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CHAPTER I 
INTRODUCTION 

 

Diuron (3 - (3, 4 - dichlorophenyl) - 1, 1 - dimethylurea) is an herbicide in the 

phenylurea family which is widely used in agriculture. It restricts creation of oxygen 

and prevents transfer of electron in photosynthesis in herbage whereas some parts 

of it are contaminated in soil and water, resulting in soil and water pollution [1-3]. 

Diuron has high toxicity and is rarely decomposed in environment. Moreover, 

intermediates that are produced from diuron break – down sometimes are more 

poisonous [4, 5]. 

There are many techniques to remove diuron from water such as hydrolysis, 

biological microbe degradation, adsorption, and photocatalysis. The photocatalytic 

method is commonly used to degrade organic pollutant. Catalyst produces electrons 

and holes when it is encouraged by light. Both electrons and holes create oxidizing 

agents. Despite high efficiency and short time for diuron degradation, recombination 

between electrons and holes leads to a decreased rate of diuron removal.  

Photoelectrocatalysis is a combination between photocatalytic and 

electrolytic reactions. When a photocatalyst is excited by photon with energy higher 

than the band gap, an electron is moved from the valance band to the conduction 

band leaving the position of electron shortage to become a hole. After that, 

electrons and holes are separated by electrolytic reaction so that recombination 

between photoexcited electrons and holes is decreased. Water is attacked on anode 

by holes. It becomes hydroxyl radicals and subsequently oxidizes pollutant in water. 
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Electrons are transferred to cathode and released to oxygen, to form superoxide 

radical. 

  Among the catalysts used in the photocatalytic processes, titania (TiO2) is 

the most popular catalyst since it has photostability, ability to break structure of 

organic compounds, non – toxic, and low cost [6]. Nevertheless, titania in power 

form is hard to be removed treated water. To solve this problem, titania can be 

coated on substrate as thin film. However, surface area will be reduced which will 

affect the rate of degradation.  

In this study, titania was immobilized on titanium sheet. It was used as an 

anode in photoeletrocatalytic reaction, in which graphite was used as a cathode. The 

application on diuron degradation was tested over this system under various 

conditions. 

It is aims of this study, to study degradation of diuron via 

photoelectrocatalytic technique and to investigate the effect of parameters used in 

the diuron degradation. 

This thesis has five chapters as following: 

Chapter I proposes the motivation and introduction of this work. 

Chapter II explains theory and literature reviews relating to chemical and 
physical properties of diuron and titania as well as mechanism of 
photoelectrocatalytic process. 

Chapter III consists of chemicals, materials, and apparatus used in the 
experiment as well as, characterizations, and experimental procedure. 

Chapter IV describes and discusses the experimental results. 
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Chapter V concludes the overall results of this work and guide for future 
research. 



CHAPTER II 
THEORY AND LITERATURE REVIEWS 

Theory and literature reviews relating to chemical and physical properties of 
diuron and titania and mechanism of photoelectrocatalytic reaction will be 
elaborated in this chapter.  

 
2.1 Diuron 

Agricultures were major industry in the world. These activities are still heavily 
involving herbicides. As a result, land and water are accumulated from them. These 
become soil and aqua pollutions. Weed killers are widely used and belong to the 
phenylurea family which has been liberally used for eliminate flora [7]. 

Diuron was white crystalline at room temperature. It was common herbicide 
for some grasses and broadleaved weeds and sometimes used in blending with other 
herbicides such as hexazinone paraquat, imazapyr, thiadiazuron, and bromacil. 
Structural formula of diuron is presented in Figure 2.1 while chemical identity and 
physical properties of diuron are shown in Table 2.1. 

N

CH3

H3C C
N
H

O

Cl

Cl

 

Figure 2.1 Structure of diuron. 

 Diuron is suddenly absorbed through the root system of plants and slowly 
diffuses through the stems and leaves. It is a strong inhibitor of the photosynthesis II 
system in plants via the Hill reaction (It involves the transfer of electrons from water 
to an electron acceptor that is created by the capture of light from chlorophyll A). 
The transfer of electrons from water to the electron acceptor is restrained hence the 
formations of NADPH (nicotinamide adenine dinucleotide phosphate) and ATP 
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(adenosine 5’ – triphosphate) are obstructed. For many biochemical reactions in 
plants, both of NADPH and ATP are important [8].  

 Diuron is not absorbed by plants. It is residual in soil or washing leading to 
pollution problem. Diuron seldom decomposes in environment, nonetheless; there is 
a technique for removal diuron such as hydrolysis [4], biological degradation [9], and 
adsorption [10]. These methods have been used for a long time with low activities. 
Nowadays, advanced oxidation is popular because it has high efficiency and low cost 
[2, 11-13].  

Table 2.1 Chemical identity and physical properties of diuron.  

Common name Diuron, DCMU 
Chemical name – IUPAC 3-(3,4-dichlorophenyl)-1,1-dimethylurea 
Chemical name – CAS N'-(3,4-dichlorophenyl)-N,N-dimethylurea 
CAS Registry Number 330-54-1 
Molecular weight 233.09 g/mol 
Molecular formula C9H10Cl2N2O 
Melting point 157 – 159ºC  
pKa 13.55 
Solubility in water (25ºC) 36.4 mg/l 
Octanol water partition coefficient (pKow) 
(25ºC) 

2.85 

Vapour pressure (25ºC) 0.0011 mPa 
Relative density 1.48 
Henry’s Law Constant 7.0 x 10-6 Pa·m3/mol 
Heat of vaporization 63.4 kJ/mol 
 
2.2 Titania (TiO2) 

Titania (TiO2), also known as titanium oxide, or titanium (IV) oxide is used for 
various applications. It is commonly used for photocatalyst because it has excellence 
stability against photocorrosion, nontoxicity, and low cost [14]. Moreover, it is used 
for filtrate pollutants and pathogen in air in industry. Titania has originally three 
phases, i.e. consisted of brookite, anatase, and rutile. Each phase has different 
structure and photoactivity. Anatase and rutile are widely used for photocatalyst but 
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anatase has the highest photocatalytic activities in theses morphology. Structure of 
titania is rearranged by chain of TiO6. Ti4+ ion is enclosed by six oxygen ions (O2-). All 
their morphology has contraction of arrangement in octahedra. All of structures are 
shown in Figure 2.2. 

   

(a)   (b)    (c) 

Figure 2.2 Crystal structures of TiO2 (a) Rutile, (b) Anatase, and (c) Brookite. 

Band gap energy of titania is 3.2, 3.0, and approximately 3.2 eV in anatase, 
rutile, and brookite phase, respectively. Before, titania is excited via photon. Electron 
and hole do not generate. When it is revived, electron jumps from conduction band 
to valence band. Free position on surface appears hole. Their properties are 
summarized in Table 2.2.  
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Table 2.2 Physical and structural properties of anatase and rutile. 

Property Anatase Rutile 
Boiling Point (°C) N/A 2500 – 3000  
Melting point (°C) N/A 1825 
Phase transformation 
temperature (°C) 

600 N/A 

Light absorption (nm) < 390 < 415 
Dielectric constant 31 114 
Density (g/cm3) 3.79 4.27 
Refractive index 2.55   2.75 
Crystalline structure Quadratic Quadratic 
Mohr’s Hardness 5.5 6.5 – 7.0  
Ti – Ti distances (Aº)  3.04 – 3.79   2.96 – 3.57 
Ti – O distances (Aº) 1.93 – 1.98  1.94 – 1.98  
Absorption edge (nm) 385 405 
Heat of formation 
(ΔH0

f), kJ/mol 
-933.0 (298K) 
-930.0 (1300K) 

-944.7 (298K) 
-942.4 (1300K) 

Free energy of formation 
(ΔG0

f), kJ/mol 
-877.6 (298K) 
-697.4 (1300K) 

-889.5 (298K) 
-707.9 (298K) 

Entropy (S), J/mol·K 49.9 (298K) 
50.3 (1300K) 

150.6 (298K) 
149.0 (1300K) 

 
2.3 Photoeletrocatalysis 

Photoelectrocatalytic reaction deceases effect of recombination between 
electron and hole via principle of electrical. Free electron moves under electric field 
when external energy is applied to electrode. This phenomenon induces electron; it 
separates to valence band on catalyst, so electron transfers from anode to cathode. 
As the result, electron releases excess energy in conduction band. It does not return 
to valence band. This method is extensively used for degradation organic pollutant 
in water because it has high efficiency and short time degradation [14]. Catalyst is 
usually semiconductor materials such as SnO2, WO3, ZnO, and TiO2. They can be 
generate electron when encouraged by light.  
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Although, titania is widely used for research owing to high photoactivity, 
photostability, and low price. Efficiency drops when electron and hole merge. 
Applied voltage can be used to prevent it. Electron is induced under electric current. 
As a result, hole has still been appeared on surface. This phenomenon promotes 
degradation activity. These schematics are shown in Figure 2.3 – 2.4.     

