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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF PARALLEL ALIGNED
ELECTROSPUN PAN/GO NANOFIBER BUNDLES

TURKOGLU, Melike
M.Sc. in Materials Science and Engineering_
Supervisor: Assoc. Prof. Dr. Halil Ibrahim ICOGLU
Co-Supervisor: Prof. Dr. Mehmet TOPALBEKIiROGLU
February 2024

85 pages

The aim of this thesis is to investigate the morphologies, nanofiber alignment,
mechanical, structural, and thermal properties of parallel aligned
polyacrylonitrile/graphene oxide (PAN/GO) nanofibers. For this purpose, firstly,
graphene oxide (GO) was synthesized from graphite by the modified Hummers
method and analyzed by SEM, FTIR, XRD and Raman spectroscopy. Secondly, PAN
nanofibers were produced using different parallel electrodes with plate thickness of 1
and 1.5 mm, plate width of 5, 8 and 10 mm, and gap distance of 20, 30, 40 mm. Thirdly,
PAN/GO nanofibers were produced at different ratios to determine their morphology
and alignment according to a selected parallel electrode parameter. Finally, PAN/GO
nanofibers were produced in bundle form and their mechanical, structural, and thermal
properties of were analyzed. The highest nanofiber alignment was produced at 1.5
plate thickness, 10 mm plate width, and 40 mm gap distance. The alignment of
nanofibers increased as the addition of GO increased up to 4 wt.% ratio in PAN/GO
nanofibers. Structural analyses of PAN/GO nanofibers by FTIR and XRD, thermal
analysis by TGA and DSC, nanofiber productivity, tensile strength, % elongation and
Young's modulus analyses were performed. As a result of structural, thermal, and

mechanical analyses, 3 wt.% GO ratio was determined as the critical value.

Key Words: Electrospinning, Parallel Electrode, Alignment, Graphene Oxide



OZET

ELEKTRO CEKIM YONTEMI iLE PARALEL HiZALANMIS NANOLIF
SERITLERIN URETIMi VE KARAKTERIZASYONU

TURKOGLU, Melike
Yiiksek Lisans Tezi, Malzeme Bilimi ve Mithendisligi
. Damisman: Do¢. Dr. Halil Ibrahim ICOGL.U 5
Ikinci Damisman: Prof. Dr. Mehmet TOPALBEKIROGLU
Subat 2024
85 sayfa
Bu tezin amac1 paralel yonlenmis poliakrilonitril/grafen oksit (PAN/GO) nanoliflerin
morfolojilerini, nanolif hizalanmasini, mekanik, yapisal ve termal 0&zellerini
incelemektir. Bu amagla ilk olarak, grafen oksit (GO) modifiye Hummers yontemiyle
grafitten sentezlenmistir. ikinci olarak, PAN nanolifleri 1 ve 1,5 mm kalmlik, 5, 8 ve
10 mm g¢ubuk genisligi ve 20, 30, 40 mm bosluk mesafesine gore farkli paralel
elektrotlar kullamlarak iiretilmistir. Uglincii olarak, PAN/GO nanolifler farkl
oranlarda segilen bir paralel elektrot parametresine goére morfolojik ve
hizalanmalarinin belirlenmesi i¢in {iretilmistir. Son olarak, PAN/GO nanolifler, serit
formunda iiretilerek mekanik, yapisal ve termal ozellikleri analiz edilmistir. SEM,
FTIR, XRD ve Raman spektroskopisi analiz sonuglarina gére GO’nun literatiir ile
uyumlu basarili bir sekilde sentezlendigi belirlenmistir. En yiiksek nanolif hizalanmasi
1,5 elektrot kalinlig1, 10 mm plaka genisligi ve 40 mm bosluk mesafesinde iiretilmistir.
PAN/GO nanoliflerde, agirlik¢a % 4 Kkatki oranina kadar GO miktar1 arttikga
nanoliflerin hizalanmasi artmistir. PAN/GO nanoliflerin FTIR ve XRD ile yapisal
analizleri, TGA ve DSC ile termal analizleri, nanolif iiretkenlikleri, tex degerleri,
kopma mukavemeti, % uzama ve Youngs modiilii analizleri yapilmistir. Yapisal,
termal ve mekanik analizler sonucunda agirlik¢a % 3 GO katki orani kritik deger

olarak belirlenmistir.

Anahtar Kelimeler: Elektro Cekim, Paralel Elektrot, Yonlendirme, Grafen Oksit
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Nanofibers have the potential for many advanced uses thanks to their small pores, high
surface area, and superior physical and mechanical properties [1], [2], [3]. Many
methods are used for the production of nanofibers, including template synthesis, phase
separation, self-assembly, electrospinning, meltblown and bicomponent [4]. Among
these methods, the electrospinning method has become a common practice in recent

years due to nanofiber quality, efficiency, morphology and wide usage area [5].

In order to increase the current utilization areas of nanofibers, many studies have been
carried out to improve the properties of nanofibers by adding different additions. Thus,
the produced nanofibers are used for increasing battery capacity [6], [7] improving
thermal and tensile strength [7], [8], [9], [10] and air filtration [11], improving the
dyeability and hydrophilic properties of fibers [12], [13] in electrochemical sensors
[14], heat protective or flame retardant it can be used in material production [15].

Recently, studies on the alignment of nanofibers produced by electrospinning method
have accelerated significantly popular. One of the methods is the parallel electrode
method [16]. With this method, nanofibers can be directed by manipulating the electric
field without any mechanical movement. Studies have shown that the structure and

layout of parallel electrodes are effective in aligning nanofibers [17], [18], [19].

However, the general approach in electrospinning studies is to produce nanofibers as
a nonwoven surface in a random order. Nonwoven surfaces cannot be used in weaving
and knitting areas. For this reason, researchers have carried out improvement studies
on the electrospinning mechanism and produced nanofibers in the form of threads to

have a wider usage area. It is thought that especially the continuous parallel production



of nanofibers will improve many functional properties, especially mechanical

properties.

1.2 Objective of Thesis

Among various production methods of nanofibers, electrospinning is considered the
most effective method in terms of simple installation, nanofiber quality and diversity
of usage areas. In recent years, many studies have been carried out to improve the
morphological, mechanical and thermal properties of nanofibers by adding different

additions to them.

Graphene oxide (GO) was synthesized by the modified Hummers method within the
scope of the thesis and was added to the polyacrylonitrile (PAN) polymer at different
contribution rates (1-5 wt.%). The effect of graphene oxide on the morphological,
mechanical and thermal properties of polyacrylonitrile nanofiber bundles were
investigated. Thus, the usage areas of the produced nanofibers were expanded. No
research has been found in the literature on the continuous parallel production of
PAN/GO nanofiber bundles.

The main goal of this thesis is to produce nanofiber bundles with a uniquely designed
needleless electrospinning method using parallel electrodes. At the same time,
nanofiber bundles were produced in a continuously parallel aligned form with parallel
electrodes that will be placed sequentially within the conveyor belt. It is aimed to fulfill

the following conditions during the production phase of PAN/GO nanofiber bundles.

v Obtaining structures in accordance with literature results by applying SEM,
FTIR, XRD, TGA and Raman spectroscopy tests to the synthesized GO.

v" Enhancing the parallel alignment of PAN nanofibers with the help of parallel
electrodes

v" Homogeneous, beadless and uniform production of PAN/GO nanofibers

v"Increasing the alignment, tensile strength and thermal resistance of nanofiber
bundles with GO addition

v Continuous parallel production of nanofiber bundles

If this thesis is successful, continuous parallel nanofiber bundles were produced with

the help of conveyors and was contributed to mass production.



1.3 Nanofibers and Nanotechnology

Nanotechnology has facilitated the precise control of material structures at the nano
scale. Nanofibers constitute a subset within the nanotechnology. Although the
definition of nanofibers varies according to references, they are generally

characterized as fibers with a diameter less than 1 um [20].

Nanofibers have become increasingly important in recent years due to their special
properties such as high specific surface area, permeability, flexibility and biomimetic
potential. These special characteristics of nanofibers applicable to a numerous of
fields, including energy production [21], energy storage [22], catalysis [23], protective
clothing [24], sensors [25], filtration [26] and drug release [27]. The diverse
applications of nanofibers highlight their versatility as a material within the domain of

nanotechnology, and its potential to offer innovative solutions across various sectors.

1.4 Nanofiber Production by Electrospinning

1.4.1 Electrospinning

Various methods have been used to prepare nanofibers, including template synthesis
[28], hydrothermal methods [29], phase separation [30], centrifugation [31],
bicomponent spinning [32], drawing [33], solution blowing [34], chemical vapor
deposition [35] and electrospinning [36], [37], [38]. Among these methodologies,
electrospinning emerges as a notably effective technique to produce polymer-based
nanofibers. The distinctive properties of the electrospinning method include its
uncomplicated setup, cost-effectiveness, efficacy in nanofiber production, adaptability
for straightforward modifications, and potential for industrial-scale application. These
properties give electrospinning a distinct advantage compared to alternative techniques
[39].

The electrospinning method, discovered by Formals in 1934, is a process that involves
producing nanofibers from a solution or molten liquid using high voltage. In the
electrospinning method, the fundamental components include a syringe pump to feed
the solution, a power source for applying high voltage, and a plate for collecting the
nanofibers. The essential elements of the electrospinning system are illustrated in

Figure 1.1.
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Figure 1.1 Basic electrospinning set-up

In the electrospinning method, a polymer solution is fed through a syringe with a
needle via a feeding pump. High voltage is applied to the needle at the tip of the syringe
by a power source. Consequently, the solution droplet at the needle tip becomes
electrically charged. As the applied voltage increases, the solution droplet converts
into a cone shape, and when it overcomes surface tension, a thin jet forms at the Taylor
cone's apex. The jet progresses towards the grounded collector, elongating and
thinning due to mutual repulsion of like electrical charges. During the progression, the
polymer jet initially follows a straight path and later the jet a spiral trajectory called as
whipping motion. Meanwhile, the solvent within the polymer solution evaporates,

depositing nanofibers randomly onto the collector surface.

The electrospinning setups can be classified into needle and needleless systems about
the feeding component. Needle-based electrospinning system confronts challenges
such as needle clogging and decreased production rates. In response to these
challenges, needleless electrospinning setups have been developed innovatively
employed a rotating disk instead of a needle for the fabrication of nanofibers [40].
Furthermore, feeding components such as cylinders [41], [42], [43], [44], [45], [46],
[47], [48], [49], cones [50], discs [47], [51], spirals [52], wires [53], [54] and

pyramids [55], [56] have been utilized in pertinent investigations. Needleless



electrospinning systems provide a significant advantage in nanofiber productivity
compared to needle systems [44], [47], [50], [57].

1.4.2 Important Parameters in Electrospinning

Many factors affect both nanofiber characteristics and the electrospinning process.
These factors can be grouped into three main categories; solution parameters, process
parameters, and ambient parameters [58], [59]. These parameters are given in Table
1.1.

