CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, RF-particles and RF-fibers fabricated by combined
clectrospinning 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 distribution and morphology of RF-product. Carbon fibers and
carbon particles prepared by electrospinning and have been obtained by pyrolyzing RF
product in an inert atmosphere. Addition of aluminium precursor, ie., aluminium

acetylacetonate into the RF-gel by electrospinning method was investigated.

4.1 Effect of Preparation Conditions and Aging Time for RF Gel on the Product

4.1.1 Effect of RF aging time on morphology of RF-particles

RF solution was prepared by sol-gel polycondensation according to reported
procedures in literature [6], using resorcinol and formaldehyde as raw materials and Na,COs
as catalyst. In the initial period, the sol-gel process slowly converts RF solution into
nanoparticles suspended in liquid or sol. Then, the colloidal nanoparticles are linked together
in three dimensional to form liquid-filled solid network or gel. The mechanism for the sol-gel

process was shown in Figure 4.1.

(a) (b) (c)

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.

Fi,g.iixre 4.2: SEM images of products obtained from electrospinning of RF gel that had been

aged for 24 h (a), 26 h (b), 27 h (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 of products obtained from electrospinning of RF gel that

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

For the RF gel aged for 24 h, the viscosity was too low that it was unsuitable for
electrospinning. At a low viscosity, high amount of solvent molecules and a few chain
entanglements would cause surface tension to be a dominant influence a-long the
electrospinning jet resulting in the droplets to form large particles [35]. When the aging time
of RF gel is increased, the apparent 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.
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Figure 4.4: Relationship between the conductivity and aging time of RF solution.

It is more clearly represented by a graph in Figure 4.5, which shows the average
diameter of the particles obtained as a function of viscosity of the gel. The error bars in the
Figure represent standard deviation of the data. The apparent viscosity of the RF-gel
increased with elapsed time in the gelation process. According to the measurement of the
viscosity, it was found that RF gel exhibited non-Newtonian behavior, i.e., its viscosity
depended upon the force exerted to the gel [37], probably due to the gelation transition from a
viscoelastic liquid to a viscoelastic solid [38]. Suitable solution viscosity for the

electrospinning was in the range of 1000-5000 cP.
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Figure 4.5: Average diameter of the obtained particles as a tunction 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 particles, which finally form a RF hydrogel [6, 39].
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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-deconvolution (FSD) 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 width and enhancement [8].
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Figure 4.7: FTIR spectra of RF gel aged for 5 h (a), 10 h (b), 15(c),20h (d),24 h (e),26 h
(f), 27 h (g) and 27.5 h (h).



Table 4.1 Assignments of FTIR absorption bands of RF gel.

IR bands [cm']

Function groups
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C=C aromatic ring "
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C-O stretching !

C-O-C stretching vibrations of methylene ether bridges
between resorcinol molecules

CH aromatic, in plane *

C-O-C stretching vibrations of methylene ether bridges
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Aliphatic hydroxyl H3l

2.4-substituted benzene ring 22
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The increase in viscosity of the RF solution with increasing aging time is

conformed to the increase in methylene and methylene ether bridges formed (shown in Figure

4.8), due to highly cross-linking of cluster to form RF gel. At 24 h, signal ratio of methylene

bridge increased rapidly could seen from viscosity of the solution, that means RF solution was

highly cross-linked of cluster to form RF gel. It should be noted that the results shown in

Figure 4.8 are taken in form of the ratio between the integrated signal from the interested

band and that of the aromatic rings, which are used as reference for all cases. The use of such

ratio eliminates the effect of sample size taken in the FTIR measurement.
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Figure 4.8: Relationship between FTIR signals corresponding to methylene bridge () and

methylene ether bridge (@), with respect to that of aromatic rings, and aging time

of RF solution.

