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ABSTRACT

PHOTOCATALYTIC PROPERTIES OF SILVER LOADED TITANIUM
DIOXIDE POWDERS PRODUCED BY MECHANICAL BALL MILLING

AYSIN, Basak
M.Sc., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Abdullah OZTURK
Co-Supervisor: Assist. Prof. Dr. Jongee PARK

FEBRUARY 2012, 89 pages

Silver (Ag) was loaded to three different kinds (P-25, NT-22, and TiO(OH),)
of titanium dioxide (TiO,) powders through adding three different quantities
(4.6, 9.2, and 13.8 ml) of silver nitrate (AgNO3) solution by mechanical ball
milling process. X-Ray diffraction analysis suggested that Ag was loaded
on the TiO, powders in the form of silver oxide (AgO). SEM, particle size,
and BET surface area analyses revealed that TiO, particles agglomerated
after ball milling, resulting in the decrease of specific surface area of the
TiO, powders. Powders P-25, NT-22, and TiO(OH), degraded 94 %, 46 %,
and 26 %, respectively of MO solution under 1 h UV irradiation. Increasing
amount of Ag loading enhanced photocatalytic activity of TiO, powders
under UV irradiation. The best photocatalytic performance was achieved by
13.8 ml AgNO; solution added NT-22 powders. Percent methyl orange
(MO) degradation of 13.8 ml AgNO; solution added P-25, NT-22, and
TiO(OH), powders under 1 h UV irradiation was 85 %, 96 %, and 67 %,
respectively. Contact angle measurements revealed that hydrophilic
properties of TiO, powders were also improved by Ag loading. Moreover,

TiO, powders gained antibacterial prospect after Ag addition. Ag loaded
iv



TiO, powders could be used effectively for the applications requiring better
photocatalytic activity and antibacterial effect.

Keywords: photocatalysis; titanium dioxide; silver; ball milling;
methyl orange solution



Oz

MEKANIK BILYALI OGUTMEYLE URETILMIS GUMUS YUKLENMIS
TITANYUM OKSIT TOZLARININ FOTOKATALITIK OZELLIKLERI

AYSIN, Basak
Yuksek Lisans, Metalurji ve Malzeme Muhendisligi Boluma
Tez Yoneticisi: Prof. Dr. Abdullah OZTURK
Ortak Tez Yoneticisi: Yard. Dog. Dr. Jongee PARK

Subat 2012, 89 sayfa

Mekanik bilyali 6giatme yontemi ile Gg¢ farklh TiO, (P-25, NT-22, and
TiO(OH),) tozuna ug¢ farkh miktarda (4.6, 9.2, and 13.8 ml) AgNO;
solUsyonu kullanilarak gimus yuklenmigtir. X-Ray kirilinim analizi gimugun
TiO, tozlarina AgO formunda yuklendigini géstermistir. SEM, parcacik boyut
analizi ve BET yuzey alani analizleri TiO, pargaciklarinin bilyali 6gtitmeden
sonra aglomare oldugunu, bunun sonucunda da TiO, tozlarinin spesifik
yuzey alanlarinin azaldigini ortaya koymustur. P-25, NT-22 ve TiO(OH),
tozlari 1 saat UV isimasi altinda MO sollsyonunu sirasiyla % 94, % 46 ve
% 26 bozunmaya ugratmislardir. Artan Ag yuklemeleri TiO, tozlarinin UV
Isinimi  altindaki fotokatalitik aktivitesini arttirmistir. En iyi fotokatalitik
performans 13.8 ml AgNO; solisyonu eklenen NT-22 tozlari ile elde
edilmistir. 13.8 ml AgNO; sollisyonu eklenen P-25, NT-22 ve TiO(OH),
tozlari 1 saat UV 1isinimi altinda MO sollsyonunu sirasiyla % 85, % 96 ve
% 67 bozunuma ugratmistir. Temas agisi olgimleri ise TiO, tozlarinin
hidrofilik 6zelliklerinin Ag eklenerek iyilestirildigini ortaya koymustur. Bunun

yani sira, TiO, tozlari Ag eklenmesinden sonra antbakteriyel 6zellik de
Vi



kazanmiglardir. Ag yuklenmis TiO, tozlan fotokatalitik ve antibakteriyel

Ozellik gerektiren uygulamalarda etkili bir sekilde kullanilabilirler.

Anahtar Kelimeler: fotokataliz; titanyum dioksit; gumusg; bilyal

degirmen; metil turuncusu sollisyonu
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CHAPTER 1

INTRODUCTION

In today’s world, environmental issues are one of the biggest concerns of
the industry. Pollution of air and water due to consumption of fossil fuels or
emission of chemical substances is a global problem (Taoda, 2008). The
photocatalysis concept has been studied for the last fifty years in order to
prevent the damages of the pollution from the organic substances (Heller,
1981). The use of semiconductor titanium dioxide (TiO,) has drawn
attention for photocatalytic applications since it is highly photostable and
low polluting (Gadalla et al.,, 2009; Su et al., 2004). Also, it is easily

available in the market, cheap and non toxic.

TiO, based photocatalysts are still the most commercialized products in the
market although there are different alternatives present. They are widely
used in different areas such as bactericidal and water purification
applications. Some of the major applications of TiO, photocatalyst are
shown in Figure 1.1. TiO, photocatalyst is considered to be used for several
other applications such as water disinfection, determination of dissolved
organic nitrogen compounds in natural waters, photoreduction of mercuric
salt solutions (Jacoby et al. 1998; Lau et al.,, 1998). Some of the TiO,-
based photocatalytic products that have appeared in the market in Japan
are shown in Table 1.1.



Self Cleaning | «— | TiO,Photocatalyst | —» | Antifogging
Surfaces Surfaces
Air Photocatalytic Photocatalytic
Purification Cancer Treatment Sterilization

Figure 1.1 Major applications where TiO, photocatalyst used (Fujishima et
al., 2000).

Table 1.1. TiO,-based photocatalytic products that have appeared in the
market in Japan ( Fujishima and Zhang, 2006).

Categories Products Properties
Exterior Tiles, glass, tents, plastic
construction films, aluminum panels, Self cleaning
materials coatings
Interior furnishing Tiles, wallpaper, window Self cleaning,
materials blinds antibacterial
Road- Soundproof & tunnel walls, .
. . X Self cleaning,
construction road blocks, coatings, traffic . .
: ; air cleaning
materials sign lamp covers
Purification Air cleaners, air conditioners, Aglre/avr\]/?r:er—
facilities purification system for pools . 9,
antibacterial
Household goods Flber_s, c_Iothes, leathers, Self_cleanlrjg,
lightings, sprays antibacterial
. . Air cleaning,
Others Facilities for agricultural uses antibacterial

Studies in order to improve the photocatalytic efficiency of these products
are still vital both for industry and scientists due to the fact that TiO, is a
wide band photocatalyst. It has a physical limitation of having a large band
gap for wide range of applications (Konta et al., 2004). Efforts continue to

decrease band gap energy and hence to improve the photocatalytic activity

2



of TiO, powders. In that regard, different production techniques such as sol-
gel processing, hydrothermal processing, ball milling (Kim et al., 2004; Kim,
2006; Ovenstone, 2001; Sonawan et al., 2003) or different modifications
such as dopant addition with metals like silver (Ag), vanadium (V), iron
(Fe), gold (Au) and platinum (Pt) (Zaleska, 2008), non metals like nitrogen
(N), sulphur (S), carbon (C), boron (B) and phosphorus (P) (Zaleska, 2008)
or coupling with other semiconductors like tin oxide (SnO,) or zinc oxide
(ZnO) (Kumar and Devi, 2011) have been tried. In spite of some studies
reported on Ag loading on TiO, particles or films by photochemical
deposition (Lee et al., 1993), by chemical reduction method (Priya et al.,
2009), by hydrothermal method (Liu et al., 2003), by sol-gel process (Akgun
et al., 2011a; Ghanbary and Jafarian, 2011) or by laser induction (Whang
et al.,, 2009), Ag loading on TiO, particles by ball miling has not been
studied yet.

The objective of this study was to improve photocatalytic activity of TiO,
particles by Ag loading via mechanical process of ball milling. Ag was
selected as modification agent since it improves photocatalytic properties of
TiO, (Lee et al., 1993; Scalafani et al.,1991) and also provides antibacterial
activity to TiO, (Akgun et al., 2011a; Whang et al., 2009). A planetary type
ball mill was employed for the simultaneous size reduction and Ag loading
to TiO; particles since it is relatively simple and highly versatile. Powders
produced were characterized through X-Ray powder diffraction (XRD),
Scanning Electron Microscope (SEM), Particle size analysis and Brunauer-
Emmett-Teller (BET) surface analysis. Photocatalytic activity of powders
was investigated by means of methyl orange (MO) degradation under
ultraviolet (UV) irradiation. Hydrophilicity of the powders was determined by
contact angle measurement. Also, basic antibacterial activity
measurements were performed to see whether Ag loading brings any

antibacterial prospect on the TiO, powders produced.



CHAPTER 2

LITERATURE REVIEW

2.1. PHOTOCATALYSIS

Environmental problems related to hazardous wastes, contaminated
ground waters or toxic air contaminants are among the prior concerns for
nations in recent years. In order to eliminate or minimize the hazardous
compounds of these wastes, advanced physicochemical methods such as
semiconductor photocatalysis have been developed (Hoffmann et al.,
1995). The photocatalysis subject is being studied for 50 years now, and
the term photocatalysis is still being argued. It is argued that
photocatalyzed reaction implies that the light is the catalyst; although, light
is a reactant consumed through the chemical process. The term
photocatalysis is actually defined as “ acceleration of photoreaction by the
presence of a photocatalyst” (Mills and Hunte, 2000). Photoinduced
molecular transformation or reaction occurs at the surface of a catalyst.
After the initial excitation, system is followed by a subsequent electron

and/or energy transfer (Linsebigler et al., 1995).

