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CHAPTER

INTRODUCTION

1.1 Statement of purpose

Thin layer chromatography (TLC) is a planar chromatography technique that
used in monitoring a chemical reaction and testing the purity of samples. The
advantages of TLC technique include simple equipment, low cost and rapid
identification of components in sample. In addition, the simultaneous analysis of
samples and standard substances can be achieved in a single run. A stationary phase
for TLC is normally solid stationary phase particles that coated on a support plate,
usually glass or aluminum. A binder is sometimes added to bind the solid particles on
the plate. At present, TLC was developed and so called high-performance TLC
(HPTLC) and ultrathin layer chromatography (UTLC). In HPTLC, a particle size and
a thickness of stationary phase were reduced. The particles size is about 5-7 um with
a thickness of 150-200 um. UTLC, a new categorized of TLC, was developed to
further improve sensitivity and reduce amount of consumables required for TLC [1-
2]. Its advantages include decreasing of analysis time and sample volume. UTLC have
been applied for various application such as amino acids, pesticides, steroids, active
ingredients in pharmaceuticals, phenols, plasticisers, lipophilic dyestuffs and
flavanols [3]. Nowadays, UTLC plates were a monolithic silica gel fabricated via
glancing-angle deposition (GLAD). For example, Bezuidenhout and Brett [4]
produced UTLC plates with controllable nanostructure and thickness and show the
layer separation characteristics depends on the film nanostructure. Moreover, a
monolithic silica gel with 10 um thickness is commercially available from Merck
(Germany). However, this fabrication technique is complicated. Recently, a new
technique for UTLC plate fabrication was reported using an electrospinning method

which is quickly and inexpensively [5-6]. Electrospinning process was performed by



pumping a polymer solution while applying the electric potential across the syringe
needle and the collector which normally an aluminum foil substrate. The technique
results in the fibers with tunable diameters and mat thicknesses. The electrospun
nanofibrous stationary phase offers a large surface area and uniformity which can
decrease the band dispersion in TLC. Also, the binder is not necessitated for attaching
the fibers onto the support plate. Clark and Olesik [5] reported the preparation of
polyacrylonitrile (PAN) stationary phases via electrospinning and used in UTLC. The
components were completely separated in a short time and used lower quantity of
solvent than using in commercial TLC. Moreover, they prepared the glassy carbon
stationary phase with electrospinning method and compared with electrospun PAN
UTLC and commercial silica TLC [6]. In addition, the mobile phase can transport
faster in the electrospun PAN and glassy carbon UTLC than in commercial silica TLC

which indicated the reduction of analysis time using electrospun UTLC plates.

Silica is commonly used as the stationary phase in TLC but a main weakness of
silica stationary phase is a poor separation of basic compounds. Titania or titanium
dioxide is an interested alternation stationary phase because of high selectivity for
basic compound and isomer, and also can be stably used in wide range of pH value
[7-8]. Winkler and Marmé [8] compared the separation efficiency of nine different
pyridine and aniline derivatives on titania, silica, zirconia and alumina column in
normal-phase liquid chromatography and found that only titania column can separate
all of the mixture. Silica, zirconia and alumina column cannot completely separate

components of the mixture even though using gradient conditions.

Titania nanofibers can be synthesized by sol-gel method combined with
electrospinning. Fabrication of titania nanofibers were mixed with organic polymers
such as polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA) and polyvinyl acetate
(PVACc) [9-16]. The viscosity of polymer solution and porosity of nanofibers after
calcination can be increased by adding these polymers. Generally, titanium
tetrabutoxide (TiBU) and titanium tetraisopropoxide (TTiP) were used as titania
precursor [9-16]. Li and Xia [14] fabricated titania nanofibers by using TTiP and PVP
as precursor. The increasing of concentration of PVP, TTiP and flow rate of the

solution affected the diameter of nanofibers. Moreover, the average diameter was



slightly increased with increasing an electric potential. Chuangchote et al. [11]
reported a simple procedure for the fabrication of titania nanofibers by the
combination of electrospinning and sol-gel techniques by using PVP, TiBU and
acetylacetone in methanol. Acetylacetone was used to slow down the hydrolysis and
the condensation reactions for prevention of breakage of fibers during those reactions.
Moreover, the increasing of calcination temperature resulted in smaller nanofibers but
a larger size of titania crystallites and the form of anatase and rutile phase of titania
was varied upon the calcination temperature. The flexible titania nanofibers were
developed by Park, et al. [16] to improve the brittle of titania nanofibers with
electrospinning after calcination. The mechanical properties and flexibility of
nanofibers were better than previous researches. Therefore, this research has an
interested in benefits of titania nanofibers fabricated by electrospinning method for

use as the stationary phase in TLC.

1.2 Objective of this research

The aims of the research are focused on fabrication of titania nanofibers by
electrospinning technique and studying of factors which affect separation

performance of titania nanofibrous stationary phase.

1.3 Scopes of this research

1.3.1 Fabrication of titania nanofibrous stationary phase by electrospinning.

1.3.2 Examining the efficiency of titania nanofibrous as a stationary phase in
TLC.

1.3.3 Comparing the separation performance of titania nanofibrous stationary

phase with commercial silica TLC plates.



1.4 The benefit of this research

The titania nanofibers achieved from electrospinning can be used as stationary

phase in TLC which can be useful in the separation of basic compounds.



CHAPTER 11

THEORY

2.1 Electrospinning

Electrostatic spinning or electrospinning is a process that creates fibers with
diameter of micro or nanometer ranges through electrically charged jet of polymer
solution or polymer melt. Advantages of the electrospinning are an ability to produce
small diameter and good mechanical properties of the fibers. It leads to fibers with
high surface area to volume ratio. Moreover, the electrospining can control fiber
morphology such as size, shape and porosity. There are a number of potential
applications for the fibers including chemical and optical sensors, electrode materials,
protective clothing, biomedical, pharmaceutical, healthcare, tissue engineering

scaffolds, separation membranes, wound dressing materials and catalyst, etc.

The minimum equipment requirements for electrospining process consist of a
viscous polymer solution or melt can be carried out either vertically or horizontally,
depending on the direction of normal line between needle and collector, a pipette tip
or syringe used as reservoir with metal needle, a high voltage power supply and a
grounded collecting plate such as a metal screen, and rotation drum or mandrel. The

electrospinning set up is shown in Fig. 2.1.
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Figure 2.1 Schematics of electrospinning set up apparatus: (a) a typical horizontal

and (b) a typical vertical.

The high voltage is applied to the needle which connected with the polymer
reservoir that charges are induced within the fluid. When the charges within the fluid
overcome the surface tension, the fluid jet will erupt from droplet of the polymer
solution at the tip of the needle resulting into conical shape, referred to as Taylor

cone. The jet stretches toward the grounded collector.

2.1.1 Parameters of electrospinning process

There are many parameters that affect the morphology of the electrospun
fibers. The parameters can be classified into polymer solution and processing

condition.
2.1.1.1 The polymer solution

The properties of the polymer solution such as viscosity,
surface tension, solution conductivity and dielectric effect of solvent have the
influence in the morphological appearance and diameter of the electrospun fibers. The
viscosity of the solution affect the elongation of the solution that has an effect on the

diameter of the resultant electrospun fibers [17-18].



Viscosity of the polymer solution depends on molecular weight
and concentration of the polymer. Generally, high molecular weight and concentration
of the polymer give high viscosity of the polymer solution. Changing of the viscosity
affects the fiber morphology and diameter. Deitzel et al. [19] reported concentration
of PEO/water solution below 4 %wt, the fibers and droplets appeared. The
concentration higher than 10 %wt made the control of the solution flow rate to the tip
unstable. Moreover, they studied the concentration range of 4-10 %wt. At the low
concentration, the result showed an irregular, undulating morphology with large
variation in diameter along a single fiber. At the high concentration, the fibers are

regular, larger diameter and more uniform.

Chuangchote et al. [20] reported the effect of molecular weight
at high concentration. The electrospinning of the lower molecular weight of
polyvinylpyrrolidone (PVP) resulted in more twisted and flat fiber structures than the
electrospinning of higher molecular weight of PVP. It dues to a charge jet from the
low molecular weight could be stretched during bending instability more than that

from the high molecular weight.

2.1.1.2 The processing condition
2.1.1.2.1 Electric potential

An important parameter of electrospinning is the
electric potential or voltage to polymer solution. The electric potential provides the
surface charge on the electrospinning jet and influenced on diameter and morphology
of the fibers. When the electric potential was increased, the polymer jet was
discharged with a greater electrostatic repulsion force on the jet, results in a thinner

fiber formation.