4.1.2 Effect of resorcinol/formaldehyde molar ratio

In this section, the effect of R/F molar ratio is investigated. All samples were
prepared using R/C and R/W molar ratio of 86.64 and 0.15, respectively. Figure 4.9 compares
SEM images of electrospinning products, using RF gel prepared with R/F molar ratio of 0.1,
1.0, 1.5 and 2.0, respectively. As the polycondensation reaction proceeds, when the gel is
prepared under the condition of low R/F ratio, color of the gel is light. On the other hand, dark
red gel is obtained at high R/F ratio. According to this Figure, as the R/F molar ratio is
increased, the average diameter of the particles is increased. The frequency distributions for
the size of the electrospun RF particles are presented in Figure 4.10. The average diameter of
the RF particles prepared using R/F ratio of 0.1, 1.0 and 1.5 is found to be 540.7 nm, 1.96 pm
and 2.97 pm, respectively.
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(a) (b)
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Figure 4.9: SEM images of collected particles electrospun from RF gel that was prepared by:
(a) R/F molar ratio of 0.1 and being aged for 198 h, (b) R/F molar ratio of 1.0 and
being aged for 33 h, (c) R/F molar ratio of 1.5 and being aged for 232 h and
(d) R/F molar ratio of 2.0 and being aged for 366 h.
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Figure 4.10: Size distribution of the particles obtained from electrospinning of RF gel
prepared by using different R/F molar ratio: R/F molar ratio of 0.1 (a), R/F

molar ratio of 1.0 (b) and R/F molar ratio 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 ratio 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 film. 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 molar ratio to 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 () 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).
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4.1.3 Effect of resorcinol/catalvst 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 images of the obtained products prepared using

various R/C ratio are shown in Figure 4.12.

(c) (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, (c) 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 particles 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 methyiene 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 resorcinol/water molar ratio

Another variable affecting the polycondensation process of RF gel is the dilution
ratio, represented by R/W ratio. This factor influences size of RF clusters, which indirectly
affect viscosity of the gel. In order to investigate this effect, samples were prepared using R/F
and R/C ratios of 0.5 and 86.64. The value of R/W ratio was varied from 0.03, 0.45, 0.75,
1.00, 1.30, 1.50 and 2.00 respectively. g

Figure 4.15-16 show SEM images of the obtained products. The results show that
certain condition can result in the formation of fibers. At the R/W ratio 0.03, the RF solution
could not form into gel because the solution has excess amount of water, so that the solution
could not be spun. At the R/W ratio of 0.45, most of the products are agglomeration of non-
uniform spherical particles (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 particles (see Figure 4.15b) with
average diameter of 1.07 pm. Prolonging aging time 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 same gel aged for 28h, fibers are obtained (Figure 4.15d). When the R/W ratio
of the RF gel is 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 pm
(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.
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Figure 4.15: SEM images of collected particles electrospun from RF gel that was prepared
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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, (e) 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.



Figure 4.16: SEM images of collected particles electrospun from RF gel that was prepared by:
(a) using R/W ratio of 1.50 and being aged for 26 h, (b) using R/W ratio of 1.50
and being aged for 27 h, (c) using R/W ratio of 1.50 and being aged for 28 h, (d)
using R/W ratio of 2.0 and being aged for 24 h, (€) using R/W ratio of 2.0 and

being aged for 25 h.
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Figure 4.17: Shows frequency distribution of fiber diameters of RF gel prepared by using
different R/W ratios and aged of RF gel: R/W ratio of 1.3 and being aged for
27h (m), R/W ratio of 1.5 and being aged for 27h (@), R/W ratio of 1.5 and
being aged for 28h (O).

RF gel could be spun in the form of fibers only when water content is low so that
the RF clusters can form into continuous particulate gels. This is supported by the result
shown in Figure 4.18 that the signals for methylene and methylene ether bridges increase
significantly when water content is decreased. Low amount of water also minimizes breakage

of the jet of solution ejected from the nozzle, which consequently yield products in a form of

continuous fibers.
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Figure 4.18: Apparent viscosity of RF gel FTIR signal ratios of methylene bridge () 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 (¢),1.5 (d) and 2.0 (¢).
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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/cm. 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 products fabricated by using the field strength
of 1 kV/cm. For the RF gel aged for 24 h, although the product resembles spherical particles,
the particles are merging together. For the RF gel aged for 26, 27 and 27.5 h, the obtained
products appear to be nearly mono-dispersed spherical particles. Average diameter of the
particles decreases with prolonged aging time of the RF gel, as shown in Figure 4.20. The
same trend is formed when the electric potential is increased to 1.5 and 2 kV/cm (see Figure
4.21-4.24), the particles tend to agglomerate and merge together to form porous structure,
when the aging time is not long enough. And Figure 4.25 compares the average diameter of

the obtained particles produced by using different electric field strength.

Increasing electric field strength results in an increase in both the electrostatic
force, which is responsible for the transport of the charged jet from injection orifice to the
collective target, and the Coulombic repulsion force, which 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 average diameter of the particles. When electric field strength becomes too
high, the spinning jet becomes unstable, and the average diameter of the particles was found

to decrease with increasing electric field strength [45].