The basic theory for a photocatalytic reaction depends on the illumination
with photons. When the photons energy is equal to or greater than the band
gap energy Eg (hv= Eg) of a photocatalyst, the absorption of photons leads
to the formation of electron-hole pairs within the bulk (Herrmann, 2006). By
the help of reemitted energy as light or heat, recombination of these charge
carriers or their migration to catalyst surface in order to participate in redox

reactions at the interface is possible (Byrne et al., 2011). There is an
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adequate lifetime for electron hole pairs to undergo charge transfer after
the excitation across the band gap. The process is called as heterogeneous
photocatalysis if the semiconductor remains intact while the charge transfer
for adsorbed species is continuous and exothermic (Linsebigler et al.,
1995). Schematic illustration of photoexcitation in a solid followed by

deexcitation events is shown in Figure 2.1.1.

Surface
Recombination

Volume
Recombination

+®

Figure 2.1.1. Photoexcitation in a solid followed by deexcitation events
(Linsebigler et al., 1995).

The migration of electrons and holes to semiconductor surface causes the
transfer of photoinduced electron to adsorbed species or to the solvents. As
the semiconductor donates electrons to reduce an electron acceptor (path
C), migration of hole to surface where electron of a donor can combine with
surface hole oxidizing donor occurs (path D). Respective positions of the
band edges for conduction and valance bands, as well as the redox
potential levels of adsorbate species are important factors for probability

and rate of charge transfer (Linsebigler et al.,1995).



The overall process can be summarized by the following equation (Mills
and Hunte, 2000);

Semiconductor

A+D - A +D"

ELight 2Eng

A= Acceptor
D= Donor
En,= Band gap energy of semiconductor

The reactive oxygen species produced by these reactions are very active;
they can destroy chemical contaminants in water and can also cause an
important amount of damage to microorganism. Carbon dioxide (CO,),
water (H,O) and inorganic acids or salts are the final products of the

reaction (Byrne et al., 2011).

There are several semiconductor materials used for photocatalytic
applications. Some of the commonly used semiconductors are given in
Table 2.1.1.

Table 2.1.1. Widely used semiconductors, their band gap and wavelength
(Ers6z, 2009).

Semiconductor Band Gap (eV) Wavelength (A-nm)
TiO, (Anatase) 3.2 388
TiO, (Rutile) 3.0 413
Sn0O, 3.6 338
ZnO 34 363
Fe,O3 2.3 539




Being chemically and biologically inert, stable to corrosion and non toxic,
TiO, is the most widely used semiconductor for environment applications
and has been studied extensively for photocatalytic degradation of harmful
organic compounds (Hong et al., 2005). On the other hand, it has some
drawbacks limiting the application areas. Wide band gap (3.2 eV) of TiO,,
which corresponds to a wavelength less than 390 nm, causes the material
to utilize only 3-4% of solar energy reaching to earth (Rattanakam and
Supothina, 2009).

2.2. TITANIUM DIOXIDE PHOTOCATALYST

TiO, has became a material for photocatalysis on photoelectrochemical
solar conversion, environmental photocatalysis like self cleaning surfaces
or photoinduced hydrophilicity involving antifogging and self cleaning
properties. Although the types of photochemistry for photocatalysis and
hydrophilicity are different, both takes place on the same surface made

from TiO, photocatalyst (Fujishima et al., 2000).

Availability of the material is one of the most important issues for
environmental photocatalysis. Being relatively inexpensive, having high
chemical stability and having highly oxidizing photogenerated holes which
are also reducing enough for production of superoxide from dioxygen are
some of the other aspects for choosing TiO, as a material for
photocatalysis (Byrne et al., 2011). Schematic representation of the

mechanism of photocatalysis on TiO, particle is illustrated in Figure 2.2.1.



O

For TiO; ¢
hv = 3.2eV N O;A’ H>0O,
«OH
h+

OH

Figure 2.2.1. Schematic representation of the mechanism of photocatalysis

on TiO, particles (Byrne et al., 2011).

TiO, has three crystal structures; rutile, anatase or brookite. Brookite
structure is more compact than anatase; but, less compact than rutile (Yin
et al.,, 2003). Anatase and rutile both having distorted octahedron class
crystal structure are widely used in photocatalysis, while researchs report
that it is difficult to prepare brookite without any anatase or rutile phase
limiting its study and application (Dipaola et al., 2007; Xie et al. 2009). For
rutile crystal structure, a slight distortion from orthorhombic structure
occurs, while for anatase crystal structure the distortion of cubic lattice is
noteworthy causing a less orthorhombic symmetry (El et al.,, 2011,
Thompson and Yates, 2006). The schematic representation of crystal

structures for anatase and rutile phases of TiO, is shown in Figure 2.2.2.



(a) (b)

Figure 2.2.2. Schematic representation of the crystal structures of TiO,
(a) Rutile, (b) Anatase. Gray atoms are titanium and red atoms are oxygen
(Thompson and Yates, 2006).

Rutile has lower band gap energy (3.0 eV) than anatase (3.2 eV) (Erséz,
2009). Although rutile is expected to have better photocatalytic properties
than anatase due to its lower band gap, anatase is more active than rutile
because of the fact that rutile has larger crystal size (El Saliby et al., 2011).
Mixture of anatase and rutile catalysts possessed a significantly higher
photocatalytic activity than the pure phases. Degussa P-25, a standard
industrial photocatalyst with a composition of 70% anatase and 30% rutile,
is an example for this behavior. The main reason is attributed to better

charge carrier separation in the mixed phase (Sun et al., 2003).

Larger surface area is desirable for better photocatalytic performance since
photocatalytic reaction occurs on the catalyst surface. Surface area of TiO,
photocatalyst can be increased by different methods to improve its

photocatalytic activity.



Majority of research done on TiO, materials are based on the band gap
modification, mainly decreasing the energy required for excitation for the
utilization of a larger fraction of visible light. With the band gap of 3.0-3.2
eV, TiO, materials have a threshold extending from the ultraviolet region
into the solar spectrum to about 400 nm. The threshold energy for
photoactivation can be reduced by doping TiO, with metals or non-metals.
A reduction in threshold energy for photoactivation leads a potential
increase in photoactivity even under solar irradiation (Thompson and Yates,
2006).

2.3. WAYS TO IMPROVE THE PHOTOCATALYTIC ACTIVITY OF
TiO,

2.3.1. Particle Size Reduction

Production of small size particles are of interest for new material synthesis
since fine particles are processed at lower temperatures, have high
catalytic activity and better mechanical properties in comparison to large
particles (Jang et al.,, 2001). Particle size is an important factor on
photocatalytic activity. The smaller the particle size, the larger the specific
surface area and hence better the photocatalytic activity since
photoinduced reaction occurs at the surface of the catalyst in a
photocatalytic reaction. When a photocatalyst is illuminated with a stronger
light than its band gap energy, diffusion of electron-hole pairs to surface of
the catalyst takes place and these electron hole pairs participates in the
chemical reaction. The number of active surface sites increases by smaller
particle size leading an increase on the surface charge carrier transfer rate
(Jang et al., 2001; Zhang et al., 1998).

There are several methods to produce fine photocatalyst particles including
sol-gel process (Li et al., 2002; Nolan, 2010; Su et al., 2004), hydrothermal
10



process (Inagaki, 2001; Lu et al., 2008; Ovenstone, 2001) or mechanical
methods like ball milling (Fadhel et al., 1999; Gajovic, 2001; Yin, 2006;
Zhang et al., 2008). Brief information about each process is given in the

following subsections.

2.3.1.1. Sol-Gel Process

Sol-gel is one of the most widely used process for the production of
nanosized materials with high photocatalytic activities (Su et al., 2004).
TiO, is prepared by reactions of hydrolysis and polycondensation of
titanium alkoxides to form oxopolymers transforming into an oxide network.
The reaction scheme is as follows (Su et al., 2004);

1. Hydrolysis
M(OR), + H,O —» M(OR),.1(OH) + ROH
2. Condensation
Dehydration
M(OR), + M(OR)n.1(OH) —p M,O(OR)n., + ROH
Dealcoholation
2M(OR),.1(OH) —» M,0(OR);,2 + H,O

Overall reaction
M(OR), + % H20 —»  MO,»+ ;,ROH

Sol-gel method has the advantages like low processing temperature and
good homogeneity; but, it also has disadvantages such as complex
chemisty of the process or expensive chemical products like the organic
solvents (Han et al., 2010; S. Hong, 2003; Niederberger and Pinna, 2009).

11



2.3.1.2. Hydrothermal Process

For the preparation of different inorganic materials in nanocrystalline state,
hydrothermal synthesis is a widely used method (Zhu et al., 2004). Since
the reactions are carried out in an enclosed system, the method using an
aqueous solvent as reaction medium can be classified as environmentally
friendly. The presence of different mineralizers like hydroxides or fluorides
of alkalis at different pH values of usage of distilled water during the
hydrothermal treatment of TiO,.nH,O amorphous gels is an important
aspect for the hydrothermal synthesis of nanocrystalline titania (Kolen’ko et
al., 2004). Titanium alkoxide and alcohol are generally used as precursor
solution for the preparation of nanocrystalline TiO, powders via
hydrothermal method. Acid and organic additives are also added into the
solution in order to induce crystallization and prevent particle agglomeration
(Bao et al., 2005).

Hydrothermal method provides excellent homogeneity and possibility of
deriving unique stable structures at low reaction temperatures. However,
the method also requires further heat treatment and repeated washing to
remove organic solvent and additives (Bao et al., 2005; Nam and Han,
2003).

