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ABSTRACT 

This work systematically investigate the nanoparticulate TiO2 photocatalysis and 

photoelectrocatalysis based methods for decomposition, detoxification and disinfection of 

a series of biological contaminants ranged from small biological compounds such as 

amino acids and nucleotide bases, to large biological compounds including protein, lipid 

and DNA, to living microorganisms such as bacteria and virus. The small biological 

compounds (e.g., amino acids and nucleotide bases) are the basic building blocks of the 

large biological compounds (e.g., proteins and DNA), and the large biological compounds 

are the building blocks of the living microorganisms (e.g., bacteria and viruses).  Due to 

the complicity involved, in order to understand the full spectrum of the decomposition, 

detoxification and disinfection mechanisms of living microorganisms, a bottom-up 

strategy was employed in this study.  The photocatalytic and photoelectrocatalytic 

degradation of small biological compounds were firstly investigated to gain the necessary 

information for a better understanding of degradation mechanisms of large biological 

compounds.  The photocatalytic and photoelectrocatalytic degradation of large biological 

compounds were then investigated to gain the necessary information for a better 

understanding of decomposition/disinfection mechanisms of living microorganisms.  This 

was followed by the investigation of photocatalytic and photoelectrocatalytic 

decomposition/detoxification/disinfection of living microorganisms.  

Chapter 1 of the thesis provides comprehensive literature reviews of the present status 

of research developments relevant to this work and the justification for the research topic.  

Nanoparticulate TiO2 photoanode is a key element of the proposed research.  Chapter 

2 describes the fabrication and characterisation of the nanoparticulate TiO2 photoanode.  

The nanoparticulate TiO2 photoanode was successfully fabricated using a sol-gel method.  

The photoelectrocatalytic properties of the resultant TiO2 photoanodes were systematically 

evaluated using water, as well as organic model compounds in both bulk and thin-layer 

photoelectrochemical cells.  The results indicated that the resultant photoanodes possess 

high photocatalytic activity.  The measured net charge under the exhaustive conditions in 

a thin-layer photoelectrochemical cell is essentially the same as the theoretically required 

charge, demonstrating a superior oxidation power and 100% electron collection efficiency.  

Photocatalytic (PC) and photoelectrocatalytic (PEC) degradation of small biological 

compounds such as amino acids and nucleotide bases were carried out in Chapters 3 and 4.  



 XXVI

These small biological compounds were found to be photocatalytically and 

photoelectrocatalytically degradable.  The degradation efficiency of PEC method was 

found to be higher than that of PC method for all compounds investigated.  The organic 

nitrogens in the original compounds can be oxidised to either NH3/NH4
+ or NO3

- or both, 

depending the chemical structures of the original compounds and the degradation methods 

used.  Both experimental results and the theoretically calculated frontier electron densities 

values of (2FEDHOMO)2 and (FEDHOMO)2+(FEDLUMO)2 demonstrated that the reaction 

mechanisms/pathways of PEC processes differed remarkably from that of PC processes.  

As a part of the proposed “bottom-up” strategy, PC and PEC degradation of large 

biological compounds such as bovine serum albumin (BSA), lecithin and bacteria 

genomic DNA were performed in Chapter 5.  A new method for estimating the theoretical 

charge required to mineralise these large biological compounds with unknown chemical 

formula was firstly developed and experimentally validated.  The degradation efficiency 

of PEC method was found to be higher than that of PC method for all large biological 

compounds investigated.  

In Chapter 6, a bactericidal technique (PEC-Br) utilising in situ 

photoelectrocatalytically generated photohole (h+), Br2
•- and active oxygen species (AOS) 

for instant inactivation and rapid decomposition of Gram-negative bacteria such as E. coli 

was proposed and experimentally validated.  The method is capable of inactivating 

99.90% and 100% of 9×106 CFU/mL E. coli within 0.40 s and 1.57 s, respectively.  To 

achieve the same inactivation effect, the PEC-Br method is 358 and 199 times faster than 

that of the PEC method, and 2250 and 764 times faster than that of the PC method. 

The Chapter 7 demonstrated the bactericidal technique developed in Chapter 6 can 

also be applied as a virucidal technique for rapid inactivation of viruses such as 

replication-deficient recombinant adenovirus (RDRADS).  The PEC-Br method is capable 

of deactivating 99.77% and 100% of RDRADS within 14.32 s and 31.65 s, respectively. 

The final chapter of the thesis (Chapter 8) summarises the outcomes of this study and 

future work. 



CHAPTER 1 

GENERAL INTRODUCTION 
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1.1 INTRODUCTION 

Up till now, titanium dioxide (TiO2) has been the dominant semiconductor photocatalyst 

due to its superior photocatalytic oxidation ability, nonphotocorrosive, nontoxic, and 

inexpensive characteristics. UV illuminated TiO2 is one of the most powerful oxidants 

because of the high oxidising potential of photogenerated holes at the valence band 

formed by photoexcitation 1-4.  TiO2 based photocatalysts have been widely applied to the 

fields of the environmental cleaning (i.e., removal of organic, inorganic pollutants and 

microorganisms) 5-11, solar energy conversion 12, water splitting 13, cancer treatment 14, 15, 

and analytical applications 16-18. 

Notable progress has been made in the field of TiO2 photocatalysis applications to 

remove organic pollutants.  Nevertheless, in strong contrast to the level of understanding 

towards the degradation of organic compounds, little has been known regarding the 

mechanistic steps of photocatalytic degradation of microorganisms and microbial cells at 

the molecular level 19-23.  To date, most of the TiO2 based bactericidal methods employing 

photocatalytically generated active oxygen species (AOS) require 1 to 6 hours of 

disinfection time to achieve total inactivation of a sample with a bacteria population 

greater than 106 colony-forming units/mL (CFU/mL) 11, 24-26.  For photocatalytic 

disinfection of viruses, the research is still at the feasibility studying stage 27, 28.  It appears 

that the lack understanding of precise lethal killing mechanisms has presented as a major 

obstacle for further improving the bactericidal or virucidal efficiency as the effectiveness 

of a bactericide or viricide is highly dependent on its killing mechanisms 29, 30.  At present, 

no systematic research has been carried out to investigate photocatalytic decomposition 

mechanisms and products of bacteria or viruses.  A conjectural view of microbial cell 

degradation is that the process is highly complex as it involves the initial breaking down 

the microbial cell to large biomolecules then to small biomolecules (basic building blocks) 

before the mineralisation can be achieved.  In order to fully understand the entire 

degradation process, the investigation should be carried out to investigate not just the 

primary bacteria breakdown mechanisms but also the mineralisation mechanisms of 

primary degradation products including large biomolecules and small biomolecules (basic 

building blocks). 

The ultimate aims of this study are therefore to utilise the strong oxidising power of 

the illuminated nanostructured TiO2 to develop photoelectrocatalytic bactericidal methods 

capable of instant inactivation and rapid decomposition of living microorganisms, such as 
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bacteria and viruses, and to investigate the mechanistic aspects of bacterial/degradation of 

microorganisms and the mineralisation of primary degradation products.  

This chapter reviews the present status of relevant research developments and the 

fundamental theories involved. 

1.2 TiO2 PHOTOCATALYSIS 

It has long been recognised that activation of a semiconductor photocatalyst can be 

achieved through the absorption of a photon of ultra-bandgap energy (Eg) which results in 

the promotion of an electron, e-, from the valence band to the conduction band with the 

concomitant generation of a hole, h+ , in the valence band 31.  These photocatalytically 

produced electrons and holes can be used to drive redox reactions.  Thermodynamically, 

the energy level of the conduction band edge (Ecs) is a measure of the reduction strength 

of electrons in the semiconductor, whereas that of valence band edge (Evs) is a measure of 

the oxidation power of holes in the semiconductor 5.  
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Figure 1.1 Energy-level diagram for various semiconductors indication the energy 

positions of valence band and conduction band edges in aqueous media at 
pH 0.0. 

Various semiconductors, such as, TiO2, SrTiO3, WO3, Fe2O3, and CdS etc can be 

used as photocatalysts.  Different semiconductors possess different band edge energies.  

Figure 1.1 shows the bandgap energy of various semiconductor photocatalysts 8.  For a 

semiconductor to have universal photocatalytic reactivity to different pollutants, especially 

organic species, thermodynamically its valence band edge must sit at a relatively high 

potential.  

Since the first report on the photocatalytic degradation of organics by TiO2 were 

published in 1959 and 1964 by Kato and Masio 32, 33, tremendous amount of research has 
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been carried out in relation to the fields of TiO2 photocatalysis.  This is because that TiO2 

possesses various advantages over other semiconductors 34, 35.  The most important 

property of this material is its photocatalytic property.  The photogenerated holes at TiO2 

valence band possess strong oxidation power (+3.2 V) that can readily decompose a wide 

spectrum of environmentally hazardous species into harmless compounds such as CO2 and 

H2O 5, 31, 36. 

1.2.1 Classification of TiO2 Photocatalysts 

The basic principle of semiconductor photocatalysis involves the generation of 

photoelectrons (e-) and photoholes (h+) upon UV illumination.  The photoholes tend to 

migrate to the surface and serving as oxidising sites to react with adsorbed reactants, 

leading to an oxidative degradation process.  It is well known that the efficiency of such a 

photocatalytic system is highly dependent on the crystalline form, and particle size of the 

photocatalyst 37, 38.  

Development of photocatalyst has followed an evolutionary pathway from 

conventional bulk to particulate and more recently, to nanoparticulate photocatalysts.  

When the size of semiconductors is down to nanometre scale or sub-micrometer scale they 

exhibit a number of very different behaviours compared to their bulk counterparts.  The 

former systems are defined as particulate semiconductor systems and the latter are defined 

as bulk semiconductor systems.  The early research mainly focused on the bulk 

semiconductors.  The bulk semiconductor theory has been well established and various 

applications have been extensively studied 3, 39.  The particulate semiconductors refer to 

semiconductors with particle sizes ranging from nanometre to sub-micrometer.  Driven by 

strong oxidation power and high photoefficiency, the heterogeneous photocatalysis at 

nanoparticulate TiO2 for complete mineralisation of inorganic, organic, and microbial 

contaminants presented in polluted water and air has becoming one of the most active 

research fields over the past two decades 16, 18, 40.  

In this project, we will utilise the superior photoactivity of the nanostructured TiO2 

photoanode for photocatalytic and photoelectrocatalytic detoxification/disinfection and 

decomposition of biomolecules and microbial pollutants in wastewaters. 

1.2.2 Nanoparticulate TiO2 Photocatalysts 

The nanoparticulate TiO2 photocatalysts consists of extremely small size of particles.  

The extremely small particle size renders this type of semiconductor with various unique 

properties when compared with conventional bulk semiconductors, although both of them 
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are made of the same materials, such as extremely large surface area and 

thermodynamically instability.  More importantly, its electronic properties at the 

solution/particle interfaces differ remarkably from those of bulk type semiconductors. 

For a bulk semiconductor in contact with an aqueous medium, the semiconductor 

band edges are fixed.  Due to the Fermi level differences between the semiconductor and 

aqueous medium, the major charge carrier of the semiconductor is moved to the surface 

and minor charge carrier is moved into the inside of the semiconductor.  A space charge 

layer, which is also called depletion layer, can be formed at the bulk 

semiconductor/solution interface.  Within the depletion layer, an inner electric field is 

formed.  The potential difference between the surface and the inside of the semiconductor 

is known as band bending.  Whenever there are excess electrons and holes in the space 

charge region, they will move according to the direction of the electric field.  As a result, 

the inner electric field separates the photogenerated electrons from holes by driving them 

in different directions.  It is this spatial separation that further increases the lifetime of 

photoelectrons and photoholes generated upon illumination of bulk semiconductors, 

preventing the recombination photoelectrons and holes. 

The situation, however, is very different from a particulate semiconductor.  Due to 

the small size of semiconductor nanoparticles, the charge separation occurring within the 

particle is via an electron diffusion mechanism 41.  This diffusion process is faster than the 

electron/hole recombination process, but a complete charge separation has not yet been 

realised because the photoelectrons and photoholes are still spatially very close, limited by 

the available physical size of the nanoparticles.  The actual charge separation can only be 

achieved through the capture of at least one type of charge carrier upon their arrival at the 

interface.  In this regard, the overall quantum efficiency of photocatalysis relies solely on 

the interfacial reaction kinetics.  These differences lead to quite a number of special 

features of particulate semiconductor systems. 

Particulate film semiconductor electrodes are composed of interconnected 

nanoparticles and can be treated as nanoparticles 41.  In contrast to the bulk semiconductor 

electrodes, the applied potential bias in a particulate film electrode is expected to serve 

totally different functions due to the unique electronic features of nanoparticles.  Although 

nanoparticulate film electrodes have been used in other studies such as in potential 

assisted photocatalytic degradation of organic compounds 16, 18, 40 and other applications, 

the exact nature of the differences between particulate film and bulk semiconductor 
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electrode including the difference in potential bias function is still not entirely clear when 

it comes to photocatalytic oxidation of organics. 

Synthesis  

The performance of TiO2 photocatalysis is largely determined by the form of TiO2, 

which is in turn, determined by the synthesis method used.  TiO2 can be synthesised by 

several different methods including micelle and inverse micelle methods 42, 43, sol methods 
44, 45, hydrothermal methods 46-48, solvothermal methods 49, direct oxidation methods 50, 51, 

chemical vapour deposition 52, 53, physical vapour deposition 53, 54, electrodeposition 55, 56, 

sonochemical methods 57, 58, microwave methods 4, 59 and sol–gel methods 60-62.  Among 

these synthesis techniques, the sol–gel method is a versatile process used due to its ability 

to nucleate anatase at relatively low temperatures 35. 

Characterisation 

As briefly outlined, nanostructured TiO2 photocatalysts are nowadays generated by 

various physical and chemical preparation methods.  And the structural properties as well 

as the primary particle size distribution are strongly dependent on the preparation method 
63.  Hence, a diverse array of characterisations including physical and photocatalytic 

characterisations need to carry out. 

The commonly used physical characterisation methods include X-ray diffraction 

(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

nitrogen adsorption-desorption, etc.  Table 1.1 outlines the characterisation methods 

commonly used and the information that can be obtained from these characterisation 

techniques. 

Table 1.1 Physical characterisation techniques and their utilisation. 
Techniques Information  

X-ray diffraction (XRD) Crystalline form 

Scanning Electron Microscopy (SEM) Surface morphology, microstructure  

Transmission Electron Microscopy (TEM) Surface morphology, crystallinity 

Nitrogen adsorption-desorption Pore size distribution, Surface area 

Photo correlation spectroscopy Particle size distribution 

X-ray photoemission spectroscopy Surface elemental analysis, oxidation 
state information 

Preparation of photocatalysts with high photocatalytic activity is the main purpose for 

most of researches in the field of photocatalysis.  Therefore, photocatalytic 

characterisations of a photocatalyst must be carried out.  For a photocatalyst to be useful 
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in different applications, it is necessary that photocatalyst has reasonable photocatalytic 

activity to a wide spectrum of organic compounds.  These have been done mostly by 

employing traditional approaches 64-67.  However, these photoactivity characterisation 

methods have many drawbacks.  For instance, the photocatalytic activity of a specific 

photocatalyst depends heavily on the types of substrates to be photocatalytically degraded 
68, and could not evaluate a particular photocatalyst effectively.  Comparatively, the 

photoelectrochemical approaches possess many advantages.  One is its rapidity and 

simplicity in the acquiring kinetic and thermodynamic data under comparable conditions, 

which allows systematic evaluation of the photocatalytic activity of a particular 

photocatalyst towards many different organic compounds. 

1.2.3 Photocatalysis Processes at Nanoparticulate TiO2 Photocatalysts 

Photocatalytic oxidation mechanisms of organic compounds at a TiO2 nanoparticulate 

semiconductor electrode involve multiple processes.  These include light/TiO2 

photocatalyst interactions, photogenerated electrons/holes interactions with semiconductor 

both at the surface and within the TiO2 photocatalyst, electrons/holes 

migration/recombination within the TiO2 photocatalyst and electrons/holes capture at the 

interface. 

The photocatalytic reaction mechanisms include three important categories of 

processes – solution processes, interfacial processes and processes within TiO2 layer.  The 

solution processes are mainly concerned with mass transport of reactants to and products 

from the photoanode.  The organic compounds involved often dictates the reaction 

mechanisms at the semiconductor/solution interface.  The processes occurring within TiO2 

layer are related to the photoelectrons and holes movements within the photocatalyst.  

Based on laser flash photolysis measurements, the general mechanisms and the time 

characteristics of various steps involved in the heterogeneous photocatalysis at TiO2 have 

been given by Hoffmann 5.  Schematic representation of the photocatalytic processes 

taking place at a TiO2 photocatalyst surface is shown in Figure 1.2. The mechanisms can 

be depicted as follows: 

Charge carrier generation:  

−+ +⎯→⎯+ cbvb ehhvTiO  2                                                                                              (1.1) 

Charge-carrier trapping: 

+•+ >⎯→⎯>+ }{ OHTiOHTih IVIV
vb                                                                             (1.2) 
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}{ OHTiOHTie IIIIV
cb >⎯→⎯>+−                                                                               (1.3) 

IIIIV
cb TiTie >⎯→⎯>+−                                                                                               (1.4) 

Charge-carrier recombination: 

OHTiOHTie IVIV
cb >⎯→⎯>+ +•− }{                                                                           (1.5) 

OHTiOHTih IVIII
vb >⎯→⎯>++ }{                                                                               (1.6) 

Interfacial charge transfer: 

+•+• +>⎯→⎯+> dOHTidOHTi IVIV ReRe}{                                                           (1.7) 
+•+>⎯→⎯+> OxOHTiOxOHTi IVIII }{                                                                  (1.8) 

where hvb
+ and ecb

- represent photoholes and photoelectrons, respectively.  TiO2 surface 

group is represented by >TiOH.  Red and Ox are Reduced and Oxidised forms of the 

reactants. 

 
Figure 1.2 Schematic representation of the photocatalytic processes taking place at a 

TiO2 photocatalyst surface. 

The quantum efficiency in a photocatalysis process is one of the most critical factors 

that determine whether a photocatalytic technique will be of any practical significance.  

Kinetic studies are of utmost importance to the design of practical photocatalytic 

degradation reactors as well as to the understanding of the photocatalytic degradation 

processes, the optimization of photocatalysts, and ultimately to the efficient utilisation of 

this technology.  

Effect of light intensity and wavelength 

Illumination of semiconductor with photons, whose energy is equal to or greater than 

the band-gap energy, will result in promotion of an electron from the valence band to the 

conduction band, generating a photohole in the valence band 5.  It is well known that the 

incident light intensity determines photoelectron and photohole generation rate and 

consequently the photoelectron/hole concentrations in an illuminated semiconductor.  

Therefore, it will affect not only the rate of photogenerated electron and hole 
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recombination, but also the rate of photocatalytic degradation of organic compounds 5, 69.  

Hence, the light intensity affects the overall quantum efficiency of photocatalytic 

degradation.  Usually, the photocatalytic degradation rates (or quantum efficiency) 

increase linearly with the light intensity at low light intensity in a slurry system 5. 

Effect of pH 

The solution pH is a key factor for the photocatalytic degradation of charged organic 

pollutants because it affects both chemical forms of organic compounds and surface 

speciation of the photocatalyst.  Additionally, the solution pH also affects the flat band 

potential or the band edge potential of oxide semiconductors 70-72. 

The isoelectric point for TiO2 in water is about pH =6.5 73.  The surface charge of 

TiO2 becomes negative at pH above the isoelectric point and positive at pH below the 

isoelectric point.  Accordingly, the surface hydroxyl of TiO2 exists as forms of TiOH2
+ 

and TiO− in strong acidic and basic conditions, respectively.  In general, the surface 

speciation conditions dictate what type of organic species can be adsorbed at a given pH.  

Thus, for charged substrates, pH value will have a significant effect on photocatalytic 

degradation of organic pollutants while the effect is rather insignificant for neutral 

substrate 74.  That is, the negatively charged substrates can easily adsorb onto the 

positively charged TiO2 at acidic pH.  Therefore, the effect of pH value on the 

photocatalytic degradation needs to be considered. 

Effect of temperature 

The photocatalytic reactions are normally insensitive to minor variations in 

temperature.  For instance, Blake et al 75 measured the rate of the photoassisted 

decomposition of 1-butanol on TiO2 powder as a function of reactor temperature.  Their 

results demonstrated that the rate of photocatalytic decomposition of 1-butanol is 

independent of temperature.  Therefore, the potentially temperature-dependent steps, such 

as adsorption, desorption, surface migration, and rearrangement do not appear to be the 

rate determining process in these cases 76.  This property is an advantage for practical 

application of photocatalytic process since controlling temperature is not necessary. 

1.2.4 Photoelectrocatalytic Processes at TiO2 Nanoparticulate Photoanode 

It has been widely accepted that the application of an appropriate potential bias to a 

TiO2 nanoparticulate photoanode during the photocatalytic oxidation can significantly 

improve the degradation efficiency of organic compounds 40, 77, 78.  The applied potential 

bias to timely remove the photogenerated electrons and physical separation of photoanode 
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from the cathode are generally regarded as the main attributions for the enhanced 

efficiency 16, 79, 80.  It has also been recognised that the applied potential bias also prolongs 

the lifetime of photoholes, enabling direct photohole reactions 77, 80.  This could be an 

additional attribution to the enhanced degradation efficiency as the oxidation power of the 

photoholes (3.1 V) is greater than that of photogenerated radicals such •OH 81. 

Figure 1.3 shows photoelectrocatalytic oxidation processes at a TiO2 photoanode.  

The photocatalysis processes involved are the same as that of photocatalytic processes 

shown in Figure 1.2.  That is, the generation of photoelectrons and photoholes still 

occurred under UV illumination whose energy is equal to or greater than TiO2 band-gap 

energy.  In comparison to the photocatalytic system, the photoelectrocatalytic system 

immobilises nanoparticulate TiO2 onto a conducting substrate and used as the photoanode.  

It allows us to apply a potential bias to the photoanode.  The applied potential bias serves 

as an external driving force that can timely remove the photogenerated electrons from 

conduction band to external circuit, then to auxiliary electrode as described before.  These 

serve two purposes.  Firstly, photoelectrons and photoholes can be effectively separated 

by the electrical motive force that suppresses the recombination of photoelectrons with 

photoholes, leading to a prolonged lifetime of the photoholes 77, 80.  Hence, degradation 

efficiency was enhanced.  Secondly, the reduction half reaction occurs on the auxiliary 

electrode, not on the same nanoparticulate as in the case of photocatalysis.  Therefore, 

unlike photocatalytic process, the overall reaction is no longer limited by the available 

oxygen concentration.  For this reason, the photoelectrons originated from the oxidation of 

organic contaminants can be captured by electrochemical means.  Photocurrent/charge 

obtained from photoelectrocatalytic process can be directly used to quantify the kinetics, 

thermodynamic and the degree or extent of degradation. 

 

Figure 1.3 Schematic representation of the photoelectrocatalytic processes taking 
place at a TiO2 thin film electrode. 
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1.2.5 Applications of TiO2 Photocatalysis 

Heterogeneous photocatalysis has drawn a great attention due to its wide applications 
5-8, 14, 15, 32, 82.  In 1959 and 1964, Kato and Masio discovered the photocatalytic 

degradation of organics by TiO2 32, 33, tremendous amount of research has been carried out 

in relation to the fields of TiO2 photocatalysis.  Besides its widely applications for the 

environmental cleaning (i.e., removal of organic, inorganic pollutants and 

microorganisms), TiO2 photocatalysis has been also extensively used for other 

applications, such as solar energy conversion 12, water splitting 13, cancer treatment 14, 15, 

and so on. 

It is assumed that the world energy demand will increase by about 70% between 2000 

and 2030.  Fossil fuels, supplying 80% of all energy consumed worldwide, are facing 

rapid resource depletion 83.  So there is an urgent need for environmentally sustainable 

energy technologies.  Among these technologies, such as wind turbines, hydropower, 

wave and tidal power, solar cells, and solar thermal, photovoltaic technology utilising 

solar energy is considered as the most promising one.  In 1991, a nanoporous TiO2 thin 

film was successfully applied to fabricate a dye-sensitized solar cell (DSSC) 12.  The 

overall efficiency of this new type of solar cell was 7.1–7.9% (under simulated solar light), 

which is comparable to that of amorphous silicon solar cells 84.  Since then, DSSC has 

been carried out and developed intensively in many countries towards commercialisation 
83, 85-87.  

Hydrogen is considered as an ideal fuel for the future due to its versatile application, 

environmentally friendly properties, and several other acceptable standpoints 88.  One of 

the promising technologies is the photocatalytic splitting of water to produce H2 and O2 

under solar light, i.e. H2O + H2O → 2H2 + O2 13, 89.  The first photoelectrochemical cell 

for water splitting was reported by Fujishima and Honda in 1972 using a rutile TiO2 

photoanode, which was connected through an electrical load to a platinum black counter 

electrode, was exposed to near-UV light (<415 nm) 13.  Since then, photocatalytic water 

splitting has been studied intensively in the world over the past several decades, and 

significant advances have been achieved in the design and development of unique 

photocatalytsts which can significantly improve the photocatalytic hydrogen generation 

rate by splitting water into H2 and O2 82, 90-92. 

Cancer is a disease originating from abnormal gene expression.  Cancer cells develop 

from a single progenitor cell that has undergone a series of permanent, heritable changes.  

Usually, surgical, radiological, immunological, thermotherapeutic, and chemotherapeutic 
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treatments have been developed and are contributing to patient treatment.  It is because 

that cancer has remained the leading cause of death in world 93.  Since the mid-1980s, 

illuminated TiO2 was firstly used to kill tumour cells because of its strong oxidising power 
14.  Cancer treatment is becoming one of the most important topics associated with 

photocatalysis 11, 94-96.  A study was carried out by Huang et al 15 that human U937 

monocytic leukemia cells were treated with 1 mg/ml colloidal TiO2 with UV light.  About 

80% of cells were killed after 10 min of illumination and complete killing was obtained 

after 30 min.  Cai et al 96 found that HeLa cells were completely killed within 10 mins by 

exposure to UV light in the presence of TiO2.  In contrast, very little cell death was 

observed from TiO2 treatment without UV irradiation.  To improve the photokilling 

selectivity and efficiency of photoexcited TiO2 on cancer cells, Xu et al 94 combined the 

electroporation and the conjugation of the TiO2 nanoparticles with the monoclonal 

antibody.  It was observed that using this combination method, 100% human LoVo cancer 

cells were killed within 90 min, while only 39% of the normal cells were killed under the 

irradiation of the UV.  

Among these applications of TiO2 photocatalysis, photocatalytic degradation for 

environmental cleaning application will be the focus of this thesis.  The appeal of this 

technology is the prospect of complete mineralisation of the pollutants into harmless or 

less toxic compounds without selection 5, 31, 36.  Environmental pollutants can be inorganic, 

organic and microorganism pollutants, etc.  To serve the need of this study, the removal of 

organics and microorganisms will be reviewed in details.  

1.3 ORGANIC AND BIOLOGICAL CONTAMINANTS IN WATER AND 

WASTEWATERS 

Water is a basic commodity needed in ever-increasing quantities by human society 

with continuous industrialisation and urbanisation in the world.  But water becomes 

dangerous when it is contaminated by organic toxins, and microbial pollutants such as 

pathogen, viruses and parasites.  It has been reported that there were 183 reported 

waterborne disease outbreaks caused by chemical contaminants (16%), viruses (8%), 

bacteria (17%), protozoa (21%), and unidentified agents of acute gastrointestinal illness 

(38%) in U.S. from 1991 to 2002, even drinking water in the U.S. is among the safest in 

the world 97. 

