafine particles are also referred to as nanoparticles in the air. Coarse particles are
those in the range of 2.5-10 um (PM10), fine particles are sized between 0.1 and 2.5 um (PM25),
and nanoparticles are those with at least one dimension in the range of 1-100 nm (0.001-0.1 pum).
[1.2]

Airborne nanoparticles are more toxic than larger ones because of their small sizes and large
surface to volume ratios [3,2,4]. They have considerably high deposition rates (greater than
90%) in the alveolar region of the lungs. Nanoparticles are not completely removed from the
upper parts of the respiratory system and penetrate deep into the lungs. They can enter the
circular system [5-7,3]. Nanoparticles are smaller than the cells and thus can penetrate through
them. Charged nanoparticles have 5-6 times greater deposition into lungs and cause more
adverse health effects than larger ones [8]. Not only do nanoparticles have the greatest
interactive capacity with biological systems due to their large surface areas [1], they also can

transport toxic chemicals into the respiratory system [9].

Exposure to nanoparticle causes various adverse health effects such as ischemic heart disease,
cardiovascular diseases, stroke, chronic bronchitis, asthma, and respiratory tract infections
[10,11]. Adequate protection against exposure to nanoparticle includes minimizing nanoparticle
exposure in enclosed buildings (house, workplace or nanotechnology lab) and personal

exposure at an occupational level.



Air cleaning by filtration contribute greatly to effective reduction of exposure to airborne
nanoparticles. The exact mechanisms for air filtration depend on the particle size. The filtration
of micrometer-sized particles and larger ones are achieved by interception and impaction.
Smaller ones are captured by diffusion. Filtration by diffusion requires a high surface area to
volume ratio in contrast to conventional filters. Very fine fibers like nanofibers have a great
potential in fulfilling the requirement of a large surface area while having a low overall volume.
[12-14]

Nanofibers can be produced by electrospinning. Electrospinning technology was first developed
in the 1930s [15], and it has been intensively investigated over the past decades. The process
relies on the stretching of a polymer solution in an electric field, while the solvent evaporates
on its way from the nozzle to the grounded collector. Since the initial product of electrospinning
were polymers, the production of pure polymer nanofibrous materials has been well
investigated. However, it is still challenging to electrospun non-organic materials. Generally
speaking, the electrospinning of metal-based fibers relies on the production of polymeric fibers,
which have been doped with metal-based materials like salts. After electrospinning, the organic
material has to be removed. Meanwhile rigid crystals and fibers are produced. Through the
addition of salts to the electrospinning solution, the solution properties change significantly,

which poses new challenges to the electrospinning process.

The electrospinning process depends on a variety of parameters [16]. They can be classified
into setup dependent parameters, like voltage and needle-to-collector distance, and solution
properties such as viscosity and conductivity and environmental properties like air temperature
and relative humidity. These parameters interact with each other. For example, the solution
density and electrospinning temperature have a great impact on its viscosity. Through these
interactions, a change of one parameter can affect the fiber size or, in a general term,
electrospinnability. Electrospinnablitiy describes the capability of an electrospinning setup and

the applied solution to produce fibers successfully.

Despite the interactions among these electrospinning parameters, most studies on
electrospinning focused on the impact of a single parameter on the nanofiber size [17-25]. These

single parameter studies make it challenging to compare the impact of the single parameter on

2



the fiber size with respect to others. Furthermore, the results of single parameter studies are
often stand-alone results for specific research groups. A slight change, for example, in the setup
(i.e. nozzle size, plate shape or size) with other parameters being constant, may Yyield
dramatically different fiber sizes. For the polymer PVA (polyvinyl alcohol), researchers
reported comparable concentrations and applied voltages but different collector types and
different fiber sizes. Givehchi et al. [26] used a 10 cm x10 cm plate collector and collected fibers
as thin as 150 nm, while Choi et al. [27] collected their PVA fibers on a rotating drum, with
documented fiber sizes of 240 — 340 nm.

A small number of researchers conducted parametric studies to understand the relative impact
of parameters on the fiber size, or to determine a complete model for the electrospinning process
[28,17,29,30]. The research has been focusing predominantly on the absolute impact of
parameters. For example that the increase of the viscosity leads to an increase in the fiber size,
without considering the other parameters affected by the viscosity change. These studies show
contradicting results. Furthermore, all studies failed in understanding the interactions among
the electrospinning parameters, which have a major impact on the fiber size. At this point, it is
challenging to predict the electrospinnability of a given solution in a certain setup.

1.2. Research Objectives

The main objective of this research is to better understand the interaction among multiple
parameters on the electrospinning process. To achieve these goals, the following tasks have

been completed:

1) Validation of basic impacts of parameters on fiber size

2) Feasibility of producing stand-alone metal-based nanofibers

3) Parametric study of key parameters of electrospinning on fiber diameter

4) Development and validation of a Pi-theorem model to predict the size of fiber produced
by electrospinning



1.3. Research Approach

The overall structure of this thesis is shown in Figure 1-1. There are eight chapters in this thesis.
Chapter 1 provides an overview of the research problem and describes the motivation,
opportunities and objectives of the thesis. A comprehensive literature review is presented in
chapter 2, including the relevant knowledge about electrospinning and the related parameters.
Chapter 3 describes the methodology of the experimental and analytical works of the thesis
research. It focuses on the production and analyses of nanofibers, as well as the analyses of the
electrospinning process in terms of solution properties, fiber characterisation and statistical
methods. A 2k factorial design and the Pi-theorem are introduced in this chapter. The Pi-
theorem is a method for computing sets of dimensionless parameters from given variables, even
if the form of their interaction is still unknown. It provides a way of generating sets of

dimensionless parameters for further analysis.



Ch2) Literature Ch3) Experimental

Ch1) Introduction REvicw and Methodology

Ch4) Production of Polymer Fibers

Ch5) Production of Metal-based Fibers

Ch6) Parametric Study on Electrospinning Parameters

Ch7) Pi-Theorem applied to Electrospinning

Ch8) Conclusions and Future Work

Figure 1-1 Thesis structure

Chapter 4 describes the process of the production of pure polymer fibers made of cellulose
acetate. This chapter introduces an electrospinning setup for the research and presents single
parameter studies on the following parameters, applied voltage, concentration and distance.
Results are compared with those in literature. Also confirmed was the filtration behaviour of
the nanofibrous materials for nanosized particles. Chapter 5 is an extension of chapter 4 by
metal-based nanofibers. The first part of the chapter discusses the development of an operational
precursor solution for metal-based fibers. The fibers for the rest of the research were produced
using poylvinylpolindrone (PVP) as a precursor polymer and hydrate nitrate salts as metal
source. The electrospinning takes place in the same way as in the previous chapter. However,
after electrospinning, the filter samples were calcined in order to remove the polymer and to

5



form metal-based fibers. Chapter 6 uses the results from this research to conduct a parametric
study on the relative impact of electrospinning parameters on the fiber size, comparing the
polymeric electrospinning process with the calcined fibers. Applying the findings of the
previous chapters, Chapter 7 describes the development of a model for electrospinning using
the Pi-theorem. The process led to the final dimensionless number, considering all parameters
relevant for electrospinning. In conclusion, the developed dimensionless numbers can be used

to predict the calculated fiber diameter or the electrospinnability.



Chapter 2 Literature Review

2.1. Introduction

This chapter provides first an overview of recent studies on airborne nanoparticles and their
impact on society. Control mechanisms of nanoparticles are then described briefly without
elaboration, because the focus of this thesis work is on electrospinning for nanofibrous materials
for air filtration purposes. The literature review has shown a variety of parameters that impact
the quality of the electrospinning process, as well as the fiber size of the produced fibers.
However, it was challenging to determine relationships between parameters to predict
electrospinning outcomes. Furthermore, many researchers have presented contradicting results
regarding the effects of electrospinning parameters on the fiber morphology. As a conclusion
of this chapter, nanofibers produced by different research groups differ strongly from each
other, even for identical materials. This is a challenge for the effective transfer of knowledge

from laboratory to industry.

2.2. Nanoparticles

Nanoparticles can cause considerable harm to an organ. [31] Nanoparticles (with sizes in the
range of 1-100 nm) can enter and damage organisms because of their small sizes. Many
nanoparticles can breach the defence barriers of humans, reaching the deepest parts of the body.
They can cause disorders to cellular processes. Nanoparticles can enter the respiratory tract and
start accumulating in the lungs, which increases the risk for cancer, bronchitis and asthma.
However, the toxicity of nanoparticles depends on the materials they are made of and the exact
arrangement of their atoms. Considering the possible variations of atom arrangement in

nanoparticles yields different physical and toxicological properties for the same materials. [2]

Nanoaerosols are nanoparticles suspended in a gas. These nanoparticles could be liquid droplets
but are usually solid particles with at least one dimension in the range of 1-100 nm. Most

researchers consider nanoaerosol as another name of ultrafine aerosol or ultrafine particulate



matter. There is a slight difference between ultrafine aerosol or particulate matter and
nanoaerosol. The former is commonly used to describe airborne nanoparticles that are produced
incidentally without intention. The latter has a broader coverage, including both environmental
and engineered nanoparticles in any carrier gas. A nanoaerosol can be either organic or

inorganic and generated in nature or by engineering processes. [32]

What distinguishes nanomaterials from other materials is their size. The physical behaviour of
nanoparticles falls within the transitional zone between individual atoms/molecules to their
equivalent bulk materials [33]. The reduction of the particle size leads to modifications of the
physical and chemical properties from the bulk and molecular counterparts of nanoparticles.
For a group of airborne particles with a fixed bulk density (10 mg/m®) and unit density
(1 g/cm®), the number of particles increases exponentially, along with the surface area, as the
particle size decreases to less than 100 nm. This allows for a greater proportion of atoms or
molecules on the surface, allowing adjacent atoms and substances to interact more readily. The
surface-to-volume ratio determines the potential number of reactive groups; the intrinsic
properties of materials at the scale are emphasized compared to their larger bulk counterparts.
The enhanced activities could be either beneficial (e.g., antioxidation, carrier capacity for drugs,
increased uptake and interaction with biological tissues) or disadvantageous (e.g., toxicity,
instability, induction of oxidative stress), depending on the intended use [34-36]. The charges
carried by the materials in contact with membranes, tissues and its chemical reactivity play a
dominant role when particles react with other substances, but these charges are mostly

independent of the particle size. [37,36].

Nanomaterials have been used in a variety of applications, including fillers, opacifiers, catalysts,
semiconductors, cosmetics, microelectronics, and drug carriers [34]. With the increase in
production and usage of engineered nanomaterials, the potential environmental and health
impacts have increased and must be investigated and confirmed [38,36]. The health impacts are

summarized in the following section.



2.3. Impacts of Nanoparticles on Human Health

The particle size and surface area of nanomaterials are important characteristics from a
toxicological point of view. For example, inflammation, genotoxicity, and histology are related
to surface area instead of particle mass. It can be shown that the occurrence of tumors correlates
more with surface area than with the particle mass [39,40]. It is established that the available
surface area is the most critical parameter for the (health) effects of nanoparticles, together with
surface chemistry, biodegradability, number, shape and solubility. [41,33,42,36]. Studies show
that an increase of nanoparticle concentration correlates with short term increases in morbidity
and mortality [43,44].

Out of all exposure paths, inhalation is the most important entry route for nanoaerosols [33,34].
The respiratory zone consists of all structures that participate in gas exchange and it begins with
the respiratory bronchioles [45]. The human lungs contain approximately 2300 km of airways
and 500 million alveoli [46]. The surface area of the human lungs is estimated to be between
75-140 m? in adults [47,48]. The pseudostratified epithelia that constitute the barrier to
absorption into the bloodstream are markedly different in airways and alveoli of the lungs. In
the tracheobronchial region the epithelium is protected by a mucus layer [49]. Any particle
deposited in this area is transported away from the lung by mucociliary clearance [50], or
diffused through the thick mucus to reach the epithelium cells. In contrast, the alveoli have a
thin, single cell layer. The distance from the air in the alveolar lumen to the capillary blood flow
is less than 400 nm. The large surface area of the alveoli and the intimate air—blood contact in
this region make the alveoli less protected against inhaled substances, such as nanoparticles, as

compared to the airways [49].

Depending on the size and shape, the deposition of nanoparticles can occur in all regions of the
lung, reaching from the airways to alveoli. Table 2-1 shows the site and size of particles that
can deposit in the lung. With particles smaller than 500 nm, the deposition rate increases
everywhere in the lung, due to an increase of diffusional mobility [51]. Fibers with small
diameters penetrate deeper, while long fibers (over 20 um) can be found predominantly in the

upper airways. [52,53,36]



Table 2-1 Mechanism of aerosol deposition [49,51]

Site Size (um) Mechanism Comment
Large airways 5-9 (slow inhalation), Impaction Most deposition in
3-6 (fast inhalation) P segmental airways
Smaller airways Gravitational Improved with slow and
1-5 . ]
sedimentation deep breathe
Respiratory 1.3 Gravitational Improved with slow and
bronchioles sedimentation deep breathe
Alveoli <0.5 B_rown_lan Most exhaled
diffusion

Particles need to be small enough to avoid the initial deposition in the upper airways and go
through to the lower airways. On the other hand, particles need to be large enough to avoid
exhalation [54,55]. Therefore, particles around 1 um have the highest deposition efficiency [51].
Smaller particles are mostly exhaled after inhalation without deposition [56,57]. However, the
deposition of particles smaller than 100 nm appears to have a deposition efficiency of around
50% [51,49,58]. Their effects were even greater on people with asthma or other obstructive

pulmonary diseases. [36,59,60]

2.4. Filtration of Airborne Nanoparticles

Filtration is the most effective way to capture airborne particles for the protection of
environment and health. If the particulate matter is not separated, the membrane will lose its
function due to clogging [12]. This section summarizes different mechanisms which are applied

to filter particles from an airstream.

Considering a particle dispersed in a gas stream moving towards a target, the particle is likely
to stick to the target on impact due to inter-surface forces. The most dominant mechanisms
describing possible ways of the particle touching the target are impaction, interception and
diffusion. For nanoparticles, diffusion is the dominant mechanism.
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Nanofibrous filters have been shown to be a more affordable option for the filtration of
nanoparticles [61-63]. Nanofibrous materials have two distinct advantages over microfibers:
they have 1) a higher filtration efficiency, due to slip flow and 2) a larger surface area to volume
ratio, which increases the deposition of particles, and through that the filtration efficiency.
Research has shown that nanofibers have a long lifetime, can be loaded with a larger particle
mass, have a lower air resistance and are relatively light [64]. Over the last decades, the
relevance of nanofibrous materials in the industry grew and is expected to reach a market size
of USD 700 billion in the next few years [65].

The characteristic difference of nanofibers compared to larger fibers is the slip flow. Due to
their size, nanoparticles are small enough to pass through the mean free path of gases under
normal conditions. The slip flow allows more particles to approach target surfaces, through
which the capture due to Brownian diffusion, interception and impaction is greatly increased
[66,67]. As a side effect, the slip flow also reduces the air resistance, since the drag force on the
nanoparticles is reduced [68,69]. Research has shown that the interception efficiency can be
further improved, when the fiber size is similar to that of the particle size. Overall, nanofibrous
filters are an efficient and affordable alternative to current micro fibrous filters [66,70,71].
Considering the potential of nanofibrous materials compared to the conventional fiber

technology, a more efficient and controllable production of nanofibrous materials is desirable.

2.5. Nanofiber Production Technologies

Nanofibers can be produced by melt blowing, forcespinning, and electrospinning. Each of them
have pros and cons. Melt blowing is a method of producing non-woven fibrous materials, which
has been used in commercial production [72,73]. It relies on the extrusion of molten polymer
through a fine orifice into a high velocity hot air stream [72-74]. Under the right conditions, the
drag of the hot air causes the polymer to elongate into a fiber. This process can produce fibers
with diameters ranging from 1 to 50 um. It means that the method can produce fibers and is
efficient for commercial use, however, the fibers are not real nano-sized. Furthermore, the

materials are limited to thermoplastic polymers. [75]
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The melt blow method can be improved with an assisting electric field. It can produce finer
fibers than the sole melt blowing method. The produced fibers are roughly 1 pum and with a
narrower fiber size distribution, which is qualitatively better than purely melt blown fibers.
Therefore, these fibers tend to have a better filtration efficiency. [76]

Forcespinning is another method to produce polymeric nanofibers. It utilizes centrifugal forces,
which allows for a much higher output than melt blowing and electrospinning. This method
does not require any electric field. It can also be used with polymeric solutions or melts, if the

viscosity is acceptable.

The forcespinning process begins with first loading the solution/melt into a spinneret, specially
designed for this process. During the nanofiber production, the polymer solution is drawn from
the orifice by rotating forces. As the polymer is drawn, the important parameters that need to
be considered include spinneret angular velocity, orifice radius, polymer viscoelasticity (which
includes viscosity and relaxation time of the material), surface tension, evaporation rate (for
solvent in solution), temperature (melting and solidification), and distance between spinneret
orifice to collector. The rate of solvent evaporation depends on polymer viscosity and elasticity.
In the case of polymer solutions, it is important to determine the polymer-solvent compatibility
to determine optimum concentration that enables the production of nanofibers with the desired

size and morphology.

To produce a polymer jet, the rotating speed must be high enough to overcome the surface
tension of the solution or melt. If the forces exerted on the jet are too high, the surface tension
of the polymer solution can cause the jet to break up, resulting in beads. This may occur under
certain conditions where the angular velocity of the spinneret is low (low centrifugal forces)

and/or the viscosities are not too high. [77]

Electrospinning by itself is an old technique, which was first described by Rayleigh in 1897 and
studied further by Zeleny in 1914 [78]. Later on it was patented by Formhals in 1934 [72]. The
fundamental scientific work has been conducted by Taylor and has continuously advanced since
[79,16]. The following section is focused on electrospinning process as it is the central scope of

this thesis work.
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2.6. Electrospinning and governing parameters

Electrospinning can be applied to the production of nanofibers. A good nanofiber filter consists
of fine fibers, since the filtration efficiency increases with a decreasing fiber diameter [80].
Fiber diameter can be influenced by several solution and process parameters [81]. A narrow
distribution of fiber diameter indicates a reproducible spinning process. A typical
electrospinning process has a low output [82]. Problems often occurring during electrospinning
are blocked nozzles causing uneven fibers and dripping of solution onto the spun fibers,
destroying the web structure. Even if the fibers are used as a coating layer for filtration purposes,

the challenges of an even distribution and good quality stay identical. [17]

In this research, electrospinning is chosen as the method for nanofiber production because it can
produce the finest nanofibers in the range of 10s to 100s nm. Electrospinning is often seen as a
simple and controllable procedure. In a standard experiment of electrospinning in a laboratory,
a polymer solution, or melt, is pushed through a thin nozzle (also acting as an electrode), which
has an internal diameter in the order of 100 nm (see Figure 2-1). An electric field of 100-
500 kV/m is applied to the nozzle. In a laboratory setting, the distance between the collector
and the needle tip is 10-25 cm. The corresponding currents can range from 100s nanoamperes
to microamperes. The substrate on which the build-up of electrospun fibers takes place is
commonly brought into contact with the counter electrode. The electrospinning process can be

vertical or horizontal.
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Figure 2-1 Electrospinning setup

The dissolution of polymers in the solution is crucial to successful electrospinning. The solution
properties depend on the degree on entanglement of the polymer molecule chains. Furthermore,
to obtain rigid polymer layers after electrospinning, the polymer chains need to be entangled
enough to hook into each other. However, for the electrospinning process a liquid is needed,

therefore it is necessary to have the polymer not entangled in the solution [83] (see Figure 2-2).
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Figure 2-2 Stages of polymer entanglement

Dissolving polymers can take place in different ways. One model [84] considers the detangling
and diffusion of the polymers in the solvent. In combination with the solvent, the polymer forms
a gel-layer as a boundary, which is known as plasticization. The larger the polymer chain, the
lower the dissolving rate, since the larger chains need more energy to be detangled, due to a
larger entropy of disorientation [84]. Theoretically, polymer chains are straight. However, they
are practically in amorphous states of random conformation. The hydration of polymers is either
performed by direct H-bonds between the polymer and water or is achieved by water molecules
surrounding hydrophobic groups of the polymer. If the solvent consists of more than one liquid,
a competition for the H-bonds is taking place, where the solvents bind at different sections of
the long polymer chain (see Figure 2-3). The literature assumes the solvent-solvent interaction

to be relatively weak compared to the interaction between the solvent and the polymer
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Figure 2-3 Dissolved polymer molecule and bonding of solvent molecules to the polymer

During the electrospinning process, the liquid solvent evaporates quickly due to the high travel
speed of the jet. After deposition, some liquid is stored in the fiber membrane due polymer
plasticization and incomplete evaporation, which leaves liquid between the chains [81,85]. The
residual liquid can be removed with drying or aging of the polymer membrane. During the
electrospinning process, the polymer chains change their orientation from random to uniform,

while they are still entangled enough to form rigid mats (see Figure 2-2).

The applied electric potential difference causes a droplet of polymer solution to deform,
producing a cone-shape towards the counter electrode as seen in Figure 2-1 [86]. The Taylor

cone angle is approximately 30° in electrospinning. Upon increasing the voltage, the drop
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becomes a jet, which moves in the direction of the counter electrode and becomes thinner
[87,88]. Solvent evaporation or solidification of the jet occurs on route to the counter electrode.
The evaporation process (diffusion speed of the solvent) depends on the humidity of the
surrounding atmosphere. Research has found that the spinning process produces more fiber
material fibers when the relative humidity is as low as possible [89]. These jets velocities can
reach 40 m/s or higher. Medeiros et al. [90] found that the diameter of PVA electrospun fibers
decreased as relative humidity increased and beads were formed on the fibers electrospun at
60% and 80% relative humidity (RH). This effect is opposite to that of fibers electrospun from
organic solvents such as dimethylformamide (DMF), tetrahydrofuran, and toluene, in which
fiber diameter generally increases as the relative humidity increases. PVA dissolved in water
ranged from 230-540 nm at 20% relative humidity, and 100-400 nm for 80% RH; while poly
(methyl methacrylate) dissolved in DMF ranged from 1000-1200 nm at 20% to 1900-2100 at
60% relative humidity.