Lee et al. [21] controlled the morphology of titania
nanofibers by applied voltage. Their result showed that the controlled electric

potential was the significant factor that determined the morphology of the electrospun.



Increasing the electric potential make rising of the electrostatic repulsion force

between a needle and a collector resulted in the smaller diameter.

The electric potential relates to the diameter fiber, the
distance between a needle and a collector and the concentration of the polymer
solution are considerably parameters affecting on the morphology and size of the

fibers.

2.1.1.2.2 Distance between a needle and a collector

The distance from a needle to a collector has an
influence on electric potential strength and jet flight time. Decreasing in the distance
shortens solvent evaporation time and flight time but increases the electric potential
strength. Chowdhury and Stylios [22] studied the effect of the distance from a needle
to a collector. They reported that increasing the gap, the electrospun are dried and
fully stretched so the fiber diameter is reduced. It due to the wider gap allowed more

time for the fluid jet to stretch and for the solvent to completely evaporation.

2.1.1.2.3 Flow rate of the solution

Flow rate of the solution is the rate at which the
polymer solution is pumped into the needle tip. The flow rate affect on the rate of
solvent evaporation from the needle which influence on the fiber morphology. Jeun et
al. [23] reported the effect of the flow rate on fiber diameter. At lower flow rate, the
fibers were fine and a narrow distribution of the fiber diameters was observed.
Increasing the flow rate, the fiber beads were formed and showed a broad distribution
of the fiber diameters. When the flow rate exceeded a critical value, unstable jet and
beads of the fiber were formed. It was the result of the delivery rate of the solution jet
to the needle exceeded the rate at which the solution was removed from the needle by

electric potential.



2.1.1.2.4 Diameter of needle

The internal diameter of the needle affects the fiber
morphology. Biber et al. [24] reported the mean diameter slightly increases by
increasing the needle diameter. With the small needle diameter, the flatter fibers are
formed and bead formation are reduced due to the acceleration of jet decreases and
this allows more time for the polymer solution to be stretched and elongated before it
was collected. However, if the needle diameter is too small, it may not be possible to
eject a solution droplet at the needle tip. With the large needle diameter, the fiber
morphology is big and has bead formation.

2.2 Titanium dioxide

Titanium dioxide (TiO,) or titania has a wide range of applications such as a
white pigment in paints and cosmetic product, a corrosion-protective coatings, an
optical coating, a photocatalyst, catalyst support and electronics. Moreover, it plays an
important role in the biocompatibility of bone implants. Titania has naturally three
important crystalline forms of brookite, anatase and rutile. But only anatase and rutile

are commercial value and play any role in the applications.

Brookite is the least common of the three forms. It has an orthorhombic crystal

structure. Its mechanical properties are very similar to those of rutile.

The commercial phase of titania is anatase. It has a tetragonal crystal structure,

in which the Ti—O octahedral share four corners [25].

Rutile is a stable from of titania. At high temperature, the other forms can be
transformed to rutile. It has a crystal structure similar to anatase, but the octahedra

share four edges instead of four corners [25].
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(a) (b) (©)

Figure 2.2 Unit cells of (a) brookite, (b) anatase and (c) rutile. Grey and red spheres

represent oxygen and titanium, respectively [26].
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Figure 2.3 Crystalline structures of (a) brookite, (b) anatase and (c) rutile [26].

2.2.1 Properties of titania surface

The metal oxide surface contains hydroxyl (—OH) group as M—OH.
Properties of metal oxide depend on the terminating hydroxyl group on their surfaces
which are governed by the charge distribution between the metal, oxygen and

hydrogen atom. Three different cases may be identified (a) M®" OH" ; (b) M—O-H

and (c) MO®> H®". Structure (a) depicts the situation of an M atom with low electron
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affinity, (b) an intermediate situation leading to a covalent bond along the M—O-H

group and (c) the case for an M atom with a high electron drawing potential [8].

The isoelectric point (p/) of silica is about 1-2 [8, 27-28]. It shows an acidic
surface like case (c). For alumina, the p/ is about 7-9 [8, 28-29], it shows a basic
surface like case (a). On the other hand, the p/ of the titania is range of 3-6 [8, 27-30],
it lies in between acidic and basic. The titania surface differ in partial positive charge
and the acid-base character of these sites is represented by the following surface

equilibria [7]:
=TiOH,*?" = =TiOH"? +H" ;acid
=Ti0O®? +=H" = =TiOH"®" : base

Various synthesis methods such as hydrothermal synthesis, microemulsion,
solvothermal, electrodeposition, sonochemical and sol-gel have been used to prepare

the titania. Sol-gel is a good method to synthesize metallic oxide.

2.2.2 Preparation of titania via sol-gel process

In sol-gel process, inorganic metal salts or metal organic compounds
such as metal alkoxides is usually used as a precursor. Titania precursor is widely
prepared by hydrolysis and polycondensation reactions of titanium alkoxide [Ti(OR),]

to form an oxide network. The reaction is written as follow:

-M-OR + H,0 —» -M-OH +ROH : Hydrolysis
-M-OH + XO-M- —» —-M-O-M-+ XOH : Condensation

Where; X is R (an alkyl group) or H.
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There are many researchers investigated to prepare titania via the sol-gel
process such as Jorge et al. [31] described the preparation of titania reaction which
titanium tetraisopropoxide (TTiP) was used as a reactant. The first step is the
hydrolysis of the TTiP as in (1). The second step is the condensation of the
hydrolyzed product, with the bridging of oxygens. The reaction was given in (2). The
final material before calcination was Ti(OC3H7),.(O)y or Ti(OH),.,(O)y, y can be 1 or
2, every titanium atom was formed part of the network. After calcination, every
oxygen was bonded with titanium atom and pure homogeneous oxide network

(titania) was obtained as in (3).

Ti(OC;Hy)s + xH,0 — Ti(OC3H7)4x(OH)y + xHOC3H; (1)

2[Ti(OC3H7)4x(OH)] —» Ti(OC5H7)sx(OH)y.1—O— Ti(OC3H)4x.1(OH)y

+ HOC;H; (2)

air, temp > 400°C
2[Ti(OC3H)(O) or Ti(OH)(O)] » 2TiO, + 3CO,T + 4H,0T (3)

Ali et al. [32] prepared titania nano-powder by using TTiP as a precursor via
sol-gel method in acidic condition. The grain size of nano-titania powder was 25 nm
and it increased with increasing of the calcination temperature. The phase

transformation of nano-titania from anatase to rutile occurred at 900°C.

Ki and Hee [33] introduced a particle preparation method which can decrease
the particle size. The method consisted of a semibatch-batch two stage reaction. First
stage is a semibatch process and second stage is a batch process. They reported the
titania particle size grew to 132 nm in first stage and decreased about 42 nm in second
stage. As a result, it can be concluded that the particle prepared by using the two stage

reaction had a smaller particle size than those obtain from the single stage process.
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The ultrasonic irradiation from outside a reactor (bath-US) was applied during
the preparation of titania [34]. They reported it had a similar effect on titania particle
properties as ultrasonic irradiation inside a reactor with a probe tip (tip-US).
Comparing of titania preparation by bath-US and tip-US, titania which was prepared
by the tip-US was smaller particle size and higher surface area than the titania which
was prepared by the bath-US but less pore volume that affect on reactivity for the
degradation of 4-chlorophenol.

The effect of calcination temperature is one of important factors that affect
titania properties. Su et al. [35] prepared titania powder for using as photocatalyst in
decomposition of salicylic acid. The titania was prepared by hydrolysis and
polycondensation of titanium tetrabutoxide which was used as a precursor in
isopropanol. They reported the stable sol can be obtained at pH < 2. After heat
treatment, anatase grew first. Increasing the calcination temperature induced phase
transformation from anatase to rutile. Moreover, an increasing of the temperature is
associated with the increase in the particle size but decrease in a specific surface area

of the titania.

Sayilkan et al. [36] investigated effect of the calcination temperature and
hydrolysis catalyst on the properties of tiania prepared by the sol-gel process. The
titania can be synthesized in the absence of the catalyst but the anatase phase was
formed at high temperature (400°C) and it has a micro-, meso- and macropores. The
catalyst had an importance in the reaction. It was found the formation of the anatase

phase of titania at low temperature (200-300°C).

Li et al. [37] studied the influence of preparation parameters on the
microstructure of titania powders which was prepared via sol-gel method. They
concluded that the anatase particle size can be controlled by adjusting the aging time
of the dry gel. The rutile amount can be controlled by adjusting the wet gel aging

time.