Organic pollutants that enter the water system from municipal, agricultural, and 

industrial sources may remain suspended in the water column, be taken up by aquatic 

biota.  Many of the organic compounds, especially persistent organic pollutants (POPs), 
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are very refractory.  These chemicals can accumulate in the environment and potentially 

threaten the integrity of the ecosystem 98, 99  and human health 100.  Some of the organics 

have been found to be carcinogenic and mutagenic even in very low concentrations 100.  

Therefore, the toxicity of industrial effluents to aquatic organisms is now an important 

parameter used in evaluating the environmental impact of discharges 101. 

Waterborne pathogens, such as bacteria, viruses and parasites, are another public 

concern because they can directly cause diseases or major disorder even death in humans 

or animals when they ingest (by drinking) and/or come into contact with unsafe water 

(when swimming, etc.) 11, 102, 103.  

1.3.1 Organic Pollutants 

As previously mentioned, water can be contaminated by various pollutants.  Organic 

compounds are one group of main contaminants present in different water bodies.  Some 

of them come from nature, and some of them are originated from human activities of 

various kinds.  Below is a brief discussion their main source, environmental risks as well 

as health risks.  

Clearly, industrial pollution is one of the biggest contributors to our polluted 

landscapes.  Many industries are responsible for discharging waste into water supplies.  

For instance, some of the carboxylic acids, such as formic acid, exists in some industrial 

wastewater such as effluents from tanners, dye workshops, and printed fabrics mills 104.  

Another important class of pollutants in the water from industry is dyes.  Dyes are 

used primarily to impart colour in textile, leather, paints, cosmetic, and food industries.  

Traditionally, a huge amount of water was used in textile industries.  The water is usually 

discharged into water system after preliminary wastewater treatment 105.  It is estimated 

that 1 to 15% of the world production of dyes is lost during the dyeing process and is 

released in the textile effluents 106.  Therefore, textile dyes and other commercial dyestuffs 

pose a severe problem in environmental pollution since these compounds are not readily 

degradable 107, 108.  Importantly, some textile dyes were frequently reported to have 

unexpected side effects, and can cause allergic contact dermatitis 109.  Some dyes, 

especially some azo dyes and their precursors have been shown to be or are suspected to 

be human mutagenic or carcinogens as they form toxic aromatic amines 110.  

Farming is an industry that can cause land pollution by allowing manure, pesticide 

and herbicide to accumulate and leach into nearby ground, ultimately contaminate rivers 

and lakes.  A wide variety of pesticides is nowadays widely used in agriculture, because as 



Chapter 1 

 14 

the world population increases, the necessity to increase agricultural productivity will 

become inevitable.  This fact will lead to an even greater rise of the production and 

consumption of agrochemical products 111.  However, the presence of various pesticides in 

ground waters, surface waters, and other sources of drinking water has recently become a 

great environmental concern.  It is estimated that less than 1% of all pesticides used in 

agriculture actually reaches air or water.  Main sources of contamination of these 

agricultural areas are typical pesticide field applications or other agricultural practices, 

such as container and spray equipment rinsing or any other ones derived from agricultural 

industries 112.  Pesticides are one of the major three classes of POPs.  The 12 substances, 

the “dirty dozen”, consist of eight kinds of pesticides, including dieldrin, aldrin, endrin, 

chlordane, heptachlor, DDT, toxaphene, mirex 113.  They are toxic, among which the 

possible chronic effects are carcinogenesis, neurotoxicity, and considered as potential 

endocrine disrupting chemicals (EDCs) 113. 

In recent decades, a great deal of attention has been paid to halogenated compounds, 

because they are ubiquitous environmental pollutants found in air, water, soil, and 

sediment.  They are also recalcitrant molecules resistant to mineralisation and highly toxic 

potency having adverse effects on wildlife and human health 100, 114, 115.  Halogenated 

compounds can enter the environment as contaminants through various sources.  They 

entered the air, water, and soil during their manufacture, use, and disposal, from accidental 

spills and leaks during their transport, and from leaks or fires in products containing them 
116.  Another important source of organohalogen compounds, particularly volatile 

compounds, is water disinfection by chlorination 117, 118. 

Surfactants are a diverse group of chemicals that are designed to have cleaning or 

solubilisation properties.  They are widely used in household cleaning detergents, personal 

care products, textiles, paints, polymers, pesticide formulations, pharmaceuticals, mining, 

oil recovery and pulp and paper industries 119.  And they are discharged into domestic and 

industrial wastewater in considerable quantities, and as a consequence, they have become 

ubiquitous in the environment 120.  Some surfactants are known to be toxic to animals, 

ecosystems and humans 121, since surfactants possess relatively long lifetimes and show 

little signs of natural decomposition 122, 123.  Studies have found that many surfactants are 

potential EDCs 119.  Metabolites of alkylphenol ethoxylates are more toxic than the parent 

substances and possess the ability to mimic natural hormones by interacting with the 

estrogen receptor 124.  
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Phenolic compounds are another particular group of organic substances, which are 

classified as high priority organic pollutants in water.  Besides derived from various 

industries, such as petrochemical 125, chemical, milk-processing 126 and pharmaceutical 

industries, they also from natural substance degradation 127.  Phenolic compounds, 

especially chlorinated, pose serious ecological problems as environmental pollutants due 

to their high toxicity, strong odour emission, mutagenicity and carcinogenicity 128, 129.  It is 

now becoming clear that phenol red, bisphenol A and some polychlorinated biphenyls are 

EDCs, which are capable of mimicking the activity of the oestradiol 130, 131.  As a 

consequence, some phenolic compounds are listed in the US Environmental Protection 

Agency (EPA) priority list of pollutants 132. 

Humic substances (HS), including aquatic humic acids and fulvic acids, are organic 

macromolecules, formed during microbial degradation of animals, plants and microbial 

materials, with a high molecular weight (100 to several thousands of daltons) 133, 134.  The 

presence of HS in water intended for potable or industrial use can have a significant 

impact on the treatability of that water and the success of chemical disinfection processes.  

Because chlorination of water containing HS can produce a variety of chlorinated organic 

compounds as disinfection by-products 135, such as trihalomethanes, haloacetonitriles, 

haloacetic acids, and 3-chloro-4(dichloromethyl)-5-hydroxy- 2(4) furanol, which have 

carcinogenic and mutagenic potential 136.  In addition, an intake of a large amount of 

humic acids might be one of the etiological factors for the Blackfoot disease 137.  

Besides all above-mentioned organics, biomolecules are another group of nature 

occurred organics.  A biomolecule is any organic molecule that is produced by a living 

organism, including small molecules such as carbohydrates, amino acids, and nucleotide 

bases; as well as large polymeric molecules such as proteins, polysaccharides, lipid and 

nucleic acids, and so on.  Some of these biomolecules, such as pyrimidine and purine, 

exist not only in natural biological species such as DNA, RNA and enzyme cofactors but 

also as pollutants in environment that result from the degradation of biological species, 

agrochemicals (i.e., insecticides) and medicines (i.e., antibiotics) 138-141.  Amino acid can 

cause severe problems, such as eutrophication which can furthermore lead to the growth 

of the algae and bacteria population in the drinking water 142, 143.  In addition, some large 

biological compounds such as protein can also be a kind of pollutant of fresh and 

reclaimed water 144, 145.  Because they can be either free or attached to viruses, bacteria or 

other microorganisms.  The contaminated water is very harmful, due to their infection 

property.  For instance, prions are proteinaceous infectious agents which are postulated to 
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be the causative agents of a group of fatal neurodegenerative diseases such as 

transmissible spongiform encephalopathies 146. 

In addition to above mentioned of organic compounds, there are many other 

compounds existed in the water environment.  They may also pose serious problems both 

to human health and ecological environment. 

1.3.2 Biological Pollutants 

Besides organic contaminants, another group of main contaminants present in aquatic 

environment is biological contaminants.  It has been suggested that water may play an 

important role in the transmission of these organism contaminants and drinking water has 

been cited as a major risk factor in acquiring waterborne disease 147.  These pathogenic 

organisms of concern include bacteria (prokaryote), viruses, protozoa (unicellular 

eukaryotes) and helminths (eukaryotic parasites), and the schematic representations of 

general cell structure of virus, prokaryotic and eukaryotic cell are illustrated in Figure 1.4. 

The diseases they cause vary in severity from mild gastroenteritis to severe and sometimes 

fatal diarrhoea, malaria, dysentery, hepatitis, cholera, or typhoid fever (Table 1.2).  Below 

is a brief discussion their main source of contaminations, environmental risks as well as 

health risks of these biological contaminants. 

 
Figure 1.4 Schematic representations of the general cell structure of virus, 

prokaryotic and eukaryotic cell. 

Table 1.2 Infectious agents potentially present in untreated wastewater. 
Bacteria Disease Caused Bacteria Disease Caused 
Bacillus 
anthracis 

Cutaneous 
Pulmonary 
Gastrointestinal 
anthrax 
 

Escherichia coli Gastroenteritis 

Borrelia 
burgdorferi 
 

Lyme disease Francisella 
tularensis 

Tularemia 

Ribosomes

DNA Cell wall 

Cytoplasmic 
membrane 

Nucleolis

Nucleus 

Mitochondria 

Eukaryote Virus 

Nucleic acid 
Capsid proteins 

Envelop

Prokaryote 
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Bordetella 
pertussis 
 

Whooping cough Legionella 
pneumophila 

Legionnaire's 
Disease 

Brucella abortus 
B. canis 
B. melitensis 
B. suis 
 

Brucellosis Leptospira (spp.) Leptospirosis 

Campylobacter 
jejuni 
 

Acute enteritis Mycobacterium 
leprae 

Hansen's disease 

Chlamydia 
psittaci 
 

Psittacosis Mycobacterium 
tuberculosis 

Tuberculosis 

Chlamydia 
pneumoniae 

Community-
acquired respiratory 
infection 
 

Salmonella typhi Typhoid fever 

Chlamydia 
trachomatis 

Nongonococcal 
urethritis，
Trachoma 
 

Salmonella Salmonellosis 

Clostridium 
botulinum 
 

Botulism Shigella (4 spp.) Shigellosis 

Clostridium 
tetani 
 

Tetanus Vibrio cholerae Cholera 

Corynebacterium 
diphteriae 

Diphtheria Yersinia pestis Plague 

 

Viruses Disease Caused Viruses Disease Caused 
Adenovirus Febrile pharyngitis, 

pharyngoconjunctiv
al fever, epidemic 
keratoconjunctivitis
 

Measles virus measles  
postinfectious 
encephalomyelitis 

Coxsackievirus Coxsackie 
infections 
 

Mumps virus Mumps 

Coronavirus  SARS  Norwalk agent 
 

Gastroenteritis 

Cytomegalovirus infectious 
mononucleosis  
Cytomegalic 
inclusion disease  
 

Parainfluenza 
virus 

Croup, 
pneumonia, 
Bronchiolitis, 
common cold  

Epstein-Barr 
virus 

infectious 
mononucleosis  
Burkitt lymphoma  
 

Poliovirus Poliomyelitis 

Enteroviruses (72 
types)  

Gastroenteritis, 
heart anomalies, 
meningitis 

Respiratory 
syncytial virus 

Bronchiolitis, 
pneumonia, severe 
bronchiolitis with 
pneumonia  
 

Herpes simplex Primary HSV-1 Retroviridae AIDS 
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virus, type 1 infection, latent 
HSV-1 infection  
 

Hepatitis A virus Infectious hepatitis 
 

Rabies virus Rabies 

Herpes simplex 
virus, type 2 

Primary HSV-2 
infection  
latent HSV-2 
infection  
aseptic meningitis  
 

Rotavirus Gastroenteritis 

Human 
herpesvirus, type 
8 

Kaposi sarcoma  
multicentric 
Castleman disease  
primary effusion 
lymphoma  
 

Rubella virus German measles  
congenital rubella  

Human 
papillomavirus 

Hyperplastic 
epithelial lesions, 
Malignancies for 
some species  
 

Varicella-zoster 
virus 

Varicella  
herpes zoster  

Influenza virus influenza    
 

Protozoa Disease Caused Protozoa Disease Caused 
Acanthamoeba 
spp. 

Acanthamoeba 
encephalitis 
Acanthamoeba 
keratitis 
 

Entamoeba 
histolytica 

Amebiasis 
(amoebic 
dysentery) 

Balantidium coli  Balantidiasis 
 

Giardia lamblia Giardiasis 

Balamuthia 
Mandrillaris 
 

Balantidiasis Naegleria fowleri Naegleriasis  

Cryptosporidium 
parvum 

Cryptosporidiosis   

 

Helminths Disease Caused Helminths Disease Caused 
Ascaris 
lumbricoides  
 

Ascariasis Trichuris trichiura Trichuriasis 

T. solium Taeniasis   
Source: Crites and Tchobanoglous (1998) with permission from The McGraw-Hill Companies 

Bacteria 

Bacteria are single-celled, microscopic prokaryotic organisms.  The cells come in 

multiple shapes: cocci (round), baccilli (rods), and spirilla or spirochetes (helical cells).  

Simply stated, bacteria are molecules surrounded by a membrane and cell wall.  They are 

much smaller than eukaryotic cells, and lack characteristic eukaryotic subcellular 

membrane enclosed "organelles", but may contain cell membrane or cytoplasmic 

membrane inside a cell wall.  A typical cytoplasmic membrane comprises about one third 
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lipid and two thirds protein.  It contains synthetic enzymes for components of all layers of 

the cell wall together with proteins involved in transport, energy generation and so on.  

Cell wall is the most important part of the bacteria structure, which confer the 

characteristic cell shape and provide the cell with mechanical protection.  Usually, there 

are two major forms of cell wall structure, Gram-positive and Gram-negative.  Originally 

these two classes of bacteria were recognized by a staining reaction.  However, this 

difference in staining is due to fundamental differences in cell wall structure and chemical 

composition.  Figure 1.5 illustrated the comparison of the cell wall of Gram-positive 

bacteria with Gram-negative bacteria 

(http://www.cehs.siu.edu/fix/medmicro/genmicr.htm).  Between the cell wall and cell 

membrane is periplasmic space, where contains various degradative enzymes, binding 

proteins, membrane-derived oligosaccharides, and electron mediators.  Within the 

cytoplasm of bacteria is a nucleoid, a region where the genetic material (DNA) resides.  

Also within the cytoplasm are numerous ribosomes, whose function is protein synthesis.  

Cytoplasm also contains plasmid in some bacteria.  Plasmids are extra-chromosomal DNA, 

which often code for pathogenesis factors and antibiotic resistance factors.  Some bacteria 

also have surface structures, such as flagella, pili (fimbriae), capsules, and so on.  

Although the vast majority of bacteria are harmless or beneficial, quite a few bacteria 

are pathogenic.  They can contaminate the water system through various ways.  A great 

majority of evident water-related health problems are the result of bacteriological 

contamination 148, 149.  Table 1.2 shows the infectious agents potentially present in 

untreated wastewater and diseases can be caused. 

Sources of bacteria contamination include leaking septic tanks and sewer lines, 

landfills, land disposal of biosolids, wastewater discharge and reuse, and runoff and 

infiltration from animal waste-amended fields 150.  Wastewater from hospital and 

contaminated sites sometimes contains bacteria 151, 152.  Bacteria from harvested rainwater 

can also contaminate water system 153.  Wastewater from food factories may contain 

microorganisms, because the fruits or vegetables are presumably contaminated with post-

harvest plant pathogens or microbe by improperly composted fertilizer, irrigation with 

infected water or through infected workers 154.  Therefore, most of bacteria will exist in 

the wastewater when the foods were washed in the factory and the wastewater will be 

discharged into water system.  Water distribution pipe surface is another potential source 

of pathogenic microorganisms 155.  Therefore, microorganisms are easily able to transfer 

of from pipe to water.  
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Figure 1.5 Comparison of the cell wall of Gram-positive bacteria (A) with Gram-

negative bacteria (B). 

Virus 

A virus is a microscopic infectious agent that can reproduce only inside a host cell.  

Viruses are the most abundant type of biological entity on the planet 156.  They can infect 

all types of organisms: from animals and plants, to bacteria and archaea 157.  They are 

smaller than bacteria.  Most of them have a diameter ranged from 20 to 400 nanometers.  
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Usually, viruses consist of two or three parts: all viruses have nucleic acid (DNA or RNA), 

which carry genetic information; all viruses have a capsid protein coat that protects the 

nucleic acid; and some have an envelope of fat which surrounds them when they are 

outside a cell (Figure 1.4).  The comparison between the viruses and bacteria is listed in 

table 1.3. 

Table 1.3 Comparison of characters of viruses and bacteria. 
 Bacteria Viruses 
Size Larger (1000 nm) Smaller (20 – 400 nm) 
Pass through 
bacteriological filter 
 

No  Yes  

Intracellular parasite 
 

No  Yes 

Binary fission 
 

Yes  No  

Outermost structure: Peptidoglycan cell wall or 
capsule/slime layer in some. 
 

Protein coat or viral 
envelope 

Nucleic acid DNA and RNA existed as 
double-stranded and circular 
in shape 
 

DNA or RNA can be 
double-stranded or single-
stranded, circular or linear 

ATP-generating 
metabolism 
 

Yes  No  

Ribosomes  
 

Yes  No  

Sensitive to antibiotics  
 

Yes  No  

Sensitive to interferon No  Yes  
Source: http://www.diffen.com/difference/Bacteria_vs_Virus 

As it is known that viruses can reproduce only inside a host cell.  Therefore, they will 

affect the host during this process.  Most virus infections eventually result in the death of 

the host cell, although not all viruses can cause disease 158.  Of the different pathogens, 

viruses are especially problematic because viruses are responsible for about 80% of 

disease outbreaks for which causative agents were identified, and also due to their small 

size, high mobility, and resistance to chlorination and filtration 159.  A vast number of 

viruses can cause various infectious diseases, although each virus has its own specific 

range of infected species.  Table 1.2 summarised the examples of common human diseases 

caused by viruses which include the common cold, gastroenteritis, SARS 160, hepatitis 161, 

and cancer 162 and so on. 

Viruses are introduced into the water system in a variety of ways, including through 

septic tanks, landfills, and artificial recharge of groundwater and crop irrigation with 

treated sewage effluent 163, 164. 
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Protozoa 

Protozoa are microorganisms classified as unicellular eukaryotes, such as amoeba, 

ciliate, entamoeba, acanthamoeba, balamuthia, leishmania, trypanosoma, trichomonas, 

lophomonas, cryptosporidium, cyclospora, toxoplasma, plasmodium, babesia, 

encephalitozoon, enterocytozoon and balantidium 165.  Over 30,000 different types have 

been found.  They are usually range from 10–50 μm, but can grow up to 1 mm.  They can 

move around with whip-like flagella, cilia or pseudopodia.  They can exist throughout 

aqueous environments and soil, occupying a range of trophic levels 166.  Some protozoans 

are harmful to human beings as they can cause serious diseases (Table 1.2). 

Sewage effluent may be an important source of contamination of the water system 166, 

167.  Particularly if sewage is discharged into water that is subsequently used for drinking, 

recreation, or agricultural purposes 168. 

Helminths 

Helminths are a division of eukaryotic parasites that, unlike external parasites such as 

lice and fleas, live inside their host 169.  They can live inside humans as well as other 

animals.  Approximately 3 billion people globally are infected with helminthes.  Diseases 

caused in humans by helminth infection include ascariasis, taeniasis and trichuriasis, and 

so on (Table 1.2). Sewage effluent is also an important source of contamination of 

helminth of the water system 167. 

1.4 REMOVAL OF ORGANIC AND BIOLOGICAL POLLUTANTS 

Due to increasing public attention to the potential health and environmental problems 

of organic and biological pollutants in water, the removal of these contaminations has 

become an increasing active research area.  Various technologies have been developed to 

reduce/eliminate various pollutants for improving the quality of water and wastewater. 

1.4.1 Conventional Detoxification Technologies for Removal Organic Pollutants 

In the early stage, many conventional detoxification technologies for removal organic 

pollutants have been established.  The advantages and disadvantages of these technologies 

are summarised in Table 1.4.  

Table 1.4 Summary of main advantages and disadvantages of detoxification 
technologies. 

Conventional Advantages  Disadvantages 
Adsorption • Can remove non-

biodegradable  
• High selectivity and efficiency

• Some of the adsorbents are 
quite expensive 

• Need second treatment 
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• Cost effectiveness  
 

Stripping 
techniques 

• Can remove VOC 
• Favourable for large water 

streams 
 

• Need second treatment 
• Energy needed 

Biological 
treatment 

• Environmentally friendly 
• Efficient and cost-effective  
• With low energy demand 
• Mineralise organic pollutants 

into relatively non-toxic 
constituents 

• Require long residence times 

 

AOPs Advantages  Disadvantages 
H2O2 • Can supply oxygen to 

microorganisms in biological 
treatment facilities  

• Can be used as disinfecting 
agent  

 

• Not effective for high 
concentrations of certain 
refractory contaminants 

Ozonation • Can treat hardly degradable 
organics 

• Mineralise organic pollutants 
into relatively non-toxic 
constituents 

 

• Only suitable for low interval 
of COD concentration 

• Unstable  

Ultrasonication 
 

• Operate at room conditions and 
do not require the addition of 
extra chemicals 

• Substantial amount of the 
energy needed in generating 
the radicals  

• Not effectively converted 
into an optimum yield of the 
desired products 

 

Fenton 
reaction 

• Economical system 
• Can be adapted to different 

volumes and conditions  
 

• High operational costs 

photocatalysis • Mineralise organics into 
harmless compounds 

• With low energy demand 
• Operate at room conditions  

• Fast recombination of 
electrons and holes 

• Overall reaction was limited 
by the availability of oxygen

Source: 198-201 

Adsorption  

Adsorption technique has been found to be superior to other techniques for water 

reuse in terms of initial cost, simplicity of design, ease of operation and insensitivity to 

organics 170.  More important, some bio-compounds such as vitamins cost too much to be 

made by chemical synthesis and they are obtained mostly from plant or animal extracts 171.  

Therefore, an efficient separation and purification process is very important for their 

development.  Various adsorbents such as activated carbon 172, zeolite 170, clay 173, 
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mesoporous activated carbons 137 and carbon nanotube 174, and so on, have been used to 

separate different kinds of organics.  However, regeneration of the adsorbents is not easy 

and usually causes secondary pollution problem. 

Stripping techniques 

Contamination of ground and subsurface water by volatile organic compounds 

(VOCs) is a serious concern.  Stripping method is often used for the removal of VOC in 

drinking water treatment, industrial wastewater purification and for the remedy and 

decontamination of heavily polluted underground waters 175.  LaBranche et al 176 found 

that economical air stripping of VOC and total petroleum hydrocarbon compounds can be 

achieved using low liquid flow rates, high air/water ratios, and medium liquid 

temperatures in tray-type air strippers.  Chang et al 177 removed up to 45% of the COD in 

the wastewater from a printed circuit board manufacturing process by using a packed-bed 

stripping tower in combination with a regenerative thermal oxidiser. 

Biological treatment 

Biological processing is the most common technology for the treatment of 

wastewater based on the environmental and economic considerations.  It is well known 

that certain bacterium or bacterial consortiums are able to consume organic pollutants.  

Many of the microbial species have been investigated to degrade organic pollutants.  For 

instance, Bacillus cereus S1 had a high removal capacity of toluene in a twin biotrickling 

filters 178.  Lee 179 isolated a new strain, Rhodococcus sp, which can degrade methyl tert-

butyl ether, benzene, toluene, ethylbenzene, and xylene.  Besides microorganisms, plant 

was also used to extract, sequester, and/or detoxify organic pollutants 180, 181. 

1.4.2 Conventional Disinfection Technologies for Removal Biological Pollutants 

Proper treatment and delivery of safe water is one of the best ways to heavily reduce 

the rate of infection waterborne diseases.  Conventionally, different disinfection 

technologies have been developed for this purpose.  Most of them can effectively meet the 

discharge permit requirements for treated wastewater.  However, the advantages and 

disadvantages of each must be weighed when selecting a method of disinfection, which 

are summarised in Table 1.5.  

Table 1.5 Summary of main advantages and disadvantages of disinfection technologies. 
Conventional Advantages  Disadvantages 
Chlorination • Reliability/proven technology 

• Can inactivate bacteria and viruses
• Low production and operation cost
 

• Safety and security issues 
• Labour intensive 
• Toxic residual 
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UV • Reliability/proven technology 
• Can inactivate bacteria and viruses
• No toxic residual  
 
 

• Lamp maintenance 
• High energy consumption 
• High relative cost 
• Chlorination still necessary 
 

Filtration • Can removal of bacteria 
• Minimal chemical use 
• No toxic residual 
• Minimal safety concerns 

• Limited effectiveness for 
removal of viruses 

• Energy and cost intensive 
• Chlorination still necessary 

 

AOPs Advantages  Disadvantages 
H2O2 • The process is dry and non-toxic 

• Safe by-products (O2 and H2O) 
• Aeration is not necessary 

• H2O2 is a powerful oxidiser. 
It must dilute during 
transport.  

• H2O2 slowly decomposes 
into O2 and H2O 

 

Ozonation • Can inactivate bacteria and viruses
• No chlorination by-products 
• Greatly increases the oxygen 

concentration  
 
 
 

• Energy and labour intensive 
• High cost  
• Produces other DBPs 
• Chlorination still need  
• Does not provide a persistent 

residual disinfectant  
• Promotes microbial growth  
 

Ultrasonication • Effective against many microbes 
• Increase settling rate of activated 

sludge and mixed liquor 

• Very expensive 
• Thick films of water 

attenuate sound and reduce 
effectiveness 

 

Microwave • High disinfection efficiency under 
appropriate operating conditions 

• Drastic reduction in waste volume.
• Environmentally sound 
 

• Relatively high investment 
and operating costs 
• Potential operation and 
maintenance problems 

 

Fenton 
reaction 

• Economical system 
• Can be adapted to different 

volumes and conditions  
 

• High operational costs 

Photocatalysis • Can inactivate bacteria and viruses
• With low energy demand 
• Operate at room conditions  

• Fast recombination of 
electrons and holes 

• Overall reaction was limited 
by the availability of oxygen

Source: 184, 189, 192-194,242,245  

Chlorination 

The chlorination disinfection has been in use as far back as the mid-nineteenth 

century, when Dr. John Snow established that water could be a mode of disease 

transmission.  Chlorination has been considered to be a cost-effective approach to 

providing both primary disinfection to inactivate waterborne pathogens and to achieve the 

secondary disinfection by providing necessary residuals in the distribution system 182.  The 
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most commonly used chlorination disinfectants are chlorine (chlorine gas, chlorine dioxide, 

and hypochlorite solution) which is the first and the most widely used disinfectant for 

municipal wastewater, and other chlorine compounds such as chloramines, chloride, 

bromine, fluorine and iodine 183.  

In recent years, unfortunately, residual chlorine has been concern regarding the 

production of disinfection by-products (DBPs).  An important DBP is the trihalomethanes 

(THMs), which are of interest due to their carcinogenic and mutagenic potential 184.  

Although these disadvantages of chlorination disinfection have, the use of chlorine and its 

derivatives will continue as an integral part of the disinfection process in water and 

wastewater treatment.  

Ultraviolet (UV) 

UV is a widely used disinfection method around the world 185.  UV radiation, 

generated by an electrical discharge through mercury vapour, penetrates cell wall of 

microorganisms (effective for protozoa 186, bacteria 187 and viruses 185, 188) and then 

damage genetic material to retard their ability for reproduction.  However, there are 

evidences that many organisms have the ability to dark- and photo-repair DNA lesions 

caused by UV light 189.  Due to this, chemical disinfectants still have to be used as 

secondary disinfectants. 

