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ABSTRACT

The first part of the thesis dealt with the syntheses of titanium dioxide
and M(III)-doped titanium dioxide photocatalysts and studied their antimicrobial
activities. The catalysts were prepared by the sol-gel process at low temperature
(80 °C and 95 "C) without calcination, by varying the reaction conditions, acids, water
content, and M(III) dopants. The characterizations of products were determined by X-
ray Diffraction Spectrometry (XRD), Scanning Electron Microscopy (SEM),
Brunauer-Emmett-Teller (BET), Fourier-Transformed Infrared Spectrometry (FTIR),
Energy-Dispersive X-ray Spectrometry (EDX), and UV-vis Spectroscopy.
Compositions of these samples were mainly an amorphous phase with small amount
of anatase, rutile, or a mixture of anatase and rutile. The crystallite sizes of all
samples were about 5 — 10 nm. The antimicrobial activities of the synthesized TiO,
samples were investigated quantitatively against five strains of bacteria, Escherichia
coli ATCC25922, Psudomonas aeruginosa ATCC27853, Bacillus subtilis BGA,
Staphylococcus aureus ATCC25923, and methicillin-resistant S. aureus (MRSA)
DMST 2054 by agar dilution method. In addition, qualitative inhibitory activities
were carried out with two species of yeasts, Candida albicans ATCC90028 and
Cryptococcus neoformans ATCC90112, by agar dilution method upon the highest
concentration of titania (100 mg/mL) and highest irradiation time (120 min). In case
of bacteria, all the synthesized samples showed inactivation activity with varying
degree of efficiency. Two of them showed much higher activity than Degussa P25
which is the popular commercial photocatalyst. Besides, the prepared titania showed

retarded the growth of yeast favorably with Degussa P25. However, the inhibitory
vi




growth of yeast by the synthesized TiO, samples were greater than commercial

anatase and rutile.

In the second part, the nanosized TiQ, and nano anatase TiQ, (ca. 2
nm) decorated on SiO; sphere core-shell (ca. 300-400 nm) were synthesized by using
sol-gel method at low temperature (60 OC). In the synthesis procedure, the control of
titanium dioxide sol decorated on silicon dioxide sphere was done by varying the
relative weight percentage of TiO; sol grafted on SiO; sphere as 30%, 50%, and 75%
Ti05/Si0,. The synthesized pristine TiO, nanoparticle, TiO, grafted on SiO, sphere
with various ratios have been characterized for their structures and morphologies by
X-ray Diffraction Spectrometry (XRD), X-ray Photoelectron Spectroscopy (XPS),
Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectrometry
(EDX), Transmission Electron Microscopy (TEM), Brunauer-Emmett-Teller (BET),
and Fourier-Transformed Infrared Spectrometry (FT-IR).  The photocatalytic
activities of all nanocomposites were investigated by using methylene blue as a model
dye pollutant. The synthesized TiO»/SiO, particles appeared to be very efficient
toward degradation of methylene blue pollutant as compared to pure TiO, patticles.
Especially, the 50% Ti0,/8i0, powder was a capable photocatalyst in this series to
decolorize methylene blue with an activity about 6 times higher than that of pristine

TiOs.
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Part1

Synthesis and Evaluation of Antimicrobial Activity of Titanium

Dioxide Photocatalysts




CHAPTER 1

INTRODUCTION

1.1 Introduction

An exploration of a new technology is undertaken in the hope that
eventually its practical applications will generate revenue. Yet, interest in some topics
remains high over a period of years despite the absence of profitable commercial
deployment. Heterogeneous photocatalysis is one of this topic which has attracted
great attention as an alternative method for water and air purification processes.
Fundamental and applied research on this subject has been performed extensively
during the last three decades, and this is illustrated by the vast numbers of scientific
and technical publication on this topic. Nowadays, the main goal of research and
development in the area is the use of the technique for air purification and waste water
treatment known as photocatalytic oxidation (PCO) process. This method offer the
advantage of destroying the pollutants, in contrast to conventional techniques such as
activated carbon or air stripping that only transfer the contaminants from one phase to
another. PCO is a room temperature combustion process which involves the use of
UV radiation with titanium dioxide (TiO;) as a photocatalyst. In this way, organic
and inorganic compounds and even microorganisms, are degraded or transformed into
less harmful substances, CO, and H,O (Fujishima, ef al., 1999).

An ideal photocatalyst for photocatalytic oxidation is characterized by
the following attributes (Carp, et. al., 2004);

(a) Photo-stability.
(b) Chemically and biologically inert nature.
(c) Availability and low cost.

(d) Capability to adsorb reactants under efficient photonic activation

(hv > Ep)




Titania is the most widely employed nanomaterial in photocatalytic
processes, although there are several nanomaterials currently considered as
photocatalysts and/or supports for photocatalysis aside from titania. These include
related metal oxides, metal chalcogenides, zeolites (as supports), etc. However,
among these nanomaterials TiO; has proven to be the most suitable for widespread
environmental application because its characteristic in terms of chemical stability,
endurance, thin film transparency, and lower production costs over other similar
photocatalyst (Hoffmann, et al., 1995; Fox and Dulay, 1993). Good catalytic property
is governed by two major opposing physical properties: surface area and crystallinity
of the catalysts. The high surface area helps facilitate adsorption of the target
molecules onto the surface of the catalyst, consequently as the higher number of
molecules are adsorbed the faster the rate of reaction. The high crystallinity helps
prolong the recombination rate of the photoexcited electron and positive hole
resulting in strong reducing of oxidizing power of the catalyst (Ohtani, et al., 1997),
Among the two properties, crystallinity and surface area, one has to decide and
choose one over the other since both cannot be had simultaneously from the syntheses.
It has been reported that the different methods for the syntheses of TiO; result in
products with different structures (anatase or rutile), crystallinity, and contaminants.
Consequently, the surface properties of TiO, strongly depend on the preparation
techniques (Zhang, ef al., 1999; Reddy, ef al., 2001). In preparing oxide materials, the

sol-gel method can provide a number of advantages over conventional methods.

Another important application related to photocatalysis is disinfection.
Well-known disinfection processes like chlorination, UV-irradiation, membrane
filtration, and ozone all have their advantages and disadvantages. The most widely
used disinfection process is chlorination, because of its high disinfection rate, residual
effect, and low cost. However, due to natural organic matter (NOM) found in the
water, disinfection by-products (DBPs) generated may present a health risk (Urbansky
and Magnuson, 2002: Freuze, et. al., 2005). Other frequently used processes are
ozonation and irradiation by germicidal lamps (254 nm), which also have problems
and limitations, such as lack of residual effect (Masschelin, 2002) and generation of

toxic disinfection by-product by ozonation (Huang, et. al., 2005). Therefore, there is




a growing inferest in developing alternative, effective low-cost disinfection
technologies. The photocatalytic disinfection is such a technology. Killing microbial
cells through the use of photoexcited semiconductor powder was first reported by
Matsunaga and his colleague (Matsunaga, er al., 1985). They reports that microbial
cells could be killed by contact with TiO,-Pt catalyst under illumination with near UV
light for 60 to 120 min. Since then, an increasing number of scientific contributions
have developed new materials, supported photocatalysts, photoreactors, and
procedures for both gas and aqueous-phase purification and disinfection. Viruses,
bacteria, fungi, algae, and cancer cells are included in the wide spectrum of organisms

that were inactivated using this technique (Blake, et al., 1999).

In our earlier work (Randorn, e/ al, 2004), we found that the
amorphous form, previously thought rather inactive, with small amount of crystalline
anatase form also showed photocatalytic properties. This amorphous form could be
synthesized by a simple precipitation method to produce TiO,, however, the
subsequent calcination was excluded. Since no calcination was employed, the
product powder was mostly present in an amorphous form with some hydrated water
molecules. Its surface area was also significantly higher than that of commercially

available anatase/tutile or P25 due to its amorphous morphology.

Another previous work was done by Kanna (Kanna and Wongnawa,
2008) showed some good results in photocatalytic activity of mixed titanium dioxide
powders with various dyes. These mixed TiO; powders consist of various amorphous-
anatase-rutile contents were prepared by acid-catalyzed sol-gel method at 80 °C
without calcination. Some of those mixed TiO, powders, with good
photodecolorization of dye, were freshly synthesized and studied their antimicrobial

activities in this work.

This research was focused on the preparation of TiO, powder with
various amorphous-anatase-rutile contents by using sol-gel method under different
acids as hydrolysis catalysts without annealing at high temperature, based on the

above mentioned previous works. As a spin-off from our previous studies involving




dye degradation, the products obtained in this work were investigated for their

antimicrobial activities instead.

1.2 Review of literatures

1.2.1 Titanium dioxide

(1} General background

The semiconductor TiQ; is the most widely studied photocatalyst. The
photosensitizing action of titanium dioxide was first observed in 1929, when as a
pigment used in paint, it was found to be responsible for paint fading. This paint
fading caused from the photodegradation of the polymer organic binder of the paint
by the action of TiO,. However, works toward the development of photocatalytic
theory, using titanium dioxide as a photocatalyst, gained momentum in the late 1960s
(Vohra, et al., 2005).

Titanium dioxide (TiO;) belongs to the family of transition metal
oxides. In the beginning of the 20" century, industrial production started with
titanium dioxide replacing toxic lead oxides as pigments for white paint. At present,
the annual production of TiO; exceeds 4 million tons. It is used as a white pigment in
paints (51% of total production), plastic (19%), and paper (17%), which represent the
major end-use sectors of TiO,. The consumption of TiO; as a pigment increased in
the last few years in a number of minor end-use sectors such as textiles, food (it is
approved in food-contact applications and as food coloring) under a EU legislation on
the safety of the food additives, leather, pharmaceuticals (tablet coatings, toothpastes,
and as a UV absorber in sunscreen cream with high sun protection factors and other
cosmetic products), and various titanate pigments (mixéd oxides such as. ZnTiOs,
Z1TiOy, etc) (Carp, et al., 2004).




(2) Crystal structures and properties

Titanium dioxide exists naturally in three distinct crystallographic
modifications, namely, anatase, rutile, and brookite (Fig. 1). The structures of rutile,
anatase and brookite can be discussed in terms of (TiO¢*) octahedrals. The three
crystal structures differ by the distortion of each octahedral and by the assembly
patterns of the octahedral chains. Anatase can be regarded to be built up from
octahedrals that are connected by their vertices, in rutile the edges are connected, and
in brookite both vertices and edges are connected. Some of the most important bulk

properties of TiO; are given in Table 1.

(a) Anatase (b) Rutile {¢) Brookite

Figure 1. Crystal structures of TiO-: (a) anatase, (b) rutile, and (c) brookite

(Kanna, 2008).




Table 1. Some bulk properties of the three main polymorphs of titanium dioxide

(Carp, ef al., 2004),
Crystal structure System Space group Lattice constants (nm)
a b ¢ c/a
Rutile Tetragonal D" -Py/mmm 04584 - 02053  0.644
Anatase Tetragonal D" -4 famd 03733 - 0937 251
Brookite Rhombohedral DY,-P,/Pbca 0.5436 69166 0.944
Density (kg/m®)
Rutile 4240
Anatase 3830
Brookite 4170
Melting Point (°C)
Rutile 1840£10
Anatase Change to rutile
Brookite Change to rutile

Dielectric properties
Rutile, perpendicular to
optical ¢-axis

Rutile, parallel to optical
c-axis

Rutile, along c-axis

Anatase, average

Refractive index
Rutile
Anatase

Brookite

Frequency (Hz)
10°

107
10t

2.9467
2.5688
2,809

Temperature (K)
290-295

290-295

303
298

n,
2.6506

2.6584
2.677

Dielectric constant
86

170

100
55

Nanometric size titania is by far the most widely employed system in

photocatalysis due to its comparatively higher photocatalytic activity, low toxicity,

chemical stability and very low cost. The anatase form of titania is reported to give

the best combination of photoactivity and photostability (Zeltner and Tompkin, 2005).




Nearly all studies have focused on the crystalline forms of titania, namely anatase and
rutile. The minimum band gap energy required for photon to cause photogeneration
of charge carriers over TiO, semiconductor (anatase form) is 3.2 eV corresponding to
a wavelength of 388 nm (Perkowski, ef al., 2006). Practically, TiO, photoactivation
takes place in the range of 300-388 nm. The photoinduced transfer of electrons
occurring with adsorbed species on semiconductor photocatalysts depends on the
band-edge position of the semiconductor and the redox potentials of the adsorbates
(Fujishima, ef al, 2000). The schematic diagram of band position for various

semiconductors is shown in Fig. 2.

Vacuin
04— Evs, NSHE

A
@ pH =1
30 LS - ——
38 - -1 —
4.0 |- D5 [ 040, (0.33V)
P . —— _Tr___ _______________________ . (l,ﬂil)z' (-0.(}5 "l
43T = T _— y HYH, (0.0Y)
-850 =~ 05—
—~ FeYFe (hITV)
-3.5 :—_:1.9‘_—_-__ RS S RS R — O,H,0 (123 V)
60— +H3—% | 2| A =l 2] %
~ ) arral - ]
20 | 28k L Lds
Fe,0, ~ OH/H0(273 V)
LI = 430 e sl — by b—
20— asl ]'1(}2 1‘iozbi‘h()3 W 03 Zn0)
Rutile gy
— e
7r0, Sn0y,

Figure 2, Diagram of conduction band and valence band energy positions for
common semiconductors at pH = 0, The values noted on the right axes are the redox
potentials for certain common redox couples of interest in water purification
(Chandrasekharan, 2008),




(3) Synthesis of titanium dioxide via a sol-gel method
Titanium dioxide can be prepared in the form of powder, crystal, or
thin film. Both powder and film can be built up from crystallites ranging from a few

nanometers to several micrometers (Carp, ef al., 2004).

The sol-gel method involves the transition of system from a liquid
“sol” into solid “gel” phase. An overview of the sol-gel product is presented in Fig, 3.
The starting materials in the preparation of the “sol” are usually inorganic metal salts
or metal organic compounds. In a typical sol-gel method, the precursor is subjected to
a series of hydrolysis and polymerization (condensation) reactions to form a colloidal
suspension or a “sol”. Further processing of the “sol” enables one to make ceramic
materials in different forms. Thin films can be prepared on a piece of substrate by
spin coating or dip coating. When the “sol” is cast into a mold, a wet “gel” forms.
With further drying and heat-treatment, the “gel” is converted into dense ceramic or
glass articles. If the liquid in a wet “gel” is removed under a supercritical condition, a
highly porous and extremely low density material called “aerogel” is obtained. As the
viscosity of a “sol” is adjusted into a proper viscosity range, ceramic fibers can be
drawn from the “sol”. Ultra-fine and uniform ceramic powders are formed by
precipitation, spray pyrolysis, or emulsion techniques (Chemat Technology, Inc.,
1998).

In preparing oxide materials, the sol-gel method offers many
advantages in easily control and strongly influenced by the synthesis conditions. The
homogeneous property of the products prepared by this method is very satisfactory
(Ding and Liu, 1997; Suresh, ef al., 1998). Moreover, in these method precursor
materials are metallic halide or alkoxide that favor the building of a solid network in a

gel which eventually become a stable solid (Sanchez, et al., 1996).

In sol-gel processes, titania is usually prepared by the hydrolysis and
polycondensation reactions of titanium alkoxide. It is well known that titanjum
alkoxide hydrolyze vigorously in water, and many catalysts typically various simple
acids, e.g., nitric acid, hydrochloric acid, sulfuric acid (Ding and Liu, 1997; Zaban, et
al., 2000; Yamazaki, ef al., 2001; Baolong, et al., 2003; Samantaray, et al., 2003), and
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acetic acid, have been applied to lower the reaction rates. Furthermore, this work
used titanium tetrachloride (TiCly) as precursor for preparation TiO, powders due to

inorganic compounds are more economical than alkoxides (Zhang, et al., 1999),

Dense film

S o0
v )
R

& Heat

Hydrolysis
Polymerization

[
Q,
Umﬁm%%;
6.0
RN
ﬁg’ooa
NI
ré%ﬁ?%%%

%0 e Tek,
%%ﬁ%%%%‘
e

%ﬁ%&%&ﬁ
AX

Figure 3. An overview of products prepared by sol-gel methods

(hitp://sariyusriati.files.wordpress.com/2008/ 10/flowchat-sol-gell.jpg).

As is well known, Degussa P25 is the most popular and promising
photocatalysts due to its efficiency and has often been proposed for the degradation of
poilutants in water or air. It has found that the mixture phase of anatase and rutile was
an important factor for the photoactivity of TiQ, as we can see from Degussa P25,
which consist of anatase 75% and rutile 25%. In addition, it has been found that a
mixture of anatase and rutile TiO, nanoparticles has a much higher photocatalytic
activity than pure anatase or pure rutile TiO, nanoparticles (Ding and Liu, 1997;
Zhang and Gao, 2001). Therefore, it is interesting to synthesize TiO, that exhibits
high photoactivity with a good combination of anatase-rutile mixture phase and

surface area.
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Most of the literature works usually used the precalcined titanium
dioxide at around 300-400°C to induce crystallinzation of the anatase form, It has
been reported that the different methods for the syntheses of titanium dioxide result in
products with different structures (anatase or rutile), crystailinity, and contaminants.
As a consequence, the surface properties of TiO, strongly depend on the preparation
techniques (Zhang, et al., 1999; Reddy, er al., 2001). There have been some works
reported the synthesis of mixture phase TiQ,, for example, Gopal, et al, (1997)
prepared crystailine TiO, powder either rutile or anatase from titanjum isopropoxide
at temperature below 100°C. The precipitate sizes were between 50 and 100 nm.
Wang, ef al., (2000) prepared a mixture of anatase and rutile-type TiO, from poly-
peroxotitanic acid gel obtained by addition of Ti(OBu")4 to H,0; solution. The gel
was heat-treated in air at temperatures ranging from 150°C to 750°C., Zhang, ef al.,
(1999) obtained nanocrystalline TiO; in anatase or mixed phases from controlling the
hydrolysis of TiCls. The addition of small amount (NH4),S04 promotes occurrence of
anatase phase, however, these were not studied for photocatalytic activity.

In this work, samples of nanosized TiO, powder were synthesized by
the sol-gel method using TiCly as a starting material at temperature below 100°C.
Several acids, such as nitric acid and sulfuric acid, were used as hydrolysis catalysts..
Furthermore, to extend the range as wide as possible the preparation of Ai3+-d0ped
TiO, and B**-doped TiO, powders were also prepared and included in all experiments

for comparison.

1.2.2 Microorganism and the evaluation of antimicrobial activity

1.2.2.1 Microorganism

A microorganism or microbe is an organism that is microscopic

(usually too small to be seen by the naked human eye). The study of microorganisms

is called microbiology, a subject that began with Anton van Lecuwenhoek’s discovery
of microorganism in 1675, using a microscope of his own design,

Microorganisms are very diverse; they include bacteria, fungi, archaea,

and protists; microscopic plants (called green algae); and animals such as plankfon
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and the planarian. Some microbiologists also include viruses, but others consider
these as non-living. Most microorganisms are unicellular (single-celled), but this is
not universal, since some multicellular organisms are microscopic, while some
unicellular protists and bacteria are macroscopic and visible to the naked eye.
Microorganisms live in all parts of the biosphere where there is liquid
water, including soil, hot springs, on the ocean floor, high in the atmosphere and deep
inside rocks within the Earth’s crust, Microorganisms are critical to nutrient recycling
int ecosystems as they act as decomposers. As some microorganisms can fix nitrogen,
they are a vital part of the nitrogen cycle, and recent studies indicate that airborne
microbes may play a role in precipitation and weather (Christner, et al. 2008).
Microbes are also exploited by people in biotechnology, both in traditional food and
beverage preparation, and in modern technologies based on genetic engineering,
However, pathogenic microbes are harmful, since they invade and grow within other
organisms, causing diseases that kill millions of people, other animals, and plants,
Microorganisms can be found almost anywhere in the taxonomic
organization of life on the planet. Bacteria and archaca are almost always
microscopic, while a number of eukaryotes are also microscopic, including most
protists, some fungi, as well as some animals and plants. Viruses are generally
regarded as not living because of their noncellular structure, viruses are considered
neither eukaryotic nor prokaryotic and are placed in a separated category, although
the field of microbiology also encompasses the study of viruses (Jawetz, et al, 1984;
McKane and Kandel, 1985).
Microorganism can be classified as follows.
(1) Prokaryotes
1.1 Bacteria
1.1.1. Gram-negative
1.1.2. Gram-positive
1.2 Cyanobacteria
1.3 Archaea
{2) Eukaryotes

2.1 Protists (algae, fungi, protozoa, slime molds)
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2.2 Plant cells
2.3 Animat cells

1.2.2.1.1 Bacteria

Focusing on bacteria, the structure, components, and
functions of the cell wall was used to distinguish Gram-positive from Gram-negative
bacteria as shown in Fig. 4. The important differences in membrane characteristics
are outlined in Table 2. The cytoplasmic membranes of most prokaryotes are
surrounded by rigid peptidoglycan (murein) layers. The exceptions are
Archaeobacteria organisms (which contain pseudoglycans or pseudomureins related
to peptidoglycan) and mycoplasmas (which have no cell walls at all). Because the
peptidoglycan provides rigidity, it also determines the shape of the particular bacterial

cell. Gram-negative bacteria are also surrounded by outer membranes.

Figure 4. Gram-positive and Gram-negative bacteria. A Gram-positive bacterium has
a thick layer of peptidoglycan (left). A Gram-negative bacterium has a thin
peptidoglycan layer and an outer membrane (right).

(http://micro.digitalproteuscom/morphology2.php)
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The difference in staining behavior between Gram-positive

and Gram-negative cells is due to differences in the physical structure of their cell

walls as indicated in Table 2 and Fig. 5.

Table 2. Structural comparison between Gram-positive and Gram-negative bacterial

cell wall (Jawetz, er al., 1984).

Structure

Chemical Constituents

Cell wall
Gram-positive bacteria
- Peptidoglycan

- Teichoic acid

- Lipoteichoic acid

- Glycan chains of N-Acetylglucosamine

(GleNAc) and N-acetylmuramic acid
(MurNAc) crosslinked by peptide bridge.
Polyribitol phosphate or glycerol phosphate
crosslinked to peptidoglycan.,

Lipid linked teichoic acid.

Gram-negative bacteria

- Peptidoglycan

- Periplasmic space

- Outer membrane

- Proteins

- Lipopolysaccharide
(LPS)

Thinner version of that found in Gram-
positive bacteria.

Enzymes involved in transport, degradation,
and synthesis.

Phospholipids with saturated fatty acids.
Porins, lipoprotein, transport proteins.

Lipid A, core polysaccharide, O antigen.
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Figure 5. Comparison of the Gram-positive (A) and Gram-negative (B) bacterial cell

walls (http://micro.digitalproteuscom/morphology2.php).

A Gram-positive bacterium has a thick, multilayered cell
wall consisting mainly of peptidoglycan (150 to 500 A) surrounding the cytoplasmic
membrane. The peptidoglycan is a meshlike exoskeleton similar in function to the
exoskeleton of an insect. Unlike the exoskeleton of the insect, however, the
peptidoglycan of the cell is sufficiently porous to allow diffusion of metabolites to the
plasma membrane. The peptidoglycan is essential for the structure, for replication,
and for survival in the normally hostile conditions in which bacteria grow. During
infection, the peptidoglycan can interfere with phagocytosis, is mitogenic (stimulates
mitosis of lymphocytes), and has pyrogenic activity (induces fever).

The peptidoglycan can be degraded by treatment with

lysozyme. Lysozyme, an enzyme in human tears and mucus, is also produced by
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bacteria and other organisms. Lysozyme degrades the glycan backbone of the
peptidoglycan. Without the peptidoglycan, the bacteria succumb to the large osmotic
pressure difference across the cytoplasmic membrane and lyse. Removal of the cell
wall produces a protoplast that lyses unless it is osmotically stabilized (McKane and
Kandel, 1985),

The Gram-positive cell wall may also include other
components such as teichoic and lipoteichoic acids and complex .polysaccharides
(usually called C polysaccharides). Protein such as the M protein of streptococci and
R protein of staphylococci also associate with the peptidoglycan. Teichoic acids are
large molecules composed of repeating units of sugar and phosphates. They are found
only in the cell walls and cell membranes of Gram-positive bacteria as shown in Fig.
5. Teichoic acids give the cell surface a negative charge, which nﬁay be important in
determining the types of substances attracted to and ultimately transported into the
cell (McKane and Kandel, 1985).

Gram-negative cell walls are more complex than Gram-
positive cell wails, both structurally and chemically, as shown in Fig. 5. Structurally,
a Gram-negative cell wall contains two layers external to the cytoplasmic membrane.
Immediately external to the cytoplasmic membrane is a thin peptidoglycan layer,
which accounts for only 5% to 10% of the Gram-negative cell wall by weight, There
are no teichoic or lipoteichoic acids in the Gram-negative cell wall. External to the
peptidoglycan layer is the outer membrane, which is unique to Gram-negative bacteria.
The area between the external surface of the cytoplasmic membrane and the internal
surface of the outer membrane is referred to as the periplasmic space. This space is
actually a compartment containing a variety of hydrolytic enzymes, which are
important to the cell for the breakdown of large macromolecules for metabolism.
These enzymes typically include proteases, phosphatases, lipases, nucleases, and
carbohydrate-degrading enzymes. In the case of pathogenic Gram-negative species,
many of the lytic virulence factors such as collagenases, hyaluronidases, proteases,
and beta-lactamase are in the periplasmic space. Together these layers provide a
protective coating around the cell that resists penetration by some potentially toxic
chemicals (McKane and Kandel, 1985).
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The outer membrane maintains the bacterial structure and is
a permeability barrier to large molecules (e.g., proteins such as lysozyme) and
hydrophobic molecule. The surface of the outer membrane contains molecules of
lipopolysaccharide (L.PS). LPS consists of a molecule called lipid A covalently linked
to a polysaccharide (a large molecule composed of repeating sugar subunits). LPS
has important medical consequences. When a Gram-negative bacterium is destroyed
within the human body, the lipid A portion of LPS is released from the disrupted cell
wall and elicits toxic reactions in the host. These reactions include fever, diarrhea,
and potentially fatal shock. Because of its ability to injure a host and because it is an
integral part of the bacterial cell wall, lipid A is commonly referred to as “endotoxin”,
The presence of endotoxin enables Gram-negative pathogens to produce symptoms of
disease that are rarely provoked by infection with Gram-positive bacteria (McKane
and Kandel, 1985).