14

2.3 Thin layer chromatography

2.3.1 Principle of TLC

Thin layer chromatography (TLC) is a separation process which the
stationary phase or sorbent was fixed on a solid substrate or support. The common
supports are a glass plate, aluminum and plastic sheet. The TLC can be used to
monitor the progress of a reaction, determine the purity of a substance and indentify
compounds present in a given substance. The TLC has a number of advantages
including ease of use, high sensitivity, speed of separation, wide application to a great

number of different samples and relatively low cost [38].

The process involves develop chamber, the mobile phase (solvent), the

stationary phase (sorbent) and sample molecules.

Watch glass
-‘MC:)
Thin layer chromatp__qra phy plate

Beaker

Filter paper—

Figure 2.4 Thin layer plate development.

The common developing chamber is glass beaker covered with watch
glass. To ensure the air space in the developing chamber is saturated with the mobile

phase, the inner wall is normally lined with filter paper and wait several minutes. Be



15

careful that the paper is not so high that it prevents proper seating of the lid on the
tank.

The mobile phase system is the factor with influence on the TLC. It
performs to dissolve the mixture of substances, transport the substances to be
separated across the stationary phase layer and provide adequate selectivity for the
substance mixture to be separated. The mobile phase should be adequate purity and
stability, low viscosity, linear partition isotherm, low toxicity and suitable vapor

pressure [39].

The components of mobile phase are mixed thoroughly in a mixing
cylinder, Erlenmeyer flask, or other container before adding them to the developing
chamber. Most mobile phase proportions are measured by volume. It is convenient to
pour the mixed mobile phase over the lining paper as it is poured into the developing
chamber. This will speed the saturation of the paper and the chamber. This is usually

done about an hour before the plates are to be developed [38].

There are various substances for using as stationary phase, including
aluminum oxides, aluminum silicates, calcium carbonate, kieselguhr, magnesium
oxide, polyamides, silica gel, chemically modified silica gel, and mixed layers of two
or more materials. Silica gel is the most widely used as stationary phase and the

normal phase mode with organic mobile phase.

2.3.2 Type of stationary phase

The most important types of stationary phase used in proprietary
products for TLC are listed in Table 2.1 in alphabetical order with the corresponding
supports.
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Table 2.1 Types of stationary phase and supports [39].

Stationary phase material Support

Aluminum oxide 60,150 Aluminum foil, glass plate, plastic film
Cellulose (unmodified) Aluminum foil, glass plate, plastic film
Cellulose (acetylated) Glass plate, plastic sheet
PEI-Cellulose Glass plate, plastic sheet

Silica gel 40 Glass plate

Silica gel 60 Aluminum foil, glass plate, plastic film
Kieselguhr Aluminum foil, glass plate
LiChrospher® Si 60 Glass plate

Si 50000 Glass plate

Si 60 RAMAN Aluminum foil

Silica gel, modified:

CHIR (chiral) Glass plate

CN (cyano) Glass plate

DIOL Glass plate

NH; (amino) Aluminum foil, glass plate
Silica gel 60 caffeine-impregnated Glass plate

Silical G ammonium sulfate- impregnated Glass plate

Silica gel 60 silanized (RP-2), RP-8 Glass plate

RP-18 Aluminum foil, glass plate
Mixed layers:

Aluminum oxide/acetylated cellulose Glass plate
Cellulose/silica Glass plate

Cellulose 300 DEAE/cellulose 300 HR Glass plate

Silica gel 60/ kieselguhr Aluminum foil, glass plate

Silica gel is the most widely used layer material for TLC. Separations
take place primarily by hydrogen bonding or dipole interaction with surface silanol
groups by using lipophilic mobile phases, and analytes are separated into groups

according to their polarity.

Other TLC stationary phase include aluminum oxide or alumina,

magnesium oxide, polyamide, and kieselguhr.

Alumina is a polar stationary phase that is similar to silica gel in its

general chromatographic properties, but it has an especially high adsorption affinity
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for carbon-carbon double bonds and better selectivity toward aromatic hydrocarbons

and their derivatives.

Both of silica gel and alumina are inorganic substances that are used
chiefly to separate lipophilic compounds or those soluble mainly in organic solvents.
Cellulose is mainly used to separate hydrophilic compounds such as sugars, amino
acids inorganic ions, and nucleic acid derivatives. The separation process occurring
on cellulose is mainly that of partition because the adsorbed water molecules cover

the cellulose molecules, being joined to them by hydrogen bonds.

Polyamides have surface ~CO-NH- groups and show high affinity
and selectivity for polar compounds that can form hydrogen bonds with exposed
carbonyl groups. The separation depends on the strength of the hydrogen bonds

formed between the polyamide molecules and the substances being separated [40].

There are other stationary phase are used in chromatography but have

not used in TLC such as zirconia and titania.

Zirconia or ZrO; has a high thermal and chemical stability over a wide
range of temperature (up to 200°C) and pH (1 to 14), different selectivity, similar

effectiveness to silica stationary phase and commercial availability [41].

Titania surface offers enchanced column long-term stability and can
withstand adverse conditions of pH between 1 and 14 and temperature up to 150°C.
Moreover, the surface of titania can exhibit mixed-mode interactions involving
essentially ligand-exchange on Lewis acid sites and weak anion or cation exchange on
Bronsted groups depending on the pH of the medium, according to the surface

isoelectric point of the material [42].

Griin et al. [43] reported the behavior of silica, alumina, titania,
zirconia and aluminosilicate stationary phase in normal-phase high-performance
liquid chromatography. When separation basic compound on the alumina, zirconia
and titania stationary phase, the results showed short retention times and symmetrical
peaks. In contrast to those oxides, the silica stationary phase exhibits acid properties

due to its silanol groups resulting in long retention times and poorly shaped peaks.
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Separation acid compound, the silica show symmetrical peaks due to the Brensted
acidity of the silanol groups, whereas the alumina, zirconia and titania showed long
retention times and poorly shaped peaks. The behavior of the alumina, zirconia and
titania towards polycyclic aromatic hydrocarbons which is neutral compound is
determined by their strong Lewis acidity. A stepwise increase of Lewis acidity from
alumina to zirconia is reflected by the increasing retention times. But silica shows
almost no retention due to the lack of Lewis acid sites. The aluminosilicate is able to

separate all types of analytes within acceptable retention times and good peak shapes.

2.3.3 Type of TLC
2.3.3.1 Thin layer chromatography (TLC)

Today TLC has increasing importance as the separation
technique. The applicability of TLC was enhanced by the development of new
stationary phase and support.

The stationary phase used most often in TLC is 60 A silica gel
(mean pore diameter 60 A = 6 nm). About 80% of all TLC separations are performed
with this separation medium. Additionally, there are other stationary phases available
on TLC and to name a few: bonded phase silica gels (C18, amino, diol), aluminum

oxide, cellulose and more.

The particle size distribution and the thickness of the layer are
important for distinguishing high quality and highly reproducible TLC plates. For
standard silica TLC plates, the particle size distribution is typically between 5-17 um.
The most common thickness of a stationary phase layer is 250 um for analytical

plates [38].
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2.3.3.2 High-performance thin layer chromatography (HPTLC)

HPTLC which is the developed TLC has two types of silica gel
with 60 A pores, one is irregular particle and another is spherical particle. The
HPTLC stationary phase was smaller than TLC stationary phase that made the
HPTLC has advantage over the TLC such as reducing analysis time and the amount of
solvent required. Comparison between irregular particle and spherical particle of
HPTLC stationary phase, the spherical particle is more rapid separations (about 20%
faster) and more compact spots compared to HPTLC plates made with irregular
particles. And the spherical allows a tenfold increase in signal intensity compared to a

similar layer made with irregular.

2.3.3.3 Ultrathin layer chromatography (UTLC)

The first commercial UTLC with monolithic silica using as
stationary phase was introduced by Merck (Germany). The UTLC plates carry a
monolithic layer with 10 um thickness. Nowadays, there are three types of UTLC

stationary phase that are monolithic film, nanostructured films and electrospun.

2.3.3.3.1 Monolithic film

Hauck and Schulz [44] gave the impression of behavior
of the UTLC silica gel plates. They tested the separation of pharmaceutically active
ingredients, phenols, plasticizers and steroids. The result can be deduced that the
UTLC show similar behavior of retention and selectivity properties compared with
conventional TLC and HPTLC. They reported the advantage of the UTLC such as
absence of binders, reduction of migration distance, migration times and solvent

consumption.