Filtration 

Filtration is increasingly applied in advanced drinking water treatment processes, 

particularly to improve the water quality with respect to microbiological contaminates 190, 

191.  It is a physical operation which is used for the separation of solids from fluids by 

interposing a medium through which only the fluid can pass.  Therefore, the relative sizes 

of the filter pores and the microorganisms present in the fluid should be considered during 

the filtration process.  In addition, multiple separation approaches should be taken into 

consideration, because there are some reports of microorganisms that are capable of 

passing through what were once considered sterilising membranes 192, 193.  Also, another 

major challenge associated with the operation of membrane filtration is the decrease in the 

permeate flux due to membrane fouling.  The deposition of natural organic matter (NOM) 

on the filter surface is a primary cause of membrane fouling 194. 

1.4.3 Advanced Oxidation Processes for Removal Organic Pollutants 

Even though these broad conventional technologies available to remove various 

organic pollutants in the water and wastewater, and they have been proven to be effective 
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in many ways.  But they have certain limitation as listed in Table 1.4.  

However, a special class of oxidation techniques defined as advanced oxidation 

processes (AOPs) which usually operate at or near ambient temperature and pressure is the 

most promising technology and has been given special attention in the last decade.  AOPs 

are processes that rely on the generation of highly reactive hydroxyl radical (•OH) as the 

main oxidative species to destroy/convert organic contaminants to harmless substances.  

The hydroxyl radical can be formed by a number of methods in aqueous systems: 

Hydrogen peroxide (H2O2) 

H2O2 is a strong oxidant, and its applications in the treatment of various organic 

pollutants are well established 195, 196.  However, oxidation by H2O2 alone is not effective 

for high concentrations of certain refractory contaminants, such as highly chlorinated 

aromatic compounds, because of low rates of reaction at reasonable H2O2 concentrations 
197.  Thus, it must be combined with UV light, salts of particular metals or ozone to 

produce the desired degradation results 198, 199. 

Ozonation 

Ozone is a powerful oxidant with a standard redox potential of 2.07 V, and it can 

react with many kinds of organic molecules in solution both directly and indirectly via its 

aqueous-phase degradation products such as the hydroperoxyl and hydroxyl radicals 200.  

However, there are many studies showed that some sorts of refractory compounds, such as 

trinitrotoluene (TNT), are resistant to direct reaction with molecular ozone 201.  Therefore, 

the combination technologies between ozone with other methods were proposed in order 

to enhance organics mineralisation with respect to the ozone process alone 198-200 . 

Ultrasonication 

Ultrasonic treatment of water is based on the use of ultrasound at low to medium 

frequency and high-energy to destruct organic pollutants 202.  The chemical effects of 

ultrasound have been explained in terms of reactions occurring inside, at the interface, or 

at some distance away from cavitating gas.  In the interior of a collapsing bubble, extreme 

but transient conditions are known to exist.  The consequences of these extreme conditions 

are the cleavage of dioxygen and water molecules to produce active species capable of 

attacking the organic compounds in water 203, 204.  

Fenton reaction 
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Fenton reaction is particularly attractive for the degradation of highly toxic and/or 

nonbiodegradable compounds among the various known AOPs.  This reaction is based on 

an electron transfer between H2O2 and a metal acting as a homogeneous catalyst.  By far, 

the most common catalyst for such a purpose is iron.  This process uses a combination of 

H2O2 and ferrous ions (Fe2+).  It causes the dissociation of the oxidant and the formation 

of highly reactive hydroxyl radicals that attack and destroy the organic pollutants 197.  The 

process may reduce the toxicity, improve biodegradability of the organics, or remove 

odour and colour.  Furthermore, it can frequently lead to complete mineralisation of the 

pollutant 205. 

The rate of degradation of organic pollutant with Fenton–Fenton like reagents is 

strongly accelerated by irradiation with UV-VIS light, this process called photo-Fenton 

processes.  The main advantage of the photo-Fenton reagent is the light absorption up to a 

wavelength of 600 nm (35% of the solar irradiation) 206.  

Photocatalysis (PC) 

Various conventional and AOPs technologies for organic pollutants treatment in 

water have been discussed in the previous part.  However, it has become apparent that 

most of the methods including adsorption and oxidation are becoming increasing 

problematic.  The need for new technology for detoxification and disinfection is widely 

recognised and photocatalytic treatment is accepted as a valid alternative 5-8, 14, 15, 32, 82. 

Photocatalysis is the photo-excitation of a semiconductor as a result of the absorption 

of UV irradiation, often, but not exclusively, in the near UV spectrum.  Under near UV 

irradiation a suitable semiconductor material may be excited by photons possessing 

energies of sufficient magnitude to produce conduction band electrons and valence band 

holes.  These charge carriers are able to induce reduction or oxidation respectively.  

In this category, TiO2 is almost, exclusively used as photocatalyst, due to its 

distinctive advantages 11, 26, 207-210.  About four decades ago, Kato and Masio published the 

first patent and paper on the photocatalytic degradation of organics by TiO2
32, 33, since 

then tremendous amount of research has been carried out in relation to the fields of TiO2 

photocatalytic degradation of different categories of organic compounds, such as 

carboxylic acids 4, 211, phenolic compounds 54, 212, halogenated organic compounds 213, 214, 

humic substances 215, 216, dyes 49, 74, surfactants 58, 217, and pesticides 111, 218, 219.  However, 

in strong contrast to the level of understanding towards the photocatalytic degradation of 

organic compounds, a little has been known regarding the mechanistic steps of microbial 

cell degradation at the molecular level 19-23.  
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Previous studies have implicated the photocatalytic oxidation of adsorbed organics on 

irradiated semiconductor surfaces as the primary photoprocess.  By measuring the zeta 

potential and 1H NMR spectroscopy of TiO2 aqueous suspension systems for seven kinds 

of amino acids, Tran et al 34 observed that the acidity of the TiO2 surface changed due to 

the adsorption of the amino acids on the TiO2 surface.  Phenylalanine is adsorbed by the 

amino group, and thus lead to the low photodecomposition rate, while the amino acids 

containing -OH (serine), -NH (tryptophan, histidine), or -NH2 (asparagine) in their side 

chain appeared to be adsorbed more easily by these side chain, and therefore to be more 

vulnerable to photocatalytic oxidation.  However, other research 220 proposed that the 

organics chemisorbed to the catalyst surface predominantly through the carboxylate 

oxygen.  Recently, Horikoshi et al 221 also confirmed that the point of chemisorption of the 

amino acids is mainly through the carboxylate oxygen by calculating the point charges of 

all individual atoms in the amino acids, though there are minimal possibilities of alcoholic 

oxygen or other function group able to adsorb onto the TiO2 nanoparticles surface.  

In the photo-assisted mineralisation of organic molecules containing heteroatoms 

such as nitrogen can usually be converted into to NO3
-, NO2

- and/ or NH4
+ ions 222.  When 

a N–N bond is presented in the original substrate, the evolution of N2 gas can be observed 

as one of the mineralisation by-products 223.  Amino acid photocatalytic mineralisation 

normally yields NH4
+ and NO3

- ions which depend on the structural fragment bonded to 

the α-carboxylic acid function 221.  Typically, the nitrogen in the amino acids is nearly 

always converted to NH4
+ ions, and to a lesser extent to NO3

-, and carbon atoms to CO2.  

For instance, Hidaka and co-workers 20 investigated the photo-mineralisation of a series of 

amino acids upon TiO2 photocatalysis under illumination with UVA and UV-B by 

measuring the CO2 evolution and the conversion of the amine group to NH4
+ and NO3

- 

ions.  The photocatalytic mechanisms were also proposed that the formation of NH3 

implicated both TiO2 surface electrons and surface •OH radicals while the reaction with 
•OH, HO2• radicals lead to formation of CO2 via various pathways.  The same research 

group 221 carried out a more detailed study on the photocatalytic degradation pathway of 

the three amino acids L-serine, L-phenylalanine and L-alanine based on the experiment 

and molecular orbital calculations.  They found that the rates of losing amine, evolution of 

CO2, and the formation of the NH4
+ and NO3

- were different mainly because of their 

various side chains on the α-carbon. 

Fox et al’s 224 research found that the •OH radicals generated on the TiO2 surface can 

competitively attack the terminal –COOH and –NH2 groups.  Accordingly, they proposed 
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that the α-carbon adjacent to the primary amine is initially oxidised to promote scission of 

the N-C bond, whereas the N-C bond in the amide moiety is easily and readily cleaved.  

Subsequent to cleavage of the N-C bond in the primary amine homologs, formation of 

NH4
+ ions is fairly rapid and reflects the variation in the number of the methylene groups 

or chain length.  In addition, Monig et al 225 suggested that the positive charge of [NH3]+– 

mediates the attacking electrophilic •OH radical to C-H bonds located further away from 

the α-carbon. 

For photocatalytic degradation nucleotide bases, base glycols 226 which are detected 

as DNA damage products of ionising radiation and other oxidative mutagens are also a 

kind of important intermediates occasionally identified in the photocatalytic bases 

degradation process.  Dhananjeyan et al 227 investigated UVA photooxidation of thymine, 

catalysed by the semiconductor TiO2 in an aqueous suspension.  They proposed that 

thymine glycol was produced during this process.  Jaussaud et al’s 139 investigated UV 

photocatalytic degradation of uracil and found that the first step of the mineralisation leads 

to the formation of uracil glycol.  Urea is another important intermediate during nucleic 

acid bases degradation process.  Jaussaud et al 139 found that the first step formed uracil 

glycol can be further oxidised as polyol, carboxylic and aldehyde.  And the presence of 

urea has been clearly evidenced.  It is also identified in the Teoule et al’s 228 thymine 

radiolysis and pyrimidine (uracil and thymine) metabolism 229 as well followed by 

heterorings opening.  The final fate of bound nitrogens under photocatalysis conditions is 

always the main concern.  Usually, the proposed major final mechanistic step in the 

overall photooxidation of these bases is also the conversion of the carbons and nitrogens 

to carbon dioxide, and to ammonia, nitrate ions, respectively 22, 139. 

However, only few papers investigated the photocatalytic oxidation of large 

biological compounds.  Zou et al’s results indicate that TiO2 nanoparticles can gain access 

into lecithin liposomes during sonication and the lecithin liposomes can be effectively 

decomposed upon illumination with near-UV light 230.  Proteins are also susceptible to 

photocatalytic oxidative damage or degradation 144, 145 and this increases susceptibility to 

proteolysis.  Specifically, •OH treated proteins have exhibited significant increases in 

degradation by cellular proteolytic systems 231.  In addition, TiO2 nanoparticles hazard is 

associated to their photocatalytic activity causing release of DNA damaging reactive 

oxygen species (ROS) 232, 233, which can subsequently lead to the cleavage of DNA, for 

example calf thymus DNA 234, supercoiled plasmid DNA 235, genomic DNA of bacteria 236. 

Photoelectrocatalysis (PEC) 
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More recently, photoelectrochemical technology with anode bias appears to be a 

newly emerging research front of photocatalytic degradation of organic pollutants because 

the applied cell voltage can greatly accelerate the separation and suppresses the 

recombination of photogenerated electrons and holes, enabling direct photohole reactions 
77, 80. 

Despite numerous studies on PEC degradation of various organics have been 

previously reported 16, 40, 70, 237-239, the PEC degradation of biomolecules, such as, amino 

acids, nucleotide bases, protein, nucleic acid, and lipid has yet been studied. 

1.4.4 Advanced Oxidation Processes for Removal Biological Pollutants 

Hydrogen peroxide (H2O2) 

H2O2 is used extensively in a variety of industrial sterilisation or disinfection 

processes.  The mechanism of H2O2 kill vegetative bacteria involves in destroying 

molecules essential for normal metabolism (DNA, RNA, enzymes, and phospholipids) 240.  

However, bacterial spores are more resistant to H2O2 than are vegetative cells, and the 

mechanism of killing of spores by H2O2 is fundamentally different from killing of 

vegetative cells.  Spore DNA is protected against peroxide by small, acid-soluble, spore 

proteins which bind to DNA and protect it 241.  Therefore, DNA does not appear to be a 

main target for spores treatment in peroxide sterilisation 242. 

Ozonation 

Another common method of disinfecting drinking water and wastewater is ozone 

disinfection (also known as ozonation).  Ozone is an unstable gas that can destroy bacteria 
243 and viruses 244 due to its strong biocidal oxidising properties.  It was reported that the 

attack, oxidation, and disruption of the cell wall and membrane by molecular ozone may 

cause disintegration of the cell and variations in ozone permeability, resulting in microbial 

inactivation.  However, similar as the chlorination disinfection, lower concentration of 

DBPs was observed during ozonation disinfection process 245. 

Ultrasonication (US) 

Disinfection using ultrasonic irradiation is proposed as one of the novel methods.  

The effectivity of US treatment on reduction viability of bacteria 246, 247, and viruses 248 has 

been reported by various workers.  The mechanism of US is that microscale bubbles form 

when ultrasonic irradiation was used in water.  These bubbles collapse and generate local 

high temperature fields, where water molecules pyrolytically decompose to generate 
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radical species such as •OH.  These radical species perturb cell membrane and destroy the 

metabolic pathway of the microorganisms 246, 249. 

Microwave (MW) 

Among the disinfection methods, microwave is the most feasible method.  It can 

sterilise microorganisms quickly while using a low power 250.  This is that two kinds of 

effect, rapid MW heating and •OH radical effects is caused by MW 251.  The results of 

spores treatment suggested that MV irradiation can induce the rupture of the spore coat 

and inner membrane which is significantly different from heat or boiling 252, 253. 

Fenton reaction 

Fenton and Photo-Fenton processes have been used with great success to treat a 

variety of contaminants as previously mentioned.  Comparatively, these technologies are 

short of research concerning the water disinfection.  However, the mechanisms of Fenton 

reaction has been found to be the key reaction in the oxidation of membrane lipids, amino 

acids and in the reactions where biological reduction agents are present, such as ascorbic 

acid or thiols 254.  Moncayo-Lasso et al 255 found that photo-Fenton process with EGF-Fe 

fabric is a suitable heterogeneous system for bacterial inactivation not allowing bacterial 

re-growth in the dark up to 24 hours. 

Photocatalysis (PC) 

As mentioned, conventional and some of AOPs technologies for disinfection have 

some limitations, for example, produce toxic by-products, secondary pollution, or energy 

and labour intensive and so on.  Novel technology, such as photocatalytic oxidation, can 

open a window to solve these problems. 

One of the earliest examples of the application of these technologies as a disinfection 

method was carried out by Matsunaga et al 207 in 1985.  Their investigation showed that 

bacteria and yeast could be sterilised by using TiO2 photocatalysis.  Since then, a wide 

range of researches on the biological applications of the process and the destruction of 

microorganisms have been reported 210, 256. 

In the initial study, Matsunaga et al 207 studied the disinfection of E. coli, 

Lactobacillus acidophilus and Sacharomyces cerevisae using TiO2/Pt.  Up to 120 mins 

near-UV irradiation results demonstrated that coenzyme A was oxidised in the TiO2-

treated cells, which inhibited cellular respiratory activity resulting in subsequent cell death.  

Later, Saito et al 257 took into account of the involvement of cell wall (CW) and inner 

membrane (IM) in cell death, and suggested that •OH radicals attack the CW leading to 
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punctures after 60 to 120 mins photocatalytic treatment, then rapid leakage of K+ ions was 

observed, simultaneous with a slow protein and RNA release and pH drop more than 30 

mins later, which occurred in parallel with cell death.  Therefore, the cell wall and 

membrane may be the likely first target for TiO2 photocatalytic damage.  And the 

intracellular macromolecules, such as nucleic acids, are a subsequently potential target as 

well 258.  Further, two steps in the photokilling reaction mechanisms for intact cells were 

suggested by Sunada et al 259.  The photocatalytic reaction was commenced with a partial 

decomposition of the outer membrane (OM) followed by disordering of the cytoplasmic 

membrane which resulted in cell death.  Nadtochenko et al 260 investigated the E. coli cell 

wall structure changes by using ATR-FTIR to monitoring the TiO2 photocatalysis.  Results 

showed that lipid peroxidation products were formed during this process.  This provides 

the evidence for the changes in the cell wall as the precursor events leading to bacterial 

lysis.  Other researchers also confirmed lipidperoxidation of cell well by monitoring the 

malondialdehyde formation in the photodisinfected E. coli cells by using GC/MS 261.  

Based on experimental data, Zheng et al 24 proposed a more detailed mechanism for the 

bactericidal effect of TiO2 photocatalytic reaction.  Initially, the oxidative damage occurs 

on the cell wall, where is the first place the TiO2 photocatalytic surface contacted with 

intact cells.  Secondly, the oxidative damage takes place on the underlying IM after 

eliminating the protection of the cell wall.  Thirdly, photocatalytic action progressively 

increases the cell permeability and subsequently intracellular contents flows out freely and 

TiO2 particles enter cells (direct attack on the intracellular components) which eventually 

lead to cell death.  

Besides PC disinfection of bacteria, more recently, TiO2 and other catalysts mediated 

photocatalysis were also reported to deactivate viruses including phage MS2 262-265, phage 

PL-1 266, 267, bacteriophage Qβ 268-270, bacteriophage T4 28 poliovirus I 271, hepatitis B virus 
161, rotavirus, astrovirus, and feline calicivirus (FCV) 272. 

The efficiency of photocatalytic TiO2 substrates, induced mainly by UV light 

irradiation, has been extensively studied.  Watts et al 271 studied the photocatalytic 

destruction of the poliovirus I in secondary wastewater effluent containing TiO2 

suspensions irradiated with a 40 W black light.  A two log inactivation of the 3000 plaque 

forming units (PFU) poliovirus was achieved in 30 mins.  The effect of crystalline 

structures on the photocatalytic deactivation of phage MS2 was investigated by Sato et al. 
263.  Results demonstrated an encouragement of biocidal efficiency when viruses contact 

both types of TiO2 particles.  Cho et al. 264 proposed two different photocatalytic biocidal 
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mechanisms between bacteria and viruses.  They assumed that free hydroxyl radical 

played a role in killing MS2 phage, whereas both hydroxyl radicals and other ROS 

contribute together for the disinfection of the E. coli. These studies were mainly restricted 

to suspension TiO2 types needing solid-liquid separation after treatment.  

Phage Qβ was deactivated by Lee et al. 269 using immobilised TiO2 (coated on the 

tiles) irradiation a black light source.  Research showed that 2.2 log virus was killed within 

1 hour of photocatalytsis at a 3.6 mW/cm2.  Comparatively, no noticeable inactivation was 

observed without immobilised TiO2.  Sang et al. 272 inactivated rotavirus, astrovirus, and 

feline calicivirus (FCV) by a visible light/TiO2 thin film photocatalytic system.  Results 

showed that the virus titters were dramatically reduced by up to 1.50-2.82 log 10 after 24 

hrs reaction.  The mechanisms underlying the inactivation of the viruses are proposed that 

the viral protein and genome were damaged by the generated superoxide anions and 

hydroxyl radicals.  Lee et al 270 also suggested possible oxidative damage occurred on 

phage nucleic acid by hydroxyl radicals in the TiO2 mediated photocatalysis.  While 

Kashige et al 267 assumed that the capsid protein was attacked primarily by generated 

active oxygen species, followed by genome DNA inside the phage particles. 

Besides TiO2, some other chemicals were also been used separately or combined with 

TiO2 photocatalysis.  Sjogren et al 262 proved that Fenton chemistry might supplement to 

the effect of photocatalytic disinfection the virus.  Lactobacillus phage PL-1 was killed at 

a considerably greater rate with irradiation of light than in the dark in the presence of 

Cleansand-205, which is a formulation prepared by coating silica sand with a mixture of 

SiO2, Al2O3, TiO2, and silver in the ratio of 77.1:22.9:3.3:1.7(by weight) 266.  Recently, 

Ditta et al. 28 photocatalytic inactivate bacteriophage T4 by using TiO2, CuO and 

CuO/TiO2 thin films.  The results showed that the TiO2 photocatalytic inactivation rate 

was improved with the inclusion of copper in the catalyst.  A kind of TiON/PdO fibre was 

fabricated by Li et al 265 for photocatalytic inactivation of MS2 phage with visible light 

illumination.  Their results showed that 95.4-96.7% of virus was adsorbed on the catalyst 

within 1 hour of darkness, and in additional of 94.5-98.2% virus removal could be 

obtained within 1 hour with subsequent visible light illumination of the dark-equilibrated 

virus.  

However, all disinfection methods reported to date require hours to achieve desirable 

disinfection/degradation outcomes.  

Photoelectrocatalysis (PEC) 
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One of the effective strategies to overcome shortcomings of the above described 

methods is to apply a small positive bias to the titanium dioxide, so called 

photoelectrocatalysis.  However, the photoelectrocatalytic disinfection of microbes is the 

least exploited area with only a few scattered reports explored the feasibility of bacteria 

disinfection, and no report on virus inactivation. 

Butterfield et al 273 were one of the first to use an electric field enhanced 

photochemical reactor to investigate the disinfection efficiency.  Their results found that 3 

log units (100%) of E. coli and 2 log units of CI. perfringens spores were removed over in 

25 mins.  The same research group also investigated photoelectrocatalytic disinfection 

abilities by using various kinds of catalysts 274-276.  In addition, Dunlop et al. 277 also 

assessed the photocatalytic disinfection of E. coli with an applied potential.  A significant 

increase in the disinfection rate was obtained when a potential of 1000 mV (Saturated 

Calomel Electrode, SCE) was applied. Baram et al 278 can rapidly photoelectrocatalytically 

inactivate E. coli by using high surface area TiO2 nanotubes film. 

1.5 KEY RESEARCH QUESTION 

The above literature reviewer confirms the significance and the need for developing 

of new technologies to effectively remove pathogenic biohazards such as waterborne 

bacteria and viruses. It also provides a clear picture of current status of research 

development in the related fields and key research questions need to be addressed. As the 

focus of this study is on the fundamental aspects of biohazards removal, the key research 

questions are therefore identified as following: 

• TiO2 photocatalysis and photoelectrocatalysis based detoxification/disinfection 

methods: 

 Lethal killing mechanisms and reaction pathways of photocatalysis and 

photoelectrocatalysis based disinfection processes; 

 Kinetics of photocatalysis and photoelectrocatalysis based disinfection processes; 

 Disinfection efficiency of photocatalysis and photoelectrocatalysis based 

disinfection processes; 

 Key differences between the photocatalysis and photoelectrocatalysis disinfection 

processes; 

 Applicability of photocatalysis and photoelectrocatalysis based disinfection 

processes. 
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• TiO2 photocatalysis and photoelectrocatalysis based biohazards decomposition 

methods: 

 Degradation/mineralisation reaction pathways of photocatalysis and 

photoelectrocatalysis processes; 

 Photocatalysis and photoelectrocatalysis degradation/mineralisation mechanisms 

and products for large biomolecules; 

 Photocatalysis and photoelectrocatalysis degradation/mineralisation mechanisms 

and products for small biomolecules; 

 Mineralisation efficiency of photocatalysis and photoelectrocatalysis processes; 

 Key differences between the photocatalysis and photoelectrocatalysis 

decomposition processes; 

 Applicability of photocatalysis and photoelectrocatalysis based decomposition 

processes. 

1.6 SCOPE OF THE THESIS 

The primary aim of this work is to develop an effective detoxification/disinfection 

method based on photocatalysis and photoelectrocatalysis principles. To achieve such an 

objective, a bottom-up strategy was adopted to systematically investigate the 

photocatalytic and photoelectrocatalytic decomposition, detoxification and disinfection of 

biological contaminants including small biological compounds such as amino acids and 

nucleotide bases, large biological compounds including protein, lipid and DNA, and living 

microorganisms such as bacteria and viruses.  

Chapter 1 of the thesis provides comprehensive literature reviews of the present status 

of research developments relevant to this work and the justification for the research topic.  

Nanoparticulate TiO2 photoanode is a key element of the proposed research. Chapter 

2 will investigate the fabrication and characterisation of the nanoparticulate TiO2 

photoanode. The experimental set up including design and fabrication of both bulk and 

thin-layer photoelectrochemical cells will be carried out. The photoelectrocatalytic 

properties of the resultant TiO2 photoanodes will be evaluated using water, as well as 

organic model compounds in both bulk and thin-layer photoelectrochemical cells.   

The small biological compounds (e.g., amino acids and nucleotide bases) are the 

basic building blocks of the large biological compounds (e.g., proteins and DNA). The 
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photocatalytic and photoelectrocatalytic degradation of small biological compounds such 

as amino acids and nucleotide bases will therefore be conducted in Chapters 3 and 4.  The 

photocatalytic and photoelectrocatalytic degradation efficiencies towards these small 

biological compounds will be quantitative studied.  The investigations will also be 

performed to identify the reaction pathways including the intermediates produced during 

the degradation processes. The theoretical frontier electron densities calculations will be 

performed to support mechanistic study. The calculated (2FEDHOMO)2 and 

(FEDHOMO)2+(FEDLUMO)2 values will be used to predict possible initial reaction sites for 

photoelectrocatalysis and photocatalysis, respectively. 

The large biological compounds are the building blocks of the living microorganisms 

(i.e., bacteria and viruses). As a part of the proposed “bottom-up” strategy, photocatalytic 

and photoelectrocatalytic degradation of large biological compounds such as bovine serum 

albumin (BSA), lecithin and bacteria genomic DNA will be performed in Chapter 5. A 

new method for estimating the theoretical charge required to mineralise these large 

biological compounds with unknown chemical formula will be firstly developed and 

experimentally validated. The developed method will be then used to investigate the 

photocatalytic and photoelectrocatalytic degradation efficiencies towards large biological 

compounds with unknown chemical formulas.   

In Chapter 6, a bactericidal technique (PEC-Br) utilising in situ 

photoelectrocatalytically generated photohole (h+), Br2
•- and AOS for instant inactivation 

and rapid decomposition of Gram-negative bacteria such as E. coli will be developed and 

experimentally validated.  The disinfection efficiencies among photocatalytic, 

photoelectrocatalytic and photoelectrocatalytic in presence of Br- will be investigated.  

The mechanistic aspects of photocatalytic, photoelectrocatalytic and photoelectrocatalytic 

in presence of Br- will be studied. 

Chapter 7 will be used to demonstrate if the bactericidal technique developed in 

Chapter 6 can also be applied as a virucidal technique for rapid inactivation of viruses 

such as replication-deficient recombinant adenovirus (RDRADS). The disinfection 

efficiencies among photocatalytic, photoelectrocatalytic and photoelectrocatalytic in 

presence of Cl- or Br- will be investigated. 

The finial chapter of the thesis (Chapter 8) summarises the outcomes of this study and 

future work. 
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2.1 INTRODUCTION 

Heterogeneous photocatalysis has drawn a great attention due to its wide applications 
1-8.  Starting in the late 1950s, we have been involved in an unfolding story whose main 

character is the fascinating material titanium dioxide (TiO2) 1, 9, tremendous amount of 

research has been carried out in relation to the fields of TiO2 photocatalysis. 

TiO2 is chemically and photochemically stable.  It can be readily synthesised in its 

highly reactive and non-toxic forms at a relatively low costs 10, 11.  The most important 

property of this material is its photocatalytic property.  Illumination of TiO2 with UV 

irradiation having photon energy higher than its band-gap energy can generate excited-

state electrons and holes at the conduction band and the valence band, respectively.  The 

photogenerated holes at TiO2 valence band possess strong oxidation power (+3.2 V) that 

can readily oxidise/decompose a wide spectrum of environmentally hazardous organics 

and pathogens into harmless compounds such as CO2 and H2O 12-17.  Besides it’s wide 

applications for the environmental cleaning (i.e., removal of organic, inorganic pollutants 

and microorganisms), TiO2 photocatalysis has been also extensively used for other 

applications, such as solar energy conversion 18, water splitting 19, cancer treatment 2, 4, 

and analytical applications 20-22. 

