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ABSTRACT

THE SYNTHESIS OF TITANIUM DIOXIDE PHOTOCATALYSTS BY SOL-
GEL METHOD: THE EFFECT OF HYDROTHERMAL TREATMENT
CONDITIONS AND USE OF CARBON NANOTUBE TEMPLATE

Ydrtm, Alp
Ph. D., Department of Chemical Engineering

Supervisor: Prof. Dr. Gilrkan Karakas

August 2009, 150 pages

Titanium dioxide (TiO,), a semiconductor, has been used in many
areas like heterogeneous photocatalysis. In the present study, the effect of
hydrothermal treatment conditions and the use of carbon nanotubes on the

photocatalytic activity of sol-gel synthesized titanium dioxide were examined.

The anatase particles were transformed into layered trititanate
particles with either nanotube or nanoplate structure by hydrothermal
treatment under the alkaline conditions. Post hydrothermal treatment under
neutral conditions was also applied and mesoporous particles were
transformed into nanostructured, highly crystalline and ordered anatase
particles. Photocatalytic activities of hydrothermally treated samples were
determined against Escherichia coli under solar irradiation. Results showed
that hydrothermal treatment under alkaline conditions improved the
photocatalytic activity. However, although being highly crystalline, after post
treatment, a limited activity was obtained because of dehydration of active

(101) face of anatase. Nevertheless, TiO,’s initial inactivation constant rose



from 0.6 to 2.9 hr! after regeneration of active sites in aqueous medium

under solar irradiation.

In order to enhance the surface area and improve activity, multi-walled
carbon nanotubes were utilized during the synthesis of TiO,. The effect of
calcination conditions and presence of sodium, iron and cobalt on the
photocatalytic activity were also studied. For these samples, photocatalytic
activities were tested with methylene blue solution under UV irradiation. It
was observed that the utilization of CNTs enhanced both the surface area and
the activity. Compositions with highest CNT content had better activities for
their ability to delay charge recombination. While pure TiO,'s initial
decomposition constant was 0.8 hr?, with sodium doping the best value of

1.9 hr! was achieved.

Keywords: sol-gel titanium dioxide, anatase, trititanate, carbon nanotube,

hydrothermal
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TITANYUM DIOKSIT FOTOKATALIZORLERIN SOL-JEL YONTEMI ILE
SENTEZI: HIDTROTERMAL ISLEM KOSULLARININ VE KARBON
NANOTUP KALIP KULLANIMININ ETKiSI

Yardm, Alp
Doktora, Kimya Muhendisligi Bolimu

Tez Yoneticisi: Prof. Dr. Gurkan Karakas

Agustos 2009, 150 sayfa

Bir yari iletken olan titanyum dioksit (TiO,) heterojen fotokataliz gibi
bir cok alanda kullanilmaktadir. Bu calismada hidrotermal islem kosullarinin ve
karbon nanotip kullaniminin, sol-jel yéntemi ile sentezlenmis titanyum

dioksitin aktivitesi lizerine etkisi arastiriimistir.

Anataz parcaciklari, alkali kosullar altinda hidrotermal islem ile nanotlp
ya da nanoplaka yapili, katmanh trititanat parcaciklarina dénustirtlmistar.
No6tr kosullar altinda ardil hidrotermal islem de uygulanmis ve mezogdzenekli
parcaciklar, nanoyapili, blylk 6lclide kristalize ve dlizenli antaz pargaciklarina
déndstdrdlmuastar. Hidrotermal isleme tabi tutulmus 6rneklerin fotokatalitik
aktiviteleri gines isildamasi altinda Escherichia coli lzerinde denenmistir.
Sonuglar, alkali kosullar altinda hidrotermal islemin fotokatalitik aktiviteyi
gelistirdigini gostermistir. Ancak, blyuUk o6lcude kristalize olmasina ragmen
ardil islemden sonra, anatazin aktif (101) yilzeyinin dehidrasyonu sebebiyle
kisith aktivite elde edilmigstir. Yine de, TiO,'nin baslangig inaktivasyon sabiti,
gines isildamasi altindaki sulu ortamda, aktif sitelerin rejenerasyonundan

sonra 0.6'dan 2.9 s''’e yiikselmigtir.
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Ylzey alanini ve aktiviteyi gelistirmek igin, TiO,'nin sentezi sirasinda
¢oklu duvarh karbon nanotiplerden faydalaniimistir. Kalsinasyon kosullarinin
ve sodyum, demir ve kobalt varlhidinin fotokatalitik aktivite Gzerindeki etkisi de
incelenmistir. Bu o6rnekler icin fotokatalitik aktiviteler, UV i1sildamasi altinda
metilen mavisi gozeltisi ile test edilmistir. KNT'nin kullaniminin hem vylzey
alanini hem de aktiviteyi gelistirdigi gézlemlenmistir. KNT igerigi en ylksek
olan bilesimler, ylUk geri birlesimini geciktirme 06zelligi sebebiyle daha iyi
aktiviteye sahip olmustur. Saf TiO,'nin baslangig bozunma sabiti 0.8 s iken,

sodyum katisi ile en iyi deder olan 1.9 sM'e ulasiimistir.

Anahtar Sozclkler: sol-jel titanyum dioksit, anataz, trititanat, karbon nanotp,
hidrotermal
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CHAPTER 1

INTRODUCTION

Titanium dioxide is one of the most studied metal oxide in the literature
for its wide range of applications. These areas can be listed as paint industry,
biomaterials, ceramics, electronic devices, gas sensors, solar cell applications,

heterogeneous catalysis, some specialized coatings and photocatalysis [1].

TiO, (titania) is widely used as pigment virtually in every kind of paint for
its high refractive index [2]. For being non-toxic it is also used food products,
pharmaceuticals and cosmetics [2-4]. This non toxicity is also very important for
the biomaterials area. Body accepts titanium implants easily and the oxide layer

has sufficient corrosion resistance [5].

Semiconductor metal oxides may change their conductivity when they
adsorb gases; thus this change in the material can be utilized in sensors.
Although TiO, is not used as much as SnO, and ZnO,, it can be used in some O,

sensors [6, 7].

Titania as a solar cell can be used for decomposition of water into H, & O,
and also for electric production [8-11], but unfortunately titania has a low
quantum yield for the photochemical conversion of solar energy. On the other
hand, addition of some dyes to those cells has been shown to improve the

wavelength range [12].

Most heterogeneous catalysts consist of small metal clusters on an oxide
support and many growth studies of catalysts on titania were investigated.
Traditionally, titania is a component in mixed vanadia/titania catalysts used for
selective oxidation reactions [13-17]. Also it was found out that finely dispersed
Au particles supported on titania oxidize CO at low temperatures [18]. But the
most studied research area on titania is its use for photo-assisted degradation of

organic molecules. Titania is a semiconductor and its photocatalytic activity is
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accomplished by low energy (UV-A) irradiation (320-400nm/3.9-3.1eV) which

exists in natural sunlight and artificial illumination.

TiO, photocatalysts with anatase structure generate strong oxidizing
power under UV irradiation which corresponds to lower wavelength than its edge
energy (385 nm, 3.4 eV) as a result of charge separation. The hole (h+) and
electron (e-) pairs formed reacts with H,O and O, over the surface and hydroxyl
radicals (eOH") and super oxide ions (O,") are generated, which are very active
on the decomposition and mineralization of organic compounds [19]. These
species may also lead to complete decomposition of hydrocarbons into CO, and
H,O. This property can be used in applications like wastewater purification,

antimicrobial surfaces and self-cleaning surfaces [20-23].

The photocatalytic efficiency of many synthetically produced TiO,
samples depends on many factors such as band gap, surface area, particle size,
crystallinity, etc. and during the last decade, much effort has been devoted to
increase the photocatalytic efficiency of TiO, materials [24-33]. The most
important reason of low photocatalytic efficiency of TiO, materials is the
competition of hole/electron charge recombination reaction with charge
separation and free radical production reactions. The photocatalytic performance
of TiO, materials can be improved by reducing the particle size to the mean
charge carrier path which is reported as 100 nm for TiO, [34]. Thus TiO, with
nanostructures like nanotubes and nanofibers may perform much better

catalytic, optical and electronic properties.

The first examples of nanotubes were carbon nanotubes and they played
a central role in leading the overall progress of nanoscience and nanotechnology
in both academic research and industry applications. Carbon nanotubes have
great potential as materials with unique properties that are not found in typical
graphite or carbon fullerene [35-37]. Their applications benefit to a wide range
of engineering, applied physics and biomaterials areas, because of their superior
mechanical and electrical properties. In the nanotechnology area, extensive
works including the synthesis of different types of nanotubes, manufacturing
process of nanotube-related materials, electrical and mechanical
characterizations of these materials, have been conducted in the past few years
[38].

The discovery of carbon nanotubes has brought the question of the

possibility of nanotubes that could be made from materials other than carbon.
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There are lots of researches on developing different kind of nanotubes. Some of
these are nanotubes made from BN, B,C,N,, WS, MoS,, W,Mo,C,S, [39], also
from the oxides SiO,, Al,03, V,0s5, Mo0Os3, and TiO, as expected [40].

The nanostructured TiO, materials other than anatase structure having
layered structure are alkali titanates (A,Ti,O»n+1) and protonic titanate (H,TizOo).
The unique mesoporous, high surface area properties of these materials offer
promising results as semiconductors, catalytic materials and sensing behaviors.
The synthesis of alkali titanates (e.g. Na,Ti O,+1) with wet methods is possible
with both solid state reaction by treating TiO, with alkali carbonate-peroxide
mixtures [41] and hydrothermal treatment with strong basic solutions [42]. The
hydrothermal synthesis of Na,Ti,O,,+1 Yield crystalline structure above 7 N
NaOH concentrations within the 80-125 °C range and higher concentrations lead
to the formation of amorphous titania phase [42]. The alkali titanate structure
can be transformed to the protonic-titanate by alkali-proton exchange [43] as a
result of hydrothermal treatment under acidic conditions [39]. Although,
considerable effort have been devoted to the synthesis and the characterization,
a few number of studies reported the photocatalytic activities of these
mesoporous nanostructured TiO, materials [44, 45]. It is stated that nanotubes
synthesized with this technique is not photocatalytically active, since the
obtained material is protonic titanate having a different phase structure than
TiO, [33]. Also it is mentioned that mesoporous anatase TiO, nanofibers with
highly photocatalytic activity were prepared by a simple hydrothermal post-
treatment of titanate nanotubes. Hydrothermal post-treatment at 200 ©°C
resulted in the destruction of nanotube structures and the formation of anatase
TiO, nanofibers [33].

As mentioned above, titania has been widely used and investigated as a
photocatalytic material for its nontoxic, chemical, and optoelectronic properties.
However, it is difficult to separate suspended TiO, after the completion of each
reaction cycle and some processes can not benefit from powder TiO,. TiO, can
be immobilized as thin films on substrates. One of the most common and easy
technique to immobilize it, is the sol-gel process route. Synthesizing TiO,
photocatalysts with sol-gel technique has been the subject of many application
fields. Especially, it has been stated in literature that the sol-gel process is a
flexible technique for the preparation of optical quality photocatalytic TiO, thin
films. Recently, nanostructured or nanocrystalline titania films have attracted

the attention due to its better overall performance over the traditional coarse-
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grained films [46]. Many recent studies report on improved photocatalytic
properties of sol-gel nanocrystalline TiO, films deposited on glass or silica.
However, photocatalytic activities of such films are limited by the fact that
efficient photo-induced charges (electrons and holes) are preferably generated
in films composed of a well crystallized anatase phase. During calcination of
these thin films, it can be hard to synthesize that perfect crystals. Also since
thins films have relatively smaller surface areas, the utilization of the charges

will drop.

For increasing the effectiveness and strengthening the bonds between
the substrate and the titania coating, different methods have been attempted
[21, 47-61]. Either the substrate surface has been chemically or physically
modified or some composite titania with better adhesion properties have been
formulated. As a substrate, soda lime glass is the most common item, but in
addition to that silicone wafers [47, 48] and aluminum [49] substrates were also
used. Soda lime glass can also be modified with hydrothermal processes to
achieve more effective adhesion [50]. Also some cellulose based fillers or spacer
can be utilized as a binder [51, 52] which is not suitable for high temperature
processes and applications. Doping of titania film with silver [53], palladium
[21] and some rare earth metals [54] was also reported to be effective. In
addition to that a composite film consisting zirconia/titania proved to be
effective [55], but the most common composite is silica/titania [56-61]; which is
stated to have an improved hydrophilicity and adsorption of materials, thus a

better photocatalytic properties.

In this study, titania were synthesized with sol-gel technique and
modified with two methods: hydrothermal synthesis and carbon nanotube (CNT)
templating. With hydrothermal synthesis, anatase crystals were modified to
obtain nanoparticles like nanotubes and nanoplates. While with CNT template
method, CNT’s were used as a support for CNT/TiO, matrix which enhances the
photocatalytic activity and as a template to increase the specific surface area of
titania. Various characterizations were made. For all of the samples XRD, SEM
and surface area analysis were made. Also TGA analyses were utilized for CNT
samples. Photocatalytic activities of hydrothermally treated catalysts were made
against Escherichia coli and for CNT samples; methylene blue was used to

characterize their photocatalytic activity.



CHAPTER 2

LITERATURE SURVEY

2.1. Titanium Dioxide (TiO5)

The major use of TiO, is as white pigment in the paint, plastic, and paper
industries. The annual raw mineralite consumption is approximately one billion
metric tons. Ninety-seven percent is used in the pigment industry [62]. It is
also used in sunscreen as a UV absorber. But increasingly, TiO, is used more
and more as a photocatalyst for pollution reduction. It is non-toxic, chemically
stable, and has a low cost [63]. It is found in the electronics industry in certain
MOSFET (metal oxide semiconductor field-effect transistor) applications.
Additionally it is useful as a gas sensor at high temperature for the
determination of oxygen, carbon monoxide, and methane. TiO, has a high index

of refraction (3.87 and 2.5-3 for rutile and anatase respectively [64]).

TiO, also functions as an excellent model catalyst for oxide materials [1,
65]. Titanium cations are present in a variety of different coordination
environments and oxidation states [66]. The numerous surface valance states
are capable of interacting with adsorbed species in unique ways facilitating
many different chemical reactions. It is mentioned that surface oxygen plays an
important role in the state of the titanium surface atoms [65]. Fully oxidized
surfaces show traits similar to transition metal complexes. Moreover, the fully
oxidized surface has insulator properties with very low electrical conductivity.
The removal of surface oxygen causes electron transfer into the 3d orbital.
Therefore at non-zero temperatures, electrons can be thermally excited to
conduction band creating a more conductive surface. Surface oxygen can be
removed creating vacancies via several methods: annealing in hydrogen,
annealing in vacuum [1, 66-68], and argon sputtering under ultrahigh vacuum

conditions [1, 66, 69, 70]. This creates a useful material for catalytic [1, 21, 65,
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71-85] and gas sensing applications [86-91]. For example the trimerization of
acetylene to benzene and other C2 through C6 alkynes requires Ti*? cations [66,
80, 81]. The Ti*? (and lower oxidation) sites are capable of undergoing a two
electron oxidation in a manner completely described using organometallic
homogeneous catalysis. The catalytic reactions on TiO, surfaces occur at oxygen
vacancies and other surface defects. Gas molecules adsorbing at oxygen
vacancies create measurable changes in the surface conductivity of a TiO; film
[87, 89-91].

The general properties of the most common phases of TiO, are described
in section 2 of this chapter. There are three common polymorphs: rutile,
anatase, and brookite. Rutile is the thermodynamically most stable polymorph.
Majority of the surface science studies on single crystals have been conducted
on rutile crystals. Rutile is also used in all pigments and sunscreens for its poor
photoactivity which would be harmful to product performance. Anatase is the
more photoactive phase and is subject to most photocatalysis studies. Brookite
is the least common of the three phases. Both anatase and brookite are

metastable phases.

2.2 Crystal Structures of Titania

Titania has three polymorphs; rutile, anatase, and brookite. They are all
composed of octahedral groups of oxygen atoms around titanium, exhibiting the
characteristic six-coordination of this element. However the position in which the

groups are linked together is different for each mineral [92].

The Rutile Group: The a dimension of rutile is 4.58 A, while the c
dimension is 2.95 A. The structure of rutile is shown in Fig. 2.2-1&2. The
structure is of 6:3 coordination. Every titanium atom is surrounded by oxygen
atoms approximately at the corners of a regular octahedron, and every oxygen
atom by three titanium atoms approximately at the corners of an equilateral
triangle. This atomic arrangement is one of the standard types for AB,
compounds in which the atom is in six-coordination and it is also characteristic

of a very large number of crystals.
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Fig. 2.2-1 The structure of rutile, TiO,. Above (left) unit
cell and (right) bonds between Ti and O. Below,

environment of Ti and O atoms.

