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ABSTRACT

ELECTROSPUN POLYAMIDE-6 AND POLYAMIDE-6/HALLOYSITE
NANOTUBES COMPOSITE NANOFIBERS: PARAMETER
OPTIMIZATION AND CHARACTERIZATION

Sahin, Selin
Master of Science, Department of Chemical Engineering
Supervisor: Prof. Dr. Goknur Bayram

December 2018, 145 pages

Electrospinning is a very simple and efficient method in production of nanofibers with
high surface area/volume ratio, thus has significant potential in developing the
nanotechnology. The nano-scale fibers and the interactions in nano level among
components of the fibers ensure composite nanofibers to be a promising field of

research.

In this study, optimization of the electrospinning parameters for neat Polyamide-6
(PA6) nanofiber production and investigation on performance of composite nanofibers
containing Halloysite Nanotubes (HNTs) were aimed. Firstly, neat PA6 nanofibers
were produced by changing the solution concentration, solvent type, applied voltage,
solution feed rate and tip-to-collector distance. Simultaneously, the PA6 composite
nanofibers with unmodified and modified HNTs (m-HNTs) were prepared and
characterized using SEM, TGA, DSC analyses and tensile tests. Also, degradation tests
under chemical vapors and a flame retardancy test were performed on some selected

samples.

Results revealed that the addition of 1 wt.% m-HNTs to PA6 increased the tensile
modulus of the neat PA6 nanofiber mat by 25% and provided uniform fiber
morphology and constant thermal properties. In degradation test, the neat PA6 and the
nanofiber mat containing 1 and 8 wt.% m-HNTs were subjected to HCI, acetone,

toluene and water vapors. After HCI and water vapor exposure, decrease in thermal



and mechanical properties were observed together with significant change in
morphology. Chemical degradation was slightly prevented by the addition of 1 wt.%
m-HNTSs. Diffusion coefficients of the thin nanofiber mats exposed to these chemical
vapors were determined to be in the order of 10° m?%/s. LOI tests were applied to both
electrospun mats and compression molded films to determine flame retardant
properties. While compression molded PAG6 films had a LOI value of 27% O, the LOI
value of the electrospun PA6 mat was found as 31% O.. This revealed the positive
effect of orientation and the porous structure of the nanofibers on the flame retardant

properties.

Keywords: Nanocomposite, Electrospinning, Polyamide-6, Halloysite Nanotubes,

Degradation
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ELEKTRO-EGIRME YONTEMIiYLE URETILEN POLiAMID-6 VE
POLIAMID-6 /HALOYSIT NANOTUP KOMPOZIT NANOFIiBERLERI:
PARAMETRE OPTIMIZASYONU VE KARAKTERIZASYONU

Sahin, Selin
Yuksek Lisans, Kimya Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Goknur Bayram

Aralik 2018, 145 sayfa

Elektro-egirme, yiiksek yiizey alani/hacim oranina sahip nanofiberlerin {iretiminde
kullanilan ¢ok basit ve verimli bir yontemdir, dolayisiyla nanoteknolojinin
gelistirilmesinde onemli bir potansiyele sahiptir. Nano-Olcekli fiberler ve fiber
bilesenleri arasindaki nano diizeydeki etkilesimler, kompozit nanofiberlerin umut vaat

eden bir aragtirma alani olmasini saglamaktadir.

Bu ¢alismada, katkisiz Poliamid-6 (PA6) nanofiberlerinin Gretimi icin elektro-egirme
parametrelerinin optimizasyonu ve Haloysit Nanotip (HNT) iceren PA6 kompozit
nanofiberlerin performansmin arastirilmas: amaclanmustir. ilk olarak, katkisiz PA6
nanofiberler, c¢ozelti konsantrasyonu, ¢Ozucu tipi, uygulanan elektrik potansiyeli,
cOzelti besleme debisi ve toplama uzakligi degerleri degistirerek iiretilmistir. Es
zamanli olarak, modifiye edilmemis ve edilmis HNT iceren PA6 kompozit
nanofiberleri hazirlanmistir ve SEM, TGA, DSC analizleri ve ¢ekme testi kullanilarak
karakterize edilmistir. Ayrica kimyasal buhar ortaminda bozunma ve yanmaya kars1

dayanim testleri segilen bazi numuneler lizerinde uygulanmistir.

Sonuglar PA6’ya agirlik¢a %1 modifiye edilmis HNT eklenmesiyle saf PA6 nanofiber
dokumanin ¢gekme modiiliiniin %25 oraninda arttirildigini, diizgiin fiber morfolojisinin
ve sabit termal 6zelliklerin saglandigini ortaya ¢ikmistir. Bozunma testlerinde, saf PA6
ve agirlik¢a % 1 ve 8 modifiye edilmis HNT igeren nanofiber dokumalar HCI, aseton,

toluen ve su buharlarina maruz birakilmistir. HCI ve su buhari etkilesimlerinden sonra

vii



morfolojide belirgin degisim ile birlikte termal ve mekanik &zelliklerde azalma
gozlemlenmistir. Kimyasal bozunma, agirlik¢a %1 modifiye edilmis HNT
eklenmesiyle bir miktar O6nlenmistir. Bu kimyasal buharlara maruz kalan ince
nanofiber dokumalarin difiizyon katsayilarmin 10° m?/s mertebesinde oldugu
belirlenmistir. Hem elektro-egirme yontemiyle iiretilmis dokumalara hem de basingl
kaliplama ile tiretilmis filmlere LOI testi uygulanmistir. Basingli kaliplama ile iiretilen
PAG6 filmlerin LOI degeri %27 O iken, elektro-egirme yontemiyle iiretilen PAG
dokumalarin LOI degeri %31 Oz olarak bulunmustur. Bu sonug, nanofiberlerin
oryantasyonunun ve bosluklu yapisinin yanmayi geciktirici 6zellikler tizerinde olumlu

etkisi oldugunu gostermektedir.

Anahtar Kelimeler: Nanokompozit, Elektro-egirme, Poliamid-6, Haloysit Nanotup,

Bozunma
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CHAPTER 1

INTRODUCTION

Electrospinning is a special method of producing nanofibers using electrostatic force.
This method is generally applied to polymer-based materials including natural and
synthetic polymers. Electrospinning technique has far superior properties to other
nanofiber production methods such as drawing, template synthesis, phase separation
and self-assembly [1], and it is anticipated that these properties will contribute to
improvements in the nanotechnology field. Both the fact that the produced fibers are
in the nano-size and they are produced using a reinforcement material ensures that the
composite fibers have improved properties and can be used in surface applications and

areas where high mechanical properties are required.

Electrospinning is a process that forms nanofibers with the aid of an electrically
charged polymer solution or polymer melt. In this method, the potential difference
between the tip of nozzle and collector provides to form polymer jet. The chain
entanglements in the polymer solution yield the continuous polymer jet formation. The
fibers that produced from the melt polymer cool and dry during the electrospinning
process by the influence of the environment. However, in the fibers produced using

the polymer solution, the solvent evaporates and the fibers are obtained [1].

Electrospinning has been extensively explored in recent years due to its many uses,
such as filtration, optical and chemical sensors, protective clothing, biomedical
applications and nanocomposite production. Many different polymers can be used for
electrospun production. Polyamide-6 (PAG6) is one of these polymers and is widely
used as an engineering plastic due to its superior mechanical properties. In addition,
Halloysite nanotubes (HNTS) have begun to attract interest as polymer additives in
recent years. These materials are natural nanotubes that are harmless, inexpensive and
environmentally friendly for human health. HNTSs, also described as a "green” nano-

material, have been extensively studied in many polymer matrices [2, 3].



In this thesis, it was aimed to optimize the electrospinning process parameters of PA6
nanofibers. In addition, multifunctional properties of PA6/HNTs composite nanofiber
mats were investigated in terms of their thermal, mechanical, flame retardant
properties and degradation under different chemical vapors. Many studies have been
carried out using electrospinning method to produce PA6 nanofibers without additives
[4-6]. On the contrary, there is a lack of research in use of HNTSs as an additive in the
electrospinning, which has superior features and future promise. Both nhanocomposite
production by using electrospinning method and use of HNTs as an additive constitute
the original values of the study. In addition to all these, PA6/HNTSs nanocomposite
produced with the aim of having resistant to chemical degradation with improved
mechanical, thermal and fire retardant properties is the first in this field. Determination
of degradation properties provides information that may be useful for the usage areas

(protective equipment, filtration etc.) and lifetime of nanofiber mats.



CHAPTER 2

BACKGROUND

2.1 Nanofibers

The fibers are one-dimensional structures having a linear, longitudinal extension, and
they can be produced naturally and synthetically. Today, polymeric fibers are used in
many important applications such as filtration, composites production, tissue
engineering, sensors and surface applications [7]. The reduction in fiber diameter
provides many superior properties in many aspects. In filtration applications, lower
fiber diameter increases the specific surface area, which provides the higher filtration
efficiency. In composites, large specific surface area provides the strong interface
between reinforcement and matrix material. In addition, lower diameters lead to
increase in the mechanical properties such as tensile strength and stiffness of fibers.
For these reasons the usage of nanofibers is beneficial in many ways [8, 9].

Nanofiber is a fiber with a nanoscale diameter and it can be produced by several
techniques such as drawing, template synthesis, phase separation, self-assembly and
electrospinning [1]. Electrospinning is the simplest and commonly used of these

techniques.
2.2 Electrospinning

In electrospinning process, electric filed is used to overcome the surface tension of
polymer solutions or melts to produce polymer jet. By using this technique, nanofibers,
nanowires and nanotubes can be produced [8]. Electrospinning process should consist
of a syringe that holds the polymer solution, the high voltage supply and the collector.
Under high voltage, electrospinning process starts with Taylor cone formation from
polymer solution. The jet formed as a result of stretching the polymer solution moves
towards the collector and fiber formation is completed with the evaporation of the
solvent from jet. Breaking up of the polymer jet can be prevented by chain

entanglements [1].



There are many types of polymers such as polyamides, polyurethanes, polycarbonate,
polyethylene oxide, etc. [7] that can be used in the electrospinning process. These
polymers and their composites can be produced directly by electrospinning. Inorganic
materials like carbon nanotubes and ceramics require post-processing after
electrospinning [1].

The schematic representation of electrospinning device is shown in Figure 1. There
exists a collector, high voltage supply, syringe pump and polymer solution as seen in
the figure. Productivity of electrospinning process and nanofiber arrangements
depends on the collector type. This is due to the conductivity of the collector that
affects amount of fibers collected on the collector [10]. Two types of collectors are
used to obtain the nanofibers: plate collector and rotating drums. Aligned fibers can be
obtained using a rotating drum, but this requires a high rotating speeds which also can

cause to change fiber diameter.

In order to understand the electrospinning process and the formation of fibers from the
polymer solution, working parameters are very important. These parameters can be
divided into three; solution parameters, process parameters and ambient parameters.
To produce smooth and continuous fibers, those parameters are optimized and effect

of each parameter can be investigated [11].



Collector | 1

High Voltage
o Supply

Polymer Solution

Syringe Pump

Figure 1. Schematic representation of electrospinning process.

2.2.1 Solution Parameters

The solution parameters affecting the electrospinning process are solution
concentration, viscosity, molecular weight, conductivity and surface tension of

polymer solution.
2.2.1.1 Solution Concentration

The solution concentration is one of the important parameters affecting the production
process and fiber morphology [12]. The electrospinning process requires stretching of
the polymer jet to produce nanofibers. This stretching is significantly affected by the
solution concentration. Due to stretching and surface tension at low concentrations,
entangled polymer chains break into small parts before reaching the collector, resulting
in bead formation [13]. The viscosity increases with increasing solution concentration,
which also increases chain entanglements. At high solution concentrations, these chain

entanglements overcome the surface tension easily and smooth fibers without beads



can be produced. When the concentration of the solution exceeds the value at which
the bead-free fiber can be produced, a needle-tip blocking is observed due to rapid
evaporation of the solvent during production. This may cause the formation of defected
and beaded fibers [13]. If the concentration of the solution is too high, formation of
ribbon shaped fiber is observed.

Zhang et al. [14] stated that at higher polymer concentrations, the polymer chains
become more entangled and thus lose their ability to move, resulting in reduced
stretching during production, and thicker fibers are produced. It is noted that the
ribbon-shaped fiber formation is caused by the rapid evaporation of the solvent during
the process [14, 15].

2.2.1.2 Viscosity

The viscosity of the solution is an important parameter affecting the fiber morphology
and is directly proportional to the solution concentration. As mentioned in the part of
solution concentration, at low viscosities beaded fibers are obtained. As expected,
insufficient viscosities cause to produce fibers with defected structures. The formation
of the beads in the electrospinning process is also explained by the formation of
droplets in order to reduce the surface area in the polymer jet due to insufficient surface
tension. On the contrary, at high viscosities, the axial stretching would be insufficient

due to the high viscoelastic forces, and thick fibers are obtained [17].

According to Heikkild and Harlin [18], solution viscosity is the most important
parameter affecting the diameter of the nanofibers. Beaded and fine fiber formation
was observed at low viscosities, and as the viscosity increased, smooth and thicker
fiber formation was observed. In low viscosities, polymer chains have increased
mobility and lower stability. This causes the polymer jet to overstretch. With
increasing amount of polymer, the mobility of polymer chains is restricted and the jet

stretching is reduced.
2.2.1.3 Molecular Weight

Molecular weight which indicates presence of chain entanglements in the polymer

structure is another parameter that affects fiber structure. If the molecular weight is



reduced at the constant solution concentration, the formation of the beaded fibers, if
increased, the formation of the ribbon-shaped fiber are observed. Sufficient
intermolecular interaction must occur to form smooth and non-beaded fibers. Chain
entanglements and hydrogen bond formation favor the interaction which also improve
the electrospinnability [19]. However, if this interaction is provided by the presence of

an oligomer, the effect of molecular weight should not be considered [12].

Koski et al. [20] reported that the fiber diameter increases with increasing molecular
weight. The cross-sections of the fibers at low molecular weights are circular. As the
solution concentration increases, the diameters of the fibers increase and the formation
of ribbon-shaped fibers is observed instead of circularly shaped fibers. In fibers
produced using low molecular weight polymers, transition from circular cross-section
fibers to ribbon-shaped fibers takes place at higher solution concentrations than those

produced with polymers of high molecular weight.
2.2.1.4 Conductivity

Stretching occurs by repulsing the charges on the surface of the polymer jet. If the
conductivity of the solution is high, the polymer jet will carry more charges, resulting
in more stretching. More stretching causes the formation of fine fibers. In addition,
when the conductivity is too high, instabilities occur, which affects the continuity of
the electrospinning process. On the other hand, if the conductivity of the polymer
solution is zero, no polymer jet can form [1]. The conductivity of the solution can be
adjusted with the polymer type, solution type and salt addition. Adding ionic salts
(NaCl and KH2PQO4) and using organic acids as solvents can increase conductivity [12].

Nirmala et al. [21] produced PA6 nanofibers by electrospinning and investigated the
effects of different solvents on the formation of very fine fibers with a high aspect
ratio. For this purpose, the electrical conductivity values of polymer solutions prepared
with different solvents, including formic acid, were compared. It has been found that
the formation of very thin fibers increases with the increase of the electrical
conductivity of the solution. These interesting structures have potential to be used in
the fields such as filtration, composite production, drug transport and tissue

engineering.



2.2.1.5 Surface Tension

The polymer solution accumulates at the tip of the nozzle due to surface tension.
During the electrospinning process, the electrical forces balance the surface tension
and the polymer droplet is elongated to form Taylor Cone. If this force exceeds the
surface tension, a polymer jet will form and move towards the collector [22]. At low
solution concentrations, solvent molecules tend to form a droplet due to surface
tension. Along with increased solution concentration, solvent and polymer molecules
interact more and reduce the tendency of solvent molecules to form spherical shape
[1]. For this reason, reduced surface tension by changing solvent type at constant

solution concentration prevents the formation of beaded fibers [12].

In a study of Yang et al. [16], the effect of surface tension on fiber morphology was
investigated. Polyvinylpyrrolidone (PVP) fibers were prepared with different solvents
and compared at constant concentration. It has been found that the fibers produced
from solutions with high surface tension and low viscosity are beaded, and the fibers
produced from solutions having low surface tension and high viscosity are bead-free

and smooth.
2.2.2 Process Parameters

The process parameters are important for the electrospinning process that are external
factors affecting the polymer jet. These parameters are voltage, feed rate and tip-

collector distance.
2.2.2.1 Voltage

The crucial factor in the electrospinning process is applied voltage, which must exceed
a certain value in order to be able to form the polymer jet during process. This value
must be large enough to overcome the surface tension and which is different for each
polymer solution. Throughout the electrospinning process, always an excess amount
of polymer solution is accessible in the form of Taylor Cone from which fiber
production can be done. If the applied voltage is higher than threshold value, the

polymer jet is accelerated and more amount of solution turns into fiber. As more of the



solution fed to the nozzle is drawn by the electric force, a smaller and unstable Taylor
Cone forms [23].