The performance of TiO2 photocatalysis is largely determined by the form of TiO2, 

which is in turn, determined by the synthesis method used.  TiO2 can be synthesised by 

several different methods including micelle and inverse micelle methods 23, 24, sol methods 
25, 26, hydrothermal methods 27-29, solvothermal methods 30, direct oxidation methods 31, 32, 

chemical vapour deposition 33, 34, physical vapour deposition 34, 35, electrodeposition 36, 37, 

sonochemical method 38, 39, microwave methods 40, 41 and sol–gel methods 42-44.  Among 

these synthesis techniques, the sol–gel method is a versatile process used due to its 

simplicity and producing anatase at relatively low temperatures 11. 

To date, TiO2 photocatalysis has been commonly performed using two different 

photocatalytic systems.  They are particle suspension and immobilized TiO2 photocatalytic 

systems 3, 10, 20, 45-47.  The most notable advantage of a TiO2 particle suspension system is 

its suitability for large scale applications 45.  A disadvantage is that the method requires 

reusing photocatalyst that involves the separation of TiO2 particle from the reaction 

solution 47.  Immobilisation of TiO2 particles eliminates the need for separation of 

photocatalyst from the solution suspension.  It provides additional advantages when a 

conductive substrate is employed 43, 46-51.  Immobilising TiO2 particles onto a conducting 

substrate enables the application of electrochemical techniques to enhance the 
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photoefficiency due to the effectively suppressed photoelectron and hole recombination 20, 

50, 52.  

In this chapter, a sol-gel method was used for fabrication of TiO2 photoanodes.  

General characteristics of the fabricated TiO2 photoanodes were systematically evaluated.  

To serve the needs of other chapters of the thesis, more emphasis was given to the 

photoelectrocatalytic properties of the resultant TiO2 photoanodes.  Glucose and 

potassium hydrogen phthalate (KHP) were chosen as model organic compounds to 

represent weak and strong adsorbates, respectively. 

2.2 EXPERIMENTAL 

2.2.1 Chemicals and Materials   

Indium tin oxide conducting glass slides (ITO, 8 Ω/square) were purchased from 

Delta Technologies Ltd. (USA).  Titanium butoxide (97%, Aldrich), potassium hydrogen 

phthalate (KHP) (AR, Aldrich), D-glucose (AR, BDH), were used as received.  Other 

chemicals used were of analytical grade and purchased from Aldrich unless otherwise 

stated.  All solutions were prepared using high purity deionised water (Millipore Corp., 18 

MΩ cm).  

2.2.2 Procedures 

2.2.2.1 Preparation of TiO2 colloids 

The TiO2 colloids were prepared by the hydrolysis of titanium butoxide according to 

the reported method 42.  Typical synthesis processes may be described as follows: A 

mixture of 25.0 ml of titanium butoxide and 8.0 ml propan-2-ol were added drop-wise 

under room temperature to 300 ml 0.1 M of nitric acid solution with vigorous stirring.  A 

white precipitate formed instantaneously.  Immediately after the hydrolysis, the resultant 

slurry was heated to 80°C and stirred vigorously for 8 h, to achieve peptization (i.e., 

destruction of the agglomerates and redispersing into primary particles).  The obtained 

colloidal solution was filtered through a glass frit to remove non-peptized agglomerates.  

For better crystallinity of the nano-particles, the filtrated colloidal solution was then 

hydrothermally treated in an autoclave at 200°C for 12 h.  The colloid content of the 

treated solution was subsequently determined and appropriate amount of milli-Q water 

was added to adjust the final colloid concentration to 6.0% w/v.  To prevent cracking 

during calcination and create porosity within the film, carbowax 20 M was added to the 

colloidal suspension in a proportion of 30% of the solid TiO2 weight.  The resultant 

colloidal solution was used for the preparation TiO2 photoanode. 



Chapter 2 

 51 

2.2.2.2 Fabrication of TiO2 photoanode 

ITO conducting glass slides were used as the substrate for immobilisation of the TiO2 

particles.  The ITO slides were washed in turn with detergent, water, acetone, chromic 

acid washing solution, and water.  After pre-treatment, the ITO slides were dip-coated in 

the TiO2 colloidal solution.  The first layer of coated electrode was then calcined in a 

muffle furnace at 450°C for 30 mins in air.  And the second layer was calcined for 2 h 

under 700°C. 

2.2.3 General Characterisation  

The morphological, structural and compositional properties of the resultant TiO2 

photoanodes were characterised using a field emission scanning electron microscope 

(FESEM) (JEOL JSM-890, Japan); a transmission electron microscope (TEM) (Philips 

Tecnai F20, Japan) and a X-ray diffraction (XRD) with a Bruker AXS D8 Advance X-ray 

diffractometer using CuKa radiation.  

2.2.4 Photoelectrochemical Characterisations  

The photoelectrochemical characterisations were carried out using both bulk (Figure 

2.1) and thin-layer photoelectrochemical cells (Figure 2.2) with a quartz window for UV 

illumination.  All measurements were performed using a three-electrode system embodied 

in the cell.  The TiO2 photoanode was employed as a working electrode, a saturated 

Ag/AgCl electrode as the reference electrode and a platinum mesh as the auxiliary 

electrode.  The experiment setup was composed of a voltammograph (cv-27, BAS), an 

A/D interface (Maclab 400, AD Instruments), and a computer (7220/200, Macintosh) for 

electrochemical control and signal recording.  

For the bulk cell, the illumination light source was a 150 W xenon lamp housed with 

focusing lenses (HF-200w-95, Beijing Optical Instruments).  Light intensity was measured 

with an UV-irradiance meter (UV-A, Instruments of Beijing Normal University) at 365 

nm.  An UV-band pass filter (UG5, Avtronics Pty. Limited) was installed in light beam 

pathway prior to the photoanode to avoid the sample solution being heated-up by the 

infrared light. 

For the thin-layer cell, a UV-LED (NCCU033 (T), Nichia Corporation) or UV-LED 

array was employed as the illumination source.  The specified peak wavelength of the UV-

LED was 365 nm with the spectrum half width of 8 nm.  The UV-LED outputs were 

adjusted by a power supply.  The light intensity was measured with an UV-irradiance 

meter.  Sample solution was pumped into the thin-layer cell at a fixed flow rate with a 
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peristaltic pump (Pharmacia LKB pump P-1, Sweden) through the inlet channel.  Care was 

taken to eliminate the air bubbles in the thin-layer cell cavity.  

 
Figure 2.1  Schematic diagram of system set up and bulk photoelectrochemical cell 

configuration. 

 

Figure 2.2  Schematic diagram of thin-layer photoelectrochemical cell. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Characteristics of TiO2 Colloids 

It is well known that crystalline composition, crystallinity and particle size are of 

important attributes that have strong influence on the photocatalytic performance of TiO2 

photocatalyst 53, 54.  These attributes, especially for crystallinity and particle size, are 

highly dependent on the characteristics of the original colloidal sol used.  

Figure 2.3a shows a TEM image of the TiO2 particles obtained from the hydrolysis of 

butoxide without hydrothermal treatment.  It can be seen that the resultant particles were 

not well crystallised.  The particle surfaces were found to be very coarse due to the 

existence of excessive hydroxyl groups and non-stoichiometric Ti-O-Ti bridging bonds.  
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The obtained particles at this stage were in an agglomerated form rather than well 

dispersed form.  Different degrees of primary particle agglomeration led to a wider 

particle size distribution.  In strong contrast, well defined particle sizes with narrow size 

distribution (10 to 15 nm) were obtained from samples after thermal treatment (Figure 

2.3b).  This suggests that the thermal treatment (autoclaving) improves the crystallinity 

leading to larger primary particles as a result of dissolution/re-precipitation of small 

amorphous particles as well as the removal of the extra hydroxyl groups via dehydration 

reactions. 

   
Figure 2.3 TEM images of TiO2 particles, (a) before and (b) after autoclaving. 

(a) 

 

(b)

 
Figure 2.4 Electron diffraction patterns, (a) before and (b) after autoclaving. 

(a) (b)
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Electron diffraction patterns of TiO2 colloids before and after hydrothermal treatment 

were obtained (Figure 2.4).  The electron diffraction pattern showed in Figure 2.4a 

exhibits fuzzy and diffused concentric rings, suggesting the TiO2 colloids without 

hydrothermal treatment contain a mix of crystalline and amorphous forms of TiO2.  

Comparatively, the electron diffraction pattern obtained from samples after hydrothermal 

treatment shows clear diffraction concentric rings (Figure 2.4b) that represent typical 

random-oriented and well-defined polycrystalline particles.  

2.3.2 Morphological and Phase Compositional Properties of TiO2 Photoanodes 

TiO2 exists in nature in two tetragonal forms – rutile and anatase.  It has been widely 

accepted that the photoactivity can be strongly affected by the crystalline phase 

composition of the TiO2 55, 56.  To improve the crystallinity and photocatalytic reactivity of 

a photocatalyst, calcination at higher temperatures is a common treatment.  The 

transformation from amorphous to anatase is normally completed within a temperature 

range of 350 to 450 °C.  A further calcination temperature increase beyond 450 °C could 

lead to the transformation of anatase to rutile 57.  For this work, the first TiO2 coating layer 

was calcined at 450°C for 30 min in air and the second coating layer was calcined at 

700°C for 2 hours to achieve a partial transformation of anatase to rutile as a TiO2 

photoanode consisting of a mixed phase of anatase and small portion rutile possesses 

higher photocatalytic activities 20, 22, 58.  The photocatalytic activity and photoefficiency is 

largely determined by the photoelectron migration process inside of the semiconductor 20-

22, 50.  This is because a high photoelectron/hole recombination results in low quantum 

yield, and majority of recombination takes place during the process of electrons 

transporting across the semiconductor layer 20, 22.  Accordingly, any facilitation of the 

electron transport process will increase photoefficiency.  It is well known that the Eg for 

anatase (3.2 eV) is 0.2 eV more positive than that of rutile (3.0 eV), which creates an 

additional motive force facilitating the electron transport process 47.  Upon the 

illumination, the photoelectrons are firstly promoted to the anatase conduction band and 

subsequently drawn to the rutile conduction band by the potential gradient between the 

two conduction bands, which leave unpaired photoholes in the valence band of the anatase 

phase.  This promotes the charge-pair separation and inhibits recombination 3, 20, 50, 52, 58.  

In addition, the photoactivity further improved because the prolonged photohole lifetime 

enabling the direct photohole reactions 47, 50. 

Figure 2.5 shows X-ray diffraction (XRD) pattern of the resultant photoanode.  It 

confirms the co-existence of anatase and rutile phases.  The resultant photoanode was 
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found to consist of 96.6% anatase and 3.4% rutile, calculated by SIROQUANT software 

fitting of the diffraction patterns. 
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Figure 2.5 X-ray diffraction pattern of the nanoparticulate TiO2 thin-film photoanode 

calcined at 450°C for 30 mins for the first coating layer, and at 700°C for 2 
hours for the second coating layer. 

The surface morphology and thickness of the resultant films were examined by 

scanning electron microscopy.  Figures 2.6a and b show the surface SEM images of the 

resultant photoanode.  A porous microstructures made of TiO2 nanoparticles sized from 30 

to 50 nm was observed.  These secondary particles were formed by different numbers of 

primary particles with similar shape to colloidal particles.  Figures 2.6c and d are the 

cross-sectional SEM images of the TiO2 photoanode.  It reveals a clear three-layer 

structure that compresses a thick glass substrate layer, a 200 nm compact indium tin oxide 

(ITO) conductive layer coated on the glass substrate and a 2 μm porous TiO2 nanoparticle 

layer deposited on the top of the ITO conductive layer.  

 

(a) (b)
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Figure 2.6 SEM micrographs of the nanoparticulate TiO2 thin-film photoanode 

calcined at 700°C. (a) and (b) show the surface morphology; (c) and (d) 
show the cross-sectional structure. 

2.3.3 Photocatalytic Oxidation in Bulk Photoelectrochemical Cell 

2.3.3.1 Photocurrent responses  

All experiments were carried out in a bulk photoelectrochemical cell under non-

exhaustive degradation conditions.  

Photocurrent-potential response 

In a photoelectrocatalytic process, an applied potential bias can act as the external 

driving force to timely remove the photoelectrons from TiO2 conduction band to the 

external circuit then to the counter electrode where the electrons are consumed by forced 

reduction reactions 20, 47, 50, 52.  This prevents the electron build-up, facilitates the electron 

and hole separation hence reduces the recombination 20, 47, 50, 52, 59.  The ability of a 

photoelectrocatalytic process to timely remove photoelectrons and physically separate the 

reduction half-reactions (at counter electrode) from the oxidation half-reactions (at 

photoanode) prolongs the lifetime of photoholes 47, enabling the photohole to directly 

react with organics in the solution.  The effect of applied potential bias was therefore 

investigated. 

Figure 2.7 shows a set of typical voltammograms of the resultant photoanode 

obtained from linear potential sweep experiments with or without UV illumination in a 

0.10 M NaNO3 blank solution.  It was found that without illumination (in dark), no 

measurable current was detected for the blank solution, when the applied potential bias 

was scanned from -0.40 V to +0.80 V (curve b).  This indicates that no significant direct 

electrochemical reaction occurred.  Under illumination (curve a), the photocurrent 

increased linearly with potential up to approximately -0.20 V before levelling off.  It is 

(c) 

Substrate Glass  

TiO2 film 

(d)

ITO

Substrate Glass  

TiO2 film 
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worth mentioning that the photocurrent still increased slowly as the potential bias increase 

up to +0.20 V.  With the further increase of the potential bias from +0.30 to +0.80 V, a 

saturated photocurrent (Isph) was obtained.  This can be interpreted as follows: at a given 

light intensity and solution composition, the photohole removal rate is a fixed value.  The 

saturated photocurrent obtained reflects the maximum rate of photohole removal.  Within 

the low potential range, the rate of the available photo-generated electrons removal is 

directly proportional to the electric field across the TiO2 layer.  Therefore, an increase in 

the applied potential bias leads to a linear increase in the photocurrent.  When the applied 

potential bias is high enough (i.e., > +0.20 V), all the photogenerated electrons were 

removed and the overall photocatalytic oxidation rate is controlled by the photohole 

capture rate at the photoanode/solution interface.  Under such conditions, 100% 

photogenerated electron can be collected.  Therefore, +0.30 V (versus Ag/AgCl) was 

selected as the potential bias for subsequent experiments. 
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Figure 2.7  Voltammograms of the film electrode in 0.10 M NaNO3 solution at 6.6 

mW/cm2 light intensity with a scan rate of 5.0 mV/s. (a) H2O with UV, (b) 
H2O in dark. 

Photocurrent-time response  

Figure 2.8 shows a typical transient photocurrent-time response of the TiO2 

photoanode obtained from a 0.10 M NaNO3 blank solution with or without UV 

illumination.  The applied potential bias was fixed at +0.30 V versus Ag/AgCl.  When the 

UV illumination was switched on, an initial sharp photocurrent spike was observed.  This 

transient response was due to the photocatalytic oxidation of the adsorbed water that 

accumulated at the photoanode surface during the dark period.  The photocurrent decayed 

rapidly within the initial few seconds and attained its steady-state approximately 30 s after 

the illumination was turned on.  The steady-state photocurrent was due to steady-state 
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water photocatalytic oxidation 60.  When the light was turned off, the residual current (so-

called dark current) was rapidly approached zero, suggesting the direct electrochemical 

redox reaction was insignificant and the current obtained under illumination was due 

purely to the photocatalytic reactions. 
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Figure 2.8 Transient photocurrent responses of the TiO2 photoanode from a 0.10 M 

NaNO3 solution at 6.6 mW/cm2 light intensity and +0.30 V (vs. Ag/AgCl) 
applied potential bias. 

2.3.3.2 Photocatalytic oxidation of water  

The effect of light intensity 

Effect of light intensity on photoelectrocatalytic oxidation of water was investigated.  

It is well known that the incident light intensity determines the rate of photohole 

generation, consequently the rate of interfacial reactions 3, 61.  

Figure 2.9 shows the voltammograms of TiO2 photoanode obtained from the blank 

solution containing 0.10 M NaNO3 under different light intensities ranged from 1.0 

mW/cm2 to 8.0 mW/cm2.  For a given light intensity, the photocurrent response increased 

linearly with the increase of the applied potential bias up to approximately -0.2 V then 

gradually saturated at higher potential.  The linear part of the curves obtained at lower 

applied potential bias reflects the rate of electron transport within the TiO2 layer.  An 

increase in the light intensity results in an increase in the slope values of the linear part of 

the current-potential curve.  It was also found that the magnitude of the saturation 

photocurrent increased when the light intensity was increased.  Figure 2.10 shows a plot of 

light intensity against the saturated photocurrent (Isph).  A linear relationship was obtained.  

This was because under such conditions, the interfacial processes rather than the charge 

carrier transport inside the TiO2 film was the rate determining step of the overall process. 

Dark 
Illuminated 
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Figure 2.9  Voltammograms of the TiO2 photoanode obtained from NaNO3 0.10 M 

under different light intensity and with a scan rate of 5.0 mV/s. Light 
intensity (from the bottom) a: 1.0 mW/cm2, b: 2.0 mW/cm2, c: 3.0 mW/cm2, 
d: 4.0 mW/cm2, e: 5.0 mW/cm2, f: 6.0 mW/cm2, g: 7.0 mW/cm2, and h: 8.0 
mW/cm2. 
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Figure 2.10  Effect of light intensity on the saturation photocurrent (the saturation 

photocurrents were derived from Figure 2.9 at +0.30 V). 

Effect of electrolyte concentration  

An insufficient electrolyte concentration could lead to high noisy and unstable current 

response because the charge migration in solution becomes the limiting step of the overall 

process.  The effect of electrolyte concentration on photoelectrocatalytic oxidation of 

water was therefore investigated.  The experiments were performed under various 

electrolyte (NaNO3) concentrations ranged from 0.1 to 1.0 M under a constant light 

intensity of 6.6 mW/cm2 and a scan rate of 5.0 mV/s.  
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Figure 2.11 shows the plot of saturation photocurrent against electrolyte 

concentration.  It was revealed that an increase in the electrolyte concentration within the 

range of 0.01 M to 0.05 M leads to an increase in the saturation photocurrent, suggesting 

an insufficient charge migration capacity for lower electrolyte concentration.  The 

saturation photocurrent was found to be independent of electrolyte concentration when the 

NaNO3 concentration was greater than 0.10 M, suggesting a sufficient charge migration 

capacity of the electrolyte solution.  By collectively considering all factors, a relatively 

low but sufficient electrolyte concentration of 0.10 M was chosen for all subsequent 

experiments in the bulk photoelectrochemical cell. 
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Figure 2.11 The effect of electrolyte concentration on saturation photocurrent. 

Effect of pH  

The solution pH affects the speciation of surface functional groups of the 

semiconductor electrode.  Additionally, the solution pH also affects the flat band potential 

or the band edge potential of oxide semiconductors 60, 62, 63.  The effect of the solution pH 

on photocatalytic water oxidation was therefore investigated.  The pH effect was 

examined within the range of pH=2 to 11, as TiO2 becomes unstable below pH 2 or above 

pH 11.  Figure 2.12 shows the dependence of the saturation photocurrent on the pH value 

in the blank solution.  The effect of pH on the saturation current was found to be 

insignificant when pH was varied between pH 2 to pH 8.  A slightly increased Isph was 

observed when the solution pH was greater than 9,  due to the substantial increase in the 

amount of >TiO- surface groups that favours the trapping of photoholes, leading to a 

higher photocatalytic activity towards water oxidation 49, 64.  
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Figure 2.12  Effect of pH on saturation photocurrent.  

2.3.3.3 Photocatalytic oxidation of organics  

For a photocatalysis process, the reactions occur at the TiO2/electrolyte interface can 

be influenced by several factors including the nature of the organic compounds, their 

concentrations, solution pH etc.  The characteristic of molecular adsorption is one of the 

important factors.  One common feature of weak adsorbents is that their photocatalytic 

degradation occurs via outer-sphere electron transfer mechanism due to the weak 

interaction with the TiO2 surface.  In contrast, strong adsorbents have strong interaction 

with TiO2 surface, forming surface complexes.  Under such conditions, photocatalytic 

degradation is mainly via a direct inner-sphere electron transfer mechanism 65.  In this 

work, for the purpose of evaluating the photocatalytic properties of the photoanode, 

glucose and potassium hydrogen phthalate (KHP) were chosen as model organic 

compounds to represent weak and strong adsorbents, respectively.  

Effect of applied potential bias  

It has been widely accepted that the application of an appropriate potential bias to a 

TiO2 porous film electrode during the photocatalytic oxidation can suppress the 

electron/hole pair recombination 20, 47, 50, 52.  We have demonstrated the effect of applied 

potential bias on the photocatalytic oxidation of water in the section 2.3.3.2.  In this 

section, the influence of the potential bias on the photocatalytic oxidation of the organics 

was investigated.  

Figures 2.13 and 2.14 show the voltammograms of the TiO2 photoanode obtained 

from a 0.10 M NaNO3 solution containing different concentrations of glucose and KHP, 

respectively.  All experiments were performed under a constant potential bias of +0.30 V 
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and a light intensity of 6.6 mW/cm2.  The characteristics of the photocurrent-potential 

curves were found to be qualitatively same to those of observed from water oxidation (as 

shown in Figure 2.7).  However, the obtained photocurrent consists of two components – 

one was originated from photocatalytic oxidation of water and the other was due to the 

photocatalytic oxidation of organics.  The magnitude of photocurrents was larger than the 

case of water oxidation under the same light intensity because the additional photocurrent 

contribution from organic oxidation.  The photocurrent saturation could be due to the 

limitation of photohole generation or the organic (i.e., glucose or KHP) concentration 

depletion at the photoanode surface that limited by mass transfer of organics.  
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Figure 2.13 Voltammograms of the TiO2 photoanode obtained from solutions 

containing 0.10 M NaNO3 and different concentrations of glucose. Scan 
rate: 5.0 mV/s. Glucose concentrations from the bottom: 0 mM in dark, 0 
mM, 0.01 mM, 0.02 mM, 0.04 mM, 0.10 mM, 0.20 mM, 0.40 mM, 0.80 mM, 
and 1.50 mM. 
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Figure 2.14 Voltammograms of the photoanode obtained from solutions containing 0.10 

M NaNO3 and different TiO2 concentrations of KHP, Scan rate: 5.0 mV/s.  
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KHP concentration from the bottom:, 0 mM in dark, 0 mM, 0.01 mM, 0.02 
mM, 0.04 mM, 0.10 mM, 0.20 mM, and 0.40 mM. 

Figure 2.15 shows the saturated photocurrent (Isph) plotted against the glucose and 

KHP concentration at 6.6 mW/cm2 light intensity.  A linear relationship was obtained.  

This means that the migration of photoelectron was not rate-determining step within the 

concentration range investigated. 
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Figure 2.15 The saturation photocurrent dependence on the concentration of glucose 

and KHP, respectively (saturation photocurrent were derived from Figures 
2.13 and 2.14 at +0.30 V). 

Effect of light intensity  

The effect of light intensity on photoelectrocatalytic oxidation of glucose and KHP 

was investigated.  All experiments in this section were carried out in a 0.10 M NaNO3 

solution containing 0.20 mM glucose or KHP, respectively, under different light 

intensities ranged from 1.0 mW/cm2 to 8.0 mW/cm2
 and an +0.30 V applied potential bias.  

Figures 2.16 and Figure 2.17 show the voltammograms of the TiO2 photoanode 

obtained from a glucose or KHP, respectively.  The characteristics of these photocurrent-

potential curves were qualitatively same to those previous ones.  The photocurrent 

response increased linearly with the increase of the applied potential bias within lower 

potential range and saturated at higher potentials, under a given light intensity.  

Figure 2.18 shows the effect of light intensity on Isph.  Linear relationships between 

Isph and light intensity were observed for both glucose and KHP.  Interestingly, an almost 

identical slope value were obtained from both curves (0.01532 mA/ mW•cm2 for glucose 

and 0.01511 mA/ mW•cm2 for KHP).  This indicates a superior photocatalytic reactivity 
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of the TiO2 photoanode for which the Isph is almost dependent of the type of the organic 

compounds.  
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Figure 2.16 Voltammograms of the TiO2 photoanode obtained from a solution 
containing 0.10 M NaNO3 and 0.20 mM glucose under different light 
intensities. Light intensities from the bottom: 1.0 mW/cm2, 2.0 mW/cm2, 3.0 
mW/cm2, 4.0 mW/cm2, 5.0 mW/cm2, 6.0 mW/cm2, 7.0 mW/cm2, and 8.0 
mW/cm2. 
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Figure 2.17 Voltammograms of the TiO2 photoanode obtained from a solution 
containing 0.10 M NaNO3 and 0.20 mM KHP under different light 
intensities. Light intensities from the bottom: 1.0 mW/cm2, 2.0 mW/cm2, 3.0 
mW/cm2, 4.0 mW/cm2, 5.0 mW/cm2, 6.0 mW/cm2, 7.0 mW/cm2, and 8.0 
mW/cm2. 
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Figure 2.18  Effect of light intensity on the saturation photocurrent (saturation 
photocurrents were derived from Figures 2.16 and 2.17 at +0.30 V). 

Effect of electrolyte concentration  

The effect of electrolyte concentration on photoelectrocatalytic oxidation of glucose 

and KHP was investigated.  All experiments were performed in a solution containing 

various concentration of NaNO3 and 0.20 mM of glucose or KHP.  The concentration of 

NaNO3 was varied from 0.01 M to 1.0 M.  A 6.6 mW/cm2 light intensity and +0.30 V 

potential bias were employed.  

Figure 2.19 shows the effect of NaNO3 concentration on the saturation photocurrent 

responses.  Similar to the voltammograms obtained from the photocatalytic oxidation of 

water, for a given light intensity, the photocurrent response increased linearly with the 

increase of the applied potential bias before levelling off but at more positive potentials.  

As a result, the saturation photocurrents were attained at more positive potential bias for 

both glucose and KHP, in comparison to blank solution of NaNO3.  The saturation 

photocurrent values (Isph) firstly increased as the electrolyte concentration was increased 

from 0.01 M to 0.05 M, suggesting the charge migration capacity of these concentrations 

were insufficient.  When NaNO3 concentrations were equal to or greater than 0.10 M, the 

observed saturation photocurrent responses became independent on the electrolyte 

concentration, indicating a 0.10 M NaNO3 electrolyte solution has the required charge 

migration capacity to meet the need.  Therefore, a relatively lower (but sufficient) 

electrolyte concentration of 0.10 M of NaNO3 was chosen for all bulk 

photoelectrochemical cell experiments.  
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Figure 2.19  Effect of electrolyte concentration on the saturation photocurrent.  

Effect of pH  

The effect of solution pH on photoelectrocatalytic oxidation of glucose and KHP was 

investigated.  All experiments in this section were carried out in a 0.10 M NaNO3 solution 

containing 0.20 mM glucose or KHP, under a constant light intensity of  6.6 mW/cm2
 and 

an +0.30 V applied potential bias.  The pH of the sample solutions was varied from pH 2.5 

to pH 11, adjusted by adding HNO3 or NaOH. 

Figures 2.20 and Figure 2.21 demonstrate two sets of voltammograms obtained from 

solutions containing 0.20 mM glucose or 0.20 mM KHP with different pH values.  Again, 

similar characteristics were observed from all photocurrent-potential profiles.  For a given 

solution pH, the photocurrent response increased linearly as the applied potential bias 

increased and attained its saturation photocurrent at more positive potentials.  