The polysaccharides that extend outward from the lipid A
are the outermost molecules of the cell wall and are major surface antigens of the
Gram-negative bacterial cell.  Antibodies directed against one Gram-negative
bacterium usually do not protect against another Gram-negative species (McKane and
Kandel, 1985),

In this research, five strains of bacteria; Escherichia coli
ATCC25922, Pseudomonas aeruginosa ATCC28753, Bacillus sublilis BGA,
Staphylococcus aureus ATCC25923, and Methicillin-resistant Staphylococcus aureus
DMST2054 were used as a model of microorganism. Two species of yeast; Candida
albicans ATCC90028 and Cryptococcus neoformas ATCC90112 were also used to
study the photoccatalytic disinfection of TiO,.

(a) Escherichia coli

Escherichia coli (E. coli) is a Gram-negative bacterium,
facultatively anaerobic, rod prokaryote, that is commonly found in the lower intestine
of warm-blooded organisms (endotherms). Most E. coli strains are harmless, but

some, such as serotype O157:117, can cause serious food poisoning in humans, and
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are occasionally responsible for costly product recalls. The harmless strains are part
of the normal flora of the gut, and can benefit their hosts by producing vitamin K,
(Bently and Meganathan, 1982), or by preventing the establishment of pathogenic
bacteria within the intestine (Hudault, e al., 2001; Reid, er al,, 2001),

E. coli are not always confined to the intestine, and their ability
to survive for brief periods outside the body makes them an ideal indicator organism
to test environmental samples for fecal contamination. The bacteria can also be
grown easily and its genetics are comparatively simple and easily-manipulated or
duplicated through a process of metagenics, making it one of the best studied
prokaryotic mode! organisms, and an important species in biotechnology and

microbiology (Feng, ef al., 2002).

E. coli has been used in several research articles. In 1985,
Matsunaga and coworkers (1985) reported that microbial cells, e.g. E. coli, in water
could be killed by contact with a TiO,-Pt catalyst upon illumination with near-UV
light for 60-120 min. Kikuchi, e al, (1997) investigated the role of active oxygen
species in the photocatalytic bactericidal effect by using a thin transparent TiO, film
with applied the viable number of E. coli. Maness, ef al., (1999) presented the first
evidence that lipid peroxidation reation was the underlying mechanism of death of E,
coli K-12 cells that were irradiated in the presence of the TiO, photocatalyst. Rincén
and Pulgarin (2004) discussed the effect of different chemical parameters on
photocatalytic inactivation of E. coli K12 by TiO, P-25 Degussa photocatalyst.
Nadtochenko, ef al., (2005) studied E. eoli photokilling due to the TiO, under light
irradiation in a batch reactor by using attenuated total reflection Fourier transform

infrared spectroscopy (ATR-FTIR) and atomic force microscopy (AFM).

(b) Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative,
aerobic, rod-shaped bacterium with unipolar motility (Ryan and Ray, 2004). P.
aeruginosa is a common bacterium which can cause disease in animals and humans,

It is found in soil, water, skin flora and most man-made environment throughout the
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world. It thrives not only in normal atmospheres, but also with little oxygen, and has
thus colonized many natural and artificial environments. It uses a wide range of
organic material for food; in animals, the versatility enables the organism to infect
damaged tissues or people with reduced immunity. The symptoms of such infections
are generalized inflammation and sepsis. If such colonisations occur in critical body
organ such as the lungs, the urinary tract, and kidneys, the results can be fatal (Balcht
and Smith, 1994).

P. aeruginosa has also been used in several research articles.
Amézaga-Madrid, ef al., (2002) studied the photoinduced bactericidal capacity of
TiO; based films by using P. aeruginosa as model organism, Amézaga-Madrid, er
al., (2003) reported the antibacterial activity of longwave UV-irradiatd TiO, thin
films as well as the ultrastructural damage on bacterial cells using P. aeruginosa as a
model. Ibénez, ef al.,, (2003) investigated the bactericidal action of heterogencous
photocatalysis (UV-A/TiO;) on P. aeruginosa. Robertson, ef al., (2005) also

demonstrated an effective bactericidal activity of TiO, when exposed to UV-A light.

(¢) Bacillus subtilis

Bacillus subtilis (B. subtilis), known as the hay bacillus or
grass bacillus, is a Gram-positive, catalase-positive bacterium commonly found in soil
(Madigan and Martinko, 2005). A member of the genus Bacillus, B. subtilis is rod-
shaped, and has the ability to form a tough, protective endospore, allowing the
organism to tolerate extreme environmental conditions., Unlike several other well-
known species, B. subtilis has historically been classified as an obligate aerobe,
though recent research has demonstrated that this is not strictly correct (Nakano and

Zuber, 1998).

B. subiilis is not considered a human pathogen; it may
contaminate food but rarely caused food poisoning. B. subtilis produces the
proteolytic enzyme subtilisin, B. subtilis spores can survive the extreme heating that

is often used to cook food, and it is responsible or causing ropiness (a sticky, string
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consistency caused by bacterial production of long-chain polysaccharides) in spoiled
bread dough (Ryan and Ray, 2004).

B. subtilis has also been used in several research articles.
Adams, ef al., (2006) investigated the potential eco-toxicity of nanosized TiO,, SiO,,
and ZnO water suspensions by using Gram-positive B. subtilis and Gram-negative
Escherichia coli as test organisms. Wolfrum, er al, (2002) reported carbon mass
balance and kinetics data for the total oxidation of cell, spores (using both celis and
spores of B. subtilis), and biomolecules deposited on illuminated titanium dioxide
surfaces in contact with air. Lin and Li (2003) evaluated the titanium dioxide filter
media in controlling bioaerosols in a laboratory test chamber by using E. coli, B.
subtilis endospores, yeast cells of Candida famata var. flarri, and spores of

Penicillium citrinum as a model pollutant.

(d) Staphylococcus aureus

Staphyiococci (staph) are Gram-positive spherical bacteria that
occur in microscopic clusters resembling grapes, Bacteriological culture of the nose
and skin of normal humans invariably yields staphylococci, Staphylococcus aureus (S.
aureus), literally the “golden cluster seed” or “the seed gold” and also known as
golden staph and Oro staphira, is the most common cause of staph infections. S.
aureus was discovered in Aberdeen, Scotland in 1880 by the surgeon Sir Alexander

Ogston in pus from surgical abscesses (Ogston, 1984).

S. aureus is a spherical bacterium, frequently part of the skin
flora found in the nose and on skin. About 20% of the population are long-term
carriers of S, aueus. S. aureus can cause a range of illness from minor skin infections,
such as pimples, impetigo (may also be caused by Strepfococcus pyogenes), boils
(furuncles), cellulitis folliculitis, carbuncles, scalded skin syndrome and abscesses, to -
life-threatening disease such as pneumonia, meningitis, osteomyelitis, endocarditis,
toxic shock syndrdme (TSS), bacteremia and septicemia. Its incidence is from skin,
soft tissue, respiratory, bone, joint, endovascular to wound infections. It is still one of

the five most common causes of nosocomial infections, often causing postsurgical
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wound infections. Abbreviated to S, aureus or Staph aureus in medical literature, S,
aureus should not be confused with the similarly named and similarly dangerous (and

also medically relevant) species of the genus Streprococcus (Kluytmans, ef al., 1997).

S. aureus is catalase positive, meaning that it can produce the
enzyme “catalase”) and able to convert hydrogen peroxide (H,0,) to water and
oxygen, which makes the catalase test useful to distinguish staphylococci from

enterococci and streptococci {Ryan and Ray, 2004),

S. aureus has also been used in several research articles. Seven,
et ol., (2004) studied photocatalytic disinfection of two-groups of microorganisms
which are known as bacteria and fungus in pathogenic-organisms (E.coli, P.
aeruginosa, S aureus, S. cerevisiae, and C. albicans, A. niger) in aqueous suspension
by irradiated TiO,, ZnO and Sahara desert dust with a 400 W sodium lamp for various
time periods in order to simulate solar radiation, Asahara, et al., (2009) investigated
the bactericidal effects of low-concentration TiO; particle mixture (19 ppm) against S.
aureys under UV light, which hope to ultimately apply a mixture of this type as part
of a clinical treatment regimen, Shiraishi, ef al., (2008) evaluated the photocatalytic
bactericidal effects of anatase TiO, films on S. aureus associated with surgical site
infections after exposed to UVA illumination from black light. Cheng, ef al., (2009)
reported the significantly enhanced in antimicrobial activity of anatase/rutile mixed-
phase carbon-containing TiO; under visible-light on tested pathogen: S. aureus, S,

Mexneri and 4, baumannii.

(e) Methicillin-resistant Staphylococcus aureus

Methicillin-resistant Staphylococcus aureus (MRSA) is a
bacterium responsible for several difficult-to-treat infections in humans. It may also
be referred to as multidrug-resistant Staphylococcus aureus oxacillin-resistant
Staphylococcus aureus (ORSA). MRSA is by definition any strain of S. qureus
bacteria that is resistant to a large group of antibiotics called the beta-lactams, which
include the penicillins and the cephalosporins. MRSA has adapted to survive

treatment with beta-lactam antibiotics, including methicillin, dicloxacillin, nafcillin,
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and oxacillin. MRSA is especially troublesome in hospital-associated (nosocomial)
infections. In hospitals, patients with open wounds, invasive devices, and weakended
immune systems are at greater risk for infection than the general public. Hospital
staff who do not follow proper sanitary procedures may transfer bacteria from patient
to patient. Visitors to patients with MRSA infections or MRSA colonization are
advised to follow hospital isolation protocol by using gloves, gowns, and masks when
indicated. Visitors, including health care providers, who do not foliow such protocols
are capable of spreading the bacteria to areas such as cafeterias, bathrooms, elevators,

or various other surfaces (Jernigan, ef al., 2006).

MRSA was discovered in 1961 in the United Kingdom. It
made ifs first major appearance in the United States in 1981 among intravenous drug
users. MRSA is often referred to in the press as a “superbug”. In 1997, four fatal
cases were reported involving children from Minnesota and North Dakota (Raygada
and Levine, 2009). Over the several years, it became clear that CA-MRSA
(community-acquired MRSA) infections were caused by strains of MRSA that
differed from the older and better studied health care-associated strains (Okuma, ef al.,
2002).

MRSA is often sub-categorized as community-acquired MRSA
(CA-MRSA) or health care-associated MRSA (HA-MRSA) although this distinction
is complex. Some have defined CA-MRSA by characteristics of patients who
develop an MRSA infection while other authors have defined CA-MRSA by genetic
characteristics of the bacteria themselves. The first reported cases of community-
acquired MRSA began to appear in the mid-1990s from Australia, New Zealand, the
United States, the United Kingdom, France, Finland, Canada, and Somoa, notable
because they involved people who had not been exposed to a health-care setting
(Raygada and Levine, 2009). The new CA-MRSA strains have rapidly become the
most common cause of cultured skin infections among individuals seeking emergency
medical care in urban areas of the United States. These strains also commonly cause
skin infections in éthletes, prisoner and soldiers. However, in a 2002 report about
CA-MRSA, many cases were children who required hospitalization (Jernigan, et al.,
2006).




23

Few researches have been done on MRSA, for example;
Pelizetti and Minero, (1993) reported the utilization of TiO,-coated tiles for

sterilization and resolution of E. coli and MRSA.

The images of 5 bacteria used in this research are illustrated in

Fig. 6 below.

(a)E. coli (-)

(www.astrographics.coin)

(b) P. aeruginosa (-)

(www.randstarteam.blogspot.com)

(c) B. subtilis (+)

(www.dailytech.com)

(d)S. aureus (+)

(www.swampie.wordpress.com)

(e)MRSA (+)
(http://en.wikipedia.org/wiki/MRSA)

Figure 6. Morphology of (a) E. coli, (b) P. aeruginosa, (c) B. subtilis, (d) S. aureus,
and (¢) MRSA.
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1.2.2,1.2 Yeast

Yeasts are eukaryotic microorganisms classified in the
kingdom Fungi, with about 1,500 species currently described; they dominate fungal
diversity in the oceans. Most reproduce asexually by budding, although a few do so
by binary fission. Yeasts are unicellular, although some species with yeast forms may
become multicellular through the formation of a siring of connected budding cells
known as pseudohyphae, ot false hyphae as seen in most molds (Kutzman and Fell,
2005) Yeast size can vary greatly depending on the species, typically measuring 3-4
pm in diameter, although some yeasts can reach over 40 um. The yeast species
Saccharoniyces cerevisiae has been used in baking and fermenting alcoholic beverges
for thousands of years (Legras, ef al. 2007). It is also extremely important as a model
organism in modern cell biology research, and is one of the most thoroughly
researched cukaryotic microorganisms,  Researchers have used it to gather
information about the biology of the eukaryotic cell and ultimately human biology
(Ostergaard, ef al. 2000). Other species of yeast, such as Candida albicans, are
opportunistic pathogens and can cause infections in humans. Yeasts have recently
been used to generate electricity in microbial fuel cells, and produce ethanol for the
biofuel industry. Yeasts do not form an exact taxonomic or phylogenetic grouping.
At present it is estimated that only 1% of all yeast species have been described
(Kurtzman and Piskur, 2006).

(a) Candida albicans

The terms “yeast” and “fungus” and “mold” are often used
interchangeably. For simplification, all species of yeast and fungus which grow in the
human body may be lumped together for this discussion and simply called “yeast”.
Candida is a genus of yeast having a number of species that are human pathogens.
The most common species is Candida albicans, also referred to scientifically as C,

albicans (http://www.fungusfocus.com/html/candida_info.htm).
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C. albicans is adiploid fungus (a form of yeast) and a
causal agent of opportunistic oral and genital infections in humans. Systemic fungal
infections (fungemia) have emerged as important causes of morbidity and
mortality in immunocompromised patients (e.g., AIDS, cancer chemotherapy, organ
or bone marrow transplantation). In addition, hospital-related infections in patients
not previously considered at risk (e.g., patients in an intensive care unit) have become

a cause of major health concern (http://en.wikipedia.org/wiki/Candida_albicans).

C. albicans is commensal and is among the gut flora, the
many organisms that live in the human mouth and gastrointestinal tract. Under
normal circumstances, C. albicans lives in 80% of the human population with no
harmful effects, although overgrowth results in candidiasis, Candidiasis is often
observed  in immunocompromised individuals such as HIV-positive patients.
Candidiasis also may occur in the blood and in the genital tract. Candidiasis, also
known as "thrush", is a common condition, usually easily cured in people who are not
immunocompromised. To infect host tissue, the usual unicellular yeast-like form
of C. albicans reacts to environmental cues and switches into an invasive,

multicellular filamentous forms (Ryan and Ray, 2004).

C. albicans has also been used in several research articles.
Seven, ef al, (2004) studied photocatalytic disinfection of two-groups of
microorganisms which are known as bacteria and fungus in pathogenic-organisms
(E.coli, P. aeruginosa, S aureus, S. cerevisiae, and C. albicans, A. niger) in aqueous
suspension by irradiated TiO,, ZnO and Sahara desert dust with a 400 W sodium lamp
for various time periods in order to simulate solar radiation. Sahara desert dust
showed no microbicidal effect, while efficient disinfection effects of TiO; and ZnO

were detected under soldium light irradiation, except for 4. niger.

Akiba, ef al. (2005) evaluated the photocatalytic antifungal
effect on C. albicans biofilms and photodegradation effects of adsorbed protein by
colorimetric assays measuring. The results suggest that coating agents with TiO,
photocatalyst can be effective for the maintenance of tissue conditioners when

dentures are removed during sleep.
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Shibata, et al. (2007) developed an acrylic resin with antifungal
properties by leveraging the photocatalytic activity of apatite-coated titanium dioxide
(Ap-TiO,). C. albicans was used for antifungal activity assay of the specimen plates
under ultraviolet A (UVA) with a black light source. The result showed that acrylic

resin containing 5 wt% Ap-TiO, could exert antifungal effects on C albicans.

Shi, er al (2008) prepared a novel chitosan/nano-TiO;
composite emuision (CTCE) by inverse suspension technology and the gauze treated
with chitosan/nano-TiO; composite emulsion showed excellent antimicrobial
activities against E. coli, A. niger and C. albicans that the microbicidal ratios could
reach 99.96%, 100% and 78.3% after 24 hrs, respectively.

(b) Cryptocaccus neoformans

C. neagformans is an encapsulated yeast-like fungus that can
live in both plants and animals. C. neoformans is composed of three variants (v.): C.
neoformans v. gattii, v. grubii, and v. neoformans. C. neoformans v. gattii is found
mostly in the tropics, but has also been confirmed on southern Vancouver Island on
the southwestern coast of Canada. Cryptococcus gattii has recently been shown to be
different enough from other subspecies fo be elevated to its own species level, C.
neoformans v. grubii and v. neoformans have a worldwide distribution and are often

found in soil which has Tbeen contaminated by bird excrement

(http://en.wikipedia.org/wiki/Cryptococcus_neoformans).

C. neoformans is a basidiomycetous yeast ubiquitousin the
environment, a model for fungal pathogenesis, and an opportunistic human pathogen
of global importance, the genome sequence of C. neoformans v. neoformans was
published in 2005 (Loftus, ef a/ 2005.) Recent studies suggested that colonies of C.
neoformans and related fungi growing on the ruins of the melted down reactor of
the Chernobyl Nuclear Power Plantmay be able to utilize the energy
of radiation (primary beta radiation) for "radiotrophic” growth (Dadachova, et al.
2007).
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Far fewer drugs are available to combat infections caused
by eukaryotic microbial pathogens (protozoa and fungi) versus those produced by
bacteria.  Pathogenic fungi are a significant clinical problem because of
immunosuppression (due to HIV infection or immunosuppressive drugs) and
antibiotic use. Infection with C. reoformans is termed cryptococcosis. Most
infections with C. neqformans consist of a lung infection. Infections with this fungus
are rare in those with fully functioning immune systems. For this reason, C.
neoformans is sometimes referred to as an opportunistic fungus. The opportunistic
pathogenic yeast C. neoformans is the most common cause of fungal meningitis,
especially as a secondary infection for AIDS patients. This single species is estimated
to cause 15-40% of 3.1 M annual deaths from HIV/AIDS worldwide (Bicanic and
Harrison, 2004).

Less studies have been done on TiO; and C. neoformans,
for example; Martinez-Gutierrez, ef al., (2010) reported the synthesis, characterization
and evaluation of antimicrobial activity and cytotoxic effect of silver and titanium
nanoparticles against a panel of selected pathogenic and opportunistic micro-
organisms, C. neoformans and C. albicans were used in this article. The results
showed that siiver-coated nanoparticles having a size of 20-25 nm were the most
effective aid all the nanoparticles assayed against the tested microorganisms. In
addition, these nanoparticles showed no significant cytotoxicity, suggesting their use
as antimicrobial additives in the process of fabrication of ambulatory and non-

ambulatory medical devidces.

The images of 2 yeasts are demonstrated in Fig. 7. Some
fungi can alternate between a yeast phase and a hyphal phase, depending on
environmental conditions. Such fungi are termed dimorphic (with two shapes) and
they included several that cause disease of humans, the most prominent being C.
albicans. The dimorphic nature of C. albicans can be seen in Fig. 7a, on the right
beginning its hyphal form. The morphology of C. neoformans is also shown in Fig,
7b.
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(a) C. albicans

(http://www.fungusfocus.com/)

(b) C. neoformans

(http://www.advancedenviro.net/fungi.htm)

Figure 7. Morphology of (a) C. albicans and (b) C. neoformans.

1.2.3 Principles of heterogeneous photocatalysis

The basic principles of heterogeneous photocatalysis can be summarized as
follows. In a semiconductor exists an occupied series of levels of highest energy, call
valence band (VB), followed by a finite energy gap between this level and a
corresponding series of unoccupied levels, known as the conduction band (CB). The
magunitude of this energy gap (band gap, E,) for a bulk solid is analogous to the
HOMO-LUMO separation for a small molecule (Chandler, ef al., 1993).
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A A
e Conduction band (CB)
A
hv 'E, TiO,
l:+ Valence band (VB)
D D'

Figure 8. Schematic representation of the semiconductor showing the electron/hole
pair formed in the conduction band and the valence band, respectively. (A = acceptor

and D = donor).

When a photon with energy of hv higher or equal to the band gap

energy, By, is absorbed by a semiconductor particle, an electron (egp )s is promoted
from the valence band, VB, into the conduction band, CB, leaving a hole, hy

behind. The ecp and the hiy can recombine on the surface or in the bulk of the

particle in a few nanoseconds (and the encrgy dissipated as heat) or can be trapped in
surface states where they can react with donor (D) or acceptor (A) species adsorbed or
close to the surface of the particle. Thereby, subsequent anodic and cathodic redox
reactions can be initiated (Fig. 8). The energy level at the bottom of the CB is
actually the reduction potential of photoelectrons and the energy level at the top of the
VB determines the oxidizing ability of photoholes, each value reflecting the ability of

the system to promote reduction and oxidations (Litter, 1999).

Some oxide and chalcogenides have enough bandgap energies to be
excited by UV or visible light, and the redox potentials of the edges of the valence
band and conduction band can promote a series of oxidative or reductive reactions.

From the available semiconductors, ZnO is generally unstable in illuminated aqueous
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solutions, especially at low pH values, and WO, although useful in the visible range,
is generally less photocatalytically active than TiO;. Among others, CdS, ZnS and
iron oxides have been also tested. However, and without any doubt, TiO, is
extensively used as photocatalyst due to its optical and electronic properties, chemical
stability, non-toxicity, and low cost (Djebbar and Sehili, 1998).

The first step in heterogeneous photocatalytic process consists of the
generation of the hole-electron pair through the irradiation of the TiO, particles with
photonic energy equal to, or greater than, its band gap energy (~ 3.2 eV). The
electron is then extracted from the valence band (VB) to the conduction band (CB).
This process resuits in a positive region in the VB (Hole h") and a free electron (e)in
the CB (Benabbou, et al., 2007) as in Eq. (1):

TiO, +hv —— TiO,(egs +hiy) (1)
The hole, at the catalyst surface, reacts with hydroxyl ions (OH") and
adsorbs water to form free radicals (HO") as in Egs. (2) and (3):
TiO, (hys ) +OH" —— TiO, + HO* )
TiO, (hi5) +H,0,,, —> TiO, +HO" +H* 3)

The CB electron reduces oxygen to the superoxide fon: 05 (Eq.(4)).

This reaction prevents the e/h" recombination, in the absence of other electron

acceptors.
(Oz)ads +CEB - O;_ (4)
The further reduction of O3 produce H;0,, as described in Eq. (5)
(Min, ef al., 2004):

0} +eg +2H" > H,0, (5)
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The superoxide fon and its protonated form subsequently dismute to

yield hydrogen peroxide or a peroxide anion (Rincon and Pulgarin, 2003) as in Eqgs. (6)
- (8):

03 +H' — HO3 ©6)
05 +4HO; — 20H" + 30, +H,0, (7)
2HO) — H,0, + 0, (8) -

It has also been shown that the addition of hydrogen peroxide can
increase the photodegradable rate under certain conditions (Pichat, et al., 1995),
probably by the formation of "OH radicals via the Harber-Weiss reaction (Eq. (9)) or
through the reduction of HyO; by the CB ¢ as in Eq. (10) (Pichat, ef al., 1995; Rincon
and Puigarin, 2003):

07 +H,0, > OH" +OH" +0, 9
H,0, +ey - HO® +HO" (10)

On the other hand, recombination of 'OH radicals can lead again to

the production of hydrogen peroxide as in Eq. (11):

HO"® + HO* — 1,0, (11

Among all the ROS (reactive oxygen species) that are generated,
according to the reaction described above, the "OH radical would be the most
important oxidant species that is responsible for bacteria inactivation (Rincon and
Pulgarin 2003).

Many studied have shown that heterogeneous photocatalytic
oxidation processes can be used for microbial disinfection. In 1985, Matsunaga and
co-workers reported for the first time that a TiO, photocatalyst could kill bacterial
cells in water, They investigated the effectiveness of photocatalytic oxidation of
several microorganisms such as Lacfobacillus acidophilus (gram positive bacteria),
Saccharomyces ceerevisiae (yeast), Escherichia coli (gram negative bacteria) and

Chlorella vuigaris (green algae) in water. Their results show killing of the microbial
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cells in 60-120 min using a TiO,-Pt photocatalyst. They determined that the mode of
action of the process was the photooxidation of Coenzyme A (CoA) leading to
inhibition of cell respiration and thus cell death. The process was not entirely
effective against Chlorella vulgaris though, because of its thicker cell wall
(Matsunaga, ef al., 1985). Since then, numerous studies related to the bacterial effect
of TiO photocatalysts have been reported. This led to an extensive research in the
field of photocatalytic oxidation for destruction of various microorganisms including
bacteria, viruses, fungi, algae, and protozoa. TiO, photocatalytic killing studies
(Matsunaga, ef al., 1985; Saito, ef al., 1992; Sjogren and Sierka, 1994; Lee, ef al.,
1997; Otaki, et al., 2000; Cho, ef al., 2005; Robertson, et al., 2005).

1.3 Objectives

The objectives of this research are as follows:

Part 1: Evaluation of antimicrobial activity of several TiO; powders. This part

consists of the following steps.

(1) Comparing products prepared from several methods for their physical
properties and photocatalytic activities, the TiO, powders will be prepared by the sol-
gel method using different acids as hydrolysis catalyst and TiCly as precursor. The
acids to be used are hydrochloric acid and sulfuric acid. The amount of water,
refluxing temperature, and refluxing time are to be varied. TiO, powder with AI** and
B**-dopant will aiso be synthesized.

