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CHAPTER I

INTRODUCTION

Titanium (IV) oxide or titania (TiOy) is one of the most common metal oxides
recognized in various industries. Due to its good physical and chemical properties,
such as catalytic activity (Coulter 1995), photocatalytic activity (Wakanabe 1993),
good stability toward adverse environment (Tonejc 1996), sensitivity to humidity and
gas (Traversa 1996), dielectric characteristic (Ohtani 1993), nonlinear optical
characteristic (O'Regan 1991) and photoluminescence (Liu 1997), titania has been
used in many fields of application including the use as catalysts, catalyst supports,
electronics, cosmetics, pigments and filler coating. Nevertheless, photocatalyst is one
of the most important applications of titania. Titania is known to have three natural
polymorphs, i.e. rutile, anatase, and brookite, but only anatase is generally accepted to

have significant photocatalytic activity (Nishimoto 1985; Fox 1993; Tanaka 1993).

Many factors affect the photocatalytic activity of titania. Particle size is one of
the most important factors. It has been reported that photocatalytic activity is
increased with the decrease in titania particle size, especially into nanometer-scale,
because of high surface area and short interface migration distances for photoinduced
holes and electrons (Sato 1996; Uchida 1997; Xu 1999). Nanocrystalline titania can
be synthesized by many methods, such as sol-gel method, hydrothermal method,
vapor-phase hydrolysis, laser-induced decomposition, chemical vapor decomposition
and molten salt method. In this work, nanocrystalline anatase titania was synthesized
via the thermal decomposition of titanium alkoxide in organic solvent, which has been

employed to synthesize various nanocrystalline metal-oxides (Inoue 1988; Inoue 1992



;Inoue 1993; Kominami 1997; Kominami 1999; Kongwudthiti 2003;

Mekasuwandumrong 2003).

Hydrothermal method has been widely applied for the synthesis of variety of
ceramic materials. Synthesis of metal oxides which uses organic solvent instead of
water in hydrothermal method, at temperature high than boiling point of the solvent is
called solvothermal synthesis. Many researchers have also explored the synthesis of
inorganic materials in glycols in the same fashion and called “Glycothermal method”
(Bibby 1978; Cruickshack 1985; Inoue 1991; Kominami 1999). Nevertheless, these
methods are all based on the thermal decomposition of precursor, which is often
metal-oxides, in the reaction medium. By solvothermal method, nanocrystalline
titanium (1) oxide can be produced. It has been demonstrated that the activity of
titania synthesized by this method is much higher than that of commercially available
titania for photocatalytic decomposition of simple compound, such as acetic acid, in
aqueous solution (Kominami 1997). However, it has never been used for the
decomposition of more complex substance. In this study, photodegradation of
complex substance, i.e. diuron [3-(3,4-dichlorophynyl)-1,1-dimethylurea], linuron [1-
methoxy-1-methyl-3-(3,4-dichlorophenyl)urea] and isoproturon [N-(4-
isopropylphenyl)-N",N’-dimethylurea], is employed to investigate the activity of

titania prepared by this method.

Phenylurea herbicides (PUHSs) have been widely used throughout the world for
long time. However it has resulted in residue in crops, soil and surface water (Liska

1996; Simon, 1998), which consequently inhibits photosynthesis in crops and affects



human and animal health. Diuron, linuron and isoproturon are common herbicides

belonging to this group, yet their properties and chemical stability are varied.

In this study, it is intended to investigate the photocatalytic degradation of
these phenylurea herbicides by using nanocystalline titania synthesized via the
thermal decomposition of titanium alkoxide in organic solvents. The results are

compared with reference catalyst from the Catalysis Society of Japan.

The objectives of this research are listed as following:

1. To study the thermal decomposition of titanium alkoxide in organic solvents
for the synthesis of nanocrystalline titania. Effects of catalyst preparation
conditions on chemical and physical properties of the synthesized titania are
investigated.

2. To investigate the photocatalytic degradation of phenylurea herbicides
mentioned earlier, using titania as catalyst. Effect of photocatalytic reaction

conditions on the degradation activity are also subject to study in this research.

The present thesis is arranged as follows:

Chapter Il explains the basic theory about titania such as the general properties

of titania, various preparation methods to obtain the ultrafine titania and phenylurea

herbicides.



Chapter 111 shows experimental systems and procedures for the preparation of
titania by thermal decomposition method, and the photocatalytic degradation
experiments.

Chapter 1V presents the experimental results and discussion.

In the last chapter, the overall conclusions of this research and
recommendations for the future work are given.

Crystallite size determination and GC-MS data are included in Appendices at

the end of this thesis.



CHAPTER Il

THEORY AND LITERATURE REVIEWS

The theory relating to titania synthesis, properties of phenylurea herbicides
and photocatalytic degradation of organic compounds will be explained in this

chapter.

2.1 Physical and Chemical Properties of Titania

Titanium (IV) oxide or titania has great potential for many industrial
applications. Therefore, many researches have focused on its fabrication and
characterizatio. Titania has been used in many fields of application such as catalyst,
catalyst support, electronics, cosmetic pigment and filter coating (Nishimoto 1985;
Fox 1993; Tanaka 1993). In recent years, main attention has been devoted to its
photocatalytic activity and photoinduced superhydrophilicity. Since titania has
relatively wide band gap (3.2 eV), charge carriers, i.e. electrons and holes, are
produced when titania is excited. Consequently, highly reactive radicals are generated
and oxidation-reduction reaction of species adsorbed on the surface of titania can

occur (Zeman 2003). Basic thermochemical data of titania are shown in Table 2.1.

Titania is thermally stable with a melting point of 1855°C. It also has
resistance to many chemical attacks. The reactivity of titania towards acids is very

dependent on preparation route and thermal history.



Table 2.1 Thermochemical data for formation of titanium oxide compound

Heat of formation Free energy of formation Entropy
Compound State ° o S, JJmol.K
AH ; , kJ/mol AG ¢, kd/mol
At 298 K At 1300 K At 298 K At 1300 K At 298 K At 1300 K

TiO Crystal -519.6 -515.9 -495.1 -417.1 50.2 127.0
TiO;

-Anatase Crystal -933.0 -930.0 -877.6 -697.4 49.9 150.6
-Rutile Crystal -944.7 -942 .4 -889.5 -707.9 50.3 149.0




For instance, titania prepared by precipitation from titanium (V) solution and
gently heated to remove water is soluble in concentrated hydrochloric acid. However,
if titania is heated to temperature approximately 900°C, its solubility in acids is
considerably reduced. Titania can be slowly dissolved in hot concentrated sulfuric
acid, whereas the rate of salvation is increased by the addition of ammonia sulfate.
Another acid that can dissolve titania is hydrofluoric acid, which is used extensively
in the analysis of titanium (1) oxide trace elements. Aqueous alkalines have virtually
no effect on titania, but molten sodium and potassium hydroxides, carbonates and

borates dissolve titania readily.

Titania occurs in three crystalline forms, i.e. anatase, rutile and brookite.
Rutile is a thermodynamically-stable phase of titania that can be found in igneous
rock. It is one of two most important ores of titanium. Anatase is a metastable phase,
which tends to be more stable at low temperature. For brookite, it is formed under
hydrothermal conditions and usually found only in mineral. Brookite has been
produced by heating amorphous titania, which is prepared from the reaction between
alkyl titanates with sodium or potassium hydroxide in an autoclave at 200 to 600°C
for several days (Li 2004).-Among- all crystalline phases of TiO,, anatase is the most

photoactive phase and has been employed as photocatalyst for-long time.

The crystallographic characteristic of these varieties are shown in Table 2.2.
Although anatase and rutile are both tetragonal, they are not isomorphous (Figure
2.1). Anatase usually occurs in near-regular octahedral form, while rutile forms
slender prismatic crystals that are frequently twinned. Nevertheless, both anatase and

rutile are anisotropic of which physical properties vary according to direction relative



to the crystal axes. However in most applications using these substances, the
distinction between crystallographic direction is lost because of the random

orientation from large number of small particles or grains in the article.

Table 2.2 Cystallographic characteristic of anatase, brookite and rutile.

Properties Anatase Brookite Rutile
Crystal Structure Tetragonal Orthorhombic Tetragonal
Optical Uniaxial, negative Biaxial, positive Uniaxial,
negative
Density, g/cm® 3.9 4.0 4.23
Hardness, Mohs scale 5% = 5%_ 6 7. 7%
Unit cell D4a™.4TiO, D;h™®.8TiO, D;h*2.3TiO,

Lattice parameter, nm

a 0.3758 0.9166 0.4584
b 0.5436
C 0.9514 0.5135 2.953

Figure 2.1 Crystal structure of TiOy; (a) Rutile, (b) Anatase, (c) Brookite.



Three allotropic forms of titania have been prepared artificially, but only rutile
has been obtained in the form of transparent large single crystal. The transformation
from anatase to rutile is accompanied by evolution of ca. 12.6 kJ/mol (3.01 kcal/mol).
The rate of phase transformation is greatly affected by temperature and by presence of
other substances which may either catalyze or inhibit the transformation. The lowest
temperature at which the conversion from anatase to rutile takes place at a measurable
rate is approximately 500-550°C (Depero 1993). The change is not reversible and it
has been shown that AG for the transformation from anatase to rutile is always

negative.

2.2 Titania Synthesis Methods

There are several methods that can be used to synthesize anatase titania. In
general, methods which have been reported for anatase synthesis are: sol-gel method,

chemical vapor deposition, thermal decomposition method and precipitation method.

2.2.1 Sol-gel method

This method-can be performed at relatively low temperature to prepare a
solid. Sol is first prepared from suitable reactants in suitable liquid. Sol preparation
can be either simply the dispersion- of insoluble solids in liquid or addition of
precursor which reacts with the solvent to form a colloidal product. A typical example
of the former approach is the dispersion of oxides or hydroxides in water with the pH
adjusted so that the solid particles remain in suspension rather than precipitate out. A
typical example of the later approach is the addition of metal alkoxide to water. The

alkoxides are hydrolyzed giving the oxide as a colloidal product. The sol is then either
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treated or simply left to form a gel. To obtain a final product, the gel is heated. This
heating serves several purposes. It removes the solvent, decomposes anions such as
alkoxides or carbonates to give oxides, allows rearrangement of the structure of the
solid and allows crystallization. For the synthesis of titania, the process starts with the
mixing of titanium alkoxide with alcohol. Acidic aqueous solution is subsequently
added to the mixture (Jung 1999). This technique can be adapted by using
ultrasonication to aid dispersion, which can result in titania with higher surface area
and better thermal stability than titania prepared by using stirring method (Awati
2003). The average crystal size of titania synthesized by this method has been
reported to be in the range of 4 — 8 nm with BET surface area in the range of 91-120
m?/g, depending on calcination temperature. However the limit of this method is that

strong reactivity of alkoxide toward water often results in uncontrolled precipitation.

2.2.2 Chemical vapor deposition method

This method involves the formation of noncrystalline (amorphous) titania by
hydrolysis and condensation of titanium alkoxide (Watson 2003). The preparative
process is conducted in an aerosol reactor, which is made of two concentric glass
tubes, externally heated in a vertical furnace. Titanium precursor is evaporated in
separated reactor to control its vapor pressure before it is carried by N, gas into the
reactor. Water vapor is then introduced into the reactor by using dry air as the carrier.
Precursor vapor and water vapor are mixed rapidly and react to form TiO; aerosol at
atmospheric pressure. Consequently, the product is collected by thermophoresis and

filter. The as-prepared TiO, powder is then put into furnace for heat treatment.
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2.2.3 Precipitation method

Ultrafine crystalline titania powder can be prepared by heating and stirring of
TiOCl, aqueous solution with Ti** concentration of 0.5 mol/I from room temperature
up to 100°C under normal atmospheric pressure (Nam 1998). Crystalline phase of the
synthesized titania can be controlled from the reaction temperature. Titania crystals in
pure rutile phase precipitated at temperature below 65°C. On the other hand TiO,
precipitates in anatase phase at temperature higher than 65°C. The direct formation of
TiO, crystalline precipitates from aqueous TIOCI, solution is the result from the
existence of the OH" ions in water which cause the crystallization of TiOCl, into TiO,
without hydrolyzation to Ti(OH),. Conventionally, rutile phase is synthesized at much
higher temperature. However, in this study a stable rutile phase TiO, was obtained by

a simple method at temperature close to room temperature.

2.2.4 Chloride process

Ultrafine titania particles are produced routinely on large scale by the
oxidation of titanium tetrachloride (TiCl,) vapor. The reaction take place in gas phase
at temperature in the range of 700 to 1400°C, resulting in the formation and growth of
fine titania particles. Titania synthesized by this method. is.commonly used in coating
to provide maximum light scattering without absorption. It has been shown that the
product is primarily anatase but fraction of rutile increases with increasing reaction
temperature. Moreover, the average particle size increases with the increase in both

inlet TiCl, concentration and residence time.
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2.2.5 Thermal decomposition method

Thermal decomposition method has been developed for the synthesis of metal
oxide and binary metal oxide by decomposition of precursor, often metal-oxides, in
the reaction medium, e.g. organic solvent or glycol. It is a modification of
hydrothermal method, in which the reaction takes place in water under moderately
high temperature and pressure. The use of glycol or solvent instead of water produces
the different form of the intermediate phase of which the stability is not so strong.
Instability of the intermediate phase gives a large driving force to the formation of
product under quite mild condition. This method has been used to successfully
synthesize various types of nanosized metal oxides, including titania, with large
surface area, high crystallinity and high thermal stability (Payakgul 2005). Titanium
precursor such as titanium alkoxide, was used as starting material for titania synthesis.
Titanium precursor was first suspended in organic solvent in a cavity of an autoclave.
The crystalline titania was formed at temperature in the range of 200-300°C in the
autoclave. It has been reported that physiochemical properties of the synthesized
titania depend on the reaction conditions as well as the calcination temperature. This

method was selected to prepare titania in this work.

2.3 Photocatalysis.on Anatase Titania

Photocatalysis can be defined as the acceleration of photoreaction by presence
of catalyst. Photocatalysis over a semiconductor oxide such as TiO; is initiated by the
absorption of photon with energy equal to or greater than the band gap of the

semiconductor (3.2 eV for TiO,), producing electron-hole (e/h") pairs. The holes can
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react with water to produce highly reactive hydroxyl radicals, which are the key for
further reaction. Following irradiation, the TiO, particles can act as either an electron
donor or acceptor for molecules in the surrounding media. However, the
photoinduced charges in bare TiO; particles have a very short lifetime because of the
quick charge recombination. Therefore, for effective photocatalytic process, it is
important to prevent hole-electron recombination before designated chemical reaction

occurs on the TiO; surface (Popielarski 1998).

Heterogeneous photocatalysis has been used to decompose various pollutants
(Herrmann 1999). The process can be carried out in various medias, i.e. gas, organic
liquid or aqueous solution. Titania is one of the most of frequently used
semiconductor catalysts. Nevertheless anatase is the only crystalline form of titania
that has effective photocatalytic activity. The photocatalytic reaction on anatase TiO;
has attracted attention for application in decomposition and elimination of various
organic pollutant in air and water (Inagaki 2004). Photocatalysis based on TiO, are
promising for water decontamination (Macounova 2003). Many organic substances
have been mineralized to CO,, H,O and corresponding mineral acids using TiO,
under irradiation (Fox 1993). As mentioned earlier the processes of photocatalytic
degradation are induced by absorption of photons by titania particles, which
consequently results in the photogeneration of separated charge carriers, i.e. electrons
and holes. The positive holes can be trapped by surface hydroxyl groups forming
highly reactive hydroxyl radicals. These highly oxidizing species react rapidly with
almost every organic molecule and thus initiate its oxidative decomposition. The

electrons are typically transferred to dioxygen yielding superoxide radical anion

(¢O,). The dissolved dioxygen is an essential reaction component of the
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photocatalysis, which also participates further in steps of degradation. It can
repeatedly react with organic radicals originated from the primary OH" attacks leading
to peroxyl radicals of various structures. There are two typical ways of these
transformations: an elimination of hydroperoxyl radical («OOH) and a bimolecular
recombination of two peroxyl radicals. In the latter case, the initially formed
tetraoxides represent unstable intermediates that usually decompose producing two
oxygen-containing compounds. The repetition of these processes leads to gradual
oxidation of the original organic compound, to get CO,, which is a substance with the

highest oxidation level of carbon, as product.