In many cases, the high voltage provides a reduction in fiber diameter by increasing
the stretching and accelerating the polymer jet. Another parameter that affects the fiber
diameter is the flight time of the polymer jet. The long flight time provides more time
for the solvent to evaporate, hence thinner fiber formation can be observed. For this
reason, the diameter of the fibers may increase up to a certain voltage value and then
decrease [24]. It is possible to obtain fine fibers with optimum voltage value [1]. The

effects of voltage on polymer jet formation and fiber diameter are shown in Figure 2.
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Figure 2. Effects of voltage on electrospinning and fiber diameter [25].

Uchko et al. [26] reported that the morphology of thin films produced by
electrospinning is dependent on many process parameters including the applied
voltage. As a result of this study, the reduction of the diameter of the fibers was
achieved by increasing the applied voltage. Increasing the electric potential has
increased the electrostatic tension that occurs in the polymer jet. This is shown as the

reason for the faster pulling of fibers. Deitzel et al. [27] investigated the effects of



electrical potential and solution concentration on fiber morphology. It is stated that
electric potential has an effect on bead formation. It has been observed that with
increasing electrical potential, the shape of the surface of the polymer jet changes and
stability decreases which causes bead formation. The concentration of the solution was
found to be the most important parameter affecting the fiber diameter. With increasing
solution concentration fiber diameter increased. This increase was related to the Power
Law. Yordem et al. [28] found that electric potential is a parameter dependent on
solution concentration and tip-to-collector distance. However, it is stated that the
electric potential does not affect the diameter distribution of the nanofibers alone at
high solution concentrations. These results show the interactions of the parameters.

2.2.2.2 Feed Rate

The feed rate should be determined for supplying the required materials to the
electrospinning process. At the specified voltage, the feed rate value, which can
generate an proper Taylor Cone, should be used [1]. Generally, the use of low feed
rate values is preferred in order to provide the necessary time for the polymer solution
to be polarized. If the feed rate is too high, the formation of beaded and thick fibers
are observed. This is because of the increased volume and the lack of time to evaporate
the solvent [12].

Fallahi et al. [29] investigated the effect of feed rate and solution conductivity on fiber
diameter. SEM images were examined to understand the effects of these parameters
on fiber diameter. As a result, the average fiber diameter did not change statistically
with changes in the feed rate. In addition, the fiber diameter increased with increasing

solution conductivity.
2.2.2.3 Tip to Collector Distance

Changing collector distance values directly affect the flight time and stretching
magnitude. In order to produce uniform fibers, the time required for the solvent to
evaporate from the polymer jet must be provided. When the tip-to-collector distance
is reduced, the time spent for the polymer jet to reach the collector will be shortened.
In addition, the electric field strength will increase as it is inversely proportional to the

distance which will accelerate the polymer jet. As a result, there will not be enough
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time to evaporate the solvent and high voltage will cause jet instabilities. For this
reason, the fiber diameter decreases with increasing distance. However, stretching will
decrease and fiber diameter will increase because the increased distance will cause the
applied field strength to decrease. Even if the distance is too large, fiber formation will
not be observed due to the insufficient stretching. Therefore, the smoothest and finest

fibers can be produced at the optimized distance [1, 11].

Wang et al. [30] investigated the effect of collection distance on poly(phenylene
vinylene) (PPV) fiber morphology. As a result of this study, bead formation was
observed at low tip-to-collector distance values. In addition, very fine fiber formation
was detected at high collection distance values. The reason for this is that sufficient
time is provided for the evaporation of the solvent. In another study, Hekmati et al.
[31] also investigated the effect of tip-to-collector distance on PAG fiber morphology.
Time for complete evaporation of the solvent is arranged by the collection distance.
For this reason, 5, 10, 15 and 20 cm collection distance values were tried by keeping
the other process parameters constant. It has been found that the fiber diameter
increases considerably as the collection distance decreases. The decreasing collection
distance, however, leads to an increase in the polydispersity of the average fiber
diameters. The increase in fiber diameter with decreasing collecting distance is
explained by the shortening of the bending time of the polymer jet from the needle tip.
With increasing collecting distance, the polymer jet can be further twisted and the fiber
diameter is reduced.

2.2.3 Ambient Parameters

The morphology of the nanofibers is known to be influenced by the ambient
conditions, and these conditions are temperature and relative humidity. In a study,
nanofibers were produced at 25, 50 and 75°C polymer solution temperatures to
investigate the effect of temperature on morphology. When the results were analyzed,
flat fiber formation was observed at 50 and 75°C. According to Koombhongse [15],
during production polymer skin is formed and skin collapse under the influence of
atmospheric pressure and solvent evaporation from the inside of fiber. High
temperatures trigger skin formation and consequently ribbon-like fibers are formed
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[32]. In another study, Poly(vinylidene fluoride) (PVVDF) nanofibers were produced at
different ambient temperatures. Only polymer drops were formed at low temperature
(5°C). At low temperatures, the surface tension was increased and the voltage was not
sufficient to overcome this value. As a result, bead formation was observed.
Nanofibers were successfully produced at 15 °C. At 45°C, the formation of small beads
was observed and this was explained by instable polymer jet at high temperatures. In
addition, the average fiber diameter decreased with increasing ambient temperature
[33].

In a study by Schoenmaker et al. [34], the effect of relative humidity on varying
polymer concentration were investigated. Polyamide 4,6 (PA 4,6) and Polyamide 6,9
(PA 6,9) polymers were used for this purpose. It was observed that the different
relative humidity values affected the structure of PA 4,6 more. This led to the
conclusion that the affinity for water was higher in PA 4,6. At varying PA
concentrations, fiber diameter decreased with increasing relative humidity. When
water molecules are absorbed by the polymer jet, they act as plasticizers and cause
thinning of the polymer jet.

2.3 Composite Nanofibers

Nanocomposites are one of the attracted research topics due to their improved
mechanical property, dimensional stability, thermal stability and conductivity. They
generally consist of two or more different compounds. At least one of these
components must be nano-sized. Electrospinning process is widely used to produce
polymer composite fibers. Since these nanocomposites possess both the advantages of
the fibrous structure and composite, they are used in many applications [1, 35]. Figure
3 shows the application areas of the composite nanofibers that are currently used and

predicted.
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Figure 3. Applications of electrospun nanocomposites [35].

In addition to all the parametric studies about the fiber production mentioned above,
studies on nanocomposite production by electrospinning method are also included in
the literature. In a study conducted by Li et al. [36], the organically-modified
montmorillonite (O-MMT)-added PA6 nanofibers were produced by the
electrospinning method. The diameters of the fibers were found to be around 100 nm.
The solution viscosity and morphology of the fibers changed after the addition of O-
MMT. Characterization with Transmission Electron Microscopy (TEM) showed that
the O-MMT separated into layers were oriented in the direction of the fiber axis.
According to the results of mechanical characterization, the elastic modulus and tensile
strength were increased by 70% and 30%, respectively, compared to the neat PA6
nanofibers. Jose et al. [37] successfully produced PA6 nanofibers with surface
modified multi-walled carbon nanotubes (MWCNT). Characterization through
Scanning Electron Microscope (SEM) showed that as the amount of MWCNT
increased, the fiber diameter decreased. In addition, it has been found that mechanical
properties increased as the amount of MWCNT increased. This is explained by the
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strengthening of the polymer matrix by orienting the MWCNTSs which have superior

mechanical properties in the fiber.

There are a few studies in the literature on nanocomposite fibers produced using HNTSs
as additive material. Tao et al. [38] prepared polyglycolic acid (PGA)/HNTSs
composites by electrospinning method. It was found that HNTSs significantly improves
the mechanical properties of fibers. Zhilin et al. [39] produced
poly(methylmethacrylate) (PMMA)/HNTs composite nanofiber prepared through
electrospinning technique with improved mechanical properties. The diameter of the
composite nanofibers was determined to be about 800 nm, and the fiber diameters were
slightly changed with increasing HNTs content. The Fourier Transform Infrared
Spectrophotometer (FTIR) results show that the spectra of the PMMA/HNTS
composite nanofibers were similar and there is no difference compared to the neat
PMMA nanofibers. In this work, it was demonstrated that the HNTs in the PMMA
matrix were homogeneous and well dispersed. According to the results of differential
scanning calorimetry (DSC) analysis, the glass transition temperature increased with
the increasing amount of HNTSs, which indicated thermal property of the produced

nanocomposites improved with the addition of HNTSs.

Xue et al. [40] investigated the properties of HNTs-added polycaprolactam (PCL)
microfiber membranes and developed antibacterial properties with a sustained drug
release profile of more than three weeks. The PCL ratio was selected as 6% by weight.
The solution was dissolved in trifluoroethane, and the tip-to-collector distance was 20
cm, and voltage was 12 kV. Surface of HNTs was modified with (3-
aminopropyl)triethoxysilane (APTES) silane coupling agent. It was observed that
morphology of the fibers was not changed by incorporating HNTSs to the structure.
TEM analysis showed that the homogeneous distribution of HNTSs in the fibers was
achieved with the surface modification. Samples which were parallel and
perpendicular to the collector rotation direction were cut from the produced
membranes for mechanical test. They were wetted with deionized water to obtain
similar conditions with usage area of wet state membranes. When the results were
compared, the samples cut which were parallel to the collector rotation direction had

atensile strength twice greater than the other samples. Among the prepared specimens,
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the highest mechanical test results were obtained as the tensile strength of 16 + 0.9
MPa and the elongation values of 85.4 £ 13.3% for the specimens prepared with the
addition of 5 wt.% HNTSs. Mechanical properties decreased with increasing amount of
HNTSs.

In a study conducted by Wang et al. [41], it was aimed to develop and analyze the
multifunctional properties of films produced by electrospinning method. The
properties to be investigated were controlled drug delivery in wound healing and
inhibition of bacterial growth. As a result of this study, biocompatible
polycaprolactone and chitosan hybrid electrospun fibers were produced and it was
concluded that the fibers could be successfully used in drug delivery and bacterial
growth inhibition. In another study conducted by Moon and Lee [42], poly(ethylene
oxide) (PEO)/hydrated iron oxide (HIO)/sodium alginate (SA) composite nanofibers
were produced by electrospinning method and it was aimed to develop multifunctional
properties. As a result of the study, nanofibers with antibacterial and good mechanical
(31.6 £ 0.4 MPa tensile strength) properties were produced. It has been emphasized
that these nanofibers are suitable for use in the fields such as biomedical, food,
environmental, protective equipment, composite industries etc. due to their

multifunctional properties.
2.4 Degradation Properties of Nanofibers

Degradation properties of plastics under certain conditions is one of the important
research topics that causes a change in the physical and chemical structure of the
polymers. Changes in polymer structure under heat, light, air and chemical
environments is important for industries such as medicine, textile, membrane
separation and food packaging [43]. In order to reduce the effects of these aggressive
environments and to improve the mechanical properties, nanocomposite materials can
be used [44].

There are studies in the literature which investigate the degradation properties of
polyamides and polyamide composite materials. Boulton and Jackson [45] reported
that polyamide was degraded when exposed to sulfuric acid, ultraviolet light and

sunlight. Viscosity measurement and tensile tests were carried out after the chemical
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degradation and at the end of these measurements; a small decrease in viscosity and a
reduction of 50% in tensile strength were observed. Shelley et al. [46] investigated the
effects of clay addition to the PA6 matrix. Tensile test, infrared spectroscopy, dynamic
mechanical analysis and chemical degradation test with a harmful gas (NOx) were used
for the characterization. As a result of the study, an improvement of 200% in tensile
modulus and 175% in tensile strength was obtained with the 5% clay addition.
Reduction of tensile modulus and strength was observed after the samples were

exposed to NOx gas.

Abastari et al. [47] investigated the permeability properties of PA66 in sulfuric acid
solution and the relationship between permeability and chemical degradation for
polymeric materials. Permeability, diffusion and chemical degradation tests were
applied to the samples in the different concentrations of sulfuric acid solutions. A
mathematical relationship was established between diffusion rate and molecular
weight as a result of the change in weight average molecular weight. Makaremi et al.
[48] used HNTs as a reinforcing material to improve the mechanical properties,
thermal resistance and water filtration performance of electrospun polyacrylonitrile
(PAN) nanofiber membranes. When the mechanical properties of HNTs-loaded
specimens were investigated, improvement in tensile strength and elongation were
found. In addition, significant improvements have been observed in thermal properties.
The PAN/HNTs membranes were tested for their water filtration capability. The
hollow structure of HNTSs increased the surface area of the membrane, and increase in
HNTSs concentration increased the water permeability, which indicated that HNTs-
loaded nanofibers were suitable for use in water filtration technologies. Ghanbari et al.
[49] applied filtration tests on HNTs-loaded polysulfone nanocomposite membranes.
In their study, the hydrophilic nature of HNTSs increased water permeability and
facilitated the enterance of water through the membrane. Furthermore, it was reported
that the hollow structure of HNTs allowed water molecules to penetrate into the nano-

structure.

Gongcalves et al. [50] examined the degradation mechanism of pressed PA66 films. For
this reason, prepared films were immersed in water at temperatures ranging from 25-

90° C and degradation was characterized by FTIR and solid-state NMR spectroscopy.
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As a result of the degradation, molecular oxygen and radical intermediates were
formed, and degradation proceeded by imide formation. It has been stated that PA66
degradation in water is thermo-oxidative and this process is facilitated by an increase

in flexibility of the polymer matrix through interaction with water.
2.4.1 Diffusion Theory in Polymers

Solvent absorption rates of polymers and nanocomposites can be shown by calculating
the diffusion coefficient. The Fick’s second law of diffusion (Equation 2.1) explains
the accumulation of the solvent in the sample depending on the time and the diffusion
coefficient (D).

oC 0 (D 8C) 2.1)

Equation 2.1 shows the one-dimensional (x-direction) concentration change as a
function of time. After mathematical treatments of kinetic data, diffusion coefficient
is obtained. Crank (1975) developed a solution for diffusion coefficient and Equation
2.2 is obtained [51].
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In Equation 2.2, C; is concentration at time t, C is equilibrium concentration and 2l is
the film thickness. Integrating Equation 2.2 gives Equation 2.3, where M; is percent

weight change (%) at time t and M. is percent weight change (%) at equilibrium.
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Equation 2.3 can be rearranged for short times and gives Equation 2.4.
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When M¢/M. is drawn with respect to t?, slope of the graph gives the diffusion
coefficient. The ratio of M/M.. should be lower than 0.5 for linear relationship with
time [44, 52].

Diffusion constant calculation can be made by using the results of chemical
degradation experiments. In this direction, Preda et al. [53] studied the diffusion
mechanisms of water vapor in polyamide 6,6 (PA66) and polyamide 6,10 polymers.
In the study, it was observed that the water vapor did not follow the Fick’s Law of the
diffusion into polyamide 6,10, while the polyamide 6,6 had a mass transfer mechanism
that conformed to the Fick's Law. In the work of Abacha et al.[44], the organoclay
material (montmorillonite) was added to PA6 by melt mixing method and the diffusion
of water vapor in the nanocomposite material at different temperatures was
investigated. In addition, influence of water held by PA6 on the size, mechanical, and
surface properties were investigated. As a result of the study, diffusion coefficient with
organoclay addition decreased. The weight change increased with the amount of
organoclay but did not exceed the weight change of the neat PA6. Also, organoclays
were well dispersed in PA6 matrix and therefore higher mechanical properties were
obtained with the addition of organoclay. However, mechanical properties were
decreased significantly with water interaction. It was stated that the water held in the
structure acted as a plasticizer and reduced the glass transition temperature, tensile

modulus and yield stress of the material.
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2.5 The Scope of the Thesis

Electrospinning is an efficient method in production of nanofiber mats when compared
with other nanofiber fabrication processes. Nanofibers produced using this method
have excellent properties such as high ratio of surface area/volume, high porosity, and

superior mechanical properties.

PAG is an engineering thermoplastic which has a high fiber forming ability with good
mechanical properties. HNTSs are very attractive natural nanomaterials, which can be
used to prepare nanocomposites with high performance and they are inexpensive

compared to other nanofillers such as carbon nanotubes (CNTS).