Figure 2.2-2 Crystal form structure of rutile



Anatase: It’s a dimension is 3.78 A and c dimension is 9.50 A. Fig. 2.2-
3(a) shows the position of the atoms in the body-centered unit cell, and in Fig.
2.2-3(b) the links between Ti an O are shown. As in rutile, every Ti atom is
between six O atoms, and every O atom is between three Ti atoms (Fig. 2.2-
3(c)). Anatase and rutile are thus alternative forms of 6:3 coordination. Crystal

form structure of anatase can be seen at Figure 2.2-4.

) . Tt
\rt
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0
k- a-3734 —
(@) ® ©

Fig. 2.2-3 The structure of anatase, TiO,. (a) Unit
Cell, (b) bonds between Ti and O, and (c) environments

of Ti and O atoms which are closely similar to those in rutile.



Figure 2.2-4 Crystal form structure of anatase

Some main XRD peaks of anatase and rutile are listed in Table 2.2-1.

Brookite has an orthorhombic structure and its a, b, and c dimensions
are 9.14 A, 5.44 A, and 5.15 A. The structure is shown in an idealized form in
Fig. 2.2-5 and it can bee seen that the structure is quite complex compared to
the other polymorphs. As is rutile and anatase, each titanium atom is
surrounded by an octahedral group of oxygen atoms. In all three forms of TiO,,
the titanium-oxygen distance lies between 1.9 A and 2 A. Neighboring oxygen
atoms are between 2.5 A and 3 A apart, the smaller distance obtaining when the
pair of oxygen atoms are linked to the same two titanium atoms i.e. when the
octahedra share an edge [92]. Crystal form structure of anatase can be seen at
Figure 2.2-6.



Table 2.2-1 Main XRD peaks of anatase and rutile with copper source [93]

Anatase Rutile
2 Theta (Deg.) Intensity (%) | 2 Theta (Deg.) | Intensity (%)
25.27 100
27.70 100
36.07 50
37.79 20
41.21 25
48.03 35
53.87 20
54.30 60
55.04 20
56.62 20
65.45 20
68.98 20
=, [ e -, 1
i e i b GA—
50 2 0
25 25
c-d794 1 (@)
T 50 9)¥4 R
50 50
25 25
- 53524 a-3144
- z | N b
75 75
2% 100 i
Yy
30 88T 62T b
c=479A ( )
13 5 20
100)\ 50 100
b ™
1,088 162
1 = - s

Fig. 2.2-5 (a), (b). The structure of brookite, TiO,, in idealized form. (b) is to be
superimposed on (a), the oxygen atoms at height 50 being common to both. (c)
the actual structure projected on (001). Oxygen atoms which should be

superimposed have been displaced symmetrically.
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Figure 2.2-6 Crystal form structure of brookite

Some main XRD peaks of brookite are listed in Table 2.2-2.

Table 2.2-2 Main XRD peaks of brookite with copper source [93]

2 Theta (Deg.) | Intensity (%)
25.33 100
25.68 80
30.80 90
36.24 25
47.99 30
51.18 20
55.21 30




2.3 Photoinduced Properties of TiO,

For nanoparticles, shape and size are key factors in determination of
their chemical and physical properties. Some properties of nanocrystals are
quite unique when compared with conventional materials [148, 149]. TiO,, as an
important photocatalytic semiconductor, have some unique properties and its

photocatalytic activity increases remarkably at nanoscale.

Before mentioning photocatalysis in TiO, particles in detail, a definition of
band gap should be made. In semiconductors and insulators, electrons are
trapped to a number of bands of energy, and can not move to other regions.
The band with the highest energy that an electron can move is the valence band.
The next energy level is conduction band. The term band gap refers to the
energy difference between the valence band and the conduction band. In order
for an electron to jump from a valence band to a conduction band, it requires a
specific minimum amount of energy for the transition. The required energy
differs with different materials. Electrons can gain enough energy to jump to the
conduction band by absorbing either heat or light. After an electron reaches the
conduction band, a hole is created at the valence band and the material starts

to conduct electricity.

Photocatalysis is one of the major application areas of TiO, materials.
When photons have a higher energy than the band gap of TiO, nanoparticles,
the photons can be absorbed and an electron of TiO, nanoparticles is send to the

conduction band (CB), leaving a hole in the valence band (VB) (Figure 2.3-1).
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Figure 2.3-1 Photoinduction of a TiO, particle

2.3.1. Mechanism of TiO, Photocatalysis

The general equation of a photocatalyzed reaction can be given like:

(OX1)ags + (Redz)aqs = Red; + Ox; <2.3.1>

Where (Ox).q4s is the adsorbed oxidant and (Red).qs is the adsorbed reducer.

Depending on the sign of Gibbs free energy, positive or negative, the
reaction can be either oxidation or reduction reaction. In literature [163], a
general mechanism is proposed for heterogeneous photocatalysis on TiO,. Some

steps of this mechanism are listed below:

a) Adsorption of Organic Materials:

Organic S RXags

RXag4s represents the organic substrates.
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b) Electron transfer from either the adsorbed substrate (RX.4s) or the adsorbed

hydroxyl radicals (‘OH.qs) to the holes h*:
h* + RXags = RX*ags

h* 4+ H30,4s = OHags + H*

h* + OH,4s = "‘OHags

The most important steps are the second and the third one for the major

oxidant, adsorbed hydroxyl radicals (‘OH,q4s), are generated in these steps.

c) Molecular oxygen is presented in oxidative decomposition processes, because

it is an electron acceptor in the electron transfer reaction:
02(9) S Ozads

O2ads = 20ads

Oags + € = Oads

e + 02 - Oz_

d) The superoxide anion can further be involved the following reaction and give

more (‘OHaq4s) groups:
H* + Oz_ + H02 - H202 + 02

HzOz + hv —» 2°OH

e) And lastly the active free radicals (‘OH,qs) oxidize organic substrate (RXaqs)

adsorb onto the surface of the semiconductor particles.

"‘OHa4s + RXa4s — Intermediate — Alcohols, Ketones, Acids, CO,, H,0
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Although some models were proposed, the knowledge of photocatalysis
mechanism on TiO, surfaces is not complete yet. The initial steps involving the
reactive oxygen species and organic molecules are of particular interest. In most
of the processes, oxygen acts as a primary electron acceptor and the electron
transfer process is the rate determining process. According to the mechanism,
the hydroxyl radical is the principal reactive oxidant in photocatalytic reactions
of TiO, [165, 166]. Also H,0O, can act as an electron acceptor or as a direct
source of hydroxyl radicals. Depending on the reaction conditions, hydroxyl
radicals, superoxide, hydrogen peroxide and oxygen can play important roles in

photocatalytic reactions.

The excited electrons and holes can be used directly to drive a chemical
reaction, which we call photocatalysis [116]. The surface atoms of TiO,
nanoparticles are more active than the bulk atoms because of less adjacent
coordinate atoms and unsaturated sites. The surface defects can act as a hole
trapping centers in the photocatalysis process. With decreasing size, surface to
volume ratio increases and the surface effect becomes more active [150]. In

TiO, nanoparticles, a high surface to volume ratio can be obtained.

Superhydrophilicty is a newly studied photoinduced property of TiO, films.
Water uniformly spreads on the UV light illuminated TiO, surface and it can be
explained by the oxygen vacancy generated on the photoexcited TiO, surface
[151, 152]. The following adsorption of water after the generation of oxygen
vacancies leads to the increase of Van der Waals forces and hydrogen bonding
interactions between H,O and -OH [203, 204]. Self-cleaning and anti-fogging
surface can be synthesized according to the superhydrophilic effect. This
extraordinary property shows promising applications to the preparation of anti-
stain architectural materials, anti-fogging glass and accelerated drying materials
[116, 205].

Schematic representation of superhydrophilicity of titania can be seen at
Figure 2.3.1-1. a) The electrons in the conduction band have the affinity to
reduce titania to form an intermediate species. b) In the following step, holes in
the valence band pushes away oxygen atoms, creating vacant sites. If there are
some surface defects, these vacant sites are more easily created c) Titania with
vacant sites can dissociate water into H and OH groups. Migration of H and OH

groups, lead to superhydrophilicity.
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Figure 2.3.1-1 Superhydrophilicity of titania a) Hydrophobic titania, b) titania

with vacant sites, c) hydrophilic titania

Studies have revealed that numerous organic materials can be
mineralized into carbon dioxide and water under UV irradiation on TiO,
nanoparticle suspensions. Although there are lots of parameters affecting the
photocatalytic reactions, one of the key parameter is the preparation of particle
suspensions with a high degree of homogeneousness and stability in the
aqueous phase. The feasibility of organic substance removal can be improved by
increasing the stability of nanoparticle suspension and the adsorption of various

organic molecules onto TiO, nanoparticles surface sites [153].

In aqueous systems, nanoparticles always carry charge because of
ionization, the adsorption of ions or the preferential substitution of ions from the
particle surfaces [154, 155]. Physical properties of TiO, nanoparticles
suspensions are mostly dependent on the behavior of aqueous suspensions,
which are especially reactive to the electrical and ionic structure of the particle-
liquid interface. The intensity of repulsive forces among particles and the
stability of dispersion are defined by zeta potential. This parameter is crucial on
the stability control of TiO, nanoparticles in suspensions and the adsorption

properties of TiO, nanoparticles sites [154, 155].

Some studies showed the isoelectric points (IEP) could be correlated with

the photocatalytic activity of TiO, particles and the surface charge of TiO,
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particles affected the inactivation kinetics of bacteria considerably [156, 157].
Samples with different chemical compositions had all different zeta potential
dependence on pH values. It was seen that addition of alcohol strongly affected

the zeta potential values of particles [157-160].

2.4. Photocatalytic Reactions and Applications of TiO, Nanoparticles

Recent studies on TiO, as a catalyst have revealed the photochemical
conversion of solar energy, environmental photocatalytic reactions, self-cleaning
surfaces and photoinduced superhydrophilicity potentials [161]. The most active
field of TiO, photocatalysis is photocatalytic decomposition of organic molecules.
A huge variety of organic substrates, viruses, bacteria, fungi and algae can be
completely degraded and mineralized to CO, and H,O [21, 162]. Some latest
studies [163, 164] have presented the fundamental knowledge about

heterogeneous photocatalysis of TiO.,.

2.4.1. Kinetic Model for Photocatalysis on TiO, Nanoparticles

Kinetics of the photocatalytic decomposition of organic substrates on TiO,
surface can be described with Langmuir-Hinshelwood model [167, 168].
However, it was also reported that, for some conditions, this model should be
modified since reaction rate and adsorption rate constants depend on the light
intensity [241-243]. A first order kinetic versus initial substrate concentration
was proposed by many studies [169-172]. In addition to that, when initial
concentration of substrate is very large, then the rate becomes zero order [173].

Reaction rate after the adsorption equilibrium can be expressed as:

dlc]  k.K.[C]

R:— =
dt  1+K.[C]

<2.4.1>

Where [C] is the concentration of the substrate at time t, t is the reaction time,
k. is the Langmuir reaction rate constant and K¢ is the adsorption equilibrium

constant.
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Photocatalytic decomposition reactions of substrate follow the pseudo-
first-order kinetics with respect to the concentration of the substrate in the bulk

solution [C]:

_d[e] _ kKc[C]
dt  1+K.[C]

= kapp [C] <2.4.2>

Where k,pp is the apparent reaction rate constant.

After integration of Equation <2.6.3>, within the limits of t=0 - t=t and
[C]=[C]s = [C]=[C], the correlation of concentration and time can be expressed

as.

- In([§]1)= Kappt <2.4.3>

Where Cy is the initial concentration of the substrate.

From the definition of ks, in Equation <2.4.2>, the relationship among Kapp, Kc

and K¢ can be expressed as a linear equation:

! ! + [C]O <2.4.4>

A plot of -In([C]/[C]o) vs. t will give a slope of k,pp, Which is the apparent
reaction rate constant for that [C]o. Likewise, a pot of 1/k,,, vs. [C]o will give a
slope of 1/k. and an intercept of 1/(k.Kc). Consequently, parameters K,pp, ke and

Kc can be found from these plots.

In addition to that, operational parameters influencing the rate have also
been studied [164, 174]. Most of the time, higher catalyst loading mass leads to
a higher decomposition rate as a result of increase in surface area and active
reaction sites. But above a certain level, rate becomes independent of loading.
It is found out that rate is independent of wavelength as long as the energy of
light is higher than the band gap energy. Also the rate of reaction is proportional
to the radiant flux (¢). Above a certain value the rate becomes proportional to
(¢°°) [173]. An increase in oxygen concentration does not always lead to a
higher decomposition rate, since hydroxyl products may prevent the contact of
substrates with the photocatalytic surface [175]. The apparent activation energy

is small in medium temperature conditions (293-353 K). The rate decreases with
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temperature as the product desorption becomes the rate limiting step. At high
temperature, the exothermic adsorption of reactant becomes rate limiting,

leading to a lower activity compared to medium temperatures [173].

2.4.2. Some Examples of Photocatalysis Processes with TiO, Nanoparticles

The most important environmental application of TiO, photocatalysis is
the photocatalytic degradation of organic materials. Photocatalytic degradation
of organic materials on TiO, has some advantages over other purification

processes:

1) It gives nonselective decomposition of organic and inorganic compounds

under ambient temperature and pressure.

2) TiO, photocatalysis can work with very low concentrations of organics

(ppb level of concentration).

3) Additional oxidants are not needed.

4) It is known to be effective against inactive substrates like surfactants

and dyes.

In the studies of TiO, photocatalysis, many of them studied TiO,
nanoparticles in suspension systems [180, 181]. But, as it is difficult to separate
and recover TiO, particles in the suspension after the reaction, some groups
began to work on immobilized TiO, films [182-184]. Also some studies have

been focused on supported TiO, photocatalyst films [185].

In recent years, a large amount of processes of photocatalytic technology
have been investigated. Mills et al. [186, 187] studied the photocatalytic
decomposition of 4 chlorophenol in a TiO, suspension using the commercial
photocatalyst P-25 with photocatalyst loading of 0.5 mg/mL. Photocatalytic
decomposition of some other compounds like methyl blue [164] and stearic acid
[188] were also studied. They also studied the functions of different electron

acceptors for the oxidation of water photocatalyzed by TiO, [189].

Photocatalytic decomposition of phenol and its derivatives were also
studied, because they are very important compounds regarding the industrial

pollutants [190-192]. Decomposition of phenol gave different mechanisms
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depending on the initial phenol concentration. Rodriguez et al. [190] observed
two different mechanisms of phenol decomposition. The insertion of hydroxyl
radicals is preferred at low phenol concentrations (0.1 g/ L). On the other hand,
insertion of hydroxyl radicals did not change the decomposition reaction much at
high phenol concentrations (1 g/L), because the decomposition took place on
the TiO, surface by means of peroxocompound formation. In addition to that, it
was found that types of substrates, electronic nature of the compound and the

position of the aromatic ring can affect the photocatalytic reactivity [193].

Photocatalytic decomposition of other organic materials like methylene
blue [194], methyl orange [169], dyes [195-196] and surfactants [197-198]
have also been studied. When we examine the amount and the chemical
composition of the industrial effluents, textile dyes are one the major pollutants
in industrial effluents. Photocatalytic decomposition rate of different dyes were
significantly different [195]. Depending on the nature of the substrate and the
pH of the solution, there are three possible mechanisms for dye decomposition:
hydroxyl attack, direct oxidation by holes and direct reduction with conduction
band electrons. Surfactants are used more and more in domestic and industrial
fields. Photocatalytic decomposition of ethylenediaminetetraacetic acid (EDTA)
[197], dodecyl benzene sulfonates (DBS) and sodium dodecyl sulfate (SDS)
[198] showed photocatalysis is an effective alternative to remove surfactants in

wastewater.

As for the inorganic contaminants, photocatalytic purification leads to
deposition of environmentally harmful toxic metals on the surface of the
semiconductor. Some photocatalytic purification studies about metal ions like
Cu*?, Hg*?, Cr*® and Pb*? have been reported [151, 152]. Mechanism analysis of
photocatalytic decomposition of nitrate on TiO, surface suggested that the major
product of photooxidation was nitrite [199]. Also it has been confirmed that the

photocatalytic decomposition of hydrogen sulfide could occur on TiO, [200].

For inactivation or removal of pathogenic organisms like bacteria, fungi
or viruses photocatalytic disinfection is a promising alternative process [201]. It
has been confirmed that photocatalytic inactivation of bacteria with TiO, can be
described with a first order kinetics [202]. It is reported that it is also possible

to selectively kill organism using TiO, [202].
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2.5. Synthesis of Titania Nanoparticles

The functional properties of TiO, are strongly dependent on crystal phase,
particle size, crystallinity, surface area, pore size and distribution. For a catalyst,
surface area and porosity are very important parameters. A higher surface area
and porosity brings a better activity. However, titania with classic synthesis
methods does not have that much surface area. Converting titania particles to
nanoparticles with different shapes, and also synthesizing them with a template

can increase the porosity and the surface area of the photocatalyst.

There are many studies aiming the control of size and shape of inorganic
nanoparticles with methods like: sol-gel, hydrothermal and chemical vapor
deposition techniques [64, 127, 129]. Yet, synthesis of shape-controlled

nanocrystals with some surfactants is another method [64, 128, 130].