Table 1.1 Parameters affecting the electrospinning process

Solution Parameters Process Parameters Ambient Parameters
Molecular weight Applied voltage Relative humidity
Concentration Feed rate Temperature
Viscosity Tip to collector distance Atmosphere type
Surface Tension Collector type Pressure

Conductivity Diameter of pipette orifice

1.4.2.1 Solution Parameters

One of the factors influencing solution viscosity is the molecular weight of the
polymer. When comparing solutions prepared from polymers with high and low
molecular weights of the same polymer, it has been observed that the solution with a

higher molecular weight polymer exhibits greater solution viscosity [59].

Another factor influencing the viscosity of the solution is the polymer concentration.
Similar to molecular weight, an increase in concentration leads to an enhancement in
polymer chain complexity, thereby ensuring the continuity of the jet during the
electrospinning process [59]. Optimal concentration needs to be determined due to
bead formation at low concentrations and detrimental effects at high concentrations.

The electrospinning process, a minimum polymer chain complexity and, consequently,
minimum viscosity are required. Excessively high viscosity impedes the smooth
pumping of the solution. Additionally, very high viscosity may lead to premature
drying of the solution at the tip of the nozzle before the onset of electrospinning [59],
[60].



The increase in viscosity is associated with an increase in fiber diameters. This is likely
due to the increased resistance to stretching of the solution jet caused by the charges
in the jet [59]. Another effect of high viscosity is a smaller collection area. Increased
viscosity can prevent the whipping instability of the jet. In this case, the path followed
by the jet decreases, resulting in fibers spreading over a smaller area. The reduction in
the path followed by the jet leads to less elongation of the solution and the formation
of larger diameter fibers [59], [60].

In the electrospinning method, the surface tension of the electrically charged polymer
solution must first be overcome. Additionally, surface tension is a parameter that can
lead to bead formation even after the formation of the jet. To produce beadless
nanofibers, it may be necessary to reduce surface tension. Surface tension causes the
free solvent molecules to come together. Naturally, an increase in viscosity will reduce

the number of free solvent molecules, thus preventing this agglomeration [59].

The solution undergoes stretching due to the repulsion of charges on its surface in the
electrospinning process. If the conductivity of the solution is increased, a greater
amount of charge can be conveyed in the electrospinning jet. Solution conductivity
can be augmented through the addition of ions, particularly by incorporating salts,
resulting in elevated conductivity values for polymer solutions. The higher the

conductivity value, the lower the critical voltage level required for application [61].

Although electrical conductivity is beneficial for the electrospinning process, it
becomes difficult, and even impossible, beyond a certain limit. In the electrospinning
process, it becomes challenging to maintain charges in the droplet at the tip when the

solution's conductivity is very high [60], [62].

1.4.2.2 Process Parameters

The application of voltage influences the elongation and acceleration of the jet through
the created electric field. With higher applied voltage, the solution will stretch more
due to the increased coulomb forces within the jet. This not only leads to a decrease in
fiber diameter but also results in obtaining drier fibers by causing faster evaporation

of the solvent.

As the voltage increases, the electrostatic repulsive forces on the jet also increase,
resulting in reduction in the fiber diameter and, generally, a decrease in bead formation



[59]. However, at very high voltages, an increase in jet instability can occur due to the
retraction of the Taylor cone into the needle, leading to an increase in bead formation
[58]. Up to a certain value, an increase in voltage reduces bead formation, and the bead
shapes transform from spherical to flat. However, with further voltage increase, the
beads tend to return to a more spherical form. Thus, there should be an upper limit to
the applied voltage [60].

Feed rate is a crucial parameter directly influencing the transfer rate and material
spraying speed. It determines the quantity of the polymer solution supplied in the
electrospinning method. As the flow rate increases, nanofiber diameters become
thicker, and bead formation and size increase. However, there is a limit to the increase
in fiber diameter associated with high feed rates [59], [60].

The morphology and structure of electrospun fibers are primarily influenced by the
between tip the collector distance (TCD), which is related to the deposition time and
the instability range or whipping. When the distance between the collector and the
needle tip is reduced, the flying time is reduced but the charge density (CD) is higher.
As there may not be enough time for the solvent to evaporate, a shorter flight time can
lead to bead formation. On the other hand, a higher CD can accelerate the jet.
Therefore, TCD should be optimally defined to produce uniform and smooth

electrospun nanofibers [59].

The inner diameter of the needle has a significant impact on the flow of the
electrospinning method. A decrease in the needle diameter has been observed to result
in a reduction in fiber diameter and bead formation. However, a needle with an
excessively small inner diameter does not allow solution droplets to exit from the tip
of the needle and can lead to clogging issues [59]. Additionally, it introduces the

problem of blockage [60].

The shape of the collector, like the collector material, has an impact on the
electrospinning process and the structure of the resulting nanofibers. Various designs
of both moving and stationary collectors have been employed in studies. The most
used collector is aluminum plates. Additionally, metal grids, rotating drums, rotating
disks, conveyor belts, triangular frames, parallel rings, and a liquid bath are used to
collect nanofibers produced by electrospinning (Figure 1.2) [60].



Figure 1.2 Some collector types used in electrospinning: a) stationary plate, b)
rotating drum, c) rotating disk, d) parallel rings, e) conveyor belt, f)
liquid bath, g) metal grid [62]

1.4.2.3 Ambient Parameters

The high humidity of the environment particularly affects the morphology of fibers
obtained through electrospinning, especially when using a volatile solvent in the
prepared solutions. Additionally, relative humidity determines the evaporation rate of
the solvent. In very low relative humidity, the solvent can evaporate very quickly, even
while the solution is still at the tip, resulting in solidification at the tip. This can lead
to clogging and consequently hinder electrospinning [59]. In studies examining the
relationship between the relative humidity (RH) of the environment and the fiber
diameters, an increase in obtained fiber diameters with respect to RH increase, has
been observed. In other words, an increase in RH reduces the electric field force

required for the thinning of the jet [60].

The temperature of the solution causes a decrease in viscosity and an increase in the
evaporation rate. Lower viscosity enables better dissolution of the polymer, resulting
in more uniform nanofibers. Additionally, as viscosity decreases, the solution can

create more tension, allowing the production of finer fibers [63], [64].

A steady state electrospinning cannot be achieved when the ambient air pressure
decreases, as the droplet will easily flow outward. Bubbles can be observed in the
droplet at very low pressures, and on the other hand, there may be an electrical arc due
to insufficient air [59], [60].



1.5 Nanofiber Alignment in Electrospinning

The collector design plays a crucial role in determining and directing the alignment of
nanofiber collection patterns [50], [65]. Consequently, numerous collector types have
been investigated to produce uniaxially aligned nanofibers. In various studies,
collector types such as cylinder [66], grid [67], parallel electrode [66], [16], plate [68],
a bath [69], [59], a disc [70], [71], a needle [72], a membrane [73], a funnel [74],
conveyor belt [75] among others have been utilized. These collector types are shown

schematically in Figure 1.3.

Plate

Conveyor Cylinder

T b

Parallel Electrode

Figure 1.3 Collector types utilized in electrospinning [76]

The conveyor belt from these collectors is crucial for continuous nanofiber production.
The conveyor allows the collection of nanofibers in a specific area and facilitates
continuous nanofiber production. In a similar manner, a drum collector is crucial for
aligned nanofiber production. The production of nanofibers with a drum collector for
uniaxial alignment is the oldest and simplest method. In this type of collector,
nanofibers are collected on a rotating drum that is unidirectionally aligned due to high-
speed rotation. Additionally, there are other collectors such as rotating disks [77],
rotating funnels [71], [78], dynamic liquid baths [69], [79] and so forth. The rotation
speed of the cylinder is a critical parameter. It affects the alignment and density of the

collected nanofibers.



Aligned electrospun nanofibers are also obtained with parallel electrode collectors.
The primary advantage of parallel electrodes utilized in aligning nanofibers is their
independence from any moving parts. In this method, electrostatic forces on the gap
between electrodes lead to the unidirectional alignment and deposition of nanofibers
[19], [80], [81]. In the parallel electrode technique, the gap distance between electrodes
and characteristics of the plates (width and thickness) are crucial, particularly in terms
of aligning nanofibers [17], [18], [19].

1.6 Graphene Oxide
Graphite, graphene, and graphene oxide are all forms of carbon with distinct structures
and properties. The comparison table of these three materials is given in Table 1.2.

Table 1.2 Graphite, graphene and graphene oxide comparison

Graphite Graphene Graphene Oxide

Chemical
Modal

o The structure of Grqphe_ne oXide is a
Graphite is made up raphene. a two- derivative of
of a hexagonal lattice g pher n | material graphene that
Molecular  structure of carbon i;r;:;?sle% l?y aii‘ra]rg;?e’ contains oxygen-
Structure  atoms, with each containing functional

layer being known as layer of c_arbon atoms groups, obtained
arranged in a

graphene. hexagonal lattice through a
' modification process
- Insulating
- Conductive -Highly conductive -Mechanical
Properties - Good mechanical -Exceptional properties can very
strength mechanical strength depending on the
degree of oxidation
- Lubricants - Electronics - Biosensor
- . - Sensors - UV protection
Application - Pencils . . .
- Composites -Antibacterial
- Electrodes .
- Energy storage activity

1.6.1 Graphene Oxide Synthesis
The chemical synthesis of GO is based on the oxidation of graphite and can be
classified according to the oxidant used (Table 1.3).
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Table 1.3 GO synthesis methods with different oxidants

Reaction
Methods Oxidant Temp. (°C) Specifications
Time
% Brodie [82] KCI1Os, HNO; 3-4day 60 Qjdest methods, long
ks o .
o Staudenmaier [83]KCIOs, HNO3, H2SO4 Aday 25 Process efficient, toxic
0O gas release, explosive
O Hofmann[84]  KCIOs, HNOs, H2SO4 6-7 day 10-35 reaction
Hummers [85] KMnO4, H2SO4, NaNO3 <2 hour 20-98
Fu [86 KMnOa, H2S04, NaNO <2hour 35
[66] h : Short process, better
Eigler [87] KMnO,, H2S04, NaNO3 16 hour 10 oxidation, high-quality
GO, high metal pollution,
Lopez-Diaz [88] KMnOs, H2SO4, NaNO3 <2hour 35 toxic gas release,
] explosive reaction
Nekahi [89] KMnOg, H2S04, NaNO3 24 hour 25
= Drewniak [90] KMnOg, H2SO4, NaNO3 2hour 5-50
D
8 suo1] KMnOa, H2S04 4hour 25
o Short process, large size
§ Sun [92] KMnOg, HSO. <2hour 90 GO, efficient
X Chen [93] KMnOs, H2SO4 <1 hour 20-95
Ranjan [95] KMnOz, H>SO4, HsPO4 >24 hour 35-g5 Juality GO, double
component acid, less
Santamaria-J. [96] KMnOs, H2S04, HsPO4 12 hour 35-50 tOXIc gas
KMnO4, H2SO4, H3POy4, Short process, high
Panwar [97] HNO. 3 hour 50 quality GO
KMnOQOg4, H2S04, KoFeOy, .
Yu [98] HaBO: 5hour 5-95 Less pollution
Shen [99] C14H1004 10 minute 110 xs::y short process, acid-
Chandra [100]  KoCr,O7, H,SOs, NaNOs 72 hour 10-98 ;ﬁ)’l%spsmcess' safe
wn
S
2 Peng [101] K>FeOs, HSOs lhour 25 Shortprocess, less
o pollution
Rosillo-L. [102] HNO3 20 hour 25 Nano size GO
. Less oxidation, high
Dimiev [103] (NH4)28203, H,SO,4 3-4hour 25 efficiency

Initially, potassium chlorate (KC103) was employed by Brodie [82]. This method was
later modified and improved [83], [84]. These methods are known as KCIO3 based GO
synthesis methods. Subsequently, potassium permanganate (KMnOs) was used as the
oxidant by Hummers [85], and researchers have further developed Hummers method
[86], [98] These methods are known as KMnO4 based methods or modified Hummers
methods. Both methods have disadvantages, such as the release of toxic gases, the

occurrence of explosive reactions, and the formation of polluting metal ions [94].
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Although modified methods have been attempted to eliminate these disadvantages,
these problems have not been completely resolved [99]. In the literature, different
types of oxidants have been used to address these disadvantages [99], [103]. However,

the efficiency and oxidation quality of these methods remain debated topics.