As a result of the literature survey, it is seen that there is a research gap in the use of
HNTs and PA6 together as component of composite nanofibers prepared through
electrospinning method. It is thought that the PA6/HNTs composite nanofibers is an
exciting area for research purposes due to great application potential of HNTs and
improved properties of PAG. In addition, the ability to dissolve PAG in formic acid or
a mixture of formic acid and acetic acid for use in the electrospinning process is
advantageous compared to other solvents which are much more harmful to

environment.

In this thesis, a comprehensive optimization study covering the production of neat PA6
fibers was performed and the effect of process parameters on the nanofiber structure
was investigated. HNTs-added PA6 composite nanofibers were then produced and
characterized in terms of morphology, mechanical, thermal, flame retardant and
degradation properties. The degradation behaviour of the composite nanofiber mats,
which is another original part of the study, was also investigated under four different
chemical vapors, namely HCI, acetone, toluene and water. Results of the degradation
tests for the fibers can give information about the usage areas and their lifetimes. In
addition to these, the flame retardant property of some selected nanofiber mats were
determined through LOI test which is not available in literature for PA6 electrospun

mat according to the best of our knowledge.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials
3.1.1 Polyamide-6 (PA6)

Commercial grade Polyamide, PA6 (Tecomid NB40) was supplied by Eurotec

Engineering Plastics. The specifications for the material are given in Table 1.

Table 1. The properties of PA6 [54].

Properties Value
Density (g/cm?®) 1.13
Melting Temperature (°C) 223
Processing Temperature (°C) 240-260
Color Natural
Moisture Absorption (%) (50% RH, 23 °C) 3

3.1.2 Halloysite Nanotubes (HNTS)

Halloysite Nanotubes (HNTSs) with Al2Si>Os(OH)4.2H20 formulation was purchased
from Sigma-Aldrich (685445) and used as reinforcement. The physical properties of
HNTs are given in Table 2.

Table 2. Physical properties of HNTs [55].

Property Value
Average Diameter (nm) 30-70
Length (pum) 1-3
Surface Area (m?/g) 64
Color White
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3.1.3 Solvents and Other Chemicals

Formic acid (Sigma-Aldrich) with 98-100% purity and acetic acid (Riedel-de Haen)
with 100% purity were used as solvents in the electrospinning process. There is almost
no water in the solvents used. (3-aminopropyl)triethoxysilane (APTES) 99% (Sigma-
Aldrich) was used in surface modification of HNTs due to compatibility with the
polymer and HNTs. Hydrochloric acid (fuming 37%, Merck), acetone (Merck),
toluene (Merck) and deionized water were used for the chemical degradation tests.

3.2 Experimental Procedure
3.2.1 Preparation of Polymer Solution

PAG is a polar polymer according to its chemical structure and can easily absorb
moisture from environment. It is therefore necessary to dry the material as specified in
the technical data sheet (at least 2 hours at 80°C) [54]. To provide polymer granules
with the same conditions and to make them ready to use, the granules were dried at 80
°C under vacuum until there was no change in weight. The dried polymer granules
were dissolved in the solvent such that the solution concentration was 15% by weight.
Mixture of formic acid and acetic acid (4:1 volume) was used as solvent. To obtain a
homogeneous mixture, the prepared solution was mixed with magnetic stirrer (Velp
Scientifica, Arex heating magnetic) for 4 hours at 50°C. After obtaining the

homogeneous solution, the mixture was cooled to room temperature.
3.2.2 Surface Modification of Halloysite Nanotubes

HNTs were dried under vacuum at 110°C until the weight change was not observed.
200 g of 80 vol.% ethanol-water mixture was prepared as a solvent. The pH of the
mixture was adjusted to 3.25 by adding small amount of acetic acid. The mixture was
placed in an ultrasonic bath where its temperature was kept constant at 70°C. APTES
was used as silane coupling agent and added as 1 wt.% of the mixture. Mechanical and
ultrasonic mixing was applied for 30 minutes in order to completely hydrolyze the
alkoxy groups. After adding 5 grams of dried HNTs, mechanical and ultrasonic mixing
was continued for 4 hours. The mixture was then filtered through a Buchner funnel

and filter paper, the modified HNTs were washed with a 300 mL 80 vol.% ethanol-
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water mixture and the dried at 110 °C for 3 hours under vacuum. The schematic
representation of the procedure is given in Figure 4. After modification, FTIR analyses
were performed to understand the differences between unmodified and modified
HNTSs and results are given in Appendix A [56].

| Aok

........ 2

200 g of The pH was The silane Mixture was 5gof HNTs Washing and
80vol.%  adjusted to 3.25 coupling agent stirred at 70 °C were added and filtering
ethanol-water by adding was added. for 30 min. stirred at 70 °C processes
mixture was acetic acid. for 4 hours. were applied.
weighed.

Figure 4. Experimental procedure of surface modification of HNTSs.

3.2.3 Preparation of Composite Solution

In order to prepare the composite solution, first the amount of solvent to be used was
determined. Two equations were then formulated and solved together to determine the
desired PA6 concentration and HNTs content of 1, 2, 4, 6 and 8% relative to the

amount of PA6. The equations are given below.

. _ Mpae
PA6 Concentration (wt.%)=

x100 3.1
msolvent+mp A6 TmyNTs ( )

m
HNTs Concentration (wt.%)= — T %100 (3.2)

Mp e TMYHNTS

Firstly, HNTs with the determined amount were added to FA and AA mixture to obtain
1, 2,4, 6 and 8 wt.% composites. Then this suspension was sonicated using a Bandelin
Sonorex RK 100 sonicator for 30 minutes in order to get better dispersion. The PA6

pellets were added and mixed with magnetic stirrer for 4 hours to obtain a
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homogeneous mixture. For each additive amount, two sets of experiments were carried
out, which included unmodified and modified HNTs. The schematic representation of

the procedure is given in Figure 5.

=S
¢
HNTSs were added Suspension was sonicated PAG pellets Mixture Wa? mi?(Ed
to FA+AA for 30 minutes. were added. with magnetic stirrer
mixture. for 4 hours.

Figure 5. Experimental procedure for the preparation of composite solution.

3.1.1 Electrospinning Process

Electrospinning was performed using an Inovenso Ne 300 electrospinning equipment
(see Figure 6) which is a multi-needle laboratory scale device capable of nanofiber
production and homogeneous nanofiber coating on the cylinder or plate surfaces.
Technical information of the device is given in Table 3. All the experimental
parameters of the polymer and the composite production are given in Table 4. The
experiments for the optimization purposes were performed at room temperature (23 +

2°C) and relative humidity (45 + 10%) in the laboratory conditions.
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Figure 6. Inovenso Ne 300 electrospinning device.

Table 3. Technical information of the Inovenso Ne 300 electrospinning device [57].

Property Value

Voltage range (kV) 0-40
Feed rate range (mL/h) 0.01-1000
Needle diameter (mm) 0.8

Collector Types Rotating cylinder or constant plate

Cylinder Dimensions 100 mm x 220 mm

(diameter x length)

Material of collector Aluminum

The parameters optimized in this study are voltage, feed rate and tip-to-collector
distance. The limits of each parameter in the device, which are 0-40 kV for the voltage,
0.01-1000 mL/h for the feed rate and 45-245 mm for the tip-to-collector distance were

taken into account when optimizing these parameters.
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Table 4. Parameters of the electrospinning process.

Variables Fixed Parameters
Solution Concentration 10, 15, 20, 30 30 kV, 0.3 mL/h, 10 cm, FA
(wt.%)
Solvent Type (FA+AA; 4/1)

Solution Concentration 30kV, 0.3 mL/h, 10 cm

0,
(Wt. %) 10, 15, 20, 30 wt.%

15 wt.%, 0.3 mL/h, 10 cm,

Applied Voltage (kV) 15, 20, 25, 30, 35, 40 FA+AA, 200 rpm

01,02 025 03, 15 Wt.%, 30 kv, 10 cm,
Feed Rate (mL/h) 0.33,0.35, 0.4 FA+AA, 200 rpm
1in-tn- 0,
Tip-to-Collector 579,10 12, 15 15 wt.%, 30 kV, 0.33 mL/h,

Distance (cm) FA+AA, 200 rpm

HNTSs Concentration 1,2, 4,6,8un-HNTs 15 wt.%, 30 kV, 0.30 mL/h,
(wt.%) 1,2,4,6,8 m-HNTs 10 cm, FA+AA, 200 rpm

3.3 Characterization Methods
3.3.1 Viscosity Measurement

The viscosities of the polymer solutions prepared for electrospinning were measured
with a CANNON 2020 rotational viscometer. 100 mL solutions were prepared for each
concentration (10, 15, 20 and 30 wt.% PAG6) and viscosities were measured using the

a spindle. During the measurements, torque (%) values were read between 10 and 100.
3.3.2 Scanning Electron Microscopy (SEM) Analysis

A QUANTA 400 F Field Emission high resolution Scanning Electron Microscope in
METU Central Laboratory was used to determine the morphology of the produced
nanofibers. The nanofibers collected on the aluminum foil were cut in 1x1 cm?
dimensions and were adhered to the carbon band. The samples were coated with gold-
palladium alloy to provide conductivity. The average diameters of the fibers were
measured with ImageJ2 (Fiji) (NIH, USA) software. For each sample, diameters of

100 nanofibers were measured and the distribution plots were drawn.
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3.3.3 Transmission Electron Microscopy (TEM) Analysis

A FEI brand Tecnai G2 Spirit Biotwin high contrast Transmission Electron
Microscope (CTEM) in METU Central Laboratory was used at an acceleration voltage
of 120 kV. To prepare the samples, 400 mesh cooper grid was placed onto the collector
as target. Electrospinning was performed for 2-3 seconds. For the samples exposed to
chemical vapors, the nanofiber mats were embedded into EPON 812 (epoxy resin) and
polymerized at 60 °C for 30 hours in the bar shape mould. First bar-shaped block was
cut to receive the section which was placed in the block holder. Secondly, block holder
was placed in the microtome device (model, marka). The surface of the sample was
smoothed with the help of a glass knife. Finally, the desired section was cut with
diamond blade (Struers Accutom 50) floated on water pool and placed on carbon

coated grids.
3.3.4 Fourier Transformed Infrared (FTIR) Spectroscopy

A Perkin Elmer FTIR-ATR instrument was used to determine the changes in structure
of the nanofibers after chemical vapor exposure, in the range of 500-4000 cm™

wavenumbers.
3.3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analyses (TGA) were performed with a Shimadzu DTG-60
instrument. Neat and composite nanofiber samples were heated from 25°C to 800°C
at 10°C/min under N2 flow (500 ml/min).

3.3.6 Differential Scanning Calorimetry (DSC) Analysis

Differential scanning calorimetry (DSC) analysis of the produced nanofibers was
carried out from 25°C to 300°C with a 10°C/min heating rate under N2 atmosphere
using a Shimadzu DSC-60A differential scanning calorimeter. Approximately 5 mg of
samples were bent into a standard DSC aluminum pans and results were analyzed after
first run. The degree of crystallinity values were calculated with using the Equation
3.3.
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AHP
X.=—=x100 (3.3)
AH;
where X is degree of crystallinity (%), AHP is heat of fusion (J/g), AH; is heat of

fusion for 100% crystalline polymer (190.6 J/g for PAG [58]).
3.3.7 Tensile Test

The tensile test to determine the mechanical properties was performed on a Shimadzu
Autograph AG-IS 100kN universal tensile test machine. Figure 4 shows a photograph
of the tensile testing device.

Figure 7. Shimadzu Autograph AG-IS 100kN universal tensile test machine.

Tensile tests for the fiber mats were made in accordance with ASTM D882-02
standard. The mat had the length of 50 mm, the gauge length of 30 mm, the width of
10 mm and the thickness of 40-100 pum. The thicknesses of the samples were measured
with a micrometer (Micromar Micrometer 40 EWR) with a resolution of 0.0001 mm.
The crosshead speed was set to 15 mm/min according to the size of the sample which

is specified in the standard. For each additive concentration, five measurements were
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made and the results were reported by taking the average and standard deviations of
these results. In order to remove the samples collected on the aluminum foil without
damaging, sample sizes were drawn on A4 paper first. Then a 10x10 mm? double-
sided tape was affixed to clamped points of the sample. The other side of the double-
sided tape was then affixed to the sample. After this step, the sample and the pasted
paper were cut together and the aluminum foil was carefully peeled off. Sample

preparation method and samples prepared using this technique are shown in Figure 8.

Figure 8. Specimen dimensions and the shape of the tensile test specimens.

3.3.8 Limiting Oxygen Index Test

Limiting oxygen index test for the nanofiber mat of the study was performed according
to ASTM D2863-06a standard. Several attempts have been made to select the suitable
type in the standard for thin films. Firstly, type VI (self-supporting when rolled) was
tried for thin films. For this, a stainless steel rod with 20 cm length and 2 mm diameter
was used. Nanofiber mats were wrapped around the bar at a 45° angle as specified in
the standard. The release paper was used to separate the mat from the bar without
damage. As a result of these experiments, it has been found that the nanofiber mats are

not self-supporting.

As an alternative to this method, specimens were produced in sizes of 40 mm width,
140 mm length which was the same as the frame of the LOI equipment. Due to the
large width of the samples, the path of the flame was not vertical through the length of
the sample as required. In order to solve this problem, a frame with a width of 10 mm

shown in Figure 9 was used. The specimens with 60 mm length and 10 mm width were
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cut to fit the prepared frame and the first 50 mm sections were marked. The LOI value
required for complete burning of 50 mm of these samples was reported to be the LOI
value. LOI samples were taken from the middle part of the produced mats where
dimensional homogeneity is expected to be maximum to minimize the effect of
thickness differences. In addition, samples with the same geometry as the electrospun
mat were produced using a twin-screw extruder (Thermoprism TSE-16-TC (L/D=24))
and a compression molding machine. After the extrusion, the 3 grams of the sample
was preheated for 5 minutes at 270 °C in an aluminum foil with dimensions of 22x22
cm? in the compression molding device. It was held at the same temperature for 4
minutes under 200 bar pressure. These films were cut in the dimensions specified
above for the LOI test (60x10 cm).

Figure 9. Frame with a width of 1 cm and test setup for the LOI test.

3.3.9 Degradation of Electrospun Mats under Chemical VVapors

After optimization studies (solution concentration, solvent type, HNTs additive
amount, voltage, feed rate and distance optimization), neat, 1 and 8 wt.% m-HNTs
containing nanofiber mats were selected in order to expose them to hydrochloric acid,
acetone, toluene and water vapors. These experiments were performed on ten
specimens for each sample. Water and toluene were used in pure form, acetone in 50%
by volume and hydrochloric acid in 10% by weight of aqueous mixture.
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In order to perform the chemical vapor degradation test, desiccators with 24 cm
diameter were filled with 900 mL different chemicals which were mentioned above.
Before the produced nanofibers were put into the desiccators, they were weighed using
a Precisa XB 220A with a precision of 0.0001 grams scale. The sample holder in the
desiccator was designed so that the samples were not in contact with any liquid solvent
while being hanged up to 15 cm above via clips. The first setup can be seen in Figure
10(a) and (b). The specimens were weighed routinely at pre-determined time intervals.
To prevent any solvent loss from the desiccator due to vaporization during the
weighing operation, the solvent was always kept at 900 mL by the addition of the lost
solvent. In the first two weeks of the experiment, three weights a day was done, but
later this procedure was dropped down to a single weight measurement per day. In
order to keep the temperature in the desiccator constant at 25°C, air conditioner was
used throughout the experiment. The closet where desiccators were kept was insulated
with glass wool covered with aluminum sheets. During the experiments, temperature
and humidity values in the desiccators were maintained via manual hygrometers and

monitored via digital hygrometer at 25 °C and 90 %, respectively.

The usage of the experimental setup was terminated after a month due to the fast
oxidation rate of the clips under HCI acid vapor. On the other hand, the complications
were not observed for toluene, acetone and water vapor and the measurements were

continued for two months.