(2) Samples obtained in (1) will be investigated by relevant physical methods,
such as, XRD, BET, electron microscopy, and spectrophotometric methods,

(3) Samples obtained in (1) will be evaluated for the antimicrobial activities and
compare the results with commercial TiO, samples (P25, anatase and rutile). Five
strains of bacteria: Escherichia coli ATCC25922, Pseudomonas aeruginosa
ATCC28753, Bacillus subtilis BGA, Staphylococcus aureus ATCC25923, and
Methicillin-resistant Staphylococcus aureus DMST2054; and two species of yeasts:
Candida albicans ATCC90028 and Cryptococcus neoformans ATCC90112 will be
used for this study.




CHAPTER 2

EXPERIMENTAL

2.1 Synthesis of nanocrystalline TiO; powders

2.1.1 Materials

(1) Ammonium hydroxide (Ammonia solution) 28.0-30.0%, NH40H, A.R.,
code no, 9721-03, J.T. Baker, U.S.A.

(2) Aluminium sulfate, Al,(SO4)3, AR., Carlo Erba, Italy.

(3) Boron oxide, B203, A.R., Merck, Germany.

(4) Hydrochloric acid, HCI, A.R., code no. 1.00317.2500, Merck, Germany.
(5) Silver nitrate, AgNO3, A.R., code no. 102333J, BDH, England.

(6) Sulfuric acid, H3S04, A.R., code n0.9681-03, J.T. Baker.

(7) Titanium tetrachloride, TiCls, A.R., code no, 8.12382,1000, Merck,

Germany.
(8) Titanium dioxide (Anatase), A.R., code n0.488257, Carlo Erba, Italy.

(9) Titanium dioxide (P25), code no. D-60287, Degussa AG, Frankfurt,

Germany.

(10) Titanium dioxide (Rutile: R706), Dupont, U.S.A.

33
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2.1.2 Methods

2.1.2.1 Preparation of nanosized TiO,

Titanium dioxide powders were prepared from 3 different procedures
corresponding to the synthesized conditions (refluxing temperature, refluxing time

and acid catalyst). The syntheses can be shown as a flow chart in Fig. 9.

(1) TiO2-200w-80HC] (amorphous + anatase + rutile) and
Ti02-200w-80H,S04 (amorphous + anatase)

Titanium tetrachloride (20 mL) was added slowly to 200 mL of
cold deionized water (2 °C), which had been placed in an ice-water bath at least 10
minutes prior to the addition. The solution was then mixed with 2 mL of cone. acid
(HCI or H3S04) and was heated at 80 °C for 1 h under vigorous stirring. The solution
was then treated with ammonia solution until pH ~ 7 and maintained at the same
temperature for 24 hrs. The white precipitate formed was filtered and then washed
with deionized water until no chloride ion (AgNOj; solution test). The product was
dried overnight at 105 °C and ground to fine powder, until a final white powder was
obtained. The products were designated as Ti0;-200w-80HCI and TiQ;-200w-
80H,80y, corresponding to the work by Kanna and Wongnawa (2008).

(2) Ti02-200w-95HCI (amorphous + rutile + anatase) and
Ti02-100w-95HCI (amorphous + rutile)

Titanium tetrachloride (20 mL) was added slowly to cold
deionized water (2°C), 100 or 200 mL, which had been cooled in an ice-water bath at
least 10 minutes prior to the addition. The solution was then left over night. The clear
solution was then mixed with small amount of conc. HCI (acts as hydrolysis catalyst)
in a three necked round bottom flask and the mixture was heated at 95°C for 13 hour

under vigorous stirring. The solution was then freated with ammonia solution until
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pH =~ 7 and maintained at the same temperature for 13 hours. The white precipitate
that formed was filtered and then washed with distilled water until free of chloride ion
(AgNO; test). The product was dried overnight and ground to fine powder. The
products were designated as TiO;-200w-95IICI and TiO,-100w-95HCI,
corresponding to the preparation method of each by adding 200 and 100 mL of
deionized water, respectively (Choychangtong, 2004).

(3) TiO,-am (amorphous)

Titanium tetrachloride, 30 mL in a three-neck round bottom flask,
was placed in an ice-bath along the reaction process. The diluted NH4OH solution
(50% v/v) 240 mL was slowly added with vigorous stirring. The milky mixture was
then filtered and washed several time with distilled water until the filtered was free of
CI" (AgNO; test). After that, the white powder product was collected and dried over
night. The dried product was then ground to fine powder. The product was
designated as Ti-am (Randorn, 2004).

2.1.2.2 Preparation of AKIII)- and B(1X)-deped TiO,

TiO;-Al-150w (émorphous + anatase + Al),

TiO;-Al-50w (amorphous + anatase + rutile + Al),

TiO,-B-150w (amorphous + anatase + rutile + B), and

TiOz-B-50w (amorphous + rutile + B)

TiCls was slowly added to deionized water (TiClgH,0 volume
ratios was 1:7.5 and 1:2.5) at room temperature. For the Al(IID)-doped titania,
Aly(S04)3.18H,0 (0.04 mol% Al) and 2 mL of conc. HC! were added into the solution
then the mixture was kept overnight without stirring. After that the resulting clear
solution was heated at 95 °C for 13 hrs. The solution was treated with ammonia

solution to adjust the pH to 7 and continually refluxed for 13 hrs. This treatment

produced a milky white TiO, suspension. Afterwards the suspension was filtered,
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washed, and dried to obtain the final product as white powder. In the case of B(III)-
doped titania, ByO; (0.08 mol% B) was used instead of Aly(SO4)3.18H,0. These
samples were designated as: TiOy-Al-150w, TiO-Al-50w, TiO;-B-150w, and TiO,-
B-50w (Suwanchawalit, 2005). The suffixes 150w and 50w correspond to high and

low ratio of water used.

TiCly Cold deionized H20

- Aging in an ice-
water bath

TiCls sotution

Refluxed and Acid catalyst ]
stirring

Mixed solution
Rf?fll..lxed and @
stirring
Precipitate
- Washing
- Filtering
~ Drying

TiOz powder

Figure 9. Flow chart of the syntheses of titanium dioxide powders.
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2.2 Products characterization

2.2.1 X-ray powder diffractometry (XRD)

Powder X-ray diffraction (XRD, PHILIPS X’ Pert MPD with Ni-filtered
and Cu Ko radiation) was used for crystal phase identification. From the line
broadening of the corresponding X-ray diffraction peaks and using the Scherrer’s

formula, the crystallite size was estimated by

KA

L=——— 1
B cos 8 o

where L is the average crystallite size in nm, X is a constant usually taken as 0.9, A is
the wavelength of the X-ray radiation (using CuK, = 0.154056 nm), S is the line
width at half-maximum height in radians, and @ is the diffracting angle (Zielinska et
al., 2001; Sivalingam et al., 2003). The XRD spectra were acquired at the Scientific
Equipment Center, Prince of Songkla University, Hat Yai, Songkhla.

2.2.2 BET Surface area
The Brunauer-Emmett-Teller (BET) surface area of TiO» powders were
determined with the Coulter, model SA3100 (U.S.A) using nitrogen adsorption at -
196°C. All data were acquired at the Department of Chemical Engineering, Faculty
of Engineering, Prince of Songkla University, Hat Yai, Songkhla,

2.2.3 Fourier-transformed infrared spectrophotometry (FTIR)
The infrared spectra were recorded using Fourier-transformed infrared
(FT-IR) spectrophotometer (EQUINOXSS, Bruker, Germany) in diffused reflectance
mode covering the range 400-4000 cm™ with KBr as blank.
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2.2.4 Ultraviolet-visible spectrophotometer (UV-VIS)
The diffuse reflectance spectra of the solid catalysts were performed on a
Shimadzu UV-2401PC spectrophotometer (Japan). The spectra were recorded in
diffused reflectance mode with BaSOy as a reference in the range of 200 — 600 nm.

The band gap energies (Eg) of the catalyst were calculated by the Planck’s equation:

E == 2)

where Ej is the bandgap energy (eV), h is the Planck’s constant, ¢ is the light velocity
(3 x 10® m/s), and A is the wavelength of the absorption edge (nm).

2.2.5 Scanning electron microscopy (SEM)
The SEM micrographs were performed on gold-coated samples using a
Jeol apparatus (JSM-5800 LV) equipped with a Link analyzer (iSIS 300) for X-ray
energy-dispersive analysis (EDX). All data were acquired by the Scientific
Equipment Center, Prince of Songkla University, Hat Yai, Songkhla.

2.3 Evaluation of antimicrobial activity of TiO; powder.

2.3.1 Materials
(1) Mueller Hinton broth (MHB), Difco, U.S.A.
(2) Mueller Hinton agar (MHA), Difco, U.S.A.
(3) Nutrient agar (NA), Difco, U.S.A.
(4) Nutrient broth (NB), Difco, U.S.A.
(5) Sabouraud dextrose agar (SDA), Difco, U.S.A.

(6) Sabouraud dextrose broth (SDB), Difco, U.S.A.
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(7) Sodium Chloride (NaCl), Merck, Germany.

(8) Deionized water, Department of Microbiology, Faculty of Science,

Prince of Songkla University.

(9) All microorganisms in this research were obtained from the laboratory
stock of the Department of Microbiology, Faculty of Science, Prince of Songkla

University.
(9.1) Escherichia coli ATCC25922
(9.2) Pseudomonas aeruginosa ATCC27853
(9.3) Bacillus subtilis BGA
(9.4) Staphylococcus aureus ATCC25923
(9.5) Methicillin-resistant Staphylococcus aureus DMST2054
(9.6) Candida albicans ATCC90028

(9.7) Cryptococcus neoformans ATCC90112

2.3.2 Procedures

2.3.2.1 Culture of micreorganisms

() Bacteria

The bacteria, E. coli ATCC25922, P. aeruginosa ATCC27853,
B, subtilis BGA, S. aureus ATCC25923, and MRSA DMST2054, were used for the
antibacterial activity test for the photocatalyst. All bacteria were cultured overnight at
37°C in nutrient agar (NA). The density of final inocula contained 10* CFU/spot on
the titanium dioxide amended agar. A bacterial inoculum was prepared by picking
couple colonies of overnight growth culture into 1 mL nutrient broth and incubated
them with agitation under aerobic condition at 35 °C for 3 hrs. A 0.5 McFarland

standard was used for visual comparison to adjust the suspension to a density
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cquivalent to approximately 10 CFU/mL by using 0.85% saline solution. Then the
suspension of organisms was diluted in 0.85% saline solution to give 10” CFU/mL.
Plates have been inoculated using multipoint inoculator within 30 min to avoid any

changes in the inoculum density.

(b) Yeast

The photocatalytic disinfection of C. albicans ATCC90028
and C. neoformans ATCC90112 by titanium dioxide were also studied in this work.
The inocula should be an actively growing culture diluted in saline to 10* to 10°
CFU/mL. For C. albicans, the colonies were cultured overnight at 35 °C in
Sabouraud dextrose agar (SDA). Couple colonies of overnight growth culture were
picked into 1 mL of Sabouraud dextrose broth (SDB) and incubated at 35 °C with
agitation under aerobic condition for 3 hrs. The suspension was then diluted with 1
mL of normal saline and the opacity adjusted to McFarland 2. A 1/20 dilution of this
suspension was made and within 30 minufes of dilution the test plates should be

inoculated with micropipette to deliver 0.001 mL.,

2.3.2.2 Photocatalytic disinfection test

Commercial anatase, rutile, Degussa P25, and the synthesized
TiO; samples were used for all experiments. The method for testing the antibacterial
activity is the agar dilution method to determine the minimal inhibitory concentration
(MIC) of antimicrobial agents. The MIC is the lowest concentration of the agent that
completely inhibits visible growth as judged by the naked eyes, disregarding a single
colony or a thin haze within the area of the inoculated spot. The procedure, based on
the recommendations from the Clinical and Laboratory Standards Institute (CLSI) for
this method using a suspension of TiO; photocatalyst, was adapted to the agar dilution
susceptibility test in this work (Approved standard M7-A4, 2002). |

In each antibacterial test experiment, titanium dioxide agar plates

were prepared in four concentrations 100, 50, 25, and 12.5 mg/mL in Mueller-Hinton
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agar (MHA). The weighed titanium dioxide powders were incorporated in 10 mL of
melted MHA and poured into 100 mm x 15 mm Petri dishes. The pH of each batch of
the medium was about 6.9. By using inoculum-replicating apparatus, the final inocula
contained 10* CFU/spot, three spots/bacterial strain as shown in Fig. 10. After
inoculation, test plates were allowed to dry at room temperature before irradiation

under UV light for a predetermined time was carried out,

1= P.aeruginosa ATCC28753
2 = A.coli ATCC25522

3 = B.subtilis BGA

4 = S.aureus ATCC25923

5 = MRSA DMST2054

Figure 10. Titanium dioxide agar plate inoculated with various types of bacteria.

In the case of yeast, C. albicans and C. neoformans, the screen test
of photocatalytic disinfection of titanium dioxide samples were catried out. TiO; agar
plates were prepared in 50 mm x 12 mm polypropylene Petri dish by using SDA with
the highest concentration as of bacteria (100 mg/mL). The pH of each batch of the
medium was about 6.9. The inocula should be applied as a spot that covers a circle
about 5-8 mm in diameter, A micropipette to deliver 0.001 mL of the inoculums was
used to spot inoculate the cultures. Inoculated plates were left undisturbed until the

spots of inocula have dried.

The synthesized titanium dioxide agar plates were irradiated in an
UV box, ‘equipped with five fluorescent blacklight tubes, 20 W each, with Ay 366
nm (Randorn, et al., 2004) as shown in Fig. 11 and 12, The sample plates were
collected immediately after the titanium dioxide agar plates were exposed to UV light

and subsequently every 30 min. The bacterial test plates were incubated at 35 °C for
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18 hrs, For yeast, after the sample plates were exposed to UV light for 120 min, the
plates were then incubated at 35 °C for 24 hrs and at room temperature (30 °C) for 48
hrs in the case of C. albicans and C. neoformans, vespectively. The results then were
inspected visually and the minimum inhibitory concentration (MIC) values were
recorded. The MIC represents the lowest concentration of a compound that will
inhibit the visible growth of a test microorganism after overnight incubation (Islam, et

al., 2008). All tests and inoculation on each plate were run in duplicate.

A control plate was carried out under the same conditions with
antimicrobial activity test but without TiO, powders. Photographs of typical agar

plates are shown in Fig. 13 and 14 for bacteria and yeast, respectively.

(a) Outer compartment (b) Inner compartment

Figure 11. The wooden compartment for photocatalytic experiment (a) outer and

(b) inner views,
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Figure 12, Spectrum of UV-light source used in this work (Randorn, et al., 2004).
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Figure 13. TImages of bacteria tested agar plates: a) agar plate with 25 mg/mL of
Ti02-200w-80H,S0; irradiated under UV light for 30 min, b) control plate without
Ti02, and ¢) agar plate with 12.5 mg/mL of TiO,-200w-80H,S0; irradiated under UV
light for 30 min,

(a) (b) (c)

Figure 14, TImages of yeast tested agar plates: (a) agar plate with 100 mg/mL of
Ti0,-200w-80H,S Oy irradiated under UV light for 120 min, (b) control plate without
Ti0y, and (c) agar plate with 100 mg/mL of TiO,-Al-50w irradiated under UV light
for 120 min.
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RESULTS AND DISCUSSION

3.1 Synthesis and Characterization of nanocrystalline TiO; powders

Sol-gel method was used to synthesize the acid catalysed nanosized TiO; with
two different acids, HCI and H,SQy, as catalysts in the hydrolysis process, by varying
the refluxing temperature, refluxing time, and volume of water used. Samples of
AI(II) - and B(IlI)-doped TiO; are also prepared in this work.

3.1.1 Physical properties of nanesized TiO; and AI(IIT)- , B(IID)-doped TiO-

3.1.1.1 X-ray powder diffractometry (XRD) and BET surface area

The XRD results, Fig. 15, show that varying the synthesis
parameters affected the growth of anatase and rutile to some extent. When using
H>SOj4 acid prepared with large amount of water the products were mainly amorphous
TiO, with small amount of anatase phase, however, with HCl acid prepared with
small amount of water, the mixture of mainly amorphous titania with small amount of
both anatase and rutile phases were obtained. The presence of sulfate has been
known to accelerate the growth of TiO, cluster in the anatase phase. In this study,
when HaSO4 was added as acid catalyst in the hydrolysis process also resulted in the
formation of anatase since the SO4* ion induced the growth of anatase phase (Zhang,
et al., 1999; Zhang, ef al., 2000; Kanna and Wongnawa, 2008).

In the case of Ti0,-200w-95HCI, the composition was mainly
amorphous TiO, with small amount of both anatase and rutile phase, whereas TiO;-
100w-95HCl sample was mainly amorphous TiO, with small amout of only rutile
phase. The different in crystalline phase may be due to the volume of water in the
preparation step. As seen in this study that only rutile phase appears in TiOz-100w-

95HCI sample, this could be attributed to only the TiO,-100w-95HCI sample which
44




45

result from the low volume of water in the reaction stabilized the equilibrium between
hydrolysis and condensation reactions. For TiO,-200w-95HCI sample, it consists not
only rutile phase but also anatase phase. This could be explained that the equilibrium
between hydrolysis and condensation reaction is broken from the larger amount of
water which result in faster condensation and slower hydrolysis. As a result, the
possibility to form structuie unit of anatase phase is obtained. Therefore, the high
volume of water in the reaction catalyzed the reaarangement of TiOg octahedral in
amorphous titanium dioxide, promoting the formation of anatase structure (Zhang, et
al., 2000, Tang, et al., 2002). This result indicated that low volume of water affected
in the growing of rutile phase. This could be also used to describe the phase

component of TiO,-Al-150w, TiO,-Al-50w, TiO,-B-150w, and TiO,-B-50w.

Summary of results obtained from the X-ray diffraction patterns

are shown in Table 3
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Figure 15. XRD patterns of the synthesized TiO, powders (A denotes anatase and R

denotes rutile).
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In Table 3 shown below, The degrees of crystallinity (the 2™
column) of the samples were determined from the XRD intensities by using the
standard addition method. The commercial titanium dioxide (anatase (Carlo Erba) and
rutile (Dupont R706)) were mixed with the original synthesized titanium dioxide
samples in different percent weight; 0, 10, 20, 40, and 60%, and then measured the
peak intensities. A calibration curve was made by plotting the total XRD-peak-
intensity against the percentage of the added standard. The original percentage of
anatase (or rutile) was obtained by the interception point on the percent weight axis
(Kanna and Wongnawa, 2008).

Table 3, Physical properties of commercial and synthesized TiO, samples.

Crystallite size ° )
Crystallinity * BET (m“/g)
Samples o) (nm)
0
Anatase | Rutile | This work | Literatures
Anatase (Carlo Erba) 100 (A) 134 - 11.3 598
Rutile (Dupont R706) 100 (R) - 11.6 13.1 -
P25 (Degussa 80 (A),
(Degussa) @) 101 | 11.6 65.9 50"
20R)°
TiOs-am - - - 505.4 -
13 (A),
Ti0,-200w-80HCI P 6.7 6.7 250.2 -
6 (R)
15 (A),
Ti0,-200w-95HCI 4.7 8.1 93.9 -
30(R)°
TiO2-200w-80H,S04 15(A) ¢ 54 - 320.1 -
TiO,-100w-95HC1 30(R)® - 8.1 150.5 -
TiO,-Al-150w 23.4 (A)! 6.7 - 277.1 -
9.1(A),
TiO;-Al-50w c 54 4.5 244.9 -
11.5(R)
. 6.3 (A),
Ti0,2-B-150w . 6.7 10.1 234.8 -
6.8 (R)
TiOy-B-50w 483 R)" - 6.4 106.6 -
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* Determined by XRD using standard addition method, the rest is amorphous phase. A denotes
anatase and R denotes rutile.

® Calculated from XRD data using Scherrer’s formula.

© Stylidi, et al., 2004

¢ Kanna and Wongnawa, 2008

¢ Choychangtong, 2004,

f Suwanchawalit, 2005.

& Sclafani, ef al., 1990

" Neppolian, e/ al., 2002

The crystallite sizes of the samples were calculated using the peak
at 20 = 25.4° and 27.5° for anatase and rutile phase, respectively, and are also shown
in Table 3. The crystallite sizes of all the samples can be classified as nanocrystalline
TiO; powders and are smaller than those of the commercial ones.

The specific surface areas of samples are also shown in Table 3.
The data were compared between the synthesized TiO; and the commercial Ti0,, All
the synthesized titanium dioxide samples exhibited higher surface area than the
commercial ones due to lower crystallinity of the synthesized samples without
calcination in this work. Among the synthesized samples, both TiO;-200w-80H,SO4,
Ti0;-Al-150w and Ti0;-Al-50w exhibited higher surface area than the rest of
samples, except for TiOy-am. This result agrees with those in the reports that the
surface area of sulfated-titania was higher than that of pure TiO; (Gémaz, et al.,
2003 ) and the nanosized TiO; prepared in the presence of sulfate ion had higher BET
surface than those prepared in the absence of sulfate ion (Zhang, ef al., 2000). The
values of surface area of all these commercial TiO, came out similar to those given in

literatures.

3.1.1.2 Fourier-transformed infrared spectrophotometry (FT-IR)

The infrared spectra of all the synthesized titanium dioxide
powders in the range 4000-400 em™ are shown in Fig. 16. Table 4 lists the assigned

modes of the functional groups that are responsible for the vibration bands in Fig. 16.




48

Transmittance {au.)

LIS B B B A S SO S S B M B B B S RS N B B G B St e B m s p aa e s s p

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (o)

Figure 16, FT-IR spectra of the synthesized TiO, powders: (a) TiOy-am, (b) TiO,-
200w-80HC, (c) TiO2-200w-95HCI, (d) TiO»-200w-80H,SOy4, () TiO»-100w-95HCI,
(f) TiO,-Al-150w, (g) TiO»-Al-50w, (h) TiO»-B-150w, and (i) TiO,-B-50w,

All the FTIR spectra show a large broad band at 3600-3100 c¢m™
which can be assigned to mixed voy and vy modes (stretching modes). These bands
are in the hydroxyl stretching region and correspond to O-H vibration of the Ti-OH
groups and H»O molecules. The band around 3500 cm™ can be assigned to O-H
vibration of the Ti-OH groups (Velasco, et al., 1999). The stretching vibration of O-H
in Ti-OH bonding could not be removed easily and must be heated until relatively
high temperature (Wang, ef al., 2000). Near the band around 3500 ¢cm™, a shoulder
was generated by an asymmetric vibration mode of the residual ammonium ions, The
rather narrow bands around 1600 and 1400 cm™ can be assigned to don and Syu

modes (bending modes) of hydroxyl (OH) and ammonium (NH,") groups,
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respectively (Khalil and Zaki, 1997; Youn, ef al., 1999). All of these bands indicated
that H,O and NH," are present in the products. In the low energy region (below 800
cm'l), the band due to siretching mode of Ti-O (vri.0) which was the envelope of the
phonon bands of a Ti-O-Ti bond of a titanium oxide network could be assigned
(Velasco, ef al.,, 1999). The absence of any bands in this spectral region may then

suggest that the precipitate is amorphous.

Table 4. Assignment of the FT-IR bands of titanium dioxide samples (Fig. 16).

Samples Wavenumber | Assignment | Functional groups Literatures

(em™) /molecule

Khalil and Zaki,

a-i 3600 -3100 vou and vny H,0 and NH, 1997
Youn, et al., 1999
Khalil and Zaki,
a-i ~1600 Son OH groups 1997
Youn, et al., 1999
Khalil and Zaki,
a, b, C, €y h +
. ~1400 Onnt NH4" groups 1997
and i

Youn, ef al., 1999
Samnantaray, et al.,
2003

a-i Below 800 Y50 Ti-O bond Velasco, et al., 1999

d,f,and g 1200-1100 V5.0 SO*

(a) TiOz-am, (b) TiO2-200w-80HCI, (c) TiO2-200w-95SHCL, (d) TiO;-200w-80H,SO,
() TiO2-100w-95HC, (f) TiO,-Al-150w, (g) TiOz-Al-50w, (h) TiO»-B-150w, and (i)
Ti0,-B-50w

In addition, the spectra of TiO,-200w-80H2804 TiO,-Al-150w, and
TiO2-Al-50w in Fig. 16d, f, and g, respectively, show broad band at 1250-1100 c¢m™
which is the characteristic frequencies of S04 group. In TiO,-Al-150w and TiO;-Al-
50w samples, the SO4> came from AI(IIT)-dopant starting material, Al,(SOq4)3. The
broad band in this region resulted from the lowering of the symmetry in the free SO4~
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(Td point group) to either Cpy (Fig. 17b) or Csy (Fig. 17a and 17c) when SO4% is
bound to the titania surface (Samantaray, ef al., 2003; Nakamoto, 1986). The results
from XRD and FT-IR led to the conclusion that samples were a hydrated amorphous

titanium dioxide with minute amount of impurities, such as NHs* and SO,*,

QO ) 0]
O‘\ / -::: /O S/
{ Py ol O§\
° -7 ‘T\% < :%O
BN
(a) G (©

Figure 17. Bonding mode of SO4* anion as, (a) monodentate, (b) bidentate, and (c)

tridentate ligand (@ indicates OH position) (Kanna and Wongnawa, 2008).