Different shapes of TiO, nanocrystals have been synthesized by using
various procedures [131, 132]. In a research [133], elongated TiO, nanocrystals
were synthesized from the hydrolysis reaction of titanium alkoxides. Short and
long nanorods, bullet- and diamond-shaped nanocrystals, platelets, nanotubes
and fractals have been prepared [22, 134-137]. The shape evolution on anatase
TiO, nanocrystals from bullet- and diamond-shape to rods structures was
explained by the modulation of surface energies of different crystal facets with
use of surfactants [138]. The long axes of the nanocrystals were parallel to the
c-axis of the anatase structure. The hexagonal nanorods truncated with two
(001) and four (101) facets were observed. The branched shape was believed to
be the product of growth along (101) direction starting from the hexagonal
shape [139]. Zhu et al. [140] synthesized 50 nm TiO, cuboids by sol-gel method.

Recently, TiO, nanotubes have attracted a wide attention for their
potential application in high efficiency photocatalysis and photovoltaic cells.
Well-aligned TiO, nanotubes were synthesized by sol-gel method in various
studies [141]. Leu et al. [142] developed a one step templating synthesis of
TiO, arrays in solutions. Wang et al. [143] proposed a model for the formation
of TiO, nanotubes. In this model, TiO, nanotubes were formed following a three-
dimension, two-dimension to one-dimension process. They suggest that two-
dimensional lamellar TiO, is crucial for the formation of TiO, nanotubes. Li et al.
[141] synthesized TiO, nanotubes with anodic aluminum oxide as template. It
was found that nanotubes or nanofibers could be obtained by controlling the

immersion time of template membrane in precursor sol. Wei et al. [144]
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synthesized TiO, nanotubes from layered titanate particles by a soft chemical

process.

TiO, nanofibers have been synthesized by a templating process [145]
and a wet chemical reaction [146]. To prevent agglomeration and excessive
growth of TiO, nanoparticles, crystallized anatase and rutile TiO, nanoparticles

have been synthesized successfully at low temperature [108, 148].

Mesoporous TiO, can also be synthesized with help of some carbon
templates. During synthesis templates like activated carbon [169], poly
(alkylene oxide) block copolymer [224], polystyrene [225] or hexadecylamine
[226] can be added to the medium. TiO, network covers those templates and,
after calcination, those templates gasify thus leaving pores behind. As a result

the material becomes more porous.

Also it is reported that carbon can be used a doping material [227]. It
sensitizes TiO, and reduces the band gap of TiO,, increasing the photocatalytic
activity under visible light irradiation [228]. In literature, some carbon sources
were used as doping materials like: resins [227], ethylene glycol [229] and
carbon nanotubes [212, 221, 222, 230]. Both as a template and as a dopant,

carbon nanotubes are very promising sources.

Again for increasing the photocatalytic effectiveness of TiO,, it can be
synthesized with SiO,. By dispersing TiO, nanoparticles on high surface area
materials like SiO, aerogels, very effective catalysts can be made. Zhu et al.
[231] reported that (SiO, aerogel)/TiO, composite have a much higher
photocatalytic activity for increased hydrophilicty. Guan [232] showed that the
presence of silica mixed to titania in a well-defined amount enhances both, the
photocatalytic activity and the superhydrophilicity due to an increase of the
acidity of the surface. This means that SiO, in the SiO,/TiO, matrix acts as an
adsorber. Zhang et al [233] and Bennani et al. [234] confirmed that situation.
Increased adsorption of organics showed an increase in the photocatalytic

activity.

In the following sub-sections, the general methods, the sol-gel synthesis

and hydrothermal synthesis for nanostructured TiO, are briefly explained.
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2.5.1 Sol-Gel Synthesis

Sol-gel

synthesis has become the most common method for the

synthesis of metal oxides with various advantages [94-97]. The final product

has a superior homogeneity and purity. The microstructural control of the

nanoparticles is easier and the resulting materials have higher BET surface area.

It is much more flexible to dope the material, and finally, the solution enables to

coat large and complex surfaces by spraying, dip coating or spin coating

techniques.

A general process scheme of sol-gel synthesis can be seen at Figure

2.5.1-1.
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Figure 2.5.1-1. Process scheme of sol-gel synthesis [223]
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Sol-gel methods have been extensively used in the synthesis of TiO,
nanoparticles. In the synthesis of TiO, nanoparticles with sol-gel technique,
titanium alkoxide or non-alkoxide can be used as titanium precursors. Ti(i-OP),4
[94], Ti(OBu)s [95] and TiCl, [96] are the most commonly used alkoxide
precursors. In sol-gel synthesis, TiO, is usually prepared by performing the
hydrolysis and polycondensation reaction steps. Titanium alkoxides, Ti(OR),,
form oxopolymers in aqueous phase, and then these oxopolymers are
transformed into an oxide network. The reaction scheme can be described as
follows [97]. The non-ionized titanium precursor molecules Ti(OR), reacts with
water (2.5.1.1):

Ti(OR)n + xH20 = Ti(OH),(OR)n.x + XROH (2.5.1.1)

The reactions proceed until titanium hydroxide (Ti(OH),) is formed. Then the

polymerization reactions take place. Condensation dehydration (2.5.1.2):
Ti(OR), + Ti(OR)n-1(OH) = Ti,O(OR)2n-2 + ROH (2.5.1.2)
Dealcoholation (2.5.1.3):

2Ti(OR),.1(OH) = Ti,0(OR)2n.2 + H-0 (2.5.1.3)
The overall reaction can be expressed as (2.5.1.4):

Ti(OR), + n/2 H,0 - TiO,2 + NROH (2.5.1.4)

Condensation reactions pull the particles together into a compact form
and build up the metal oxide crystal [98]. Gelation of the solute occurs and form
a three dimensional network of gel. The gelation process step is a critical step
since it controls the structure of the final product. After the gel is formed, the
network starts to lose water and alcohol. This causes the gel to shrink and also
creates pores. Also pH, concentration and the solvent used highly affects the
structure of these pores. For example, if the pores are wetted under highly
soluble conditions, the network may resist compression by capillary forces

during drying; causing more porous material (223).

Various factors can change the morphology of TiO, nanoparticles during
the synthesis. One is type of titanium precursor [99-101]. The other one is the
pH and stoichiometry of the reactants [102]. In Addition to those, chemical
complexation in the sol-gel system [103-106], drying processes and calcination

temperature [107-108] are also important. The dried material is amorphous and
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it should be calcined to crystallize the inorganic material. The calcination should
be made with air pumped through the system for oxidizing the material. The
calcination temperature is also very important to obtain the specific crystal. If
the temperature is very high, the material may sinter which is not wanted for
our purposes. Calcination at high temperatures leads to a decrease in surface
area, loss of hydroxyl groups and growth of crystal size. Recently, in literature,
some research showed that TiO, can be crystallized at lower temperatures [109,
110].

2.5.2. Hydrothermal & Solvotehrmal Methods

In these methods, synthesis occurs in an aqueous (hydrothermal) or
organic medium under autogenerated pressures at relatively lower temperature
than calcination. Dried particles obtained from sol-gel synthesis are mostly
amorphous and a subsequent thermal treatment is required to crystallize them
[111]. Unfortunately, the calcination step will cause crystal growth and
reduction in specific surface areas by both sintering and crystal growth of the
particles and even cause phase transformation. Hydrothermal synthesis can
solve those problems encountered in sol-gel process, because crystallization of
nanoparticles can occur under autogenerated pressure during the hydrolysis
process. In addition to that, the hydrothermal method is environmentally
friendly since the reactions are carried out in a closed system and the contents

can be recovered and reused after cooling down to room temperature [112].

The hydrothermal methods are useful to control the size, morphology,
crystalline phase and surface chemistry by adjusting the sol composition,
reaction temperature, pressure, property of solvent and aging time [112]. Most
of the hydrothermal synthesis processes need an accurate control of low
temperature and pressure systems [113]. The temperature of hydrothermal
processes is usually under 250 °C and the pressure in the autoclave reaches to
2.0-6.0 atm. Complete hydrolysis could be obtained in the autoclave without

adding excessive water [114].
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2.5.2.1. Hydrothermally Treated Titania: Trititanate Nanoparticles

For synthesizing titanium nano particles, TiO, (anatase) particles should
be treated with NaOH solution. The solution concentration should be at least 5 M
while temperature should be 60 °C at minimum. After that the product should
be washed with 0.1 N HCI and then with deionized water until the solution
reaches to neutral pH conditions [40]. The product will be either a nanotube or a
nanoplate with trititanate structure (H,TisO;). As a basic medium, NaOH seems
to be a crucial material and other bases do not promote the generation of
nanotubes. Trititanate formation is not produced in a single step transformation
of TiO, crystals where Na contained disordered material formation takes place as
intermediate step. After an ion-exchange between Na* and H*, a single layer of
trititanate is formed [30]. When those sheets grow planarly, (two-dimensional),
they simultaneously roll and form a nano tube. On the other hand, when those
sheets grow three dimensionally, a nano plate formation is not occurring. In
both cases, particles consist of several layers of trititanate [31, 32] and

classified as nanostructured material.

Trititanate nanotubes are formed by scrolling up of multi layers of
trititanate. For this reason, they have open ends, which are not seen in carbon
nanotubes. The d-spacing of the layers is 0.78 nm, which can not be observed
by XRD because the number of layers is not more than four. The crystal
structure of the nanotubes fits H,TizO, (trititanate, monoclinic, a = 16.03, b =
3.75,c =9.19 A and p = 101.459). Figure 2.3.2.1-1 shows a structural model of
2x2 unit cells of the H,Ti;O; crystal looking along the [010] direction. The
structure of H,TisO; is seen to be composed of corrugated ribbons of edge-
sharing TiOg octahedrons. The ribbons are three octahedrons wide, and these
octahedrons join at the corners to form a stepped layered structure (Figure
2.5.2.1-1) [115].
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Figure 2.5.2.1-1 Structure model of 2x2 unit cells of H,Ti;0; on the [010]
projection [115]

The structure of a layer of TiOg octahedrons is shown in Figure 2.5.2.1-2,
together with the coordinate system. For the simplest tube structure, the tube
axis is along [010] and the tube may be constructed by wrapping a (100) plane
atoms along the line AA’. While a perfect nanotube, such as a carbon nanotube,
may be formed by joining points A and A’, a scroll nanotube may be constructed
by displacing the point A" outward by a layer spacing of 0.78 nm, as shown in
Figure 2.5.2.1-3. Figure 2.5.2.1-4 shows a cross-sectional view of a multi-walled
scroll nanotube formed by four layers of atoms. As it can be seen mostly (001)

plane is available for contact.

[010] —
|_4:oo11

Figure 2.5.2.1-2 A layer of H,TizO; on the (100) plane [115]
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Figure 2.5.2.1-3 The displacement vector AA” when wrapping up a sheet to form

a scroll-type nanotube [115]
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Figure 2.5.2.1-4 The structure of the trititanate nanotube [115]
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XRD data of trititanate for room temperature is given at Table 2.5.2.1-1. The
crystal structure of trititanate is stable until 200 °C, after that temperature the
reflection peak at 11.2, which corresponds to (200) plane, shifts towards a
higher angle. (200) plane is the interlayer plane of reflection and shifting to a
higher angle means that the d-spacing decreases. This is explained by
dehydration of interlayers. Heating nanotubes to 700 ©°C will change the
structure to anatase and at higher temperatures they will be converted to rutile
[32].

Table 2.5.2.1-1 XRD data for trititanate [115]

2 Theta (deg.) | Intensity (%)
9,54 60
11,2 100
24,4 40

29 70
32,3 30
33,5 40
37,9 30
48,4 70

60 20
61,8 30

2.5.3 Other Synthesis Methods

Titania can be synthesized with various methods. Since their details are

beyond the focus of this study, they will be explained briefly.

One method is the precipitation method. In precipitation methods,
hydroxides are precipitated by addition of a basic solution to a raw material
followed by calcination to crystallize the oxide. The disadvantage of these
methods is the difficulty of controlling particle size and size distribution.
Uncontrolled precipitation often causes formation of larger particles instead of

nanoparticles [116-120].
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Another method is microemulsion. In this technique, nanoparticles can be
obtained by mixing the microemulsion of the precursor and the microemulsion
precipitating agents by mixing two microemulsions or it can also be obtained by
simply adding the precipitating agent to the microemulsion of the precursor
[121]. The synthesis of TiO, nanoparticles with microemulsion method is very
similar to the reactions used in sol-gel methods and both anatase and rutile

polymorphs can be synthesized with this microemulsion technique.

Gas phase synthesis is another important way for the synthesis of TiO,
nanoparticles. There are lots of studies investigating the formation of TiO,
nanoparticles films in gas phase. These techniques are: chemical vapor
deposition (CVD), physical vapor deposition (PVD), inert gas condensation,
pulsed laser ablation spark discharge generation, ion sputtering, spray pyrolysis,
laser pyrolysis/photothermal synthesis, thermal plasma synthesis, flame and

flame spray pyrolysis techniques [122-127].

2.6. Recent Progresses on TiO, Catalysts for Photocatalysis

Photocatalytic TiO, reaction systems has mainly focused on utilizing
either suspensions or immobilized TiO, films in batch or continuous flow systems.

Each system has its own advantages and disadvantages.

There are some works investigating TiO, suspensions [180, 181]. When
compared with the immobilized TiO, systems, mass transfer and adsorption of
the organic substrates on the TiO, surface are much better in the suspension
system. When the reaction system is stirred, photocatalysts move with the
reaction solution and it is hard to concentrate light on the TiO, photocatalyst. So,
when stirring, a light concentrating reflector may be required. The major
concern for the applications of TiO, suspensions is the separation and recovery
of the suspended TiO, nanoparticles after the reaction. Because of the tiny size
of the nanoparticles, it is hard to separate and recover the TiO, catalyst from
the liquid medium through conventional separation methods such as
sedimentation, filtration or centrifugation. In addition to that, the suspended
nanoparticles tend to aggregate at high concentrations which leads to a
decrease in the surface are of the photocatalyst. The difficulty in the recovery of

the TiO, photocatalyst limits the application of the TiO, suspension systems.
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This problem of photocatalyst separation can be overcome by using TiO,
films on different substrates. Various studies were made on immobilized TiO,
films [206-208]. Also some other studies have been focused on supported TiO,
photocatalyst films [203]. On immobilized TiO, film, TiO, nanoparticles were
usually immobilized on inert stationary supports such as glass, fiberglass, sand,
silica gel, activated carbon, stainless steel, anodized iron, woven fibers and
ceramic membranes. Immobilized TiO, systems are generally favored in scaling
up because these systems can exclude the expensive secondary recovery of
catalyst and are more suitable for continuous flow reaction systems. The most
important concern when designing immobilized TiO, system is the photocatalytic
reaction rates may be limited by the mass transfer rates in the solutions.
Another important problem is the light scattering phenomenon for an
immobilized TiO, system. In addition to that, TiO, catalyst coated on some

supports may detach [204].

Also there are some examples that carbon nanotubes are used as a
support. Boccacini et al. [235] reports that CNT’s are excellent carrier substrates
for TiO, nanoparticles, because of their high structural integrity and the high
surface area they provide due to the possibility of building a mesoporous
structure. In literature, the CNT/TiO, system was prepared with various
methods like electrophoretic deposition [235], simply mixing and drying [236],
and addition of CNT’s during gelation of TiO, [237, 238]. All these articles
showed that CNT’s are very stable as a support and helping the photocatalytic

activity.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

The photocatalytic activity of TiO, samples in powder and thin film form
were studied. The effect of hydrothermal treatment temperature, treatment
time and pH on catalytic activity of TiO, was examined and the surface and bulk
properties of the samples were characterized with XRD, SEM, BET and TGA. The
photocatalytic methylene blue degradation reaction and E.Coli inactivation
methods were chosen as a probe technique for activity tests. Also the effect of
CNT addition on activity and textural properties was studied. The textural
properties of the catalyst samples were tried to be altered by the catalytic

removal of CNT’s by thermal oxidation.

3.1. Preparation of Titania Gel

The TiO, samples were synthesized by using sol-gel technique. Titanium
tetraisopropoxide (TTIP, Aldrich, extra pure grade, CAS: 546-68-9), ethanol
(C3HsOH, 99.5%) and 35% HCl,q. (CAS: 7647-01-0) were utilized as precursors.
On the synthesis, 8.4 ml of TTIP was first dissolved in 20 ml ethanol and
hydrolyzed with drop wise addition of ethanol-HCl-water mixture (130:0.24:0.5
ml) in thermostated bath at 0 °C, under continuous stirring. The final solution
was kept at the same temperature for 30 min to ensure for complete hydrolysis.

After that the sol is ready and should be stored in an airtight container.
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3.2. Pretreatment of Microscope Slides and Coating of the Slides with
Sol

The microscope slides to be coated should first be cleaned with a liquid
detergent (CIF, 20-35 % active component) and then rinsed with deionized
water. Later on the slides are left in saturated NaOH solution for 16 hours.
Cleaning of slides performed first by rinsing with deionized water in ultrasonic
bath for 10 minutes and washing with a boiling solution of 50 % ethanol and
50 % chloroform and rinsed in the ultrasonic bath for 10 minutes again. Finally,

the slides are rinsed with deionized water and left for drying.