The oxidation of graphite was first proposed by Hummers and Offeman in 1958,
utilizing potassium permanganate (KMnOgs) as the oxidant [85]. In this method,
potassium permanganate (KMnOa) is employed as the oxidant. Hummers and Offeman
suggested that GO could be obtained by processing it with sulfuric acid (H2SOs),
sodium nitrate (NaNOs3), and potassium permanganate (KMnO4). While this method
has advantages such as a short processing time, improved oxidation, and the
production of higher-quality GO, it has drawbacks like high metal contamination
(Mnz"), toxic gas emission (NOx), and a risk of explosion when the temperature is
uncontrolled (Mn2Oy7). Despite addressing some issues with the change of oxidant to,
KCIOs3 problems such as excessive metal contamination and the risk of explosion

during the reaction persist [102].

Researchers have contributed to the synthesis of higher-quality GO and the reduction
of processing time by modifying the synthesis procedure [86], [90]. Some studies
based on KCIOs have excluded the significant role of NaNOs in the sufficient oxidation
of graphite and thus eliminated its use [91], [92]. These studies have emphasized the
potential to obtain larger sized GO and reduce the formation of toxic gases. In various
research efforts, the oxidation process has been enhanced by excluding NaNOs,
increasing the amount of KMnQO4, and adding HsPO4 [94], [96]. This oxidation
technique has increased the oxidation efficiency, resulting in the production of a
greater quantity of GO with reduced formation of toxic gases. Two and three-
component oxidants have been employed to enhance the oxidation efficiency of GO
[97]. The KMnO4 based methods initiated by Hummers are referred to as the modified
Hummers method. In addition to KCIOszand KMnO4 based methods, researchers have
pursued methods for large scale GO production that are devoid of toxic gases and
contaminating heavy metals, and free from explosion risks, emphasizing ultra-fast and
cost-effective approaches. Therefore, various types of oxidizing agents have been
employed in the production of GO. In this context, researchers have used potent

oxidants such as benzoy!l peroxide (C14H1004) [99], potassium dichromate (K2Cr207)
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[100], potassium ferrate (K2FeOs) [101], nitric acid (HNO3) [102], and ammonium
persulfate [(NH4)2S20g] [103]. These methods offer advantages such as large-scale
production, short processing times, safe synthesis, lower contamination with heavy
metals, higher quality, and high efficiency [99], [100], [101], [103].

1.6.2 Application Areas of Graphene Oxide

GO can impart excellent properties to materials by forming bonds with richly oxygen-
containing functional groups. Additionally, the oxygen containing groups expand the
interlayer spacing of GO. Thus, GO can introduce new characteristics to the material
by entering the spaces between molecules or groups [104]. GO finds applications in
textile applications such as UV protection [105], supercapacitors [106], humidity
sensors [107], biosensors [108], conductivity [109], electromagnetic shielding [110],
antibacterial activity [111], strength and elongation [112], gas permeability [113], and
conferring hydrophobic properties [114]. One of its most significant applications is its
use as a precursor material for the large-scale preparation of reduced graphene oxide
(RGO) or graphene [115].
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CHAPTER 2
LITERATURE SURVEY

2.1 Polyacrylonitrile/Graphene Oxide Studies
A literature review has been conducted on producing PAN/GO nanofibers. Summaries
of these studies are provided below.

Tiyek et al. [8] conducted a study investigating PAN nanofibers' production
parameters and structural characteristics with GO additions. They observed that the
prepared GO-modified nanofibers improved thermal resistance and tensile strength.
The optimum tensile strength was reported at a 3 wt.% GO addition ratio, showing a

48.8 wt.% increase compared to neat PAN nanofibers.

Zhu et al. [6] found that GO addition increased the rate capacity and stability of
lithium-sulfur batteries in PAN nanofibers. They particularly emphasized the self-
discharge property of PAN/GO nanofibers. PAN/GO samples with a 3 wt.% addition

ratio reported an improvement in the capacity and stability of the batteries.

Abdel-Mottaleb et al. [11] indicated in their study that GO in PAN/GO solution
reduces friction in the resulting nanofibers. Consequently, it was observed that it
delays sliding between the flow and filter surfaces. Based on mechanical tests of
PAN/GO nanofibers, it was determined that the tensile strength increased by 64.6
wt.%, and Young's modulus increased by 71.4 % Thus, GO modified PAN nanofibers

were found to be advantageous for mechanical enhancement.

Zhang et al. [116] prepared PAN/GO nanofibers for air filtration using the
electrospinning method. It improved the air filtration properties of GO nanofibers. The
optimal air filtration performance was reported to be at a 0.05 wt.% GO addition.

Moreover, the highest strength was achieved with 0.05 wt.% GO addition. The authors
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emphasized that PAN/GO nanofibers have a broad application potential in the air

filtration industry, contributing to cleaner air and a healthier living environment.

Hou et al. [9] investigated the hydrophilic and mechanical properties of PAN hybrid
nanofibers with GO additions. According to the obtained data, nanofibers with GO
additions ranging from 0.1 to 0.4 wt.% exhibited a 50 % increase in hydrophilic
properties and a 3-4 times improvement in strength. Additionally, as the amount of
GO increased, the nanofiber diameter also increased. The authors recommended the
usability of PAN/GO nanofibers for water purification applications. Hou et al. [10]
discussed improving PAN nanofibers' structural and mechanical properties with GO
additions. They particularly emphasized that GO significantly increased the nanofiber
strength while reducing the water contact angle. According to their strength results,

they reported that the optimal GO addition was 4 wt.%.

Li et al. [12] investigated the antibacterial activity properties of PAN nanofibers with
GO additions. They noted an increase in hydrophilic properties and surface roughness
with the addition of GO to PAN nanofibers. Additionally, nanofibers with 0.3 wt.%

GO addition showed an antibacterial rate of 98.5 wt.%.

Ghaderi et al. [14] investigated the electrochemical sensor activation property of PAN
nanofibers with GO additions in their study. They emphasized the significance of GO-
incorporated nanofibers synthesized through various methods for sensors and

highlighted their potential to contribute to future research in this field.

Zhang et al. [12] created porous PAN/GO nanofibers to efficiently adsorb chromium
(VI) ions. The GO nano-layers, with their hydrophilic oxygen-containing groups,
improved the interfacial compatibility between chromium (V1) aqueous solutions and
porous PAN/GO nanofibers.

Gergin et al. [15] conducted studies to investigate the oxidation durations of PAN/GO
nanofibers at different time intervals (1 and 3 h) and temperatures (25, 250, 280, and
300 °C). They mentioned that the addition of GO to PAN polymer accelerated the final
structure's oxidation and development. The authors suggested that PAN/GO
nanofibers could find applications in industries requiring heat-resistant and flame-
retardant properties, such as protective applications against heat for industrial gaskets
and packaging, as well as flame-retardant textiles.
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Jang et al. [13] conducted a study in which they performed the electrospinning process
of PAN/GO nanofibers using Cetyl Trimethyl Ammonium Chloride (CTAC) as a
surfactant. They successfully incorporated GO into the PAN polymer up to 30 wt.%
using CTAC, facilitating a nonstop electrospinning process. They noted an increase in
water absorbency of the nanofibers due to CTAC, indicating an improvement in the
dyeability of PAN/GO nanofibers. The authors reported that with an increase in pore
size and thickness of the nanofibers, there could be a significant enhancement in the
hydrophilic property, which is crucial for water treatment applications. Additionally,
they suggested that GO modified nanofibers could offer advantages in the removal of

heavy metal ions and toxic organic compounds under various conditions.

Ashrafi et al. [117] investigated the adsorption of uranium ions from aqueous
environments using PAN/GO nanofibers. They examined adsorption capacities by
incorporating different amounts of GO into PAN polymer (0.2, 0.4, 0.6 wt.%). The
highest adsorption capacity was determined to be 345.084 mg/g at a 0.2 wt.% GO

addition ratio.

Zhang et al. [118] investigated the strength of PAN nanofibers with GO additions. The
addition of 0.5 wt.% GO to the PAN polymer resulted in the highest strength.
According to their findings, the strength increased by 2.45 times. However, as the
concentration of GO increased, they observed a restriction in the movement of
molecular chains due to excessive interaction. They suggested that further studies on
mechanical stretching should be conducted to enhance mobility by increasing the heat

treatment temperature.

Almafie et al. [7] investigated the impact of adding different amounts of GO (0.04,
0.14, and 0.24) to PAN polymer on the morphological, mechanical, and dielectric
properties of nanofibers. The nanofibers produced with the lowest GO content
exhibited a Young's modulus of 2.16 MPa, while those with the highest GO content
measured 23.50 MPa. Additionally, the relative permeability increased from 32.2 to
86.4 with the increasing amount of GO. As a result, it was reported that the study could
serve as an example for the preparation of PAN/GO composite materials with superior

properties for use in energy storage applications.
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2.2 Parallel Electrode Studies
A literature review was conducted on the gap distance between electrodes, electrode
width, and electrode thickness for the alignment of nanofibers. Into parallel electrode

studies summaries of these studies are provided below.

Liuand Dzenis et al. [119] investigated the impact of gap distance and residual charges
on nanofiber alignment using the traditional parallel electrode method. The parameters
included a PEO solution concentration of 4.5 wt.% by weight, a TCD of 40 cm, applied
voltage of 12 kV, and electrode gap distances of 3-18 cm. They conducted their
studies, observing that an increase in the electrode gap distance led to enhanced
alignment. The optimum gap distance was determined to be 18 cm.