 

Figure 2.3 Schematic of photoelectrocatalysis on anode. 

 

   

Figure 2.4 Schematic of photoelectrocatalysis on cathode. 
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 Figure 2.3 – 2.4 present normal mechanisms on anode and cathode. In 
general, there are 8 different reactions occur on anode and cathode expressed as 
follows [15, 16].   

i. Bandgap Energy (Eg) is instigated leading to formation of electron – hole 
charge pair on TiO2. 

 TiO2 + hv → eCB
- + h+     2.3.1  

ii. Electron moves to cathode while some electron recombines.  

iii. Electron in conduction band is transferred to electron acceptor and 
dissolved oxygen.  

eCB
- + O2 → O2

-·      2.3.2 

iv. Hydroxyperoxyl radical is foremed from reductive pathway of oxygen. 

O2
-· + H+ → HO2·      2.3.3 

v. Previous product attacks electron in conduction band and changes to 
hydrogenperoxide.   

HO2· + H+ + eCB
-
 → H2O2     2.3.4 

vi. Hydroxyl radical creates from reaction between hydrogenperoxide and 
electron in conduction band. 

H2O2 + eCB
- → OH- + OH·     2.3.5 

vii. Water adsorbed on the surface interacts with hole and generates hydroxyl 
radical.  

h+ + H2O → OH· + H+      2.3.6 

viii. Intermediates are oxidized by hydroxyl radical. 

In the past, photoelectrocatalytic was used for degradation of refractory 
organic pollants. For instance, Selcuk et al. determined potential bias for digestion of 
humic acid in which Ti/TiO2 was used as electrode under UV light [17, 18]. Yan et al. 
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researched effect of pH and solution conductivity to decompose phenol in which  
TiO2/Ni thin-film was used as electrode [19]. Their factors have impacted to degrade 
organic pollutant. Cardoso et al used to TNT’s (titania nanotube) electrode for their 
study. Their work properly find a concentration of 4,4 - oxydianiline that it is 
removed under UV light [20]. 

2.4 Box – Behngen Design (BBD)  

Experimental design is a powerful technique to predict the parameters that 
want to process because it gains increase knowledge of the existing process and 
optimizes these process. There are various methods in experimental design.  

Box – Behngen dedign (BBD) is developed to reduce the weak points of 
Central Composite design (CCD) and Face – Central Composite design (FCCD). It is 
almost uniform design and still keeps factor values in interested range. The 
characteristic of this design is suitable for more three factors. The amount of 
experimental depends on the number of factor and center point run. It can be found 
from the follow equation: 

Number of test runs = 2k + 2k – 1 + m  

where k is number of factor (k ≥ 3) and m is number of centre – point  run. 

The three factors Box – Behnken design is represented in Figure 2.5 and the 
full experimental model is used to explain by follow model. 

ŷ = β0 + β1A + β2B + β3C + β12AB + β13AC + β23BC  

                     + β11A
2 + β22B

2 + β33C
2 

where ŷ is response and βi, βij, and βii are parameter of explanatory 
variables. A, B, and C was coded independent variables.  
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Figure 2.5 Three factor Box – Behnken design (coded factor levels). 

However this method has disadvantage. When one parameter is eliminated, 
the model will be re – estimated due to co – variance of two parameters.  

 

 

 

 

 

 



CHAPTER III 
EXPERIMENTAL 

 

This chapter gives detail of process in degradation of diuron. There are five 
main parts of experimental procedure that includes apparatus, materials, synthesis of 
TiO2 film on titanium substrate, characterizations and degradation of diuron. 

 
3.1 Materials 

The chemicals used for synthesis TiO2 film was titanium (IV) isopropoxide 
(97%, Sigma-Aldrich, Germany), isopropanol (99.9%, RCI Labscan, Thailand), 
acetylacetone (98%, Sigma-Aldrich, Germany), nitric acid (65%, ), ethylcellulose (95%, 
Carlo erba reagents Co., France), and titania powder (P25, 99.9%, Sigma-Aldrich, 
Germany). The washing reagent used for cleaning titanium plate was acetone (99.5%, 
QReC, New Zealand) and methanol (99.9%, QReC, New Zealand). The diuron stock 
solution was prepared from diuron (99.5%, Sigma-Aldrich, Germany) dissolved in 
deionized water whereas hydrochloric acid (37%, QReC, New Zealand), sulfuric acid 
(98%, QReC, New Zealand), and sodium hydroxide (98%, Loba Chenie, India) were 
used for pH adjustment. Sodium chloride (99.9%, Ajax Finechem, Australia) was used 
to adjust conductivity of the solution. Furthermore, acetonitrile (99.9%, RCI Labscan, 
Thailand) was used as mobile phase in the analysis of diuron via high performance 
liquid chromatography (HPLC). 

 

3.2 Apparatus 

The schematic diagram of the equipment set up is shown in Figure 3.1. The 
system is consisting of 6 parts. First, a DC power supply was used to bias voltage for 
photoelectrocatalytic and electrolytic reactions. Second, 2 UV-A lamps (Phillips TLD 
15W/05) were used as a light source of the photocatalysis and photoelectrocatalysis. 
Third, a magnetic stirrer was used to stir the solution. Next, 2 graphite sheets (5 cm X 
10 cm in size) were used as cathode while 2 TiO2/Ti plates (5 cm X 10 cm in size) 
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were used as anode. A 12 cm x 8 cm x 6 cm glass container was used as a reactor 
vessel. The reactor was placed in a box equipped with 2 fans used to control the 
ambient temperature. 

 

Figure 3.1 Schematic diagram of the degradation system. 

 

3.3 Synthesis of TiO2 film on titanium substrate 

 
3.3.1 Preparation of titanium substrate 

There were 5 steps to clean titanium plate, beginning with washing by 
detergent and being sonicated in acetone for 15 minutes. Later, the plate was 
sonicated in ethanol for 15 minutes. Next, it was sonicated in water for 3 times, each 
of which took 15 minutes. Finally, the substrate was blown with nitrogen gas.        

 
3.3.2 Fabrication of titania film 

Titania film was synthesized via sol – gel method and was screen-printed 
onto the substrate. The titanium (IV) isopropoxide (TTIP) of 4.5 ml was mixed in 15 
ml isopropanol (IPA) and stirred continuously for 10 minutes. Then, 15 ml of 
acetylacetone (Acac) solution that was consisting of 0.925 ml Acac in IPA was added 
to the solution and stirred continuously for 10 minutes. Next, 10.92 µl of 65% nitric 
acid in 15 ml IPA was added to the solution and continuously stirred for 10 minutes. 
Later, 1 ml of 65% nitric acid was added to the solution and continuously stirred for 
3 hours. After that, 3.37 ml of water, 1.95 g of ethylcellulose, and 6.73 g of P25 were 
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added to the solution. This mixture was rested overnight. Finally, it was coated on 
the titanium sheet by screen-printing and calcined at 500°C for 1 hour.   
 

3.4 Characterizations  

The crystalline structure and phase composition of tiania film were identified 
using X-ray Diffraction (XRD) (Bruker AXS D8 Advance) which was operated using 
CuKα radiation. The scan range was 2θ of 20 – 80º with a step size of 0.04° and a 
step time of 2.0 seconds. Voltage and releasing current were 40 kV and 40 mA, 
respectively. The Debye – Scherrer equation was used for the calculation of 
crystallite size.  

