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CHAPTER |

INTRODUCTION

Synthesis of carbon fibers have a received a considerable attention in recent years
because of their enormous potential in a wide range applications wide range applications,
from sports equipment to the aerospace industry [1]. Carbon fibers have very large surface
area to volume ratio, flexibility in surface functionalities, superior mechanical performance
are receiving increasing attention in characteristics that make the polymer nanofibers have
many importance applications. such as nanocomposites, rechargeable batteries, advance
catalyst support, super capacitors,drug deli;l/ery and filtration. Fiber properties such as tensile
strength, modulus (modulus=between 100-450Gpa), porosity, and surface functionality

depends on the type of precursor,the processing conditions, etc [2].

Electrospinning technique “is & relatively simple and versatile method for
fabricating nanofibers. In fypical eleétrospin;f;ir;g process, a droplet of solution held by its
surface tension at the end of a capillary fube is subjected to an electric field. Charge is
induced on the liquid surface by electric ﬁei(L As the intensity of the electric field is
increased, the hemisphereical surfaee of the solu_tlo'rf at the tip of the capillary tube elongates
to form a conical shape know as'the Taylor cqgl_e};When the electric field reaches a critical
value at which the repulsive electric force overcomes the surface tension force, a charged jet
of the solution is ejected from the tip of the Taylor cone. Since this jet is charged, its
trajectory can be controlled by the electric ficld. As the jet travels in air, the solvent
evaporates, leaving a charged.fiber behind which lays itself randomly on a collecting metal
screen. Thus, continuous-fibers are laid to from a non-woven ‘fabric [3]. In the continuous-
feeding mode, theinumber of fibers can be formed within short period of time as short as a
few seconds.~-These.fibets are often, collected .on-the. surface, of.a conductor to form non-
woven mats that havethigh 'surface areasfand relatively small pore sizes. For the past several
decades, more than 20 different types of organic polymers have been successfully as ultrathin
fibers using the electrospinning technique, with typical examples including various

engineering plastics, biopolymer, and electronically conductive polymer [3].

In this work, the sol-gel method is combined with electrospinning technique to
produce carbon fiber and spherical carbon particles. Resorcinol/formaldehyde (RF) gel was
incorporated to the precursors to create porosity of the obtained carbon fibers and spherical

carbon particles. RF gel can be prepared by the sol-gel polycondensation of resorcinol (R) and



formaldehyde (F) with sodium carbonate (C) as basic catalyst [4], [5].
Resorcinol/formaldehyde gel is a special type of highly cross-linked aromatic polymers with
high pore volume and large specific surface area. Due to the unique function of the RF-
derived carbon cryogels, which is relating to their excellent pore characteristics, we aimed to
employ RF-gel to control pore size of carbon fibers and spherical carbon particles. The carbon
gels derived from RF gel are used in variety of applications including electrode materials in
rechargeable batteries, advanced catalyst supports, chromatographic packing, adsorbents for
gas separation, etc [6-8]. There are several reports to form carbon micro-spheres by disperst
in RF sol in organic solvent by pyrolysis in inert atmosphere. To the best of our knowledge, it

is the first report on synthesis of carbon fibers by clectrospinning method.

Aim of this study is te under-élfand the influence of various effects of various
processing parameters, such.as applied electrical ficld strength, working distance, applied
voltage, as well as the preparation condition for RF gel, such as composition and aging time,
on the size, size distribution, morphology, surface area and pore volume of carbon fibers and
carbon nanospheres preparcd by eleetrospinning followed by pyrolysis. Addition of
aluminium precursor, i.e., aluginium acetﬂacétonate into the RF-gel by electrospinning
method was investigated. ThiS research intendds'-;‘_to;investigate the production of carbon fibers
and carbon nano-spheres to produce mesoporéji& structure while RF gel was in the gelation
process and investigated in more détail-of their @yﬁtal and chemical properties.

-

Objectives of the research:

1. To synthesize mesoporous structure of carbon fibers and carbon nanospheres
from RF gel by electrospinning technique.

2. [Fo investigate size, size"distribution, motrphology;,as well as physical and
chemical properties of fibers and nanospheres of RF gel by changing the processing
parameters .and _preparation. condition. for, RE. gel “and_to investigate” the formation and
morphology of RE fibers'and RFimanospheres aged in different relativethumidity.

3. To investigate rheological behavior of the spinning solution.

4. To investigate product obtained from doping aluminium into RF gel and

fabricated by electrospinning technique.



The present study is arranged as follows:

Chapter [ is the introduction of this work

Chapter II described the basic theory about carbon fibers, sol-gel process and
resorcinol/formaldehyde (RF) gel, electrospinning process. Furthermore, literature survey of
the previous works related to this research is also presented in this chapter.

Chapter III shows materials, the experimental equipments, the preparation of RF
fiber and RF particles by the elctrospinning process and characterization equipment.

Chapter IV describes the results and discussion of the research.

In the last chapter, the ov

sions of this research and future work are

given.
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CHAPTER Il

THEORY AND LITERATURE SURVEY

2.1 Physical Properties of Carbon Fibers

Carbon fibers are importanct industrially and have wide range applications, from
sports equipment to the aerospace industsy [ 1]. Carbon fibers have very large surface area to
volume ratio, Carbon fibers are important industrially and have wide range applications, from
sports equipment flexibility in surface functionalities; superior mechanical performance are
some of the characteristics that make the polymer nanofibers optimal candidates for many
importance applications such_as“composites, protective clothing, advance catalyst support,
drug delivery and filtration Fiber properties such as tensile strength, modulus (modulus
between 100-450Gpa), porosity, and surfacé functionality depends on the type of precursor,
the processing conditionsetc [2]. < |

2.2 Resorcinol-Formaldehyde (RF) Gel ¥
2.2.1 Sol-gel processing

The sol-gel process involves the formation of sol followed by gelation. Sol is a
stable suspension of colloidal solid particles within liquid. For sol to exist, the solid particles,
denser than the surrounding liquid, must be small enough for the forces responsible of
dispersion to bgrgreéatertthan™that ofigravity~Patticles in“the-collpidal sol must have size
comprised between 2 nmto 0.2 pum. 'On the other hand; gel is a porous three-dimensionally
interconnected solid network that expands in a stable fashion throughout'liquid medium and is
only limited by the size of the container [9].'When a catalystiis added to create the appropriate
condition for interparticle condensation, the viscosity of the solution can increase very rapidly
as the semi-solid state is reached. At gel point, the solid in the wet gel phase can define a high
surface area network of pores that confine the liquid within the structure.

By applying the sol-gel process, it is possible to fabricate advanced materials in a
wide variety of forms, e.g. ultra-fine or spherical shaped powders, thin film coatings, ceramic
fibers, microporous inorganic membranes, monolithic ceramics and porous aerogel materials

as shown in Figure 2.2.
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process.

The precursorin 3 ion can either be metal salt/alkoxide
dissolved in appropriate sol e colloidal s spension of preformed sols. Metal
alkoxides have been the most exxp@v_ lyd sed because they are commercially available in
high purlty and the1r..slblut10n chemlcal has @g‘ﬁ ed. At its simplest level, sol-

classes of reaction:

J{ydrolysm M-O-R + H0 — M-OH + R-OH
ANt ﬁ%ﬁ'ﬂ? T T o
RTINSt AN N e

Because hydrolysis and condensation are both nucleophilic displacement
reactions, the reactivity of metal alkoxides depends on the positive charge of partially charged

metal atom and its coordination number.

For sol-gel parameters, gelation time is defined as the time that the solution
undergoes rapid rise in viscosity which is corresponding to the transition from viscous fluid to
elastic gel. At the gel point, the solid phase forms a continuous structure that reflects the

formation and branching of particles under specific growth condition. This particular phase is



important because it is the genesis of structural evolution that takes place in all subsequent

processing steps [10].

2.2.2 Formation of RF gel

The first resorcinol-formaldehyde gel was produced by Pekala via the sol-gel
polycondensation of resorcinol (R) and formaldehyde (F) with sodium carbonate (C) as basic
i ’tEe reactions further react to for a cross-linked
The two major reactions inelude: {

(a) The formatignof hayd ne deriVatives of resorcinol.

t!
(b) The condens y thy ives to form methylene (-CH,-)

and methylené ether _ [ O ‘,‘ \\\-\;' compounds [11].
e ; \
The catalyst initially pro generation of resorcinol anions. These anions

catalyst [4]. The intermediates formed d

polymer network.

*

are subsequently transformed info- ute
2

Clm ~IE

1 a ;_“;-

polycondensation of RF-gel is sh _sg.- E} A:

resorcine \, ich forms RF clusters through
wit

polycondensation. Then the ach other and grow into colloidal

particles, which finally fo The schemetic diagram of the sol-gel
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FﬁJ _'ammé'wa 109
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Cluster Colloidal particles RF hydrogel

(b) Condensation reaction

Figure 2.3: Schematic diagram of the sol-gel polycondensation of RF solution

(a) addition reaction, (b) condensation reaction [12].