Yan et al. [120] investigated the production of directed electrospun nanofibers using
dielectric materials. Their studies were conducted with PVA polymer under the
conditions of a 10 cm TCD, 5 cm gap distance, and 15 kV. Firstly, they used an epoxy
resin collector with an approximate gap distance of 4 cm. Secondly, they replaced the
epoxy resin collector with ferrite, setting the electrode gap distance to approximately
6 cm. While the nanofibers in the first study were produced randomly, in the second

study, they successfully achieved the production of aligned nanofibers.

Vasudha Chaurey et al. [121] studied the impact of gap distance on nanofiber
alignment. They conducted their studies with 15 wt.% PLAGA, a 5 cm TCD, 10 kV
voltage, and gap distances ranging from 0.2 mm to 20 cm. As a result, they
demonstrated that an increase in the gap distance led to an enhancement in the

alignment of nanofibers.

Pokorny et al. [122] investigated the impact of gap distance on nanofiber alignment.
The parameters included 16 wt.% PVA polymers, a TCD of 16 cm, voltage ranging
from 20 to 25 kV, and gap distances of 1-45 mm. They observed that as the gap
distance increased, nanofiber alignment initially increased and then decreased. They
determined that the best results were achieved with a 10 mm gap distance.

Wei Liang et al. [47] evaluated the influence of gap distance on nanofiber alignment.
They conducted their studies with a 16 wt.% PV A concentration, gap distances of 4-6
cm, TCD of 6-10 cm, and applied voltages of 12-18 kV. According to the researchers,
a larger gap between electrodes resulted in less aligned nanofibers. They highlighted
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the order of importance as applied voltage, spinning distance, and electrode gap
distance. They specified the optimum values as 12 kV of voltage, 6 cm of TCD, and 5

cm of gap distance.

Yusril Yusuf et al. [123] investigated the impact of gap distance and solution
concentration on the diameter and alignment of nanofibers. They conducted their
studies with PVA polymer at concentrations of 11-19 wt.%, a voltage of 15 kV, TCD
of 9 cm, and gap distances of 5-20 mm. They noted that increasing the gap distance
decreased the alignment of nanofibers, and the nanofiber diameter would initially
decrease and then increase again. However, they mentioned that as the concentration
increased, the average diameter of nanofibers also increased, while the concentration
did not affect the alignment. They stated that the best alignment occurred for a 10 mm

gap distance with a 15 wt.% PVA concentration.

Rouhollah Jalili et al. [19] investigated the effect of gap distance and charge density
on the alignment of nanofibers. The process parameters included 15 wt.% PAN
polymer, gap distances of 2-5 cm, applied voltages of 10-13 kV and a TCD of 15-20
cm. They found that as the gap distance increased, the alignment of nanofibers initially
increased and then decreased. They stated that the optimal result was achieved with a
3 cm of gap distance. Additionally, they observed that an increase in applied voltage

initially led to an increase in nanofiber alignment, followed by a decrease.

Xiaomei Cai et al. [124] researched producing highly aligned and very long nanofibers
using the electrospinning method. They carried out their studies with a 12 wt.% PVDF
polymer concentration and gap distances of 1-60 cm. As a result, they concluded that
well-aligned fibers with lengths exceeding half a meter could be produced, and they

identified the optimal gap distance as 50 cm.

Christopher Fryer et al. [125] studied the impact of gap distance on the modulus,
alignment, and diameter of nanofibers using the conventional parallel plate method.
They conducted their studies with an 8 wt.% POE polymer concentration, 20 cm TCD,
18 kV voltage, and gap distances of 4-10 cm. They found that increasing the gap
distance improved the alignment of nanofibers, and they specified the optimal value

as a 10 cm gap distance. Additionally, they discovered that electrostatic alignment
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produced smaller diameter fibers compared to non-aligned fibers, and aligned
nanofibers had, on average, a finer diameter than non-aligned nanofibers.

Icoglu et al. [16] investigated the effects of gap distance and plate width, CD and TCD
on the alignment of PVA nanofibers under three main categories. Initially, they
examined gap distance at intervals of 1-5 cm and plate widths of 1.5-30 mm. In the
second study, CD parameters were investigated at 1-3 cm, and in the third study, TCD
parameters were examined at 9-21. Generally, as the gap distance increased, the
average diameter decreased. The optimal alignment formations occured at 1 kV/cm
CD. The alignment of nanofibers decreases while the average diameter increased with
an increase in CD. As TCD increases, the alignment of nanofibers decreased, but the

average nanofiber diameter did not seem to have a significant impact.

He et al. [126] investigated the impact of electrode height and inter-electrode gap
distance on the alignment of nanofibers in their study. They set the working parameters
as voltage at 15 kV, distance at 6 cm, and electrode at 0.5-7.5 cm. According to the
experimental results, they stated that relatively better nanofiber alignment would be
achieved when the electrode plates' height was 5.5 cm. In the inter-electrode gap
distance study, the parameters were set as height at 5.5 cm, voltage at 15 kV, and inter-
electrode gap distances at 2-12 cm. The study's results showed that the highest

nanofiber alignment was observed at a 6 cm gap distance.

Yildinm et al. [76] investigated the effects of plate width, gap distance, and plate
thickness on the alignment of PAN nanofibers. The parameters in the study were given
as plate widths of 5-15 mm, gap distances of 20-40 mm, and plate thicknesses of 1 and
1.5 mm, respectively. Additionally, an auxiliary electrode was employed to enhance
nanofiber alignment. However, the obtained results revealed that the nanofibers

exhibited alignment along the x and y axes.

Researchers also examined the impact of the gap distance on the average diameter of
nanofibers [19], [121], [123], [127], [128]. Ishii et al. [127] and igoglu et al. [128]
discovered that the typical nanofiber diameter decreased as the gap distance increased.
Whereas, Yusuf et al. [123] noted that the gap distance initially decreased, followed

by an increase in nanofiber diameter.

19



In the literature provided above, the addition of GO to PAN polymer has been observed
to induce various changes in the mechanical, physical, and thermal properties of
nanofibers. Furthermore, variations in the results have been identified depending on
the quantity of GO utilized. Only needle-based electrospinning has been employed in
all PAN/GO studies. Moreover, there is only one study on PAN/GO with parallel
electrodes [7]. This thesis possesses original significance by aiming to achieve the
continuous (using a conveyor belt) and parallel aligned (using parallel plates)
production of PAN/GO nanofiber bundles for mass production (using the needleless
electrospinning method). Firstly, the effects of plate thickness, gap distance, and plate
width on the alignment and morphology of electrospun PAN nanofibers were
investigated. Secondly, GO synthesis and analysis were performed. Lastly, the
nanofibers were electrospun by incorporating GO into PAN solutions at different
addition ratios, alignment, morphological, mechanical, structural, and thermal

properties of electrospun nanofiber bundles were examined.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Materials

3.1.1 Materials for Parallel Electrode Study

The polymer used as a constituent in the preparation of electrospinning solutions,
polyacrylonitrile polymer (PAN, Mw = 150,000 g/mol), was procured from Aksa
Acrylic Chemical Industry Inc. (Yalova, Turkey), while the solvent used,

dimethylformamide (DMF, C3H7NO), was sourced from Sigma Aldrich.

3.1.2 Materials for PAN/GO Study
Graphene oxide synthesis materials, including graphite (<20 pm), sulfuric acid
(H2S04, wt.% 96.4), hydrogen peroxide (H202, wt.% 30), sodium nitrate (NaNOs3),

and potassium permanganate (KMnOa), were obtained from Merck.

3.2 Method

3.2.1 Electrospinning Design and Installation

A needleless electrospinning setup was employed in this study. Helical spinnerets were
utilized as the solution-feeding component. The schematic representation of the
employed electrospinning apparatus is presented in Figure 3.1. To produce a bundle
of nanofibers, two helical spinnerets were used. The helical spinnerets were placed in
a Teflon bath and rotated at 9 rpm through a DC motor. A high-voltage positive power
supply (Spellman, SL70P300W, Hauppauge, United States) was connected to the
helical spinnerets. A conveyor belt, made of polyurethane with a thickness of 0.5 mm
and moving at a speed of 15 cm/min, was employed as the collector. Aluminum plates
were positioned in the middle of the conveyor belt as parallel electrodes (Figure 3.2).
Subsequently, a negative voltage was applied to the plates through a high-voltage
power supply (Spellman, SL40N30W, Hauppauge, United States).
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Figure 3.2 a) Aluminum electrodes cut with a laser, b-c) placement of the

electrodes into the conveyor belt.

3.2.2 Graphene Oxide Synthesis

The modified Hummers method, a chemical approach, was employed for the synthesis
of GO from graphite [129]. This method comprised five stages, and images depicting
the synthesis stages are provided in Figure 3.3. In the first stage, 5 g of graphite
powder, 2.5 g of sodium nitrate (NaNOs3), and 115 mL of sulfuric acid (H2SOa4) were
stirred in an ice bath at approximately 5° C for 1 hour (Figure 3.3a-b). In the second
stage, a strong oxidizing agent, 15 g of potassium permanganate (KMnOa), was slowly
added to the mixture, and the solution was stirred for 2 hours, ensuring it did not exceed
35 °C (Figure 3.3c-d). In the third stage, 500 mL of deionized water was added to the
mixture and stirring continued at 35° C for 1 hour (Figure 3.3e-f). In the fourth stage,
10 mL of hydrogen peroxide (H202) with a concentration of 30 wt.% was added to the
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mixture and stirring continued for an additional 2 hours (Figure 3.3g-h). After these
processes, in the fifth stage, the mixture was filtered with deionized water until the pH
of the filtrate reached 7 (Figure 3.3i-j). Finally, the dark brown material remaining on
the filter paper, appearing as a dense mud (Figure 3.3k), was dried in an oven at 50

°C for 24 hours (Figure 3.3m) to obtain graphene oxide in powder form (Figure 3.3n).

Figure 3.3 Graphene oxide synthesis steps

3.2.3 Nanofiber Fabrication

3.2.3.1 PAN Nanofiber Fabrication

PAN was used as the polymer, and DMF was used as the solvent in electrospinning
studies. PAN/DMF solution 12 wt.% was prepared by stirring in a beaker at 80 °C for
4 hours, and the solution was prepared for the electrospinning process.

According to the study parameters, plates were placed inside the conveyor. All plates
were centrally aligned on the conveyor belt. The conveyor belt was held stationary,
and a black Teflon sheet was placed on it. In the electrospinning method for producing
PAN nanofibers, the applied voltage, TCD, ambient temperature and RH were kept
constant at 54 kV (+46 kV, -8 kV), 18 cm, 25 £ 1 °C, and 50 + 5%, respectively. The
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independent variables and their value ranges investigated in this study are provided in
Table 3.1.