            D = 

 

where k is a constant equal to 0.9, λ is the X-ray wavelength, β is the full 
width at half maximum and θ is the half diffraction angle. 

The mass composition of anatase and rutile was determined via relation of 
peak intensity of anatase (IA) and rutile (IR) [21].  

    Anatase = 

     

Rutile    =  

where IA is a peak intensity of anatase phase at 25.3º and IR is a peak intensity 
of rutile phase at 27.4º. 

The morphology and surface structure is investigated by scanning electron 
microscopy (SEM) (Jeol JSM – 6400). 

_____

__ 

kλ 

β cosθ 

0.79IA_ 

0.79IA + IR 

0.79IA + IR 
_____

_ 

_____

_ 

IR
_ 
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3.5 Degradation of diuron 

The photoeletrocatalytic activities of the titania film was tested by 
degradation of diuron. Initial diuron concentration was 10 ppm. In this research, two 
plates of titanium substrates coated with titania (TiO2/Ti) and used as anode were 
submerged in 150 ml solution while graphite sheets were used as cathode. After 
placing electrodes into diuron solution, voltage was applied and UV-A was irradiated. 
Samples of 1 ml in volume were collected at 30, 60, 90, 120, 150, 180, 240, 300, 360, 
and 420 minutes of the experimental time. The samples were filtered through 0.22 
µm membrane before being analyzed by HPLC (model Class VP, Shimadzu) equipped 
with C18 column (5 µm, particle size 250 nm x 4.6 mm, Phenomenex Luna). 
Acetonitrile and water were used as mobile phase in the ratio of 70:30 with the flow 
rate of 1.5 ml/min. The UV detector was operated at 254 nm. The degradation 
percentage was calculated based on concentration at the sampling time (Ct) and 
initial concentration (Co) as followed.  

 

    Degradation percentage =             X 100% 

 

 

 

 

 

 

 

 

 

Co - Ct 
Co  

____

__ 



CHAPTER IV 
RESULTS AND DISCUSSION 

 
4.1 Characteristics of titania film  

Titania coated on titanium was analyzed by scanning electron microscopy 
(SEM). The SEM images were shown in Figure 4.1.  

 

 

 

Figure 4.1 SEM images (a) before being calcined 500ºC and  

   (b) after being calcined 500ºC. 

(a) 

(b) 
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 The fingerprint characterization of crystalline of titania was identified using X-
ray Diffraction (XRD). Typical XRD diffraction patterns of titania film were shown in 
Figure 4.2. Anatase phase shows strong peak at 25.3º, 52.9º, and 70.5º meanwhile 
rutile phase emerges at 27.4º. All peaks were discovered both before and after 
calcination at 500ºC. Intensity peak has change when titania film was calcined. It 
indicated phase and particle size transformation.  

 The Debye – Scherrer equation was used for calculation crystalline size on 
titania film.  

         D =  

 

where k is a constant equal to 0.9, λ is the X-ray wavelength, β is the full 
width at half maximum and θ is the half diffraction angle. 

Phase component was determined from relation of peak intensity of anatase 
(IA) and rutile (IR) [21]. 

     Anatase =  

     

Rutile    =  

where IA is a peak intensity of anatase phase at 25.3º and IR is a peak intensity 
of rutile phase at 27.4º. 

 

 

 

 

 

β cosθ 

kλ _____

__ 

__________ 0.79IA_ 
0.79IA + IR 

0.79IA + IR 
__________ IR 
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The analyzed data was shown in Table 4.1. 

20 40 60 80
2

(a)

(b)

   

Figure 4.2 XRD patterns of titania film (a) before calcined 500ºC and  

               (b) after calcined 500ºC. 

 Crystalline size has grown after film was calcined. It was possibly a result from 
crystalline structure of titania binder. Moreover, ratio between anatase and rutile 
phase was changed. Structure of titania binder transformed amorphous to anatase 
phase after it was calcined at 500ºC.        

Table 4.1 Crystalline size and phase composition percentage.  

Calcination 500ºC 
 Anatase crystalline 

size (nm) 
Mass composition (%) 

Anatase  Rutile  Ratio 
Before calcination at 

500ºC 
76.81 78.05 21.95 3.56 

After calcination at 
500ºC 

101.77 84.31 15.69 5.37 

Anatase 
Rutile 
Titanium 
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4.2 2k – factorial design 

This method was used to determine effect that has impact on experimental 
observation. Value of parameter was divided into 2 levels (-1 is low level and 1 is 
high level), as shown in Table 4.2. 2k - factorial design is considered as preliminary 
investigation because it used lower number of test run than other techniques. In this 
study, 3 parameters were considered, i.e., bias potential, pH and anion. The presence 
of factors influentially affected diuron degradation in photoelectrocatalysis. 
Therefore, this experimental plan was consisted of 8 test runs. It was shown in Table 
4.3 while responses were presented in the same table.   

Table 4.2 Factors and levels in 3 factors 2k - factorial design. 

Variables Symbols 
Levels 

-1 1 
Bias potential (V) X1 

X2 

X3 

5 10 
pH 3 11 

Anion (0.1 M NaNO3), (ml) 0 5 
 

Table 4.3 The condition and response of test run. 

Run  X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3 
yi          

(% diuron 
degradation) 

1 -1 -1 -1 1 1 1 -1 81.22 
2 1 -1 -1 -1 -1 1 1 99.71 
3 -1 1 -1 -1 1 -1 1 35.85 
4 1 1 -1 1 -1 -1 -1 57.04 
5 -1 -1 1 1 -1 -1 1 100.00 
6 1 -1 1 -1 1 -1 -1 74.13 
7 -1 1 1 -1 -1 1 -1 24.99 
8 1 1 1 1 1 1 1 68.61 
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The experimental data was shown in Table 4.2 that was analysed by 
empirical model: 

 

ŷ = β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3  

            + β23X2X3 + β123X1X2X3 

 

where ŷ is response (% diuron degradation at 420 minutes) and βi, βij, and 

βijk are parameter of explanatory variables that shown in Table 4.4. Xi, Xij, and 

Xijk are coded independent variables.  

Table 4.4 Factor values. 

parameter of 
explanatory variables  

Factor value  

β0 67.70 
β1 14.36 
β2 -42.14 
β3 1.52 
β12 18.05 
β13 -5.48 
β23 1.88 
β123 16.70 

 

In Table 4.4, values of β3, β13, and β23 are lower than other parameters. 
Figure 4.3 shows calculated effects of data in Table 4.4. They are presented in bar 
graph. β1 represents for effect of applied voltage. It has positive value. Therefore, 
the percentage of diuron degradation is increased when the voltage is increased. β2 
represents for effect of pH. It has negative value so that efficiency of the degradation 
is inversely dependent on pH. Furthermore, value of 2 interaction effects of X1 and 
X2 and 3 interaction effects have influenced to response in high level. As, β3 (it was 
effect of anion), value of 2 interaction effects of X1 and X3 and 2 interaction 
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effects of X2 and X3 led to response in low level. These are likely non-significant 
effect. However, they were not eradicated. They were until improved by statistical 
technique. 
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Figure 4.3 Calculated effect bar plot. 

Normal probability plot was used for assured non-significant effect. It exhibits 
2 non – significant effects since they were nearly zero. β3, and β23 were             
non – significant effects that it was considered from relation between calculated 
effect and cumulative probability (Pi). It was shown in Figure 4.4.  
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Figure 4.4 Normal probability plots 

Precision of calculated effect was second method that it used for find                
non-significant effect. Three non – significant effects were found plausibly to be zero. 
As a result, they could be deleted from the experimental model.  

The results from both methods identified 3 non-significant effects which were 
β3, β13, and β23, corresponding effect of applied voltage, dual effect of pH and 
applied voltage, and trio relation of anion, pH, and applied voltage.     
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Figure 4.5 Precision of calculated effect. 