The glass slides are coated with colloidal solutions of TiO, which are
synthesized by sol-gel technique by using dip coating technique (Figure 3.2-1).
The coating was performed with pulling the sample from solution at 1.5 cm/min
speed. The five consecutive layers of coating were applied with the same speed
followed by the drying of samples in oven at 120 °C for 20 minutes. Slides
which are coated with titania gel (T) are dip-coated 5 times and calcined at
600 °C for 10 minutes then left for cooling in the oven. In order to test the
effect of calcination temperature, some of the titania coated samples were

calcined at 500 °C for 2 hours and left in the oven until cooled (TT).

Figure 3.2-1 Dip coating apparatus
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3.3. Synthesis of Titania with Carbon Nano Tubes (CNT'’s)

The photocatalytic activity of TiO, over CNT’s and the use of CNT's as
nanostructured 3D templates were also examined. The synthesis of TiO, by
using sol-gel technique is the initial step of this method and the same procedure
above was applied. The appropriate amount of CNT suspension (Nanocyl, NC
7000) was added to the solution to achieve 40% CNT loading. Thus titania
solution containing 0.467 g of CNT for 100 mL of titania solution was formulated.
On CNT loaded TiO, samples, the heat treatment were carried out under N,
atmosphere at 400 °C for 120 minutes. For CNT 3D templated samples, the
calcination was carried out under air flow at 400, 500 and 570 °C for 120
minutes. In order to decrease the oxidation temperature of CNT’s, various
amounts of FeCl; (CAS: 7705-08-0), CoCl, (CAS: 7646-79-9), NaCl (CAS: 7647-
14-5) and Na,CO; (CAS: 497-19-8) were added into the formulation which are
catalyst promoters for carbon oxidation. This solution can again be used in dip-
coating or dried and used as a powder. For dip-coating, before every new layer
was coated, solution was ultra-sonically stirred for 5 minutes. After coating the

slides for 5 times, slides were calcined at 500 °C for 5, 10 and 15 minutes.

3.4. Hydrothermal and Post Treatment of the Samples

Synthesized titania sol was dried in the oven at 60 °C overnight, and
after mashing the aggregates in mortar, the samples were calcined at 600 °C
for 2 hr and kept in desiccator for further use. In addition to the sol-gel
synthesized TiO, samples, commercial TiO, samples (Anatase, Aldrich 99.9%,
CAS: 1317-70-0) were also tested as starting material for comparison.
Trititanate nanoparticles were both synthesized from commercial TiO, (99.9+ %
anatase, Aldrich) and sol-gel synthesized TiO,. For the synthesis of trititanate
samples, similar procedure of Kasuga et al. [28, 29] and Idakiev et al. [27] was
applied. In the synthesis, 1.5 g of either commercial or sol-gel synthesized
samples with 100 mL of 10 N NaOH (NaOH, MERCK, pure, CAS: 1310-73-2)
were sealed in autoclave with Teflon insert (Figure 3.4-1). The autoclave was
kept in an oven at 130 °C for 24 and 48 hr. The resulting suspension was
filtered, and washed several times with 0.1 N HCI solution until the pH of filtrate
is reduced to 1 to perform protonation. The excess HCl was removed by washing
with distilled water until the neutral filtrate (pH=7) was observed. After drying

at 60 °C for 2 hr, the cake was mashed in the mortar, and stored in a desiccator
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for further analyses and hydrothermal treatment. In the post hydrothermal
treatment of trititanate particles, 1 g of the as-prepared trititanate nanoparticles
were mixed with 100 ml of distilled water followed by hydrothermal post-
treatment of the mixture at 200 °C in a Teflon-lined autoclave for 12, 24 and 48
hr. After the hydrothermal post-treatment, the obtained samples were filtered
and dried in an oven at 80 °C for 4 hr. The catalysts preparation and the
samples prepared using different treatment methods are summarized in Table-
3.4-1.

Table 3.4-1 Sample preparation methods and catalyst samples

Treatment -1 Post Treatment-1 Time® (h) Post Teratment-2 Time=? (h)
Time?® (h)
12 24 48 4 4 4
24 Com24 | Com24- | Com24- | Com24-
Commer 12 24 48
cal Ti02 ™ o comag | Com48- | Com48- | Com4s-
12 24 48
Sol-Gel 24 SG24 SG24- SG24- SG24-
Synthes 12 24 48
ized 48 SG48 SG48- SG48- SG48- SG48- SG48- SG48-
TiO2 12 24 48 24R° 48R° 24C°

a)
b)
o)
d)

The commercial and sol-gel derived samples were treated with 10N NaOH solution at 130 °C.

The samples were further treated with distilled water at 200 °C.

These samples were treated with distilled water under 0.1mW/m? irradiation at room temperature.

This sample was treated with distilled water in dark at room temperature.

85 Cap

S5 Inner cap Q
O-Ring ""I -
o

Teflon Container

Figure 3.4-1 Autoclave setup for hydrothermal treatment of TiO,
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To increase the photocatalytic activity of the coated slides, after the
calcination, they were hydrothermally treated. Some of the slides are
hydrothermally pos-treated with deionized water at 200 °C for 24 hours (TH,
TTH).

3.5. Characterization

The X-ray diffraction (XRD) patterns were collected for samples by a X-
ray powder diffractometer (Philips, PW 1840) with Cu target and Ni filter (Acy K,
= 1.5418 nm) between 5 and 80 Bragg angle values. Also scanning electron
microscopy (SEM, Gemini Leo 32 Supra 35VP) and atomic force microscopy
(AFM, Nanosurf Easyscan) were used for surface imaging. The BET specific
surface area and the pore size distribution were determined by gravimetric
absorption analyzer (IGA-200 Hiden) and Gemini V Series surface area analyzer
(Micromeritics) with N, sorption technique. Since hydrophilicity is an important
parameter for titania, contact angle measurements were made. Also for some
samples, TGA (Shimadzu DTG-60H) and DTA (Shimadzu DSC-60) analyses were

performed.

3.6. Photocatalytic Antimicrobial Activity

Photocatalytic activity of sol-gel synthesized, commercial, and their
hydrothermally treated counterparts was tested on E. coli. A Pyrex glass
container of 100 ml (3 cm in diameter and 6 cm high) was used as a batch
reactor. Total reaction mixture volume was 20 ml. The reaction mixture
contained 3.5 g/l TiO, and E. coli of about 10% cells/ml in 0.1 % peptone water.
The mixture was agitated with a magnetic stirrer at 250 rpm at ambient
temperature while artificial irradiation source was illuminated vertically.
Photocatalysis was performed up to 4 hr. Osram Ultra-Vitalux (Product number:
03313) 300 W bulb with similar spectral distribution to solar spectrum between
280 and 780 nm was used as artificial irradiation source. The light intensity over
the test bench was adjusted to achieve 10 mW/cm? within the visible range by
adjusting the distance between the sample and light source. Sample of 1 ml
reaction mixtures were removed at various time intervals and 200 ul of it was
directly spread onto the agar plates and incubated at 35 ©°C for 24 hr to

determine the survivors by counting the colony-forming units (CFUs). Two
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control experiments carried out for each set of data, one without TiO, under
irradiation and the other one with TiO, but in the dark [21].

3.7. Photocatalytic Activity

Photocatalytic activities of the coated samples were tested by the
deactivation of 200 ppm methylene blue (MB, MERCK, 82 %). For this purpose,
the coated glass samples were stained with methylene blue solution and
exposed to light in artificial sun light simulator (Suntest CPS+, Atlas) under 300
W/m? irradiation flux for 24 hours. The simulator was equipped with a soda
glass filter. On the other hand, the quantitative measurements were also carried
out with 300 mL of 2 ppm methylene blue. On the reaction experiments, the
solution containing catalyst sample was stirred under artificial irradiation (Figure
3.7-1). The samples taken at 30 minutes interval were analyzed by UV-Vis
spectrometer. The absorbance wavelength of samples was 665 nm. The
concentration of methylene blue in samples was determined by comparing the

measured absorbance with calibration data.
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Figure 3.7-1 Photocatalytic activity test setup
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CHAPTER 4

RESULTS & DISCUSSION

In the first part of the research, TiO, particles were synthesized with sol-
gel technique. To obtain high surface area nano particles, TiO, were
hydrothermally treated under alkali conditions. During the treatment, anatase
particles converted to trititanate. Since trititanate is not photocatalytically active,
a further treatment was needed. This treatment was hydrothermal treatment
under neutral condition. After that treatment, anatase nano particles with high
surface area were obtained. Also to compare the results of sol-gel based

samples, same procedures were applied to commercial anatase.

4.1. Characterization of trititanate nanoparticles

SEM analysis revealed that commercial anatase (Com) has spherical
particles with an average size of 170 nm. The sol-gel (SG) synthesized particles
are comprised of large clumps around 10 pm size and aggregates consist of 50
nm spherical particles (Figure 4.1-1). After hydrothermal treatment of both
samples under alkaline conditions obtained with 10 N NaOH (treatment-1),
commercial anatase and sol-gel anatase transformed into different structures
significantly. Commercial anatase hydrothermally treated for 24 hours (com24)
has fibrous structure resembling the presence of nanotubes or wires. As it is
presented in Figure 4.1-2, these particles have a diameter of about 30 nm and
650-700 nm long. Further hydrothermal treatment of commercial anatase for
additional 24 hours (Com48), this fibrous structure transforms into rod-like
particles with 25 nm diameter and their length is about 100 nm (Figure 4.1-2).
Conversely hydrothermally treated sol-gel anatase transformed to nano-sized
lamellar structure. The sol-gel synthesized sample hydrothermally treated for 24
hours (SG24) yielded 50 nm thick flat lamellar particles with a wide particle size
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distribution. An additional 24 hour hydrothermal treatment (SG48) thickened
the lamellar particles to about 600 nm (Figure 4.1-2).

The samples which were hydrothermally treated under alkaline conditions
were further treated with distilled water hydrothermally (post treatment-1).
Prominent change in the particle morphology was observed. 12 hours of
hydrothermal treatment of commercial anatase which was treated for 24 hours
under alkaline conditions (Com24-12) was converted into dispersed particles
with particle size of about 120 nm. When the post treatment time increased
further, for 24 and 48 hr, results crystal growth, and octagonal particles were
obtained. The growth of crystals can be explained by the thermal stabilization of
nanostructured crystallites under the hydrothermal conditions. Also the crystal
growth under the elevated temperatures might be attributed to the

thermodynamically controlled Ostwald ripening process [209] (Figure 4.1-3).

Com48-12 first formed curvy spiked nanoparticles with thickness of
about 60 nm, and further increase of treatment time for 24 and 48 hr yield
crown like ridged larger particles (Figure 4.1-3). Similarly, crystal growth was

observed with post treatment-1 time.

SG24, after post treatment-1, showed a drastic change in particle
morphology. The samples after 12, 24 and 48 hr post treatment-1 have distinct
octagonal shape. 12 hr post-treated particles are about 150 nm thick and 600
nm long. Crystal growth is much more apparent than the commercial anatase

samples which were treated same way (Figure 4.1-4).

The particle morphology after 48 hr hydrothermal treatment with NaOH
and post treatment-1 yield smaller particles than 24 hr hydrothermally treated
counterpart. SG48-12 particles are about 100 nm thick and 500 nm long. When
compared with the 24 hr counterpart, particles do not have distinct octagonal
shapes. Like the previous 24 hr counterpart, crystals growth was also observed
(Figure 4.1-4).

39



Figure 4.1-1 50 KX magnification of commercial anatase (a) and calcined
sol-gel TiO, (b)
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Figure 4.1-2 SEM images of hydrothermally treated commercial and sol-anatase
for 24 and 48 h. (a) Commercial anatase treated for 24 h, (b) Sol-gel anatase
treated for 24h, (c) Commercial anatase treated for 48 h, (d) Sol-gel anatase

treated for 48 h

Anatase and trititanate have similar crystalline structures; anatase
consists of TiOg octahedrons and trititanate consists of TiOg octahedrons
attached to each other by protons [31, 33]. Similar to the study of Yu et al. [33],
by post hydrothermal treatment, trititanate particles were dehydrated and the
trititanate structure began to convert to anatase. A reaction was suggested by
Zhang et al. [215] for layered trititanate (Equation 4.1-1); according to that H*
combines with OH™ at the neighbor trititanate layer and leaves the structure

(Figure 4.1). At the end of dehydration process, anatase is formed.
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H,Tiz;0; - H,O + 3 TiO,(anatase) (4.1-1)

2

'Il'i-OH o
o Ti- OH

Figure 4.1. Dehydration of layered trititanate with neutral hydrothermal

treatment

XRD pattern of SG and Com samples are shown in Figure 4.1-5. Commercial
TiO2 sample comprised of pure anatase as it can be seen from the diffraction
pattern presented in 4.1-5.b. The sol-gel synthesized sample has traces of
27.70 © which can be attributed as the main diffraction peak of rutile (Figure
4.1-5.a) After hydrothermal treatment under alkaline conditions, all the samples
transformed into the mixture of anatase, trititanate and rutile (Figure 4.1-6).
The nanotube and nanostructured lamellar structure is clearly identified with
diffraction line at 9.5°. From Figure 4.1-6, it can be seen that anatase content
decreases with hydrothermal treatment duration. After post treatment with
distilled water, the diffraction peak of nanotubes (or nanoplates) located at
about 9.59 was diminished considerably and the anatase peak at about. 25.3°
became more intense, indicating the destruction of trititanate structure and the
formation of anatase phase as a result of crystal growth which was also

observed in SEM analysis.
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Increasing hydrothermal treatment time
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Figure 4.1-3 Commercial anatase after 24 hr hydrothermal treatment and (a) 12,
(b) 24, (c) 48 hr of post treatment. Commercial anatase after 48 hr
hydrothermal treatment and (d) 12, (e) 24, (f) 48 hr of post treatment
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Increasing hydrothermal treatment time
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Figure 4.1-4. Sol-gel anatase after 24 hr hydrothermal treatment and (a) 12,
(b) 24, (c) 48 hr of post treatment. Commercial anatase after 48 hr
hydrothermal treatment and (d) 12, (e) 24, (f) 48 hr of post treatment
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Figure 4.1-5. XRD pattern of (a) calcined sol-gel TiO, and (b) commercial TiO; (e,

anatase; A, rutile)

The increase in hydrothermal treatment under neutral conditions caused
the transformation of trititanate phase into anatase phase. It is clear that
(Figure 4.1-7, 4.1-8); the crystallization of anatase phase or crystal growth is
favored by hydrothermal treatment. It is observed that increase in hydrothermal
treatment under alkaline conditions, suppresses the formation of anatase phase
by hydrothermal treatment. This may be attributed to the formation of more
trititanate crystallites during alkaline treatment. Sol gel synthesized sample
yield higher anatase phase compared to the commercial counterpart. With
increasing alkaline hydrothermal treatment time, all of the diffraction peaks of
anatase shift to a higher degree. This is also reported by Teng et al. [43], and
attributed to the dehydration and the conversions of nanotubes are to the
turbostratic anatase, which have higher d-spacing. After post treatment under
neutral conditions, turbostratic particles formed and converted to anatase, with
smaller d-spacing. As result, XRD peaks become more intense and shift to a

higher degree.
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Figure 4.1-6 XRD pattern of the samples after hydrothermal treatment.

Commercial TiO, treated for (a) 24 h and (b) 48 h. Sol-gel TiO, treated for (c)

24 h and (d) 48 h. (e, anatase; A, rutile; m, trititanate)
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Figure 4.1-7 XRD patterns of hydrothermally and post-treated commercial TiO,

samples with respect to time. Set (a) treated hydrothermally for 24 h and set

(b) hydrothermally treated for 48 h. (e, anatase)
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Figure 4.1-8 XRD patterns of hydrothermally and post-treated sol-gel TiO,
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samples with respect to time. Set (a) treated hydrothermally for 24 h and set

(b) hydrothermally treated for 48 h. (e, anatase)
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4.2, Structure of Dip-Coated Samples

AFM analysis showed that titania coating before calcination does not have
any uniform structure and, after the calcination spherical particles started to
appear over the surface (Figure 4.2-1). The sizes of the particles are about 40
nm for the samples which are dip-coated with titania gel and calcined for 10
minutes (T) (Figure 4.2-2.a) while it is 50 nm when dip-coated samples are
calcined for 2 hours (TT) (Fig. 4.4-2.b). Also it was seen that TT samples are
closely packed when compared with the T samples. After alkaline hydrothermal
treatment, most of the coating flaked. Analyses with SEM and AFM showed that
remained samples over the surface have highly porous structure. The structure

is comprised of fibrous (Figure 4.2-3. a & b) structure.