Table 3.1 Production process table for PAN polymer

Plate Thickness Gap Distance Plate Width
(mm) (mm) (mm)
1 20-30-40 5-8-10
1.5 20-30-40 5-8-10

3.2.3.2 PAN/GO Nanofiber Fabrication

To prepare PAN/GO solutions, PAN polymer dissolved in DMF solvent at a 12 wt.%
concentration, stirring for 4 hours at 80 °C. For the PAN/GO nanofiber production,
GO at specified ratios was dispersed in DMF in a separate container using an ultrasonic
bath at 24 °C for 2 hours. This ultrasonic process helped prevent the clumping and
settling of GO in the PAN solution, ensuring a more even distribution.

The resulting GO mixtures were slowly added drop by drop to the PAN solution with
a burette and stirred overnight at 80 °C. We repeated this process for each 1-5 wt.%
GO addition ratio according to PAN polymer weight. Additionally, a pure PAN
solution was used as a reference. The steps for preparing PAN/GO solutions are shown

in Figure 3.4.
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Figure 3.4 The stages of preparing the PAN/GO solution

The parallel electrode study involved placing the selected plates inside the conveyor.
All plates were centrally aligned in the conveyor belt. In the electrospinning method
for producing PAN/GO nanofibers, the applied voltage, TCD, ambient temperature,
and RH were kept constant at 61 KV (+53 kV, -8 kV), 18 cm, 25 + 2 °C, and 50 + 5%,
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respectively. The parallel electrode study, the independent variable (GO ratio) and the
range of values investigated, along with the parallel electrode parameters selected for
the study, are presented plate thickness 1.5 mm, gap distance 40 mm, plate width 40
mm. In the production of PAN/GO nanofiber bundles, the high voltage was adjusted

according to the highest GO contribution rate of 5 wt.%.

Table 3.2 Production process table for PAN/GO solutions

Sample PAN GO Solid Matter Ratio

Code (wt.%0) (wt.%0) (wt.%0)

PAN 12 0 12
PAN/GO1 11.88 0.12 12
PAN/GO2 11.76 0.24 12
PAN/GO3 11.64 0.36 12
PAN/GO4 11.52 0.48 12
PAN/GO5 11.40 0.60 12

3.3 Characterization

3.3.1 GO Characterization

In the parallel electrode study, Scanning Electron Microscopes (SEM) images were
captured at magnifications of 5 kX, 30 kX, and 50 kX using the Field Emission
Scanning Electron Microscopes (FE-SEM) ZEISS Gemini SEM 300 instrument.
Fourier Transform Infrared Spectrometer (FTIR) analysis was conducted with a
Diamond ATR Reflectance module on the Shimadzu IRTracerl00 device. For
Thermogravimetric Analysis (TGA), samples were tested on the Exstar TG/DTA 6300
apparatus with a nitrogen flow rate of 100 ml/min, a heating rate of 5 °C/min, and a
temperature range of 0-700 °C. X-ray Diffraction (XRD) analyses were performed on
the Philips X Pert PRO diffractometer device. Raman Spectroscopy analyses were
carried out on the RENISHAW in Via instrument with a 785 nm laser source.

3.3.2 Solution Characterization

Viscosity, conductivity, and surface tension analyses of GO added PAN solutions were
performed. A Brookfield DV-3 Ultra® rheometer was used to measure the viscosity
of the polymer solutions, an Attension Theta® optical tensiometer device was
employed for measuring surface tension, and an Orion 4 Star Plus® pH and
conductivity meter device was used for conductivity measurements. All measurements

were conducted at a solution temperature of 25 °C + 1 °C.
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3.3.3 Nanofiber Characterization
3.3.3.1 Morphological Properties
SEM images were again utilized for morphological examination. An image processing
program (Image J) was employed to measure the diameters of nanofibers. The average
diameter and standard deviation of nanofibers were determined by averaging 30
measurements. SEM images at 2 kX magnification were used for morphology results

and 15 kX magnification for nanofiber diameter measurements.

3.3.3.2 Nanofiber Alignment Measurement
The arrangement of consecutive parallel plates inside the conveyor was intended to
create a regular and parallel pattern in nanofibers, where they follow each other in an

orderly manner.

SEM images were captured at magnifications of 2 kX, 6 kX, 10 kX, and 15 kX using
the FE-SEM ZEISS Gemini SEM 300 instrument. Using an image processing program
(Image J), the alignment of each nanofiber was determined by measuring the angle
distribution in SEM micrographs. The angles of the nanofibers were calculated by
measuring their deviation from a reference line drawn horizontally across the top of
the image. The nanofibers were produced in the 30 seconds for SEM images. The
conveyor was stationary to obtain the SEM micrographs during the production of the
nanofibers. Black glassine papers with a 50 g/m? density were adhered to the constant

conveyor to take SEM images.

The electric field distribution across different parallel electrode arrangements in
electrospinning was studied through a three-dimensional finite element analysis using
the electrostatics module in COMSOL Multi-physics™ 6.1.

3.3.3.3 Mechanical Properties

Tensile strength and elongation of nanofiber bundles were measured using a Titan
brand universal mechanical testing machine according to the EN 1SO 2062 standard.
The nanofiber bundles were transformed into a linear form by giving them a slight
twist. Measurements were taken from 10 different samples, each being 50 cm long,
and the averages were calculated. The distance between the jaws was set to 250 mm,
the pre-tension to 0.50 cN/tex, and the extension rate to 250 mm/min. The samples
were conditioned under standard laboratory conditions before testing.
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3.3.3.4 Structural Properties

FTIR analysis was performed using the Diamond ATR Reflectance module on the
Shimadzu IRTracer100 device. XRD analyses were carried out using the Philips X
Pert PRO diffractometer device. Raman Spectroscopy analyses were conducted on the

RENISHAW inVia instrument with a 785 nm laser source.

3.3.3.5 Thermal Properties
Differential Scanning Calorimetry (DSC) analyses were conducted on the Shimadzu
DSC-60 apparatus within the temperature range of 25-350 °C, using a heating rate of

10 °C/min and a nitrogen flow rate of 100 mL/min.

TGA was performed on the Exstar TG/DTA 6300 apparatus within the temperature
range of 0-800 °C and a nitrogen flow rate of 100 ml/min. For PAN/GO nanofiber
samples, the heating rate was set at 10 °C/min, while for GO, it was conducted at a

heating rate of 5 °C/min.

3.3.4 Statistical Analysis

Statistical analysis was conducted using JMP statistical software (trial version). To
evaluate the effects of parallel electrodes and GO addition on diameter and alignment,
statistical variance analysis (ANOVA) and the Tukey-Kramer test were employed. The
data analysis was complemented with visual and self-explanatory graphics.

Significance was determined at a threshold of p<0.05.
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CHAPTER 4
RESULT AND DISCUSSION

4.1 Graphene Oxide Study Results

4.1.1 SEM Analysis

Images of the layered GO structure were taken with the SEM device at magnifications
of 5 kX, 30 kX, and 50 kX (Figure 4.1). It was observed that the layered GO seen in
the SEM images were dispersed in single or several layers (Figure 4.1a). GO
structures approximately 4-5 microns in size were observed (Figure 4.1b). These
results were consistent with the literature [130], [131]. Whitish areas in the images
indicate that the layer was thinner.

Figure 4.1 SEM images; a) GO [5 kX], b) GO [30 kX], ¢) GO [50 kX]

4.1.2 FTIR Analysis
Functional groups and bond structures in GO were examined by FTIR spectroscopy.

FTIR spectrum of graphite and GO are given in Figure 4.2.
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Figure 4.2 FTIR spectrum of graphite and GO

Functional bond structures were not observed in the spectrum of graphite. However,
different bond structures were formed in GO obtained from graphite. In the FTIR
spectrum of GO, alkoxyl bond (C-O) at 1041 cm™, epoxy bond (C-O) at 1222 cm™?,
aromatic bond (C=C) at 1618 cm™, carbonyl bond (C=0) at 1720 cm™, and hydroxyl
bond (-OH) at 3174 cm™* were evident. The presence of these bond structures in the
graphene oxide spectrum, which were not present in graphite, indicated the successful
occurrence of oxidation. These results were consistent with the existing literature [65],
[129], [132], [133].

4.1.3 XRD Analysis

Crystalline properties of GO layers and interlayer changes were examined by XRD.
The analysis results for the 002 plane are given in Table 4.1 and the XRD graph of
graphite and GO is given in Figure 4.3. It was similar to the literature that the 26.44°
peak in the graphite structure was not seen in GO after oxidation, and instead the
10.51° peak was formed [130].

Table 4.1 XRD analysis results for the 002 plane of graphite and GO

Peak Position (20)  Peak Height (cts) D- Spacing (A)
Graphite 26.4375° 3123 0.337
GO 10.5125° 468 0.841

29



Intensity (a.u.)

Graphite
\ Graphene Oxide
T T T T x i r T r
10 20 30 40 50 60

26 (Degree)

Figure 4.3 XRD spectrum of graphite and GO

The d-spacing of between planes, which was 0.337 nm in graphite, was measured as
0.841 nm in GO. These results prove that graphite was a carbon-based material that
was highly oriented by its transformation into GO [129], [130].

4.1.4 Raman Spectroscopy Analysis
The crystal structures of graphite and GO were examined by Raman spectroscopy.
Raman spectrum of graphite and GO are shown in Figure 4.4.
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Figure 4.4 Raman spectrum of graphite and GO

In the spectrum, regular structures in carbon are expressed with the G (sp?) band, and
irregular and amorphous structures are expressed with the D (sp®) band. [65], [131],
[132].

30



In the Raman spectrum of GO, the D peak was detected as 1318 cm™ and the G peak
was detected as 1588 cm™. The Ip/l ratio of the GO structure was determined as 1.08.
As can be seen from the spectra and Ip/lg ratios, regular structures in GO outnumber
irregular structures. Therefore, it has been determined that regular structures were
formed. These results of GO were found to be compatible with the literature [129],
[130].

4.2 Parallel Electrode Study Results

4.2.1 Solution Properties

Viscosity, surface tension and conductivity of PAN/DMF solution (12 wt.%) were
approximately 820 cP, 37.8 mN/m and 77.8 uS/cm at 25°C, respectively.

4.2.2 Morphology Analysis
SEM images were examined for plate thicknesses of 1 and 1.5 mm. SEM images for

electrodes with a plate thickness of 1 mm are given in Figure 4.5.
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SEM images showed that the nanofibers produced with 1 mm thick electrodes were
beadless and uniform. Nanofibers have different alingments depending on the gap

distance and plate width. It has been observed that nanofiber diameter distributions
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vary according to plate width and gap distance. The widest diameter distribution was
seen in the sample with plate width 10 mm and gap distance 40 mm, and the lowest
diameter distribution was seen in the sample with plate width 8 mm and gap distance
30 mm. SEM images for electrodes with a plate thickness of 1.5 mm are given in

Figure 4.6.
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SEM images showed that the nanofibers produced by 1.5 mm thick plates were
beadless and uniform. The widest diameter distribution was seen in all samples with
plate width 5 mm, and the lowest diameter distribution was seen in the sample with
plate width 8 mm and gap distance 30 mm. In general, it has been determined that

nanofiber distributions occur in a wider area than the 1 mm plate width.