It is important to control the configuration and external climate as they play a vital role in
electrospinning. The process is controlled by the external electric field that is produced by the
application of voltage as well as the induction of an electric field (which is due to the free and
induced charges present on the surface of the jet). Furthermore, the diameter and morphology
of the nanofibers are affected by surroundings and environments. These factors include the
distance between the needle tip and target, the diameter of the needle, the shape of the collector,
and the amount of potential difference that is applied. Other processing conditions are the feed
rate and solution temperature. The upcoming subsections discuss these factors extensively.
Electrospinning technologies have been introduced in the following papers [91-96]. A summary

of electrospinning parameters can be separated into processing and material variables. [16]

Processing variables:

e Voltage

o Electrode arrangement
o Electrode material

e Electric field intensity

e Tip-to-collector distance
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e Solution feed rate

e Needle diameter

Material variables:

e Solution viscosity

e Surface tension

e Solution conductivity
e Solution permittivity
e Polymer molar weight
e Solution concentration
e Solvent quality

e Charge density

e Chemical composition

Environmental variables

¢ Relative humidity

e Temperature

2.6.1. Voltage

A predominant factor that can be used to manipulate the electric field is the applied voltage
between the needle and the collector, which act like two electrodes. In a typical setting, 6 kV is
needed to make the jet form the Taylor cone [79]. The jet will gain velocity at a more rapid
pace, and a greater amount of solution will be pulled out of the needle at a higher voltage applied
as the amount of charge will be greater [97]. The change of voltage could impact the shape of
the jet. At a specific voltage, the Taylor cone is no longer visible and the jet appears to come

from the nozzle directly [98].

More stretching of the jet (because of greater columbic force faced by the surface charges) and
a decrease in the diameter of the electrospun nanofibers [99,27,100] can be observed as the

applied voltage increases. This change also causes the electric field between the needle and the
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target to increase. Pawlowski et al. [101] have also shown that drier fibres can be produced at a
higher voltage because the resulting solvent evaporates at a faster pace. In comparison, Zhao et
al. [102] proved that a weaker electric field was produced at a lower voltage, which caused the
jet to decelerate and increase its time of flight. This will result in thinner fibres. Furthermore, a
voltage that is near to the minimum critical voltage is necessary for the initiation of
electrospinning for thinner fibres. The effects of applied voltage on the average fiber size are
not clear. Zhang et al. [103] found that an increase in voltage led to thick fibers. Some studies
had mixed results showing a smoother fiber, but thicker fiber at low voltages, and thinner fibers
with more defects at high voltages [104], with a minimum diameter depending on voltage
[105,106]. Matabola and Moutloali [105] found a minimum voltage of 12 kV for polyvinylidene
fluoride fibers and Tan et al. [104] found almost no impact on the fiber size of polylactic acid
fibers, while a minimum of 10 kV was required to generate an electrospinning jet.

Another result of high voltage is the formation of beads. This is probably because a high voltage
causes the jet to become more unstable when a recession of the Taylor cone into the syringe
needle occurs. The shape of the bead changes according to the voltage from a spindle to a
spherical shape. It is common for the beads to amalgamate to form thicker fibres since the
amount of the beads has increased [107-109]. Nevertheless, according to Jarusuwannapoom et
al., there will be increased solution stretching and the number of beads formed would be lower

at higher voltages [110].

2.6.2. Electrode Arrangement

Using various electrode settings is another method to alter the electric field between the needle
tip and the collector. Researchers used a needle and flat collector plate as electrodes. Later,
technological advancements led to the changing of the electric field by altering the electrode

arrangement, to attain the desired nanofiber morphologies.

Collector electrode configurations that have been scrutinized to form fibres that are highly
aligned [111] include rotating tube collector with knife-edge electrodes, rotating wire drum
collector, spinneret with knife-edge blade, disc collector, and drum collector with a wire wound.

An arrangement of many spinnerets has also been used to mix fibres from different materials.
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Balancing the electric field between the spinneret and the collecting plate can be done by the

guard electrode arrangements.

Many researchers have used single-needled systems for laboratory studies of electrospinning,
but it has a low throughput. To be more industrially relevant, other researches have reported
multi-jet electrospinning. A model presented by Theron et al. [112] indicates that nine jets could
electrospin from distinct nozzles with a pitch of 10 to 400 mm under appropriate conditions.
Yarin et al. [113] used a ferromagnetic sub-layer in liquid form to produce approximately
26 jets/cm? in the vertically upward direction. The voltage used was about 32 kV. The diameter
of the fibre was between 200 and 800 nm. Yang et al. [95] reported a better stability when using
needles of different lengths in the form of a ring arrangement. Additionally, it was stated that
the stable voltage required for spinning in the case of using needles with different lengths is
lower than the one needed for the ring arrangement [113]. The characteristics of jets in a multi-
jet electrospinning procedure were examined by using simulated data [112]. The mutual
Coulombic interactions affected the path followed by each electrified jet in this process.
According to Dosunmu et al. [114], a porous tube is more efficient than a single-needle system.
A cylindrical needle with a porous material has been employed. The electrospinning solution
has been pushed through the material into the electric field. The resulting fibers showed a
comparable fiber size and size distribution; however, the production rate has been greatly

improved.

Although the outcome of these methods seems to be promising, there are some drawbacks
involved, which led to other studies [115,116]. An important obstacle is the possibility of
clogging in multi-needle systems. It has also been stated that capillary spinning (usage of
needles for electrospinning purposes) does not have a very high efficiency for the synthesis of
nanofibers. Hence, Miloh et al. [115] recommended the use of needleless and free surface
electrospinning or accumulation of numerous jettings powered by electricity through the
application of high electric fields on planar and cylindrical surfaces. The practical and
theoretical studies with the aim of improving the rate of fibre production at an industrial level
has taken place by making use of Newtonian and viscoelastic polymeric liquids used in free
surface electrospinning [117]. Yarin et al. claimed that large-scale production of nanofibers
could be done by making use of the magnetic and electric fields that act on a magnetic fluid and
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the layer of polymer solution without using any needles. Nanospider ™ [118] is a device that
produces nanofibers effectively by making use of a rotating-cylinder solution-feeding system
[119]. This device was studied by Jirsak et al. [119] and further improved by Wang et al. [120],
where the cylinder in the Nanospider™ was replaced with an electrospinning disc, which

consisted of a disc that would perform rotary motion.

The collector plates in a majority of electrospinning systems are made of conductive materials
such as copper and aluminium. They are grounded, yielding a built-in potential difference
between the two electrodes. Less fibres are produced when the material used for the collector is

an insulator because the charges on the electrospinning jet cumulate on the collector plate [121].

2.6.3. Tip-to-Collector Distance

Altering the electrode gap can change the resultant electric field between the needle tip and the
target collector, and the consequent travel time of the nanofiber. The distance between the two
electrodes can be decreased, which in turn strengthens the electric field and increases the
acceleration of the jet. The time of evaporation is thus decreased. Reducing the distance between
the needle tip and target will allow the fibers to form an interconnected fiber mesh because of

the excess amount of solvents.

However, beaded fiber and jet instability can occur due to strengthening of the electric field and
short travel distances [27,100,110]. Increasing the distance between the needle tip and the
collector can help decrease the average diameter of the fibers since there is also an increase in
the flying time, which gives sufficient time for the jet to elongate and become thinner
[97,102,95,122,123,105]. Increasing the distance between the two electrodes can result in
narrow size distribution of the nanofibers. It was also noticed that when decreasing the intensity
of the electric field, the average diameter of the fiber increased. Zhao et al. [102] noticed that if
the distance between the needle tip and the target is longer than 250 mm, then the
ethylcyanoethyl-cellulose/tetrahydrofuran solutions could not be electrospun with high voltages
[102,108]. On the other hand, Zhang et al. [103] could not see any change of morphology while
changing the tip-to-collector distance.
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2.6.4. Flow Rate

The amount of solution needed for electrospinning depends on the liquid flow rate. A minimum
solution flow rate for a specific voltage and electrode gap is needed to maintain a stable Taylor
cone [97,23,124]. The external Taylor cone could disappear at a low flow rate. Instead, a jet
bursts out from the liquid surface. On the other hand, if the electrospinning rate is less than the
solution flow rate, the solution droplets will fall from the needle tip because there is not enough
time for electrospinning to take place. It was noticed that an increase in the flow rate increased
the diameter of the fiber and the size of the bead [100,107,125-127,124]. It was also noticed by
Biber et al. [21] that the average diameter of the fibers decreased when the flow rate of the
solution increased. In addition, the increased flow rate allowed for a wider size distribution of
the nanofibers. It was reported by Zong et al. [107] that different shapes of fibers can be acquired
by changing the solution flow rates for a given electric field. They also reported that lower
solution flow rates (20 ul/min) created thinner fibers with spindle-like beads, and contrarily,
higher solution flow rates (75 ul/min) led to thicker fibers with large beads [107]. For industrial
applications, a compromise must be found between the increased diameter due to the higher
volume flow rate and increased production rate. It takes longer to dry the fibers when more
solution is drawn from the needle tip, which results in the fibers clumping together. Yuan et al.
[123] conducted experimental studies using bisphenol-A polysulfone with solution flow rates
of 0.0066 mi/min and 0.011 ml/min. They determined that the lower feed rate is needed to
acquire thinner and bead free fibers because there is more time for the solvent to evaporate
[123].

2.6.5. Needle Diameter

There are limited studies on the effects of the needle diameter on the electrospinning process.
The problem of needle clogging and beading in the collected nanofibers due to low exposure of
the solution to the atmosphere can be solved by using a thinner needle [99,97]. Smaller needle
diameter may also contribute to a minor increase in the heat of fusion and melting temperature
[128]. These parameters describe the energy needed for polymers to form crystalline structures.
An increase of heat of fusion or melting temperature of polymers reduces the degree of
crystallinity in the polymer, which changes optical and mechanical properties of the polymer.
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Higher crystallinity results in a harder and more thermally stable, but also more brittle material,
whereas the amorphous regions provide certain elasticity and impact resistance. Chen-Ming et
al. [128] found a reduction of the degree of crystallinity of polycaprolactone from 60% before
electrospinning to around 30% after electrospinning [128]. Reduction in the needle diameter
could increase the jet flying time of the solution between the needle and the collector plate
because the surface tension of the droplet is increased while there is a decrease in jet
acceleration. However, when the needle orifice is smaller than 0.5 mm, it became quite
challenging to electrospin the solution due to greater surface tension [102]. Nair et al. [129]
noticed that the rate of electrospinning increased dramatically by using the needles with larger
inner diameter. More homogeneous fibers can be produced using larger needles [21,129].
Macossay et al. [130] have electrospun polymethymethacrylate using needles of different sizes.
They reported that there was no correlation between the average fiber diameter and the needle

diameter.

2.6.6. Intrinsic Properties of the Polymer Solution

It has been found in the literature that the electrospinning process and the resultant fiber
morphology are affected by the properties of the polymer solution. The chemical compositions
of the polymer and the solvent affect the properties of the polymer solution [16]. The factors
include the molecular weight and its distribution, concentration, surface tension, viscosity,

permittivity and conductivity. They are briefly summarized as follows.

2.6.6.1. Viscosity

Molecular weight and concentration of the polymer affect the viscosity of the solution, and
consequently, the diameter and morphology of the fiber. The larger the molecular weight of the
polymer, the greater viscosity of the polymer-solvent mixture. Likewise, there is an increase in
the viscosity of the polymer-solvent mixture with increasing concentration of polymer in the
solution [124].

It has been noticed that the viscosity of a solution and the polymer chain entanglements have a
direct relationship with each other [97]. The polymer chain entanglements increase along with

the viscosity of the solution. Polymer chain entanglements have an important effect on the jet
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when it breaks up into small droplets and when the resultant electrospun fibers contain beads
[131]. A low chain entanglement lowers stability of the jet, leading to splitting of the jet, while
an increase of the entanglement stabilizes the jet by preventing the jet from breaking up. For
fibers to be formed during the electrospinning process, a minimum amount of polymer chain
entanglement, i.e. concentration, is needed. In contrast, the pumping of the solution by using a
syringe pump becomes challenging when the viscosity is high, and the solution may dry out at

the tip of the needle before electrospinning starts [132,107,126].

In viscous solutions, it is less likely to form beaded fibers. The shape of the beads ranges from
spherical to elliptical when the viscosity of the solution changes from low to high values.
Thicker fibers and smaller deposition areas can be achieved by increasing the viscosity.
Variations that happen in fiber morphology when the viscosity is changed are listed in
Ramakrishna’s research [97]. In this, the viscosity and entanglement were directly linked to the
molecular weight of the applied polymer. As a conclusion, the polymer concentration alone
could not give a clear indicator on the electrospun fiber size. Low concentrations could produce
fine, bead free fibers, since the increased entanglement on hence increased viscosity were
sufficient. The minimum concentration (and therefore viscosity) to successfully electrospin
polylactic acid fibers dissolved in DCM has been found to be 1.0 wt% with a molecular weight
of 300,000 g/mol. On the contrary, with lower molecular weight (100,000 g/mol), the minimum
percentage has been found to be 9 wt%. For both molecular weights, beads have been found at
lower concentrations. With increasing polymer concentration and thus viscosity, the produced
fiber diameter increased, until the specific mass of the jet becomes too large to allow for an
effective elongation of the jet [97]. Considering that the production of nanofibers is usually
conducted with a specific available polymer with a specific molecular mass, the findings of
Ramakrishna regarding concentration and molecular weight can be directly translated into
solution viscosity. Any given electrospinning solution has a certain range of viscosity, inside

which uniform electrospinning is possible. Outside of this range, beading occurs.

2.6.6.2. Surface Tension

The charges on the polymer solution must be high enough to overcome the surface tension of
the solution while electrospinning. The polymer is stretched when the electrospun jet is
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accelerated from the tip of the needle to the target, and the jet breaks up into droplets due to
surface area of the solution which results in electrospraying [133]. Also, beaded fibers due to
surface tension are created if there is a smaller concentration of polymer molecules
[104,81,134,107]. Fong et al. [134] found a reduction of the surface tension from 76 to
50.5 mN/m improved the quality of the produced fibers, while the electric field strength has
been reduced from 0.7 to 0.5 kV/cm. Due to the lower surface tension, the initial jet was larger,
which led to a more stable spinning process. It can be concluded that due to a lower surface
tension in the spinning solution, the electrospinning jet can also be started at a lower electric

field strength.

The surface tension of a solution depends on the type and constitution of the solvent. Various
solvents may have different impacts on the surface tension [97,98,107,126]. When a surfactant
is added to the polymer solution, the surface tension can also be modified. Usually, when all
other variables are constant, surface tension sets the upper and lower boundaries of the

electrospinning process.

2.6.6.3. Conductivity

The solution is stretched and forms nanofibers by repulsion of charges at the surface of the
electrospinning jet. A dramatic decrease in the diameter of the electrospun nanofibers is noticed
when the electrical conductivity of the solution increases, mainly because the jet holds more
charges. Adding a small amount of salt or polyelectrolyte to the polymer solution can help
prevent the creation of beaded fibers as the electrical forces of the greater charge held by the
electrospinning jet causing it to elongate, lead to the creation of uniform fibers. Zhang et al.
[103] found that an increase of conductivity of a PVA solution from 1.53 to 10.5 mS/cm lead
to a decrease of the fiber size from 214 to 159 nm [103]. Likewise, the formation of the fiber, if

the solution has zero conductivity, is also not possible [110,124].

It was noticed by Kim et al. [135] that the fiber diameter decreased when there was an increase

in the conductivity of a poly (2-acrylamido-2-methyl-1-propane sulfonic acid) solution.

Usually, electrospun nanofibers with the smallest fiber diameter can be obtained when the

solution with the greatest conductivity is used. Kim et al. [135] increased the salt concentration

of sodium chloride and calcium chloride in their solution from 0.0001 to 0.1 mol%. While the
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other electrospinning parameters remained unchanged, the average fiber diameter decreased
from 70 to 35 nm. However, it could be seen that the viscosity also dropped from 160 cPs at
0.0001 mol% to 122 cPs at 0.01 mol%. With 0.1 mol% of salt, viscosity increased again to
128 cPs. The number of beads observed in this study followed the same trend as the viscosity;
having the highest number with the highest viscosity, dropping while increasing the salt content
at the local minimum of 0.01 mol% and increasing after again. The higher the polymer solution
conductivity, the lower the onset voltage to enable electrospinning [122]. Choi et al. [136] found
that a conductivity increase of their poly (3-hydroxybutyrate-co-3-hydroxyvalerate) solution
from 0.5 to 10 mS/cm decreased the electrospun fiber size by almost 1 pm, while the viscosity
and surface tension were almost unchanged [136]. Moreover, a greater bending instability and
a larger deposition area of collected fibers resulted due to a higher solution conductivity, i.e., a
higher charge concentration [136]. Other researchers have confirmed the trend of finer fibers
with increased conductivity or higher salt concentrations [105], but also an increase with a larger
salt content [82]. The size of the ions in the solution has a great impact on the electrospun fiber
diameter along with the amount of charges carried by the jet. lons that possessed a smaller
atomic radius had a higher charge density and in turn, under an external electric field, had a
higher mobility [107,136]. In Moghe et al. [137], an innovative method on producing bead free
ultra-fine electrospun fibers with narrow fiber diameter distribution from Poly (3-caprolactone)
has been developed. The authors have created high quality fibers by increasing the conductivity
of the polymer solution by making use of a new solvent system that utilized an acid base reaction
to create weak salt complexes. But, Stanger et al. [24] discovered that a decrease in the mass
deposition rate and initial jet diameter during electrospinning was due to an increase in charge
density. Also, a theory was given forth, where they correlated the reduction of the diameter of
the curvature of Taylor cone with the increase in charge density and as a consequence, a
reduction of total electrostatic forces because of an effective area which is comparatively
smaller [24]. Likewise, other researchers have also given reports about the varied behavior of
the Taylor cone to point out the resemblance to the Taylor’s survey of ionic liquids
[138,86,139]. These papers also confirmed the challenge of altering one parameter, without
changing the others. Garoz et al. [138] found an interaction between surface tension and
conductivity, where the best results have been achieved with a surface tension of 50 dyn/cm and

a conductivity greater than 2 S/m. De la Mora [139] states that a Taylor cone (and therefore
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electrospinning) requires a minimum conductivity of 10* S/m, however it also states that these
values do not apply to liquids with low viscosity such as water. The research also confirms that

a variety of parameters impacts the electrospinning process, due to their interactions.

Biodegradable polymers have started to be more and more utilized in the fields of food, medical
and pharmaceuticals [97]. That is why, many researchers have tried to electrospin natural
polymers such as cellulose acetate, chitin, chitosan, alginate, collagen, gelatin, and silk [107,97].
A carrier synthetic polymer is used mostly to electrospin natural biopolymers, due to their
substantial polyelectrolyte behavior [97,89,136,140,88]. Likewise, conductive polymers have
been electrospun to create semiconductor devices such as Schottky nanodiodes. For instance,
Pinto et al .[141] tested electrospinning polyaniline, which is a conductive polymer; however,
they have only managed to electrospin polyaniline by creating a polymer blend and combining
it with polyethylene oxide (PEO) [142,141].

2.6.6.4. Permittivity

The permittivity of a solvent has a major effect on the fiber morphology. To the best knowledge
of the author, however, there are not many publications on these effects. Theron et al. [143]
reported a process by which the permittivity of an electrospinning solution could be calculated
by measuring the complex impedance of a small cylindrical volume of the fluid [143]. A
decrease in the bead formation and diameter of the resultant electrospun fibers can be achieved
by utilizing a solution which has a greater permittivity. Increasing permittivity can help increase
the bending instability and lengthen the path of the electrospinning jet, which in turn results in
a decrease in the fiber diameter and greater deposition area. An increase in the permittivity of
polymer solution can be achieved through the use of solvents such as N,N-Dimethylformamide
(DMF) [144,145]. Son et al. [144] documented a decrease from 2 to 0.4 um of their produced
polyethylene oxide PEO fibers with the an increase of the dielectric constant from 5 to 80, by
altering the solvent from chloroform to DMF or water. This phenomenon has been explained
by the polarity of the charges in a jet. However, the altered solvents also had an impact on the
other solution parameters, so an interaction between the permittivity and viscosity or surface

tension of the solutions cannot be excluded.
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2.7. Electrospinning of Non-Polymers

The electrospinning process of non-polymer materials relies on a polymer as a precursor. In
addition, salts are dissolved to act as a metal source to the polymer and the solvent. The added
salt mainly impacts the solution specific properties, such as conductivity (salts typically increase
the conductivity of a liquid) and viscosity (the salt ions bind otherwise free solvent molecules,
which attach to the molecule through their bipolarity). After electrospinning, the polymer in the
membrane can be removed by calcination if the calcination temperature is set above melting
point of the carrier polymer and the temperature increase of the heating process is slow, to allow
the metal to crystallize and form grains, which follow the “template” of the polymer fibers. With
higher temperatures, the salts decompose to oxides [146] and the binding forces between grains
increase due to sintering effects [147,148,106]. A summary on the production methods of
ceramic nanofibers can be found in Ramaseshan et al.’s work [149], showing a summary on
materials, which have been electrospun and which solvents and carrier polymers have been

used.

Especially catalytic metal-based fibers have found intensive research over the last years. Since
the electrospinning process is considered to be identical to pure polymers, the focus of most
research is focused on the production of stable fibers. An interesting ceramic is cerium oxide
(ceria), which has shown great catalytic potential, because of its ability to preserve and release
oxygen [150]. Liu et al. [151] produced ceria-silver carbon fiber hybrids. The electrospinning
solution was created by dissolving Ag(NO3) and Ce(NO3) in DMF with polyacrylonitrand PVP
as carrier polymers. The calcination process has been conducted in two steps, first drying the
fibrous mats in air at 220 °C and then carbonizing the leftover polymer in an inert atmosphere
at 550 °C. The results of this process were mechanically very rigid fibers with a tensile strength
of 29.59 KPa. Amuse ceria’s catalytic properties, Li et al. [93] produced CeO2-ZnO fibers for
photocatalytic purposes in water treatment. In this research, PVP has been used as polymer
using zinc acetate and cerium nitrate precursor. In this case, the utilized solvent was a mixture
of 2:1 ethanol and water. After calcining at 600 °C, fibers shrank from 227 nm after
electrospinning to 46 nm. Another combination of polymer and solvent has been used by
Kanzler et al. [152] to produce ZrCeO: fibers. The research group used hydrated CeClI3 and
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dissolved it together with PVP in a DMF-ethanol mixture. The calcination process has been
conducted in two steps. The fiber mats were dried first at 127 °C and lastly calcined in air at
700 °C with a heating rate of 3.8 °C/min. Kanzler et al. found their method suitable for other
ceramics like TiO2 and RuO: as well. PVA has been employed as carrier polymer in Yang et
al.’s [95] research used PVA as carrier polymer and water as a solvent in order to produce ceria
fibers. In this case, hydrated CeNOs has been used as a metal source. Yang et al. also applied a
two-step thermal treatment of the fibrous material. The samples have been dried at 90 °C in a
vacuum and then calcined for 6 hours at 500 °C. The research group found that all organic
materials from solvent and polymer were no longer detectable [95]. The final fiber size after

calcination has been found to be 50-100 nm.

