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CHAPTERI

INTRODUCTION

The use of agrochemicals such as herbicides and insectiside® iof the
main environmental problems at presence because agrochemacatsranonly toxic
and can contaminate both soil and aquatic systems for very longTimaecauses of
contamination-are mainly-due to the use in agricultural fieldsidivegy washing of
herbicide containers, and the discharge of industrial effluentshénag not been
treated before their disposal to the environment. Among sudtlegmicals, diuron
[3-(3,4-dichlerophenyl)-1, 1-dimethylurea], linuron [I-methoxy-1-methyB3H
dichlorophenyl)urea], and isoproturon [3-(4-isopropylphenyl)-1,1-dimethyluvesd
selected as target compounds in this study because they aredesrbielonging to
the family of halogenophenylureas which are considered as higlxig, bio-
recalcitrant and chemically stable (Djebbar et al., 2008; feamé, 2007; Farré et al.,
2008; Lapertot et al., 2007; Lopez et al., 2001; Madani et al., 2006; Mds&h e
2003)

The combined treatment processes including both physical and bidlogica
processes, such as flocculation, filtration and biological treatarenexamples of
wastewater treatment techniques. These processes are lmstinHowever, such
removal techniques are not able to remove low level of toxic inorgamicorganic
contaminants.-Instead, the chemical methods have been used to reenlove fgvel
of toxic compounds from water to sufficiently safe concentrationettuae its

environmental effect.

Advanced Oxidation Processes (abbreviated as AOPS) are dypeialf the
chemical treatment process. All AOPs are characterizetidogeneration of highly
oxidizing  hydroxyl radicals (OH, which are capable of achieving complete
abatement of the pollutants through mineralization to carbon dioxider,waatd
inorganic ions such as nitrate, chloride, sulfate and phosphate. Some ®f thes

processes involve the use of oxidizing chemicals, such as ozone drmbédry



peroxide, while others combine such chemicals with UV/visible ligadiation. The
combination of oxidants and irradiation has been found to significantbleaate the
degradation of the pollutants. Common photo-assisted AOPs are UV/Fenton
Ozone/UV, HO,/UV and TiGQ/UV processes (Andreozzi et al., 1999).

Among all AOPs, semiconductor-assisted photocatalytic procemsei®f the
waste treatment technologies for the elimination of toxic cbaisi Many kinds of
semiconductor have been studied as photocatalysts. The most widaly use
semiconductor is Ti@due to its high efficieney, photochemical stability, non-toxic
nature and low cost..On the other hand, ZnO is also a semiconductor biawilag
band gap as Ti© The‘advantage of ZnQ, comparing to 7,i@ that it absorbs over a
larger fraction of UV spectrum and the corresponding threshoh©f is 425 nm
(Behnajady et al.,.2006).

In this research, the photocatalytic degradation of phenylunddcites on
nanosized ZnO powder is investigated toward complete removal offutarm
substances. This work not only.investigates the degradation of phenkkntgcides,
but also interests in identifying the formation of intermediathsing the
photocatalytic degradation-because the intermediate compounds formed could be even

more toxic than the parent herbicides.

The objectives of this research are listed as following:

1. To investigate photocatalytic degradation of various phenylurea
herbicides, using nanosized ZnO powder as catalyst. Effects iousar
parameters, i.e. initial concentration of herbicides, catédgsting, pH of
solution, and temperature on degradation of phenylurea herbicidelseand t
external mass transfer of pollutant from bulk to surface of Zn® a

investigated.

2. To investigate the degradation kinetics and the formation of intkates

during the photocatalytic degradation of various phenylurea herbicides.



The present study is arranged as follows:

Chapter | is the introduction of this work. Chapter Il describescltheory
about phenylurea herbicides such as chemical, physical, and toxiablpgpperties
of phenylurea herbicides. Photocatalytic reaction, physical lagchical properties of
zinc oxide, photocatalytic degradation of phenylurea herbicides swedalkcribed.
Furthermore, literature reviews of the previous works relatedhitoresearch are
presented in this chapter as well. Chapter Il shows experimepséems and
procedures for the photocatalytic degradation. Chapter IV presentsxperimental
results and discussion. In.the last chapter, the overall conclusitins ofsearch and

recommendations forthe future work are given.



CHAPTER I

THEORY AND LITERATURE REVIEWS

Theory and literatures relating to properties of phenylurea heesici
photocatalytic reaction, physical and .chemical properties of zide, and

photocatalytic degradation of phenylurea herbicides will be explained in thisrse

2.1 Introduction of Phenylurea Herbicides

Since-their discovery in 1950, phenylurea compounds have been widely used
to prevent the growth of undesirable plants. They are mainly uselefaontrol of
germinating grass and broad-leaved weeds in many. crops (€ixar, 2000). They
prevent weeds growth by inhibiting the process of photosynthesis. Howteee
phenylureas are persistent herbicides. At high rates of appticttiey are useful as
total weed killers, but at low rates, many can be used fortselageed control in a
wide range of crops (Katsumata et al., 2005). They are toxic and odegoadable.
They can contaminate both-soil and aquatic systems for veryitoagTherefore, the
use of phenylurea herbicides is one of the main causes for thereneintal pollution
and public health. Examples of herbicides 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 phenyldegaadation by

photocatalytic-reaction.

The phenylurea herbicides discussed in this work are geneatilr stable in
the ;environment and undergo only limited decomposition or degradation under
normal ambient conditions. Phenylurea herbicides are not particwaldtile, but
because they tend to persist in the environment, they can circolateyavater, soil,
vegetation, and animals. Phenylurea herbicides can travel long distandepas# in
soil and water, so they can be often found away from their point oT heg.can also

be transported in foods and other products treated with them.



Because these phenylurea herbicides are fairly nonpolar maethiy tend
to dissolve readily in hydrocarbon-like environment, such as thg fiadterial in
living matter. They are only slightly soluble in water. Theihere strongly to soils or
sediments, where their local concentrations can increase, eftaeding those of
surrounding water by orders. of magnitude. Phenylurea herbicidesater vand
sediment tend to bioaccumulate in living tissues, particularlisingnd other aquatic
organisms. They also bioaccumulate in-plants, birds, terrestriaibmiagricultural
livestock, and domestic animals, where their concentrations incbsaseders of
magnitude as they risethrough the food web, particularly as thamh reigher

organisms.

At low.concentrations, phenylurea herbicides exhibit relatively fowicty
towards humans. However, they may mimic human_ hormones like estrogen, or
possess other properties that may cause long-term  health .effecthigher
concentrations, phenylurea herbicides can be very harmful, causihagge of
problems including mood change, headache, nausea, vomiting, dizziness, convulsions,
muscle tremors, liver damage, and ultimately death. Because ofethssffects on
animals and plants in the environmental, and potential harmful effects to humans, uses
of many phenylurea herbicides had long been banned in most of csuntribe

world.

The phenylurea herbicides are used for pre- and post-emergence weed control
in a wide variety of crops and are widely applied throughout the world. In general,
these herbicides have long lifetimes in the environment.“For example, thiéehalf |
soil of diuron and linuron is 300 days and 3-4 months, respectively. Therefore, the

occurrence of these herbicides as pollutants is of public concern.



2.1.1 Diuron

Diuron [3-(3,4-dichlorophenyl)-1, 1-dimethylurea], is a long acting herbicide,
belonging to the family of halogenophenylureas. It has been one of the most
commonly used herbicides for mere than 40 years (Tomlin 2000). The plemaida
diuron via the root system. It kills weeds by inhibiting the procegghofosynthesis,
which means that plants cannot convert sunlight energy to grow. Diusosekected
for investigation of the photocatalytic degradation in this work becadfiskigh
potential environmental contamination of soil-and waterways by diuron fureof
agricultural areas, particularly into soil and aquatic systéihere are some human
health concerns about the toxicity of some impurities in the acowstituent of

diuron as well. Its properties are shown in Table 2.1.

Table 2.1 Physicochemical properties of diuton

Structure formula Cl
0]
Cl O N
H CH;
Molecular weight 233.10 g/mol
Molecular formula GH1CILN,O
Melting point 158 — 159C
Vapor pressure 0.0041 Pa at 3@
Appearance White crystalline solid
Synonyms Cekiuron; Crisuron; Dailon; Di-on; Krovar;

Unidron; Vonduron; Xarmex; etc.

Solubhility 42 ppm in water at 2&

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

Half-life Over 300 days'in sail




2.1.2 Linuron

Linuron [1-Methoxy-1-methyl-3-(3,4-dichlorophenyl)urea], is one of thetmos
important commercial ureas. It has good contact activity andayt kill emergent
weed seedlings. Linuron is used to control annual and perennial broadleghasyl
weeds on crop and non-crop sites. It'is used as a pre- and a post-emergadehérbi
works by inhibiting phetosynthesis in plants. lt-is labeled for us@ybean, cotton,
potato, corn, bean, pea, winter wheat, asparagus, carrot, and fruit crepdsdt used
on crops stored in.warehouses and storerooms. Half-life of linuronl irasges from
3 — 4 months. Therefore,this compound has been found as contaminant in sudtface a
ground waters. The rapid and simple wastewater treatmentwbt is urgently

required urgentlylts properties are shown in Table 2.2.

Table 2.2 Physicochemical properties of Linuron.

Structure formula ﬁ “
N L L
OHEF O NS %% C
| " W
A H
&
CH,
Molecular weight 249.17 g/mol
Molecular formula GH10CI2N2O;
Melting point 85 —-94C
Vapor pressure 0.0020 Pa at 2€
Appearance White crystalline solid
Synonyms Afalon; Alafon; Cephalon; Garnitan; Linex;

Linurex; Premalin; Rotalin; Sarclex; etc.

Solubility 75 ppmin.water at 2&

Toxicity Excessive exposure-to linuron may affect blood,
and may cause cancer. lts effect to aquatic
organism vary. and. likely:to-be harmful to other
wildlife. It is considered as low toxicity herbicide.

Half -life 3-4 months in most soils




2.1.3 Isoproturon

Isoproturon [3-(4-isopropylphenyl)-1,1-dimethylurea orp-8umenyl-1,1-
dimethylurea], is a herbicide that inhibits photosynthetic electeotster. It is mainly
used for the control of annual grasses and many broad leaved wésels@neals and
wheat. Isoproturon can be mobile in soil and it can be soluble in vidbteeover,
isoproturon has low chemical and biochemical degradation rate,imgsultthe fact
that it is often found in_contaminated surface water and ground.\iidterefore, it
becomes a potential risk for environmébtipas et al., 1995; Nitschke and Schussler
1998; Parra et al., 2000;.Sharma et al., 2008; Spliid and Koppen 1998; Tomlim 1994;
Von wiren Lehr et al., 2001Jts properties are shown in Table 2.3.

Table 2.3 Physicochemical properties of isoproturon.