Topography - Scan forward
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Figure 4.2-1 AFM image of titania coating before calcination
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a) b)
Figure 4.2-2 AFM image of the a) T coating and b) TT coating

Figure 4.2-3 50 KX SEM images of a) TH coating and b) TTH coating

The specific surface area and pore size distribution of powder samples
were determined by using BET N, adsorption technique. Since the amount of
coatings was very low in thin film samples and detaching coatings from the
slides is very difficult, surface area analyses for thin films were not possible to
be carried out. For hydrothermal treatment, samples after treatment-1 and post

treatment-1 showed Type-IV isotherms with type H3 hysteresis loops indicating
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the presence of mesoporous structure. The results of surface area

measurements are given in Table 4.2-1.

Table 4.2-1 Surface areas of hydrothermally treated samples

Surface Area
Sample 5
(m</9)

SG 19
SG24 22
SG48 22
Com 50
Com24 110

All Post Treated
150

Com24 samples
Com48 110

All Post Treated
150

Com48 samples

Surface area of Com and SG are about 50 and 19 m?/g respectively.
After the treatment-1, higher surface area was measured for the Com24 and
Com48 (110 m?/g) while the sol-gel counterpart (SG24 and SG48) slightly
increased to 22 m?/g. After post treatment with distilled water, the surface

areas of commercial samples were measured as 150 m?%/g.

All of the samples following treatment-1 have an average pore size of 17
OA with a sharp peak at that point (Figure 4.2-4.a). Lan et al. [209] synthesized
trititanate nanotubes from rutile and obtained similar peak but with an average
pore size of 3 nm. Also in literature many nano structured particles were
synthesized from titania by different techniques; having an average pore size of
in the range of 9-45 nm [44, 45, 220] which is quite higher than our results.
However Antonelli et al. [214] synthesized mesoporous TiO, with average pore
size of 20 °A which is close to ours. Observing small pore size may be attributed

to capillary condensation in the hollow tubes. After post treatment-1, the
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porosity of the samples was reduced drastically (Figure 4.2-4.b). As can be seen
from SEM images, post treatment with distilled water results with surface
restructuring; nanotubes and nanoplates form ditetragonal (bipyramidal)

structures which may explain the widening of the peak at Figure 4.2-4.b.
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Figure 4.2-4 Pore size distribution diagram of (a) 48 h hydrothermally treated
commercial TiO,, (b) 48 h post treated (a)

4.3. Photocatalytic Antimicrobial Activity

In order to characterize the antimicrobial effect of the commercial (Com)
and sol-gel synthesized (SG) samples and their hydrothermally treated
counterparts, E. coli was selected as a model microorganism and the
photocatalytic inactivation was examined under 10 mW/cm? irradiation by using
3.6 mg/| catalyst at room temperature. The effect of UV radiation on the dose
applied and the non-photocatalytic toxic effect of TiO, were tested by control

experiments. No microbial inactivation was observed in these control

51



experiments indicating neither the effect of UV irradiation nor the TiO, in the

dark is effective alone on the microbial inactivation.

The antimicrobial performances of the commercial (Com) samples and
their hydrothermally treated derivatives are presented in Figure 4.3-1.
Commercial anatase sample and its hydrothermally treated counterparts
(Com24 and Com48) under alkaline conditions exhibited antimicrobial activity
and complete inactivation was obtained within 4 hr period for all samples. In
literature, there is no agreement on the photocatalytic activities of the alkali-
and protonic- titanates. Yu et al. [33] reported that protonic titanate does not
possess any photocatalytic activity on the degradation of acetone in air.
Similarly, no significant activity was reported for the propylene oxidation over
the alkali- and protonic- titanates [215]. In both studies, thermal [215] and
hydrothermal [33] treatments which alter the crystalline structure to anatase
enhanced the photocatalytic activity. However in the present study, the
hydrothermal treatment under alkaline conditions enhanced the antimicrobial
activity (Figure 4.3-1.a). The initial rate constants of photocatalytic inactivation
of E. coli were calculated as 0.6, 1.3, 1.3 hr'* for Com, Com24, Com48 samples,
respectively which is in the same order with the specific surface area of the
samples (50, 110,110 m?/g). Considering the surface area of the samples and
photocatalytic activity, it could be suggested as; longer hydrothermal treatment
more than 24 hr does not contribute a significant change. Following
hydrothermal post treatment with distilled water (Post Treatment-1), no
significant affect was observed on the initial microbial inactivation rate. However,
both Com24-24 and Com48-24 samples demonstrated limited antimicrobial
activity. Especially Com24-24 sample has significant loss of activity after 1 hr

operation.

The antimicrobial performances of the Sol-Gel (SG) samples and their
hydrothermally treated derivatives are presented in Figure 4.3-2. A limited
antimicrobial activity was observed for SG samples. Although the initial
inactivation rate of Sol-Gel synthesized was nearly same with commercial
anatase, a complete inactivation could not be assessed, which might be related
to its lower specific surface area in comparison with commercial anatase while
their crystal structures are almost the same (Figure 4.1-5). However, the alkali
treatment enhanced the activity (SG24 and SG48) and complete inactivation

was achieved within 3 hr period (Fig.4.3-2.a). The initial inactivation rate

52



constants were evaluated as 0.6, 0.7 and 1.4 hr! for SG, SG24 and SG48,

respectively.

The effect of post treatment with distilled water at 200 °C on the
antimicrobial activity was also investigated and post treatment-1 was applied to
the SG24 and SG48 samples for 12, 24 and 48 hr. Similar initial inactivation
rates were observed with hydrothermally post treated samples, however the
initial activity have not been sustained after the first 20 minutes of reaction
(Fig.4.3-2.b) and reaction proceeds with a much slower rates for a period.
During that period the number of surviving cells remains almost constant with
respect to time. Notably, the activity replenished after 150 to 200 minutes and
proceeded with higher rate (Fig.4.3-2.b). A similar trend was also observed for
12 and 48 hr post treatment-1 derivatives (5G24-12, SG24-48, SG48-12, and
SG48-48) which is in good agreement with the results in literature for E. coli
and Bacillus species [216]. This behavior was attributed to the concentration of
oxidative species which directly influence the microbial inactivation rate.
Moreover the competitive consumption of .OH species between alive and dead
cells, the continuation of cell growth by using nutrients released from dead cells,
and sporulation were attributed to describe the time lag mechanism [216]. All
these suggestions may partially explain our results, but observing a lag phase
only in Sol-Gel derivatives and the inability of sporulation of E. coli, bring us the
opinion that there might be a different mechanism for the explanation of the
time lag. Under this situation, the lag period in microbial inactivation might be

attributed to the density of active surface sites and active species.
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Figure 4.3-1 Effect of hydrothermal treatment on antimicrobial efficiency of
commercial samples under irradiation (10 mW/cm? ) (a) After hydrothermal

treatment ; (b) after post hydrothermal treatment-1 (l, Com; A, Com24; V,

Com48; ¢, Com24-24; A, Com48-24; o, dark; e, under irradiation)
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Figure 4.3-2 Effect of hydrothermal treatment on antimicrobial efficiency of sol-
gel samples under irradiation (10 mW/cm? ) (a) After hydrothermal treatment ;
(b) after post hydrothermal treatment-1 (c) after post hydrothermal treatment-
2 (V,SG; A, SG24; B SG48; ¢, SG24-24; ¢, SG48-24; A , SG48-24R; ¢,
SG48-24C ; o, dark; e, under irradiation)
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Over the anatase surface, the reactions between the active sites and the

formation of surface species can be described [19] as (Egs.4.8-1~4);

TiO, + hv > h* + e (4.8-1)
h* + OH — ®OH,s (4.8-2)
h* + HyO.4s — ®OH,4s + HY (4.8-3)
e + 0, >0y (4.8-4)

The concentration of ®eOH,4s species depends on the consumption rate by
microbial inactivation and production rate by hole generation. Over the time lag
period, the microbial inactivation rate might be limited with the Ilower
concentration of active species. In order to validate this mechanism, control
experiments were designed. To increase the surface density of ®eOH.4s species,
two SG 48-24 samples were stirred in water for 4 hr under illumination (Post
treatment-2) (SG 48-24R) and in dark (SG 48-24C). After a 4-hr period, E. coli
was inoculated to both mixtures and the antimicrobial efficiencies of two
samples were followed. As shown in Figure 4.3-2.c, a high inactivation rate (2.9
hr'') was observed and complete microbial inactivation was achieved at the end
of 100 min for the sample which was treated with water under UV irradiation
(SG 48-24R). The inactivation rate obtained for this sample was superior over
both Com and SG samples. However, keeping the substrate with water in dark
(SH 48-24C) results in no antimicrobial activity which indicates the surface sites
are occupied with molecular water and UV radiation is essential for ®OH,q
formation. The active surface of anatase is (101) plane and water adsorption
with (101) surface takes place molecularly [1, 68] After post treatment-1,
trititanate structure is destroyed and anatase octahedrons start to grow (Figure
4.3-3). At this stage (101) surface grows and (001) surface shrinks resulting in
all 8 faces of octahedrons become (101) surfaces [217, 218] (Figure 4.3-4).
With increasing post-treatment-1 period, more water may start to be adsorbed
over the surface. This may describe the reason why effectiveness of the catalyst
decreases with increasing post-treatment-1 time and early reaching to
incomplete inactivation stage. When anatase is irradiated with UV, adsorbed
molecular water dissociates [1, 68] and the concentration of oxidative species
such as ®0H,s or H,0, form over the surface which directly influences the

photocatalytic microbial inactivation rate.
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Figure 4.3-3 Growth of anatase octahedrons
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Figure 4.3-4 Shrinking of (001) face on anatase
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4.4. Structure of Titania and the use of Carbon Nano Tubes (CNT’s) as

nanostructured templates

Two sets of CNT-TiO, samples were prepared; the first set covers the
samples which are dip-coated and the second set of samples were prepared as
powder form. TiO,, CNT-TiO, and CNT-TiO,-1%Fe colloidal solutions were
applied to glass substrates with dip coating and calcined for 5, 10 and 15
minutes. The AFM images of these sample surfaces are presented in Figure 4.4-
1. Before calcination, the sample surface is formed by small particles with
approximate diameter of 15 nm and growth of particles was observed with
calcinations time. AFM images of titania-CNT coatings are presented Figure 4.4-
2 and fibrous structure was observed before calcinations. When these samples
were calcined, particle formation was observed. Addition of Fe*? seems to affect
the structure drastically (Figure 4.4-3) and porous structure was observed with

the calcined samples.
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Figure 4.4-1 AFM images of titania coated glass samples,
a) Before calcination, b) after 10 minute calcination and c) after 15 minute

calcination
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Figure 4.4-2 AFM images of titania-CNT coated glass samples, a) Before

calcination, b) after 10 minute calcination
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Figure 4.4-3 AFM images of titania-CNT-Fe coated glass samples, calcined for
a) before calcination, b) after 5 minute calcination and c) after 15 minutes

calcination
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For dip coated samples, contact angle measurements were also carried
out (Table 4.4-1). As it is seen from the table, contact angle drops with the

calcination time which indicates the formation of more hydrophilic surface.

Table 4.4-1 Contact angle values of CNT samples

Calcination | Sample | Contact | Sample | Contact | Sample | Contact

time (min) Angle Angle Angle
5 52,27 53,34 41,74
10 Ti 25,77 | NT [Ta3,46 | CNT-Fe 73108
15 27,44 17,26 34,61

The removal of CNT by calcination might be a viable method to obtain
nanostructured micro- or meso- porous thin films. However, CNT is very heat
resistant material and the reaction of CNT’s with oxygen takes place at
temperatures above 700 ©°C which is higher than the transformation
temperature of anatase to rutile (600-700 °C) [239]. So addition of catalyst to
lower the activation energy of CNT oxidation is necessary. However, there are
few publications in literature regarding the catalytic oxidation of CNT’s and their
thermal stability in the presence of air [210]. On the other hand, there are some
recent studies which report the synergic effect of the presence of CNT’s on TiO,
formulations [235-238]. Thus the use of catalysts for CNT oxidation under
calcination conditions and the effect of the presence of CNT in TiO, catalyst
deserve the specific experimental study. A set of experiments were designed in
order to investigate the effect of cobalt (Co), sodium (Na), and iron (Fe) as CNT
oxidation catalyst to lower the CNT oxidation temperature. On the other hand,
the effect of the presence of oxygen in calcination was also tested. The samples
TiO,, CNT-TiO,, CNT-TiO,-1%Na, CNT-TiO,-3%Na, CNT-TiO,-5%Na, CNT-TiO,-
1%Co and CNT-TiO,-1%Fe were prepared. The mass ratio of CNT:TiO, was
adjusted to 40:60 in all samples. All of the samples were heat treated at 400 °C
without oxygen under nitrogen flow also samples were calcined under three
different temperature in the presence of air flow (400 °C, 500 °C and 570 °C).
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The non-oxidative heat treatment was planned to test the effect of the presence
of CNT on photocatalytic performance of TiO,. The SEM images of CNT-TiO, can
be seen in Figure 4.4-4. Sample which is heat treated at 400 °C with N, has a
heterogeneous structure with fibrous CNT’s (Figure 4.4-4.a) and 1 um particles.
The fibrous structure and particles can be attributed to the CNT'S and TiO,
particles respectively. When this sample is calcined with air at 400 °C (Figure
4.4-4.b), the fibrous structure is preserved. The entangling of CNT's with TiO,
particles is still visible at 400 °C. The increase of calcination temperature to
500 °C, (Figure 4.4-4.c) resulted with the disappearance of CNT’s and the
formation of more homogeneous and porous structure. Very small fibrous
structure is still visible representing the presence of some CNT residuals. When
the calcination temperature is further increased to 570 °C, completely dense

structure was observed (Figure 4.4-4.d).

SEM images of CNT-TiO,-1%Na treated under different conditions is
presented in Figure 4.4-5. At 400 °C with N, (Figure 4.4-5.a), the case is very
similar to the CNT-TiO, sample. Again when air is introduced, no significant
change in structure was observed (Figure 4.4-5.b). However, the calcination
temperature increased to 500 °C, (Figure 4.4-5.c) more porous and fibrous
structure was obtained. At the 570 ©°C, (Figure 4.4-5.d), the structure

resembling the Figure 4.4-4.c was obtained.

In order to test the effect of Na concentration on the structure and
activity, CNT-TiO,-3%Na and CNT-TiO,-5%Na samples were also examined.
SEM images of CNT-TiO,-3%Na samples which were treated under different
conditions are presented in Figure 4.4-6. Again at 400 °C with N,, structure is
very fibrous. As a different situation, there are very small particles at sides of
CNT’s (Figure 4.4-6.a). The structure is not altered when air is introduced at
400 ©°C (Figure 4.4-6.b). However, at 500 °C, all of the fibers vanished,
completely (Figure 4.4-6.c). The SEM images of samples containing 5%Na
(CNT-TiO,-5% Na) are shown in Figure 4.4-7 with very similar morphologies

observed with 3% and 1% Na samples.
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Images CNT-TiO, samples doped with Co and Fe are shown in Figure 4.4-
8, and Figure 4.4-9 respectively. At 400 °C without air, the fibrous structure was
observed (Figure 4.4-8.a). However, CNT’s are not entangled with TiO, particles
when compared with the previous undoped and Na doped samples. When air is
introduced, the sample became less fibrous (Figure 4.4-8.b), suggesting that
the oxidation of CNT's. Increasing the temperature to 500 °C all fibrous
structure is vanished (Figure 4.4-8.c). Although the sample is porous, it is more
compact from its previous counterparts at the same temperature. At the final
temperature, the structure became even denser (Figure 4.4-8.d) resembling the
sintering. Very similar results were observed with Fe doped CNT-TiO, samples
(Figure 4.4-8).

SEM images of CNT-TiO,-1%NacC is in Figure 4.4-10. At 400 °C with N,
(Figure 4.4-10.a), the structure is very similar to CNT-TiO,-1%Na; a completely
fibrous material with some small particles attached to them. Again when air is
introduced, we can not observe a major change in the structure (Figure 4.4-
10.b). Nevertheless at 500 °C, all of the fibers disappear, even short fibers are
gone (Figure 4.4-10.c), but particles which were in contact with CNT’'s are
porous. At 570 °C, the structure is still porous but denser (Figure 4.4-10.d). If
we compare 1% NaC series with the previous ones, the structure is something
between CNT-TiO, and CNT-TiO,-1%Na. However there is a difference, there are
some large pores inside titania particles which can not be seen in other

materials.