The average diameters of the nanofibers are given in Table 4.2. The average nanofiber
diameters in all samples ranged from 203 to 380 nm. It has been observed that plate
width and gap distance have an effect on nanofiber diameters. However, no significant

relationship could be established for these changes.
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Table 4.2 The average nanofiber diameters by plate width, gap distance 5and

plate thickness

VF\)lliztteh Diggﬁce 1 mm Thickness 1.5 mm Thickness
(mm) (mm) (nm) (nm)
20 338 £ 46 285 £+ 38
5 30 326 £ 37 272+ 39
40 298 £ 29 277+ 53
20 265 + 25 325+ 36
8 30 250+ 32 380+ 59
40 364 + 60 274 £ 36
20 309+ 34 203 £ 27
10 30 295 +£ 28 256 + 31
40 267 + 36 228 £ 27

Effect of combined plate width, gap distance and plate thickness on nanofiber diameter

was given in Table 4.3 and Figure 4.7.

Table 4.3 Effect of plate width, gap distance and plate thickness on nanofiber

diameter [nm]

Property Level Number Mean SD LL UL Prob>F
149 A 297.8 445 2895 306.1
Plate
Witdh 8 159 A 3006 61.3 292.6 308.6 0.0001
(mm) 10 120 B 2746 438 2654 283.8
20 135 A 3006 429 2918 293
Gap
Distance 30 132 A B 2946 529 2854 285 0.0193
(mm) 40 161 B 2837 579 2757 274
Plate 1 252 A 298.3 50.1 2919 3048 0.0044
Thickness
(mm) 1.5 176 B 283.7 54.4 276.1 291.4

Note: Sub-levels of a variable are classified by alphabetical capital letters (e.g. A, B, C). The sub-levels
not connected by the same alphabetical capital letter are significantly different from each other at
significance level of 0.05. n:number of observations, SD: standard deviation, LL: lower limit, UL: upper
limit. Limits are based on a confidence level of 95%.
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Figure 4.7 Effect of plate width (a), gap distance (b) and plate thickness (c)

on nanofiber diameter

Notes: The distance between top and bottom ends of green diamond represents the 95% confidence
interval. Comparison circles (given on the right column) for means those are significantly different
either do not intersect, or intersect slightly. The height of red box (known as interquartile range) is a
quantitative indication of variation.

Plate width affected average nanofiber diameters, significantly (p<0.0001). While
there was no significant difference between 5 mm and 8 mm of plate width values, 10
mm of plate width caused to decrease in nanofiber diameter, significantly. Gap
distance showed significant effect on nanofiber diameter (p=0.0193). 40 mm of gap

distance caused to decrease in nanofiber diameter according to 20 mm of gap distance.
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Plate thickness showed significant effect on nanofiber diameter (p=0.0044). When

plate thickness increased, average nanofiber diameter decreased significantly.

4.2.3 Nanofiber Alignment

Graphical representation is presented, illustrating a surface-arrow plot delineating the
electric field strength and vectors within the x-y plane Figure 4.8. This depiction
elucidates the variations in electric field characteristics as influenced by both plate

width and gap distance.
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Figure 4.8 A two-dimensional surface-arrow plot illustrates the electric field
strength and vectors within the x-y plane, contingent upon variations in

both plate width and gap distance.

When examining parallel electrodes, a discernible pattern in the electric field intensity
emerges, with heightened levels evident along and in proximity to the electrode edges,
visually represented by reddish areas. Conversely, within the inter-electrode space, a
contrasting lower intensity electric field is observed, marked by yellowish regions.
Notably, distinct electric fields manifest around each adjacent electrode pair, a
phenomenon attributed to the whipping instability of the nanofiber jet, as it traces a
spiral trajectory and exhibits attraction towards regions characterized by higher electric
field intensity [134].
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The electrostatic forces generated at the interface of adjacent electrodes induce the
elongation and alignment of nanofibers in a parallel orientation between the electrodes.
Noteworthy is the observation that the gap distance between electrodes exerts a more
substantial influence on the distribution of the electric field compared to the width of
the electrode plates. Specifically, an increase in electrode width corresponds to an
expanded surface area, resulting in increased electric field intensity on the electrode
surface. Conversely, minimal alterations in electric field intensity are detected in the
inter-electrode gap. An increase in gap distance, however, is associated with a decrease
in electric field intensity within this region. Figure 4.9 provides graphical
representations illustrating the variation of electric potential concerning plate width
(W) and gap distance (G).
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Figure 4.9 The electric potential exhibits distinct alterations with varying plate

widths: @) 5 mm, b) 8 mm, c¢) 10 mm

The examination revealed that the potential difference between the electrodes and gaps
exhibited a decreasing trend with an increase in electrode width, while conversely

increasing with an increase in gap distance, as pictured in Figure 4.9. These findings
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demonstrated alignment with the trends evident in the electric field distribution graphs
(Figure 4.8). A heightened electric potential difference was envisaged to cause more
strong electrostatic attraction forces acting upon the nanofibers, thereby resulting in a

more pronounced alignment of the nanofiber structure.

The stationary state of the conveyor system contributed to a progressive increase in
the thickness of the accumulating nanofiber layer, at the same time giving rise to the
deposition of residual charge. This accrued residual charge exerted electrostatic
repulsion forces upon incoming charged nanofibers, adversely affecting their
alignment, as elucidated by Liu et al. [119]. Notably, the dynamic motion of the
conveyor, coupled with the continuous removal of produced nanofibers, forestalled the
cumulative buildup of residual charge over time, thereby averting any adverse effects

on alignment.

SEM images of nanofibers produced using 1 and 1.5 mm thick plates were examined.
SEM images of nanofibers produced using 1 mm thick plates are given in Figure 4.10.
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Figure 4.10 SEM images of PAN nanofibers produced with 1 mm electrode
thickness [15 kX]
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Nanofibers have different alignments depending on the gap distance and plate width.
In general, alignment was observed in all samples. The alignment of nanofibers

according to plate width and gap distance is given in Figure 4.11.
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Figure 4.11 Alignment of nanofibers depending on the gap distance for different
widths of 1 mm thick electrodes (W): a) 5 mm, b) 8 mm, ¢) 10 mm

The alignment angle of the nanofibers varies depending on the angle of collection. In
the graphics, W represents the plate width and G represents the gap distance. Plate
width and gap distance were effective in the alignment of nanofibers. In general, the
nanofibers were concentrated at 0° alignment angle for all plate widths and gap
distances at 1 mm electrode thickness. In other aspects the deposition was lower. As
the plate width increased, the nanofibers concentrated at 0° alignment angle. The
highest alignment was obtained at 10 mm plate width and 30 and 40 mm gap distance.
The standard deviation of alignments of nanofibers according to gap distance for 1 mm
electrode angles according to plate width and gap distance for 1 mm plate thickness is
given in Table 4.4.
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Table 4.4 Deviation [°] from 0° according to electrode widths and gap distance
for 1 mm electrode thickness

1 mm Gap Distance (mm)
Thickness 20 30 40
Plate Width 30.7 48.1 45.8
ate Wi
(mm) 48.8 14.8 34.4
10 46.4 32.1 9.6

The standard deviation of the alignment angles is an indicator of the level of alingment
of the nanofibers. When calculating the standard deviation value, the deviation of the
angles from 0 degrees was taken into account. As the standard deviation decreases, the
angle decreases and alignment increases. The standard deviation of the alignment
angles generally decreased as the plate width increased and the gap distance increased.
As the standard deviation of the angles decreased, nanofiber alignment increased. The
highest value in the standard deviations of the alignment angles of the nanofibers was
obtained for 10 mm plate width and 40 mm gap distance, and the lowest value was

obtained for 8 mm plate width and 20 mm gap distance.

Gap Distance

1.5 mm

Plate Width

Figure 4.12 SEM images of PAN nanofibers produced with 1.5 mm electrode
thickness [15 kX]
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Nanofibers showed intense alignment according to gap distance and plate width for 1
mm as well as 1.5 mm thickness (Figure 4.12). Generally, alignment was observed in
all samples. The alignment angle of the nanofibers depending on the plate width and

gap distance is given in Figure 4.13 for a plate thickness of 1.5 mm.
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Figure 4.13 Alignment of nanofibers depending on the gap distance for different
widths of 1.5 mm thick electrodes (W): a) 5 mm, b) 8 mm, ¢) 10 mm

Nanofibers are generally concentrated at 0° alignment angle for all plate widths and
gap distances at 1.5 mm plate thickness. Compared to a plate width of 1 mm, nanofiber
alignment is higher at a plate width of 1.5 mm. Nanofiber alignment As in the 1 mm
plate width, in the 1.5 mm plate width, as the plate width increased, the nanofibers
concentrated at 0° alignment angle. The gap distance or plate width affected the
alignment angle of the nanofibers. The gap distance led to different alignment results
at different plate widths. The maximum alignment was observed at a gap distance of
40 mm in all samples. The highest nanofiber alignment was obtained with a plate width

of 10 mm and a gap distance of 40 mm. The standard deviation of alignment angles
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according to plate width and gap distance for 1.5 mm plate thickness is given in Table
4.5.

Table 4.5 Deviation [°] from 0° according to electrode widths and gap distance

for 1.5 mm electrode thickness

1.5 mm Gap Distance (mm)
Thickness 20 30 40
_ 23.6 15.3 121
Plate Width 53.0 0.3 128
(mm)
10 54.6 44.1 8.5

In general, the standard deviation of the alignment angles of nanofibers at 1.5 mm
electrode thickness was lower than that of 1 mm. Similarly, the alignment of
nanofibers was higher with a plate thickness of 1.5 mm. With these findings, as in 1
mm, the increase in plate width and gap distance led to a decrease in the standard
deviation. With this decrease, there was an increase in the alignment of the nanofibers.
The best nanofiber alignment was achieved with a plate width of 10 mm and a gap
distance of 40 mm. Standard deviation results are compatible with alignment angle

graphs.

Additionally, Yildirim et al. [76] investigated the effect of the same parameters on
nanofiber alignment used auxiliary electrode in his study. When the results were
compared, it was determined that the standard deviation results obtained without using
auxiliary electrode were lower and therefore the nanofiber alignment were higher [76].

With these results, not using auxiliary electode positively affects nanofiber alignment.