The detailed mechanism of photocatalytic degradation of aqueous organic
compound on anatase titania can be expressed by a series of advanced oxidation

process (AOP) as following (Houas 2001).

1) Absorption of efficient photons (hv> Eg = 3.2 eV) by titania

(TiOy) +hv — ez, + hig (2.1)

2) Oxygen ionosorption (first step of oxygen reduction)

(O2)ass + € — O (2.2)

3) Neutralization of OH™ groups by photoexcited holes

(H2O < H" +OH)ggs + hyy — H™ + OH° (2.3)

4) Neutralization of O," by protons

0" + H' — HO (2.4)
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5) Transient hydrogen peroxide formation

2 HOz. — HO, + O (25)

6) Decomposition of H,O, and second reduction of oxygen

H,0, + € — OH"+OH (2.6)

7) Oxidation of the organic reactant via successive attack by OH®
radical

R+ OH' — R" + H,0 (2.7)

8) Direct oxidation by reaction with holes

R + h® — R"™ — degradation products (2.8)

It has been generally accepted that nanometer-sized particles have different
physical and chemical properties from bulk materials. When used as catalysts, their
catalytic activity is expected to be enhanced not only because of their increased
surface area, but also because of the change of surface properties such as surface
defects. For the photocatalysis on titania, it has been reported that photocatalytic
activity is increased with the decrease in titania particle 'size into nanometer scale
because of the short interface migration distance for photoinduced hole and electron

(Sato 1996; Uchida 1997; Xu 1999).
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2.4. Phenylurea Herbicides

In the present day, tropical countries of the world still use herbicide in
agriculture. It is the cause of many problems about toxic contamination in
environment. Phenylurea herbicide is one group of herbicide which has been widely
used throughout the world to eliminate general weed for various crops such as citrus,
asparagus and bush fruit (Pena 2002). Phenylurea herbicide functions as
photosynthesis inhibitor. However, only less than 1% of total applied herbicide
reaches the target plant. The vast majority being dispersed ends up contaminating
land, air and mainly water. Examples of herbicide in this group are diuron,
isoproturon, linuron, monuron and fenuron. In this work, diuron, isoproturon and
linuron are selected as representatives for an investigation of phenylurea degradation

by photocatalytic reaction.

2.4.1 Diuron

Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea) or N"-(3,4-
dichlorophenyl)-N,N-dimethyl urea] is one of the most commonly used herbicide for
more than 40 years. 1t is largely used for selective control of germinating grass and
broad-leaved weed in many crops. It is also used for total weed control in non-
cultivated area (Tomlin 2000). It has been shown to inhibit plant photosynthesis by
blocking light reaction (Cawse 1980). Diuron is bio-recalcitrant and chemically stable
with half-life in soil over 300 days. Since diuron is slightly soluble (solubility of 36.4
mg/l at 25 °C), it can slowly penetrate through soil and contaminate underground

water (Macounova 2003). Physical properties of diuron are shown in Table 2.3.
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Table 2.3 Physicochemical properties of diuron.

Chemical structure

Molecular formula
Molecular weight

Melting point
Vapor pressure

Appearance

Synonyms

Solubility

Toxicity

Half-life

Cl

O—0O

CHa
Cl N N

CsH10CIN,0O

233.10

158 — 159°C

0.0041 Pa at 30°C

White crystalline solid

Cekiuron, Crisuron, Dailon, Diater Di-on, Derex4l,
Diurex, Diurol Dynex, etc.

42 ppm in water at 25°C

The concentrated material may cause irritation to the eyes
and mucous membrane, but a 50% water paste was not
irritating to the intact skin of mammal

Over 300 days in soil

(Malato 2003) studied the technical feasibility, mechanisms, and performance

of the degradation of aqueous diuron in pilot scale, using two well-defined

photocatalytic  systems,

i.e. heterogeneous photocatalysis with titania and

homogeneous photocatalysis by photo-fenton. Equivalent pilot scale and field
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conditions used for both techniques allowed adequate comparison for degree of
mineralization and toxicity achieved as well as the transformation products generated
en route to mineralization by both systems. Total disappearance of diuron was
attained by both phototreatments in 45 min, where 100 % of chlorine was recovered
as chloride, but total recovery of nitrogen as inorganic ions was not attained. About
90% of mineralization was reached after 200 min of photocatalytic treatment.
Transformation products evaluated by LC-IT-MS by direct injection of the samples
were the same in both cases. The main differences between the two processes were in

the amount of transformation product generated.

(Konstantinou 2003) studied the reaction pathway of TiO, photocatalysis of
many phenylurea herbicides such as diuron. The reaction pathways are hydroxylation,
oxidation and decarboxylation that can result in given the transformation products as
hydroxyl-phenylurea, phenyl-hydroxyurea and aniline derivatives, respectively.
Because the solubility of diuron in water at ambient temperature is very low and many
analytical technique was not suitable for detecting such weak concentration, the
photocatalyzed mineralization of diuron was carried out in organic (CH3CN) and in
semi-aqueous (CH3CN-H,0O) media (Bouquet-Somrani 2000). The experiments
showed that diuron degradation was faster in CH3CN than CH3CN-H,0. After about 8
h of irradiation-in-acetronitrile, the disappearance of diuron was complete, whereas in

acetronitrile-water, it was not totally achieved even after 48 h.

(Madani 2006) studied the practical elimination of diuron from water by
photocatalysis using two commercial titania photocatalysts (Degussa P25 (50 m?/g))

and Millennium PC500 (340 m?/g). These two catalysts were compared as suspension
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in slurry reactor. Their activities were determined, based on the rate of diuron
disappearance. In particular, comparison was made on their initial activities, which
was independent of the influence of intermediates formed. Under identical conditions,
Degussa P25 appeared to be substantially more active than Millennium PC500. The
equilibrium was reached within less than 30 min in both cases. It was observed that
diuron was fully degraded in less than 45 min by titania Degussa P25, whereas, with
titania PC500, ca. 7% of diuron remained after 106 min of irradiation. In case of the
P25/PC500 mixture, an irradiation time of 60 min was sufficient to degrade 100% of

diuron existing in solution.

(Macounova 2003) studied the Kinetic of photocatalytic degradation of diuron
in aqueous colloidal solution of Q-TiO, nanoparticles by applying a model of parallel
consecutive reactions in the first-order. The mechanism was compared with the
reaction pathways of electrochemically assisted photoprocesses on illuminated TiO,
layers, polarized by external voltage, in various solvents. While a reductive
dechlorination on benzene ring of diuron represenied the major pathway in
acetonitrile, a consecutive oxidative demethylation on the aliphatic side chain was

mainly observed in water.

2:4.2 Linuron

Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-methyl urea or N"-(3,4-
dichlorophenyl) N"-methoxy- N"-methyl urea] is a selective herbicide belonging to
the phenylurea group with pre- and post-emergence activity. It is widely used in
different types of cultivation. Linuron tends to be strongly absorbed by soil and

therefore its mobility is low (Sanchez-Martin 1996). Linuron is used to control weed
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in many vegetations including potatoes, peas, carrot, bean, wheat, celery, parsnip and

parsley. Its properties are shown in Table 2.4.

Table 2.4 Physicochemical properties of linuron.

Chemical structure

Molecular formula
Molecular weight
Melting point
Vapor pressure
Appearance
Synonyms
Solubility

Toxicity

Half-life

Cl

Cl

CoH10CI2N20:

249.17

85 -94°C

0.0020 Pa at 24°C

White crystalline solid

Afalon, Lorox, Linex, Linurex, Markmanl, Rotalin, etc.
75 ppm in water at 25°C

Excessive exposure to Linuron may affect the blood, and
may cause cancer, vary to aquatic organism and likely to
be harmful to other wildlife, low toxicity herbicide

3-4 months in most soils

(Katsumata 2005) studied the photodegradation of linuron, which was carried

out in the presence of Fenton reagent. The degradation rate was strongly influenced
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by the pH and initial concentrations of H,O, and Fe(ll). An initial linuron
concentration of 10 mg/L was completely degraded after 20 min under the optimum
conditions. The decrease of TOC as a result of mineralization of linuron was observed
during the photo-Fenton process. The degree of linuron mineralization was about 90%
under UV irradiation after 25 h. The formations of chloride, nitrate and ammonium
ions as end-products were observed during the photocatalytic system. The
decomposition of linuron gave eight kinds of intermediate products. The first step of
decomposition pathway of linuron was initiated by the attack on the aromatic ring by
OHe radicals without dechlorination or alkyl chains. The next step involved a series of
oxidation processes that eliminated alkyl groups and chlorine atoms. The last step
involved oxidative opening of the aromatic ring, leading to small organic ions and
inorganic species. The degradation mechanism of linuron was proposed based on the

evidence of the identified intermediates.

2.4.3 Isoproturon

Isoproturon  [3-(4-isopropylphenyl)-1,1-dimethylurea or 3-p-cumenyl-1,1-
dimethylurea] is a selective herbicide acting by inhibition of photosynthesis (Tomlin
1994). It has been used for pre-and post-emergence control of annual grass, wild oats,
annual meadow grass and many broad leaf weeds, etc. Isoproturon can be mobile in
soil and has been detected in both surface water and ground water. In water, its half-

life is about 30 days. Its properties are shown in Table 2.5.
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Table 2.5 Physicochemical properties of isoproturon

H,C
CH
_ H,C Q
Chemical structure ||
c CH3
N N N/
/
H CH,
Molecular formula C12H1sN20
Molecular weight 206.29
Melting point 155 - 156°C
Vapor pressure 0.003 mPa at 20°C
Appearance White crystalline solid
Solubility 72 ppm in water at 20°C
Toxicity Low toxic, acute oral to mouse is over 10000 mg/kg
Half-life time 30 days in water , 6.5 to 30 days in soil

(Farre  2005) studied Photo-Fenton/ozone  (PhFO) and  TiO,-
photocatalysis/ozone (PhCO) coupled systems using as advanced oxidation processes
for the degradation of biorecalcitrant pesticides, such as alachlor, atrazine,
chlorfenvinfos, ‘diuron, isoproturon and pentachlorophenol. - The degradation process
of the different pesticides that occurred through oxidation of the organic molecules by
means of their reaction with generated OH radical followed a first and zero-order
kinetics, when PhFO and PhCO were applied, respectively. These two advanced
oxidation processes, together with the traditional ozone +UV, have been used to

investigate TOC reduction of the different pesticide aqueous solutions. Best results of
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pesticide mineralization are obtained when PhFO is applied. With the use of this
advanced oxidation process the aqueous pesticide solutions became detoxified except
in the case of atrazine and alachlor aqueous solutions, for which no detoxification was
achieved at the experimental conditions, at least after 2 and 3 h of treatment,
respectively. The reaction constants in the first order kinetics for degradation of

isoproturon, i.e. Kppro and Kpnco are 6.2 and 6.0, respectively.

(Parra 2002) studied the degradation of metobromuron, isoproturon,
chlortoluron, and chlorbromuron in heterogeneous photocatalytic solution via TiO,.
The influence of parameters such as TiO, and herbicide concentration was
investigated and the optimal conditions for the abatement of the herbicides were
found. The primary degradation of the herbicides was measured by HPLC analysis. A
systematic study of their photodegradation was conducted to assess structure—
photoreactivity relationship. Correlation analysis showed that photoreactivity was
associated with the molecular dipolar moment, which depended on the differences in
electronegativity of the substituents in the aromatic ring of each herbicide. The effect
of the molecular charge distribution encoded in the dipolar moment was confirmed by
the calculation of electrostatic potential contour maps. It was also found that
photoreactivity was inversed to the adsorption capability of these compounds on TiOs.
Indeed, as ‘confirmed in-this study, the extent of adsorption was not necessarily
decisive in the evolution of the photochemical process and the photocatalytic
reactions could occur independently of the degree of adsorption of the herbicides on

TiO,.
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(Haque 2003) studied heterogeneous photocatalysed degradation of a
herbicide derivative, N-(4-isopropylphenyl)-N’,N’-dimethylurea or isoproturon in
aqueous suspension of titania by monitoring the change in absorption intensity and
depletion in Total Organic Carbon content as a function of irradiation time. The
degradation kinetics was studied under different conditions such as pH, catalyst
concentration, substrate concentration, and different types of TiO, and in the presence
of electron acceptors such as hydrogen peroxide (H,0,), potassium bromate (KBrOz)
and  potassium  persulphate  (K;S;Og).  The  degradation rate  was
found to be strongly influenced by all of the above parameters. The photocatalyst
Degussa P25 was found to be more efficient, comparing to other photocatalysts. An
attempt was made to identify the degradation product through GC-MS analysis

technique.
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EXPERIMENTAL

3.1 Preparation of Titania

3.1.1 Chemicals

1. Titanium (V) n-butoxide (TNB, Ti[O(CH2)3sCHzs]4), 97% available
from Aldrich

2. 1,4-butanediol (1,4-BG, (HO(CH);OH), 99% available from
Aldrich

3. Toluene (CgHsCHz3), 100% available from Finechem

4. Paraffin liquid (Mineral oil), 100% available from Finechem

5. Methanol

6. Acetone

3.1.2 Equipments

The equipment for the synthesis of titania consisted mainly of a 300 cm®

autoclave reactor, as shown in Figure 3.1. The autoclave was connected to a heater

and a temperature readout as shown in Schematic diagram in Figure 3.2
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Figure 3.2 Diagram of the reaction equipment for synthesis of titania
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3.1.3 Preparation procedures

Titania was synthesized by using titanium (IV) n-butoxide (TNB) as starting
material. About 15 g of TNB was suspended in 100 ml of solvent in a test tube. The
test tube was then placed in another test tube, which contained 30 ml of the same
solvent. Therefore, the gap between two test tubes was filled the solvent. The test
tubes then placed in the autoclave. The autoclave was purged completely by nitrogen
before heating up to desired temperature (270°C or 300°C) at the rate of 2.5°C/min.
Autogeneous pressure during the reaction gradually increased as temperature was
raised. The system was held at the desired temperature for 2 hours before cooling
down to room temperature. The resulting powders in the test tube were repeatedly

washed with methanol by centrifugation. They were then dried in air.

The calcination of the thus-obtained product was carried out in the box
furnace. The product was heated at rate of 10°C/min to desired temperature (400°C —

600°C) and held at that temperature for 2 hours.

3.1.4 Characterizations of titania

3.1.4.1 X-ray diffraction (XRD)

The XRD analysis of powder was performed by Siemens D5000 X-ray

diffractometer at the Center of Excellence on Catalysis and Catalytic Reaction

Engineering, Chulalongkorn University. The measurements were carried out by using

Ni-filtered CuKa radiation. The crystallite size was estimated from line broadening
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according to the Scherrer equation (see Appendix A), using oa-Al,Os

as standard.

3.1.4.2 Scanning electron microscopy (SEM)

Morphology and size of secondary particles of the samples were observed by
Scanning electron microscope (SEM), JEOL JSM-5410LV at the Scientific and

Technological Research Equipment Center, Chulalongkorn University (STREC).

3.1.4.3 Surface area measurement

The BET surface area of the samples was measured by a Pulse Chemisorption
System: Micrometrics Chemisorp 2750 at the Center of Excellence on Catalysis and
Catalytic Reaction Engineering, Chulalongkorn University. Using nitrogen as the

adsorbate. The operating conditions are as follows:

Sample weight ~0.3¢g
Degas temperature - 200°C

Vacuum pressure <10 mmHg

3.1.4.4 Transmission electron microscopy (TEM)

Morphology and size of primary particles of the samples were observed by

Transmission electron microscopy (TEM) model JEM-100SX at the Scientific and

Technological Research Equipment Center, Chulalongkorn University (STREC).



29

3.2 Photocatalytic Degradation of Phenylurea Herbicides

3.2.1 Herbicides

1. Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea or N"-(3,4-
dichlorophenyl)-N,N-dimethyl urea), 98% available from Sigma

2. Linuron (3-(3,4-dichlorophenyl)-1-methoxy-1-methyl urea or N’-
(3,4-dichlorophenyl)N"-methoxy- N“-methyl urea), 99% available from Chem
Service

3. Isoproturon (3-(4-isopropylphenyl)-1,1-dimethylurea or 3-p-

cumenyl-1,1-dimethylurea), 99% available from Chem Service

3.2.2 Experimental procedures

Photocatalytic degradation of phenylurea herbicides, i.e. diuron, isoproturon
and linuron, in aqueous solution was employed to investigate the photocatalytic
activity of the synthesized titania. The initial concentrations of herbicides used were
1, 5and 10 ppm, respectively. The solution was mixed with titania in the ratio of 1 mg
titania to 10 mg of solution and kept in the dark for at least 15 minutes to allow the
complete adsorption of herbicide on the surface of titania. The photocatalytic reaction
was initiated by exposing test tubes to light from UV lamps (Phillips Cleo 15 W). The

diagram of the equipment setup for photocatalytic reaction is shown in Figure 3.3.
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Figure 3.3 Diagram of the equipment setup for photocatalytic reaction.

