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Abstract

Heterogeneous photocatalytic reaction is an important reaction for various applications,
such as degradation of contaminated compounds, disinfection, or even in the synthesis of
various compounds. The common photocatalysts are titanium oxide and zinc oxide. The
photocatalysts in a form of nanoparticle has several advantages, such as high activity and high
surface area, which makes them favorable in the degradation of toxic contaminants in lab-scale.
However, the application of nanoparticles in industrial scale is limited by the recovery of the
particles from fluid after the treatment is completed because effective capturing of the
nanoparticles is very difficult. Incomplete recovery of the particles from the fluid causes the loss
of the catalyst and the problem in contamination of nanoparticles in the environment. One way
to solve the problem is changing the morphology of the catalyst from nanoparticles to
nanofibers. However, due to brittleness of titanium oxide and zinc oxide, the nanofibers usually
are crumbling back to nanoparticles after usage. This research proposes the fabrication of the
nanofibers of titanium oxide and zinc oxide into fibers with flexible polymer core via coaxial
electrospinning, using polyacrylonitrile as core and a mixture of titanium oxide or zinc oxide gel
derived from sol-gel technique and polyvinylpyrolidone as sheath. It was found that the flexible
nanofibers could be fabricated by controlling various parameters such as viscosity of solutions,
concentrations of polymers, applied potential for electrospinning, and calcination temperature.
However, the coverage of the photocatalyst crystals into polyacrylonitrile significantly decreases
activity of the photocatalyst on the sheath of the fibers, compared to that of the same catalyst in
nanoparticle form. Nevertheless, during the photocatalyst testing in the research, it was
discovered that atomic configuration of the surface of the catalyst greatly affects adsorption
configuration of the compound being degraded. Consequently, it affects both rate of the
degradation and the degradation pathway, which is extremely important for the degradation of

toxic contaminants.

Keywords: Flexible nanofibers; Photocatalyst; Photocatalytic reaction
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1. Introduction

1.1 Photocatalytic reaction

Water pollution from organic compounds, either from industrial or agricultural activities,
is one of the important problems in our country. Examples of the contaminants include dyes,
fertilizers, and pesticides. These compounds lead to contamination of water resource, which
may cause severe problem if the contaminants are toxic. The removal of the toxicant is needed.
There are many kinds of water treatment techniques, each of which is suitable for particular
application. In this work, heterogeneous photocatalytic degradation, which is one of the
advanced oxidation processes (AOPs), is considered because it is effective in removal of
organic contaminants, especially when the concentration is so low that other treatment
techniques fail. It is particularly important when the contaminant is highly toxic and presents in
water in very low concentration, but still enough to cause harmful effects to human and
environment. An example of such substance if diuron [3-(3,4-dichlorophenyl)-1,1-dimethyl urea],
which is an herbicide widely used in Thailand. Although diuron has low solubility in water, it is a
bio-recalcitrant compound with great chemical stability. Hence, it can slowly dissolve in water
and can penetrate through the soil, causing contamination of both underground and surface
water.

The most commonly used photocatalysts are titanium (IV) oxide (TiO,) and zinc oxide
(Zn0O) due to their high photocatalytic activity, low cost, good chemical stability and non-toxicity.
Both compounds share similar band gap of 3.1-3.4 eV [1] and are expected to result in similar
photocatalytic mechanism [2, 3]. Photocatalytic reactions take place when the semiconductor
particle absorbs photon with energy equal to or more than the band gap, the electron is
excited from the valence band (VB) to the conduction band (CB), producing electron-hole (e
/h+). The generations of electron-hole pairs are represented in Eq. (1.1). The photo-generated
holes and electrons give rise to oxidation and reduction processes, respectively. In an aqueous
solution, water molecules adsorb onto surface of the catalyst. They are oxidized giving rise to
OHe radicals. As the process is usually carried out in aerobic conditions, the species to be
reduced is oxygen, generating the superoxide radical as following Eq. (1.2) to (1.4). Organic

pollutants adsorb onto the surface of the catalyst are subsequently oxidized by OHe radicals.
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Semiconductor + hV  —> h' + e (1.1)
h™ + HyO,, —> OHe + H (1.2)

h" + OH .5 —> OHe (1.3)

e +0, —> 0, (1.4)

Support of the OHe radical as the main reactive oxidant derives from the observation
that intermediates detected during the photocatalytic degradation of halogenated aromatic
compounds are typically hydroxyl structures, as those found when similar aromatics react with a
known source of OHe radicals. The hydroxyl radical is an extremely strong, non-selective
oxidant that brings about the degradation of organic compounds [4, 5]. Although the
photogenerated holes could directly oxidize the contaminant, in aqueous solution, the holes
normally react with the abundant water molecules to form hydroxyl radicals [6]. Hence, hydroxyl
radicals are generally accepted to be the primary cause of mineralization of organic matters

that are adsorbing on the surface of the photocatalyst.

1.2 Photocatalysts

1.2.1 Physical and chemical properties of TiO,

Titanium (IV) oxide or titania occurs in nature as well-known minerals rutile (tetragonal),

anatase (tetragonal) and brookite (orthorhombic), and additionally as two high pressure forms, a

monoclinic baddeleyite-like form and an orthorhombic ¢ -PbO,-like form. The most common
form is rutile, which is also the most stable form. Anatase and brookite can both convert to
rutile upon heating. Anatase is a metastable phase, which tends to be more stable at low
temperature. For brookite, it is formed under hydrothermal conditions and usually found only in
mineral. Although titania is known to have three natural polymorphs, only anatase is generally
accepted to have significant photocatalytic activity.

The transformation from anatase to rutile is accompanied by evolution of ca. 12.6
kd/mol (3.01 kcal/mol). The rate of phase transformation is greatly affected by temperature and
by presence of other substances which may either catalyze or inhibit the transformation. The
lowest temperature at which the conversion from anatase to rutile takes place at a measurable

rate is approximately 500-550°C [7]. The change is not reversible and it has been shown that

AG for the transformation from anatase to rutile is always negative.
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1.2.2 Physical and chemical properties of ZnO

Zinc oxide is an n-type semiconductor with a band gap of around 3.20 eV and the free
excitation energy of 60 meV, which makes it very high potential for room temperature light
emission. This also gives zinc oxide strong resistance to high temperature electronic
degradation during operation. Therefore, it is attractive for many optoelectronic applications in
the range of blue and violet light as well as UV devices for wide range of technological
applications. Zinc oxide also exhibits dual semiconducting and piezoelectric properties.

Zinc oxide is a 1l-VI compound semiconductor of which the ionicity resides at the
borderline between covalent and ionic semiconductor. The crystal structures shared by zinc
oxide are wurtzite (hexagonal), zinc blende (cubic), and rocksalt (cubic). At ambient conditions,
the thermodynamically stable phase is wurtzite. The zinc-blende structure can be formed only
by the growth of ZnO on cubic substrate. The rocksalt structure may be obtained at relatively
high pressure.

It has been reported that the activity of nanosized zinc oxide is higher than nanosized
titania [8]. The smaller particle, the higher the photocatalytic activity and the coupling of titania
with zinc oxide seems useful in order to achieve more efficient electron-hole pair separation
under illumination and, consequently, a higher reaction rate. The increase in the lifetime of the
photoproduced pairs, due to hole and electron transfer between the two coupled
semiconductors, is produced in many cases as key factor for the improvement of the

photoactivity [9].

1.3 Sol-gel process

There are several methods that can be used to synthesize semiconductor
photocatalysts. In general, methods which have been reported for titania and zinc oxide are:
sol-gel method [10, 11], hydrothermal or solvothermal method [12, 13], and precipitation method
[14, 15]. One of the popular techniques is sol-gel method because of its low cost, reliability, and
simplicity. Sol-gel process is a route generally applied to prepare nanomaterial with notable
advantages of high purity and good microstructure. More importantly, this technique can be
incorporated to the electrospinning, which is a technique to produce nanofibers. So this method

was selected to prepare photocatalyst in this work.
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Sol-gel reaction is a common technique used in the synthesis of metal oxide
compounds. Sol-gel process involves the formation of sol followed by that of gel. The process
starts from a chemical solution or sol that acts as precursor for an integrated network or gel of
either discrete particles or network polymers. Sol; a suspension solid in liquid with particle size
ranging from 1 nm to 1 ym, can be obtained by hydrolysis and partial condensation of a
precursor such as inorganic salt or metal alkoxide. Further condensation of sol particles into a
three-dimensional network produces gel, which is a diphasic material with a solid encapsulating
liquid or solvent. Alternatively, destabilizing the solution of preformed sols can also produce gel.
These materials are referred to be aquasol or aquagel if water is used as solvent, and alcosol
or alcogel if alcohol is used.

The precursor in sol-gel preparation can either be metal salt/alkoxide dissolved in
appropriate solvent or stable colloidal suspension of preformed sols. Metal alkoxides have been
most extensively used because they are commercially available in high purity and their solution
chemical has been well documented. At its simplest level, sol-gel chemistry with metal alkoxide

can be described in term of two classes of reaction:

Hydrolysis: M-O-R + H,O — h + e (1.5)
Water condensation: M-OH + HO-M —> M-O-M + H,0O (1.8)
Alcohol condensation: M-O-R + HO-M —> M-O-M + R-OH (1.7)

where M and R are metal atom and alkyl group, respectively.

Because hydrolysis and condensation are both nucleophilic displacement reactions, the
reactivity of metal alkoxides depends on the positive charge of partially charged metal atom and
its coordination number. For example, tetraethyl orthosilicate (TEOS) is the least reactive
comparing with common alkoxides because of the small positive partial charge on silicon. Thus,
the longer and bulkier the alkoxide group attaching to a particular metal atom, the less reactive
in hydrolysis and condensation of that precursor is. Therefore, changing type of precursor
and/or its concentration are effective means toward controlling the reaction rates.

For sol-gel parameters, an important parameter affecting the reaction rate is
temperature, which can be adjusted to increase or decrease rate of reaction. Type of solvent
can affect the condensation reaction directly. It is also possible to prepare gel without solvent
as long as another mean, such as ultrasound irradiation, is used to homogenize an otherwise
immiscible alkoxide/water mixture. Another parameter called gelation time, which is defined as

the time that the solution undergoes rapid rising in viscosity, is corresponding to the transition
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from viscous fluid to elastic gel. At the gel point, the solid phase forms a continuous structure
that reflects the formation and branching of particles under specific growth condition. This
particular phase is important because it is the genesis of structural evolution that takes place in

all subsequent processing steps.

1.4 Electrospinning

Electrospinning has been recognized as a simple technique, which involves polymer
science, electrical engineering, mechanical engineering, material engineering and rheology.
Electrospinning technique produces fibers with diameter in the range of nanometer to
micrometer. The conventional process consists of applying electrical potential between a
grounded collector and a droplet of polymer solutions or melt held at the end of capillary tube
because of its surface tension. As the voltage is increased, charge is induced on the surface of
fluid. When the applied electric field overcomes the surface tension of the droplet, the droplet is
distorted forming a conical shape, commonly referred to as the Taylor cone. Then, a charged
jet of the solution or melt is ejected from the apex of a conical shape, then the jet grows longer
and thinner due to bending instability or splitting [16, 17]. While the jet travels toward to a
collector, the solvent evaporates or the polymer solidifies and randomly deposited as a non-
woven on the collector [18].

When gel derived from the sol-gel technique is mixed with polymer and subjected to
electrospinning, composite nanofibers made from polymer and amorphous gel could be formed.
Upon the calcination, the polymer could be removed via combustion, while the amorphous gel
is transformed into crystalline inorganic materials. The fibers remain as continuous structures
with their average diameter reduced due to the loss of the polymer. Nanofibers of titania and
zinc oxide have been fabricated using this technique [19, 20]. Nevertheless, nanofibers of both
titania and zinc oxide prepared by the aforementioned technique are brittle and can be crumble
into powder after repeated uses.