In the case of adding H;SO4 acids, the product was mainly
amorphous and only small amount of the anatase phase existed as a minor component.
The rutile phase was completely absence in this case. The rather high negative charge
(-2) of sulfate should attract strongly with Ti** jon in the Ti basic unit. The EDX
spectra (Fig. 24b) with the characteristic peak of S and FT-IR spectra (Fig. 16) with
the characteristic vibration of the sulfate group on TiO; are evidenced for the presence
of sulfate anion, The sulfate anion has tetrahedral geometry with the negative end at
the oxygen atoms where they can bond to Ti octahedral in three ways as shown in Fig,
17. Due to the chelate effect, the bonding mode of bidentate (Fig. 17b) and tridentate
(Fig. 17¢) are favored. The bonding of SO4* in these multidentate modes occupy one
full face of octahedral and inhibit the growing of chain along this edge and hence
inhibit the formation of rutile. This resulf is in agreement with other researchers who
reported the presénce of SO4* ion helped promote formation of anatase phase
(Samantaray, et al., 2003; Zhang, et al., 1999; Kanna and Wongnawa, 2008),
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3.1.1.3 Ultravielet-visible spectrophotometer (UV-VIS)

The diffuse reflectance spectra of acid-catalyst TiO,, AITID/B(IID)
dopant-TiO; and commercial titanium dioxide are shown in Fig. 18, 19 and 20,
respectively. The absorption edge can be approximated by the intersection of two
straight lines: a straight line extrapolated from the baseline, and a line drawn through
the ascending slope of the onset of absorption (Chandler, ef al., 1993). The band gap
energies of the titanium dioxide calculated from Plank’s equation are shown in Table
5.

In the case of commercial TiO,, Fig, 18, the absorption edge of
rutife (R706) appears at longer wavelength than that of anatase (Carlo Erba). The
absorption edge wavelengths of commercial titanium dioxide are in order of rutile
(R706) > Degussa P25 > anatase (Carlo Erba). The bandgap energies, calculated
using Planck’s equation, of rutile (R706), Degussa P25, and anatase (Carlo Erba) are
3.00, 3.14, and 3.22 eV, respectively, which are identical to the literature values of
3.00, 3.14, and 3.20 eV (Miao, et al., 2003; Zielifiska, ef al., 2003).

1.8

1.6 | mems A natase

1.4 - T =emeen Ruitile

[.2 1 \ wee Degngsa P25

1 A
0.8 1
0.6
0.4
0.2

0 B S } 'i""i" i :-x
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)

Absorbance

Figure 18. Diffuse reflectance spectra of the commercial TiO, powders.
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Figure 19. Diffuse reflectance spectra of the synthesized Ti0O, powders: (a) TiOz-am,
(b) Ti02-200w-80HCI, (c) TiO2-200w-95HCI, (d) TiO2-200w-80H,S0y4, and (e) TiO,-
100w-95HCI.
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Figure 20. Diffuse reflectance spectra of the synthesized dopant-TiO; powders: (a)
Ti02-Al-150w, (b) TiO2-Al-50w, (¢} TiO2-B-150w, and (d) TiO,-B-50w.

The absorption edges of Ti0,-200w-80HCI, TiO,-200w-95HCI, TiO,-
100w-9SHCI, TiO,-Al-50w, TiO,-Al-150w, TiO,-B-150w, and Ti0,-B-50w appear at
longer wavelength than that of Ti0,-200w-80H,S04, TiO2-Al-150w and Ti-am.

The bandgap energies of TiO,-200w-80HCI, TiQ,-200w-95HCI, TiO,-
100w-95HCI, TiO;-Al-50w, TiO2-Al-150w, TiO3-B-150w, and Ti0,-B-50w are in the
same range of rutile (R706). Both TiO;-Al-150w and TiOz-am have larger bandgap
energy and are in the same range of anatase (Carlo Erba). The last, TiO;-200w-

80H,S04 bandgap energy is in the same range of P25 (Degussa).




Table 5. The absorption edges and band gap energies of titanium dioxide powders.

Absorption edge Band gap energy (eV)
Sample
(nm) This work Literatures

Anatase (Carlo Erba) 383 3.24 3.20°
Rutile (R706, Dupont) 411 3.02 3.00°
Degussa P25 395 3.14 3.14°
TiO,-am 386 3.21 -
TiO,~200w-80HCI 406 3.05 -
TiO,-200w-95HCI 406 3.05 -
Ti0,-200w-80H,S0, 394 3.15 -
TiO,~100w-95HCI 414 3.00 -
TiO,-Al-150w 385 3.22 -
TiO,-Al-50w 405 3.06 -
TiO,-B-150w 410 3.02 -
TiO,-B-50w 411 3.02 -

? Sclafani, ef al.,, 1990; Miao, ef al., 2003
® Zielifiska, et al., 2003
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3.1.1.4 Scanning electron microscopy (SEM)

The SEM micrographs were performed on gold-coated samples using a

Jeol apparatus (JSM-5800 LV) equipped with a Link analyzer (ISIS 300) for X-ray

energy-dispersive analysis (EDX).

25k U"ﬁum'= x35,00€]ﬁ PSU 3232 26kY  B5um )-:35,[”]0.
(b) Anatase (Carlo Erba) {c) Rutile (Dupont R706)

Figure 21. SEM images of the commercial TiO; powders: (a) Degussa P25, (b)
Anatase (Carlo Erba), and (c) Rutile (Dupont R706).
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(d) TiO,-200w-80H2SO4 (e) TiO»-100w-95HCI

Figure 22. SEM images of the synthesized TiO, powders: (a) TiOs-am, (b) TiO»-
200w-80HCH, (c) TiO,-200w-95HCI, (d) Ti0O,-200w-80H,804, and (e) TiO,»-100w-
95HCI.
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Figure 23. SEM images of the synthesized dopant-TiQ, powders: (a) TiO»-Al-150w,
(b) TiO,-Al-50w, (¢) TiO,-B-150w, and (d) TiO,-B-50w.

Fig. 21, 22, and 23 show SEM images of commercial TiO, powders and
synthesized TiO, powders, respectively. From the SEM images, magnified by
35,000, the images show delicate structures of spherical building units. The
synthesized samples, which exist mostly in amorphous phase show higher aggregation
forming bigger chunk than the commercial samples. This could be the result from no

calcinations at high temperature was applied.
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Figure 24. EDX spectra of the synthesized TiO, powders: (a) TiOz-am, Ti05-200w-
80HCI, Ti0»-200w-95HCI, TiO»-100w-95HCI, TiO,-B-150w, TiO,-B-50w, (b) TiO,-
200w-80H;S04, and (c) Ti02-Al-150w, TiO,-Al-50w.

Fig. 24 shows EDX patterns of as-synthesized TiO, powders. The EDX
results revealed that, with the exception of three samples, all powder samples did not
contain chloride anion which indicated that it was washed out completely at the
washing stage. However, the samples obtained from using sulfuric showed the
presence of S indicating the SO4* ions still adhered to the titanium dioxide surfaces
which agreed with the FT-IR results. In addition, the Al(II)-doped titania sample
indicated the presence of Al and S, which results from the source of Al(III)-dopant
(aluminium sulfate), showing that traces the AI** and SO4* ions are left on the TiO,

surfaces.
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3.2 Photocatalytic disinfection study

3.2.1 Evaluation of antimicrobial activity

Five strains of bacteria (E. coli ATCC25922, P. aeruginosa ATCC27853, B.
subtilis BGA, S. aureus ATCC25923, and MRSA DMST2054, and two species of
yeast (C. albicans ATCC90028 and C. neoformans ATCC90112) were used in the
study of the photocatalytic disinfection of titanium dioxide. The experiment was
divided into 2 groups: bacteria and yeast. The antimicrobial study of both bacteria
and yeast were performed in the presence of fixed-TiO, photocatalyst in agar media
and irradiated with UV light. A blank experiment was done by irradiating agar plate
in the absence of titanium dioxide in order to observe the growth of microbial in each

batch experiment.

(a) Antibacterial activity

The bactericidal acvitity of synthesized and commercial TiO;
nanoparticles were evaluated by growth inhibition of P. aeruginosa, E. coli (the
Gram-negative bacteria), and B. subtilis, S. aureus, MRSA (the Gram-positive
bacteria). The results were listed in Table 6. The Gram-positive bacteria have a
relatively thick wall composed of many layers of peptidoglycan polymer and only one
layer of membrane. The Gram-negative bacteria have only a thin layer of
peptidoglycan and a more complex cell wall with two cell membranes, an outer
membrane, and a plasma membrane. Under certain conditions, the Gram-negative
bacteria are more resistant to many chemical agents than Gram-positive cells (Tortora,
et al.,2001).




Table 6. The MIC value of titanium dioxide powders with various bacteria,
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TiO, sample I}'radiati.on MIC (mg/mL)
time (min) | P.qeruginosa | E.coli | B.subtilis | S.aureus | MRSA
30 - - - - -
Anatase 60 12.5 - - - -
(Carlo Erba) 90 12.5 100 - - -
120 12.5 12.5 100 - -
30 - - - - -
. 60 - - - - -
Rutile (R706) 90 - - - - -
120 - - - - -
30 - - 100 - -
60 100 100 50 100 100
Degussa P23 55 100 100 | 25 00 | 100
120 100 100 25 100 100
30 - - 100 25 -
. 60 - - 100 25 100
Ti0z-am 90 - n 100 125 | 100
120 100 100 100 12.5 50
30 - - - - -
Ti0,-200w- 60 - - - - -
80HC1 90 - - - - -
120 100 100 100 100 100
30 100 - 100 - -
Ti05-200w- 60 50 100 25 100 100
95HCl 90 25 100 25 25 100
120 25 100 25 25 25
30 25 50 25 25 25
. 60 25 25 25 25 25
Tgooﬁfgg‘f 90 25 25 25 25 25
120 25 25 25 25 25
30 - - 100 - -
Ti0»-100w- 60 - - 50 - -
95HCI 90 - - 50 - -
120 100 100 50 100 100
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Table 6. (Cont.) The MIC value of titanium dioxide powders with various bacteria.

TiO, sample Irradiation MIC (mg/mL)
time (min) | P.aeruginosa | E.coli | B.subtilis | S.aureus | MRSA

30 50 100 50 50 50

TiO;-Al- 60 25 50 50 50 50
150w 90 25 50 25 25 25
120 25 25 25 25 25

30 100 - - - -

TiO,-Al- 60 100 100 100 - -

50w 90 100 100 100 - -
120 50 50 50 100 100

30 100 - - - -

Ti0,-B- 60 100 100 100 - -

150w 90 100 100 100 - -
120 50 50 50 100 100
30 100 - 12.5 25 100

. 60 100 - 12.5 25 50
Ti0-B-50w 90 50 - 12.5 25 50
120 50 100 12.5 25 50

* (-) represent the bacterial growth equal to the control (no inhibition)

MIC = minimum inhibitory concentration (mg/mL)

As shown in Table 6, two of the synthesized samples, Ti0;-200w-
80H,S0, and Ti0,-Al-150w, showed the best results in inhibiting the cell growth of
all tested bacteria with lowest amount of titania and irradiation time. Another two of
samples, TiOz-200w-95HCI and TiO,-B-50w, eventhough slightly inferior to the first
two samples but also showed better result than P25. The commercial P25 TiO, which
has been used in many reports with good results also showed good performance in
this test by being able to cause inactivation of all five bacteria but with higher MIC
values than the first four samples. The commercial anatase TiO,, usually showing
slightly lower photocatalytic activity than P25 in the dye degradation study, fails to
inactivate S. aureus and MRSA bacteria in this test. The commercial rutile did not
show any activity at all for all the five bacteria which is consistent with its poor
performance found in the dye degradation study (Kanna and Wongnawa, 2008). The

amorphous form titania, TiO;-am, exhibited good results in inactivation of Gram-
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positive bacteria but it required long irradiation time and high MIC value to inactivate
Gram-negative bacteria. Another two of the synthesized samples, TiO;-A1-50w and
Ti0,-B-150w, showed respectable results with all five bacteria. The last two, TiO;-
200w-80HCI and TiO,-100w-95HCI, eventhough they could inactivate all five
bacteria but needed long irradiation time with high MIC values compared with all the
synthesized samples in this study. In summary, it is interesting to see that all of the
nine synthesized samples could inactivate all five bacteria in this screening test albeit
with varying MIC values. In comparison with P25, four samples showed better

antibacterial activity than P25. The order of performance can be arranged as follows:

| Ti03-200w-80H,S04 > Ti0;-Al-150w > Ti0-B-50w > Ti0,-200w-95HC! >
P25 > Ti0y-Al-50w =~ Ti0,-B-150w > TiOz-am > TiO,-100w-95HCI = TiO,-
200w-80HC! > anatase > rutile.

(b) Anti-yeast activity

The screening test of antimicrobial activity against yeast by titanium
dioxide samples was investigated by inspecting the inhibition growth of yeast at
highest condition (100 mg/mL of TiO, concentration with irradiation time 120 min).
The result demonstrated that all titanium dioxide samples could not kill both types of
yeasts in this experiment but they retarded the growth of yeast which could be
observed visually as shown in Table 7. As shown in Fig. 14, the culture spots of
blank plates looked wet and greasy (Fig. 14b) while the culture spots of as-prepared
TiO, agar plates (Fig. 14a and 14c¢) were drier and paler than the control. In this
result, all prepared-TiO; samples could impede the growth of yeast, C. albicans,
equally well compared with Degussa P25. For inhibitory test of C. neoformans, all
synthesized-TiO, powders could retard C. neoformans growing as good as Degussa

P25, except for TiO,-am, TiO;-100w-95HCI, and TiO,-B-50w.
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Table 7. The antimicrobial screen test of titanium dioxide powders with two species
of yeasts, C. albicans and C. neoformans (110, concentration 100 mg/mL,

irradiation time 120 min).

Sample (100 mg/mL) C. albicans C. neoformans
Control ++ ++
Anatase (Carlo Erba) - 4t
Rutile (R706, Dupont) 44 ++
Degussa P25 + +
TiO,-am + ++
Ti0,-200w-80HCI + +
Ti0,-200w-95HCI + +
TiO,-200w-80H,SO, + +
TiO,-100w-95HCl + -
TiO,-Al-150w + +
TiO,-Al-50w + +
TiO,-B-150w + +
Ti0,-B-50w + ++

* ( ++ ) represent the microbial cell growth which equal to the control (no
inhibition).
(+) represent the microbial cell growth which were smaller and drier than

the control.

With regard to the photocatalytic activity, there have been many
reports that anatase shows higher activity than rutile in many photocatalytic reactions
in air and water (Mills and Sawunyama, 1994; Sclafani and Herrmann, 1996;
Lucarelli, et al., 2000; Sato and Taya, 2006) except in some cases (Ohno, ef al., 1997).
The effect of crystalline structures on biocidal activity of TiO, particles has been
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clarified by investigating the photocatalytic deactivation of phage MS2 in suspensions
of anatase TiO; and rutile TiO; as well as their mixtures. The results showed that the
contact between both types of TiO; particles in aggregations caused the enhancement
of quantum yield of TiO, suspension, thereby reactive oxygen species generation
from photocatalytic reaction, which leads to the enhancement of biocidal activity of
the photocatalytic particles (Sato and Taya, 2006). In another study, the
photocatalytic process of anatase has been shown to produce highly reactive species
such as hydroxyl radical, hydrogen perbxide, and superoxide which, in principle, can
cause fatal damage to microorganisms by injury of the cell membranes when bacteria

come into contact with TiO; surface (Sunada, ef al., 1998; Sunada, et al., 2003).

Most of the recent researches on the inhibition of bacterial cell growth
(Gumy, ef al., 2006a; Gumy, ef al., 2006b; Verran, ef al., 2007) have been studied by
using the suspended-TiO; in solution. In suspension, TiO; nanoparticles were trapped
onto the bacterial surface resulting in the adsorption of TiO, particles on the bacteria
surface which could lead to inactivation of bacteria in couple with the photocatalytic
oxidation reaction described above. In this study, the agar dilution method was
chosen to eliminate the possibility of inactivation by surface adsorption, hence the
inactivation results could be said to come solely from the photocatalytic property of
the photocatalysts. In this method the TiO; nanoparticles were fixed in agar and
would not be adsorbed onto the bacterial surface. The disadvantage of this method is
that, due to the fixed TiO; particles in the agar matrix, higher concentration of
photocatalyst is required and, hence, the MIC values from this method would be

higher than that from the suspension method.

3.2.2 Microorganism inactivation by TiO, photocatalysis mechanism,

The first work on this topic was by Matsunaga, ef al, (1985), who
demonstrated the photooxidation of Coenzyme A (CoA) in Lactobacillus acidophilus
(bacteria), Saccharomyces cerevisiae (yeast), and Escherichia coli (bacteria) in
suspensions of irradiated TiO;. Decreased CoA in those cells caused their metabolic

activity to diminish, leading to cell death, which they reported was inversely
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proportional to the thickness and complexity of the cell wall. Other studies have also
confirmed this finding. The study by Saito and co-workers (Saito, et al, 1992)
demonstrated that photo-activated TiO; provoked rupture of the cell membrane in
Streptococcus sobrinus, as shown by electron microscopy and demonstrated by
intracellular leakage of K* ions that paralleled cell death. Further evidence of this
mechanism was found by Sunada, er al. (1998) who proved that TiO, mediated
photocatalytic destruction of endotoxin, an integral component of the outer membrane
of E. coli. Maness, et al. (1999) showed that lipid peroxidation is the underlying
mechanism of E. coli K-12 cells in the presence of irradiated TiO,. They
demonstrated that the occurrence of lipid peroxidation and the simultaneous loss of
both membrane-dependent respiratory activity and cell viability strictly depended on

the presence of both light and TiO,.

In further research to better understand bactericidal activity of photo-
excited titanium dioxide, Huang, et al. (2000) investigated the sites of cellular damage
and their contribution to cell death in £, coli. These authors propose that oxidative
damage first takes place on the cell wall, where the TiO, photocatalytic surface first
makes contact with whole cells. Cells suffering from cell-wall damage were proven
to still be viable. Photocatalytic action progressively increased cell permeability and,
thereafter, the open flow of intracellular components, allowing TiO, particles easier
access and photo-oxidation of intracellular elements, accelerating cell death. Recent
work published by Sunada and co-worker (2003a) has contributed similar results to
those reported by Huang, ef al. (2000). They propose the photokilling mechanism of
titanium dioxide which can be schematically illustrated as in Fig. 25. The initial
reaction is a partial decomposition of the outer membrane by the reactive species
produced by TiO, photocatalysis (Fig. 25b). During this process, cell validity is not
lost very efficiently. The partial decomposition of the membrane, however, changes
the permeability to reactive species. Correspondingly, the permeability. change of the
outer membrane enables reactive species to easily reach the cytoplasmic membrane.
Thus, the cytoplasmic membrane is attacked by reactive species, leading to the
peroxidation of membrane lipid (Fig. 25¢). Work by Nadtochenko, et al. (2004)

demonstrated the events leading to Escherichia coli photokilling with viability data




67

and ATR-FTIR spectroscopy of the organized structure of intact and viable cell
membranes. In work by the same group (Kiwi, et al.,, 2005), the formation of
peroxidation products such as aldehydes, ketones, and carboxylic acids were detected
in parallel to the disappearance of cell wall membrane component and oxidation

products due to TiO, photocatalysis on sugar rings, lipid chains, and polypeptide.

Quter membrane
Peptidoglycan
Cytoplasmic membrane

Peptidoglyean

Cytoplasmic TT
membrane (LL

Figure 25. Schematic illustration of the process of bacteria photokilling on TiO;. In

lower row, the part of cell envelope is magnified (adapted from Sunada, et al., 2003).

It is well known that UV irradiation induces DNA damage, e.g., pyrimidine
dimmers. Moreover, once cell wall damage is caused by the photo-oxidative action of
titanium dioxide, the photocatalyst can also produce detrimental effects to the
intracellular components. Of the experimental evidence in this regard (Huang, ef al.,
1997; Kim, ef al., 2004), it is important to mention work by Hidaka, et al. (1997),

who performed in vitro experiments monitoring the fate of DNA, RNA, and their
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pyrimidine and purine bases once irradiated by UVA and UVB in the presence of
titanium dioxide particles. They verified the detrimental effect on DNA and RNA by

scanning electron microscopy and gel permeation chromatography.,

At the present time, the photochemical mechanism of the TiC, biocidal
action remains largely unclear, It is uncertain what reactive oxygen species are
directly involved in the photokilling process (Blake, ef al., 1999), especially the

identities of the main reactive oxygen species (ROS), which not only include the ‘OH

radical, but also O3, and HO,. The recent contribution of Cho, ef al. (2002)

demonstrates the important role of the ‘OH, acting either independently or in
collaboration with other ROS, in the inactivation of Escherichia coli in presence of
UV-illuminated TiO; particles with excellent linear correlation between steady-state

concentration of ‘OH and the rate of E. coli inactivation,

These experiments demonstrated that both UV-light and a photocatalyst,
such as ‘Ti0,, were needed for the effective disinfection of microbe. This is due to the
fact that when TiO; is illuminated with the light of energy equal or higher than the
band gap energy the electron-hole pairs are produced. The photokilling behavior
may be explained as follows: UV illumination of TiO; produces various reactive
species (e.g., ‘OH, HOz', Hy0,) in the presence of water and air by the following
reaction (Hoffman, et /., 1995; Mills and Hunte, 1997).

TiO; + hv — ¢ + h' n
[Reduction site]
O, +e — O 2)
O,y + Y —» HO; ‘ 3)
HO, + HO; —» H,0, + O, (4)
H,0, + ¢ —» OH + ‘OH (5)
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[Oxidation site]
IL,O + h* — 'OH ©)
'OH + 'OH —» H;0, )
H0, + 20 —» 2N + O, (8)

These reactive oxygen species can decompose

organic compounds and
extinguish cellular activity.




CHAPTER 4

CONCLUSIONS

In this part, photocatalyst TiO, powders in anatase or rutile or a
mixture of anatase and rutile phases have been synthesized from an aqueous solution
of TiCls by the sol-gel process. The AP or B*'-doped titania were also prepared via
the same process. No caicination at high temperature was applied to these syntheses.
The product TiO, composed of mainly amorphous phase with a small amount of
anatase or rutile or a mixture of both. All samples were characterized by powder
XRD, BET, SEM, EDX, FT-IR, and UV-Vis techniques. The powder XRD evidence
showed that the synthesized parameters (acid catalyst, volume of water used, refluxed
temperature and refluxed time) results in changing of TiO, phase component. In
conclusion, low volume of water content affects the growing of TiO;, cluster in the
rutile phase, and the presence of sulfate accelerates the growth of TiO; cluster in the
anatase phase. The low volume of water and high refluxing temperature tend to favor

the rutile phase titania (Ding, et al., 1997).

These samples were tested for antimicrobial activity (bacteria and
yeast) in comparison with the commercial products, anatase, rutile, and Degussa P25.
All the nine synthesized samples showed inactivation activity towards bacteria, two of
them (Ti0,-200w-80H,804 and TiO,;-Al-150w) showed a higher activity than
Degussa P25. This activity could be the combined results of the high surface area and
the suitable width of the band gap energy of the synthesized samples.

In the studied of photocatalytic disinfection of TiO; powders of yeasts,
the results indicated that the synthesized titania retarded the growth of yeasts within
120 min irradiation time. For those with good performances, these products can be
regarded as an inexpensive alternative to the presently available commercial ones due

to simple synthesis without the need for calcination.
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Part I1

Nanosized TiO, Particles Decorated on SiO; Spheres (Ti0Q./SiO,):
Synthesis and Photocatalytic Activities
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Titania (TiO,, titanium dioxide) has received significant attention
because of its numerous applications, such as photocatalysis and catalyst support,
white pigments for paints, cosmetics, fillers, and battery electrodes (Fujishima, ef
al.,2000). However, titania powders having high surface arcas are not thermally
stable and lose their surface area readily at elevated temperature through phase
transformation and crystallite growth. Therefore, many research groups have
investigated coating titania on silica spheres which can serve as high surface area

support (Fujishima, ef al., 2000; Li, et al., 2003).

Over the last decades, applications and uses of supported metal oxides
on silica have driven research towards the production of catalysts characterized by the
presence of high percentage of the metal oxide in a dispersed state (two dimensional
surface metal oxide ovérlayers) (Bond, ef al., 1991; Roark, et al., 1992; Castillo, ef al.,
1996). An interesting example is given by silica-supported titania TiO,/SiO; catalysts
that have been considered as advanced support materials substituting pure TiO,. The
higher mechanical strength, thermal stability and specific surface area of the
supported titania oxides, compared to pure TiO,, have recently attracted much
attention and driven interest towards the use of these materials not only as catalytic
supports, but also as catalysts through the generation of new catalytic active sites

(Deo, et al., 1993; Iengo, et al., 1999).

Moreover, Ti02/Si0, particles exhibit novel properties that are not
found in either single oxide. Recently, it was reported that TiO3/SiO; particles show
better catalytic pfoperties and improved photoactivity than do the classical single
oxides, such és titania and silica (Fu, er al., 2001; Cheng, er al,, 2003). This was

partially explained in terms of interaction between TiO; and SiO,, as well as the
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different structure from bulk TiO,. It is well known that silica surface is fairly inert,
however, the silica surface hydroxyls generally act as adsorptive/reactive sites
because of their hydrophilic character. Thus, the preparation of highly dispersed
metal oxides on silica often involves highly reactive precursors, such as titanium
alkoxides or TiCls, which readily react with the surface hydroxyls of the silica support
(Deo, et al., 1993; Castillo, ef al., 1996). In report of Anderson and Bard, the effect
of incorporation of silica on the behavior of titania-based photocatalysts prepared by a
sol-gel technique showed that in the decomposition of rhodamine-6G by the
titania/silica mixed oxide with a ratio 30/70 produced the highest activity, about three
times higher than the Degussa P25 titania (Anderson and Bard, 1995).

In this research, nanosized pure TiO; and nanosized TiO, grafted on
Si0,; sphere (Ti0./Si0y) were prepared by the sol-gel method using titanium
tetraisopropoxide (TTIP) and methyl-trimethoxysilane (MTMS) as precursors. The
physical properties of Ti0,/Si0; particles were investigated by FT-IR, XRD, and XPS.
We also determined the effect that the amount of TiO, grafted on SiO; had on the
physical properties of nanosized Ti0,/Si0; particles. In addition, their photocatalytic
activities on the decomposition of methylene blue were also investigated. In this
work, the effect of this particular decoration of titanium metal oxide onto the silicon
metal oxide will be discussed with respect to the observed enhanced photocatalytic

activity as a means for increasing adsorption and photoreaction rates.