Structure formula GHa\CHOE {|‘_|'| {KCH:-;
ﬂHa’/ LY ¢ N\cHﬁ
Molecular weight 206.29 g/mol
Molecular formula @H18N20
Melting point 155 - 156C
Vapor pressure 0.003 mPa at 2C
Appearance White crystalline solid
Solubility 72 ppm in water at 2C
Toxicity Low toxic, acute oral to mouse is over 10000
mg/kg
Half-life 30 days in-water;, 6.5 t0-30 days in-soil

2.2 Photocatalytic Reaction

Photocatalytic process is a technology for oxidation/degradationgaiiar
contaminants in environmental control. It can use sunlight, which isahlaiin

abundance, as the energy source to initiate the photodecomposition of pllTkent



end products of this treatment process are usually harmless compounds such as carbon
dioxide, water and inorganic ions such as chloride and nitrate. litlegswidely used
as an alternative physical-chemical process for the eltramaf toxic and hazardous
organic substances in wastewater, drinking water, andnathis process, a semi-
conductor activated by ultra-violet (UV) radiation is used astalysh to destroy

organic contaminants (Figure 2.1).

Minerals Acid, CQ, H,O
o, i

Oxidized
€ ¢t Reduction Organic Pollution Intermediate

ZnOT 3.2 eV m—) {HOzs, HO,, H,O;, <OH}

*OH

&
h've Oxidation

H,0, OH"

Figure 2.1. The photocatalytic reaction diagram.

The electron configuration in a semiconductor is formed into “bandsl as
result of the combination of discrete energy levels of the coastitatoms. For a
semiconductor such as zinc oxide, the highest filled band is tdhmedhlence band
(VB), and the lowest unoccupied level is the conduction band (CB). Theagepa
between the top of the valence band and the bottom of the conduction baltetis ca
band gap. The band gap of a semiconductor is the minimum energy akligiived
to make electrons excited enough to get moving. When a photon of energy highe
than or equal to.the band gap energy is_absorbed by a semicondutithe. pan
electron from the valence band is promoted to the conduction band mviitisgieous
generation of an electronic vacancy or "hol€e" {h the valence band. The movement
of electron within the system may occur in two different wags the electron may
move from the CB into an electron acceptor in the solution (redustamtion) or the
electron may move from the electron receiver in the solutiontir@dole in the VB
(oxidation reaction). The hole can alseact with water to produce the highly
reactivity hydroxyl radical (OH. Both the holes and the hydroxyl radicals are very
powerful oxidants and can be used to oxidize most organic mat&igishima et al.,
1999).
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The photocatalytic reaction starts with an exposure of photodatalyight.
After light is absorbed by the photocatalyst, two types ofaratri.e. electron (and
holes (A) are generated. Semiconductor oxides such ag 7i@D, SrTiQ, K4sNbO,,
Fe,0O; and SnQ@ are good photocatalyst because of the long time that both of these
carriers are separated and can be used in photocatalytic process. Thedelgsised
semiconductor is Ti@due to its high efficiency, photochemical stability, non-toxic
nature and low cost. On the other hand, ZnO is also a semiconductor kiawilag
band gap as Ti§X3.2 eV).

-1.0
w00 Jee s annalaneaTany spn smspn s s wmamnnnnns  H/H,
” 1.4 /5 SIS >
g +1.0 ---3--3&---v---<\! ---:;L---B ...:....a... 0,/H,0
w oY 4 Lo dj' > ™ ™ g 3V
+3.0 1 il KTa0, 11024 L1l <4 -
Nb,O5

240 g ol

Figure 2.2. The semiconductor band gap.

The photocatalysis can be defined as the acceleration of a phatordacthe
presence of a semiconductor catalyst that can be activated by the adsoirpght of
energy greater than its band gap. Since the contaminants are [pmeEntqueous
phase, while-the semiconductor is solid, this process can be balletbgeneous
photocatalysis process. The generations of electron-hole pairspaesented in Eq.
2.1. The photo-generated holes and electrons give rise to oxidation andoreducti
processes, respectively. In an agueous selution, water molecules adsodurface
of the catalyst. They are oxidized giving rise to’@#tlicals. As the process is usually
carried out in aerobic conditions, the species to be reduced ismpg@eerating the
superoxide radical (Eg. 2.2 to 2.4). Organic pollutants adsorb onto theesafftde

catalyst are subsequently oxidized by @atlicals.
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Semiconductor +hv —> K + ¢ (2.1)
"+ HOwe —> OH + H (2.2)
H + OHas —> OH (2.3)
e + O — g (2.4)

Support of the OHradical as the main reactive oxidant derives from the
observation that intermediates detected during the photocatalygiadadeion of
halogenated aromatic compounds are typically hydroxyl structusejoge found

when similar aromatics reactwith a known source of @Hicals.

The photocatalytic  process | has  several advantages when compared to
biological and traditional chemical oxidation processes. First, pthetocatalytic
reaction is not specific. Therefore, it is capable of destgogirspectrum of organic
chemicals. These compounds include hydrocarbon fuels, halogenated solvents,
surfactants, pesticides and many hazardous organic chemieatsdS the process is
very efficient. It often achieves a complete mineralizatiorofanics. Third, the
process is immune to organic toxicity. This advantage makes thecphalitic
process particularly attractive for the degradation of cgcaht and toxic xenophobic
compoundsFourth, the process can be applied equally well to liquid and gaseous
streams. Finally, there is a potential to utilize sunlightemdtof an artificial light as

an UV source. Thus, the energy cost for the process can be reduced.

2.3 Physical and Chemical Propertiesof Zinc Oxide

Zinc oxide is an amarphous white or yellowish powder. It occurs in eaisir
the mineral zineite. It-is nearly insoluble in-water or alcohol,ibist soluble in acids
and alkalies. Zinc oxide particles-may be spherical, aciculapdular depending on
the manufacturing-process. The particle shape is importamhdzimizing. physical
properties. Zinc oxide absorbs. all UV light radiation at wavdengelow 360 nm.
Zinc oxide has received considerable attention because of its unigioal,opt
semiconducting, piezoelectric, and magnetic properties. ZnO nanastsiexhibit

interesting properties including high catalytic efficiency amdrgf adsorption ability.
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ZnO is able to degrade a wide range of recalcitrant organitgsnorganic pollutants
due to its ability to generate highly oxidizing and reducing gsedi could be photo-
excited by absorbing light of suitable wavelength to genenadetypes of electronic
carriers, i.e. electrons (ehe reducing species) and hole§ the oxidizing species).

Zinc oxideis a Il-VI'compound semicoenductor of which the ionicity resides at
the borderline between covalent and-ionic_semiconductor. The crysiatuses
shared by zinc oxide are wurtzite,.zinc blende, and rocksalt, anatbally shown
in Figure 2.3. At ambient conditions, the thermodynamically stablsepisawurtzite.
The zinc-blende structure can be formed only ‘by the growth of @nCrubic

substrate. The rocksalt structure may be obtained at relatively highrpressu

Figure 2.3. Stick and ball representation of zinc oxide crystal structures:
(a) cubic rocksalt, (b) cubic zinc blende, and (c). hexagonal wurtzite.
The shaded gray and black spheres denote Zn and O atoms, respectively.

Zinc oxide is‘an n-type semiconductor with a band gap of 3.20 eV afie¢he
excitation.energy of 60 meV, which makes it very high potential for room teroper
light emission. This also gives zinc oxide strong resistanchigh temperature
electronic_degradation _during operatiorherefore, it is attractive for many opto-
electronic applications in the range of blue and violet lightelsas UV devices for
wide range of technological applicationsZinc oxide also exhibits dual
semiconducting and piezoelectric propertlsummary of the physical and chemical

properties of zinc oxide are given in Table 2.4.



Table 2.4 Physical and chemical properties of zinc oxide.
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Molecular formula
Molecular weight
Lattice parameters at 300 K
a
c
alc
Density
Melting point
Thermal conductivity
Linear expansion coefficient
(°C)
Static dielectric constant
Energy gap
Excitation binding energy
Appearance

Synonyms

Solubility

ZnO
81.38 g/mole

0.32495 nm
0.52069.nm
1.602 (ideal hexagonal structure is 1.633)
5.606 glcth
1970 — 197%C (decomposes)
130 W/m.K
a: 6.5x 10°
c:3.0x 10°
8.656
3.2 eV, direct
60 meV
White solid

Zinc white; Zinc flowers; Calamine; C.I. pigment

white 4
Insoluble in water and alcohols.

Soluble in acids and bases.

Physicochemical stability Stable under normal conditions of handling and

storage.

Zinc oxide occurs in nature as mineral. Zinc oxide is prepared intrradus
scale by vaporizing zinc metal and oxidizing the generatedvapor with preheated
air. Zinc oxide has numerous industrial applications. It is a comnhnite wigment in
paints. It'is'used to make enamel, white printing ink, white gipague glasses, and
floor tiles. It is also used in cosmetics, pharmaceutical agpits such as antiseptic
and astringent, dental cements, batteries, electrical equipmenipicaweklectric
devices. Other applications are the use as flame retardant, \@ndb&brber in
plastics. Nevertheless, the current major application of zirdedsiin the preparation

of most zinc salts.
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2.4 Electronic Structur e of Semiconductor

In solid-state physics, semiconductors (and insulators) are deBnsalids in
which the upper most band of occupied electron energy states, knaha \edence
band, is completely full at absolute zero temperature (0 K). Irotier words, the
Fermi energy of the electrons lies within the forbidden band dapFE&rmi energy or
Fermi level can be thought of as the energy up to which availldgan states are

occupied at absolute zero temperature.

At room temperature, there is the smearing of the energyibdistn of
electrons, such that.a small, but not insignificant number of electraves enough
energy to cross the energy band gap into the conduction band. Thasmnelereak
loose from the covalent bonding among neighboring atoms in the solid, andréhey
free to move around, hence conducting charges. The covalent bonds framthelsie
excited electrons had previously occupied now have missing electrormsles,
which are free'to move around as well. It should be noted that thé@desteloes not
actually move, but a neighboring electron can move to fill the haejrg a hole

where it originally come from. By this way, the holes appear to move.

It is an important distinction between conductors and semiconductors such
that, in semiconductors, movement of charge (current) is fadiitateboth electrons
and holes. For the conductors where the Fermi level lies withiootguction band,
the band is only half filled with electrons. Therefore, only sralbunt of energy is
needed for the electrons to find other unoccupied states in the conducttine O
contrary, the Fermi level in semiconductors lies in the valenoé. Gdne excitation of
electrons from the valence band to the conduction band in semiconductors dapends

the band gap.

The current-carrying electrons in the conduction band are known as “free
electrons" although they are often simply called "electrongoiftext allows this
usage to be clear. The holes in the valence band behave very muchsitkeslyo
charged counterparts of electrons, and they are usually treatédhay are real

charged particles.
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Figure 2.4. Band structure of a semiconductor showing a full valence band and an

empty conduction band. The Fermi level lies within the forbidden band

gap.