The carbon gels derived from RF gel are used in variety of applications including
electrode materials in rechargeable batteries, advanced catalyst supports, chromatographic
packing, adsorbents for gas separation, etc. Morphology of these carbon gel particles is one of

the most important factors in considering their potential for a specific application [13].

2.2.3 Effects of various parameters on properties of RF gel

Various parameters in RF-gel preparation great have effect on properties of the
synthesized RF-gel. Effect of amount of catalyst (R/C ratio) is the dominant factor that
controls surface area, total pore velume, and mcehanical properties of RF aerogels. As the
R/C ratio is increased, mesoporosity of the ilerogels 1s developed [14]. Saliger and coworkers
(1997) described that the ameunt.of catalyst controled size of particles constituting the gel
network. In the case of R/C#"1500; acrogels with micron-sized particles could be obtained.
The gel had a few sitesfor thé substitition reaction and less condensation sites which leaded
to formation of bigger gpartigles: High catz;tlyst concentration (R/C = 1000) allowed the
product to build up as big particles with meébpsres [15]. In 2009, Mirzaeian and coworkers
studied the control of porogity at.nano sca-tld'e_‘_- in resorcinol-formaldehyde derived carbon
aerogels. The nitrogen adsorption-desorption Ii].éasurements showed that the porous structure
and mesoporosity of the aerogels was increasei \%l‘ith increasing R/C ratio. Carbon aerogels
were obtained by carbonization of RE aerogels. jfhg sample synthesized with R/C = 100 was
microporous. In the sample prepared with R/C =200, micropotes and mesopores were found.
Samples with R/C = 500 and 600 contained mesopores with larger diameter in the structure.
Therefore, the R/C ratio is the prineipal parameter that confrols the size of interconnected

particles which consequently affect the scale and size of pores in the gel structure [16].

In 2004, Shaheen and coworkers reported the preparation and properties of
resorcinol-formaldehyde .organic_and carbon, gels. By" decreasing, R/F“ratio, it resulted in
product with smalleriparticle and poreisizes, and increased surface area of the particles [17].
The influence of dilution ratio (R/W) on the morphology of particles in xerogel was described
by Chandra and coworkers. It was found that, average size of the RF-derived carbon particles
(day) decreased from about 28 um to almost 1 pm when the dilution ratio was increased from
0.0037 to 3.7. The increased amount of water decreases the effective catalyst concentration in
the sol, and hence the rate of the polymerization reaction between the monomer slows down.
Therefore, the sol takes more time to form a cross-linked polymer (gel), resulting in the
deformation of the particle from spherical to elongated irregular shapes and resulting in large

diameter droplets of the particle [18].



The apparent viscosity of the RF gel increased with elapsed time in the gelation
process [19]. The sol-gel RF transition was a gradual transition from a viscoelastic liquid to a
viscoelastic solid [20]. Horikawa and coworkers (2004) showed that the apparent viscosity of
RF sol had a significant effect on size of the RF-derived carbon aerogel particles. The low
apparent viscosity of the RF sol resulted in smaller particle diameters, while the high apparent
viscosity of RF sol produced larger particle diameters. Thus they could control the size of the

RF carbon aerogel particles for their applications by changing the RF sol apparent viscosity

[7].

2.3 Electrospinning Technique -
o

— ﬂ
2.3.1 Mechanism QWb inning process

E

Electrospinning gprocess / involves polymer science, applied physics, fluid

mechanics, electrical enginecring, mechanieal engineering, ehemical engineering, material
1

engineering and rheology./Ele¢trospinning i8 a process that creates nanofibers through an
& i

i

electrically charged jet of polymer solution or polymer melt. The electrospinning process in

its simplest form consists of t tip!t_(}‘hold féérpplymer solution, two electrodes and a DC
voltage supply in the kV range. T@olymer:ﬁ?éﬁ‘ from the tip is drawn into a fiber after
applying the high voltage. The jc’g__i_s_;_qlectricalj:??{::c}_l;ar,ged and the charge causes the fibers to

bend in such a way ;ﬁdt every time the polymer fiber loopegfﬁ,, Jts diameter is reduced. The

fiber is collected as $;_eb of fibers on the surface of a gro;nﬂied target [21]. A schematic

drawing of the electrospinning process is shown in Figure 2.4

Syring€%—
polymer Solution:

Taylor cone

needle
liquid jet ~

[S,] high voltage
power supply

collector

Figure 2.4: Schematic representation the electrospinning process.
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The electrospinning process produces fibers with diameter in the range of one or
two orders of magnitude smaller than that of conventional textile fibers. The small diameter
provides large surface area-to-mass ratio, in the range from 10 m*/g (when the diameter is
around 500 nm) to 1000 m*/g (when the fiber diameter is around 50 nm). The equipment
required for electrospinning is simple and only a small amount of polymer sample is needed

to produce nanofibers.

Important features of electrospinning should comply with following guideline:

(a) Suitable solvent should be available for dissolving the polymer.

(b) The vapor pressure of the solvent should.be suitable so that it evaporates quickly
enough for the fiber to maintain itS.integrity when it reaches the target but not
too quickly to allow the fiber t(-;‘ harden before it reaches the nanometer range.

(c) The viscosity and*susface tension of the solvent must neither be too large to
prevent the jet ffomforming nor be too small to allow the polymer solution to
drain freely fromthe tip. S &

(d) The power supply should be a;iequate to overcome the viscosity and surface
tension of the polymer solution tc} form and sustain the jet from the tip.

(e) The gap between the pipetic and grounded surface should not be too small to
create sparks between the electrod,é& but should be large enough for the solvent
to evaporate in time forthe fibers tﬁ@tfn [22].

The literatures relating to electrostétic spray coniain many helpful insights into
the electrospinning proéess. In 1882, Lord Rayreigh studied.the stabilities that occur in
electrically charged liquid droplets. He showed, over 100 years ago, that when the
electrostatic force overcame the surface tension, a liquid jet was created [23]. In 1935, Zelene
considered the role of surfacé instability in electrical discharges from droplets. He published a
series of papers around 1935 on discharged from charged droplets falling in electric fields,
and showed that, when the_discharge began, the theoretical relations for surface instability
were satisfied [24].0In 1952, Vonnegut @and Neubauer produced uniform_stream of highly
charged droplets with diameter of around 0.1 mm, by applying potential of 5 to 10 kV to
liquid flowing from capillary tubes. Their experiment proved that monodispersed aerosols
with a particle radius of a micron or less could be formed from the pendent droplets at the end
of the pipette. The diameter of the droplet was sensitive to the applied potential [25]. In 1962,
Wachtel and coworkers prepared emulsion particles using an electrostatic method to make
monodispersed emulsion of oil in water. The diameter of the emulsion particles was in the

range from 0.5 to 1.6 microns [26]. In the 1960’s, Taylor studied the disintegration of water
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droplets in an electrical field. His theoretical papers demonstrated that a conical interface,

with a semi-angle close to 49.3°, was the limiting stable shape [27].

Many researchers have made further contributions to understanding the
electrospinning process and characterizing the electrospun nanofibers in recent years. For
example Doshi and Reneker prepared electrospun nanofibers from water soluble
poly(ethylene oxide), with diameters of 0.05 to 5 microns. They described the electrospinning
process, the processing conditions, fiber morphology and some possible uses of electrospun

fibers [28].

2.3.2 Effects of electrospinning parar%eters

The properties_of fibers ‘obtained from this process depend on two types of
parameters. The first sét of parameters are system parametcrs including molecular weight,
molecular weight distribufion sarchitecture of the polymer (¢.g. branched or linear chain), and
solution properties (viscosity,! conductivity ;'ar;-d surface tension). The second one are
processing parameters including electrical ﬁe:l_d strength, flow rate, solution concentration,
distance between the capillary and the Collec‘tﬁr,rand ambient parameters (temperature and

humidity) [29]. 222 he

Many parameters, including the electric field, solution viscosity and working
distance, could affect the fiber morphology. The electric field has an influence in the
stretching and accerelation of the jet. At a higher voltage, it has been found that there is a
greater tendency for beads formation. The shape of the beads changes from spindle-like to
spherical-like with increasing voltage. The increases in the beads density due to increased
voltage may be the result of increased instability of the jet as the Taylor cone recedes into the
syringe _needle, [30].. Varying the distance between'the tip and .the collector has a direct
influence in bath theiflight time and the eleetric field strength. Decreasing the distance has the
same effect as increasing the voltage supplied, which causes an increase in the field strength.
When the field strength is too high, the increased instability of the jet may encourage beads
formation [31]. Increasing the distance results in a decrease in the average fiber diameter,
because the longer distance give rise to the longer flight time for the solution to be stretch

before depositing on the collector [32].