2.3.1.3. Ball Milling

Ball milling is an efficient and simple method for the fabrication of sub-
micron or nanostructured powders. It is widely used for the production of
nanocrystalline materials. During the ball milling process, the elastic and
plastic deformation of powders between balls and wall of the jar under high
energy is observed. In ball milling process three simultaneous events occur
which are cold-welding, fracturing and annealing of powder grains (Dutta et

al., 2002). Mechanical alloying by ball milling is a complex process due to

12



the dependence of the process on many factors such as type of mill, milling
dynamical conditions, temperature, chemical composition of powder

mixture and properties of grinding tools (Begin-Colin et al., 2000).

Basic mechanisms of milling still remains as an uncleared issue; although,
plenty of theoretical models are studied to explain the physics of milling
process in order to predict the end product of final milling. High energy ball
mill usually causes several mechanochemical phase transitions during
ceramic powder processing (Dutta et al., 2002). Furthermore, final products
of milling can be composed of different phases along with contaminations
coming from the milling media. During ball milling process, an equilibrium
between breakage and rewelding of powders can occur and this can cause
the unalteration of particle size on further milling due to agglomeration of

smaller particles (Dutta et al., 2002).

There are different types of ball milling techniques based on the movement
of milling balls and vial, such as vibration mill, planetary mill and attritor
(Zhang et al., 2008). A schematic illustration of the planetary ball mill is
given in Figure 2.3.1. Planetary ball mill takes its name from the planet-like
movement of the vials. Vials on a rotating supporting disk are also rotated
around their axes by a special drive mechanism. The centrifugal force
produced by the vials rotating around their own axes and that produced by
the rotating support disk both act on the vial contents. The opposite rotation
of vials and rotate disk causes centrifugal forces to act in opposite
directions also leading the balls to run down inside the vial, called as friction
effect, and the grinding of the material. When grinding balls lift off and travel
freely through the inner chamber of the vial, they collide against the
opposing inside wall, called as the impact effect (Castro and Mitchell,
2002).

13
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Figure 2.3.1. Schematic illustration of the planetary ball mill (Mio et al.,
2004).

Using planetary ball mill for the particle size reduction of TiO, photocatalyst
is a common method for nanocrystalline powder production since it is
relatively simple and highly versatile (Salari et al., 2009). Starting material
used for the production of nanocrystalline powder changes in a wide range

from micron sized powders to precursors.

In this study, ball milling is chosen for particle size reduction and dopant
addition. All the results throughout the study were obtained by means of a

planetary ball mill.

2.3.2. Dopant Addition

In a reactive semiconductor substrate, energy levels for electron transfer
between adsorbate molecules can be provided by the catalyst while the
catalyst can also behave as an electron donor (as the photogenerated
electron in conduction band) and as an electron acceptor (photogenerated
hole in valence band). The band structure of the substrate is vital since a
change in surface or bulk electronic structure can affect the chemical

14



events (Linsebigler et al., 1995). Semiconductor band gap structure is
shown schematically in Figure 2.3.2.

Conduction
Band

rrrrr T * ¥ ®= * T T T T W T T T T T

FEPFLP LI IP LI L2444
R R e,
R R R R
tEr bbb bt
R R R R R

Valence

Band IR TR PR

+
PEEEE LIS

P

++
++
+ee
+44+
+ee

Figure 2.3.2. Semiconductor Band Gap Structure (Algarin, 2008).

TiO, being a wide band gap semiconductor requires light below 388 nm to
create an electron—hole pair. Use of TiO, can be extended for solar light
applications by shifting the band gap into the range of visible light (Hong et
al., 2005). Inducing dopants into TiO, have been widely studied to shift into
the visible part of spectrum as well as improving the photoefficiency of the
electronic process. Trapping an electron or hole alone is inefficient, since
immobilized charge species quickly recombine with the mobile counterpart
(Coldn et al.,, 2006). Metal ions serving as charge trapping sites and
interceding in the interfacial transfer improves photoefficiency by reducing
electron-hole recombinaton rates. Effect of transition metal on
photocatalytic activity depends on many factors such as method of doping,

type of the dopant and the concentration of the dopant (Coldn et al., 2006).

TiO, was modified with many different metals and nonmetals as stated in
Chapter 1. Fe, one of the most used metal dopant addition, was added into

TiO, with different methods like mechanochemical alloying, sol-gel process
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or ultrasonic method (Han et al., 2008; Hung et al., 2007; Kim et al., 2004;
Zhou et al., 2006), Cu, another common metal, was doped with methods
like sol-gel or mechanical alloying (Colon et al., 2006; Park et al., 2006),
and Ag using different methods like photoreduction treatment, sol-gel
process or liquid impregnation method (Arabatzis et al., 2003; Sahoo et al.,
2005; Wodka et al., 2010). Non metals C or N were also doped into TiO,
with various methods such as ball milling or sol-gel process (Yin, 2006; Wu
et al., 2010).

In this study, Ag loading was chosen to modify TiO,. Information on Ag

loading is given in the following section.

2.3.2.1. Ag Doping

Regardless of its form (bulk or finely dispersed), metallic silver (Ag) is an
important material for many technologies. It has useful properties such as
chemical stability, electrical and thermal conductivity, catalytic activity,
antibacteriostatic effects and nonlinear optical behavior. As a result Ag
nanoparticles are used for catalysts, staining pigments for glasses and

ceramics or for antimicrobial applications (Sondi et al., 2003).

In order to improve photocatalytic activity by limiting the recombination
reaction, insertion of noble metals has been tried. Especially Ag doping
draw attention due to the importance in medical applications of Ag and
antibacterial activity of TiO, together (Seery et al., 2007). Ag doped TiO,

can be used in sanitary wares, medical devices or air conditioning filters.

Ag increases the photocatalytic activity of TiO, by different mechanisms
(Akgun et al., 2011a). It can trap the excited electrons from TiO, and the
holes are left for the degradation reaction of organic species. Extension of
wavelength response towards visible region is also observed. Moreover, by

creating a local electric field, Ag particles enhance electron excitation.
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Some contradictory reports (Akgun et al., 2011a; Seery et al., 2007) note
that photocatalytic activity of Ag modified TiO, decreased due to the
following factors;

Access of light to TiO, can be hindered due to high Ag coverage.
Active TiO, sites can be blocked by Ag.

Ag can be dispersed poorly.

A\

Recombination rates can be increased due to high amount of
doping than optimal amount.
5. Role of O, can be inhibited due to scavenging of electrons by Ag

deposits.

There are several methods used for Ag addition to TiO, materials. AQNO3 is
the common Ag source for many studies. Some amount of AgNO; is added
into distilled water or ethanol to prepare AgNO; solution. Then this solution
is either added to powder slurries or precursor solutions of TiO, to obtain
Ag-TiO, materials via sol-gel and photodecomposition methods (Bowering
et al., 2007; Kondo and Jardim, 1991, Liga et al., 2010; Xin et al., 2005). In
this study, AgNO3; was used as the Ag source and added to TiO, by
employing a planetary ball mill to obtain Ag loaded TiO, powder.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. POWDER PREPARATION

Three different commercial TiO, powders were used as the starting
material. Anatase TiO, powders (NT-22) and TiO(OH),, known as
metatitanate, were received from Nano Co. Anatase and rutile containing
well known TiO, powders (P-25) was received from Degussa. All three
powders were used without any additional purification process. Selected
properties of starting TiO, powders as quoted by their manufacturers are
listed in Table 3.1.1. Silver nitrate (AgNOs) received from Merck and
sodium carbonate (Na,CO3) supplied from Horasan Kimya were used for
Ag loading. Darvan C-N received from Vanderbilt Company Inc. was used

as dispersant during milling process.

Table 3.1.1. Properties of starting powders

Property NT-22 P-25 Metatitanate
Formula TiO, TiO, TiO(OH),
Crystalline Phase Anatase Anatas_e and Anatase
Rutile
Particle Size 15-30 nm
. 21 nm -
(Primary, Secondary) | 1-2pum
TiO, Content (wt. %) 98.5 <995 -
Specific Surface
Area (m?lg) 60-80 50 +15 -

18



A planetary ball mill (PM-100, Retsch) was employed in the basic powder
preparation step to obtain dispersed and refined powders. The jar and balls
used were made of zirconia in order to obtain better milling without
contamination. The volume of the jar was 250 ml and ball diameter was 5
mm. Wet milling was carried out for all milling experiments with distilled

water as the wetting media

In order to obtain Ag loaded TiO, powders, the procedure described by
Kondo and Jardim, 1991 was adapted for ball milling. 0.1 M AgNO3 solution
and 1% weight/volume (w/v) of Na,COs; solution were prepared separately.
10 g of TiO, powder was poured into 250 ml of zirconia jar containing 50 mi
of distilled water. 4.6 ml of the AgNO; solution prepared and 5 ml of
Na,COs; solution prepared were added into zirconia jar in given order. The
powder to ball ratio used during the experiments was 1:20. Zirconia balls of
5 mm diameter were chosen as milling media with zirconia jar. 2 ml of
dispersant was added into the milling solution to avoid agglomeration and
reduce wear of jar and balls. Milling was performed at 200 rpm for 1 h
continuously without any interval breaks. After milling, the solution was
taken out of the jar and poured into a glass beaker. Then the beaker and its
content were placed in a dryer at 103 °C for 4 h. After drying is complete,
agglomerated powders were ground gently using an agate mortar with
pestle. Ground powders were calcined at 400 °C for 1 h in order to remove

the organics and to allow the diffusion of the loaded material.