2.4.1 Direct and indirect band gap semiconductors

The band gap energy of semiconductor can be classified into direct and

indirect band gap energy.

Direct band gap means that the conduction band lies directly above the
valence band. A semiconductor with direct band gap can be used togimiThe
prime example of a direct band gap semiconductor is gallium desemimaterial

commonly used in laser diodes.

Indirect band gap semiconductors are inefficient in emitting light. This is
because any electrons present in the conduction band quickly settleeimanimum
energy ‘of that band. Electrons in this:minimum require source of mometd
overcome the offset and fall into the valence band. Momentum of photonsyis ve
small comparing to this energy offset. Since the electron caejwh rthe valence
band by irradiative.recombination, conduction band electrons typicallguéstsome
time before recombining through less efficient means. Silicon direct bandgap
semiconductor, and hence is not generally useful for light-emittiodedi or laser

diodes. Indirect bandgap semiconductors can absorb light, however this amly occ
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for photons with significantly more energy than the band gap. Thieygwre silicon
appears dark grey and opaque, rather than clear.

2.4.2 The fundamental absorption process

The most important light absorption process in semiconductors involves the
transition of electrons from the valence band to the conduction band. Beddtse

importance, the process is referred téuasamental absor ption.

In fundamental absorption, an electron absorbs an incident photon and jump
from the valence band tothe conduction band. Therefore, the energy of photon must
be equal to or greater than the band gap en&igydr the frequency of the incident
photon ¢) must be;

v > Eg/h (2.5)

where h is Planck constant (4.18510™° e\.s).

The frequency of photon which corresponding exactly to the band gap energy is

referred to as the absorption edgg,(wherevg = Eg/h.

The absorption edge is useful for determining band gap energy i
semiconductors. It has replaced the earlier method that based on cotydat has
been a standard procedure for band gap determination, becausaaifuitacy and
convenience. The optical method also reveals many more details thieoband

structure than the conductivity method.

To fine the absorption edge, the optical absorbance spectra ointpéesas
shown in.Figure 2.5, must be.obtained (e.g. form UV-Visible spectropha@gdmee
wavelength where the absorbance becomes 50%. of the maximum absafibanc
excitonic peak) is called;,. Meulenkamp and coworkers (1998) have reported that

the frequency calculated from,, is analogous to the absorption edge (Meulenkamp,
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1998). This method gives the result comparable to other studies andlcee eerors

from the spectra with broad absorption edge (Madler et al., 2002).
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Figure 2.5. Determination ok, from the optical absorbance spectra

(Madler et al., 2002).

For semiconductor. film, band gap can be calculated by other equations,

depending on characteristic of the semiconductors.
For adirect band gap semiconductor:
ag = A(hv-Ey)'? (2.6)

where a4 = Absorption coefficient, which can be calculated by using the formula of

Pankove (Pankove, 1971; Mott et al., 1979).

d % lln{ (ER)" +{(1- RZ)4 —RZ} | } (2.7)
d BT a4

Constant involving the properties of thedsan

Reflectance data

Transmittance data

Q e
I

= film thickness (nm)
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In 2005, Weng and coworkers synthesized zinc oxidm film by

electrochemical deposition. The band gap energsaoiples were determinate from

relationship in equation (2.6) by extrapolation tbk linear part inthe plot of

(absorbancé)versus the excitation enerdy, (Weng et al., 2005). It should be noted

that the use of (absorbance)s in accordance withof) ? in equation (2.6). The

methods are given in Figure 2.6.
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Figure 2.6. (a) Optical absorbance spectra of samples

(b) The band gap energy arerdetated by extrapolation of the linear

part of the plot o6 ? versushv.on x-axis (Weng et al., 2005).

For anindirect band gap semiconductor:

o =A(T) (v - E)®

(2.8)
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whereA'(T) = Constant containing parameters pertainingpéobands and the
temperature (Blatt, 1968).

2.5 Photocatalytic Degradation of Phenylurea Herbicides

Advanced Oxidation Processes (AOPs) are alternatidevery useful for the
degradation of non-biodegradable. organic pollutahkey are much more efficient
than conventional techniques such as flocculatpagipitation and adsorption on
activated coal. The chemical processing by AOPsldcdead to the complete
mineralization of peollutants. AOPs are based on dgkeeration of the hydroxyl

radicals and use them as primary oxidant for thygatkation of organic pollutants.

Nanosized ZnO powder has been widely studied aalysatfor AOPs. In
recent years, ZnO has been used as effective,enekge, nontoxic semiconductor for
the degradation of wide range of organic chemidatsivea et al. have reported that
the activity of nanosized ZnO is higher than namediTiQ. They also compared
three methods used to prepare the nanosized ZmDtharnresults indicated that the
smaller the particle, the higher the photocatalstitvity (Akyol et al., 2004; Gouvea
et al., 2000; Lizama et al., 2002; Pal and Sha?2602; Sakthivel et al., 2003; Su et
al., 2008; Yatmaz et al., 2004).

The mechanisms of photocatalytic degradation o&migmatter on nanosized
ZnO powder can be expressed by applying the resediy. Daneshvar (2007). The
photocatalytic degradation of organic ‘matter in thelution is initiated by
photoexcitation. of the semiconductor, followed Ime tformation of electron—hole
pairs on the surface of the catalyst (Eq.2.9). Rigé oxidative potential of the hole
(hvg™) in the catalyst permits the direct oxidation ofianic matter (herbicide) into
reactive intermediates (Eq. 2.10). Very reactivdrbyyl radicals can also be formed
either by the decomposition of water (Eg. 2.11pwrthe reaction of the hole with
OH (Eg. 2.12). The hydroxyl radical is an extremeiywsg, non-selective oxidant
that brings about the degradation of organic chaisias well (Behnajady 2006;
Daneshvar et al., 2004; Khodja et al., 2001).
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Zn0 + hv — ZnO (s + hg") (2.9)
hve® + herbicide » oxidative products of the herbicide (2.10)
hve® + HO — AH * JOH (2.11)

he® + OH —  OH (2.12)

Electrons in the econduction band:£8 on the catalyst surface can reduce
molecular oxygen to-superoxide anion (Eq. 2.13)is Thadical, in the presence of
organic scavengers, may. form organic peroxidesZBdt) or hydrogen peroxide (Eq.
2.15).

ece + Q £ O (2.13)
O, " + herhicide — herbicide - QO (2.14)
0O, + HO + H - HO, + O (2.15)

Electrons in the conduction band are also respnéils the production of
hydroxyl radicals, which have been indicated aspitimary cause of organic matter
mineralization (Eg. 2.16) (Daneshvar, 2004; Konsta and Albanis, 2004).

OH" + herbicide — degradation of the herbicide (2.16)

Many papers on photocatalytic processes have besemnted in recent years
(Daneshvar et-al;, 2007; Daneshvar et al.,-200&blhgr; 2008; Farre, 2007; Klongdee
et al.,, 2005; Lapertot, 2007, Madani, .2006; Pérézalk, 2006; Sobana and
Swaminathan, 2007; Thatt Yang Timothy TAN, 2003)e3e papers offer extensive
details on the photocatalytic ‘degradation of veagiawon-biodegradable erganic
pollutants. such as insecticides, herhicides, anstemater from textile and some
other industries contain residual dyes. The "‘comrpbotocatalytic "degradation
processes employs either semiconductor/UV or UMbfeprocesses. According to
these papers, the photocatalytic processes aretabiiegrade non-biodegradable

organic pollutants. They have also found that thetic model for, the photocatalytic
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reaction is the Langmuir — Hinshelwood model, iniclihthe substrates have to be
adsorbed on the catalyst surface sites for bondkbrg or bond formation. The
adsorption of substrates and the availability tdfssare hence important parameters in
photocatalytic reactions. The rate of substratevemsion is proportional to the
available active sites. As the reaction procedus amount of substrate adsorbed on
the catalysts surface will decrease until the satestis completely converted. In
general, kinetic models are often formulated tacdles photocatalytic reactions with
respect to the initial substrate concentrationse Kimetic models for photocatalytic
reactions are derived based on the classical Lamgmidinshelwood kinetic model.
This model assumes that the reaction occurs osutiace and the reaction rat¢ i€

proportional to the fraction of surface coveraget®/substrated]:

W\
dt 1+KC

I

|

o
Is

I
=
D

[

(2.17)

where k; is the reaction rate constamf, is the adsorption constant a@lis the

substrate concentration at any timitegrating the above expression yields:
InC0 4+ K(Cy=C) = kKt (2.18)
G

Moreover, the results of some papers indicatedtti@aphotocatalytic process
is very efficient, because it often achieves a cetepimineralization of organics. For
example, Maria José Farre et al. (20B&ye studied photo-Fenton and biological
treatment coupling for diuron and linuron removaini water.They have found that
complete disappearance of the herbicides from wager achieved after the photo-
Fenton process. N. Daneshvar et al. (2006) hawesiigated the removal of C.I. acid
orange 7 from aqueous solution by UV irradiation time presence of ZnO
nanopowders. The results showed that the compdeteval of color, after selection
of desired operational parameters, could be ac@liedhin a relatively short time: of

about 60 min.
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However, the disappearance of the initial compouscot sufficient to
demonstrate the effectiveness of the photocatapyticess because the intermediate
compounds formed during the reaction could be ewvere toxic and resilient towards
degradation than the parent compound. It is heha&erest not only to monitor the
degradation of the parent compound but also totiiyetie intermediate compounds
formed. In general, the oxidation of straight-cleairhydrocarbon is relatively easy,
while dearomatisation of aromatic compounds_has ieend to be harder, longer
and involves the formation of many.intermediate poands before mineralization is

achieved.

In this work, nhuclear magnetic resonance spectmsddiMR) and liquid
chromatography coupled with mass spectrometer (I€)-Mre used to identify
intermediate compounds while the phenylurea hatbscdegradation are periodically
monitored by ‘using a reverse-phase liquid chromrafiy system, with UV detector
(HPLC-UV). The kinetics study has been based on.itliteal disappearance of
phenylurea herbicides to measure the intrinsiozigiets, avoiding the interference of

the intermediate products.
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CHAPTER 111

EXPERIMENTAL

3.1 Characterizations of zinc oxide

3.1.1 Scanning Electron Microscopy (SEM)

Surface morphelogy and size of the zinc oxide pladi were observed by
using a scanning electron microscope (Hitachi SB4fl0a research laboratory
collaborated between Mektec Manufacturing Corpormati(Thailand) Ltd. and
Chulalongkorn University, operating in SE mode vagerture number 3, acceleration
voltage of 15 kV, pressure below 1, Rarking distance 500-100Q0n.