From the results, it should be noted that nitrate ion can also be enhanced 
the efficiency of diuron degradation as shown in Figure 4.6 – Figure 4.7. nitrate ion 
was added into the solution lead to the synergetic effect. The synergetic effect may 
be occurred when the electron transferred rate increase as a result of direct 
reduction via electron.  
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Figure 4.6 Efficiency of the diuron degradation with and without nitrate ion  

               in acidic condition and applied voltage 5 V.  
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Figure 4.7 Efficiency of the diuron degradation with and without nitrate ion  

               in alkaline condition and applied voltage 5 V.  
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Previous study, the complete product of diuron degradation was nitrate ion. It 
represented in equation 4.2.1 [4].  

C9H10Cl2N2O + 13O2 → 2HCl + 2HNO3 + 9CO2 + 3H2O 4.2.1 

From the result, if the diuron degradation was completely degraded. Nitrate 
ion was detected. Moreover, nitrate ion reacted to photon and electron and 
transformed to nitrite ion. Mechanism shows in equation 4.2.2 – 4.2.8. 

i. photolysis [22, 23]. 

  NO3
- + H2O + hv → NO2· + OH· + OH-   4.2.2 

  NO3
- + hv → NO2

- + O(3P)     4.2.3 

  NO2
- + H2O + hv → NO· + OH· + OH-   4.2.4 

  NO2
- + OH· → NO2· + OH-     4.2.5 

 ii. reduction on graphite electrode [24, 25]. 

  NO3
- + H2O + 2e- → NO2

- + 2OH-    4.2.6 

2NO3
- + 6H2O + 10e- → N2 (g) + 12OH-   4.2.7 

2NO2
- + 4H2O + 6e- → N2 (g) + 8OH-    4.2.8 

 In order to prove that the diuron degradation is complete, so the amount of 
nitrate and nitrite ion was measured via uv - spectrometer. Nitrate ion was measured 
at 220 mn whlie nitrite ion was measured at 543 nm. 50 ppm of Nitrate ion was 
added in solution for studying rate of nitrate change. In Figure 4.8 – 4.9 represented 
amount of nitrate ion and nitrite ion, respectively. Nitrate ion does not change so 
diuron was not completely decomposed. Furthermore, nitrate was not photolysis 
and reduction because nitrite ion does not generate.        
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Figure 4.8 Nitrate concentration under pH 7 and applied voltage 0.5 V. 
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Figure 4.9 Nitrite concentration under pH 7 and applied voltage 0.5 V. 
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4.3 Effect of applied voltage of diuron degradation 

 Ordinarily, TiO2 was excited with photon that has energy higher than band gap 
energy (3.2 eV). Electron moved from the valence band to the conduction band and 
hole was generated on TiO2 surface. It is shown in equation 4.3.1. Water and oxygen 
react with them and they become hydroxyl radical (OH·) and superoxide radical (O2

-·), 
respectively. They are presented in equation 4.3.2 and 4.3.3, respectively. Four 
reactions occur on TiO2 surface [2, 6, 26, 27]. 

TiO2 + hv → eCB
- + h+     4.3.1 

eCB
- + O2 → O2

-·      4.3.2 

h+ + H2O → OH· + H+      4.3.3 

eCB
- + h+ → heat      4.3.4 

Titania was used as catalyt in the study. It was coated on titanium substrate 
as film. Compared with particles, titania film commonly has less surface area. The 
efficiency of catalysis is low. Furthermore, effect of electron – hole recombination is 
the main reason that decreases efficiency of the catalysis. When electric potential 
was applied to the system, an electric field was immediately created, leading to 
electron transfer between the two electrodes. As a result, electron – hole 
recombination was reduced. The reaction follows equation 4.3.5 – 4.3.13 [18, 20, 28-
30].         

Anode (TiO2/Ti): 

TiO2 + hv → eCB
- + h+     4.3.5 

h+ + H2O → OH· + H+      4.3.6 

OH- + h+ → OH·      4.3.7 
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Cathode (Graphite) 

eCB
- + O2 → O2

-·      4.3.8 

2eCB
- + O2 + 2H+ → H2O2     4.3.9 

O2
-· + H2O2 → OH- + OH· + O2    4.3.10 

O2
-· + H+ → OH2·      4.3.11 

H2O2 + eCB
- → OH- + OH·     4.3.12 

H2O2 + hv → 2OH·      4.3.13 

Level of applied voltage was studied in this content. It affected the 
degradation. Voltage was applied in the range of 2.5 V – 10 V. If voltage was higher 
than 10 V. Bubble appeared on electrodes, which indicated dissociation of water. 
Water underwent water splitting reaction instead of oxidation. The water was 
separated into hydrogen and oxygen instead of preforming a reaction with holes and 
subsequently created hydroxyl radical. Efficiency of degradation was increased when 
voltage was increased. However, efficiency of degradation was decreased when 
applied voltage was 10 V. It is shown in Figure 4.10. It was observed that the 
degradation under the applied voltage of 7.5 V was the highest, i.e., 78.21% within 7 
hours. This observation is in agreement with the previous report by Li et al [31, 32]. 
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Figure 4.10 Effect of applied voltage for diuron degradation. 

Although the applied voltage promoted the degradation of diuron by 
photoelectrocatalytic method, excess applied voltage dropped diuron degradation 
efficiency because electron flux was interrupted. Electrons were expelled swiftly 
from anode leading to electrode corrosion [33, 34]. When applying low voltage to 
electrodes, electrons which were excited from valence band would instantaneously 
undergo recombination with holes resulted from insufficient current density in 
electron induction. This phenomenon is chemical short circuit [14].   

According to other authors, kinetic of the photoelectrodegradation of organic 
pollutants were described by the pseudo-first order kinetics. 

r = -      = krKC = kappC     4.3.9 

where r is the rate of diuron degradation, C is the concentration of the diuron 
being degraded, t is the irradiation time, and kapp is the apparent rate constant of a 
pseudo first order model. For batch operation, equation 4.3.9 was transformed to 
equation 4.3.10 when C0 is an initial concentration of diuron. 

dC 
dt 
__

__ 
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ln       = kappt       4.3.10 

This model was used to describe kinetic study of diuron degradation. The 
apparent rate constants combined overall rate constants in system. From this 
relation, the apparent rate constants can be found. The results are shown in Figure 
4.11. They were determined from slope of equation 4.3.10. The apparent rate 
constants were shown in Table 4.4.   
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Figure 4.11 First – order linear transforms plot of the photoelectrocatalytic    
degradation at pH 7. 

The apparent rate constants are show in Table 4.5. Both before and after 120 
minute, the kinetics of diuron degradation could still be represented by the pseudo-
first order equation. Moreover, the apparent rate constants of electrolysis were used 
to compare value of the apparent rate constants of photoelectrocatalysis. They 
presented behavior of diuron degradation. The apparent rate constants of 
photoelectrocatalysis are higher than that obtained from electrolytic reaction. They 
exhibited prominence. The apparent rate constants were displayed in Table 4.6. The 
apparent rate constants of 2.5 V – 7.5 V have increase from electrolysis but the 
apparent rate constants of 10 V has equal to electrolysis. It justified theories. If the 

__

__ 

C0 
C 
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voltage was applied in system higher than optimal voltage, efficiency of degradation 
decreased. The optimal voltage depends on many factors such as type of 
recalcitrant organic pollutant, size and type of electrode.      

Table 4.5 The apparent rate constants of photoelectrocatalysis at pH 7. 

Voltage 
(V) 

kapp 
(min-1)  R2 

kapp 
(min-1)  R2 

120 min 420 min 

2.5 0.0036 0.9930 0.0028 0.9588 

5 0.0039 0.9672 0.0029 0.9490 

7.5 0.0051 0.9687 0.0040 0.9699 

10 0.0012 0.9844 0.0009 0.9522 

 

Table 4.6 The apparent rate constants of electrolysis at pH 7. 