In this work, the crumbling problem of titania and zinc oxide nanofibers is prevented by
introducing a flexible polymer core within the fiber. This can be achieved by using co-axial
electrospinning. The principle of co-axial electrospinning is similar to that of the conventional
electrospinning. In the co-axial electrospinning process, two different materials are used in
producing core part and sheath part of the fiber. The core material and sheath material are
delivered independently through a co-axial capillary forming compound droplet. The compound

droplet is charged after the high voltage is supplied. Charges are induced on the surface of
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sheath fluid predominantly [21]. Above the critical value of electrical potential supplied, fluid
droplet will be distorted via repulsive force of charges, resulted in small jet forming from the
compound cone of materials. Rapid stretching of the sheath material can create strong viscous
stress inside sheath fluid and will be transferred to the core material [22]. The core part will be
stretched and elongated by the shear stress at the interface between core part and sheath part,
which results in the formation of nanofiber in core-sheath configuration [23]. Hence, it is
designed in this work to supplied polymer solution as core fluid, while the mixture of polymer
and gel to either titania or zinc oxide is supplied as sheath fluid. Polyacrylonitrile is considered
to be a core material of the fiber because of its high decomposition temperature so that it can
withstand calcination, which is required to transform amorphous gel to crystalline titania or zinc

oxide.

2. Experimental

2.1 Solution preparations

2.1.1 Preparation of core solution

The core solution of polyacrylonitrile (PAN) was prepared by dissolving polyacrylonitrile
(average molecular weight of 86,2000) in n,n’-dimethylformamide (DMF) at 60°C and constantly
stirred for 1 h. The concentration of PAN in the solution was varied to get suitable value for the

fabrication of core-sheath nanofibers via electrospinning.

2.1.2 Preparation of TiO,/PVP sheath solution

For the fabrication of titania core-sheath nanofibers, the sheath solution was prepared
by combining polyvinylpyrolidone (PVP), acetic acid, DMF and titania precursor i.e., titanium
(IV) isopropoxide (TTIP). First, PVP solution was prepared by dissolving 2.5 g of PVP (average
molecular weight of 1,300,000) in 20 ml of DMF. In the meantime, titania-precursor solution was
prepared by stirring 3 ml of TTIP together with 6 ml DMF and 6 ml acetic acid for 15 min. The
precursor solution was slowly added into the PVP solution and stirred for 70 min to obtain the

sheath solution.
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2.1.3 Preparation of ZnO/PVP sheath solution

For the fabrication of zinc oxide core-sheath nanofibers, the ZnO-precursor solution was
prepared by mixing 3.29 g of zinc acetate and various amount of PVP in 20 ml of DMF. Then,
a mixture of 0.26 ml of distilled water, 0.18 ml of hydrochloric acid, and 1.58 ml of
diethanolamine (DEA) in 5 ml of DMF was added to the precursor solution under continuous

stirring for 2 h to achieve a transparent ZnO/PVP sheath solution.

2.2 Co-axial electrospinning

The co-axial nozzle was fabricated in-house using a stainless needle (gauge number
22, i.e., outer diameter of 0.7 mm) inserted into a copper nozzle (inside diameter of 1.5 mm).
Each electrospinning solution was instantly filled into each plastic syringe, which was furnished
into the co-axial nozzle. The syringe which contains core solution was connected to the core of
the nozzle (i.e., the stainless steel needle) and another syringe connected to the shell of the
nozzle (i.e., the copper nozzle) contained the sheath solution. The emitting electrode from the
power supply (R6243, DC voltage current source/monitor, Advantest, Japan) was attached to
the nozzle. The grounding electrode from the same power supply was attached to a piece of
aluminum foil, which was used as the collector plate and was placed in front of the tip of the
nozzle. The distance between the tip of the nozzle and the collector would be varied in the
study. Upon the application of high voltage across the nozzle and the collector in the range of
20-25 kV, which will also be investigated, a fluid jet will be ejected from the nozzle. As the jet
accelerated towards the collector, the solvent evaporated, leaving only ultrathin fibers on the

collector. In addition, the fibers products were left for completely evaporation of solvent for 24 h.

2.3 Calcination of the core-sheath fibers

The calcination of electrospun core-sheath nanofibers was performed in a box furnace.
The temperature of the furnace was raised from room temperature to temperature in the range

of 400 to 550°C with heating rate at 5°C/min, then hold at this temperature for 2 h.

2.4 Characterization of the products

Morphology of the obtained products was determined by using scanning electron
microscopy (JEOL JSM-6400 at the Scientific and Technological Research Equipment Center
(STREC), Chulalongkorn University). Size of the fibers were measured using image processing
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program from SEM micrographs. The core-sheath structure was investigated using transmission
electron microscopy at National Nanotechnology Center (NANOTEC).

The decomposition temperature and thermal behavior of the obtained products were
studied by using thermogravimetric analysis on a Mettler-Toledo TGA/DSC1 STARe System at
Center of Excellence in Particle and Technology Engineering laboratory, Chulalongkorn
University. The samples were heated under the oxygen flow of 40 ml/h and the ramp rate of
10 °C/min.

A Fourier transform infrared spectrometer (Nicolet 6700) at Center of Excellence in
Particle and Technology Engineering laboratory, Chulalongkorn University was used to
investigate the functional group in the products. The samples of the products were mixed with
KBr in a ratio of sample to Kbr 1:100 and formed into a pellet before measurement.

The crystalline phase of the synthesized catalyst was analyzed by X-ray diffraction

(XRD) using a Bruker AXS D8 Advance diffractometer under CuK,, radiation. The crystallite
size of the products was estimated from the full-width at half-maximum (FWHM) of the peak
with strongest intensity using Debye-Scherrer equation.

The tensile strength of the fiber products was measured by Lloyd Universal Testing
Machine, using at The Analytical and Testing Service Center, The Petroleum and
Petrochemical Collage, Chulalongkorn University. The sheets of fiber products were cut into a
dimension of 1x3 cm2 in width and length, respectively. The thickness of the films is control by
the electrospinning time of 5 h. The specimens were pulled with the rate of 10 N/min while

measuring.

2.5 Photocatalytic degradation

The photocatalytic activity of the synthesize products was preliminarily evaluated by the
degradation of methylene blue (MB) solution under UV-A irradiation (Phillips TLD 15W/05). The
concentration of MB was fixed at 10 ppm. The content of the catalyst used was equivalent to 1
mg of the catalyst per 10 ml of the solution. The mixture was constantly stirred in the dark for
30 min to reach the adsorption equilibrium of MB on the surface of the catalyst, prior to the
reaction. After that, the solution was irradiated while continuously stirred. The concentration of
MB was periodically measured by UV-Vis spectrophotometer (Shimadzu, UV-1700) at the

maximum absorption wavelength of MB (i.e., 664 nm).
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3. Results and discussion

3.1 Formation of PAN/PVP core-sheath fibers

According to the research objective, it is necessary to confirm that the core-sheath
structure could be obtained by the co-axial electrospinning process. Nevertheless, mixing could
occur in co-axial electrospinning process of miscible core/sheath solutions. Therefore, PAN/PVP
co-axial fibers were fabricated to test the ability to form the core-sheath structure from PAN
core solution and PVP sheath solution, both of which are miscible. Moreover, effects of solution
viscosities on the fiber morphology were also studied as there is a range of suitable viscosity of
the solution for producing fibers from the conventional electrospinning process. In the co-axial
electrospinning, it is still not clear that the core solution and the sheath solution are necessary
to be electrospun separately. In this research, the concentration of each solution that could
produce the electrospinnable solutions was considered. Therefore, the starting concentration of
PAN was in the range of around 8 wt%, which could produce the PAN smooth fibers [24]. In
the same way for PVP solution, the concentration that can produce uniform PVP fibers around
10 wt%, while the measured viscosity is around 0.1 Pa.s. SEM images in Figure 3.1 show that
the smooth and uniform fibers could be fabricated only when the concentration of both solutions
are in proper range. Beads are formed on the fibers when the PAN concentration is 6 wt% On
the other hand, when the concentration of PAN is increased to 10 wt%, the fibers formed are

less uniform in size. The proper concentration of PAN was found to be 8 wt%

15KV X5, 000 s L 15Ky Sum | . Himoos g

Figure 3.1 SEM images of products of PAN solution and PVP solution whereas the
concentrations of PVP and PAN solutions are 10/6 (a), 10/8 (b), and 10/10 (c) wt%/wt%,

respectively.
The co-axial electrospun fibers were observed by TEM micrographs as shown in Figure
3.2, which confirm that the obtained products are indeed core-sheath nanofibers. The boundary

between core material and sheath material can be seen from these TEM micrographs.
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(c)

Figure 3.2 TEM micrographs of products obtained from co-axial electrospinning of PAN (core)
solution and PVP (sheath) solution using applied potential of 22 kV and the distance from
nozzle to collector of 22 cm, whereas the concentrations of PAN and PVP solutions are 8/10

(a), 8/13 (b), and 8/15 (c) wt%/wt%, respectively.

Miscibility of core and sheath solution is one of parameters affecting core/sheath
structure of the fibers. In this research, even though it is possible to find the mixing between
core and sheath solution during electrospinning, it is confirmed that miscible PAN core and PVP
sheath solutions could be used for making core-sheath fibers. This can be explained by the fact
that the diffusion at the boundary of core solution and sheath solution would take longer time
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than the time that compound jet of solutions used for traveling to the collector. Thus, no mixing
occurs at the boundary of core and sheath parts [25]. This hypothesis have been proved by
some researches such as, in the preparation of miscible poly-L-lactide core and poly-DL-lactide
co-axial fibers [26], in the preparation of co-axial fiber using Ti(OiPr,)/PVP in ethanol as a
sheath solution and PVP in ethanol that can be dissolved in the sheath solution as a core
solution.

Considering the effects of viscosities on morphology of the co-axial fibers, when the
viscosity of the sheath solution is increased higher than that of the core solution, the outer
surface of the fibers becomes rough and the core-sheath structure is less defined. This can be
explained by the conical flow of the solution from Taylor's cone, which develops the stress upon
the interface between the core solution and the sheath solution. High viscosity of the sheath
solution would produce large droplet at the end of the nozzle, which subsequently becomes
conical shape after the electric potential is applied. As the result, high shear stress is
introduced to the core/sheath interface leading to the mixing of the core/sheath solutions. It can
be described that when high voltage is applied, the compound droplet is stretched to flow
conically to form compound cone, in which shear stress developed in the sheath solution will
exert on the core solution at the core-sheath interface. Large droplet yields larger angle of the
Taylor’s cone, which develops higher shear stress in sheath solution as well as at the interface
of core-sheath.

It can be concluded that the suitable value of concentration of PAN solution for this co-
axial system is 8 wt%, which provide the viscosity of around 0.2 Pa.s. The suitable viscosity of
sheath solution of PVP is confirmed to be around 0.1 wt% as same as the preparation of PVP
pure fibers. These viscosity values of core and sheath solutions were then chosen to use in
PAN/titania or PAN/ZnO fabrication.

In addition, it can be seen from Table 3.1 that the sheath solution concentration has an
influence on the size of the co-axial fibers. The increase in concentration of the sheath solution
results in the increase in fiber size since the amount of sheath material is increased [27].
Hence, the increase in interaction between molecules of the sheath material, is increased,
results in sheath thickness increased. Since the concentration of the core solution was kept
constant, the major cause of the increase in the size of the fibers is related to that the sheath
thickness increased, which is also confirmed by the decrease in core diameter to sheath

thickness ratio.
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Table 3.1 Ratio of the core diameter to the sheath thickness of fibers produced using different

concentrations of PVP solution.

Average sheath
Concentration of PVP Average fiber Core diameter /
thickness
sheath solution (wt%) diameter (nm) () Sheath thickness
nm

10 130 26 3.2

13 340 84 2.1

15 370 97 1.9

3.2 Formation of PAN/TiO, core-sheath fibers

3.2.1 Pre-calcination PAN/TiO,(PVP) core-sheath fibers

The preparation of PAN/TiO,(PVP) co-axial fibers is similar to that of PAN/PVP co-axial
fibers. PAN (8 wt%) in DMF solution was used as the core solution, while the sheath solution
was changed from PVP solution to be the solution of titania precursor, i.e., mixture of TTIP,
acetic acid and DMF and PVP. Viscosity of the sheath solution was chosen from the suitable
value studied in the fabrication of PAN/PVP co-axial fibers.