3.1.2 Surface area measurement

The multipoint BET surface area of zinc oxide jptes was measured by
micromeritics model ASAP 2020 using nitrogen as dldsorbate at the Center of
Excellence on Catalysis and Catalytic Reaction &agjing, Chulalongkorn

University. The operating conditions are as follows

Sample weight ~0.2¢9
Degas temperature 2a0
Vacuum pressure < 10 mmHg
3.1.3 UV/Vis spectrophotometer

The band gap of zinc oxide was measurement by U&&flectrophotometer
(PerkinElmer. Lambda 650, wavelength between 220889dnm and step size 1 nm.)
at a research laboratory collaborated between Mektanufacturing ‘Corporation
(Thailand) Ltd. and Chulalongkorn University. Theestra recorded at wavenumber
400-800 crt.
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The band gap energy of zinc oxide was estimatedsyg the relatiorv =
Ey/h whereh is Planck constant (4.13510™ eV.s),v is the frequency of photon at
the absorption edge affg is the band gap energy (Omar, 1975). The frequenay
related with wavelength by the relationskip= c/A wherec is the speed of light (3
10'" nm.sed). To fined the absorption edge, the wavelengthravtike absorbance
becomes 50% of the maximum absorbance was selectedalledy,. Then, iy is
replaced into the aforementioned equations.to kuthe band gap energy. This
method gives the result comparable to other stugli@scan reduce errors from the

spectra with broad absorption-edge (Madler e28D?2).
3.1.4 Point of zer o.char ge deter mination

The point of zero charge (abbreviated asygHof the zinc oxide was
determined by the solid addition method (Mishraakt 2003). Batch experiments
were performed.in a series of 125-ml Erlenmeyeskiia The 45 ml of KN@solution
of known concentration was poured into a serie¢2 ml Erlenmeyer flasks. The
initial pH values of the solution' were roughly astpd from 3 to 12 by adding either
0.1 N HNG; or NaOH. The total volume of the solution in edldsk was made up
exactly to 50 ml by adding the KNGolution of the same concentration. The initial
pH values of the solution were then accuratelycho@ne gram of ZnO sample was
added to each flask and the flask was securelyechppmediately. The suspensions
were allowed to equilibrate for 48 hours while shgk The pH values of the
supernatant liquid were noted. The difference betwiaitial and final valuesApH)
was plotted against the initial pH. The point afensection.of the resulting curve at
which ApH = 0 gave the pl. The procedure was repeated for different
concentrations of KN¢(0.1M, 0.01M, and 0.001M).
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3.2 Photocatalytic Degradation of Phenylurea Herbicides
3.2.1 Herbicides

1. Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea N"-(3,4-dichlorophenyl
)-N, N-dimethyl urea], 98% was purchased from Sighidrich Chemical Company.

2. Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-mgthurea or N"-(3,4-
dichlorophenyl) N’-methoxy- N"-methyl urea], 99% svg@urchased from Chem
Service.

3. Isoproturon-[3-(4-isopropylphenyl)-1,1-dimethy@a or 3p-cumenyl-1,1-

dimethylurea], 99% was purchased from Chem Service.

3.2.2 Experimental procedures

The photodegradation was conducted in agueousnsyBtieiron, linuron, and
isoproturon were selected as target compounds liotopatalytic degradation of
phenylurea herbicides. The nanosized ZnO powdemused as photocatalyst for UV-
induced photocatalytic degradation (UV/ZnO proc@sshenylurea herbicides.

For the photodegradation of each herbicide, a ®bGsolution containing
known concentration of the herbicide was transtetee600 m! Pyrex reactor. Then,
ZnO nanoparticles (obtained from Univenture PLCaildnd) were added into the
solution in the ratio of 1 mg of ZnO to 10 ml of@mn. The mixture was kept in the
dark for 30 min to allow the complete adsorptiorhefbicides on the surface of ZnO.
The photocatalytic reaction was initiated by iredofig the mixture with light from 6
UV=A lamps (Phillips TLD 25W/05): The light intertgiwas 7.43 Wit measured by
IL° 1700 .Research Radiometer. The temperature duthig experiment was
maintained at 3@ 2 °C using cooling coil. During the experiment, thexinie was
constantly agitated by a magnetic stirrer to keegdure homogeneous. The diagram
of the equipment setup for photacatalytic reactsashown in Figure 3.1. The mixture
was sampled after an appropriate illumination tinBefore determination of
concentration of the herbicide, samples were &tethrough 0.45um cellulose
acetate filter to remove ZnO particles. The coneioin of the herbicide in each

degraded sample was determined using a reverse-pitagsd chromatography
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system, with UV detector (HPLC-UV, Agilent Techngies, series 1200) and C-18
column (ZORBAX SB-C18, 5 um particle size, 4.6x1%0)n Isocratic elution

conditions were applied. The mobile phase compsitias acetronitrile/deionization
water at a ratio 70/30. The flow rate was 1.5 m¥aand the sample injection volume

was 20 pl.

Under these conditions, the retention time forahu linuron, and isoproturon
was about 1.5, 1.9, and 1.4 min, respectively. @#ration curves were calculated
on the basis of the peak height obtained with stedided samples analyzed under the

same HPLC conditions, as'shown in Appendix B.

Intermediate products from the photocatalytic tieac of herbicides were
fractionated using the HPLC-UV, Agilent Technolagieeries 1100 and C-18 column
(ZORBAX Eclipse XDS-C18 PrepHT, 7 um particle siz&l.5x250mm). The
solution of 70% acetronitrile-30% water was usedrexbile phase (flow rate of 5
ml/min). The sample injection volume was 2,700Te nuclear magnetic resonance
spectroscopy (NMR) and liquid chromatography codplgth mass spectrometer
(LC-MS) were used to identify intermediate compand

Effect of various parameters, i.e. catalyst loadi@$, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5 mg of ZnO to 10 ml of solution), initial condeation of herbicides (1, 5, 10 ppm),
pH of solution (The pH values of the herbicide siolu were adjusted to the desired
value in the'range of 3 to 11 by using either @ilbkSO, and NaOH.), temperature
during the degradation of phenylurea herbicidesaimge of 10 — 50C, and the

external mass transfer of pollutant from bulk tdfate of ZnO were investigated.
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CHAPTER IV

RESULTSAND DISCUSSION

Photocatalytic degradation can be applied to resmany organic compounds
from wastewater. In_this study, zinc oxide was uasdphotocatalyst to eliminate
phenylurea herbicides from water. Diuron, linurand isoproturon were chosen as
model molecules representing the herbicides. Aghatlne total photomineralization
of phenylurea herbicides can be obtained as irgticaly the total organic carbon
(TOC) disappearance, one has to get rid of therfernce from intermediate
products for better comparison of the intrinsichaiiés. This is why we based our

kinetics comparison oninitial kinetics (Madaniaét 2006).

4.1 General Description for Photocatalytic Degradation Results

1 %
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—s— Diuron/UV - -&-— Linuron/UV ---#-- |soproturon/UV
—a— Diuron/UV/ZnO - - Linuron/UV/ZnO  ---¢--- Isoproturon/UV/Zn(

Figure 4.1. Effect of UV light and ZnO on photocatalytic deda#ion of phenylurea

herbicides at the initial concentratiorl6fppm.

The focus here is on fundamental photocatalytiampaters and therefore the
photolytic effect will be discussed from this poioft view. Figure 4.1 shows the
results of several degradation experiments inctydeif-degradation of the herbicides
under UV-light without catalyst. The experimentsrevperformed in order to find out
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the decomposition rate without the catalyst (Zn®. detectable degradation of
diuron was observed, which is similar to the resgjtorted for self-degradation in the
dark at room temperature indicating that hydrolysisdiuron can be neglected
(Madani et al., 2006). Although organic pollutaatssorb light over a wide range of
wavelengths, such natural photodegradation is lysualy slow. On the other hand, it
can be seen from the figure that, in the presefdmiin ZnO and UV light, 100%

removal of the herbicides could be achieved witbiort period of time. These
experiments have demonstrated that both UV ligdtaphotocatalyst, such as ZnO,

are needed for the effective degradation of thbibieies.

4.2 Effect of External Mass Transfer of Herbicide from Bulk Liquid to Catalyst

Surface

The effect of the external mass transfer of théibile from bulk liquid to the
surface of ZnO on the photocatalytic degradatios stadied by varying the stirring
speed from 100, 150, 200 and 250 rpm, respectiviédr. this parameter, the
photodegradation was conducted using the initighglurea herbicide concentration
of about 10 ppm. The amount of ZnO powder addexltime solution was in the ratio
of 2 mg of ZnO to 10 ml of solution. The results diustrated in Figure 4.2.

---m--- 100 rpm
~-a—- 150 rpm
—-—--200rpm
—a— 250 rpm

CICo

o - - o *

90 120 150 180 210 240 270 300 330 | 360

60 70 80 90 100 110 120
Irradiation time, (min)

Figure 4.2. Effect of the external mass transfer of the hédeiérom bulk liquid to

the surface of ZnO on photodegradation ofah.
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It can be observed that each condition can resul0D% degradation of the
herbicide existing in the solution. The results icate that the extent of the
photodegradation is increased with the increasiimgng speed up to 200 rpm, after
which the increase in rpm does not significantfeetfthe degradation. It is indicated
that the stirring speed slower than 200 rpm resalteass transfer resistance for the
diffusion of the herbicide molecule 'to the catalysirface. Therefore, in all
experiments in this research, the photodegradatis conducted under the stirring
speed of 200 rpm to avoid the effect of externadsrteansfer.

4.3 Effect of Catalyst.Loading

The effeet of catalyst loading on the degradatibph@nylurea herbicides was
investigated using ZnQ'in the range of 0.5 to 3¢bim10 ml solution. The results are
shown in Figure 4.3. Experiments performed withfedént concentration of ZnO
have shown that the photodegradation efficienégdseased with an increase in ZnO
loading. The data shown in Figure 4.3 were fittgdiast the Langmuir- Hinshelwood
kinetic model, using multi-variables linear regieastechnique. The results are
shown in Table 4.1 and Figure 4.4. It can be seam f~igure 4.4 that the trend of
reaction rate constant of the photodegradation axthephenylurea herbicide is
increased with increasing catalyst loading. It barexplained that increasing catalyst
loading bring about the increase in total activdame area, hence the degradation
efficiency. The adsorption constant of the photalgdt degradation of phenylurea
herbicides with various catalyst loading are listedrable 4.1. It is shown that the

adsorption constants are quite similar for all expents.



(@)

30 60 90 120 150,180 210 240 270 300 330 360

 SEERVCR LY S r— el
10 20 3040 50 60 70 80 90 100 110 120

1 14
0.9}, ‘
0.8k, ‘I (b) ~-m--0.5mg
0.7- i~ | --x--1.0mg
0.6 |3 = o, — - 15mg
s 051 I ok - -o--2.0mg
O \\~ [ ] \\.
S 047 S A ol Ny T TR OWR WA | —x—25mg
0.3 \‘\\ 0 30 60 9 120 150 180 210 240 270 300 330 360 o 3.0 mg
-—+—3.5mg
. T = T i
1 10 20 30 40 50 60 70 80 90 100 110 120
{ 14
0.9

0.8 .‘
0.614

044 b3

0 A 20§ 30N 20%E50 WE0N /0% SGIMO0NEIG0 130 #120
I'rradiation time, (min)

Figure 4.3. Effect of amount of ZnO on photodegradation ofaiu(a), linuron (b)
and isoproturon (c), without pH adjustmesing initial herbicide

concentration of 10 ppm.