For other materials than ceria, similarities can be found in the production of ceramic nanofibrous
materials. Shao et al. [92] used ZrClz as a metal source to produce ZrO> fibers in a range of 50-
200 nm. As for some of the ceria samples, PVA has been used as a polymer and the thermal
treatment consisted of two steps, with drying at 70 °C first and calcination at a higher
temperature of 800 °C. Shao et al. also utilized a comparable method to produce pure iron
nanofibers. In this case, hydrate iron nitrate has been dissolved in a mixture of PVA and water
to be electrospun [153]. The calcination process was again a two-stepped process, however in
this case drying at relatively low temperatures was not necessary, but after the initial calcination
at 550 °C, the samples have been treated at 750 °C in a hydrogen atmosphere to reduce the iron
oxide to pure iron. The resulting fibers had an average diameter of 180 nm.

George and Anandhan’s [91] research on ceramic NiO fibers focused on the impact on the
calcination temperature on the grain structure of the resulting ceramic fibers. As stated in other
research, the organic components tend to evaporate at lower temperatures [95] and the high
calcination temperatures are needed to let the metal (oxides) form grains and bonding structures
between the grains [149]. In their research, George and Anandhan formed NiO fibers from
nickel acetate tetrahydrate and SAN for diesel catalytic purposes, using DMF as a solvent. The
electrospun samples have been calcined at 500, 600, or 700 °C and the grain morphology has
been analyzed. The characteristic difference between the different calcination temperatures was
the fiber diameter. Samples calcined at 500 °C showed an average fiber diameter of 135 nm,
while the samples calcined at 800 °C were 88 nm (on average) in diameter. Opposing to the
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fiber diameter, the diameter increased with an increase of the calcination temperature, which
impacts the mechanical properties of the samples. However, a test of the mechanical strength

of the samples has not been conducted.

Certain aspects are reoccurring in the literature of ceramic nanofibers. Often, metal nitrates are
utilized as a precursor for the ceramic. The selected solvents are often water, water-alcohol, or
pure alcohol mixtures, with ethanol and DMF being the most used. Finally, the thermal
treatment often consists of a two-step process, with a drying step at temperatures below the
melting point of the polymer and in the second step temperatures of 500 °C or higher to remove
the polymer and form a stable grain structure. The purpose of the drying step is not elaborated

on.

Research on electrospinning metal-based or ceramic nanofibers focuses on the production steps
needed in order to achieve fine or functional nanofibers. This includes properties of the calcined
product, its catalytic properties, and the crystal structure of the fibers. However, research has
not focused on the impact of electrospinning parameters on the final product is rarely discussed.
Especially the impact of solvent composition or ratio of polymer to metal and the general
electrospinning setup is rarely discussed, which is surprising, since the addition of salts impacts

electrospinning mixture properties like conductivity or viscosity.

2.8. Parametric Studies

The effects of the different parameters have been studied for a long time. Most studies look at
the effects by altering one parameter at a time [112,154,104,17,105,106,126,124]. This
approach is suitable to improve an existing production process; however, it cannot show the

interactions with other parameters involved in electrospinning.

A few researchers attempted to analyse and quantify the effects of an individual parameter
[28,17,29,30] Tong and Wang [30] reported the impact of polymer concentration, applied
voltage, needle diameter, feed rate, salt amount, collector rotation speed (this study used a drum
collector), and tip-to-collector distance on the fiber diameter. Cui et al. [28] discussed the impact

of voltage, concentration, molecular weight, feed rate, needle diameter on average fiber size
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and beading of the produced fibers. However, these studies also do not discuss the interactions

among the parameters.

Heikkild and Harlin [17] conduted an orthogonal experimental design in their parametric study
on the electrospinning of the polymer polyamide. It was found that the largest relative impact
on the fiber size is the concentration, followed by salt content and electric field strength. It was
concluded that there was no universal law governing the electrospinning process due to its

complex nature.

Costolo et al. [29] applied a neural network to describe the average fiber diameter of
polyacrylonitrile as a function of the input parameters concentration, viscosity, conductivity,
surface tension, humidity, temperature, flow rate, voltage, distance, field strength and resulting
diameter. They found that the flow rate had the largest impact on the fiber size, followed by
room temperature and viscosity. Contrary to Heikkild and Harlin, Costolo et al. found the field
strength to have a negligble effect. However, Costolo et al. also observed a lack of trends, which
makes it difficult to determine the linear correlations between parameters in order to predict the
outcome of the electrospinning process. Furthermore, the used input parameters show
redundancies regarding the used parameters, like voltage, distance and electric field strength,
which are investigated independently, while the electric field strength is a function of voltage

and distance.

The knowledge transfer between research groups is challenging since different groups
document different setups and compositions for their produced nanofibrous polymer, with a
wide range of fiber size. For PVA, Lee Choi et al. [27] reported their work with voltages ranging
from 5 to 30 kV, distances from 5 to 15 cm, and concentrations in the range of 5 to 15%. The
resulting fibers ranged from 240 to 340 nm. Givehchi et al. [26] reported voltages between 10
and 15 kV and distances in the range of 10 to 15 cm. The measured fibers were as fine as
150 nm. Koski et al. [155] documented a single voltage of 30 kV with a distance of 10.2 cm to
a plate collector. Their fiber size ranged from 250 nm to 2 um. These are examples for PVA,
which is representative of other polymers. The collector shape also has an impact on the electric
field, which cannot be addressed with existing models. The calculation of the field strength in

current research is based on the calculation for a homogenous field between two plates, with
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E=U/d. However, the description of an electric field between a needle or a needle and a drum
collector is a more involved calculation. Kiichler [156] dedicated an entire book focusing on the
calculation of more complicated field arrangements. The same is true for changes in solution
properties like the molecular weight mentioned previously. The molecular weight has been
attributed to parameters like viscosity and surface tension, however, there has been no method

proposed, which can predict the viscosity of solutions based on the molecular polymer weight.

2.9. Modelling of Electrospinning

A few researchers addressed the challenge of predicting the fiber size by electrospinning.
Zhmayev et al. [157] introduced a model for melt electrospinning in the stable jet region for
thin filaments. This model does not consider the entire electrospinning process. Angammana
[158] uses common dimensionless numbers like the Reynolds or Peclet numbers to predict
electrospinning parameters through a viscoelastic electrospinning model. Theron et al. [112]
and Kowalewski et al. [140] modelled the jet path from needle to collector. However, they do
not address the shape or size of the fibers. A pure mathematical approach has been taken by Xu
[159], however this model lacks ways for practical application of this knowledge. A set of
equations describing electric field, current, magnetic field, and forces on the jet has been derived
from physical laws, which are linked to the electrospinning process. A validation of the
developed equations with experimental data has not been conducted. Additionally, these
equations rely on vector calculations, which is not solving the problem of electric field strength

not being well described in electrospinning.

Overall, the modelling attempts rely on measured data from a specific research setup and use a
selection of a variety of parameters involved in electrospinning. A prediction of fiber size for a

different setup has not been possible with these studies.

2.10. Conclusions/Knowledge Gap

This chapter discussed the source of nanoparticles and their impact on society, which can be

both, beneficial and harmful. Nanoparticles find purposeful applications in a variety of
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technologies but can also form as by-products of engineering processes. To mitigate these
effects, nanofibrous materials have been employed as filters. Electrospinning is a commonly
used-technique to produce these materials, which have been used and investigated for many
decades. The production parameters of electrospinning range over three general types, including
setup parameters like voltage and distance, solution parameters like viscosity and surface

tension, and finally environmental parameters such as temperature and humidity.

Electrospinning has been intensely investigated. The literature provides information on the
impact of all the parameters on the electrospinning quality and the fiber diameter of the spun
fibers. There is an abundance of studies discussing the qualitative effect of single
electrospinning parameters on the fiber diameter. The boundaries of electrospinning parameters
voltage, distance and overall concentration have been determined for several polymers.
However, these results are often contradicting (see flow rate, or voltage), likely because they
use different experimental setups and methods. Additionally, only very few groups discussed
the interaction of parameters between each other. Also, modelling attempts have been
conducted, but it has been not possible so far to predict the fiber diameter, and the modelling
effects have been purely focused on the flight path of the fibers. No model has been developed
yet to predict the electrospinning outcome (fiber diameter) based on controllable parameters.
There is also no characteristic number, which indicates if a proposed electrospinning setup and
solution composition lead to successful electrospinning, without failures like dripping or
clogging. The available research regarding metal-based fibers is even further limited. For these
materials, most research focuses on the thermal treatment of the electrospun fibers. However,
parametric studies discussing the impact of electrospinning settings on the electrospinning

product are limited.

Finally, the knowledge transfer and the prediction of electrospinnability based on literature is
challenging. At this point, it is not possible to predict, for a selected solution and setup, whether
it will yield fibers. The literature on materials is partially covering a wide range of settings and
solution compositions, which work only in specific setups. This makes the replication on other

setups very challenging.
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Chapter 3 Experimental and Methodology

3.1. Introduction

This chapter discusses the tools, setups and methodologies used in this thesis research. The
experimental tools are explained in the first section of this chapter, and the second section
focuses on data collection and analyses. The experimental section revolves around the
production of nanofibrous materials through electrospinning and characterization of the
produced samples. In addition, the solutions were analysed for their distinct properties in terms
of surface tension, viscosity and conductivity. Furthermore, dimensional analysis is introduced.
In this research, the Pi-theorem is applied, which allows the use of dimensionless parameters

that can be used to scale up in the future.
3.2. Experimental

3.2.1. Electrospinning Fibers

Polyvinyl alcohol (PVA), Polyvinylpyrrolidone (PVP) and Cellulose acetate (CA) were used
for this thesis work. All three polymers were purchased from Sigma Aldrich USA with a purity
of 99.8%. PVA solutions were prepared by diluting the polymer with distilled water. The
polymer concentrations were in the range of 7.5 - 12.5 wt%. The PVA-mixtures were stirred at
120 °C on a magnetic heating plate for 4 hours until the PVA dissolved completely into the
solution. As a typical practice in this field of research, complete dissolution was confirmed
through visual inspection, when the solvent turned into a clear liquid. Similar methods for
preparation of the solvent have been reported to work well for producing CA nanofibers in the
literature [160,161].

The CA solutions were prepared by diluting CA of various concentrations with a mixture of 2:1
(wt.%) ratio of N,N-dimethylacetamide (Sigma Aldrich USA, 99.8%) (DMACc) and acetone
(Sigma Aldrich USA, 99.7%). The resultant mixtures were stirred at 35 °C on a magnetic

stirring heating plate for approximately 2 hours to completely dissolve CA into the solvent
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mixture. The polymer molecules were assumed to be adequately dissolved in the solvent for the
electrospinning process. Three different CA concentrations, specifically 10 wt.%, 15 wt.% and

20 wt.%, were considered in this research.

It is necessary to use an organic precursor carrying the metal to electrospin non-organic fibers.
The PVP solutions were used as the precursors for the electrospinning of metal-based fibers.
The metals used in this work are ceria and alumina. Alumina nitrate nonahydrate and Ceria
nitrate nonahydrate were used as precursor for metal oxides. The organic compound must be
removed after the electrospinning process, typically by calcination. The calcination process also
reduces the metal nitrate into oxides (see section 3.2.2). For this work, PVP was mixed with
metal nitrate with a ratio of 2:1 w:w. The PVP mixtures were first dissolved into a 2:1 viv
solution of ethanol and water and then stirred at room temperature for 8 hours. The final
concentrations of the PVP and metal nitrate mixture were 10 wt.% and 16 wt.%.

A schematic of the setup can be found in Figure 3-1. The prepared solution was then placed in
a 5 mL syringe, which was connected to a capillary tip (gauges 22-18, metal hub blunt point,
Hamilton, Canada); this solution was pressed through the tube and capillary using a syringe
pump (KDS scientific Model 100) at a constant feed rate in the order of 0.3 to 1 mL/h. The
capillary needle was connected to a high voltage supply (Gamma Series ES max voltage
+30 kV). The voltage varied from 8 to 12 kV £ 0.1 kV with a positive polarity and the distance
between needle and collector varied from 10 to 15 cm + 0.1 cm. The nanofiber samples were
deposited onto a stainless-steel screen with a wire diameter of 140 pum and opening size of

368 um. The screens were placed on an aluminum foil that covered the grounded collector.
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Figure 3-1. Schematic diagram of the electrospinning setup

3.2.2. Thermal Treatment and Calcination of the Metal-based Fibers

The metal-based filter samples contain polymers (e.g. PVP) after electrospinning. Since metal
fibers aim at high temperature applications, the organic materials cannot withstand such
temperatures and must be removed through calcination. In this study, the samples were treated
in air and oxidized at temperatures of up to 1100 °C (Thermo Fisher Scientific, 1100 °C Box
Furnace, BF51800 Series, Canada). The exact calcination temperature profile can be found in
Figure 3-2. The samples were heated up to 550 °C from room temperature within 5 hours. The
temperature was held at 550 °C for another 5 hours and then gradually cooled down back to

room temperature to avoid thermal shock on the ceramics.
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Figure 3-2 Calcination temperature profile

The calcination aims to remove the residual solution and polymer that are captured between and
around the polymer chains and after the drying step. PVP starts to decompose at temperatures
above 150 °C [162]. Only the metal nitrate is left for calcination at this temperature. The
mechanical properties of a salt are not suited to form fibers, so it is necessary to convert the
salts into ceramics. The metal salts decompose to the metal oxide, oxygen and nitrogen oxide
according to [146]:

MNO3>MO; + NO2 + O3 (3-1)

where M stands for the metal. Depending on the metal ion, the temperature at which the nitrate
(MNOg3) decomposes lies between 480 and 1100 °C. The nitrates used in this research are
Ce(NOs3)3, which decomposes at 570 K+30 K, and AI(NOs)s, which decomposes at
440 K+25 K. [146] Figure 3-3 shows the progression of aluminum oxide configurations
depending on the sintering temperature. Ceria transforms between two stable valence states,

Ce(1V) and Ce(l1) are present in crystalline structures. Depending on the presence of either an
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oxidising or reducing atmosphere, ceria switches between the 111 and IV configurations, where

Ce(IV) is present in oxidizing atmospheres [163].
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Figure 3-3 Thermal transformation of aluminum [167]

3.2.3. Fiber Sample Characterization

The sample filters were characterized using a field emission scanning electron microscopy (FE-
SEM). Samples were coated with gold particles for 120 s prior to imaging. The SEM images
were then quantitatively analyzed using an automated method developed in house to determine
the distribution of nanofiber diameters. An image analysis algorithm was developed based on
fiber individualization using MATLAB. It consists of 5 steps including pre-treatment, local
thresholding, smoothing, edge detection and skeletonization [164]. Figure 3-4 demonstrates the
processing of a nanofiber SEM image with high magnification using the automated method.
The process has been described in detail in Givehchi et al. [70] and consist of the following five

steps:

1. The original image (Figure 3-4 (a)) was pretreated by median filtering, image intensity
adjustment and histogram equalization to reduce noise and increase contrast to ensure the

most accurate results Figure 3-4 (b)).

38



2. Instead of taking the threshold of a whole image, a local thresholding method using Sauvola
[165] binarization was utilized to transform the image into a binary one, i.e. black and white
(Figure 3-4 (c)).

3. Undesirable noise was further reduced using repeatedly morphological opening and closing
Figure 3-4 (d)).

4. Fiber boundaries were detected using canny edge detection, as shown in Figure 3-4 (e).
Dilation was used to seal the openings in order to accurately detect edges. Subsequent
thinning fixed the edge profile, so that they were no longer inaccurately thickened.

5. In the final stage of image processing, the fiber centerlines were defined using a

skeletonization process. A pruning process was then used to delete sporadic branches
(Figure 3-4 (f)).

Figure 3-4 Original SEM image, scale: 1000 nm, b) filtering: median, image histogram
equalization, c) local threshold, d) smoothing and noise reduction, e) edge detection, and f)

skeletonization [74]

Figure 3-5 shows two SEM images for an electrospun nanofibrous filter at two different

magnifications, 20.00 kX and 5.00 kX, with the fiber size distribution determined by the
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automated method. As shown in Figure 3-5, fiber size distributions for the selected images had
different mean fiber diameters and standard deviations. These two images were captured from

various places of the sample at two different magnifications.

For more reliable statistical data, the fiber size distribution was calculated considering several
images with different magnifications as shown in Figure 3-6. The average fiber diameter and
standard deviation in the new size distribution were more like the low-magnification image,
because the low-magnification images contain a larger area of the sample and the results,

therefore, are more realistic. However, the high-magnification images also must be utilized to

determine the low fiber size diameters.
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Figure 3-5 SEM images of electrospun nanofibrous filters at two different magnifications
(20.00 kX and 5.00 kX), and their corresponding fiber distributions [74]
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Figure 3-6 Fiber size distribution for two images at different magnifications [74]

To characterize the distribution of fiber sizes, an analysis of the statistical distribution of the
created fibers has been conducted. Table 3-1 shows the distribution of ceria fibers, prepared
with an Ethanol/Water ratio of 1:1. This distribution can be seen exemplary for all other
samples. Trying to fit this data into common statistical distributions showed that the
electrospinning process is most accurately described with a Log-Normal-Distribution. Table

3-1 shows the deviation of the data set from different distribution types.

Table 3-1 Distribution characteristics for the fiber size

Distribution R2 for R2 for
electrospun calcined

fiberst fibers

Normal 0.7888 0.7957
Weibull 0.7591 0.6637
Log-Normal 0.9239 0.8494
Exponential 0.2024 -2.277

L An error = 1 equals perfect fitting. The closest result to 1 represents the best description.
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3.2.4. Filtration Test

The filter testing apparatus was the same as the one that was reported in our previous studies
[26,166]. This setup is shown in Figure 3-7. The testing setup is comparable to those used by
Chattopadhyay et al. [167] and Matulevicius et al. [71]. A constant output atomizer (TSI model
3076) was used to generate aerosol particles from a solution composed of 0.1 g/L sodium
chloride (NaCl) in distilled water. In this case, compressed air was used to form a high-velocity
jet that atomizes the solution into polydispersed NaCl aerosol particles. The aerosol particles
were then passed through a diffusion drier (TSI Model 362) to remove water vapor from the

generated aerosol.

Clean, Dry, and Oil- Hygrometer H
free Compressed Air HEPA
- - Filter v T .
g ume
$ ol g B e,

Diffusion Neutralizer Mass Flow
Dryer Meter

NaCl
Particles

SMPS+E (GRIMM)

Figure 3-7 Schematic diagram of the filtration setup [26]

The concentrations of NaCl nanoparticles were measured using a scanning mobility particle
sizer (SMPS) (SMPS+E, GRIMM model 5.705). The employed SMPS measures the particle
number concentration distribution in the air stream. The SMPS consists of a differential mobility
analyzer to classify polydispersed particles into particle size categories based on their electrical
mobility and a Faraday cup electrometer to measure the number of charged particles. The range
of detectable particles is 0.8 to 1100 nm according to the supplier. The functionality and
accuracy of the SMPS have been thoroughly tested by Givehchi [70]. The size distribution of
the used NaCl nanoparticles in the aerosol is shown in Figure 3-8. The mean diameter of the

particles was 28 nm with a standard deviation of 7.2 nm.
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Figure 3-8 Particle size distribution of the NaCl particles

The aerosol particles were then passed through the filter medium at an air flow rate of 1.5 L/min.
The filter medium was placed on a filter holder (BGI Inc., Waltham, MA). The filter sample
and the filter holder have a diameter of 25 mm. With a flow rate of 1.5 L/min, the face velocity
on the filter is 5.1 cm/s. The pressure-drop across the filter medium (AP) was monitored and
recorded using a differential pressure gauge (Omegadyne, Model DPG409). Each test was
repeated 5 times. All tests were conducted at room temperature, atmospheric pressure and
relative humidity of 20 to about 50%.

The fractional filtration efficiency, n, was calculated using the concentrations of particles

measured with and without the presence of the nanofibrous filter [26] (see Eg. (3-2)).

Cw/o (3-2)

Cw

n=1-
where C,,/, and C,, are the concentrations of nanoparticles without and with the filter sample,

respectively. Since they have the same unit, Eq. (3-2) is dimensionless. In this thesis, filter

quality factor has been used to compare the filtration performances of the filter samples. It is a
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standard parameter in filtration research [127,168]. The filter quality factor (Qf) can be
calculated using Eq. (3-3)

_ In(l—7) (3-3)
FETTaR

where Qp is the quality factor, and AP the pressure drop across the filter sample. Since the
particle filtration efficiency depends on the particle size, Q is also size dependent. To simplify
the calculation, in this paper, total efficiency is used by the summation of all particle sizes tested,

averaging the particle distribution over all particle sizes.

3.2.5. Density Determination

The density of the electrospinning solution is a crucial parameter. In some research, it is linked
to the electrospinning process [169]. It impacts the viscosity and surface tension of the liquids.
Furthermore, it is necessary to know the density of the solution to calculate other parameters
like kinematic viscosity or surface tension. All values used for the density in this research for
all materials (solids and solvents) have been obtained from literature. The values used in this

research can be found in Table 3-2.

Table 3-2 Densities used in this research

Material Density [g/cm?] Reference
PVA 1.30 [170]
PVP 1.69 [162]
Ethanol 0.789 [171]
Water 0.998 [172]
AI(NO3)3-9H20 1.401 [173]
Ce(NO3)3 6H20. 1.9 [174]

3.2.6. Viscosity Measurement

Viscosity is related to the resistance of a fluid to shearing flows. In electrospinning, the viscosity

is an indicator for the deposited fiber diameter. A highly viscous fluid resists the whipping of
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the jet more, therefore, it has a shorter travel distance and with that, a lower travel time. Low

travel times are usually attributed to high fiber diameters.