With the purpose of the preventing any problem due to oxidation, the experiments was
repeated with a new setup in which no clips were used and sample holder was made
out of glass grid. The redesigned experimental setup can be seen in Figure 10(c). In
the experiment with new setup, weighing was done every half an hour for the first 4
hours then it was done hourly in the first day. After the weight change was observed
to be reduced, the weight measurements were done regularly with 3 hours intervals in

a day. The measurements were completed after 7 days.
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Figure 10. (a) Sample holder of the old setup (b) desiccator where the experiments are

carried out with the first setup (c) new setup with glass grid.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Parameter Study of Electrospinning

The main parameters used in electrospinning process are solution concentration,
solvent type, voltage, feed rate and the tip-to-collector distance. In order to produce
smooth, continuous and non-beaded nanofibers, these parameters have to be
optimized. In the preliminary experiments, many attempts have been made to learn the
electrospinning process and to produce a smooth nanofiber. After these experiments,

parametric studies were performed.
4.1.1 Solution Concentration Optimization

In solution concentration optimization, different concentration values were tried by
keeping the voltage, feed rate and the tip-to-collector distance values constant. 10, 15,
20 and 30 wt.% PAG solutions were prepared in order to determine the limits of the
electrospinning process. 30 kV voltage, 0.3 mL/h feed rate and 10 cm tip-to-collector
distance values were chosen to produce nanofiber. Only formic acid was used as

solvent during these experiments.

The viscosity measurement was conducted to characterize the prepared solutions. The
results of 10, 15 and 20 wt.% polymer solutions are given in Table 5. The viscosity of
30 wt.% of the solution was not measured because the viscosity was outside the
measurement limits of the device. When the results are analyzed, it is observed that
viscosity increases with increasing polymer concentration as expected [17, 59].
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Table 5. Viscosity results of 10, 15 and 20 wt.% polymer solutions.

Sample Viscosity (cP)
10 wt.% 195
15 wt.% 480
20 wt.% 640

Polymer jet formed at the tip of the needle during the production of 10 wt.% of solution
exhibited an unstable behavior, and this behavior led to the formation of more than
one polymer jet. During the production of the 30 and 20 wt.% solutions, the fiber
production were not continuous and the solvent at the needle tip accumulated and the
tip was blocked due to the rapid evaporation of the solvent used. In the 15 wt. %
solution, Taylor cone was properly formed, but the electrospinning process did not

reach steady-state.

SEM analysis is used to understand the fiber morphology and average fiber diameter.
SEM micrographs of 10, 15, 20 and 30 wt.% concentrations are given at 20,000
magnification in Figure 11 (a), (b), (c) and (d).

Figure 11 (a) shows SEM micrographs of nanofibers produced with 10 wt.%
concentration. At this concentration it was determined that fiber diameters were
between 50 and 100 nm and beaded fibers were formed. The formation of fine and
beaded fibers can be explained as a result of the increased ability of the polymer chains
to move at low concentrations and thus to higher stretching of the polymer jet [18].
Figure 11 (b) shows SEM micrographs of nanofibers produced with 15 wt.%
concentration. Fiber diameters were increased compared to the 10 wt.% solution
concentration and non-beaded fiber formation was observed. Figures 11 (c) and (d)
show the SEM micrographs of 20 and 30 wt.% solution concentrations respectively.
There is significant increase in fiber diameters produced with 30 wt.% concentration.
The formation of thicker fibers can be explained by the more chain entanglements,
which caused the less chain mobility. The reduction in chain mobility results in less
stretching of the polymer jet. Thus thicker fibers were formed [14].
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In addition, formation of ribbon-shaped fibers was observed at high concentrations (20
and 30 wt.%). Due to the fast evaporation of the scarce solvent, a skin was formed on
the surface of the polymer jet. This skin causes to form hollow fiber [60]. Atmospheric
pressure and cohesive forces lead to collapse these hollow fibers during solvent
evaporation [61]. As a result, ribbon-shaped fibers were formed [36].

— L,’.;}'W = Average Diameter: 170454 nm

Average Diameter: 433+86 nm

Figure 11. SEM micrograph of the fibers produced with (a) 10, (b) 15, (c¢) 20, (d) 30
wt.% PAG solutions.

Figure 12 shows the cumulative frequency of fiber diameters of nanofibers produced
with different solution concentrations. Fiber diameters significantly increased with
increasing solution concentration. Narrower distributed fiber diameter was observed
at lower solution concentrations. Moreover, 30 wt.% PAG6 solution concentration
yielded larger spread of diameter than the other concentrations.
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Figure 12. Cumulative frequency of fiber diameters of the nanofibers produced with

different solution concentrations.

4.1.2 Solvent Type and Concentration Optimization

After the concentration optimization, electrospinning equipment was learned and
different solution concentrations which could be used in the production of nanofibers
were tried. As a result of these experiments, it was concluded that the solution
concentration is an important parameter affecting the fiber morphology. The results
obtained at this stage were considered and evaluated in the other parameter

optimizations.

The correct solvent mixture must be used in order to obtain steady-state
electrospinning process [59]. To obtain stable Taylor cone, formic acid (FA) and acetic
acid (AA) (4:1) solution mixture was used. PA6 nanofibers were produced by
changing the solvent type were characterized by SEM, and SEM micrographs are
given in Figures 13 (a), (b), (c) and (d). SEM photographs showed that the fiber
diameters increased significantly with increasing solution concentration as explained
in solution concentration optimization. In addition, according to observations made
during the experiments, using a mixture of formic acid and acetic acid as solvent
provided a steady-state electrospinning process. FA has high dielectric constant, which

cause increase in polarity, and increased polarity causes the Taylor cone to become

36



unstable. Addition of AA, that has lower dielectric constant provided to form stable
Taylor cone. Moreover, surface tension of polymer solution decreases with the
addition of AA. The reduced surface tension ensures stable Taylor cone formation at
low polymer concentrations [59]. When selecting the acetic acid ratio, it has been taken
into account that acetic acid does not dissolve PA6. In summary, using a mixture of
formic acid and acetic acid (4/1) as a solvent facilitates the process to achieve steady
state electrospinning. The optimum solution concentration for HNT addition was
selected as 15 wt.% PAG in FA and AA mixture because the finest fibers could be

produced continuously in this concentration.

Average Diameter: 37269 nm

Figure 13. SEM micrograph of the fibers produced with (a) 10, (b) 15, (c) 20, (d) 30
wt.% PAG solutions in FA and AA solvent mixture.
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Figure 14 shows the cumulative frequency of fiber diameters of nanofibers produced
with different solution concentrations in FA and AA solvent mixture. Fiber diameters
again significantly increased with increasing solution concentration. Higher solution

concentration led to less uniform fibers and broader distribution of their diameters.
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Figure 14. Cumulative frequency of fiber diameters of the nanofibers produced with
different solution concentrations (FA and AA solvent mixture).

Optimization studies on both the solution concentration and the solvent type and
optimization experiments resulted in very fine fibers formed around the main fibers.
Examples of these fibers are shown in Figure 15. These can occur due to the solvent
used in the electrospinning process. Formic acid is a highly polar solvent and causes
partial ionization of amide groups of PAG6. This results in increased conductivity and

very fine fiber formation [62].
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Figure 15. (a) SEM micrograph of fibers produced with 20 wt.% PAG6 solution (FA);
(b) SEM micrograph of the fibers produced with 20 wt.% PAG6 solution (FA and AA

mixture).

4.1.3 Voltage Optimization

After the appropriate solution and solvent concentration values were determined, the
voltage value was optimized. In the voltage optimization, all the other parameters (15
wt.% solution concentration, 0.3 mL/h feed rate and 10 cm distance) were kept
constant and 15, 20, 25, 30, 35 and 40 kV values were tried. In addition to SEM
analysis that is used in the solution parameter optimizations (solution concentration
and solvent type), TGA, DSC analyses and tensile tests were applied to the samples to
understand the effects of process parameters such as voltage, feed rate, tip-to-collector

distance on thermal and mechanical properties.
4.1.3.1 Scanning Electron Microscopy (SEM) Analysis

SEM micrographs are shown in Figure 16 for nanofibers produced using voltage
values of 25, 30, 35 and 40 kV. In voltage optimization, the limits of the
electrospinning device were considered and optimization started with a value of 15
KV. At this voltage, the polymer jet did not form. The reason is that electrostatic force
cannot overcome the solution surface tension and polymer jet cannot form when
voltage is below a critical value. At 20 kV voltage value, polymer jet was formed and

fiber production was observed, but continuous production was not achieved. This
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indicated that the voltage value was sufficient to overcome the surface tension of the
solution, but was not sufficient for continuous production. Continuous production was
possible at other applied voltage values. Figure 16 (a) shows the morphology of the
nanofibers produced with 25 kV. At this voltage value, fiber diameters were found to

be around 200 nm.

Figure 16 (b), (c), (d) shows the SEM micrographs of nanofibers produced using
electric potentials of 30, 35 and 40 kV, respectively. Significant reductions in fiber
diameters produced using 40 kV compared to 25 kV were observed. The formation of
finer fibers can be explained by increasing the tension of the polymer jet during
production. Increasing the applied voltage is shown as an increase in the electric field
strength and therefore the increase in the stretching on the polymer jet. Increasing
stretching results in fine fiber formation [63, 64]. In addition, the increased electrical

potential allows the polymer jet to reach the collector faster.

According to the observations made during the production, constant and continuous
Taylor Cone formation was observed at 30 kV voltage, but an unstable Taylor Cone

was formed due to the excessive stretching of the polymer jet at 35 and 40 kV.
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Figure 16. SEM micrograph of neat PA6 nanofibers produced using (a) 25, (b) 30, (c)
35, (d) 40 kV applied voltages.

Figure 17 shows cumulative frequency of fiber diameters of nanofibers produced with
different applied voltages. Average fiber diameters decreased and distributions
became narrow with increasing applied voltage. Increasing voltage may provide more

uniform fiber formation.
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Figure 17. Cumulative frequency of fiber diameters of the nanofibers produced with

different applied voltages.

4.1.3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed to investigate the thermal stability
of the nanofiber produced using different electrical potential values and the weight loss
graphs are given in Figure 18. By thermogravimetric analysis, the weight change and
deformation temperatures of the samples depending on the temperature were obtained.
Degradation temperatures are defined as the temperature between the temperature at
which mass loss begins in the TGA analysis of the material and the temperature value
at which the mass is fixed. This temperature was calculated by taking the derivative of
the TGA curve. When the graphs were examined, no significant change was observed

in the dissociation temperatures at different electrical potential values.
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Figure 18. TGA curves of the nanofibers produced using different applied voltage

values.

4.1.3.3 Differential Scanning Calorimetry (DSC) Analysis

DSC analysis was performed for the nanofibers produced using different electrical
potential values. Some thermal properties of the fibers such as glass transition
temperature (Tg), melting temperature (Tm) and degree of crystallization values are
given in Table 6 below. The DSC curves of the samples are represented in Appendix
B.

Results indicated that the changing voltage values did not cause a significant change
in the Tg and Tm of the nanofibers. It is known that the electrospinning process
parameters influence the degree of crystallization of the nanofibers. For this reason,
the crystallization percentages of the prepared samples were calculated. As it is seen
from the results, the highest crystallinity percentage was obtained in the fibers
produced using 30 kV electrical potential. During the electrospinning process, as the
polymer jet moves from the needle to the collector, the molecular orientation along
with the electric field occurs, which results in the crystallization of the polymer. It is
stated that the orientation of the polymer chains increases due to the increased
elongation of the polymer jet with increasing electrical stretching. However, this

increase continues only to a certain electrical potential value, which is called the

43



optimum voltage value. It is expected that beyond the critical value degree of
crystallization will decrease. This is due to the fact that at high electrical potential
values the polymer jet reaches the collector in a shorter time than is necessary for
crystallization of the polymer [64]. In our study, there was a decrease in percent
crystallization at value after 30 kV which was taken as an optimum value for this

process.

Table 6. DSC data of the nanofibers produced using different applied voltage values.

Voltage (KV) | T4(C) Tm (°C) AHT (J/g) X: (%)
25 48.14 220.69 85.36 44.71
30 49.59 222.75 88.66 46.44
35 51.96 222.72 82.13 43.02
40 49.24 223.34 77.10 40.39

4.1.3.4 Tensile Test Results

The tensile test results of PA6 nanofiber mat produced at different applied voltage
values are given in Figures 19-21 and detailed tensile test data is tabulated in Table
C.1 of Appendix C. When the tensile strength, tensile modulus and elongation at break
results of the mats produced with different voltages were compared, a slight increase
in the tensile strength and tensile modulus values of the fiber mat produced using 35
kV compared to other voltages was observed. However, the highest elongation was

obtained from fibers produced using 30 kV.

Along with decreasing fiber diameter, higher mechanical strength and lower ductility
are obtained [65]. Considering this situation, it is expected that the nanofiber mat
produced with 25 kV have the lowest mechanical strength end result and those
produced with 40 kV have the highest mechanical result. However, the mat thickness
produced using the 25 kV applied voltage was thinner than the samples produced at
equal time in other electrical potential values. The result showed that less fiber was

produced at low electric field values. In addition, at the 40 kV applied voltage value,
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high stretching of the polymer jet affected fiber morphology, resulting in a high
standard deviation in mechanical results. These situations explained that the expected
effect of applied voltage on mechanical test results cannot be obtained. Considering
values at 30 and 35 KV, it is seen that the tensile modulus are close to each other for
these two values.

Considering all the characterization experiments and observations made, 30 KV was
chosen as the most suitable electrical potential value because of the suitability for
continuous production and the relatively higher crystallization percentage and the

lower the standard deviations as a result of the mechanical tests.
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Figure 19. Tensile strengths of the nanofiber mats produced using different applied

voltage values.
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Figure 20. Tensile moduli of the nanofiber mats produced using different applied
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Figure 21. Elongation at break of the nanofiber mats produced using different applied

voltage values.

4.1.4 Feed Rate Optimization

The solution feed rate values were optimized by setting the electrical potential and tip-
to-collector distance values to 30 kV and 10 cm, respectively. The feed rate was
increased from 0.1 to 0.40 mL/h. The produced nanofibers are characterized by SEM,
TGA, DSC analyses and tensile tests.
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4.1.4.1 Scanning Electron Microscopy (SEM) Analysis

SEM micrographs are shown in Figure 22 for the nanofibers produced using feed rate
values of 0.1, 0.2, 0.25, 0.30, 0.33, 0.35 and 0.40 mL/h, respectively.

In order to produce nanofibers by electrospinning, the amount of solution ejected to
the tip of the needle must be sufficient for Taylor Cone formation. Nanofibers were
produced at feeding rates of 0.10, 0.20 and 0.25 mL/h, but the semi-spherical shape of
the Taylor cone was not preserved during production due to the lack of polymer

solution feed.

An overall increase in average fiber diameter was observed with increasing feed rate
which is associated with an increase in volume (Figure 22 (e)-(g)). Similar result was
also obtained in the literature [66, 67]. At 0.35 and 0.40 mL/h feed rates, tip blocking
was observed due to excess solution accumulation at the tip. Accumulation of solution
cause a problem during the drying of polymer jet [1]. At feed rates of 0.30 and 0.33
mL/hr, the Taylor cone was properly formed and that continuous production was

achieved without blocking the needle tip.
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Figure 22. SEM micrograph of neat PA6 nanofibers produced using (a) 0.10, (b) 0.20,
(c) 0.25, (d) 0.30, (e) 0.33, (f) 0.35 (g) 0.40 mL/h feed rates.
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Figure 22 (cont’d). SEM micrograph of neat PA6 nanofibers produced using (a) 0.10,
(b) 0.20, (c) 0.25, (d) 0.30, (e) 0.33, (f) 0.35 (g) 0.40 mL/h feed rates.

Figure 23 shows cumulative frequency of fiber diameters of nanofibers produced with
different feed rates. The results showed that both small and large fibers were obtained
at 0.33 mL/h feed rate, which resulting in a wide distribution. Other feed rate values

showed narrow fiber distributions.
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Figure 23. Cumulative frequency of fiber diameters of the nanofibers produced with

different feed rates.
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4.1.4.2 Thermogravimetric Analysis (TGA)

TGA graphs of the nanofibers produced using different solution feed rates were given
in Figure 24. When the graphs were analyzed, no significant change in the

decomposition temperatures was observed in the different solution feed rate values.
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Figure 24. TGA curves of the nanofibers produced using different feed rate values.

4.1.4.3 Differential Scanning Calorimetry (DSC) Analysis

DSC analysis was performed for the produced nanofibers using different solution feed
values and Tg, Tm and degree of crystallization of the fibers are given in Table 7. The
DSC curves of the samples are given in Appendix B. The DSC analysis was not carried
out for the samples produced at the solution feed rate values of 0.1 and 0.2 mL/h
because of inadequate material production.