31



32

Table 4.1. The reaction rate constantg)(and the adsorption constail.g) for the

photocatalytic degradation of phenylurea herbicigi@ag various catalyst loading.

mg ZnO:10ml solution | k., (ppm/min) Kads, (PP R?
Diuron 1.50982 0.0609 0.9946
0.5 | Linuron THR1T 0.0447 0.9954
Isoproturon 1.1415 0.0564 0.9996
Diuron 1.1898 0.0933 0.9979
1.0 | Linuron 2.1586 0.0607 0.9994
Isoproturon 0.8635 0.1416 0.9947
Diuron 1.1656 0.1357 0.9967
1.5 | Linuron 3.0323 0.0450 0.9928
Isoproturon 24252 0.0645 0.9992
Diuron 2.5746 0.0752 0.9944
2.0 | Linuron 4.9599 0.0355 0.9989
Isoproturon 3.5309 0.0495 0.9998
Diuron 2.3861 0.0830 0.9983
2.5 | Linuron 5.3744 0.0422 0.9980
Isoproturon 2.0200 0.0934 0.9988
Diuron 4.5400 0.0459 0.9978
3.0 | Linuron 6.0980 0.0346 0.9990
Isoproturon 2.2401 0.0890 0.9995
Diuron 4.1918 0.0549 0.9932
3.5 | Linuron 19.9942 0.0124 0.9959
Isoproturon 2.2401 0.0890 0.9995
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Figure 4.4. Reaction rate constark ) for the degradation of diuron, linuron and

isoproturon using various catalyst loading.

For the amount of ZnO up to 2 mg per 10 ml of tbkitson, the degradation
reaches almost 100% of the initial concentratiothiwi about 40 min. At higher
catalyst loading, degradation reaches the levabotit 100% within roughly the same
period of time, as shown in Figure 4.5. This obagon can be explained in term of
availability of active sites.on the catalyst sugi@nd the penetration of UV light into
the suspension. The total active surface areaaserewith increasing catalyst dosage.
At the same time, when the catalyst loading is hig¥t light penetration is decreased
due to an increase in the turbidity of the susmemsiwhich decreases the
photoactivated volume of the suspension. Moreoies difficult to maintain the
suspension homogenous at high catalyst loading tduparticles agglomeration,
which also decreases the number of active sitesaniy given application, this
optimum: catalyst mass has to be found in ordevtadaexcess. catalyst and ensure
total absorption of efficient photons. Howeverdaes not seem to be necessary to test
a very wide range of ZnO loading. Usually, theiahikinetic increases quickly with
the amount of ZnO. At higher catalyst content, ridite of the photocatalytic reaction
decreases. When the optimum point is found, itosreally necessary to continue
checking the effect of catalyst loading any higharel because no more useful

information is going to be obtained.
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Figure4.5. Effect of catalyst loading on.the time of photogetation that reached
99.9% of initial concentration, when the initialnoentration of herbicides
is 10ppm: I Diuron,8  Linuron,3 Isoproturon.

4.4 Effect of Initial Her bicide Concentration

The effect of initial concentration of aqueous plierea herbicide solution on
the photocatalytic degradation was studied by waryhe initial concentration from 1,
5, and 10 ppm, respectively. For this parameter,amount of ZnO powder added
into the solution was fixed at the ratio of 1 mg4fO to 10 ml of solution. The

results are illustrated in Figure 4.6.
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using 1 mg of ZnO per 10 ml of solution, without pHjustment.
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It can be observed that each herbicide is fullyraégd within less than 40
min when the initial herbicide concentration isrl5oppm. In the case of the initial
concentration of 10 ppm, the irradiation time ofréid is sufficient to degrade almost
100% of the herbicide existing in the solutioncdn be seen from Figure 4.6 that the
degradation rate of each herbicide in high conegotr is only slightly less than that
observed in low concentration. The increasing ahitierbicide concentration can be
related to the faster consumption of photogeneragttoxyl radicals by higher
concentrated organic molecules. Then, the photostal concentration of hydroxyl
radical is decreased. Consequently, lower condgartraf hydroxyl radicals reduces a
probability of the reeombination of hydroxyl radgawith electrons trapped on

surface of zinc oxide particles (Macounova, 2003).

Moreover, it is shown that the degradation of istymon is relatively fast.
Almost complete disappearance of isoproturon i®entesl in the shortest period of
irradiation time. The difference in the degradati@te between isoproturon and
diuron can be discussed from the fact that aralndiégradation rate is directly related
to the electron-donating or electron-withdrawingam@eter of different functional
group attaching to the aromatic ring of herbicideisich can alter the reactivity of the
aromatic ring with the OH radical. The OH radicangrated from the interaction
between photoexcited electron/hole and water asiqusly mentioned is very
reactive in oxidation of organic substances. Istpom is more active than diuron as
witnessed from shorter half-life in nature. Thipisbably due to the presence of the
CH(CHg), group in isoproturon, which is benzene ring adingagroup (Parra, 2002).
On the contrary, the presence of halogen groupurod causes the aromatic to be
more stable and: results in lower reactivity of diurtoward the decomposition,

comparing to isoproturon.

For the investigation on the photodegradation tesfllinuron, it can be seen
that linuron disappearance rate is generally low®n diuron and isopreturon.
Linuron exhibits slow degradation rate becausesthbility of linuran is higher than
diuron. Chlorine group consisting in the structofeboth diuron and linuron is an
aromatic ring deactivating group, while the alkybgp attaching to an aromatic ring
in isoproturon has more reactive structure and detal release electron easier
(Graham, 1996). In the other words, the electraptattack of the OH radical to



37

isoproturon is easier than diuron and linuron. thag reason it can be explained why
the degradation rate of diuron and linuron is léms that of isoproturon. Between
diuron and linuron, the —-NHCON(G}M group attaching to the aromatic ring of
diuron and -NHCON(OCEJ(CHs) group in linuron are not so different that it can
cause significantly difference in the electron-asiag habit of these groups. Instead,
the steric effect of organic substance is employeéxplain the difference in the
degradation of these two compounds. The =NHCON(§}CHHs) group in linuron is
more difficult to be attacked by OH radical.“Neheitss, further investigation is

needed.

Table 4.2 shows the calculated reaction rate cotsstg) and the calculated
adsorption constani(gy of the photocatalytic degradation of phenyluregbltides
for the investigation of initial herbicide conceatton effect, based on the Langmuir-
Hinshelwood kinetic model. However, the model rigtifor the case of the 1 ppm of
linuron failed, which indicates that the reactioaed not follow the mechanism
described by ‘the Langmuir- Hinshelwood kinetic modeor other cases, the
calculated adsorption constants are quite simdathait observed for the effect of

catalyst loading.
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Table 4.2. The reaction rate constantg)(and the adsorption constail.g) for the
photocatalytic degradation of phenylurea herbicittgsthe investigation of initial

herbicide concentration effect.

Initial Concentration, (ppm) | k;,.(ppm/min) Kads (PPN~ R?
Diuron 5.6628 0.0347 0.9998
1 | Linuron - - -
Isoproturon 0.1791 0.9430 0.9991
Diuron 1.7579 0.0983 0.9976
S | Linuron 1.1539 0.1351 0.9928
Isoproturon 1.2169 0.1032 0.9978
Diuron 3.4295 0.0274 0.9949
10 | Linuron 5.4544 0.0122 0.9988
Isoproturon 3.0527 0.0307 0.9955

Then, the concentrations of the herbicides are lceleded, using the
Langmuir- Hinshelwood kinetic model. The fitted ults for the photodegradation

reaction are compared with the experimental datahawn in Figure 4.7-4.9.
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It can be observed from Figure 4.7-4.9 that theratdgion can be well
represented by the Langmuir- Hinshelwood model. @eagradation result of each
phenylurea herbicide predicted by the model isegsiitnilar to the actual experiment

data.

As indicated by the results, the rate of degradatiepends upon the initial
concentration. At high concentration -of phenyluteabicides, greater amount of
phenylurea herbicides adsorb on the surface of Amlch can bring about the
decrease in the number of available active sitethercatalyst surface. Moreover, as
the concentration of.the phenylurea herbicide gwiuis increased, the photons from
the irradiated UV light are intercepted by the @de molecules in the solution
before they can reach the catalyst surface, heeceases the photoexcitation of the

catalyst by photons. Consequently, the degradafiiiciency is reduced.

4.5 Effect of pH of the Solution

The effect of pH of the aqueous phenylurea herbicgblution on the
photocatalytic degradation was studied. The pHevalfithe herbicide solution was
adjusted to the desired value in the range of Bltdy using either dilute 430, or
NaOH. For the study of this parameter, the amodirdn® powder added into the
solution was fixed at the ratio of 1 mg of ZnO @l of solution.

The pH can be one of the most important paraméterthe photocatalytic
process. So, it was of interest to study its initeeon the photocatalytic degradation
of phenylurea herbicide. In Figure 4.11-4.16 andblda4.4, the extent of
photodegradation of each phenylurea herbicidepsrted in‘the pH range of 3-11.
The pH of the solution is adjusted before irradiat&nd it is not controlled during the
course of the reaction. Table 4.3 shows the pHevafuthe herbicide solution during
the experiment. It can be observed that the pHhefsblution during the experiment

do not change much. The results for the degradatenlustrated in Figure 4.11.
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Table 4.3. The pH value of the herbicide solution during thkotocatalytic

degradation reaction of phenylurea herbicides.

pH of solution pH of the solution at different
before adding irradiation time Mean \fall.Jeand
Zn0O O min | 60 min |/ 120 min 360 min deviation
Diuron 5 Sl 5.67 6.04 5.68 5.58+0.465 (8.34%)
3.0 | Linuron 0D 6.0/ 5.14 6.02 5.61+0.465 (8.29%)
Isoproturon 5 Ll b=f7 5.43 5.98 5.71+0.275 (4.82%)
Diuron 6.38 6.88 6.13 6.51| 6.51+0.375 (5.76%)
4.0 | Linuron 6.15 6.87 6.21 6.45| 6.51+0.360 (5.53%)
Isoproturon | 6.23 () o - 6.42 6.75 | 6.46+0.290 (4.49%)
Diuron §.37 et 55 8 /9 5.88+0.495 (8.43%)
6.0 | Linuron 5.68 587 6.33 5.92 6.01+0.325 (5.41%)
Isoproturon 6.22 5.94 SR3 5.97 5.73%0.495 (8.64%)
Diuron 7.04 6.61 QA 6.19 6.62+0.425 (6.42%)
9.0 | Linuron 6.64 WY 7.06 6.36 6.62+0.445 (6.73%)
Isoproturon 6.98 6.74 6.02 6.99 6.51+0.485 (7.46%)
Diuron 11.26 4 i) 3 10.89 11.08+0.185 (1.67%)
11.0 | Linuron 11:39 11.48 11.05 11.07 11.27+0.215 (1.91%)
lsoproturon | 10.80| 11.36| 11.12 11.19 = 11.08+0.2883®%)




44

l

- 10 20~ 30 40 50 60 70 80 90 100 110 120

CICo

7

—x--pH~11.23

--_‘:~“\§l'_\' Ld
0O 10 20 30 40 50 60 70 80 90 100 110 120

[rradiation Time, (min)

Figure 4.11. Effect of pH of the solution on photodegradatifficeency of
diuron (a), linuron (b) and isoproturon (c). Thaakon was conducted

using 1 mg of ZnO per 10 ml of solution.