The flowchart of the experimental procedure for the Ag loading on TiO,
powders is shown Figure 3.1.1. The experimental procedure was repeated
for 9.2 ml AgNO; and 10 ml Na,COs solutions, and for 13.8 ml AgNO; and
15 ml Na,CO; solutions to observe the effect(s) of Ag loading on the
photocatalytic properties of TiO, powders. Starting powders were also ball
milled without Ag addition to see the effects of size reduction and Ag

loading independently on photocatalytic properties.
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50 ml distilled

water

4.6 ml 0.1 M AgNO3
solution

5 ml 1% (w/v)
Na,CO3 solution

N

10 g TiO,
powder

}

/

Ball milling at 200 rpm for 1 h

|

Drying at 103 °C for 4 h

|

Calcination at 400 °C for 1 h

Figure 3.1.1. Flowchart of the experimental procedure for Ag loading on

TiO, powders.
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3.2. CHARACTERIZATION

3.2.1. X-ray Diffraction (XRD) Analysis

Powder XRD technique was employed to identify the phases present in
TiO, powders. XRD was also used as experimental criteria for detecting
possible zirconia contamination coming from the milling media. The XRD
patterns of the TiO, powders were taken with CuKa radiation by using a
Rigaku Geiger-Flex DMAK/B model diffractometer. Each sample was
scanned from 20 of 20° to 80° at a rate of 2°/min by 0.02° increments
continuously. For crystallite size calculations, samples were scanned at a
rate of 0.5 °/min by 0.02° increments continuously for the characteristic

peaks.

3.2.2. Scanning Electron Microscope (SEM) and Energy Dispersive
Spectroscopy (EDS) Analyses

Scanning electron microscope (Nova NANOSEM 430) was employed to
examine surface morphology of the TiO, powders. Elemental analysis was
also performed by EDS to observe presence of Ag and to detect zirconia
contamination. In general, specimens are coated with gold (Au) prior to
SEM analysis in order to get sufficient conductivity. Instead of Au coating
carbon (C) coating was employed before the SEM analysis in this study

since Au has overlapping peaks with zirconia.
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3.2.3. Particle Size Analyses

Particle size analyses were conducted by employing Malvern Mastersizer
2000 and Malvern Zetasizer ZS90 with wet method. For solutions with fully
submicron particle size distribution, Malvern Zetasizer was employed while
for solutions with micron sized particles Malvern Mastersizer was
employed. Solutions taken from ball mill were dispersed with an ultrasonic

convertor before analyses.

3.2.4. Brunauer-Emmett-Teller (BET) Surface Area Analysis

Surface area of the powders was measured by employing Quantachrome
Corporation, Autosorb-6 in by multi point BET method. Before the analysis,
powders were preheated for 2 h at 200 °C under vacuum for degassing.

3.3. PHOTOCATALYTIC ACTIVITY MEASUREMENT

Photocatalytic activity measurements of the TiO, powders were carried out
in a homemade enclosed box, which provides a fully dark environment
without allowing light exposure within the box. A Black-Ray-grade UV
semiconductor inspection lamp (100 Watt, 230V~50Hz, 2.0 Amp, 365 nm)
and a magnetic stirrer were present inside the box. Scinco S-3100 UV-Vis
single beam spectrophotometer was used for the photocatalytic activity

measurements.
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3.3.1. Photocatalytic Activity of TiO, Powders in Methyl Orange (MO)

Solution

Photocatalytic activity of the TiO, powders was determined using an
agueous MO solution. A 10 mg/L of MO solution was prepared by
dissolving 0.01 g of MO powder (Fluka) in 1 L of de-ionized water in a glass
beaker. 0.1 g TiO, powder was added into 100 ml of MO solution. Then, the
suspension was placed into the enclosed box. The suspension was stirred
continuously at 500 rpm by a magnetic stirrer. For the first 30 min of
measurement, the UV light was not turned on, but the suspension was
continuously stirred for the powders to absorb MO solution and reach
absorption-desorption equilibrium. At the end of first 30 min, 3.5 ml of a
sample was taken from the suspension via syringe. Then, by means of
syringe filters (Millex Millipore, 0.22 uym) a clear, powder free solution of MO
is transferred into quartz cuvette for spectrophotometer measurement. After
the first measurement, the UV lamp was turned on and change in
absorbance values under UV light were measured in the following 30 and
60 min of the test. The UV exposure time was limited to 60 min. The
decreases in absorbance for different samples after 60 min were

compared.

The values for percent decrease in absorbance were calculated using the

formula;

(Ai—Af)x100

Percent concentration change = T

Ai = Absorbance value after 30 min without UV light at 467 nm.

A = Absorbance value after 60 min with UV light at 467 nm.

The flowchart of the photocatalytic activity measurement of the TiO,

powders investigated in this study is shown in Figure 3.3.1.
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0.1gTiO,/ 100 ml 10 g/l
Ag-TiO, powder MO solution

~ g

Stirring without UV at
500 rpm for 30 min

Photocatalytic Activity

l > Measurement

Stirring with UV for 30
min at 500 rpm

l Photocatalytic Activity
Measurement
Stirring with UV for 30
min at 500 rpm
Photocatalytic Activity
> Measurement

Figure 3.3.1. Flowchart showing the photocatalytic activity measurement

procedure of the TiO, powders.

3.4. WETTABILITY MEASUREMENT

Wettability of the starting TiO, powders and Ag loaded TiO, powders was
examined via contact angle measurements. TiO, powders were coated on
glass substrates by dip coating. Before coating, substrates were washed by
distilled water and dried. The solution taken from ball mill was used as the
coating sol. The substrates were dipped into the solution by hand and dried
at room temperature. After drying, substrates were calcined at 350 °C for 1
h. Calcined substrates were taken to Scinco S-3100 UV-VIS single beam
spectrophotometer for transmittance measurements. Contact angle of the
coated substrates were measured using SEO Phoenix 300 contact angle

measurement equipment.
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The flowchart for the measurement of the contact angle of TiO, powders is

shown in Figure 3.4.1.

Solution from
ball mill

}

Dip Coating

|

Drying at room
temperature

}

Calcination at
350 °C

'

%Transmittance
measurement

|

Contact angle
measurement

Figure 3.4.1. Flowchart showing the contact angle measurement procedure

of the TiO, powders.
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3.5. ANTIBACTERIAL ACTIVITY TEST

Antibacterial properties of selected starting powders and Ag loaded
powders exhibiting the best photocatalytic performance were examined via
antibacterial activity tests. Glass substrates (1.25 x 1.25 cm) were coated
by a homemade spin coater. Substrates were washed by distilled water and
ethanol before coating. After washing, the substrates were dried. The
solution taken from ball mill was used as the coating sol. The substrates
were placed into the spin coater and coated for 30 s. After coating,
substrates were dried at 180 °C. This process is repeated for 5 times to
obtain a homogeneous and appropriate coating on the substrate. UV
irradiation was not employed in order to see the effect of Ag only. Coated
substrates were taken to Medical Center in Middle East Technical
University. Agar plates prepared in Medical Center were used as physical
seeding for bacteria culture. E.coli bacteria were inserted to agar plates.
Coated sides of glass substrates were placed to bacteria containing agar
plates and waited for 48 h at 37 °C for incubation. Bare glass substrate
without TiO, coating and P-25 coated glass substrates were also placed
into agar as control specimens. The photographs of inhibition zones of

substrates were taken for comparison.

The flowchart for antibacterial activity test is shown in Figure 3.5.1.
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Figure 3.5.1. Flowchart showing the steps in antibacterial activity test.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. GENERAL

In this chapter, results obtained from the experimental studies are

presented and discussed.

Three series of TiO, powders were prepared. “P” series of powders
includes starting P-25 powder as obtained, starting P-25 powder as ball
milled without Ag addition, and powders produced by adding 4.6, 9.2, and
13.8 ml of 0.1 M AgNOs solution to starting P-25 powder during milling, are
referred to as P, PO, P1, P2, and P3, respectively. “N” series of powders
includes starting NT-22 powder as obtained, starting NT-22 powder as ball
milled without Ag addition, and powders produced by adding 4.6, 9.2, and
13.8 ml of 0.1 M AgNO; solution to starting NT-22 powder during milling,
which are coded as N, NO, N1, N2, and N3, respectively. “M” series of
powders includes starting metatitanate, TiO(OH),, powder as obtained,
starting metatitanate powder as ball milled without Ag addition, and
powders produced by adding 4.6, 9.2, and 13.8 ml of 0.1 M AgNO; solution
to starting metatitanate powder during milling, which are coded as M, MO,
M1, M2, and M3, respectively. The powders used throughout this study and
their code are tabulated in Table 4.1.1. Hereafter, the powders will be

referred to as their code unless otherwise is mentioned.
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Table 4.1.1. The powders used throughout this study and their code.

Powder Code
P-25 P
Ball milled P-25 PO
4.6 ml AgNO; added P-25 P1
9.2 ml AgNO; added P-25 P2
13.8 ml AgNO; added P-25 P3
NT-22 N
Ball milled NT-22 NO
4.6 ml AQNO; added NT-22 N1
9.2 ml AgNO; added NT-22 N2
13.8 ml AgNO; added NT-22 N3
TiO(OH), M
Ball milled TiO(OH), MO
4.6 ml AgNO; added TiO(OH), M1
9.2 ml AgNO; added TiO(OH), M2
13.8 ml AgNO; added TiO(OH), M3

4.2. CHARACTERIZATION

4.2.1. X-ray Diffraction (XRD)

The XRD patterns of the three different series of powders were taken. The
changes in lattice parameters of the powders were calculated by using
UnitCell software and XRD data. The software is a least squares
refinement program which retrieves unit cell constants from experimental

diffraction data.
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Crystallite size was calculated by applying the Debye-Scherrer formula on
characteristic peaks of TiO, powders. According to Debye-Scherrer formula
(Maurya and Chauhan, 2011);
0.9x1
- [ Xxcos@

D corresponds to the crystal size, while A is the wavelength of the x-ray
used, B is the full width at half maximum (FWHM) and 6 is the scattering
angle. For the determination of B, NIST 640 Silicon powder was used for
instrumental broadening. The following formula was used for calculation of
B, the FWHM of peak corrected for instrumental broadening, (Takahashi et
al., 2005);

B=vVBZ- b2

B corresponds to FWHM of TiO, peak and b is the FWHM of the Si internal

standard peak for same crystal planes.