Viscosity of the solution has a profound effect on electrospinning and the

resultant fiber morphology. Generally, the viscosity of the solution is related to extent of
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chains entanglement of molecules within the solution. When the viscosity of the solution is
too low, electrospraying may occur and particles are formed instead of fibers. At low
viscosity where generally the condensation product chain entanglement is lower, there is a
increased possibility that beaded fibers would be obtained instead of smooth fibers.
Therefore, factors that affect the viscosity of the solution will also affect the electrospinning
process and resultant fibers [22]. For the solution with relatively low viscosity when the
viscosity is gradually increased, the shape of the beads from is gradually changed spherical to

spindle-like until a smooth fiber was finally obtained [33],[34].

9
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CHAPTER Il

EXPERIMENTAL

This chapter describes the experimental procedures for RF and RF/alumina

preparation. It is divided into four parts: materials used, electrospinning apparatus,

experimental procedures and samples characterizations.

3.1 Materials

List of chemicals employed in this work and their structures are listed in Table

3.1 and 3.2, respectively.

Table 3.1 List of chemieal agentstised in the research,

Chemical agents

Using for. A

Manfacturer / Grade

Resorcinol (C¢H4(OH),)

Formaldehyde (HCOH)

Sodium

carbonate(Na,CO;)

Distilled water (H,0)

Aluminum
acetylacetonate

(CISHZIAIO())

Acetic acid (CH;COOH)

Synthesis of Resorcinol-

Formaldehyde ‘{RF ) solution

b i A

Synthesis of Resorcinol-
Fofmaldehyde.(Rifj solution

Synthesis of Resorcinoi-

Formaldehyde (RF) solution

Synthesis|of Resorcinol-

Formaldehyde (RF) solution

Synthesis of Alumina /
Resorcinol-Formaldehyde

(RF) gel

Synthesis of Alumina /
Resorcinol-Formaldehyde

(RF) gel

Fluka, 99%

Ajax Fine Chemical,
37% wiv; stabilized by
11-14 wt% methanol

Ajax Fine Chemical,

99%

Flukay 95%

QReC, 97%
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Table 3.2 Chemical structure of compounds used in this research.

Chemical name Designation | Chemical structure

OH

Resorcinol R @\
OH

Formaldehyde

Sodium carbonate

Aluminum a:

Acetic acid

3.2 Electrospinning Appz

The schenﬁt&pf the electrospinning apparatus used in this work is shown in

Fiae 31 Theﬂnu,g fgh%mq 5 w@qﬂﬁmbw s ol

High voltage DC
power Supply

Figure 3.1: Schematic of an electrospinning setup.


http://images.google.co.th/imgres?imgurl=http://z.about.com/d/chemistry/1/0/f/m/aceticacid.jpg&imgrefurl=http://chemistry.about.com/od/factsstructures/ig/Chemical-Structures---A/Acetic-Acid---Ethanoic-Acid.htm&usg=__k_Df5_pO7J011nuTTTSrxgIVTHA=&h=550&w=800&sz=14&hl=th&start=8&itbs=1&tbnid=3AI-XzRrkDFHBM:&tbnh=98&tbnw=143&prev=/images?q=acetic+acid+structure&hl=th&gbv=2&tbs=isch:1
http://images.google.co.th/imgres?imgurl=http://www.edinformatics.com/interactive_molecules/3D/formaldehyde_structure.jpg&imgrefurl=http://www.edinformatics.com/interactive_molecules/3D/formaldehyde_molecule.htm&usg=__PdxG9Wot0lCtWv4tR2j6pdED0YU=&h=236&w=250&sz=28&hl=th&start=2&itbs=1&tbnid=w0lBgNXoY7I1kM:&tbnh=105&tbnw=111&prev=/images?q=Formaldehyde+structure&hl=th&gbv=2&tbs=isch:1
http://creationwiki.org/File:Sodium_carbonate_structure.png
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The system is consisting of:

A high-voltage power supply (Protek, DF 1730SB3A, U.S.A) was used to
generate either positive or negative DC voltage up to 30 kV, with very low
electrical current of 166 microamperes.

A 5 ml syringe was used as a container for electrospinng solution. The syringe is
made of a plastic and set in horizontal orientation.

A syringe pump (kdScientific, U.S.A) mounted with a syringe to control the flow
rate of the spinning solution to be 0.8 ml/h.

A stainless steel needle (gauge No.21 and the inner diameter of 0.514 mm) was
used as a nozzle. The tip of the needle was cut into a flat shape and the length of
the needle was 1.cm. The needle is'Connected to the negative electrode of the DC
supply.

Aluminum foil was used as a ground collector.

3.3 Experimental Procedurgs
3.3.1 Preparation of RI gel -

RF-gel were synthesized by polycéﬁ_@ensation of resorcinol (R) and formaldehyde
(F) according to the method proposed by Pekala et al [4]. Measured quantities of resorcinol
and distilled water (W) were added into a beak‘é__;_‘g_irl_dr mixed properly for about 15 min with
the help of a magnetic stirrer. Sodium carbonate (C) was dissolved in distilled water in
separate beaker. The two solutions were then mixed and stirred continuously for 15 min. Then
added formaldehyde into the mixer and stirred continuously for 15 min. The ratio of C/W was
kept constant at 10 mol/m’,.The molar ratio of R/F, R/W and R/C were varied in this study in
the range of 0.1:2.0,.0.03-2.0; and 502000, respectively.

3.3.2 Preparation of aluminium-doped RF, gel

In the preparation of aluminium-doped RF-gel, aluminium acetylacetonate (A)
was used as a precursor for aluminium. RF-gel was firstly prepared according to the method
described earlier. The RF-gel was aged for predetermined period of time before being added
with a mixture containing F and A in the molar ratio A/F of 1.1, using A/R molar ratio in the
range of 0.167-0.236 and F and A mixed properly for about 45 min with the help of a
magnetic stirrer. The mixture was stirred for 15 min. In this study, the aging period was

varied to investigate the extent of the reaction between Al-precursor to the RF-gel.
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3.3.3 Freeze drying of the RF- products
The RF products were pre-frozen by a liquid N, for 24 h to freeze the solvent

inside the pores, then moved the RF products to a vacuum freeze-drying chamber and dried at

-54°C for 2 days.

3.3.4 Pyrolysis of the RF —products

After drying, the RF pro '. 0 a ceramic boat, placed in a horizontal
tubular flow reactor and heated up nt flow of nitrogen gas. The flow
rate of nitrogen was maintaine

being held at 250°C for 2 h
and held at 750°C for 4 h.

1ng 1 rate was fixed at 10°C/min. After

750°C using the same heating rate

3.4 Sample Characterizati

roducts was then measured from

OL Se@fore 5.0).

A8 Y ﬂﬂ%ﬂﬂﬁﬂﬁ

3.4.2 Visc asity measurement

o Vkglarlie SUUAIT DAL © st

Programmable DV I+ viscometer at the Center of Excellence on Particle Technology,
Chulalongkorn University. Using small sample adaptor, spindle No.27, fixed stirring speeds

at 40 rpm and sample volume 10 ml.
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3.4.3 Fourier transform infared spectroscopy (FT-IR)
Function groups of spinning solution were identified by using Fourier transform

infrared spectrophotometer (FT-IR) Model Spectrum One (Perkin Elmer). Infrared spectra

were recorded between wavenumber of 600 and 2000 cm.

3.4.4 Surface area measurement

The surface area, pore slume and‘potesize were measured by an ASAP 2420
adsorption analyzer (Microis ) usi rogcn..as the adsorbate at the Center of

Excellence on Particle Technology: Chulalongkorn Un: ity. The operating conditions are

Degas temper

Vacuum presSures < 1(

R
{
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CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, RF-particles and RF-fibers fabricated by combined
electrospinning technique and sol-gel method were investigated in detail. And study the

influence of various effects of various processing parameters and the preparation condition
for RF gel on the size, size distributioQ IILZ%ology of RF-product. Carbon fibers and

ng /ave been obtained by pyrolyzing RF
product in an inert atmosp%Addition' g@inium precursor, i.e., aluminium

9
acetylacetonate into the Ryﬂms nmngm"-h-gg.ﬁas investigated.

4.1 Effect of Preparation nd. gmg Time for RF Gel on the Product

carbon particles prepared by electrospin

-

ey \
4.1.1 Effect of RF. logy of RF-particles
¥ # )
s AN
-* 1

RF solution was pr aredtby sﬁfﬁ p 1};5'Qndensation according to reported
procedures in literature [6], using resvucmol ;Qma ehyde as raw materials and Na,CO;
as catalyst. In the initial perlod-, ‘the' sol—@cess slowly converts RF solution into
nanoparticles suspended in liquid- gx»sbl Ther@ﬂmdal nanoparticles are linked together
in three dimensional @-%rm liquid-filled solid networ% ﬁ}e mechanism for the sol-gel

process was shown 1n(£1§_‘ure 4.1. i ;
y -
Poo

©
Figure 4.1: Progress of the reaction of RF solution: (a) solution (b) colloid and (c) gel.