Figure 4.19: SEM images of products obtained from electrospinning of RF gel by using
electric field strength of 1 kV/cm. The RF gel had been aged for 24 h (a), 26 h
(b), 27 h(c) and 27.5 h (d).




4]

100
S 80 A
£ 60
2
E 40 |
2
;* 20
]
=3 0.
=
= 200 300 400 500 600
Particle diameter (nm)
(a)
100 100
S 80 - S 80 1
e =
k=1 60 < 60 -
3 =
2 £
S 40 1 T 40
=]
g 207 2 20
5 5
g 0 - :;— 0 -
= 200 300 400 500 600 = 200 300 400 500 600
Particle diameter (nm) Particle diameter (nm)
(b) > (c)

Figure 4.20: Frequency distribution of products obtained from electrospinning of RF gel by
using electric field strength of 1 kV/em. The RF gel had been aged for 26 h (a),
27 h (b) and 27.5 h (c).



Figure 4.21: SEM images of products obtained from electrospinning of RF gel by using
electric field strength of 1.5 kV/cm. The RF 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 products obtained from electrospinning of RF gel by using
electric field strength of 2.0 kV/cm. The RF gel had been aged for 24 h (a), 26 h
(b), 27 h (c¢) and 27.5 h (d).
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Figure 4.24: Frequency distribution of products obtained from electrospinning of RF gel by
using electric field strength of 2.0 kV/cm. 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 increased. The frequency distributions of the average
diameter of the particles fabricated by different condition are shown in Figure 4.29, and
summarized in Figure 4.30. When low potential is applied in a solution of low viscosity (RF
gel had been aged for 24 h), the reduced acceleration of the jet and the weaker electric field
would cause surface tension to be a dominant influence along the electrospinning jet result in

the droplets to form a merging of particles into a film.

The high voltage will induce the necessary charges on the solution and together
with the external electric field, will initiate the electrospinning process when the electrostatic
force in the solution overcomes the surface tension of the solution [22]. However, the applied
voltage of 18 kV is too high in this case. The grater amount of charges causes the jet to
accelerate faster and large volume of solution will be drawn from 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.



47

Figure 4.26: SEM images of products obtained from electrospinning of RF gel by using
applied voltage of 7 kV. The RF gel that had been aged for 24 h (a), 26 h (b),
27 h(c)and 27.5 h (d).



48

(b)

A

Figure 4.27: SEM images of products obtained from electrospinning of RF gel by using
applied voltage of 10 kV. The RF gel that had been aged for 24 h (a). 26 h (b),

27 h (¢) and 27.5 h (d).
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Figure 4.28: SEM images of products obtained from electrospinning of RF gel by using
applied voltage of 18 kV. The RF gel that had been aged for 24 h (a), 26 h (b),
27 h(c) and 27.5 h (d).
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Figure 4.29: Frequency distribution of products obtained from electrospinning of RF gel by
using different applied voltage and aging time: using 7kV for the gel aged for
27 h (a), using 7kV for the gel aged for 27.5 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 small amount of product collected. And we found

that viscosity of RF gel is significant factor for electrospinning.

The relationships between the diameter of the as-spun particles and the distance
between tip and collector are shown in Figure 4.37. As the general trend, when the aging time
of RF gel is increased, the average diameter of the obtained product decreases. The working
distance is found to significantly affect the product only at short aging time. For the RF gel
aged for 27.5 h, the working distance shows insignificant effect on the average diameter of

the particles.
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Figure 4.31: SEM images of products obtained from electrospinning of RF gel by using
working distance of 5 cm. The RF gel that had been aged for 24 h (a), 26 h (b),
27 h(c) and 27.5 h (d).
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Figure 4.32: Frequency distribution of products obtained from electrospinning of RF gel by

using tip-to-collector of distance between at 5 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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(d)

Figure 4.33: SEM images of products obtained from electrospinning of RF gel by using

working distance of 15 cm. The RF gel that had been aged for 24 h (a), 26 h (b),
27 h (¢) and 27.5 h (d).
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Figure 4.34: Frequency distribution of products obtained 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 obtained from electrospinning of RF gel by using

working distance of 20 cm. The RF gel that had been aged for 24 h (a), 26 h (b),
27 h (c) and 27.5 h (d).
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Figure 4.36: Frequency distribution of products 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 for 26 h (b), being aged for 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 (@), 15cm (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 morphology of the particles aged under ambient
condition, as seen in Figure 4.38. The mono-dispersed particles are obtained from the RF gel
aged for prolonged aging time. The frequency 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 1s aged in atmosphere with higher the relative humidity. In the mean time, prolong
aging time of the RF gel results in decreased average diameter of the obtained product, as

shown in Figure 4.40.