1.2 Review of literatures

1.2.1 The sol-gel process
The sol-gel process allows synthesizing ceramic materials of high purity
and homogeneity by means of preparation techniques different from the traditional
process of fusion of oxides. This process involves the evolution of inorganic
networks through the formation of a colloidal suspension (sol) and gelation of the sol
to form a network in a continuous liquid phase (gel). The precursors for synthesizing

these colloids consist usually of a metal or metalloid element surrounded by various
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reactive ligands. The starting material is processed to form a dispersible oxide and
forms a sol in contact with water or dilute acid. Removal of the liquid from the sol
yields the gel, and the sol/gel tramsition controls the particle size and shape.

Calcination of the gel produces the oxide.

Sol-gel process occurs in liquid solution of organometallic precursors such
as Si(OEt)4 (tetraethyl orthosilicate, or TEOS), Ti(IV)-butoxide, which, by means of
hydrolysis and condensation reactions, lead to the formation of a new phase (sol).
The reactions involved in the sol-gel chemistry based on the hydrolysis and
condensation of metal alkoxides M(OR), can be described as follows (Brinker and
Scherer, 1990; Hench and West, 1990):

M-0O-R + H,O0 — M-OH + R-OH (hydrolysis)
M-OH + HO-M — M-0-M + H,O (water condensation)

M-O-R + HO-M — M-0-M +R-OH (alcohol condensation)

Sol-gel method of synthesizing nanomaterials is very popular amongst chemists and is

widely employed to prepare oxide materials.
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Figure 26. Schematic representation of sol-gel process of synthesis of nanomaterials

(https://www.lInL.gov/str/May05/Satcher.html),

The interest in this synthesis method arises due to the possibility of
synthesizing nonmetallic inorganic materials like glasses, glass ceramics or ceramic
materials at very low temperatures compared to the high temperature process required
by melting glass or firing ceramics. The most attractive features of the sol-gel process
include the production of compositions not possible with conventional ceramic
preparation methods, along with the retention of the mixing Ievel of the solution in the
final product, often on the molecular scale (Hu, ef al., 1992; Lenza, et al., 2000). By
controlling the synthesis conditions carefully, these reactions may lead to a variety of
structure, and to different final states for the materials (Brunet and Cabane, 1993).

In recent years, an improvement in the photocatalytic behavior of
particulate titanium dioxide (TiO;) by the intimate incorporation of SiO, have been
investigated (Arai, e al.,2006; Yu, et al.,2006; Qi et al., 2007). Tt was reported that

TiO;z in SiOyfTiO; composite materials exhibited better photoactive than pure TiO;
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powders due to smaller grain size and improved adsorption (Yu, ef al., 2001; Cheng,
et al., 2003; Hong, ef al., 2003). Furthermore, it was found that TiOy/ 8i0, composite
microspheres are good candidate materials for photonic crystals with complete band
gap in the near-infrared and visible regions (Han and Kumacheva, 2001; Kimura, ef
al,2003). Usually, TiO2/SiO; composite microspheres could be prepared by many
methods including impregnation, grafting, precipitation, reverse suspension, sol-gel
technology and so on (Dutoit, et. al,, 1995; Holgado, ef al., 2000; Retuert, ef al., 2000;
Han and Kumacheva, 2001;VKhalil, et al., 2002; Kimura, et al., 2003). However, the
composite microspheres prepared by the above method showed low surface areas due
to using non-porous silica as substrates. This limited their further potential
applications in many fields, such as catalysis and molecular separations.

In this work, the method to synthesized TiO, decorated on SiO, sphere is
consisted of 2 steps as follow. First, the sol-gel method was used to prepare nanosized
TiO,, Si0O; sphere, and nano-anatase TiO; sols for decorated on SiO, spherical core
sheils. Afterward, the deposition of titania colloid particles on the surface of
monodispersed silica microsphere which was done by using a simple electrostatic

attraction strategy, and then calcined at 500 °C for 3 h.

1.2.2 Dye and treatment of dye pollutant

1.2.2.1 Dye

A dye can generally be described as a colored substance that has
an affinity to the substrate to which it is being applied. The dye is generally applied
in an aqueous solution, and may require a mordant to improve the fastness of the dye
on the fiber.

The first human-made (synthetic) organic dye, mauveine, was
discovered by William Henry Perkin in 1856. Many thousands of synthetic dyes have
since been prepared. Synthetic dyes quickly replaced the traditional natural dyes.
They cost less, they offered a vast range of new colors, and they imparted better

properties upon the dyed materials.
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In this research, methylene blue (MB) was used as a model of dye
pollutant. Methylene blue, MB, is a brightly colored, blue cationic thiazine dye. The
structural formula of MB (3,7-bis(dimethylamino)phenothiazin-5-ium chloride,
Ci6H;3CIN3S) are shown below (Epling and Lin, 2002). The uses of MB include
being an antidote for cyanide poisoning in humans, antiseptic in veterinary medicine
and, most commonly, in vitro diagnostic in biology, cytology, hematology and
histology (Mills and Wang, 1999). At room temperature it appears as a solid,

odorless, dark green powder that yields a blue solution when dissolved in water.

joes)

cr

(HsCpN N(CHz),

Methylene blue has been used in several research articles. Mills
and Wang (1999) studied the photobleaching of MB in an aqueous solution in the
absence and presence of oxygen. Xu, et al., (1999) reported the influence of particles
size of TiO;, on the photocatalytic degradation of MB in a suspended aqueous solution.
Houas, ef al, (2001) investigated the TiO,/UV photocatalytic degradation of
methylene blue (MB) in water. Epling and Lin (2002) studied the photoassisted
bleaching of MB utilizing TiO; and visible light. Awati, et al., (2003) studied the
photocatalytic decomposition of MB using nanocrystalline anatase titania prepared by
ultrasonic technique. Randorn, ef al., (2004) reported the bleaching of methylene blue
by hydrated titanium dioxide. Kanna and Wongnawa (2008) determined the
photocatalytic decolorization of MB using mixed amorphous and nanocrystalline
TiO, powders, which prepared by acid-catalyzed sol-gel method at 80 °C without

calcinations.
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1.2.2.2 Methods for the treatment of dye pollutants

Many dyes pose environmental hazards because their degradations
may produce toxic intermediates. For example, those dyes with substructures of
nitrobenzene, benzidine and quaternary amines have carcinogenicity and toxicity.
With increasing awareness of water-resource protection to ensure a safe drinking
supply, dye-containing wastewater originated from dye manufacturing industries and
dyeing industries needs to be treated before being discharged (Epling and Lin, 2002).

Over the last two decades photocatalytic process has been shown
to be potentially advantageous and useful for the treatment of wastewater pollutants,
This process has several advantages over competing processes such as: (1) complete
mineralization, (2) no waste-solids disposal problem, and (3) only mild temperature
and pressure conditions are necessary (Mahmoodi, ef al., 2005),

The usefulness of metal oxide for water purification lies in the
ability of the photogenerated electrons and holes to participate in reactions with the
pollutants that have been mineralized to harmless products. Most organic pollutants
can be removed by oxidation reactions. As shown in Fig, 27, either the
photogenerated hole directly reacts with the pollutant or the hole reacts with water
forming hydroxyl species, which oxidize the pollutants. The photocatalytic
mechanism of TiO; has been well documented and can be summarized as follows
(Houas, et al., 2001; Anpo and Takeuchi, 2003).

TiO; +hv —  eg+hy (D
Orags + € — 0, )
0, +H' - *O0H 3
2 *OOH — H0; + O “)
H0, + €& —  OH' + OH- ()
'Hzo ags T hyp — H" + OR* (6)

'Organic pollutants + OH® — degradation products  (7)

Organic pollutants + hy,, — degradation products (8)
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The reaction begins with TiO, particles being excited with UV light resulting in the
formation of electron-hole pair, as displayed in eq. (1). The electron in the conduction
band, e, and the hole in the valence band, hy,, may recombine and nullify further
reactions. The eq, — hyy, pair, if they survive from the recombination process, will
eventually diffuse to the bulk surface and react with other molecules nearby. The eg
can react with molecular O, adsorbed at the bulk surface and after few more steps will
lead to the formation of OH® radical, eq. (2)-(5), which plays a major role in
photocatalytic reaction. The hy, can react with HO at the bulk surface leading to
formation of OH" radical as well, eq. (6). The very reactive OH" radical can go on by
attacking the dye molecules to completely mineralize them, eq. (7). In addition, the
hyy itself can also attack and mineralize dye molecules, eq. (8). This cycle continues
when light is available. Note for Fig. 27 that the desired oxidation-reduction reaction
to occur for organic compounds, the redox potential needs to be smailer than the
bandgap, and the reduction potential below in absolute position with respect the

conduction band potential, and above for the oxidation and the valence band.

. photon
Organic g .
Compounds Conduction

@ Band
reduction ' ‘t

Redox Band
Potential _ Gap
oxidation l

Valence

Band
CO,, H,O
Photocatalyst

Figure 27. Schematic representation of the photocatalytic oxidation mechanism of

semiconductor materials (VB: valence band and CB: conduction band).
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The relative positions of the redox potentials for the formation of
hydroxyl species and the valence band for some common semiconductors are shown
in Fig. 28. A semiconductor such as Si with a valence band above the redox potential
required for hydroxyl radical formation is not useful for photocatalytic oxidation.
Conversely, titanium dioxide which has valence bands below the redox potential
required for hydroxyl radical formation is suitable for photocatalytic oxidation.
Furthermore, the difference between the redox potential for the desired reaction and
the valence and conduction bands acts as the driving pdtential for the desired reaction;
the higher this driving potential is, the faster the oxidation (valence) and reduction
(conduction) reactions. Note that too in Fig. 28, the redox couple is generally
asymmetric with respect to the band gap, and that if either the reduction or oxidation
potential is above or below the conduction and valence band of the photocatalyst, the
reaction will not go forward. For example, in the case of anatase TiO,, the conduction

band is about -0.1 eV and the valence band is about +3.0 ¢V. At pH = 0, the redox
couple of OH'/H,0 equals to +2.73 eV which is between the conduction band and the

valence band of anatase titania, then this reaction could go forward.
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Figure 28. Conduction band and valence band energy positions for common -
semiconductors at pH = 0. The values noted on the right axes are the redox potentials
for certain common redox couples of interest in water purification (Chandrasekharan,

2008).

However, the limitations of photocatalysts for water purification is the
low photoefficiency of photocatalysts and the high energy required for the photon
(near UV or UV) to generate electrons and holes. Previous literatures have explored
multiple ways to improve the photoefficiency of the decontamination and disinfection
process for titanium dioxide and other semiconductors. Methods to reduce the energy
bandgap and hence the required energy of the photon have also been investigated.
Some of the proposed methods to increase photoefficiency focus on increasing the
charge separation between the electrons and holes; thus reducing the recombination
rates and increasing availability of the electrons and holes to participate in the redox
reactions. These methods include the deposition of tiny metal particles on the
photocatalyst surfaces that act as electron receptors or supporting of the
photocatalysts on substrates as a means for increasing adsorption and photoreaction
rates (Wachs, 1996). In this work, to enhance the photocatalytic activity of
photocatalyst, the deposition of titania colloid particles on the surface of
monodispersed silica microsphere was done by using a simple electrostatic attraction
strategy.

Many studies have shown that heterogeneous photocatalytic oxidation
processes can be used for removing coloring material from dye effluent. Zhang, ef al.,
(1998) demonstrated the TiO,-assisted photodegradation of dye pollutants under
illumination by visible light. Kiriakidou, et al,, (1999) reported the effect of
operational parameters and TiO;-doping on the photocafalytic degradation of Acid
Orange 7 (AO7). Zhu, et al., (2000) studied the photocatalytic degradation of azo
dyes by supported TiO; + UV in aqueous solution. Epling and Lin (2002)
demonstrated the photoassisted bleaching of dyes utilizing TiO, and visible light.
Daneshvar, ef al., (2003) studied the photocatalytic degradation of azo dye acid red 14

in water and investigated the effect of operational parameters. Xie and Yuan (2003)
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reported the photocatalytic activity and recycle application of titanium dioxide sol for
X-3B photodegradation. Qumar, ef al., (2005) reported the photocatalytic degradation
of two selected dye derivatives, chromotrope 2B and amido black 10B, in aqueous

suspensions of titanium dioxide.

1.3 Objectives

The objectives of this research is to improve photocatalytic activity of nanosized
TiO;, by grafting it on SiO; sphere core shell (TiO»/Si02). The work comprises of;

(1) Nanosized TiO; grafted on SiO, sphere core shell (Ti0»/Si0;) will be
prepared by the sol-gel method, Pure TiO; and SiO, will also be synthesized.

(2) Samples obtained in (1) will be studied further for the photocatalytic

activities using methylene blue as a model pollutant.




CHAPTER 2

EXPERIMENTAL

2.1 Synthesis of nano-anatase TiQ; decorated on SiQ; spherical core shells

2.1.1 Materials
(1) Acetic acid, CH3COOH, A, R., Sigma-aldrich, U.S.A.

(2) Ammonium hydroxide (Ammonia solution) 28.0-30.0%, NH;OH, A.R.,
J.T. Baker, U.S.A,

(3) Ethanol, CH,CH30H, A.R., Sigma-aldrich, U.S.A.

(4) Methyltrimethoxysilane 98%, C4H;2,038i (MTMS), A.R., code no.
246174, Sigma-aldrich, U.S.A.

(5) Nitric acid, HNOs, A.R., Sigma-aldrich, U.S.A.

(6) Titanium(IV) isopropoxide 99.999%, Ti[OCH(CHs),]4 (TTIP), A.R.,
code no. 377996, Sigma-aldrich, U.S.A.

2.1.2 Methods

2.1.2.1 Catalysts preparation

(a) Preparation of TiO; sols

TiO; sols were prepared according to the method previously
reported (Qi, ef al.,, 2007). Titanium tetraisopropoxide (TTIP, Aldrich, 99.99%) 5 mL,
was added dropwise into 100 mL acidic ethanol solution containing 1 mL nitric acid

and 10 mL acetic acid under vigorous stirring, Then the mixture was heated at 60°C
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while stirring for 20 h. In addition, pure TiO, was synthesized by this method and the

titania powder was obtained by filtration and was calcined in air at 500 °C for 3 h.

(b) Preparation of SiO; spheres

Silica spherical core-shell structure with particle size around 400
nm was prepared as follows. Adding 2.5 mL of methyl-trimethoxysilane (MTMS,
Sigma 98%) into 100 mL of 1 x 10™ M nitric acid aqueous solution that was heated to
60°C while vigorous stirring was maintained. Then 2.5 mL ammonia was added to the
solution. A milky silica solution was attained. SiO; powder was extracted by

centrifuging the milky suspension of silica, and the supernatant removed.

(c) Synthesis of TiQ; decorated on SiO; particles

The as-synthesized SiO; powder was added to different relative
weight percentage of TiO; sols (30%, 50%, and 75% of TiO; on 8i0;). Then the
mixture was dispersed in an ultrasonic bath for 15 min. The TiO,/SiO; mixture was
kept for 24 h to form TiO; grafted on SiO; spherical core-shell structure. The
formation mechanism of TiO; grafted on SiO, sphere was shown in Scheme 1. The
suspension mixture then was filtered and calcined in air at 500°C for 3 h. Different
amounts of titania decorated on SiO; sphere formed different grafted patierns related

to spacing and clumping of TiO; particles on SiO; surface.

Titanfa sol
—-

- _ Silica core/
Silica core titania shell

Scheme 1. The formation mechanism of TiO; grafted on SiO; sphere (Qi, ef al., 2007).
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2.1.2.2 Products characterization

The crystal structure of pure TiO,, Si0O;, and Ti0./Si0, powdér
were analyzed by X-ray diffraction (XRD). XRD study was made on a Rigaku D-Max
X-ray powder diffractometer (Rigaku Corporation, Tokyo, Japan) with Ni-filtered
CuKa (0.15418 nm) radiation at 45 kV and 20 mA. The crystallite size was

calculated by using the Scherrer’s formula,

K&
By cos8 |

(1)

where L is the average crystallite size in nm, X is a constant usually taken as 0.9, A is
the wavelength of the X-ray radiation (using CuK, = 0.154056 nm), Sy is the line
width at half-maximum height in radians, and & is the diffracting angle (Zielinska, ef
al., 2001; Sivalingam, ef al., 2003).

The Brunauer-Emmett-Teller (BET) surface area of all powders
were determined using Coulter, model SA3100. The infrared spectra were
investigated by a Bruker EQUINOX 55, in the range 4000-400 cm™.

The composition of the powder was determined by X-ray
photoelectron spectroscopy (XPS). XPS measurements were performed on a Physical
Electronics PHI 5400 X-ray Photoelectron Spectrometer (Perkin-Elmer Corporation,
Eden Prairie, MN) with an Mg K anode (1253.6 eV photon energy, 15 kV, 300 W) at
a take-off angle of 45°. Multiplex XPS spectra of O 1s, Ti 2p, Si 2p were recorded
using a band-pass energy of 178.95 eV corresponding to an energy resolution of 1.0
eV. The atomic concentrations of these elements were obtained by comparing the

peak areas of their spectra.

_ The morphology of the powder was investigated by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). A SEM
sample was made by applying powder sample on the a conductive carbon tape, the

sample was sputtered with gold for 25 s (Emitech K575 Sputter Coater, Emitech Ltd.,
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Ashford, U.K.) before imaging. The SEM image was performed on a Hitachi S-4700
scanning electron microscope (Hitachi Ltd., Tokyo, Japan). A TEM sample was
made by dispersing a thin film of powder sample on a Cu grid. The TEM observation
was performed on a JEOL 2010LaB6 transmission electron microscope (JEOL Ltd.,

Tokyo, Japan) operated at 200 kV, with a point-to-point resolution of 0.28 nm.

2,2 Photocatalytic study

2.2.1 Materials

(1) Methylene blue, Ci¢H1gN3CIS,22H,0; Laboratory Reagent, UNILAB,

Australia,

2.2.2 Procedures

Photodegradation of methylene blue

In order to quantify the effectiveness of a photocatalyst for water
decontamination and also to explore techniques to increase photoefficiency, it is
necessary to come up with methodologies to quantify the photochemical and
photoelectrical properties of photocatalysts. Usually, photocatalyst decontamination
performance is evaluated by quantifying the photochemical degradation rate for either
an actual poliutant or a model pollutant such as a dye with a specific absorption peak
in the visible region, e.g. methylene blue. The photoreactions were carried out by
shining UV light on a slurry of the photocatalyst powder and measuring the
degradation rate of the pollutant. The limitation of such a system lies in the difficulty
of quantifying transport of light and the reactants and products to and from the surface
of the photocatalysts. The actual amount of light that reaches each individual
photocatalyst particle is hard to quantify given the scattering of UV off the
photocatalyst powder particles and absorption by the water and the pollutant in them.
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Similarly, the reactive-diffusion of pollutants and products is hard to quantify given
the lack of knowledge of light intensity at the particle and also the distribution of the
particles in the slurry. Given this limitation in correctly quantifying transport
properties, accurately comparing photocatalysts that are different from each other in
particle size and optical (scattering) characteristics is not possible. In this work, we
used a fixed bed reactor in order to be able to compare photocatalysts undergoing the
same photon flux and attenuation within the fixed bed, instead of having large
variations in flux that occurs with slurry. The fixed bed makes it possible to maintain
similar light and species transport conditions across samples thus enabling more direct

comparison in photocatalytic activity.

A schematic of the experimental system is shown in Fig. 29. A packed
bed of ~1-2 mm of the photocatalyst is spread on top of a nanoporous filter and an
aqueous solution of the target pollutant is circulated through this bed. The light

source used was a 254 nm UV lamp,

The initial concentration of the methylene biue was 107 M. The
aqueous solution of the organic molecules was re-circulated through the photocatalyst
bed using a peristaltic pump. Prior to illumination using UV light, the aqueous
solutions were circulated through the samples for at least 2 hours in the dark. This
dark adsorption helps to differentiate between the photodegradation and the
adsorption of the pollutant onto the samples. Subsequent to irradiation by UV light,
samples were collected once every 10 minutes and the concentration of the methylene
blue was determined using a Cary 5G UV-Vis spectrometer. The 660 nm methylene
blue peak along with Beer Lambert’s law was used to quantify the methylene blue

concentration.




Filter

Model organic
solution

254nm light

Magnetic
stirrer

Peristaltic
Pump
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Figure 29. Experimental setup to measure photochemical degradation of methylene

blue (Chandrasekharan, 2008).




CHAPTER 3

RESULTS AND DISCUSSION

3.1 Synthesis of nano-anatase TiO; decorated on SiO; spherical core shells

Pure TiO,, Si0; and TiO, decorated on SiO; (Ti0./Si0,) powders were prepared
by a sol-gel method and simple electrostatic attraction. The physical properties of all

synthesized powders were investigated as follows,
3.1.1 Physical properties of the synthesized powders

3.1.1.1 X-ray powder diffractometry (XRD) and BET surface area

The X-ray diffraction patterns of Si0O;, TiO;, and nanosized
Ti0,/8i0; (with varying weight percentage of TiO;; 30, 50, and 75% of TiO; on Si0;)
samples are illustrated in Fig. 30. All were calcinated under the same condition in air
at 500 °C for 3 h. TiO, and nanosized TiO»/SiO, showed a clear anatase-type crystal
structure. The sharp peaks and strong intensity indicated that crystallization was
present, and the higher the percentage of TiO, gave higher intensity of peaks. The
peak associated with SiO; show that it is an amorphous form of silica. The crystallite

size of titania and Ti0,/Si0, are listed in Table 8.
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Table 8. The crystallite size and BET surface area of TiO», SiO,, and TiO; grafted on

Si0,.

Catalysts Phase Crystallite size (nm) | BET swface area (mz/g)
100% SiO» Amorphous - 11.57
30% Ti0,/Si0; Anatase 6.8 367.58
50% Ti04/510; Anatase 6.0 211.87
75% Ti(,/S10, Anatase 8.5 148.47
100% TiO» Anatase 16.2 54.401

100% TiO2
15% Ti02/5102
£
=] _ : 50% Ti0215102
8 %Wﬁﬁ%%ﬁﬁ Yo Lo Y P R .
30% Ti02/5102
100% §102
1 1 L 1 i . | 1 i i i 1 1 1 L { i 1 1 I : L }
10 20 30 40 50 60 70

20 (degrees)

Figure 30. X-ray diffraction patterns of TiO;, SiO;, and TiO,/SiO,, (with various
relative weight percent of TiO; on SiO,) obtained by calcinating powder samples in

air for 3 h at 500°C.
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The crystallite sizes of the samples were calculated using the peak
at 20 = 25.4° for anatase TiO,. From the crystallite size and BET surface area data in
Table 8, it appears that the amount of SiO; sphere has an effect on the crystallite size
of grafted nanosized TiO,, with higher amount of SiO; resulting in smaller crystallite
size, and larger surface area of TiO, particles. This effect may be due to the Si0,

limiting the agglomeration of TiQ; particies.

The slightly anomalous order crystallite size of 50% TiO,/SiO;
(6.0 nm) and that of 30% Ti0,/SiO; (6.8 nm) was observed. This could come from
the appropriate percentage of titania which disperse on Si0O; sphere. If this small
difference was not caused by the experiment inaccuracy, at this point, we would like
to concluded that 50% Ti0,/Si0; is an optimum quantity of TiO; that could be spread

onto Si0; sphere.

3.1.1.2 Fourier-transformed infrared spectrophotometry (FTIR)

In Fig. 31, the transmittance spectra of nanosized TiO; and TiO,
grafted on SiO; sphere with various relative weight percent of TiO; are presented.
The band centered near 3740 cm™ which shows up in the case of pure SiO; and 75%
Ti0,/81i0; has been assigned to silanols (single Si-OH groups and geminal Si(OH),
group) that are completely unassociated or very weakly associated sites. The feature
near 3670 cm™ is due to vicinal silanols that undergo mutual hydrogen bonding. The
broad band centered near 3500 cm™ has been assigned to sites that interact with
residual physisorbed water (Bergna and Roberts, 2006). The band at 1630 cm™
observed in all spectra are attributed to stretching mode of hydroxyl (Dutoit, et al.,
1995; Rubio, ef al., 1997). In pure SiO,, the bands at 820 cm™ and 1120 em™ are
ascribed to the symmetric vibration of Si-O-Si and the asymmetric stretching
vibration of Si-O-Si, respectively (Duran, ef al., 1986; Dutoit, et al., 1995). In the
nanosized TiO,/SiO, samples, the peaks of Si-O-Si asymmetric stretching- mode are
splitted into 2 peaks (1140, 1040 cm™) when disorder of the structure is introduced
(Gaskell and Johnson, 1976). The band at 940-960 ¢m™ indicates the presence of
Ti-O-Si, while the vibration Si-0-Si stretching are in the range 1050-1120 cm™ (Jung,




92

et al., 2007). The spectrum of 75% Ti0/Si0; sample observed was similar to pure

TiO,. Table 9 lists the assigned modes of the functional groups that are responsible

for the vibration bands in Fig. 31.

Table 9. Assignment of the FT-IR bands of TiO, SiO; and TiQ; grafted on SiO,

samples (Fig. 31).