Vovk et al. [3] investigated the use of UTLC plates.
They compared the separation power of TLC and UTLC. The stationary phase of TLC
is the silica gel 60 (thickness of 250 um) and for UTLC is monolithic silica gel
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(thickness of 10 pum). The UTLC required sample volume of 0.02-0.10 pL,
developing distance of 28 mm and migration time of 6.5 min while TLC require 1 pL,
90 mm and 30 min for sample volume, developing distance and migration time,
respectively. These results can be concluded TLC required more developing distance,
application volume and position. Moreover, it used longer migration time than UTLC.
They reported the problems with the application of small volumes (0.02-0.1 pL) of
the analytes were associated mainly with the thickness and the size of the UTLC
plates; when applying the samples on these plates with automatic TLC sampler
ATS 4, this inconvenience was overcome by fixation of the UTLC plate with
additional TLC plates. For a successful evaluation of the compounds on the UTLC
plates it was necessary to solve several technical problems concerning the application,

development and detection.

Bakry et al. [45] prepared monolithic porous polymer
layer for the separation of peptides and proteins. They reported the layer of porous
polymer monolith conveniently obtain by photopolymerization can use for the
separation of small molecules, peptides, and proteins. For peptides separation,
trifluoroacetic acid (TFA) in acetonitrile-water mixture was used as the mobile phase.
The location of the separated peptide was detected using a UV lamp. The results
showed a good separation of all three spotted peptides with Ry values of 0.52, 0.41 and
0.30 for angiotensin II, angiotensin II, and neurotensin, respectively. The monolithic
TLC performance for separation of protein was tested using a protein mixture
containing insulin, cytochrom ¢, lyzosome, and myoglobin which were labeled with
fluorescamine before spotting on the plates. The best mobile phase system for the
separation included 0.1% TFA in 55 %v aqueous acetonitrile. The developed plates
were scanned by fluorodensitometer at 360 nm. The R, values of insulin, cytochrom c,

lyzosome, and myoglobin were 0.836, 0.362, 0.286, and 0.205, respectively.
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2.3.3.3.2 Nanostructured films

Bezuidenhout and Brett [4] prepared nanostructured
UTLC plates by using glancing-angle deposition (GLAD) technique. The plates were
made by depositing silica on square glass substrates by electron-beam evaporation in
a custom-made ultra-high vacuum chamber. They showed the separation Fast Green
FCF, Rhodamine B, Bismark Brown Y, and Sudan IV. The results showed the dye
separations successfully performed on the plates. But the thinner films required longer

developing times, due to lower mobile phase velocities.

2.3.3.3.3 Electrospun stationary phase

Recently, there are using fibers as the stationary phase.
Clark and Olesik [5-6] prepared polyacrylonitrile (PAN) and glassy carbon UTLC
stationary phases using electrospinning technique. The layers are stable for use
without the need for a binder. The thickness of PAN and glassy carbon layers were 25
and 13-16 pum, respectively. The plate height values less than 10 um over migration
distance of 1-6 cm were observed. The weakness points of the plates are low sample
capacity, low specific surface area of the fibers (for PAN fibers) and difficulty in
optical detection. The good point of the plates was higher mobile phase velocity

compared with TLC and HPTLC which can be reduced the migration time of UTLC.

2.3.4 Performance of TLC

The retardation factor, Ry, is a convenient way to express the position

of a substance on a developed chromatogram [38]. It is calculated using eq. 2.1.

Zs
Ry =Z .....eq. 2.1

Where;

Z, is the distance traveled by the analyte front, and
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Z;1s the distance traveled by the mobile phase front.

The Ryvalues are between 0 and 1, and without units. Distance is
measured to the center of the sample zone or spot. If reproducible, the R, value should
be obtained it is, however, several parameters such as chamber saturation, mobile

phase composition, temperature etc. are controlled.

The number of theoretical plate or plate number, N, is calculated using

eq. 2.2.
N =16 (ifﬁ)2 = 16 (ﬁ)2 ceq. 2.2
Where;
Z;1s the distance traveled by the mobile phase front,
Z, is the distance of traveled by the analyte front, and

w is a spot width of the developed sample spot.

The plate number is dependent on the migration distance and

efficiency must be reported in a specific Ry value of a compound.

2.4 Nitrogen adsorption-desorption analysis

Nitrogen adsorption-desorption technique are commonly used for determining
the physical properties of the material, such as surface area, pore volume, pore
diameter, and pore size distribution. Adsorption of gas by a porous material is
described by an adsorption isotherm. The amount of adsorbed gas by the material at
constant temperature as a function of pressure. Porous materials are frequently

characterized in terms of pore sizes derived from gas sorption data.
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2.4.1 Classification of adsorption isotherm
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Figure 2.5 The IUPAC classification of adsorption isoterm [46].
Adsorption isotherm is the relation between the quantity adsorbed and
the composition of the bulk phase or the partial pressure in the gas phase under

equilibrium conditions at constant temperature.

Table 2.2 Pore features of adsorption isotherm.

Adsorption type Pore feature
I Micropore
II Nonporous
11 Nonporous
v Mesoporous
A% Micropore or Mesoporous
VI Nonporous
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Table 2.3 ITUPAC classification of pores [47].

Pore type Pore diameter (nm)
Micropore Upto?2
Mesopore 2 to 50
Macropore 50 toup

According to the IUPAC definition, mesoporous materials exhibit a
Type IV adsorption-desorption isotherm as shown in Figure 2.5. At low relative

pressure (p/p,), adsorption only occurs as a thin layer on the wall (monolayer

coverage). After that, a sharp increase is seen at relative pressure from 0.25 to 0.5,
depending on pore size. That corresponds to the capillary condensation of N, in the
mesoporous. The sharpness of the inflection reflects uniformity of pores and height

indicates pore volume.
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EXPERIMENTAL

3.1 Materials and chemicals

3.1.1 Preparation of titania nanofibers

1) Polyvinylpyrrolidone, PVP (MW ~1,300,000 g/mol, Sigma Aldrich,
Germany)

2) Titanium tetraisopropoxide, TTiP 97% (Sigma Aldrich, Germany)

3) Absolute ethanol (Merck, Germany)

4) Glacial acetic acid (Merck, Germany)

3.1.2 Thin layer chromatography

1) Methyl violet (Riedel-de Haén, Germany)

2) Methylene blue hydrate (Fluka, Germany)

3) Congo red (Merck, Germany)

4) Isopropanol (J.T. Baker, USA)

5) 28% Ammonium hydroxide solution (QRé&c, New Zealand)
6) TLC aluminum sheet with silica 60 F,s4 (Merck, Germany)
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3.2 Methodology

3.2.1 Preparation of electrospun fibrous titania

A TTiP sol-gel solution was prepared by the following procedure.
Firstly, PVP was dissolved in ethanol. TTiP as the titania precursor was added into the
PVP solution and 1.90 mL acetic acid was quickly added into the solution. The
solution was placed in an ice-water bath and stirred for 10 min. The amounts of TTiP
loading in the polymer solutions examined in this work are summarized in Table 3.1.
Later, the obtained solution was transferred into a 5 mL syringe equipped with 21
gauge needle. The electrospinning system was set up in vertical. Electric potential
(Matsusada Precision, EQ-30) of 20 and 25 kV was applied to the needle. The
solution was pumped by syringe pump (Prosense, NE-1000) at a flow rate of 15, 20
and 25 pL/min. Aluminum foil and glass slide were used as the collector and placed
at 7, 10 and 15 cm below the needle tip. The collected fibers, called as-spun fibers,
were heated to 450, 500 and 550°C at a rate of 1°C/min for 3 h using air furnace
(Nabertherm, LT 5/11/P330) to obtain the crystallization of the titania fibers, called

electrospun fibrous titania.

Table 3.1 Compositions of polymer solutions and PVP:TiO; ratios.

Calculated Titania

Polymer solution
percentage after

Sample

number PVP Ethanol TTiP (2) hydrolysis (By
(8) (mL) weight, PVP:TiO,)
1 0.42 7 3.00 66.7 (1:2)
2 0.42 7 1.50 50.0 (1:1)
3 0.42 7 0.75 33.3(2:1)

Aluminum foil and glass slide were used as the collector for comparing

the effect of using different collectors. To improve bonding strength between fibers
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and collector, spin coating technique was used. The glass slide was set on the sample
stage of a spin coater (SCS, G3P-8). The same solution used as the electrospinning
precursor solution was spin-coated onto the glass slide at 3,000 rpm for 30 sec (speed
to 3,000 rpm within 4 sec). The spin-coated glass was used as the collector for an

electrospinning step.

To confirm that the TTiP does not bond with carbonyl groups in the
PVP rather than polycondensate, Fourier-transform infrared spectrometry (FT-IR,
Nicolet 6700) was used. PVP fibers and the as-spun fibers were characterized with
FT-IR by KBr pellet with a range of 4,000-400 cm™ and 32 scans with resolution of

wavenumber of 4 cm™.