In this study, a falling ball/sphere viscometer (UZ-08702-10 Gilmont Falling Ball Viscometer)
was used to determine the viscosity of the samples. Stokes' law is the basis of the falling sphere
viscometer, in which the fluid is stationary in a vertical glass tube. A sphere of known size and
density can descend through the liquid. If correctly selected, it reaches terminal velocity, which
can be measured by the time it takes to pass two marks on the tube. A sketch of the force balance

can be seen in Figure 3-9.

The dynamic viscosity of the fluid, , is [175]

U= K(pBall - pLiquL'd)t (3-4)

where K is the viscometer constant, pg,;; IS the density of the ball (2.53 glass; 8.02 steel)
[9/mL], pLiguia is the density of the testing liquid (g/mL), and t is the time of descent (min). K

is determined from [175]

PLiquid (3-5)

K =
(pBall - pLiquid) t

The constant K has been found to be 15.3 for glass and 8.5 for stainless steel. With these values
the dynamic viscosity of water has been found to be 1.0008 + 0.0284 mm?/s (at 22°C) and
ethanol 0.9956 + 0.0239 mm?/s (at 23°C). The research proceeded using the stainless-steel ball
for the electrospinning solutions. The literature values for water are 0.9795 mm?/s (at 22 °C)
[176] for water and 0.983 mm?/s (at 30 °C) [177], showing a high accuracy of the setup.
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Figure 3-9 Force balance viscosity measurement

3.2.7. Conductivity Measurement

Electrical conductivity or specific conductance is the reciprocal of electrical resistivity and it
indicates a material's ability to conduct electric current. It is commonly represented by the Greek
letter o (sigma), but k (kappa) (especially in electrical engineering) or y (gamma) is occasionally
used too. Its Sl unit is Siemens per metre (S/m). The electric conductivity of the electrospinning
solutions in this paper was measured with a Conductivity / TDS Meter Pen (Traceable ®).
Figure 3-10 shows its principle of operation. In order to measure the conductivity of a liquid, a
conductivity meter measures the resistance a liquid providing an electric current. For distilled

water, the conductivity has been found to be 7.6 + 0.3 uS/m and for ethanol 2 uS/m.

46



L / Electrode
|
} .

Multimeter

)

Figure 3-100 Conceptual principle of operation for conductivity measurement

3.2.8. Surface Tension Measurement

Surface tension of the solution impacts the force needed to form the Taylor-cone and the jet
from the nozzle. Therefore, the surface tension directly counteracts the electric field strength.
A simple way to measure the surface tension of a fluid is the droplet method. A key aspect of
this method is the capture of droplets, which form at the tip of a small capillary. Knowing the
weight of the droplet (density of fluid before weighting the collected mass), and the inner and
outer diameter of the capillary, it is possible to calculate the gravitational force needed to

overcome the surface tension. The surface tension can be calculated using [178]

mg (3-6)
'}/ =
2nr F

where m is the mass of a single droplet, g, the gravitational acceleration, r, the inner (or outer
diameter) of the capillary, and F, the correction factor to account for the imperfect sphere shape
of the droplets. A detailed discussion of the capillary droplet method can be found in reference
[178]. The correction factor F in Eq (3-6) can be calculated as follows [179]:
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where r is the needle diameter and V is the droplet volume. The needle radius is a known
parameter. To determine the volume of the droplets, the weight of a single droplet is determined,
when the density of the solution is known. To determine the weight of the droplet, the solution
was brought into the electrospinning setup without applying a voltage. The solution was then
slowly pushed through the needle to allow a slow formation of droplets at the needle tip, which
eventually dropped into a vessel. The vessel’s initial weight has been determined before testing
with a precision balance (A&D ® Weighing lab balance HR120; max 120 g d=0.1mg). Thirty
droplets have been captured in the vessel. The weight of the vessel with the captured droplets
has been determined using the same precision balance. Knowing the weight of the 30 droplets,
it is possible to calculate the average weight of one droplet and therefore the volume needed in
Eq (3-7). The flow rate was adjusted to a rate, at which the time between droplets was greater
than 30 s to avoid hydrodynamic effects [178]. For distilled water, the determined surface
tension with this setup has been determined to be 0.072+ 0.0032 N/m. This value is close to the

literature value of 0.0728 N/m of water [180], validating the accuracy of the setup.

3.3. Data Analysis

3.3.1. Introduction

This section aims to introduce the analytical tools used in this research to analyze the data
generated in this research. A factorial design plan is used to develop an experimental plan, which
can quantify the effects of different parameters on the fiber size. The second part of this section
is introducing the Pi-theorem, which is used to determine to detect physical interactions of the

electrospinning conditions on the fiber size and the electrospinnability. The results of the
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factorial design plan are used for the selection of parameters for the creation of dimension matrix

involved in the Pi-theorem.

3.3.2. Factorial Design

Factorial design is widely used in experimental studies involving several factors where it is
necessary to study the interactive effects of the factors on a response. The following

assumptions are made in factorial design: [181]
1. The factors are fixed,
2. The order of experiments is random and,

3. The normality assumptions are satisfied.

The factorial experimental design used in this work, following a two parameter setup [181], is
shown in Table 3-3. The factors of the electrospinning process that can be controlled directly
are electric field (by changing the voltage at a constant distance), flow rate, needle diameter,
and solution concentration (wt% dissolved material in solvent). These values are changed
between a high and a low level, depending on the desired metal-based fiber. The indirectly
controlled values are temperature and humidity, which impact the evaporation rate of the jet.
These values are recorded before every run, independent of the high/low settings of the directly
controlled values; however, a direct control of the environmental settings is not possible due to
the HVAC settings of the research building. Through experimental design, it is possible to

calculate the impact of certain parameters.
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Table 3-3 Factorial Design Plan

RUN Elgctric I_\Ieedle Flow Solution_
Number Field Diameter Rate Concentration | Run Label
A B C D
1 - - - - (1)
2 + - - - a
3 : + : : b
4 + + - - ab
5 - - + 3 c
6 + - + - ac
7 - + + - bc
8 + + + - abc
9 - - - + d
10 * - - * ad
11 - + - * bd
12 + + - + abd
13 - - * * cd
14 + - + + acd
15 - + + + bcd
16 + + + + abcd

Given the measured fiber diameters, one can determine the effects of high levels of the directly
controlled parameters on the fiber size. The main effect @ of a factor A (here Electric field) on
the fiber size is described in [181] (pg. 228f) as the difference between the eight runs, where A
is at the high level and the eight runs where A is at the low level:

Dy =Yp+ — Ya-
— da + dab + dac + dabc + dad + dabd + dacd + dabcd
8n (3-8)
B day+dp+de+dpc+dg+dpg+deg + dpea
8n
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where n stands for the number of repetitions of each setting. Since each run is repeated once,
n=1 in this work due to the high costs associated with SEM analysis. Therefore, equation (3-8)

can be rewritten as

1 3-9
cDA = § [da + dab + dac + dabc + dad + dabd + dacd + dabcd - d(l) - db - dc ( )

- dbc - dd - dbd - dcd - dbcd]

The values for B, C and D are calculated accordingly. The value calculated in the square

brackets is also known as contrast.

1 (3-10)
bp = § [db + dap + dpe + dape + dpa + dapa + daca + dapea — d(l) —dg—d;
- dac - dd - dad - dcd - dacd]
1 (3-11)
¢C = § [dc + dcb + dac + dabc + dcd + dbcd + dacd + dabcd - d(l) - db - da
- dab - dd - dbd - dad - dabd]
(3-12)

1
&p = 3 [da + dag + dpa + dapa + dea + daca + dpea + dapea — diy —dg — dp

- dab - dc - dac - dbc - dabc]

The effect of the two-factor interaction between A and B can be computed as the difference
between the average “A” effects at the high and low levels of B. One-half of this difference is

called AB interaction.

1
Pup = § [dab + dape + dapa + dapca + d(l) +de+dat+deg = do = dp ~ dac (3-13)

- dbc - dad - dbd - dacd - dbcd]

A similar logic applies to the interactions AC, AD, BC, BD, and CD.
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1
Pyc = 3 [de1y + dac + dape + daca + dapea + dp + dg + dpg — dg — dgp — d.

(3-14)
- dbc - dad - dabd - dcd - dde]
1 (3-15)
bup = § [d(l) +dy+d.+dyct+dog +dapg + daca + dapca — dg — dap — dgc
- dabc - dd - dbd - dcd - dbcd]
1 (3-16)
(pBC = g [d(l) + da + dbc + dabc + dd + dad + dbcd + dabcd - db - dab - dC
— dgec — dpg — dapa — dea — daca
1 (3-17)
Ppp = 3 [dy +da +de + dac + dpa + dapa + dpca + dapea = Ay — dap — dap
- dbc - dabc - dd - dCd - dacd]
(3-18)

1
bcp = § [d(l) +dg+dy+day +deg +daca + dpca + dapea — de — dae — dipe

- dabc - dd - dad - dbd - dabd]

Following the process described in Montgomery [181] (p.248), the equations for the interactions
between three parameters and all four parameters can be calculated as following:

1
) =—|-dy+d,+dy, —dy +d. —d,. —dp. +d —dy;+dy,+d
ABC 8[ (€Y a b ab c ac bc abc d ad bd (3_19)
—dgpag + deqg — dgca — dpea + dabcd]
1
Dyupp = § [_d(l) +dy+dp—dgp—de—dge —dpe —dgpe +dg +dgg + dpg (3_20)

+ dgpa + deag — daca — dpea + dabcd]
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1
Pypcp = § [_d(l) t+dg—dp—dgp+d.—dge —dpe—dgpe +dg +dgg +dpg

(3-21)
—dgpa + deqg + dgca — dpea + dabcd]
1
Ppep = § [_d(l) —dgtdy—dgp+d.—dge—dpec—dgpe t+dg +dgg +dpg (3_22)
—dgpa +deqg — dgea + dpea + dabcd]
1
Dupcp = § [d(l) —dg—dp+dgy —det+dee+dpe—dape —dg +dgg +dpg (3-23)

—dgpa + deg — dgca — dpea + dabcd]

The values for the calculated effects can be either negative or positive. To make the values

comparable, the sum of squares of the contrast for each label combination is calculated using

Zn:(% —¥)?

For the two substances ceria and alumina, the min-max values are displayed in Table 3-4. All

(3-24)

experiments were conducted with a constant needle-to-plate distance of 15 cm. Pretests with
alumina and ceria have been conducted, recording at which point electrospinning was not
possible for longer than one minute. Criteria was either clogging, indicating a too high solution
concentration or voltage, and dripping of the solution. In between the range of parameters
presented in Table 3-4, electrospinning would take place.
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Table 3-4 Min-Max values for parameter study

Parameter Min Max

Solution Concentration 10% (mass) 16% (mass)
Voltage 10 kV 16 kV

Flow Rate 0.3 mL/hr 0.5 mL/hr
Needle Gauge 20 (0.603 mm) 18 (0.838 mm)

3.3.3. Pi-Theorem

Dimensional analysis is a method to check the correlations between physical parameters using
their dimensions. The dimension of a physical parameter is a combination of the basic physical
dimensions (usually mass, length, time, electric charge, and temperature). Dimensional analysis
is necessary because a physical law must be independent of the units used to measure the
physical variables to be general for all cases. [182]

Dimensional analysis is routinely used to check the plausibility of derived equations and
computations as well as forming reasonable hypotheses about complex physical situations that
can be tested by via experimentation or by more developed theories of the phenomena, which
allow categorizing the types of physical quantities. In this case, units are based on their relations

or dependence on other units or dimensions, if any.

Dimensional analysis is a method, which infers information about a phenomenon by the
assumption that it can be described by a dimensionless equation of variables. The usage of
dimensional analysis is based on the hypothesis that certain variables are describing the problem
independently and all other variables are either redundant or irrelevant. Therefore, the initial
step in dimensional analysis requires an in-depth discussion of the natural phenomena being

investigated.

For dimensional analysis, the Buckingham = (Pi) theorem is a key theorem. It is the
formalization of Rayleigh’s dimensional analysis. In 1941, Buckingham framed a theorem,

which assumes that the number of Pi quantities left after performing a dimensional analysis
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equals the difference between the number of quantities/parameters entering the problem and the
maximum number of these that are dimensionally independent. The maximum number of
dimensionally independent quantities will always be equal or less than the number of
fundamental dimensions needed to write all dimensional equations. In summary, the theorem
states that a number n of physical parameters are expressible by k independent fundamental
physical quantities. With that, the original expression equals an equation involving p=n-k
dimensionless parameters (degrees of freedom), based on the original parameters. This provides
a method for computing sets of dimensionless parameters from the given variables, even if the
form of the equation is still unknown. However, the choice of dimensionless parameters is not
unique: Buckingham’s theorem only provides a way of generating sets of dimensionless

parameters and will not choose the most “physically meaningful.”’[182]

The math of the Pi-theorem is about the physical quantities Ry, ..., R,,. These are measured in a
consistent system of units, such as the Sl system, in which the basic units are meter, kilogram,
second, ampere, and kelvin (m, kg, s, A, K). As it will turn out, the existence of consistent

systems of measurement has nontrivial consequences.

Assuming the fundamental units of a system of units are F, ..., E,,, so that we can write:
Ry =v(R))[R;] = pj[R;] (3-25)

Where p; = v(R;) is a number, and [R;] the dimension of R;. We can write [R;] in terms of the

fundamental units as a product of powers:

[R] = l_[Fizif G=1,..,1) (3-26)

Where ajj is the position of the unit exponent in the dimension matrix in equation (3-27). It is

also important for the fundamental dimensions to be independent in the sense that

m

HFin=1—>x1=---=xm=0.

i=1
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The dimension matrix Z of Ry, ..., R, is defined by.

[Zj‘u Z%n] (3-27)

The dimensionless combinations of variables R; are combinations of powers R;** ... R,*". The

units of this combination can be calculated as:
m
[Rlll Rnln] — l_IFiZi1ll+...+zin/1n (3-28)
i=m

This combination is dimensionless, if its unit is 1. This is true, if ZA =0, where 1 =
(A1, ..., 2)T. Therefore, there is a 1-1 correspondence between the null space N(Z) and the set
of dimensionless combinations of these variables. Since ZA =0 it can be implied
that H’]?zlxizif’lf = 1. If a basis for N(Z) has been chosen together with the corresponding
dimensionless combinations 4, ..., m,_, (With r the rank of Z), any dimensionless combination
can be written as a product 7, ... ™" with exponents uniquely given. The exponents are

coefficients of a part of N(Z) in the chosen basis. This is called the maximal set of independent

dimensionless combinations.

Any physically meaningful relation @(R;, ..., R,) = 0, with R; # 0, is equivalent to a relation

of the form ¥ (m4, ..., T,,_,-) = 0 involving a maximal set of dimensionless combinations [183].

For a detailed proof of the theorem, Hanche-Olsen [183] discussed the analysis in more detail.

In this research, the Pi-theorem is used to create dimensionless groups from the large number
of electrospinning parameters in order to simplify the determination of correlations between
electrospinning parameters and measured fiber size. The development of Pi-theorem tables from
the electrospinning parameters fiber size, needle diameter, distance, concentration, voltage,
surface tension, viscosity, permittivity, conductivity (elect.), temperature, and humidity is

presented in Chapter 7. The resulting dimensionless equations then were rearranged resulting
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in equations for the fiber diameter as a function of the dimensionless groups. To calculate the
value of these dimensionless groups, experimental data from the production of ceria and
alumina fibers will be employed. The two metal-based solutions are expected to have slightly
different parameters, but significantly different fiber diameters, while using the same

electrospinning setup.

The excel solver application is utilized to minimize the sum of squares resulting from the
difference between calculated and measured fiber size for each sample. To be able to accurately
calculate the dimensionless groups, the solution properties viscosity, surface tension and
conductivity of the considered solutions have been determined. The determination of
correlations between the known settings, dimensionless groups and the measured fiber
diameters is done by determining factors for each group, once for all fibers and for each fiber
material. This allows the determination of whether possibly found correlations are solution
specific or have general validity. Additionally, to potential correlations between dimensionless
groups and fiber diameter, it is possible to identify characteristic numbers describing the
electrospinning process. Comparable to the Reynolds number in fluids, a characteristic number
for electrospinning could describe a range, within which electrospinning is possible.

3.4. Conclusion

Experimental and analytical methods have been described, which are used to produce and
characterize nanofibers as well as the electrospinning process involved. The electrospinning
setup used in this research has been described, as well as the solutions used. These solutions are
analyzed for their respective viscosities, surface tensions and conductivities using a variety of
testing methods. The described methods are utilized in the following chapters, conducting
parametric studies on several materials leading up to the attempt to describe a model of the

electrospinning process with dimensionless groups.
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Chapter 4 Cellulose Acetate Based Nanofibers by

Electrospinning and Their Filtration Efficiencies?

4.1. Introduction

Reported in this chapter are the effects of the tip-to-collector distance, voltage, deposition time,
and solution concentration on the fiber size distribution and filter quality factor of electrospun
cellulose acetate (CA) based nanofibers. The CA solutions were prepared by diluting various
concentrations of CA in a 2:1 (w:w) ratio of N,N-dimethylacetamide (concentration 10 wt.% to
20 wt.%). The electrospinning voltages ranged from 8 to 12 kV with needle-to-collector
distances from 10 to 15 cm and deposition times of up to 30 minutes. The produced nanofibrous
filter samples were then analyzed in terms of fiber size distribution and filter quality factor, for
which the efficiency was determined using NaCl particles ranging from 4 to 240 nm in diameter.
The maximum filtration efficiency measured was 99.8% based on average efficiency for filter
samples obtained with an overall deposition time of 30 minutes. The maximum filter quality
factor was 0.14 Pa® for a CA concentration of 20 wt.% and a tip-to-collector distance of 15 cm.
The average fiber diameters of the fibers were between 175 and 890 nm, and CA concentrations

below 15% led to the formation of beads.

4.2. Methodology

Table 4-1 displays the used CA concentrations and the electrospinning settings used to produce
the nanofibers with the solution. The sample name resembles the applied settings, with the first
number being the concentration of CA in the solution, the second number the duration of the

electrospinning process in minutes, the third number represents the applied voltage in kV and

2 A similar version of this chapter was published as: Ahne J, Li Q, Croiset E, Tan Z (2018) Electrospun cellulose
acetate nanofibers for airborne nanoparticle filtration. Textile Research Journal:0040517518807440 [184]

Permission is granted for the life of the edition on a non-exclusive basis, in the English language, throughout the
world in all formats provided full citation is made to the original SAGE publication
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the last number the distance between needle and collector in cm. The range of parameters is
taken from literature experience, where the impact of concentration, voltage and distance has
been investigated [167,71]. The literature shows a minimum concentration of CA of around
10%, and used voltages as low as 8 kV at a distance of 10 cm. To study the impact of the single
parameters, those reported values have been increased to 20%; 12 kV and 15 cm. The deposition
time has been altered to analyse its impact on the filtration performance, an impact on the fiber

size is not expected.

As described in chapter 3.2.3, the fabricated nanofibrous filter samples were first analyzed by
scanning electron microscopy (SEM) (Zeiss Gemini Model Leo 1550) to observe their
morphology. Then fiber size distribution was analysed using a MATLAB code. More details
can be found in Givehchi et al. [70]. Finally, those same samples were tested in terms of
filtration efficiency.
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Table 4-1. Electrospinning parameters for the nanofiber samples

CA Deposition Applied Tip-to-
Sample name concentration time (min) voltage (kV) .collector
(wt.%) distance (cm)
CA10 5 8 10 10 5 8 10
CA10 5 8 125 10 5 8 125
CA10 5 8 15 10 5 8 15
CA10_15 8 10 10 15 8 10
*CA15 5 8 10 15 5 8 10
*CAl15 5 8 12.5 15 5 8 125
*CA15 5 8 15 15 5 8 15
*CA15 5 10 10 15 5 10 10
*CA15 5 12 10 15 5 12 10
CA15 15 8 10 15 15 8 10
CA15 15 10 10 15 15 10 10
CA15 15 12 10 15 15 12 10
CA15_30 8 10 15 30 8 10
CA15_30 10 10 15 30 10 10
*CA20 5 8 10 20 5 8 10
*CA20 5 8 12.5 20 5 8 125
CA20 5 8 15 20 5 8 15
*CA20 5 10 10 20 5 10 10
CA20 5 12 10 20 5 12 10
CA20 15 8 10 20 15 8 10
CA20 30 8 10 20 30 8 10

* Samples with an asterisk are also displayed in Figure 4-1

4.3. Results and Discussion

Figure 4-1 shows the fiber size distributions of the samples indicated with an asterisk in Table

4-1. These distributions represent the variety of fiber size distributions observed for all tested

samples. The SEM images used to generate these distributions can be found in Appendix A.2.
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It is noticeable that the distributions have a skewed log-normal shape, and depending on the
production parameters, the standard deviations and means of the samples differ strongly from
sample to sample. The effects of the single parameters voltage, tip-to-collector distance and
concentration, on the fiber distribution are discussed in the following sections.
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4.3.1. Effects of CA Concentration on Sizes and Morphology of the

Nanofibers

The SEM image in Figure 4-2a is for a sample with 10 wt.% CA. It clearly shows beading of
the polymer. Droplet formation was observed when the polymer concentration was below the
critical chain entanglement concentration, ce.[131]. Such defects were not observed when it was
above this critical concentration. Similar findings were reported by other researchers [167]. The
magnitude of ce is dependent on solvent-polymer interactions [161]. Bead-free nanofibers are
expected at high CA concentrations, i.e. over 15 wt.%. Higher Dimethylacetamide (DMACc)
content in the solvent leads to strong hydrogen-bonding interactions between the solvent and
CA molecules. For the 2:1 DMAc/acetone formulation, the evaporation of the solvent is
expected to be slower, resulting in a wet jet landing on the collector. The solution minimizes

the surface area, resulting in spherical beads.

Note that, in an earlier study [161] using a 2:1 DMAc/acetone solvent solution, the beading
phenomenon was observed at concentrations as high as 20 wt.%. Bead-free nanofibers were
only obtained at a CA concentration of 25 wt.%.[161] In the current work, the absence of
droplets in the 15 wt.% micrographs indicates that the critical chain entanglement concentration
for the 2:1 DMAc/acetone solvent mixture is somewhere between 10 wt.% and 15 wt.% of CA.
This also indicates that other factors may have played an important role in bead formation. It is
likely that relative humidity or temperature of the air have an impact, since both parameters can
influence the conductivity or the surface tension of the solution. Based on the qualitative
observations above, only 15 wt.% and 20 wt.% samples were analyzed from now on for fiber

diameter, filtration efficiency and filtration quality.