Samples | Wavenumber | Assignment | Functional groups Literatures
(em™) /molecule
b, ¢ 3740 Vou Silanol (Si-OH) | Dutoit, et al, 1995
a-e 3500 vogand vy | HyO and NH' | Bergna and Robert, 2006
Dutoit, ef al., 1995
a-e 1630 Son OH groups .
Rubio, et al., 1997
Vsi.o-si Si-0-Si (sym.) Duran, ef al., 1986
b 820, 1120 ) ) .
V$i0.5i Si-O-Si (asym.) Dutoit, et al., 1995
Gaskell and Johnson,
¢, d,ande | 1140,1040 Vgi.0.8i Si-O-Si (asym.)
1976
candd 940 - 960 VIi.0-Si Ti-O-Si Jung, et al., 2007.
a Below 800 V10 Ti-O bond Velasco, ef al,, 1999

(a) pure TiOy, (b) pure Si0y, (¢} 30% Ti0y/Si0,, (d) 50% Ti0,/Si0,, (€) 75% TiO,
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Figure 31. The FTIR spectra of as-synthesized TiO,, Si0O; and samples with different
ratio of Ti0y/Si0y; (a) 30% and 50% Ti0x/Si0; and (b) 75% Ti0y/Si0,, 100% TiO,,
and 100% SiO;.
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3.1.1.3 Transmission electron microscopy (TEM)

Morphology and size of the silica and titania particles were
examined using TEM. Fig. 32 shows the TEM images of calcined 30%, 50% and 75%
of TiO; grafted on SiO; spheres. This result shows that the particle size of silica is
about 100 times bigger than TiO, particles, the average particle size of the titania
particles is around 3 nm while the SiO; sphere core shell averages around 350 nm.
TiO, particles deposited on the surface of SiO; sphere only partially, without
complete coverage (Fig. 32a). On a closer inspection, TiO, particles agglomeration
can be seen in Fig. 32b, while in Fig. 32¢, with the highest percentage of TiO,,
deposition of particles became denser leading to higher order of crystallinity as

evidenced by the smoother surface on the TiO,.

The intensities of XRD peaks varied directly with the increasing
amount of TiO, deposited on SiO; sphere. It is interesting to note that the specific
surface area decreased as the percentage of TiO; increased. As TEM results show
that the complete coverage of SiO; sphere was not observed (Fig. 32a). The result for
this could be that as the amount of TiO; increases, it selecfively deposits on the TiO,
already present. Furthermore, at 75% TiO; the deposited chunk of TiO; became more
crystalline (as mentioned above) resulting in lower surface area and also slightly

larger crystallite size (Table 8).
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(a) 30% Ti0+/Si0,

(b) 50% TiO4/Si0;

(€) 75% Ti04/Si0,

Figure 32. TEM images for nanosized (a) 30%, (b) 50%, and (c) 75% of TiO, on
Si0; sphere core shell.
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3.1.1.4 X-ray photoelectron spectrosocopy (XPS)

The wide XPS spectra of the as-prepared TiQ./Si0;, TiO,, and
Si0, samples are illustrated in Fig. 33. Si(2p), Ti(2p) and O(1s) photoelectron peaks
of nanosized TiO; grafted on SiO sphere annealed at 500°C for 3 h are presented in
Fig. 34. The surface atomic concentration of the powders was also calculated as listed
in Table 9. The binding energy (BE) of Si(2p) peak was at 108.9 eV for pure 8i0O,
sphere. The BE of Si(2p) are shifted towards lower values as the amount of TiO;
increased in the grafting. The BE of the Ti(2p3p) for the pure TiO» was 460.7 €V,
which shifted upwards as increasing the amount of Si0,. The major O(1s) peak was
at 531.9 eV and 538.4 eV for the pure TiO, and pure SiO,, respectively. Both peaks
are shown in TiO, grafied on SiO,. The intensity of O(1s) peak, which belongs to

Si0; decreased with increasing the percentage of TiO, grafted on SiO; as expected.

Table 10, Calculated surface atomic concentration of synthesized Ti0,/Si0,, TiO,,

and SiO;.
Surface atomic concentration (%)
Sample

Ols Ti2p Si2p
100% SiO, 60.7 - 27.8
30% Ti0,/Si0; 51.7 6.8 17.9
50% TiC,/Si0; 60.5 134 12.0
75% Ti0,/8i0, 58.3 17.6 4.6
100% TiO, 55.6 21.0 -
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Figure 33. Wide XPS spectra of: (a) pure TiO, and SiO,, (b) pure TiO, and
nanosized TiO; grafted on SiO; sphere.
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Atmospheric contaminants are indirectly confirmed by the
presence of typical carbon contaminant peak C 1s at 285 eV in binding energy scale
that was observed for all sample (see Fig. 33). In addition, this typical carbon
contaminant peak was also considered to be the organic residuals of the gel, which

could be confirmed by DTA/TG analysis (Andrulevicius, et al., 2008).
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Figure 34, X-ray photoelectron spectroscopy multiplex high-resolution scans over

O(1s), Si(2p), and Ti(2psy,) spectra regions of nanosized TiQ, grafted on SiQO; sphere.

The trends of BE shift observed above support the incorporation of
TiO; into the bulk of SiO; by the grafting method. Starting with pure Si0O;, when
TiO, was introduced the formation of Si-O-Ti took place as evidenced by the BE shift.
Ti has lower electronegativity than Si (and likewise for Ti(IV) to Si(IV)). By forming
such bridge Si becomes more electron rich hence its BE shifting to lower energy
while Ti becomes more positive with its BE shifting to higher energy. This effect
passes on to oxygen atoms as we can see BE of Ti-linked oxygens shift to higher
cnergy and Si-linked oxygens shift to lower energy. The intensities of these XPS

peaks also reflect the percentages of TiO, grafted into SiO,.
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3.2 Photocatalytic study

3.2.1 Effect of TiO2/8i0; ratio on photocatalytic decolorization of methylene
blue

The photocatalytic oxidation of as-prepared pure TiO, and decorated
Ti0,/Si0, are shown in Fig. 35 as percentage of decolorization of methylene blue by
nanopaiticle TiO; and decorated TiO2/SiO, samples, The concentration of methylene
blue decreased exponentially with irradiation time and the highest decolorization of
methylene blue belongs to 50% Ti0,/Si0,. The kinetics of this reaction can be
approximated as a first-order process, and the rate constants can be used to coinpare
the relative efficiency of the different materials under essentially identical conditions.
The rate constants of the products were obtained from the plots of In(Ao/A) versus
time — example of the plot is shown in the appendix A. Rate constants obtained fiom
these data as a function of percent Ti0/Si0; is shown in Fig. 36. The methylene biue
in the absence of semiconductor particles or pure SiO, shows negligible
photodecomposition. The results show that the rate of decomposition of methylene
blue depends on the Ti0,/Si0; ratio and was largest at 50% TiO,/Si0, which showed
an activity about 6 times higher than that of pure TiO;. The result for this could be
due to the high surface area of photocatalyst and the small crystallite size of TiO,
decorated on SiO; sphere. Nevertheless, the appropriate percentage of TiO; dispersed
on SiO; sphere is also a marked factor for the good performance of photocatalyst as
the result of 50% TiQ,/Si0; above.

The enhanced photocatalytic activity of the Ti0»/SiO, composite might be
attributed to the unique physicochemical properties of TiO,/SiO, nanocomposites
which result from the strong interaction of TiO, and $iQ, particles at molecular level,
such as the increased specific surface area of Ti0,/Si0, nanocomposites (Hong, et al.,
2003; Shibata, et &l., 2006; Yu, et al, 2006; Zhou, et al., 2006). The increase in
specific surface area facilitates more effective adsorption sites which might promote

the photocatalytic activity by increasing the concentration of contaminants and
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reaction intermediates near the TiO; (Anderson and Bard, 1995; Kim, et al,, 2005;
Arai, et al., 2006).

The increasing in reactivity can partly be attributed to an increased surface
area, and also the beneficial effect of Si0O,, which indicates no photoactivity, but is
probably relates to the preferential adsorption of R-6G on SiO,. The preferential
adsorption effectively increases the surface concentration of R-6G at or near the TiO,
sites promoting more efficient oxidation by photogenerated species (Anderson and
Bard, 1995). Since methylenc blue is cationic dye as R-6G, the results in
photodecomposition of methylene blue by irradiated TiO,/SiO, particle can be

summarized in the same way.

In addition to the increased specific surface area of Ti0,/8i0,
nanocomposites, mixed metal oxides often generate additional surface acidity over
their individual members because of an increase in the polarizability of the hydroxide
group present in the mixed oxide (Nakabayashi, 1992). The amine titration method is
a means of determining surface acidity of metal oxides (Papp, ef al., 1994). Qi and
his co-worker (2007) investigated the N-butylamine titration method to confirm that
the acidity of Ti0»/SiO; nanocomposite powders was stronger than that of pure TiO,
powder. Many previous research works reported that the stronger acidity would
contribute to the increase in the photocatalytic activity (Papp, et al., 1994; Fu, et al,,
1996). In the TiOy/SiO, nanocomposites, a complex oxide may form at the interfaces
due to the existence of Ti-O-Si vibration in the IR spectrum detected in previous
works (Liu and Davis, 1994; Seok and Kim, 2004). Ti-O-Si bonds enhance surface
acidity of the TiO,/SiO; nanocomposites and in turn improve the photocatalytic
activity of the TiO,/SiO, nanocomposites fabricated in this study.  Although, N-
butylamine titration method was not used to confirm the acidity of TiQy/Si0,
nanocomposite powders in this work, but the method to characterize the physical
properties of all powders (FTIR, BET, TEM and XPS) and the study of
photodecolorization of methylene blue give significant details to prove that a mixed
oxide Ti0/SiO; is a more efficient photocatalyst for the degradation of methylene

blue than TiQ, alone.
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Figure 35. Decolorization of methylene blue solution with different ratio of

nanoparticle TiO; decorated on SiO, sphere.
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In this work, the controlled decoration or grafting of photoactive TiO;
semiconductor .on Si0; microsphere was explored as a means to increase
photoefficiency. SiO; was chosen as the supporting oxide because it is inexpensive
and the previous work (Qi, ef al, 2007) suggests that the Lewis acidity of the SiO,
helps increase the photoreaction rates. Furthermore, there is evidence to suggest that
the electronic binding energies of the overlying oxide is affected by the underlying
Si0, and hence opens up the possibility of tuning the position of the valence and/or
the conduction band of the TiO, (Guiu and Grange, 1995; Lassaletta, ef al., 1995;
Wachs, 1996), to better match the absolute values of the redox couple of the

compound being decomposed in water,

3.2.2 Photocatalytic degradation pathway of methylene blue from literatures

Houas, et al., (2001) studied the TiO,/UV photocatalytic degradation of
methylene blue in aqueous heterogeneous suspensions. A detailed reaction
mechanism was presented from the initial step of adsorption involving the cationic
functional group of methylene blue molecule, which was probably adsorbed
perpendicularly to the surface down to the final products (CO,, SO, NH,*, and
NOj). The degradation intermediates originated from the initial opening of the
central aromatic ring and their subsequent metabolites were formed in agreement with
general rules already put in evidence in the degradation of other complex molecules in
water, It can be concluded that photocatalysis can decontaminate colored used waters,
Photocatalysis appears as the only sub-discipline of heterogeneous catalysis, which is
able to convert organic pollutants to CO; in water without heating nor using high
pressure of oxygen nor requiring chemical reactants or additives,

The main aromatic' metabolites resulting from methylene blue
decomposition are presented in Scheme 2, where théy are logically reported according
to their decreasing molecular weight. The initial step of methylene blue degradation

can be ascribed to the cleavage of the bonds of the C-S'=C functional group in

methylene blue. The electrophilic attack of *OH concerned the free doublet of
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heteroatom S, making its oxidation degree pass from -2 to 0. However, the passage
from C-8'=C to C-S(=0)-C requires the conservation of double bond conjugation,
which induces the opening of the central aromatic ring containing both heteroatoms, S
and N. The origin of H atoms necessary to C-H and N-H bond formation can be
proposed from the proton reduction by photogenerated electrons as already observed
in alcohol dehydrogenation and pesticide degradation. An alternative rearrangement

of the phenothiazine structure is presented in Scheme 3. The sulfoxide group can

undergo a second attack by an *OH radical producing the sulfone (non-detected) and

causing the definitive dissociation of the two benzenic rings.
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2001).
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CHAPTER 4

CONCLUSIONS

The nanosized TiO; decorated on SiO; sphere was prepared by a low
temperature sol-gel process and simple electrostatic attraction strategy. The major
phase of the pure TiO; particle and deposited TiO, on Si0; sphere are of the anatase
structure. The XRD, BET, FTIR, TEM and XPS method were used to characterize
the physical properties of all powders. The results show that the higher amount of

SiO; resulting in smaller crystallite size and larger surface area of TiO, particles.

In photodecomposition, a fixed bed reactor was used to study the
degradation of methylene blue by Ti0,/SiQ, and pure TiO; particles. A mixed oxide
Ti0,/8i0; is a more efficient photocatalyst for the degradation of methylene blue than
TiO; alone. The decomposition rate of methylene blue of 50% TiO/Si0, is largest in
this comparison. The result show that the appropriate percentage of TiO; dispersed on
Si0; is also important factor for photodecolorization reaction. The presence of an
adsorbent, SiO,, can act to elevate the efficiency by increasing the quantity of

methylene blue near the TiO; sites relative to the solution concentration of methylene

blue.

In conclusion, the enhanced photoactivity can be related to the
increased specific surface area, the small crystallite size, and the appropriate

percentage of TiO; decorated onto SiO; sphere.
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APPENDIX A

EXAMPLES FOR KINETICS STUDY

For the kinetics study, the photodegradation of methylene blue has been
established to follow the Langmuir-Hinshelwood first order rate law which has the

simplified form as (Houas, et al., 2001)

ln(ﬁo = k-t
A

The plots of In(A¢/A) versus time yielded straight lines for all TiOy/SiO;
samples indicating the degradation of methylene blue is a first order process.

Data of the 50% Ti0,/Si0O, and 75% Ti0,/Si0; are used to illustrate the plot
of In(Ay/A) versus time as shown in Fig. 37. The rate constants as obtained from the
slope of the straight lines are 9.2 x 107 and 8.2 x 107 min™! for the 50% Ti04/Si0O;
and 75% Ti0,/Si0; samples, respectively.
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Figure 37. The kinetics of decolorization of methylene blue under UV irradiation by

the TiO4/Si0; samples; a) 50% Ti02/Si0; and b) 75% Ti0/SiO,.
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Abstract

Titanium dioxide photocatalysts were synthesized by sof-get process, by varying the reaction conditions, scids, water
content, and trivalent {Al, B) dopants. The chamctedzations of produas were determined by XRD, SEM, BET, and UVevis
spectroscopy. The sampies were mainy antorphous with & small amount of anatase, ntile, or a mixture of anawse and aatile,
with a crystallile sizes of aboul 510 ni. The andbacterial sctivity of the symhesized TiO, samples were investigated qualita.
tively and semi~quantitatively. Five types of bacteria, Eschertchia coli ATCC25922, Psudomonas acriginosa ATCC27853,
Baciltus subilis BGA, Raplvlococcus aturcus ATCC25923, and methicillin-resistant 5. aureus (MRSA) DMST 2054, were
used for the inactivation expedment employing the agar difution method. Al the synihesized samples showed inactivation

activity with varying degree of elficieacy. Two ofthem showed a much higher activity than Degussa P25,

Keywords: tnium dioxide photocatalysy, antibscteral actvity, photocalal ytic process, sol-gel method,

amomphoustitaniomdioxide

1. 1atroduction

Photocatalytic processes ae rapidly developing as
patential techaiques for the pucification of water and air
(Legaoni et af,, 1993; Mills and Hurte, 1997; Jacoby o al,,
1998; Lin and Li 2003} Among vardous metal oxide semi-
conducior photocatalysts, titanium dioxide is & very
important photocatalyst due to its strong oxidizing power,
montoxicity, and photostability. The litania photocatalytic
pedonnance bas been known to be dependem on several
variables, such as, prepamtion method, panicle size, reactive
surface area, and ratio between anatase and rutile phases
{Hoffmann ot af, 1995). Atempis have been made w
impmovethe acivity oftitania pholoratalyst through modified
synthesis methods in order to aliee the momphiology and eoys.

*Corresponding suthor.
Enwil gddress: sumpunw@psuacth

wilinity, while dopiogs with fons of other elements are abso
another promising methad,

Tiania has three different coysalline phases: miite,
anatase, and hrookite. Rutile is themmodmsemicaily stable,
whife the tatter two phases are in metasiable states {Qopal
eral., 1997). Titania in anatase crystalline fonn behaves as
& classical semiconductor. When a TiO, photocataiyst was
Hluminated by pholons with energy greatecthan itsband gap,
an electron can be excited 1o the conduction band thus creat.
ng an electronsote pair. With holes (™) and hydroxyl
radicals {OH") geaerted in the valence band, and electrons
and supzroxide anions (O,") generated in the conduction
band, imadiated TiO, photwcatalysts can decompose and
mineralize organic compounds by a series of oxidation re.
actions leading 1o earbon dioxide, It is aiso documented that
nactivation of bacteria is caused by exposue 1o reactive
axypen intenmediates, such as hydroxyl mdicals (OH'),
wiperoxide anion (0,7, and hydrogen peroxide {H O.), which
an damage proteins, nucleic scids, and cell membmnes
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(reland et al., 1993; Ihanez et @f., 2003), In addition to
witer and wastewalerdisinfection, the semiconductor photos
catalysis has reeeived considerable anention over the past
frw years with emphasis given on the inactivaiion ofbactena,
vingses, and protozoan parasites {Oaki e af., 2000; Cho of
al., 2004; Rincon and Pulgarin 2004; Fermandez o af | 2005;
Loanen et af,, 2005; Gumy o af, 2006; Rincon and Pulgann
X106). In terms of smtibacterial effects of photocatalysts,
Mutsunaga e of. fitst reported the stedlization of microbial
alls in water by a TiO P powder in 1985, Since then.
much research has been performed on the astibactenal
eflects of Ti0), thin fitm, as well as TiO, powder {Huang et
al., 2000; Rincon and Pulgann 2003; Yao a al., 2007},

Lniil woday, most of the work invelving the disinfec.
fion ofmicrworganisms by Ti0, milized commercial products,
soch as Degossa P23, anatase, rutile (Maness e af, 1999;
Rineon and fulgann 2003; Dadjour ot i, 2006; Benabbou
a al,, 2007; Pal ot al,, 2007; Sichel & of, 2007; Sakewen et
al,, 2007). In our laboratory, sevenl nodifications of titania
ranopattcle have been synihesized for the dye degradation
purpose, such as the acid catalysed nenosized Ti0,, Al(11).
md B(Ill)-doped Ti0,. Some dats on the characterizations
md physical propenies of these synbesized Ti0, powders
tave beat mponad dsewhece (Raonz and Wangnaws, 2008).
In arderto extend the usefulness of these phdtogatly =, the
aitibactetial setivities bave been investigated in canipatison
with the gommercial products and ave reponed in this anigle,

2 Materlals and Methods
21 Muterlals

The mait chemicals are itaniom tettachloride (TiCH,
Merek, Gennany), Degussa P25 (Degussa ACL Frankiun,
Germany), anatase (Carlo Erba, Taly), snd ratite (R706,
Tupant, USA) All ather resgents were of reagent grade and
wed withoot forther purification. Deionized water was psed
firoughont the experimant, Al soluions and materisls in
wuing disinfection of Ti0), wate sierilized by svionlaving.
The bacieria, £ coli ATCC25922, P acruginosa ATCC
7843, B subttits BOA, 8 qureus AYCC23923 and MRSA
SK1 were obuained from the laboraoty stack of the Depans
mete of Migrobiology, Faculty of Scienge, Prince of Songkla
Liiversity,

2.2 Preparation of acid eatalyzed nunosized TIO,

Nanosized Ti(), was synthesized from titaniom tetea-
dhloride. 20 mL of TiCl, was added stowly 10 200 mL of
rold deionized water (2°C), which had been plaged in an
peswater bath at leay [0 iminutes priotr to the addition. The
solution was then nixed with 2 mL of rone, acid (HC! and
H,S0,yand reffuxed at 80°C foc | h nnder vigorous stiming.
The solution was han teeated with ammodia solution untif
pH = 7 and maintaived & the saue temperatoce for 24 hrs,
The white precipitate formed was fiketed and then washed
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with deionized water untit no chlonde jon was found by
AgNO, solution test. The product was dried ovemight at
165°C and ground to fine powder, untt a final white powder
was obtained. These sumples are designated as TiO 260w
8IHCH and Ti0,-200w-80H. S0, (Kanna and Wonghawa,
3008).

23 Prepuration of AKT}- uad B{H-doped T,

TiCi, was slowly added to deionized water (TiCl:
H.Q volume muos was 1:7.5 and 1:2.5) at room tempera-
wre, For the Al{HB-doped titania, ALISO,),. 18H,0 {0.04
noi% Ab ad 2 ml of conc, HCI were added into the solu.
gorn; then the mixture was kept over night without stiming,
Afterthat the resulting clearsolution was refluxed at 95°C for
13 hrs. The solution was ireaied with ammoniz solution to
adjust the pH 10 7 and continually refiuxed for 13 hrs, This
treatnient produced a milky white TiO, suspensions. Afer-
wards the suspension was Jilteced, washed, and dried 1o
biain the finuf product as white powder. In the case of B
{IIDdoped titania, B,0, (0.08 moi% By was used instead of
AL(SO), 18H,O. These samnples are designated s TiO,»
ALLEOw, TIOAISOw, TiO B 150w, and Ti0,-B 50w (Suwan-
chawalit, 2005). The soffixes 130w and 30w comespond to
tigh snd low volonie of water nsed,

14 Pruduets ehiarscterbzaiton

Powder X.my diffraction (XRD, PHILIPS X' Pert
MPD with Nidfiltered and Cu Ka madistion) was vsed for
srystal phase identification. The crystallite size has been
caleulated by using the Schewer's formula,

_ K
f3 4 cosl

whete L is the average coystaflite size in nny, K'is aconstant
nsually 1aken as 0.9, X is the waveleagth of the Xeray radias
gon (using CuK_ = 0.1534086 nm), B, b the line width at
hatfuanaximom beight in redisns, and @ is the diftacting
angle (Ziglinska ot b, 2001; Sivalingam ot al., 2603).

The Brunuusr-Emmen~Telige (BET) surface aoea of
Ti03; powders ware daterntined using Couhier, model SA
300, The infrared speciea wene investigated by & Broker
EQUINOX 45, in the range 4000400 2™, Scanning glecs
oo nigoseopy (SEM) images were obigioed using a JEOL
JISM-3R00LY eleciron micoseope.

The difuse reflectance spectr of the solid catalysts
were pedformed oo a Shimaded UVe2401PC spectrophotos
weter. BaSO, was used us refemnce and the speotrm were
mgorded in the range of 200:600 om. The bundgap gnetgy
(E!) of the catelyst was caleulated by the Planck's equatian,

(n

he 12430
£, o= (2)
<

wherte EI is the bandgap anewgy (eV), K is the Planck’s
gonstant, ¢ is the light velociny {3x10° mfs), and 7 is the
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wavelength ofthe absomption cdge (nm).
2.5 Cullure of mictvorgadisns

The hacteda, £ coli ATCC25922, P gernginosa
ATCCITRA1, B, subttlis BGA, 8 aurcies ATCC25923, and
MRSA DMST2054, were used for the antibacteriat activity
test for the photocatalyst. Alt bactera were cultured over-
night at 37°C in nutnent agar {NA). The density of finat
inocula contained 107 organismis’spot on the titanium di-
oxide. A bactenial inocatun wis prepared by picking couple
cologies ofgvemeghe geowth cuiture in 1 mL nuwient broth
and irrcubated thens with agilatio: eeder zerobic condition at
35°C for 3 hrs. A 0.5 McFarfand standard was used for visual
companson o adjust the suspension to a deasity equivateat
to approximately 10° CFU/ml by using 0.85% sajine solu.
tion. Then the suspensions of organisms was diuted in
0.85% saline solution 10 give 10" CFUAmL. Plates have been
inpculated within 30 min to avoid any changes inthe inocus
tum density.

2.6 Antiheeierial activily test

Commereial anatase, outile, Degussa P25, and 1he
synthesized Ti0d, saoples wene vsed for el experimens. The
mabod for westing the antibaciedal activity is the agar dilus
fian method 10 detemiine the niinimal inhibitory concentra.
ton (MIC) of antimicrobial sgents. The MIC s the Jowest
congentlation of the agent that completely inhibits visible
grrwth g5 Judged by the naked eyes, distegarding a single
coloay or & thin haze wilkin the area of the inpaulated spot.
The procedure, based on the recormmendations from the
Clinieal and Lubormtory Standard nstiiute (CLS1) for this
method using & suspension of TiO, photosstatyst, was
adepied to the agar dilution soscepribility test in this work
(Approved standard M7-Ad, 2002).

in zach antibasierial teyt expeowent, titanium dioxide
agar plates ware peepared in four congentrations 100, 58,
25, and 12.5 mg/ml in Muellze-Hinon agar (MHA). The
wetighed tanivm dioxide powders were Wicomporated in [0
ml of mehed MHA aad poured into Petd dishes, The pH of
each bateh of medint was shoat 6.9. By using inocoluns
teplicating appacatus, the final ibocula contained 10° CFL/
spat, thiee spotshagierial steain as shown in Figare 1, Afer
inoculanon, test plates werd atlowsd 1o dey st room temparas
e before iradiztion under UV light for a predetenmingd
timst was earid oot,

The syrthesized titaninm dioxide agar plstes were
itradiated in an L'V box, which contained five fuorescent
biacklight tubes, 20 \V gach, with A__ 366 nm (Random ot
al, 2004). The sample plates were collected immediztely
after the dranium dioxide agar plawes wete exposed to UV
fight and subsequently every 30 min. The 1es plates wers in.
cubated at 35°C for 18 hrs. The results then were inspected
visually and MiC valugs were recorded. Al tests and inocue
{ation on each plate were nog induplicate,
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ST E ey 1= Pacruginosa ATCC2RIS3
XCY_ X K2 3 = Beoh ATCC5922

3 = Bsubnlic BGA
4 = Soureus ATCC25923
5 = MESa DESTZM

Figure T, Titenio digswls qper plete incculeted with various tspes
of bactenc

(133 b} 1l

Figure 2. 2} Agarplete with 23 mg il of TIO,-200w -80S0, irra-
dizted under UV {ight for 30 min, b} control pletewithoot
Tihy, end ¢} aper plate with 12.5 mawml of TI0p200w-
BGHL,50), irrediated under UV light for 30 auin.