45

The results indicate that the extent of photodegjfad is increased with
increasing pH up to pH 6, beyond which the degiadadlecreases. Generally, the
effect of pH on organic degradation assisted bys#miconductor oxides has been
related to the establishment of acid—base equligpoverning the surface chemistry of
metal oxides in water (M.A. Fox et al., 1993; TKC.Yang, et al., 2001; K. Tanaka et

al., 2000; B. Zielinska et al., 2001), as showthim following reactions.

ZnOH" &  ZnOH + H [pKay] (4.1)
ZnOH + OH .- & ZnO + HO [pKag] (4.2)

The pH atwhich the surface of an oxide is unchaigelefined as the point of
zero charge (pHJ..From the preliminary experiments, it was fouhdttthe point of
zero charge for ZnQ'is about 7.5. The effect ofgrHhe photocatalytic performance
can thus be explained in terms of electrostatieratgtion between the catalyst surface
and the target substrate. Such interaction canxpeceed to affect the encounter
probability of the hydroxyl radical with the herlale. It follows that the overall
reaction would be enhanced or hindered dependinghather attractive or repulsive
forces prevail, respectively. Each  herbicide is ategly charged above itsKp,
whereas catalysts are positively charged below pb~As expected, optimal
conditions were found atka"™““® < pH <pH,,"° at which the positively charged
ZnO and negatively charged herbicide molecules lshmadily attract each other.
Unfortunately, the mere electrostatic argumentniahle to exhaustively account for
the relative photocatalytic behavior as a funcobpH. Other concomitant effect can
come into play. For example ZnO can undergo pheotosmn through self-oxidation

(Eq.4.3) (M.A. Fox et al., 1993 and B. Neppoliamle, 2002).
ZnO + 2 — zrf* + 0.5Q (4.3)

In-particular, ZnO powder exhibit tendency to digseowith decreasing the pH
(Eq. 4.4) (N. Daneshvar et al., 2004):

Zn0 + 2H — zr" + ®O (4.4)
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In a strongly alkaline environment, ZnO can undeatigsolution according to

ZnO + HO + 20H — Zn(OH)}* (4.5)

Moreover, the possible formation of photocatalytycaert Zn(OH), surface
layers upon UV irradiation (Eq. 4.6) has also tocbasidered in aqueous media (R.
Comparelli et al., 2005):

2Zn0 + 4H0.+4h — [ 2Zn(OHY + Q@ + 4H (4.6)

Therefore, the reduction of photocatalytic activofyZnO at exceedingly low
and high pH values ean originate from either agudiotochemical corrosion of the
catalyst (Eq. 4.3 and 4.4), from alkaline dissomti(Eq. 4.5) and/or surface
passivation with Zn(OH)(EQ. 4.6).

Table 4.4 shows the calculated reaction rate cotssfg) and the calculated
adsorption constank(gyd of the photocatalytic degradation of phenyluregbltides
for the investigation of pH of the solution effedbased on the Langmuir-
Hinshelwood kinetic model. The calculated adsorptonstants are quite similar to
that observed for the effect of catalyst loadingl d@he effect of initial herbicide

concentration.
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Table 4.4. The reaction rate constants)(and the adsorption constait.g) of the
photocatalytic degradation of phenylurea herbicideshe investigation of the effect

of pH of the solution.

pH of solution kr, (ppm/min) Kads (PPN~ R®
Diuron 2.9682 0.0191 0.9846
3.0 | Linuron 0.7032 0.0807 0.9976
Isoproturon 0.5606 0.0947 0.9975
Diuron 2.1958 0.0356 0.9975
4.0 | Linuron 22201 0.0324 0.9967
Isoproturon 1.5019 0.0529 0.9995
Diuron 314295 0.0274 0.9949
6.0 | Linuron 1.4495 0.0552 0.9986
Isoproturon 3.05Z= 0.0307 0.9955
Diuron 1.8604 0.0497 0.9974
9.0 | Linuron 1.0831 0.0870 0.9972
Isoproturon 0.7280 0.1626 0.9966
Diuron 1.1678 0.0651 0.9992
11.0| Linuron 0.7164 0.0845 0.9981
Isoproturon 1.1678 0.0651 0.9992

Then, -the concentrations of the herbicides are lgeleded, using the
Langmuir- Hinshelwood kinetic model. The fitted ults for the photodegradation
reaction are compared with the experimental-datahawn in Figure 4.12-4.16, from
which it can be observed that the degradation canwbll represented by the

Langmuir-Hinshelwood model.
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Figure 4.12. Comparison between experimental daag &nd calculated results from
the Langmuir-Hishelwood model{— ) for the phisgradation of
diuron (a), linuron (b) and isoproturon (c), usthg initial concentration
of herbicides is 10 ppm. The reaction was condugsaag 1 mg of ZnO

per 10 ml of solution with initial pH of solution3:
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the Langmuir-Hishelwood model +— ) for the: fwiaegradation -of
diuron (a), linuron (b) and isoproturon (c), usthg initial concentration
of herbicides is 10 ppm. The reaction was conduags#ag 1 mg of ZnO
per 10 ml of solution with initial pH of solution4-
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Figure 4.14. Comparison between experimental dag é&nd calculated results from
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) for the: piaegradation -of

diuron (a), linuron (b) and isoproturon (c), usthg initial concentration

of herbicides is 10 ppm. The reaction was condugsaag 1 mg of ZnO

per 10 ml of solution with initial pH of solution6-



51

10

(@)

o N & o o

90 120 150 180 210 240 270 300 330 360

4 4
2 4
0 I I T I T *
10 20 30 40 50 60
12 4
g 10

90 120 150 180 210 240 270 300 330 360

Concentration,(pp

70 80 90 100

0 30 60 90 120 15011801 210 240 270 300 330 360

4 8
2 =]
0 T T T T T T ‘.F *
0 10 20 30 40 50 60

Irradiation Time, (min)

Figure 4.15. Comparison between experimental dag é&nd calculated results from
the Langmuir-Hishelwood model +— ) for the: fwiaegradation -of
diuron (a), linuron (b) and isoproturon (c), usthg initial concentration
of herbicides is 10 ppm. The reaction was conduas#ag 1 mg of ZnO

per 10 ml of solution with initial pH of solution -



52

10 7 10
(@)

o N & o o

0 30 60 90 120 150 180 210 240 270 300 330 360

10 20 30 40 50 60 70

(0)

0O 3 60 9 120 150 180 210 240 270 300 330 360

Concentration,(ppm)
(o]

4
2
O I I ‘
10 20 30 40 50 60 70 80 90 100
10 10
|
8 -

—~
(®)
~

(=} ~N ~ = ==

0 30 60 90 120 150 180 /210 240 270 300 330 360

0 10 20 30 40 50 60 70 80 90

I rradiation Time, (min)

Figure 4.16. Comparison between experimental dag &nd calculated results from
the Langmuir-Hishelwood model(— ) for theplusgradation of
diuron (a), linuron (b) and isoproturon (c), usthg initial concentration
of herbicides is 10 ppm. The reaction was conduas#ag 1 mg of ZnO
per 10 ml of solution with initial pH of solution .
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4.6 Effect of Temperature

The effect of temperature of the agueous phenyloeghicide solution on the
photocatalytic degradation was studied at tempegaturange 10 — 56C. For this
parameter, the initial phenylurea herbicide conegioin was about 10 ppm and the
amount of ZnO powder added into the solution wasdiat the ratio of 1 mg of ZnO

to 10 ml of solution. The results are illustratedrigure 4.17.

It can be observed that each herbicide could be fdegraded at all
temperatures. Table-4.5 _shows the calculated o@actte constantskj and the
calculated adsorption constait.{) of the photocatalytic degradation of phenylurea
herbicides at different temperature, based on taegmuir- Hinshelwood kinetic
model. However, the model fitting for the caselwf 50°C of linuron failed, which
indicates that the reaction does not follow the mecsm described by the Langmuir-
Hinshelwood kinetic model. For other cases, theuated adsorption constants are
quite similar to that observed for the effect ofatgst loading, the effect of initial

herbicide concentration and the effect of pH ofsbkition.
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Figure4.17. Effect of temperature on photodegradation of diu@, linuron (b) and
isoproturon (c). The reaction was conducted usinmgglof ZnO per 10

ml of solution, without pH adjustment.
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Table 4.5. The reaction rate constantg)(and the adsorption constail.) for the
photocatalytic degradation of phenylurea herbicides the investigation of

temperature effect.

Temperature, (°C) ki, (ppm/min) | Kags, (ppmi) R?
Diuron 0.7496 0.0375 0.9897
10 | Linuron 0.5668 0.1746 0.9691
Isoproturon 0.3969 0.1136 0.9921
Diuron 3.4295 0.0274 0.9949
30 | Linuron 1.4495 0.0552 0.9986
Isoproturon 3.0527 0.0307 0.9955
Diuron 0.7922 0.1553 0.9891

50 | Linuron N/A N/A N/A
Isoproturon 0.6700 0.1734 0.9876

Then, the concentrations of the herbicides are lceleded, using the
Langmuir- Hinshelwood kinetic model. The fitted ults for the photodegradation

reaction are compared with the experimental datahawn in Figure 4.18-4.20.
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Figure 4.18. Comparison between experimental dag &nd calculated results from
the Langmuir-Hishelwood model{— ") for the phi®gradation of
diuron (a), linuron (b) and isoproturon (c), usthg initial concentration
of herbicides is 10 ppm. The operating temperatvas 10°C and the
reaction was conducted using 1 mg of ZnO per 10oméolution,

without pH adjustment.
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Figure 4.19. Comparison between experimental dag &nd calculated results from
the Langmuir-Hishelwood model{— ") for the plaggradation of
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Figure 4.20. Comparison between experimental dag &nd calculated results from
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reaction was conducted using 1 mg of ZnO per 10oméolution,

without pH adjustment.
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It can be observed from Figure 4.18-4.20 that tlegrabation can be
represented by the Langmuir- Hinshelwood model. Gtecentration predicted by
the model is relatively close to the experimentthdAs indicated in the results, the

rate of degradation depends upon the temperature.