A higher CA solution ultimately leads to a higher viscosity of the solution, and consequently a
greater resistance of the liquid being precipitated by the electric field. This great resistance leads
to lower bending instabilities and ultimately thicker nanofibers. Similar trends were observed
by other researchers with CA nanofibers [185,186,161,160]. The increase in fiber size is also
common for high polymer concentrations [167]. In this study, the concentration of 15% CA
resulted in a mean fiber diameter of 302 + 127 nm, whereas the mean fiber diameter

corresponding to 20% CA was 669 + 341 nm.
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Figure 4-2. SEM images of the nanofibers produced with different CA concentrations (a,
CA10_5 8 10; b, CA15 5 8 10;c, CA20_5_8 10)

4.3.2. Effects of Tip-to-Collector Distance on Fiber Size Distribution

Tip-to-collector distance can impact the quality of the fibers; beads can be observed if the tip-
to-collector distance is either too short or too long [22]. Tip-to-collector distances of 10 cm,
12.5 cmand 15 cm were considered for the following study because preliminary tests show that

no beading was observed for these three tip-to-collector distances.

As seen in Table 4-2, for the concentration of 15 wt.% CA, there is a general trend of increase
in fiber diameter with increasing tip-to-collector distance up to 12.5 cm, after which it drops
again. For the concentration of 20 wt.% CA, the average fiber diameter increased from 327 +
245 nm to 466 + 262 nm when the tip-to-collector distance changed from 10 cm to 12 cm. A
further increase of 2.5 cm in the tip-to-collector distance resulted in an increase in fiber diameter
to 836 £ 690 nm. Other researchers reported that a larger tip-to-collector distance results in
thinner nanofibers [97,102,95,122,123,105]. A larger distance provides longer time for the
solvent to evaporate. Therefore, the jet undergoes increased elongation due to greater bending

instabilities in the system. Hence, thinner fibers can be obtained.

The increased range of fiber diameters could also be attributed to a decrease of bending
instability. The continuous whipping alters the traveling distance of the fibers, which has a direct

impact on the final fiber size. The increased distance at constant applied voltage decreases the
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electric field strength, which can lead to a decrease in the whipping motion of the jet. The
traveled distance of the jet is shorter as direct consequence of the reduced whipping, resulting
in larger fibers on the collector. However, a similar study showed that the size and morphology
of the fibers were not significantly influenced by the deposition range between 5 cm and 15 cm
[186]. Similarly, there was a minimal impact of the tip-to-collector distance from 15 cm to 30
cm on the corresponding SEM images [186]. It would be desirable to have some data at a shorter
distance, but no fibers could be formed or collected at the distance of 10 cm. An advanced
experimental setup shall be developed for nanofiber fabrication at short distances. It is worth
noting that it is normal to have a wide range of fiber size. The fiber sizes depend not only on
the operating condition (voltage, distance, and concentration), but also on the experimental
setup itself. Chattopadhyay et al. [167] used a drum collector, and Christoforou et al. [186], a
horizontal setup with a plate sized 24x24 cm. They all demonstrated that collector size directly

impacts the strength of the electric field, and final fiber morphology.

Table 4-2. Fiber size distributions at different concentrations and tip-to-collector distances

CA Sample Name Tip to Collector Average Nanofiber
Concentration Distance (cm) Diameter (nm)

15 wt% CA15 5 8 10 10 145 + 82
CAl15 5 8 12.5 12.5 284 + 238

CA15 5 8 15 15 151 + 176

20 wt% CA20 5 8 10 10 305 + 245
CA20 5 8 12,5 12.5 459 + 491

CA20 5 8 15 15 799 + 1000

4.3.3.Effects of Applied Voltage on Fiber Size

Samples were produced at different applied voltages with two CA concentrations of 15 wt.%
and 20 wt.% CA, but with the same deposition time of 5 minutes, and the same tip-to-collector
distance of 10 cm. These two groups of samples were used to study the effects of applied
voltages (8, 10 and 12 kV) on the fiber diameter.

The experimental results are summarized in Table 4-3. For both CA solutions, an increasing
trend is observed for the average fiber diameter with applied voltage. The sharp increase in the
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average fiber diameter can be seen when the voltage was increased from 8 kV to 10 kV for both
CA concentrations. For the concentration of 20 wt.%, the average fiber diameter increases by
over 600 nm when the voltage increased from 8 kV to 10 kV. When the applied voltage
increased from 10 kV to 12 kV, the average fiber diameter decreased by 100 nm. A similar trend

was also observed for the concentration of 15 wt.%.

The effects of applied voltage on the fiber diameter were not conclusive based on earlier studies
[167,186]. In a separate study on CA nanofibers, other researchers found an inverse effect of
applied voltage on the mean fiber diameter [22]. This was attributed to stronger electrostatic
force at a higher voltage, which caused the fibers to stretch more and become thinner. Another
study showed that voltage had a negligible effect on the diameter of CA nanofibers [122].
Increasing applied electric field resulted in a slight decrease in mean fiber diameter for
ethylcellulose nanofibers. However, an increase in fiber diameter may also be attributed to a
stronger electric field, which can result in solution being ejected more quickly from the capillary
tip.

Table 4-3. Fiber diameters at different concentrations and applied voltages

CA Concentration | Sample name | Voltage (kV) Average nanofiber diameter
(nm)
CA15 5 8 10 8 145 + 82
15 wt.% CA15 5 10 10 10 330 + 255
CA15 5 12 10 12 308 + 252
CA20 5 8 10 8 305 + 245
20 wt.% CA20 5 10 10 10 971+ 751
CA20 5 12 10 12 879 + 783

Table 4-4 shows the results of similar studies in literature. It can be seen that the variance of the
produced fibers strongly depended on the operating parameters. The parameters also varied
between studies for different experimental setups, especially the collector shape and dimension.
Furthermore, it can be seen that a higher polymer concentration leads to a greater mean fiber
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diameter. The fiber sizes produced in our study herein for concentrations of 15 wt.% are

comparable with those produced by other researchers.

Table 4-4. Fiber diameters and production parameters of other research

CA Conc. Mean fiber diameter Voltage | Distance | Reference
(kV) (cm)
11% 120 £+ 70 nm (beading) 75-80 20 [167]
15% 300 + 10 nm 75-80 20 [167]
17% 500 + 19 nm 75-80 20 [167]
15% 275 £195 nm (different molecular weight) 8 15 [161]
15% 241 4+ 111 nm 8 15 [161]
15% 287 + 165 nm 8 15 [161]
11% 350 + 129 nm (different solvent) 18 16 [71]
11% 363 + 131 nm 18 16 [71]

4.4. Air Filtration Performances

4.4.1. Effects of CA Concentration on Air Filtration using the Nanofiber

Samples

Figure 4-3 shows the effects of CA concentration on the filtration efficiencies and the quality

factors corresponding to deposition times of 5 to 30 minutes. The tip-to-collector distance and

applied voltage were kept constant at 10 cm and 8 kV, respectively. Since obvious beading of

the polymer was observed for 10 wt.% CA, only samples for the concentrations of 15 wt.% and

20 wt.% are considered in this work. At all deposition times, except for 15 minutes, filtration

efficiency and quality factor increased when the CA concentration increased from 15 to 20

wt.%. For example, in the case of 30 minutes deposition time, increasing the CA concentration
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from 15 wt.% to 20 wt.% led to an increase in average filtration efficiency from 14.8% to 60.4%.

Under the same condition, the quality factor increased from 0.0214 to 0.027 Pa™.
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Figure 4-3. (a) Filtration efficiencies and (b) Quality factors at different CA concentrations

The higher filtration efficiency can be attributed to the increased mass deposition of fibers due
to higher polymer concentration of the solution. A higher concentration of polymer in the
solution leads to relatively less volatile solvent in the jet, which results in a higher polymer mass
deposition rate and solidity of the produced filters. The higher filtration quality is connected to
higher filtration efficiency with an equal pressure drop or less. The slipping effect of the very
fine fibers enables a low pressure drop [66,67]. Slip flow occurs, when the size of the fiber
approaches the mean free path of the air. As a result, the air molecules “slip” over the fiber
surface, which leads to a lower pressure drop. As a result, the deposited mass does not impact
the pressure drop significantly.
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4.4.2. Effects of Tip-to-Collector Distance on Air Filtration Performance

Figure 4-4 shows the effects of tip-to-collector distance on the filtration efficiency and quality
factor for filter samples obtained with 15 and 20 wt.% CA. The deposition time and applied
voltage were kept constant at 5 minutes and 8 kV, respectively. For both CA concentrations,
positive trends were observed for filtration efficiency and quality factor with increasing tip-to-
collector distance. There was generally an increase in average fiber diameter with increasing
tip-to-collector distance. Typically, the thinner the nanofiber, the higher the filtration efficiency.
However, this was not the case in the study herein. As seen in Table 2, although the mean sizes
of certain samples were relatively large, these samples have many fibers that are smaller than
the mean fiber diameter. Therefore, the effects of nanosized fibers can be observed for samples
with a high mean fiber size. In a separate study using PVA nanofibers [70], a similar correlation

was obtained between tip-to-collector distance and both filtration efficiency and filter quality

factor.
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Figure 4-4. (A) Filtration efficiencies and (B) Quality factors at different tip-to-collector

distances
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4.4.3. Effects of Deposition Time on Air Filtration Performance of the Filter

Samples

The effects of deposition time on total filtration efficiency and quality factor are shown in Figure
4-5. All data points were for 15 wt.% and 20 wt.% CA solutions with the same tip-to-collector
distance of 10 cm and the same applied voltage of 8 kV. It was observed that, for both
concentrations, both the filtration efficiency and the quality factor increased with deposition
time. The filtration performance was relatively poor for all tested samples produced with the
deposition time of 5 minutes. As shown in Figure 4-4a, the filtration efficiency was around 10%
for all samples. An increase in deposition time, however, obviously promoted the filtration
performance. Increasing the deposition time from 5 min to 30 min led to a jump of average
filtration efficiency from 1.8% to 60.4%. As discussed above (section 4.4.1), slip flow regime
was in effect when nanofiber diameter was less than 500 nm [64]. Thicker nanofibers may be

one factor that led to low filtration efficiency.

It can be seen from Figure 4-5 that the filtration quality factors of samples produced with 15%
CA and 20% CA concentrations are close to each other. Table 4-2 and Table 4-3 show that a
lower concentration resulted in finer fibers. Thinner fibers can be deposited for a longer time
than thick ones without restricting the air flow to a point that the pressure drop overcomes the

gain in the filtration efficiency.
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Figure 4-5. (A) Filtration efficiencies and (B) Quality factors at different deposition times

Figure 4-4 to Figure 4-6 also show the effects of deposition time on filtration performance. The
circle, squares and rectangle stand for short, medium, and long deposition times, respectively.
All three graphs show that a short deposition time corresponds to the lowest filtration efficiency,
while a long deposition time corresponds to high filtration efficiencies. The higher filtration
efficiency is attributed to the thicker filter, which resulted from a longer electrospinning time.
As expected, however, the increased amount of deposited fibers leads to a higher pressure drop.
Nonetheless, the overall filtration quality is still the highest for all samples made with long

deposition time.

4.4.4. Effects of Applied Voltage on Air Filtration using the Nanofiber

Samples

Figure 4-6 shows the effects of applied voltage on the total filtration efficiency and quality
factor of the produced samples. For a given deposition time, the filtration efficiency increased
with increasing applied voltage. The corresponding concentration was 15 wt.% with a tip-to-
collector distance of 10 cm. The results for 20 wt.% showed promising results as well, however

the production of high concentration samples over a longer time poses more challenges in regard
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to clogging and dripping. A similar trend was also observed in terms of the filtration quality
factor of the media. This trend in filtration efficiency is clearly observed for all deposition times.
As the voltage increased from 8 kV to 12 kV, the filtration efficiency approached 100%. For
example, for the deposition time of 15 min, the filtration efficiency for 10 kV sample was 36.7%
and it was 99.3% at 12 kV. As seen in Figure 4-6, a higher applied voltage required a shorter
deposition time to make a filter with a filtration efficiency greater than 99%. The local
maximum filtration quality factor was 0.06 Pa*, while the maximum quality factor overall was
0.027 Pat. Commercial filters have been found to have a quality factor as high as 0.007 Pa

[187]. Thus, the nanofibers in this study outperformed these commercial products.

Figure 4-6 illustrates the relationship between the filtration efficiency and the pressure drop.
The pressure drop increased substantially enough for 10 kV, that the rise of the filtration
efficiency was negligible. From the results in Table 4-3 it is clear that a higher voltage lead to
a greater average fiber diameter. It also led to the increase in pressure drop. The same is true for
12 kV, which shows a sharp increase of the filtration efficiency, but relatively little increase in
the filter quality factor. In contrast, the increase in the filtration efficiency of the thinner fibers
for 8 kV led to an equivalent increase of the filtration quality factor. These trends suggest that
the filter with thicker fibers may be more efficient in capturing nanoparticles, but they also have
high solidity, which led to a high pressure drop. Furthermore, the slipping effect reduces the
pressure drop for finer fibers. This finding matches the theory described in the models
summarized by Hinds [80,12]. Notable differences are the samples CA15 5 12 10 and
CA15 15 12 10, which show consistently high filtration efficiencies.
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Figure 4-6 (a) Filtration efficiency and (b) Quality factor depending on applied voltage

4.5. Conclusions

The results of this research show that the applied voltage, tip-to-collector distance, CA
concentration, and deposition time in electrospinning affect the sizes of the nanofibers, and
consequently the filtration efficiency and filtration quality factor. With CA concentrations of
less than 15%, beads were formed during the electrospinning process, regardless of other
electrospinning parameters. A higher CA concentration resulted in larger fiber diameters.
Furthermore, longer tip-to-collector distances and higher applied voltages also led to larger fiber
diameters. The impacts of the tip-to-collector distance and voltage are comparable with respect

to the increase in fiber diameter.

Finally, the larger the mean fiber diameters, the higher the resulting filtration efficiency. The
increased filtration efficiency did not necessarily mean a higher filtration quality factor,
especially for filters obtained with longer deposition time. The maximum filtration efficiency
was 99.8% for filters made with an overall deposition time of 30 minutes. The maximum filter
quality factor was 0.05 Pa™* for a filter corresponding to a CA concentration of 20 wt.%, a tip-

to-collector distance of 12.5 cm, a voltage of 8 kV and a deposition time of 5 minutes.
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Summarizing this chapter, the production of pure polymer filters has been successfully
conducted. The fiber mats were also applied as filter mats, as they showed great potential,
especially for small particles. The setup used in this research can produce fibers as small as

nanofibers.
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Chapter 5 Fabrication and Evaluation of Metal Based

Nanofibers Produced by Electrospinning

5.1. Introduction

Metal-based nanofibers containing aluminum nitrate or ceria nitrate were fabricated using
different solution compositions to determine the optimal precursor solution for further metal-
based electrospinning. It was possible to determine a solution mixture enabling the production
of metal-based fibers, based on a mixture of ethanol and water with PVP as a carrier polymer.
Calcination is a necessary step to remove the polymer content of these fibers and to leave the
metal oxides behind, but during this process the fibers and the filter sample shrank dramatically
by 25-fold in sample size. Finally, the filtration efficiency of alumina-based nanofibers was
determined, and it was shown that the efficiency was higher than that of existing commercial
products with 0.07 Pa™™.

5.2. Preliminary Results

Following the methodology presented in Chapter 3, preliminary tests were conducted to
determine the optimum precursor combination. In these preliminary tests, effects of overall solid
concentration, solvent composition and dilution of the solvent with water are documented.
These tests are necessary to the development of a reliable fiber production method, which can
cover as wide a range as possible of production parameters. Since the literature suggests
different compositions, several trials were necessary. Table 5-1 shows the two different solution
compositions taken from the literature that have been tested. For both mixtures, the w:w ratio

of polymer to metal was 2:1.
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Table 5-1 Tested electrospinning mixtures

Mixture Solvent Polymer Solid Reference
Concentration
Mixture 1 1:4 w:w PVP 25% [188]
Ethanol: DMF
Mixture 2 2:1 v:v Ethanol PVP 16% [93]
: Water

5.3. Effects of Solution Composition on Fiber Morphology

Figure 5-1 shows the SEM images of the samples produced from Mixture 1 following the
procedure of Lee et al. [188] using a sole alcohol solution of ethanol and DMF. The fibers were
too thick to be considered nanofibers (in this case approximately 1 um). Additionally, the fibers
degenerated after calcination and they did not have a true cylindrical shape anymore. Instead,
they were entangled forming a flat membrane. These results could be reproduced with different
voltages and DMF-to-ethanol ratios. High polymer concentration may have resulted in a high
viscosity due to increased entanglement of the polymer chains in the solution [97]. The high
polymer portion melts during the heating process and leads to a connection of fibers. In the
literature, higher polymer concentration resulted in the formation of completely flat fiber
structures [189]. It was found that the formation mechanism of the flat structures can be credited
to rapid gelation on the surface of the electrospun jet followed by buckling of the jet associated

with bending instability [189]. This phenomenon could be observed in this case as well.
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Figure 5-1 Electrospun mixture 1 (a) before and (b) after calcination using the same

fabrication procedure as in Lee et al. [188]

In addition to the undesirable fiber morphology, the conducted electrospinning process with
Mixture 1 has been problematic (e.g. needle clogging and dripping). Due to the high
conductivity of a pure alcohol solution, the effect of surrounding electric fields had a remarkable
impact. Contrary to Mixture 1, Mixture 2 has water instead of DMF as part of the solvent. As a
result, the conductivity is lower, and the mass of polymer is lower, relative to the overall mass
of the precursor. The fibers created with Mixture 2 show thinner fibers and production
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difficulties were not encountered, unlike Mixture 1 (see Figure 5-2). The electrospinning
process with the 2:1 ethanol-water mixture didn’t drip, or clog, and resulted in fibers that had a
small and distinct distribution, which is desirable for the production of filter media. The
adjustment of solid content and solvent composition leads to better evaporation behavior during
the flight phase between nozzle and collector, and these fibers became fine enough, so they did

not melt to the flat structure in the calcination process.
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Figure 5-2 Electrospun mixture 2 (a) before and (b) after calcination
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5.4. Effect of Water Concentration on Nanofiber Size

It was determined in the previous section that water as a solvent component has a beneficial
impact on the electrospinning quality of PVP+Ceria combinations. It is essential to understand
the influence of the ethanol/water ratio on nanofiber size. Setting the ethanol/water ratio at 2:1
with a fiber diameter of 225 nm after calcination as a baseline, the effects of ratios of 1:1, 1:2,
and 3:1 were investigated. The 2:1 ratio is considered as a baseline, since the literature [93]
suggests it, without elaborating on other concentrations. The overall concentration of solids was

kept constant during this process.

Table 5-2 shows that the fiber diameter only changes minimally. Again, fiber sizes in all tables
in this thesis are mean diameters + standard deviations describing the distribution curve, not to
be mistaken as error bars. Furthermore, the shape of the fibers with the 3:1 ethanol/water ratio
shows the flat structure (Figure 5-3) again due to the high alcohol content and the altered
deposition mechanics. The high ethanol content leads to a larger gel layer around the polymer,
which leads to a larger amount of liquid deposited with the polymer deposited on the collector
[85]. Due to the flat structure of the fibers deposited with a 3:1 ratio, the determined fiber sizes
for this composition in Table 5-2 are not accurate. The program expects cylindrical fibers, and
therefore the flat structures become misinterpreted. The general tendencies remain never the

less.
Table 5-2 Solvent ratio and average fiber diameter of calcined ceria

Ratio Ethanol/Water  Average Fiber Diameter [nm]

3:1 5751511
2:1 225195
1:1 202459
1:2 209491
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Figure 5-3 Electrospun fibers with an ethanol-water ratio of 3:1

There are a few possible reasons for the large diameters corresponding to high ethanol
concentrations. First of all, with the high ethanol concentration, an increased amount of material
is deposited, due to the higher gelation caused by the ethanol. The increased amount of material
is also visible for identical deposition times. Samples produced with higher ethanol content lose
their transparency quicker than samples with lower ethanol content. The larger amount of
material deposited leads to larger polymeric fibers, which collapse during the calcination
process. Furthermore, the viscosity of the ethanol rich mixture is visibly a lot higher than those
of mixtures with higher water contents. This leads to a larger Taylor cone in the electrospinning
process and a thicker jet since a greater electric potential is needed to deposit the fiber onto the
collector. Therefore, since the voltage has been constant at 16 kV for these trial runs, the electric
field could not accelerate the jet of the high ethanol concentration (3:1) at the same rate as with
the lower ethanol concentrations.

On the contrary, the diameters of the mixtures with a high-water concentration only differ
minimally from each other. The sizes of the fibers produced with ratios of 1:1 and 1:2 only
differ by 3 % and are roughly 10 % smaller than that for the 2:1 ratio. The smaller fiber size
comes with a trade-off. With higher water content, more solvent evaporates during the
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electrospinning process, which can also be attributed to the larger gel layer formed with the
gelation of the polymer. Due to the gelation, less liquid can evaporate during the deposition
process. On the contrary, with higher water content, the gel layer is smaller [85], allowing more
liquid to evaporate. Along with higher water ratios comes less material deposited on the
collector. This becomes problematic since the deposited mass of the created fiber mats is much
lower for equal deposition times, especially after removing the polymer through calcination.
Since the difference between the mixtures with lower alcohol content is rather small, but the
thickness of the deposited filters is higher with higher ethanol content, a mixture with 2:1 ratio
is desirable. Nanofibrous materials generally benefit from the slip-flow effect, which improves
for finer fibers [66]. Therefore, the fibers produced with the ratio of 2:1 are sufficiently thin and
an ethanol to water ratio of 2:1 has been used for the rest of the study, showing both good sample
rigidity and fine fibers.

5.5. Effect of Calcination Temperature on Ceria-based Nanofibers

Calcination is an important step in the preparation of a stable fiber, because it removes the
polymer from the fiber and prepares the catalyst to withstand high temperatures. Multiple

difficulties correlating to the calcination process could be observed in the previous tests.

The first observation is the shrinkage of the sample after calcination. All fresh samples were
deposited on a collector with the same size of 10 x 10 cm, and they were placed as a whole
piece in the oven for calcination. After calcination, the samples shrank to a size of 2 x 2 cm,

which is a 25-fold reduction in surface area.