Aging time is one of the factors that directly influence viscosity of RF gel, which
is a critical factor for electrospinning. In this part, morphology of products spun from RF gel
that was aged for different period of time was investigated. Figure 4.2 shows SEM images of

the resulting products from electrospinning of RF gel that had been aged for 24, 26, 27 and
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27.5 h, respectively. The gel was prepared by using R/F, R/C and R/W molar ratios of 0.50,
86.64 and 0.15 respectively. The electrical potential applied was 1.5 kV/cm, the volumetric
flow rate of the gel was fixed at 0.8 ml/h, using a syringe pump. Most of the obtained
products appear to be agglomerated spherical particles that are deposited on the collector.
According to the SEM images, size of the particles decreases with increasing in aging time of

RF gel.

© (d)

Figure 4.2: SEM images of products obtained from eleetrospinning of R¥ . gel that had been
aged for 24 hi(a), 26 hi(b), 27 hi(c) and 27.5.h (d).

The initial RF solution is colorless, but after aging time of 24 h, the solution turns
into yellow and orange, respectively. Finally, at the aging time of 27.5 h, the mixture becomes
highly viscous which indicates gel formation, and color changes to dark red. The RF solutions
aged in a period of time were significantly different in both physical and chemical properties.

The size distributions of the electrospun particles are presented in Figure 4.3.

Diameters of 100 randomly selected particles from SEM imaged were measured by SemAfore
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4.0 program. The average diameters of RF-particles obtained from RF gel that had been aged
for 24, 26, 27 and 27.5 h are 336.9, 258.6, 201.4 and 123.2 nm, respectively.
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Figure 4.3: Particle size distribution 6fproducts obtained from electrospinning of RF gel that

had been aged for 24 h (a), 26 hi(b), 27 h (c) and.27.5-h (d).

For the RF gel aged for 24 h, the viscosity was t00 low that it was unsuitable for
electrospinning. .;/At a low Viscesity,. high, amount  of solvent. molecules and a few chain
entanglements would: cause( surface. tension to 'be.a domindnt influence along the
electrospinning jet resulting in the droplets to form large particles [35],When the aging time
of RF gel i3 increased, the appatent viscosity and the conductivity of,spinning solution are
increased’(as shown in Figure 4.4). The conductivity of the RF gel has increased due to water,
which is by-product from the condensation reaction. The conductivity of the RF gel affects
the stretching of RF gel, causing the repulsion of the charges at the surface of the spinning
droplet. For the RF gel aged for 27.5 h has high viscosity and conductivity, charges are
accumulated on the surface of the gel before being ejected. As the RF gel is being stretched,
there will be a greater viscoelestic force acting against the Coulombic forces of the charges
[36]. When the repulsive electrical forces overcome the surface tension, the jet splits into

several mini-jets, which subsequently disintegrate into small droplets. Therefore, the products
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from RF-gel aged for 27.5 h are very small particles. For the RF gel aged for more than 27.5
h, the viscosity of the RF gel was too high that making it very difficult to pump through the
needle. Moreover, the solution may plug at the tip of the needle before electrospinning could

be initiated.

150
130
()
2
> 110 -
=
5
2 901
c
S
70 —
0 10 20 30

Aging time (h)

Figure 4.4: Relationship between the éonductivity and aging time of RF solution.

A w7

It is more cléarlyrepresented byT‘la graph in Figure 4.5, which shows the average
diameter of the particles obtained/as a functifé_n bf viscosity of the gel. The error bars in the
Figure represent standard deviation - of the"';aat“a". The apparent viscosity of the RF-gel
increased with elapsed time in the gelation ﬁf:(;;es's. According to the measurement of the
viscosity, it was found that RF ‘gel nexhibited;h;‘:ijﬁ-Newtonian behavior, i.e., its viscosity
depended upon the force exerted to-the gel |3 7]:,;"p'r'0.bably due to the gelation transition from a
viscoelastic liquid to-a_viscoelastic _solid _[38]. SuitablC “solution viscosity for the

electrospinning was in the range of 1000-5000 cP.

500

400 -
300 {
200 -

100 - §

Average particles diameter:(im)

0 1000 2000 3000 4000 5000 6000 7000

Viscosity (cp)

Figure 4.5: Average diameter of the obtained particles as a function of gel viscosity. The RF
gel was aged for 24 h (W), 26 h (@), 27 h (A) and 27.5 h (@).
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Figure 4.6 shows the structural image of RF-gel networking. Resorcinol reacts
with formaldehyde under alkaline conditions to form mixtures of addition and condensation
compounds which could react to form a crosslinked network. The principal reactions involve
include (1) addition reaction of resorcinol and formaldehyde lead to the formation of methylol
groups (CH,OH) at 2, 6 (ortho) and 4 (para) position of phenolic, (2) the condensation of the
hydroxymethyl derivatives (-CH,OH) is able to form covalent bridges between the resorcinol
rings and in the form of methylene (-CH,-) and methylene ether (-CH,OCH,-) bridged

compounds. The condensation product is transformed into RF cluster, Then RF clusters react

with each other and grow into colloidal ; which finally form a RF hydrogel [6, 39].

L.
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OH

o o H
Na,CO; = CH,0H
——> + —
OH om B B OH
CH,OH
Resorcinol Formaldehyde Substituted resorcinol
(a) Addition reaction /
HO

" ﬁ“umwﬂmwmm
awﬁaﬁmmummma

Cluster Colloidal particles RF hydrogel

(b) Condensation reaction

Figure 4.6: Schematic diagram of the sol-gel polycondensation of RF solution [40].
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In figure 4.7 compares FTIR spectra of RF gel aged for various periods of time.
The assignment of characteristic absorption bands was done according to the values reported
in literatures [6, 14, 41, 42]. The bands at wavenumber of 1619 cm™ corresponding to C=C
aromatic ring stretching vibration, at 1299, 1228 and 1170 cm™ corresponding to C-C-O
asymmetric stretch vibrations, and at 1475 cm’! for CH,- scissor vibration were observed. It
should be noted that the CH,- bonding is a result from a cross-linking bridge formed from the
condensation of hydroxymethyl derivatives. Furthermore, absorption bands corresponding to
methylene ether (CH,-O-CH,) were also detected at wavenumber of 1220 and 1092 cm™. The
CH,-O-CH, bridge was a cross-linking bond formed between aromatic rings due to
polycondensation of resorcinol by formaldehyde. Table 4.1 summarizes identifications of the
bands that have been proposed to associate with” functional groups of the RF solution.
Furthermore, Fourier self-deconvelution (%SD) method was used to determine integrated
intensities of the absorption bands..This procedure requires input data such as the form of the

apodization function, band wadth and enhancement [8].

Transmittance (a.u.)

I I ‘
1615 14757 0 12080 1220 1075 ‘169971027

TRl

1800 1500 1200 900 600
Wavenumber (cm-t)

Figure 4.7: FTIR spectra of RF gel aged for 5 h (a), 10 h (b), 15 (¢), 20 h (d), 24 h (e), 26 h
(), 27 h (g) and 27.5 h (h).
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Table 4.1 Assignments of FTIR absorption bands of RF gel.

IR bands [cm™] Function groups
1615 C=C aromatic ring !
1475 -CH,- methylene bridge '
1402 OH in plane **!
1298 C-O stretching **!
1220 1] tions of methylene ether bridges

1175

1092 stretchi /ib ethylene ether bridges

1027

963

The increase in V1sc@—p -the'R

= ...-"_»’
conformed to the 1ncrlehe in methylene an

4.8), due to highly cr
bridge increased rapldlyjuld S
highly cross-linked of clus.ter to form RF gel It should be noted that the results shown in
Figure 4.8 are nal from the interested
band and that om Hm Mﬂeﬁﬂﬂﬁijﬁfl cases. The use of such
ratio eliminates the effect of sarr%e sizé taken in the FPIR measuremenfi’
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Figure 4.9: SEM images of colleg}gd_,ﬁﬁicles_,gTﬁfc.t'E?_s_pun from RF gel that was prepared by:
(a) R/F m&f&r ratio of 0.1 and béing aged for 198 h{(?) R/F molar ratio of 1.0 and

being agedfﬁ; 33 h, (¢) R/F molar ratio of 1.5 and._Ee}ng aged for 232 h and
(d) R/F mol@atio of 2.0 and being aged for 366}?1.
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Figure 4.10: Size distribution of the particles oB_t_aiped from electrospinning of RF gel
prepared by using different R/F molar ratio: R/F molar ratio of 0.1 (a), R/F

i

molar ratio of 1.0°(b).and R/F molar ‘répji_io of 1.5(c).