3.2.2 Characterization of electrospun fibrous titania
3.2.2.1 Morphology of as-spun fibers and electrospun fibrous titania

The Scanning electron microscope (SEM) photographs were
used to determine the morphology, thickness and diameter of the as-spun fibers and
the electrospun fibrous titania. They were taken on a JEOL Scanning electron
microscope (JSM-5410 LV) at 15 kV and magnification of 10,000. Image Tool 3.0
software (Shareware provided by UTHSCSA) was used for the estimation of
diameters of these fiber mats. Thirty different fibers in the image were randomly

chosen and measured.

The Transmission electron microscope (TEM) photographs
were collected in order to determine the morphology for the electrospun fibrous
titania. The TEM photographs were taken on a JEOL Transmission electron

microscope (JEM-2100).



28

3.2.2.2 Crystalline structure of electrospun fibrous titania

The structure and crystal size of the electrospun fibrous titania
were obtained by X-ray powder diffractometer (XRD, Rigaku Dmax 2200 Utima
Plus) with a monochrometer and Cu-Ka radiation operated at 40 kV and 20 mA. The
XRD patterns were collected in 26 range of 10 to 80 degree at a scan rate of 5

degree/min and a scan step of 0.02 degree.

3.2.2.3 Nitrogen adsorption-desorption analysis

The nitrogen adsorption-desorption isotherms of the
electrospun fibrous titania were measured by a surface area analyzer (BEL,
BELSORP Mini). The Brunauer-Emmett-Teller (BET) equation from adsorption-
desorption isotherms were calculated for the determination of specific surface area
and monolayer volume. The Barrett-Joyner-Halenda (BJH) was calculated to obtain

the pore size distribution of the fiber.

3.2.3 Thin layer chromatography

Electrospun fibrous titania and conventional particulate silica TLC
were tested for separation of dye compounds containing basic group and the
efficiency of the TLC separation. The electrospun fibrous titania and particulate silica
stationary phases were cut into rectangular plates with the length about 1-2 cm. The
fibers were attached on the aluminum plate by adhesive tape and used as stationary
phase. They were placed into the mobile phase chamber which was the mixture of
ethanol, isopropanol and 2 M ammonium hydroxide (4:4:1 v/v). The developing time
of the mobile phase front was observed. A graph between developing time and

distance of the mobile phase front was plotted.

The conditions of TLC separations on both TLC plates were
summarized in Table 3.2. The test analytes were 0.01 M congo red, 0.005 M
methylene blue hydrate and 0.005 M methyl violet. The plates were developed using
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4 mL of mobile phase in 50 mL beaker covered with a watch glass. To ensure the air
space in the beaker is saturated with mobile phase vapor, a piece of filter paper was
placed around and touched the inside wall of the beaker for several minutes. The

efficiency of the TLC separation is calculated by eq. 3.1.

A%
N = 16 (;) .....eq. 3.1
Where;

N is the effective plate number,

Z, is the distance traveled by the analyte front, and

w is the width of the developed sample spot.

The efficiency of TLC relate to a theoretical plate height of the TLC

plate as

H = ....€q. 3.2

zZ|=

Where;
H is the effective plate height, and

L is the length of the TLC plate.

Table 3.2 Conditions of TLC separations.

Electrospun fibrous titania TLC Particulate silica TLC

Developing Distance 1.40-2.00 cm 2.00 cm
Analyte volume 0.10 uL 1.00 uL
Mobile phase volume 4.00 mL 4.00 mL

Developing time 2 min 5 min




CHAPTER IV

RESULTS AND DISCUSSION

The titania sol-gel prepared by mixing of polyvinylpyrolidone (PVP),
ethanol (EtOH), titanium tetraisopropoxide (TTiP) and glacial acetic acid was applied

for electrospinning process.

Ti{OCH(CH3),]s + 2H,0 ——= Ti0, + 4(CH;),CHOH

titanium tetraisopropoxide (TTiP) titania isopropanol
Scheme 4.1 Hydrolysis of TTiP.

The TTiP was hydrolyzed with acetic acid as a catalyst to convert into
the titania as in Scheme 4.1. PVP increased the viscosity of the sol-gel solution and
prevented the coagulation of titanium precursors; therefore, led to easy fabrication of
the fibers. To confirm that the TTiP did not bond with carbonyl of amide group of
PVP rather than polycondensate, FT-IR was used to analyze the PVP and the as-spun
fibers. The spectra are shown in Fig. 4.1. With observation in both Fig. 4.1 (a) and
(b), the broad band at 3435 cm™ showed the presence of O—H bond of water which
adsorbed on PVP. The peak at 2953 cm™ indicated the C—H stretching of the PVP.
The peak at 1655 cm’ indicated the carbonyl stretching vibration of amide group of
the PVP and the peak at 1545 cm™ showed the COO vibration of the chelating
bidentate structure of intermediate of TTiP and acetic acid as in Scheme 4.2.

The FT-IR result suggested that TTiP did not react with the polymer.
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Scheme 4.2 The expected reaction pathway of TTiP and acetic acid.




31

(a) T g
_“'"""'a\ \\-\-\.. .__\_\
I__./ 1'\‘ A A :
.:I I._-"I. 1 Ii i .| . ..-'-..._‘-'ﬁ:
i .II I:_,- A I[ I.‘. iy
] .'l ."'/; I [ ‘\".
- :"h . 'l'- '“‘-._K\J'!
g \/ g T
. ]
g 0 J—
1\ S T
\: . W A \

IPRAAT

kb K g

Figure 4.1 The IR spectra of the fibers of (a) PVP fibers and (b) the as-spun fibers.

4.1 Morphology of electrospun fibrous titania

The morphology of electrospun fibers depended on various parameters of the
electrospinning process such as the electric potential, the distance between a needle
and a collector, the flow rate of the solution, and the solution concentration.
Moreover, the temperature for calcination is one of the factors affecting on the

morphology of the fiber.

The solution which was the mixture of PVP, EtOH, TTiP, and glacial acetic
acid were fabricated with an electrospinning method. The as-spun fibers were further
calcinated to achieve electrospun fibrous titania. SEM images of the as-spun fibers
and the electrospun fibrous titania are shown in Fig. 4.2 and Fig. 4.3, respectively.

Their average diameters are summarized in Table 4.1.
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(e) 20 uL/min, 25 kV, 15 cm

() 25 uL/min, 25 kV, 15 cm

Figure 4.2 SEM images of the as-spun fibers at various conditions of the flow rate of

the solution, the electric potential and the distance between a needle and a collector.

The original magnification of 10,000x.
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(e) 20 uL/min, 25 kV, 15 cm

() 25 uL/min, 25 kV, 15 cm

Figure 4.3 SEM images of the electrospun fibrous titania at various conditions of the

flow rate of the solution, the electric potential and the distance between a needle and a

collector. The fibers were calcined at 450°C for 3 h. The original magnification of

10,000x.
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Table 4.1 Average diameters of the as-spun fibers and the electrospun fibrous titania

at the calcination temperature of 450°C for 3h.

. Average Average
Flow Electr.l ¢ | Distance diameters of the diameters of the
rate potential e .
(uL/min) (V) (cm) as-spun fibers titania fibers
H (nm, n=30) (nm, n=30)
(a) 20 15 230460 140+30
(b) 7 150+40 80+30
15

(©) 25 10 170+£60 90+30
(d) 15 210+40 130+20
(e) 20 25 15 190+90 130+50
3} 25 25 15 200+40 110+30

After calcination, the average diameters of the electrospun fibrous titania of all
conditions were smaller than those of the as-spun fibers due to the decomposition of

the PVP and consequently the sintering of titania crystallites.

At two different electric potentials (20 and 25 kV), the flow rate of 15 pL/min
and the distance of 15 cm, the as-spun fibers were smooth as in Fig. 4.2 (a) and (d).
The average diameter of the as-spun fibers at the electric potential of 20 kV (230+60
nm) was not significantly different from that of 25 kV (210+40 nm); nonetheless, an
increasing of the electric potential could decrease the size of the as-spun fibers.
Increasing the electric potential will increase mass transfer as charged jets of the
solution will travel from the needle to the collector at faster rate, resulting in the
decreasing of the fiber diameter. Higher electric potential than 25 kV was not suitable
for electrospinning because the evaporation of the solvent and acid caused the electric
spark. Moreover, the electric potential lower than 20 kV was not enough to fabricate

the fiber, leaving some parts of solution at the needle tip.