SEM images of CNT-TiO,-5%NaC is in Figure 4.4-11. In contrast to all
other samples, the material, when heat treated at 400 °C with N,, has some
crystal shards (Figure 4.4-11.a). These shards are probably Na,CO; crystals.
Other than that, the structure is quite similar to the samples which are calcined
at similar conditions; CNT’s with small particles attached to them. After the
introduction of air at 400 ©C, crystal shards still can be seen, but CNT’s are gone,
leaving porous titania particles behind (Figure 4.4-11.b). This is a new result; at
every other sample which is calcined at same conditions, CNT’'s could be
observed. At 500 ©C, crystal shards are lost and titania particles became denser

(Figure 4.4-11.c). Lastly at 570 ©C, titania particles are sintered a little bit more.
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XRD analysis of undoped, Na, Co, and Fe doped CNT-TiO, samples were
also examined to check the possible effect of dopant and heat treatment or
calcination conditions on the crystallinity (Figure 4.4-12, 13, 14, 15, 16, 17, 18
and 19). As it is seen from the diffractograms, all samples have anatase
structure (2theta = 25.27°) and the presence of oxygen and dopant does not
effect the crystallinity in a great extend. In all samples, the increase of
calcination temperature increased the crystallinity except the iron (Fe) doped
sample. Similarly, the calcinations under the oxidative atmosphere favors the
increase of crystallinity. In addition to that, samples with 3 % and 5 % Na (NaCl
source), after calcination, have NaCl peaks. Also, in Co and Fe doped samples,

traces of rutile formation was observed at 2theta = 27.7° at 570 °C.

To compare series with each other, XRD patterns of samples heat treated
at 400 °C with N, were drawn around 25.27 °. When the main peak was
examined, one can conclude that the degree of crystallinity decreases with the

addition of dopant as it is shown in Figure 4.4.20.

4.5. Thermal Analyses of Sol-Gel Titania Synthesized with Carbon Nano
Tubes (CNT's)

To check the possible oxidation reaction of CNT’s in the presence of
various dopants TGA and DTA analyses were carried out. Thermogravimetric
analyses of the samples were performed at a heating rate of 10 °C min* under
air flow from room temperature to 1000 °C. After the analyses, samples were
visually examined. Also the gravimetric data was compared with the amount of
CNT added into the sample to check the success of the use of dopant and air on

CNT removal.

The pure TiO, gel was tested in order to set a background for TGA-DTA
analysis (Fig. 4.5-1). When the TGA-DTA data is examined, the weight changes
at 106 °C and 140 ©°C were attributed as the evaporation of water, and the
oxidation of organic precursor respectively. The reaction at 417 °C is the
removal of —OH species from oxide phase and the crystallization of TiO,. These
results were in good agreement with literature [212]. Similarly, the TGA-DTA

analysis of pure CNT's was carried out (Figure 4.5-2). The TGA curve reveals
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Figure 4.4-12 XRD patterns of CNT-TiO, at various treatment temperatures
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Figure 4.4-13 XRD patterns of CNT-TiO,-1%Na (NaCl source) at various

treatment temperatures
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Figure 4.4-14 XRD patterns of CNT-TiO,-3%Na (NaCl source) at various
treatment temperatures
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Figure 4.4-15 XRD patterns of CNT-TiO,-5%Na (NaCl source) at various

treatment temperatures
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Figure 4.4-16 XRD patterns of CNT-TiO,-1%Co at various treatment

temperatures
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Figure 4.4-17 XRD patterns of CNT-TiO,-1%Fe at various treatment

temperatures
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Figure 4.4-18 XRD patterns of CNT-TiO,-1%Na (Na,COs source) at various
treatment temperatures

in

Figure 4.4-19 XRD patterns of CNT-TiO,-5%Na (Na,COs source) at various

treatment temperatures
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Figure 4.4-20 Crystallite size comparison of CNT series samples heat treated at
400 °C with N,

that, the CNT is not pure and contains 13% ash. There is only one peak at 652
OC and it is attributed as the oxidation temperature of CNT's. There is no
agreement in literature about the oxidation of CNT’s because of the change of
activation energy with the number of walls and the presence of impurities. One
study reported that value as 750 °C [210], while the other one as 550-650 °C
[211].
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Figure 4.5-2 Thermal analyses of pure CNT
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The effect of the presence of CNT in titania sol-gel formulation was tested
by TGA-DTA of CNT-TiO, gel (Fig. 4.5-3). Three peaks were observed; at 35,
267 and 524 °C. The peaks before 400 °C can be assigned to sol-gel precursors.
The major weight change which might be attributed to the CNT oxidation. As it
is seen from the figure, the CNT oxidation was observed at 524 °C. Interestingly,
the oxidation temperature of CNT’s reduced significantly in the sol-gel recipe.
From the XRD patterns, the formation of anatase phase is very clear even under
the non-oxidative calcinations conditions. However, the exothermic reaction of

crystallization was not resolved in DTA curve.

The TGA-DTA curves for Fe, Co and Na (NaCl source) doped CNT-TiO,
gels are presented in Figures 4.5-4, 5, and 6 respectively. In all thermograms,
three peaks were identified and presented in Table 4.5-1. Very Similar CNT
oxidation temperatures were observed from the DTA curves of Fe*® and Co*?
doped samples as 528 and 531 °C respectively while it is suppressed
significantly Na doping (597 °C). However, the crystallization or phase
transformation peak is resolved at 449 °C for Na doped CNT-TiO, sample. These
results are contradictory with the results of Endo et al. [210]. They have
reported the catalytic effect of Na impurity on the CNT oxidation and the
reduction of oxidation temperature of CNT’s from 770 °C to 660-690 °C in the

presence of Na.

These results indicate that the CNT decomposition temperature is
significantly lowered by the chemical environment of the sol-gel recipe. This
effect might be explained by the detailed study and TiO, itself may catalyze the
CNT oxidation. Li et al. [213] explains the shift of the maximum CNT gasification
temperature by the reaction between carboxylic acid groups present at CNT's

defect sites and TiO,'s surface hydroxyl groups.
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Figure 4.5-3 Thermal analyses of sol-gel titania with CNT
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Figure 4.5-4 Thermal analyses of sol-gel titania with CNT and Fe
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Figure 4.5-6 Thermal analyses of sol-gel titania with CNT and 1% Na (NaCl

source)

80



Table 4.5-1 CNT Oxidation Temperatures

Sample CNT oxidation temperature (°C)
CNT 652
CNT-TiO, 524
CNT-TiO5-1%Na
597
(NaCl source)
CNT-TiO,-3%Na
518
(NaCl source)
CNT-TiO,-5%Na
522
(NaCl source)
CNT-TiO,-1%Co 531
CNT-TiO»-1%Fe 528
CNT-TiO5-1%Na
515
(Na,COs5 source)
CNT-TiO,-5%Na
520
(Na,COs5 source)

Addition of extra Na* to the mixture reduces the oxidation temperature of
CNT's. Increasing the content to 3% decreases this temperature to 518 ©°C
(Figure 4.5-7). This value is smaller than the iron doped one and when the Na*
content is increased further to 5%, similar result was obtained as 522 °C (Figure
4.5-8). Changing the Na* source seems to change the oxidation temperature of
CNT’s (Figure 4.5-9). While the source was NaCl and the percentage is 1%,
oxidation temperature was recorded as 597 °C. On the other hand, when the
source is Na,CO;3; with the same percentage, oxidation temperature is 515 °C.
However, when the Na* percentage is 5 with Na,COs; source, the oxidation
temperature is 520 °C (Figure 4.5-10). Actually all Na* results are close to each

other except the 1% NaCl sample.
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Figure 4.5-7 Thermal analyses of sol-gel titania with CNT and 3% Na (NaCl
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Figure 4.5-8 Thermal analyses of sol-gel titania with CNT and 5% Na (NaCl

source)
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Figure 4.5-9 Thermal analyses of sol-gel titania with CNT and 1% Na (Na,COs

source)
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Figure 4.5-10 Thermal analyses of sol-gel titania with CNT and 5% Na (Na,COs;

source)
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4.6. Surface area and Pore Size Distribution

Surface areas of CNT templated samples are tabulated at Table 4.6-1.
Addition of CNT’s obviously increased the surface area, but at first sight it is
difficult to claim and explain the reason of the increase in surface area. The
residual CNT's in the samples may contribute an enormous surface area and the
effect of CNT use as template can not be determined directly from the surface
area measurements. When TGA curves (Figure 4.5-6) and SEM images (Figure
4.4-5) of CNT-TiO,-1%Na (NaCl source) is examined, if there are some CNT
residual, CNT-TiO,-1%Na should have the most. To check the CNT content of
the samples, additional carbon analysis was performed with CHO elemental
analyzer. According to the CHO analysis (Table 4.6-1), the sample contains
33.81% carbon after 2 hours of heat treatment at 400 °C in absence of oxygen.
When air is used in calcinations at the same temperature for 2 hours, the carbon
content drops to 22.22 %. Increasing the calcinations temperature to 500 °C,
for 2 hours, causes the drop in the carbon amount to 10.02 % and finally at 570
OC after 2 hours, the carbon residual was determined as 0.07 % only which can
be stated that the CNT's was oxidized completely. Although the sintering
reaction will compete with the CNT template on the surface, one can state that
the surface area will be determined by templating effect on the samples which
are calcined at 570 °C under air flow. As it is seen from the Table 4.6-2 the
addition of CNT’s increases the surface area drastically. The effect of sintering

and the effect of CNT templating can be clearly seen from the results.

Table 4.6-1 Carbon content of CNT-TiO,-1%Na (NaCl Source) after heat

treatment and calcinations

Sample Heat treated _ _ )
_ ) Calcined @ Calcined @ Calcined
CNT-TiO,-1%Na with N, @
400 °C 500 °C @ 570 °C
(NaCl Source) 400 °C
Carbon
33.81 22.22 10.02 0.07
Percentage (%)

84



Table 4.6-2 Surface areas of CNT added titania samples

Heat treated Calcined
Calcined with | Calcined with
with N, @ with air @
Sample air @ 400 °C | air @ 500 °C
400 °C (m%/q) (m%/q) 570 °C
m-/g m-/g
(m?/g) (m?/g)
TiO, 10 22 20 20
CNT-TiO, 96 105 55 46
CNT-TiO,-1%Na
153 162 84 58
(NaCl Source)
CNT-TiO,-3%Na
152 98 74 40
(NaCl Source)
CNT-TiO,-5%Na
138 123 52 44
(NaCl Source)
CNT-TiO,-1%Co 146 191 68 63
CNT-TiO,-1%Fe 135 133 73 47
CNT-TiO,-1%Na
139 151 58 50
(Na,COs Source)
CNT-TiO,-5%Na
111 91 45 37
(Na,COs Source)

4.7. Photocatalytic Activity of CNT Samples

Titania synthesized with CNT’'s have been attracting great attention in
literature. Some similar studies [212, 221, 222] were published without thermal
treatment and calcination. These studies report that CNT's act as a
photosensitizer and titania become active under visible light. Faria et al.
prepared TiO,-CNT catalysts and characterized them in a system where the
volume where 0.8 L and TiO, content was 1 g/L. The system was irradiated with
visible light and total phenol conversion was achieved in 6 hours. So the
photocatalytic activity of these samples will be very informative on the further
explanation of the effect of CNT presence on the TiO, sol-gel preparations. For
this purpose, the photocatalytic activity was measured with the degradation
reaction of 2 ppm methylene blue (MB) solution at 25 °C irradiated under 300
W/m? and known catalyst concentration (TiO, content in the system is 1 g

TiOy/liter). The MB concentration was determined by measuring the absorbance
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of reaction mixture at 665 nm by UV-Vis spectrometer. All of the initial
decomposition rate constants are tabulated at Table 4.7-1. The results of 2 ppm
MB degradation with CNT-TiO, catalysts are presented in Figure 4.7-1. When the
degradation curves presented in Figure 4.7-1 and initial decomposition rate
constant are examined, it is clear that the best result was obtained from the
sample heat treated at 400 °C with N, (1.3 hr''). In addition to that, with
increasing calcination temperature the activity decreases significantly form 1.3

to 0.6 hr'! as surface area of the catalyst samples also decreases. While the
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Figure 4.7-1 Photocatalytic Activity of CNT-TiO, group samples (0.1 L solution, 1
g TiO,/L, 300 W/m? irradiation) (®, CNT-TiO, heat treated with N, @ 400 °C; O,
CNT-TiO, calcined @ 400 °C; [, CNT-TiO, calcined @ 500 °C; A, CNT-TiO,
calcined @ 570 °C; X, TiO, calcined @ 400 °C; +, TiO, calcined @ 570 °QC)
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initial decomposition rate constant of CNT-TiO,, which is calcined at 400 °C, is
1.3 hr!, this constant drops to 0.8 hr! for TiO, when calcined at the same
conditions. On the other hand, CNT-TiO, and TiO, calcined at 570 °C have the
same initial decomposition rate constants (0.6 hr!). Elemental analyses proved
that there can not be any CNT residues at that condition so this shows us that

the presence of CNT's in the system enhances the photocatalytic activity.

Table 4.7-1 Initial decomposition rate constants of titania samples

Calcined
Heat treated | Calcined with | Calcined with
with air @
Sample with N, @ air @ 400 °C | air @ 500 °C
400 °C (hr'l) (hr'h) (hr'h) >70°C
r r r
(hr'h)
TiO, - 0.8 - 0.6
CNT-TiO, 1.3 1.3 1.0 0.6
CNT-TiO,-1%Na
1.9 1.4 0.9 0.8
(NaCl Source)
CNT-TiO,-3%Na
0.9 0.8 0.5 0.5
(NaCl Source)
CNT-TiO,-5%Na
1.1 1.1 0.6 0.5
(NaCl Source)
CNT-TiO,-1%Co 1.1 1.0 0.6 0.5
CNT-TiO,-1%Fe 1.2 0.8 0.5 0.6
CNT-TiO,-1%Na
0.9 0.8 0.7 0.7
(Na,COs Source)
CNT-TiO,-5%Na
1.9 1.5 1.2 1.1
(Na,COs Source)

The results of MB degradation with CNT-TiO,-1%Na (NaCl Source)
catalysts with similar conditions are presented in Figure 4.7-2. Like the previous
results, the best result was obtained from the sample heat treated at 400 °C
with N, (1.9 hr'!). With that sample, in 3 hours, MB amount dropped to 0%.
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With other samples, in 4 hours, MB amount dropped to about 5%. Similar to
CNT-TiO, samples, by introducing air and with increasing temperature, initial
inactivation rate constants dropped significantly form 1.9 to 0.8 hr'!; parallel to
the surface area decrease. When initial decomposition rate constants of CNT-
TiO,-1%Na (NaCl source) and CNT-TiO, are compared, Na added samples are
more active than the undoped ones. Also at 570 °C condition, Na added samples
activity (0.8 hr'') is better that TiO.’s activity (0.6 hr!). When Figures 4-4.12

and 4-4.13 are examined, Na doped one has wider peak at 25.27 °, showing
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Figure 4.7-2 Photocatalytic Activity of CNT-TiO,-1%Na (NaCl Source) group

samples (0.1 L solution, 1 g TiO,/L, 300 W/m? irradiation) (®, CNT-TiO--Na

heat treated with N, @ 400 °C; O, CNT-TiO,-Na calcined @ 400 °C; [, CNT-
TiO,-Na calcined @ 500 °C; A, CNT-TiO,-Na calcined @570 °C)
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that it has smaller crystallite size. This also may contribute to better
photocatalytic activity. Thus, we can conclude that addition of 1% Na (NaCl

source) increases the photocatalytic activity.

The results of MB degradation with CNT-TiO,-3%Na and CNT-TiO,-5%Na
(NaCl Source) catalysts with similar conditions are presented in Figure 4.7-3 and
Figure 4.7-4 respectively. For both of them, again the best results were
obtained from the samples heat treated at 400 °C with N, (0.9 and 1.1 hrt

respectively). Similar to previous samples, by introducing air and with increasing
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Figure 4.7-3 Photocatalytic Activity of CNT-TiO,-3%Na (NaCl Source) group

samples (0.1 L solution, 1 g TiO,/L, 300 W/m? irradiation) (®, CNT-TiO,-Na

heat treated with N, @ 400 °C; O, CNT-TiO,-Na calcined @ 400 °C; [, CNT-
TiO,-Na calcined @ 500 °C; A, CNT-TiO,-Na calcined @570 °C)
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temperature, initial decomposition rate constants dropped considerably form 0.9
to 0.5 hr'! for 3% Na and dropped from 1.1 to 0.5 hr'! for 5% Na; parallel to the
surface area decrease. In 4 hours, MB amount dropped to about 10%. When
initial rates are compared, 5% Na and 3% Na added samples are less active
than 1% Na added samples. The activity is even less than CNT-TiO,'s activity,
close to the photocatalytic activity of TiO,. When SEM images (Figure 4.4-5, 4.4-
6 and 4.4-7) and TGA curves (Figures 4.5-6, 4.5-7 and 4.5-8) are examined 3%

and 5% Na samples should have lesser amount of CNT’s. From the comparison
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Figure 4.7-4 Photocatalytic Activity of CNT-TiO,-5%Na (NaCl Source) group

samples (0.1 L solution, 1 g TiO,/L, 300 W/m? irradiation) (®, CNT-TiO,-Na

heat treated with N, @ 400 °C; O, CNT-TiO,-Na calcined @ 400 °C; [, CNT-
TiO,-Na calcined @ 500 °C; A, CNT-TiO,-Na calcined @570 °C)

90



between CNT-TiO, and TiO,, we have seen that CNT enhances the photocatalytic
activity. So this may be one reason for smaller initial decomposition rate
constant. In addition to that, from Figures 4.4-14 and 4.4-15, we observed that
there is NaCl peak at about 32 °. Chloride in the system probably poisons the
active sites on TiO,, which also explains the lower activity of 3% and 5% Na

added samples that TiO, calcined at 570 °C.