The mass fraction of anatase and rutile phases were calculated by the

below formulae (Raj and Viswanathan, 2009);

Anatase (%) = [ 0.7914 / (Iz+0.791,) ] x 100
Rutile (%) = {1 /[ (Ix+0.791,) / Iz ] } X 100

where 1, and I the peak intensities of (101) and (110) for anatase and rutile

respectively.

The XRD patterns of “P” series of powders are shown in Figure 4.2.1. The
patterns indicate the characteristic (101) diffraction peak of anatase TiO, at
20 of ~25.3° (JCPDS #21-1272) and the characteristic (110) diffraction
peak of rutile TiO,20 ~27.4° (JCPDS #21-1276). In addition to TiO, peaks,
the characteristic (-111) diffraction peak of silver oxide (AgO) at 26 of

32.3°(JCPDS #89-3081) is detected in the patterns of AgNO; added
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powders, which imply the presence of Ag as AgO in these powders. The
presence of Ag in oxide form due to the reactant atmosphere is not an
uncommon situation (Kubacka et al., 2008). Similar results have been also
reported by Chou, 2005; Kato et al., 2005; Page et al., 2007; Priya et al.,
2009; and Wang et al., 2011. The intensity of AgO peak increased slightly
as the AgNO; addition during ball milling is increased. The enlarged pattern
for this peak is given at the top right of Figure 4.2.1. The second biggest
(111) diffraction peak of AgO overlaps with (103) peak of anatase phase at
20 of 37.2°. The XRD analyses suggest that anatase and rutile are present
in all P series of powders before and after Ag addition. No phase change
was recognized in the powders after Ag loading by ball milling. Mass
fraction was calculated approximately 85% and 15% for anatase and rutile
phases respectively for all powders indicating the absence of phase

transformation during milling.
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Figure 4.2.1. XRD patterns of the P series of powders (a) P, (b) PO, (c) P1,
(d) P2, and (e) P3.
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The changes in lattice parameters, lattice spacing and crystallite size for P,
PO, P1, P2, and P3 are shown in Table 4.2.1.

Table 4.2.1. The lattice parameters, lattice spacing and crystallite size for
the P series of powders for anatase and rutile phases.

P PO P1 P2 P3 | JCPDS
a (A) 3.7852 | 3.7800 | 3.7834 | 3.7822 | 3.7831 | 3.7852
&
£ c (A) 9.5052 | 9.4884 | 9.4952 | 9.5098 | 9.4895 | 9.5139
[
<
d (A) 3.5047 | 3.4985 | 3.4955 | 3.4904 | 3.5006 | 3.5200
Crystallite | o350 | 2362 | 2322 | 23.92 | 23.16
Size (nm)
a (A) 45932 | 4.5854 | 4.593 | 4.5923 | 4.5905 | 4.5933
c (A) 2.9591 | 2.9544 | 2.9569 | 2.9570 | 2.9557 | 2.9592
o
;::» d (A) 3.2380 | 3.2306 | 3.2296 | 3.2255 | 3.2343 | 3.2470
Crystallite
Size (nmy | 2784 | 28.10 | 27.71 | 28.78 | 28.25

The calculated lattice parameter and lattice spacing values agree well with
the values given in JCPDS cards of the anatase and rutile phases. After
ball milling, “@” and “c” lattice parameter values for anatase and rutile
phases remained almost the same. The minor changes can be attributed to
mechanical milling since milling energy causes plastic deformation leading
to lattice distortions (Shifu et al., 2008). After Ag addition lattice spacing
and crystallite size were almost the same especially for anatase phase.
This may lead to the conclusion that Ag did not get into the TiO, lattice. The
expansion of TiO, cell due to the large ionic radius (1.24 A; Tayade et al.,
2006) of Ag (Liu, 2003; Wang et al., 1999) or the shrinkage due to the

production of the deficiency of O vacancies in TiO, caused by the doping of

32



metal ions with less oxidative states than IV of TiO, (Liu, 2003) were not
observed for P series of powders.

Observation of no significant change in the 20 values of the characteristic
(101) diffraction peak of anatase TiO, and the characteristic (110)
diffraction peak of rutile TiO, after Ag loading suggests that Ag did not

doped into the TiO, lattice either in anatase or rutile phase.

The XRD patterns of the “N” series of powders are shown in Figure 4.2.2.
The patterns indicate the characteristic (101) diffraction peak of anatase
TiO, at 20 of ~25.3° (JCPDS #21-1272). In addition to anatase TiO, peaks,
a small but noticeable (-111) diffraction peak of AgO at 26 of 32.3° (JCPDS
#89-3081) is detected in the patterns of N2 and N3. The characteristic
(110) diffraction peak of rutile TiO, at 20 of ~27.4° (JCPDS #21-1276) is
absent in all patterns. AgO is not identified in the pattern of N1 since
amount of Ag present in this powder is very low and AgO peak having very
low intensity for higher amounts of AgNO; addition is vanished in
background. The intensity of AgO peak increased slightly as the AgNO;
addition during ball milling is increased. The enlarged pattern for this peak
is given at the top right of Figure 4.2.2. Again, the characteristic (111)
diffraction peak of AgOis unseen in the XRD pattern since it overlaps with
(103) peak of anatase phase at 20 of 37.04°. The XRD analyses suggest
that anatase TiO,is present; but, rutile TiO, does not exist in all N series of
powders before and after Ag loading. No phase change was recognized in

the powders after Ag loading by ball milling.
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Figure 4.2.2. XRD patterns of the N series of powders (a) N, (b) NO, (c)

N1, (d) N2, and (e) N3.

The changes in lattice parameters, lattice spacing and crystallite size for N,
NO, N1, N2, and N3 are shown in Table 4.2.2.

Table 4.2.2 The lattice parameters, lattice spacing and crystallite size for
the N series of powders.

N NO N1 N2 N3
a(A) 3.7850 3.7818 3.7835 3.7822 3.7832
c(A) 9.5098 9.5189 9.4953 9.5098 9.4896
d(A) 3.5018 3.4966 3.5002 3.5035 3.5017
Crystallite
Size (nm) 22.63 22.17 22.22 22.11 22.13
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The calculated lattice parameter and lattice spacing values of the N series
of powders data agree well with the JCPDS card of the anatase phase. “a”
lattice parameters remained almost same before and after milling as well as
after Ag loading. A slight elongation on “c” axis was observed after ball
milling due to milling energy. For all ball milled powder with or without Ag
addition, crystallite size is almost the same and slightly smaller than the
starting powder which may be due to the production of deficiency of O
vacancies in TiO, caused by the addition of metal ions with less oxidative
states than IV of TiO, (Liu, 2003). This finding may lead to the conclusion
that Ag did not doped into the TiO, lattice. No shift in the characteristic
(101) diffraction peak of anatase TiO, after Ag loading implies that Ag did

not doped into the TiO, lattice.

The XRD patterns of the “M” series of powders are shown in Figure 4.2.3.
The patterns indicate the characteristic (101) diffraction peak of anatase
TiO, at 20 of ~25.3° (JCPDS #21-1272). In addition to anatase TiO, peaks,
a small but noticeable (-111) diffraction peak of AgO at 20 of 32.3° (JCPDS
#89-3081) is detected in the patterns of M2 and M3. The characteristic
(110) diffraction peak of rutile TiO, at 20 of ~27.4° (JCPDS #21-1276) is
absent in all patterns. AgO is not identified in the pattern of M1 since
amount of Ag present is very low and AgO peak that also has very low
intensity for higher amounts of AQNO; addition is vanished in background.
The intensity of AgO peak increased slightly as the AgNO; addition during
ball milling is increased. The enlarged pattern for this peak is given at the
top right of Figure 4.2.3. The characteristic (111) diffraction peak of Ago
could not be seen in the XRD pattern since it overlaps with (103) peak of
anatase phase at 26 of 37.04°. The XRD analyses suggest that anatase
TiO, is present but rutile TiO, does not exist in all M series of powders
before and after Ag loading. No phase change was recognized in the

powders after Ag loading by ball milling.
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Figure 4.2.3. XRD patterns of the M series of powders (a) M, (b) MO, (c)

M1, (d) M2, and (e) M3

The changes in lattice parameters, lattice spacing and crystallite size for M,

MO, M1, M2, and M3 are shown in Table 4.2.3.

Table 4.2.3 The lattice parameters, lattice spacing and crystallite size for

the M series of powders.

M MO M1 M2 M3

a(A) 3.7877 | 3.7801 | 3.7845 | 3.7845 | 3.7855

c(A) 9.4879 | 95079 | 94956 | 9.5080 | 9.5303

d (A) 3.5006 | 3.5027 | 3.5004 | 3.4963 | 3.5005
%:;’Zt(ar: "nf)e 9.89 9.84 9.73 10.23 9.90
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The calculated lattice parameter and lattice spacing values of the M series
of powders agree well with the values given in the JCPDS card of the

[P ]]

anatase phase. With ball milling, “a” lattice parameters remained almost the

“ 0

same but some amount of deviation was observed in the “c” parameters
indicating a lattice distortion on ¢ axis due to ball milling. After Ag loading,
cell volume, “a” and “c” lattice parameters increased, which may be
attributed to the large ionic radius of Ag leading to the expansion of TiO,
cell (Liu, 2003; Wang et al., 1999). For M2 powder, lattice spacing was
decreased while crystallite size increased considerably suggesting that

some amount of Ag may be incorporated into the TiO, lattice.
No contamination from the milling media was noticed in the XRD analysis

of powders signifying that the mechanical milling process did not bring any
phase transformation or impurity effect.