Figure 2.22 shows the effect of solution pH on saturated photocurrents for solutions 

containing 0.20 mM glucose or 0.20 mM KHP.  For the two cases investigated, 

insignificant saturated photocurrent changes were observed when the solution pH was 

varied from pH 2.5 to pH 9.2.  However, a slightly decreased trend for the saturated 

photocurrent obtained from photocatalytic oxidation of KHP was observed when the 

solution pH exceeded pH 10.  This drop in Isph can be attributed to the strong electrostatic 

repulsion between the negatively charged KHP ions and the negatively charged TiO2 at 

higher pH, which makes difficult for the adsorption of phthalate ions to surface to capture 

photoholes.  In addition, we have previously demonstrated that both TiO2 photocatalyst 

layer and the ITO conductive layer can be seriously damaged when pH< 2 22, 60.  For these 

reasons, the solution pH should be controlled between pH 3 to pH 10. 
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Figure 2.20  Voltammograms of the TiO2 photoanode obtained from solutions 

containing 0.10 M NaNO3 and 0.20 mM glucose with different solution 
pHs Scan rate: 5.0 mV/s.  
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Figure 2.21 Voltammograms of the TiO2 photoanode obtained from solutions 

containing 0.10 M NaNO3 and 0.20 mM KHP with different solution pHs 
Scan rate: 5.0 mV/s.   
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Figure 2.22 Effect of solution pH on the saturation photocurrent (saturation 
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 photocurrents were derived from Figures 2.20 and 2.21 at +0.30 V).  

2.3.4 Photocatalytic Oxidation in Thin-Layer Photoelectrochemical Cell 

In this section, all experiments were performed using a thin-layer 

photoelectrochemical cell, as illustrated in Figure 2.2.  The experimental set-up is the 

same as described in Figure 2.1, except that the thin-layer cell is used to replace the bulk 

cell.  The thin-layer cell has been embodied with a TiO2 photoanode as the working 

electrode, a saturated Ag/AgCl reference electrode and a built-in platinum mesh auxiliary 

electrode.  As we already mentioned, the cell used in this part is a thin-layer cell, which 

was configured with a very thin (0.10 mm) and narrow (3.0 mm) channel to connect the 

anodic and the cathodic compartments (see Figure 2.2).  Therefore, significant resistance 

can be expected.  The large solution resistance can often impair the current signal, i.e., 

analytical signal, because a high resistance causes high iR-drop.  Therefore, higher 

concentration of supporting electrolyte was used to minimize the influence of the solution 

resistance on the photocurrent responses.  Small sample volume is one of the distinctive 

advantages of a thin-layer cell over the bulk cell, which enables us to employ the 

exhaustive degradation module to study the photocatalysis process as an exhaustive 

mineralisation within a short time frame can be readily achieved.  

2.3.4.1 Photocurrent response  

Photocurrent-potential response  

Figure 2.23 shows a set of typical voltammograms of the TiO2 photoanode obtained 

from linear potential sweep experiments with or without UV illumination in a 2.0 M 

NaNO3 blank solution.  Comparatively, the characteristics of the Iph-E curve were found to 

be very similar to those obtained from the bulk photoelectrochemical cell (Figure 2.7).  

With UV illumination, the photocurrent increased linearly with increased potential up to 

approximately -0.20 V before levelling off (curve a).  An approximate zero dark current 

was observed without UV illumination when the applied potential bias was changed from 

-0.40 V to +0.80 V (curve b), indicating that the measured current was due to 

photocatalytic reaction rather than direct electrochemical redox reaction.  It should note 

that the photocurrent was saturated at similar potentials as that of in a bulk cell.  This 

means that the 2.0 M NaNO3 supporting electrolyte has a sufficient charge migration 

capacity to maintain a low iR-drop.  Therefore, +0.30 V (versus Ag/AgCl) of the potential 

bias was adopted for subsequent experiments. 
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Figure 2.23  Voltammograms of the TiO2 photoanode obtained from a solution 

containing 2.0 M NaNO3 at 8.0 mW/cm2 light intensity with a scan rate of 
5.0 mV/s. (a) H2O with illumination, (b) without UV illumination. 

Photocurrent-time response  

Figure 2.24 shows a set of typical photocurrent-time profiles of the TiO2 photoanode 

obtained from the thin-layer photoelectrochemical cell under a constant applied potential 

bias of +0.30 V (versus Ag/AgCl) in a 2.0 M NaNO3 electrolyte solution with and without 

UV illumination.  A near zero current was observed when the UV illumination was 

switched off.  When the UV illumination was switched on, an instantaneous transient 

photocurrent spike was observed due to the photocatalytic oxidation of the adsorbed water 

accumulated at the electrode surface.  This was followed by a rapid photocurrent decay 

process before the system attained its steady-state 60.  These observations suggest that the 

measured current is due purely to the photocatalysis process rather than the direct 

electrochemical reactions. 
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from a 2.0 M NaNO3 solution under 8.0 mW/cm2 light intensity and +0.30 V (vs. 
Ag/AgCl) applied potential bias. 

Figure 2.25 shows a set of typical photocurrent-time profiles of TiO2 photoanode 

obtained from an electrolyte only solution (solid line) and an electrolyte solution 

containing 0.20 mM glucose (dashed line).  The photocurrent obtained from the 

electrolyte solution was the blank current (iblank), due purely to the photocatalytic 

oxidation of water.  However, photocurrent (itotal) obtained from the electrolyte solution 

containing glucose consists of two components.  One was due to the photocatalytic 

oxidation of water, which is the same as the iblank and the other was due to photocatalytic 

oxidation of organics.  Higher total current at the beginning was due to the additional 

photocurrent contribution from the photocatalytic oxidation of organics.  It decreased to 

the same value as the blank photocurrent once the exhaustive degradation was achieved.  

The net photocurrent (inet) due purely to the photocatalytic oxidation of organics can be 

obtained by subtracting the iblank from itotal.  That is: 

blanktotalnet iii −=  (1) 

Under such exhaustive degradation conditions, the net charge (Qnet) originated from 

photocatalytic oxidation of organics can be readily obtained from Faraday’s law: 

nFVCdtidtiiQ netblanktotalnet ==−= ∫∫ )()(  (2) 

where n refers to the number of electrons transferred during the photoelectrocatalytic 

degradation, F is the Faraday constant; and V of the thin-layer cell and C are the sample 

volume and the concentration of organic compound, respectively.  
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Figure 2.25  Typical photocurrent–time profiles of the TiO2 photoanode obtained from  

itotal 

iblank 
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the thin layer photoelectrochemical cell under exhaustive degradation 
conditions. Solid line: 2.0 M NaNO3; Dashed line: 2.0 M NaNO3 plus 0.20 
mM glucose.  

The measured charge (Qnet) is indicated as the shaded area in Figure 2.25.  It is 

important to note that  the Qnet gives a direct measure of the total amount of electrons 

transferred that results from the complete degradation of all compounds in the sample, 

which can be used to quantify the degree and extent of photocatalytic degradation. 

2.3.4.2 Photocatalytic oxidation of water 

Effect of applied potential bias  

It has been widely reported that the potential bias applied to nanoparticulate TiO2 film 

electrodes can suppress the recombination of photoelectron and photohole 20, 47, 50, 52, 59.  

Unlike a photocatalytic process, a photoelectrocatalytic process employs a potential bias 

as an external driving force to timely remove the photoelectrons from TiO2 conduction 

band to the external circuit then to the counter electrode where the electrons are consumed 

by forced reduction reactions 20, 47, 50, 52.  The ability of a photoelectrocatalytic process to 

timely remove photoelectrons and physically separate the reduction half-reactions (at 

counter electrode) from the oxidation half-reactions (at photoanode) prolongs the lifetime 

of photoholes 47 , enabling the photohole to directly react with organics.  Therefore, the 

effect of applied potential bias on the photoelectrochemical oxidation of water was 

investigated.   

Figure 2.26 shows the plot of the steady-state photocurrents against the applied 

potential bias.  As demonstrated, the steady-state photocurrents increased swiftly with the 

increase of the applied potential bias at the lower potentials before levelled off at 

potentials more positive than +0.30 V.  This suggested that all photogenerated electrons 

were collected when the applied potentials were equal to or greater than +0.30 V. 

The effect of applied potential bias on the Qblank was also investigated (see Figure 

2.27).  The results revealed that the blank charge was increased as the potential bias 

increased up to +0.20 V (versus Ag/AgCl), and then saturated when the potential bias was 

further increased.  This further confirms that the 100% electron collection efficiency has 

been achieved when the applied potential bias was more positive than +0.30 V.  Hence, 

+0.30 V (versus Ag/AgCl) of the potential bias was adopted for subsequent experiments 

employing the thin-layer photoelectrochemical cell. 
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Figure 2.26  Effect of applied potential bias on the steady-state photocurrent for 

photoelectrocatalytic oxidation of water. 
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Figure 2.27  Effect of applied potential bias on the Qblank for photoelectrocatalytic 

oxidation of water. 

Effect of light intensity 

The incident light intensity determines the rate of photohole generation, consequently 

the photoelectron/hole concentrations at an illumination semiconductor, which in turn, 

determines the rate of the photocatalytic oxidation of water.  The effect of light intensity 

on photoelectrocatalytic oxidation of water was therefore investigated.  The experiments 

were carried out under a constant applied potential bias of +0.30 V when the light 

intensity was varied from 5.0 to 45 mW/cm2.  

Figure 2.28 shows the effect of light intensity on the steady-state photocurrent (Iph) on 

the photoelectrochemical oxidation of water.  It was observed that the steady-state 

photocurrent values increase linearly (R2 value of 0.9881) with the light intensity within 

the intensity range investigated.  This linear dependence of Iph on light intensity suggests 
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that the interfacial reaction is a first order reaction in respect to the surface concentration 

of photogenerated holes.  
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Figure 2.28  Effect of light intensity on the steady-state photocurrent for 

photoelectrocatalytic oxidation of water (the potential bias: +0.30 V versus 
Ag/AgCl). 

Figure 2.29 shows the effect of UV light intensity on the blank charge (Q blank) 

originated from water oxidation.  It was found that the Q blank was linearly increased as the 

light intensity was increased within the light intensity range tested.  In theory, a higher 

light intensity should be used as it can achieve a higher rate of reaction.  In practice, 

however, too high light intensity often causes stability problems, leading to a poor 

reproducibility 21.  On the other hand, when the light intensity was lower than 4.0 mW/cm2, 

photocurrent responses obtained were found to be irreproducible and a certain degree of 

deformation of photocurrent–time profiles was observed.  Considering the above factors, 

and the effect of the light intensity on the photocatalytic oxidation of the organics in the 

following experiment, the 8.0 mW/cm2 will be chosen as the light intensity in this work.  
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Figure 2.29  Effect of light intensity on the Qblank for photoelectrocatalytic oxidation of 
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 water in the thin-layer Photoelectrochemical cell. 

Effect of electrolyte concentration 

It is well known that the photocurrent signal can be impaired by a large solution 

resistance because a higher resistance causes higher iR-drop in the thin-layer cell 

employed.  Therefore, the effect of the electrolyte concentration on the photocatalytic 

oxidation of water was carried out.  

Figure 2.30 gives the plot of the steady-state photocurrent (Iph) against the NaNO3 

concentration.  It was observed that the steady-state photocurrent value increase gradually 

with the increase of the electrolyte concentration from 0.10 M to 1.50 M.  The 

photocurrent became almost constant when the NaNO3 concentration was equal to or 

greater than 1.50 M.  

Figure 2.31 shows the effect of NaNO3 concentration on the Qblank for 

photoelectrochemical oxidation of water.  It noticed that the Qblank was linerly decreased 

when the NaNO3 concentration was increased from 0.10 to 1.00 M.  The Qblank levelled off 

when the electrolyte concentrations were equal to or greater than 1.50 M, which agreed 

well with the conclusion drawn from Figure 2.30 for which 1.5 M of NaNO3 can provide 

sufficient charge migration capacity to maintain an acceptable iR-drop.  Hence, a 2.00 M 

NaNO3 was selected as the supporting electrolyte concentration by considering the worst 

scenario in a thin-layer cell.  
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Figure 2.30 Effect of electrolyte concentration on the steady-state photocurrent for 

photoelectrocatalytic oxidation of water (the potential bias: +0.30 V versus 
Ag/AgCl). 
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Figure 2.31  Effect of electrolyte concentration on the Qblank for photoelectrocatalytic 

oxidation of water. 

Effect of pH  

The solution pH affects the speciation of both surface functional groups of the 

semiconductor electrode and the chemical forms of organic compounds in the solution.  

Additionally, the solution pH also affects the flat band potential or the band edge potential 

of oxide semiconductors 60.  All of these pH dependent factors may affect the 

photocatalytic oxidation of water at the TiO2 working electrode.  

Figure 2.32 shows the effect of solution pH on the steady-state photocurrent for the 

photoelectrochemical oxidation of water at the TiO2 photoanode with a +0.30 V applied 

potential bias, under a light intensity of 8.0 mW/cm2.  It was found that no obvious change 

in the steady-state photocurrent in blank solution (electrolyte) when the solution pH was 

changed from pH 2.5 to pH 9.2.  Beyond this pH range, an increase in the solution pH 

leads to an increase in the steady-state photocurrent, due to the substantial increase in the 

>TiO- surface groups that favours the trapping of photoholes 49, and the photocatalytic 

oxidation towards water 64.  

Figure 2.33 shows the effect of solution pH on Qblank for the photocatalytic oxidation 

of water.  From the figure, it can be seen that the Qblank increased slowly with the solution 

pH ranged from pH 2.5 to pH 9.2.  This was followed by an abrupt increase in Qblank when 

the solution pH was greater then pH 10.  This is because that the photocatalytic oxidation 

is more favourable towards water when the pH value is higher than 10 64.  It was also 

found that ITO can be seriously damaged and the TiO2 photoanode became less stable 
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when the pH was below 2 22, 60.  Therefore, the suitable pH range for the TiO2 photoanode 

should be between pH 4.0 and pH 9.0. 
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Figure 2.32 Effect of pH on the steady-state photocurrent for photoelectrocatalytic 

oxidation of water in the thin-layer photoelectrochemical cell. 
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Figure 2.33 Effect of pH value on the Qblank for photoelectrocatalytic oxidation of water 

in thin-layer photoelectrochemical cell. 

2.3.4.3 Photocatalytic oxidation of organics  

Effect of applied potential bias  

The effect of applied potential bias on the Qtotal, Qnet and Qblank was investigated using 

glucose and KHP as model organics to represent weak and strong adsorbents.  All 

experiments were performed under exhaustive degradation conditions with a constant light 

intensity of 8.0 mW/cm2 in a 2.0 M NaNO3 solution containing 2.0 mM of glucose or 
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KHP.  The applied potential bias was varied from -0.10 V to +0.80 V versus a saturated 

Ag/AgCl reference electrode. 

Figure 2.34 shows the effect of applied potential bias on Qtotal, Qnet and Qblank for 

sample solutions contain glucose (Figure 2.34a) and KHP (Figure 2.34b).  The results 

revealed that for all cases investigated, the obtained Qtotal, Qnet and Qblank, were found to 

increase as the potential bias increased from -0.10 V to +0.20 V.  Under these conditions, 

the obtained Qnet values for both glucose and KHP were found to be much lower than the 

theoretical charge required for complete mineralisation.  This suggests that only a partial 

of the photoelectrons generated from the photocatalytic oxidation of organics was 

collected because the rate of interfacial photocatalytic oxidation processes was faster than 

the rate of photoelectron removal from the semiconductor film.  In other word, the 

electron collection efficiency is less than 100% due to the transport of photoelectrons 

within the semiconductor film limited the overall photocatalytic process 49.  The obtained 

Qtotal, Qnet and Qblank values from both glucose and KHP became independent of applied 

potential bias beyond +0.20 V.  Under such conditions, the measured Qnet was essentially 

the same as the theoretical charge required for complete mineralisation.  This means that 

all photoelectrons generated from the photocatalytic oxidation of organics were 

quantitatively collected and accounted for, because under such conditions, the overall 

photocatalytic process is controlled by the interfacial processes rather then the transport of 

photoelectrons within the semiconductor film 21, 49.  In other word, 100% electron 

collection efficiency can be achieved under these conditions.  Therefore, a potential bias 

of +0.30 V (versus Ag/AgCl) was chosen for subsequent exhaustive degradation 

experiments. 
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Figure 2.34  Effect of potential bias on Qnet and Qblank for photoelectrocatalytic 

oxidation of (a): 0.20 mM glucose and its blank solution; (b): 0.20 mM 
KHP and its blank solution. 

Effect of light intensity  

Effect of light intensity on photoelectrocatalytic reaction of glucose and KHP was 

investigated in the presence of organics.  All experiments were performed under 

exhaustive degradation conditions with a constant applied potential bias of +0.30 V in a 

2.0 M NaNO3 solution containing 2.0 mM of glucose or KHP.  The applied light intensity 

was varied from 5.0 to 45 mW/cm2. 

Figure 2.35 shows the plots of the measured Qtotal, Qnet and Qblank against the light 

intensity in presence of 2.0 mM glucose (Figure 2.35a) and 2.0 mM KHP (Figure 2.35b).  

It was found that for all cases investigated, the measured Qtotal, Qnet and Qblank increased as 

the light intensity was increased from 5.0 to 8.0 mW/cm2, suggesting the rate of photohole 

generation hence the light intensity was the limiting step of the overall process.  The 

measured Qtotal and Qblank obtained from both glucose and KHP were found to be increased 

when the light intensity was further increased.  However, the measured net charge (Qnet) 

originated from the oxidation of organic compounds, was found to be essentially constant 

within the higher light intensity range tested (>8.0 mW/cm2).  More importantly, the 

measured Qnet agreed well with the theoretical charge numbers required for complete 

mineralisation of organics.  The results also revealed that the increase in Qtotal was caused 

purely by the increase of Qblank at lighter intensity.  For this work, when all the factors 

were considered, a relatively lower (but sufficient) light intensity of 8.0 mW/cm2 was 

chosen for all subsequent experiments. 
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Figure 2.35  Effect of light intensity on Qnet and Qblank for photoelectrocatalytic 

oxidation of (a): 0.20 mM glucose and its blank solution; (b): 0.20 mM 
KHP and its blank solution. 

Effect of electrolyte concentration 

As mentioned, the large solution resistance may impair the quality of the 

photocurrent signal, because higher iR-drop in the thin-layer cell.  In order to minimize the 

solution resistance influence on the photocurrent response, an appropriate supporting 

electrolyte concentration must be used.  All experimental condition used were the same as 

that of Figure 2.34, except the electrolyte concentration was varied from 0.10 M to 2.0 M 

NaNO3. 

Figure 2.36 shows the effect of NaNO3 concentration on the measured Qtotal, Qnet and 

Qblank in presence of 0.20 mM glucose (Figure 2.36a) and 0.20 mM KHP (Figure 2.36b), 

respectively.  For all cases investigated, the measured Qnet and Qblank were found to be 
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increased as the supporting electrolyte concentration was increased from 0.10 M to 1.0 M, 

suggesting an insufficient charge migration capacity 21.  In contrast, the measured Qblank 

was found to decrease when the NaNO3 concentration was varied with in the same 

concentration range.  The measured Qtotal, Qnet and Qblank became independent on the 

change in electrolyte concentration when the NaNO3 concentration was equal to or greater 

than 1.0 M.  Hence, 2.0 M NaNO3 was selected as the supporting electrolyte concentration 

by considering the worst scenario.  Under such an electrolyte concentration, the measured 

Qnet is independent of the variations of supporting electrolyte concentrations.  More 

importantly, the photocurrent is saturated at the similar potentials to those in a bulk cell, 

which indicates the supporting electrolyte concentration of 2.0 M NaNO3 was sufficient in 

maintaining a low iR-drop. 
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Figure 2.36 Effect of NaNO3 concentration on Qnet and Qblank for photoelectrocatalytic 
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 oxidation of (a): 0.20 mM glucose and supporting electrolyte solution; (b): 
0.20 mM KHP and supporting electrolyte solution. 

Effect of pH  

As aforementioned, the solution pH affects the speciation of both surface functional 

groups of the TiO2 photoanode and the chemical forms of organic compounds in the 

solution.  Additionally, the solution pH also affects the flat band potential or the band edge 

potential of TiO2 60.  All of these pH dependent factors may also affect the 

photoelectrocatalytic degradation of organics.  The effect of the solution pH on Qtotal, Qnet 

and Qblank in presence of glucose and KHP was then investigated.  All experiments were 

carried out under the same conditions as for Figure 2.34 except the solution pH was varied 

from pH 2.5 to pH 11.  

Figure 2.37 shows the effect of solution pH on the measured Qtotal, Qnet and Qblank in 

presence of glucose (Figure 2.37a) and KHP (Figure 2.37a), respectively.  It was found 

that for all cases investigated, the measured Qtotal and Qblank were gradually increased as 

the solution pH was increased from 2.5 to 9.0.  When the solution pH was beyond 9.0, an 

increase in pH led to a decrease in Qtotal, but a sharp increase in Qblank.  However, the 

measured Qnet was found to be increased as pH was increased from 2.5 to 4.0 and 

decreased when pH was greater than 9.0, but independent of pH variations within the 

range of pH4.0 to pH9.0.  Based on these observations, the suitable pH range for the TiO2 

photoanode should be between pH 4.0 and 9.0. 
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Figure 2.37  Effect of pH on Qnet and Qblank for photoelectrocatalytic oxidation of (a): 

0.20 mM glucose and supporting electrolyte solution; (b): 0.20 mM KHP 
and supporting electrolyte solution. 

Effect of organic concentration  

Under optimized condition, the effect of organic concentration on the Qnet was 

investigated using glucose and KHP as model organics to represent weak and strong 

adsorbents.  All experiments were performed under exhaustive degradation conditions 

with a constant light intensity of 8.0 mW/cm2 in a 2.0 M NaNO3 solution containing 

different concentration of glucose or KHP at pH 5.6.  The applied potential bias was fixed 

at +0.30 V versus a saturated Ag/AgCl reference electrode. 

Figure 2.38a shows the plot of Qnet against KHP and glucose concentration.  It can be 

seen from the figure that obtained relationships between the net charge and the substrate 

concentration were linear for both cases investigated.  Slopes of 10.50 and 8.14 mC/mM 

were obtained for the KHP and glucose, respectively.  According to Faradic Law, the 

slope of the Q-C curve should be directly proportional to the electron transfer number for 

mineralisation.  It is known that the electron transfer numbers for completely mineralising 

KHP and glucose are 30 and 24, respectively.  Accordingly, the theoretical slope ratio of 

KHP and glucose should be 1.25.  The calculated slope ratio of KHP to glucose from 

Figure 2.38a was found to be 1.29, which is close to the theoretical ratio, indicating the 

complete mineralisation of both KHP and glucose had been achieved.  Given the cell 

volume of 3.589 μl, the theoretical slopes of straight line should be ca. 10.39 and 8.31 

mC/mM, respectively.  This means that the experimental slope values for KHP and 

glucose were 101.1% and 98.0% of the theoretical slope values, respectively.  Considering 

the experimental errors and the purity of the reagents, it is reasonable to claim that 
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exhaustive degradation of KHP and glucose has been achieved and electron collection 

efficiency is 100%.  
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Figure 2.38  Photoelectrocatalytic oxidation of glucose and KHP. (a) Qtotal-C 

relationships; (b): the correlation between the Qnet and Qtheoretical.  

In order to further confirm this, the obtained Qnet was plotted against the theoretical 

charge (Qtheoretical) and given in Figure 2.38b.  The theoretical charges (Qtheoretical) required 

for mineralisation of KHP and glucose was calculated using Equation 2. The trend line of 

best fit has a slope of 0.9952 with R2=0.9981, which is close the unity.  This confirms that 

complete mineralisation has been achieved and 100% photogenerated electrons have been 

collected. 
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2.4 CONCLUSION  

This chapter described the fabrication and characterisation of the nanoparticulate 

TiO2 photoanode. 

The general characterisation results revealed follows: 

1. TiO2 colloids prepared via a sol-gel method possessing particles size ranged from 

10 to 15 nm.  Electron diffraction patterns of TiO2 colloids after hydrothermal 

showed that the particles are well-defined polycrystalline particles. 

2. XRD analysis showed that the coated TiO2 photocatalyst consisted of mainly the 

anatase phase and small portion of rutile phase.  SEM images revealed that the 

sizes of secondary particles were ranged from about 30 nm to 50 nm.  The primary 

particles, which is similar to colloidal particles, about 10-15 nm size still can be 

seen. 

The photoelectrocatalytic properties of the resultant TiO2 photoanode were 

systematically evaluated using water, as well as organic model compounds such as 

glucose and KHP (to represent weak and strong adsorbents) in both bulk and thin-layer 

photoelectrochemical cells.  The findings are summarised as following: 

3. With the increase of the potential bias from +0.30 to +0.80 V (versus Ag/AgCl), a 

saturated photocurrent (Isph) can be obtained for both the bulk and thin-layer cell.  

In the thin-layer cell, the steady-state photocurrents and Qnet were independent of 

potential bias when the potential was ranged from +0.30 to +0.80 V (versus 

Ag/AgCl).  In other words, the Qnet measured was essentially the same as the 

theoretical charge required regardless of the substrate concentration when the 

applied potential bias fell in this range.  This means that all photoelectrons 

generated from the photocatalytic oxidation of organics can be quantitatively 

collected and accounted for when +0.30 V (versus Ag/AgCl) of the potential bias 

was employed. 

4. It was observed that the steady-state photocurrent value increase linearly with the 

light intensity in the thin-layer cell.  The net charge (Qnet), which is originated 

from the oxidation of organic compounds, was essentially constant within the light 

intensity range tested when the light intensity was above 8.0 mW/cm2.  

Consideration all the factors, a relatively lower (but sufficient) light intensity of 

8.0 mW/cm2 was chosen for all subsequent experiments. 
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5. In the thin-layer cell, the steady-state photocurrents showed no obvious change 

when the NaNO3 concentration above 1.5 M.  The Qnet was found to be a fixed 

value when the concentration of NaNO3 was higher than 1.0 M.  Hence, the 

supporting electrolyte concentration of 1.5 M NaNO3 was sufficient to maintain 

the low iR-drop.  And 2.0 M NaNO3 was selected as the supporting electrolyte 

concentration by considering the worst scenario in the thin-layer cell. 

6. It is found that the steady-state photocurrent showed no obvious change when the 

pH was ranged from 2.5 to 9.2.  The Qnet was found to be independent of pH 

variations within the pH range of 4.0 to 9.0.  Therefore, the above results suggest 

that the suitable pH range for the TiO2 photoanode is between 4.0 and 9.0. 
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3.1 INTRODUCTION 

Over the recent decades, a noticeable increase interest in more effective treatments of 

wastewater having high loads of nitrogen-containing organic compounds due to the 

increased pollution to surface and groundwater 1-9.  There are large numbers of nitrogen-

containing compounds exist in the nature.  Amino acids are a particularly important 

category of nitrogen-containing compounds.  Amino acids are the building block of 

proteins, and combine the acidic (–COOH) and the basic (–NH2) functional groups.  This 

category of nitrogen-containing compounds can cause severe water quality problems such 

as eutrophication, which could lead to the rapid growth of the algae and bacteria in the 

drinking water.  The development of advanced water and wastewater treatment 

technologies are therefore highly desirable 10-12. 

A number of previous studies have suggested that the photocatalytic oxidation of 

adsorbed organics at the irradiated semiconductor surface is a primary step for a 

photocatalysis process.  By measuring the zeta potential and 1H NMR spectroscopy of 

TiO2 aqueous suspension systems for seven different amino acids, Tran et al 13 observed 

that the acidity of the TiO2 surface changed due to the adsorption of the amino acids on 

the TiO2 surface.  Phenylalanine is adsorbed by the amino group, leading to the low 

photodecomposition rate, while the amino acids containing –OH (serine), –NH 

(tryptophan, histidine), or –NH2 (asparagine) appeared to be adsorbed more easily by 

these side chain, and therefore to be more vulnerable to photocatalytic oxidation.  