The viscosity of the solution of titania precursor was adjusted by varying concentration
of PVP. Different concentration of PVP solution before mixing with titania sol were used for
preparing different solution viscosities.

To confirm that the chosen viscosity of the sheath solution is suitable, Figure 3.3 shows
the TEM image of the co-axial PAN/TiO,(PVP) fibers. The core/sheath structure can be defined
clearly, even though the sheath part is not smooth as the PAN/PVP fibers. This may consider
as the effect of titania precursor solution mixed with PVP solution. Furthermore, size of
PAN/TiO,(PVP) fibers, which was prepared using solution with similar viscosities as that used
to produce PAN/PVP fibers, is larger than that of PAN/PVP fibers. This result can be described
that the titania precursor solution added in the sheath solution gives higher amount of material
in solution, which makes fiber to become larger. Additionally, size of the PAN core is relatively
close to that observed in PAN/PVP co-axial fiber. Therefore, a change in the sheath solution

has no effect on PAN core as long as the same concentration of the core solution is used.
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Figure 3.3 TEM of PAN/TiO,(PVP) co-axial electrospun fiber.

After the suitable condition for the solution preparation was selected for co-axial
electrospinning process, the effects of processing parameters on the morphology of

PAN/TiIO,(PVP) as-spun co-axial fibers were studied and reported.

3.2.1.1 Effects of solution flow rate

During co-axial electrospinning process, syringe pumps were used to control the
solution flow rates, which would affect the electrospun fiber morphology. The effect of the flow
rates of the solutions in the co-axial electrospinning process is shown in Scanning transmission
electron microscopy (STEM) images in Figure 3.4. From Figure 3.4(a-c), it can be seen that the
increased flow rate of the sheath solution, which consequently increases the shear stress in the
solution, results in the rough surface and the mixing of two solutions in similar manner as the
effect of viscosity previously discussed. When the electric potential is applied, large droplet of
the sheath solution could develop high stress in the sheath solution at the interface between
the core solution and the sheath solution. Size of the droplet is not only controlled by the
viscosity of the solution, but also the flow rate of the solutions. The increase in the flow rate
results in the increase in droplet size due to higher amount of material supplied. In addition, it
can be seen from Figure 3.4(d-f) that the increase in the flow rate of the core solution, which
increases the amount of supplied core material, results in the increase in the diameter of the

fibers.
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Figure 3.4 STEM images of products obtained from co-axial electrospinning of PAN solution
and PVP/titania solution using applied potential of 22 kV and the distance from nozzle to
collector of 22 cm, whereas the flow rate of PAN and PVP/titania solutions are 1.2/0.9 (a),

1.2/1.2 (b), 1.2/1.5 (c), 0.9/1.2 (d), 1.2/1.2 (e) and 1.5/1.2 () (ml/h)/(mi/h), respectively.

3.2.1.2 Effects of applied potential

Another important factor that affects morphology of the electrospun fiber is the applied
electric potential. In electrospinning system, stable jet of the spinning solution ejected from the
Taylor’s cone could be formed only when the applied potential is in suitable range.

The effect of the electric potential applied for the co-axial electrospinning depends on
type of fluids used and the distance between the tip of the nozzle and the collector, i.e.,
working distance. Consider the PAN/TiO,(PVP) fibers fabricated, the electric potential of 20 and
21 kV could produce the fibers as shown in Figure 3.5(a) and 3.5(b) respectively. However, the
fibers are not uniform in size due to the unstable jet formed during the electrospinning process.

The proper electric potential for this system was found to be 22 kV, as shown in Figure 3.5(c),
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in which uniform fibers without beads were produced. Distributions of the diameter of fibers are

shown in Figure 3.6.

Figure 3.5 SEM images of the products obtained from the co-axial electrospinning of PAN
solution and PVP/titania solution with the tip-to-collector distance of 22 cm and the applied

electric voltage are 20 kV (a), 21 kV (b), 22 kV (c) respectively.
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Figure 3.6 Average diameter of PAN/TiO,(PVP) co-axial fibers obtained from the co-axial
electrospinning of PAN solution and PVP/titania solution with the tip-to-collector distance of 22
cm and the applied electric voltage 20 kV, 21 kV and 22 kV respectively. The error bar shows

standard deviation of the data.

Generally, the average diameter of the fibers is decreased when the applied electric
potential is increased. It should be noted that the change in diameter of the fibers when the
applied potential is adjusted is not clear due to the presence of the beads. The decrease in size
of diameter the can be explained by the fact that an increased potential heightened the electric
repulsive force on the fluid jet, which consequently causes greater stretching of the solution due
to the greater columbic forces in the jet as well as a strong electric field and leads to the

reduction in the fiber diameter [28].

3.2.2 Calcined PAN/TiO, core-sheath fibers

3.2.2.1 Characteristic of PAN/TiO, core-sheath fibers

To obtain PAN/TiO, co-axial fibers, calcination of as-spun PAN/TiO,(PVP) co-axial fiber
is necessary. The temperature of the calcination should be high enough to remove PVP
polymer in the sheath part of the fibers as well as to crystallize titania to anatase form.

The temperature of calcination was firstly determined by thermal gravimetric analysis

result of the pre-calcined PAN/TiO,(PVP) co-axial fibers. Figure 3.7 shows the TGA
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thermogram of PAN/TiO,(PVP) as-spun co-axial fibers being heated up to temperature of

800 °C under oxygen gas.
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Figure 3.7 TGA curve of pre-calcined PAN/TiO,(PVP) co-axial electrospun fibers

The result shows the sample mass loss in two steps, which is similar to the degradation
of PAN pure fiber. The first decrease of mass in both co-axial fibers and PAN pure fibers is at
temperature around 315°C, which is around the beginning of degradation temperature of PVP.
Therefore, the mass decrease at first step of co-axial fibers is expected to be the effects of the
degradation of PVP and stabilization of PAN fibers.

The stabilization of PAN normally occurs when PAN is heated in air at around 300°C. In
this process, some exothermic chemical reactions of cyclization oxidation and dehydrogenation
occur. The rate of weight loss in the first step is quite rapid due to the dehydrogenation of PAN.
Figure 3.7 shows that the decrease of mass in the first step of co-axial fibers is around 40 wt%,
which is larger than the summation of mass loss of each PAN and PVP calculated separately
from TGA thermogram of pure polymer fibers. It can be implied that titania has influenced the
dehydrogenation of some compound [29]. Besides, the data from DSC shows that there is heat
flow from exothermic reaction at the same temperature, which conforms to the dehydrogenation
of PAN and the decomposition of pure PVP fiber normally decomposing at temperature around
320°C.

The second mass decrease is not rapid as in the first step, hence the mass of fibers is
slowly decreased when they are heated up above 320°C. This can be explained by the partial

evaporation of small compound, such as NH; and HCN from the fragmentation of polymers. At
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temperature of 525°C, it is expected to be the temperature of the complete degradation of PAN
and PVP in fibers. In this temperature, mass of the fibers decreases rapidly and the DSC curve
confirms that the exothermic reaction occurs.

Considering the amount of titania in co-axial fibers, the TGA curve in Figure 3.7 shows
the amount of titania remaining in fibers. It can be seen that the mass of the co-axial fibers is
constant while being heated up at the temperature in the range of 600°C to 800°C. At 800°C,
all carbonaceous materials including PAN core should be totally decomposed by reacting with
oxygen gas. The temperature of complete degradation of PAN was found to be around 780°C
[30]. Thus, only titania remains after heating. The amount of titania determined by TGA curve is
found to be around 7 wt% of the fibers, which is less than the calculated value of 10 wt% It
might be affected from the non-uniformity of titania in the fibers.

For the calcination temperature, although PVP is decomposed at the temperature of
320°C , it still remains its mass around 50%. Consider the TG curve of the co-axial fiber, mass
of fibers decreased slowly after the first step of mass lost referring to the decrease of PVP,
while PAN curve is almost constant. The chosen temperature for calcination was found to be
450°C since after 450°C the second decrease of PAN is started again, which can be seen from
both TG curves of co-axial fiber and PAN fibers.

As a result from TGA, the calcination temperature was chosen to be 450°C, which is
high enough for removing PVP polymer from the sheath part of co-axial fibers and not too high
to degrade most part of PAN core. After calcination of the electrospun fibers at 450°C for 2 h,
the products remain in fiber form as shown in Figure 3.8(b) and still retains its flexibility. The

flexibility of the calcined fibers implies for the presence of the PAN core.

Figure 3.8 SEM images of the products obtained from the co-axial electrospinning of PAN
solution and PVP/titania solution with the tip-to-collector distance of 22 cm and the applied

electric voltage of 22 kV, before (a) and after calcination at 450°C for 2 h (b).
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Figure 3.9 shows size distribution of co-axial fibers before and after calcination. The
average diameter of the fibers decreases from 370 nm to 160 nm after calcination, which could

be explained by the removal of PVP in the sheath structure of the fibers by the calcination.
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Figure 3.9 Histogram of diameter size distribution of as-spun PAN/TiO,(PVP) co-axial fibers and

PAN/TIO, co-axial fibers after calcination at 450°C for 2 h.

According to the TGA analysis, when the calcination temperature is increased, mass of
the obtained fiber decreases. The morphology of the products after being calcined at different
calcination temperature was investigated to confirm the fiber structure during calcination
process.

Figure 3.10 shows SEM images of co-axial fibers of PAN/TiO, after being calcined at
300°C, 450°C and 800°C respectively. It can be seen from the figure that all obtained fibers
remain in fiber form. The as-spun co-axial fibers and the fibers after calcination at temperature
of 300°C shown in Figure 3.10(a) and 3.10(b), respectively, are similar in size and morphology.
This supports the TGA result that no polymer loss occurs below the temperature of 315°C.
While heating up to 450°C, the fibers lost their mass according to the removal of PVP, which
also results in the decrease in diameter of fibers. Finally, when the calcination temperature is
raised to 800°C, both of PAN polymer and PVP polymer are removed of the fibers. Figure
3.10(d) shows the titania fibers with rough surface and having a chain-like structure, which

could be affected from the removal of PAN core from the fibers.
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Figure 3.10 SEM images of the fibers obtained from the calcination of co-axial electrospun fiber
of PAN solution and PVP/titania solution with the tip-to-collector distance of 22 cm and the
applied electric voltage of 22 kV, before (a) and after calcination at 300°C (b), 450°C (c) and
800°C (d) respectively.

Furthermore, it can be seen from Figure 3.11(b) that the calcination of titania(PVP)
fibers without PAN core at 800°C results in smooth fibers, which is different from the chain-like
structure of the PAN/titania(PVP) co-axial fibers calcined at the same temperature. The

difference in fiber structure indirectly confirms that PAN polymer was inside the fibers.

Figure 11. SEM images of 800°C calcined fibers from PAN/TiO,(PVP) co-axial fibers (a) and
from TiO,(PVP) simple fibers (b).
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Figure 3.12 shows the average diameter of co-axial fibers after being calcined at
different temperatures. The average fiber diameter does not change much at the calcination
temperature of 300°C, which is lower than the degradation temperature of both PVP and PAN.
The decrease in the average diameter of the co-axial fibers is clearly observed when the
calcination temperature is increased from 300°C to 450°C, which was found to be the range for
PVP removal. After the calcination at 800°C, the average diameter of fibers is decreased to be

as low as 50 nm, which is expected to be the diameter of the residual titania fibers.
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Figure 3.12 Diameter size with deviation of PAN/TiO,(PVP) co-axial fibers at different

calcination temperature.