Voltage 
(V) 

kapp 
(min-1)  R2 

kapp 
(min-1)  R2 

120 min 420 min 

2.5 0.0007 0.7957 0.0013 0.9560 

5 0.0009 0.9123 0.0007 0.8201 

7.5 0.0014 0.9077 0.0010 0.9389 

10 0.0015 0.9746 0.0009 0.8101 

 

Furthermore, diuron was detected by HPLC. Products of diuron degradation 
were detected. These results were represented in Figure 4.12 – 4.15. However, these 
intermediates cannot be identified because of the lack of standard references. 
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However, number of intermediates was found. Diuron degradation is consisted of 
many pathways and may influence apparent rate constants. Intermediates were 
found approximately at retention time of 1.7, 1.9, 2.3, 2.4, 2.6, 2.7, and 3.8 minute. 
These intermediates may be products in main pathway of the degradation. 
Intermediates were investigated. They increased when diuron was degraded. 
Moreover, at the applied voltage at 7.5 V, all intermediates product which had the 
retention time lower than 1.3 minute was found whereas only 10 kinds of 
intermediates was detected when applying the voltage of 10 V. This might be the 
result from the differences in degradation pathways in case of changing applied 
potential. 
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Figure 4.12 HPLC peak height of intermediates generated during photoelectrocatalytic  
degradation of diuron at applied voltage 2.5 V. 
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Figure 4.13 HPLC peak height of intermediates generated during photoelectrocatalytic 
degradation of diuron at applied voltage 5 V. 
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Figure 4.14 HPLC peak height of intermediates generated during photoelectrocatalytic 
degradation of diuron at applied voltage 7.5 V. 
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Figure 4.15 HPLC peak height of intermediates generated during photoelectrocatalytic 
degradation of diuron at applied voltage 10 V. 

 
4.4 Effect of pH and applied voltage of diuron degradation  

 When pH of solution is changed, charge on surface of titania is modified. The 
charge on surface is positive when the the point of zero charge (pHpzc) is higher than 
pH value. Negative charge appears on titania surface when the pHpzc is lower. The 
pHpzc for titania is approximately 6 [20]. These are represented in equation 4.4.1 – 
4.4.2 [29]. Moreover, pH affects the ionization state of the organic pollutants.   

 Acidic condition (pH < pHpzc)  

  TiOH + H+ → TiOH2
+     4.4.1 

 Alkaline condition (pH > pHpzc) 

  TiOH + OH- 
→ TiO- + H2O    4.4.2 

Efficiency of degradation was enhanced or decreased due to the interaction 
force between pollutant and titania. Each of organic compounds requires different 
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pH for degradation. For example, Rhodamine B was highly decolorized in alkaline 
condition [35], 4,4’ – oxydianiline was demineralized with an acidic condition [20].  
On the other hand 4 – chlorophenol shows high efficiency of degradation under both 
conditions [36]. Diuron was indicated by this result. It was greatly degradated at low 
pH, as shown in Figure 4.16.  
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Figure 4.16 Effect of pH for diuron degradation under applied voltage 5 V. 

There were 3 reasons contributing to the degradation of pollutants in 
photoelectrocatalysis [14]. 

i. direct photo – reduction by electrons (e-
CB). 

ii. direct photo – oxidation by holes (h+).  

iii. direct react of hydroxyl radicals (OH·). 

 Results from the experimental are in agreement with previous research. Major 
reaction was oxidation via holes. It is due to the different charges between diuron 
and titania, thus, the probability of adsorption of diuron on titania surface is 
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increased. As in Table 4.7, rate of diuron degradation in acidic condition is almost 
100% increase from the rate at pH 7 while in alkaline condition, efficiency of diuron 
degradation is about 50% decreased.   

Table 4.7 The apparent rate constants of photoelectrocatalysis under applied 
voltage of 5 V.  

pH 
kapp (min-1)  
120 min 

R2 
kapp (min-1)  
420 min 

R2 

3 0.0073 0.9991 0.0052 0.8042 

7 0.0039 0.9672 0.0029 0.9490 

11 0.0016 0.9919 0.0010 0.9351 

 

When, external energy was applied. It affected to demineralization. Diuron 
degradation is increased when potential voltage is increased. It represented 
increasing separation of electrons leading to creative many holes on surface of 
titania. Effect of both pH and applied voltage supported each other. This synergistic 
effect was expected to be the result from the inhibition of electron/hole 
recombination by the applied potential. This result was displayed in Figure 4.17. 

On the other hand, effect of applied potential and pH could be described by 
the kinetic. The rate of degradation was high under acidic and large applied voltage. 
The pseudo – first order equation cannot effectively predict diuron degradation rate 
after 120 minutes because degradation rate may be affected by the intermediate 
components in system. This equation was better predicted under alkaline condition. 
These were shown in Figure 4.18 – 4.19 and Table 4.8 – 4.11.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
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Figure 4.17 Effect of pH for diuron degradation under various applied voltage. 
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Figure 4.18 First – order linear transforms plot of the photoelectrocatalytic 
degradation at pH 3. 
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Table 4.8 The apparent rate constants of photoelectrocatalysis at pH 3. 

Voltage 
(V) 

kapp 
(min-1)  R2 

kapp 
(min-1)  R2 

120 min 420 min 

2.5 0.0055 0.9110 0.0055 0.9810 

5 0.0073 0.9991 0.0052 0.8042 

7.5 0.0141 0.9641 0.0150 0.9446 

10 0.0252 0.9995 0.0179 0.8142 

 

Table 4.9 The apparent rate constants of electrolysis at pH 3. 

Voltage 
(V) 

kapp 
(min-1)  R2 

kapp 
(min-1)  R2 

120 min 420 min 

2.5 0.0026 0.9977 0.0021 0.8668 

5 0.0040 0.9956 0.0032 0.9747 

7.5 0.0020 0.8594 0.0025 0.9603 

10 0.0018 0.8812 0.0023 0.9769 
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Figure 4.19 First – order linear transforms plot of the photoelectrocatalytic 
degradation at pH 11. 

 

Table 4.10 The apparent rate constants of photoelectrocatalysis at pH 11. 

Voltage 
(V) 

kapp 
(min-1)  R2 

kapp 
(min-1)  R2 

120 min 420 min 

2.5 0.0008 0.9728 0.0008 0.9881 

5 0.0016 0.9919 0.0012 0.9351 

7.5 0.0032 0.9954 0.0021 0.7883 

10 0.0028 0.9938 0.0022 0.9657 
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Table 4.11 The apparent rate constants of electrolysis at pH 11. 

Voltage 
(V) 

kapp 
(min-1)  R2 

kapp 
(min-1)  R2 

120 min 420 min 

2.5 0.0027 0.9964 0.0020 0.9454 

5 0.0026 0.9954 0.0020 0.9454 

7.5 0.0014 0.9927 0.0013 0.9941 

10 0.0014 0.9077 0.0010 0.9389 

  

Figure 4.20 – 4.22 presented signals of intermediates. In acidic condition, 
more intermediates were detected when compared with intermediates which were 
generated in alkaline condition. Due to diuron was degraded with high efficiency, 
more intermediate compounds were formed. The results were shown in Figure 4.17. 
Moreover, as seen in Figure 4.20 – 4.23, there was more intermediate formed when 
the applied voltage was increased. At this condition, intermediates were found at 
retention time of 1.47, 1.75, 2.09, 3.80 and 4.77 minute, respectively. However, at 
applied voltage higher than 5 V, intermediates were found at retention time of 0.37, 
2.32, 2.64, and 4.18 minute. Therefore, the aforementioned results of intermediate 
found at various retention times showed that the degradation had different pathway 
when the applied voltage was changed. In alkaline condition, trend of intermediate 
formed is as same as in acidic condition but intermediates were found at retention 
time of 0.63, 1.72, 1.98, 2.46, 2.63, 2.73, 3.82 and 4.08 minute instead. The previous 
results were shown in Figure 4.24 – 4.27. 
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Figure 4.20 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 3 and applied voltage 2.5 V. 
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Figure 4.21 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 3 and applied voltage 5 V. 

 



 42 

Time (min)

0 100 200 300 400

P
e
a
k
 H

e
ig

h
t 
(a

.u
.)