A cantrol plate was camied owt under the sante cone
ditions with aatibacierial activity test but withour TiO,
powders. Photogrphs of 1ypical agar plates are shown in
Figuee 2.

3, Results and discussion

A1 Physical properties of nunosized TiO, uad Al(11),
B)doped THO,

The sot-gel method wus vged to syntbesized the Ti0,
saniples with two different acids, HChand H,80  us cutalysts
n the hvdrolysis proeess. The XRD resalts in Figure 3 show
hat varying the syotbesis prametees sfieeted the growth of
swtasse and rutite 1o sotwr extent. When using H 80 or Al
{(Irdoped and prepared with o large amoum of water the
produsts went mainly amomphous TiO, with small amoont of
wataw phiase. However, with HCI ecid er Al{Ilixdoped aod
prepared with a stalt amownt of water or B(Ildoped and
pepered wih a large amount of water mixtores of meinly
amombous iwnis with ol amounts of both anatase and
wtite phase wen obingd. The presence of suifate bas been
kiown to acceterat the growth of the TiQ), clster in the
watase phase. [o this study, when H SO, was added as an
wid caralyst in the hydrolysis progcess, the Jommation of
anatase could be abserved, since the SO 7 ion indixed the
grawth of anatese phase (Zhang o af., 1999; Zhang o af.,
200; Kanna and Wongaawae, 2008).

The surfice area ofthese synthesized samples are relas
gvely high (Teble [, tast cofumn) dae ta its low crystablinity.
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Tuble 1. Physical propertics of commercial and synthesized TiO, samples,

Crystallite size * (nny) BET

Sample Crystallinity * (%

P ? v Angtase  Ruile {(mig)
Anatase 100 (A) 134 . 11.3
Rutile 140 (R)Y . 1.6 13.1
Degussu P25 8O{AY, 20{R)¢ 10.1 11.6 65.9
T, -200w-8GHCH 13(A), 6 (R 6.7 6.7 250.2
TO,200w-80H,80,  15{A) 54 - 3204
Ti0-AL[30w 234 (AY 6.7 . 2771
TiO A LSOw . 9.1 {AY, L3[R} 54 4.5 2449
TiO, 8150w 5.3{A}, 6.8 (R) 6.7 16.1 2348
Ti0,B.50w 48.3 (R) . 64 106.6

* Determined by XRD using standard addition method, the rest is amorphous
phase. A denotes anatase and R denotes nitile. ®Calculated from XRD daa.
* Suyfidi et af, (2004}

& is the aitn of our project to study the samples dght from
e synthesis without caleinations (Kanna and Wongnawa,
M0R). Themefore, withow the calcination, the samples remain
wostly in the amorpbous forn with & small emount of
crystatline phases (anmase and nutite) ss showa by the XRD
puttems in Figure 3. The small smount ol cach anatese phase ArAR "

of tutite phase was detenmined by using XRD dite combined  [M%= " ,-9‘ WI\\JM.ANW_&:

L A 708500

R TR0, 5150w

with the standard sddition method and shown in the second  Wawen L\ A , T40;-AL 150w
wlumn of Table 1. The erysallite sizes of anetase and naile A A i i P AL SNC N
frolomn 3 aid 4 of Table 1) were celeolated fiom the THO - 200w-BOHSQ,
Shercrer's formula (Equation ). According to these sizes A
hey can be clazsificd as nanopatticles. The bandgap encrgies k THO 5-200w-BIHQ
were obtained from the absoption edge wavelzngths in Fig- : M A " +
vre 4 and caleolated by Equation 2. The comesponding s 25 35 4% 55 2 %
numedest dute are shown in Table 2. None of the bundgap 20 (degred)
mecgins shm'as:gnlﬁmnt devistton from the nommal values Figue 3. XRD patterus of £ll the synthesized TiQ, semples; A
of anatase and mt,'hz' . denotes 2natase and R denotes rutife.

The SEM images (Figure 5 sod 6) show the mompho.
bgy ot'the samples and appear to be constituted of sphericat T amny

building onits. The synthesized samples, which exist mostly

- R

1 amophous phase, show higher sggeegation with the for P8
mation of bigger chunks than the commtercial xamples. This s - TO 200w S0HCH
muld be the result from the non- caleination at high temper- T A — VO BB,
aure being spplied. ' L

: L TOpALGe
32 Evaluation of antibucterial activity of T10, § W T Teabiee

VL TR

The bactericidal acvitity of synthesized and commer.
dal Ti0, sanaparticies were evaluated by growth inhibition
of 2 aeruginasa, E colt (the Gram-negative bacteria), and B,
suhtiiis, 8 aureus, MRSA {the Gram-positive bacteria). The
Gram-positive bacteriahave a relatively thick wall composed
of many layers of peptidoglycan poiymer and only one layer
of membrane, The Gramenegative bacteria have ooly a thin veavelengih (oo}

hyer of pepidogiycan and & more complex celt wall With  Fyre 4, The diffused reflectance spectra of the commercial and
two cell membranes, an outer membrane, and a plasma the synthesized Ti0), serples

230 360 350 400 450 0 350
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Tuble 2. Absomption edge und band gap cuergy ofcommercial TiO,
and synthesized Ti0, samplcs.

Sample Absomtion edge Bandgap encrgy * (eV)
(nm Thiswork  Literture

Anatase 383 324 3347
Rutile 41 10z 3.00°
Degussa P25 3gs 14 ENE N
0200w 86HC; 46 ns
TO,200w-80H SO, 304 118 .
T0O,-Al 50w i8% R :
Ti(,-Al-S0w 4415 346
Ti0B-1 50w 410 302 .
O B-50w 411 3.02 .

*Caleviated by Plank's equation: E = {2407,
* Selafani o al. (1990); Miao « i [2003).

* Ziekinske & 4. (2003)

T Dak-RHR

RURRMLINE TRy

Figure 5. The morphology of syathesized Ti0), samples,

mentbrane. Under certain vonditions, the Grumenegative
bacteds are more fesistant o many cheimical agents than the
Ciram-positive cells (Tortora et 2f., 2001 ).

As shown in Table 3, two of the synthesized samptes,
TiOI-QC!G\\'-SOHZSO‘ and TiOI-Ai-lSDw, sliowed the best

Aratas

Figure 6. The morphology of comimensial TiQ, sanples.

wsuits in inhibiting the cell growth of alt tested bactetia with
he fowest amount of titenin and iradiavon time. Another
santple, THOB-50w, eventhough stightly inferior 1o the first
twp samples, also showed better result than P25, The come
meiiat P25 Ti0,, which has been used in many mpons with
mod results, also showed good pecformance in this test by
teing able to canse inactivation of all five bacteria, but with
Wgher MIC values than the first three samples. The commaer-
cial analase TiQ,, usually showing slighiy fower activity
hian P28 in the dye degradaion swdy, fuils to inacdvate S
aureasand MRSA bacteria i this test. The commercial rtile
dd not show any activity atall for all the five bacteria, which
& consistent with its peor performance tound in the dye des
gradation study {Kanna and Wongnawa, 2008}, Anotheriwo
of the synthesized samples, Ti0 A 130w, TiO,-B-150w,
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Table 3. MIC vatues of TiQ), sumples with various bacters.

Irradiation time

MIC {mgmbL}

Ti0, samples

frein) Paeruginnse  Ecati  Bsubiilis  Saureus  MRSA
Artase ki) - . -
& [25 - . - .
4] 128 1an . . .
120 12.5 12.5 §el4] .
Rotize G . .
Bl . . .
o1 . - . .
120 . . .
Degussa P25 ki) - - 164 - .
60 160 100 50 1aa 1Q0
90 160 100 th o0 LY
120 130 100 25 Rili] 100
T, 200w-80HCH R1I] - . - .
60 . . . . -
an . . . . .
120 100 104 o0 (D 100
Ti0,200w-80H 50, 30 25 i} 25 25 25
1) 28 35 3 25 25
E 38 25 25 28 25
120 25 25 25 25 25
Ti0 s AL [ 50w 0 50 [00 50 50 S0
60 25 50 50 0 1]
90 38 50 25 25 25
120 2% 25 25 25 as
TiO) pAISOw 30 100 . . . .
60 100 100 06 - -
x) 100 100 100 - .
120 50 50 50 100 100
Ti0 B+ 50w Rt 100 - . . -
60 160 100 100 . -
xl 06 140 100 ) .
120 S0 a0 A fag 100
TOB S 30 {00 . 125 25 100
60 00 - 12.5 25 50
90 50 - 125 25 50
120 50 160 [2.5 25 30

* { + ) represent the bacierial growth equat wo the controt (no inhibition)

showed respectable results with & five bacieria, The last
oag, Ti0,200w80HCI, eventhough it could inactivate all
five bucieris, it needed a foag iradiation tine with high MIC
values compared with all the synthesized samples in this
gudy. In summary, it is interesting to sec that all of the six
synihesized saoiples coutd inecrivate afl five bastetia in this
weening test atbeit with varyiog MIC vatues. o compadsan
with P25, three sumples showed better antibasterial activity

than P25, The order of pecformance can be armnged as
fllows: :

N0 200w80H, SO, > TiD AL 150w > Ti0BA0w > P25
> Ti0AL0w = TIOMB 150w > Ti0200080HC >

anntase > wtile.

With regard 1o the photocstalytic activity, there bave been
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many reports that the shatase shows higher activivty than the
rulile tn many photocatalytic reactions in airand water | Mills
and Sawunyama, 1994; Sciafani and Heromann, 1996
Lucaretii & af., 2000; Sato and Taya, 2006} except in some
cases [0hno et af, 1997 The eifect ot crystailine structores
o biocidat activity of Ti0), partieles has been clarified by
investigating the photocatmyiic deactivation of phage MS2
in suspensions of anatase 70, and rtite Ti0, as weii os thar
mixtures. The resuits showed that the contagt beoween both
eypes of Tif), partictes in aggregations caused the enhance-
ment of the quantun: yicid of the Ti0, suspeasion, thereby
the generation of reactive uxy oo species from photocaalytic
reaction, which leads o the enhumncentent of biocidai activity
of the photocatalytic particles [Sato and Taya, 20063, In
snother study, the photovamivtic process of anatase has been
shown to produce highly readtive species, such as hydroxyl
radicai, hydrogen prroxide, and superoxide, which, in prin.
ciple, cin cause fulal damage to microorganisms by injury of
the cell mentbrangs when bactetia conte into conwct with the
Ti0), surface (Sunada er al., 1998).

Most of the recent research on the inhibition of bacte.
aul ceit growth (Gumy o of, Hil6x Gumy o of, 2006b;
Vertan e¢ a@f, 2007) bave been studied by using the
suspatided Ti0), in solution. In suspeaston, TiQ, nanopani-
cles were tapped oote the bacteris surface resukting in the
adsorption of TiO, patticies on the bactena surface, which
could lead to the iractivation of bactena in coupte with the
photocatalytic oxidation reaction deseribed above, In this
study, U agac dilution methiod was chasen o eliminate the
possibity of inacivaion by sudface adsorpiion, heace the
ingetivation results could be said w0 conie solely tront the
photocatalylic prroperty of the photocatalysts, In this method,
the Ti0), nanopanicles were fixed in agar and would not be
udserbed onlo the buciedal surface. The disadvanmge obthis
inethiod is that, doe 1o the fixed TiQ), porticles in the ugar
matrix, a higher concentration of the photocatalyst is
wquired, and, bheoce, the MIC vaiues from this method
would be kigher than that from the suspension methaod,

Our cesults as mentioned sbove showed that the antie
baciedial activity ofthe synthesized aogtase-ype TIO,, 150,
200w-80H,50, und Ti0,-Al-1 50w, are niore elfective than
the commereial P25 It is rather difficult to tationalize this
surprising  bebavior. When discussiog the photocataiytic
wtivity, the pararmeters such as bandgap energy, surlace arexs,
crysiallinity, and phases are usually of prime coneems. The
bandgap eneegy, howevet, does not seem to be a major factor
in this case since the bandgap of Ti0) -B-50w, the third best
performer, is only 3.02 ¢V, which is low compared to the top
two pecformers, TIO200w-80H,S0, and TiQ, Al 150w,
with .15 and 3.22 2V, wspectively. A pure single anatase
phase is active while & pure naife phase does not show any
activity, wheteas in the Ti0,-B.50w case it is a mixture of
amorphous and ratile phase. Although the dear explanation
for the high activily of P25 is still unknown, there segms to
have s beliefdiat it s the result ofa synergetic effect between
the mixed phases of anatase and tutile plus the high crystale
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nity {Ohno e af., 2001; Ohno & al, 20032). The genewmily
wod perfonrance shown by alt the six symhesized samples
1 thiswork can be namowed down to their uneatcined natare
during the syntheses. Without the caleination, (1} the prod.
ucts are mainty amorphous with a smali amount of anawase
and‘or mtite mixed in, {23the producis have low crystaltinity
and smialt crystaliite sizes, henee jarge suckice arcas. The
smali erystatisie sizes nury heip disperse the particies within
the agar matnx better than the targeroncs, ensudng an evenly
Hgh concentnion of photocataivsts within the agar matnx
as weilas the agar-surface resuiting in good nsclivation
ativities. When crradinted with LV iight, the reactive oxygen
mpecics are genemted from the TiO, centers at the agar
surface and come into comact with bacters, and by this
gerate in concert Lo attack the polyunsuiurated phosphotip.
s in the bacteria. The lipid peroxidation reaction causes 8
breakdown finction is the mechanism underdying celt death.
The ateack by reactive species generated by the photocatas
fylic process owside the cell is vory likely the initial mode
of killing thut is observed for bactedia and other cell types
Maness ez al, 1999),

4, Counelusions

In this swdy, photocawtyst Ti0, powders it unatase
af fuite or a muxiare of anatase and rutie phases hove been
syuthesized from an aqueous sotution of TiCL, by solgel
peocess. No caleination at high teimperateee was applied to
these syntheses. The product TiQ, conposed of mainly amor
fhous phase with a small amount of anatase or wiite or &
mixture of both, These samples were tested for antibacterint
activity in companson with the commerciat praduets,
anatase, rutile, and Deguossa P25, All the six synthesized
sumiples showed inactivation activity towsrds bacteda, (wo
of theii showad a highee activity thun Degassa P23,

Acknowledgements

This wack was supported by the Songklanagarind
Schotarship for Graduste Studiez from the Prineg of Songkia
Luiversity.,

Refersnces

Approved standard M7.A4. 2002, Referonce methods for
dilution antmicrobiat susceptibility tests forbacteria
that grow aerohically, Clinieal and Laboratory Stan-
dards Jnstitute (CLS1), Wayne, PA, £SA.

Banabbou, AK., Derriche, Z., Falix, €., Lejeune, P, snd
Guiliard, C. 2007, Photocatalytic inactivation of
Escherischia cali; effect of concentration of Ti(), and
nucrootgari s, nature, end intensity of U Vimadiation.
Applied Catalysis B: Environnuwntf. 76, 257263,

Cho. M., Chuag, H., Choi, W, and Yoon, J. 2004. Linear
correlation between inactivation of £.cafi and OH
redirsl concentration in Ti0), photocatalytic disinfees




32
ttonn. Water Rescarch. 38, 1069.1077,

Dadjour, M.E, Ogino, C., Masanum, §., Nakunwra, 5., and
Shimiza, N, 2006. Disinfection of Legionella
prewnophile by ulmsonic tretment with Ti0,.
Water Research. 40, 1137.]142,

Femandez, P, Blanco, J., Sichet, C, and Mualato, 5. 2005,
Water disintection by solar photocamlyvsis using
compound parsboiic colicstors, Catalysis Today. 1131,
W5.252

Gopal, M., Chan, WM, and Jonghe, L.C.D. 1997 Roam
temperatare synthesis of crystaliine meta. oxides.
Joumal of Matenais Seience. 12, 601608,

Gunyy, D, Momis, C, Bowen, P, Pulgann, C, Gitaido, S,
Hajdu, R., and Kiwi, J. 20065, Cawiytic sciivity of
conmmercial of TiO, powders for the abaterrent of the
bactenia {£. coffunder solar simulated light influence
ofthe isoclectric point. Applied Catalysis B: Environ.
mental. 63, 76.-84.

Gumy, D, Rinvon, A.G, Hujdu, R, and Puigarin, C. 2006h,
Sotar photocatutysis Jor detoxificstion and disinfee.
tionr of water: different types of suspended and fixed
Ti(), eataiysts study. Soiar Energy, 80, 137641381,

Hoffwann, MR, Manin, S.7,, Choi, W, and Bahlinetann,
DAW. 1995, Environmerial spplications of semicon.
ducior photacatatysis. Chemicat Reviews. 95, 69:90.

Huang, Z., Maness, PC., Blske, DM, Wolttum, E.J,
Stolinski, 8.1, and Jucoby, WA, 2000. Bactengidul
utede of timnivm dioxide photocatalysts, Joumat of
Photachemistry and Photobioiogy Az Chemisizy, 130,
163-170.

banez, J.A., Liter, M. 1, and Pizarro, R.A. 2002, Photo-
catalytie bactedcidul efiect of Ti0, on Enwerobacter
doacae: comparative study with other Gram (-} bac-
teria. Joumal of Photochentistry and Photobiology
Az Cheanistry. 1537, 81435

Felund J.C, Klosternaon P, Rice EW., and Clack R.AL
1993, Inuctivation ol Eschertchia colt by titunium
dipxide photocasiytic oxidation, Applicd and Envi-
ratmient Micrgbiology. 59, 16681670,

Jcoby, WA, Maness, PC. \Voltium, E.J,, Blake, D.M,, and
Fennell, J.A. 1998. Mineralization of bacterial reli
tmass o 4 photocatalytic sutface in vir. Ebvirommen-
1al Science and Tectnology. 12, 2650.2651,

Kanns, M. and Wongnawa, 8. 2008. Mixed amophous and
nanocrystalline Ti0, powders prepated by sol-gel
method: chatactecization and photocatatytic study.
Materials Chemistoy and Physics. 110, 166-175.

Leyrini, O., Oliveros, E., and Braun, A M. 1993, Photochenti-
cal processes for water treawnent. Chemical Reviews.
93, 671-679.

Lin, C.Y. and Li, C.8. 2003, Jnactivation of microorganists
ot the photocatalytic surfaces in air. Aerosol Seience
and Technology. 37, 939.946,

Lonnen, 1., Kilvington, S, Kehoe, 5.C., Al-Touati, F., and
MeGuigan, K.G 2005, Solar und photocatalytic dis-

146

L. Sidmabachai o 2f. 7 Songklanakann 1 Sei. Technob. 31 (5), §17.525, 2009

infeetion of protozoan, fungat and bacterial mierobes
in dripking water. Water Rescarch. 39, §77-381.

Lucarelli, L., Nadwehenko, ¥, and Kiwi, ), 2000, Environs
menta! photochentistey: quantittive adsorption and
FTIR studies during the TiQ), photocataivzed degra-
datton of Qrange 1. Langmuir, 16, 1[D2-1108.

Maness, PC, Smelinski, S, Biuke, DM, Huang, Z.,
Wuitrum, EL. and Jacoby, WA, 1999, Bactericidai
activity ofphotocata ytic Ti0), wward an understang-
ing of its Killing mechanism. Apphed and Environs
nment Mivrehiaiogy, 65, 40944098,

Sasunaga, T, Tomoda, R, Nukasiima, T. and Wake, H.
1985, Phowoctectrochenticsl stentizalion of microbiat
cetls by semiconductor powders, Federtion of Furos
pean Microbiolegica! Sovicties Microbiology Leters,
20, 211.214.

Miuo, L, Jin, P, Kancko, K., Termi, A., Nobatova-Gabain,
N.,and Tanemuory, 8. 2003, Preparation and character-
ization of pelycrystaliine anatase and watile TiQ, thin
fiims by o nugnetron sputtering. Appiied Surfuce
Scicnee, 23203, 255263,

MBils, A and Sawonyama, 1994, Photocamivitic degrada.
tion af d-chiorophenol mediated by Ti0,: a compars-
tive stady of the activity of ishoratory made and
comrerciat TiO, samiples. Jouma: of Photochemstry
and Photobology A: Chentistry, 84, 305.309.

Mils, AL and Honte, LS, 1997, An overview of semicon.
ductor photocanysy, Journal of Photochemistry and
Phoobiclogy Az Chemistey. 108, 135,

(hno, T, Haga, D, Fujihare, K., Kaizaki, K_, and Matsumora,
M. 1997, Unique elfects of {ron(H1) ions on photo-
eatalylic snd photoelectrochemical properties of
titanivm dioxide. Joumat of Physical Chemistry B.
101, 64156419,

(hno, T, Sarekowa, K., Tokieda, K., and Matsumurs, M.
2001, Momhalogy of a TiO, phatocataly st (Degussa,
P25} consisting of mnatese and muile coystalfine
phases. Joumal of Catalysis. 203, 8286,

Ching, T, Tokiedn, K., Higashida, S., and Mutsumura, M.
2003. Synergism baween ndtile and anatase TiO,
pudicles in photocatalytic oxidation of naphdalene,
Applied Catelysis A: General, 244, 383391,

Quaki M., Himda T, and Ohgaki S, 2000. Aqueous micros
organisms inactivation by photocataiytic maction.
\Water Seience snd Technology, 42, 103.108,

Pal, A., Pebkonen, 5.0., Yu, L.E. and Ray, M.B. 2007,
Photocamiytic inactivation of Granupaositive and
Oramenegaive bacteria using fluorescent fight. Jour.
nul of Photochemistty and Photobiology A: Chemis.
wy. 186, 335341

Random, C., Wongnawa, 8., and Boonsin, P. 2004. Bieach-
ing of methylene blue by hydrated dtanium dioxide.
Science Asia. 30, 149.156.

Rineon, AL und Pulgadin, C. 2003. Plrocatalytic inactivas
tion of £, colt: effect of feantinucns-intenmittent ight




147

. Sinmahachai e 2!, : Songklanskarin ). Soi. Technot, 3 (5), 517-525, 2009 525

mtensity and of {suspended-fixed) TiQ, concentra.
ton. Appiied Catalysis B: Environnental. 44, 263.
284,

Rincon, A .G gad Patgarin, C. 2004, Effect of pH, inorganic
wons, organic mader and H,0, on £ coff K12 photo-
catalytie inactivation by TiQ,: implications in soiar
water distnfection. Applied Catalysis B: Environmen-
wl. §1,283.302.

Rincén, A.(t and Puigann, C. 2006. Comparative cvatustion
of Fe' and TiQ, photoassisted process in solarphoto.
cataiytic disintection of water. Appaed Catalyss I3
Environmema.. 61,222.211,

Satg, T and Taya, M. 2006, Enbancement of phage nactivas
tion using photocuatytic titanium dioxide particte
with difterent erystalline structures, Biochemical Ene
gincering Joumal. 2§, 303.208.

Sciafani, A, Palmisano, L., and Schiavelto, M. 1990. Infiu.
oice of the preparation mrethods of taniom dioxide
on the photocatalytic degruddion of phenol in aque-
ous dispersion. Joumat of Physical Chentistry. $4,§29-
g3z

Sciufani, A. snd Hemuaon, 1M, 1996, Comparison of the
phatoelectronic snd phatocatalvtic activitics of varis
ous anawse and nitile forots of ttanis in pure liquid
organic phase and in squeous solutions, Joumal ot
Physicaf Chemmisiry. 100, 13655413661,

Sichet, C., de Cars, M., Tella, 1, Blanco, 1., and Femundezs
Ibatiez, P. 2007. Solar photocataiytic distitection of
sgriculiural pathogenic fungi: Fuserfum species
Applied Catalysis B: Enviconmental, 74, [52-160.

Sivalingam, (1, Nagaveni, K., Hegde, M.5,, and Madras, G
200J. Photocatalytic degradation of various dyes by
coutbustion synihesized nano anmase TiO,. Applied
Catalysis B: Environmental. 45, 23.38,

Saknien, M., Dedgedi, 8., and Aslan, A. 2008. Photocatalyine
disinfection of Rardia intestinatis and Acanthamoc-
ba castellant cysts i water. Experimerntal Parasitols
agy. 19, 4448,

Stylidi, M., Kondandes, D1, und Verykios, X.E. 2004.
Visibie liglitinduced photocatabytic degeadation of
acid orange 7 in agueous Ti(), suspensions.. Applicd
Caralysis B: Environmental. 47, 189201,

Sunady, K., Kikuchi, Y., Hashimoto, K., and Fujishima, A.
1998, Bactercidat and detoxification efects of Tio,
thin film photocatufysts. Environnental Science and
Technology. 32, 726,728,

Sawanchawslit, €. 2005, The effect of metat-doping on the
physical and photocatlytie propenies of nanosized
0, powder, M.S. Thesis, Prince of Songk!a Univer-
sity, Thaitand.

Tonora, (i, Funke, R.B., and Case, 1.C. 2001, Microbiotogy:
An lntroduction, Addison-\\estey Langman, Inc., New
York, L'SA.

Verran, 1, Sandosvai, G, Alen, 8.5, Edge, M., and Stratton,
J. 2007, Vanabies aftecting the antibucteriat proper-
ties of nanc and pigmentary titania panicies in sus.
pension. Dyes and Pigments. 73, 298.304.

Yao, K.S., Wang, D.Y., He, W.Y,, Yan, J.J., and Tzeng,K.C,
2007. Photocatalytic bactedeidal elfeet of TiD, thin
tilnt on ptant pathegens. Surfuce und Coatings Tech-
nology. 201, 6386.6388,

Zhung, QLH., Guo, LK., snd Gao, 1. 1999, Preparation and
characterizaion of nanosized Ti0), powders from
wqueous TiCH solution, Nunostruetured Maedals., 11,
1292.13a0.

Zheng, Q., Gun, J., and Gao, L. 2000. Effect of hydeolysis
conditions on momphotogy and cryswliization of
ranasized Ti(), pesvdee. Joumat of European Cerantic
Socicty. 20, 21332155,

Zielitska, B., Greechulska, 1., Gramil, B, and Morawski,
AN 200), Phaoentalytic degradation of Reactive
Black 3: a comparizen between TiO,Tytanopai Al
and Ti0); Degussa P25 photocatsty sts. Applied Cata-
lysis B: Environmental, 35, L[.L7.