However, other researchers 14 proposed that the organics chemisorbed to the catalyst 

surface is predominantly through the carboxylate oxygen atoms.  Recently, by calculating 

the point charges of all individual atoms in the amino acids, Horikoshi et al 15 confirmed 

that the point of chemisorption of the amino acids is mainly through the carboxylate 

oxygen though there may be a remote possibility of contribution by alcoholic oxygen or 

other function groups.  

For photo-assisted mineralisation of organic molecules containing heteroatoms such 

as nitrogen, N could be converted to NO3
-, NO2

- and/or NH4
+ ions 16.  However, when a 

N–N bond is present in the original substrate, the production of N2 gas can be observed as 

one of the mineralisation by-products 17.  The photocatalytic mineralisation of amino acids 

normally yields NH4
+ and NO3

- ions, depending on the structural fragment bonded to the 

α-carboxylic acid functional group 15.  The nitrogen in the amino acids is typically 

converted into NH4
+ ions, and to a lesser extent to NO3

-, while carbon atoms are converted 

into CO2, as demonstrated by Hidaka and co-workers’ work.  They 8 investigated the 
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photocatalytic mineralisation of a series of amino acids at TiO2 photocatalysis surface 

illuminated with UVA and UV-B by measuring the CO2 evolution and the conversion of 

the amine group to NH4
+ and NO3

- ions.  A number of amino acids photocatalytic 

degradation mechanisms have been proposed.  TiO2 surface electrons and surface •OH 

radicals can react with amino acids and lead to deamination to give NH3.  While the 

reaction with •OH, HO2
• radicals lead to formation of CO2 in various pathways.  The same 

research group 15 carried out a more detailed research on the photocatalytic degradation 

pathway of the three amino acids L-serine, L-phenylalanine and L-alanine based on the 

experiment and molecular orbital calculations.  They found that the rates of loss of the 

amine, of the evolution of CO2, and of the formation of the NH4
+ and NO3

- were different 

widely because of their various side chains on the α-carbon. 

Fox et al’s 18 research found that the •OH radicals generated on the TiO2 surface can 

competitively attack the terminal –COOH and –NH2 groups.  Accordingly, they proposed 

that the α-carbon adjacent to the primary amine is initially oxidised to promote scission of 

the N-C bond, whereas the N-C bond in the amide moiety is easily and readily cleaved.  

Subsequent to cleavage of the N-C bond in the primary amine homologs, formation of 

NH4
+ ions is fairly rapid and reflects the variation in the number of the methylene groups 

or chain length.  While, Monig et al 19 suggested that the positive charge of [NH3]+– 

mediates the attacking electrophilic •OH radical to C-H bonds located further away from 

the α-carbon.  

To date, all reports on photocatalytic degradation of amino acids were conducted in 

TiO2 particle suspension systems.  No published work on photoelectrocatalytic 

degradation of the amino acids can be found in the literature.  

The main objectives of this chapter are two-folds.  One is to quantitatively evaluate 

the efficiencies of photocatalytic (PC) and photoelectrocatalytic (PEC) degradation of 

amino acids.  Another is to gain a better understanding on the mechanistic pathways of PC 

and PEC degradation of amino acids and the differences between the two techniques.  The 

former provides information to enable the selection of an effective amino acids removal 

technique (e.g., PC or PEC).  The later provides useful information, facilitating 

mechanistic understanding of PC and PEC degradation of larger biological molecules such 

as proteins because amino acids are the building block of such larger biological molecules.  

In order to achieve these objectives, we systematically investigated PC and PEC 

degradation of twenty amino acids at illuminated nanoparticulate TiO2 photoanode using a 

specially designed thin-layer photoelectrochemical cell.  All experiments were carried out 
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under comparable experimental conditions, enabling a meaningful comparison of PC and 

PEC degradation processes.  As representative test compounds, the PC and PEC 

degradation products of phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) were 

presented.  PC and PEC degradation efficiencies were presented using three test amino 

acids.  For a given amino acid, the mineralisation ratios of PEC/PC processes were 

quantified, providing quantitative information regarding the degradation efficiencies.  A 

HPLC system equipped with a photo-diode-array (PDA) detector was employed to obtain 

the information of PC and PEC degradation products.  The frontier electron densities 

(FEDs) of all test amino acids were calculated to predict the initial reaction site/position 

on amino acids via electron extraction (direct photo hole reaction in PEC process) and 
•OH radical (or equivalent) attack (PC process) mechanisms.  

3.2 EXPERIMENTAL 

3.2.1 Chemicals and Materials   

Indium tin oxide conducting glass slides (ITO, 8 Ω/square) were purchased from 

Delta Technologies Ltd. (USA).  Titanium butoxide (97%, Aldrich), all the amino acids 

examined in this study (see Table 3.1) were supplied by Sigma and used as received.  

Other chemicals used were of analytical grade and purchased from Aldrich unless 

otherwise stated.  All solutions were prepared using high purity deionised water (Millipore 

Corp., 18 MΩ cm).  

Table 3.1 Amino acids examined in the present study. 
Type of 

side chain 
Name Abbr Chemical 

formula 
Molecular 

weight 
Abs. 
λmax(nm)

3NHn  −
3NOn

 
Valine a Val C5H11NO2 

 
117.1469 

 
 24 26 

Alanine b Ala C3H7NO2 
 

89.0935 
 

 12 20 

Leucine a Leu C6H13NO2 
 

131.1736 
 

 30 38 

Isoleucine a Ile C6H13NO2 
 

131.1736 
 

 30 38 

Aliphatic 

Glycine b Gly C2H5NO2 
 

75.0669 
 

 6 14 

Phenylalanine a Phe C9H11NO2 

 
 
 

165.1900 
 
 
 

257 
206 
188 

 

40 48 Aromatic 

Tryptophan a Trp C11H12N2O2 
 
 

204.2262 
 
 

280 
219 

 

46 62 

Phenol Tyrosine b Tyr C9H11NO3 

 

 
 

181.1894 
 
 
 

274 
222 
193 

 

38 46 

Alcohol Serine b Ser C3H7NO3 105.0930  10 18 
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Threonine a Thr C4H9NO3 
 

119.1197 
 

 16 24 

Aspartic acid b Asp C4H7NO4 
 

133.1032 
 

 12 20 Acid 

Glutamic acid b Glu C5H9NO4 
 

147.1299 
 

 18 26 

Asparagine b Asn C4H8N2O3 
 

132.1184 
 

 12 28 Amide 

Glutamine b Gln C5H10N2O3 
 

146.1451 
 

 18 34 

Histidine a His C6H9N3O2 
 

155.1552 
 

211 20 44 

Lysine a Lys C6H14N2O2 
 

146.1882 
 

 28 44 

Basic 

Arginine a Arg C6H14N4O2 
 

174.2017 
 

 22 54 

Thiol Cysteine b Cys C3H7NO2S 
 

121.1590 
 

250 
 

18 26 

Sulphur 
containing 

Methionine a Met C5H11NO2S 
 
 

149.2124 
 
 

 30 38 

Imine Proline b Pro C5H9NO2 115.1310  22 30 

* Abbr: Abbreviation. Abs.: Absorbance. +
43 / HNNHn and −

3NO
n  are the required number of electron 

transfer for converting N to NH3/NH4
+ and NO3

-, respectively. a: Essential amino acid. b: 
Nonessential amino acid. 

3.2.2 UV-LED/TiO2 Photoelectrochemical Cell 

The procedures used for TiO2 colloids preparation and TiO2 photoanodes fabrication 

were the same as described in section 2.2.2.1 and 2.2.2.2 of Chapter 2.  The schematic 

diagram of the UV-LED/TiO2 thin-layer photoelectrochemical cell was the same as 

described in Figure 2.2 of Chapter 2.  2.0 M NaNO3 was used as the supporting electrolyte 

(blank solution).  The UV intensity at the photoanode surface was controlled at 8.0 

mW/cm2, measured with an UV-irradiance meter (UV-A, Beijing Normal University), 

unless otherwise stated. 

3.2.3 Procedures 

Both photocatalytic (PC) and photoelectrocatalytic (PEC) degradation experiments 

were performed under identical UV intensity using the same UV-LED/TiO2 thin-layer 

photoelectrochemical cell.  For PEC degradation experiments, a 2.0 M NaNO3 solution 

was used as the supporting electrolyte.  A voltammograph (cv-27, BAS) was used for 

electrochemical control.  Potential and current signals were monitored using a Macintosh 

computer (7220/200) coupled with a Maclab 400 interface (AD Instruments).  For the 

exhaustive degradation experiment, a sample containing various concentrations of amino 

acids and 2.0 M NaNO3 was injected into the thin-layer cell via a precision pump before 

the degradation process and then subjected to PC and PEC oxidation.  For samples need 

HPLC analysis after PC and PEC oxidation, a continuous sample injection model via a 
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precision pump during the degradation process was used.  Under such conditions, the 

reaction time of a sample was controlled by adjusting the flow rate.  A sufficient volume 

of the reacted sample was collected for further analyses after the system reaching its 

steady-state for which the collected sample had been subjected to the same reaction time.  

A 2.0 M NaNO3 solution was used to clean the cell in between the two sample injections.  

PC degradation experiments were conducted under identical experimental conditions as 

PEC experiments, except the electrochemical system was disconnected.  

3.2.4 Calculations 

For PEC experiments, the extent of the mineralisation was determined by measuring 

the charge originated from the photocatalytic oxidation of amino acids using PeCODTM 

technique 20, 21.  Figure 3.1 illustrate the method of the quantification of the net charge 

(Qnet) that is originated from photoelectrocatalytic degradation of amino acids.  With the 

blank electrolyte solution, the observed photocurrent (iblank, solid line) can be attributed to 

photoelectrocatalytic oxidation of water.  In the presence of organics, the observed 

photocurrent (itotal, dashed line) was due to photoelectrocatalytic oxidation of both organic 

compounds and water 22.  After the organic compound in the thin-layer cell is completely 

consumed, the photocurrent is decayed to the blank photocurrent due purely to the 

photoelectrocatalytic oxidation of water.  The net charge (Qnet) originating from 

photoelectrocatalytic degradation of organic compound can be measured by the charge 

difference between the two cases 20.  That is: 

blanktotalblanktotalnet QQdtidtiQ −=−= ∫∫ )()(   (3.1) 

 

0 100 200 300
0.00

0.02
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I ph
 (m

A
)

Qnet=Qtotal-Qblank

itotal 

iblank 

 
Figure 3.1 Schematic illustration of charge quantification using a set of typical 
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photocurrent profiles of the TiO2 photoanode in the thin-layer 
photoelectrochemical cell of photoelectrocatalytic degradation of organic 
compounds. 

In a PC or PEC degradation process, the nitrogen atoms in amino acids can be 

converted to NH3 or NO3
- or both.  The stoichiometric mineralisation of amino acids with 

nitrogens being converted to NH3 or NO3
- can be generically represented by Equations 3.2 

and 3.3: 

−+− −−+−+−+−+++⎯→⎯−+ eqkmjyHkmjykNHqXyCOOHjyXNOHC qkjmy )324()324()2( 322
         (3.2), 

qkmjynNH −−+−= 324
3

 (3.2a), 

−+− −++−+++−+++⎯→⎯+−+ eqkmjyHkmjykHNOqXyCOOHkjyXNOHC qkjmy )524()524()32( 322
 (3.3), 

qkmjyn
NO

−++−=− 524
3

 (3.3a), 

where N and X represents nitrogen and halogen atom, respectively.  The numbers of 

carbon, hydrogen, oxygen, nitrogen and halogen atoms in the organic compound are 

represented by y, m, j, k and q. 
3NHn and −

3NO
n  are the required number of electron transfer 

for converting N to NH3/NH4
+ and NO3

-, respectively. 

Note that the measured net charge can be quantitatively converted to the equivalent 

amount of organic compound being oxidised, in accordance with Faraday’s law 20: 

Fn
QCVAmountdMineralise
NH

net

3

 ==   (3.4), 

Fn
QCVAmountdMineralise
NO

net

−

==
3

   (3.5), 

where C, V and F are the concentration of amino acids, the volume of the thin-layer cell 

and Faraday constant, respectively. 

The Equations 3.4 and 3.5 suggest that the mineralised amount is directly 

proportional to the measured net charge (Qnet), which was therefore used to calculate the 

percentage of PEC mineralisation in accordance to: 

%100(%) ×=
th

net

Q
QtionMineraliza    (3.6), 

where Qth is the theoretically required charge to complete mineralisation that can be 

calculated using Faraday’s Law, according to reactions 3.2 and 3.3 20, 22.  
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For PC experiments, the extent of the mineralisation was also determined by 

measuring the charge originated from the photocatalytic oxidation of amino acids using 

PeCODTM technique 20, 21.  Figure 3.2 shows a set of typical photocurrent-time profiles 

obtained during exhaustive PC degradation of amino acids in the thin-layer cell and is 

used to illustrate the method of the quantification of the net charge (∆Qnet) that is due to 

photocatalytic degradation of amino acids.  The im1 and im2 represent the photocurrent 

profiles of the same sample solution before and after PC treatment.  Qm1 and Qm2
 are net 

charges of the sample before and after photocatalytic degradation and calculated in 

accordance with: 

dtidtiQ blankmm )()( 11 ∫∫ −=   (3.7), 

dtidtiQ blankmm )()( 22 ∫∫ −=   (3.8), 

The net charge due to PC degradation (∆Qnet) can therefore be calculated as: 

21 mmnet QQQ −=Δ     (3.9),  

which is the shaded area indicated in the Figure 3.2.  

As aforementioned, the mineralised amount is directly proportional to ∆Qnet, the 

percentage of PC mineralisation can therefore be calculated according to: 

%100%100(%) 21 ×
Δ

=×
−

=
th

net

th

mm

Q
Q

Q
QQtionMineraliza  (3.10), 
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Figure 3.2 Schematic illustration of charge quantification using a set of typical 

photocurrent profiles of the TiO2 photoanode in the thin-layer 
photoelectrochemical cell of photocatalytic degradation of organic 
compounds. 
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3.2.5 Analysis 

Intermediate degradation products were analysed using a Waters 996 HPLC/MS 

(Micromass, Manchester, UK) equipped with a photo-diode array detector (PDA) detector 

and an electro-spray ionisation (ESI) source.  The elution was carried out using a Gemini-

NX C18 column (Phenomenex, USA).  The separation of amino acids and the 

intermediates was performed with isocratic elution using a 42%:20%:38% by volume 

water, methanol and acetonitrile.  The eluent flow rate was maintained throughout at 1 

ml/min.  Nitrogen was used as nebulizer and dry gas.  The PDA detection wavelength was 

set between 191 to 400 nm for acquiring chromatograms and quantitative analysis.  The 

mass spectrum was obtained from 50 to 300 m/z.  The mass spectrometer was operated in 

positive ion mode.  The cone voltage is 30 V for each of the sample.  

3.2.6 Frontier Electron Densities Calculations 

The molecular orbital (MO) calculations were carried out by using Gaussian 03 

program (Gaussian, Inc.) at the single determinant (HF/3-21) level with the optimal 

conformation having minimum energy obtained at the B3LYP/6-31G* level.  And then the 

frontier electron densities (FEDs) of the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) were calculated.  We obtained the 

values of 2FEDHOMO
2 and (FEDHOMO

2 + FEDLUMO
2) to predict the reaction sites for 

electron extraction and radical attack, respectively 23, 24.  All the calculations were 

performed on a personal computer. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Photocatalytic Degradation 

The photocatalytic degradation of amino acids was firstly investigated.  It is well 

known that amino acids contain organic nitrogens that can be converted to different 

oxidation states (i.e., HN3/NH4
+ and NO3

-).  For this work, the mineralisation percentages 

were calculated by assigning the measured charge transfer to the mineralisation products 

with organic nitrogens being 100% converted to NH3/NH4
+ or NO3

-.  Table 3.1 summaries 

the number of electron transfer required for mineralising organic nitrogens of three 

representative amino acids to NH3/NH4
+ ( +

43 / HNNHn ) and NO3
- ( −

3NO
n ).  It is obvious that the 

extent of mineralisation could be strongly influenced by the final mineralisation products 

of the organic nitrogens because for a given amino acid, the numbers of electron transfer 

required to convert the organic nitrogen to NH3 and NO3
- are dramatically different.  
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Table 3.2 Number of electrons required for complete mineralisation of N to 
NH3/NH4

+ ( +
43 / HNNHn ) and NO3

- ( −
3NO

n ).  

Amino acids +
43 / HNNHn  −

3NOn  −+
343 / NOHNNH nn  

Phenylalanine (C9H11NO2) (Phe) 40 48 0.833 

Tyrosine (C9H11NO3) (Tyr) 38 46 0.826 

Tryptophan (C11H12N2O2) (Trp) 46 62 0.742 

Figure 3.3 shows a set of typical photocurrent–time profiles obtained from 

phenylalanine (Phe) samples before and after PC treatment.  These photocurrent profiles 

are used to obtain the percentage mineralisation of PC treated samples by measuring the 

amount of electrons lost during the PC treatment in accordance with Equations 3.7 to 3.10. 
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Figure 3.3 Typical photocurrent–time profiles of different phenylalanine (Phe) 

concentrations in the thin-layer photoelectrochemical cell (electrolyte 
concentration: 2.0 M NaNO3; light intensity: 8.0 mW/cm2; applied potential 
bias: +0.30 V (vs. Ag/AgCl)). 

Figure 3.4 shows the plots of the mineralisation percentage of PC treated samples 

against the equivalent electron concentration (Ceq) for organic nitrogens mineralised to 

NH3/NH4
+ and NO3

-.  All samples were photocatalytically treated for 300 s under 8.0 

mW/cm2 UV light intensity.  The equivalent electron concentrations were calculated 

according to Ceq= +
43 / HNNHn ·CM for Figure 3.4a and Ceq= −

3NOn ·CM for Figure 3.4b, 

respectively, where CM is the molar concentration of the amino acids.  The use of Ceq 

allows a more meaningful comparison among different amino acids because such a non-

characteristic concentration unit represents the electron demands for complete 

mineralisation 22.  More importantly, the electron demand for a given Ceq is the same for 

all amino acids, regardless of their chemical structures and electron transfer numbers 22.  
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For all cases investigated, an increase in the Ceq led to a decrease in the mineralisation 

percentage for converting organic nitrogens to both NH3/NH4
+ and NO3

-.  A rapid 

decrease of the mineralisation percentage with increased Ceq within low concentration 

rage for other 17 PC treated amino acids investigated (not shown here) was also observed 

for converting organic nitrogens to both NH3/NH4
+ and NO3

-.  However, Tyr exhibited a 

higher mineralisation percentage at lower concentration but lower mineralisation 

percentage at higher concentrations than the other two amino acids.  The mineralisation 

percentage values and the effect of Ceq on these values for the Phe and Trp were very 

similar, except that the Trp had higher mineralisation percentage values all the 

concentration tested.  
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Figure 3.4. Photocatalytic degradation of phenylalanine (Phe), tyrosine (Tyr) and 
tryptophan (Trp): Mineralisation percentage against Ceq for N oxidised to 
(a) NH3 and (b) to NO3

-. 
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These results are agreed well with other reported relative reaction rates 25.  Table 3.3 

summarised the general susceptibility of an amino acid side chain toward oxidation by 

hydroxyl radical.  It shows that Trp is to be 1.9-fold more reactive to initial attack.  While 

other researchers found that Trp was the most reactive non-sulfur containing residue and 

was about 1.6-fold as reactive as Phe in their examination 25.  The reactivity of Trp, Tyr, 

and Phe, are about 17-, 12-, and 11-fold that of Pro 25.  Hidaka et al found that it would 

take ca. 5 hrs of PC reaction for L-Phe to lose the aromaticity, whereas loss of aromaticity 

in the L-Trp is almost complete after 2 hrs of irradiation 8. 

Table 3.3 Rate constants for reaction of amino acids with hydroxyl radical a 

•OH substrate 

Rate (M-1 s-1) pH 

Phe 6.9 × 109 7-8 

Tyr 1.3 × 1010 7.0 

Trp 1.3 × 1010 6.5-8.5 
ahttp://allen.rad.nd.edu/browse compil.html. 

3.3.2 Photoelectrocatalytic Degradation 

The photoelectrocatalytic degradation of amino acids was then investigated.  All 

samples were photoelectrocatalytically treated for 300 s under 8.0 mW/cm2 UV intensity 

with an applied potential bias of +0.30 V vs. Ag/AgCl.  Except the applied potential bias, 

these experimental conditions are identical to those of PC experiments as described in the 

experimental section. 

Figure 3.5 shows a set of typical photocurrent–time profiles obtained from tryptophan 

(Trp) samples during PEC treatment.  These photocurrent profiles are used to obtain the 

percentage mineralisation of PEC treated samples by measuring the amount of electrons 

lost during the PEC treatment in accordance with Equations 3.1 and 3.6.  

Figure 3.6 shows the plots of the mineralisation percentage of PEC treated samples 

against Ceq for organic nitrogens mineralised to NH3/NH4
+ and NO3

-.  In general, the 

mineralisation efficiencies of all PEC treated samples converting to both HN3/NH4
+ and 

NO3
- were found to be much higher than that of PC treated samples under the same 

experimental conditions, suggesting a superior PEC degradation capability.  In strong 

contrast to the PC treated samples, the effect of concentration on Phe mineralisation 

percentage was found to be insignificant, while for the Tyr and Trp, the mineralisation 

percentage decreased as the Ceq was increased.  For Tyr and Trp converting to NH3/NH4
+ 
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within lower concentration range (i.e., Ceq<11 meq of electrons), the observed 

mineralisation percentages were higher than that of Phe (Figure 3.6a).  For Tyr and Trp 

converting to NH3/NH4
+, the mineralisation percentages obtained from lower 

concentration range followed an order of Trp>Tyr>Phe (Figure 3.6a).  Similarly, for Tyr 

and Trp converting to NO3
- within lower concentration range (i.e., Ceq<8 meq of electrons), 

the observed mineralisation percentages were higher than that of Phe (Figure 3.6b).  

However, a completely reversed order of Tyr>Trp within the entire concentration range 

investigated was observed for converting to NO3
- (Figure 3.6b).  
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Figure 3.5 Typical photocurrent –time profiles of different Trp concentrations in the 

thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 

This result can be confirmed by the previous reference 26, which is due to the 

electron-rich nature of indole that can be easily oxidised.  The heterocyclic N atom in 

pyrrole is converted predominantly to NH4
+ ions.  Concomitantly, NO3

- ions are also 

gradually produced in smaller quantities 26.  It should be noted that obtained 

mineralisation percentage of Trp within lower concentration range (i.e., <6 meq of 

electrons) for converting to NH3/NH4
+ was greater than 100%.  This suggests that at least 

some organic nitrogen contents in Trp were converted to NO3
- during PEC treatment.  

Theoretically, the electron transfer number ratio ( −+
343 / NOHNNH

nn ) follows an order of 

Phe>Tyr>Trp (see Table 3.2).  Such a ratio reflects the carbon to nitrogen ratio and their 

oxidation states in original amino acids, determines the required amount of electron 

transfer to achieve the same extent of mineralisation under photoelectrocatalytic 

conditions.  Interestingly, the observed mineralisation percentages of this group compound 
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followed the same order of Phe>Tyr>Trp, within low to medium concentration ranges for 

converting to both NH3/NH4
+ and NO3

-.  This suggests that for a given amount of electron 

transfer, the extent of mineralisation is highly dependent on the nitrogen contents and their 

oxidation states in the original amino acids.  These observed characteristics are 

distinctively different to those observed from PC treated samples where no clear pattern or 

decisive relationship between the −+
343 / NOHNNH nn  ratio and the mineralisation percentage.  

This may imply that the organic nitrogens converting to NH3/NH4
+ was dominant process.  
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Figure 3.6 Photoelectrocatalytic degradation of Phe, Tyr and Trp. (a) mineralisation 
percentage against Ceq for N oxidised to NH3 and (b) to NO3

-. 
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The differences between PEC and PC in respect to the effect of substrate 

concentration on the extent of mineralisation were quantitatively evaluated by plotting the 

PEC/PC mineralisation ratio against the Ceq (Figure 3.7).  Surprisingly, linear relationships 

were obtained for all cases investigated.  Such liner relationships reveal that the 

superiority (in terms of mineralisation efficiency) of PEC method over the PC method 

increases as the concentration increases.  Furthermore, the slope of the curve quantifies the 

degree of the superiority of the PEC method over the PC method in respect to the 

concentration change.  The obtained slops were found to follow an order of Tyr(0.815 

meq-1)>Phe(0.491 meq-1)>Trp(0.401 meq-1).  This again suggests that the carbon to 

nitrogen ratio and their oxidation states in the original amino acids determines the PEC/PC 

mineralisation efficiency.  These results also suggest that the characteristics of a PEC 

degradation process differ markedly from a PC degradation process.  Such differences 

could be due to the reaction pathway differences between the two processes that deserve a 

further investigation. 
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Figure 3.7 A plot of PEC to PC mineralisation ratio against Ceq for Phe, Tyr and Trp. 

3.3.3 Frontier Electron Densities 

The PC and PEC degradation results of amino acids obtained above have clearly 

demonstrated the degradation behaviour differences among the two processes.  These 

differences could be due to the mechanistic pathway differences between the PC and PEC 

processes.  It is well known that photo-induced electrons and holes could be created, when 

TiO2 nanoparticles were illuminated by UV light with wavelength of less than 400 nm.  

Moreover, these photo-induced electrons and holes (h+) could further react with hydroxyl 

ions or water to form active oxidative radicals, for example hydroxyl radicals (•OH) 10.  

Therefore, in the PC degradation process, active •OH are mainly involved in indirect 
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addition/substitution reaction 27.  The direct photohole attack is likely to occur in a PEC 

degradation process than that of a PC process.  This could be one of the most important 

attributes that deviates the mechanistic pathways of a PEC process from a PC process. 

Theoretically calculated frontier electron densities (FEDs) have been recognised as a 

useful tool for predicting initial reaction step 23, 24.  More importantly, the obtained values 

of 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) can be used to estimate the initial reaction 

sites for electron extraction (i.e., direct photohole attack) and radical attack (•OH), 

respectively 23, 24.  The values of 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) were therefore 

calculated in this work and used to evaluate the differences in initial reaction steps of PC 

and PEC processes.  

Table 3.4 summarised FEDs calculation results for three representative amino acids.  

For L-Phenylalanine, the higher 2FEDHOMO
2 values were obtained for C4 (0.3486) and C7 

(0.3223) indicating the initial h+ attacks are likely to occur on these two carbon atoms.  

For •OH attacks, the obtained (FEDHOMO
2+FEDLUMO

2) values indicate the same carbon 

atoms, C4 (0.4756) and C7 (0.4842), are also likely to be the initial reaction sites.  

Similar results were obtained from tyrosine or 4-hydroxyphenylalanine where higher 

probability for h+ (C4, 0.3591 and C7, 0.2296) to attack carbon atoms, which are the same 

carbon atoms as phenylalanine.  However, based on the FEDHOMO
2+FEDLUMO

2 values, the 

higher electron density atom is C6 (0.4223) and C9 (0.4133).  Therefore, C6 and C9 should 

be the first site •OH radicals attacked, which is different from the •OH attacked atoms.  

The probable reason is that the hydroxy group is considered to be an electron donating 

group, it increase the electron density by releasing electrons into a reaction centre.  