When the results were assessed, it was found that varying solution feed rates do not
cause a significant change in Tg and Tm. When the degree of crystallization was
calculated, it was found that this value increased slightly with the increasing solution
feed, then decreased thereafter. Increased solution feed rate increased ejected polymer
solution to the needle, which resulted in the applied voltage to become insufficient to
form the continuous polymer jet. As a result, the high solution feed rate can cause a
decrease in the degree of crystallization. At low solution feed rates, the solvent cannot

50



evaporate completely during production due to overstretching of the polymer jet which
also cause a decrease in degree of crystallization. Moreover, low feed rates are not
sufficient for continuous production of nanofibers [67]. According to the results in
Table 7, the degree of crystallization started to decrease after the solution feed rate
value of 0.30 mL/h.

Table 7. DSC data of the nanofibers produced using different feed rate values.

Feed Rate (mL/h) | To(C) | Tm(C) | AHPF (J/g) Xc (%)
0.25 47.42 224.00 84.28 44.15
0.30 49.59 222.75 88.66 46.44
0.33 46.12 225.16 84.85 44.44
0.35 4755 22350 80.75 42.30
0.40 49.17 226.03 74.17 38.85

4.1.4.4 Tensile Test Results

The tensile test results of PA6 nanofiber mats at different feed rate values are given in
Figures 25-27 and detailed tensile test data is tabulated in Table C.2 of Appendix C. It
was found that the standard deviation was generally large in the samples produced with
feed rates of 0.25 and 0.40 mL/h. This shows that low and high feed rate values was
not suitable for smooth and continuous sample production. Although the tensile
strength value at the feed rate of 0.4 mL/h was higher than the other feed rate values,
it can be said that feed rate of 0.33 mL/h resulted in better tensile strength due to the
lower standard deviation. When the tensile modulus results were compared, the highest
value was obtained at the feed rate of 0.33 mL/h. Providing smooth and continuous
fiber production at this feed value increased the orientation of the polymer chains and
consequently improved the mechanical properties. When the results of the elongation
at break obtained for different feed rate values were compared, it was seen that the
elongation at break increased up to 0.33 mL/h feed rate value and then decreased
slightly. Glass transition temperatures did not change significantly, which indicated
that the mobility of the nanofibers was not affected by different feed rates.
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Considering the diameters, degree of crystallization, mechanical properties of the
nanofibers, and observations during production, it was decided to select the feed rate

of 0.33 mL/h as the optimum value.
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Figure 25. Tensile strengths of the nanofiber mats produced using different feed rate
values.
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Figure 26. Tensile moduli of the nanofiber mats produced using different feed rate
values.
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Figure 27. Elongation at break of the nanofiber mats produced using different feed

rate values.

4.1.5 Tip-to-Collector Distance Optimization

The tip-to-collector distance value was optimized after the electrical potential and
solution feed rate values were set to 30 kV and 0.33 mL/h, respectively. Distance was
increased from 5 to 15 cm for optimization of this parameter. SEM, TGA, DSC

analyses and tensile tests were used to characterize the produced nanofibers.

4.1.5.1 Scanning Electron Microscopy (SEM) Analysis

SEM micrographs are given in Figure 28 for nanofibers produced using the collection
distance values of 5, 7, 9, 10, 12, and 15 cm. When the SEM images and average fiber
diameters were compared, a decrease in fiber diameter was found. Increase in the time
of the polymer jet to reach the collector provides a longer time for the solvent to
evaporate. This is resulting in the formation of thinner fiber. However, with increasing
distance, the electric field strength decreases and the polymer jet is less stretched which
causes thicker fiber formation. Due to these two results, fiber diameter decreased up

to a certain distance value and then increased.

The production of nanofibers at a distance of 5 cm was tried but continuous production
was not possible due to the insufficient tip-to-collector distance. This was because the

electric field is inversely proportional to the distance which is explained by the
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equation of E = V/d, where E is electric field, V is voltage and d is distance. At very
short distances, the polymer jet was too stretched that caused unstable jet and non-

continuous fiber production [68, 69].

Nanofiber production at 7, 9, 10, 12 and 15 cm distance values was possible, but at the
values of 7 and 15 cm, the shape of Taylor Cone was not preserved during production.
This is due to the unstability of the polymer jet at a collection distance of 7 cm. At 15
cm distance value, the electric field strength decreased and the continuity of polymer
jet could not be maintained. At 9, 10 and 12 cm distance values, Taylor Cone was
properly formed and the continuous production was made without needle tip blocking.
However, when the average diameter values were considered, thin and uniform fibers

with less standard deviation were produced at 9 cm collecting distance.
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Figure 28. SEM micrograph of neat PA6 nanofibers produced using (a) 5, (b) 7, (c) 9,
(d) 10, (e) 12, (f) 15 cm tip-to-collector distances.

Figure 29 shows cumulative frequency of fiber diameters of nanofibers produced with
different tip-to-collector distances. The results show that there was no linear
relationship between the tip-to-collection distance and the fiber diameter distribution.
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Only at low and high tip-to-collector distances, the homogeneity of the fibers seemed

to be reduced and a wider fiber distribution was obtained.
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Figure 29. Cumulative frequency of fiber diameters of the nanofibers produced with

different tip-to-collector distances.

4.1.5.2 Thermogravimetric Analysis (TGA)

Thermal decomposition of the produced nanofibers with different distance values were
studied by TGA analysis. The weight percentage versus temperature graphs are shown
in Figure 30. When the results were analyzed, it was seen that there was no significant
change in the decomposition temperatures of the fibers produced at different distance

values.
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Figure 30. TGA curves of the nanofibers produced using different tip-to-collector

distance values.

4.1.5.3 Differential Scanning Calorimetry (DSC) Analysis

Thermal analysis of produced nanofibers with different distance values (7, 9, 10, 12
and 15 cm) also achieved by DSC analysis. Some thermal properties such as glass
transition temperature (T,), melting temperature (Tm) and percent crystallization of the
fibers are given in Table 8. The DSC curves of the samples are given in Appendix B.
The DSC analysis was not carried out for the sample produced at 5 cm because

sufficient sample cannot be produced.

DSC results implied that glass transition temperatures, melting temperatures did not
significantly change with changing distance values. The highest degree of
crystallization result was obtained at 15 cm tip-to-collector distance. Theoretically,
with increasing distance, the time required for the polymer jet to reach the collector is
increased and this is thought to increase molecular orientation. With increasing

molecular orientation, the degree of crystallization is expected to increase [64].
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Table 8. DSC data of the nanofibers produced using different feed rate values.

Distance (cm) Te(CCO) Tm (CC) AHE (J/g) Xe (%)
7 45.54 223.62 85.72 44.90
9 45.71 224.32 77.79 40.74
10 46.12 225.16 84.85 44.44
12 45.62 224.44 86.21 45.15
15 43.66 224.69 88.68 46.45

4.1.5.4 Tensile Test Results

The tensile test results of PA6 nanofiber mats produced at different tip-to-collector
distance values are given in Figures 31-33 and detailed tensile test data is tabulated in
Table C.3 of Appendix C. When all results were examined, it was seen that the
standard deviation was larger in the sample produced with a collection distance of 15
cm. This showed that high collection distance values are not suitable for smooth and
continuous sample production. Among all the mechanical properties, lower tensile
strength, elongation at break and tensile modulus values were obtained at 7 cm and 15
cm tip-to-collector distance values as expected. When 9, 10 and 12 cm distance values
were compared, the highest tensile strength and elongation at break results were
obtained at 10 and 9 cm, respectively. Ensuring smooth and continuous fiber
production at 9 and 10 cm collection distance increased the orientation of the polymer
chains and consequently higher mechanical properties were obtained. Observations
made during the production were considered when comparing the values of collection
distance of 9 and 10 cm. At a distances of 9 and 10 cm, the productions could be
continued for a longer period of time and the shape of the Taylor Cone could be
maintained. Taking all this into consideration, it was decided that the collection
distance of 9 and 10 cm should be chosen as the optimum values.
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Figure 31. Tensile strengths of the nanofiber mats produced using different tip-to-
collector distance values.
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Figure 32. Tensile moduli of the nanofiber mats produced using different tip-to-
collector distance values.

59



70 -

S 60 - I

% 50 - I

o

0 40 -

©

5%

4%20- £ £

= 10 + S R
O_

Figure 33. Elongation at break of the nanofiber mats produced using different tip-to-

collector distance values.

4.2 Preparation and Characterization of Electrospun Fibers of PA6/HNTSs

Nanocomposites

Determination of the HNTs concentration studies were carried out simultaneously with
the electrospinning parameter optimization. HNTs were mixed with PA6 and
composite production was performed. In order to find the appropriate HNTSs
concentration and investigate the effects of surface modification of nanotubes, 1, 2, 4,
6 and 8 wt.% unmodified and modified HNTs were added to the PA6 matrix. 30 kV
voltage, 0.3 mL/h feed rate and 10 cm tip-to-collector distance values were used to
produce composite nanofiber. The samples were characterized by SEM, TEM, DSC,

TGA analyses and tensile test and the results are discussed below.
4.2.1 Scanning Electron Microscopy (SEM) Analysis

SEM micrographs are given in Figures 34-38 for nanocomposites produced using
unmodified HNTs (un-HNTSs). Looking at the SEM micrographs, the white points at
1000x magnifications show HNTs agglomerations. The number of agglomerations
increased with increasing HNTs concentration. In Figure 34, HNTs adhered to single
nanofibers at 1 wt.% un-HNTs which was the lowest concentration. Contrary to this,
the HNTSs agglomerations with a diameter of 2-3 um can be seen clearly at 6 wt.% un-
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HNT concentration. These agglomerations showed unmodified HNTs prefer each

other instead of PA6 matrix.

Average Diameter: 219428 nm

Figure 34. SEM micrograph of the composite containing 1 wt.% un-HNTSs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.

_ b

Avérage Diameter: 16912;1 nm

Figure 35. SEM micrograph of the composite containing 2 wt.% un-HNTSs (a) SEM
micrograph at 1000x magnification (b) at 200000x magnification.
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Figure 36. SEM micrograph of the composite containing 4 wt.% un-HNTSs (a) SEM
micrograph at 1000x magnification (b) at 200000x magnification.

W

Averége Diameter: 198+30 nm

Figure 37. SEM micrograph of the composite containing 6 wt.% un-HNTSs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.
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Figure 38. SEM micrograph of the composite containing 8 wt.% un-HNTSs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.

Figure 39 shows cumulative frequency of fiber diameters of nanofiber nanocomposites
containing different un-HNT concentration. It is seen that the larger diameters were
obtained and the fiber distribution became wider in the samples containing 1 and 8
wt.% un-HNTs.
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Figure 39. Cumulative frequency of fiber diameters of the nanofiber nanocomposites

containing different un-HNT concentration.
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In order to produce modified HNTs (m-HNTSs), 1 wt.% APTES was used to prevent
formation of agglomeration. SEM micrographs and diameter distribution graphs are
given in Figures 40-44 for nanocomposites produced using modified HNTs. The
number and size of the HNTs agglomerations were reduced compared to the
composites produced with the unmodified HNTs. Although surface modification
reduces the formation of agglomerations, at high concentrations HNTs prefers each
other and agglomerations become visible that can be seen in Figures 43 and44 at 1000x
magnifications. As can be seen in Figure 40 (b), smooth and non-beaded fibers were
obtained with the lowest amount of reinforcement. Figure 41 (b) shows the structure
of the 2 wt.% m-HNTSs adhering to certain regions of the fibers. Structure of 4 wt.%
m-HNT containing composite is shown in Figure 42 (b). Single HNTs was found
inside a fiber and determined by EDS analysis. Similar formations were seen in the
samples containing 6 and 8 m-HNTSs. At these concentrations, however, the number of
agglomerations increased. In addition, the fiber diameter increased in the regions

where the nanotubes get into the fiber that is seen in Figures 42 and 43 (b). It can be

concluded that modified HNTSs interacted more with polymer matrix than unmodified
HNTSs.

Figure 40. SEM micrograph of the composite containing 1 wt.% m-HNTs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.
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Figure 41. SEM micrograph of the composite containing 2 wt.% m-HNTs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.

Figure 42. SEM micrograph of the composite containing 4 wt.% m-HNTs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.
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Figure 43. SEM micrograph of the composite containing 6 wt.% m-HNTs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.

Figure 44. SEM micrograph of the composite containing 8 wt.% m-HNTs (a) SEM
micrograph at 1000x magnification (b) at 2700000x magnification.

Figure 45 shows cumulative frequency of fiber diameters of nanofiber nanocomposites
containing different m-HNT concentration. Results showed that there was no linear
relationship between HNTs amount and average fiber diameters or diameter
distributions. 6 wt.% m-HNTSs containing sample has the highest average diameter and
the widest fiber distribution. The results of the other samples seemed to be similar to
each other.
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Figure 45. Cumulative frequency of fiber diameters of the nanofiber nanocomposites

containing different un-HNT concentration.

4.2.2 Transmission Electron Microscopy (TEM) Analysis

Transmitted electron microscopy (TEM) micrographs are given in Figures 46 and 47
for nanocomposite fibers produced using 1 and 8 wt.% m-HNT, respectively. Selection
of 1 and 8 wt.% m-HNTSs concentrations was based on revealing the morphological
differences between low and high filler concentrations. TEM micrographs showed
HNTs embedded in the fiber. There was no significant change in the diameters of
fibers containing 1 wt.% m-HNT. On the contrary, fibers containing 8 wt.% m-HNT
showed a regional diameter increase due to agglomeration formed by HNTs. As a
conclusion, the nanotubes were oriented in the fibers containing 1 wt.% m-HNT.
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Figure 46. TEM micrographs of the composite nanofibers containing 1 wt.% m-HNTs
at different magnifications.

Figure 47. TEM micrographs of the composite nanofibers containing 8 wt.% m-HNTSs

at different magnifications.

4.2.3 Thermogravimetric Analysis (TGA)

The thermal properties of composite nanofibers were investigated using TGA analysis.
Figures 48 and 49 show the TGA graphs of composite nanofibers which were produced

with different unmodified and modified HNT amounts. In Figures 48 and 49, curves
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overlapped and almost a single line was seen around 450°C that indicated that there
was no significant change in degradation temperatures according to TGA analysis.
These results are also given in Table 9. It is thought that the thermal properties did not
change significantly because HNTs may not act as thermal barrier in polymer matrix
[70, 71]. In addition to this, HNTs may form bundles in certain regions and may not
be distributed uniformly throughout the matrix. This may lower the possibility of the

existence of HNTs in every region of the matrix.
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Figure 48. TGA graphs of the nanofiber nanocomposites containing different un-
HNTSs.
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Figure 49. TGA graphs of the nanofiber nanocomposites containing different m-
HNTSs.
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Table 9. Decomposition temperatures of un-HNTs and m-HNTSs containing composite

nanofibers.
Sample Decomposition Temperature (°C)

PAG6 453.53
1 wt.% un-HNT 453.92
2 wt.% un-HNT 453.00
4 wt.% un-HNT 456.05
6 wt.% un-HNT 451.51
8 wt.% un-HNT 457.31
1 wt.% m-HNT 451.92
2 wt.% m-HNT 451.44
4 wt.% m-HNT 450.29
6 wt.% m-HNT 451.43
8 wt.% m-HNT 451.91

4.2.4 Differential Scanning Calorimetry (DSC) Analysis

Thermal properties of the samples were investigated using DSC. Ty and T of the neat
PA6 and PA6/HNTs composite nanofibers were presented in Table 10. As can be seen
from the results, the addition of unmodified and modified HNTs did not cause a
significant change in both T4 and Tm. The polymer chains cannot pack the nanotubes
in all dimensions, and gaps may form around the nanotubes. The gaps cause to form
free volume in the nanometer scale for the polymer chains. This situation is considered

as the reason for unchanged Tg values [71].
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Table 10. DSC data of un-HNTs and m-HNTSs containing composite nanofibers.

Sample Tg(°C) Tm(°C)
PA6 51.79 220.79

1 wt.% un-HNT 54.38 221.09
2 wt.% un-HNT 51.73 221.73
4 wt.% un-HNT 52.91 220.60
6 wt.% un-HNT 52.51 219.77
8 wt.% un-HNT 52.86 221.27
1 wt.% m-HNT 51.80 222.88
2 wt.% m-HNT 52.16 221.17
4 wt.% m-HNT 51.44 220.12
6 wt.% m-HNT 52.27 220.84
8 wt.% m-HNT 51.91 220.92

4.2.5 Tensile Test Results

A representative tensile stress-strain graph of nanofiber mat produced using neat PA6
by electrospinning method is given in Figure 50. A similar trend was obtained for all
the samples in the study. Stress-strain graphs of PA6 nanofiber mat composed of two
stages. The first region shows linear elastic deformation and the second region
corresponds large plastic deformation. Figure 50 indicate that the ductile like failiure
of PA6 and PA6/HNTS containing samples.
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Figure 50. Representative stress-strain graph of the nanofiber mat produced using

neat PAG.