Another way to confirm the core-sheath structure of the fibers is the observation of the
fiber cross section. TEM images of the cross-section of PAN/titania (after calcination at 450°C)
co-axial fibers are investigated. It can be seen from Figure 3.13 that a core polymer is covered
with titania particles. The particles are quite uniform with an average particle size of 4.3 nm and
a standard deviation of 0.8 nm. For cross section sample preparation, it is necessary to cut the
fibers by microtome. As the glass temperature transition (T,) of PAN is around 100°C [30],
which is higher than the temperature while cutting the fibers for cross-sectional
observation .Therefore the non-circular shape observing from TEM image Figure 3.13(b) is
considered not to be the deformation of polymer core while cutting. Nevertheless, it is expected
to be the difference plane of cut fiber, which results in the oval shape of cross sectional of fiber

in TEM image.
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Figure 3.13 TEM image of cross-section of PAN/titania co-axil fiber (a-b), and PAN/titania

coaxial fibers (c).

For this reason, core size observed from the cross section image, which is shown in
Figure 3.13(b), is not exactly same as that shown in Figure 3.13(c) of co-axial PAN/titania. The
fiber in the Figure 3.13(c) has a diameter of around 200 nm and in a cylindrical shape, which is
difficult to see the titania grains in the sheath part clearly. Moreover, there is an objective lens
below the sample and electrons of different energies are focused at different focal positions in
TEM resulting in the well-known effect of chromatic aberration. This leads to blurring of the
image and a loss of resolution and contrast. However, the difference between core and sheath
parts still can be seen from this TEM image that the fibers. Beside, both core sizes observed
from two ways are in a range of 80 to 100 nm.

To confirm that core remaining in the fibers after calcination is PAN, the functional
groups of electrospun products before and after calcination at 450°C were investigated by FT-
IR.

According to Figure 3.14(a), FT-IR spectra of as-spun PAN shows a signal

corresponding to C=N stretching at wavenumber around 2244 cm'1, besides, the bands at
wavenumber around 2850, 2939, 1444, 1353, and 1253 cm_1, which are assigned to the
aliphatic CH group vibrations of different modes in CH, CH, and CHs, respectively [30] are also
observed. It can be seen from Figure 3.14(b-d) that when the calcination temperature is raised,
the bands of aliphatic CH group vibrations are decreased due to the partial evaporation of small
molecule from the polymers. Moreover, Figure 3.14(b-c) confirms the stabilization of PAN fibers
when the fibers are heated up to 300°C, which is previously explained in TGA/DSC
thermogram. One of the most important reactions in the stabilization is cyclization, which is the

reaction producing stable ladder polymer as shown in Figure 3.15. The cyclization can be

confirmed by the fact that the intensity of C=N stretching band is decreased when the

calcination temperature is increased from 200°C to 350°C as shown in Figure 3.14(b-c), while
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new peak assigning to the stretching bond of C=N is presented at wavenumber of 1590 cm_1.
Further heating up results in the conjugation in cyclic structure of PAN forming aromatic ring
[31], which is confirmed by the band of aromatic C=C at wavenumber of 810 cm'1 appearing in

Figure 3.14(c-d).
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Figure 3.14 FT-IR spectrum of PAN as-spun fiber (a) and PAN pure fiber after calcination at
200°C (b), 350°C (c) and 400°C (d) respectively.

The band at 1630 cm_1, which appears only in the spectrum of as-spun fiber and fibers
calcined at 200°C is assigned to be the stretching of C=0 bond from the DMF solvent, which
remains in fibers. The decrease of doubles peaks at 2340 and 2360 cm_1 can be observed in

the spectrum, which are assigned to be the decrease of the absorption of CO.,.
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Figure 3.15 The possible degradative path and cyclization of PAN heated at various

temperature [31].

From Figure 3.16(c-d), FT-IR spectra of PAN/titania co-axial fibers is almost same as
the spectra of PAN pure fiber after being calcined at 400°C. It can be learned from this result
that PAN in the core of fibers remains in the stable ladder polymer form after the calcination of
the co-axial PAN/TiO,(PVP). However, the change of PAN does not affect the flexibility
significantly, since the modified PAN is still a polymer. As the objective of this research is to
synthesis the flexible fibers of titania, thus the change in molecular structure of PAN after
calcination is acceptable. On the other hand, PVP in the sheath is removed after calcination as

noticed in the absence of C=0 bond at wavenumber of 1630 cm'1.
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Figure 3.16 FT-IR spectrum of (a) as-spun PAN pure fibers, (b) as-spun PAN/TiO,(PVP) co-
axial fibers, (c) PAN pure fiber after calcination at 450°C, and (d) PAN/titania co-axial fibers

after calcination at 450°C.

According to the low content of titania in the fibers, the FTIR spectra of PAN/titania co-
axial fibers shows the band corresponding to PAN predominantly. Beside, the FT-IR spectrum
of the fiber after calcination shows the similar band to that of PAN fiber after calcination, thus
only the change of polymers occurs without the interaction between core material and sheath
material.

After confirming that the PAN/titania co-axial fibers can be fabricated, the crystal
structure of titania was investigated by X-ray diffraction (XRD). It can be confirmed that the
calcination temperature of 450°C is high enough to crystallize TiO, in the co-axial as-spun
fibers to anatase as shown in Figure 3.17(a). The XRD patterns in Figure 3.17(a-b) show the
presence of both anatase and rutile phases in the core-sheath products after the calcination.
The fraction of anatase and rutile within the fibers depends on the temperature of calcination.
The calculated content of rutile phase is increased from 0.34 to 0.4 with the increase in the

calcination temperature from 450°C to 500°C respectively.
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Figure 3.17 XRD patterns of the PAN/TiO,(PVP) core-sheath fibers calcined for 2 h at 450°C
(a), and 500 °C (b) respectively.

Furthermore, it was found according to Figure 3.18 that the presence of DMF in the
sheath solution also contributes to the formation of rutile phase. When ethanol was used as the
solvent instead of DMF in the fabrication of PVP/titania nanofibers, only anatase phase is
observed, as shown in Figure 3.18(a). Organic species, i.e., DMF in this case, induced the
formation of smaller dimensions of the crystallites that leads to the decrease in the anatase-to-
rutile phase transformation temperature [32]. It was proposed that organic solvent would
produce the small crystallite of titania by reprecipitation effect leading to the decrease of phase
transformation temperature. It was not clear about the reason why smaller crystallite size
reduces the transformation temperature [33], only the experimental results shows that small
crystallite size obtained . Therefore, further study about the mechanism of phase transformation

in organic solvent added system is recommended.
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Figure 3.18 XRD patterns of the calcined PVP/titania fiber at 450°C for 2h using EtOH (a), DMF

(b) as a solvent in the spinning solution.

3.2.2.2 Flexibility of PAN/TiO, core-sheath fibers

Tensile strength of the fibers was analyzed to confirm flexibility of the co-axial fibers.
Figure 3.19 shows stress-strain curves of PAN/TiO,(PVP) co-axial as-spun fibers and that of

PAN/titania co-axial fibers obtained after calcination at 450°C for 2 h.
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Figure 3.19 Stress-strain curves of PAN/TiO,(PVP) as-spun co-axial fibers and PAN/TiO, co-

axial fibers.
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Both fibers give the same pattern of curves having two regions, which represent the
elastic region and plastic region. In elastic region, stress and strain are proportional. In this
case, when a stress is applied and then removed, the fibers move back to their original
position. For plastic region, permanent deformation occurs when stress is applied in this region.
The curve starts from a linear elastic region reaching to the yield point, followed by a drop in
stress, deformations of specimens of fibers, which is in the plastic region and finally fracture.
This pattern represents a semi-crystalline polymer, which is consistent with property of PAN.
Thus, it is confirmed that PAN core retains its mechanical properties, i.e., tensile strength,
which refers the strength of the fibers. The measurement shows stress-strain curve of the
sample. As seen in the curve of both as-spun fibers and calcined fibers, the plastic region is
still existed. This result informs that the fibers can be bent before its fracture, which is different
from pure titania fibers that easy to be crumble in to powder. In addition, the fibers can absorb
tensile force even the fibers are not align in the same direction, thus the fibers can absorb force

from any directions confirming its flexibility both before and after calcination.

3.3 Formation of PAN/ZnO core-sheath fibers

3.3.1 Effects of various parameters on the PAN/ZnO core-sheath fibers

In addition to parameters already investigated in the fabrication of PAN/TiO, core-
sheath fibers, other factors were also investigated. Their effects will be discussed on both as-

spun and calcined fibers.

3.3.1.1 Effect of polymer viscosity

Viscosity plays an important role in achieving successful co-axial electrospinning. The
viscosity of either core or sheath solution can be controlled by controlling molecular weight or
concentration of the polymer in the solution. However, in this work, the molecular weight of the

polymers was fixed. Figure 3.20 shows viscosity as a function of polymer concentration.
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Figure 3.20 Viscosity of PAN solution (A) and sheath solution (<>) as functions of polymer

concentration.

The viscosity of sheath solution is required to be higher than the viscosity of core
solution [23]. The comparison between the lower and the higher viscosity of sheath than that of
core solution in Figure 3.21(a) shows that the lower viscosity of sheath solution than that of
core solution could not lead to successful fabrication of the co-axial structure. On the other
hand, the co-axial structure could be formed using the sheath solution with higher viscosity than
that of core solution as shown in Figure 3.21(b). The viscosity of the sheath solution is critical
[34, 35]. A sufficiently high viscosity of the sheath solution, such that the viscous stress
imparted by it on the core solution needs to overcome the interfacial tension between the two

solutions, is needed to form the compound Taylor cone and the subsequent compound jet [23].
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Figure 3.21 The comparison of the co-axial structure between using the sheath solution with

lower viscosity (a), and with higher viscosity (b) than that of core solution.

3.3.1.2 Effect of PVP concentration in sheath solution

In this study, the concentration of PVP in the sheath solution was varied from 8% to
18% by weight, which corresponds to the viscosity in the range of 0.52 to 3.43 P.s,
respectively. As shown in Figure 3.22, the diameter of the as-spun fibers tends to gradually rise
as the PVP concentration is increased. It should be noted that the concentration of PAN in the
core solution, the feeding rate and the applied potential were fixed at 8 wt%, 0.8 ml/h, and 1
kV/cm, respectively. The average diameter of as-spun co-axial fibers is in the range of 403173
to 516+£93 nm. It can also be noted that this effect remains even after calcination. It is indicated
that the interaction between the viscosities of the sheath and the core solutions controls the
shape of the composite Taylor cone. From this reason, although the concentration of PAN in
the core solution was fixed, the diameter of the core is still affected by the concentration of the
PVP in the sheath solution. Size distributions of the co-axial nanofibers before and after being

calcined at 450°C and 500°C are shown in Figure 3.23.
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Figure 3.22 Diameters of co-axial nanofibers as the concentration of PVP in sheath solution is
varied, while that of PAN in core solution is fixed at 8 wt%: (a) before being calcined, and after

being calcined at (b) 450°C, and (c) 500°C.
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Figure 3.23 Size distribution of co-axial nanofibers before and after it had been calcined at
450°C and 500°C.
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3.3.1.3 Effect of PAN concentration in core solution

In this study, the PAN concentration was varied from 4 to 12% by weight, while the
concentration of PVP in the sheath solution was fixed at 12 wt%. The products using PAN
concentration lower than 8 wt% are beaded fibers. On the other hand, for the PAN
concentration in the range of 8-12 wt%, smooth fibers are obtained. The effect of PAN
concentration on size of the as-spun fibers is shown in Figure 3.24. The size is sharply
increased when the PAN concentration is increased from 10 to 12%. It should be noted that the
feeding rate and the electric field were fixed at 0.8 ml/h and 1 kV/cm, respectively. The average
diameter of as-spun co-axial fibers is in the range of 447198, 866+234, and 3407+816 nm
when the PAN concentration used is 8, 10 and 12%, respectively. It should be point out that,
when compared with the effect of PVP concentration in the sheath solution shown in Figure

3.22, changing in PAN concentration affects size of the fibers more dramatically.
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Figure 3.24 The diameters of co-axial nanofibers as the concentration of PAN in core solution is
varied, while that of PVP in sheath solution is fixed at 12 wt%: (a) before being calcined, and

after being calcined at (b) 450°C, and (c) 500°C.