For tryptophan, the distinguishing structural characteristic is that it contains an indole 

functional group.  Indole is an aromatic heterocyclic organic compound.  It has a bicyclic 

structure, consisting of a six-membered benzene ring fused to a five-membered nitrogen-

containing pyrrole ring.  The participation of the nitrogen lone electron pair in the 

aromatic ring means that indole is not a base, and it does not behave like a simple amine.  

The most reactive position on indole for electrophilic aromatic substitution is C5, which is 

1013 times more reactive than benzene.  Since the pyrrollic ring is the most reactive 

portion of indole, nucleophilic substitution of the carbocyclic (benzene) ring can take 

place only after N7, C6, and C5 are substituted (http://en.wikipedia.org/wiki/Indole).  

However, if this indole functional group is in the tryptophan structure, the atom with 

highest electron densities is different from the indole.  From the results of frontier electron 

density calculations of the atoms in Trp (Table 3.4) show that the largest 2FEDHOMO
2 
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value were found at the C5 (0.2924) and C6 (0.2273) atoms.  Consequently, it seems that 

the C5 or C6 atoms should be the sites at which the first electron is extracted.  While, the 

position of attack by the •OH radicals on the Trp structure can be inferred from the results 

of FEDHOMO
2 + FEDLUMO

2 theoretical calculations, which demonstrated that the C9 

(0.3500) and C12 (0.3828) atoms bear the largest electron densities and thus are most 

prone to be attacked by hydroxyl radicals; and C6 also has significant electron densities.  

This calculation result is agreed with other researchers’ experimental analysis very well, 

which suggested that •OH radicals can interact with the benzene moiety of Trp, and the 

pyrrole moiety is still free to react 25.  Besides three representative amino acids, the 

theoretically FEDs of other 17 amino acids were also calculated and summarised in Table 

3.5.  However, we will not discuss them in detail in this chapter. 

A summary of the above observations is that the predicted favourable initial reaction 

sites induced by h+ and •OH are different for some cases investigated.  This may mean a 

mechanistic pathway difference for PC and PEC processes.  

Table 3.4  Frontier electron densities (FEDs) on atoms of amino acids calculated by 
using Gaussian 03 Program.  

L-Phenylalanine 

H2N

O

OH1

2

34

56

7

8 9
10

11

12  
Atom  2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.0093 0.0060 C7 0.3223 0.4842 
C2 0.0418 0.1408 C8 0.0223 0.0128 
C3 0.0175 0.0631 C9 0.1654 0.3580 
C4 0.3486 0.4756 C10 0.0027 0.0208 
C5 0.0367 0.0223 O11 0.0015 0.0045 
C6 0.1586 0.3410 O12 0.0017 0.0057 

 

 
 

L-Tyrosine 

H2N

HO O

OH

7 4

56

8 9

10

1

2

3

11

12

13
Atom  2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.0077 0.0152 C8 0.1055 0.3251 
C2 0.0458 0.0647 C9 0.0894 0.4133 
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C3 0.0130 0.0424 O10 0.2234 0.1122 
C4 0.3591 0.1843 C11 0.0023 0.0088 
C5 0.0403 0.2907 O12 0.0013 0.0024 
C6 0.1730 0.4223 O13 0.0014 0.0017 
C7 0.2296 0.1193    

 

L-Tryptophan 

NH2

N
H

O

OH1

14

15
3

2

45

6
7

89

10

11 12

13

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

C1 0.0018 0.0065 C9 0.1404 0.3500 
N2 0.0107 0.0076 C10 0.1643 0.2687 
C3 0.0460 0.0300 C11 0.0099 0.0306 
C4 0.0072 0.0062 C12 0.1812 0.3828 
C5 0.2924 0.2102 C13 0.0380 0.1199 
C6 0.2273 0.3343 O14 0.0006 0.0006 
N7 0.1681 0.1222 O15 0.0023 0.0021 
C8 0.0463 0.0278    

 
Table 3.5  Frontier electron densities (FEDs) on atoms of amino acids calculated by 

using Gaussian 03 Program.  

L-Valine 

1

2

4

3
5

6

NH2

O

OH

7

8

 
Atom  2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 0.3211 0.3162 C5 0.0381 0.2152 
C2 0.2880 0.3296 C6 0.0949 0.4869 
C3 0.0193 0.5670 O7 0.6375 0.5914 
C4 0.0094 0.0334 O8 0.2190 0.2100 

 

 
 

L-Alanine 

NH2

O

OH

1

24 3
5

6

 
Atom  2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 0.3682 0.2193 C4 0.0976 0.4860 
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C2 0.2893 0.3637 O5 0.6351 0.5911 
C3 0.0187 0.7418 O6 0.2173 0.2101 

 

L-Leucine 

NH2

O

OH

1

2
3

4

5

6

7

8

9

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.8169 0.4278 C6 0.0031 0.0388 
C2 0.1220 0.2020 C7 0.2029 0.5923 
C3 0.0720 0.4828 O8 0.1651 0.3973 
C4 0.0546 0.1472 O9 0.1645 0.1744 
C5 0.0088 0.0243    

 

L-Isoleucine 

1

2

4
356

7 8

9

NH2

O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

C1 0.0247 0.5091 C6 0.0008 0.0085 
N2 1.0922 0.7474 C7 0.0374 0.0407 
C3 0.0927 0.2285 O8 0.0555 0.3098 
C4 0.0744 0.1774 O9 0.0059 0.0942 
C5 0.0040 0.0533    

 

L-Glycine 

1
2 3

4

5H2N

O

OH  
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.3929 0.4413 O4 0.6597 0.5720 
C2 0.2776 0.4547 O5 0.2199 0.2048 
C3 0.0896 0.4397    

 

L-Serine 

7
1

2
3

4
5

6

NH2

HO

O

OH
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Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 
N1 0.4126 0.4874 C5 0.0702 0.4567 
C2 0.2145 0.3717 O6 0.3243 0.4056 
C3 0.0903 0.4052 O7 0.1243 0.1635 
O4 0.3110 0.1585    

 

L-Threonine 

1

2
4 3 5

67

8
NH2

OH O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 1.1369 0.9365 O5 0.0309 0.1122 
C2 0.0793 0.1720 O6 0.0403 0.3169 
C3 0.0544 0.5177 O7 0.0069 0.0164 
C4 0.0195 0.0947 C8 0.0058 0.0318 

 

L-Aspartic acid 

1

2

4 35

6

7

8

9

NH2O

HO

O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

C1 0.0192 0.3269 O6 0.0029 0.1095 
N2 1.1500 0.6924 O7 0.0025 0.0413 
C3 0.0856 0.1810 O8 0.0464 0.2224 
C4 0.0596 0.1767 O9 0.0044 0.0620 
C5 0.0007 0.1804    

 

L-Glutamic acid 

1

2

4
356

7

8

9

10

NH2

O

HO

O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

C1 0.0303 0.4781 C6 0.0008 0.0169 
N2 1.1096 0.8506 O7 0.0027 0.0122 
C3 0.0950 0.2139 O8 0.0012 0.0038 
C4 0.0547 0.1094 O9 0.0722 0.3107 
C5 0.0093 0.0504 O10 0.0096 0.0922 
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L-Asparagine 

1

2

4 35

6

7
8

9

NH2O

H2N

O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

C1 0.1767 0.5567 O6 0.0210 0.0311 
N2 0.8918 0.5644 N7 0.0230 0.0381 
C3 0.0681 0.1952 O8 0.2513 0.4033 
C4 0.0622 0.2752 O9 0.0780 0.1312 
C5 0.0156 0.0528    

 

L-Glutamine 

1

2

4 356

7

8

9

10

NH2

O

H2N

O

OH

Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2

C1 0.0225 0.5310 C6 0.0369 0.0277 
N2 0.1152 0.0733 O7 0.4990 0.2544 
C3 0.0083 0.1064 N8 0.7053 0.3597 
C4 0.0109 0.4668 O9 0.0078 0.3123 
C5 0.0354 0.1549 O10 0.0092 0.0987 

 

L-Histidine 
11

10

1

24 3

5

6

7
8

9

NH2HN

N

O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.0231 0.3805 N7 0.0419 0.0216 
C2 0.0484 0.2800 C8 0.4351 0.2234 
C3 0.0224 0.2278 C9 0.0026 0.4151 
C4 0.3528 0.1884 O10 0.0066 0.2533 
N5 0.0390 0.0317 O11 0.0034 0.0974 
C6 0.3348 0.1704    
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L-Lysine 

1

24 3
5

6

7
8

NH2

H2N

O

OH
9

10

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 0.0019 0.3304 O6 0.0001 0.2910 
C2 0.0021 0.1651 C7 0.0135 0.0420 
C3 0.0002 0.4846 C8 0.0652 0.0372 
C4 0.0034 0.0407 C9 0.0711 0.0364 
O5 0.0001 0.0909 N10 1.1389 0.5697 

 

L-Arginine 
7

8

1

2
3

45
6

NH2

N
H

NH

H2N

O

OH
12

9

10

11

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 0.0480 0.2678 C7 0.1023 0.0588 
C2 0.0016 0.3488 N8 0.2042 0.1140 
C3 0.0059 0.4432 N9 0.5860 0.3019 
C4 0.0283 0.0841 C10 0.0010 0.3467 
C5 0.0108 0.0403 O11 0.0038 0.2195 
N6 0.3805 0.2125 O12 0.0021 0.0889 

 

L-Cysteine 

1

24
3 5

6

7

NH2

HS

O

OH

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 0.0536 0.5054 C5 0.0026 0.2236 
C2 0.0847 0.3201 O6 0.0097 0.1507 
C3 0.0263 0.9502 O7 0.0056 0.0643 
S4 1.3300 1.037    

 

L-Methionine 

1

2
4 3

6

78
9

NH2

S

O

OH
5

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 
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N1 0.0017 0.3108 O6 0.0018 0.2903 
C2 0.0012 0.1725 C7 0.0223 0.0480 
C3 0.0005 0.4825 S8 1.3708 0.6959 
C4 0.0020 0.0478 C9 0.0199 0.0111 
O5 0.0002 0.0909    

 

L-Proline  

NH

O

OH

7

8
1

2

3
4

5

6
 

Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2

C1 0.1628 0.5578 C5 0.0103 0.0291 
N2 1.0208 0.8080 C6 0.0546 0.0480 
C3 0.0386 0.1352 O7 0.0981 0.3541 
C4 0.0114 0.1695 O8 0.0504 0.1182 

3.3.4 Photocatalytic and Photoelectrocatalytic Degradation Products 

The obtained FEDs calculation results suggested that PC and PEC may undergo 

different mechanistic pathways because of the initial reaction site differences when a 

given amino acid is attacked by h+ and •OH.  If these FEDs predictions are true, then 

different intermediate products should be obtained from PC and PEC treated samples.  

Experiments were therefore carried out to determine the intermediate products of PC and 

PEC treated samples (see Figures 3.8 to 3.10).  It should note that although the Waters 996 

HPLC/MS was equipped with both PDA and ESI detectors, the attempt to directly identify 

the intermediates based on ESI response was failed due to the high noisy to signal ratio.  

Figure 3.8a shows the chromatograms of PC treated phenylalanine samples.  For 

samples without treatment, an absorption peak (Phe0) with a retention time (tR) of 4.1 min, 

signifying the original phenylalanine molecule, was observed.  For 300 s PC treated 

sample, Phe1 (tR=3.5 min) was detected as earlier degradation intermediates.  Phe1 was 

found to be more hydrophilic than that of phenylalanine (Phe0).  For 600 s PC treated 

sample, the Phe1 concentration in the reaction mixture was increased to approximately 

double of its concentration in 300 s PC treated sample mixture.  When the treatment time 

was further increased, the Phe1 remains as an only dominant intermediate, and its 

concentration in the reaction mixture was increased gradually within 3000 s PC treatment.  

No new intermediate was detected within time interval investigated.  The Phe1 which are 

more hydrophilic than phenylalanine (Phe0) could be monohydroxylated or 
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dihydroxylated or even trihydroxylated intermediate 28 as a result of •OH attack on C4 or 

C7 (see FEDHOMO
2+FEDLUMO

2 value from Table 3.4). 
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Figure 3.8  The chromatograms obtained for PC (a) and PEC (b) treated 
phenylalanine samples at different reaction intervals under 8.0 mW/cm2 
UV intensity. Initial concentration: 6.00 meq (N oxidised to NH3); Applied 
potential bias for PEC: +0.30 V vs. Ag/AgCl; Retention time: tR(Phe0)=4.1 
min; tR(Phe1)=3.5 min; tR(Phe2)=3.4 min. 

Figure 3.8b shows the chromatograms of PEC treated phenylalanine samples.  An 

identical chromatogram was observed from the sample without treatment (Phe0).  A more 

hydrophilic intermediate Phe2 (tR=3.4 min) than Phe1 was detected from PEC treated 
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samples.  It must mention that Phe2 is the only detected intermediate for PEC treatment.  

The intermediate Phe2 increased with the treatment time, reached its peak after 900 s of 

PEC treatment, and then its concentration in the reaction mixture was unchanged with 

further increase of the treatment time.  It is also interesting to note that, according to the 

FEDs calculation results, although the reaction sites of the Phe for electron extraction and 

radical attack are both located on the C4 and C7 (see 2FEDHOMO
2 and FEDHOMO

2+FEDLUMO
2 

values from Table 3.4), the intermediates of the PC and PEC treatments are totally different.  

This could be one of the most important attributes that deviates the mechanistic pathways 

of a PEC process from a PC process. 

Figure 3.9 shows the chromatograms of PC and PEC treated tyrosine samples.  The 

original cytosine absorption peak (Tyr0) was observed at the retention time of 3.9 min.  

For PC treated samples (Figure 3.9a), the concentration of the cytosine decreased 

gradually with the increase of the treatment time, and decreased to below the detection 

limit after 2400 s of PC treatment.  At the same time, a dominant intermediate adsorption 

peak (Tyr1) with a retention time of 3.5 min was recorded.  The intermediate Tyr1 was 

found to be more hydrophilic than tyrosine and its concentration in the reaction mixture 

was increased as the treatment time increased.  In addition, there were no other 

intermediates were observed.  According to the reference 25, hydroxyl radical rapidly adds 

to the sites next to the original hydroxyl substituent at the side chain, followed by addition 

of an O2 in the presence of oxygen.  The subsequent elimination of peroxyl radical HOO• 

leads to the final product, 3,4-dihydroxyphenylalanine.  Multiple hydroxylations would 

generate trihydroxyphenylalanine.  In the absence of oxygen, the primary product is still 

dihydroxyphenylalanine, but with a much low yield.  Therefore, Tyr1 and Phe1, which 

have same retention time, are probable the same PC degraded intermediate, for instance, 

dihydroxyphenylalanine or trihydroxyphenylalanine. 

For PEC treated tyrosine samples (Figure 3.9b), Tyr1 is still a dominant intermediate 

with much higher concentration in comparison to the other new intermediates.  In 

comparison to PC treated samples, Tyr1 produced only with the PEC 150 s treatment, a 

new dominant intermediate of Tyr3 was detected at retention times of 3.3 min as the PEC 

treatment time equal to or greater than 300 s, the concentration of Tyr3 in the reaction 

mixtures was rapidly increased when the treatment time was increased.  This suggests that 

Tyr3 was produced from the further oxidation of intermediates.  It is worth mentioning 

that the Tyr3 is more hydrophilic than that of original tyrosine molecule.  In addition, two 

minor intermediates (Tyr2 and Tyr4) that are more hydrophobic than cytosine molecule 
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were recorded at retention times of 7.5 min and 9.4 min, respectively.  Tyr2 was found to 

be the minor intermediate for the sample subjected to 150 s PEC treatment and its 

concentration was rapidly deceased as the treatment time increased up to 300 s.  It was 

also found that Tyr4 appeared when the treatment time was increased to 300 s, but rapidly 

decreased when the treatment time was further increased. 
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Figure 3.9  The chromatograms obtained for PC (a) and PEC (b) treated tyrosine 
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 samples at different reaction intervals under 8.0 mW/cm2 UV intensity. 
Initial concentration:6.65 meq (N oxidised to NH3); Applied potential bias 
for PEC: +0.30 V vs. Ag/AgCl; Retention time: tR(Tyr0)=3.9 min; 
tR(Tyr1)=3.5 min; tR(Tyr2)=7.5 min; tR(Tyr3)=3.3 min; tR(Tyr4)=9.4 min. 

Figure 3.10 shows the chromatograms of PC and PEC treated tryptophan samples.  

The absorption peak (Trp0) of original tryptophan molecule was observed at the retention 

time of 4.3 min.  For PC treated samples (Figure 3.10a), two major intermediates (Trp1 

and Trp4) that are more hydrophilic than the original tryptophan molecule were detected 

at the retention times of 3.3 min and 3.6 min, respectively.  Interestingly, no other 

detectable intermediates were recorded for PC treated samples.  The intermediate Trp1 

was observed from samples with treatment times 600 and 1200 s of PC treatment.  Its 

concentration was increased slightly as the treatment time increased and reduced to below 

the detection limit with the 1800 s of PC treatment.  It should be noted that the tryptophan 

(Trp0) concentration rapidly decreased as the formation of Trp1 occurred and reduced to 

below the detection limit when the reaction mixture was dominated by the intermediate of 

Trp4 (2400 s PC treated sample).  Other research 25 found that •OH is able to add to both 

the benzene ring and the pyrrole moiety.  N-formylkynurenine and mono- and 

dihydroxytryptophan are the primary products of tryptophan.  
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Figure 3.10  The chromatograms obtained for PC (a) and PEC (b) treated tryptophan 
samples at different reaction intervals under 8.0 mW/cm2 UV intensity. 
Initial concentration: 5.75 meq (N oxidised to NH3); Applied potential bias 
for PEC: +0.30 V vs. Ag/AgCl; Retention time: tR(Trp0)=4.3 min; 
tR(Trp1)=3.3 min; tR(Trp2)=5.0 min; tR(Trp3)=5.3 min; tR(Trp4)=3.6 min. 

For PEC treated tryptophan samples (Figure 3.10b), the original tryptophan molecule 

(Trp0) was completely consumed after 600 s of PEC treatment.  It was found that Trp1 

(tR=3.3 min) became a minor intermediate with much lower concentration in comparison 

to the PEC treated samples.  Two intermediates (Trp2 and Trp3) that are more 

hydrophobic than the original tryptophan molecule were recorded as minor intermediates.  

Trp2 (tR=5.0 min) and Trp3 (tR=5.3 min) appeared as a intermediate only in 300 s PEC 

treated sample and rapidly decreased to below the detection level when the treatment time 

was greater that 600 s.  Trp4 was recorded as the dominate intermediate for samples 

treated for 900 s or longer after the disappearance of the intermediate Trp1.  Its 

concentration in the reaction mixture was found to increase as the treatment time was 

increased even longer than 1800 s of PEC treatment.  This suggests that Trp4 was the 

further oxidation product of reaction intermediates rather than the direct oxidation product 

of the original tryptophan. 

3.3.5 Mechanistic Considerations 

The experimental results shown in the sections 3.3.1 and 3.3.2 clearly demonstrated 

the oxidative degradation behaviour (in teams of degradation efficiency and kinetics) 
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differences among the amino acids.  These results also demonstrated the oxidative 

degradation behaviour differences between PC and PEC processes.  

The experimental results presented in the section 3.3.4 revealed the oxidative 

degradation behaviour differences of the amino acids in teams of produced intermediates, 

which may be summarised as: 

(i) For a given amino acid, the intermediates produced by PC and PEC treatments 

are different in terms of hydrophilicity; 

(ii) For a given treatment method (i.e., PC or PEC), the hydrophilicity 

characteristics of the intermediates produced are dependent on the type of 

amino acids involved.  

Theoretically calculated 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) values in the 

section 3.3.3 (see Table 3.4) indicated that for a given amino acid, the initial reaction sites 

may be different for electron extraction (i.e., direct photohole attack in PEC process) and 

radical attack (i.e., •OH in PC process).  These predictions agreed well with the 

experimental results presented in sections 3.3.1, 3.3.2 and 3.3.4 where for a given amino 

acid, PC and PEC differed remarkably from each other in terms of degradation efficiency 

(see Figures 3.4, 3.6 and 3.7) and degradation intermediates (see Figures 3.8 to 3.10).  

For a given treatment method (i.e., PC or PEC), the theoretically calculated 

2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) values of different amino acids revealed that the 

initial reaction site are dependent on the type of amino acids.  

For single-ringed amino acid such as phenylalanine and tyrosine, the initial reaction 

sites are likely to occur on the atoms within the 6-membered ring structure, regardless of 

the treatment process (e.g., via electron extraction in PEC process or radical attack in PC 

process).  For double-ringed amino acids such tryptophan, the initial reaction sites are 

likely to occur at the 6-membered ring structure (PC process) or on the 5-membered ring 

structure (PEC process). 

The theoretical calculation and the experimental results obtained in this chapter 

suggested that the mechanistic pathway for PC and PEC processes might differ from each 

other.  The differences in photocatalytic degradation behaviours and products can be 

attributed to the different mechanistic pathways of PC and PEC processes.  As 

aforementioned, according to reaction mechanisms reported to date, the photocatalytically 

produced intermediates should be exclusively more hydrophilic than its original amino 

acids molecule.  This conclusion is agreed with our PC experimental data.  However, 
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production of intermediates more hydrophobic than their original amino acids during PEC 

processes cannot be explained by any existing reaction mechanism. To date, no research 

has published to discuss the PEC degradation mechanistic pathway of amino acids.  This 

means that the intermediates determined in this work need to be further examined and 

validated.  In order to precisely determine the PEC degradation reaction mechanism, the 

chemical structures of the produced intermediates must be precisely identified.  A 

systematic experimental work is currently under investigation to achieve this.  We are 

using preparative column to isolate sufficient qualities of intermediates for structural 

analyses by FTIR, MS and NMR.  The findings will be reported in near future. 

3.4 CONCLUSION  

In this chapter, we investigated the PC and PEC degradation of different amino acids.  

A number of conclusions can be drawn based on the obtained experimental results: 

(i) For a given amino acid, PEC method possesses higher degradation efficiency 

than that of PC method;  

(ii) The superiority of PEC method over PC method becomes more obvious at 

higher concentrations; 

(iii) For a given amino acid, the hydrophilicity characteristics of the PC produced 

intermediates are differed slightly from those of PEC produced intermediates 

except the phenylalanine; 

(iv) For a given method, similar hydrophilicity characteristics were obtained from 

all amino acids investigated except the phenylalanine; 

(v) For a given amino acid, the theoretically calculated 2FEDHOMO
2 and 

(FEDHOMO
2+FEDLUMO

2) values suggest that the initial reaction sites are 

different for PC and PEC processes, which agreed well with the experimental 

results; 

(vi) For a given method, the theoretically calculated 2FEDHOMO
2 and 

(FEDHOMO
2+FEDLUMO

2) values of different amino acids suggest that the initial 

reaction sites for all single-ringed amino acids are likely to occur on the atoms 

within the 6-membered ring structure while for double-ringed amino acid, the 

initial reaction sites are likely to occur at the 6-membered ring structure (PC 

process) or on the 5-membered ring structure (PEC process); 
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(vii)  Both theoretical calculation and experimental results suggest that the 

mechanistic pathway of PEC process differs from that of PC process. 

Further experimental work will be completed to identify the precise chemical 

structures of the produced intermediates, allowing a precise description of reaction 

mechanism.  

3.5 REFERENCES 

1. L. Elsellami, V. Chartron, F. Vocanson, et al., J Hazard Mater, 2009, 166, 1195-
1200. 

2. K. Noren, J. S. Loring and P. Persson, J Colloid Interf Sci, 2008, 319, 416-428. 
3. A. G. Thomas, W. R. Flavell, C. P. Chatwin, A. R. Kumarasinghe, S. M. Rayner, P. 

F. Kirkham, D. Tsoutsou, T. K. Johal and S. Patel, Surf Sci, 2007, 601, 3828-3832. 
4. M. Matsushita, T. H. Tran, A. Y. Nosaka, et al., Catal Today, 2007, 120, 240-244. 
5. C. Hu, Y. Q. Lan, J. H. Qu, X. X. Hu and A. M. Wang, J Phys Chem B, 2006, 110, 

4066-4072. 
6. N. K. V. Leitner, P. Berger and B. Legube, Environ Sci Technol, 2002, 36, 3083-

3089. 
7. H. Hidaka, K. Ajisaka, S. Horikoshi, et al., Catal Lett, 1999, 60, 95-98. 
8. H. Hidaka, S. Horikoshi, K. Ajisaka, et al., J Photoch Photobio A, 1997, 108, 197-

205. 
9. D. N. Nikogosyan and H. Gorner, J. Photochem. Photobiol. B-Biol., 1992, 13, 219-

234. 
10. M. R. Hoffmann, S. T. Martin, W. Y. Choi and D. W. Bahnemann, Chem Rev, 1995, 

95, 69-96. 
11. I. K. Konstantinou and T. A. Albanis, Appl. Catal. B-Environ., 2004, 49, 1-14. 
12. P. Calza, E. Pelizzetti and C. Minero, J. Appl. Electrochem., 2005, 35, 665-673. 
13. T. H. Tran, A. Y. Nosaka and Y. Nosaka, J Phys Chem B, 2006, 110, 25525-25531. 
14. M. R. V. Sahyun and N. Serpone, J Photoch Photobio A, 1998, 115, 231-238. 
15. S. Horikoshi, N. Serpone, J. C. Zhao and H. Hidaka, J Photoch Photobio A, 1998, 

118, 123-129. 
16. H. Hidaka, E. Garcia-Lopez, L. Palmisano and N. Serpone, Appl Catal B-Environ, 

2008, 78, 139-150. 
17. S. Horikoshi and H. Hidaka, J Photoch Photobio A, 2001, 141, 201-207. 
18. M. A. Fox and M. J. Chen, J Am Chem Soc, 1983, 105, 4497-4499. 
19. J. Monig, R. Chapman and K. D. Asmus, J Phys Chem-Us, 1985, 89, 3139-3144. 
20. H. J. Zhao, D. L. Jiang, S. Q. Zhang, K. Catterall and R. John, Anal. Chem., 2004, 

76, 155-160. 
21. S. Q. Zhang, D. L. Jiang and H. J. Zhao, Environ Sci Technol, 2006, 40, 2363-2368. 
22. H. J. Zhao, D. L. Jiang, S. Q. Zhang and W. Wen, J Catal, 2007, 250, 102-109. 
23. Y. Ohko, K. I. Iuchi, C. Niwa, T. Tatsuma, T. Nakashima, T. Iguchi, Y. Kubota and 

A. Fujishima, Environ Sci Technol, 2002, 36, 4175-4181. 
24. X. Zhang, F. Wu, X. W. Wu, et al.,  J Hazard Mater, 2008, 157, 300-307. 
25. G. H. Xu and M. R. Chance, Chem Rev, 2007, 107, 3514-3543. 
26. K. Nohara, H. Hidaka, E. Pelizzetti, et al., J Photoch Photobio A, 1997, 102, 265-

272. 
27. X. L. Zhu, C. W. Yuan, Y. C. Bao, et al., J. Mol. Catal. A-Chem., 2005, 229, 95-105. 
28. G. Z. Xu and M. R. Chance, Anal Chem, 2005, 77, 4549-4555. 
 