Effect of different HNTs concentrations which are 1, 2, 4, 6 and 8 wt.% on tensile
properties of composite nanofiber mats are illustrated in Figure 51-53 and detailed
tensile test data is tabulated in Table C.4 of Appendix C. According to the tensile test
results of the composites prepared using modified and unmodified HNT, tensile
strength was not statistically significant change with the addition of HNTs when
standard deviations were considered. It is seen from Figure 52 that the composite
prepared with 1 wt.% m-HNTs has better tensile modulus value than the other
composites which nearly have same modulus results. Elongation at break of 1 wt.%
m-HNTs sample was slightly lower than other samples. In addition, the results of
elongation at breaks were found to be lower in modified HNT additive samples
compared to unmodified HNT additive samples at each concentration. The mechanical
properties of composite materials depend on the effective load transfer from the matrix
to the reinforcing material. This load transfer can be achieved after matrix and
reinforcement have interaction each other and good dispersion. The mechanism of a
strong interaction can be explained with micromechanical interlocking and chemical
bond formation [40, 72].
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According to the results, there was no improvement in the mechanical properties at
high HNTs concentrations due to poor dispersion of nanotubes in PA6 matrix. Only
the tensile modulus of the sample containing 1 wt.% m-HNTSs increased slightly by
the use of low amounts of HNTSs and the surface modification of the nanotubes which
increase the possible interaction between matrix and reinforcement. Elongation at
break values were lower in samples containing modified HNTs because modification

provides better distribution resulted in limited chain motions of PAB.
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Figure 51. Tensile strengths of un-HNTs and m-HNTs containing composite

nanofiber mats.
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Figure 52. Tensile moduli of un-HNTs and m-HNTSs containing composite nanofiber
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Figure 53. Elongation at break of un-HNTs and m-HNTSs containing composite
nanofiber mats.

Morphological characterization was performed by SEM analysis to the rupture surface
of fibers. The SEM images of these surfaces are shown in Figures 54-59. Figure 54
shows the SEM image obtained from the rupture surface of the neat PA6 sample. When
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the surfaces of HNTs containing samples were examined, agglomerations were not
observed in samples including 1 wt.% un-HNTs and m-HNTs (Figure 55). When SEM
images given for higher concentrations were analyzed (Figure 56-59), agglomerations
on the rupture surfaces were clearly seen, especially in un-HNT containing samples.
Although agglomerations decreased by surface modification applied to HNTSs, they
were not sufficient to improve mechanical properties. Therefore, the best tensile
modulus value was obtained in the sample containing 1% m-HNTs. The fibers in this
sample were more uniform and agglomerations were not observed on the rupture

surfaces according to SEM analysis.

2:23:50 PM |ETD|20.00 kV| 10 000 x| 3.0

Figure 54. SEM micrograph of the rupture surface of the neat PA6 sample after tensile

test.
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Figure 55. SEM micrograph of the rupture surface of the composite nanofibers
containing 1 wt.% (a) un- HNTSs, (b) m-HNTSs after tensile test.

10 pm
METU CENTRAL LAB

Figure 56. SEM micrograph of the rupture surface of the composite nanofibers

containing 2 wt.% (a) un- HNTs, (b) m-HNTSs after tensile test
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Figure 57. SEM micrograph of the rupture surface of the composite nanofibers
containing 4 wt.% (a) un- HNTSs, (b) m-HNTSs after tensile test
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Figure 58. SEM micrograph of the rupture surface of the compo
containing 6 wt.% (a) un- HNTSs, (b) m-HNTSs after tensile test
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Figure 59. SEM micrograph of the rupture surface of the composite nanofibers
containing 8 wt.% (a) un- HNTs, (b) m-HNTSs after tensile test

As a result of tensile tests, it was concluded that the addition of 1 wt.% m-HNTS to
PAG increased the tensile modulus 25% with respect to pure PA6. This showed that
HNTs made the polymer matrix more rigid and strong. In this sample, the elongation
at break value decreased 18% compared to PAG. The reason for this can be explained
by the good distribution of HNTs within the polymer matrix. Well-dispersed HNTs

were reduced the elongation at break by restricting the movement of nanofibers.
4.3 Degradation of Electrospun Mats under Chemical VVapors

As a result of the optimization studies, a total of 30 nanofiber mats, 10 of each
including PA6 and PA6 composite nanofibers containing 1 and 8 wt.% m-HNTSs were
exposed to HCI, acetone, toluene and water vapors. During the measurements, the
samples were hanged via clips on the sample holder that was previously mentioned in
the experimental part. Produced mats were weighed with clips attached on and mass
change was recorded. The mass change was calculated by subtracting the initial weight
(M) from the weight (M) at the time of measurement. Weight change of the samples

versus time graphs are given in Figures 60-63.

Figure 60 shows the change in the weight of the samples, which were exposed to the
aqueous HCI solution mixture. Graph showed that there was a linear increase in the
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weight of the samples with time. The reason for this rapid and linear increase was the
increase of the weight of the clips due to corrosion in the acid environment. The weight
change in the samples could not be determined due to the increase in the mass of the

clips because samples weighed with clips.
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Figure 60. Weight change graph of the samples exposed to HCI vapor.

Figure 61 shows the change in the weight of the samples in the aqueous acetone
solution mixture. There was no increase in the weight of the clips in the acetone vapor
environment. The weight increase in the samples was calculated and found that mass
increase in neat PA6 mats was higher than HNTs containing samples. This can be
explained by the increase of the degradation resistance of PA6 against acetone vapor
by the addition of HNTSs. In addition, weight increase in the samples containing 1 wt.%
m-HNTs was more than the samples containing 8 wt.% m-HNTSs. Since HNTSs have a
high aspect ratio, it creates pathways within the polymer matrix and reduces water
uptake [72].
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Weight change graph of the samples exposed to acetone vapor.

Figure 62 shows the change in the weight of the samples in the toluene vapor. Graphs

showed that weight change slowed for all concentrations after 10 days. Weight change

in neat PA6 samples was higher than composite fibers and this is an expected trend.

However, the non-polar solvent, toluene, has less or no interaction with the PA6, which
is a polar polymer [73].
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Figure 62. Weight change graph of the samples exposed to toluene vapor.

80




Figure 63 shows the change in the weight of the samples which were exposed to the
water vapor. In the figure, weight changes fluctuated which may be caused by
degradation of PAG in the water environment. Water vapor can pass through the porous
structure of the mats and rapid evaporation of solvent can occur during the
measurement due to high surface area of nanofibers. Because of these fluctuations,
mass changes could not be interpreted clearly. However, in general, it is seen that the
change in weight of neat PA6 was the lowest and the weight of the samples containing
1 and 8 wt.% m-HNTSs changed almost equally. PA6 is known to be degraded in water
vapor environment. Degradation of polymers is generally determined by a decrease in
molecular weight [74]. It is thought that the weight change in neat PA6 samples was
less than the HNTs containing samples because of this decrease in the molecular

weight due to degradation.
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Figure 63. Weight change graph of the samples exposed to water vapor.

In order to eliminate the mentioned problems on determination of weight change and
minimize the fluctuations in the weight change graphs, new setup was prepared and
the chemical vapor degradation tests were repeated. Neat PA6 and the composites
containing 1 and 8 wt.% m-HNTSs were exposed to hydrochloric acid, acetone, toluene

and water vapors for one week. While selecting the one-week experiment period, the
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previous studies were taken into consideration and the time of weight change was
fixed. Weight change graphs for new setup are given in Figures 64-67. Each point in
the graphs shows the daily average of the measurements made at the intervals specified

in the experimental studies part.

Figure 64 shows the weight change (%) of the samples exposed to HCI vapor. The
highest increase in weight was found in the samples containing 1 wt.% m-HNTSs. It is
seen that the results of neat PA6 and 8 wt.% m-HNTSs containing samples were close
to each other, but the increase in the mass of neat PA6 nanofibers is higher. The reason
of increase in the weight of the samples containing 1 wt.% m-HNTs that was higher
than the neat samples were thought to be due to the decrease in the molecular weight
of the neat fibers due to degradation [75]. The decrease in molecular weight reduced

the weight increase.
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Figure 64. Percent weight change graph of the samples exposed to HCI vapor.

The weight change (%) graph of the samples exposed to acetone vapor is given in
Figure 65 for the new setup. The graph showed that the increase in weight in neat
samples was higher than other concentrations especially after 4 days of exposure.

Furthermore, weight change in the samples containing 1 wt.% m-HNTs was higher
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than 8 wt.% m-HNTSs containing ones. This is explained by the increase in the

resistance to degradation by increasing the amount of HNTSs.
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Figure 65. Percent weight change graph of the samples exposed to acetone vapor.

The weight change (%) graph of the samples exposed to toluene vapor for the new
setup is given in Figure 66. Results showed that weight increase in the neat PA6 and
8 wt.% m-HNTs containing samples were close to each other and higher than the 1
wt.% m-HNTSs containing samples. An apparent trend could not be obtained since only
weak interaction occurs between toluene and polymer matrix. The effect of these weak
interactions become more obvious as there are always structural differences between

electrospun mats even when the same production parameters are used.
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Figure 66. Percent weight change graph of the samples exposed to toluene vapor.

Figure 67 shows the weight change (%) graph of the samples exposed to water vapor
for the new setup. The highest weight change (%) result was obtained at neat PA6
samples which indicated that neat polymer is more sensitive to water vapor than the
composite nanofibers. When 1 and 8 wt.% m-HNTs containing samples were
compared, 8 wt.% m-HNTSs containing samples gave higher weight change (%) results.
This can be explained that in the sample containing 1 wt.% m-HNTs, HNTs showed a
barrier effect on mass transfer due to the better dispersion within the polymer matrix
[76].
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Figure 67. Percent weight change graph of the samples exposed to water vapor.

The data obtained for the polymer and the solvent system are generally expressed as
normalized mass change M¢/M., that is the ratio of the mass change in the time t and
the mass change in the equilibrium. Fickian diffusion mechanism allows the diffusion
coefficient to be obtained from the graph of normalized mass change as a function of
the square root of time [53].

For the calculation of the diffusion coefficients, the normalized weight change of the
samples exposed to different chemical vapors was plotted as a function of square root
of time and shown in Figures 68-71. Sample calculation of the diffusion coefficient
was given in Appendix D. In addition, the weight changes in the equilibrium (M)
which was obtained by taking the average of the last 3 measurements due to the
fluctuations and calculated diffusion coefficient values for all samples exposed to
different chemical vapors are given in Table 11. The diffusion coefficient can be used
to compare the diffusion rate of solvents into neat polymers with composites and to

determine the time required to achieve the equilibrium weight change of the sample
[44].

Figure 68 shows that the normalized weight change of HCI exposed samples as a

function of square root of time. At initial state, graph is linear and M¢/M., value in this
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stage should be less than 0.5 to obey the Fickian diffusion. Graph showed that the
initial weight gains were close to each other. According to the results which are
reported in Table 11, diffusion coefficient decreased as the HNTs amount increased
for HCI vapor exposed samples. This can be explained by the fact that the average path
required for the solvent to move through the sample increases due to barrier effect in
the presence of HNTs [44, 77]. When the weight changes in the equilibrium were
compared, it was seen that 1 wt.% m-HNTSs containing sample had highest result which
determined from the average of the last three point. The reason of the lower increase
in weight of the neat sample can be explained by the degradation of the polymer in the
strong acid vapor environment resulting in the decrease in the molecular weight [53].
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Figure 68. Normalized weight increase as a function of square root of time for HCI
exposed samples.

The graphs on normalized weight change of acetone exposed samples as a function of
square root of time of the samples exposed to acetone vapor (Figure 69) shows that the
slope in the initial state was the highest for 8 wt.% m-HNTSs containing samples and
the lowest for neat samples. When the calculated diffusion coefficients were compared
(Table 11), similar results were obtained. The reason of higher diffusion coefficient at
high HNTs concentration can be explained by gaps in the structure located around

agglomerations. These spaces caused the evaporated solvent could enter the structure
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rapidly [77]. Acetone that has low boiling point was able to fill faster in the gaps at the
beginning of experiment. Although the diffusion coefficient was lower for the neat
PAGB, the weight change in equilibrium was highest for this sample. This shows that
the presence of HNTs limited the mass change of the material in equilibrium and less

solvent was retained in the structure.
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Figure 69. Normalized weight increase as a function of square root of time for acetone

exposed samples.

Normalized weight change of toluene exposed samples as a function of square root of
time is seen in Figure 70. The slope in the initial state was the highest for 8 wt.% m-
HNTs and the lowest for 1% m-HNTs containing samples. Similar results were
obtained for calculated diffusion coefficients. It is thought that toluene, a non-polar
solvent, may only have a physical interaction with PA6. Therefore, differences in the
structure, which can come from the nature of the electrospinning method, can be
shown as the reason of the changes in diffusion coefficients and weight change in

equilibrium.
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Figure 70. Normalized weight increase as a function of square root of time for toluene

exposed samples.

When the results of the samples exposed to water vapor are examined, it can be seen
in Figure 71 that the slope in the initial state was the highest for the 1 wt.% m-HNTs
and the lowest for the 8 wt.% m-HNTs containing samples. The same trend was
obtained for the diffusion coefficients. The fact that 1 wt.% m-HNTSs containing
composite kept water in the structure faster than others in the early times can be
explained by the differences in the structure of the mats produced by electrospinning
in each production. The increase of gaps in the structure may be related to the
acceleration of the diffusion in the early times. In addition to these, increase in the
weight changes were compared and the highest increase was obtained in neat sample
and lowest increase was obtained in 1 wt.% m-HNTSs containing sample. The high
HNTSs concentration was resulting in weight increase in the samples containing 8 wt.%
m-HNTs was higher than the 1 wt.% m-HNT containing samples. HNTs have a highly
hydrophilic structure [78] and this feature is reduced by surface modification. In our
previous study, water contact angle measurements were conducted to understand the
effect of surface modification. After modification contact angle of HNTSs increased
from 13.90° to 26.30° [79]. These results showed that the hydrophobic properties of

HNTs increased with modification. However, it is thought that HNTs do not
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completely lose its hydrophilic character. As a result, at the high additive
concentrations, HNTs keep the water in its structure and weight change increase can

occur s by this way [44].
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Figure 71. Normalized weight increase as a function of square root of time for water
exposed samples.

Table 11. Weight changes at equilibrium and diffusion coefficients of the samples

exposed to different chemical vapors.

HCI Acetone Toluene Water
Sample D D D D
Moo 2 Maw 2 Moo 2 Mo 2
me</s me</s m</s]x m-</s

0% 482 | 2.76 3.27 2.29 3.86 1569 | 2.79 | 11.36

1% 6.34 | 1.43 2.97 4,94 2.73 7.36 1.81 | 15.40

8% 410 | 0.94 2.32 6.32 3.59 2589 | 252 | 8.77

4.3.1 Fourier Transformed Infrared (FTIR) Spectroscopy Analysis

FTIR characterization was performed to observe the structural differences between
unexposed and chemical vapor exposed electrospun mats. Infrared (IR) spectra is used
to characterize the structure and package form of the polymer chains and crystallinity
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of semi-crystalline polymers [80]. Analyses show changes in the molecular structure

after potential chemical interaction.

The expected FTIR bands for PAG6 are listed in Table 12. FTIR analysis gives the
characteristic peaks of PA6 at wavenumbers of 1540, 1640 and 3300 cm™ which
represent amide 1l band (N-H deformation and stretching vibration of the C—N bond),
amide (C=0 axial deformation) and N-H stretching band, respectively. In addition,
wavenumber of 1201 cm™ represents amide 11 crystalline peak: symmetrical angular

deformation out of plane.

Table 12. The expected FTIR bands for PA6 [80, 81].

Wavenumber o
Definition
(cm™)
1201 amide I11, crystalline peak: symmetrical angular deformation out of
plane
1263 C-O stretching
1440 CH. deformation
1460 C=C atomic stretching
1540 N-H bending vibration and C—N axial deformation, amide 11
1640 C=0 axial deformation, amid |
2858 CH; axial deformation
2926 CH: axial deformation
3080 N—H angular deformation in the plane
3300 N—H stretching

The FTIR spectra for the samples exposed to different chemical vapors in old setup
are given in Figures 72-75, for samples used in the setup are given in Figures 76-79. It
can be seen from the figures, there was a slight decrease in absorbance of some
characteristic bands after exposing to hydrochloric acid, acetone and water vapors. In
addition, some slight shifts of bands were determined after chemical vapor exposure.
In order to be able to see these changes better, the comparative plots were drawn for
related regions and given in Figures 72- 75 (b), respectively, for the samples exposed

to HCI, acetone, toluene and water vapors in the old setup. For the new setup, the
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comparative graphs are presented in Figures 76-79 (b), respectively, for the samples
exposed to HCI, acetone, toluene and water vapors, respectively. FTIR spectra
obtained from the analyses of the samples from the old and the new setup had the same

results.