The herbicide degradation was periodically monitored by using reverse phase
liquid chromatography system, with UV detector (HPLC-UV, Agilent Technologies,
series 1100) and C-18 column (ZORBAX Eclipse XDS-C18 PrepHT, 7um particle
size, 21.5x250 - mm). The solution-of 70% acetronitrile-29.5% water-0.5% phosphoric
acid was used as mobile phase (flow rate 20 ml/min). The sample injection volume

was 5 ml.

Intermediate products from the photocatalytic reaction of herbicides were

fractionated from the HPLC system and identified by gas chromatography-mass
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spectroscopy (GC-MS) system. The MS system was an Agilent G2589A series
(Agilent Technologies) quadrupole mass spectroscopy equipped with an electron
ionization (EI) source. The instrument was operated in the positive ionization mode.
The operating conditions for El were as followed: methane and helium gas were used
at pressure of 414 KPa; drying gas flow of 10.0 I/min; capillary voltage of 4000 V and

gas temperature of 350°C.



CHAPTER IV

RESULTS AND DISCUSSION

The photocatalytic reaction on titania can be applied to degrade many organic
compounds. Many literatures have investigated such degradation. In this study,
anatase titania was prepared by thermal decomposition method in various organic
solvents. Physical properties of the synthesized titania were investigated by many
techniques. Chemical properties were also Investigated by photocatalytic

decomposition reaction of organic compounds.

4.1 Titania Synthesis

Titania was synthesized by thermal decomposition in many organic solvents
i.e. 1,4-butanediol, mineral oil and toluene, at temperature of 270 and 300°C.
Characterization techniques such as XRD, SEM, TEM and BET were used to observe

physical properties of as-synthesized titania as well as calcined titania.

4.1.1 Synthesis in 1,4-butanediol

Thermal decomposition of alkoxides in glycol is usually referred to as
glycothermal reaction. In the glycothermal reaction of titanium (IV) n-butoxide
(TNB), TNB is easily converted to glycoxide. Then, thermal decomposition of the

glycoxide molecule occurs by intermolecular interaction from the remaining hydroxyl
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group of glycol moiety, which subsequently forms =Ti-O- anion. The nucleophilic
attraction among these ions results in crystallization of titanium (V) oxide (Payakgul
2002). Mechanism of the glycothermal reaction of TNB in 1,4-butanediol can be

presented in Figure 4.1

T R
-—JF%}—?—?—$—CH3+ HO—?—$——$——?—OH
H H H H H H H

‘. s \H;
E— TI—O—ﬁ—CfHZ + Hydroxyl group of glycol moiety

‘ o / ‘CH,
SN
o

H>
Titanium glycoxide

—Ti—0O + Organic moiety

|

Crystallization-——— Anatase structure

Figure 4.1 Mechanism of the glycothermal reaction for anatase formation (Payakgul

2002).

Titania synthesis was conducted in an autoclave at 270°C and 300°C. The
XRD patterns of the as-synthesized products (Figure 4.2) confirmed that titania are

formed in anatase phase without contamination from other crystalline phases. It has
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been reported that, for titania synthesis in 1,4-butanediol, anatase crystals are from by
crystallization when the temperature in the autoclave reaches 250°C (Payakgul 2005).
XRD analysis also showed that the calcined titania was still in anatase phase, which
proved that anatase titania synthesized by this method is thermally stable. The
crystallite sizes of the as-synthesized and calcined products calculated from the
Scherrer equation were shown in Table 4.1. The as-synthesized titania at both 270 and
300°C has same crystallite size of 6 nm. After calcinations at high temperature, i.e.
400, 500, and 600°C, the crystallite size of titania was increased with increasing
calcination temperature, due to crystal growth. SEM micrographs in Figure 4.3 and
4.4 revealed that titania crystals agglomerated into micrometer-sized secondary
particles. It was also found that the secondary particles formed at 300°C was larger
than that synthesized at 270°C. TEM micrographs of the as-synthesized and the
calcined products (Figure 4.5) confirmed that the synthesized products were a

collection of nanosized single crystal titania.

The BET surface areas of titania measured by nitrogen absorption (Sget) are

also shown in Table 4.1. The BET surface area of the products remained roughly
unchanged, even after calcinations at 500°C. However, the surface area was notably
decreased after the products were calcined at 600°C, due to the sintering of the
agglomerated primary particles. It should also be note that the change in the BET
surface area of titania synthesized at 270°C was more significant than that synthesized
at 300°C. This suggested that nanocrystalline anatase titania formation was not
completed at the synthesis temperature of 270°C, even though it has been reported
that anatase crystals are formed by crystallization in 1,4-butanediol when the

temperature reached about 250°C (Payakgul 2005).
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Figure 4.2 XRD patterns of titania synthesized in1,4-butanediol at: (a) 270°C and (b)

300°C.



Table 4.1 Crystallite size and surface area of titania synthesized in 1,4-butanediol.
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Crystallite size®,

Seer (M*g)  Sxro (M7/9)°  Sger/Sxro
d (hm)
Synthesized at 270°C
As-synthesized 6.41 94 240 0.4
400°C calcination 5.86 104 263 0.4
500°C calcination 6.40 90 241 0.4
600°C calcination 9.73 36 158 0.2
Synthesized at 300°C
As-synthesized 5.90 65 261 0.2
400°C calcination 7.06 68 218 0.3
500°C calcination 8.09 62 190 0.3
600°C calcination 797 57 193 0.3

& Crystallite size calculated from XRD peak broadening
® Specific surface area calculated from Sxgp = 6/dp under assumption that the crystal is spherical and
the density of anatase titania is 3.9 g cm™

Considering Sget/Sxrp Values, which compared the BET surface area with the

surface area calculated from crystallite size (Sxrp) by assuming that the particles were

spherical and nonporous, it was found that the value for the obtained titania was

significantly lower than one. It was therefore suggested that the primary particles

were heavily agglomerated. It was shown in SEM micrographs (Figure 4.3 and 4.4)

and TEM micrographs (Figure 4.5) that the synthesized powder was an irregular

aggregate of nanometer particles. The agglomeration of the precipitates has been

reported to be influenced by dielectric constant of reaction medium (Park 1997). The
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lower the dielectric constant, the higher the degree of agglomeration. However, the
dielectric constant of 1, 4-butanediol is quite high (¢ = 32) so that the repulsive force
between anatase particles formed in this reaction medium should be more pronounced
than the attraction force and the resulting product should have low degree of
agglomeration. This is in contrast with the observed results. Therefore, it is suggested
that the formation of titania in 1,4-butanediol may note be a sole result of the
crystallization process as reported earlier. Nevertheless, the electron diffraction
pattern shown in Figure 4.6(b) still suggested that the as-synthesized primary particles
were titania crystals with high crystalinity. The crystalinity was increased after

calcinations (Figure 4.5(d)).
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Figure 4.3 SEM micrographs of titania synthesized in 1,4-butanediol at 270°C: (a) as-

synthesized, (b) calcined at 400°C, (c) calcined at'500°C, (d) calcined at 600°C.
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Figure 4.4 SEM micrographs of titania synthesized in 1,4-butanediol at 300°C: (a) as-

synthesized, (b) calcined at 400°C, (c) calcined at-500°C, (d) calcined at 600°C.
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Figure 4.5 TEM micrographs and SAED patterns of titania synthesized in 1,4-

butanediol at 300°C: (a)-(b) as-synthesized, (c)-(d) calcined at 500°C.
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4.1.2 Synthesis in toluene

It has been reported that, at relatively high temperature, thermal
decomposition of TNB in toluene could occur, yielding a =Ti-O anion. The
nucleophilic attraction among titanate ions initiated the crystallization to form titania
in anatase phase (Payakgul 2002). The mechanism of TNB decomposition in toluene

can be depicted as shown in Figure 4.6.

| . Toluene |_ ) ]
—Ti—O0—CH;—CH>—CH;—CHs ———* —Ti—O" + Organic moiety

| |
Crystallization

|

Anatase structure

Figure 4.6 Mechanism of the reaction in toluene for anatase formation.

XRD patterns of titania products prepared in toluene at 270 and 300°C are
depicted.in Figure 4.7. It is shown that anatase was formed without contamination of
any other phase such as rutile or brookite. XRD patterns also show that after

calcinations up to 600°C remains in anatase phase.

The crystallite size and surface area of as-synthesized and calcined product are

shown in Table 4.2. Titania synthesized in toluene has crystallite size, which was
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calculated from XRD broadening, in the range of 5-6 nm. TEM micrographs of as-
synthesized titania and its calcination products (Figure 4.8) confirmed the sized of
primary crystals, which also showed high crystalinity. The crystallite size was
increased after calcinations due to crystal growth. The agglomeration of titania
products can be clearly seen by SEM micrographs in Figure 4.9 and 4.10. It was
observed that the agglomeration patterns of the products synthesized at 270 and
300°C were different. The titania product prepared at 270°C was an irregular
aggregate of nanometer particles, while titania synthesized at 300°C showed that the
primary particles were highly agglomerated into micron-size spherical particles. High
degree of agglomeration in the products synthesized in toluene was consistent with
the effect of dielectric constant, as discussed in the prior section. Since toluene has
quite low electric constant (¢ = 2.4 at 68°F (Clipper Control 2006)), it was expected
that the anatase particles formed in this reaction medium would have high degree of
agglomeration and form spherical secondary particles. The value of ratio between
Seet and Sxrp also confirmed the degree of agglomeration of the samples. The degree
of ratio from titania prepared in toluene were quite lower than 1, especially after
calcinations. Investigation of the change in BET surface area with an increase
calcination temperature revealed that surface area of titania synthesized at 270°C
decreased more dramatically than titania synthesized at 300°C. It has been reported
that ‘titania synthesized by @ solvothermal process at lower temperatures was
contaminated with amorphous-like hydrated phase attributed to insufficient thermal

energy for dehydration and crystallization (Kominami 1997).
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Figure 4.7 XRD patterns of titania synthesized in toluene at:
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Table 4.2 Crystallite size and surface area of titania synthesized in toluene.

44

Crystallite size®,

Seer (M*g)  Sxro (M%9)®  Seer/Sxro
d (hm)
Synthesized at 270°C
As-synthesized 5.17 152 297 0.5
400°C calcination 5.36 137 287 0.5
500°C calcination 6.16 69 250 0.3
600°C calcination 9.37 31 164 0.2
Synthesized at 300°C
As-synthesized 5.88 95 262 0.4
400°C calcination 6.57 87 234 0.4
500°C calcination 9.73 62 158 0.4
600°C calcination 1571 20 98 0.2

& Crystallite size calculated from XRD peak broadening

® Specific surface area calculated from Sxgp = 6/dp under assumption that the crystal is spherical and

the density of anatase titania is 3.9 g cm™
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Figure 4.8 TEM micrographs and SAED patterns of titania synthesized in toluene at

300°C: (a)-(b) as-synthesized, (c)-(d) calcined at 500°C.
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Figure 4.9 SEM micrographs of titania synthesized in toluene at 270°C: (a) as-

synthesized, (b) calcined at-400°C, (c) calcined at 500°C, (d) calcined at 600°C.



(a) (b)

Figure 4.10 SEM micrographs -of titania synthesized in toluene at 300°C: (a) as-

synthesized, (b) calcined at 400°C, (c) calcined at 500°C, (d) calcined at 600°C.
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4.1.3 Synthesis in mineral oil

Anatase titania was synthesized at 270 and 300°C in mineral oil. Figure 4.11
shows XRD patterns confirming that the products from the decomposition of TNB in
mineral oil at temperature of 270 and 300°C in autoclave contained no other

crystalline phase.

The calcined products of titania synthesized at both temperatures were also
anatase phase without contamination from other phases. The crystallite size and
surface area of as-synthesized and calcined products are shown in Table 4.3. The
crystallite size of the as-prepared titania calculated from XRD broadening was in the
range of 6-7 nm, regardless of the synthesis temperature. TEM micrographs clearly
showed agglomeration of primary crystals with crystallite size in the same range as
the calculated values. Nevertheless, the SAED patterns (Figure 4.12) suggested that
the products had lower crystalinity, comparing to those synthesized in 1,4-butanediol
or toluene. It was suggested that the products were contaminated with amorphous

phase. The crystalinity of titania was improved after heat treatment.

The agglomeration- of titania products-are shown by SEM micrographs in
Figure 4.13 and 4.14. It was indicated that the primary particles were heavily
agglomerated, especially in products synthesized at 300°C, in which the secondary
particles was formed as micron-sized spherical particles. The ratio between Sger and
Sxrp, I.€. the degree of agglomeration, reported in Table 4.3 also indicated that
primary particles in the spherical secondary particles were highly packed, since the

value of Sger/Sxrp Was greatly deviated from 1. This behavior can be explained by
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low dielectric constant of mineral oil (¢ = 2.1 at 80 °F (Clipper Control 2006)), as

previously observed from titania synthesized in toluene.

According to Table 4.3, the crystallite size of titania products were increased
with an increase in calcination temperature, due to crystal growth. Morever, the BET
surface area was notably decreased upon the calcination at high temperature because
sintering of agglomerated primary particles that increased by increasing temperature.
The decrease in BET surface area of titania synthesized at 270°C was more drastic

than that prepared at 300°C. This maybe the result from the contaminated amorphous

phase, which was more abundant in the product synthesized at 270°C.
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Figure 4.11 XRD patterns of titania synthesized in mineral oil at: (a) 270°C and (b)

300°C.
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Table 4.3 Crystalline size and surface area of titania synthesized in mineral oil.

Crystallite size?,

Seer (MYg) S xro (M79)°  Seer/Sxro
d (nm)
Synthesized in 270°C
As-synthesized 6.66 96 231 0.4
400°C calcination 5.55 89 280 0.3
500°C calcination 6.53 32 236 0.1
600°C calcination 9.23 9 167 0.1
Synthesized in 300°C
As-synthesized 6.15 96 250 0.4
400°C calcination 6.98 92 233 0.4
500°C calcination 8.57 68 180 0.4
600°C calcination 14.60 28 105 0.3

& Crystallite size calculated from XRD peak broadening
® Specific surface area calculated from Sxgp = 6/dp under assumption that the crystal is spherical and
the density of anatase titania is 3.9 g cm™
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Figure 4.12 TEM micrographs and SAED patterns of titania synthesized in mineral

oil at 300°C: (a)-(b) as-synthesized, (c)-(d) calcined at 500°C.



Figure 4.13 SEM micrographs of titania synthesized in mineral oil at 270°C: (a) as-

synthesized, (b) calcined at 400°C, (c) calcined at'500°C, (d) calcined at 600°C.
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Figure 4.14 SEM micrographs of titania synthesized in mineral oil at 300°C: (a) as-

synthesized, (b) calcined at 400°C, (c) calcined at'500°C, (d) calcined at 600°C.
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Physical properties of titania synthesized in mineral oil were similar to titania
synthesized in toluene, especially the agglomeration behavior of the product. It can be
suggested that formation reaction of titania in mineral oil was similar to in that in
toluene. It started from the thermal decomposition of TNB in mineral oil, yielding a
=Ti-O" anion. The nucleophilic attraction among titanate ions initiated the
crystallization to form titania in anatase phase. The mechanism of TNB in mineral oil

can be suggested as shown in Figure 4.15

| Mineral ol |
—Ti—O0—CH;—CH,—CH;—CHj > _Ti—O + Organic moiety

| |
Crystallization

|

Anatase structure

Figure 4.15 Mechanism of reaction in mineral oil for the titania product.
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4.2 Photocatalytic Degradation of Phenyluea Herbicides

Titania synthesized via thermal decomposition if TNB in various organic
solvents was also investigated for chemical properties, namely catalytic activity.
Anatase is the most efficient phase of titania as a photocatalyst because its structure
permits low electron-hole recombination rate (Tsai 1997). Catalytic activity for
photodegradation of phenylurea herbicides, i.e. diuron, isoproturon and linuron, of the

synthesized titania was investigated in this work.