The characteristics of the as-spun fibers at various distances between a needle
and a collector (7, 10 and 15 cm), with the constant flow rate of 15 pL/min and the
electric potential of 25 kV were fine and smooth. The SEM images of the as-spun

fibers and the electrospun fibrous titania were shown in (b), (c) and (d) in Fig. 4.2 and
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Fig. 4.3, respectively. The average diameters of the as-spun fibers and the electrospun
fibrous titania were range of 150-210 and 80-130 nm, respectively. Generally, the gap
distance between a needle and a collector affects the time for evaporation of the
solvent. As a result, when the gap distance increased, the fiber diameters decreased.
However, the result here was inverted such that the diameters increased as increasing
the gap distance. The result indicated that the evaporation of solvent was not an
important effect. This could be explained that reducing the distance has the similar
effect as increasing the electric potential strength per a distance unit (ex. kV/cm).
Therefore, reducing the distance led to greater stretching of the solution and decreased

the fiber diameters as a consequence.

Most of the as-spun fibers and the electrospun fibrous titania prepared at
various flow rates of the solution (15, 20 and 25 pL/min), the electric potential of 25
kV and the distance between a needle to a collector of 15 cm were not smooth and
uniform. Beads and fiber conjunction were formed as in Fig. 4.2 and 4.3. It caused
from the flow rate exceeded a critical value that created unstable jets and
consequently formed fibers with large beads. The average fiber diameter obtained at
the flow rates of 20 and 25 pL/min were not significantly different from that obtained
at the flow rate of 15 puL/min. The range of diameter was between 100-200 nm as

shown in Table 4.1.
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the electrospun fibrous titania

Figure 4.4 SEM images of the electrospun fibers at various PVP:TiO, ratios (by

weight). The original magnification of 10,000x (the flow rate of 15 pL/min, the

electric potential of 25 kV, the distance between a needle and a collector of 15 cm and

the calcination temperature of 450°C for 3 h).

Table 4.2 Average diameters of the as-spun fibers and the electrospun fibrous titania at

various PVP:TiO; ratios (by weight).

PVP:TiO; ratio Average diameters of the | Average diameters of the
(by weight) as-spun fibers (nm, n=30) | titania fibers (nm, n=30)
1:2 270£70 190+50
1:1 210+40 130420
2:1 90+20 50+20
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In Fig. 4.4, the SEM images of three samples with different PVP:TiO, ratios
were shown. The fibers were electrospun at the electric potential of 25 kV, the flow
rate of 15 pL/min, the distance between a needle and a collector of 15 cm and the
calcination temperature of 450°C for 3 h. The obtained fibers from all ratios were
smooth and uniform. The average diameter of the electrospun fibrous titania when
using the PVP:TTiP ratio of 2:1 was 50+20 nm. The average diameter of the
electrospun fibrous titania at the ratio of 1:1 and 1:2 increased to 130+£20 and 190+50
nm, respectively. The electrospun fibrous titania when using the ratio of 1:2 had the
largest diameter due to the highest concentration of TTiP. Increasing the ratio of TTiP
could increase the solution viscosity and led to the larger as-spun fibers. More
obviously, when the weight ratio of TTiP increased in as-spun fibers, the calcination

product that was comprised mainly of titania, would be larger as well.

LU0 g LU i
. — R e

(a) 1:2 (b) 1:1 (c)2:1

Figure 4.5 TEM images of the electrospun fibrous titania with PVP:TiO; ratios of (a)
1:2, (b) 1:1 and (c) 2:1 by weight.

TEM images of the electrospun fibrous titania at various PVP:TiO, ratios were
shown in Fig. 4.5. After calcination, PVP was decomposed so the fiber showed only
the titania particle. The diameters of the electrospun fibrous titania when using the
PVP:TTiP ratio of 1:2, 1:1 and 2:1 were 178, 133 and 67 nm, respectively, which
agreeed with the SEM observations.
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(b) 500°C (c) 550°C

Figure 4.6 SEM images of the electrospun fibrous titania at various calcination
temperatures. The original magnifications of 10,000x (the flow rate of 15 pL/min, the
electric potential of 25 kV, the distance between a needle and a collector of 15 cm and

the PVP:TiO; ratio of 1:1 by weight).

Table 4.3 Average diameters of the electrospun fibrous titania at various calcination

temperatures for 3 h.

Calcination temperature | Average diameters of the
(&9 titania fibers (nm, n=30)
450 130+20
500 70+20
550 80+30

Calcination temperatures were studied at 450, 500 and 550°C for 3 h with the
control condition: the electric potential of 25 kV, the flow rate of 15 pL/min, the
distance between a needle and a collector of 15 cm and the PVP:TiO; ratio of 1:1 by
weight. Fig. 4.6 showed the SEM images of the electrospun fibrous titania at different
temperatures. The electrospun fibrous titania had uniform diameters. When the
temperature increased, the average diameter decreased (Table 4.3). This could be
explained as the shrinkage of the electrospun fibrous titania due to the sintering of
titania particles. At high temperatures, the atoms of small titania particles could

diffuse and fuse with each others to become larger particles as the TEM images in
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Fig. 4.7. The driving force of the sintering process is to reduce the surface energy and

lead to the shrinkage of the workpieces.

LU0 e LD e ies 10D i
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(a) 450°C (b) 500°C (c) 550°C

Figure 4.7 TEM images of electrospun fibrous titania with calcination temperatures

of (a) 450°C, (b) 500°C and (c) 550°C for 3 h.

4.2 Crystalline structure of electrospun fibrous titania
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Figure 4.8 XRD patterns of the electrospun fibrous titania with PVP:TiO, ratios of
(a) 1:2, (b) 1:1 and (c) 2:1 by weight.
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The electrospun fibrous titania from electrospinning at the PVP:TiO, ratios of
1:1, 1:2 and 2:1 by weight were calcinated at 450°C for 3 h. The crystalline structure
of the fibers was characterized by X-ray diffraction. Diffraction peaks as shown in

Fig. 4.8 correspond to an anatase phase according to 21-1272.
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Figure 4.9 XRD patterns of (a) the as-spun fibers and the electrospun fibrous titania
after calcination at (b) 450°C, (c¢) 500°C and (d) 550°C for 3 h.

According to Fig. 4.9, after calcination at 450, 500 and 550°C, the
crystallization of titania occurred as the peaks get sharper at higher temperature.
However, a rutile phase started to form as the temperature reached 500°C and more at
higher temperature. It is well-known that anatase phase is a stable phase of crystalline
titania at lower temperature, and rutile phase is the more stable phase at higher
temperature [48-50]. Therefore, the products transformed from amorphous to the pure
anatase and mixed phase of anatase and rutile as labeled in XRD patterns. The XRD
pattern of the as-spun fibers (Fig. 4.9 (a)) showed more amorphous than the
electrospun fibrous titania (Fig. 4.9 (b), (¢) and (d)). The electrospun fibrous titania
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which were calcinated at 450°C for 3 h showed a characteristic of pure anatase
crystalline phase (Fig. 4.9 (b)). At higher calcination temperature than 450°C, the
XRD pattern showed characteristic of mixed anatase and rutile crystalline phase. With
increasing calcination temperature, the intensity of rutile crystalline phase was

increased as in Fig. 4.9 (c) and (d).

4.3 Nitrogen adsorption-desorption analysis

All the nitrogen adsorption-desorption isotherms of the electrospun fibrous
titania showed a type IV of porous materials following the IUPAC (International
Union of Pure and Appiled Chemistry) that is a characteristics of mesoporous. The
type IV isotherm is presented to multilayer adsorption that related to Brunauer-
Emmett-Teller (BET) method for calculation of specific surface area and Barrett-
Joyner-Halenda (BJH) theory for examined pore size on the electrospun fibrous

titania and pore size distribution.

Monolayer volume which is the first layer that the adsorbed gas adsorbs on the
material can be calculated by eq. 4.1 and specific surface area which is the total

surface area per unit mass can be calculated by eq. 4.2.

P 1 (c-) p

V-(po—p)_Vm-C’ v -C p’

.....eq. 4.1

Where;
V' is the amount of N, adsorbed at the relative pressure p/po,
V. 1s the the monolayer adsorbed gas quantity,
p and p’ are the equilibrium and the saturation pressure of adsorbates, and

C is the BET constant.



42

_Stotal —_ Vm'N'S
SBET_ Y Ma .....eq. 4.2
Where;
Sz 18 @ specific surface area,

S s a total surface area,
total

a is weight of sample solid,
N i1s Avogadro’s number,
s 1s the average molecular cross-section area, and

M is molecular weight of adsorbate.