FTIR analyses show that the absorbance values in the bands of 1640 cm™, 1540 cm'*
and 1440 cm decreased after chemical interaction. The decrease in absorbance of
characteristic peaks indicates that functional groups were spent during degradation
[50]. However, presence of HNTSs slightly prevented the decrease in absorbance of
characteristic peaks. In addition, changes in the bands of 1201 cm™ and 1260 cm™ can
be responsible for the changes in the crystalline structure of the samples after
interaction with chemical vapors. After degradation of polymers, crystalline structure
can change and thermal and mechanical properties of the materials cannot be

maintained.
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Figure 72. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to HCI

vapor in the old setup.
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Figure 73. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to acetone

vapor in the old setup.

When FTIR spectra of the samples exposed to toluene vapor were examined, it was
seen that there was no significant change in bond absorption and positions. Toluene is

a non-polar solvent and interactions of polyamides with less polar or non-polar
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solvents such as toluene are limited or weak. The type of the solvent and interaction

between the polymer and the solvent have an importance role on nylons permeability

[73].
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Figure 74. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to toluene

vapor in the old setup.
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Figure 75. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to water

vapor in the old setup.
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Figure 76. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to HCI

vapor in the new setup.
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Figure 77. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to acetone

vapor in the new setup.
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Figure 78. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to toluene

vapor in the new setup.
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Figure 79. (a) FTIR graphs (b) zoomed FTIR graphs of the samples exposed to water

vapor in the new setup.
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4.3.2 Scanning Electron Microscopy (SEM) Analysis

SEM analysis was used to analyze the surface properties of neat PA6 and composite
nanofibers exposed to different chemical vapors. SEM micrographs of unexposed and
HCI, acetone, toluene and water vapors exposed samples in the old setup are given in
Figure 80. Cumulative frequency plots of fiber diameter of the samples exposed to

different chemical vapors in the old setup are given in Appendix E.

When SEM micrographs of the samples exposed to HCI vapor in the old setup (Figure
80 (d), (e) and (f)) were examined, it was seen that the morphology of the neat PA6
fibers changed significantly. Fibers were stick together with the effect of acid exposure
and the structure was almost deformed. This indicates that PA6 fibers were not
resistant to strong acid vapor. With the addition of HNTSs, changes in the structure of
the nanofibers decreased and the fiber morphology was preserved (Figure 80 (e) and
(F)). As a result, it can be said that HNT increased the degradation resistance of PA6

fibers against acid vapor.

When SEM micrographs (Figure 80 (g)-(1)) of the samples exposed to acetone and
toluene vapor in the old setup were examined, it was obtained that there was no
significant change in the mean fiber diameter. However, some changes were observed
in the structure of neat PAG fibers. These changes were an increase in the diameter of
the fiber locally and the adhesion of the fibers to each other. In addition, the
semitransparent cloud structure between the fibers are seen in Figures 80 (g). On the
other hand, this structure is not seen in the SEM micrographs of HNTs containing

samples.

Figures 80 (m)-(o) show the SEM micrographs of the samples exposed to water vapor.
In Figures 80 (m), the semitransparent cloud structure formation was detected more
intensively. In addition, it is seen in Figure 80 (n) that nanofibers containing 1 wt.%
m-HNTSs stuck together from the specific regions of the fibers due to degradation in

the water vapor environment.
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Figure 80. SEM images of unexposed (a) neat PA6 (b) 1 wt.% m-HNTSs (c) 8 wt.%
m-HNTSs; HCI exposed (d) neat PA6 (e) 1 wt.% m-HNTSs (f) 8 wt.% m-HNTS; acetone
exposed (g) neat PA6 (h) 1 wt.% m-HNTSs (i) 8 wt.% m-HNTSs; toluene exposed (j)
neat PA6 (k) 1 wt.% m-HNTSs (I) 8 wt.% m-HNTSs; water exposed (m) neat PA6 (n) 1
wt.% m-HNTSs (0) 8 wt.% m-HNTSs samples in the old setup.
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SEM micrographs of unexposed and HCI, acetone, toluene and water vapors exposed
samples in the new setup are given in Figure 81. Cumulative frequency plots of fiber
diameter of the samples exposed to different chemical vapors in the new setup are

given in Appendix E.

SEM micrographs of the samples exposed to HCI, acetone, toluene and water vapors
in the new setup are given in Figure 81 (a)-(c). Structure of neat PA6 fibers exposed
to HCI vapor was damaged and fibers stacked together in some regions. There was no
significant change in the fiber morphology of 1 wt.% m-HNT containing samples and
the presence of the semitransparent clouds was detected in 8 wt.% m-HNT containing
samples. It was concluded that the structure of neat PA6 fibers was deformed with the
effect of HCI and this was prevented by HNTs addition. When the average fiber
diameters were compared by considering standard deviations, it can be said that there

was not any significant change compared to the unexposed samples.

When SEM micrographs and diameter distribution results of the samples exposed to
acetone vapor were examined (Figure 81 (d)-(f)), it can be said that there was no
significant change in the morphology of the neat PA6 samples and fibers only were
loosened by the effect of chemical vapor. In the samples containing 1 and 8 wt.% m-
HNTs, the presence of semitransparent cloud shaped structures were observed,

however no significant change in fiber diameters were obtained.

Morphologies of neat PA6 and the nanofibers containing 1 wt.% m-HNTs were not
changed significantly after toluene vapor exposure. In the samples containing 8 wt.%
m-HNTSs, the formation of semitransparent cloud structures was observed. These
clouds may be formed by remaining solvent in the structure due to gaps which were

created by HNTSs agglomerations.

SEM micrographs (Figures 81 (m)-(0)) of the samples exposed to water vapor
demonstrated that PAG fibers stuck to each other locally. In addition, the structure of
the samples containing 8 wt.% m-HNT was significantly deformed and
semitransparent clouds were observed due to agglomerations at high concentrations.
Structural deformations were less in 1 wt.% m-HNTs containing samples, but the

semitransparent clouds were still present in the structure.
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Figure 81. SEM images of unexposed (a) neat PA6 (b) 1 wt.% m-HNTSs (c) 8 wt.%
m-HNTSs; HCI exposed (d) neat PA6 (e) 1 wt.% m-HNTSs (f) 8 wt.% m-HNTS; acetone
exposed (g) neat PA6 (h) 1 wt.% m-HNTSs (i) 8 wt.% m-HNTSs; toluene exposed (j)
neat PAG6 (k) 1 wt.% m-HNTs (I) 8 wt.% m-HNTSs; water exposed (m) neat PA6 (n) 1
wt.% m-HNTSs (0) 8 wt.% m-HNTs samples in the new setup.
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4.3.3 Thermogravimetric Analysis

TGA analyses were performed to determine the changes in thermal stability of
nanofibers after exposing them to different chemical vapors. The curves are given for
the old setup in Figure 82-85. In addition, the decomposition temperatures obtained

for the samples from the old setup are given in Table 13.

TGA analysis demonstrated that the decomposition temperatures of unexposed
samples were around 455°C and there was no significant change with the addition of
HNTs. When results of the samples exposed to chemical vapors were evaluated, HCI
interaction significantly reduced the decomposition temperatures, but decrease in the
decomposition temperatures was prevented to a certain extent with the addition of
HNTs. After acetone vapor interaction, decomposition temperature of neat PA6
samples reduced while the results of the samples containing HNTs remained constant.
When the thermal behaviors of the samples exposed to toluene vapor were evaluated,
it was seen that the decomposition temperatures decreased for the all samples.
Considering that toluene has less interaction with PA6 than the other chemicals due to
its nonpolar structure, this decrease was more than expected. Finally, results of water
vapor exposed samples showed that water vapor decreased the decomposition
temperatures of the all samples. However, 1 wt.% m-HNTSs containing sample gave
higher result (449.38°C) than other concentrations. Well-dispersed HNTSs in the
polymer matrix may restrict the interaction between water and polymer, which

provided higher thermal stability.
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Figure 82. TGA graphs of the samples exposed to HCI vapor in the old setup.
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Figure 83. TGA graphs of the samples exposed to acetone vapor in the old setup.
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Figure 84. TGA graphs of the samples exposed to toluene vapor in the old setup.
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Figure 85. TGA graphs of the samples exposed to water vapor in the old setup.
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Table 13. Decomposition temperatures of the samples exposed to different chemical

vapors in the old setup.

Decomposition Temperature (°C)
Neat PAG 1 wt.% m-HNTSs 8 wt.% m-HNTSs
Unexposed 453.93 455.95 455.38
HCI 429.29 431.83 436.28
Acetone 446.06 450.24 452.08
Toluene 448.71 440.70 447.75
Water 441.89 449.38 442 .81

The TGA curves and decomposition temperatures of the samples tested in the new
setup are given in Figures 86-89 and Table 14, respectively. When results of the
samples exposed to chemical vapors were evaluated, it was seen that HCI interaction
again significantly reduced the decomposition temperatures due to changes in
characteristics of material after degradation. Similar results were obtained for acetone
vapor exposed samples. After toluene vapor exposure, it was seen that there was no
significant change in the decomposition temperatures compared to the unexposed
samples. This result showed that toluene did not affect the PAG6 structure after one
week. The samples exposed to water vapor gave the similar results with the results of
TGA analyses from the old setup and it was found that decomposition temperatures of
all samples decreased after water exposure. When all the results were assessed, it can
be concluded that the decomposition temperatures of samples reduced with the effect
of chemical vapors and the thermal stability was preserved to a certain extent with
HNTSs addition.
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Figure 86. TGA graphs of the samples exposed to HCI vapor in the new setup.
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Figure 87. TGA graphs of the samples exposed to acetone vapor in the new setup.
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Figure 88. TGA graphs of the samples exposed to toluene vapor in the new setup.
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Figure 89. TGA graphs of the samples exposed to water vapor in the new setup.
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Table 14. Decomposition temperatures of the samples exposed to different chemical

vapors in the new setup.

Decomposition Temperature (°C)
Neat PA6 1 wt.% m-HNTs 8 wt.% m-HNTSs
Unexposed 453.93 455.95 455.38
HCI 434.10 438.42 438.55
Acetone 449.93 441.35 444.61
Toluene 456.29 452.40 451.60
Water 439.92 441.12 440.41

4.3.4 Differential Scanning Calorimeter

DSC analysis was performed for the electrospun mats exposed to different chemical
vapors and some thermal properties such as glass transition and melting temperatures
are given in Table 15 for the samples from the old setup, while the results of the
samples exposed to different chemical vapors for the new setup are given in Table 16.
The results showed that the glass transition temperatures reduced for the samples
exposed to HCI, acetone and water vapors. The decrease in glass transition temperature
after water absorption is significant for polyamides. PAG is a hydrophilic polymer and
the absorption of water is not homogeneous in the whole structure, in particular in
amorphous regions. Water interaction causes the displacement of hydrogen bonds in
PAG structure resulting in lower glass transition temperature [82]. In addition, PA6
may contain a small amount of monomer (e-caprolactam) and the solubility of this
monomer in water is very high. After interaction with water, the water-soluble
monomer can act as a plasticizer [83]. HCI and acetone solvents also contain water in
large amount in the solution. The drop in glass transition temperature can be associated
with the presence of this water. The glass transition temperature values for the samples
exposed to non-polar toluene vapor did not change as it was expected. In addition, it
was observed that the melting temperatures of the samples did not change with the

chemical vapor exposure to the samples.
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Table 15. DSC data of the samples exposed to different chemical vapors in the old

setup.

Neat PA6 1 wt.% m-HNTs 8 wt.% m-HNTSs
Samples

To(C) | Tm(°C) | T(°C) | Tm (°C) | Tg(°C) | Tm (°C)

Unexposed 50.22 222.84 54.08 222.61 53.94 222.20

HCI 46.19 221.79 46.11 220.76 49.82 220.99
Acetone 44.64 22291 45.09 223.03 45.84 223.57
Toluene 5241 221.90 49.64 221.81 53.06 223.18

Water 42.67 224.03 46.30 223.42 50.90 222.67

Table 16. DSC data of the samples exposed to different chemical vapors in the new

setup.

Neat PA6 1 wt.% m-HNTSs 8 wt.% m-HNTSs
Samples

To(°C) | Tm(°C) | Tg(°C) | Tm (°C) | Ty (°C) | Tm (°C)

Unexposed 50.22 222.84 54.08 222.61 53.94 222.20

HCI 48.04 219.33 45.34 221.57 43.61 220.45
Acetone 46.52 221.38 45.63 220.86 47.74 221.20
Toluene 46.23 225.31 47.32 226.77 45.79 224.30

Water 45.59 222.74 49.64 223.48 43.93 224.03
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4.3.5 Tensile Test Results

The tensile test results of the samples exposed to different chemical vapors in the old
setup are given in Figures 90-92 and detailed tensile test data is tabulated in Table C.5
of Appendix C. The tensile test results of the HCI vapor exposed samples had a
significant decrease compared to the unexposed samples. A significant decrease in the
elongation at break was observed because of deformations formed after acid
interaction in some parts of the samples. Likewise, the tensile modulus results of the
neat PA6 and nanofibers containing 1% m-HNTSs samples decreased significantly, but
the tensile modulus of 8 wt.% m-HNTSs containing sample was almost the same as the
unexposed samples. This shows that high HNTs concentration prevented the decrease

in the tensile modulus due to its rigid structure when compared to PAG.

Tensile test results of acetone vapor exposed samples demonstrated that there was a
slight decrease in the tensile strength results considering the standard deviations.
However, there was a significant decrease in the elongation at break values compared
to the unexposed sample. When the results of the tensile moduli of the nanofiber mats
were compared, it was seen that the results decreased due to the fact that the aqueous

acetone vapor penetrated the polymer structure and weakens the polymer chains.

The tensile strength and elongation at break results did not change statistically after
toluene vapor exposure. However, tensile modulus of neat PA6 and 8 wt.% m-HNTs
containing samples decreased compared to unexposed samples. The reason for this
was that toluene vapor penetrated into the polymer structure and negatively affected
the structural integrity.

Finally, results of the samples exposed to water vapor showed that the tensile strength
decreased significantly for neat PA6 nanofiber mat. This reduction was inhibited with
HNTSs presence and 1 and 8 wt.% m-HNTSs containing samples gave similar results
with the unexposed samples containing. Elongation at break results indicated a
significant decrease in all of the samples. Similarly, tensile modulus results showed a

significant decrease in neat PA6 and 1 wt.% m-HNTSs containing samples.

As mentioned in many studies in the literature, water acts as a natural plasticizer in the

PAG6 structure, which is a polar polymer. The plasticizers cause glass transition
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temperature and the percent of crystallization to decrease and the dilution of the
amorphous phase. As a result, the tensile strength and modulus of the plasticized
polymer are expected to decrease, while the elongation at break is expected to increase
[82,83]. When the results obtained were considered, reduction in the tensile strength
and modulus values of the samples exposed to water and aqueous solvents were
observed as expected. However, the elongation at break was lower than expected. This
is due to the fact that the material tired after being exposed to chemical vapors for a

two month and cannot show its properties due to degradation.
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Figure 90. Tensile strengths of the samples exposed to different chemical vapors in

the old setup.
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Figure 92. Elongation at break of the samples exposed to different chemical vapors in
the old setup.

Tensile test results of the nanofiber mats exposed to different chemical vapors in the
new setup are given in Figures 93-95 and detailed tensile test data are tabulated in

Table C.6 of Appendix C. Results showed that there was a significant decrease in
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tensile strength, tensile modulus and elongation at break values of the neat PA6 and 8
wt.% m-HNTSs containing samples after HCI vapor exposure. On the contrary, there
was not a significant change in the tensile strength and modulus results of 1 wt.% m-
HNT containing samples considering the standard deviations. 1 wt.% HNTs was the
optimum concentration and dispersed HNTs in the PA6 nanofibers prevented the

permeation of chemical vapor by acting as a barrier in the polymer matrix.

After acetone vapor exposure, while tensile strength and elongation at break results of
the neat PA6 and 8 wt.% m-HNTSs containing samples decreased, results of 1 wt.% m-
HNTSs containing samples were almost unchanged. The tensile modulus results showed

a significant decrease in all of the samples with respect to unexposed samples.