The particles fabricated from the RF gel aged under 100% RH is bigger than that
aged under 75% RH. Due to the RF gel aged under 100% 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 chains 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 for the clarity of the plot.

As shown in Figure 4.41, the signals of methylene and methylene ether bridges
with respect to that of aromatic rings of RF gel aged under 75% RH is higher than those
observed from RF gel aged under 100% RH. Since 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 prolonged, signals of methylene and methylene
ether bridges increase, which indicate higher cross-link. Figure 4.42 compares the viscosity of
the RF gel aged under different atmosphere and confirms that the high cross-linking of the RF

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

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

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

molecular chains entanglement are low and high amount of solvent.

When the relative humidity of the aging system is adjusted to be 8%, it highly
affects morphology of the spun RF gel. Figure 4.43 shows the morphology of the product
from electrospinning of RF gel aged for 26 and 26.5 h are formed into micro-fibers. Micro-
fibers are formed because water which is by-product from the condensation reaction was
evaporated from the RF gel. It should be noted that silica-gel absorbs moisture continuously
from the atmosphere to keep low humidity. The continuous removal of water from the gel
increases rate of the RF condensation, which increases molecular chain entanglement. This 1s
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 1s
increased. This is probably due to the greater resistance 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 1s

increases, as seen in Figure 4.45.




Figure 4.43: SEM images of products obtained from electrospinning of RF gel aged under the
atmosphere of 8% RH for 26 h (a) and 26.5 h (b).

The RF gel has been firstly aged in several of time in ambient atmosphere before
being aged in 8% RH atmosphere have affect on rate of the RF condensation and molecular
chain entanglement. As seen in Figure 4.44, the RF gel has been firstly aged for 10 and 15 h
in ambient atmosphere have slow rate of the RF condensation and less amount of molecular
chain entanglement (as seen in signals ratio). And in the second step (being aged in 8% RH
atmosphere), the RF gel has been firstly aged for 10 h have rate of the RF condensation faster
than the RF gel has been firstly aged for 15 h and chain entanglement are much more than the
RF gel has been firstly aged for 15 h, as seen in signals ratio of the RF gel aged for the total
period of 25-26.5 h. The RF gel has been firstly aged for 20 h in ambient atmosphere have
high cross-link network (Figure 4.44). So in the second step, rate of RF condensation are slow
that make chain entanglement increases a little. It should be note that, the gel formation and

the obtained product are different.
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Figure 4.44: Relationship of FTIR signals ratio of methylene and methylene ether bridge
(blank points) comparing to that of aromatic rings in 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 (#),10h (@), 15h (A)and 20 h (®). And () FTIR signals ratio of RF gel
in ambient atmosphere (a) and the relationship of FTIR and aging time at 24 -

27.5 h are plot for the clarity (b).

An increasing in the RF gel has been firstly aged in several of time in ambient
atmosphere before being aged in 8% RH atmosphere, the gelation process and apparent
viscosity are decreases, as seen in Figure 4.45. 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 pm. 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 mixed with elongated particles, as show in Figure
4.48. In general, as the cross-linking of the RF network increases, the fraction of beads in the
product decreases. This is due to the increased degree of chain entanglement, which is
necessary to form continuous fibers. The increased bridging with the increase in aging time of

RF gel is confirmed by FTIR signals 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 (), 26 h (b), and 26 h (¢).



Figure 4.47: SEM images of products obtained from electrospinning of RF gel aged in 2

steps. The first step is 15 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).
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Figure 4.48: 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 (¢).

As shown in Figure 4.49, products from electrospinning 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 micro-fibers. Micro-fibers are formed because the chain entanglement
of the RF gel in every 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 ratio of 86.64 and R/W ratio 0.15) and R/C ratio of 2000 (R/F
ratio of 0.5 and R/W ratio of 0.15). In both case, the average fiber diameter 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 pm, 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-

4000 cP.