The results from varying polymer concentration in both core and the sheath solutions
indicate that the increase in the core concentration increases overall fiber diameters more
significantly than the increase in the sheath concentration. So the PAN concentration is the

significant factor to predict the diameter of co-axial fibers.
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3.3.2 Characteristic of PAN/ZnO core-sheath fibers

The thermal-gravimetric (TG) and differential scanning calorimetry (DSC) diagrams for
as-spun co-axial nanofibers are shown in Figure 3.25. There are four-gravimetric steps. The
first step is broad range between 54 and 110°C, corresponding to about 9.22% weight loss, due
to the volatilization of HCI and physio-sorbed water of which the boiling points are 57 and
100°C respectively. The second step is between 110 and 351°C, corresponding to about
29.95% weight loss, accompanied by a strong thermopositive peak at 280°C in DSC curve. It is
probably due to the partial decomposition of PVP in the sheath, partial decomposition of PAN in
the core structure, and removal of other organic matters such as DMF and diethanolamine,
which has boiling point of 152, and 259°C respectively. The third step is accompanied by about
24.83% weight loss locating at around 351-477°C. This is due to the decomposition of polymer
such as PVP and part of PAN according to reports by many researches about the
decomposition temperature of PVP (molecular mass of 1,300,000) and PAN (molecular mass of
150,000) in the range of 250-420°C [36, 37] and 350-500°C [30] respectively. It should be
noted that the results correspond with TG-DSC data of pristine PAN and PVP fibers. The forth
step is around 510°C, corresponding to about 25.33% weight loss, accompanied by a sharp
thermopositive peak in the DSC curve. This step corresponds to the main decomposition of

PAN core polymer.
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Figure 3.25 Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) of

the as-spun ZnO/PAN co-axial fibers
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According the TG-DSC diagram shown in Figure 3.26, for ZnO/PAN co-axial nanofibers
after calcination at 450°C, the TG graph shows a significant mass loss about 85%,
accompanied by a strong thermopositive peak at 523°C which is due to the removal of residual

PAN in the fibers.
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Figure 3.26 Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) of

ZnO/PAN co-axial nanofibers after calcination at 450°C for 2 h.

According to TG-DSC results in Figure 3.25 and 3.26, there is no significant weight loss
at temperature higher than 600°C, indicating the completion of ignition loss from the organic
constituent and the remainder corresponding to ZnO. The TG-DSC analysis shows the
significant constraint of the calcination temperature to remove PVP in the sheath while keeping
PAN in the core to sustain flexibility of final ZnO nanofibers. The proper calcination temperature
is considered to be the range of 400 to 500°C. Nevertheless, it must also be considered that
the calcination temperature should be high enough to convert amorphous ZnO to crystalline
ZnO. So, as a result from TGA, the calcination temperature was chosen to be 450°C for 2
hours. After calcination, the products remain in fiber form with co-axial structure characterized

from electron microscopy is shown in Figure 3.27.
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Figure 3.27 Electron microscropy images of co-axial nanofibers with 15% PVP sheath and
8%PAN core; SEM images of (a) fibers before calcination, (b) fibers after it had been calcined
at 450°C and TEM images of; (c) fibers before calcination, (d) fibers after it had been calcined

at 450°C.

The nitrogen adsorption-desorption analysis of ZnO/PAN co-axial fibers after the
calcination reveals type Il isotherm according to IUPAC classification, which is a typical
characteristic adsorption-desorption isotherm of nonporous material. The specific surface area
measured is 4.8 m2/g, which is in the same order of magnitude as the ZnO powder synthesized
by the same sol-gel technique (2.9 m2/g). Nevertheless, it should be noted that the specific

surface area of the PVP/PAN co-axial fibers (i.e., without ZnO) after calcination at 450°C is 5.2

AU 41



m2/g. Hence, part of the surface area of the ZnO/PAN co-axial fibers might be contributed by

the carbon from the polymer core.
The presence of crystalline ZnO in the ZnO/PAN core-sheath fibers was confirmed by

XRD, as shown in Figure 3.28. The ZnO nanocrystals are in Wurtzite (hexagonal) phase. The

crystallite size of the ZnO phase calculated by the Debye-Scherrer was found to be 21 nm.
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Figure 3.28 XRD pattern of ZnO/PAN nanofibers after calcination at 450°C for 2 hours.

The grain size of the ZnO crystals was measured from TEM to be about 65+10 nm (see
Figure 3.29). The clear lattice fringe in HRTEM image and the SAED pattern suggest that ZnO

particles distributing on the PAN core are single crystalline. It should be noted that the Ilattice

spacing measured from the HRTEM image is 2.58610.145 A, which corresponds to (002) plane

of ZnO.
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Figure 3.29 TEM image of (a) ZnO nanocrystals distributing on nanofibers after calcination at

450°C for 2 hours, (b) SAED pattern, and (c) HRTEM image showing lattice fringes of ZnO.

Figure 3.30 shows the FT-IR spectra of PAN nanofibers calcined at different

temperatures. The vibration characteristic of PAN pristine fibers are those of C=N nitrile group
at about 2,243-2,241 cm’, and the bands in regions of 2,925 cm ', 1,450 cm ', 1,361 cm ' and

1,254 c:m_1 are assigned to the aliphatic CH group vibrations of different modes in CH, CH,, and
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CHs, respectively [38, 39]. As the calcination temperature is increased, the most prominent

structural changes were the decrease in the intensities of the 2,243-2,241 cm_1, attributed to

C=N band, and also the decrease of those for aliphatic C-H ones, concomitant with the advent
and increase of a shoulder-like peak around 1,700 cm_1 due to cyclic C=0. These shoulders are
assigned to the free ketones in hydronaphthyridine rings and the conjugated ketones in
acridone rings, resulting from the oxygen uptake reaction [40]. Peaks around 1,590 and 1,620
cm'1 corresponds to C=N, C=C, N=H mixed in-plane bending of the ladder frame, and the band
at 810 cm-1 due to C=C-H (aromatic ring) [41]. The latter may correspond to a side reaction
taking place in the process. With the progression of the stabilization, the magnitudes of the
band at 810 cm'1 from (=C—H) is increased, while that of signal for methylene (CH,) at 1,450

cm ' is decreased [42].
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Figure 3.30 FT-IR spectra of PAN pristine fibers (a) as-spun fibers and after calcination (b) at
400°C, (c) 450°C and, (d) 500°C respectively.
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3.3.3 Flexibility of PAN/ZnO core-sheath fibers

The fibers flexibility is recognized as one of the most important feature in this work. The
carbon core from PAN sustained the flexibility of co-axial fibers after calcination at relatively
high temperature in order to eliminate PVP and form the ZnO crystalline. The expectation of the
final PAN/ZnO co-axial nanofibers should have the flexibility implied by the appearance of

plastic region in stress-strain curve.

3.3.3.1 Effect of calcination temperature on flexibility of fibers

The flexibility of the PAN/ZnO core/sheath nanofibers was investigated by universal
testing machine. It can be seen from Figure 3.31 that mechanical behavior of the products after
calcination at 450°C is somewhat similar to that of the as-spun fibers, i.e., consisting of two
regions starting from linear elastic region and subsequent plastic region. The ductile behavior
shown by the plastic region is the significant indicator for the flexibility of the fibers.
Nevertheless, it should be noted that the yield strength of the calcined fibers is about 18%
lower than that of the as-spun fibers due to the deterioration of PAN by heat. When the
calcination temperature was raised to 500°C, however, the obtained fibers reveal the lack of the
plastic region representing brittle behavior. So the suitable calcination temperature was below

500°C to keep the residual PAN carbon in the flexible form such as ladder structure.
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Figure 3.31 Stress-strain curves of co-axial fibers before calcination (a) and after it had been

calcined at 450°C (b) and at 500°C (c).
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3.3.3.2 Effect of polymer concentration on flexibility of fibers

In this work, the polymer concentrations, both PVP in sheath and PAN in core, were
varied in order to achieve the co-axial structure and flexibility of the fibers. The PVP sheath
concentration was varied five values i.e., 8, 10, 12, 15 and 18 % by weight. PAN core
concentration was varied three values i.e., 8, 10, and 12 % by weight. After being calcination at
450°C, either residual PAN in the core or ZnO crystals including remainder PVP in the sheath,
depending on the varied PVP sheath concentration, affects the flexibility of products. Figure
3.32 shows the stress-strain curves of the products. The dash line shows the behavior of
pristine PAN at 8, 10, and 12%. From the stress-strain curves, it can obviously divide into two
groups; one is below the stress of 10 MPa, the other is above this value. The conditions that
stress higher than 10 MPa were 8%PVP-8%PAN, 8%PVP-10%PAN, 8%PVP-12%PAN,
10%PVP-8%PAN, and 10%PVP-12%PAN. It may be the effect between the viscosity of core
and sheath. At relatively low viscosity of sheath i.e., 8% and 10%, the effect of core was
stronger than sheath. So the performance of curves was near the behavior of the pristine PAN.
Most of the co-axial fibers abide by the former group, which the stress is lower than 10 MPa

(not shown in Figure). The behavior of stress-strain deviated from pristine PAN significantly.
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Figure 3.31 Stress-strain curves of co-axial fibers after it had been calcined at 450°C.
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3.4 Photocatalytic degradation

3.4.1 Photocatalytic activity of PAN/TiO, core-sheath fibers

As mentioned earlier, the photocatalytic activity of the synthesize products was
preliminarily evaluated by the degradation of methylene blue (MB) solution. For the products
with high activity, they will be further used for degradation of highly stable toxic compound, i.e.,
diuron [3-(3,4-dichlorophenyl)-1,1-dimethyl urea]. Unfortunately, the PAN/TiO, core-sheath
fibers do not show significant photocatalytic activity toward the degradation of MB, as shown in

Table 3.2.

Table 3.2 MB degradation percentage after 3-h reaction using various kinds of TiO, catalysts

Catalyst % degradation
PAN/TiO, core-sheath fibers 1.79
TiO, fibers derived from sheath solution 33.55
Commercial P25 TiO, powder 53.22

It should be noted that all fibers were calcined at 500°C to ensure complete removal of
PVP from sheath part of the fibers, although it was found from XRD characterization that the
content of rutile in TiO, formed would increase. Despite the fact that anatase phase, which is
the photoactive phase of TiO, is still present on the fibers, its photocatalytic activity was
inhibited. The inhibiting effect should be the result of the structure of the core-sheath fiber itself,
because the TiO, fibers that were derived from the same sheath solution and were subjected to
the same calcination process showed much higher activity (although the activity was not as
high as that of the commercial TiO, powder). Many attempts were tried to adjust the core-
sheath structure so that the photocatalytic activity of the PAN/TiO, could be improved, but all
attempt failed, as shown in the results in Table 3.3. It should be noted that the ranges of the
parameters investigated were limited by the desired structure of the fibers to be core-sheath

fibers.
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Table 3.3 MB degradation percentage after 3-h reaction using PAN/TiO, core-sheath fibers

derived from various recipe. DMF was used as the solvent for sheath solution.

Varied parameter Condition % degradation

PVP concentration 10 Y%wt. 1.11
11.5 %wt. 2.35

13 %wt. 0

TTIP concentration 11 %wt. 0
15.5 %wt. 2.35
20 %wt. 2.94

Aging time 0 min 0
15 min 2.35

30 min 0

Applied potential 22 kV 0
24 kV 2.35

26 kV 0

Since the calcination temperature used (i.e., 500°C) was high enough to remove all
PVP from the sheath of the fibers, it was speculated that PAN in the core of the fibers might
diffuse into the sheath part of the fibers and cover TiO, crystal, hence hindering the activity of
the TiO,. To prevent the diffusion of PAN to the sheath, the solvent of the sheath was changed
from DMF to ethanol. Ethanol could prevent PAN diffusion because PAN does not dissolve in
ethanol. Then, various parameters were varied again to obtain the PAN/TiO, core-sheath
nanofibers. Their photocatalytic activities are reported in Table 3.4. The results reject the
hypothesis because insignificant improvement in the photocatalytic activity was achieved even
after the prevention of PAN diffusion to the sheath of the fibers. Further investigation to reveal

the reason for such low photocatalytic activity failed.
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Table 3.4 MB degradation percentage after 3-h reaction using PAN/TiO, core-sheath fibers

derived from various recipe. Ethanol was used as the solvent for sheath solution.