4.3 PAN/GO Study Results
4.3.1 Solutions Properties
Surface tension, conductivity and viscosity changes of PAN solutions according to

different GO addition ratios are given in Table 4.6, respectively.
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Table 4.6 GO addition PAN/DMF electrospinning solution properties

GO Ratio Surface Tension Conductivity Viscosity
(wt.%) (mN/m) (nS/cm) (cP)
0 37.8 77.8 820
1 38.1 98.6 683
2 37.8 118.5 667
3 38.3 147.3 583
4 38.4 167.1 580
5 34.4 193.2 626

Generally, no significant change was observed in the surface tension in the solution
with the amount of GO added. It was observed that the surface tension decreased when
the GO addition amount was used at the highest value (5 wt.%). The conductivity and
viscosity changes of the solution according to the contribution ratio of GO are given
in Figure 4.14.
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Figure 4.14 Conductivity and viscosity changes of the solution according to GO

addition ratio

As the amount of GO increases, the conductivity increases linearly. The highest
conductivity was measured as 193.2 uS/cm at 5 wt.% GO addition ratio, and the lowest
conductivity was measured as 77.8 uS/cm in the pure PAN sample. The fact that GO
is conductive had a similar effect on the solution and increased the conductivity of the

solution.
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As the amount of GO increased, viscosity decreased up to 4 wt.% addition ratio. When
the GO addition amount was 5 wt.%, the viscosity increased as the intermolecular
interaction increased. Agglomeration of GO due to higher concentration could cause
this situation. The highest viscosity was measured as 820 cP for pure PAN solution,

and the lowest was 580 cP for 4 wt.% addition ratio.

4.3.2 Morphology Analysis
SEM images were examined separately for different GO addition ratios. SEM
micrographs and nanofiber diameter distributions of PAN nanofibers according to

different GO addition ratios are given in Figure 4.15.
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Figure 4.15 SEM micrographs and distribution of nanofiber diameters depending
on GO ratio [6 kX]
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When the SEM micrographs of the samples were examined, it was seen that the
nanofibers were produced uniformly. A small amount of bead formation was seen in
the SEM images at all addition ratios. It is thought that the bead formation seen in
nanofibers is caused by GO particles insoluble in PAN/DMF solution. When GO is
added to the PAN solution, the diameter variation decreases. In particular, the diameter
variation of the nanofibers decreased in the PAN/GO 3 wt.% and PAN/GO 4 wt.%
samples compared to the raw PAN sample. The effect of GO addition on nanofiber

diameters is given in detail in Figure 4.16.
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Figure 4.16 Effect of GO addition ratio on nanofiber diameters

When all samples were examined, the average nanofiber diameter values were between
125-150 nm up to 4 wt.% contribution rate and showed a significant increase at 5 wt.%
contribution rates. The enhancement of solution conductivity is directly correlated
with the increase attributed to GO. As the solution's conductivity rises, there is a
concurrent increase in the surface charge of the jet. This heightened surface charge
intensifies the elongational forces acting upon the jet, thereby imparting increased
strength. Consequently, this phenomenon yields nanofibers that exhibit a defect-free
morphology, characterized by uniformity and a reduced diameter distribution [135].

There was a dramatical increase in nanofiber diameter for 5 wt.% of GO addition. This
could be related to agglomeration of GO and high conductivity. PAN polymer coated
GO agglomeration result in thicker nanofiber. Also, high conductivity could cause
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short flight time that limits elongation and stretching of polymer jet. Hence thicker
nanofibers were seen for 5 wt.% of GO addition.

Combined effect of GO ratio on nanofiber diameter was given in Figure 4.17 and
Table 4.7. GO ratio showed significant effect on nanofiber diameter (p<0.0001).
While there was no significant difference between 2, 3, 4 wt.% of GO ratios and
reference, 5 wt.% of GO ratio caused to increase in nanofiber diameter, significantly.
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Figure 4.17 Effect of GO ratio on nanofiber diameter [nm]

Table 4.7 Effect of GO ratio on nanofiber diameter [nm]

Property Level Number Mean SD LL UL Prob>F

0 30 A 1335 126 1278 139.8

1 30 B 1476 241 1412 1539

GO Ratio 30 A 1336 146 1272 1399
(Wt.%) 0.0001

' 3 30 A B 136.1 103 129.7 1423

4 30 A 1251 117 1187 1313

5 14 C 299.1 327 289.7 3082

4.3.3 Alignment Measurement
SEM images were examined separately for different GO addition ratios. The effect of
GO amount on nanofiber alignment is given in detail in Figure 4.18.
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Figure 4.18 SEM micrographs and alignments of nanofiber according to different
GO ratio [40 kX]
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Nanofibers have different alignments depending on the amount of GO. When all
samples were examined, a significant increase in the alignment of the nanofiber
bundles was observed as the amount of GO increased. Generally, nanofibers are
concentrated at 0° alignment angle. The graph showing the alignment of all samples is

given in Figure 4.19.
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Figure 4.19 Alignments of nanofiber bundle according to different GO ratios

The lowest alignment was seen in the 5 wt.% GO sample, and the highest alignment
was seen in the 4 wt.% GO addition rates. It can be said that GO addition has a
significant effect on the alignment of nanofibers. While the contribution of GO
increases the solution conductivity, it also increases the conductivity of the nanofibers
[136]. There is a negatively charged electrostatic force of attraction on parallel plates.
There is a positively charged electrostatic attraction force on the nanofibers. When
nanofibers are collected between the plates, the positive residual charges on the
nanofibers are attracted by the negative electrostatic charges on them between the
plates. These electrostatic forces ensure the parallel alignment of the nanofibers
between the plates. The conductivity of nanofibers facilitates the movement of
electrostatic charges. By increasing the nanofiber conductivity, GO addition facilitates
the movement of electrostatic charges. In this way, the parallel alignment of the
nanofibers increases. However, although the electrical conductivity of the solution
increased at 5 wt.% GO ratios, it was observed that the alignment deteriorated
dramatically. It can be said that the main reason for this situation is the increase in
viscosity (Table 4.6).
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As the GO ratio increased, viscosity decreased up to 4 wt.%, while a significant
increase was observed for 5 wt.%. Since increasing viscosity increased the force in the
opposite direction to the stretching of the nanofibers, it negatively affected the parallel
alignment of the nanofibers between the plates. The standard deviation of the
alignment angles of the nanofibers according to the amount of GO is given in Table
4.8.

Table 4.8 Deviation from 0° result according to different GO ratios

GO Ratio (wt.%) 0 1 2 3 4 5

Standard Deviation (°) 115 11 105 10 9.7 25

As the GO addition ratio increased, the standard deviation of the nanofiber alignment
angles decreased. As the standard deviation decreased, the parallel alignment of the
nanofibers increased. However, the standard deviation of alignment angles is higher
in all other samples, including the raw PAN sample, at 5 wt.% GO addition rate. As
mentioned before, it was caused by the viscosity being higher than the critical value at
5 wt.% GO addition rate. These results are consistent with the distribution of parallel
alignment angles. The lowest standard deviation was seen in the 4 wt.% GO addition
ratio, while the highest deviation was seen in the 5 wt.% GO sample. In line with the
findings, it was determined that GO addition significantly improved nanofiber

alignment.

4.3.4 Structural Analysis

FTIR, XRD and Raman spectroscopy analyzes of the produced PAN/GO nanofiber
bundle were performed. The selected as reference GO was compared with the PAN
and PAN/GO sample. For the PAN/GO sample was selected 3 wt.% GO addition rate.

The results of the analyzes are given below.

4.3.4.1 FTIR Analysis

FTIR spectrum of nanofiber bundles are given Figure 4.20.
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Figure 4.20 FTIR spectrum of PAN and PAN/GO

PAN/GO nanofiber bundles are observed at wave numbers of 2934 cm?, 2241 cm™,
1733 cm?, 1662 cm™, 1447 cm?, 1370 cm?, 1233 cm™ and 1059 cm™. The peaks
confirm the presence of PAN. In the FTIR analysis of PAN and PAN/GO nanofiber
bundles, the peaks corresponding to PAN were seen similarly in PAN/GO. Since the
peaks in PAN also contain the characteristic peaks of GO, no evidence can be provided
regarding the formation of chemical bonds in the PAN/GO nanofiber bundle.
However, there were differences in the intensity and peak widths of the FTIR peaks of
PAN and PAN/GO nanofiber bundles. The change occurring in these peaks can be
interpreted as the inclusion of the bond structures of GO into the chemical structure
together with PAN. This result is also supported by previously reported studies [137].

4.3.4.2 XRD Analysis

XRD analysis of nanofiber bundles are given Figure 4.21.
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Figure 4.21 XRD analysis results for 100 plane of PAN and PAN/GO

The structures of PAN and PAN/GO nanofiber bundles were examined by XRD. Two
typical diffractions were seen in XRD. The first one was seen at 20 = 25.5° in 002
diffraction and the other was seen at 20 = 44° in 100 diffractions. The diffraction of
PAN/GO nanofiber bundles at 26 = 44° is more obvious than PAN nanofiber bundles.

These results are consistent with the literature [138].

4.3.4.3 Raman Spectroscopy Analysis
Raman spectrum nanofiber bundles are given in Figure 4.22.
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Figure 4.22 Raman spectrum of PAN and PAN/GO
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PAN/GO, PAN and GO nanofiber bundles have two characteristic peaks known as D
(disordered) and G (ordered) bands. The GO, Ip/l ratio was calculated as 1.18 with
peaks at 1348 cm™ and 1601 cm™. For PAN nanofiber bundles, the Ip/lg ratio was
calculated as 1.09 with peaks at 1324 cm™ and 1455 cm™. In PAN/GO nanofiber
bundles, the I/l ratio was calculated as 1.2 at the peaks of 1309 cm™ and 1595 cm™.
As aresult, the Ip/lg ratios show that the structures meet the description of the carbonic
material, however, the closeness of the PAN and PAN/GO ratios shows that there is a
uniform distribution of GO particles [139]. These results are also in agreement with
the XRD results.

4.3.5 Thermal Analysis
TGA and DSC analyzes were performed to examine the thermal properties of PAN
nanofiber bundles produced with different GO addition ratios. The results of the

analyses are given below.

4.3.5.1 TGA Analysis
TGA curves of nanofiber bundles with different GO addition ratios are given in Figure
4.23.
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Figure 4.23 TGA analysis of PAN and PAN/GO nanofiber bundles

A four-stage degradation was observed in the TGA analysis of nanofiber bundles with
different GO addition ratios. By calculation these data, the residue amounts were

obtained shown in Figure 4.23 and the weight losses were given in Table 4.9. In the
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degradation curve of nanofibers, water molecules in the structure disappeared in the
section up to 98 °C, and in the section up to 305 °C, functional groups containing
oxygen in the structure left the structure in the form of CO and CO; gases. Finally,
above 360 °C, the remaining unstable carbon atoms in the structure decomposed. In
the last two stages, two significant thermal decompositions were observed in the
temperature ranges 305-360 °C and 360-800 °C. When the TGA curves of the
nanofiber surfaces were examined, the weight loss generally decreased as the amount
of GO addition added to the PAN nanofiber bundles, which was the reference sample,
increased. Particularly, the addition of 4 wt.% and 5 wt.% GO to PAN nanofibers
significantly increased the thermal durability of the nanofiber surface.