MB degradation results with CNT-TiO,-1%Fe are presented in Figure 4.7-

5. Analogous to the previous results the best result was obtained from the
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Figure 4.7-5 Photocatalytic Activity of CNT-TiO,-1%Fe group samples (0.1 L
solution, 1 g TiO,/L, 300 W/m? irradiation) (®, CNT-TiO,-Fe heat treated with
N, @ 400 °C; O, CNT-TiO,-Fe calcined @ 400 °C; [, CNT-TiO,-Fe calcined @

500 °C; A, CNT-TiO,-Fe calcined @570 °C)
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sample heat treated at 400 °C with N, (1.2 hr'!). Similar to previous samples,
by introducing air and with increasing temperature, initial decomposition rate
constants dropped considerably form 1.2 to 0.6 hr'l; parallel to the surface area
decrease. In 4 hours, MB amount dropped to about 10%. When initial rates are
compared, 1% Fe added samples are less active than 1% Na added samples and
CNT-TiO, samples without any doping, but they have almost the same activity
with TiO, and 3% Na (NaCl source) added catalysts. When TGA curve of CNT-
TiO,-1%Fe (Figure 4.5-4) is examined, it should have more CNT residues than
CNT-TiO,, thus have a better activity. However the activity is not better. So Fe
in the system should be decreasing the activity. Fe is probably interacts with
CNT not TiO,, because the initial decomposition rate constant of CNT-TiO,-1%Fe
and TiO, calcined at 570 °C are same. We can conclude that the interaction of

Fe with CNT prevents the positive contribution CNT to photocatalytic activity.

MB degradation results with CNT-TiO,-1%Co are presented in Figure 4.7-
6. As the previous ones, the best result was obtained from the sample heat
treated at 400 °C with N, (1.1 hr'). Again similar to previous samples, by
introducing air and with increasing temperature, initial decomposition rate
constants dropped significantly form 1.1 to 0.5 hr'!; parallel to the surface area
decrease. In 4 hours, MB amount dropped to about 10%. When initial rates are
compared, 1% Co added samples activity is close to 1% Fe added samples
activity. Again the lower activity can be described with interaction of Co with
CNT's.

The results of MB degradation with CNT-TiO,-1%Na and CNT-TiO,-5%Na
(Na,CO5; source) catalysts are presented in Figure 4.7-7 and Figure 4.7-8
respectively. For both of them, again the best results were obtained from the
samples heat treated at 400 °C with N, (0.9 and 1.9 hr! respectively). Similar
to previous samples, by introducing air and with increasing temperature, initial
decomposition rate constants dropped form 0.9 to 0.7 hr! for 1% Na and
dropped from 1.9 to 1.1 hr'! for 5% Na; parallel to the surface area decrease. In
4 hours, MB amount dropped to about 5%. When initial rates are compared, 1%
Na (Na,COs source) added samples activities are close 1% Co added samples
and 5% Na (Na,COs; source) added samples have the best activity. When the
samples calcined at 570 °C are examined, like the 1% Na (NaCl source), we can
see the positive contribution of Na to the photocatalytic activity. Also at that
temperature, we observe that with Na,CO; source photocatalytic activity is

better. This situation may prove the poisoning effect of chloride.
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Figure 4.7-6 Photocatalytic Activity of CNT-TiO,-1%Co group samples (0.1 L
solution, 1 g TiO,/L, 300 W/m? irradiation) (®, CNT-TiO.-Co heat treated with
N, @ 400 °C; O, CNT-TiO,-Co calcined @ 400 °C; [, CNT-TiO,-Co calcined @

500 °C; A, CNT-TiO,-Co calcined @570 °C)

All the activities of the samples seem to be parallel with the surface areas.
The more the surface area is, the more the activity recorded. But, as mentioned
above, there may be some other parameters. CNT content is higher in the
samples calcined at lower temperatures. In literature it is stated that CNT's
increases the photocatalytic activity of titania particles. This effect comes from
the point defects on CNT’s [237]. Zheng et al. [240], made some research on
the effect of transition metals on CNT'’s and they have found some results shown

in Figure 4.7-9. When Ti atom interacts with these defects a new defect forms.
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Figure 4.7-7 Photocatalytic Activity of CNT-TiO,-1%Na (Na,COs source) group
samples (0.1 L solution, 1 g TiO-/L, 300 W/m? irradiation) (®, CNT-TiO,-1%Na
heat treated with N, @ 400 °C; O, CNT-TiO,-1%Na calcined @ 400 °C; [, CNT-

TiO,-1%Na calcined @ 500 °C; A, CNT-TiO,-1%Na calcined @570 °C)

This means that CNT-TiO, sample should be more active than TiO, sample.
Which in our case, it is true. This also explains why CNT oxidation temperature
drops when TiO, is added to the system. The other result they observed was
when Co or Fe atom interacts with defective CNT's, defects vanish. From this we
can conclude that CNT-TiO,-Fe or CNT-TiO,-Co samples should be less active
than CNT-TiO,. Again, in our case, it is true. As before, it also explains the
higher oxidation temperature of Co and Fe doped catalysts. So from the results,

we may speculate that Na atoms interact with CNT's like Ti atoms do, and
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Figure 4.7-8 Photocatalytic Activity of CNT-TiO,-5%Na (Na,COs source) group

samples (0.1 L solution, 1 g TiO-/L, 300 W/m? irradiation) (®, CNT-TiO,-5%Na

heat treated with N, @ 400 °C; O, CNT-TiO,-5%Na calcined @ 400 °C; [, CNT-
TiO,-5%Na calcined @ 500 °C; A, CNT-TiO,-5%Na calcined @570 °C)

improve photocatalytic activity. This suggestion may be true but from the
photocatalytic activity experiments we also observed that Na interacts with Ti

and improves the activity.
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CHAPTER 5

CONCLUSIONS

The aim of this study was to synthesize nanostructured titania with better

photocatalytic activity. This goal was achieved in two main parts. In the first

part, titania was synthesized with sol-gel method and modified with

hydrothermal and post-hydrothermal treatments. For comparison, the same

hydrothermal treatment procedures were also applied to commercial anatase

samples. In this part, the effect of hydrothermal treatment time on the structure

and photocatalytic activity was investigated. The synthesized samples were

characterized by SEM, XRD, BET and photocatalytic antimicrobial activity against

E. Coli. The following observations have been made:

Commercial anatase and sol-gel synthesized titania, after
hydrothermal treatment with 10 N NaOH, transformed to significantly
different structures. Commercial samples, after the treatment,
resemble nanotube bundles. In addition to that, increase in
hydrothermal treatment time, shortens the size of bundles.
Conversely hydrothermally treated sol-gel anatase has nano-sized
lamellar structure and increase in hydrothermal treatment time

thickens the structure.

The hydrothermally treated samples under alkaline conditions were
further treated under neutral conditions. After post treatment with
distilled water, Com24 was converted into small dispersed particles.
When the post treatment time was increased, crystal growth was
observed with an octagon like shape. On the other hand, the Com48,
after post treatment, transformed into curvy and spiked nano
particles. Similarly with increasing time, crystal growth was observed.

SG samples after post treatment showed a drastic change in particle
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morphology. Particles have a very distinct octagonal shape and like
commercial counterpart, crystal growth was observed with increasing
post treatment time. The crystal growth under neutral conditions is
attributed as the thermal stabilization on nanostructured crystallites

as a result of Ostwald ripening process.

These observations were also verified by the XRD results. When XRD
peaks of hydrothermally treated samples were carefully examined, it
was seen that anatase structure converted into trititanate
proportional with treatment time. After the post treatment, the
nanotube (or nanoplates) structure was diminished considerably and
the anatase peaks became more intense, indicating the destruction of
trititanate structure and the formation of anatase phase as a result of
crystal growth which was also observed in SEM analysis. This might
be further explained by the similar structures of the building blocks of
anatase and trititanate both having TiOg octahedron building blocks
attached to each other by protons. By post hydrothermal treatment,

trititanate particles dehydrate and anatase nanoparticles form.

From the BET analysis, samples showed Type-1V isotherms with type
H3 hysteresis loops indicating the presence of mesoporous structure.
For commercial samples, the first and second hydrothermal
treatments increased the surface area. While on the other hand,
surface areas of sol-gel samples did not increased that much after
those treatments. Also the analyses showed that post treatment with
distilled water results with surface restructuring; nanotubes and
nanoplates form ditetragonal (bipyramidal) structures which causes

the porosity to decrease.

For photocatalytic antimicrobial characterization: all commercial,
anatase samples and their hydrothermally treated counterparts
exhibit antimicrobial activity and complete inactivation of E.coli was
obtained. Also it was observed that hydrothermal treatment under
alkaline conditions enhanced the antimicrobial activity when
compared with untreated commercial anatase. Following
hydrothermal post treatment with distilled water, no significant effect
was observed on the initial microbial inactivation rate. However,
samples demonstrated limited antimicrobial activity. For sol-gel

samples: limited antimicrobial activity was observed. Although the
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initial inactivation rate of Sol-Gel synthesized TiO, was nearly the
same with commercial anatase, a complete inactivation could not be
assessed, which might be attributed to its lower specific surface area
in comparison with commercial anatase. However, the alkali
treatment enhanced the activity and complete inactivation was
achieved. The effect of post treatment with distilled water on the
antimicrobial activity was similar with the commercial counterpart;
after a certain time, samples show a limited activity. This behavior
was attributed to the concentration of oxidative species which directly
influence the microbial inactivation rate. During the post treatment
with distilled water, samples are dehydrated and lose their oxidative
surface species, thus the samples become less photoactive. To
regenerate lost oxidative species, post treated samples were exposed
into UV irradiation in aqueous medium for some time. After that
treatment, the highest inactivation rate was observed and shortest

complete inactivation time was obtained.

As a conclusion for the first part: both the commercial and sol-gel
derivative with their mesoporous structure possess improved
photocatalytic antimicrobial activities than untreated samples. Further
hydrothermal treatment of these samples with distilled water yields
almost pure anatase phase with improved crystallinity and active
(101) faces in expense of limited antimicrobial activity. The limited
activity of the hydrothermally synthesized samples can be enhanced
by regenerating active sites on (101) face with treatment process
under UV irradiation in the presence of water which results in the

most active catalysts.

In the second part, titanium dioxide was synthesized with sol-gel method and

during synthesis, multi-walled carbon nanotubes were added. The reason for

adding carbon nanotubes was to use them as templates to achieve higher

surface area after their removal on calcination stage. For that the effect of

calcination temperatures was investigated. Also the effect heat treatment under

N, atmosphere was investigated. Additionally, the catalytic effect of sodium, iron

and cobalt on the oxidation temperature of carbon nanotubes were also

examined. During this section, synthesized photocatalysts were characterized by
SEM, AFM, XRD, BET, TGA-DTA and photocatalytic activity against methylene

blue. The following observations have been made:
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From the analyses we observed that, all samples which are heat
treated, have a heterogeneous structure of TiO, and CNT’s. The CNT
content start to decrease with increasing calcination temperature and
we can not observe CNT’s at 570 °C. Only samples with 1% Na
doping (NaCl source) have some fibrous structure at that level.
Disappearance of CNT’s reveals a porous titania structure, but with
increasing temperature, porous titania structure collapses as a result

of sintering.

XRD analysis of undoped, Na, Co, and Fe doped CNT-TiO, samples
were examined and it was seen that all samples have anatase
structure. Also increase in calcination temperature, increased the
crystallinity. Similarly, calcined samples are more crystalline when
compared with heat treated samples. When peak widths are
examined, Na doped samples (with Na,COs; source) have the widest

peaks, suggesting that they have the smallest crystallite size.

TGA-DTA curves showed that, when titania is synthesized with CNT's,
the oxidation temperature of CNT’'s drops about 130 °C indicating the
strong interaction of CNT structure with titanium dioxide. Except for
1% Na doped (with NaCl source) sample, doping with Na, Fe and Co
drops this temperature further. This result indicates that the CNT
decomposition temperature is significantly lowered by the chemical
environment of the sol-gel recipe. This effect might be explained by

the contribution of these metals to catalyze the CNT oxidation.

After BET analyses we have observed that addition of CNT's increases
the surface area drastically. The elemental analyses proved that, the
CNT template is successfully removed and the high surface area is
contributed by titania structure. However the effect of sintering limits

the calcination temperature for further crystallinity.

When the effect of calcination temperature and presence of oxygen
was investigated, samples heat treated at 400 °C with N, had the
best activity. In addition to that, it was seen that with increasing
calcination temperature, initial rates are decreasing as surface area is
also decreasing. This decrease was also explained by the decrease in
the CNT content since, in literature, CNT’s are reported to enhance

photocatalytic activity of titania. CNT mixed titania’s activity was
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better than pure titania, showing that CNT improves to the activity.
This situation was explained by the CNT's ability to transfer exited
electrons of titania to CNT bundle, thus delaying charge
recombination. Also titanium can create defects on CNT’s which
enhances this process. When doping was considered, the best activity
was obtained from Na doped samples. On the other hand, Fe and Co
doped samples had the worst activity. Decreased activity after doping

was explained by the disappearance of defects on CNT's.

As a conclusion for the second part: The synergy of TiO, and CNT’s
enhanced the photocatalytic activity. So keeping the calcination or
heat treatment temperature as low as possible will result in more
active catalysts. Additionally, doping the sample with Na increased
the photocatalytic activity. However we recommend that more
experiments should made on Na to understand the mechanism of this
enhancement. Changing the Na source and content will probably

clarify this condition.
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XRD RESOURCES

APPENDIX A

Table A-1 XRD data for Rutile

d (R) Intensity (%) hki
3.217 100 110
2.487 50 101
2.297 8 200
2.188 25 111
2.054 10 210
1.6874 60 211
1.6237 20 220
1.4797 10 002
1.4528 10 310
1.4243 2 221
1.3598 20 301
1.3465 12 112
1.3041 2 311
1.2441 4 202
1.2006 2 212
1.1702 6 321
1.1483 4 400
1.1143 2 410
1.0936 8 222
1.0827 4 330
1.0425 6 411
1.0364 6 312
1.0271 4 420
0.9703 2 421
0.9644 2 ?03
0.9438 2 113
0.9072 4 402
0.9009 4 510
0.8892 8 213
0.8774 8 431
0.8738 8 332
0.8437 6 422
0,.8292 8 303
0.8196 12 521
0.8120 2 440
0.7877 530
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Table A-2 XRD data for Anatase

d (A) | Intensity (%) | hkl
3.52 100 101
2.431 10 103
2.378 20 004
2.332 10 112
1.892 35 200
1.6999 20 105
1,6665 20 211
1.493 4 213
1.4808 14 204
1.3641 6 116
1.3378 6 220
1.2795 <2 107
1.2649 10 215
1.2509 4 301
1.1894 <2 008
1.1725 2 303
1.1664 6 224
1.1608 4 312
1.06 2 217
1.0517 4 305
1.0436 4 321
1.0182 2 109
1.007 2 208
0.9967 2 323
0.9555 4 316
0.9464 4 400
0.9246 <2 307
0.9192 2 325
0.9138 2 411
0.8966 4 219
0.889 2 228
0.8819 <2 413
0.8793 2 404
0.8464 2 420
0.8308 <2 327
0.8268 4 415
0.8102 2 309
0.7974 4 424
0.7928 2 0012
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Table A-3 XRD data for Brookite

d (A) | Intensitv (%) hkl
3.512 100 120
3.465 80 111
2.900 90 121
2.729 4 200
2.476 25 012
2.409 18 201
2.370 6 131
2.344 4 220
2.332 4 211
2.296 5 040
2.254 8 112
2.244 18 022
2.133 16 221
1.9685 16 032
1.8934 30 231
1.8514 18 132
1.8332 3 212
1.7568 3 240
1.6908 20 320
1.6617 30 241
1.6486 5 151
1.6098 13 113
1.5968 2 232
1.5408 7 123
1.4942 10 052
1.4729 4 160
1.4656 9 312
1.4609 12 251
1.4515 12 203
1.4415 6 133
1.4336 10 213
1.4167 9 161
1.364 5 400
1.3358 8 332
1.3186 3 401
1.3116 2 233
1.2852 2 004
1.2381 10 024
1.2107 2 431
1.2074 1 124
1.1552 4 333
1.1480 2 080
1.1432 2 441
1.1217 4 044
1.0399 3 521, 423
1.0366 2 281
1.0237 4 324
0.9873 2 125
0.9829 4 372, 254
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APPENDIX B

PHP CODE FOR XRD DATA’S NOISE REDUCTION FOR PEAK
ANALYSIS

The following PHP code, smoothes the XRD data by averaging pre-

defined amount of data.