Figure 5-4 shows the effects of calcination on a sample prepared with 1:2 ratio ethanol:water.
Figure 5-4 shows in (a) the samples right after electrospinning, and in (b), the same sample after
calcination. It can be seen that not just the fiber diameter is reduced, but also the free space. The
calcination process results in a more compact fiber mat compared to the original electrospun

fiber mat.
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Figure 5-4 Effect of calcination on 1:2 ethanol/water ratio with fiber size distribution before

(a) and after (b) calcination

The exact reduction of the fiber diameter cannot be predicted yet. The potential in reduction of
the fiber diameter depends mainly on the absolute amount of polymer that is present right after
the electrospinning process. For a high polymer ratio, the diameter reduction is also high. When
thinner fibers are produced by electrospinning, the reduction after calcination is small.
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Another difficulty is the detachment of the electrospun fibers from the metal mesh and collector
it has been deposited on. Since the fibers are deposited onto a metal collector, which expands
when heated, this goes in the opposite direction for the fibers, as the fibers themselves shrink
under the influence of heat [190]. As a result, many electrospun fiber mats were ripped during

the calcination process as the samples adhered to the collector.

The following measures were taken to mitigate the problem of ripping in the calcination process:
1) the samples were electrospun on a metal mesh, and 2) the electrospun samples were dried at
120 °C for two hours in air. The fiber mats after drying are easier to detach from the aluminum
collector. This mitigated the adhering of the samples to the collector in the calcination process,
allowing the sample to contract freely. The ripping of samples during the calcination process
was reduced tremendously, and the final samples are more undamaged than samples that have
not been dried and detached from the collector before the calcination.

For the removal of the polymer through the calcination process, the literature suggests that
temperatures up to 500 °C are sufficient, as described next. Lee et al. [188] removed PVP from
their ceria fibers and found 500 °C to be sufficient. Kang et al. [96] documented a process for
the calcination of alumina fibers produced with a mixture of AICls and PVP. They documented
a significant weight loss between room temperature and 250 °C due to drying and more weight
loss starting at 250 °C due to the decomposition of PVP. The decomposition was completed at
450 °C [96]. Based on this literature information, it was assumed in this research that PVP is
removed after calcination at 550 °C.

The absence of polymer in calcined samples was further confirmed through thermal gravimetric
analysis (TGA Q500, TA instruments, 10 °C/min, 60 mL/min nitrogen, 40 mL/min air) of a
calcined alumina fiber sample. Figure 5-5 shows the weight loss of the alumina sample vs.
temperature. No significant weight loss has been detected over the entire temperature range,
indicating that the used alumina sample had been converted without PVP left in the fibers. The
relative weight loss of 3% can be attributed to evaporating moisture on the sample and the
degradation of a small amount of unsaturated backbone residues [96]. The increase of the weight

at temperatures over 550 °C can be attributed to phase transitions of the alumina (see Figure
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3-3) [167], leading to a slight weight increase, since this sample had not been exposed to these

temperatures before the thermal gravimetric analysis.
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Figure 5-5 Thermal gravimetric analysis of calcined alumina samples

5.6. Produced Alumina and Ceria Fibers

Table 5-3 shows the average fiber sizes and standard deviations for the produced alumina fibers.
The non-calcined alumina fibers ranged from 257 to 705 nm in mean diameter, while the
calcined fibers range from 203 to 407 nm in mean diameter. Regarding the standard deviation,
the largest fiber size distributions also show the greatest standard deviations. Overall, the
average non-calcined fiber diameter is 385 nm and the average calcined fiber diameter is

295 nm, which implies an average shrinkage of 23% in terms of average diameter.
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Table 5-3 Fiber size distribution of alumina

L abel Diar_netgr before _Calcination
calcination [nm] Diameter [nm]

1 386 + 335 273 + 194
a 276 + 165 257 £ 173
b 227 + 135 203 + 135
ab 284 + 269 269 + 203
C 375 + 348 328 + 431
ac 328 + 298 257 + 160
bc 257 + 151 203 + 114
abc 291 + 296 257 + 213
d 530 + 1044 404 + 678
ad 407 + 368 328 + 484
bd 287 + 227 227 + 130
abd 512 + 375 363 + 303
cd 386 + 251 257 + 242
acd 705 + 566 407 + 281
bcd 328 + 325 284 + 183
abcd 584 + 414 404 + 285

Table 5-4 shows the results for the determined fiber size distributions of ceria. The non-calcined
fiber sizes ranged from 275 to 2197 nm. Major entanglement of the spun fibers could be
observed, especially for “bcd” and “abcd”, which explains the increase in mean fiber diameter.
For sample “1”, after calcination the sample completely lost its fiber structure and therefore, it
was not possible to determine a fiber size distribution for this sample. For the other samples,
the calcined fiber diameters lie between 203 to 481 nm. Overall, the average non-calcined fiber
diameter of 678 nm was reduced through the calcination by 53% to 315 nm.
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Table 5-4 Fiber size distribution of ceria

Label Diamete_r before _Calcination
calcination [nm]  Diameter [nm]

1 419 + 506 N/A
a 346 + 246 257 £+ 296
b 385 + 357 266 + 481
ab 489 + 402 227 + 194
C 454 + 420 257 + 221
ac 442 + 593 224 + 260
bc 275 + 315 254 + 352
abc 454 + 446 295 + 417
d 386 + 510 276 + 177
ad 490 + 479 265 + 186
bd 762 + 700 257 + 196
abd 900 + 788 375 + 310
cd 590 £ 777 463 + 743
acd 786 + 627 481 + 517
bcd 1480 + 1907 374 + 518
abcd 2197 + 1532 455 + 424

Overall, it could be observed that the fiber diameters shrank through the calcination process. As
can be seen in the compared SEM images (see Appendix A — SEM Images) the solidity (fraction
of filter volume made up of fibers) does not change, but the filter material shrinks. Furthermore,
the ceria filters shrank more than the alumina samples. The reduction of 53% in diameter for
ceria can be converted to a volumetric loss of 79% (the reduction of 23% diameter for alumina

equals 42% volumetrically). The volume of a single fiber can be calculated as a cylinder:

d)z " (5-1)

with V being the fiber volume, d the fiber diameter and h the length of the fiber. The change in
volumetric change is an estimate based on the assumption that the fiber length does not change.

The reduction of the volume in % is calculated as:
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(5-2)

deaicined”
AV=L62-100%

dnon—calcined

Ceria has a greater density (7.22 g/cm3) than alumina (3.95 g/cm?3). Since the weight percentage
in precursor mixtures is identical in the sense of metal nitrate weight to polymer weight, it can
explain the greater reduction in fiber volume of ceria over alumina. The same weight ratio for
metal/polymer has been employed for the precursor of the ceria and alumina solutions. Since
ceria has a higher density, the relative volume of ceria in the solution is lower than in the case
of alumina. Therefore, a greater reduction in the case of ceria can be expected after the removal

of the polymer compared to alumina.

The fiber size distributions deviated strongly between different samples for both materials.
Larger mean diameters of fibers tend to be associated with a wider spread of the fiber sizes. The

fine fibers are more uniform with a narrow distribution (see Figure 5-6).
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Figure 5-6 Example for (a) wide fiber size distribution (Ce acd) and (b) narrow fiber size
distribution (Al ac)

Table 5-5 shows the averaged fiber diameters calculated using the two different materials in
their two states non-calcined and calcined. Independent of non-calcined or calcined, the finest
fiber diameter was determined for low voltage (thus low electric field) and concentration, but
large needle diameter and flow rate (label “bc”). The diameters were 266 and 228 nm on average
for non-calcined and calcined fibers. The experiments with all 4 factors high (“abcd”), led to

the largest average diameters (1390 nm after electrospinning and 429 nm after calcination)

89



Table 5-5 Average fiber sizes for ceria and alumina in both calcination states

Average Non- Average
calcined Calcined Overall Average
Diameter [nm] Diameter [nm] Diameter [nm]
1 402.5 273 359.3
a 311 257 284
306 234.5 270.25
ab 386.5 248 317.25
c 4145 292.5 353.5
ac 385 240.5 312.75
bc 266 228.5 247.25
abc 3725 276 324.25
d 458 340 399
ad 448.5 296.5 3725
bd 5245 242 383.25
abd 706 369 537.5
cd 488 360 424
acd 7455 444 594.75
bcd 904 329 616.5
abcd 1390.5 429.5 910

5.7. Repeatability of the Electrospinning Process

To ensure the repeatability of the produced fibrous samples, three alumina fiber samples have
been produced under the same conditions. The applied settings represent average settings with
a solution concentration of 13%, applied voltage of 13 kV, and a flow rate of 0.4 mL/hr. The

used needle gauge was 20 and the tip-to-collector distance 15 cm.
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Figure 5-7 displays the fiber size distributions of the three runs and their average. It indicates a
good repeatability of the electrospinning process. The electrospun fibers have been
characterized for their fiber diameter. The mean of the three samples was 506 nm with a mean
standard deviation of 401 nm. However, the determination of the repeatability has only been
conducted for this sample only, all other samples presented in this work have been conducted
only once. Therefore, the accuracy of theses samples has to be assumed based on the results of

the 13% alumina sample.
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Figure 5-7 Fiber size distribution of 13% alumina replicas

5.8. Alumina Production on a different Collector

To compare the filtration behavior of the produced metal filters with the previously discussed
CA fibers, a larger filter sample had to be produced. As the alumina fibers were on average finer
than the ceria fibers, an alumina filter has been produced for this test. Finer fibers are preferred
in filtration technology due to the possible use of slip-flow. However, due to the shrinkage of
the samples, the initially used 10 x 10 cm plate collector was not large enough to produce a
calcined sample that is large enough for test in the existing filtration setup. The filtration setup
requires round samples of at least 2.5 cm diameter. The samples produced with the plate
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collector are squares of 2 x 2 cm, and therefore too small to be tested. To produce a large sample,
a drum collector (RC-5000 collector, Tong-Li-Tech, China) (30 cm length, 10 cm diameter,
10 rpm) was used. Average settings have been employed, to receive an average representation
of all fibers. In this case, an overall solid concentration of 13 % was selected, along with an
applied voltage of 12.5 kV, a needle gauge of 20, and a flow rate of 0.4 mL/hr. The calcination

process was conducted in the same manner in air as described in the Chapter 3.

Figure 5-8 displays the shrinkage of the produced alumina sample after calcination at 550 °C.
The filter size after electrospinning was around 20 cm x 15 cm; it shrank to approximately
5.4 cm x 3.2 cm or so after calcination, which was large enough to be tested in the filtration

setup.

30cm N

Figure 5-8 Shrinkage of a large alumina fiber sample after calcination

As seen in Figure 5-9, the calcined alumina fibers had a mean diameter of 475 nm with a
standard deviation of 395 nm. They are larger than the alumina fibers produced on the 10 x 10
cm plate. The largest fibers produced on the plate collector where 404 nm on average. The
different electric fields created with the different collector shapes most likely impacted the
electrospinning process. Figure 5-10 shows calculated electric field strengths for the plated and
drum collectors using an applied voltage (U) of 20 kV and a needle-collector distance (s) of
10 cm. For the calculation, the collectors have been broken down into multiple small collectors

acting as homogenous fields with the needle tip. The electric field strength can be calculated as:
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(5-3)
=Y

S

The changing variable of the calculation are the distances of the needle tip to the different points
of the collector, the exact calculated values for distance and field strength can be found in
Appendix B. Local distance and electric field strength between needle and collector. The
maximum voltage for both collectors was 2000 V/cm. A homogenous field would yield an
electric field strength of 2000 VV/cm everywhere on the collector, which is not the case for the
two calculated collectors. The average electric field for the plate collector is 1833 V/cm (8.35%
less than homogenous field) with a local minimum of 1632 V/cm (18.4% less than homogenous
field) and needle to drum average field of 1642 V/cm (17.9% less than homogenous field) and
a minimum of 1240 kV/cm (which is 38% less than the homogenous field).

0-2 Mean: 475 nm

0.18 StD: 395 nm
0.16

0.14

)

<012
0.1
0.08

Frequenc

0.06
0.04
0.02

100 300 500 700 900 1100130015001700190021002300250027002900

Fiber Diameter (nm)

Figure 5-9 Size distribution of calcined alumina fibers produced on drum collector
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Figure 5-10 Electric fields between needle and (a) plate collector (b) drum collector

The clear differences in the shape of the electric fields are due to the different dimensions of the
compared collectors. The plate collector is smaller in the horizontal dimension (10 x 10cm) than
the drum collector with 30 x 10 cm. Additionally, the drum collector has a vertical dimension,
which further increases the distance of collector sections from the needle and therefore reduces
the electric field strength. As stated in section 2.6. , the calculation of the electric field strength
for electrospinning applications is based on the homogenous field strength between two parallel
plates, whereas in lab or industrial applications it is usually a needle to plate or needle to drum
scenario (see Figure 5-11).
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Figure 5-11 Electric field lines between needle and (a) plate and (b) drum collector

Due to the change in collector, the deposition of the electrospun material changed as well. While
on the plate collector, the deposition took place on almost its entire surface, the deposition on
the drum collector took place in stripes with an approximate 5 cm width. This indicates that the
jet moves differently throughout the two different electric fields. Reneker et al. [89] observed
different jet-whipping behaviour in different field strengths as well. However, the difference
between their modeled whipping behaviours and the experimentally observed behaviour
increased dramatically with the flight time of the jet. For simplicity, this research will continue
treating the electric field as a homogenous field, since an accurate correction factor has not been
described in the literature. The electric field calculations conducted in this chapter are estimates
and as stated, the deposition of the fibers did not take place on the entire collector, which further
complicates the estimation of the exact impact of the electric field on the fiber deposition

behavior.
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5.9. Filtration Efficiency of Alumina Filter

The alumina filter sample produced on the drum collector has been tested in the same setup as
the CA filters in Chapter 4. The pressure drop has been recorded as 123 Pa. Figure 5-12 shows
the filtration efficiency vs. the particle size, with an average filtration efficiency of 45.7%, and
a maximum efficiency of around 70% for particles as small as 9 nm in diameter. The quality
factor ranges from a maximum of 0.024 Pa to a minimum of 0.01 Pa, with an average of
0.0126 Pal. These values are not as good as for the previously produced CA fibers with an
optimal value of 0.05 Pa’t. However, it is still greater than those of commercial facemask filters
of polypropylene, which have been found to be 0.007 Pa with a fiber diameter of approx.10 um
[187]. It is possible to increase the filtration performance with further research regarding
optimal settings for the electrospinning of the desired PVVP-salt combination. Due to the change
in deposited fiber size on the drum collector, a prediction based on the results of section 5.6. is
not possible. The production process of large filter samples is also very time intensive, due to

the low output of our electrospinning setup.
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Figure 5-12 Filtration efficiency alumina filter
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Figure 5-13 Quality factor alumina filter

5.10. Conclusion

In this chapter, filter materials based on alumina and ceria have been produced. To electrospin
these materials, a mixture of PVVP and nitrate, containing the desired metal, was dissolved in a
mixture of ethanol and water (2:1 v:v ratio). Other mixtures with higher alcohol concentrations
have not shown to be capable of nanofibrous fiber production. The metal-based fibers were
deposited onto a metal mesh and dried at 120 °C for detachment. The fibers were then calcined
to remove the polymer content. A calcination atmosphere of air yielded the best results, while
reducing and inert atmospheres yielded carbonized fibers, which could not be used as filter

material.

Alumina and ceria fibers with average diameters ranging from 200 to 400 nm (after calcination)
have been produced on a 10 x 10 cm plate collector. These filter samples shrank to a size that
was not possible to test the filtration performance. Therefore, a larger drum collector has been
used to produce larger samples of alumina fibers to verify the filtration performance of the
metal-based filters. Resulting from the increased collection area and changed collector shape,
the produced alumina fibers were significantly larger. The setup with a plate collector produced
a range of different fiber sizes based on different concentrations, metal nitrates, voltages, flow
rates and needle diameter, which can be used for a parametric study. Furthermore, it can be
concluded that the finest fibers are produced for low concentration of ethanol and applied

voltage, while the largest fibers are produced with a high concentration of ethanol.
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Based on our one test, the filtration performance of alumina nanofibers is comparable to those
of other nanomaterials, like the produced CA fibers with a quality factor of up to 0.027 Pa™. In
this test, the quality factor has been determined to be 0.0125 Pa, which is much higher than

the filtration quality of other commercial materials.
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Chapter 6 Parametric Study on Electrospinning of Metal-

Based Fibers

6.1. Introduction

The ceria and alumina metal-based fibers introduced in Chapter 5 have been analysed using the
factorial design method introduced in Chapter 3. Results show that the concentration of
dissolved material in the solution has more influence on the fiber size than voltage, needle
diameter and flow rate of the electrospinning solution. These three parameters have a
comparable effect on the fiber size, considering the possible interactions of parameters.
Furthermore, the calcination state of the fibers does not impact the documented contribution of
parameters on the fiber size. The results of this work are comparable to other parametric studies
conducted on pure polymer materials.

6.2. Solution Properties

According to the methods introduced in Chapter 3, the surface tension, viscosity and
conductivity of the used alumina and ceria solutions have been measured (Table 6-1). The
increase in solution concentration mainly led to an increase in the viscosity (increase by a factor
of 3) and surface tension (increase by 50%), while the conductivity only increased by
approximately 18%. The effect of viscosity and surface tension increases due to higher polymer
content has also been measured in other parametric studies [17,29,28], while Heikkila et al. [17]
used the salt potassium formate to increase the conductivity of their electrospinning solution.
The values measured in this work show that the impact of an increased solution concentration
mainly impacts the electrospinning solution properties surface tension and viscosity, therefore
the findings of this parametric study are comparable to other parametric studies, although the

metal content in this work is higher.

99



Table 6-1 Solution properties of ceria and alumina solutions

Solution Density Surface Tension | Viscosity | Conductivity
[g/mL] [N/m] [mm?/s] [MmS/m]
Alumina (10 wt%o) 882.7 0.0342 44.52 4.6
Alumina (16 wt%o) 896.5 0.0416 169.72 5.4
Ceria (10 wt%) 886.4 0.0362 72.93 2.7
Ceria (16 wt%) 902.5 0.0450 173.1 33

6.3. Contribution of Parameters on Fiber Size

The electrospun alumina and ceria samples were characterized to determine the effects of the
applied voltage (A), needle diameter (B), flow rate (C) and solution concentration (D) on the
nanofiber size. The experimental design plan introduced in Chapter 3 has been utilized to
quantify the effects of each parameter and their interactions on the fiber size. The effects of a
parameter were quantified using equations (3-1) to (3-23) in Chapter 3. These effects are
represented by the values of the corresponding dimensionless parameters. A positive number
indicates an increasing effect on the fiber size. The contribution T of a parameter combination
was calculated using Eq. (6-1),
(6-1)

|®(x)l
pa e LIeN]

x=1

T(x;) = 100%

with @ as the effect of a parameter combination and 1 to ABCD the run labels.

Table 6-2 and Table 6-3 show the ranking of the parameter combinations according to their
contributions to the fiber size in decreasing order. These tables are separated into two parts,
where the half on the left show the effects and contributions of the non-calcined fibers, and
where the right half of the table shows the effects and contributions of the respective calcined
fibers. In this chapter, whenever an effect or contribution is calculated or discussed, it is
referring to the effect or contribution of a parameter or parameter combinations on the fiber

size, unless stated otherwise.
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Both Table 6-2 and Table 6-3 show that the contributions of a single parameter to the fiber size
is the most dominant factor. For both ceria and alumina-based nanofibers, it is one single
parameter that dominates the contribution to the fiber size. Independent of the metal element
(Ceria or Alumina) or state (before or after calcination), the contribution of the solution
concentration lies between 31 and 40%, while it also presents effects when concentration is
combined with other parameters. Other parameters with a significant effect are the electric field
(A) and flow rate (C), however they are smaller compared to the effect of the solution

concentration.

Besides the solution concentration, most other parameters seem to be almost equal in their effect
on the fiber size, ranging from 0 to 10% effect. Assuming even a small error due to the partially
wide fiber size distributions, the order of the other parameters and their interactions become
almost interchangeable for individual parameters with a rank of 7 or higher for alumina or above

the rank of 5 for ceria.
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Table 6-2 Parameter effect for alumina fibers with (A) Voltage (B) Needle Diameter (C) Flow

Non-Calcined Alumina

Rate (D) Solution Concentration

Calcined Alumina

Rank | Parameter [ T [%0] Parameter D T [%0]
1 D 164.4 40.3 D 78.4 34.3
2 AD 92.9 12.9 AB 48.6 13.2
3 B -717.9 9.0 A 45.4 11.5
4 A 76.4 8.7 B -37.6 7.9
5 AB 66.6 6.6 AD 37.1 7.7
6 AC 64.1 6.1 ABCD -35.6 7.1
7 ABC -62.1 5.8 ACD 34.6 6.7
8 ACD 54.1 4.4 BCD 29.1 4.7
9 C 43.1 2.8 ABC -24.9 3.5
10 ABCD -40.6 2.5 AC 17.9 1.8
11 CD 23.6 0.8 BC 12.4 0.9
12 BC -5.6 0.05 C 9.1 0.5
13 ABD 4.6 0.03 BD 8.1 0.4
14 BCD -4.6 0.03 ABD -3.1 0.05
15 BD -1.4 0.003 CD -1.6 0.01

Table 6-3 Parameter effect for ceria fibers with (A) Voltage (B) Needle Diameter (C) Flow

Rate (D) Solution Concentration

Non-Calcined Ceria Calcined Ceria
Rank Parameter () T [%] Parameter () T [%]
1 D 540.9 31.1 D 145.8 41.3
2 BD 393.1 16.4 C 110 23.5
3 B 378.6 15.2 ABCD -54.5 5.8
4 CD 316.1 10.6 A 54 5.7
5 C 312.6 10.4 ABD 51.8 5.2
6 BCD 223.9 5.3 BC -46.8 4.2
7 A 169.1 3.0 BD -41 3.3
8 BC 154.9 25 CD 40 3.1
9 AD 119.6 15 ABC 38 2.8
10 AB 115.4 1.4 B 35 2.4
11 AC 100.9 1.1 AC -27.3 1.4
12 ACD 66.9 0.5 ACD 25.3 1.2
13 ABC 62.6 0.4 BCD -4.8 0.04
14 ABCD 59.1 0.4 AB -3.8 0.03
15 ABD 23.4 0.06 AD -2.5 0.01
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For further analysis, the average contributions for alumina and ceria have been investigated.
The contributions of each parameter have been averaged over both materials in both states.
Parameter D, solution concentration, remains the most influential with a contribution of 36.7%

(see

Table 6-4). The other individual parameters are close together with 9.3% (flow rate), 8.6%
(needle diameter), and 7.2% (voltage). The parameter combination with the highest effect is the
combination AD (high voltage and solution concentration) with 5.5%, while the least impactful
combination of parameters is the combination “ABD”.