Table 4.9 TGA analysis results of PAN and PAN/GO nanofiber bundles

Region Temperature Weight loss according to GO ratio (wt%o)
(°C) 0 1 2 3 4 5
1 30- 98 0 0.4 0.5 0 1.2 1
2 98- 305 3.3 3.1 54 4.6 4.5 5
3 305- 360 27.8 24.1 25.2 24.5 26.4 21.3
4 360- 800 31.7 32.1 29.4 21.7 22.3 24.2
Total Weight Loss (%) 62.8 59.7 60.5 56.8 54.4 51.5

Weight losses observed at all stages are given in detail in Table 4.9. The highest weight
loss was seen in the 3rd and 4th stages. The highest weight loss was seen in the pure
PAN sample, and the lowest weight loss was seen at 5 wt. % GO addition. It has been
observed that adding GO to the structure of PAN nanofibers increases the thermal
stability of the nanofibers.

4.3.5.2 DSC Analysis
The DSC graph of nanofiber bundles with different GO addition ratios is given in
Figure 4.24.

53



-120

PAN
PAN/GO 1
-100 4 PAN/GO 2
PAN/GO 3
E PAN/GO 4
PAN/GO §
£ 80
z
2
[ES
Z -60
=
-40
'20 1 T ] I I
200 250 300 350 400 450 500

Temperature (°C)

Figure 4.24 DSC graph of PAN and PAN/GO nanofiber bundles

The data obtained from the DSC graph of nanofiber bundles with different GO addition

ratios are given in Table 4.10 .

Table 4.10 DSC data of PAN and PAN/GO nanofiber bundles

GO Ratio Heat Flow Temperature
(wt.%) (m/W) (°C)
0 96.8 323
1 94.4 321
2 101.8 325
3 103.2 322
4 98.2 321
5 111.2 311

In the DSC graph of nanofiber bundles with different GO addition ratios, the
exothermic reaction band of the PAN bundle was measured as 323 °C. There was no
relationship between the amount of GO addition and the degradation temperatures, and

all temperature values were found to be close to each other.

In addition, the highest heat flux was detected in the samples 3 wt. % GO and 5 wt. %
GO addition ratios. In addition, after 385 °C, the heat flow required for the degradation
of PAN/GO nanofiber bundles continued to decrease. The formation of cross-links

between -CN groups in the PAN polymer with GO addition makes the ring closing
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reactions slightly difficult. This situation made the PAN nanofiber bundles thermally
more stable with the addition of GO, and the results are compatible with the literature

[8].

4.3.6 Mechanical Analysis
The count and productivity for different GO addition ratios nanofibers according to
GO ratio results are given in Table 4.11.

Table 4.11 Productivity and count nanofiber bundle according to GO ratio

GO Ratio Productivity Count
(wt.%) (g/h) (tex)
0 0.61 £0.20 149 £0.3
1 0.53+0.02 130£0.3
2 046 +£0.13 114+0.3
3 0.88 £0.21 215+04
4 0.49 £0.70 114+0.3
5 0.90+0.10 220+0.2

Depending on the amount of GO addition, the productivity (g/h) and count (tex) results
of the nanofiber bundles also differed. The highest production amount was measured
as 0.90 + 0.1, 5 wt.% GO addition sample and the lowest production amount was 0.46
+ 0.13, 2 wt.% GO sample. These results are thought to be due to changes in
environmental conditions in the production of PAN/GO nanofiber bundles. The
highest linear density of nanofiber bundles was measured as 220 + 0.2 tex (5 wt.%
GO). The tensile strength, elongation and Young's modulus, results are given in Table
4.12.

Table 4.12 Elongation, tensile strength and Young’s modulus nanofiber bundle

according to different ratio of GO

GO Ratio Tensile Strength Elongation Young’s Modulus
(wt.%0) (cN/tex) (%) (cN/tex)
0 1.9+£0.3 22.5+5.5 21.3+9.1
1 20+0.3 30.5+£6.6 21.6 £ 8.2
2 2.1+£0.3 25.5+49 259+6.6
3 23+04 329+75 456 +6.0
4 1.6+0.2 282+5.6 29.8 £3.1
5 1.7+£0.2 27.0+6.9 26.6 6.0
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Depending on the different GO addition amounts, the tensile strength (cN/tex),
Young's modulus (cN/tex), and % elongation results of the nanofiber bundles also
varied. According to the tensile strength results, the highest value was measured as 2.3
+ 0.4 cN/tex in the 3 wt.% GO addition sample, and the lowest value was 1.6 + 0.2
cN/tex in the 4 wt.% GO addition sample. According to Young's modulus results, the
highest value was measured as 45.6 + 6 cN/tex in the 4 wt.% GO addition sample, and
the lowest value was 21.3 £ 9.1 cN/tex in the PAN sample.

According to the % elongation results, the highest value was measured as 32.9 + 7.5
cN/tex in the 3 wt.% GO addition sample, and the lowest value was 28.2 + 5.6 CN/tex
in the 4 wt.% GO addition sample.
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Figure 4.25 The tensile strength of nanofiber bundle according to GO ratio

Tensile strength results of PAN and PAN/GO nanofiber bundles are given in Figure
4.25. The tensile strength of the nanofiber bundles increased up to 3 wt.% GO amount

and then decreased. Similar results were seen in previous studies [8].
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Figure 4.26 The Young’s modulus of nanofiber bundle according to GO ratio

Young's modulus results of PAN and PAN/GO nanofiber bundles are given in Figure
4.26. The elasticity modulus of PAN nanofiber bundles was lower than PAN/GO
nanofiber bundles. It can be said that GO addition causes an increase in the elasticity
modulus up to a certain amount. Therefore, it can be said that PAN nanofiber bundles
have lower stiffness than PAN/GO nanofiber bundles. With the addition of GO, the
strength that nanofibers can withstand without permanent shape change has also
increased. This force was highest at 3 wt.% GO contribution rates. This ratio greatly

improved the elasticity of PAN nanofibers.

When all mechanical analysis findings are evaluated, it shows that GO addition
improves the properties of PAN nanofibers such as breaking strength, % elongation
and Young’s modulus. However, 3 wt.% GO contribution rate was seen as the critical
value for mechanical properties. Using more additions than this value negatively

affects the properties of nanofibers.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

In this thesis, GO was synthesized from graphite by the modified Hummers method.
The synthesized GO was added to the PAN solution at different ratios. Firstly, PAN
nanofibers were produced using different parallel electrodes according to 1 and 1.5
mm thickness, 5, 8 and 10 mm electrode width and 20, 30, 40 mm gap distance. Then,
PAN/GO nanofibers were produced at different GO addition ratios with selected
parallel electrode parameters. The morphological structure and alignment angles of
PAN and PAN/GO nanofibers were determined according to the GO ratio. The
mechanical, structural and thermal properties of the produced PAN/GO nanofiber

bundles were analysed. Additionally, the results were analysed statistically.

SEM, FTIR, XRD and Raman spectroscopy analyses of GO were performed.
According to SEM results, structures approximately 4-5 microns in size were
observed. According to FTIR results, alkoxyl, epoxy, aromatic, carbonyl, and
hydroxyl bonds were formed in GO. According to the XRD results, the characteristic
peak of GO was observed. According to Raman spectroscopy results, it was
determined that the amount of ordered structure increased in GO. According to all
analysis results for GO, it was determined that the produced GO was compatible with

the literature.

According to SEM results, it was observed that the produced PAN and PAN/GO
nanofibers were beadless and had a uniform structure. In general, nanofiber diameter
distributions occurred in a wider area in 1.5 mm thick plates than in 1 mm plates. While
the widest diameter distribution was seen in the sample with a plate width of 10 mm
and a gap distance of 40 mm, the lowest diameter distribution was seen in the sample
with a plate width of 8 mm and a gap distance of 30 mm. It has been observed that

plate width and gap distance influence nanofiber diameters. Statistically, it has been
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observed that plate width, gap distance and plate thickness have a significant effect on
the nanofiber diameter.

According to the COMSOL results, it was seen that the electric field intensity was
higher at the edges and surroundings of the electrodes, and the electric field intensity
was lower in the gap between the electrodes. Similarly, the potential difference of the
electric field on the electrodes and in the gaps decreased as the electrode width

increased but increased as the gap distance increased.

The plate thickness, plate width and gap distance had an impact on the alignment of
the nanofibers. The alignment of the nanofibers increased as the plate width and gap
distance increased for 1 and 1.5 mm plate thickness. Both angle measurements and
standard deviation results of the angles supported this finding. Nanofiber alignment at
1 mm of thickness is higher than at 1.5 mm. The highest alignment was produced at
10 mm plate width and 40 mm gap distance, while the lowest alignment was produced
at 8 mm plate width and 20 mm gap distance.

The amount of GO added to the PAN solution did not affect the surface tension in the
solution. As the GO addition ratio increased, the solution conductivity increased. The
surface tension of the solution increased as the GO addition ratio increased and
decreased by 5 wt.%.

From the SEM images, it was seen that the PAN/GO nanofibers were homogeneous
and uniform and there was a small amount of bead formation. While there was no
significant change in nanofiber diameter between 0-4 wt.% GO addition, 5 wt.% of
GO addition.

In PAN/GO nanofibers, the alignment of nanofibers increased as the amount of GO
increased up to 4 wt.% addition ratios. The highest alignment was seen at 4 wt.% GO
contribution rates, while the lowest alignment was seen at 5 wt.% GO contribution
rates. These findings were supported by the standard deviation results of the alignment

angles.

According to the FTIR results of PAN/GO nanofibers, characteristic PAN and GO
chemical bonds were observed. According to the XRD results of PAN/GO nanofibers,

a characteristic peak of GO was observed, unlike the PAN results. According to Raman
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spectroscopy results, PAN/GO nanofibers were found to be suitable for carbonic

material structure.

According to the TGA results of PAN/GO nanofibers, a four-stage degradation
occurred. It was observed that as the amount of GO addition added to the PAN
nanofiber bundles increased, the weight loss generally decreased. According to DSC
results, GO addition increased the heat flow required for the degradation of PAN
nanofibers. According to TGA and DSC results, the thermal strength and stability of
PAN increased with the addition of GO.

Nanofiber productivity and tex values differed depending on the GO addition ratio in
PAN/GO nanofibers. The highest nanofiber productivity and tex values were seen in
the PAN/GO 5 % sample.

According to the breaking strength and Young’s modulus results, GO contribution
increased up to 3 wt.% and decreased after this value. According to the breaking
strength, % elongation and Young’s modulus results, 3 wt.% GO addition rate was

seen as the critical value according to the performance criteria of nanofiber bundles.

It may offer a more in-depth evaluation of how PAN/GO nanofibers can perform in
specific applications. For example, one might focus on the potential for use of these

nanofibers in biomedical, electronics or materials science fields.
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