4.2.1 Preliminary studies

4.2.1.1 Verification for effect of tube position in the system

There are many parameters that can effect the rate of photodegradation, such
as light intensity, wave length of the incident light, initial concentration of organic
compounds, pH and amount of titania employed. In this work, according to the
experimental setup shown in Figure 3.3, location of test tubes placed in system may
also affects the extent of the reaction. This was verified by testing the photodegradtion
of methylene blue (MB) in 28 test tubes located at different positions in the system.
Titania employed was synthesized in 1,4-butanediol at 300°C-and calcined at 500°C.
The results of MB disappearance after 4 h of reaction are shown in Figure 4.16. It was
confirmed that conversions achieved from all test tubes were not significantly
different. The % error of all data is 8.50% of the mean value and the standard
deviation of data is 0.135. Nevertheless, it was noted that the conversions achieved

from the middle row (row 2) were lower than those from row 1 and 3. Therefore,
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during the actual experiment, rearrangement of test tubes was made after the test tubes
in the outer rows had been removed for analysis. No test tube was in the middle row
after about 1 h of the operation. According to the result that no significant difference
in conversion was observed from different location in the system even after long
period of reaction time, together with the fact that all test tubes were relocated so that
no test tube was stayed in the middle row after relatively short period of operation, it
could be assumed that there was no effect from the location in the system in this

study.

T
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Figure 4.16 The effects of positions of test tubes in the photocatalytic experimental
system to verified by methylene blue solution disappearance after 4 hours of UV

irradiation.
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4.2.1.2 Photocatalytic degradation of methylene blue

The photooxidation of methylene blue (MB) aqueous solution under solar
irradiation was employed to preliminarily investigate the photocatalytic activity of
synthesized titania. Table 4.4 summarizes physical properties of synthesized titania
used for all photocatalytic experiments. Figure 4.17 illustrates the effects of the
reaction medium used for titania synthesis on the photocatalytic activity of titania. It
was found that the disappearance of MB, using various synthesized titania as catalyst,
followed the pseudo-first-order Kinetics. The transformed first order plots are given in
Figure 4.18. The rate constant for each catalyst, obtained from slope of the graph in
Figure 4.18, is shown in Table 4.5. The results were compared with that of the
Japanese Reference Catalyst titania (JRC-TIO-1). It is shown that all titania
synthesized in this work exhibited higher photocatalytic activity than the JRC-TIO-1.
Moreover, it is also shown that titania, which has experienced the calcination, exhibits
higher activity than the as-synthesized catalyst. This result can be explained by an
increase in crystallinity of titania after heat treatment at high temperature (Ohtani

1997).

Nevertheless, it is evident that type of the solvent employed as the medium for
the thermal decomposition of TNB also affects the photocatalytic activity of the
obtained titania. The activity of titania synthesized in the organic solvent investigated
is found to be in the following order: 1,4-butanediol > toluene > mineral oil. This
difference in the activity might be the result from two possible causes, i.e. degree of
agglomeration and crystallinity of crystal formed, since titania synthesized in all

reaction mediums are in the same crystalline phase with relatively same crystallite
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size. Moreover, all parameters for the photodegradation experiment have been

controlled.

Table 4.4 Physical properties of all titania samples used in photodegradation

experiments.

Titania synthesized ~ Crystallite size® d

S et (M?/g) Sxro (M?/9)"  Sger/Sxro

conditions (nm)
Synthesized at 270°C and calcined at 500°C
in 1,4-butanediol 6.40 90 240 0.4
in toluene 6.16 69 250 0.3
in mineral oil 6.53 32 236 0.1
Synthesized at 300°C and calcined at 500°C

in 1,4 butanediol 8.09 62 190 0.3

in toluene 9.73 62 158 0.4

in mineral oil 8.57 68 180 0.4
Synthesized in 1,4-butanediol at 300°C
as-synthesized 5.90 65 261 0.2
calcined at 400°C 7.06 68 218 0.3
calcined at 500°C 8.09 62 190 0.3
calcined at 600°C 7.97 57 193 0.3
Reference titania 8.82 53 174 0.3

& Crystallite size calculated from XRD peak broadening

® Specific surface area calculated from Sygp = 6/dp under assumption that the crystal is spherical and

the density of anatase titania is 3.9 g cm™
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Figure 4.17 Disappearance of MB by photooxidation in solar light source using (a)
as-synthesized titania, (b) titania calcined at 500°C: () titania synthesized in 1,4-BG,
() titania synthesized in toluene, (O0) titania synthesized in mineral oil, (x) reference

titania JRC-TIO-1, (0 ) no titania used.
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Figure 4.18 Pseudo-first-order transforms for the disappearance of MB by
photooxidation using (a) as-synthesized titania, (b) titania calcined at 500°C: (-#-)
synthesized in 1,4-butanediol, (—A--)synthesized in toluene, (-=2- ) synthesized in

mineral oil, (->¢ ) reference catalyst JRC-TIO-1, (—&--) no titania used.
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Table 4.5 Rate constants of the photocatalytic degradation of MB using titania

synthesized in various solvents.

Titania preparation Kapp

Solvent used Condition (min™)
1,4-butandiol as-synthesized 7.53x10°
calcined at 500°C 1.28x10
toluene as-synthesized 7.26x10°
calcined at 500°C 9.82x10°
mineral oil as-synthesized 6.34x10°
calcined at 500°C 7.95x10°
JRC-TIO-1 5.79x10°
no catalyst used 3.78x10°

For the effect of the agglomeration, it not only decreases the surface area of
the catalyst, but also ‘the" light exposure area, which “is the active area for
photooxidation reaction. Therefore, titania synthesized in mineral oil, which is highly
agglomerated (see Figure 4.14c and Figure 4.4c), is expected to have lower activity

than more dispersed titania such as one synthesized in 1,4-butanediol.

Another factor affecting the activity of titania is the crystallinity of the crystal

formed. It has been report that crystallization mechanism of titania during the thermal
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decomposition of titanium alkoxide depends upon the reaction medium (Payakgul
2005). When 1,4-butanediol is employed as reaction medium, anatase crystals are
formed via direct crystallization, once the temperature in the autoclave reaches
approximately 250°C, which is significantly lower than the synthesizing temperature
in this research. Subsequent heating only results in growth of the crystals. On the
other hand, for the reaction in toluene, anatase titania is formed from the solid state
transformation of amorphous intermediate, which is initially precipitated from the
solution (Payakgul 2005). The difference in the formation mechanism of titania
reflects the difference in crystallinity of obtained particles. Therefore, its affects the
photocatalytic activity, since it has been accepted that the decrease in crystal defects
generally improves the photocatalytic activity of titania (Anpo 1987; Gopidas,
Bohorquez et al. 1990; Yin, Inoue et al. 1998). The photocatalytic results are in the
good agreement with the results from titania characterization that titania synthesized
in 1,4-butanediol has higher crystallinity than those synthesized in toluene and

mineral oil.

4.2.2 Photocatalytic degradation of diuron

Diuron or 3-(3,4-dichlorophenyl)-1,1-dimethylurea is a herbicide belonging to
phenylurea family. The chemical structure of diuron is quite complex. It consists of a

benzene ring attached by 2 atoms of chlorines and one alkylurea group.

As the preliminary work, the photodegradation of 1 ppm diuron agueous
solution was investigated in a system with continuous flow of air bubbling through

the solution. Titania synthesized in 1,4-butanediol at 300°C and subsequently calcined
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at 500°C was used as photocatalyst. The reference anatase titania (JRC-TI10-1) was
also used for photocatalytic activity comparison. The results in Figure 4.19a confirm
the prior findings from MB decomposition experiments that titania synthesized by
thermal decomposition of TNB in 1,4-butanediol has higher photocatalytic activity
than reference catalyst because of the structure with high crystallinity that prevents
electron-hole recombination. On the contrary, when all oxygen dissolved in the
solution was purged by thoroughly bubbling with nitrogen gas, the conversion of
diuron photodegradation dramatically decreased (Figure 4.19b). Only about 30% of
diuron was degraded within 6 h of the reaction with either the synthesized or the
reference catalyst. This Is in agreement with the generally accepted mechanism of the
photocatalytic reaction that the presence of dissolved oxygen in the solution as an
electron scavenger is required for the course of the reaction (Kormann 1988; Houas
2001; Li 2004). Without electron scavenger, the electron-hole recombination
spontaneously took place on the surface of titania. The enhanced effect from
crystallinity of the synthesized titania is therefore compromised and the progress of
the photocatalytic reactions from both catalysts are roughly the same. However,
regardless of the depletion of dissolved oxygen in the solution, the reaction can
progress slowly. This is expected-to be the results from chlorine radicals produced
from diuron degradation. Several studies-involving photocatalytic decomposition of
chlorinated organic materials have proposed that chlorine radicals may be generated
during  photocatalysis (Nimlos 1993) and these radicals participate in radical chain

reactions (Luo 1996; d'Hennezel 1997; Lewandowski 2003).
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Figure 4.19 Results for photocatalytic degradation of 1 ppm diuron aqueous solution:
(a) in oxygen saturated solution, (b) in nitrogen-purged solution; (<> ) synthesized

titania, (m ) reference titania.
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As mentioned earlier that the efficiency of titania in photocatalytic reaction is
influenced by many factors such as crystallinity of the anatase phase (Fox 1993),
particle size (Xu 1999) and surface area (Xu 1999). Since the synthesized and
reference titania are both anatase with roughly same particle size and surface area, the
main factor accountable for the enhanced activity of the synthesized titania is its
crystallinity. Although there has been no consensus on the detailed mechanism of the
photocatalytic reaction on titania, it is generally agreed that the reaction involves
generation of electron-hole pairs upon illumination of UV light on titania. The
photogenerated holes can be subsequently scavenged by oxidizing species such as
H,O or OH" and result in highly reactive hydroxyl radicals, which are the key for
decomposition of most organic contaminants. Therefore, the separation of the
photogenerated electron-hole pairs is considered to have a predominant role in
photocatalytic reaction. The longer the separation period, the higher the activity.
Crystallinity, including quality and quantity of both bulk and surface crystal defects,
is one factor that affects the electron-hole separation (Tsai 1997). It has been reported
that negligible photocatalytic activity of amorphous titania is attributable to the
facilitated recombination_of photoexcited electrons and holes in the amorphous

structure.

Further investigations on the enhanced activity of the synthesized titania were
conducted by using solar irradiation, which had much higher light intensity than UV
lamps. In this experiment, the concentration of diuron solution was increased to 10
ppm in order to heighten the effect of light intensity. The results in Figure 4.20 reveal
that the activity of both synthesized and reference titania increase when the light

intensity is increased, yet titania synthesized in this work still shows higher activity.
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Figure 4.20 Results for photocatalytic degradation of 10 ppm diuron aqueous solution
using titania synthesized in 1,4-butanediol at 300°C and calcined at 500°C: (---)
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reference titania. (a) the disappearance of diuron, (b) first-order linear transforms.
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More importantly, the enhancement in the activity from the synthesized titania
increases with an increase in light intensity. Although more photo-electron-hole pairs
are generated under higher light intensity, it has been reported that a rate of the
electron-hole recombination increases more progressively than the rate of charge
transfer reaction (Hoffmann 1995). Therefore, titania with high cystallinity, which
prolongs the separation lifetime of the photogenerated electron-hole pairs, would
utilize these greater amount of photoexcited electrons and holes with higher

efficiency. These results in such enhancement reported earlier.

Next, the photodegradation of diuron was studied as a function of initial
concentration of diuron. Three initial concentrations of diuron, i.e. 1, 5 and 10 ppm
were investigated and results are shown in Figure 4.21. The first-order rate constant
(kapp) Of all experiments are also listed in Table 4.6. It can be seen from Figure 4.21(b)
that the degradation rate of diuron in high concentration is only slightly less than that
observed in low concentration. This result confirms that the reaction is pseudo-first-
order in nature and complies with the Langmuir-Hinshelwood kinetic. Nevertheless, it
can be seen from the data in Table 4.6 that the first-order rate constants kap, decreased
with an increasing initial ‘concentration of diuron, which can be related to the faster
consumption of photogenerated hydroxyl radicals by higher concentrated organic
molecules. - Consequently, the photostationary- concentration- of ~hydroxyl radical
decreases. Then, lower concentration of hydroxyl radicals reduces a probability of the
recombination of hydroxyl radicals with electrons trapped on surface of anatase
titania particles (Macounova 2003). The result is contrary to degradation rate of

diuron in Figure 4.20(a).
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Figure 4.21 Results for photocatalytic degradation of diuron aqueous solution various
concentrations of using titania synthesized in 1,4-butannediol at 300°C and calcined
at 500°C: (-~ )1 ppm diuron; (-A--) 5 ppm diuron; (-=-) 10 ppm diuron :(a) the

disappearance of diuron, (b) first-order linear transforms.
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Table 4.6 Rate constant and half-life of the photocatalytic degradation of diuron.

Syn-temp  Calcined- Kapp Half-life, ti
Organic medium Co (ppm)
(°C) temp (°C) (min™) (min)

Degradation using UV lamps irradiation

1. Effect of initial concentration of diuron

1,4-butanediol 300 500 1 3.76x10° 169.9
1,4-butanediol 300 500 5 2.47x10° 259.1
1,4-butanediol 300 500 10 2.84x107° 2455

2. Effect of organic medium in titania synthesis

1,4-butanediol 300 500 10 2.84x10° 2455
Toluene 300 500 10 1.96x10° 356.1
Mineral oil 300 500 10 1.68x10° 416.2
Reference titania / z 10 1.28x107° 544.9

3. Effect of synthesizing and calcination temperature

1,4-butanediol 300 - 10 9.71x10™ 658.0
1,4-butanediol 300 400 10 1.72x10° 372.3
1,4-butanediol 300 500 10  2.84x10° 2455
1,4-butanediol 300 600 10 1.43x10° 447.2
1,4-butanediol 270 500 10 . 1.78x10° 479.3
Toluene 270 500 10 1.33x10° 497.3
Mineral oil 270 500 10  1.09x10® 584.7

Deqgradation using solar irradiation

1,4-butanediol 300 500 10 1.15x107 60.5

Reference titania - - 10 7.03x10°° 98.6
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Since diuron is chemically stable, it is suggested that persistent intermediate
compounds, which are difficult to be degraded intermediate are produced during the
photocatalytic process. The degradation pathway of diuron has been reported ealier in
literature (Konstantinou 2003; Macounova 2003). Ammonia, nitrate ion and carbon
dioxide were released from diuron structure and produced during the photocatalytic
process. The nitrogen balance in diuron degradation system was complex. The
nitrogen content was converted mainly to ammonia or nitrogen (Malato 2003). HPLC
analysis can not detect these moiety compounds. The degradation intermediates

results will be reported in the next section.

Effects of the solvent employed during titania synthesis on the photocatalytic
activity of titania toward the degradation of diuron are shown in Figure 4.22. It shows
that the disappearance of diuron is in similar trend as the disappearance of methylene
blue. It is found that the photodegradation of diuron, using various synthesized titania
as catalyst, also follows the pseudo-first-order kinetics. The transformed first order
plots are given in Figure 4.22(b), whereas the slopes are rate constants of the
degradation. The rate constant for each catalysts are shown in Table 4.6. The results
show that all titania synthesized according to. the method in this work and
subsequently calcined at 500°C, exhibits higher photocatalytic activity than the
reference titania. The activity of titania synthesized in organic solvent investigated
found to be is in the order: 1,4-butanediol > toluene > mineral oil, which is the same
order as order as abserved in the degradation of methylene blue. The possible causes

for this difference in the activity have already been discussed in the previous section.