The sample’of RF gel with R/F ratio of 0.1 is an agglomeration of small spherical
particles. For R/F ratie‘of 1.0 and 1.5, the particles are heavily agglomerated and merged
together to form porous structure. In the extreme case using the R/F ratio of 2.0, the products
merge together into a filmg The binding of particles suggests that the evaporation of solvent
from the particles| in this-case was rather|slow’ The size distribution of the particles is also

very broad.

Different from R/F molarratioto prepared'RF gel that making RF aging times for
4 samples is not equal. According to stoichiometry, 2 mol of formaldehyde is required for the
complete three dimensional cross-linking of 1 mol of resorcinol. Cross-linking of the RF
network is limit due to excess amount of resorcinol (R/F ratio 1.5 and 2.0) and formaldehyde
(R/F ratio is 0.1). As confirm by the investigated signal from the interested band and that of

the aromatic rings which increases slightly with increases in aging time, as shown in Figure
4.11.
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Figure 4.11: Apparent viscosity of RF gel and FTIR signal ratios of methylene bridge (4) and

methylene ether bridge (@) with respect to aromatic rings, as a function of aging

time for RF solution. The RF gel was prepared using R/F molar ratio of: 0.1 (a),

1.0 (b), 1.5 (c) and 2.0 (d).



30

4.1.3 Effect of resorcinol/catalyst molar ratio

Catalyst, i.e., sodium carbonate, is another factor affecting cross-linking of the
RF gel network. The catalyst instigates the formation of resorcinol anions, which are more
reactive to formaldehyde than resorcinol molecules [44]. Subsequently, RF clusters could be
formed via polycondensation process. Further cross-linking resulted in the formation of RF
gel. The lower the catalyst content used the longer aging time would be required to achieve
optimum viscosity for electrospinning. All samples were prepared using R/F and R/W molar

ratio of 0.5 and 0.15, respectively. SEM imzi/ges of the obtained products prepared using

various R/C ratio are shown in Figure 4.12. / ' 7

() (d)
Figure 4.12: SEM images of collected particles electrospun from RF gel that was prepared by:
(a) using R/C ratio of 50 and being aged for 6 h, (b) using R/C ratio of 600 and
being aged for 28 h, (¢) using R/C ratio of 1000 and being aged for 33h and (d)
using R/C ratio of 2000 and being aged for 36 h.
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Most of the particles deposited on the collector appeared to be spherical particles.
The average diameter, as well as particle size distribution, depended upon the R/C ratio, as
shown in Figure 4.13. The increase in the R/C ratio, result in an increasing average diameter.
The average size of the particles prepared using R/C ratio of 50, 600, 1000 and 2000 was
found to be 96.3, 191.0, 865.7 and 1103.9 nm, respectively. A dispersed particle was obtained
with R/C ratio of 50, whereas an increase in R/C ratio produces poly-dispersed particles. Low
R/C ratios results in small particles that are interconnected with large necks. In contrast, high

R/C ratios results in large particles that are connected by narrow necks in a string of pearls
fashion [39].
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Figure 4.13:'Size distribution of the'patticles obtained from electrospinning.of RF gel
prepared by using different R/C molar ratio: R/C molar ratio of 50 (a), R/C molar
ratio of 600 (b), R/C molar ratio of 1000 (c) and R/C molar ratio of 1.5 (d).
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The decreases of the gelation time with high catalyst concentration due to the
higher reactivity toward hydrolysis and condensation of the RF gel. As seen Figure 4.14, the
gelation time increases with increasing R/C ratio. In the other words, the gelation process
could occur more rapidly with low R/C ratio. From this figure, the catalyst concentration are

insignificant effect on signal ratio of methylene and methylene ether bridges.
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Figure 4.14: Apparent viscosity of RF gel and FTIR signal ratios of methylene bridge ()
and methylene ether bridge (@) with respect to aromatic rings, as a function of
aging time for RF solution. The RF gel was prepared using R/C molar ratio of:
50 (a), 600 (b), 1000 (c) and 2000 (d).
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Figure 4.14: (continued)
4.1.4 Effect of resorcinel/water molar ratio

Another variablesaffceting the polycondensation process of RF gel is the dilution
ratio, represented by R/W satio.«This factor influences size of RF clusters, which indirectly
affect viscosity of the gel. Indorder to investigate this effect, samples were prepared using R/F
and R/C ratios of 0.5 and 86:64; The value of }_{/W ratio was varied from 0.03, 0.45, 0.75,
100, 1.30, 1.50 and 2.00 reépegtively. )"

Figure 4.15-16 show SEM images:eff{he obtained products. The results show that
certain condition can result in the formation of tibe‘fs At the R/W ratio 0.03, the RF solution
could not form into gel because-the-solution has ~_e-X§ess amount of water, so that the solution
could not be spun. At -the R/W ratio of 0.45, most of the produets are agglomeration of non-
uniform spherical partieles (see Figure 4.15a). For the RF gel with the R/W ratio of 0.75 and
being aged for 26 h, product is agglomerated spherical partticles (see Figure 4.15b) with
average diameter of 1.07 wm.Prolonging agingstime to 27 h, the particles are mixed between
spherical and elongated particles, yet they are heavily agglomerated as shown in Figure 4.15c.
Finally for the samie gel aged for 28h, fibers are obtained (Figure 4.15d). When the R/W ratio
of the RE geluis increased, further-to-1.0 and 1.3 the gel is spinnable after,27h of aging time.
Shape of'the products obtained'resembles microfibers. However, the product from RF gel
with the R/W ratio of 1.0 appears to be merged together (Figure 4.15¢). When the R/W ratio
to is increased to 1.5, ether droplets or microfibers can be obtained, depending on the aging
time of the gel. For the gel aged for 26 h, spherical droplets with average diameter of 2.8 um
(see figure 4.16a) were collected. Prolonged aging time results in the formation of microfibers
(figure 4.16b). As the R/W ratio is further increased to 2.0, the products deposited on the
collector are fibers, regardless of the aging time. However, the product spun from the gel aged

for 25 h are heavily merged together into a film. Figure 4.17 compares frequency distribution
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for diameters of the RF-products that were obtained in the form of fibers. It can be seen that
the decreasing in water content (i.e., high R/W ratio) generally causes the average diameter of
the fibers to increase. Moreover, the average diameter of fibers is increased as the aging time

of RF gel is prolonged. The R/W ratio of 1.5 is form to mostly produce microfibers.

IdMm F1
X5,880 169

Figure 4.15: SEM images of collected particles electrospun from RF gel that was prepared
by: (a) using R/W ratio of 0.45 and being aged for 28 h, (b) using R/W ratio of
0.75 and being aged for 26 h, (c) using R/W ratio of 0.75 and being aged for 27
h, (d) using R/W ratio of 0.75 and being aged for 28 h, () using R/W ratio of
1.00 and being aged for 27 h, (f) using R/W ratio of 1.30 and being aged for 27h.
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Figure 4.16: SE@lmages of :glected parl]egle?tyospun’t]roﬂiggel that was prepared by:
A s S e
Q )jﬁ dﬁjr m ed for 28 h, (d)

using R/W ratio of 2.0 and being aged for 24 h, (e) using R/W ratio of 2.0 and
being aged for 25 h.
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the RF clusters can form i 3 ! articulate gels. This is supported by the result
shown in Figure 4.18 tha r methylenc ethylene ether bridges increase
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Figure 4.18: Apparent viscosity of RF gel FTIR signal ratios of methylene bridge (4) and

methylene ether bridge (@) with respect to aromatic rings, as function of aging

time for RF solution. The RF gel was prepared using R/W molar ratio of: 0.45
(a), 0.75 (b), 1.0 (c),1.5 (d) and 2.0 (e).
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4.2 Effect of Electrospinning Conditions on RF-Products
4.2.1 Effect of applied electric field strength on size and morphology of product

A crucial element in the electrospinning is the strength of applied electric field. In
this section, the electric potential was applied in the range of 1.0 to 2.0 kV/cm with increment
of 0.5 kV/ecm. The volumetric flow rate of the gel was fixed at 0.8 ml/h, using a syringe
pump, and the RF gel was prepared by using R/F, R/C and R/W molar ratios of 0.50, 86.64

and 0.15 respectively, for all experiments in this part.

Figure 4.19 shows SEM images of preducts fabricated by using the field strength
of 1 kV/cm. For the RF gel aged for24 h, ;ithough the product resembles spherical particles,
the particles are merging together«For the| RE gel aged for 26, 27 and 27.5 h, the obtained
products appear to be nearly mono—disperéed spherical particles. Average diameter of the
particles decreases with prolenged aging tirr}q-of the RF gel, as shown in Figure 4.20. The
same trend is formed when the clectric potential is increased to 1.5 and 2 kV/em (see Figure
4.21-4.24), the particles tend to agglbmeraté aﬁd merge together to form porous structure,
when the aging time is not long enough. Anci:iiigure 4.25 compares the average diameter of
the obtained particles produced by using diffeféﬁt_glectric field strength.