In Fig. 4.10, the nitrogen adsorption-desorption isotherms were fitted to
BET-Plot as shown in Fig. 4.11. The specific surface area and the monolayer volume
which were calculated by the BET equation and the average diameter of pore on the
electrospun fibrous titania which were determined by the BJH method were

summarized in Table 4.4.
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Figure 4.10 Nitrogen adsorption-desorption isotherms of the electrospun fibrous
titania at various conditions of the flow rate of the solution, the electric potential and

the distance between a needle and a collector. The fibers were calcined at 450°C for 3

h.
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Figure 4.11 BET-Plots of the electrospun fibrous titania at various conditions of the

flow rate of the solution, the electric potential and the distance between a needle and a

collector. The fibers were calcined at 450°C for 3 h.
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Figure 4.12 Pore size distribution of the electrospun fibrous titania at various
conditions of the flow rate of the solution, the electric potential and the distance

between a needle and a collector. The fibers were calcined at 450°C for 3 h.
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Table 4.4 Specific surface area, monolayer volume and average pore diameter of the

electrospun fibrous titania at various conditions.

Flow Electric . Speglfic Monolayer Average
rate potential Distance surlace volume, V, pore
; (cm) area, Sgrr 3 o1y | diameter, d,
(uL/min) | (kV) migh | Cm'GTRY | T
a 20 15 22.625 5.1982 541
(a)
(b) 7 33.820 7.7704 541
15
c 25 10 26.727 6.1407 541
(c)
(d) 15 24.580 5.6473 541
e 20 25 15 21.926 5.0376 541
(e)
3] 25 25 15 19.967 4.5876 541

From Table 4.4 (a) and (d), increasing the electric potential across a needle
and a collector, the specific surface area and the monolayer volume increased. These
results agree with the SEM images in Fig. 4.3 that show the lower average diameters
of the fiber as the electric potential increased. Therefore, the smaller diameters of the
fiber offered larger surface area of titania per unit weight. When increasing the
distance between a needle and a collector, the average diameter increased that
affected on the specific surface area and the monolayer volume. The smallest fiber

diameter, distance of 7 cm, had the highest specific surface area and the monolayer

volume as in Table 4.4 (b), (c) and (d).

Because of the bead formation and the fiber conjunction, the fibers at the flow
rate of 20 and 25 uL/min (Table 4.4 (e) and (f)) had the specific surface area and the
monolayer volume less than the fibers at the flow rate of 15 pL/min (Table 4.4 (d)).
The result matched with the SEM images.

Pore size distribution of the electrospun fibrous titania at various
electrospinning conditions was shown in Fig. 4.12. When the electrospinning
parameter was changed, the average pore diameter remained constant. These results
indicated that the electrospinning condition had no affect on the pore size between the

titania particles.
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Another parameter which affect the surface characteristics is the PVP:TiO,
ratio and the calcination temperature. The surface characteristics of the electrospun
fibrous titania at different ratio and calcination temperature were shown in Fig. 4.13

and Fig. 4.14, respectively.
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Figure 4.13 Characteristics of the electrospun fibrous titania at various PVP:TiO,
ratios: (a) nitrogen adsorption-desorption isotherms, (b) BET-Plots and (c) pore size

distributions.
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Table 4.5 Specific surface area, monolayer volume and average pore diameter of the

electrospun fibrous titania at various PVP:TiO; ratios.

PVP: TiO; ratio BET specific Monolayer Average pore
(by weight) surface area, Sgpr volume, V,, diameter, d, (nm)
Y (m’g") (cm’(STP)g™) &
1:2 40.171 9.2294 10.57
1:1 24.58 5.6473 541
2:1 12.797 2.9401 541

The surface characteristics of the electrospun fibrous titania at various

PVP:TiO; ratios were shown in Fig. 4.13, and the specific surface area, monolayer

volume and pore diameter were calculated by the BET equation and the BJH method

as listed in Table 4.5.

The PVP:TiO; ratio of 1:2 had the highest specific surface area, monolayer

volume and average pore diameter. The lower specific surface area and monolayer

volume was observed when PVP:TiO; ratio was 1:1 and 2:1. While the average pore

diameter of the PVP:TiO, ratio of 1:1 and 2:1 were similar but less than that of 1:2.

These may cause from the sintering of crystalline titania. As PVP content in the fibers

from the PVP:TiO; ratio of 1:2 was lower than that of 1:1 and 2:1 (or higher titania

content), the sintering of titania crystallites was minimal leading to high specific

surface area and monolayer volume of the fibers.
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Figure 4.14 Characteristics of the electrospun fibrous titania at various calcination
temperatures: (a) nitrogen adsorption-desorption isotherms, (b) BET-Plots and (c)

pore size distributions.




51

Table 4.6 Specific surface area, monolayer volume and average pore diameter of the

electrospun fibrous titania at various calcination temperatures.

.. BET specific Monolayer
Calcination Average pore
temperature ("C) surface area, Spi7 volume, V', diameter, d, (nm)
P m’g") (em’(STP)g™) >
450 24.58 5.6473 541
500 14.916 3.4269 8.06
550 1.9197 0.4411 12.12

The specific surface area, monolayer volume and average pore diameter were
calculated and listed in Table 4.6. When the calcination temperature increased, the
specific surface area and the monolayer volume decreased, but the average pore
diameter increased. The decreases of the specific surface area and the monolayer
volume were caused by the sintering of the crystalline titania at higher temperature. In
addition, the larger pore diameter at higher calcination temperature was due to the
higher degree of PVP and organic residues decomposition. Moreover, the
transformation of the crystalline titania from pure anatase phase to the mixture of

anatase and rutile phases at calcination temperature of 500 and 550°C decreased the

surface area [50].

4.4 Effect of the collectors

Various collectors such as aluminum foil, glass slide and spin-coated glass
slide were studied. The aluminum foil was wrapped on the copper plate which is the
conducting material. The glass slides were used without further cleaning and plated
on the copper plate. Before calcination, the as-spun fibers adhered smoothly on both
collectors due to the polymer still remained in the as-spun fibers. But after
calcination, losing of the polymer and the high calcianation temperature caused the
shrinkage of the electrospun fibrous titania, resulting to the detachment of the fiber

from the collector.
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The spin-coated glass slides were the glass slides which were spin-coated with
the same electrospinning solution. Then, they were placed on the copper plate as the
collector. The result was similar as the aluminum foil and the glass slide that the
detachment of the electrospun fibrous titania from the collector was found, but the
spin-coated layer still adhered on the glass slide (Fig. 4.15). Thus, there is no

chemical bonding between the spin-coated layer and the fibers.

Figure 4.15 SEM image of the cross section of spin-coated layer.

4.5 Thin layer chromatography

From the morphology and characterization of the electrospun fibrous
titania described in Section 4.1-4.4, the fibers from five conditions in Table 4.7 were
further studied as the stationary phase in thin layer chromatography (TLC). All
conditions were electrospinned at the solution flow rate of 15 pL/min, the electric
potential of 25 kV, and the distance between a needle and a collector of 15 cm. The
thickness about 60 um which examined from SEM image (Fig. 4.15) was prepared as

a stationary phase for TLC separation.
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Table 4.7 Electrospinning conditions for preparation of the electrospun fibrous titania

stationary phase.

Stationary PVP:TiO; ratio Calcination
phase (by weight) temperature (°C)

Ti-1:2-450 1:2

Ti-1:1-450 1:1 450

Ti-2:1-450 2:1

Ti-1:1-500 1:1 500

Ti-1:1-550 1:1 550

Electrospun fibrous titania from condition Ti-1:2-450, Ti-1:1-450 and
Ti-2:1-450 were different in the specific surface area caused by different PVP:TiO,
ratio at 450°C of calcination where the same crystalline titania phase (anatase phase)

was achieved as described previously in Section 4.3.

Electrospun fibrous titania from condition Ti-1:1-450, Ti-1:1-500 and
Ti-1:1-550 were different in the specific surface area and the crystalline titania phase
as calcination temperature was varied in which PVP:TiO; ratio was constant at 1:1 as

described previously in Section 4.3.

Figure 4.16 SEM image of the cross section of electrospun fibrous titania at the flow
rate of 15 pL/min, the electric potential of 25 kV, the distance between a needle and a
collector of 15 cm, the PVP:TiO; ratio of 1:1 by weight, the calcination temperature

0f' 450°C and the electrospinning time of 1 h.
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4.5.1 Mobile phase transport

The relationship between the distance traveled by the mobile phase

front and developing time in TLC can be described by the Lucas-Washburn equation

(eq. 4.3).

Z} = thz;;)sa ....eq. 4.3
Where;
Z;is the distance traveled by the mobile phase front,
y 1s the surface tension of the mobile phase,
n is the viscosity of the mobile phase,
R is the equivalent capillary radius,

t is the developing time, and

0 is the contact angle between the mobile phase and the layer.

And, R = Kyd, .....eq. 4.4

Where;
K is the permeability constant of the layer, and

d, 1s the average particle size.