Varied parameter Condition % degradation

PVP concentration 10 Y%wt. 0
11.5 %wt. 1.79
13 %wt. 6.75

TTIP concentration 11 %wt. 0
15.5 %wt. 1.79

20 %wt. 0
Aging time 0 min 6.12
15 min 1.79

30 min 0

Applied potential 22 kV 0
24 kV 1.79

26 kV 0

Due to negligible photocatalytic activity of the PAN/TiO, core-sheath fibers, it was
unethical to publish the results of the research in the fabrication part knowing that the PAN/TiO,

products do not have photocatalytic activity.

3.4.2 Photocatalytic activity of PAN/ZnO core-sheath fibers

The photocatalytic activity of PAN/ZnO core-sheath fibers was investigated in the same
manner as that for PAN/TiO, core-sheath fibers. At first, the PAN/ZnO products that were
calcined at 450°C were tested. Their activity was compared with the ZnO powder derived from
the sheath solution and with the commercial ZnO powder. The results are shown in Figure.

3.32.
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Figure 3.32 Photocatalytic degradation of MB using PAN/ZnO nanofibers, ZnO power and

commercial ZnO powder.

Although the activity of the synthesized ZnO is lower than that of the commercial ZnO,
substantial activity was observed, unlike in the case of PAN/TiO,. The study of degradation
kinetics revealed that the reaction follows the pseudo-first order kinetic model in similar manner
as that on ZnO nanoparticles. The kinetic parameters obtained are shown in Table 3.5. It
should also be noted that the activity of the core-sheath fibers is roughly the same as that of
the ZnO powder derived from the sheath solution. The slight decrease in the activity of the
PAN/ZnO fibers may be the result from the loss of the surface area of ZnO crystals, which

adhere to the PAN core. Several attempts were done to improve their activity.
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Table 3.5 Pseudo-first order kinetic parameter for MB degradation using various kinds of ZnO

catalysts.
Catalyst k (h-1) R2
PAN/ZnO core-sheath fibers 0.218 0.960
ZnO powder derived from sheath solution 0.283 0.976
Commercial ZnO powder 1.462 0.999

3.4.2.1 Effect of calcination temperature

The effect of calcination temperature on the photocatalytic activity is an important
parameter to be studied. Calcination at higher temperature induces growth of crystallite and
also eliminates some contaminants which often decrease photocatalytic activity.

The MB degradation activity of the PAN/ZnO products calcined at various temperatures
is shown in Figure 3.33. It should be noted that the calcination temperature lower than 300°C is
not high enough to convert amorphous ZnO to crystalline ZnO. The rate constant for the

catalyst calcined at 400, 450, and 500°C is 0.122, 0.218, and 0.508 h'1, respectively.
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Figure 3.33 Photocatalytic degradation of MB using PAN/ZnO nanofibers calcined at various

temperatures.
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The crystalline phase of ZnO is an important factor influencing its photocatalytic activity.
According to XRD results, the ZnO crystals in wurtzite phase, which is the photactive phase,
are detected in the co-axial products after being calcined at temperature higher than 400°C.
However, the crystallite size is increase with the increase in calcination temperature. The
crystallite size of the ZnO phase calculated by the Debye-Scherrer was found to be 13.1 and
20.8 nm for calcination at 400 and 450°C, respectively. Nevertheless, regarding the effect of the
calcination temperature for ZnO, which naturally has low surface area, the loss in surface area
by the growth in crystal size is outweighed by the increase in crystallinity. Hence, high

calcination temperature is preferred, but it is limited by the thermal decomposition of PAN core.

3.4.2.2 Effect of aging time

ZnO in the sheath was prepared by sol-gel method. The effect of sol aging time was
investigated. In this study, it was serendipitously found that sol aging time of 7 days could be
fabricated into the co-axial fibers and yielded the high photocatalytic activity rather than the one
that was not aged. Figure 3.34, shows the degradation of MB using PAN/ZnO products that

were aged for different aging time, i.e., no aging, 4, and 7 days.

12

08 4

04 4

02 4

T T T T T 1

Time (hours)

O no aging —#— 4 days -7 days

Figure 3.34 Effect of ZnO aging time on MB degradation.
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The prolonged aging time results in higher crystallinity of the ZnO particles in the

PAN/ZnO core-sheath fibers, as shown by the XRD analysis in Figure 3.35.
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Figure 3.35 XRD patterns of the ZnO/PAN co-axial fibers calcination at 450°C for aging time of

(a) no aging, (b) 7 days.

Despite the investigation of various factors, the attempt to increase the photocatalytic

activity of the PAN/ZnO core-sheath fibers to be in the same order as the commercial ZnO

powder failed. The rate constants from the PAN/ZnO fibers are still one order of magnitude

smaller than that of the regular ZnO particles. Again, it was unethical to withhold the fact in the

publication that the product is far worse than the commercially available catalyst. Hence,

although novel form of the product could be fabricated, the results could not be published.
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3.4.3 Photocatalytic degradation of diuron on TiO, and ZnO particles

3.4.3.1 Degradation kinetics

At the same time, while the PAN/TiO, and PAN/ZnO fibers were tested for their
photocatalytic activity, the TiO, and ZnO particles derived from the sheath solutions were tested
for their activities as well. Not only that there were tested for MB degradation (as shown in the
previous sections), but they were also tested for diuron degradation. The physical properties of

the TiO, and ZnO particles are shown in Table 3.6.

Table 3.6 Properties of TiO, and ZnO particles derived from sheath solutions. Both compounds

were calcined at 500°C for 2 h.

Properties TiO, ZnO
Phase Anatase & rultile Wurtzite
Crystallite size (nm) 14 104
Specific surface area (m2/g) 36 4
Type of N, adsorption isotherm Type IV Type Il
Band gap (eV) 3.1 3.1

Conventionally, it has been reported that the photocatalytic system produces hydroxyl
radical during the reaction. The radical is a strong oxidizing agent that reacts with diuron and
causes degradation toward its mineralization. In this work, the photodegradation of diuron
aqueous solution was conducted in a pyrex reactor. The content of the photocatalyst was kept
at 1 mg of the catalyst per 10 ml of the solution (initial diuron concentration of 10 ppm). The
photodegradation of diuron solution using zinc oxide or titania as a catalyst was achieved within
6 hours of UV irradiation. The experiments under UV-light without catalyst, confirmed the
absence of photolysis of diuron. It can be inferred that there is no appreciable degradation
when the aqueous solution is irradiated in the absence of titania or zinc oxide. The degradation
of diuron is less than 5% after 6 hours of irradiation without the catalyst, which is similar to the
result reported for self-degradation in the dark at room temperature indicating that hydrolysis of
diuron can be neglected [43].

Figure 3.36 shows the disappearance of diuron by photocatalytic degradation using
titania and zinc oxide. Both zinc oxide and titania have been known to be capable of producing

of radicals upon the exposure with UV light. It should be noted that high surface area of titania
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is expected to facilitate greater amount of diuron adsorbed on the surface, leading to higher
rate of degradation, because the band gap energy of both catalysts are the same. However,
comparison of the catalytic activities of zinc oxide and titania, in regard of the decrease in both
diuron concentration and the total organic carbon in the solution, clearly indicates the difference
in the degradation efficiency. It was found that the synthesized zinc oxide has higher
performance in degrading and mineralization of diuron than titania, regardless of much lower
surface area. This observation implies that the degradation via oxidation of hydroxyl radicals
generated from the photocatalyst is much more complicated than expected. The catalyst itself
should play a role in degradation rather than being a source of the hydroxyl radicals. Detailed

study is needed.
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Figure 3.36 Concentration of diuron with respect to initial diuron concentration during

photocatalytic degradation on TiO, and on ZnO.

Regardless of the difference in the rate of degradation on different catalyst, the
degradation on both catalysts still follows the pseudo-first order kinetic model. The fitted kinetic
parameters are shown in Table 3.7. It should be noted that the R2 for the fitting for the
degradation of titania is significantly lower than that on zinc oxide. Hence, the mechanisms for

the degradation on both catalysts are suggested to be different.
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Table 3.7 Comparison of the pseudo-first order kinetic parameter for diuron degradation on TiO,

and on ZnO particles derived from sheath solutions.

Catalyst k (min’) R’
TiO, powder 0.0010 0.7783
ZnO powder 0.0067 0.9935

3.4.3.2 Degradation intermediates

During the photocatalytic reaction, radicals formed from the photocatalysts react with
diuron to generate the intermediates. Structure of functional groups attaching to aromatic ring of
diuron is mainly responsible for the structure of the intermediates formed. Diuron clearly offers
two sites for the reaction, i.e. the aromatic ring and the aliphatic side chain.

In the preliminary investigation of the intermediates formed during the degradation,
samples collected at different irradiation time were freeze-dried for the purpose of concentrating
the intermediates. These powders were re-suspended in a solution consisting of 70%
acetronitrile and 30% water and injected into LC/MS. Table 3.8 shows comparison of
intermediates appeared in LC/MS spectrum for the degradation of diuron on titania and zinc
oxide, which includes the structure of each unknown intermediates evaluated. Products were

identified based on the molecular ion and mass spectrometric fragmentation peak.

Table 3.8 Possible intermediates generated from photodegradation of diuron on TiO, and ZnO.

Compound Possible structure(s) TiO, Zn0O
1 X Yes Yes
Cl & NH X0
‘ X 0
= NH/Li\'lH
CH,
2 c NS Yes Yes
Cl & NH>
Cl
3 ‘ . Yes Yes
Cl 4 OH
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Table 3.8 (continued)

Compound Possible structure(s TiO, ZnO
4 /O\ CH, No Yes
(:| NH
5 D\ Yes No
_CH
cl 2 Tl
6 al OH Yes No
cl = NH,
7 Cm Yes No
0
i
Cl = N//
8 @ | RN Yes No
Cl = NH X0
9 < R No Yes
| o
cl NN
[l
0}
10 NS 0 0 Yes No
NN i\|I/L0H
CH3
Cl
11 \I/\j\ j\ Yes Yes
o N NH cHs
12 C'\/\ o Yes Yes
a” \/J\NHJ-LNHQ
13 OH Yes No
HO
j@/L [
I
HO = NH/J\I\|I/ 2
CH3
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Table 3.8 (continued)

Compound Possible structure(s TiO, ZnO
14 Yes Yes
H/J\N/

/ICL 0
cl Z NHJ\N/\OH
CH
15 0 Yes Yes
16 Yes Yes
.
17 No Yes
0
P JJ\
;CL °
cl Z NHJLNH/\OH
18 o S 0 Yes Yes
cl Z SN fr/\\xo
CH,
Ci
19 R 0 Yes Yes
cl Z Ny T/\OH
CH,
OH
cl
m 0
1 o
cl Z SNH l\l.l/ 2
CH,
Cl
‘ e 0 0
cl Z NHJLNH/J\OH




Table 3.8 (continued)

Compound Possible structure(s TiO, ZnO
20 :ICL No Yes
N HJ\ /Lo H
OH
Cl
m I
cl Z NN HJ\ I'TI X
Hy
21 OH No Yes
cl
‘ o)
Cl Z ) l-)\hll - NoH
CH 3
cl
cl Z Ny 1}\1}1 )\o H
CH 3
HO
22 = 0 OH No Yes
NH,J-L TAT/N H A O
X
OH 0 L\///’ oH

Comparison of the intermediates formed from the reaction using different photocatalysts,

i.e., titanium dioxide and zinc oxide, reveals common intermediates as well as different

intermediates. As many of the intermediates listed in the Table 3.8 are common with those
reported in other researches, it confirms that the main degradation pathway of diuron using zinc
oxide and titanium dioxide follows the mechanisms previously proposed. They included
hydroxylation of the aromatic ring and of the side chain, dehalogenation or dechlorination of the
aromatic ring, demethylation, and condensation. However, it was postulated that different type
of catalyst has different surface properties, which affect the interaction between diuron and the
catalyst surface. The dissimilarity in the degradation mechanism arises from the difference in

interaction between the catalyst surface and the adsorbed diuron. Nevertheless, it was difficult

to compare different surfaces from different catalysts. Hence, further investigation was
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conducted using the same catalyst that was synthesized in different manner to result in different

exposing surfaces.