 

0

2000

4000

6000

8000

RT = 0.387 min 
RT = 0.491 min 
RT = 0.604 min 
RT = 1.002 min 
RT = 1.448 min 
RT = 1.794 min 
RT = 1.932 min 
RT = 2.189 min 
RT = 2.278 min 
RT = 2.462 min 
RT = 2.630 min 
RT = 2.726 min 
RT = 2.944 min 
RT = 3.541 min 
RT = 3.831 min 
RT = 4.181 min 
RT = 4.277 min 
RT = 4.309 min 
RT = 4.492 min 
RT = 4.797 min 

 

Figure 4.22 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 3 and applied voltage 7.5 V. 
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Figure 4.23 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 3 and applied voltage 10 V. 
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Figure 4.24 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 11 and applied voltage 2.5 V. 
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Figure 4.25 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 11 and applied voltage 5 V. 
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Figure 4.26 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 11 and applied voltage 7.5 V. 

Time (min)
0 100 200 300 400

Pe
ak

 H
ei

gh
t (

a.u
.)

0

2000

4000

6000

8000

10000

12000

14000

16000
RT = 0.230 min 
RT = 0.675 min 
RT = 0.800 min 
RT = 1.391 min 
RT = 1.508 min 
RT = 1.650 min 
RT = 1.728 min 
RT = 1.987 min 
RT = 2.268 min 
RT = 2.474 min 
RT = 2.643 min 
RT = 2.774 min 
RT = 2.939 min 
RT = 3.527 min 
RT = 3.843 min 
RT = 3.978 min 
RT = 4.368 min 
RT = 4.629 min 
RT = 4.872 min 

 

Figure 4.27 HPLC peak heights of intermediates generated during photoelectrocatalytic 
degradation of diuron under pH 11 and applied voltage 10 V. 
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4.5 Effect of applied voltage, pH, and chloride ion on diuron degradation  

  This topic described 3 parameters that affected diuron degradation. Chloride 
ion (Cl-) was added in diuron solution. It enhances conductivity of the solution that 
improves electron transfer rate. Electrons generated via photoelectrocatalytic 
reaction could be directly reacted with organic compound. It will alter efficiency of 
diuron degradation. Chloride ion presented behavior like organic pollutant. 
Mechanisms were shown in equations 4.4.1 – 4.4.5. Chloride ion was transformed to 
radical in equation 4.4.1 and 4.4.5. It attacked organic pollutants.  

i. direct photo – oxidation by holes (h+).  

  Cl- + h+ → Cl·      4.4.1 

  2Cl- + 2h+ → Cl2 + e-     4.4.2 

  Cl2 + H2O → HClO + H+ + Cl-    4.4.3 

  HCl → ClO- + H+     4.4.4 

ii. direct react of hydroxyl radicals (OH·). 

  Cl- + OH· → OHCl·-     4.4.5 

Overview of content was demonstrated by statistical technique. It was easy 
to study the effect of parameters on diuron degradation. The Response surface 
methodology (RSM) was commonly used to study the effect of parameter that 
employed multivariate method. Box – Behnken design (BBD) was used for described 
optimal condition. It was almost rotatable and available for more factors.            
The Design – Expert 9.0 was used for assisting the calculation RSM – BBD. This 
software was developed by Stas – Ease Incorporation.  

This method determined relationship of effect that has impact to 
experimental data. Value of parameter was divided into 3 levels (-1 was low level, 0 
was central level, and 1 was high level), as shown in Table 4.12. Hence, this rotatable 
experimental plan was consisted of 15 test runs. It was shown in Table 4.13 while 
responses were exhibited in the same table.   
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Table 4.12 Factors and levels in the three – factors three – levels BBD design 

Variables Symbols 
Levels 

-1 0 1 

Chloride ion (ppm) A 

B 

C 

250 625 1000 

pH 3 7 11 

Applied voltage (V) 0.5 2.5 4.5 

 

The experimental data was shown in Table 4.13. They were inspected by 
empirical model: 

 

ŷ = β0 + β1A + β2B + β3C + β12AB + β13AC + β23BC  

                     + β11A
2 + β22B

2 + β33C
2 

 

where ŷ is response and βi, βij, and βii are parameter of explanatory 
variables that shown in Table 4.13. A, B, and C was coded independent variables.  
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Table 4.13 Design of BBD and responses. 

Run A B C 
Diuron degradation (%) kapp (min-1)  120 min 

Experimental Predicted Experimental Predicted 
1 -1 -1 0 84.83 86.83 0.0069 0.0074 
2 -1 1 0 70.65 72.37 0.0034 0.0061 
3 1 -1 0 99.90 98.18 0.0189 0.0162 
4 1 1 0 60.25 58.25 0.0036 0.0031 
5 0 -1 -1 82.01 83.17 0.0068 0.0086 
6 0 -1 1 91.90 90.46 0.0092 0.0096 
7 0 1 -1 50.47 51.91 0.0012 0.0009 
8 0 1 1 68.48 67.32 0.0044 0.0030 
9 -1 0 -1 74.59 71.43 0.0052 0.0036 
10 1 0 -1 66.46 67.02 0.0043 0.0052 
11 -1 0 1 80.33 79.77 0.0048 0.0039 
12 1 0 1 78.24 81.40 0.0059 0.0082 
13 0 0 0 79.68 79.40 0.0053 0.0054 
14 0 0 0 79.07 79.40 0.0058 0.0054 
15 0 0 0 79.45 79.40 0.0052 0.0054 

  

The mathematical model was used to represent diuron degradation 
percentage: 

ŷ = 79.40 - 0.69A - 13.60B + 5.68C - 6.37AB + 1.51AC + 2.03BC  

               + 0.60A2 - 1.09B2 - 5.09C2 

According to the mathematical model expressed above, it indicates that the 
pH level is the most influential factor in this study. It presented major effect of 
diuron degradation. Whereas, the analysis of variance (ANOVA) of regression 
parameters of the predicted response surface quadratic model for diuron 
degradation percentage was shown in Table 4.14. It appeared that 3 parameters have 
impacted on the model, 3 i.e. B, C, and AB (P – value < 0.0100). These were pH 
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level, applied voltage and interaction of chloride ion and pH. These parameters were 
significant model terms.     

Table 4.14 ANOVA for the RSM model for diuron degradation percentage. 

Source 
Degree of 
freedom 

(df) 

Sum of 
square (SS) 

Mean 
square 

F – value P – value 

A 1 3.85 3.85 0.46 0.5262 
B 1 1479.41 1479.41 178.11 < 0.0001 
C 1 257.87 257.87. 31.05 0.0026 

AB 1 162.18 162.18 19.52 0.0069 
AC 1 9.12 9.12 1.10 0.3427 
BC 1 16.48 16.48 1.98 0.2180 
A

2
 1 1.32 1.32 0.16 0.7062 

B
2
 1 4.40 4.40 0.53 0.4995 

C
2
 1 95.80 95.80 11.53 0.0193 

Model 9 2030.58 225.62 27.16 0.0010 
Error 5 41.53 8.31   
Total 14 2072.11    
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Figure 4.28 Residual plot of diuron degradation percentage. 

 
Figure 4.29 Comparison diuron degradation percentages between the predicted values 
and the actual values of RSM – BBD model. 
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 From the residual plot (Figure 4.28) presented, overall data are well dispersed 
in negative and positive zone. Furthermore, R – squared or satisfactory coefficient of 
determination (Figure 4.29) is 0.9800. Both previous results confirmed that the RSM-
BBD model could be used to predict diuron degradation performance. 
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Figure 4.30 Chloride ion concentration and pH 3D surface and Chloride ion 
concentration and pH contour of predicted degradation percentage. 
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Figure 4.31 Chloride ion concentration and applied voltage 3D surface and Chloride 
ion concentration and applied voltage contour of predicted degradation percentage. 
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Figure 4.32 pH and applied voltage 3D surface and pH and applied voltage contour 
of predicted degradation percentage. 

 Figure 4.30 – 4.32 show trend of diuron degradation. Chloride ion was added 
to the solution. It was increasing conductivity so electron was easily transferred. 
However, concentration of chloride ion has impact on diuron degradation when pH 
was changed. At the increase of chloride ion and decrease of pH, diuron was 
degraded effectively compared with the decrease of chloride ion and increase of pH. 
The result showed the relation between chloride ion and pH that affected 
performance of diuron degradation, but, the applied voltage had no effect together 
with chloride ion. This result was confirmed by 2k factorial design that shown in 
previous section. This result was shown in Figure 4.30 – 4.31. Figure 4.32 gave a result 
the same previous topic. Diuron was rapidly degraded when bias potential is 
increased and pH value is dropped. The pH level was significant for diuron 
degradation. 