Figure 4.49: SEM images of products obtained from electrospinning of RF gel aged under the

atmosphere of 8% RH. The RF gel was prepared using different conditions: (a)
R/F molar ratio of 1.0 aging time of 24 h, (b) R/F molar ratio of 1.0 aging time
of 24.5 h, (c) R/C molar ratio of 2000 aging time of 30.5 h, (d) R/C molar ratio

of 2000 aging time of 31 h, (¢) R/'W molar ratio of 1.5 aging time of 19 h.
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Figure 4.49: (continued)
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Figure 4.50: Frequency distributions of fiber diameters of the product electrospun from RF
gel aged in the aging under the atmosphere of 8% RH. The RF gel was prepared
using different conditions: (®) R/F molar ratio of 1.0 aging time of 24 h, (@)
R/F molar ratio of 1.0 aging time of 24.5 h, (o) R/C molar ratio of 2000 aging

time of 30.5 h and (@) R/C molar ratio of 2000 aging time of 31 h.
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Figure 4.51: Apparent viscosity of RF gel and relationship of FTIR signals of methylene (®)

and methylene ether bridge (@) comparing to that of aromatic rings in RF gel

aged in 8% RH, with respect to aging time. The RF gel was prepared using

different condition: R/F ratio of 1.0 (a), R/C 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 RF gel to be pyrolysis.

Aging Aging time

Sample R/F R/C R/W T (h) Morphology
Al 0.5 86.64 0.15 Ambient 26 Not-spun
A2 0.5 86.64 0.15 Ambient 26 spherical
A3 0.5 86.64 1.5 Ambient 27 fiber
Bl 0.5 86.64  0.15 8% RH 26 fiber
B2 0.5 2000 0.15 8% RH 30.5 fiber
B3 1 86.64  0.15 8% RH 24 fiber

Table 4.3 shows the change of Sger (BET surface area, ng") and V., mesopore
volume, cm’g™) of the carbon particles and carbon fibers prepared with various values of R/F,
R/C. R/W and aging conditions. Sample Bl and B2, Sger and V., are much more than S,
(surface area of micropores, ng") and V. (micropore volume, cm’ g") so that carbon
particles and carbon fibers are mesoporous structure (as seen in table 4.3). Other sample has

microporous structure mix with mesoporous structure.
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Figure 4.52: Adsorption isotherm and desorption isotherms of carbon particles and carbon

fibers: adsorption (<), desorption ().

Table 4.3 Physical properties of carbon particles and carbon fibers.

Sample Sper(M*g")  Smic (M’ g") Voo em' ") Vi (em’ g™)

o
Al 0.362 0.352 6.905 x10™ 9.649 x10°
A2 0.686 0.352 5.969 x10™ 3.423 x107
A3 6.504 8.580 1.718 x107 9.649 x10°
Bl 39.63 25.76 4907 x107 1.191 x107
B2 9.401 8.893 1.756 x107 1.524 x107
B3 10.49 11.34 2.135x10° 2.735x10™
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Sper and V. 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 from freeze drying and pyrolysis of the obtained product.

St %weight loss from %weight loss from
s _ freeze drying pyrolysis
Al 48.26 31.38
A2 7.56 47.24
A3 14.87 48.66
B1 25.49 69.28
B2 18.90 50.67
B3 20.34 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 of 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 Bl
has the highest weight loss by pyrolysis that increases the pore volume of fiber and results in

the highest surface area.

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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Figure 4.53: Percentage of weight loss during evaporation of solvent during aging under

ambient atmosphere and under 8% RH.
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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.

‘ l()_—p-m

(a) (b)

Figure 4.54: SEM images of morphology of carbon particles and carbon fibers: before

pyrolysis (a) and after pyrolysis (b).






77

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, as witnessed from the rapid increase in viscosity and
the change in color of the mixture. It is suggested that aluminium acetylacetonate formed
bonds with the RF network that could accelerate the cross-linking process. The aluminium-
doped gel was immediately electrospinning afterward. The products are shown in Figure 4.55.
It can be seen that majority of the products merge together into either large structure or a film.
The results suggest that water was trapped and the evaporation of water was too low such that
the products deposited on the collection had a chance to merge together [22]. The obtained
product could not be calcined to form alumina, because the period in which the gel was

electrospinable was very short. The amount of sample obtained was very small.

10 pm

e vt ame o &

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 (¢) and 24 h (d) before being added with

aluminium acetylacetonate.



78

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.
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Figure 4.56: Apparent viscosity of RF gel that was prepared and aged for 19 h (<), 21 h (O),
24 h (A) and 27 h (O) before being added with aluminium acetylacetonate. The

solid markers represent the gel after the addition.