The tensile strength and elongation at break results of the samples which were exposed
to toluene were almost equal to the results of the unexposed samples results. The
tensile modulus of the sample containing 8 wt.% m-HNTs decreased after toluene

vapor exposure. Similar results were obtained in the old setup for toluene vapor.

After water vapor interaction, the tensile strength was not significantly changed for
neat PA6 and 8 wt.% m-HNTSs containing samples. However, there was a decrease in
tensile strength of 1 wt.% m-HNTSs containing samples. When elongation at break and
tensile modulus results were analyzed, a significant decrease was found in all samples.
The decrease in mechanical properties could not be prevented by HNTs addition. This
is explained that water acts as a plasticizer and reduces the interfacial strength between

the matrix and the reinforcing material [84].
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Figure 93. Tensile strengths of the samples exposed to different chemical vapors in
the new setup.

120

—t—

P
H
o
o
1
_|
—t

(o]
o
1

aN
o
1

Tensile Modulus (MPa
D
o

Unexposed

N
o
1

Unexposed
HCI
Unexposed

Neat PA6 1 wt% m-HNTs 8 wt.% m-HNTSs

Figure 94. Tensile moduli of the samples exposed to different chemical vapors in the
new setup.

116



90
80
70
60
50
40
30
20
10

1 1
——

1
——
——
—

Elongation at Break (%0)
HCI
Acetone
HCI

|
J

Unexposed
Unexposed

Unexposed
Acetone

Neat PA6 1 wt% m-HNTs 8 wt.% m-HNTs

Figure 95. Elongation at break of the samples exposed to different chemical vapors in

the new setup.

4.4 Limiting Oxygen Index Test

In order to determine the flame retardant properties of the composite nanofiber mats,
LOI tests were conducted. The specimens with 60 mm length and 10 mm width were
cut in accordance with the prepared frame (Figure 3) and the first 5 cm sections were
marked. The LOI value required for the 5 cm of the samples to be fully burned was
accepted as a result. When determining the sample sizes, the length and width values
of the Type-I specimens in ASTM D2863-06a standard were used. Due to the fact that
sample could not be produced in the required thickness for the Type-I specimen by the
electrospinning method, the 180 seconds value required for the sample to burn out was

not taken into consideration.

In order to minimize the effect of the thickness differences of the produced samples
on the LOI, the nanofiber mats produced using the rotating cylinder were removed
from the middle region where the thicknesses are most homogeneous. . In order to
determine the LOI values of neat PA6, 1 and 8 wt.% m-HNTSs containing samples
produced by electrospinning method, 10 samples were produced and tested for each
concentration. In addition to this, the LOI value of neat PA6 and 1 wt.% m-HNTs
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containing samples with the same thickness as electrospun mats were produced by

compression molding to investigate the effects of production method.

As a result of the LOI tests, 5 mm part of the pure PA6 fiber mat produced by
electrospinning was burn at 31% O value. According to this result, the LOI value for
neat PA6 was accepted as 31% O». For the samples containing 1 wt.% m-HNTSs, the
LOI value was again found as 31% O». LOI value of the samples including 8 wt.% m-
HNTs was 30% O». These results show that the addition of HNTs did not change the
flame retardant properties of the electrospun mats. In addition, thin pure PA6 samples
produced by compression molding were burned at 27% O value. For molded thin
films containing 1 wt.% m-HNTSs, the LOI value was found as 29% O,. PA6/1 wt.%
m-HNTs composites were produced by melt mixing method provided higher LOI
value than the neat PA6 from the same method that shows the effects of HNTs on the
flame retardancy. This effect cannot be seen in the mats produced by the
electrospinning method and that can be explained with the existence of very low
amount of HNTSs in the PA6 nanofibers. However, the orientation and the porous
structure of the fibers produced by electrospinning may have a preventive effect during
burning. SEM analyses were performed to investigate the morphology of the fibers
after the LOI test and the images were given in Figure 96. When these images are

examined, it is thought that the network layer formed by the adhesion of the fibers

during the burning process may have a preventive effect on the flame propagation.

Figure 96. SEM micrographs of the neat PA6 nanofiber mat on which the LOI test
applied.
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CHAPTER 5

CONCLUSIONS

When all the experiments conducted within the scope of the thesis were evaluated, the

following results were obtained:

1. The neat PA6 and PA6/HNTs composite nanofiber mats were successfully

produced.

2. Effects of polymer solution concentration and solvent type on the fiber
morphology were identified. It was found that fiber diameter increased with
the polymer solution concentration. As a result, 15 wt.% PAG6 solution
concentration and the solvent mixture of FA and AA in 4:1 ratio was selected

as suitable solution parameters.

3. Optimization of parameters such as the applied voltage and solution feed rate
and tip-to-collector distance were successfully completed. The optimum
conditions for electrospinning of PAG fibers were found out as 30 kV of applied
voltage, 0.33 ml/h of flowrate, and both 9 cm and 10 cm of tip-to-collector

distance.

4. The surface modification of the HNTs was carried out using 1% APTES silane
coupling agent. Then, 1, 2, 4, 6 and 8 wt.% of modified and unmodified HNTs
containing composites were successfully prepared and characterized to assess
the amount of HNTSs in the matrix. It was observed that HNTs agglomerations
were reduced in the composites produced with surface modified HNTs. As a
result of the characterization, it was concluded that the sample containing 1
wt.% m-HNT gave better results in terms of morphology and mechanical

properties.
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The optimum parameters used in the production of the neat PA6 fibers were
also successfully used in the production of the PA6/HNTs composite

nanofibers.

Chemical vapor degradation experiments were carried out to investigate the
performances of the electrospun mats. HCI (10 wt.% aqueous mixture), acetone
(50 wt.% aqueous mixture), toluene and water were used as chemical vapors.
As a result of the experiments carried out at different time intervals in two
different setups, most of the structure of the neat PA6 and composite nanofibers
changed, and their thermal and mechanical properties decreased after chemical
vapor exposure. However, the samples containing 1% m-HNTs prevented
some of the reductions in the properties due to the good dispersion in the PA6
matrix. At high HNTs concentrations, agglomerations were formed and HNTs
did not show its superior features to prevent chemical degradation.

Diffusion coefficients were calculated to investigate the diffusion properties of
the chemical vapors in the samples. The calculated diffusion coefficient values

were in the range of 10> m%s.

Comparing the resistance of the samples to chemical vapors, it was concluded
that toluene vapor did not chemically alter the structure of PA6, which is a
highly polar polymer.

LOI experiments were performed by designing a frame to characterize thin
nanofiber mats and the effect of nanofiber structure on the flame retardant
properties was investigated. As a result of these studies, it was found that the
mats produced by electrospinning method (31% O2) were burned at higher
oxygen concentration than those produced by compression molding method
(27% O2). This result showed that the orientation and porous structure of the

fibers may have a preventive effect on the flame propagation during burning.
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APPENDICES

APPENDIX A

FTIR SPECTRA FOR UNMODIFIED AND APTES MODIFIED HNTs
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Figure A.1. FTIR Spectra of unmodified and 1 wt.% APTES modified HNTSs.
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APPENDIX B

DSC CURVES OF THE NANOFIBER PRODUCED USING DIFFERENT
PROCESS PARAMETERS
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Figure B.1. DSC curves of the nanofibers produced using different applied voltage

values.
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Figure B.2. DSC curves of the nanofibers produced using different feed rate values.

133



15cm

Exo
>

12 cm

10 cm w

30 60 90 120 150 180 210 240 270 300
Temperature (°C)

Heat Flow (a.u.)

Endo
4_

Figure B.3. DSC curves of the nanofibers produced using different tip-to-collector
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APPENDIX C

RAW DATA OF TENSILE TEST RESULTS

Table C.1. Tensile test data of the nanofiber mats produced using different voltage

values.
Applied Voltage | Tensile Strength Tensile modulus Elongation at Break
(kV) (MPa) (MPa) (%)
25 7.97 £0.80 70.22 + 8.47 47.60 £5.62
30 7.24 £0.59 76.82 + 5.66 58.07 £5.95
35 8.46 £0.71 82.70 £ 13.12 40.20 + 3.42
40 6.73+1.53 73.01£9.52 37.92 £6.57

Table C.2. Tensile test data of the nanofiber mats produced using different feed rate

values.
Feed Rates Tensile Strength Tensile modulus Elongation at Break
(mL/h) (MPa) (MPa) (%)
0.25 8.95+1.96 83.61 +3.811 51.30 £ 15.30
0.30 7.24 +0.59 76.82 + 5.66 58.07 £5.95
0.33 10.02 £ 1.29 101.22 +14.77 62.75 £ 5.44
0.35 10.00 £ 0.85 86.72 + 15.64 54.80 + 2.50
0.40 12.59 + 3.17 82.36 + 8.39 58.50 + 8.70

Table C.3. Tensile test data of the nanofiber mats produced using different tip-to-

collector distance values.

Tip-to-Collector | Tensile Strength Tensile modulus | Elongation at Break
Distance (cm) (MPa) (MPa) (%)
7 7.30+0.71 88.11 13.42 51.96 5.36
9 7.88 £ 0.63 98.21 +10.07 70.70 £ 4.20
10 10.02 £1.29 101.22 £ 14.77 62.75+5.44
12 7.62+0.84 104.06 £ 8.03 49.99 + 1.48
15 7.50 £ 1.55 80.57 £ 17.09 43.65 + 6.45
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Table C.4. Tensile test data of the composite nanofiber mats containing un-HNTs and

m-HNTs.
Sample Tensile Strength Tensile modulus | Elongation at Break
(MPa) (MPa) (%)

PA6 7.24 +0.59 76.82 £ 5.66 58.07 £5.95
1 wt.% un-HNT 7.34 +0.88 60.24 + 10.65 58.61 +7.88
1 wt.% m-HNT 7.95+1.80 96.06 + 13.16 47.66 +£7.18
2 wt.% un-HNT 7.18+0.76 69.33 +£4.28 57.37£3.77
2 wt.% m-HNT 7.64 £ 0.80 76.59 + 5.86 48.39 + 4.89
4 wt.% un-HNT 8.41+0.99 61.90 £ 5.99 56.97 £ 4.07
4 wt.% m-HNT 7.33+0.93 69.45 +7.20 51.17£6.32
6 wt.% un-HNT 7.42 +0.38 73.70 £ 4.08 59.70 £5.13
6 wt.% m-HNT 8.01+0.80 68.82 £ 6.17 49.04 £5.16
8 wt.% un-HNT 7.69 +0.54 68.80 + 7.61 57.10 £ 4.09
8 wt.% m-HNT 6.65 + 0.55 74.23 £6.92 53.61 +5.84
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Table C.5. Tensile test data of the samples exposed to different chemical vapors in the

old setup.

Chemical Sample Tensile Strength Tensile Elongation at

\apors (MPa) modulus (MPa) Break (%)
Neat 9.94 £0.95 139.30 £ 16.06 58.11 + 3.61
Unexposed | 1 wt.% 10.53 +£1.02 144.69 + 14.11 63.73 £ 5.99
8 wt.% 9.32+0.79 146.43 £ 15.49 48.27 £5.33
Neat 8.91+1.36 82.51 + 13.26 43.60 £ 13.42
HCI 1wt% 8.66 = 1.07 95.30 £ 19.52 35.98 + 10.28
8 wt.% 7.48 £0.97 139.96 £ 11.51 24.23 £ 2.05
Neat 954 +1.29 127.81+7.91 4462 +£11.51
Acetone 1wt% 8.52+1.44 118.24 + 16.53 48.87 £ 4.83
8 wt.% 8.76 £ 0.42 106.30 £ 7.49 29.32 +5.94
Neat 8.65+0.72 121.30 £ 12.54 58.20 £ 10.04
Toluene 1wt% 10.39 + 1.77 150.65 + 10.26 66.71 + 2.31
8 wt.% 9.07+1.14 118.64 + 17.47 48.92 £9.42
Neat 7.61+0.63 100.08 + 14.61 29.98 +7.20
Water 1wt% 9.08 £0.77 105.02 + 11.62 35.80 £5.95
8 wt.% 9.44 +0.95 125.11 +10.23 33.64 +£9.80
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Table C.6. Tensile test data of the samples exposed to different chemical vapors in the

new setup.

Chemical Sample Tensile Strength | Tensile modulus | Elongation at

\Vapors (MPa) (MPa) Break (%)
Neat 1152 +1.04 95.07 £6.82 73.14 £5.95
Unexposed 1wt.% 9.71+1.63 102.77 + 11.37 46.96 + 8.88
8 wt.% 10.67 +1.48 105.90 £ 11.75 48.93 + 10.67
Neat 6.96 + 0.64 69.35 + 6.95 27.69+2.42
HCI 1wt% 9.45+2.05 93.10 + 12.87 32.87 £10.10
8 wt.% 7.53+0.58 64.56 + 5.93 30.29 £ 3.12
Neat 8.43+1.34 67.22 +8.73 45.03+8.74
Acetone 1wt% 10.13+1.33 73.71+£9.99 47.22 £5.35
8 wt.% 8.38+141 83.47£8.44 37.27 £ 12.56
Neat 12,12 +1.30 76.27 +£16.05 60.74 £ 6.78
Toluene 1wt% 11.71£1.55 91.17 £ 8.20 58.83+8.12
8 wt.% 13.13+1.14 87.35 + 8.67 55.95 + 8.53
Neat 11.45+0.92 74.51 +12.67 38.02+4.18
Water 1wt.% 7.88 £1.09 73.99 £ 6.25 34.37£7.15
8 wt.% 11.66 +1.36 89.30 £ 12.40 40.49 £5.97
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APPENDIX D

SAMPLE CALCULATION OF DIFFUSION COEFFICIENT

Equation 2.4 was used to calculate the diffusion coefficient of the samples containing

1 wt.% m-HNTSs exposed to acetone vapor in accordance with the Fick's Second law.

In the equation, Mt shows the percent weight increase of the sample at time t, Mo

stands for the percent weight increase at the equilibrium, D is diffusion coefficient, |

is the half thickness of the sample, and the t is the time. Using the values of samples

containing 1 wt.% m-HNTSs exposed to acetone vapor in Table D.1, the normalized

weight increase graph was plotted as a function of the square root of the time. This

graph was used to calculate the slope and diffusion coefficient obtained from the

region where the normalized mass increase is less than 0.5.

Equation 2.4 is given below.

M,

M,

12
(R) (12
nl’

(2.4)

Table D.1. Data used to calculate the diffusion coefficient of the samples containing

1 wt.% m-HNTSs exposed to acetone vapor.

Values
Time (h) 46 | 277 | 522 | 755 | 100 | 124 | 14751715
T(i:]f‘;;/z 21 | 53 | 72 | 87 | 10 | 111 | 121 | 131
M (%) 1.420 | 2.150 | 3.008 | 2.550 | 3.380 | 3.230 | 2.772 | 2.910
M..(%) 2.971
M/M.. 0.477 | 0.724 | 1.013 [ 0.861 | 1.138 | 1.087 | 0.933 | 0.980
I (m) 2.095x10° = 5.008x10°°
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The normalized weight change is less than 0.5 (0.477) was used to calculate the value

of the diffusion coefficient. The calculation steps are shown below.

0.477<0.5

2XD1/2 )

O.477=2.1><3600><< o
n1/2x2.,095x10

0.477 2
=———  xg!2 S) 15
(2><2_1><36OO xt'#%x2.095%10 ) 4.94x107° m=/s

As a result, the diffusion coefficient was calculated as 4.94x10°*> m?/s for the sample

containing 1% m-HNTS exposed to acetone vapor.
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APPENDIX E

CUMULATIVE FREQUENCY GRAPHS OF THE SAMPLES EXPOSED TO
DIFFERENT CHEMICAL VAPORS
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Figure E.1. Cumulative frequency plots of fiber diameters of the samples exposed to
HCI vapor in the old setup.
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Figure E.2. Cumulative frequency of fiber diameters of the samples exposed to

acetone vapor in the old setup.
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Figure E.3. Cumulative frequency of fiber diameters of the samples exposed to

toluene vapor in the old setup.
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Figure E.4. Cumulative frequency of fiber diameters of the samples exposed to water

vapor in the old setup.
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Figure E. 5. Cumulative frequency of fiber diameters of the samples exposed to HCI

vapor in the new setup.
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Figure E.6. Cumulative frequency of fiber diameters of the samples exposed to

acetone vapor in the new setup.
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Figure E.7. Cumulative frequency of fiber diameters of the samples exposed to

toluene vapor in the new setup.
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Figure E.8. Cumulative frequency of fiber diameters of the samples exposed to water

vapor in the new setup.
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