 When the mathematical model was used to predict diuron degradation, from 
Figure 4.33, diuron degradation is better while in acidic condition (pH<7). The result 
shows that the increase of chloride ion leading to better diuron degradation. In 
nature pH, increase of chloride ion would not significantly affect to diuron 
degradation resulting in the constant diuron degradation. On the other hand, in 
alkaline condition, increase of chloride ion yields the decrease of diuron degradation. 
Figure 4.34 shows that pH and applied voltage has synergistic effect. When pH is 
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decreased and applied voltage is increased, diuron degradation is also increased. The 
effect of pH and applied voltage are discussed in section 4.4. From Figure 4.35, when 
the applied voltage is increased and chloride ion is decrease, diuron degradation is 
increased to the maximum value after that the efficiency of diuron degradation is 
decreased.  
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Figure 4.33 Predicted degradation percentages via the mathematical model under 
applied voltage 2.5 V. 



 53 

pH

0 2 4 6 8 10 12

%
 D

eg
ra

da
tio

n

40

50

60

70

80

90

100

0.5 V 
1.0 V 
1.5 V 
2.0 V 
2.5 V 
3.0 V 
3.5 V 
4.0 V 
4.5 V 

 

Figure 4.34 Predicted degradation percentages via the mathematical model under 
concentration of chloride ion 625 ppm. 
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Figure 4.35 Predicted degradation percentages via the mathematical model under pH 7. 
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Moreover, the apparent rate constant was predicted by RSM – BBD. It 
analyzed apparent rate constant derived from data obtained from the first 120 
minutes. The pseudo – first order equation was used. 

The mathematical model was used for reply to apparent rate constant at 120 
minute: 

ŷ = 5.433 x 10-3 + 1.463A x 10-3 - 3.600B x 10-3 + 8.125C x 10-4  

               – 2.950AB x 10-3 + 6.750AC x 10-4 + 3.000BC x 10-4 

               + 1.246A2 x 10-3 + 1.521B2 x 10-3 – 1.454C2 x 10-3 

The analysis of variance (ANOVA) of regression parameters of the predicted 
response surface quadratic model for the apparent rate constant at 120 minute was 
shown in Table 4.15. It appeared that 1 parameter has impacted to model. It was pH 
level that was significant model terms because of P – value < 0.0100. Figure 4.36 
shown residual plot of the apparent rate constant at 120 minute. Dispersion of data 
was almost equaled but R – squared was calculated in Figure 4.37. It was 0.8465. As 
the result, the experimental results could not be described with the model. So, the 
rate constant of degradation was difficult to predict by statistical method.     
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Table 4.15 ANOVA for the RSM model for kapp at 120 minute. 

Source 
Degree of 
freedom 

(df) 

Sum of 
square (SS) 

Mean 
square 

F – value P – value 

A 1 1.711 x 10-5 1.711 x 10-5 2.53 0.1726 
B 1 1.037 x 10-4 1.037 x 10-4 15.32 0.0112 
C 1 5.281 x 10-6 5.281 x 10-6. 0.78 0.4174 

AB 1 3.481 x 10-5 3.481 x 10-5 5.14 0.0726 
AC 1 1.823 x 10-6 1.823 x 10-6 0.27 0.6259 
BC 1 3.600 x 10-7 3.600 x 10-7 0.053 0.8267 
A

2
 1 5.731 x 10-6 5.731 x 10-6 0.85 0.3996 

B
2
 1 8.540 x 10-6 8.540 x 10-6 1.26 0.4995 

C
2
 1 7.808 x 10-6 7.808 x 10-6 1.15 0.3318 

Model 9 1.865 x 10-4 2.072 x 10-5 3.06 0.1152 
Error 5 3.383 x 10-5 6.766 x 10-6   
Total 14 2.204 x 10-4    

 

 

Figure 4.36 Residual plot of the apparent rate constant at 120 minute. 
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Figure 4.37 Comparison the apparent rate constant at 120 minute between the 
predicted values and the actual values of RSM – BBD model. 
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Figure 4.38 Chloride ion concentration and pH 3D surface and Chloride ion 
concentration and pH contour of predicted the apparent rate constant at 120 minute. 
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Figure 4.39 Chloride ion concentration and applied voltage 3D surface and Chloride 
ion concentration and applied voltage contour of predicted the apparent rate 
constant at 120 minute. 
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Figure 4.40 pH and applied voltage 3D surface and pH and applied voltage contour 
of predicted the apparent rate constant at 120 minute. 
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The apparent rate constant was increased when pH level was decreased and 
high chloride ion concentration. It was presented in Figure 4.38. In contrast, 
interaction effect of applied voltage both chloride ion concentration and pH level 
were hardly impact to the apparent rate constant. They was shown in              
Figure 4.39 – 4.40. Relation between pH level and applied voltage was a little effect. 

When the mathematical model was used to predict the apparent rate 
constant at 120 minute, illustrated in Figure 4.41, the apparent rate constant is 
increased when chloride ion is increased and pH is decreased. However, at pH 11, 
the apparent rate constant is decreased when chloride ion is increased.             
From Figure 4.42, when pH is decreased and applied voltage is increased, the 
apparent rate constant is increased. The result indicates that when the applied 
voltage and chloride ion are both increased, the apparent rate constant is increased 
to the maximum value then the apparent rate constant tends to drop as shown in 
Figure 4.43. 
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Figure 4.41 Predicted the apparent rate constant at 120 minute via the 
mathematical model under applied voltage 0.5 V. 
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Figure 4.42 Predicted the apparent rate constant at 120 minute via the 
mathematical model under concentration of chloride ion 625 ppm. 
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Figure 4.43 Predicted the apparent rate constant at 120 minute via the 
mathematical model under pH 7. 
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However, rate constant at after 120 minutes of degradation was not reported 
because the pseudo-first order model could not be used to determine the rate 
constant. After 120 minutes, diuron concentration was not only the parameter that 
expresses the rate of reaction, the concentration of intermediate formed during the 
degradation should be taken into account. This reason has been discussed before in 
the previous section.     

  

  

 



CHAPTER V 
CONCLUSION 

 
5.1 Summary of the results 

i. Photoelectrocatalysis can be used to effectively degrade diuron. 

ii. Both pH and applied voltage have high impact on degradation of diuron.  

 
5.2 Conclusions 

Diuron can be degraded by photoelectrocatalysis. Titanium substrate coated 
with titania was used as anode while graphite was used as cathode. Various 
parameters were analyzed via RSM – BBD. Efficiency of diuron degradation depended 
on effect of pH, applied voltage and chloride ion. Whereas, the apparent rate 
constant at 120 minute depended on pH and applied voltage. For the apparent rate 
constant at 420 minute, it was difficult to predict because the apparent rate constant 
depended on one of intermediates instead of diuron.      

 
5.3 Recommendations for future work   

i. Identification of intermediates of diuron by using LC – MS/MS. 

ii. Separation and analysis anion in solution. 

iii. Change system to continuous process.  
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APPENDIX A CALIBRATION CURVE OF DIURON 
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Figure A1 Calibration curve of diuron. 
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APPENDIX B CALIBRATION CURVE OF NITRATE 

Concentration of nitrate (ppm)
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Figure B1 Calibration curve of nitrate. 
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APPENDIX C CALIBRATION CURVE OF NITRITE 

Concentration of nitrite (ppm)
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Figure C1 Calibration curve of nitrite. 
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APPENDIX D CALCULATION OF THE CRYSTALLITE SIZE 

The crystallite size was calculated using the Debye – Scherrer equation.  

D = 

 

where   D = Crystallite size, Å  

k = Crystallite-shape factor = 0.9  

λ = X-ray wavelength, 1.5406 Å for CuKα  

θ = Observed peak angle, degree  

β = X – ray diffraction broadening 

2
24.5 25.0 25.5 26.0 26.5 27.0

In
te

ns
ity

 (a
.u

.)