<?

header(""Expires: Mon, 5 Jul 1980 05:00:00 GMT');
header(*'Cache-Control: no-cache, must-revalidate');
header("'Pragma: no-cache');
ini_set(’memory_limit”,”32M");

$count_theta=0;
$count_inten=0;
$step_theta=0;
$step_inten=0;
$theta=0;
$inten=0;
$char_theta=""";

$char_inten=""";

$okunmus=File("'raw_xrd.txt™);

$kadar=count($okunmus);

for($1=0;$i<$kadar;$i++)
{

$icerik=$okunmus[$i];

$uzun=strlen($icerik);

for($J=0;$j<$uzun;$j++)

{
if(Sicerik[$j1=="\1t")
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$a=$j+1;
$j=%uzun;
$count_theta++;
$theta_array[$count_theta]=$%char_theta;
$char_theta=""";
$theta=$theta+$theta_array[$count_theta];
$step_thetat++;

}

else

{
$char_theta=$char_theta.S$icerik[$j];

}

for($j=%a;$j<duzun;$j++)
{

$char_inten=$char_inten.S$icerik[$j];

$count_inten++;
$inten_array[$count_inten]=$char_inten;
$char_inten=""";
$inten=$inten+$inten_array[$count_inten];

$step_inten++;

i f($step_theta==10)

{

$ave=$thetas/10;

echo $ave."-";

$theta=0;

$step_theta=0;
$hede=fopen("'reduced.txt”,"a+");
furite($hede,$ave. " \t");

if($step_inten==10)
{
$ave=%inten/10;

echo $ave.''<br>";
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$inten=0;

$step_inten=0;
$hede=fopen("'reduced.txt”,"a+");
fwrite($hede,$ave.""\n");

?>
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APPENDIX C

SAMPLE CALCULATIONS

C.1 Calculation of Crystallite Size

The crystallite size was calculated by using the Scherrer Method. The
crystallite size for a specific peak pr reflection can be calculated by the equation
below <C.1-1>:

KA

t=——— <C.1-1>
Bcosé,

where, K is Scherrer constant, A is the wavelength of radiation (Acyk, = 0.154
nm) and B is the integral breadth of peak (in radians 20) located at angle 0g.
The crystallite size of anatase, synthesized with sol-gel method, was calculated
from the (101) plane (20=25.27°).

For TiO, synthesized with sol-gel method,
B=0.42°= 0.420*2—H =0,0073rad
360°
0,9*%0,154

= =19,5nm
O.0073*cos(25-2%)

For TiO, synthesized with CNT and calcined at 570 °C,
B=0.57°= 0.570*2—1_I =0,0100rad

360°
0,9*0,154

t=
0.0100*c05(25-2%)

=14.1nm
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For TiO, synthesized with CNT and calcined at 500 °C,
B =0.95°= 0.950*2—1_I =0,0166rad

360°
0,9*0,154

t=
0.0166*cos(25-2%)

=8.6nm

For TiO, synthesized with CNT and calcined at 400 °C,
B=114°= 1.l4°*2—rI =0,0200rad
360°
B 0,9*0,154
B 25.27
0.0200 * cos( A)

t =7.1nm

For TiO, synthesized with CNT and heat treated at 400 °C with N,,

B =1.56°=1.56°* 2L — 0 0272rad
360°
0,9*0154
= ! ! = 52nm
25.27
0.0272* cos( A)
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APPENDIX D

LIGHT SPECTRUM OF THE UV SIMULATOR
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APPENDIX E

UV ABSORBANCE DATA OF CNT SERIES SAMPLES

Table E-1 UV absorbance data of TiO, calcined @ 600 °C

MB, TiO, (1 g TiO,/L) calcined @ 600 °C, PP beaker, Quartz cap, UV
absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0001 0,000 0,00
-~ o | ~o4017 | 1000 | 200
0,5 0,3204 0,797 1,59
1 0,2241 0,557 1,11
2 0,1150 0,286 0,57
3 0,0595 0,147 0,29
4 0,0266 0,066 0,13

Table E-2 UV absorbance data of TiO, calcined @ 400 °C

MB, TiO, (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz cap, UV
absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0003 0,000 0,00
o | ~o27t6 | 1,000 | 200

0,55 0,1895 0,697 1,39

1 0,1172 0,430 0,86

2 0,0568 0,208 0,42

3 0,0202 0,073 0,15

4 0,0115 0,041 0,08
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Table E-3 UV absorbance data of CNT-TiO, heat treated with N, @ 400 °C

MB, CNT-TiO, (1 g TiOy/L) heat treated with N, @ 400 °C, PP beaker,
Quartz cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0001 0,000 0,00
o | o211 | 1000 | 200

0,5 0,1082 0,490 0,98

1 0,0628 0,284 0,57

2,5 0,0099 0,045 0,09

3,25 0,0057 0,026 0,05

4 0,0046 0,021 0,04

Table E-4 UV absorbance data of CNT-TiO, calcined @ 400 °C

MB, CNT-TiO, (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz cap, UV
absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0006 0,000 0,00
0o | o268 | 1000 | 200
0,5 0,1548 0,581 1,16
1 0,0671 0,253 0,51
2 0,0183 0,070 0,14
3 0,0037 0,016 0,03

Table E-5 UV absorbance data of CNT-TiO; calcined @ 500 °C

MB, CNT-TiO, (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz cap, UV
absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0001 0,000 0,00
-~ o | o289 | 1000 | 200
0,5 0,1837 0,649 1,30
1 0,0957 0,338 0,68
2 0,0504 0,178 0,36
3,07 0,0179 0,063 0,13
4 0,0092 0,032 0,06
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Table E-6 UV absorbance data of CNT-TiO, calcined @ 570 °C

MB, CNT-TiO, (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz cap, UV
absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0001 0,000 0,00
o0 | 02583 | 1000 | 200

0,5 0,1919 0,742 1,48

1 0,1416 0,548 1,10

2 0,0789 0,305 0,61

3 0,0400 0,154 0,31

3,5 0,0258 0,099 0,20

Table E-7 UV absorbance data of CNT-TiO,-1%Na (NaCl Source) heat treated with N, @

400 °C
MB, CNT-TiO,-1%Na (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0009 0,000 0,00
-~ o | 0,297 | 1000 | 200
0,5 0,1220 0,407 0,81
1 0,0435 0,145 0,29
2,7 0,0640 0,021 0,04
3 -0,0040 0,000 0,00

Table E-8 UV absorbance data of CNT-TiO,-1%Na (NaCl source) calcined @ 400 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0003 0,000 0,00
-~ o | o287 | 1000 | 200
0,5 0,1383 0,477 0,95
2 0,0191 0,066 0,13
3 0,0068 0,024 0,05
3,5 0,0028 0,010 0,02
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Table E-9 UV absorbance data of CNT-TiO,-1%Na (NaCl source) calcined @ 500 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0000 0,000 0,00
-~ o | 0272t | 1000 | 200
0,5 0,1742 0,640 1,28
1 0,1039 0,381 0,76
2 0,0478 0,175 0,35
3 0,0212 0,078 0,16
3,5 0,0183 0,067 0,13

Table E-10 UV absorbance data of CNT-TiO,-1%Na (NaCl source) calcined @ 570 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0003 0,000 0,00
-~ o | 02555 | 1,000 | 200
0,5 0,1671 0,654 1,31
1 0,1098 0,430 0,86
2 0,0525 0,206 0,41
3 0,0278 0,110 0,22
4 0,0168 0,066 0,13

Table E-11 UV absorbance of CNT-TiO,-1%Fe heat treated with N, @ 400 °C

MB, CNT-TiO,-1%Fe (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0009 0,000 0,00
-~ o | o380 | 1,000 | 200
0,5 0,2143 0,556 1,11
1 0,1162 0,302 0,60
2 0,0297 0,079 0,16
3 0,0179 0,048 0,10
4 0,0161 0,044 0,09
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Table E-12 UV absorbance data of CNT-TiO,-1%Fe calcined @ 400 °C

MB, CNT-TiO,-1%Fe (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0002 0,000 0,00
-~ o | 0,294 | 1000 | 200
0,5 0,2092 0,720 1,44
1 0,1447 0,497 0,99
2 0,0507 0,174 0,35
3 0,0153 0,052 0,10
4 0,0066 0,022 0,04

Table E-13 UV absorbance data of CNT-TiO,-1%Fe calcined @ 500 °C

MB, CNT-TiO,-1%Fe (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0001 0,000 0,00
0o | o029 | 1000 | 200

0,5 0,2283 0,765 1,53

1 0,1546 0,518 1,04

2 0,1076 0,361 0,72

3 0,0641 0,215 0,43

4 0,0471 0,153 0,31

Table E-14 UV absorbance data of CNT-TiO,-1%Fe calcined @ 570 °C

MB, CNT-TiO,-1%Fe (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0002 0,000 0,00
-~ o | 03122 | 1,000 | 200
0,5 0,2151 0,688 1,38
0,77 0,1717 0,549 1,10
2,03 0,0894 0,286 0,57
3 0,0551 0,176 0,35
4 0,0337 0,107 0,21
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Table E-15 UV absorbance of CNT-TiO,-1%Co heat treated with N, @ 400 °C

MB, CNT-TiO,-1%Co (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0004 0,000 0,00
-~ o | 02439 | 1000 | 200
0,5 0,1394 0,572 1,14
1 0,0727 0,299 0,60
2 0,0283 0,117 0,23
3 0,0099 0,042 0,08
4 0,0083 0,035 0,07

Table E-16 UV absorbance data of CNT-TiO,-1%Co calcined @ 400 °C

MB, CNT-TiO,-1%Co (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0002 0,000 0,00
o | 0,227 | 1000 | 200

0,42 0,1546 0,694 1,39

1 0,0870 0,390 0,78

2 0,0266 0,119 0,24

3 0,0080 0,035 0,07

3.5 0,0017 0,007 0,01

Table E-17 UV absorbance data of CNT-TiO,-1%Co calcined @ 500 °C

MB, CNT-TiO,-1%Co (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0001 0,000 0,00
-~ o | 03247 | 1,000 | 200
0,5 0,2178 0,670 1,34
1 0,1532 0,471 0,94
2.22 0,0941 0,290 0,58
3 0,0619 0,190 0,38
4 0,0369 0,113 0,23
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Table E-18 UV absorbance data of CNT-TiO,-1%Co calcined @ 570 °C

MB, CNT-TiO,-1%Co (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0002 0,000 0,00
o | o0,2492 | 1000 | 200

0,5 0,2054 0,824 1,65

1 0,1199 0,481 0,96

2 0,0931 0,374 0,75

3 0,0531 0,213 0,43

4 0,0371 0,149 0,30

Table E-19 UV absorbance of CNT-TiO,-5%Na (NaCl source) heat treated with N, @400°C

MB, CNT-TiO,-5%Na (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0003 0,000 0,00
o0 | 0350 | 1,000 | 200

0,5 0,2304 0,647 1,29

1 0,0956 0,269 0,54

1,33 0,0889 0,250 0,50

3 0,0261 0,074 0,15

4 0,0180 0,051 0,10

Table E-20 UV absorbance data of CNT-TiO,-5%Na (NaCl source) calcined @ 400 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0003 0,000 0,00
-~ o | 03728 | 1,000 | 200
0,5 0,2308 0,618 1,24
1 0,1177 0,315 0,63
1,5 0,0766 0,204 0,41
2,83 0,0222 0,058 0,12
4 0,0077 0,020 0,04
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Table E-21 UV absorbance data of CNT-TiO,-5%Na (NaCl source) calcined @ 500 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0001 0,000 0,00
-~ o | 03594 | 1000 | 200
0,52 0,3108 0,864 1,73
1 0,2128 0,592 1,18
1.5 0,1582 0,440 0,88
3,08 0,0601 0,167 0,33
4 0,0446 0,124 0,25

Table E-22 UV absorbance data of CNT-TiO,-5%Na (NaCl source) calcined @ 570 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0006 0,000 0,00
-~ o | o358 | 1,000 | 200
0,5 0,2916 0,814 1,63
1 0,2310 0,646 1,29
1.5 0,1809 0,506 1,01
0,0788 0,221 0,44
4 0,0446 0,159 0,32

Table E-23 UV absorbance of CNT-TiO,-3%Na (NaCl source) heat treated with N, @400°C

MB, CNT-TiO,-3%Na (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0003 0,000 0,00
o | 0331t | 1000 | 200
0,5 0,2185 0,660 1,32
1 0,1159 0,350 0,70
1,5 0,0877 0,265 0,53
3 0,0281 0,085 0,17
4 0,0169 0,051 0,10

143



Table E-24 UV absorbance data of CNT-TiO,-3%Na (NaCl Source) calcined @ 400 °C

MB, CNT-TiO,-3%Na (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0005 0,000 0,00
o0 10,3374 | 1,000 | 200

0,5 0,2365 0,701 1,40

1 0,1282 0,380 0,76

1,5 0,0924 0,274 0,55

3 0,0321 0,095 0,19

4 0,0152 0,045 0,09

Table E-25 UV absorbance data of CNT-TiO,-3%Na (NaCl source) calcined @ 500 °C

MB, CNT-TiO,-3%Na (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0004 0,000 0,00
o0 00,3410 | 1,000 | 200

0,5 0,3018 0,885 1,77

1 0,2087 0,612 1,22

1.5 0,1599 0,469 0,94

0,0692 0,203 0,40

4 0,0460 0,135 0,27

Table E-26 UV absorbance data of CNT-TiO,-3%Na (NaCl source) calcined @ 570 °C

MB, CNT-TiO,-3%Na (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0006 0,000 0,00
-~ o | 03229 | 1000 | 200
0,5 0,2867 0,888 1,78
1 0,2147 0,665 1,33
1.5 0,1753 0,543 1,08
0,0655 0,203 0,40
4 0,0500 0,155 0,31
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Table E-27 UV absorbance of CNT-TiO,-1%Na (NaxCOs source) heat treated with N, @ 400 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0001 0,000 0,00
o0 | 03693 | 1000 | 200

0,5 0,2727 0,738 1,48

1 0,1514 0,409 0,82

2 0,0533 0,144 0,29

3 0,0236 0,063 0,13

4 0,0163 0,044 0,09

Table E-28 UV absorbance data of CNT-TiO,-1%Na (Na,COs source) calcined @ 400 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0003 0,000 0,00
o | 03637 | 1000 | 200

0,5 0,2867 0,770 1,54

1 0,2824 0,445 0,89

2 0,1632 0,180 0,36

3 0,0330 0,090 0,18

4 0,0202 0,055 0,11

Table E-29 UV absorbance data of CNT-TiO,-1%Na (Na,CO3 source) calcined @ 500 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0004 0,000 0,00
o | 0365t | 1000 | 200

0,5 0,2884 0,790 1,58

1 0,1752 0,480 0,96

2 0,0803 0,220 0,44

3 0,0456 0,125 0,25

4 0,0256 0,070 0,14
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Table E-30 UV absorbance data of CNT-TiO,-1%Na (Na,COs3 source) calcined @ 570 °C

MB, CNT-TiO,-1%Na (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank -0,0020 0,000 0,00
-~ o | 0356 | 1,000 | 200
0,5 0,2902 0,814 1,63
1 0,1831 0,513 1,03
2 0,1039 0,291 0,58
3 0,0523 0,147 0,29
4 0,0241 0,068 0,14

Table E-31 UV absorbance of CNT-TiO,-5%Na (NaCOs source) heat treated with N, @ 400 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) heat treated with N, @ 400 °C, PP
beaker, Quartz cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank 0,0001 0,000 0,00
o0 | o288 | 1000 | 20

0,5 0,0965 0,340 0,68

1 0,0499 0,175 0,35

2 0,0208 0,073 0,15

3 0,0131 0,045 0,09

4 0,0082 0,028 0,06

Table E-32 UV absorbance data of CNT-TiO,-5%Na (Na,COs source) calcined @ 400 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) calcined @ 400 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0001 0,000 0,00
o | 03073 | 1000 | 200

0,5 0,1260 0,410 0,82

1 0,0722 0,235 0,47

2 0,0277 0,090 0,18

3 0,0169 0,055 0,11

4 0,0123 0,040 0,08
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Table E-33 UV absorbance data of CNT-TiO,-5%Na (Na,COs3 source) calcined @ 500 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) calcined @ 500 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm
Time (hr) Absorbance Multiplier | Concentration (ppm)
Blank 0,0002 0,000 0,00
-~ o | o299 | 1000 | 200
0,5 0,1503 0,515 1,03
1 0,0817 0,280 0,56
2 0,0306 0,105 0,21
3 0,0161 0,055 0,11
4 0,0117 0,040 0,08

Table E-34 UV absorbance data of CNT-TiO,-5%Na (Na,COs3 source) calcined @ 570 °C

MB, CNT-TiO,-5%Na (1 g TiO,/L) calcined @ 570 °C, PP beaker, Quartz
cap, UV absorbance @ 665 nm

Time (hr) Absorbance Multiplier | Concentration (ppm)

Blank -0,0004 0,000 0,00
o | 03109 | 1000 | 200

0,5 0,1855 0,597 1,19

1 0,1051 0,338 0,68

1.38 0,0670 0,216 0,43

2.5 0,0207 0,067 0,13

4 0,0134 0,044 0,09
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