72

1.20

1.00
0.80
L 0.60
@)
0.40

0.20

0'00 I F
0 60 120 180 240 300 360 420 480 540 600

Irradiation time(min)

(@)

200 — =~ -
A

IN(C,/C)
= =
N D
o o

o
o)
S

o
I
o

0.00 @
0 60 120 ‘180 240 300 360 420 480 540 600

Irradiation time (min)

(b)

Figure 4.22 Disappearance of diuron by photooxidation using titania for 10 h and UV
lamp irradiation: (a) the disappearance of diuron, (b) first-order linear transforms;
(-®) synthesized in 1,4-butanediol, (-4 - -) synthesized in toluene, (-=-) synthesized

in mineral oil, (-x ) reference catalyst JRC-TIO-1, (—&-) no titania used.
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Further investigation has shown that titania, which has experienced the
calcination, exhibits higher activity than as-synthesized catalyst, as shown in Figure
4.23. In this part, the photodegradtion experiments were conducted, using titania
synthesized in 1,4-butanediol that was calcined at different temperature for 2 h. This
enhanced activity by calcination can be explained by an increase in crystallinity of
titania after heat treatment at high temperature (Ohtani 1997). Although surface area
of titania is decreased with the increasing calcination temperature, the calcination
reduces the number of crystal defects, which predominantly act as center for electron-
hole recombination. Less defect leads to smaller probability of the recombination and
enhanced photocatalytic activity. This result suggests that the crystallinity of titania
predominantly influences the activity rather than surface area. It is shown that the
activity increases with the calcination up to 500°C and then decreases at the higher
temperature, i.e. 600°C. Upon the calcinations at high temperature, phase
transformation from anatase to rutile take place and retards photocatalytic activity of
titania particles, since rutile phase shows no activity. Therefore, the interpretation of
the result of diuron degradation on titania calcined at 600°C is a slightly complicated.
However, when titania is all in anatase form, a predominant effect of crystallinity

from the calcination rather than the surface area is clearly seen (see in Table 4.4).
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Figure 4.23 Results for photocatalytic degradation of diuron aqueous solution using
titania synthesized in 1,4-butanediol (a) the disappearance of diuron, (b) first-order

linear transforms; (—¢-) uncalcined titania, (-=2-) titania calcined at 400°C, (-A--)

titania calcined at 500°C, (-> ) titania calcined at 600°C.
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4.2.3 Photocatalytic degradation of isoproturon

Isoproturon or 3-(4-isopropylphenyl)-1,1-dimethylurea is a phenylurea
herbicide and consist of an aromatic ring with an alkylic chain and uretic group
(diamide). Its molecular structure allows an easy hydroxyl radical attack on different

positions of the molecule, giving a rise to several chain reactions.

Figure 4.24 shows the time-dependent degradation profiles at different initial
concentrations of isoproturon. It is shown that the lower concentration of isoproturon,
higher rate of degradation. Nevertheless, as observed in the degradation of diuron, the
rate of isoproturon degradation does not dramatically change with the initially
concentration of isoproturon. The first-order kinetic transformation plot of the
photodegradation reaction was evaluated and the calculated first-order rate constant

(kapp) for all experiments are listed in Table 4.7.

It can be indicated that the degradation of isoproturon is relatively fast. Almost
complete disappearance of isoproturon is observed near the end of the experiment.
After 10 h of irradiation, for 10 ppm solution, the photodegradation of isoproturon
reaches 63-89 %, depending on catalyst used (shown in Figure 4.25). The result is
quite similar to that of diuron, although rate of but isoproturon disappearance, on

average, is slightly higher than diuron.

The difference in the degradation rate between isoproturon and diuron can be

discussed from the fact that an initial degradation rate is directly related to the
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electron-donating or electron-withdrawing character of different functional group
attaching to the aromatic ring of herbicides, which can alter the reactivity of the
aromatic ring with the OH radical. This OH radical is very reactive in oxidation of
organic substances and it is generated from the interaction between photoexcited
electron/hole and water as previously mentioned (Blake 1999). Isoproturon is more
active than diuron as withnessed from shorter half-life in nature. This is probably
isoproturon due to the presence of the CH(CHs), group, which is benzene ring
activating group (Parra 2002). On the contrary, the presence of halogen group in
diuron causes the aromatic to be more stable and results in lower reactivity of diuron

toward the decomposition, comparing to isoproturon.

For the effect of type of organic medium used in titania synthesis on the
activity of degradation, it is slightly different than that observed in case of diuron. The
activity of titania synthesized in organic solvents investigated is in the following

order: 1,4-butanediol > mineral oil > toluene.
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Figure 4.24 Results for photocatalytic degradation of isoproturon aqueous solution
various concentrations of using titania synthesized in 1,4-butannediol at 300°C and

calcined at 500°C: (-~ )1 ppm isoproturon; (-A--) 5 ppm isoproturon; (-=-) 10 ppm

isoproturon : (a) the disappearance of isoproturon, (b) first-order linear transforms.
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Figure 4.25 Disappearance of isoproturon by photooxidation using titania synthesized
in various organic solvents: (a) the disappearance of isoproturon, (b) first-order linear
transforms; (&) synthesized in 1,4-butanediol, (-4 --) synthesized in toluene, (-=-)
synthesized in mineral oil, (-> ) reference catalyst JRC-TI10-1, (—&--) no titania

used.
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Table 4.7 Rate constant and half-life of the photocatalytic degradation of isoproturon.

Organic Syn-temp  Calcined- Co Half-life,
Kapp (min™)
medium (°C) temp (°C) (ppm) ty2 (min)

Effect of initial concentration of isoproturon

1,4-butanediol 300 500 1 3.37x10° 189.9
1,4-butanediol 300 500 5 2.41x10° 265.6
1,4-butanediol 300 500 10 3.06x10° 208.6

Effect of organic medium in titania synthesis

1,4-butanediol 300 500 10 3.06x10°° 208.6
Toluene 300 500 10 1.52x10° 420.9
Mineral oil 300 500 10 2.36%x10°° 269.7

Reference titania 4 £ 10 1.73x10° 370.4
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4.2.4 Photocatalytic degradation of linuron

Linuron or 3-(3,4-dichlorophenyl)-1-methoxy-1-methyl urea is another
common phenylurea herbicide. Its structure consists of an aromatic ring with an

alkoxy alkylurea chain and two chlorine atoms.

It can be seen from Figure 4.26 that the degradation rate of linuron increases
when the initial concentration of linuron is decreased, especially when the
concentration is 1 ppm. The first order Kinetic transformation plot of the reaction was
evaluated and the apparent first-order rate constant (kapp) of all experiments were
calculated, as shown in Table 4.8. The 10 h degradation of linuron is in the range of
47-80 %, depending on catalyst (shown in Figure 4.26). The photodegradation result
of 10 ppm linuron solution is quite similar to those of diuron and isoproturon but,
linuron disappearance rate is generally lower than diuron and isoproturon. Linuron
exhibits slow degradation rate because the stability of linuron is higher than diuron.
Chlorine group consisting in the structure of both diuron and linuron is an aromatic
ring deactivating group, which causes the benzene ring to be less reactive. Comparing
to the chloride group, alkyl group. attaching to an-aromatic ring in isoproturon has
more reactive structure and tends to release electron easier (Graham 1996). In the
other-words, the electrophilic attack of the OH radical to isoproturon is easier than
diuron and linuron. For this reason it can be explained why the degradation rate of
diuron and linuron is less than that of isoproturon. Between diuron and linuron, the
-NHCON(CHs), group attaching to the aromatic ring of diuron and
-NHCON(OCHj3)(CH3) group in linuron are not so different that it can cause

significantly difference in the electron-releasing habit of these groups.
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Instead, the steric effect of organic substance is employed to explain the
difference in the degradation of these two compounds. The —=NHCON(OCHj3)(CHs)
group in linuron is more difficult to be attacked by OH radical. Nevertheless, further

investigation is need.

The effect of organic medium for synthesized titania to photodegradation of
linuron were similar to in case of diuron in the following order; 1,4-butanediol >

toluene > mineral oil.
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Figure 4.26 Results for photocatalytic degradation of linuron aqueous solution
various concentrations of using titania synthesized in 1,4-butannediol at 300°C and
calcined at 500°C:(-#-) 1 ppm linuron; (-A--) 5 ppm linuron; (-=-) 10 ppm

isoproturon: (a) the disappearance of linuron, (b) first-order linear transforms.
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Figure 4.27 Disappearance of linuron by photooxidation using titania synthesized in
various organic solvents: (a) the disappearance of linuron, (b) first-order linear
transforms; (—-) synthesized in 1,4-butanediol, (-A--) synthesized in toluene, (-=2-)

synthesized in mineral oil, (->) reference catalyst JRC-TIO-1,(- & -) no titania used.
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Table 4.8 Rate constant and half-life of the photocatalytic degradation of linuron

Organic Syn-temp  Calcined- Co Half-life, ty»
Kapp (min™)
medium (°C) temp (°C)  (ppm) (min)

Effect of initial concentration of linuron

1,4-butanediol 300 500 1 7.65x107 83.6
1,4-butanediol 300 500 5 4.39x10°3 145.6
1,4-butanediol 300 500 10 2.49x10° 256.3

Effect of organic medium in titania synthesis

1,4-butanediol 300 500 10 2.49x10° 256.3
Toluene 300 500 10 1.50x10 425.7
Mineral oil 300 500 10 1.08x10° 593.2
Reference titania y = 10 1.18x103 543.9

4.2.5 Summaries of observation

The effect of type of phenylurea herbicides can be observed as following

(Table 4.9):

1. The degradation of isoproturon generally has the largest of rate constant and
the shortest of half-life, regardless of catalyst. This indicates that the chemical activity
and uncomplicated chemical structure of the herbicide allows an easy electrophilic

attack from the OH radical for its degradation.
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2. The R? value indicates how well first order kinetics represent the
degradation data. The degradation behavior of linuron is closest to the first order
kinetics, comparing to the degradation behavior of diuron and isoproturon. It can also

see that reaction kinetics is affected by the solvent used to prepare titania.



Table 4.9 Rate constant, half-life time and R? of photocatalytic degradation reaction of phenylurea herbicides

86

Type of solvent used Kapp(Min™) t1/, (Min) R®

for titania synthesis Diuron Isoproturon Linuron Diuron  Isoproturon  Linuron | Diuron  Isoproturon  Linuron
1,4-butanediol 2.843x107 3.063x10 2.493 % 10 245.6 208.6 256.3 0.9077 0.9208 0.9402
Toluene 1.960x10°  1.518x10°° 1.501 x 107 356.1 420.9 425.7 | 0.7126 0.8792 0.9851
Mineral oil 1.677x10° 2.369x10 1.077 x 107 416.2 269.7 593.2 0.9142 0.9422 0.9772
Reference titania 1.281x10°  1.725x10°° 1.175x 107 544.9 370.4 596.2 | 0.8717 0.9650 0.9543
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4.3 Evaluation of Degradation Intermediates

4.3.1 Degradation of diuron

Diuron has the chemical structure which is consisted of an aromatic ring
attached by one urea group and two chlorine atoms. During the photocatalytic
degradation, active radicals generated from titania react with diuron, resulting in
intermediate products. Structure of the functional groups attaching to aromatic ring of
diuron is the mainly responsible for the structure of the intermediates formed. Diuron
clearly offers two sites for the reaction, i.e. the aromatic ring and the aliphatic side
chain (Hincapie 2005). Figure 4.28 shows relative amount of various intermediates
generated, as the photocatalytic treatment of diuron proceeds, using titania
synthesized in different solvents. Each fraction of intermediate, separated from each
other by HPLC, was analyzed by using GC-MS in order to identify the intermediate
products. The results are summarized in Table 4.10, while the detailed mass spectra
are shown in Appendix B. Figure 4.28 (a)-(d) illustrate seven HPLC fractions
representing the intermediates generated during photodegradation. Concentrations of
most intermediate increase with irradiation time, although the data show some
fluctuation. It can be observed that each unknown intermediates are presented at very
low concentration. This result is-contrary with-mass balance of diuron-in the process.
It can be suggested that nitrogen containing in diuron forms ammonia, urea and
nitrate. Carbon dioxide is also the main product of oxidation reaction (Malato 2003).

However these small molecules are not detectable by HPLC analysis.
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Figure 4.28 Intermediates generated during photocatalytic treatment of diuron, using titania synthesized at 300°C and calcined at 500°C, where

the synthesis medium is: (a) 1,4-butanediol, (b) toluene, (c) mineral oil, (d) Reference titania JRC-TIOL.



89

Table 4.10 Molecular ion (m/z), molecular weight (MW), and chemical formula of

intermediates generated from photodegradation of diuron.

Compound Chemical substance
m/z MW
identified
1 133, 281, 282 281 CoH10N204Cl;
2 133, 135, 151 151 unidentifiable
3 73, 147, 249 249 CoH10N2Cl,0;
4 68, 77,121, 133, 152 98 unidentifiable
5 73, 267 267 unidentifiable
6 103,105, 117, 119, 151 unidentifiable

133, 134, 135, 151, 152
7 59, 60, 77, 133,191, 144 CsHsNCIO

207, 208, 209

The effect of titania synthesized in different organic medium on the activity
and behavior of intermediates are also compared in Figure 4.28. It shows that most
photodegradation intermediates are formed after 120 min of irradiation time. It should
be noted that an intermediate at retention time of 3.2 min is already presented even
before the degradation. This species should be the result from the reaction between
diuron and water and it is not the product from photodegradation. According to
Figures 4.28, titania synthesized in 1,4-butanediol can activate diuron degradation
more aggressively than other, since several intermediates are formed within short time
and the concentrations of intermediates are high. This result indicates high activity of

titania synthesized in 1,4-butanediol. Nevertheless, the difference in catalytic activity
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can not be clearly observed from diuron degradation. It will be discussed in more

details from the degradation of isoproturon and linuron.

As mentioned earlier, each intermediate was fractionated by HPLC and then
identified by GC-MS. Table 4.10 shows representative of all intermediates appeared
in GC-MS spectrum for each HPLC fractions, which includes molecular weight,
chemical formula and structure of each unknown intermediates evaluated. Appendix
C shows details of MS spectra for all HPLC fractions. Seven products were identified
based on the molecular 1on and mass spectrometric fragmentation peaks, as followed.
Compound 1 has molecular weight of 281 and it is suggested that the chemical
formula is CoH;1oN204Cl,. This compound is formed by oxidation of methyl group and
hydroxylation of diuron. Compound 2 has molecular weight of 151, but it was
unidentifiable. Compound 3 has molecular weight of 249 and it is suggested that the
chemical formula is CgH1002N2Cl,, which is the result from hydroxylation of one
methyl group of diuron. Compound 4 has molecular weight of 133. It should be noted
that this compound was detected from the HPLC fraction at retention time of diuron.
However, the result from GC-MS did not show the m/z of 233, instead the m/z 133. It
indicates that diuron was decomposed at high temperature of GC-MS characterization
and compound with m/z of 133 is detected. Compound 5 has molecular weight of 267.
This-compound was unidentifiable. Compound-6 has -molecular weight of 151. This
compound has m/z similar to compound 2 and it was unidentifiable. These results
indicated that both compounds may be the resulting compounds from thermal
decomposition during GC-MS analysis. Compound 7 has molecular weight of 147. It
is suggested that the formula is CsHgCINO. This compound is formed by oxidation of

methyl group of the side chain, decarboxylation, dealkylation of uretic group,
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hydroxylation and dechlorination of the aromatic ring of diuron (Amine-Khodja
2004). The chemical structures of the identified intermediates of diuron are sketched

in Figure 4.29.
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Figure 4.29 The chemical structure of intermediates generated from photodegradation

of diuron.
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4.3.2 Degradation of isoproturon

Isoproturon is a phenylurea herbicide consisting of an aromatic ring with an
alkyl chain and one uretic group. The molecular structure of isoproturon allows OH
radical attack at different sites, following by several chain reactions. The first
hydroxylation can occur at the aromatic ring, at the alkyl groups and at the secondary
nitrogen of the uretic group, leading to monohydroxylated products. Subsequent
hydroxylation at the remaining sites results in di-hydroxylated and tri-hydroxylated
products (Gora 2006).  Figure 4.30 shows intermediates generated during
photocatalytic treatment of isoproturon. Intermediate products formed by the
photocatalytic degradation were then identified by GC-MS analysis. The GC-MS
analysis confirmed the formation of several intermediates, as shown in Table 4.11. It
should be noted that isoproturon has molecular structure that is more reactive than
diuron, due to the presence of the CH(CHz3), group, instead of halogen substituents, as
previously discussed. Therefore several substances have already appeared in the
solution before the degradation proceeds at irradiation time of 0 min. HPLC analysis
gave eight intermediated fractions as shown in Figure 4.30 (a)-(d). Intermediates

generated in the process are high in concentration and fluctuated with irradiation time.
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Figure 4.30 Intermediates generated during photocatalytic treatment of isoproturon (IPR), using titania synthesized at 300°C and calcined at

500°C, where the synthesis medium is: (a) 1,4-butanediol, (b) toluene, (c) mineral oil, (d) Reference titania JRC-TIOL.
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The difference in catalytic activity of each titania are also observed. Figure
4.30 shows that titania synthesized in 1,4-butanediol (Figure 4.30(a)) give high
concentration of intermediates within a short time period of experiment, while titania
synthesized in toluene, mineral oil and reference titania (Figure 4.30(b)-(d)) results in
lower concentration of intermediates. This result confirms that photocatalytic activity
of titania synthesized in 1,4-butanediol is higher than titania synthesized in toluene

and mineral oil as well as reference titania.