4.2.2. Scanning Electron Microscope (SEM) and Energy Dispersive
Spectroscopy (EDS)

The surface morphologies of “P” series of powders are shown in the SEM

images shown in Figure 4.2.4
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Figure 4.2.4. SEM images of the P series of powders (a) P (240000x),
(b) PO (160000x), (c) P1 (160000x), (d) P2 (160000x), and (e) P3
(150000x).

SEM analysis revealed that the particles in all P series of powders are
nearly spherical in shape, uniform in size and agglomerated. The surface

morphology and shapes of particles did not change after ball milling.

Particle size of the powders as determined from SEM images by taking the
size average of different particles taken from different places in the image
are shown in Table 4.2.3. These results do not represent the average
particle size of the powders. They are the sizes of single particles that were

not agglomerated and could be detected clearly from SEM images.
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Table 4.2.3. Particle size of the P series of powders as determined from

SEM images.

Powder P PO P1 P2 P3

Particle Size (nm) 56.6 | 43.4 | 49.6 | 51.7 | 54.7

P-25 powder generally consists of particles around 50 nm in diameter.
However, as shown in Table 3.1.1., the manufacturer of this powder quoted
particle size as 21 nm. Therefore particle size data obtained from the SEM
images may not be true, but they have been measured for comparison of
the sizes of particles before and after ball miling and Ag loading. As
expected, particle size of P-25 powder decreased after ball milling without
Ag loading since ball milling process causes particle size refinement.
However, particle size of the powders increased for a few nanometers as
the AgNO; solution was added to P-25 powder during ball milling. This is
attributed to the mechanical energy in milling. The mechanical energy
accelerated the aggregation since the fresh surfaces exposed by the milling
lowers their high surface energy by agglomeration (Rattanakam and
Supothina, 2009; Yin et al.,, 2006; Z. Zhou et al., 2005). Moreover, the
increase in particle size may be due to the coating of AQO onto surface of
TiO, particles (Keleher et al., 2002).

Data obtained from EDS analysis of the “P” series of powders are given in

Table 4.2.4. As expected, amount of Ag in the powders increases as the
amount of AgNO; solution added during ball milling is increased.
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Table 4.2.4. Results of EDS analysis of P series of powders.

P PO P1 P2 P3
Element | Wt% W% W% W% W%
oK 54.84 | 4448 | 4529 | 42.40 36.83
AgL 0 0 0.41 1.28 1.88
TiK 45.16 55.52 54.30 | 56.32 61.35

The surface morphologies of “N” series of powders are shown in the SEM

images shown in Figure 4.2.4
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Figure 4.2.5. SEM images of the N series of powders (a) N (150000x),
(b) NO (160000x), (c) N1 (150000x), (d) N2 (150000x) and (e) N3 (80000x).
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SEM analysis revealed that the particles in all N series of powders are
nearly spherical in shape and rather agglomerated. The particles in the
powders milled without AQNO3; seem less agglomerated than the ones in
the starting powders. The surface morphology and shapes of particles did

not change after ball milling.

Particle size of the powders as determined from SEM images by taking the
size average of different particles taken from different places in the image

are shown in Table 4.2.5.

Table 4.2.5. Particle size of the N series powders as determined from SEM

images.

Powder N NO N1 N2 N3

NT-22 powder series generally consist of particles of 100 nm. Particle size
of the powders increased for a few nanometers as the AgNO; addition
during ball milling is increased. Again, the increase in particle size can be
related to agglomeration induced by ball milling or AgO coating as

mentioned for P series of powders.

When a comparison is made between the P and N series of powders, it is
obvious that the N series of powders are coarser than the P series of
powders. The difference in particle size of these series of powders is
related to the size of the starting powders. As presented in Table 3.1.1, P-
25 powder was finer than N-22 powder. The SEM images and particle size

calculations confirm this information as well.
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Data obtained from EDS analysis of the “N” series of powders are given in
Table 4.2.6. As expected, amount of Ag in the powders increases as the

amount of AgNO; solution added during ball milling is increased.

Table 4.2.6. Results of EDS analysis of N series of powders.

N NO N1 N2 N3
Element Wt% Wt% Wt% Wt% Wt%
OK 48.36 51.19 47.78 49.70 56.56
AgL 0 0 0.49 0.69 0.91
TiK 51.64 48.81 51.73 49.61 42.53

The surface morphologies of “M” series of powders are shown in the SEM

images in Figure 4.2.4.

WD mag HV HFW

6.7 mm |50 000 x | 20.0 kV |5.97 pm NanoSEM - METU-METE

46



D mag HV HFW
5.4 mm |40 000 x| 10.0 kV |7.46 um

47



;| WD | mag oIV T Y e — .
| 5.2 mm | 40 000 x| 10.0 kV | 7.46 pm| NanoSEM _ METU-METE

prayy
100 kY 7.46 pm

Figure 4.2.6. SEM images of the M series of powders (a) M (50000x),
(b) MO (40000x), (c) M1 (50000x), (d) M2 (40000x) and (e) M3 (40000x).
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SEM analysis revealed that the particles in all M series of powders are
nearly spherical in shape and agglomerated. The surface morphology and
shapes of particles did not change with ball milling.

Average particle size of the powders as determined from SEM images by
taking the size average of different particles taken from different places in

the image are shown in Table 4.2.7.

Table 4.2.7. Particle size of the M series of powders as determined from

SEM images.

Powder M MO M1 M2 M3

Particle Size (nm) 94.3 739 | 93.1 | 96.4 99.7

It is observed that, just like for P-25 and NT-22, as the amount of Ag
loading increases the particle size also increases for a few nanometers due
to agglomeration and coating of AgO onto the surface of TiO, particles.
Similar to P and N series, the particle size decreased with ball milling

however Ag addition deteriorated the particle size reduction.
Data obtained from EDS analysis of the M series of powders are given in

Table 4.2.8. Amount of Ag present increases as the AgNO; during ball

milling increases.
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Table 4.2.8. Results of EDS analysis of M series of powders.

M MO M1 M2 M3
Element Wt% W1t% Wt% Wt% W1t%
OK 53.90 58.60 53.34 52.56 52.07
AgL 0 0 0.64 1.05 1.73
TiK 46.10 41.40 46.02 46.39 46.20

SEM examinations revealed that the P series of powders were smaller than

the N and M series of powders. The P series of powders needed more

harsh and intensive grinding by agate with pestle after drying. After drying,

new mechanical and chemical bonds are formed between particles and it is

difficult to break these bonds and obtain the powders with the same

structural properties. A comparison of the particle size observed from SEM

for all the powders investigated in this study is given separately in Figure

4.2.7.

120

100

Average Particle Size (nm)
H [22] [o ]
o o o

N
o
1

P-N-M

P0-NO-MO P1-N1-M1  P2-N2-M2

P3-N3-M3

Figure 4.2.7. Particle size as determined from SEM images for the

powders investigated in this study.
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4.2.3. Particle Size

Average patrticle size measurement was employed for the starting powders,
ball milled powders and Ag loaded powders exhibiting the best
photocatalytic activity.

Particle size distributions for the powders P, PO and P3 are shown in Figure
4.2.8.
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Figure 4.2.8. Particle size distribution for the powders P, PO and P3.

Ball milling did not cause a considerable change on particle size distribution
of P series of powders. Average particle size of starting powder P-25 was
measured as 216.2 nm. Ball milled P-25 without Ag loading had an average
particle size of 204.6 nm and Ag loaded particles had an average of 212.6
nm. The values of particle size measured by particle size analyser do not
coincide with the ones determined from SEM images. The disagreement in
the particle size data between these measurement techniques are basically
due to the agglomeration of particles so that the data taken from particle
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size analyser are consistently bigger that that taken from SEM images.
Although solutions taken from ball mill were tried to be dispersed using an
ultrasonic convertor before the analysis, complete dispersion of the
particles was not accomplished. Individual particles with 50 nm in length
were observed in SEM images. However, the smallest particles detected by
particle size analyser have particles size around 90 nm. It is assumed that
amount of small particles that can be observed through SEM examination
are very low and were not detected by wet particle size analysis method.
According to technical data P-25 supposed to have an average patrticle size
of 21 nm. However it is noted that particle size measurements done in
colloidal systems do not correspond to that value due to differences in
measurement techniques (Fernandez-ibafiez et al., 1999). It can be noted
that the P series of powders consist of particles around 50 nm and the

average particle size for this series is 210 nm.

Particle size distributions for the powders N, NO and N3 are shown in
Figure 4.2.9.
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Figure 4.2.9. Patrticle size distributions for the powders N, NO and N3.
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For the N series of powders ball milling was effective for particle size
reduction. Starting powder NT-22 has an average particle size of 555 nm,
while after ball milling particle size reduced to 364.1 nm. Ball milling with Ag
loading resulted an average of 407.9 nm of particle size. Individual particles
with 100 nm in length were observed in SEM images. However, the
smallest particles detected by particle size analyser have particle size
around 140 nm. It can be noted that the N series of powders consist of

particles around 100 nm and the average particle size is 400 nm.

Particle size distributions for the powders M, MO, and M3 are shown in
Figure 4.2.10.
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Figure 4.2.10. Particle size distributions for the powders M, M0, and M3.

For the M series of powders ball miling was effective for particle size
reduction especially without Ag addition. Starting powder metatitanate has
an average particle size of 1.115 pm, while after ball milling average
particle size reduced to 0.769 ym. Ball milling with Ag loading resulted an
average of 0.937 ym of particle size. Particles with sizes around 90 nm
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were observed in SEM analysis but, minimum particles that could be
detected through particle size analyser were about 140 nm. It can be noted
that, the M series of powders consist of particles around 100 nm and the

average particle size is 1 ym.