. i

Increasing electric field strength téégiis_ in an increase in both the electrostatic

force, which is responsible for the transport of the charged jét, from injection orifice to the

collective target, anditile Coulombic repulsion fofce, whicii is responsible for ejected jet
segment. The increase in-_electrostatic force gives rise to the increase in mass throughput of
the liquid jet from the nozzle, while the increased Coulombic repulsion force results in the
increase in the faverage diameter: of the particles: When é¢lectri¢ field strength becomes too
high, the spinningjet becomes unstable, and the average diameter of the particles was found

to decrease with increasing electric field strength [45].
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Figure 4.21: SEM images of produéts obtained from electrospinning of RF gel by using

electric field strength 0f 1.5 kV/cm:ihs_KF gel had been aged for 24 h (a), 26 h
(b), 27 h(c)and 27.5 h (d).
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Figure 4.23: SEM images of produc-@tame(%'m electrospmmng of RF gel by using
electric ﬁeld strength of 20 kV/cm The RF gel hef been aged for 24 h (a), 26 h
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Figure 4.24: Frequency distribution of products obtained from electrospinning of RF gel by

using electric figld strength of 2.0 kV/em. The RF gel had been aged for 26 h
(a), 27 h (b) and 27.5 h-(c).
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Figure 4.25: Average diameter of products obtained from electrospinning of RF gel by using

different electric field strength, i.e, 1.0 (0), 1.5 (@) and 2.0 kV/cm (A), as a
function of aging time of the RF gel. Noted that the aging time investigated are

24,26, 27 and 27.5 h. The data points are intentionally shifted for the clarity of
the plot.
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4.2.2 Effect of applied voltage on size and morphology of product

The applied electric potential is another key factor determining the morphology
and diameter of the electrospun particles. In this work, RF particles were produced by using
applied voltage of 7, 10 and 18 kV, respectively. The distance between the tip and the
collector was kept at 10 cm. SEM images of the resulting products from electrospinning of

RF gel by using different applied voltage are shown in Figure 4.26-28.

Product obtained by using voltage of 7 kV and 10 kV (e.g., RF gel aged for 26 h
and 27 h) are elongated particle. At 7 kV and 10 kV, when the aging time of RF gel is
increased, the average diameter of the particles‘obtained decreases. As the applied voltage is
increased, the average diameter is increaged. The frequency distributions of the average
diameter of the particles fabsicated by different condition are shown in Figure 4.29, and
summarized in Figure 4.30._When low potebtial is applied in a solution of low viscosity (RF
gel had been aged for 24" h), the reduced accielleration of the jet and the weaker electric field
would cause surface tension to'beta dominantinfluence along the electrospinning jet result in

the droplets to form a merging of partil:les inté a film,

The high voltage will induee the ."f.lé(;e‘ssary charges on the solution and together
with the external electric field, willinitiate the%’qﬁospinning process when the electrostatic
force in the solution overcomes the surface tens@ﬂ»?f_the solution [22]. However, the applied

voltage of 18 kV is too high in this case. The grater amoun"t‘of charges causes the jet to

accelerate faster and lazge volume of solution will Be drawn fﬁ)m the tip of the nozzle to the
collector such that the deposition of the"RF gel onto the collector is faster than the

evaporation of the solvent. This results in a merging of particles into a film.
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Figure 4.29: Frequency distribution of products ebtained from electrospinning of RF gel by
using different.applied voltage andta‘g’ing time: using 7kV for the gel aged for
27 h (a), using 7kV fof the gel aged for27.5'h (b), using 10kV for the gel aged
for 27 h (c) and using 10kV for the gel aged for 27.5 h (d).
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Figure 4.30: Average diameter of products obtained from electrospinning of RF gel by using
different applied voltage, i.e., 7(A) and 10 kV (®), as a function of aging time
of RF gel. Noted that the aging time investigated are 27 and 27.5 h. The data
points are intentionally shifted for the clarity of the plot.
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4.2.3 Effect of distance between tip and collector on size and morphology of product

Varying the distance between the tip and the collector will have a direct influence
in both the flight time and the electric field strength. In this research, the working distance in
the range of 5 to 20 cm. The applied voltage was kept at 15 kV. According to Figure 4.31,
when the working distance is set at 5 cm, the jet of the RF gel ejected from the nozzle will
have a shorter distance to travel before being collected that make the RF particle may not
have enough time for solvents to evaporate when it collect on the collector, so it results in
large particle. On the other hand when the working distance is increased to 15 and 20 cm
(shown in Figure 4.33, 4.35) under the same applied potential, the electrical field strength is
decreased so that majority of the solution drops-down instead of being ejected toward the
collector. This is the main reason. for the er‘nall amount of product collected. And we found
that viscosity of RF gel is significant factor ffor electrospinning.

|

The relationshipstbegween the diameter of the as-spun particles and the distance
between tip and collectog@are shown in F1gure*4 37. As the general trend, when the aging time
of RF gel is increased, theaverage diameter t)f the obtained product decreases. The working
distance is found to significantly affectithe product only at short aging time. For the RF gel
aged for 27.5 h, the working distance shows les;_gmﬁcant effect on the average diameter of

the particles. ) 227 h
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Figure 4.31: SEM images of pgpducts obtalnedém}, electrospinning of RF gel by using
working distance of 5 crn:T he Rng-ﬂlat had been aged for 24 h (a), 26 h (b),
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Figure 4.32: Frequency distribution of products ebtained from electrospinning of RF gel by

using tip-to-collector of distance between at 5 em and being aged for 24 h (a),
being aged for 26'h (b); being aged for 27 h (c) and being aged for 27.5 h (d).



54

Figure 4.33: SEM images of products (')lf;tainea: ﬁ*‘am electrospinning of RF gel by using
working distance of 15 cm The RF:é'g:L"hlat had been aged for 24 h (a), 26 h (b),
27h(c)and 27.5 h(d). A=
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Figure 4.34: Frequency distribution of products ebtained from electrospinning of RF gel by

using tip-to-collector of distance between at 15 cm and being aged for 24 h (a),
being aged for 26'h (b); being aged for 27 h (c) and being aged for 27.5 h (d).
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Figure 4.35: SEM images of products (')]:;tainea:“ﬁar‘n electrospinning of RF gel by using
working distance of 20 cm The RF_ggl"%hat had been aged for 24 h (a), 26 h (b),
27h(c)and 27.5 h(d). # ¥
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Figure 4.36: Frequency distribution of produicts obtained from electrospinning of RF gel by
using tip-to-collector of distance between at 20 cm and being aged for 24 h (a),

being aged for26 h (b), being agedfor 27 h (¢) and being aged for 27.5 h (d).
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Figure 4.37: The relationships between the diameter of the as-spun particles the distance
between tip and collector: 5cm (@), 15¢cm (A) and 20cm (®).Noted that the
aging time investigated are 24, 26, 27 and 27.5 h. The data points are
intentionally shifted for the clarity of the plot.
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4.3 Effect of Aging Conditions on RF-Particles

Different humidity in the aging atmosphere has effect on the formation and
morphology of particles. In this experiment, pure water, saturated solution of sodium chloride
and silica-gel were used to control the relative humidity of the aging system to be 100%, 75%
and 8% at 25°C, respectively. For the electrospinning, the electric potential was applied at 15
kV and working distance was fixed at 10 cm. The volumetric flow rate of the gel was fixed at
0.8 ml/h, using a syringe pump, for all experiments in this part. The RF gel was prepared by
using R/F, R/C and R/W molar ratios of 0.50, 86.64 and 0.15 respectively.

Morphology of the particles electrospun from RF gel that had been aged under
100% RH and 75% RH is the same as $orphology of the particles aged under ambient
condition, as seen in Figure 4.38. Fhe mono-dispersed particles are obtained from the RF gel
aged for prolonged aging time. . The freqdpncy distributions of the obtained products are
shown in Figure 4.39. It'is formed that.the average diameter of the particles decreases when
the RF gel is aged in atmesphere with hlgher-the relative humidity. In the mean time, prolong
aging time of the RF gel gesulfs in decreaseﬂ average diameter of the obtained product, as
shown in Figure 4.40.

il IR

The particles fabricated from the Rge'l‘ aged under 100% RH is bigger than that

aged under 75% RH. Due to the RE gel aged li,i—idef_IOO% RH has less evaporated than that

gel aged under 75% RH. when the electrospinning Jet reaches the collector. Large particles