The plot of distance traveled by the mobile phase front versus square
root of developing time on particulate silica and electrospun fibrous titania TLC
(Ti-1:1-450) were shown in Fig. 4.17. The linear fitted with the Lucas-Washburn
equation indicated that the mobile phase transport in the electrospun fibrous titania

TLC was a capillary flow through porous media similar to that in the particulate silica

TLC.
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Figure 4.17 Mobile phase migration distances versus developing time on particulate

silica and electrospun fibrous titania TLC plates.

Further understanding the mobile phase transport in the electrospun fibrous

TLC, the velocity constant, x;, which used to describe the mobile phase transport in

TLC was calculated by eq. 4.5.

7R
2n

.....eq. 4.5

From Table 4.8, the velocity constant of the electrospun fibrous TLC was

higher than that of the particulate silica TLC. The faster mobile phase velocities can

refer to the larger equivalent capillary radius or the pore radius in stationary phase.

Table 4.8 Comparison of x values.

TLC Kk (cm?/s)
Electrospun fibrous titania 0.050
Particulate silica 0.016




4.5.2 Separation of dyes
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The separation of basic compounds was performed to study the

chromatographic behavior of the electrospun fibrous titania TLC comparing to the

particulate silica TLC. The dye analytes containing basic groups which are methyl

violet, methylene blue hydrate and congo red (Fig. 4.18) were selected for this study.
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Figure 4.18 The molecular structure of methyl violet, methylene blue hydrate and

congo red.
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The migration of dye compounds on the electrospun fibrous titania and

the particulate silica TLC plates were shown in Fig. 4.19. The average spot width,

retardation factor (Ry) and plate height of the electrospun fibrous titania and the

particulate silica TLC were summarized in Table 4.9.

(1) Ti-1:2-450

(2) Ti-1:1-450

(3) Ti-2:1-450

(4) Ti-1:1-500

(5) Ti-1:1-550

(6) Particulate silica

Figure 4.19 The separation of dye compounds on (1-5) the electrospun fibrous titania

TLC from various conditions as shown in Table 4.7 and (6) the particulate silica TLC.
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Table 4.9 Spot width, retardation factor (R;) and plate height (/) of dye compounds

(n=2) for various conditions of the electrospun fibrous titania and the particulate silica

TLC.
Methyl violet Methylene blue Congo red
. hydrate
Stationary
phase Spot H Spot H Spot H
width | Ry width | Ry width | Ry
(cm) (m) | (em) (M) | em) (um)
Ti—1:2-450 | 0.23 | 091 [21.86| 045 | 0.89 [88.99| 0.55 | 0.69 |217.8
Ti—1:1-450 | 0.15 | 093 |12.15| 0.25 | 096 |31.20| 043 | 0.67 | 192.6
Ti—2:1-450 | 0.23 | 094 |[2437| 035 | 0.87 |65.11| 045 | 0.67 | 177.9
Ti—1:1-500 | 0.30 | 094 |3735| 033 | 091 |48.16| 0.55 | 0.70 |223.2
Ti—1:1-550 | 035 | 0.87 [ 67.95| 0.25 | 090 |32.15| 0.50 | 0.63 |259.7
Silica | 075 | 020 | 4394 | 028 | - | - | 020 | 085 117.30

The efficiency of TLC can present by the effective plate height

described by van Deemter equation as eq. 4.6.

Where;

H=A+§+Cu

A 1s the contribution to zone broadening by eddy diffusion,

B is the contribution of longitudinal diffusion,

which

.....eq. 4.6

C is the contribution of resistance to mass transfer in both the stationary

phase and mobile phase, and

u is the average linear mobile phase velocity.

Comparing the migration of analytes on Ti-1:2-450, Ti-1:1-450 and

Ti-2:1-450, the retardation factors for each analyte on different electrospun fibrous

titania TLC were similar while the spot bandwidths of all analytes on Ti-1:1-450 were

narrower than those on Ti-1:2-450 and Ti-2:1-450. The similarity of retardation factor
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would result from the same interaction of analyte and stationary phase because the
crystalline titania phases in Ti-1:2-450, Ti-1:1-450 and Ti-2:1-450 were the same
which is the anatase phase. The different in spot bandwidth would affect from the
pore size distribution of the electrospun fibrous titania TLC where Ti-1:1-450 result
the most uniform (Fig. 4.13). The uniformity of the electrospun produced the less
different of the analyte zone migrates through the stationary phase that affect on the
A-term in van Deemter equation. If the uniformity of the stationary phase was
increased, A-term will decrease resulting in decreasing of H. As a result, narrower

bandwidth was observed.

Comparing the migration of analytes on Ti-1:1-450, Ti-1:1-500 and
Ti-1:1-550, the retardation factor on different electrospun fibrous titania TLC were
similar while the spot bandwidths of all analytes on Ti-1:1-450 were narrower than
those on Ti-1:1-500 and Ti-1:1-550. These would result from the pore size
distribution of the fibers (Fig. 4.14) which were similar with the effect of the
PVP:TiO; ratio. Moreover, the plate height of these electrospun fibrous titania TLC
plates were agreed with the pore size distribution. Although, phase transformation of
the titania was showed at higher calcination temperature, the major phase was anatase
so the phase properties was less affecting on the TLC efficiency. And the results
showed the uniformity of the pore size distribution was more effective on the TLC

efficiency than the phase properties.

The separation results of both electrospun fibrous titania and
particulate silica TLC were different. Methyl violet and methylene blue hydrate was
able to travel on the electrospun fibrous titania TLC while they were retained on the
particulate silica TLC. On the other hand, congo red traveled on the particulate silica
TLC better than that on the electrospun fibrous titania TLC. The results caused by the
different polarity of the titania and silica as stationary phase. Under basic condition of
TLC development, silanol group of the silica is more acidic [8, 27-28] than the titania
[8, 27-30] resulting in the negatively charge of the silica and slightly positive of the
titania. While the methyl violet and the methylene blue hydrate were protonated at the
amine group resulting in positively charge so they interact strongly with the silica

surface. But congo red was deprotonated at sulfonate groups resulting in negatively
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charged so congo red can travel on particulate silica TLC better than methyl violet
and methylene blue hydrate. On the other hand, the electrospun fibrous titania TLC is
slightly basic at this condition. Therefore, all analysts can travel on the electrospun

fibrous titania TLC.



CHAPTER V

CONCLUSION

5.1 Conclusion

From the preparation of the electrospun fibrous titania via sol-gel process and
fabrication with electrospinning method, the fibers had been successfully generated
with the smooth and uniform morphology with the diameters range of 50-190 nm. The
as-spun fibers were characterized by Fourier-transform infrared spectrometer (FT-IR)
and indicated that TTiP did not bond with carbonyl groups in the PVP. The
morphology of the as-spun fibers and the electrospun fibrous titania were
characterized by scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray powder diffractometer (XRD), and surface area analyzer.
The morphology and the diameter of the fibers were affected by the electric potential,
the distance between a needle and a collector, the flow rate of the solution, the ratio of
PVP:TiO; and the calcination temperature. Increasing the electric potential, the fiber
diameter decreased while the flow rate of the solution and the distance between a
needle and a collector increased, the size of the fiber increased. Higher PVP:TiO,
ratio led to the smaller fiber diameter, specific surface area and pore size of the
titania. At higher calcination temperature, the specific surface area of the fibers
decreased and the pore size increased. In addition, the electrospun fibrous titania was
crystallized and formed the anatase phase at calcinations temperature of 450°C.
Moreover, partially change from anatase to rutile phase was observed when

calcination temperature was increased to 500 and 550°C.

In thin layer chromatography, the electrospun fibrous titania can be used as the
stationary phase. The mobile phase velocity in electrospun fibrous titania TLC was
faster than that in conventional silica TLC. Moreover, the efficiency of dye separation

using the electrospun fibrous titania TLC was better than the silica TLC.
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The electrospun fibrous titania were successfully prepared by electrospinning
method for using as new alternative stationary phase in thin layer chromatography. It

can be used for the separation of basic compounds.

5.2 Suggestion of future work

In this experiment, the major phase of the titania was anatase. Since some
properties of the anatase phase are different from the rutile, the chromatographic
behavior of the titania which had rutile as a major phase should be further studied. It
will give more information of separation mechanism of titania stationary phase in
TLC. Moreover, the comparison of separation efficiency of electrospun fibrous titania
TLC to a similar format of stationary phase such as monolith structure or electrospun

fibrous silica should be examined.

The shrinkage of the fiber after calcination caused the detachment of the
electrospun fibrous titania from the TLC plate. The method of titania preparation

should be modified in order to reduce the shrinkage of the fibers.
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