Table 6-4 Average contribution of non-calcined and calcined alumina and ceria fibers
depending on production with (A) Voltage (B) Needle Diameter (C) Flow Rate (D) Solution

Concentration

Parameter T [%]
A 7.22
B 8.64
C 9.28

D 36.73
AB 5.31
AC 2.61
AD 5.52
BC 1.92
BD 5.01
CD 3.64
ABC 3.11
ABD 1.34
ACD 3.19
BCD 2.53
ABCD 3.92
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To quantify the overall effect of a single parameter on the fiber size, the sum of contributions
of each combination involving a given parameter was generated. The sum of contributions
involving all eight possible combinations of the parameter A is 32.2, 31.8 for B, 30.2 for C and
61.9 for D for a total of 156.1 (see

Table 6-5). The ratio of the sum of contributions per parameter to the total contributions yields
the overall effect of the single parameter on fiber size. Considering all possible combinations,
the solution concentration remains the most dominant parameter with approximately 40%
contribution to fiber size. The other three parameters are almost identical, with 20% contribution

each.

Table 6-5 Ranked contribution by parameter with (A) Voltage (B) Needle Diameter (C) Flow

Rate (D) Solution Concentration

Parameter | T [%0] T(A) T (B) T(C) T(D)
D 36.73 36.73
c 9.28 9.28
B 8.64 8.64
A 7.22 7.22
AD 5.52 5.52 5.52
AB 5.31 5.31 5.31
BD 5.01 5.01 5.01
ABCD 3.92 3.02 3.02 3.0 3.0
CcD 3.64 3.64 3.64
ACD 3.19 3.19 3.19 3.19
ABC 3.11 3.11 3.11 3.11
AC 2,61 2,61 261
BCD 253 2,53 253 253
BC 1.92 1.92 1.92
ABD 1.34 1.34 1.34 1.34
¥ 10000 | 3223 | 3179 | 3022 | 61.90
Wei.gl.hted 20.6% | 204% | 194% | 39.7%
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6.4. Effect of Solution Concentration

The solution concentration (parameter D) has been found to be the most impactful parameter in
this parametric study. The solution concentration contributes to around 36%, and considering
interactions and weighting, it reaches a 40% overall contribution (see

Table 6-5). In all possible combinations, an increase of the concentration results in an increase

of the fiber size.

The dominant effects of solution concentration on the fiber size can be attributed to the solution
composition and its impact on electrospinning. Factors like surface tension and viscosity change
with the solution concentration. These parameters increase with increasing concentration, which
are linked to an increase in fiber size in the literature [124]. In contrast, an increase of
concentration of dissolved material leads to an increase of dissolved metals in the solution,
which leads to an increase in conductivity of the solution. An increased electric conductivity
has been documented to lead to finer fibers [103]. The finer diameters obtained with a lower
solution concentration are related to a higher mobility of the polymer chains, which also allows
stronger instabilities in the jet during electrospinning [191]. This enables a longer stretching of
the polymer jet, ultimately leading to the production of finer fibers [191]. A higher polymer
content leads to a stable jet, since entanglement of the polymer is increased, strongly hindering
the wiping motion of the jet, which leads to thicker fibers [191]. The same effects as described

in the literature can be observed in this research.

As stated above, the solution concentration impacts different solution parameters, namely
viscosity, density, surface tension and electric conductivity. This means that a change of the
concentration of dissolved material may change at least four more electrospinning parameters.
In contrast, the parameters voltage, needle diameter and flow rate do not impact any other
parameters that have a documented impact on the electrospinning process. The investigated
processing parameters are strictly independent of one other and other electrospinning
parameters. A further investigation of the effect of the individual solution parameters on the
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fiber size is therefore necessary. However, it can be stated that solution composition is the most

relevant aspect of the electrospinning process, which has also been confirmed in Cui et al.’s

work [28].

6.5. Effect of VVoltage on Fiber Size

The effect of the voltage in this research has a lower impact as a single parameter than the
solution concentration, with approximately 7% by itself. Considering all possible combinations
involving the voltage, the value increases to 20%, which is half of the solution concentration
effect. In the literature, the effect of the voltage has been found to be controversial for polymeric
materials, with studies finding that an increase of the voltage leads to an increase in the fiber
size [27,103] while another study found a decrease of the fiber size with an increase of the
voltage [192]. In the present research, the general trend shows that an increase of the voltage
increases the fiber size; however, a few parameter combinations involving the voltage led to a
decrease of the fiber size, when the voltage was high. Most prominent are the combinations
“ABCD” and “ABC” in alumina (see effect in Table 6-2) and “ABCD” and “AC” for calcined
ceria (see Table 6-3), which shows a decrease in fiber diameter, when all four parameters
solution concentration, voltage, needle diameter and flow rate are high. However, the general
trend shows an increase of the fiber size with an increase of the voltage. An increase of fiber
size with higher voltage has been explained with a higher mass flow of the nozzle through the
increased electrostatic force, which leads to a thicker jet, causing less instabilities and bigger
fibers [193], which is the case in this work. Comparing the individual parameters directly with
one another, the voltage appears to have the lowest contribution to the increase in fiber size (see

Table 6-5 Parameter A), with a notable difference between ceria and alumina. For alumina, the
single parameter effect was as high as 11%, while for ceria the contribution lies only at 6%.
Nevertheless, through the interaction effects with the other parameters it can be considered as
important for the fiber size as the flow rate and needle diameter. Considering the single
parameter effect, a low impact of electric field strength on the fiber size has also been
documented by Cui et al. [28]. However, in Cui et al.’s work, the flow rate has been ranked

higher in its effect on the fiber size than the electric field strength, while the electric field
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strength was found to be comparable to the needle diameter in their effect. The comparable

effect of voltage to the needle diameter could be confirmed in this work.

6.6. Effect of Flow Rate on Fiber Size

Overall, the flow rate (parameter C) has been found to be comparable in its effect to the voltage
or needle diameter. As a single parameter, its effect lies at around 9%, and all interactions
combined and weighted yield an overall contribution of 20%, identical to voltage and needle
diameter. It is worth noting that the single parameter effect of the flow rate is much lower in
alumina fibers (around 3% Table 6-2) than in ceria fibers (around 10% Table 6-3).

A high flow rate is typically linked to thicker fibers and wider fiber distributions in the literature
[194,28]. Overall, it has been found to have a marginal effect, which can be lessened even more
at lower solution concentrations [104]. The feeding rate is critical for the quality of the
electrospinning process. An equivalent flow rate to the produced amount of fibers leads to a
stable Taylor cone, while a flow rate that is too low can cause clogging and a flow rate that is
too high can cause dripping and might also cause beaded fibers [103]. A higher flow rate can
increase the productivity if dripping does not occur. Flow rates can also affect the optimal
setting of other parameters, for example the optimum point of voltage, which increases with a
higher flow rate [195].

In this work, the flow rate has proven to be a relevant parameter for the produced fiber size. As

an individual parameter, it has a higher contribution than needle diameter and voltage (

Table 6-5 Parameter C), while its interactions are shown to be less impactful than the
interactions of the needle diameter, leading to an overall ranking on the same level as voltage
and needle diameter. The effect of the reduced effect for reduced concentrations could also be
calculated. The effect of the flow rate as a single parameter was three times higher in ceria fibers
compared to the alumina fibers, which can be explained by the lower viscosity and surface

tension of the alumina solution compared to the ceria solution.
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6.7. Effect of Needle Diameter on Fiber Size

In this study, the needle diameter (parameter B) showed mixed effects on the fiber size. In
alumina, the single parameter needle diameter leads to finer fibers, when the diameter has been
increased. Combinations involving a higher needle diameter (“BCD”, “ABCD”, “BC” and
“BCD”) showed a decrease of fiber size for alumina fibers (see Table 6-2). However, this effect
could not be observed in ceria fibers where all combinations including the needle diameter lead
to an increase of the fiber diameter when the diameter has been increased (Table 6-3). The
absolute effect on the needle diameter considering the interactions makes the parameter

comparable to the voltage and flow rate, around 20% in total, half the effect of the concentration.

Like the other parameters, the effect of the needle diameter on the fiber size has been mixed in
other research papers. An increase in the nozzle size has been found to have an increasing effect
on the fiber size [194], as well as a minimal decrease [28]. The increase of fiber diameter has
been attributed to a larger Taylor cone diameter in the literature, which allowed a thicker jet
ultimately leading to larger fibers. Reasons for the documented decrease in fiber diameter with
increase of the nozzle size have not been discussed in Cui’s work [28] since the decrease was
small compared to effects of other parameters. However, Cui’s work indicated an interaction
between the needle diameter and flow rate. This interaction could also be observed in this work.
As stated, for the alumina samples, the combinations “BCD”, “ABCD”, “BC” and “BCD” had
a decreasing effect on the fiber size, while the same combinations showed increased fiber sizes
for ceria samples. What these four combinations have in common, are the parameters flow rate
and needle diameter. The circumstance that cause the effects to reverse for the two different
solutions stems from the fact that the effect of flow rate is much smaller on alumina samples
(compare section 6.6. ), however, both needle diameter and flow rate as individual parameters
lead to an increase in fiber diameter. A decrease of the combinations “BCD”, “ABCD”, “BC”
and “BCD” despite of the reverse effect of the single parameters involved indicates interactions
between flow rate and needle diameter. An interaction of voltage with needle diameter and flow

rate can be excluded, since the parameter “A” appears in one of these combinations.

The nozzle size has proven to have an immediate effect on the fiber size distribution [102],
where an increased nozzle size leads to a wider distribution [130]. There has also been a
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correlation of nozzle size and clogging and bead formation documented in the literature [99],
which occurred for finer needle diameters. These effects could not be observed in this research.
No beading has been observed for the produced fibers and the standard deviations were not part
of the statistical analysis.

6.8. Discussion

The main finding of this parametric study is that the solution concentration has the greatest
effect on the fiber diameter. This matches the results of other multi-parametric studies
[17,29,28]. These studies have been conducted with only polymeric materials, however the
results are comparable to this research as well, since the effects of the change in solution
concentration are mostly due to the change in polymer content in the electrospinning solution.
A higher salt content in the solution is usually linked to higher electric conductivities [17]. The
higher conductivity could also be observed in this study (see Table 6-1), however the increase

in viscosity and surface tension were more significant.

Heikkila and Halrin [17] found that viscosity and salt content (and therefore the conductivity)
of an electrospinning solution affect the fiber diameter the most. Costolo et al. [29] determined
the flow rate to be the most impactful parameter, followed by parameters linked to the
concentration like viscosity and surface tension. The results of the present research do not
indicate the same effect of the flow rate on the fiber size as Costolo et al.’s work. Heikkild and
Harlin indicated a significant effect of the nozzle size on the fiber diameter, which could be
confirmed in this work, but which is contrary to the results of Cui et al. [28], which indicated
that the nozzle diameter has the lowest effect on the fiber size. The effect of the applied voltage
has been contradicting in the research of Heikkilda and Harlin [17] and Costolo et al. [29].
Costolo et al. determined the voltage to be as impactful as the viscosity, which could not be
seen in this research. Heikkilda [17] and Cui et al. [28] found that the applied voltage is
comparable to the flow rate.

The differences in the observed effects can be explained by the different selected

electrospinning solutions and different boundary conditions like voltage and distance, as well

as other parameters selected for the parametric study. In this work, the solution was based on
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water and ethanol, with PVP as a polymer, the voltage ranged from 10 to 16 kV, a flow rate of
0.3 to 0.5 mL/hr and needle diameters of 0.60 and 0.84 mm. Heikkild used polyamide-6 as a
polymer, while Costolo et al. considered a wide range for the voltage, ranging from 4 to 30 kV,
and the flow rate of the used polymer PAN had been between 0.1 and 9.0 mL/hr. Cui et al.
produced poly(DL-lactide) fibers dissolved in different mixtures of acetone and chloroform
with a voltage ranging from 15 to 25 kV. A difference between the setups was also the
orientation of the collector. Costolo et al. worked with a vertical setup, identical in orientation
as the setup in this work. Heikkild used a horizontal setup. A summary of the used settings in

parametric studies of other research groups can be found in

Table 6-6.

Table 6-6 Settings and boundary conditions of parametric studies in the literature

p Heikkila et al. Costolo et al. [29] Cui et al. [28] This
arameter

[17] work
Voltage [kV] 30-50 4 —-30 15-25 10-16
Distance [cm] 10-20 5-11 15 15
F'e.ld L Horizontal Vertical N/A Vertical
Orientation

i .- Poly(DL-
Polymer Polyamide-6 Polyacrylonitrile lactide) PVP
Dimethylacetamide
Dimethylformamide
Solvent(s) Formic acid Acetone Acetone Ethanol
1-methyl-2- Chloroform Water
pyrrolidinone
Formic acid

Concentration
[Wt.%] N/A 15-6.25 10-30 10 - 16
Needle 0.3-05 N/A 045-08 | 0.60-0.84
Diameter [mm]
Flow Rate
[mL/hr] N/A 0.1-9.0 1.8-9.0 0.3-05

The effect of the parameter selection and the selection of the range of these parameters, as well

as the selected polymer, have a significant impact on the determined effect. The polymer used
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in all three parametric studies have been different and therefore the solution parameters differ
significantly as well, limiting the range of setup parameters like applied voltage or flow rate.
Resulting from the different ranges, the determined effects will turn out to be different,
depending on the used polymer, making a quantitative comparison between parametric studies

challenging.

6.9. Conclusions

Two factorial experimental design has been used to study the effect of key parameters in the
electrospinning process to produce alumina and ceria nanofibers. Obtained morphologies of the
fibers were comparable to the morphologies reported in other electrospinning papers. The main
parameter effecting the fiber size has been found to be the solution concentration. Due to the
applied changes to the concentration, the viscosity and surface tension changed accordingly.
This led to a higher resistance against the electrospinning process and led, therefore to larger
deposited fibers. This was not offset by a higher conductivity, which is known to lead to finer
fibers. The other three investigated parameters, voltage (thus electric field), needle diameter and
flow rate are comparable in their effect on the electrospinning product, while the voltage is the
least influential as a single parameter but shows most effect interacting with the other
parameters, leading to a comparable overall contribution as flow rate and needle diameter.
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Chapter 7 Pi-Theorem Analysis of the Electrospinning Process

7.1. Introduction

Electrospinning parameters have been developed into dimensional matrices using the results of
the parametric study. The goal of the dimensional matrices is the development of dimensional
groups or numbers describing the electrospinning process or correlating with the fiber size using
the Pi-theorem. Developed dimensionless numbers are then applied using experimental data
from the ceria and alumina solutions produced in the previous chapters, considering
observations during the electrospinning process of these samples. No single dimensionless

group has been found, which can describe the entire electrospinning process or predict

144
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electrospinnability in general. However, the dimensional group yielded small numbers

for production parameter combinations, which have been problematic in the production,

indicating a potential cut-off number.

7.2. Methodology

The data generated in Chapter 5 in regard to fiber size and electrospinning settings as well as
solution parameters of the used solutions for ceria and alumina are used to develop
dimensionless groups. The dimensional groups have been created following the Pi-theorem
introduced in Chapter 3. This chapter aims to justify the selected parameters for the dimensional

table and demonstrate the derivation of dimensionless numbers from dimensional matrices.

The selection of parameters for the used parameters is explained, starting with all parameters
significant for the electrospinning process. In the next steps, parameters are removed from the
dimensional table, eliminating redundancies between the parameters. The final goal is the
simplification of the dimensional table so that it yields one single dimensional group. The
significance of the developed dimensional groups is afterwards verified with experimental data

for the produced ceria and alumina fibers.
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7.3. Development of Pi-Theorem tables

This section describes the process of the development of the dimensional matrixes
characterizing the electrospinning process. As stated in Chapter 3, the development of a
dimensional matrix to apply the Pi-theorem necessitates the selection of the appropriate
parameters [182]. It is important to avoid redundancies, while still considering all parameters
that have an impact on the electrospinning process. In the context of dimensional analysis,
redundancies between parameters are to be avoided in a sense that all parameters are strictly

independent from one another.

It starts with all electrospinning parameters and narrows them down by eliminating redundant
and non-useful parameters. As seen in Chapter 3, the literature suggests that the following 13
parameters are those with the most impact on the resulting fiber size in electrospinning. The
parameters voltage, needle diameter, tip-to-collector distance and electric field strength
represent processing parameters. Representing the solution parameters are electric conductivity,
kinematic and dynamic viscosity, surface tension and solution density. The environmental
parameters humidity and temperature are also represented.
Processing Parameters:

¢ Needle Diameter, dn=[L]

e Distance, drc=[L]

e Voltage, U=[ML?I"t?]

e Electric Field Strength, E=[L*Mt31]

e Flow rate V=[L3t"]
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Solution Parameters:
e Surface tension, y =[Mt]
e Kinematic Viscosity, v =[MLt!]
e Dynamic viscosity, p =[L?t?]
e Permittivity, e=[t*I’M1L?]
e Density, p=[LM]

Conductivity (elect.), k =[t31°’L3M™1]

Environmental Parameters:
e Temperature, 6 =[T]

e Humidity, RH =[1]

Table 7-1 shows the 13 factors or parameters related to electrospinning in a dimensional matrix
and their dimensions. The dimensions for those parameters can be expressed as a function of 5
Sl base dimensions: length (L), mass (M), time (t), current (1) and temperature (T). There would
be 8 dimensionless groups according to the degree of freedom to the dimensional table. The
degree of freedom of a dimensional table is calculated as the difference between parameters
considered and dimensions describing the phenomenon. For Table 7-1, the degree of freedom

equals 13-5=8.

This is a large number of groups, which would be a slight improvement in terms of number of
parameters in the analysis of electrospinning, however this table consists of many parameters
that are redundant to one another or cannot be measured easily. Therefore, further simplification

of the parameter selection is necessary.
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Table 7-1 Dimensional table all electrospinning parameters

Electrospinning parameters
Dimensions | U |drc|dv| ® |[RH| x | v | v | & | p | V| E | p
L 2 1 1 0 0| -3] 2 0O |-3]|-3]|3 1 2
M 1 0 0 0 0 -1 0 1 -2 1 0 1 0
t -3 0 0 0 0 3 -1 | -2 4 0 -1 | -3 -1
| -1 0 0 0 0 2 0 0 2 0 0 -1 0
T 0 0 0 1 0 0 0 0 0 0 0 0 0

Measuring the permittivity is an involved process, which was not able to be conducted within
the scope of this research. Permittivity is typically measured as a function of frequency and is

called dielectric/ impedance spectroscopy [196].

Humidity and temperature have been dropped from the dimensional tables for the rest of the
research for the following reasons; Humidity is a dimensionless parameter [M/M=1] and has
therefore no impact on the outcome of the Pi-theorem. The temperature is an important
parameter on the electrospinning process, impacting the evaporation rate [90]. However, it is
represented in many other parameters, namely density, surface tension and viscosity of the used
solvents, which makes the temperature a redundant parameter, and thus should be dropped for

further discussion in the context of dimensional analysis.

The next simplification is the elimination of redundancies within the parameters. Table 7-2
consists of 7 parameters described with 4 dimensions leading to 3 degrees of freedom. The
kinematic viscosity in this study is calculated through solution density and measured dynamic
viscosity, which makes the usage of density and dynamic viscosity in this table redundant.
Furthermore, the electric field can be dropped, since it is a function of distance and applied

voltage. Applying the Pi-theorem on Table 7-2, leads to the kernel vectors in Table 7-3.
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Table 7-2 Dimensional table for eliminated redundancies

U drc dn K \ Y
L 2 1 1 -3 2 0 3
1 0 0 -1 0 1 0
t -3 0 0 3 1) -2 ] A1
I -1 0 0 2 0 0 0

To obtain the kernel vectors (or null space) of the dimensional table, it is necessary to treat the
table as a matrix. In the first step, the dimensional matrix is converted into its reduced echelon
form?3, resulting in matrix M equation (7-1). The detailed steps yielding M from Table 7-2 can
be found in Appendix C — Development of Echelon Form.

(7-1)

0 0
1 0
0 1

coo R
oo o
_ N
oR o

0 01 -1 1

The matrix has 4 pivot columns* (columns 1, 2, 4 and 5) and 3 free columns (columns 3, 6 and
7). In the next step, the free columns are turned into a separate matrix and multiplied by -1

yielding matrix F equation (7-2).

0 -2 0

-1 -1 -1 (7-2)
F=19y _1 o
0 1 -1

3 Reduced echelon form of a matrix satisfies following conditions:

e The first non-zero element in each row, called the leading entry, is 1.

e Each leading entry is in a column to the right of the leading entry in the previous row.

e Rows with all zero elements, if any, are below rows having a non-zero element.

e The leading entry in each row is the only non-zero entry in its column.
4 A pivot position in a matrix, A, is a position in the matrix that corresponds to a row—leading 1
in the reduced row echelon form of A.
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In the next step, the identity matrix of F is added the rows of F, corresponding with the free
columns in M, to yield a new matrix with identical number of rows to the number of columns
in M, resulting in S (the added rows are bolded) (7-3).

0 -2 07
-1 -1 -1
1 0 0O
K=10 -1 0 (3)
0 1 -1
o 1 0
L0 0 1

Finally, the null space of the matrix M is defined by the scalar multiples of the three column
vectors of S (see equation (7-3)). Every column represents a kernel vector used to create the

dimensionless numbers.