(i.e., aged RF gel 29 and 30 h) due to RF gel have few chalns entanglement (low viscosity as
show in Figure 4.41) that make surface tension of the RF gel has a dominant influence along

the electrospinning jet [22].
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Figure 4.38: SEM images of products obtained from electrospinning of RF gel aged under the
atmosphere of: 100% RH (a) and 75% RH (b) for various period of time.
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Figure 4.39: The frequency distributions of obtained products from electrospinning of RF gel
aged under the atmosphere of 100% RH (a) and 75% RH (b), for various period

of time.
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Figure 4.40: Average diameter of products obtained from electrospinning of RF gel aged
under the atmosphere of 100% RH (‘A) and 75% RH (@), as a function of aging
time. Noted that the aging time investigated are 24, 26, 27 and 27.5 h. The data
points are intentionally shifted %or the clarity of the plot.
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As shown it Figure 4.41 the signals of methylene and methylene ether bridges
with respect to that of aromatic rings ef RE gel aged under 75% RH is higher than those
observed from RF gel aged under 100%/REE: #Slnce of the atmosphere with relative humidity
of 100% is saturated, water which is a by product from the condensation reaction could not
evaporate from the gel. As'the aging time is pyolgnged, signals of methylene and methylene
ether bridges increase, which indi¢ate higher cross-link. Figure 4.42 compares the viscosity of
the RF gel aged under different atmosphere andgn'ﬁ_rms that the high cross-linking of the RF

gel takes place faster if the gel 1S aged n the atmosphere with lower relative humidity.
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Figure 4.41: Relationship of FTIR signals of methylene bridge (solid points) and methylene
ether bridge (blank points) comparing to that of aromatic rings in RF gel aged in

100% (---) and 75% ( )relative humidity, w#th respect to aging time.
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Figure 4.42: Apparent viscosity of RF ggl aged under 100% RH (@) and 75% RH ().

In previous seetions,sthe RF gel can not spun to obtain the fiber because the

molecular chains entanglement are low and high amount of selvent.

a3 |

When the relative humidity of tI“fé aging system is adjusted to be 8%, it highly
affects morphology of the'spun RF gel. Figgldr‘el’4.43 shows the morphology of the product
from electrospinning of RF gel aged for 26 a_ﬁ-d' 26.5 h are formed into micro-fibers. Micro-
fibers are formed because wafer which is b}*iﬂl_'oduct from the condensation reaction was
evaporated from the RF gel. It shbﬁld- be notedit_:'h?a'l';" silica-gel absorbs moisture continuously
from the atmosphere to keep low-htmmidity. "fh’é:"-ébrﬁinuous removal of water from the gel

increases rate of the R condensation, which increases molecular chain entanglement. This is

also confirmed by the increase in methylene and methylene ether bridges from Figure 4.44.
The average fiber diameter increases from 2.83 to 4.67 um when the aging time of RF gel is
increased. This is probably'due to the greater vesistance of the RF gel to be stretched by the
charges on the jet. At the aging time~is prolonged, the apparent viscosity of the RF gel is

increases, as seenin Figure 4.45.
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Figure 4.43: SEM images of products obte‘inzi from electrospinning of RF gel aged under the

atmosphere of 8% RH for 26 h ( )%11/65 h (b).

— _—

-,:' I
"—i— -
The RF gel W

being aged in 8% RH atmospher

o

—
v aged in several of time in ambient atmosphere before
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in ambient atmosphere : _
chain entanglement (as seen in si als raitid)b/AEd in the second step (being aged in 8% RH
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atmosphere), the RF gel has 1g;stl'}f;agedﬁ_§; 10 h have rate of the RF condensation faster

than the RF gel has been firstly ged‘f;gﬁ-:ﬁ hi_{gﬁ‘chain ent!anglement are much more than the
r lnfgfi';';és seen@lals‘raﬁo of the RF gel aged for the total

period of 25-26.5 h. The RF gel#haﬁs'___k‘?gen ﬁr@-—‘_p‘:ggg for 20 h in ambient atmosphere have

RF gel has been firstly aged

high cross-link network(Figure 4.44). So in the second steer;ie; of RF condensation are slow
that make chain entar@jé;nent increases a little. It should be fg;k that, the gel formation and

— | —
the obtained product are Sifferent. i
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Figure 4.44: Relationship of FTIR signals ratio,0fimethylene and methylene ether bridge
(blank points) comparing fo that of arGinatie rings in RF gel aged in 2-step
fashion, i.e. in ambient and in 8% RH atmesphere respectively, with respect to
the total aging time of'the RF gel. The aging time in the first step is varied from
Oh (¢), 10 h (@), 15 h( A) and 20 h (™). And () FTIR signals ratio of RF gel
in ambient atmo$phere/(a) and the relationship of FTIR and aging time at 24 -
27.5 h are pl6t fof thé clarity (b).|

An increasing in the RF gel has be'_:,en‘ firstly aged in several of time in ambient
atmosphere before being aged in 8% RH atr_ri(;sphere the gelation process and apparent
viscosity are decreases, as seen in-Figure 445 And suitable solution viscosity for the

electrospining was in the range of 1300-4000 cP.
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Figure 4.45: Apparent viscosity of RF gel aged in 2-step fashion, i.e. in ambient and in 8%
RH atmosphere respectively, with respect to the total aging time of the RF gel.
The aging time in the first step is varied from Oh (), 10 h (@), 15h (A) and
20h (m).
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Figure 4.46 shows the electrospinning product from RF gel that has been firstly
aged for 10 h in ambient atmosphere before being aged in 8% RH atmosphere environment.
At the aging time in 8% RH is increased, the morphology of the product changes from beads
on the strings to well-formed micro-fibers and the average fibers diameter increase from 2.03
to 2.16 pum. When the time for the first step of aging is changed to 15 h, the products from the
gel aged for the total period of 26 h and 26.5 h are elongated particles. Non-uniform fibers are
finally obtained when the total aging time is prolonged to 27 h, as seen in figure 4.47. Finally,
for the RF gel aged for 20 h in ambient atmosphere before further aging in 8% RH, the
obtained products are spherical droplets ;Fni)!e | with elongated particles, as show in Figure
4.48. In general, as the cross-linking of the & k increases, the fraction of beads in the
product decreases. This is due to the increéléed@ of chain entanglement, which is
necessary to form continuo@s{; The iﬁ."l reased Briﬁg_in'g‘with the increase in aging time of
RF gel is confirmed by FM summarized in Figure 4.44.

Figure 4.46: SEM images of products obtained from electrospinning of RF gel aged in 2

steps. The first step is 10 h aging in ambient atmosphere, while the second step

is aging in 8% RH. The total time of aging is 25.5 h (a), 26 h (b), and 26 h (c).



 The {otal time of agihg is 25.5 h (a), 26 h (b), and 26 h (¢).

TR

AUEINENINEINS
AMIAN TN INGINY

66




67

’ A '-!{ . .
steps. The first step is lgmaging'ﬁ_ainblent atmosphere, while the second step
is aging in 8% R Thé fotal time of agihg is 25.5 h (a), 26 h (b), and 26 h (c).
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As showr;%ll:igure 4.49, products from elecﬁosﬁfmi{ing of RF gel that is formed
by using various values of R/F, R/C and R/W molar ratio and aged in the aging chamber 8%
RH are all well-formed migro-fibers. Micro-fibers are formed because the chain entanglement
of the RF gel inseyery condition is greater than'that'of RF gel aged under ambient condition.
Figure 4.50 compares frequency distribution of fiber diameters of RF products prepared by
using R/F ratio of 1.0 (R/C-ratie.of.86.64 and-RAV ratip 0.15),and R/C xatio of 2000 (R/F
ratio of 0.5 and R/Wiratio of 0.15). In'both*case, the average fiber dianicter-increases with the
increase in aging time of RF gel. For the R/F ratio of 1.0, the average fiber diameter increased
from 1.75 to 2.64 um, whereas for the R/C ratio of 2000, the average fiber diameter increases

from 2.10 to 2.61 um. The

R/W molar ratio of 1.5 have less amount of water, when the RF gel being aged in
8% RH atmosphere environment , rate of RF condensation and molecular chain entanglement
are increases extremely (as seen in signals ratio in Figure 4.51) and take the gelation time

decreases (as seen in Figure 4.51). From the high chain entanglement, and due to the greater
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resistance of the RF gel to be stretched by the charges on the jet [46], it make diameter of
fiber bigger than R/W ratio 1.5 aged in ambient condition (Figure 4.49). The average fiber
diameter is 40.03 um. The apparent viscosity of RF gel was shown in Figure 4.51. Suitable

solution viscosity for the electrospining to produce micro-fibers was in the range of 1200-

Figure 4.49: SEMmfa}ge\sdf prcl)dur:1s\ob‘ta]1ntad ﬁo’rhelectkos;]mnilngof RF gel aged under the
atmosphere of 8% RH. The RF gel was prepared using different conditions: (a)

,;R/Fmolfirl ratoof 1.0 agm% tllme@f‘24h,€b) R/I melarrajiur)qf 1.0 aging time

| ;6}! 24.L 13, (c)'RIC mblap ratiotof 2000 agin'gi time 6£.30.5 hy(d):R/C molar ratio

of 2000 aging time of 31 h, (e) R/W molar ratio of 1.5 aging time of 19 h.
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Figure 4.51: Apparent viscosity of RF gel and relationship of FTIR signals of methylene (4)

and-methylene ether bridge ( ® ) companing-to that of arematic rings in RF gel
aged in 8% RH, with respect to aging time!“Fhe RF gel was prepared using
different condition: R/F ratio of 1.0 (a), R/E ratio of 2000 (b).and R/W ratio of
1.5 (c).
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4.4 Pyrolysis of the RF-Products

The products obtained from electrospinning of RF gel were subjected to freeze
drying. After drying, the RF product were pyrolyzed to form carbon particles and to form
carbon fibers. For this section RF gel was prepared using various values of R/F, R/C and R/'W
as listed in Table 4.2. Adsorption and desorption isotherms of N, on adsorption the RF
products are shown in Figure 4.52.