Although there is a disagreement in the particle size data between these
two measurement techniques, the trend of particle size refinement between
all series of powders was the same. That is, ball milled powders had
smaller size than starting powders but larger size than Ag loaded powders.
This finding is related to the formation of AgO on TiO, powders. As the
particle size decrease, new surfaces with high energy form and
agglomeration occurs in order to lower the energy (Yin et al., 2007). As a
newly formed surface AgO also wants to lower the energy and may help to

accelerate the agglomeration of TiO, powders.

According to the average particle size data, P-25 can be classified as fine,
NT-22 as medium and metatitanate as coarse. Since the P series of
powders are finer in particle size then the N and M series of powders
according to particle size analysis and SEM data, they are expected to
have superior photocatalytic properties due to the fact that particle size is
one of the most important factors on photocatalytic performance as
mentioned in Section 2.3.1.

4.2.4. Brunauer-Emmett-Teller (BET) Surface Area

Results for BET specific surface area measurements of the P series of

powders are shown in Table 4.2.9.
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Table 4.2.9. BET Specific Surface Area for the P series powders.

Powder BET Specific Surface Area (m?/g)
P 61.62
PO 61.11
P1 54.29
P2 46.96
P3 42.97

Specific surface area of starting powder P-25 was measured as 61.62
m?/g. This measurement is in agreement with the values given in technical
datasheet as 55 + 15 m?/g. The specific surface area after ball milling was
more or less the same. It should be noted that size for individual particles
decreases via ball milling, however due to the surface energy induced by
ball milling agglomeration of particles takes place in order to lower surface
energy (Woo et al., 2007). Specific surface area also decreased after Ag
loading. The decrease in surface area after Ag loading was also noted by
lliev et al., 2006 and Kondo and Jardim, 1991. The decrease in specific
surface area after Ag loading may be related to the increase in particle size
due to Ag coating (Keleher et al., 2002) or due to blocking of fine capillaries
of parent TiO, surface by metal film islands (Sakthivel et al., 2004; Sobana
et al., 2006).

Results for BET specific surface area measurements of the N series of

powders are shown in Table 4.2.10.
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Table 4.2.10. BET Specific Surface Area for the N series of powders.

Powder BET Specific Surface Area (m?/g)
N 78.53
NO 81.64
N1 71.38
N2 71.22
N3 64.89

Specific surface area of starting powder NT-22 was measured as 78.53

m?/g. This measurement is in agreement with the values given in technical

datasheet as 60 - 80 m?/g. The specific surface area for powder NO was a

little larger than the starting powder which indicates that particle refinement

was efficient as a result of ball milling. After Ag loading, specific surface

area decreased. The lowest specific surface area was obtained for powder

N3 as 64.89 m?/g. The decrease in specific surface area after Ag addition

was also reported before by Kondo and Jardim, 1991, Keleher et al., 2002,
Sakthivel et al., 2004 and Sobana et al., 2006.

Results for BET specific surface area measurements of the M series of

powders are shown in Table 4.2.11.

Table 4.2.11. BET Specific Surface Area for the M series of powders.

Powder BET Specific Surface Area (m?/g)
M 221.0
MO 343.8
M1 254.8
M2 289.7
M3 271.0
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Specific surface area of starting powder TiO(OH), was measured as 221.0
m?/g. This powder did not have the specific surface area value on its
technical data sheet. Specific surface area of this powder is reported
around 200 m?/g by Kim et al., 2004, and Kim et al., 2008. The specific
surface area increased for MO which indicates this powder was ground to
smaller sizes during ball milling. After Ag loading, specific surface area
decreased. The lowest specific surface area was obtained for powder M3
as 271.0 m¥g.

For all series of powders, there is a direct relation between patrticle size and
surface area. Effect of ball milling and Ag loading to TiO, powders were
observed and results are consistent with particle size analysis

measurements.

4.3. PHOTOCATALYTIC ACTIVITY

Photocatalytic activity of all the investigated powders was measured
according to the procedure given in Section 3.3.1. Results for different

series of powders are presented in the subsections below.

4.3.1.Photocatalytic Activity of the P series of Powders in MO Solution

The absorbance spectra obtained after 60 min of UV illumination for the P
series of powders are given in Figure 4.3.1. The absorbance spectra
obtained after 60 min of UV illumination for the MO solution was included in

the figure for comparison purposes.
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Figure 4.3.1. Absorbance spectra for the P series of powders.

In the P series of powders, the starting P-25 powder gave the best results
in terms of the degradation of MO. Without UV irradiation, P series of
powders did not provide any remarkable degradation, which indicates that
all the further degradation upon UV will be caused by photocatalytic
reaction only. Ag loading to this powder deteriorated the degradation of MO
implying that photocatalytic efficiency of starting P-25 powder decreased
when some amount of Ag was loaded to it. Starting P-25 powders
decomposed 94.49% of MO in the MO solution in 60 min. MO degradation
by P-25 was reported differently by different researchers. For instance, in
one study (Tong et al., 2008) MO degradation was calculated as 70% in 1
hour UV irradiation, in another study (Guettai and Amar, 2005) 50% of MO
was degraded in 1 hour. The different values for degradation are related to
the experimental details such as initial MO concentration, photocatalyst
concentration or the power of UV lamp. However, the 94.49%
decomposition by P-25 is not an unexpected result since P-25 is the most

commonly used commercially available photocatalytic powder in the
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market. P-25 is a mixture of anatase and rutile phases. Although rutile is
known to be less photocatalytic and expected to lower the activity, P-25 is
one of the best known photocatalytic powders. According to previous
studies, anatase and rutile particles exist separately in P-25 and it was
proved that there is a synergistic effect between these two contacting
phases. It was noted that the positive interaction of these two phases
enhances the electron hole separation and so the total photoefficiency (Sun
and Smirniotis, 2003). Ball milling may have a negative effect on the
anatase-rutile interaction of P-25 powders since it was observed that milling
did not enhance the photocatalytic efficiency of P-25 although patrticle size

was slightly reduced.

Values for the degradation of MO in the MO solution for the P series of
powders are given in Table 4.3.1. Among the Ag loaded P series of
powders, P3 showed better photocatalytic efficiency than P1 and P2 as
shown in Figure 4.3.2. 2. Results suggest that photocatalytic activity of the
powder increases as the Ag loading is increased since Ag acts as electron
traps and enhances the electron hole separation. Moreover, it also
enhances the transfer of trapped electrons to the adsorbed O, acting as an
electron acceptor (Sung-suh et al., 2004). This finding is an indication of
and can be taken as the positive effect of Ag loading on photocatalytic
properties.

Table 4.3.1. % MO Degradation of the P series of powders.

%MO Degradation after
Powder 30 min (No UV) 30 min (UV) 60 min (UV)
P 1.42 64.45 94.49
PO 0.72 38.51 67.11
P1 1.05 40.55 65.12
P2 0.78 60.04 78.67
P3 0.89 69.19 85.85
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Figure 4.3.2. % MO Degradation for the P series of powders.

4.3.2.Photocatalytic Activity of the N series of Powders in MO Solution

The absorbance spectra obtained after 60 minutes of UV illumination for N
series of powders are given in Figure 4.3.3. The absorbance spectra
obtained after 60 min of UV illumination for the MO solution was included in
the figure for comparison purposes. Without UV irradiation, just like the P
series, the N series of powders also did not provide any remarkable
degradation, which indicates that all the further degradation upon UV will be

caused by photocatalytic reaction only.
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Figure 4.3.3. Absorbance spectra for the N series of powders.

As seen in Figure 4.3.3, the powders coded as N3 gave the best results in
terms of the degradation of MO. Ball milling without Ag addition increased
the photocatalytic activity implying that an increase on the specific surface
area improves photocatalytic efficiency. Ag loading to this powder also
improved the degradation of MO implying that photocatalytic efficiency of
starting NT-22 powder increased when 0.49 wt% of Ag was loaded in it. As
the Ag amount increases, amount of degradation of MO also keep on
increasing. N3 powders decomposed 96.27% of MO in the MO solution in

60 min.

Values for the degradation of MO in the MO solution for the N series of
powders are given in Table 4.3.2. Among the Ag loaded N series of
powders, N3 showed better photocatalytic efficiency than N1 and N2 as
shown in Figure 4.3.4. Results suggest that photocatalytic activity of the
powder increases as the Ag loading is increased since Ag acts as electron

traps to enhance the electron hole separation and transfer of trapped
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electron to the adsorbed O, (Sung-suh et al., 2004). This finding is an

indication of and can be taken as the positive effect of Ag addition on

photocatalytic properties.

Table 4.3.2. % MO Degradation of the N series of powders.

%MO Degradation after
Powder 30 min (No UV) | 30 min (UV) 60 min (UV)
N 1.88 23.87 46.07
NO 0.93 35.77 63.56
N1 0.77 60.57 81.77
N2 1.84 70.83 91.68
N3 0.82 80.93 96.27
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Figure 4.3.4. % MO Degradation for the N series of powders.
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4.3.3.Photocatalytic Activity of the M series of Powders in MO

Solution

The absorbance spectra obtained after 60 minutes of UV illumination for N
series of powders are given in Figure 4.3.5. The absorbance spectra
obtained after 60 min of UV illumination for the MO solution was included in
the figure for comparison purposes. Just like the P and N series of
powders, M series of powders did not provide any remarkable degradation
without UV irradiation. That is an indication that all the further degradation

upon UV will be caused by photocatalytic reaction only.