3.4.4 Photocatalytic degradation of diuron on different surfaces of ZnO

According to the hypothesis stated in the previous section, zinc oxide was chosen as
the catalyst for further investigation because it can be synthesized with control of the
dominating surface on the particles. A hexagonal crystal of wurtzite ZnO consists of two main

sets of surfaces: (i) zinc-terminated (0001) and oxygen-terminated (gpp-1) polar surfaces

located at the top and bottom planes of the crystal, and (ii) mixed-terminated (10-10) nonpolar
surfaces as the side planes. Herein, the adsorption and photocatalytic degradation of diuron on
two different types of ZnO particles, i.e., conventional hexagonal ZnO particles with polar
surfaces as the dominating planes, and ZnO nanorods with the mixed-terminated surfaces,

were systematically studied.

3.4.4.1 Synthesis of ZnO with different morphologies

Conventional ZnO powder was synthesized via the sol-gel technique. The procedure
was an adaptation from the previous report [11]. A mixture containing ethanol, diethanolamine,
hydrochloric acid, and deionized water in amounts of 5, 1.58, 0.18, and 0.25 mL, respectively,
was slowly dropped into a solution of zinc acetate (3.29 g) in 20 mL of deionized water. The
mixture was stirred for 2 h and was aged without stirring for 24 h. After being dried at 80°C
overnight, the mixture transformed into a gel. The gel was aged further for 3 days before being
calcined at 500°C for 2 h to obtain ZnO powder.

In contrast, ZnO nanorods were synthesized via the hydrothermal method modified from
that the previous report [44]. A precursor solution was prepared from 1.1 g of zinc acetate in 4
mL of deionized water and 6 mL of 8 M sodium hydroxide aqueous solution. Then, 2 mL of the
precursor solution was mixed with 5 mL of polyethylene glycol and 20 mL of ethanol. The
mixture was heated at 140°C for 1 h under autogenous pressure in a Teflon-lined autoclave.
The precipitate was washed with ethanol and deionized water before being dried at 60°C
overnight.

Micrographs shown in Figure 3.37 indicate that ZnO synthesized by both techniques are
significantly different in particle size and morphology. The product from the sol-gel technique is

micron-sized particles with low aspect ratio. The hexagonal plane, which is either (0001) or
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(000-1) plane, can be obviously seen in Figure 3.37a. On the other hand, the product from the
hydrothermal process (Figure 3.37b) is high-aspect ratio hexagonal nanorods with average
length in the range of 200-400 nm. The results from selected area electron diffraction (shown
as insets in Figure 3.37) and X-ray diffraction analysis (Figure 3.38) suggest that both catalysts
are single crystals of ZnO in wurtzite phase. Therefore, comparing between these catalysts, the
nanorods expose more mixed-terminated (10-10) nonpolar surface and less polar surfaces (i.e.,
(0001) and (000-1)) than the conventional particles. This is consistent with the difference in
zeta-potential, i.e., -14 mV for the nanorods versus -30 mV for the conventional particles,
measured in deionized water, using Zetasizer (Nanoseries S4700). The optical band gaps of
these catalysts, measured using Tauc plot, are about the same at 3.1 eV. Lastly, the specific
surface area of the conventional particles and the nanorods measured by nitrogen adsorption
via Brunauer-Emmett-Teller is 1.4 and 17 m2/g, respectively. The nitrogen adsorption isotherms

of both catalysts (Figure 3.39) are Type lll, which indicates that they are non-porous.

Figure 3.37 SEM micrograph, HR-TEM micrograph and SAED pattern of ZnO synthesized by

(a) sol-gel and (b) hydrothermal techniques.
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Figure 3.38 X-ray diffraction patterns of (a) conventional ZnO particles synthesized by the sol-

gel technique and (b) ZnO nanorods synthesized by the hydrothermal method.
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Figure 3.39 Nitrogen adsorption/desorption isotherms of conventional ZnO particles and ZnO

nanorods.
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3.4.4.2 Adsorption of diuron on ZnO with different morphologies

Adsorption experiments were performed by immersing the catalyst into the diuron

solution with predetermined concentration, of which the temperature was controlled to be 25 *
2°C. The catalyst content was 10 mg/10 mL of the solution. The system was kept in the dark.
After 6 h, which was experimentally determined to be sufficient to reach adsorption equilibrium,
the concentration of the solution was determined by reverse-phase high-performance liquid
chromatography (HPLC)

Experimental data for the adsorption of diuron on both types of ZnO catalyst are shown
in Figure 3.40. The Freundlich model, which has previously been shown valid for the adsorption
of some organic compounds on solid surfaces, was found to represent the adsorption data well,
while the Langmuir adsorption model failed to fit the experimental data. The fitted Freundlich
parameters are presented in Table 3.9. The value of the Freundlich parameter relating to
adsorption intensity (1/n) show that diuron adsorbs on both catalysts by physical adsorption
[45]. The adsorption intensities show unambiguously that diuron adsorbs more strongly on the

conventional ZnO particles than on the ZnO nanorods.

o 2

7 ] -

—;‘ - mDiuron on conventional particles

8 I

B 1.6 F

20 [ ODiuron on nanorods

) I

E 127¢

= i

0 =

T 08|

2 I

< i

ﬂ -

= 04 F

- -

= [

= i

< 0 ,
0 25

Equilibrium concentration (mg/L)

Figure 3.40 Adsorption isotherms of diuron on conventional ZnO particles and on ZnO

nanorods. The lines represent fitted Freundlich adsorption isotherms.
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Table 3.9 Fitted parameters for Freundlich adsorption model for diuron adsorption on ZnO

particles and ZnO nanorods.

Parameter Conventional ZnO ZnO nanorods
KL mg" " Igzmo] 0.082 0.028
1/n 0.959 0.815
R2 for parameter fitting 0.992 0.963
R2 for model fitting 0.986 0.947

Figure 3.40 clearly illustrates that greater amounts of diuron was adsorbed on the
conventional ZnO particles than on the ZnO nanorods, even though the surface area of the
former is one order of magnitude lower than the latter, which might be expected to produce the
opposite result. The fitted parameter relating to adsorption capacity (K;) for adsorption on the
conventional ZnO particles is about twice the value for the nanorods.

To further understand the adsorption of diuron onto various surfaces of ZnO, molecular
calculations were performed using density functional theory in the Dmol3 program in the
Materials Studio 6.0 package. Each simulation modeled one molecule of diuron on 1 layer of a
(6 unit cell x 6 unit cell) ZnO surface. The generalized gradient approximation (GGA) with the
Perdew-Wang 1991 (PW91) function was used. A set of polarization functions (DNP) was set
up as the basis set with the cutoff radius of 4.4 A. The electron basis set was used for all

elements except Zn, which was treated by an effective core potential. The maximum energy
change, the maximum force, and the maximum displacement were set at 1><10'5 hartree,

2X10° hartree/A, and 5X10° A, respectively. The effect of water as solvent was incorporated
in the simulation via conductor-like screening model (COSMO). The adsorption energy on the
surface was calculated as the difference between the energies of the system before and after
adsorption.

For each surface, several initial positions and orientations of the adsorbate molecule
were tested to obtain the most stable adsorption configuration. The associated adsorption
energy for each case is shown in Table 3.10, while the optimized molecular configurations for
the adsorption of diuron on the surfaces are shown in Figures 3.41. The calculated energies
support the experimental finding that adsorption on the mixed-terminated nonpolar surface of

ZnO is less favorable than that on polar surfaces.
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Figure 3.41 The optimized models for adsorption of diuron on: (a) mixed-terminated (10-10)
surface, (b) zinc-terminated (0001) surface, and (c) oxygen-terminated (000-1) surface, where

the distances between adsorbed diuron and ZnO-surface atoms are given in A.

Table 3.10 Calculated adsorption energy for adsorption of diuron on each surface of ZnO.

Surface Adsorption energy (kcal/mol)
Mixed-terminated -31.89
Zinc-terminated -38.17
Oxygen-terminated -42.86

According to the adsorption configurations in Figure 3.41, the observation that
negatively charged part of the molecule, such as methoxy oxygen of diuron, approaches
positively charged atom on the surface (i.e., zinc atom), while chlorine atoms are repelled by
negatively charged surface atom (i.e., oxygen atom) suggested that the interactions between
diuron and the surfaces of ZnO are electrostatic. For diuron, electrons in the aliphatic part of
the molecule are localized at the oxygen and nitrogen atoms. The aromatic part is relatively
electron-rich, i.e., with electron density delocalized in the ring and localized around chlorine
atoms.

According to the simulation of adsorption on the mixed-terminated surface of ZnO
(Figure 3.41a), diuron adopts a bent conformation so that the most negatively charged part of
the molecule, i.e., the amide oxygen and nitrogen attached to the aromatic ring, can approach

A 65



positively charged zinc atoms on the surface at distances of 2.2 and 2.6 A, respectively. At the

same time, the hydrogen atoms in both methyl groups are attracted by the oxygen atoms of

ZnO at distances of 2.4 A. This C—H--O interaction is considered as a weak hydrogen bond
[46]. Being restricted by the size of the molecule, the two chlorine atoms on the aromatic end of
diuron are located near oxygen atoms on the surface and thereby are repelled from the
surface.

On the zinc-terminated surface (Figure 3.41b), diuron adsorbs in planar configuration,
i.e., the aromatic ring is parallel to the surface. Because the surface is uniformly composed of
positively charged zinc atoms, both ends of diuron molecule, which are electron-rich, are
attracted to the surface simultaneously. However, the aliphatic chain of diuron is twisted such
that the methoxy oxygen tilts toward the surface while both methyl groups are repelled away
from the surface. The distance between the oxygen atom in diuron and the closest zinc atom
on the surface is 2.2 A, which is approximately the same as the corresponding distance for
adsorption on the mixed-terminated surface. The energy of adsorption on the zinc-terminated
surface is significantly higher than that on the mixed-terminated surface (by c.a. 6.3.6 kcal/mol),
which is consistent with reports that polar surfaces have higher surface energy than nonpolar
surfaces [47].

On the oxygen-terminated surface, diuron tilts almost perpendicularly so that the
electron-rich amide oxygen moves away from the negatively charged oxygen on the surface,
while positively charged hydrogen atoms turn toward the surface. The repulsion between the

surface and the delocalized electrons in the aromatic ring is also minimized. Tilting allows

hydrogen atoms in the methyl group and the aromatic ring to form C—H---O interactions with
the surface, which are stronger than the conventional attraction between opposite charges [46].
Hence, the adsorption energy on the oxygen-terminated surface (-42.86 kcal/mol) is much more
negative (i.e., more favorable) than that on the zinc-terminated surface (-38.17 kcal/mol).

If the atom on the surface that is closest to the adsorbate molecule is defined as the
adsorption site, Figures 3.41 shows that, on the mixed-terminated surface, zinc is the
adsorption site for diuron. In the other words, only half of the surface atoms of the mixed-
terminated surface are sites for stable adsorption. On the other hand, for the polar surfaces, all
atoms can serve as adsorption sites. Furthermore, the adsorbate molecules that are already
adsorbed on the surface will exert steric effects hindering adsorption on nearby sites. This
steric effect will more severely reduce the adsorption capacity on the mixed-terminated surface,
where not all atoms are potential adsorption sites. These factors contribute to the result that the

adsorption capacity on the conventional ZnO particles is much higher than that on the
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nanorods. Last, the simulation results confirm the experimental finding that the adsorption of
diuron on any surface of ZnO is still physical in nature because the distances between the
adsorbate molecules and the adsorption sites are too long to be considered as chemical bonds

[48].