The HPLC intermediates fractions from photodegradation of isoproturon were
identified by using GC-MS characterization. Table 4.11 shows eight products
represented to all compounds appeared in GC-MS for each HPLC fraction, which
identified based on the molecular ion and mass spectrometric fragmentation peaks.
The results indicated the followings. Compound 1 has molecular weight of 135 and it
is suggested to have chemical formula of CgHi3N. This compound is formed by
hydroxylation at the aromatic ring and cleavage of N-C bond in the uretic group.
Compound 2 has molecular weight of 133. This compound was unidentifiable. The
unidentifiable compound 3 and compound 4 both have molecular weight of 116,
although they were presented in different HPLC fraction. The result indicated that
these compounds may be degraded fracments generated by thermal decomposition
GC-MS column.-Compound-5 -is. molecular weight-of 206-which is indicated as
isoproturon. Compound 6 has molecular weight of 151 and it is suggested to be
CyH13NO. It was formed in similar manner as compound 8. Compound 7 has
molecular weight of 133, similar to compound 2. Thermal decomposition behavior in
GC-MS column is also expected for this result. The chemical structures of all

identified intermediates of isoproturon decomposition are sketched in Figure 4.30.
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Table 4.11 Molecular ion (m/z), molecular weight (MW), and chemical formula of

intermediates generated from photodegradation of isoproturon.

Compound
Chemical substance
m/z MW
identified
1 55, 77, 89, 105, 115, 119, 135 CoHi3N
121, 134, 135
2 59, 153%9856-151 133 unidentifiable
3 59, 83,98, 101 116 unidentifiable
4 59, 83,98, 101 116 unidentifiable
5 55, 101, 207 206 Ci2H1sN2O
(isoproturon)
6 59, 88, 133, 150, 151 151 CoH13NO
7 59, 133, 135, 151 133 unidentifiable
8 58, 59, 98, 101, 133, 135,151 151 CoH13NO
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Figure 4.31 The chemical structure of intermediates generated from photodegradation

of isoproturon.
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4.3.3 Degradation of linuron

Linuron consists of an aromatic ring attaching to two chlorine groups and one
uretic group with methoxyl group substituted in urea moiety. Photochemical behavior
of linuron involves photohydrolysis as the main transformation pathway. The urea
moiety is substituted by methoxyl group and demethoxylation is a competition
between N-demethoxylation reaction or oxidation of methyl group (Amine-Khodja
2004). The possible degradation pathway for linuron is proposed in these steps

(Katsumata 2005);

(@) The attack on the aromatic ring by OH® radical without dechlorination or alkyl
chain.

(b) A series of oxidation processes that eliminated alkyl groups and chlorine atom.

(c) The oxidative opening of aromatic ring, leading to small organic ion and

inorganic species.

It should be noted that linuron has molecular structure that is less reactive.
Therefore, the less substances are appeared in the solution before and during the
degradation proceeds. It is confirmed that the stability of linuron is higher than diuron
and isoproturon. HPLC analysis gives five intermediate fractions as shown in Figure
4.32(a)-(d). Intermediates ' generated “in the process are high -concentration and

fluctuated with irradiation time.

The differences in catalytic activity of titania synthesized in different organic
mediums are also observed. The result is similar to the photodegradation experiment

of diuron and isoproturon.
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Figure 4.32 Intermediates generated during photocatalytic treatment of linuron, using titania synthesized.at 300°C and calcined at 500°C, where

the synthesis medium is: (a) 1,4-butanediol, (b) toluene, (c) mineral oil, (d) Reference titania JRC-TIOL.
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The HPLC fractions from photodegradation of linuron are identified by using
GC-MS. The five products were identified based on the molecular ion and mass
spectrometric fragmentation peaks, as shown in Table 4.13. However, most of the
intermediates were unidentifiable from the current mass spectra database. Only
compound 4, which has molecular weight of 206, was identified to have chemical
formula of C;HgN,Cl,0,. It is formed by oxidation of methyl group and N-
demethoxylation reaction. It should be noted that linuron itself was not detected from
GC-MS analysis. It is suggested that linuron was decomposed by during GC-MS
analysis, in the same manner as diuron. Compound 5 of intermediate of linuron has
molecular weight of 144. It is suggested to have chemical formula is C¢HgNCI. It is
the result from oxidation of methyl and methoxyl group, dechlorination and
hydroxylation of benzene ring. The evaluated chemical structure of intermediate of

linuron is sketched in Figure 4.33.

Table 4.12 Molecular ion (m/z), molecular weight (MW), and chemical formula of

intermediates generated from photodegradation of linuron

Compound Chemical substance
m/z MW
identified
1 58, 59, 83,98, 101 116 unidentifiable
2 68,105,133, 135,151 151 unidentifiable
3 55, 67, 81, 91, 149 224 unidentifiable
4 59, 96, 207 206 C;HsNCI,0,

5 58,59,83,102,207 144 CesHsNCI
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Figure 4.33 The chemical structure of intermediates generated from photodegradation

of linuron.



CHAPTER YV

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The conclusions of the present research are the following:

1. Titania synthesized in 1,4-butanediol has a physical and chemical properties
better than titania synthesized in toluene and in mineral oil.

2. Crystallinity of the synthesized titania can be improved by heat treatment,
but surface area is decrease with increased calcination temperature.

3. Photodegradation rate of phenylurea herbicide depends upon chemical
structure of the herbicide, for the herbicides investigated in this study, in the following

order: isoproturon > diuron > linuron.

4. Photodegradation generates several intermediates. The degradation pathway
mainly consist of oxidation, demethoxylation, hydroxylation and dechlorination at

phenylurea herbicide structure.
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5.2 Recommendations for the Future Studies

Recommendations for the future work, based on the results of this work, are

the following.

1. Study the effect of dielectric constant of the synthesis medium on physical

and chemical properties of the synthesized titania.

2. Investigate the enhancement of efficiency of photocatalytic activity of

synthesized titania by modified structure of titania with the second element doping.

3. Study of the effect of calcined time on physical and chemical properties of

the synthesized titania.

4. Investigate photodegradation of phenylurea herbicides in solution

containing organic solvents.

5. Further identification of the degradation intermediates by using LC-MS

analysis, IR spectrometry and NMR analysis.

6. Evaluate total organic compound (TOC) generated during photodegradation

process.

7. Study the effect of pH and catalyst concentration on the degradation kinetics

of phenylurea herbicides.

8. Investigate long period of irradiation time for photocatalytic degradation of

phenylurea herbicide, to achieve 100% conversion.

9. Study the regeneration of used titania.
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10. Apply the photocatalytic process in continuous system.

11. Investigate photocatalytic degradation of other types of organic compound

using titania synthesized by method proposed in this work.
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APPENDIX A

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite sized by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction

peak of XRD patter using the Debye-Scherrer equation.

From Scherrer equation:

KA

£ B.1
[coso (B.1)
Where D = Crystallite size, ,&
K = Crystallite-shape factor = 0.9
A = X-ray wavelength, 1.5418 ,& for CuKa

The X-ray diffraction broadening () is the pure width of a power diffraction

free of all broadening due to the experiment equipment. Standard a-alimina is used to

observe the instrumental broadening since its crystallite size is larger than 200 A .
The X-ray diffraction broadening () can be obtained by Warren’s formula.

From Warren’s formula:

@ = B -8B

p = B -8

Where Bwm = The measured peak width in radians at half peak height.

Bs = The corresponding width of standard material.
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Example: calculation of the crystallite sized of titania

The half-height width of 101 diffraction peak

0.93125°

0.01625 radian

The corresponding half-height width of peak of a- alumina = 0.004 radian

The pure width = /B, —B2

= /0.01625? —0.004

= 0.01577 radian

B = 0.01577 radian

20 = 25.30°
0 = 12.65°
A = 15418 A
The crystallite size = o<1 o8 = 90.18,&
0.01577cos12.65
= 9nm

B =0.93125°
=0.01625 radius

20 = 25.30°
6 =12.78°

23 235 24 245 25 255 26 265 27 2715 28

2-Theta

Figure B.1 the 101 diffraction peak of titania for calculation of the crystallite size.



APPENDIX B

APPEARANCE OF PHENYLUREA HERBICIDES IN 3-D VIEWS

1. Diuron

i

Peak area(mAU*s)

Irradiation time (min)

Figure B.1 Evaluation of intermediates generated during photocatalytic treatment of

diuron by titania synthesized in 1,4-BG, in HPLC-retention time scale.
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Figure B.2 Evaluation of intermediates generated during photocatalytic treatment of

diuron by titania synthesized in toluene, in HPLC-retention time scale.
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Figure B.3 Evaluation of intermediates generated during photocatalytic treatment of

diuron by titania synthesized in mineral oil, in HPLC-retention time scale.
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train
Note
120


120

Figure B.4 Evaluation of intermediates generated during photocatalviic treatment ol

diuron by reference titama, HPLC-retention time scale.
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Figure B.S Evaluation of intermediates generated during photocatalytic treatment of

diuron in no titania used. HPLC-retention time scale,

900 N —— ——

800 * Y2 L Do)
2 700 "B RT=27
% 600 i | o RT-28
5 %0 | o RT=32
5 j‘;‘; | L K RT=4.
5 0 o A& RT=4.3
B 200 7 196 PRT4S
100
0 & .3 3 - — o
0 60 120 180 240 300 360 420 480 S40 600

Irradiation time/min

Figure B.6 Intermediates generated during photocatalytic treatment of diuron, no

catalyst use.



2. Isoproturon
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Figure B.7 Evaluation of intermediates generated during photocatalytic treatment of

isoproturon by titania synthesized in 1.4-BG, in HPLC-retention time scale.

|
{
Retention : :‘?
time (min) ‘{ ﬁ
E
T
‘ 2
-
RI=2.6 T ; %
RT=3 § | : =
RT=3.7(is0) | w0
RT=4:6 | m ow S
g ';)L- -"!B < 2
- O

Irradiation time(min)

Figure B.8 Evaluation of intermediates generated during photocatalytic treatment of

isoproturon by titania synthesized in toluene, in HPLC-retention time scale,
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Figure B.9 Evaluation of intermediates gencrated during photocatalytic treatment of

1sopriuron by titania synthesized inmineral o1l, in HPLC-retention time scale.

Retention F
, i =
time (min) -
=
=
-
-]
RT: =
o
o
RT=3.7(80) 1
RT=46 =

lrradiation time(min)

Figure B.10 Evaluation of intermediates generated during photocatalytic treatment of

isoproturon by reference titania, in HPLC-retention time scale.
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Figure B.11 Evaluation of intermediates generated during photocatal yiic treatment of

isoproturon in no titania used, HPLC-rétention time scale.
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Figure B.12 Intermediates generated during photocatalytic treatment of isoproturon,

no catalyst use
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3. Linuron
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Figure B.13 Evaluation of intermediates generated during photocatalytic treatment of

linuron by titania synthesized in 1,4-butanédiol, in HPLC-retention time scale.
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Figure B.14 Evaluation of intermediates generated during photocatalytic treatment of

linuron by titania synthesized in toluene, in HPLC-retention time scale.
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Figure B.15 Evaluation of intermediates generated during photocatalytic treatment of

linuron by titania synthesized in mineral oil, in HPLC-retention time scale.
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Figure B.16 Evaluation of intermediates generated during photocatalytic treatment of

linuron by reference titania, in HPLC-retention time scale.
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Figure B.17 Evaluation of intermediates generated during photocatalytic treatment of

linuron in no titania used, HPLC-retention time scale.
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APPENDIX C

MOLECULAR FRAGMENTATION OF GC/MS

1. Diuron
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Figure C.1 Mass Spectra of intermediate generated from diuron for RT of HPLC at
2.7 min, in GC/MS at: (a) RT = 8.026 min, (b) RT =9.853 min, (c) RT = 11.429 min,
(d) RT = 32.053 min, (e) RT=50.894 min. The numerical values listed next to the

legend represent height of the GC/MS peaks.
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Figure C.2 Mass Spectra of intermediate generated from diuron for RT of HPLC at

2.8 min, in GC/MS at: (a) RT = 7.451 min, (b) RT =8.202 min, (c) RT = 9.872 min,

(d) RT =11.429 min, (e) RT = 20.925 min, (f) RT = 32.047 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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Figure C.3 Mass Spectra of intermediate generated from diuron for RT of HPLC at

3.2 min, in GC/MS at: (a) RT = 8.014 min, (b) RT = 9.872 min, (c) RT = 20.875 min,

(d) RT =32.047 min, () RT = 42.568 min. The numerical values listed next to the

legend represent height of the GC/MS peaks.
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Figure C.4 Mass Spectra of intermediate generated from diuron for RT of HPLC at
3.7 min, in GC/MS at: (a) RT = 8.026 min, (b)RT = 9.784 min, (c) RT = 18.982 min,
(d) RT = 30.008 min, (e) RT =42.556 min, (f) RT = 46.956 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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Figure C.5 Mass Spectra of intermediate generated from diuron for RT of HPLC at
4.2 min, in GC/MS at: (a) RT = 11.404 min, (b) RT = 17.159 min, (c) RT = 20.919
min, (d) RT =32.034 min, (e) RT = 42.556 min. The numerical values listed next to

the legend represent height of the GC/MS peaks.
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Figure C.6 Mass Spectra of intermediate generated from diuron for RT of HPLC at
4.5 min, in GC/MS at (a) RT = 5.849 min, (b) RT = 8.220 min, (c) RT = 9.853 min,
(d) RT =17.309 min, (e) RT = 18.792 min, (f) RT =20.912, (g) RT = 32.040 min.

The numerical values listed next to the legend represent height of the GC/MS peaks.
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Figure C.7 Mass Spectra of intermediate generated from diuron for RT of HPLC at
4.8 min, in GC/MS at (a) RT = 5.524 min, (b) RT = 7.982 min, (c) RT = 11.467 min,
(d) RT =20.937 min, (e) RT = 32.047 min, (f) RT = 42.568 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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2. Isoproturon Degradation
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Figure C.8 Mass Spectra of intermediate generated from isoproturon for RT of HPLC
at 2.6 min, in GC/MS at: (a) RT = 7.895 min, (b) RT = 10.053 min, (c) RT = 18.717,
(d) RT =20.900 min, (e) RT =32.009 min, (f) RT = 51.676 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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Figure C.9 Mass Spectra of intermediate generated from isoproturon for RT of HPLC
at 2.8 min, in GC/MS at: (a) RT = 7.420 min, (b) RT =9.709 min, (c) RT = 11.689
min, (d) RT =20.856 min, (e) RT = 32.015 min, (f) RT = 44.545 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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Figure C.10 Mass Spectra of intermediate generated from isoproturon for RT of
HPLC at 3.0 min, in GC/MS at: (a) RT =5.580 min, (b) RT =7.901 min, (c) RT =
11.410 min, (d) RT = 32.028 min, (e) RT = 42.556 min, (f) RT =51.038 min. The

numerical values listed next to the legend represent height of the GC/MS peaks.
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Figure C.11 Mass Spectra of intermediate generated from isoproturon for RT of
HPLC at 3.5 min, in GC/MS at: (a) RT = 5.842 min, (b) RT = 8.102 min, (c) RT =
9.746 min, (d) RT = 11.435 min, (e) RT = 20.905 min. The numerical values listed

next to the legend represent height of the GC/MS peaks.
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Figure C.12 Mass Spectra of intermediate generated from isoproturon for RT of
HPLC at 3.7 min, in GC/MS at: (a) RT = 5.606 min, (b) RT =8.170 min, (¢c) RT =
10.022 min, (d) RT = 18.692 min, (e) RT = 32.015 min. The numerical values listed

next to the legend represent height of the GC/MS peaks.
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Figure C.13 Mass Spectra of intermediate generated from isoproturon for RT of
HPLC at 4.2 min, in GC/MS at: (a) RT = 8.029 min, (b) RT =8.214 min, (c) RT =
9.750 min, (d) RT = 20.900 min, (e) RT = 47.873 min. The numerical values listed

next to the legend represent height of the GC/MS peaks.
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Figure C.14 Mass Spectra of intermediate generated from isoproturon for Rt of
HPLC at 4.5 min, in GC/MS at: (a) RT = 5.868 min, (b) RT =6.857 min, (c) RT =
8.439 min, (d) RT =9.728 min, () RT = 17.047 min, (f) RT = 32.016 min. The

numerical values listed next to the legend represent height of the GC/MS peaks.
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Figure C.15 Mass Spectra of intermediate generated from isoproturon for RT of
HPLC at 4.8 min, in GC/MS at: (a) RT =4.761 min, (b) RT =5.712 min, (c) RT =
7.814 min, (d) RT = 32.003 min, (e) RT = 48.792 min, (f) RT = 51.038 min. The

numerical values listed next to the legend represent height of the GC/MS peaks.
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3. Linuron Degradation
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Figure C.16 Mass Spectra of intermediate generated from linuron for RT of HPLC at
2.8 min, in GC/MS at: (a) RT = 5.449 min, (b) RT = 11.404 min, (c) RT =17.071
min, (d) RT = 18.742 min, (e) RT = 32.028 min. The numerical values listed next to

the legend represent height of the GC/MS peaks.
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Figure C.17 Mass Spectra of intermediate generated from linuron for RT of HPLC at
4.5 min, in GC/MS at: (a) RT = 4.617 min, (b) RT =5.614 min, (c) RT = 8.076 min,
(d) RT =11.429 min, (e) RT = 32.028 min, (f) RT = 47.735 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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Figure C.18 Mass Spectra of intermediate generated from linuron for RT of HPLC at

4.9 min, in GC/MS at: (a) RT =4.242 min, (b) RT = 7.176 min, (c) RT = 9.775 min,

(d) RT =11.398 min, (e) RT = 43.306 min, (f) RT = 9649 min. The numerical values

listed next to the legend represent height of the GC/MS peaks.
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Figure C.19 Mass Spectra of intermediate generated from linuron for RT of HPLC at

5.0 min, in GC/MS at: (a) RT = 4.548 min, (b) RT = 7.932 min, (c) RT = 9.759 min,

(d) RT =20.912 min, (e) RT = 32.028 min, (f) RT = 50.200 min. The numerical

values listed next to the legend represent height of the GC/MS peaks.
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Figure C.20 Mass Spectra of intermediate generated from linuron for RT of HPLC at
5.2 min, in GC/MS at: (&) RT = 5.487 min, (b) RT = 5.931 min, (c) RT =7.908 min,
(d) RT =9.759 min, (e) RT = 11.404 min, (f) RT = 32.034 min. The numerical values

listed next to the legend represent height of the GC/MS peaks.