Table 4.2 Preparation conditions for RE r/)

Aging time

Sample R/F Jmrenad (h) Morphology
Al 0.5 i 26 Not-spun
A2 0.5 26 spherical
A3 0.5 27 fiber
B1 0.5 26 fiber
B2 0.5 30.5 fiber
B3 1 24 fiber
Table 4.3 shows the chang J S BET surface area, m°g") and V., mesopore

i ST & ]
volume, cm’g™") of the carbon q'.._. ibers prepared with various values of R/F,
R/C, R/W and aging ponditions—-&ﬂﬁﬁfe};}i}}"

A " 1
(surface area of micropo m’¢™") and V.. (micropor e, cm’g’) so that carbon

'-re mesp ’\ table 4.3). Other sample has
-LTJ

and Vs are much more than S,

particles and carbon

microporous structure with mesoporou
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Figure 4.52: Adsorption isotherm and desorption isotherms of carbon particles and carbon

Table 4.3 Physical properties of carbon particles and carbon fibers.

0.2 A

0.1 A

Al
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0 0.5 1
P/po
A3
8 4
6 4
4 4
2
0 T
0 0.3 1
P/py
| B2
8 4
6 .
4 .
2 .
0
0 0.5 1
p/po

Amount of N,
adsorbed/cm3(STP) g*
f=1
[\

Amount of N5
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Amount of N
| adsorbed/cm3(STP) g

0.45

o
w 2
o~

S

30

—_

B1
25 A

20
o
101

0.5

P/po

12 4 B3

fibers: adsorption (<), desorption (®).

0.5

P/po

Sample Sger (M’ g Smie (M’ ") Vieo (cm’ g') Ve (cm’ g7™)
Al 0.362 0.352 6.905 x10™ 9.649 x107
A2 0.686 0.352 5.969 x10™ 3.423 x107
A3 6.504 8.580 1.718 x107 9.649 x107
Bl 39.63 25.76 4.907 x10 1.191 x107
B2 9.401 8.893 1.756 x10 1.524 x107
B3 10.49 11.34 2.135x107 2.735x10™

—_
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Sger and Vs of the product that was not spun (Al) is much smaller than the
obtained product from electrospinning. Figure 4.53 confirms that during the process of
electrospinning, the solvent in the RF gel was evaporated. Since evaporation of the solvent
from sample Al and A2 are less (as seen in Figure 4.54), the pores of the RF gel are filled
with water. During the process of freezing prior to freeze drying, the volume of the water
increases to some extent. Hence, there is a danger that the pore of RF gel are destroyed when
the gels are frozen [47]. The surface area of the fiber product (A3) was found to be higher
than that of the spherical particles (A2). This is suggested to be a result from high extent of
cross-linking network within the gel that allows the formation of fiber, which also prevents

collapses of pores during the pyrolysis.

Table 4.4 Sample weight loss.fromfrecze drying and pyrolysis of the obtained product.

Samplg %Weight_16s§ from Y%weight losg from
freeze drying pyrolysis

Al 4826 31.38

A2 158, 4 47.24

A3 S 1487 48.66

Bl 25.49 69.28

B2 1890244 50.67

B3 2034 57.77

The product-aged under 8% RH (B1, B2 and B3)-has higher surface area than the
product aged under ambient condition because the product aged under 8% RH has high cross-
linked structure so, that more 0f'the remaining of-hydrogen, oxide and some part of carbon can
be removed from the product than that from the-oneaged under ambient condition. Sample B1
has the highest weight loss by pyrolysis-that increases _the pore volume of fiber and results in

the highest surface aica:

Sample B1 has higher surface area than sample B2, because the condition with
low catalyst (B2) yields large colloidal RF gel that are interconnected with narrow necks in a
"string of pearls" that results in low amount of volume of pore [48]. Sample B1 has higher
surface area than sample B3 because sample B3 contains low cross-linking network and the
remaining resorcinol induces the collapse of pore structure. The solvent in the RF gel
evaporates continuously and it is confirmed that the solvent in the RF gel also evaporates

during the process of electrospinning (as seen in Figure 4.53).
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Morphology of carbon particles and carbon fibers are not different from

morphology of RF particles before pyrolyzed, as seen in Figure 4.54.

,. 103in] 9 ,
(@) o ®)

Figure 4.54: SEM images of morphology of carbon particles and carbon fibers: before
pyrolysis (a) and after pyrolysis (b).
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4.5 Addition of Aluminium Precursor into RF Gel.

In this section, the effect of the addition of aluminium precursor was investigated.
RF gels were prepared using R/F, R/W, R/C and C/W ratio of 0.5, 0.15, 86.64 and 10.0,
respectively. The gels were aged for predetermined period of time before being added with

aluminium precursor.
When aluminium acetylacetonate, which is used as a precursor for aluminium, is

added into RF gel, interaction occurs, isw‘lr ssed from the rapid increase in viscosity and
N‘-,
the change in color of the mixtg{e. It is's #

/:hat aluminium acetylacetonate formed

bonds with the RF network th@lfi acceler C.th€ Cross-linking process. The aluminium-

doped gel was immediatew;pi kec'nninége‘lfteryvﬁi :7! Eé products are shown in Figure 4.55.
It can be seen that majority ucts merge togw either large structure or a film.

The results suggest that wat iapped and the evaporation of water was too low such that

the products deposited on had a chance to merge together [22]. The obtained
product could not be ¢ rm—a-lﬁna., because the period in which the gel was

. V-Th e
¢ amount fisample o otained was very small.
il 1\
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3 " ’ 4 T ~¢
F IJF e " 5 1
AR, 1 o . ey
J ¥ < -
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Figure 4.55: SEM images of collected particles electrosprayed from RF gel that was prepared
and aged for 19 (a), 21 h (b), 22 h (c¢) and 24 h (d) before being added with

aluminium acetylacetonate.
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Upon the addition of aluminium precursor into the RF-gel, however, the mixture
became highly viscous and rapidly turned into a solid, as shown in Figure 4.56, in which the
blank markers indicate the gel before the addition of aluminium precursor and the solid
markers represent viscosity of the gel after the addition. This behavior suggests that the
aluminium precursor aided the condensation as well as the cross-linking process of the sol.
Suitable viscosity of aluminium-doped RF gel solution for the electrospining is in the range of

600-1200 cP.

Viscosity (cP)

\
repared and aged for 19 h (<), 21 h (O),

vith aluminium acetylacetonate. The

Figure 4.56: Apparent viscosil
24h(A)and 27 h

SOlld ma: KEI'S TEpresent the gel alter the-aad —_
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

1. The conclusions of the present research are the following:

2. RF gel can be used as a precursor for synthesis of mesoporous structures of
carbon fibers and carbon nanospheres by electrospinning techniques.

3. Morphologyand size distribution of RF fibers and RF particles can be
controlled by controlling aging time of RF éel and preparation condition for RF gel.

4. Changing in.the processing parameters, such as applied electric field strength,
applied voltage and distancesbetween tip and collector has effect on the size and morphology
of RF particles. : 4

5. Fiber argformed when the RF gel has high cross-link network and the RF gel

has suitable viscosity.

2
J

Ad

5.2 Recommendations for the Future Studies;;u

In this study effects of various processing parameters, such as applied electrical
field strength, working.distance, applied voltage, as well as the-preparation condition for RF
gel, such as composition, aging time and addition of aluminium precursor, i.e., aluminium
acetylacetonate into the ¢RE-gel by electrospinning method were investigated. Some

recommendations for future work are listed as follows:

L.~ Effect ofithe-other metal alkoxide.précursors in spinning selution on physical
and chemical properties of the RE gel fibersishould be investigated.

2. Although it is found that carbon micro-fiber were form under aging RF in
8%-relative humidity (RH), the effects of various processing parameters to reduce the
averaged diameter of carbon fiber should be investigated.

3. Physical properties, i.e., tensile strength, modulus of carbon fibers should be
investigated.

4.  Effect of humidity of the electrospinning environment should be investigated.

5. Doping of-aluminium into the RF gel should be done together with a means

to retard condensation process before taken it to be spun.
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EFFECT OF SILICA-GEL TO MOISTURE CONTENT
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