1.2
—— M.Orange
- - M
14 — MO
— M1
M2
0.8 — M3

Absorbance

350 400 450 500 550 600
Wavelength (nm)

Figure 4.3.5. Absorbance spectra for M series of powders.

In the M series of powders, the starting TiO(OH), powder gave the worst
results in terms of the degradation of MO. Ball milling without Ag addition
increased the photocatalytic activity, which can be attributed to the
decrease in particle size and increase in specific surface area. Ag loading
to TiO(OH), powder improved the degradation of MO implying that
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photocatalytic efficiency of starting TiO(OH), powder improved when 0.64
wt% of Ag was loaded in it. After Ag addition, photocatalytic activity of
metatitanate powders increased significantly; however, it is also observed
that high amount of Ag addition affected photocatalytic activity negatively
implying that the optimal amount of Ag for this powders series was reached
(Liu et al., 2003). It was stated in Section 2.3.2.1 that, Ag loading can
decrease the photocatalytic activity especially excess amount of Ag is
important since active TiO, sites can be blocked or light cannot access to
TiO, due to Ag coverage. Moreover, recombination rates can be increased
due to high amount of doping than optimal amount (Akgun et al., 2011a;
Seery et al., 2007).

Values for the degradation of MO in the MO solution for the M series of
powders are given in Table 4.3.3. Among the Ag loaded M series of
powders, M2 showed better photocatalytic performance than M1 and M3 as
shown in Figure 4.3.3. Results suggest that photocatalytic activity of the
powder increases as the Ag loading is increased and excess amount of Ag
can affect photocatalytic activity negatively. This finding is an indication of
and can be taken as the positive effect of Ag loading on photocatalytic

properties.

Table 4.3.3. % MO Degradation of the M series of powders.

%MO Degradation after
Powder 30 min (No UV) | 30 min (UV) 60 min (UV)
M 1.02 11.62 26.42
MO 1.11 33.78 60.34
M1 0.95 41.33 71.92
M2 1.09 60.25 92.60
M3 0.74 44.84 67.66
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Figure 4.3.6. % MO Degradation for the M series of powders.

4.3.4. Mechanism for Photocatalytic Activity of Ag-Loaded TiO,

When two materials having different work functions, such as TiO, and Ag,
contact each other, formation of a Schottky barrier is observed. Electrons
will be transferred from the material with low work function (TiO,) to the
material with high work function (Ag) which leads the electron transfer from
TiO, and Ag. Those electrons transferred and loaded on the surface of Ag
will be scavenged by the electron acceptor, commonly the oxygen
molecules absorbed on the Ag surface. Moreover, some electrons
transferred to Ag are contained in the body of TiO, and electron hole
recombination rate is decreased by the transfer of electrons. Whether in
body or on the surface of Ag, Ag atoms act as electron traps capturing

certain amount of photoelectrons produced by UV excitation and this way,
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the separation between photoelectron and hole is increased (Hou et al.,
2009). A schematic illustration of this mechanism is shown in Figure 4.3.7.

hv

R

Schottky Barrier

TiO,

Figure 4.3.7. Schematic illustration of the photocatalysis mechanism of
TiO, in the presence of Ag.

After ball milling of AQNO; added powders, Ag was detected as AgO form
by XRD analysis. In principle UV illumination of TiO, can convert AgO to
the native metal in the presence of TiO, (Page et al., 2007). AgO can be
photodecomposed into O and Ag according to following reaction (Ohtani et
al., 1993);

A
AgO —» Ag+ %0,

Upon exposure of TiO, to UV, electron and holes are generated. AgO on
TiO, is decomposed upon irradiation and forms Ag on the surface. This Ag
can be generated to Ag”* ion by holes and Ag" ion traps the electrons. The
reaction mechanism of Ag added TiO, can be summarized as follows
(Chen et al., 1994);

TiO, —> e +h'y
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The Ag on surface of TiO, can be generated to Ag” ions as;

Ags+h'y, — Ag’s

Ag's+e _, Ads

The photogenerated holes oxidized the preabsorbed OH and H,O to

generate HO free radical which reacts with adsorbed MO.

OHs+h%yp —»  HOs

H.Os+h™p —p HOs+H"

HOs+ MO ——» colorless product

The subscripts vb, cb, and s represent valence band, conductive band, and
surface of catalyst, respectively.

4.4 WETTABILITY

Contact angle measurements on TiO, particle coated glass substrates were
carried out to realize if Ag loading has any effect on hydrophilicity that is
important for self cleaning applications. The powders having the best
photocatalytic efficiency after Ag addition were chosen for wettability
measurements. The wettability results of the Ag loaded powders were

compared with the starting powders.
Contact angle measured by SEO Phoenix 300 for a bare (uncoated) glass

substrate was 41°. Contact angle image for bare glass substrate is seen in
Figure 4.4.1.
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Figure 4.4.1. Contact angle image for bare glass substrate.

Contact angle images taken for the (a) P and (b) P3 powder coated glass
substrate are shown in Figure 4.4.2. For both powder coated glass
substrates contact angle was measured as 0° meaning that complete

wetting was achieved.

(a)
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(b)

Figure 4.4.2. Contact angle images for (a) P and (b) P3 coated substrates.

P-25 has superior hydrophilic properties (Euvananont et al., 2008). As seen
in Figure 4.4.2. it provides 100% wetting. After Ag loading to P-25,
hydrophilic properties of P-25 were not worsened. 100% wetting was
obtained also for the glass substrate coated by 1.88 wt% Ag containing

TiO, powder.
Contact angle images taken for the (a) N and (b) N3 respectively powder

coated glass substrates are shown in Figure 4.4.3. Contact angle for the N

and N3 powder coated substrates were 23° and 5°, respectively.
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Figure 4.4.3. Contact angle image for (a) N and (b) N3 coated substrates.

It is known that, Ag addition decreases water contact angle by acceleration
of O,formation, with the effect of decreasing recombination and increasing
product yields initiated by h+ or OH (Meng and Fanming, 2009) and it is
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also believed that density of surface hydroxyl of the TiO, films is also
related to hydrophilicity since hydroxyls can combine with water molecules
to form hydrogen bond which results in good wettability (Euvananont et al.,
2008).

Contact angle images taken for the M and M2 powder coated glass
substrate are shown in Figure 4.4.4. Contact angle for the M and M2

powder coated substrates were 13° and 1°, respectively.

(a)
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Figure 4.4.4. Contact angle images for (a) M and (b) M2 coated substrates.

Water contact angle was decreased via Ag addition by acceleration of O,
formation, with the effect of decreasing recombination and increasing
product yields initiated by h+ or OH (Meng and Fanming, 2009).

Glasses coated with Ag added TiO, have remarkable hydrophilic
properties, contact angle measurements for selected powders are shown in
Table 4.4.1.

Table 4.4.1. Contact angle measurements for selected powders.

Powder No Powder | P P3| N |[N3| M | M2
Contact Angle 41° 0° | 0° | 23°| 5° | 13°| 1°

4.5. ANTIBACTERIAL ACTIVITY

The photographs of substrates in agar plates with bacteria after waiting for
48 h at 37 °C are shown in Figure 4.5.1.
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Figure 4.5.1. Photographs of glass substrates in agar plates with E.Coli.
(a) No powder, (b) P, (c) P3, (d) N3 and (e) M2.

Bare glass substrate and P-25 coated substrates did not show any
antibacterial activity. When the substrates with Ag added TiO, are
examined, an opening around the glass substrate is observed. This clean
area is the inhibition zone which can be defined as the bacterial free zone
where the growth of bacteria is prevented. The presence of inhibition zone

is an indicator of antibacterial activity (Akgun et al., 2011b). The
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antibacterial mechanism basically depends on the attack to the cell
membrane of bacteria (Keleher et al., 2002). Hydroxyl radical formed upon
UV irradiation of TiO, therefore provides antibacterial activity since these
radicals effectively attack to cell membrane and breakdown the bacteria
(Akgun et al., 2011b). In case of Ag, Ag® ions are the attacking
mechanisms, but it is noted that Ag in the oxide form shows antibacterial
activity whether a light source is present or not while Ag* does not have any
activity if the light is absent (Page et al., 2007). The size measurement of
inhibition zone can provide a comparison between powders antibacterial
properties. However, for this case the zones formed were small in size and
did not lead any comparative result. Since the aim of this measurement is
beyond the scope of this study, no measurements were attempted and

visual observation was considered as satisfactory.
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CHAPTER 5

CONCLUSIONS

An investigation of the photocatalytic properties of Ag loaded TiO, powders

produced by mechanical ball milling has led to the following conclusions.

1. Ag could be successfully loaded to TiO, powders by employing a
planetary ball mill.

2. Ball milling exhibits a profound influence on the surface properties
and photocatalytic activity of TiO, powders.

3. Powder characteristics and Ag loading have a profound influence on
the photocatalytic properties of TiO, powders.

a. For the P series of powders, a continuous improvement on
photocatalytic activity by Ag loading observed, however due
to ball milling, surface properties deteriorated which lowered
photocatalytic activity.

b. For the N series of powders, a direct relation between the
photocatalytic activity and Ag loading was obtained. Ag
loading and ball milling both improved photocatalytic activity.

c. Forthe M series of powders, Ag loading and ball milling both
improved photocatalytic activity. However, excess amount of

Ag loading caused a decrease in photocatalytic activity.
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4. Hydrophilic properties of TiO, enhanced after Ag loading. TiO,
powders with best photocatalytic activity also exhibited enhanced
wetting properties after Ag loading by ball milling.

5. TiO, powders could gain antibacterial prospect even without UV
irradiation if Ag is loaded.

6. Ag loaded TiO, powders could be used effectively for photocatalytic
and antibacterial applications which cannot reach any light source

such as antibacterial sanitary wares or household applications.
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