ABUNDANCE OF GC-MS PEAK

1. Diuron Degradation

APPENDIX D

Abundance
Compound | Compound | Compound | Compound | Compound | Compound | Compound
RT-MS 1 2 3 4 5 6 7
RT- RT- RT- RT- RT- RT- RT-
HPLC=2.7 | HPLC=2.8 | HPLC=3.2 | HPLC=3.7 | HPLC=4.2 | HPLC=4.5 | HPLC=4.8
5.524 - - - - - - 150000
5.849 - - - - - 10842 -
7.451 - 1304 - - - - -
8.014 3158 - 21428 64286 - - -
8.202 - 59565 - - - 41111 -
7.982 - - - - - - 36111
9.872 2853 2174 1190 1190 - 4444 -
11.429 3158 2174 - - 2174 - 1333
17.159 - - - - 6522 - -
17.309 - - - - - 10000 -
18.982 - - - 21500 - 11111 -
20.872 - - 3333 - - - -
20.937 - 13925 - - 2174 2222 38889
30.008 - - - 4500 - - -
32.047 2105 1739 3333 - 1304 2222 4444
42.568 - - 1905 1429 1870 - 1667
46.956 - - - 2500 - - -
50.894 2632 - - - - - -
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TEM CHARACTERISTIC OF REFERENCE TITANIA
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Figure E.1 TEM micrographs and SAED patterns of reference titania
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ABSTRACT

Nanocrystalline titania (TiO,) was prepared by thermal decomposition of titanium (IV) n- butoxide in
various organic solvents, i.e. 1,4-butanediol, toluene and mineral oil. The products obtained were anatase titania
without contamination of other phases. The physical properties of samples were investigated by XRD, SEM, TEM
and BET techniques. It was confirmed that the products were titania single crystals with crystallite size in the range
of 12-13 nm. The photocatalytic activity of the products was investigated by using the UV-based photocatalytic
decomposition of methylene blue. The reaction showed pseudo-first-order behavior. Rate constant for the reaction
using each synthesized product as photocatalyst was determined and compared. The results were also compared with
commercial TiO,. The activity of TiO, prepared in 1,4-butanediol showed the best photocatalytic activity. It was also
found that the photocatalytic activity was enhanced by calcination of the synthesized titania. The results suggested
that the difference in photocatalytic activity of the nanocrystalline titania synthesized in various reaction mediums
was the result from the difference in degree of agglomeration and different crystallinity of titania.

Keywords: TiO,, Photocatalytic activity, Nanocrystal.

INTRODUCTION

Titanium (1V) dioxide or titania (TiO) has been recognized as one of the commonly used metal-oxide in
various industries because of its good physical and chemical properties, such as catalytic activity [1], photocatalytic
activity [2], good stability toward adverse environment [3], sensitivity to humidity and gas [4], dielectric character
[5], nonlinear optical characteristic [6] and photoluminescence [7]. Applications of titania are ranges in many fields
including the use as catalysts, catalyst supports, electronics, cosmetics, pigments and filler coating. Nevertheless,
photocatalyst is one of the most important uses of titania. Titania is known to have three natural polymorphs, i.e.
rutile, anatase, and brookite. Rutile is thermodynamically stable polymorph, but anatase is more suitable form for
catalytic applications.

There are many variables that influence the photocatalytic activity of titania, such as particle size, reactive
surface area, crystal structure, as well as intensity and wavelength of the incident light. Among these factors, the
crystal structure and crystallinity of titania are considered as important factors. Amorphous titania has negligible
photocatalytic activity because of the recombination between the pair of photoexcited electron and hole in the
amorphous structure [8]. For crystalline titania; only anatase is-generally accepted-to have significant photocatalytic
activity [9-11].

Nanocrystalline titania can be synthesized by many methods, such as sol-gel method, hydrothermal method,
vapor-phase hydrolysis, laser-induced decomposition, chemical vapor-decomposition and molten salt method. In this
work, nanocrystalline anatase titania was synthesized via the thermal decomposition of titanium alkoxide in organic
solvent. This method has been used to successfully synthesize various type of nanosized metal oxides with large
surface area, high-crystallinity and high thermal stability [12-17]. However, it has been reported that organic solvent,
which is used as the reaction medium, influences both the decomposition mechanism and physical properties of
titania synthesized [18]. In this work, the effects of the reaction medium, i.e. organic solvent, on the photocatalytic
activity of the titania obtained are investigated by using the degradation of methylene blue (MB) aqueous solution.
The results are also compared with the degradation using the Japanese Reference Catalyst titania (JRC-TI10-1).
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EXPERIMENTAL
Synthesis of Titania

Titanium (IV) n-butoxide (TNB) was used as starting material for titania synthesis. 15 g of TNB was
suspended in 100 ml of organic solvent, i.e. 1,4-butanediol, toluene or mineral oil, in a test tube, which was then
placed in a 300 ml autoclave. The gap between the test tube and the autoclave wall was filled with 30 ml of the same
solvent used in the test tube. The autoclave was purged completely by nitrogen before heating up to 300°C at a rate
of 2.5°C/min. Autogeneous pressure during the reaction gradually increased as the temperature was raised. Once the
prescribed temperature was reached, the temperature was held constant for 2 h, before the system was cooled down
to room temperature. After the system was cool, the resulting powders were repeatedly washed with methanol and
dried in air. The obtained product was then calcined at 500°C for 2 h in a box furnace with a heating rate of
10°C/min.

Titania Characterization

Powder X-ray diffraction (XRD) analysis was done by using a SIEMENS D5000 diffractometer with CuKa
radiation. The crystallite size of the product was determined from the broadening of its main peak, using the
Scherrer equation. Morphology of the products was observed on JEOL Scanning Electron Microscope and JEOL
TEM-200cx Transmission Electron Microscope. Specific surface area of the samples was measured by using the
BET multipoint method.

Photocatalytic Experiments

The photodegradation of methylene blue (MB) was employed to evaluate photocatalytic activity of titania
synthesized. For each condition, 23mg of titania was dispersed in 230 ml of 10 ppm MB aqueous solution. The
mixed solution was transferred into test tubes and kept in the dark. The photocatalytic reaction was initiated by
exposing test tubes to the sunlight at room temperature. The experiments were conducted for 4 hours at the middle of
the day to get approximately same intensity of light for the whole experiment. It should be noted that the
photocatalytic activity evaluation for all titania investigated was tested at the same time, so all samples had
experienced same lighting conditions. The decomposition of MB was periodically monitored by measuring the
absorbance of the solution at 665 nm using UV-Visible scanning spectrophotometer.

RESULTS AND DISCUSSION
Formation of titania in different solvents

Nanocrystalline titania was successfully synthesized by using thermal decomposition of TNB in all organic
solvents investigated. The XRD patterns, as shown in Figure 1, confirm that the products obtained are anatase titania
without contamination of other phases, e.g. rutile or brookite. TEM micrographs of the as-synthesized products
prepared in all solvents are shown in Figure 2. The crystallite sizes of products calculated from the Scherrer equation
are in the range of 12 to 13 nm, which agree with the TEM observation. Therefore, it is suggested that each primary
particle observed by TEM is a nanosized single crystal titania.
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Figure 1. The XRD patterns of titania synthesized by the reaction in various organic mediums: (a) in mineral oil,
(b) in mineral oil and subsequently calcined at 500°C, (c) in toluene, (d) in toluene and subsequently
calcined at 500°C, (e) in 1,4-butanediol, (f) in 1,4-butanediol and subsequently calcined 500°C.
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Figure 2. TEM micrographs of the as-synthesized products prepared in: (a) 1,4-butanediol, (b) toluene.

Figure 3. SEM micrographs of the as-synthesized products prepared in: (a) 1,4-butanediol, (b) toluene, (c) mineral
oil.
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SEM micrographs reveal that the morphology of the products obtained from 1,4-butanediol, toluene and mineral
oil are different (see Figure 3). The products synthesized in toluene and mineral oil agglomerate into micron-size
particles, which are called secondary particles. Although the secondary particles formed in both toluene and
mineral oil are similar in size, ones synthesized in toluene are more spherical in shape. On the other hand, for the
reaction in 1,4-butanediol, irregular aggregates made up of nanometer-sized particles are observed. These
differences in morphologies of titania can be explained by difference in the colloidal stability of the precipitate in
different reaction medium [19]. As reported by Park et al., the repulsive force between two particles depends
upon many parameters, including dielectric constant of the continuous phase, particle size and particle surface
potential [19]. Since other parameters indicated by Park et al. were controlled in this work, agglomeration of the
precipitates in this study was the result mainly from the dielectric constant of the reaction medium. For instance,
particles in mineral oil, which has quite low dielectric constant, would become agglomerated and form spherical
secondary particles.

Physical properties of titania synthesized in various solvents are shown in Table 1, including BET
surface area (Sger) measured by nitrogen adsorption and the surface area calculated from a crystallite size (Sxrp).
The ratio between Sger and Syrp is referred as the degree of agglomeration. The degree of agglomeration of
titania prepared in 1,4-butanediol and toluene are nearly 1, indicating that each primary particle exposes its entire
surface to the adsorbate molecules. However, the degree of agglomeration of product prepared in mineral oil are
lower, suggesting more packing of titania crystals in the spherical secondary particles.

Table 1.  Physical properties of titania synthesized at 300°C for 2 h in various organic solvents.

Solvent Crystallite size, d SoET Sxrp® Sget/Sxrp
(nm) (m?/g) (m?/g)
1,4-butanediol 13 110 120 0.92
toluene 12 145 130 1.11
mineral oil 12 93 130 0.72

# Calculated surface area assuming that the particles are nonporous spheres and using the density of anatase
(3.84 g/cm?).

Photocatalytic activity for the degradation of MB aqueous solution

Figure 4 illustrates the effects of the reaction medium used for titania synthesis on the photocatalytic
activity of synthesized titania. It was found that the disappearance of MB, using various synthesized titania as
catalyst, follows the pseudo-first-order kinetics. The transformed first order plots are given in Figure 5, whereas
the slopes are rate constants of the degradation. The rate constant for each catalyst is shown in Table 2.
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Figure 4. Disappearance of MB by photooxidation using (a) as-synthesized titania, (b) titania calcined at
500°C:
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Figure 5. Pseudo-first-order transforms of disappearance of MB by photooxidation using (a) as-synthesized titania,
(b) titania calcined at 500°C: (— - ) synthesized in 1,4-butanediol, (——) synthesized in toluene, (- - -)
synthesized in mineral Qil, (- ) reference catalyst JRC-TIO-1, (— - =) no titania used.

In this work, the photodegradation of MB aqueous solution using synthesized titania were compared with
that of the Japanese Reference Catalyst titania (JRC-T10-1). The results show that all titania synthesized in this work
exhibited higher photocatalytic activity than the JRC-TIO-1. Moreover, it is also shown that titania, which has
experienced the calcination, exhibits higher activity than the as-synthesized catalyst. This result can be explained by
the increasing in crystallinity of titania after heat treatment at high temperature [8].

Table 2:  Rate constants of the photocatalytic degradation reaction of MB using titania synthesized in various

solvents.
Titania preparation Rate constant

Solvent used Condition (min™)
1,4-butanediol as-synthesized 7.53x107
calcined at 500°C 1.28x107
toluene as-synthesized 7.26x10°°
calcined at 500°C 9.82x10°
mineral oil as-synthesized 6.34x10°°
calcined at 500°C 7.95x10°
JRC-TIO-1 5.792x10°®
no catalyst used 3.781x107

Nevertheless, it is evident that type of the solvent employed as the medium for the
thermal decomposition of TNB also affects the photocatalytic activity of titania obtained. The
activity of titania synthesized in the organic solvent investigated is in the following order: 1,4-
butanediol > toluene > mineral oil. This difference in the activity might be the result from two
possible causes, i.e. degree of agglomeration and structure of crystal formed, since titania
synthesized in all reaction medium are in the same crystalline phase with relatively same
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active area for photooxidation reaction. Therefore, titania synthesized in mineral oil, which is highly agglomerated
(see Figure 3), has less activity than more dispersed titania such as one synthesized in 1,4-butanediol. The other
factor affecting the activity of titania is the structure of the crystal formed, or the crystallinity. As reported in our
earlier work, crystallization mechanism of titania in the thermal decomposition of titanium alkoxide process depends
upon the reaction medium [20]. When 1,4-butanediol is employed as reaction medium, anatase crystals are formed
via direct crystallization when the temperature in the autoclave reaches approximately 250°C, which is lower than
the temperature of the operation (300°C). Subsequent heating only results in growth of the crystals. On the other
hand, for the reaction in toluene, anatase titania is formed from the solid state transformation of amorphous
intermediate, which is initially precipitated from the solution [20]. The difference in the formation mechanism of
titania reflects the difference in crystallinity of obtained particles and therefore affects their photocatalytic activity.
Since it has been accepted that the decrease in crystal defects generally improves the photocatalytic activity of titania
[21-23], the results in this work supports the mechanisms in our previous work, as discussed earlier. Furthermore, it
is also suggested that titania synthesized in 1,4-butanediol has higher crystallinity than those synthesized in toluene
and mineral oil.

CONCLUSION

Nanocrystalline anatase titania can be prepared via thermal decomposition of TNB in organic solvents. The
photocatalytic degradation of MB aqueous solution is employed to investigate the activity of obtained titania. It is
found that type of the solvent employed for the synthesis of titania in the thermal decomposition of titanium alkoxide
process affects the photocatalytic activity of titania obtained. The activity of titania are shown in the following order:
1,4-butanediol>toluene>mineral oil. This result can be explained by the lower degree of agglomeration in mineral oil
and different crystallinity obtained from different reaction mechanism.
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Abstract

MNanoparticles of anatase titania were synthesized by the thermal decompaosition of titanium (IV) #-butoxide in | 4-butanediol. The powder
obtained was characterized by various characterization technigues, such as XRD, BET. SEM and TEM, to confirm that it was a collection of
single crystal anatase with panticle size smaller than 15 nm. The synthesized titania was employved as catalyst for the photodegradation of
diuron, a herbicide belonging to the phenylurea family, which has been considered as a biologically active pollutant in soil and water.
Although diuron is chemically stable, degradation of diuron by photocatalyzed oxidation was found possible. The conversions achieved by
titania prepared were in the range of 70-80% within 6 h of reaction, using standard UV lamps, while over 99% conversion was achieved
under solar irradiation. The photocatalytic activity was compared with that of the Japanese Reference Catalyst (JRC-TIO-1) titania from the
Catalysis Society of Japan. The synthesized titania exhibited higher rate and efficiency in diuron degradation than reference catalyst. The
results from the investigations by controlling various reaction parameters, such as oxygen dissolved in the solution, diuron concentration, as
well as light source, suggested that the enhanced photocatalytic activity was the result from higher crystallinity of the synthesized titania.