Table 7-3 Kernel vectors after elimination of redundancies

Voltage (U) P

Distance (d+c) _01 :i _01
Needle Diameter (dn) 1 0 0
Elec. Cond (k) 0 1 0

kin Vis (v 0 1 -1
Sur Ten (y) 0 1 0

Flow Rate (V) Lol Lol L1

The Pi-groups are formed from the kernel vectors of the dimensional matrix are I1, = dTN, 1, =

%4

U?S/K, I, = - For the kernel vectors, each vector represents the dimension of each parameter,

I.e. in Table 7-3 the first kernel vector indicates the first dimensional group dTN. The number in

each row describes the potency of the parameter in the corresponding row in M. The process is
identical for every dimensional table. Table 7-4 shows a different approach to the dimensional

matrix Table 7-2. Instead of using both distance and voltage in the table, both were summarized
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using the electric field strength. This reduces the degree of freedom to 2, which marks a further

simplification. The resulting dimensionless groups are 1, = %, 1, = % (Table 7-5).

Table 7-4 Dimensional table for alternate eliminated redundancies

dn  « Y
L1 32|03
1 -1 0 1 0

1
0

3]0 31|21
0

Table 7-5 Kernel vectors after elimination of redundancies (alternate)

Electric Field (E) —271 1 01
Needle Diameter (dn) -3| |—-1
Elec Conductivity (k -1 0
Kinematic Viscosity (v) 1 —1

Surface Tension (y) 1 0
Flow Rate (V) Lol L1

Table 7-6 and Table 7-8 mark another step in simplifying the Pi-theorem table. The parametric
study (Chapter 6) showed that both the flow rate and the needle diameter have a comparable
effect and are interacting with each other. It can be concluded that the needle diameter and the
flow rate are not independent in terms of electrospinning. Therefore, in Table 7-6 and Table 7-8
the Pi-tables drop either dn (Table 7-6) or drop V (Table 7-8). This further reduction leads to a
degree of freedom of 1 in the tables. This represents the furthest possible degree of

simplification. The results of the Pi-theorem on these tables are a very different. For the focus

2 1

on flow rate (Table 7-6), the group is I1, = @ ; while for focusing on needle diameter (Table
v3y3
7-8) the group is m, = #, identical to the result of Table 7-4. It can be seen that both

versions for the Pi-theorem tables yield different results. The results for the focus on needle
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diameter resemble the results from the previous longer tables (Table 7-4). In contrast, the focus
on flow rate yields a very different style of dimensionless group. The denominator for the group
created Table 7-6 (focus on flow rate) consists of viscosity and surface tension. These two
values are typically considered to increase the fiber size, when they increase as discussed in the
literature [103]. The numerator consists of electric field and conductivity, which are linked to
finer fibers in the literature when increased [99,27,100,103]. A high flow rate is typically linked
to thicker fibers and wider fiber distributions in the literature [194,28].

Table 7-6 Dimensional table including parameter study (focus V)

K v Y
Ll 1| 32|03
Ml 1|10l 1]o0

Table 7-7 Kernel vector incl. parameter study (focus V) results

Electric Field (E)
Electric Conductivity (k)

Wl Wl N
)

Kinematic Viscosity (v)

Surface Tension (y)
Flow Rate (V)

LWl W]
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Table 7-8 Table including parameter study (focus dn)

dn K \ Y
L 1 1 -3 2 0
M| 1]o]-1]0]1
t -3 0 3 1| -2
I -1 0 2 0 0

Table 7-9 Kernel vector incl. parameter study (focus dn) results

Electric Field (E) -2
Needle Diameter (dw) [ ]
Electric Conductivity (k) | —1]
kinematic Viscosity (v) | 1 |
Surface Tension (y) l 1 J

The arrangements from both tables are promising in the sense of forming a dimensional number
describing the electrospinning process. The resulting groups are consisting of factors linked to
larger fibers when increased, like viscosity, or parameters linked to finer fibers when increased,

like electric field strength, in either the denominator or numerator.

7.4. Characteristic Numbers Describing the Electrospinnability

In section 7.3. , the Pi-tables have been developed. This was based on the assumption that the
aspect of electrospinnability is not a measurable value, but something observable. The resulting
dimensionless numbers could also be applied to describe a range, within which electrospinning
Is possible, if there is an onset/cut-off for electrospinning, or a general trend of the fiber size.
The range, within which electrospinning for the ceria and alumina solutions is possible, has

been determined in this research manually (see Table 7-10). Furthermore, ceria runs with the
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parameter combination “bcd” and “abed” were problematic during the production regarding
entanglement and dripping. If a dimensionless number yields a maximum or minimum for these

values, it could be interpreted as a limiting dimensionless number.

Table 7-10 Determined boundary conditions for used solutions

Parameter Min Max
Concentration 10% (mass) 16% (mass)
Voltage 10 kV 16 kV

Flow Rate 0.3 mL/hr 0.5 mL/hr
Needle Gauge 20 (0.603 mm) 18 (0.838 mm)

As results from the Pi-table, removing the redundancies and focusing on the flow rate yielded

21
the dimensionless group of % For the alternate case with the focus on needle diameter, the
v3y3
resulting dimensionless group is % The dimensional group —~_ derived from Table 7-4
E4dn~K dN v

does not yield significant results in the context of electrospinnability or fiber size.

Table 7-11 displays the calculated values for the three mentioned dimensionless numbers. Each
material has two maxima and two minima for each characteristic number. EZZ—QK has its maxima
N
overlapping with values that is matching fine fibers for each material (Al and Ce “a” and “ac”
but not the finest fibers. The minima of this dimensionless group also describes relatively fine
fibers (“bd and “bcd”). Together with the finding for its maxima, it can be stated that %{
N
does not correlate with the produced fiber size. This might be due to an overestimation of the
parameter needle diameter. The needle diameter has been found to impact the electrospinning,

yielding thicker fibers for larger needles [17], however, Ezz—y% is having a large focus on dn,
N

since dn is cubed in this dimensional group. This certainly resulted in an overrepresentation of

. vy
the factor dn in Tarie
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However, does yield a minimum for samples that have been problematic in the

production (Ce “bed”) with 0.0015. The other problematic production configuration Ce “abed”
yield a small number of 0.0038 which is still small compared to the maximum value of 0.0241
for the ceria samples. It is possible that this dimensional number can describe the cut-off for
electrospinning, however more data is needed to validate this statement.

21
E3x3V

“ 2

shows maxima for the and “bc” runs and minima for “ad” and “abd”. For both

41
v3y3

[IP%2)

samples the run “bc” yielded fine fibers, however the run “c” resulted in medium sized fibers,

2 1 2 1
indicating that the maxima of 227 does not describe the finest fibers. The minima of KBV
v3y3 v3y3

are also falling within an intermediate size range, which has been unproblematic in the

2L,
electrospinning process. What would have been expected from Z 1 is fine fibers for large
v3y3

numbers, since the denominator consists only out of viscosity and surface tension. These two
parameters have been found to increase the fiber diameter drastically, when they are increased,
while having a minimum value required for electrospinning [97,89]. The fact that this group did
not yield a significant result regarding fine and large fibers indicates that potencies of the

parameters are not suited for this problem, or that correction factors are needed.
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Table 7-11 Characteristic numbers for alumina and ceria

label size [nm] E?dy’°x v%y%
Al (1) 386 0.0053 0.0470
Al a 276 0.0135 0.0344
Alb 227 0.0020 0.0470
Al ab 284 0.0050 0.0344
Al c 375 0.0053 0.0825
Al ac 328 0.0135 0.0603
Al bc 257 0.0020 0.0825
Al abc 291 0.0050 0.0603
Al d 530 0.0013 0.0076
Al ad 407 0.0034 0.0055
Al bd 287 0.0005 0.0076
Al abd 512 0.0013 0.0055
Al cd 386 0.0013 0.0134
Al acd 705 0.0034 0.0098
Al bed 328 0.0005 0.0134
Al abcd 584 0.0013 0.0098
Ce (1) 419 0.0094 0.0228
Cea 346 0.0241 0.0167
Ceb 385 0.0035 0.0228
Ceab 489 0.0090 0.0167
Cec 454 0.0094 0.0386
Ceac 442 0.0241 0.0282
Cebc 275 0.0035 0.0386
Ce abc 454 0.0090 0.0282
Ced 386 0.0039 0.0068
Cead 490 0.0101 0.0050
Cebd 762 0.0015 0.0068
Ce abd 900 0.0038 0.0050
Cecd 590 0.0039 0.0117
Ce acd 786 0.0101 0.0085
Ce bcd 1480 0.0015 0.0117
Ce abcd 2197 0.0038 0.0085
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7.5. Conclusion

The Pi-theorem has been used to create a dimensionless number describing the

electrospinnability of a solution in the given setup. From the dimensional analysis, two

2 1
. . E3x3V . .
dimensionless groups could be formed, namely —— and EZZYSK' Analysing these groups with
Vv3y3 N

experimental electrospinning and solution data shows that neither of the groups correlates with

recorded fiber sizes. However, % showed minima for parameter combinations, which have
N

been problematic in the electrospinning process, potentially showing a cut-off value for

electrospinning.

To develop a more accurate understanding of the dimensionless numbers in context with
electrospinning, more experimental data is required, which is both time intensive and expensive.
Having all or different electrospinning parameters available to apply them to the Pi-theorem
may lead to different characteristic numbers describing the electrospinning process.
Furthermore, considering the effect of collector shape and size described in Chapter 5, a further
discussion of the electric field and the impact it has on the electrospinning process is needed.
This may lead to a further adjustment of the electric field strength in the calculation of the
dimensionless numbers. Different parameters could also be selected for the Pi-tables, which
could impact the results further.
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Chapter 8 Conclusions and Recommendations

8.1. Conclusions

The primary goal of this work was the production of metal-based nanofibers and a better
understanding of the electrospinning process and the effect of the parameters involved. To
evaluate the electrospinning process, pure polymeric filter samples from CA have been
produced, analyzing the impact of parameters by changing a single parameter at a time. To
further analyze the impact on multiple parameters, a parametric study based on the nanofiber
production of the metals ceria and alumina has been conducted. Finally, the collected data has
been utilized to apply the Pi-theorem in order to develop characteristic numbers describing the

electrospinning process.

8.1.1. Fabrication of Nanofibers and Filtration Characteristics

It was found that a successful electrospinning of CA nanofibers requires a concentration of over
15 wt% CA in the electrospinning solution, otherwise beading was observed. An increase of
each of the following three factors, tip-to-collector distance, voltage and concentration of
dissolved polymer, lead to an increase of fiber size. The produced fibers had diameters between
175 to 880 nm. The maximum filtration efficiency obtained was 99.8% for a CA concentration
of 15 wt%, deposition time of 30 minutes, voltage of 15 kV and a tip-to-collector distance of
12 cm. The corresponding filtration quality has been found to be 0.05 Pa, which is superior to

conventional polymeric filter (typically ~0.01 Pal).

The fabrication of ceria and alumina fibers was based on PVP as a carrier polymer and nitrates
of the metals acting as a metal source. As a functional solvent-mixture, a 2:1 mixture of ethanol
and water has been determined. The thermal treatment has been conducted in 2 steps, drying
the fibers at 120 °C for two hours and calcining the samples at 550 °C for 5 hours. The drying
step has become necessary to mitigate the ripping effect to the filters caused by adhering fibers
to the collector before the calcination. The calcination process led to considerable shrinkage in

the filter size, about 25-fold reduction in filter mat surface area. The produced calcined fibers
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ranged from 200 to 400 nm for alumina fibers, and from 230 to 480 nm for ceria fibers. One
alumina filter was tested, and the average filtration efficiency obtained was 45.7%. The
corresponding filtration quality has been found to be 0.013 Pa, which is in line with the value

for conventional polymeric filters.

8.1.2. Parametric Study for metal-based Nanofiber Production

The quantitative impact of key parameters on the alumina and ceria fiber size has been studied
with a factorial design plan. The investigated parameters were voltage, flow rate, needle
diameter, and solution concentration. The solution concentration has been found to be the
dominant factor of the electrospinning process. An increase of solution concentration led to an
increase of viscosity and surface tension, which significantly increased the resulting fiber size.
The parameters voltage, flow rate and needle diameter were comparable in impact on the fiber
size if the interactions with the other parameters were also considered. The voltage has been
found to be the least impactful as single parameter; however, considering the interactions with
other parameters, it is comparable to flow rate and needle diameter. Furthermore, it was found
that the parameters flow rate and needle diameter interact with each other and that the solution
concentration impacts the effect of the flow rate as well. To the author’s knowledge, this was
the first parametric study on electrospun metal-based nanofiber, and the results (qualitative

trends) match findings in the literature for electrospun polymeric nanofibers.

8.1.3. Characteristic Number for metal-based Nanofiber Production

The Pi-theorem has been used to generate dimensionless numbers describing the
electrospinnability of a solution in the given setup. The generated dimensionless numbers
consist of combinations of two types of parameters: 1) processing parameters, i.e., electric field
strength and needle diameter, and 2) solution parameters, i.e., electric conductivity, kinematic
viscosity and surface tension. Analysis of these groups, in combination with experimental

electrospinning data, shows that no single group correlates well with recorded fiber sizes.

However, the group # showed minima for parameter combinations, which have been
N

problematic in the electrospinning process, potentially showing a cut-off value for

electrospinning.
126



8.2. Recommendations for future Research

This section discusses potential areas of research that would extend the work started in this
thesis. The focus of the recommendations is the production of metal-based fibers and how to

improve the parametric study, as well as the dimensionless groups.

The first limitation of this work is the calculation of the electric field strength. Chapter 5 shows
a clear difference between the fiber sizes of fibers produced on the plate collector and fibers
produced on the drum collector. The difference may be a result from the collector size, which
was either a 10 x 10 cm plate or 30 x 10 cm cylindrical drum collector. The shape and the
rotation speed likely also impacted the fiber size and the associated distribution of the produced
fibers. A study on the effect of collector shape and size on the deposited area as well as the
fabricated fiber size could be conducted with a variety of collector sizes and shapes. More
information on the impact of the deployed electric field depending of the collector on the fiber
size could also improve the dimensionless groups. A potential correction factor for the collector
could be introduced. This correction factor could be calculated as a function of size and shape
of the used collector and needle arrangement and put in relation to a homogeneous field formed

between two plates.

One sample of the produced metal-based fibers has been tested for filtration efficiency. The
resulting filtration efficiency has been found to be comparable to other nanofibrous materials.
However, only one sample has been tested, due to the great effort necessary to produce a sample
large enough to be tested for its filtration characteristics. More optimal settings of the
electrospinning process, which lead to a more filtration favourable fiber size distribution could
be determined. An electrospinning setup with a larger output, like a multi-needle setup would
increase the productivity and therefore the viability of an intensive study of the filtration

characteristics of metal-based fibers.

The results of the factorial design plan yielded a dominance in effect of the solution parameter
concentration on the fiber size. However, the concentration of dissolved material in the solution

impacts a multitude of parameters, foremost the electric conductivity, viscosity, surface tension
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and density. A follow-up experimental design plan focusing on these solution parameters would

be advisable to quantify the impact of the solution parameters on the fiber size.

A limitation of this work was that the permittivity could not be measured and thus was not taken
into account in the dimensional matrixes. The permittivity values show the interaction of an
external field with the electric dipole moment of the sample. The integration of permittivity
could lead to different selections for the dimensional matrixes as well. The permittivity can be

measured following one of the following methods [196]:
e Transmission/reflection line method
e Open ended coaxial probe method
e Free space method

e Resonant method

It could be considered to develop the dimensional matrix in a different way, by allowing for
other combinations of parameters. The dimensional matrix could be developed with dynamic
viscosity and density of the solution, while neglecting the surface tension and kinematic
viscosity for the dimensional matrix. It could also be argued for dimensional groups, which
focus more on the processing parameters. The dimensional numbers derived in Chapter 7 only
contain 2 processing parameters compared to 3 solution parameters, which are directly
dependent on the concentration of polymer and metal in the solution. The nature of selection of
parameters for the Pi-theorem is to a point arbitrary and requires careful selection. The usage of
dimensionless numbers could also be expanded on the fiber size distributions, describing the

uniformity of the produced fibers.

In addition to potentially different dimensionless groups, more data on the different
electrospinning processes is needed. To gain a deeper understanding of the electrospinning
process, an in-depth documentation of the used settings and solution parameters is needed. This
includes documenting the collector size and shape, as well as documenting solution properties
like viscosity, and surface tension and electric conductivity. In connection with more data on

linked fiber size distributions, it would be possible to further refine the characteristic numbers
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and correction factors describing the electrospinning process. A variety of polymers and
solutions can be tested to determine the dimensional numbers of these solutions, or if there is a
common number connecting different solutions in the sense of the electrospinning process. This
knowledge could support the electrospinning of new combinations on new setups, minimizing

the trial and error process, which is widely used in the current state of the art setups.
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Appendix A — SEM Images

A.1. Calcined Ceria fibers with different solution composition

2:1
Ethanol:Water

1:1
Ethanol:Water

1:2
Ethanol:Water

1:3
Ethanol:Water
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A.2. Cellulose Acetate Fibers
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A.3. Polymerized Alumina Fibers
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A.4. Calcined Alumina Fibers
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A.5. Polymerized Ceria Fibers
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A.6. Calcined Ceria Fibers
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Appendix B. Local distance and electric field strength

between needle and collector

U= 20 kv
s= 10 cm (shortest distance between needle and collector

Bold numbers represent distance from the edge in cm, all other values are electric field strength
in kV/cm

B.1. Plate Collector

10 9 8 7 6 5 4 3 2 1 0 xly
1633 1684 1728 1761 1782 1789 1782 1761 1728 1684 1633 0
1684 1741 1789 1826 1849 1857 1849 1826 1789 1741 1684 1
1728 1789 1841 1881 1907 1916 1907 1881 1841 1789 1728 2
1761 1826 1881 1925 1952 1961 1952 1925 1881 1826 1761 3
1782 1849 1907 1952 1980 1990 1980 1952 1907 1849 1782 4
1789 1857 1916 1961 1990 2000 1990 1961 1916 1857 1789 5
1782 1849 1907 1952 1980 1990 1980 1952 1907 1849 1782 6
1761 1826 1881 1925 1952 1961 1952 1925 1881 1826 1761 7
1728 1789 1841 1881 1907 1916 1907 1881 1841 1789 1728 8
1684 1741 1789 1826 1849 1857 1849 1826 1789 1741 1684 9
1633 1684 1728 1761 1782 1789 1782 1761 1728 1684 1633 | 10
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B.2. Drum Collector

17 15 13 11 9 7 5 3 2 1 0 xly
1249 1263 1272 1278 1280 1278 1272 1263 1256 1249 1240 0
1372 1390 1404 1412 1414 1412 1404 1390 1382 1372 1361 2
1505 1530 1548 1558 1562 1558 1548 1530 1518 1505 1491 4
1641 1673 1696 1710 1715 1710 1696 1673 1658 1641 1622 6
1764 1804 1833 1851 1857 1851 1833 1804 1785 1764 1740 8
1853 1899 1933 1954 1961 1954 1933 1899 1877 1853 1825 10
1885 1934 1970 1993 2000 1993 1970 1934 1911 1885 1857 12
1853 1899 1933 1954 1961 1954 1933 1899 1877 1853 1825 14
1764 1804 1833 1851 1857 1851 1833 1804 1785 1764 1740 16
1641 1673 1696 1710 1715 1710 1696 1673 1658 1641 1622 18
1505 1530 1548 1558 1562 1558 1548 1530 1518 1505 1491 20
1372 1390 1404 1412 1414 1412 1404 1390 1382 1372 1361 22
1249 1263 1272 1278 1280 1278 1272 1263 1256 1249 1240 24
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Appendix C — Development of Echelon Form

Initial matrix:

U drc dn K v v \

L2 |1 [t |3 |2 |0 |3
M |1 o Jo |1 Jo |1 |o
¢ |3 o Jo |3 |1 |2 |1
, |1 o o |2 |o |o |o

e Divide rowl by 2
1 172 | 1/2 |-3/2 |1 0 3/2

1 0 0 -1 |0 1 0
-3 |0 0 3 -1 -2 -1
-1 |0 0 2 0 0 0

e Add (-1 * rowl) to row2
1 12 | 1/2 |-3/2 |1 0 3/2

0 172 1-12 112 | -1 |1 -3/2
-3 |0 0 3 -1 12 -1
-1 |0 0 2 0 0 0

e Add (3 *rowl) to row3
1 12 | 1/2 |-3/2 |1 0 3/2

0 172 1-12 112 | -1 |1 -3/2
0 32 |32 |-3/2 |2 -2 |72
-1 |0 0 2 0 0 0
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Add (1 * rowl) to row4

1 12 |12 |-3/2 |1 0 3/2

0 12 0-12 1102 | -1 |1 -3/2

0 3/2 |32 |-3/2 |2 2 |72

0 12 |12 |12 |1 0 3/2
Divide row2 by -1/2

1 12 | 1/2 |-3/2 |1 0 3/2

0 1 1 102 2 |3

0 3/2 [3/2 |-3/2 |2 2 |72

0 12 |12 |12 |1 0 3/2
Add (-3/2 * row?2) to row3

1 12 | 1/2 |-3/2 |1 0 3/2

0 1 1 12 2 |3

0 0 0 0 101 -1

0 12 |12 |12 |1 0 3/2
Add (-1/2 * row?2) to row4

1 12 | 1/2 |-3/2 |1 0 3/2

0 1 1 12 2 |3

0 0 0 0 101 -1

0 0 0 1 0 1 0
Swapping row4 with row3

1 12 | 1/2 |-3/2 |1 0 3/2

0 1 1 12 2 |3

0 0 0 1 0 1 0

0 0 0 0 101 -1
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Divide row4 by -1

1 172 | 1/2 |-3/2 |1 0 3/2
0 1 1 12 2 |3
0 0 0 1 0 1 0
0 0 0 0 1 1011
o Add (-2 * row4) to row?2
1 172 | 1/2 |-3/2 |1 0 3/2
0 1 1 -1 |0 0 1
0 0 0 1 0 1 0
0 0 0 0 1 1011
e Add (-1 * row4) to rowl
1 172 | 1/2 |-3/2 |0 1 12
0 1 1 -1 |0 0 1
0 0 0 1 0 1 0
0 0 0 0 1 111
e Add (1 * row3) to row2
1 172 | 1/2 |-3/2 |0 1 12
0 1 1 0 0 1 1
0 0 0 1 0 1 0
0 0 0 0 1 1011
e Add (3/2 * row3) to rowl
1 (142|120 |0 |5/2]1/2
O (1 |1 |0 (0 |1 |1
o (0 |0 |1 (0 |1 (O
O (0 |0 |O (1 |-1 |1
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Reduced Row Echelon Form:

1 /0|00 |0|2 |0
011|001 |1
00|01 (0|1 |O
0(0|0 |01 -1]1
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