4.7 Activation Energy

The reaction rate constakis not truly a constant, but is merely independent
of the concentrations-of the species involvinghia teaction. The quantityis also
referred to as the specific' reaction rate (conktabtis almost always strongly
dependent of temperature. In gas phase reactiodepéends on the catalyst and may
be a function of total pressure. In liquid systeinsan also be function of total
pressure, and.in addition can depend on other [gdeas) such as ionic strength and
choice of solvent. These other variables normaXigilet much less effect on the
specific reaction rate than temperature does. @othie purposes of the material
presented here, it will be assumed tlkatdepends only on temperature. This
assumption is valid in most laboratory and indastreactions and seems to work

quite well.

The ‘activation energy is determined experimentdlyy carrying out the

reaction at several different temperatures.

Ink = Inko - E/R)(LM (4.7)

where kg = preexponential factor
E =.activation energy, J/mol or cal/mol
R = gas constant = 8.314 J/mOFE 1.987 cal/moK

T = absolute temperature, K

Equation 4.7 is called Arrhenius equation. It canskeen that a plot of Tk
versus 1T should be a straight line, of which slope is prtipoal to the activation

energy.
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For this section, the initial phenylurea herbicm®centration was about 10
ppm and the amount of ZnO powder added into thatisol was fixed at the ratio of 1

mg of ZnO to 10 ml of solution.

UTy (K™

0.003 0.0031 . 0.0032 0.0033 0.0034 0.0035 0.0036
O L |

Diuron
Linuron
Isoproturon

Figure4.21. Linear transform, according to the Arrhenius eumtof the
photocatalytic degradation of phenylurea herbicides

Table 4.6. The activation energye) and preexponential factdip] were calculated
from the slopes and ordinates at the origin ofittear transforms of Figure 4.3.1.

Herbicide linear equation R? ko, (Mmin™®). | E, (J/mol)
Diuron y=-2730.& + 6.2735| 0.8299 530.33 22,703.9
Linuron y=-2144.%+ 4.6430| 0.7731 103.86 17,832.)7
Isoproturon| y = -2235.%+ 4.6609| 0.7713 105.73 18,587.6

As indicated in the results, the calculated adiwvaenergy is very low in
kJ/mol. It can be seen from the calculation thahmm presence of bothZnO and UV
light, the activation energy could be reduced andgbabout achieve the complete

degradation of herbicides in the short time.
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4.8 Evaluation of Degradation I ntermediates

The focus here is the identification of intermediabmpounds formed during
photocatalytic degradation. In general, the oxatabtf straight-chained hydrocarbon
is relatively easy, while dearomatisation of aramedmpounds has been found to be
harder, longer and involves the formation of mamgrmediate compounds before
mineralization is achieved. However, this.monitgris not always easy since by-
products generated in such oxidation processes bearsmall polar compounds

represented in low concentration.

The stoichiometry of the complete mineralization dtiron, linuron and

isoproturon can be expressed with the followindglequations:

CoH1oCIbN2O #13Q — 2HNO; + 2HCI + 9CQ + 3H0 (4.8)
CoH10CIbN2O, #1250, —» 2HNGO; + 2HCI + 9CQO + 3H0 (4.9)
CioHigN2O  + 1850, — 2HNG; + 12CQ+.8H,0 (4.10)

Although there has been no consensus on the detaikchanism of the
photocatalytic reaction on zinc oxide, it is getigragreed that the reaction involves
generation of electron-hole pairs upon illuminat@nUV light on zinc oxide. The
photogenerated holes can be subsequently scavdrygesdidizing species such as
H,O or OH and result in highly reactive hydroxyl radicalshigh are the key for

decomposition of most organic contaminants.

4.8.1 Degradation of diuron

Diuron has the chemical structure which is coegisbf an aromatic ring
attached by one urea group and two chorine atomsin@ the photocatalytic
degradation, active radicals generated from ziriddeoreact with diuron, resulting in
intermediate products. Structure of the functiaggralups attaching to aromatic ring of
diuron is the mainly responsible for the structofé¢he intermediates formed. Diuron

clearly offers two sites for the reaction, i.e. #tm@matic ring and the aliphatic side
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chain (Hincapie 2005). In this work, five kinds iotermediate were detected by
HPLC during the photocatalytic treatment of diunmmoceeds as shown in Figure
4.22. Concentrations of these intermediate are ate&geto be very low, suspected
from the observation that the intensities of HPL@nals for the intermediates are
much lower than that of diuron (see Figure 4.28kah be suggested that nitrogen
containing in diuron forms ammaonia, urea and retr@arbon dioxide is also the main
product of oxidation reaction (Malato 2003): Howetleese small molecules are not

detectable by HPLC analysis.
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Figure 4.22. Intermediates generated during photocatalytidrireat of diuron.



63

200
180 %
160\
EE) 140’ \\\
£
£
o
)
T
$
Pl B o o o
60 90 120

I rradiation time, (min)

~—

—s=— intermediate 1 (Ret Time ~ 0.7 min) --a- intermediate 2 ( Ret Time ~ 0.9 min

~—

---¢--- intermediate 3 (RetTime ~ 1.1 min) --x--intermediate 4 ( Ret Time ~ 1.3 min

~—

—<—— Diuron (Ret Time ~ 1.5 min) —-%=- intermediate 5 ( Ret Time ~ 1.8 min

Figure 4.23. Comparison of the HPLC signals from intermediaied that from
diuron during the course of photocatalgegradation.

According to Figure 4.22-4.23, all intermediates &mrmed in the highest
concentration within the first 20 min of the reacati Then, subsequent degradation of
the intermediates occurs. The intermediates 4 asalikl not be detected after 90 min
of irradiation time. However, some intermediates). entermediates 1-3, remain

stable at low .concentration even after 6 h of ga=tion.

4.8.2 Degradation of linuron

Linuron consists of an aromatic ring attached vitlo chlorine groups and
one uretic group with methoxyl; group .substituteduea moiety. Photochemical
behavior of linuron involves photohydrolysis as thmain transformation pathway.
The' urea moiety is substituted by methoxyl groum atemethoxylation is a
competition between N-demethoxylation reaction erdation of methyl group
(Amine-Khodja 2004). The possible degradation pathwer linuron is proposed in
these steps (Katsumata 2005);

(a) The attack on the aromatic ring by Otddical without dechlorination or

alkyl chain.
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(b) A series of oxidation processes that eliminateglajkoups and chlorine

atom.

(c) The oxidative opening of aromatic ring, leadingstoall organic ion and

inorganic species.

It should be noted that linuron has molecular stmecthat is less reactive than

diuron and isoproturon. Therefore, the less-nunalbéntermediate substances appear

in the solution during the degradation—process. EiPanalysis shows four

intermediate fractions.as shown in Figure 4.24. d@éatration of the intermediates

generated in the process changes with irradiaitioe. t
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Figure 4.24. Intermediates generated during photocatalytidrireat of linuron.
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Figure 4.25. Comparison of the HPLC signals from intermediated that from
linuron during the course of photocatalytegradation.

According to Figures 4.24-4.25, all intermediates tormed in the highest
concentration within the first 30 min of the reaati Then, subsequent degradation of
the intermediates occurs. The intermediates 3 asali#l not be detected after 90 min
of irradiation time. However, some intermediateg, entermediates 1 and 2, remain
stable even.after 6 h of the reaction. These twernmediates appear at similar
retention time as the stable intermediate obseiweitie degradation of diuron (at

retention time of 0.7 and 1.1 min, respectively).

4.8.3 Degradation of isoproturon

Isoproturon is-a phenylurea herbicide consistihgroaromatic ring with an
alkyl chain and one uretic group. The moleculanctire of isoproturon allows OH
radical attack at different sites, following by eeal chain reactions. The first
hydroxylation.can occur at the aromatic ring, &t aftkyl groups and at the secondary
nitrogen of the uretic group, leading to monohygtated products. Subsequent
hydroxylation at the remaining sites results irhgaroxylated and tri-hydroxylated
products (Gora 2006). Figure 4.26 shows intermediagenerated during

photocatalytic treatment of isoproturon. It shoudd noted that isoproturon has
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molecular structure that is more reactive than afiurdue to the presence of the

CH(CHg), group, instead of halogen substituents, as prsiyodiscussed. HPLC

analysis gave five intermediated fractions as shioviigure 4.26.
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Figure 4.26. Intermediates generated during. photocatalytidrireat of isoproturon.
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According to Figures 4.26-4.27, intermediates 1r€l farmed in the highest
concentration within the first 20 min of the reaati after which the degradation of
the intermediates occurs. The intermediates 3 aralildl not be detected after 90 min
of irradiation time. On the other hand, intermeeat and 2, remain stable even after
6 h of the reaction. The intermediate 1 (appearstantion time of 0.7 min) is similar
to the intermediate observed in diuron and linwegradations. The intermediate 2,

which appears at retention time of 0.9 min is alsserved in the diuron degradation.

Unlike all intermediates previously discussion,iaiermediate 5 at retention
time of 2.3 min is already presented in the soiutgen before the photodegradation.
This species should be the result from the readteaween isoproturon and water and

it is not the product from photodegradation.

Although the chemical structures of the intermesiaivere not identified in
this work, the result confirms that the degradataineach phenylurea herbicide
generates lots of intermediates. According to te&itbd mass spectra shown in
Appendix C, the intermediate compounds generatgthglyphenylurea herbicides
degradation tend to conjugate into larger molecthes the parent compounds. An
example of the mass spectra is shown in Figure. 42this study, the investigation
of the intermediates by using NMR was inconclugsee Figure 4.29 and more detalil
in Appendix:D). It can be the result from the fdlat the concentrations of all
unknown intermediates are very low. Therefore, @gifrom unknown intermediates

are very lowand does not explicit.
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CHAPTER YV

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The conclusions of the present research are tleavioly:

1. The treatment is not feasible without a catalyst

2. Zinc oxide ‘has high activity toward the photedgic degradation of
phenylurea herbicide in agueous solution. Comptitgradation can be
achieved within relatively short period of time.

3. The degradation follows the Langmuir-Hinshelwd&atktics model.

4. The degree of degradation of phenylurea hembisids obviously affected
by photocatalyst amount, initial phenylurea hedecconcentration, pH of

solution, and temperature.

5. Many intermediates are formed during the dedianlaf phenylurea
herbicide.
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5.2 Recommendations for the Future Studies

Regarding the previous conclusions, the follomiegommendations for the
future studies are proposed.

thg photodegradation

AUINENINGINS
ARIANTAUNAINGIAE
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APPENDIX A

PROPERTIES OF ZINC OXIDE

A.1 Morphology of Zinc Oxide

The SEM micrographs of zinci oxide is sﬁown in FegA.l.