Zictiniska, B., Grzechulska, £, Kaledvak, R 1, and Morawski,
AW, 2003, The pH inftuence on photocatatytic
decomposition of organic dyesover A1l and P25 tita.
nium dioxide, Applied Catalysis B: Environmental.
45,293.300.




J Salel 82 Tazbad (2180
1XH B4R U T I A -2 23242

Author's personal copy

. ORIGINAL PAPER

Nanosized Ti(); particles decorated on Si(); spheres (Ti0),/5i0;):
synthesis and photocataly(ic activities
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Abstrget  Nonosaed Ti0: ond nunu-puatese TiCy decus
retexd un $i€h; spherical care shells swere synthesized by
using & sil-gel method, The synthesized pure TiO, nana
particle and Ti0); grafted on $i04 sphere with verious ratios
huve heen cherecterized for thelr sructure and marphoko-
gies hy Xeray diffrection (XRIN, Xray photoslectrun
ypectroseupy (XPS), Fourier transform inirered specteo-
rhutametry (FTIR) and trensmisgun eectran micruscopy
(TENY. Their surface arzss were mzasered osing the BET
methad. The phutocetalyiic sctivity of el nerweompasites
was investigated using methyleas bluz as 2 model polluient.
The syathes zed TiOFSI0: particles appearcd o be more
efticient in tie degredotion of metylens blue pullutent, as
axnpared W pure Ti(); particles.
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1 Intreductiun

Tiwnivm diuxide (Ti0O hes been extensively empluyed
s 8 phatecatalytic meterdal (or solding eavirenmental
publems. especlully fur slindngting  tuxic chemivels
fom wastewater {5, 2} Many applications snd uses of
wpparted metel vatdes on silice heve cecently attrsted
much aiemion es sdvanced suppart metedanls subsilating
arre TiOs becouse of their higher mechanicul strengih,
hiermal sishility and specitic serfece area |3, 44 Sikea-
murditied TiOz wus repurted 10 exbibit o better photovet
dylic parfonmance than TiQy dtself, This improved per-
Brunve was believed w0 have come from multiple
wwces, temely: the interection between Ti0); ead Si0,,
inproved sdsorption of the padlutant vn the silicn over
pure Ti0:, us well as the TiO; wppsrted on sifica heving
aditfenrent strucwure fron bulk TiO;. These materlels have
hezn cansisdered fur uss nut anly as cetaly liv suppurts, hat
alsue px catelysts through the gencration of new catulylic
evlive sites {5-7], It is well known het silica surfece is
feirly fnert, however. the silica surface hydraxpls gener
dly st as edsurpuvedrenciive sites hevauss of their
fydephlile character, Thus, the preperation of highly
dispersed metel oxides on silice often involves highly
reactive precursurs, such as tantum elkaxddes ar TICL,
which readily reect with the surfece hydroxyls of the
silica suppant {4, 6] The effect of ncerpureton uf silica
oa the behavior af titania-hesed photocetalysts prepared
by a sul-gel techinigue shawesd that the decomposition of
hodemine-8G by the theaiafsilica mixed oxide with
mliu 30/M poxluced the highest setivily, sbout three
imes higher than the Degusse P25 Titania |8}

ftis well-knowna thet the prepuraiton method, the surfece
orea, und the cuncentration of the mafece hydroxyls un the
stlica surfuce van strangly intlusnee the dispersion vapacily
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md the maxinium surface coverage of surfese titenium
ndde specios an siliza, Dapending an the titeniute loading.
often indicated as percentuge by weight of it ditierent
types of titanium specics could be pressnl. renging fram
chisperssid surfuce TiO, specics. both in tetrehedral end
octohzdoul coaptinaian, to wnall Ti0, wayaslites. The
reletive smoaunt d2pends on the preperation conditions und
chemizal comgasitions.

I this work. panasized pure Tith e meaosized TiO);
wefted on $i0s sphere (TOWSO wets prapard by the
wil-gel mathed using tlanium wrsisopropasidz 1 TTIE)
il meth-trimathoxysilane (INTMS) a8 precursars, The

munphitlopics of these compawnds compriv=d ol nna- |

sized Tilrs decorted an 810 spheres but were difteent
from previous Nersiure 3] us will he luer described.
The physical propetties of TiCG S0 particles were
investigated by FT-HR, XRD, end XPS. We el deter-
minad the effect that the wmosunt of Til: grafied on
Si0, had an the physical prapenies of nunosized
Ti0Si0; patticles. In edditon, thair photocetadyiic
uctivities an the decomposition af methylens hlue was
alsa investiguted The effect of this purticulur decatstian
of dtanium metd anide unto the siticon manal oxide will
be discusssd with respest to the observed enhunced
phatacelalytic sodvity.

2 Experiimental
31 Cutelysts preparedan
210 Prepasution af Tich sols

Ti(h; sabs were prepared socarding w the methad previ-
vusly reparted 19) S mil of thenjum tetralsoprapaxids
(TTiP. Aldrkch, 99.99%) was wdded Jropwiss inta (K mL
widic waletr zontaining ¢ ml nittic schd and 13 ml weslc
asid madsr vigoraus firring. Then the minture wats reflused
# 6 °C while stitring for 26/ h.

2 L2 Erepararions of Sit)y gihierer

Siicu spherical core—shell situcture with purticle size
sound 00 o was prepared e fullows: 28l of
methyl-iitmethoay silane (MTMS, Sigme 985 was added
v 10wl of 1 x 10~ Madrdc zcid squeans salurton that
was heated to &0 °C while vigoraus sticring wes muine
ulned Then 2.5 ml ammonla was edded 1 the salutian,
A milky silice soludon was atwined, SOz powder wus
extrected by centrifuging the milky suspendon of silice,
wnd the superpatant rmoved.
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The as-svathesized Si0): powder wus added o ditTerent
relative weight percenteges of Ti0: wils. Then the mivere
was dispersad tnan ultrasonic bath for 15 min. The TGy
Si{0: mixture wus kept far 24 h w form TiQs yrafied an
§i0)y yprherical core—sheidl stewcuge. The farmation mech-
wism of TiG; prafied on 8i0: wphaee was shuwa in
Schemaz i The suspension mixwre then wis flered and
calctned tn wir 2t 390 °C for 3 h. Oliferent amounts of
tiania decirrated on 8i0, phere hrmed dfferent grulted
patezrns euiad o spacing and clumping af TIO; partlcles
ant Si(3. surface,

2.2 Prducts churgser zatinn

The crystal structwre af powder was analyzsd by Xeray
difrazifon (XRDN. XROD sudy was dune an a Rigake
{13 ex Xenuy powsder ditfraciometzr iR igaku Carparation.
Tokva, Japen) with Nefiltered CuKx L1548 nm) rudia-
ton ot $5 KV and XY ma, The cystullite stze was culous
luted by using the Scherrer farmula.

KA i
L= Hqcusi t
where L bs the average crystailite stze fnnm, & is 2 cansunt
usually whken us (.9, 4 Is dhe wavelengibh of the Xoray
redivtion fusing CuKa = .1540%6 nim). Hwe Is the line
width at hulfemextmum helght in radlans, and 6 1v the
diffrasting wngle {14, i1

The Brunguz-Emmetl-Telber (BET) surfece areaof TIG,
pewaters was detzrmined vdng ¢ Coubler modet $A3100
wnalyzer. The infrured spectre were Investiguted by « roker
EQUINOGX 85, in the runge $50K-408 cm™, Sunning
Bectron dHcrascapy (SEM) abservedons were cartied sut
using u JEQL ISM-SRMILY clecuon miztascape.

The compasitian of the powder was determined by
Xeray phataeleciran spectrosacopy (XPS). XPS measure-
ments were performed on & Physdcal Elecranics PHI 5408
Xeray Prwgelecron Specuumeter {Perkin-Elmer Corpa-
retlon, Bden Praicie, MNY with an Mp K enade 1823536 ¢V
fhiton energy, 15 kY, 300 W at « take-aff ungle of 482
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Multiptex XPS spectra al 3 1 5. Ti 2p, §i 2p were recorded
usng u barad-pess enemy of 17893 ¢V corresponding ia an
mergy resatution of 10 £%. The atomic concentratians of
these elements were ablained by camparing ibie peyk areus
o their specure.

The marphalogy of the powder was investiguied by
wanning electmn micraipr 1SEMY wnd  vanamission
deztran microscapy {TEMI A SEM wmple wes nuds by
epplying poawder cumple on th: & conductive carbon tape.
the sample was spultered with gold for 25 s (Emitech K575
Sputtzr Couter. Emitzch Ltd. Ashtved. 1K bofore
Enaging, The SEM image was pedirmed on o Hitghi
S-47¢1 scenning chvtmn micossipe tHikechi Lid., Tokya,
bipanl. A TEM sample was mude by dispersing 2 thin tlm
of pawidzr sumpls on o Cu grid, The TEM ohservation wis
priormed on a JEQL 2010LeB6 trensmivsion slectron
micrastope JEOL Lul, Tokya, Jepan) aperotsd a1 200 kY,
with a polnl-to-point resalutlan at .28 am,

23 Phawdegredatizn of methylene blue

in urder 1o quantify the cffecilveness of 4 phutocetalyst
far watet deconteminatian snd wisy o explare echniques
wr incredss phata ctliciznay, 1t 1s necesary o come up
with methadologies 1o quantify the photochemecal und
phitoslectrical properiles of photncatalysts. Usauily, pho-
peutlyst decontumintion perfarmance is evalunted by
uantifving the photochemizal degrdation rate far either
10 eoteral pallutent oF o mode! poltutent such es a dye with
u specitic absaption peak in the visible, ¢y, methylene
bluz. The phistarcactians are done by shining UV light on
susry af the photocendyst powder und meuswing the
dgrutation rate al the pollotuat. The limiwtion of such &
svatemn ligs in the difficulty of quantifving teanspart of light
wnd the reactants and preducts ta and fram the surfece of
the phatacately sts, The sctual wacrunt of light that reeches
exch indivikleal phatscaielyy particle is hurd 1o guuntify
given the scatering of UV aff the phatocutzlys posder
pariicles und ebsatption by the suter and the poliutant in
e, Simiterly, the rzactive-diffusian of pollutants and
praducts is hard to quantiy given the lack of knowledge of
tight intensity ul the purtlele and also the distributionof the
purticles in e sluny. Given this limitadon In carrectly
pulifying tunspart prapsries. swcurately campuring
phatocatelysts that are difiernt o cuch ather in particle
slze und optizal scatering) chursciadstics is not passible.
b this work, we usad u fixed hesd reector inorderta he able
B osmgaee photacatelysts undergaing the sume photon fua
end sttenuation within the fiaed bod, instead of having
large varutions in flux thut accurs with slurry. The tixed
bed makes it possihle 10 maintein similur lght and species
trenspart conditions #rass sunples thus ensbling mare
direct comparisan in photocemlytic wetivity.
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A schematic of the expetimental sysiem is shiwan in
Fig. i. A paeked bed of ~ (-2 mm of the photovatulyst is
preed on lop of & nemaparaay lifter und ar squeous salo-
fun of the wiget pollant is circubuted through this bed,
The light source uved wus 2 254 nm UV lamp.

The initlaf concentratian of the mathylene blue wus
1077 M. The sgosaus salutian of the argenic molecales is
r-citsuleted throuph the photocutztvat bed uslng o peri-
staltic pump. Priar w Hludnation wsing CV fight. the
wmeaus salunons are circulued through the szmples for
Jeass 2 hoin the derk. This dark wdsarpiion helfps w differ-
entluts betwren the photadegrudution and the adsampticn of
e pallutent unte the sempleys. Subssguent 1 drcedistion by
LAV Hght. sampies are collested ance every 1 min and the
wiacetrgian af the mabylens bluz was dtermined using
v Cary 3G ULV-Vis spectramercr. The 840 nm methylene
Hue peab glong with Beer Lambent's lew is usd 1o
quunlily the methylens blus concentralion.

3 Hesults and discusion

Agute 2 shaws the XKD puttzing of SiQp Ti0y and
nanosized Ti(¢S10; fwith varying weight percentage of
Ti0s) sumples. All were culcined under the same canditian
in air at 30 2C far 3k, TiQ; sd nenosized TIOZSIO,
diowed ¢ <lewr wnulase-iype crysiat stiuciote. The sharp
peaks and strong Intensities indkwted that cryswlization
wus present, gnd the higher the percentage af Ti0: guve
biyhet tniznsity af peeks. The peak associated with $10;
dhaw thet it is un wearphaus form of silice. The crystallite
dzes of Tiwrte end TiOWS 10 ure lised in Teble 1.

From the crystaliite slze and BET surfuce urea duta tn
Tuble &, it gppears that the wmount af $i(y; sphere has en
efect an the crystllite size of grafted punosized Ti0;,
with higher wmaunt of §K0; resulting In smaller ceystaliine
sze, und luger surlece areu af TiO, particies. This effect
sruy be dug 1o the $il3; limiting the apglomeratian of TiO;
particles.
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31 FTIH

En Fig, 3, the vensmitunce spectre of nanosized Ti0y and
TiO; grafted an 810; sphere with vwrlaus relutive weight
preent of TiQ; we presented. The band centered newt
374G em ™" which shows up in the cass of pure §K) and
738 TiOYS10; hus been amignad 1o stlanoels fsingle
$i-OH groups und gemingl SiHOH ), goup) that are com-
pletely untsacluted, oF very weekly assacieted sites. The
et newr 3,67 em™ & due to viclndd sltanols that
widerga mutozl hydrogen banding. The browd bund cen-
ered near 340G em™! hay heen asigned 1o sites thet
interact with resithuel physisarbad satter (13§ The band et
LAY em™ chsarved in all spectre mre stwlbuied
sretching made of hydrasyl 14, 654 tn pute 8IQy, the
tunds a1 820em™ wd £120 em™ wre astibed o the
yrmmettc vibratian of Si-0-81 und the wpmmenle
srewehing vibralon of SI-0-8i, respeciively [14, 16].
In the nenasized TiO810, semples, the peaks of S1-0-81
asymmetric streiching mode ure split inw 2 peaks (L1462
1.64@ em ™'} when disarder of the struciure is invaduced
| 17). The wasenumber af $0-960 cm ™' {ndicate the hund
For Ti-3-84, while the vibratian SI-0-81 stetching ure In
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Fig. 3 The FTHL spaains of w-symkaiizal T, asd diffaran ratie
of TI0a8

de rangs (080-1,120 em™' 18] The spectrom of T3%
TIOYSI0; mmple ohservad was wimilug t pure Ti0,,

12 TEM

Shwphology und size of the silizy und Thanle particles
were examinsd wsing TEM, Figure 4 shows the TEM
imuges uf calcined 30, 30 und 734 of TIO: grafied un $10y
spheres. This result shaws thut the paricle slze of sitica is
dhaut LK times bigger than TiO; perticles. The avetige
puarticle stzz of the Titenlz particles wus xround 3 am while
the §i0; yphere cure shell uverged araund 350 am. TiO;
particles were depasited on the surface of $10; phere anly
partially, withiut complete caveruge (Fiy. 421, On'a cluset
spaction, Ti0y particke egplomeration can be ssen ip
Fig. 4b. while in Fig. 4, with the highest porcentage af
Ti0;, depositiun af parteles bacame denser leading
gher ardar of crystllinliy fless defecugriin houndury
ephcentratian) ts 2yldznced by the sincather surfuce oh the
TiO;.

The intansltics of XHD padks increased dlrectly with
fnereasing amaunt of TiOy Seposited an 8i0; phere, 11 s
interasting tw note thut the specitle wifece arey decressed
& the percentage of TIO, incteased. The rewson far this
wauld be that ax the «mount of TiO; Increases, il sslectively
deposlts on the Ti); wfreedy pressnt. Hence, complew
arerege of S5iQy sphere was not ohserved (Fig. 4e).
Rethermnge, at 74% TiO; the depashied chunk of TIO:
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Hg. 4 TEM hiroges for sanosised o X%, b 30% and o 23% of Tif,
on Sith sphace com skall

becume mare crystalline fus mentlonad abave) resulting n
bwer satfece ares and absa slightly larger crystaflite size
Tuble 1.

33 Xes

S2py, Tir2py and QL 3} phatasleciton pezks of nenasized
TiO; graited un 810y sphere annzalsd xt 300 3Ciar 1 hoare
presetited tn Fig. 5. The hinding encrgy (BE) of Si2p)
puh wis xt [08.9 <V for pure 510, gphare. The BE of
Rr2p) are shifted wowards lower values gs the winaunt of
Ti0; incredsed in the graiting. The BE of the Tir2pya for
e pure THOy wats 4640.7 &V, which shifted upwurds as the
wnount of §ill; increassd, The major O ) peak was
8349 2V and 3384 «V for the pute TIO; wnd pure §i0s.
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stand over Sl2p). Thilpgiand (H1 s} spatira peglons of nanosizal
Tild: praiad on Si03; sphere

respactively. Hoth peeks are shawn in Ti0, gnifted on
Si0;. The inensiy of OFf 3} peak, which belongs ta $10;
wus decseased with Increaslng the percenupge of T,
gatted on SI0> & eapsciel The tremds al BE shilt
thserved abiive suppart the incorparation of Ti0; oato the
wifece of §10; by the grefing methad, Whea TiO: was
truduced onti the pristing 810z surface, the formetlon of
S-0-Ti ok pluce as evidenced by the BE shift, Ti has
kawer clectonegativity than 81 fand likewise for TitlV) 1o
SIVN. By forming such bridges, 81 becones mare elec-
won rich, henze its BE shifiing o lower cnsrgy while Ti
tecumes more pasllve with (s BE shifdng w higher
argy. This effect passts atito oxy fen atims as s can s
tet BE of Ti-linked oxygens shift 10 higher encrgy and
Si-linked oxggens shift wa kawer enzegy, The intenshles of
these XPS peaks abo reflect the percentuges of TiQ,
grafted into 5i0z,
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3.4 Effect of TIOWSIO: rathr on phatacatslyic
axldutinn with methydzne hlus

The phawcatulytic axldation of as-prepared puse TiO- and
drcataizd TiONSI0 we shawn in Fig. 6 e percentage of
decakarization of methylzaz bloz by nanagarticle Ti0 s ard
decoratad TiO#SI0; sumples. The conzentratton af meth-
yene bue decreused exponentialiy with irtedizon tline
und the highest decalurization of methylens blue belongs ta
% TiO#810, The kinctics of this reaction can he
sppruximuted as u dirst-urder process, und the rate canstunts
i be used o compuie the relative effiziency of the dif-
ferent materials under essendally identical conditions. Ruwe
cunstents ebwined fram this data as ¢ fanction of prrcent
Ti0S8i0; & shawn in Fg. 7. The methyiene blue in the
shsence of ssmiconductor particles ar pure 810; shuws
reglighhle phatodecompasiton. The results show thut the
rete of decampusidon of methylene blue depends on the
TiO¥SHO; rtla mnd was furgest wt 50% Ti0S8I0,, which
dhaw an actlvity sbout & times higher thun that of pure
T{(‘):.

Adsarpton behaviow af thadamine 8G TR-60G) an 8I0;
has been studied exienslvely. Glven thut hoih B-6C and
methylens blue wre catlonle dyes and buth have lurge
maeculer dimensians, same parallelscanbe druwn hetween
e two dyes regarding their adsarption ana $i0; surfaces
[19]. The increase inreactivity can pardy be sitributed o an
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Phototatabyst

Eho ¥ Sclacecis epeadiiaien o b phelvsah i oMdaicn
A ol sdreorededor cuwtenahy, WV Valeest pand amd OF
sebection bardy N end By oike Jasiead aiddide—isletiion
2Ealhnh tawour B wrpanil Soogirands, 1he radvy potenind neads i
te arallar dhas the bund gap. and the rdudipe paand bele ix
diclule P wdth rpact the condualng basd potentia, and
A for bha onidafion and the vadenss band

insreassd surface area, und aiso the hensiicigl effectof 810,
which indivates nu phota sctivity. but is probably relaed to
the preferentinl wdsarption of R-6G on SI0 ;. The preferca-
dul adsoption elfectively incteases the surfece concents-
dan o B-6G at or near the TIO: sites promating mare
efticient anidution by phowo generwtzd species {R). Since
methylene blue |s a cutoniz dye us R-60, then the results in
phatodacampadtion of methylens blug by irnediated TIOW
$10 panticls cun be summurtzed in the same way.

The usttubness of metal andde for water puclfication Hes
n 1 whility ab the phovn genereted electtons and hales 1o
participate in teactians with the pollutants thet have been
mtnetilized to hurmbess producis, Mast organic pallutants
cen be rmoved by axidution reastions. As shown inFlg, 8.
sithar the phisagencrated hale ditecily ressts with the
mllutunt or the hols reacts with waier forming hydroxyd
Hecies, which axddize the pollutnts, The photandelytic
mechunism of TiO; has been well ducumentesd and cun be
stmmurized gs follows (20, 21

TiO: = hy — ecn ~ b 2
Oaoy + en — 0,7 EY
"+ H — OOH 4!
2O0H — Hy0; + O (5!
Hidp + e —OH - OH" i}
Hillyes + hav — H* +0OH i

Crgunic pollutenis + OH — degradutionproducts %}

Crgunke pallutents + b.g — degrudatbon products o

The reection begins with TiO; partlcles being excited
with UY fight resultfng in the formation of electror-hale
puir, es displayed in Gy, £21 The electron [ ihe condusiion
band, €q, and the hale in the valence band, b, may
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recomblne and milify funther reactions, The ex—hy pait, if
they do nut Reombine, will eventually diffuse 1o the bulk
arfece and reect with ather malecules nearhy., The ¢, cen
repct with molecular O whsarbed o1 the bulk wirlsce and
dier few mure steps will lezd 1o the formution of OH"
ruddical et the surfece. B, (360 which pluvs o majir mle
in phatscatadyc resction. The hy, can react with HyO at
the hulk surfece lzading 1 formation of QH rdicat as
well, By, (7. The O radical can react with adsorhed dye
malecules & campletely minerulize them, By, (8. In
achdition, the hys fnell can elsa aneck and mineralice dye
malecules st the photocatalyst sarfuce. By, (. This cecke
wtinues when light is available,

The reladve pasitivns of the rechoy patentlats oo the
farmation of hydrayl specles und the vazience hand for
wme camman sendcondactors zre shawn in Fig, 9.
A semiconducior such as 8§ with 2 vabence band shove the
rechax panential required fur hydeasyt radical formatian is
nat useful for phamcutalyte oxidetion. Canverssly, tite.
num dlaxide hus vulsnze bands below the redox potenttal
reqquired For hydroayl radical formation muking 1L subihle
for photacetulytic axidution, Farthermorz, the diiference
betwaen the redox putentied for the desited reection und the
valenze wd canduction bunds scis es the delving potential
fur thie desired revction. The higher this driving patential is,
the fuster the axidetlon fvalence) and reduction feomfuc -
o) reactions. Notz oo in Fig. 8 that the redox couple is
generally ssymmetric with respect ta the bund gap. and tha
¥ either the reduction or exidation patential Is whove or
beluw the conduciion snd velence hand of the photcew -
byst, the reaction will not go farward,

Huwever, the Hmbudons of phatcatalvsis for water
puritication is the low photastiiciency of phutocatulysts
mnd the high energy reguired (or the photan {neer UV or

n “01 'n(]’-'\'ﬂ'“),
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L%} it yeneraie electtons and holes, Previous literature has
explured mulliple ways W imprave the phow efficiency uf
e decantwmination and didafection pracess for tiunium
doaide and ather semicanductrs. Mathods o reduce the
encrgy bandgep uml hence te required energy of ihe
phintan have el been investigated. Same af the prapased
mzthenls o increass phivoetliviensy focus on increasing
the charge seperation hetwesn the clectmons und holes: thus
rducing the recombinaian retes und increasing availabik-
#y af the slections snd hutes 10 panicipate in the redos
raztlons, Thess methods include the depasitian of dlny
snzigl purticles an the photecatalye surfates that ot us

lan recepars o sepparting of the phawzatalyst an
whstruies ¢s @ means for increasing adsarption and pho-
wiresction rates | 2],

In this wark. the controllzd decormton o grafiing of
phateztive TIO; wmlcunducior an $10; micrisphere wus
explared #s v meuns t Increase phota effclency. i, was
chaszn gy the supporting oxids bsceuse it is tnexpensive
wit the praviois work suggests that the Lewls scidly of
the S0y helps increuss the phataresctlon rees, Further
mare, there is evidence 1o suggest thut the electranic
hinding energies af the overlying oxide s affected by the
udetlying Si0y mdd hence apens up the possibility of
wning the pusition of 1he velence undior the conduction
tund af the Ti(l; {22-24], 10 better muskch the sbstlute
wiues of the redn couple of 1he compound being
iecamposed in water.

4 Conclustuns
The nunasized Ti0: decorsted on 8i0:2 sphere was pre-

jured by sol-gel pracess, The major phase of the pure TiG,

€3 Speinger
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particle end deposited Ti; an 8i0; ghete we af the
s struciure. o phmodscompasitian. o tned had
rectar was wad sy the degradudon of methylene
Mue by TiOSI02 wsd pare Ti0; panticles. A mined aride
Ti0#810; iy « mote efficlent phomcutalys o the degra-
sation of methylene blug thuan TiG; done, The decampa-
sitinn Fate al methylens bue of 506 TiO2/5I02 i herygestin
@iy cumparisan, The presence of an sdsachent. SiGh. can
st 1o elevule the efficiency by increasing the guantity of
methylzoe bluz near the Ti0; sites relative (o the solution
@ncentratinn of methylene Mue und Hhough mt shown in
this study ), pisibly taoes the positien of the valence andf
or th: conduclizn band of the Tif): to beiler match the
shsalute wuluzsof the redox cineple af the methylene hlus,
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