© 2005 Elsevier Lud, All rights reserved.
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1. Introduction

Titanium (IV) dioxide or titania (T105) 1s one of the most
common metal-oxides recognized in various industries. Due
to its good physical and chemical properties, “such as
catalytic_activity [1], photocatalytic ‘activity: [2]{ good
stability toward adverse environment [3], sensitivity o
humidity and gas [4], dielectric character [5], nonlinear
optical characteristic [6] and photoluminescence [7], titania
has been used in many fields of application including the use
as catalysts, catalyst supports, electronics, cosmetics,
pigments and filler coating. Nevertheless, photocatalyst 1s
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E-mafl address: fchvpy @ eng.chulaac.th (V. Pavarajarn).
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oncof the most important applications of ttania. Although
ttania i€ known to have three natural polymorphs, 1.e. rutile,
anatase, and brookite, only anatase is generally accepted to
have significant photocatalytic activity [8-10].

Many factors affect the photocatalytic activity of titania.
Particle size is one of the most important factors. It has been
reporied that photocatalytic acuvity is increased with the
decrease 1n ttania particle size, especially into nanometer-
scale, because of high surface area and short interface
migration distances for photoinduced holes and electrons
[11-13]. Manocrystalline titania can be synthesized by many
methods, such as sol-gel method, hydrothermal method,
vapor-phase hydrolysis, laser-induced decomposition,
chemical vapor decomposition and molten salt method. In
this work, nanocrystalling anatase ttania was synthesized
via the thermal decomposition of ttanium alkoxide in
organic solvent, which has been employed to synthesize
various nanocrystalline metal-oxides [14-19]. 1t has been
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demonstrated that the activity of titania synthesized by
this method is much higher than those of commercially
available titania for photocatalytic decomposition of simple
compound, such as acetic acid, in aqueous solutions [20].
Howewer, it has never been used for the decomposition of
more complex substance. In this study, photodegradation of
complex substance, i.e. diuron [3-(3,4-dichlorophynyl)-1,1-
dimethylurea). is employed to investigate the activity of
titania prepared by this method.

Diuron has been one of the most commonly used
herbicides for more than 40 years. It is bio-recalcitrant
and chemically stable with half-life in soil over 300 days.
Since, diuren is slightly soluble (solubility of 36.4 mg/l at
25 °C), it can slowly penetrates through soil and contami-
nates underground water. Photodegradation using titania as
catalyst is therefore one potential option for contaminated
water remediation.

2. Materials and methods
2.1 Synthesis of witania

Titanium (IV) r-butoxide (TNB) was used as starting
material for titania synthesis. 15 g of TNB was suspended in
00 ml of 14-butanediol, which was used as reaction
medium, in a test tube. The test wbe was then placed in a
300 ml autoclave. The gap between the test tube and the
autoclave wall was also filled with 14-butanediol. The
autoclave was purged completely by nitrogen before heating
up to 300 °C at a rate of 2.5 "C/min. Autogeneous pressure
during the reaction gradually increased as the temperature
was raised. The system was held at 300°C for 2 h before
cooling down o mom tempecamre. The resulting powders
in the test be were repeatedly washed with methanol and
dried in 110 °C oven overnight. Subsequently, the obtained
product was calcined at 500 °C for 2 h in a box furnace with
a heating rate of 10 °C/min.

Synthesized powders were characterized by wvarious
techniques, i.e. powder X-ray diffraction (XRD, scanning
electron microscope (SEM) and transmission electron
microscope (TEM). Powder X-ray diffraction (XRD)
analysis was done by using a SIEMENS D000 diffract-
ometer with Cukla radiation. The crystallite size of the
product was determined from the broadening of its main
peak, using the Scherrer equation. Specific surface area of
the samples was also measured by using the BET multipoint
method.

2.2, Photocatalyiic experimenis

Photodegradation of diuron in aqueous solution was
employed to investigate the photocatalytic activity of the
synthesized titania. The initial concentrations of diuron used
were 1 and 10 ppm, respectively. The solution was mixed
with titania in the ratio of 1 mg titania to 10 ml of solution

and kept in the dark for at least 15 min to allow the complete
adsorption of diuron on the surface of titania. The
photocatalytic reaction was initiated by exposing test
tubes to light from UV lamps (Phillips Cleo 15 W), Diuron
degradation was periodically monitored by using a reverse
phase HPLC system. The HPLC system included Hyper-
clone column (1503 8 mm inner diameter; 5 pm particle
size) (Phenomenex, USA) with a mobile phase of 70%
acetonitrile—29.5% water—0.5% phosphoric acid; a flow rate
of 0.5mlmin and a UV detector at 254 nm. The
photecatalytic activity of the synthesized catalyst was
compared with that of the Japanese Reference Catalyst
ntamia, JRC-TIO-1, which is also pure nanocrystalline
anatase.

3. Resulis and discussion

3.0, Properties of synthesized titania

The particles obtained from the decomposition of TNB in
I A4-butanediol at 300 °C was confirmed to be titania. The
XRD analysis, as shown in Fig. 1, revealed that the
synthesized product before calcination was already anatase
phase. This result was in agreement with the resulis from
our previous work that anatase crystals were formed by
crystallization when the temperature in the autoclave
reached 250°C [21]. The crystallite size of the as-
synthesized product calculated from the Scherrer equation
was approximately 13 nm, while that of the calcined product
was 15 nm. It should be noted that the crystallite sizes
calculated were in agreement with TEM observation
(Fig. 2). Therefore, it was suggested that the synthesized
product synthesized was nanosized single crystal titania.

As shownin Table 1, the BET surface area measured by
nitrogen adsorption (Sger) of the as-synthesized products
was comparable with the surface area calculated from the
particle size (Sxpp), which was assumed that the particles
werg spherical and nonporous. It was therefore suggested

" ® Anatase |
-
) . . .s .
— A ;A A

Fig. 1. XRD pattems of synthesized titania: (a) before calcination, (b) after
calcination.
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100 nm

Fig. 2. TEM micrograph of as-symhesized titania,

that the primary particles were not heavily agzlomemied. 1t
was also confirmed by SEM micrographs (Big. 3a) that the
synthesized powder was an irregular ageregates of nan-
ometer particles. According to Park et al. [22], agglomera-
tion of the precipitates is influenced by diclectric constant of
the reaction medium. The lower the dielectric constant, the
higher the degree of agglomeration. Since, 1.4-butanediol
has quite high dielectric constant (¢=32 at 25°C [23]), the
repulsive force between anatase particles formed in this
reaction medium is more pronounced than the attimction
force, resulting in low degree of agglomeration.

After calcination at 500 °C, the calcined powder was still
in anatase phase, as previously proved that anatase
synthesized by this method 15 themmally stable [21].
Nevertheless, the crystallite size of titania increased due
to crystal growth. Agglomeration of primary particles was
also observed, according to the fact that the BET surface
area was notably decreased. Despite of the smaller surface
area, calcined titania has shown higher photocatalytic
activity than as-synthesized titania. This 1s due 1o the fact
that the crystallinity of titania was improved by calcination
and the crystallinity predominantly influenced the activity
rather than surface arca [24].

2.2, Photodeg radation of ditiron

It has been repomed that ttania synthesized by the
thermal decomposition of tanium alkoxide in organic

Table 1
Crystallite size and surface area of the synthesized products

Crystallite Spper (0 g) Sygn (mg)

size”, d (nm)

Symhesized titania

Before calcination 13 113 120
After caleination 15 ] 103
Beference titania 9 53 174

* Crystallite size calenlated from XBD peak broadening.

Fig. 3. SEM micographs of synthesized titania: (a) before calcination, (b)
after calcination.

solvent has high actuvity in photocatalytic decomposition of
various compounds [20]. In this work, titania synthesized by
this method was employed as catalyst in the photodegrada-
ton of diuron, which is chemical ly stable pollutant. Since,
the photocatalytic activity depends upon the conditions of
the reaction, such as temperature, light intensity, initial
concentration of the compound to be degraded and amount
of catalyst used, it is difficult to directly compare the results
obtained in this work to those reported in literatures.
Therefore, in order to imvestigate activity of the in-house
synthesized catalyst, the results were compared to that of the
reference catalyst (JRC-TIO-1) from the Catalysis Society
of Japan. It should be noted that mass of the reference
catalyst used was the same as the mass of the in-house
synthesized catalyst.

Fig. 4 shows the disappearance of diuron by photo-
catalytic degradation using the synthesized titamia or
reference titania as catalyst. It should be noted that O is
the concentration of dinron at time 1, while Cp 1s the nitial
divron concentration. The results shown in Fig. 4a indicate
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Fig. 4. Results for photocatal ytic degradation of 1 ppm digron agueous

solution: (a) in oxygen saturated solution, (b} in mitrogen-purged solution:
() synthesized titania, { &) reference titania,

that although both catalysts yielded approximately the same
degradation afier the reaction time of 6 h, the synthesized
titama showed almost twice as much in the inital
degradation rate than the reference catalyst. The amount
of diuron was reduced to 30% of its iniial value within4-h
of the reaction using the synthesized catalyst, while almost
6 h was required for the reference catalyst.

It has been recognized that the efficiency of tlania in
photocatalytic reaction is influenced by many factors such
as crystallinity of the anatase phase [9], particle size [11]
and surface area [11]. Since, the synthesized and reference
titania are both anatase with roughly same particle size and
surface area, the main factor accountable for the enhanced
activity of the synthesized utania is its crystallinity.
Although there has been no consensus on the detailed
mechanism of the photocatal yiic reaction on titania, it is
generally agreed that the reaction involves generation of
electron-hole pairs upon illumination of UV light on titania.
The photogenerated holes can be subsequently scavenged
by oxidizing species such as H,O or OH™ and result in
highly reactive hydroxyl radicals, which are the key for
decomposition of most organic contaminants. Therefore, the
separation of the photogenerated electron-hole pairs is
considered to have a predominant mle in photocatalytic
reaction. The longer the separation period, the higher

the activity. Crystallinity, including quality and quantity of
both bulk and surface crystal defects, 1s one factor that
affects the electron-hole separation [25]. It has been
reported that negligible photocatalytic  activity  of
amorphous titania is attributable to the facilitated recombi-
nation of photoexcited electrons and holes in the amorphous
structure. Therefore, the result in Fig. 4a suggests that titania
synthesized by themmal decomposition of TNB in 1,4-
butanediol has structure with high crystallinity that prevents
electron-hole recombination. This result supports the
findings in our previous work that titania synthesized by
this method was formed via crystallization pathway [21].

When all oxyzen dissolved in the solution was purged by
thoroughly bubbling with nitrogen gas, the conversion of
divron photode gradation dramatically decreased. As shown
in Fig. 4(bh), only about 30% of diuron was degraded within
6h of the reaction with either the synthesized or the
reference catalyst. This is in agreement with the generally
accepled mechamsm of the photocatalytic reaction that the
presence of oxygen as an electron scavenger in the system is
required for the course of the reaction [26-28]. Without
electron scavenger, the electron-hole recombination spon-
tangously took place on the surface of titania. The enhanced
effect from crystallinity of the synthesized titania was
therefore compromised and the progress of the photocata-
Iytic reactions from both catalysts were roughly the same.
However, rezardless of the depletion of dissolved oxygen in
the solution, the reaction still slowly progressed. This was
expected to be the results from chlorine radicals produced
from diuron degradation. Several studies involving photo-
catalytic decomposition of chlonnated organic materials
have proposed that chlorine radicals may be generated
during photocatalysis [29] and these radicals paticipate in
radical chain reactions [30-32].

Further, investigations on the enhanced activity of the
synthesized ttania were conducted by using solar
wradiation, which had much higher light intensity than
UV lamps. It should be noted that the concentration of

T T T T b T T
i 60 120 180 240 300 360 420
Time {mim)
Fig. 5. Results for photocatalytic degradation of 10ppm divron aquesus

solution: (- - -1 using UV lamps, (—) wsing solar radiation; (W), (A)
symthesized titania, (), (O reference titania,
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50 increased with an increase in light intensity. According to
u Table 2, the reaction rate constant obtained from the
404 synthesized titania was roughly 45% higher than that of the
reference titania, when UV lamps were used. On the other
o 304 o hand, the rate from the synthesized ttania was about 60%

C: higher, under solar irradiation.
E 204 In general, under higher light intensity, more photo-
i electron-hole pairs are generated. Howewer, it has been
104 - ) reported that a rate of the electron-hole recombination
_j_ﬂf___i_-——g—"—_r increases with increasing light intensity more progress-
0.0 kA TC i i . ively than the mtes of charge transfer reaction [33].

] &0 120 180 240 300 360 40

Tine: (num)

Fig. 6. First-order linear transforms of the degradation of 10 ppm divmon
agqueous solution: (- - -3 using UV lamps, (—) using solar radistion; (W),
(& ) synthesized titania, (<), (O) reference ttama.

divron employed was increased to 10 ppm in order o
investigate the effect of the initial eoncentration as well.
Fig. 5 shows the results companng the photodegradation
using sunlight to that using UV lamps. Furthermore, since
rates of photooxidation of various cgganic contaminants
over lluminated titania have been suggested to follow the
Langmuir-Hinshelwood kinetics model [27.33,34], which
can be simplified to the apparent first-order Kinetics at low
concentration, the plot of In(CefC) versus tme was
expected to be a straight ling with the slope equal to the
apparent rate constant, ke, of the degradation. The first-
order linear transforms of the results shown in Fig. 5 are
ziven in Fig. 6 and the rate constants are eportedin Table 2.

Regarding the effect of diuron concentration, it was found
that the degradation rate under UV light shown in Fig. 5
(Co= 10 ppm) was only slightly less than that was given in
Fig. 4 (Cy=1 ppm). This is in general agreement with the
pseude first-order nature, according to the Langmuir—
Hinshelwood kinetics, of the photooxidation on titania.

It can be seen from Figs. 5 and 6 that titania synthesized
from thermal decomposition of titanium alk oxide has higher
photocatalytuc activity than the reference catalyst
especially under solar irradiation. Although it was not
surprise w observe higher degradation rate under higher
light intensity, it was particularly interesting to find that the
enhancement in the activity from the synthesized titania
Table 2

Rate constants amd half-life of the photocatalytic degradation reaction of
diuron

kg (min™ ) f1 (min)
Degrdation using UV
lamps
Synthesized titania 3003 1073 2308
Reference titania 20421077 3395
Depgmdation using solar
irmdiation
Synthesized titania 11451072 6.5
Reference titania 702707 98.6

Therefore, titania with high crystallinity, which prolongs
the separation lifetime of the photogenerated electron-hole
pairs, would utilize these greater amount of photoexcited
clectons and holes with higher efficiency. Consequently,
the enhancement in the photocatalytic activity under high
light intensity is more pronounced than that from titania
with lower crystallinity. This feature supports the afore-
mentioned  discussion that thermal decomposition of
titanium alkoxide resulted in anatase ntania with much
higher erystallinity than the conventional preparation
technigues.

Resulis discussed above have demonstrated that titania
synthesized by thermal decomposition of TNB in 1,4-
butanediol 1s potentially applicable for the photodegrada-
tion of diuron. However, the operating conditions for
photocatalytic reaction in this work have not been
optimized. Further, investigation on effects of degradation
parameters on the degradation efficiency as well as the
mtermediates mresulted from diuwon degradation will be
discussed in our next paper.

4. Conclusion

Manoerystalline anatase ttania can be prepared via
thermal decomposition of TNB in 14-butanediol. The
synthesized ttania has shown higher photocatalytic activity
comparing to the reference catalyst. It is suggested that the
enhanced activity 1s resulted from high crystallinity of
the synthesized powder, which consegquently reduces the
recombination of photogenerated electron-hole pairs.
The synthesized titania also_shows the potential for the
degradation of chemically stable compound such as diuron.
Nevertheless, conditions for photodecomposition need to be
optimized.
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