&)
g

FigureA.1. SEM miéfbgraphs of zinc oxide.

A.2 Surface Area M easur ement < =/
The BET surface area of zinc oxide particles i§2l]im2/g.
A.3 Band Gap Energy Calculation
The band gap energy of zinc oxide was studied fatasorption wavelength
data from UV-Visible spectroscopy. The zinc oxid@ws substantial absarption at
wavelength below 380 nm, which is in the range &f-AJ (315 — 400 nm). For

wavelength higher than 400 nm; no significant atson is observed.

The absorption edge from absorption spectra useliulate the band gap
energy by equation



80

vo = Egh (A.1)

Wherevy is frequency at absorption edge. Substitutzieni into equation (A.1).
/12

g,= N (A.2)
A2
Where c = light velocity (3 x 18'mfs)

h = Planck constant (4.13510%° eV.s)
A1 =wavelength atlabsorption edge (nm)

Eg; =band.gap energy (eV)

The wavelength ‘at’ half-absorption " intensit¥, ). form the UV- Vis
absorption spectra of zinc oxide are shown in Figiir2.1. It can be seeh,,is

about 380 nm. Substitution,,=380 nm into Eq. (A.2).

_ (3x10° m/5)(4.135d0 eV .5)
(380x10°° m)

=

We get the band gap energy of zinc oxide is 3.26veMch is close to the value

reported in literature (Srikant et al., 1998).

1.4 4
1.2 1
1 4

0:8

410

% Absorption

O.GG'FO 360 370
0.4

0.2

0,- - . N W = B8 & = B BE B

wave lenght, (nm)

FigureA.2. The UV-Vis absorption spectra of zinc oxidee Mmavelength at half-

absorption intensityX,) is the band-gap energy of the material.



81

A.3 Point of Zero Charge Determination
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Figure A.3 shows n t n ial pH value of about 7.5,
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CALIBRATION CURVE FOR DETERMINANTION OF
PHENYLUREA HERBICIDE CONCENTRATION

APPENDIX B
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FigureB.1.

diuron concentration, ( ppm)

The calibration curve of diuron.
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FigureB.2.

linuron concentration, ( ppm)

The calibration curve of linuron.
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y = 12.818x
R® = 0.9946
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APPENDIX C

MASS SPECTRA OBTAINED FROM LC/MS

Some of the identified intermediate reported hesrewalso identified and
reported earlier by M.V.P. Sharma et al. (2008 Tritermediate compounds during
isoproturon degradation are identified based on NlS-data. The data show the
formation of severalintermediates ‘and some amatiftidle bynvz ratios of main MS
fragments as shown in _Table C.1. Based on thetsesmlplausible mechanism is
proposed for phetocatalytic degradation. of isomatu Isoproturon adsorbed over
zinc oxide surface.'When a photon of ultra-band e/agrgy (v > E;) is absorbed by
ZnO, it results in promotion of electrons Xérom valence band (VB) to conduction
band (CB), with.the concomitant generation of &hol) in the valence band. In the
aqueous medium the holes react with water mole@iesforms hydroxyl radicals.
On the other side, electrons react with oxygen oubés to form superoxide radicals
and these inturn react with ‘protons‘Ho generate another OH radical. All OH
radicals attack at different functional groups sbgroturon giving rise to several
consecutive reactions. The intermediates formetheyattack of OH radicals on the
aromatic ring are identified and the abstractionhgfirogen atoms of the methyl
group is followed by addition of oxygen and decastation, which leads to the
formation of dealkylated intermediates. The phatoteity is also related to the
donor or withdrawing effect induced by differenbstituents of the aromatic ring (S.
Parra et al., 2002). The first hydroxylation thah@ccur either on the aromatic ring
or on the alkyl groups leading to different mondatoxylated intermediates.
Furthermore, it forms. di- and poly-hydroxylated gmunds and later successive
oxidations lead to ketones, organic acids and. atéty lead to complete

mineralization.
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Table C.1. Mass spectral data for photocatalytic degradatfasaproturon as
analyzed by HPLC-MS

Compound structure Intermediates | m/z ratios of main mass
(M+1/mol. wt.) (MS) fragments

H3C\ T X - ! |
/CHA@*NX ' % 193, 151, 136, 94
HsC
% /
0 — ~

223, 205, 165, 134

et

T ek, O e aE]

FlgureC 1. Mass spectra at retention time of: (a) 6:6:min (@ min, (c) 10.3 min,

RIRIDFUARTINDIRE
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Figure C.1. (continued)
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Figure C.1. (continued)
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APPENDIX D

SIGNAL OF NMR
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Abstract

In the present paper, the degradation of diuron [3-
(3 .4—d1chlomphm§71j-l_ l—dlmeﬂlylureé],. which 1s one of
the most commonl}(l,.gsed-herbiddes w Thailand, by
photocatalysis using nanosized Zn0 powders was
investigated. It was found thatalthough diuren is
chemucally stable, over 99% removal of diuron was
achieved within 1 h of the photocatalytic degradation
process. The reaction kinetics as well as intermediates

formed during the reaction are also reported.

1. Introduction

The use of agrochemueals such as herbicides and
insectreides is one of the main environmental problems at
presence because agrochenucals are commonly toxic and
can contanunate both soil and aquatic systems for very
long time, Among such agrochemicals, diuron [3-(3.4-
dichlorophenyl)-1. 1-dimethylurea]. is one of the most
commonly nsed herbicides. belonging to the family of
halogenophenylureas. It 1s considered as highly toxic,
bio-recaleitrant and chenucally stable with a half-life
over 300 days 1].

One of the waste treatment technologies for the
elimination of toxic chemicals is semicondugtor-assisted
photocatalytic progess. Many kinds of semiconductor
have been studied as photocatalysts. The mosiwidely
used semiconductor 1s T10, due to 1ts high efficiency.
photochemscal stabilitv, non-toxic nature and low cost.
On the other hand, Zn0 15 also 2 semiconductor having
stmular band gap as Ti0,. The advantage of Zn0.
comparmg with TiOs. 15 that it 2beorbs aver a larger
fraction of UV spectrum and the corresponding threshold

of Zn0 15425 nm [2].

In this work, the photodegradation of dmron, using
nanesized ZnO powder as catalyst 1s mnvestigated. Both
the degradation kinetics and the formation of
intermediates during the photocatalytic desradation of

diuron are reported.

2. Materials and Method

Duuron (98%. Sigma-Aldrich) was first dissolved 1n
deiomzation water. The concentrations of the aqueous
diuron solution inveszigated-were 1 and 10 ppm.
respectively. Then. ZnO nanoparticles (obtamed from
Univenture PLC, Thailand) were added nto the solution
1m the ratio of 1 mgof Zn0 to 10 ml of solution. The
mixture was kept m the dark for 30 mun to allow the
complete adsorption of diuron on the surface of ZnO. The
photocatalyfic reaction was initiated by iradiating the
mixfure to Light from 6 UV-A lamps (Phillips TLD
15W/05). During the experiment_ the mixture was
censtantly agitated by a magnetie stirrer.

Duuron degradation was perfctﬁcally monitored by
using areverse-phase liqud chromatography system,
with UV detector (HPLC-UV. Agilent Technologies,
serigs 1200) and C-18 column (ZORBAX SB-C18. 5 pm
particle size, 4.6x150mm). The solution of 70%
acetronitrile-30% water was used as mobile phase (flow

rate.of 1.5 ml/mm).

3. Results and Disenssion

Figuse 1 shows the disappearance of diwron by the
photoeatalytic degradation, using ZnO as catalyst. It
should be noted that €'tz the diuron concentration af time
1. while Cp 1s the tnitial diuron concentration. It was
found that, regardless of the mnitial concentration of

diuron, the degradation reached about 99% of mitial
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concentration within about 60 mun. Companing with the
resulted mn literature. this results confirmed that ZnO was
more actve toward the photodegradation of diuron than
T10; [3]. The reaction reached the stage of very slow
progress after 60 and 90 mun for | ppm and 10 ppm mnitial

diuron concentration, respectively.

i S — —
038 -

506 —+— 10 ppmdniron

O gy —=—1ppmdmron
02 —o—gt Uy ‘-

0 60 420" 1804 240/ 300 ) 360
Irradiation time. (min)
Figure 1. Results for the photocatalytic degradation of

duron.

The degradation can well represented by the pseudo-
first order kmetics model. aceording to the-Langmlﬁr—
Himshelwood kinetics model. As shown m Figure 2, the
pseudo-first order linear transforms of the results shown
mn Fig 1, 1. the plot of In (Cyl€) versus time. fitted well
with the model. The apparent rate constants of the

degradation (fy,) are reported in Table 1.

10
8
= 6
S 4 :
ot A 10 ppmdmron
= 7
- 01 ppm duron
O T T T

0 20 49 6 8 100
Irradiation time, (min)
Figure 2. Furst-orderlimear transform of the degradation

of dmuron ..

Table 1. Pseudo-first order kinetic rate constants of the
photacatalytic degradation of diuren.
Initial dmron cencentration (mg/d) Ky, (nun”)
1 0.1827

10 0.0880

As indicated m Table 1, the rate of degradation
depends upon the imtial concentration. At lugh
concentration of diuron, greater amount of divron adsorb
on the surface of ZnO, which results in fewer active sites
for the generation of hydroxyl radicals. Moreover. the
fraction of photon infercepted by the species in the
solution before they ean reach the catalyst surface 15
mereased 1f the concentration of dinron in the solution 1s
lugh [3]

The intermediates generated during the
phoetocatalytic degradation of diuron were also monitored
by HPLC. It was found that mtermedsates from the
degradation of diuron with the mitial concentrations of 1
ppm and 10 ppm were the same_ The results are

illustrated m Eigure 3.

10

0 109 2 40 60 120

Irradiation time, (mmn )

Height of HPLC Peak, (mAl
=]

—e—mtemmediate 1 ( Ret Tume ~0.73 mm%
—s— mtermediate %Rer Time ~ 0.8] mm
—&— mtemediate 3 ( Ret Tme ~ 0.96 mm
—»%— mtermediate 4 ( Rer Tune ~ 1.26 mm
—— intermediate 5 kRﬂ Time ~ 1.82 mun

Figure 3. Results for the intermediates generated during

the photocatalytic degradationvef duron.

Although the chemical struciuges of the
intermediates were not identified in thus present work, the
result confirms that the degradation of diuron generates
lots of intermediates. All intermediates were formed
the highest concentration within the first 20 mun of the
reaction. Then, subsequent degradation of the
mtermediates occurred. The ntermedhate 4 and 5 could
not be detected after 90 min of iradiation tme. However,
some mtermediates, e g mtermediate 1-3, remain stable
even after 6 h of the reaction (see inset in Figure 3).

Further, identification of the degradation mtermediates by
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