3.4.4.3 Photocatalytic degradation kinetics

In this part, since it is desired to verify the actual intermediates formed during the
degradation so that the degradation pathway could be correctly identified, the photocatalytic
degradation was studied in a microreactor because the residence time within the reactor could
be easily controlled. The microreactor was fabricated in a plate-like manner. A piece of glass
that had been coated by 6.8 mg of the catalyst via spin-coating was assembled with another

piece of glass into which inlet and outlet streams had been drilled. A Teflon sheet with a 0.8 cm
X 4.8 cm opening was placed between the pieces of glass, forming a channel. The height of

the channel was determined by the thickness of the Teflon sheet (250 LLm). The microreactor
assembly was then mounted in a stainless-steel housing.

A 10 ppm aqueous solution of diuron was constantly supplied into the microreactor via
a syringe pump for 1 h prior to the irradiation to ensure complete adsorption of the compound
undergoing degradation onto the catalyst. Then, the reactor was irradiated with light from a 40-
W mercury lamp (Philips F40T12/BL), with an emission spectrum in the wavelength range of

350-410 nm, to initiate the reaction. The power flux at the location of the reactor was found to

be 3.18 X 10'6 W/cmz, measured by an ILT1700 Research Radiometer (International Light
Technologies) with SED005 GaAsP UV detector. The flowrate was controlled to correspond to
the desired residence time in the range of 1-15 min. The concentration of the compound
undergoing degradation was monitored at the outlet by HPLC. After reaching a steady state, a
sample was collected for identification of the intermediates via liquid chromatography equipped
with tandem mass spectroscopy (LC-MS/MS, Thermo Finnigan, LCQ Advantage). The
experiments were repeated three times. It should be noted that, according to a preliminary test
using inductively coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer
Optima7000DV), less than 0.5% of the catalyst detached from the reactor throughout the whole
period of the experiment.

The photocatalytic oxidation of an organic compound adsorbed on a catalyst can in
principle take place either via direct oxidation by photogenerated holes or indirect oxidation by

generated radicals (e.g., hydroxyl radicals). It has been generally known that photogenerated
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holes (h ) play an important role in degradation of organic compounds [49]. However, the holes
are likely to react with plentiful surrounding water molecules to form hydroxyl radicals. More
importantly, it has been reported that chemisorption is a prerequisite for direct oxidation while
physisorption is favorable for indirect oxidation [50]. Because it was shown in the previous
section, via both the experimental and calculated results, that diuron attaches to conventional
ZnO particles and ZnO nanorods via physical adsorption, it is suggested that the photocatalytic
degradation in this work occurs via indirect oxidation. Since photocatalyst is stimulated under
UV light, photogenerated electrons will enter excited state and leave positive holes on valence
band. These holes then transfer to the surface of catalyst and react with water to produce
hydroxyl radicals. Hydroxyl radicals are strong oxidizing agent which have high capability to
attack pollutant molecule causing CO, and H,O as the terminal products [49]. Although the
radicals can in principle diffuse into the bulk liquid and react with the pollutant there, this
homogeneous reaction is considered negligible compared with oxidation on the surface [6].

The results for the photocatalytic degradation of diuron using the two different ZnO
catalysts are shown in Figure 3.42. After 15 minutes of residence time, concentration of diuron
in the solution was decreased from 10 ppm to 1.85 and 1.75 ppm when the conventional ZnO
particles and ZnO nanorods was used as the catalyst, respectively. The experimental data
obtained at several residence times are used to fit the steady-state mathematical model of the
degradation. In similar manner as MB degradation, the degradation rate of diuron on zinc oxide
can be described by a pseudo-first order kinetics. The fitted models are shown as lines in
Figure 3.42 and the fitted parameters are shown in Table 3.11. The reaction rate constants
obtained are in the same range as reported in literature [51], although the intensity of the light
used in this work is approximately three orders of magnitude lower. This is one of the

advantages of a microreactor.
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Figure 3.42 Photocatalytic degradation of diuron using conventional ZnO particles (diamonds)
and ZnO nanorods (squares). The marks show experimental data, while the lines represent
values calculated by the pseudo-first order kinetic model. The error bars are intentionally shifted

for clarity of the plot.

Table 3.11 Fitted kinetic parameters for photocatalytic degradation of diuron on ZnO with

different morphologies

Catalyst k (min") R’
ZnO powder 0.141 0.949
ZnO nanorods 0.139 0.940

The diuron degradation kinetics are not significantly different between the two catalysts,
even though the experimental adsorption results showed that the adsorption capacity of diuron
on the conventional particles was about 4 times larger than that on the nanorods. Because the
surface area of the nanorods is one order of magnitude larger than that of the conventional
particles, diuron molecules on the surface of the nanorods are expected to be much more
dispersed than those on the conventional particles. This lowers probability for diuron on the
nanorods to be attacked by the hydroxyl radicals. On the other hand, considering the

adsorption configuration, the aliphatic side of diuron adsorbs onto the mixed-terminated surface

A% 69



of the nanorods, while the aromatic part is repelled away from the surface. Hence, the oxidation
of diuron by a hydroxyl radical should occur at the aliphatic moiety. This is supported by the
structures of diuron degradation intermediates that show sign of oxidation only on their aliphatic
moiety (more detail in the next section). For the polar surfaces, however, the hydroxyl radical
can attack the molecule of diuron on either the aliphatic or aromatic side because both sides
adsorb onto the surfaces at the same time. Because the aromatic ring is much more stable
than the aliphatic part of the molecule, as witnessed from the widely reported observation that
ring-opening is the last step of the degradation pathway [52], the attack on the aromatic side is
not as effective toward the degradation of diuron as that on the aliphatic side. The actual rate of
diuron degradation on the surface of the conventional particles is therefore slower than on the

nanorods.

3.4.4.4 Photocatalytic degradation intermediates

The outlet stream from the reactor was collected and analyzed by LC-MS/MS to
determine the structures of the diuron degradation products. Figures 3.43 and 3.44 report the
major intermediates detected at different residence time when the ZnO nanorods and the
conventional particles were used as the catalyst, respectively. The use of a microreactor, i.e., a
continuous flow reactor, allows better identification of the sequence of intermediates formation
than the experiment in a batch reactor. Within 15 minutes of residence time, the total of 8
reaction intermediates are formed on the ZnO nanorods, while 11 intermediates are generated
from the diuron degradation on the conventional ZnO particles. The intermediates formed on
these two catalysts are markedly different. Only 5 intermediates are common intermediates.
Comparing with the intermediates reported in the previous work on the photocatalytic
degradation of diuron on ZnO [53], 11 new intermediates were identified in this work. The
pathways are inferred from the molecular structures of the intermediates. No intermediate was
detected from the photolysis of diuron in the absence of a catalyst, because the extent of
degradation was very low, i.e., C,,/C;, was equal to only 0.98 even after a residence time of 15
min. In the presence of catalysts, intermediates were detected in the experiments with
residence time of at least 1 min (but not with shorter residence time). It is therefore assumed
that the intermediates detected at the residence time of 1 min were derived from photocatalytic
diuron degradation. The concentrations of the detected intermediates could not be measured
because of the lack of commercial standard reference compounds. However, all of the

intermediates reported in Figure 3.43 and 3.44 were assumed to have concentrations on the
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same order of magnitude because their corresponding chromatographic peak heights were

similar. All paths shown are therefore major degradation pathways of diuron.
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Figure 3.43 Structures of diuron degradation intermediates identified by LC-MS/MS and

proposed degradation pathway of diuron catalyzed by ZnO nanorods.
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Figure 3.44 Structures of diuron degradation intermediates identified by LC-MS/MS and

proposed degradation pathway of diuron catalyzed by conventional ZnO particles.
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For the degradation on the ZnO nanorods, the first set of intermediates, i.e., C1 and C2,
are formed by hydroxylation and demethylation at the methyl group, respectively. Interestingly,
these reactions take place at the aliphatic moiety of diuron, which is the part of the molecule
adsorbed on the mixed-terminated surface of the nanorods. Nevertheless, the methoxy oxygen,
which is the closest part of the adsorbed diuron to the surface, is not attacked by the hydroxyl
radical. An attack by hydroxyl radicals involves two steps, i.e., initiation and termination. In the
initiation step, a hydroxyl radical transfers its radical character to a part of the adsorbate
molecule. Then, the adsorbate radical combines with another hydroxyl radical in the termination
step. It has been reported that the initiated adsorbate radical is more stable and more likely to
proceed to the termination step when the attack of the hydroxyl radical takes place on either an
atom with low electronegativity, such as carbon or hydrogen, or an atom attached to an atom
with lone-pair electrons [54]. Therefore, for diuron, the attack on the methyl group would
produce a more stable adsorbate radical than that on the methoxy oxygen; hence the formation
of C1 and C2. It should be noted that there is no sign of an attack by the hydroxyl radical on
the aromatic side of diuron within short residence time because the aromatic ring is lifted away
from the surface by the repulsion between chlorine atoms on the ring and oxygen atoms on the
surface. The lengthening distance of the ring from the surface lowers the probability of attack
by the hydroxyl radical. However, as the residence time is prolonged, an attack on the aromatic
side is eventually witnessed. The fact that DCA (i.e., C6) was detected only at long residence
time discourages the suggestion from the previous report, which was conducted in a batch
reactor, that DCA could be formed via direct hydrolysis of diuron or C2 [53].

Despite the similar conversion rates, the degradation pathway on the conventional ZnO
particles is markedly different from that on the nanorods. We propose that the difference in
pathways is caused by the adsorption configurations of diuron onto the surfaces. As previously
discussed, diuron adsorbs in a planar configuration on the zinc-terminated surface, while it
turns perpendicularly to the oxygen-terminated surface. Both of these give rise to equal
probabilities of attack by the hydroxyl radicals on either the aliphatic or aromatic parts of diuron,
hence the formation of both C1 and C11. Intermediates resulting from diuron being attacked on
both sides of the molecule simultaneously, i.e., C9 and C10, were also observed during the
degradation experiment even within short residence time. By the nature of physical adsorption,
these intermediates can easily desorb from the surface. Nevertheless, as the residence time is
prolonged, the intermediates re-adsorb and undergo further degradation until mineralization is
achieved [55]. The structure of the subsequent intermediates should therefore depend on the

adsorption characteristics of the products from the prior step in the pathway. It should also be
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noted that, although the presence of the intermediates may not interfere with diuron adsorption
within short residence time because of low concentration of the intermediates due to low
conversion of diuron, the accumulated amount of the intermediates would compete with diuron
adsorption and may exert interfering effect toward diuron adsorption configuration. Further

detailed study is needed.

4. Conclusions

Flexible nanofibers of TiO, and ZnO could be fabricated by introducing PAN core. The
process involves a formation of core-sheath structure via coaxial electrospinning, in which PAN
solution is the core and a mixture of sol-gel derived TiO, or ZnO and another polymer (e.g.
PVP) is the sheath. After proper calcination to simultaneously convert the gel into either TiO, or
ZnO and remove the sheath polymer, the PAN/TiO, or PAN/ZnO nanofibers could be formed.
Many parameters, including viscosities of both solutions, polymer concentration, applied
potential for electrospinning, and calcination temperature, limit the operating windows to product
flexible PAN/TiO, or PAN/ZnO nanofibers. However, after rigorous testing, although the
presence of the photocatalyst crystals on the nanofibers was confirmed, the photocatalytic
activity of the synthesized products is significantly inferior to the nanoparticles of the same
photocatalyst.

In addition to the fabrication of the flexible nanofibers of photocatalyst, this work has
discovered that the adsorption configuration of molecule being degraded on the surface of the
catalyst greatly affects the characteristics of the reaction, including the adsorption capacity, rate
of degradation on the surface, and the degradation pathway. The exposing surface of the

catalyst is a crucial factor in determining the dominant degradation pathway.
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