0

10

20

30

40

 

Figure D1 The observation peak of anatase phase for calculating the 
crystallite size. 
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Example: Calculation of the crystallite size of anatase phase 

The half – height width of anatase phase diffraction peak (β)  

    β = 1.06° (from Figure D1) 

    β = (2π x 1.06°)/360 

    β = 0.0185 radian 

  and           2θ = 25.3° 

     θ = 12.65°  

Thus, the crystallite size =  

        D = 76.81 nm 

 

 

 

 

 

 

 

 

 

 

 

0.9 x 1.5406 
0.0185cos12.65 
1.5406 

_________

_ 



 71 

APPENDIX E CALCULATION OF PHASE COMPOSITION OF TITANIA 

Phase component was determined from relation of peak intensity of anatase 
(IA) and rutile (IR) [21]. 

     Anatase =  

 

Rutile    =  

Where IA is a peak intensity of anatase phase at 25.3º and IR is a peak intensity 
of rutile phase at 27.4º.  

Example: Calculation of phase composition of anatase phase 

   Peak intensity of anatase and rutile shows in Figure E1 and E2, 
respectively. 

Thus,  Anatase = 

     Anatase =      78.05% 

 

 

__________ 0.79IA_ 
0.79IA + IR 

0.79IA + IR 
__________ 

IR 

(0.79 x 37.0) + 7 
0.79 x 37.0 _____________ 
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Figure E1 The observation peak of anatase phase for calculating phase composition.  
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Figure E2 The observation peak of rutile phase for calculating phase composition.  
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APPENDIX F CODING DATA 

Coding data change data, which it is qualitatively or quantitatively data. 
Coded data is analyzed easy via statistical technique. Data is normalized via below 
equation.  

 
Xcoded =  
 
 

 

Xcoded =  

 

Example: Calculation of coding data (pH) 

In this study, pH interested in range 3 – 11.  

 

Xcoded =  

 
 

  Xcoded =  

 

 

 

 

 

 

 

Data in interested range – Average of sum between high and low value  
Average of difference between high and low value  

_______________________________________________________________ 

Xuncoded –  _______ 

________________ 

3 + 11 
2 

2 
3 – 11  _______ 

_______ x – 7 
4 

_______________________________________ Xuncoded –  
__________________________ 
Xuncoded, highest + Xuncoded, lowest 

2 

2 
__________________________ Xuncoded, highest – Xuncoded, lowest   
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APPENDIX G CALCULATION OF MAIN AND INTERACTION EFFECT 

 Main and interaction effects were determined by these equations. 

β0 = average of all responses (yi)  

The main effect = average value of responses from all runs at the high 
level of the factor – average value of responses from all runs at the low level 
of the factor  

The interaction effect = average value of one factor on responses 
from all runs on the high level of another factor – average value of one factor 
responses from all runs on the low level of another factor  

Example: 

Table G1 The level of the factor.  

Run X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3 yi 
1 -1 -1 -1 1 1 1 -1 81.22 
2 1 -1 -1 -1 -1 1 1 99.71 
3 -1 1 -1 -1 1 -1 1 35.85 
4 1 1 -1 1 -1 -1 -1 57.04 
5 -1 -1 1 1 -1 -1 1 100.00 
6 1 -1 1 -1 1 -1 -1 74.13 
7 -1 1 1 -1 -1 1 -1 24.99 
8 1 1 1 1 1 1 1 68.61 

 

β0 =  

β0 = 67.69 

 

β1 = 

β1 = 14.36 

81.22 + 99.71 + 35.85 + 57.04 + 100.00 + 74.13 + 24.99 + 68.61 _______________________________________ 
8 

____________________ [(1)(99.71 + 57.04 + 74.13 + 68.61)] + [(-1)(81.22 + 35.85 + 100.00 + 24.99)] ______________________ 
4 4 
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β12 = 

β12 = 18.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

[(1)(81.22 + 57.04 + 100.00 + 68.61)] + [(-1)(99.71 + 35.85 + 74.13 + 24.99)] 
4 4 

______________________ ______________________ 
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APPENDIX H NORMAL PROBABILITY PLOT 

 There are several 5 steps.  

i. To rearrange parameter values from high to low value.  

  ii. To add order of parameter values 

  iii. To calculate cumulative probability (Pi) 

    Pi =  

   Where  i  = rake of each effect 

    n = number of effect  

iv. To make table of Pi (Table H1) 

  v. To plot Pi and calculated effect (Figure H1) 

 

Table H1 Cumulative probability. 

Rank(i) Value Effect Pi Pi x 100 

1 -42.14 X2 0.0714 7.14 

2 -5.48 X1X3 0.2143 21.43 

3 1.52 X3 0.3571 35.71 

4 1.88 X2X3 0.5000 50.00 

5 14.36 X1 0.6429 64.29 

6 16.70 X1X2X3 0.7857 78.57 

7 18.05 X1X2 0.9285 92.86 

 

(i – 0.5) ________ 
n 
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Figure H1 Cumulative probability plot. 
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APPENDIX I PRECISION OF CALCULATED EFFECT 

There are several 5 steps. 

 i. To determine S2
inherent 

  S2
inherent =  

   

S2
inherent =  

S2
inherent = 11.97 

  ii. To determine standard deviation (S.D.) 

   S.D.2 =    , where k is number of factor 

    

S.D. =       2.44 

  iii. To define t – distribution from t table  

   t(0.025,3) = 3.182 

 iv. To determine confidence interval of calculated effect   

Calculated effect ± (t(0.025,3))(S.D.) 

Calculated effect ± (3.182)(2.44) 

Calculated effect ± 7.78 

 

 

 

 

∑(value of non – significant effect)2 _____________________ 

(1.52)2 + (-5.48)2 + (1.88)2 

Number of non – significant effect 

3 
_______________ 

_____ 4S2
inherent 

2k 
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Table I1 Confidence interval of calculated effect. 

Effect Calculated effect Lower limit Upper limit 
X1 14.36 6.57 22.14 
X2 -42.14 -49.92 -34.35 
X3 1.52 -6.26 9.31 

X1X2 18.05 10.26 25.83 
X1X3 -5.48 -13.27 2.30 
X2X3 1.88 -5.91 9.66 

X1X2X3 16.70 8.91 24.48 
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Figure I1 Confidence interval of calculated effect plot. 
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APPENDIX J ANOVA TABLE 

There are several 3 steps. 

 i. To make ANOVA table 

Table J1 The equation of ANOVA. 

 
Source of variation 

Degree of 
freedom 
(d.o.f.) 

 
Sum of squares 

 
Mean square 

 
F – value  

 
 

Regression 
 
 

 
 

n – p 

 
 

Sun of square error  
(SSR) = ∑(ŷ –  ̅)2  

 

Mean square 
regression 
(MSR) = 

SSR/(n – p) 

 
 
 
 
 
 

MSR/MSE 
 
 

Residuals 
 
 

 
 

p – 1  

 
Sum of square error  

(SSR) = ∑(yi – ŷ)2 
 

Mean square 
regression 
(MSE) = 

SSE/(p – 1) 

 
 

Total 
 
 

 
 

n – 1  

 
Total sum of square 

(TSS) = ∑(yi –  ̅)2  
           = SSR + SSE  

 
 
-  

 

   where  n = number of run 

    p = number of parameter 

    yi = response from experimental 

     ̅ = average of response from experimental  

    ŷ = response from mathematical model  
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  ii. To define F – value from F distribution table. 

   F – value from F distribution table = F (α, n – p, n – 1) 

   where α = confidence level 95%  

  iii. To compare F – value between ANOVA table and F distribution 
table 

   If F – value from ANOVA table has higher than F – value from F 
distribution table. The mathematical model can be used to predict behavior of 
experimental.      
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APPENDIX K TOTAL ORGANIC COMPOUND 
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Figure K1 TOC under applied voltage 2.5 V. 
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Figure K2 TOC under applied voltage 5 V. 
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Figure K3 TOC under applied voltage 7.5 V. 
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Figure K4 TOC under applied voltage 10 V. 
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