CHAPTER 4 

PHOTOCATALYTIC AND 

PHOTOELECTROCATALYTIC DEGRADATION  

OF NUCLEOTIDE BASES AT TiO2 PHOTOANODES 



Chapter 4 

 120 

4.1 INTRODUCTION 

Photocatalytic (PC) degradation of a wide spectrum of organic compounds via TiO2 

photocatalysis has been well studied and documented 1-7.  Successful demonstration of the 

ability of illuminated TiO2 for disinfection and decomposition of microorganisms has led 

to a new application field of TiO2 photocatalysis 8-14.  Nevertheless, in strong contrast to 

the level of understanding towards the degradation of organic compounds, little has been 

known regarding the mechanistic steps of PC degradation of microbial cells at the 

molecular level 15-18.  It is well known that a microbial cell is built by different classes of 

large biomolecules (e.g., lipid, protein DNA/RNA).  These large biomolecules consist of 

large numbers of basic building blocks (e.g., fatty acids, amino acids and nucleotide bases).  

A conjectural view of microbial cell degradation is that the process is highly complex as it 

involves the initial breaking down the microbial cell to large biomolecules then to small 

biomolecules (basic building blocks) before the mineralisation can be achieved.  A 

sensible approach to investigate such complex processes would therefore be a bottom-up 

approach to investigate and understand the degradation behaviours of basic building 

blocks such as nucleic acids. 

Pyrimidine and purine are two essential classes of the nucleotide bases.  They exist 

not only in natural biological species (e.g., DNA, RNA and enzyme cofactors) but also as 

pollutants in environment resulted from the degradation of biological species, 

agrochemicals (i.e., insecticides) and medicines (i.e., antibiotics) 19-22.  PC degradation of 

nucleotide bases has been reported by a number of research groups 15, 17-19, 23.  Hidaka et al 
15 investigated the fate of DNA and RNA under UV-A and UV-B irradiation in the 

presence of TiO2 by examining degradation products of the pyrimidine and purine bases.  

Carbon dioxide, ammonia and nitrate ions were produced during the illumination.  

Horikoshi et al 17 employed UV-Vis spectroscopy and gas chromatography together with 

MOPAC calculated point of charges and frontier electron densities to assess the effect of 

the chemical structures of the pyrimidine and purine bases on their photocatalytic 

mineralisation behaviour.  Dhananjeyan et al 18 reported the rate of PC degradation of 

uracil, thymine and 6-methyluracil in TiO2 aqueous suspension can be expressed by the 

Langmuir-Hinshelwood equation.  Singh et al 19 and Bahnemann et al 23 investigated PC 

degradation of uracil and other organics under a variety of conditions and claimed that 

Degussa P25 was more efficient photocatalyst than other forms of TiO2 photocatalysts 

investigated.  
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Nucleotide bases are nitrogen containing compounds.  The extent of degradation can 

be strongly influenced by the mineralisation products of organic nitrogen 24, 25.  A number 

of investigations has been carried out to examine the mineralisation products of organic 

nitrogen 24-29.  Together with various other intermediates, the ultimate mineralisation 

products of such compounds are usually expected to lead to the formation of N2 gas, 

ammonium and/or nitrate ions through photocatalytic oxidative pathways 27.  The 

formation of NH4
+ and/or NO3

- ions or N2 gas were found to be closely related to the 

chemical structure of the initial substrates.  Nitro groups are converted predominantly to 

NO3
- ions through NO2

- intermediate 28.  The amine group was almost always converted to 

NH4
+ ions, whereas the amount of NO3

- produced was nearly negligible, although a slow 

transformation of the ammonium ions into NO3
- ions is observed at longer irradiation 

times.  It was also reported that hydroxylated amines tended to be converted into NO3
- 

ions while the amide group favourably transformed into NH4
+ ions at rates faster than that 

of amine groups 24, 29.  The heterorings containing an N=N fragment would normally lead 

to the evolution of N2 gas but for those containing a C–N=C fragment, the NH4
+ ions were 

found to be the main products 25. 

Mechanistic aspects of nucleotide bases have been tentatively investigated 20, 30, 31.  

Cathcart et al 30 reported that base glycols is an important class of DNA degradation 

intermediates.  Dhananjeyan et al 31 reported the thymine glycol was produced during PC 

degradation of thymine.  Jaussaud et al’s 20 investigated PC degradation of uracil and was 

found that the first step of the mineralisation can lead to the formation of uracil glycol.  

They also confirmed the further oxidation of uracil glycol to polyol, carboxylic and 

aldehyde. 

The high degradation efficiency of photoelectrocatalysis towards broad spectrum 

organic compounds has been widely acknowledged 2, 4, 34.  The applied potential bias to 

timely remove the photogenerated electrons and physical separation of photoanode from 

the cathode are generally regarded as the main attributes for the enhanced efficiency 35-37.  

It has also been recognised that the applied potential bias also prolongs the lifetime of 

photoholes, enabling direct photohole reactions 2, 36.  This could be an additional attribute 

to the enhanced degradation efficiency as the oxidation power of the photoholes (3.1 V) is 

greater than that of photogenerated radicals such •OH 38.  More importantly, the 

mechanistic pathway of a photoelectrocatalytic (PEC) degradation process may differ 

from that of a PC degradation process because of the differences when photoholes and 
•OH act as the oxidants.  Despite numerous studies on PEC degradation of various 
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organics have been previously reported 2, 4, 37, 39, 40, the PEC degradation of nucleotide 

bases has yet been studied.  

In Chapter 3, we have discussed the photocatalytic and photoelectroncatalytic 

degradation of amino acids at an illuminated nanoparticulate TiO2 photoanode.  In this 

chapter, PC and PEC degradation of nucleotide bases at an illuminated nanoparticulate 

TiO2 photoanode were systematically investigated using a thin-layer photoelectrochemical 

cell.  All experiments were carried out under comparable experimental conditions, 

enabling a meaningful comparison of PC and PEC degradation processes.  Uracil (U), 

thymine (T), cytosine (C) and adenine (A) were used as test compounds to represent 

pyrimidine and purine bases.  Degradation efficiencies of all test bases for both PC and 

PEC processes were examined.  For a given base, the mineralisation ratios of PEC/PC 

processes were quantified.  A HPLC system equipped with a photo-diode-array (PDA) 

detector was employed to obtain the information of PC and PEC degradation products.  

The frontier electron densities (FEDs) of all test bases were calculated.  The calculated 

(2FEDHOMO)2 and {(FEDHOMO)2+(FEDLUMO)2} values 41, 42, and the degradation product 

information obtained from the chromatograms were collectively utilised to illustrate the 

mechanistic aspects of PC and PEC degradation processes. 

4.2 EXPERIMENTAL 

4.2.1 Chemicals and Materials   

The substrates examined were four essential constituent bases of nucleic acids 

including uracil (C4H4N2O2), thymine (C5H6N2O2), cytosine (C4H5N3O) and adenine 

(C5H5N5) supplied by Sigma and used as received.  Titanium butoxide, acetonitrile and 

sodium perchlorate were also supplied by Sigma.  Indium tin oxide conducting glass slides 

(ITO, 8Ω/square) were purchased from Delta Technologies Ltd. (USA).  All solutions 

were prepared using high purity deionised water (Millipore Corp., 18 MΩcm). 

4.2.2 UV-LED Array Photoelectrochemical Cell 

The schematic diagram of the UV-LED Array photoelectrochemical cell is given in 

Figure 4.1.  The cell consists of a TiO2 photoanode as the working electrode, a Ag/AgCl 

reference electrode and a Pt disc auxiliary electrode.  The TiO2 photoanode was prepared 

by hydrolysis of titanium butoxide according to the method described in our previous 

publication 44.  The thickness of the reaction chamber and the illumination area were 0.25 

mm and 462 mm2, respectively.  A UV-LED array consisted of 4 pieces of UV-LED 

(NCCU033(T), Nichia Corporation) was used as the illumination source.  The specified 
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peak wavelength of the LED was 365 nm with a spectrum half width of 8 nm.  The UV 

intensity was adjusted by a power supply and measured with an UV-irradiance meter (UV-

A, Beijing Normal University). 

 
Figure 4.1 Schematic diagram of UV-LED photoelectrochemical cell. 

4.2.3. Procedures 

Both photocatalytic (PC) and photoelectrocatalytic (PEC) degradation experiments 

were performed under identical UV intensity using the same UV-LED/TiO2 

photoelectrochemical cell.  For PEC and PC degradation experiments, the procedures are 

the same as described in section 3.2.3 in Chapter 3. 

4.2.4. Analysis 

For PEC experiments, the extent of the mineralisation was determined by measuring 

the charge originated from the oxidation of nucleotide bases using PeCODTM technique 37, 

43.  The measured charge (Qnet) was used to calculate the percentage of mineralisation in 

accordance to Equation 3.6 in Chapter 3.  For PC experiments, the percentage of 

mineralisation of nucleotide bases was calculated according to the Equation 3.10 in 

Chapter 3. 

Intermediate degradation products were analysed using a Waters 996 HPLC/MS 

(Micromass, Manchester, UK) equipped with a photo-diode array detector (PDA) detector 

and an electro-spray ionisation (ESI) source.  The elution was carried out using a Gemini-

NX C18 column (Phenomenex, USA).  The separation of nucleotide bases and the 

intermediates was performed with isocratic elution using a 95%/5% by volume eluent A 

and eluent B mixture.  Eluent A is 600 μM ammonium acetate solution.  Eluent B is 

HPLC grade acetonitrile.  The eluent flow rate was maintained throughout at 1 ml/min.  

Nitrogen was used as nebulizer and dry gas.  The PDA detection wavelength was set 
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between 191 to 400 nm for acquiring chromatograms and quantitative analysis.  The mass 

spectrum was obtained from 50 to 300 m/z.  The mass spectrometer was operated in 

positive ion mode.  The cone voltage is 30 V for each of the sample.  

4.2.5. Frontier electron densities calculations 

The molecular orbital (MO) calculations were carried out by using Gaussian 03 

program (Gaussian, Inc.) at the single determinant level with the optimal conformation 

having minimum energy obtained at the B3LYP/6-31G* level.  And then the frontier 

electron densities (FEDs) of the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) were calculated as described in section 

3.2.5 in Chapter 3.  We obtained the values of 2FEDHOMO
2 and (FEDHOMO

2 + FEDLUMO
2) 

to predict the reaction sites for electron extraction and radical attack, respectively 41, 42.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Photocatalytic degradation 

The photocatalytic degradation of nucleotide bases was firstly investigated.  The 

nucleotide bases contain organic nitrogens that can be mineralised to different oxidation 

states (i.e., HN3/NH4
+ and NO3

-).  It has been reported that for photocatalytic degradation 

of formamide and urea, the mineralisation products of the organic nitrogen are largely 

depended on the oxidation state of the C atom to which the N heteroatom is bonded to, 

rather than to the oxidation state of N 28, 45.  The C bonding to N in urea has a formal 

oxidation state of +4 and presents no extractable bonded H to that carbon.  In this case, 
•OH radical is likely to attack at the –NH2 group, leading to formation of NO3

- as the main 

product 25.  In contrast, when the bonded C to the N is in a lower oxidation state, as found 

in formamide that has a formal oxidation state of +2 and with extractable H atoms, 

evolution of NH3/NH4
+ is favoured 25.  However, the conversion ratios of NH4

+/NO3
- are 

varied depending on the type of organic compounds and experimental conditions 25.  For 

this reason, precisely assigning the measured charge transfer to mineralisation products 

with organic nitrogens being converted to NH3/NH4
+ or NO3

- is difficult.  Table 4.1 

summaries the number of electron transfer required for mineralising organic nitrogens of 

different bases to NH3/NH4
+ ( +

43 / HNNHn ) and NO3
- ( −

3NO
n ).  It is obvious that the extent of 

mineralisation will be strongly influenced by the final mineralisation products of the 

organic nitrogens.  For this work, the mineralisation percentages were calculated by 

assigning the measured charge transfer to the mineralisation products with organic 

nitrogens being 100% converted to NH3/NH4
+ or NO3

-.  
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Table 4.1 Number of electrons required for complete mineralisation of N to 
NH3/NH4

+ ( +
43 / HNNHn ) and NO3

- ( −
3NO

n ).  

Nucleotide Bases +
43 / HNNHn  −

3NOn  −+
343 / NOHNNH nn  

Uracil (C4H4N2O2) 10 26 0.385 

Thymine (C5H6N2O2) 16 32 0.500 

Cytosine (C4H5N3O) 10 34 0.294 

Adenine (C5H5N5) 10 50 0.200 

Figure 4.2 shows a set of typical photocurrent–time profiles obtained from uracil (U) 

samples before and after PC treatment.  These photocurrent profiles are used to obtain the 

percentage mineralisation of PC treated samples by measuring the amount of electrons lost 

during the PC treatment in accordance with Equations 3.7 to 3.10 in Chapter 3. 
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Figure 4.2 Typical photocurrent –time profiles of different uracil (U) concentrations in 

the thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 

Figure 4.3 shows the plots of the mineralisation percentage of PC treated samples 

against the equivalent electron concentration (Ceq) for organic nitrogens mineralised to 

NH3/NH4
+ and NO3

-.  All samples were photocatalytically treated for 300 s under a UV 

intensity of 8.0 mW/cm2.  The equivalent electron concentrations were calculated 

according to Ceq= +
43 / HNNHn ·CM for Figure 4.3a and Ceq= −

3NOn ·CM for Figure 4.3b, 

respectively, where CM is the molar concentration of the bases.  The use of Ceq allows a 

more meaningful comparison among different bases because such a non-characteristic 

concentration unit represents the electron demands for complete mineralisation 4.  More 

importantly, the electron demand for a given Ceq is the same for all bases, regardless of 



Chapter 4 

 126 

their chemical structures and electron transfer numbers 4.  For all cases investigated, an 

increase in the Ceq led to a decrease in the mineralisation percentage for conversion to 

both NH3/NH4
+ and NO3

-.  Except for thymine, rapidly decreased mineralisation 

percentage with increased Ceq within low concentration rage for all other PC treated bases 

was observed.  In cases of conversion to both NH3/NH4
+ and NO3

-, thymine also exhibited 

a lower mineralisation percentages at lower concentrations but higher mineralisation 

percentage at higher concentrations than the other two pyrimidine bases.  The 

mineralisation percentage values and the effect of Ceq on these values for the other two 

pyrimidine bases were very similar.  It was also observed that the mineralisation 

percentages of single-ringed pyrimidine bases (i.e., uracil, cytosine and thymine) within 

the concentration range investigated were higher than that of double-ringed purine bases 

(i.e., adenine).  
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Figure 4.3 Photocatalytic degradation of uracil (U), cytosine (C), thymine (T) and  
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adenine (A): (a) mineralisation percentage against Ceq for N oxidised to 
NH3 and (b) to NO3

-. 

4.3.2 Photoelectrocatalytic degradation 

The photoelectrocatalytic degradation of nucleotide bases was then investigated.  All 

samples were photoelectrocatalytically treated for 300 s under 8.0 mW/cm2 UV intensity 

with an applied potential bias of +0.30 V vs. Ag/AgCl.  Except the applied potential bias, 

these experimental conditions are identical to those of PC experiments as described in the 

experimental section. 

Figure 4.4 shows a set of typical photocurrent–time profiles obtained from thymine 

(T) samples during PEC treatment.  These photocurrent profiles are used to obtain the 

percentage mineralisation of PEC treated samples by measuring the amount of electrons 

lost during the PEC treatment in accordance with Equations 3.1 and 3.6 in Chapter 3. 
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Figure 4.4 Typical photocurrent –time profiles of different thymine (T) concentrations 

in the thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 
M NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 

The photoelectrocatalytic degradation of nucleotide bases was then investigated.  

Figure 4.5 shows the plots of the mineralisation percentage of PEC treated samples against 

Ceq for organic nitrogens mineralised to NH3/NH4
+ and NO3

-.  In strong contrast to the PC 

treated samples, the effect of concentration of pyrimidine bases on the mineralisation 

percentage was found to be insignificant, while for the purine base such as adenine, the 

mineralisation percentage decreased as the Ceq was increased.  The extent of 

mineralisation observed from the PEC treated samples were found to be much higher than 

that of PC treated samples, suggesting a higher PEC degradation efficiency.  For adenine 

converting to NH3/NH4
+ within lower concentration range (i.e., Ceq<6 meq of electrons), 

the observed mineralisation percentages were higher than that of all pyrimidine bases 
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investigated (Figure 4.5a).  The mineralisation percentage of adenine to NH3/NH4
+ was 

found to be higher than that of thymine within the whole concentration range investigated.  

For converting to NH3/NH4
+, the mineralisation percentages obtained from lower 

concentration range followed an order of A>C>U>T (Figure 4.5a).  However, a 

completely reversed order of T>U>C>A within the entire concentration range investigated 

was observed for converting to NO3
- (Figure 4.5b).  Interestingly, the electron transfer 

number ratio ( −+
343 / NOHNNH nn ) followed an order of T>U>C>A, which is in the same as the 

order of the mineralisation percentages for converting to NO3
- but reversed for converting 

to NH3/NH4
+ (see Table 4.1).  This suggests that the carbon to nitrogen ratio and their 

oxidation states in original bases determines the extent of mineralisation under 

photoelectrocatalytic conditions.  These characteristics are distinctively different to those 

observed from PC treated samples.  
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Figure 4.5 Photoelectrocatalytic degradation of uracil (U), cytosine (C), thymine (T)  
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and adenine (A): (a) mineralisation percentage against Ceq for N oxidised 
to NH3 and (b) to NO3

-. 
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Figure 4.6 A plot of PEC to PC mineralisation ratio against Ceq for (a) uracil (U), 
cytosine (C), and thymine (T) and (b) adenine (A). 

The differences between PEC and PC in respect to the extent of mineralisation were 

quantitatively evaluated by plotting the PEC/PC ratio against the Ceq (Figure 4.6).  

Surprisingly, linear relationships were obtained for all cases investigated.  Such liner 

relationships reveal that the superiority (in terms of mineralisation efficiency) of PEC 

method over the PC method increases as the concentration increases.  Furthermore, the 

slope of the curve quantifies the degree of the superiority of the PEC method over the PC 

method in respect to the concentration change.  The obtained slops were found to follow 

an order of A(5.44 meq-1)>C(1.07 meq-1)>U(0.77 meq-1)>T(0.27 meq-1), which is the 
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reversed order of −+
343 / NOHNNH nn (see Table 4.1).  This again suggests that the carbon to 

nitrogen ratio and their oxidation states in the original bases determines the PEC/PC 

mineralisation efficiency ratio.  These results also suggest that the characteristics of a PEC 

degradation process differ markedly from a PC degradation process.  Such differences 

could be due to the reaction pathway differences between the two processes that deserve a 

further investigation. 

4.3.3 Frontier electron densities 

From the experimental results obtained above, it is clearly demonstrated the 

degradation behaviour of the nucleotide bases differences between PC and PEC processes, 

which could be due to the mechanistic pathway differences between the two processes.  

Theoretically calculated frontier electron densities (FEDs) have been recognised as a 

useful tool for predicting initial reaction step 42,43.  More importantly, the obtained values 

of 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) can be used to estimate the initial reaction 

sites for electron extraction (i.e., direct photohole attack) and radical attack (•OH), 

respectively 42,43.  It is well known that direct photohole (h+) attack is likely to occur in a 

PEC degradation process than that of a PC process.  This could be one of the most 

important attributes that deviates the mechanistic pathways of a PEC process from a PC 

process.  The values of 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) were therefore calculated 

in this work and used to evaluate the differences in initial reaction steps of PC and PEC 

processes.  

Table 4.2 summarised FEDs calculation results for different nucleotide bases.  For 

uracil, the higher 2FEDHOMO
2 values were obtained for C5 (0.5034) and N3 (0.4190) 

indicating the initial h+ attacks are likely to occur on a double-bonded carbon atom and a 

nitrogen atom that is connected to a carbon atoms with –C=C– and >C=O bonds.  For •OH 

attacks, the obtained (FEDHOMO
2+FEDLUMO

2) values indicate C4 (0.5053) and N3 (0.3333) 

are likely to be the initial reaction sites.  The C4 is also a double-bonded carbon atom but 

located on the other end of the double bond.  Similar results were obtained from cytosine 

where higher probability for h+ (C5, 0.3588) and •OH (C4, 0.5945) to attack carbon atoms 

at different ends of –C=C– but on the same nitrogen atom (N1, 0.3018 for h+ and 0.3355 

for •OH).  For thymine, the highest probability of initial reaction sites for h+ (C5, 0.5034) 

and •OH (C4, 0.4955) induced reactions were also found to be similar to the other two 

pyrimidine bases.  A slight difference is that •OH may also attack the same carbon atom 

(C5) as h+ does.  For adenine, the calculated 2FEDHOMO
2 values suggest that the initial h+ 

induced reaction site is more likely to occur at a side-chain nitrogen atom (N10, 0.2990) 
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rather than on carbon atoms within the 6-membered ring structure as observed from 

pyrimidine bases.  For •OH induced initial reaction site, the data suggest the C8 (0.3050) 

located within the 5-membered ring structure would be the most favourable initial reaction 

site.  A summary of the above observations is that the predicted favourable initial reaction 

sites induced by h+ and •OH are different for all cases investigated.  This may mean a 

mechanistic pathway difference for PC and PEC processes.  

Table 4.2  Frontier electron densities (FEDs) on atoms of nucleotide bases 
calculated by using Gaussian 03 Program.  

Uracil 6
5

42

1

3

7

8
N
H

O

HN

O

 
Atom  2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.0000 0.0630 C5 0.5128 0.2827 
C2 0.0006 0.0038 C6 0.0050 0.1473 
N3 0.4190 0.3333 O7 0.0163 0.2169 
C4 0.1610 0.5053 O8 0.1120 0.0917 

 

 
 

Cytosine 6

5

42

1

3
7

8

NO

HN

NH2

 
Atom  2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.3018 0.3355 C5 0.3588 0.1815 
C2 0.0006 0.0460 C6 0.0126 0.1750 
N3 0.2425 0.3034 O7 0.1882 0.2349 
C4 0.0848 0.5945 N8 0.0108 0.0791 

 

Thymine 

6

5
4

2 1

3
7

8
N
H

O

N

9
O

CH3

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2

N1 0.0006 0.0857 C6 0.0024 0.1649 
C2 0.0010 0.0309 C7 0.0342 0.1069 
N3 0.3932 0.2490 O8 0.1142 0.1141 
C4 0.1960 0.4955 O9 0.1220 0.1966 
C5 0.5034 0.3643    
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Adenine 6 5

42

1

3
7

8

9

HC

N
C

N

N

N
H

NH210

 
Atom 2FEDHOMO

2 FEDHOMO
2+FEDLUMO

2 Atom 2FEDHOMO
2 FEDHOMO

2+FEDLUMO
2 

N1 0.0422 0.0424 C6 0.0804 0.2691 
C2 0.0996 0.1923 N7 0.0304 0.0831 
N3 0.2142 0.2256 C8 0.1980 0.3050 
C4 0.0728 0.0192 N9 0.1300 0.1117 
C5 0.2484 0.1209 N10 0.2990 0.2816 

4.3.4 Photocatalytic and Photoelectrocatalytic Degradation Products 

The obtained FEDs calculation results suggested that PC and PEC may undergo 

different mechanistic pathways because of the initial reaction site differences when a 

given nucleotide base is attacked by h+ and •OH.  If these FEDs predictions are true, then 

different intermediate products should be obtained from PC and PEC treated samples.  

Experiments were therefore carried out to determine the intermediate products of PC and 

PEC treated samples (see Figures 4.7 to 4.10).  It should be noted that although the Waters 

996 HPLC/MS was equipped with both PDA and ESI detectors, the attempt to directly 

identify the intermediates based on ESI response failed due to the high noisy to signal 

ratio.  

Figure 4.7a shows the chromatograms of PC treated uracil samples.  For samples 

without treatment, an absorption peak (U0) with a retention time (tR) of 3.2 min, 

signifying the original uracil molecule was observed.  For 300 s PC treated sample, U1 

(tR=2.5 min) and U2 (tR=4.8 min) were detected as earlier degradation intermediates.  U1 

was found to be more hydrophilic than that of uracil (U0).  For 600 s PC treated sample, 

the U1 concentration in the reaction mixture was decreased to approximately half of its 

concentration in 300 s PC treated sample mixture, while the U2 concentration was 

decreased to below the detection limit.  Two new intermediates (U3 and U4) that are more 

hydrophobic than uracil were detected at retention times of 3.9 and 5.4 min, respectively.  

When the treatment time was further increased, though U1 remains as a dominant 

intermediate but its concentration in the reaction mixture was unchanged.  An additional 

intermediate (U5) that is more hydrophilic than uracil was detected from the reaction 

mixture of 2400 s PC treated sample and its concentration was found to increase with 

treatment time.  For U3 and U4, their concentrations in the reaction mixtures were slightly 
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increased when the treatment time was further increased.  A new intermediate (U6) more 

hydrophobic than uracil was detected from a 3000 s PC treated sample mixture.  The 

intermediates that are more hydrophilic than uracil (i.e., U1 and U5) could be uracil 

glycols 21 as a result of •OH attack on C4 (see FEDHOMO
2+FEDLUMO

2 value from Table 2).  

However, we could not be explained the formation of intermediates that are more 

hydrophobic than uracil (U2, U3, U4 and U6) because all published •OH attack 

mechanisms are exclusively led to the formation of more hydrophilic glycols 21,42,43.  The 

formation of intermediates more hydrophobic than the original compound may imply the 

deficiencies of existing mechanisms.  Nevertheless, a precise mechanistic pathway of 

formation of hydrophobic intermediates could not be identified before the formed 

intermediates are identified.  We are currently conducting an intensive investigation to 

identify reaction intermediates based on HPLC/MS and NMR analyses.  We hope the 

precise mechanistic pathway of intermediate formation could be revealed once the 

investigation is completed. 

Figure 4.7b shows the chromatograms of PEC treated uracil samples.  An identical 

chromatogram was observed from the samples without treatment.  Except U2, all 

intermediates detected from PC treated samples were also detected from PEC treated 

samples.  In addition, two new intermediates (U7 and U8) were detected at retention times 

of 4.3 min and 3.0 min, respectively.  

In comparison to chromatograms of PC treated samples, these chromatograms 

revealed a number of noticeable differences.  The concentration of U1 was much lower 

than that observed in PC treated samples, suggesting U1 is not a dominant intermediate for 

PEC treated samples.  Instead, a new intermediate (U8) became the dominant hydrophilic 

intermediate for samples with PEC treatment greater than 900 s.  The concentration of U3 

was to increase with reaction time up to 600 s and then decreased to below the detection 

limit at 1200 s.  The concentrations of U4 were fund to be similar to PC treated samples 

but can be detected only from the reaction mixtures with treatment greater than 900 s.  For 

PC treated sample, U6 could only be detected from samples being treated for 3000 s or 

longer.  In contrast, U6 was detected from PEC treated samples as a prime intermediate 

with much higher concentration.  Its concentration was found to increase with treatment 

time up to 600 s but decreased slightly due to the formation of a new intermediate (U7).  

In fact, the two hydrophobic intermediates (U6 and U7) were the dominant PEC 

degradation products in the reaction mixtures.  
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Figure 4.7  The chromatograms obtained for PC (a) and PEC (b) treated uracil 
samples at different reaction intervals under 8.0 mW/cm2 UV intensity. 
Initial concentration: 12 meq (N oxidised to NH3); Applied potential bias 
for PEC: +0.40 V vs. Ag/AgCl; Retention time: tR(U0)=3.2 min; 
tR(U1)=2.5 min; tR(U2)=4.8 min; tR(U3)=3.9 min; tR(U4)=5.4 min; 
tR(U5)=2.7 min; tR(U6)=4.5 min; tR(U7)=4.3 min; tR(U8)=3.0 min). 

Figure 4.8 shows the chromatograms of PC and PEC treated cytosine samples.  The 

original cytosine absorption peak (C0) was observed at the retention time of 3.0 min.  For 

PC treated samples (Figure 4.8a), a dominant intermediate adsorption peak (C1) with a 

retention time of 2.8 min was recorded.  The intermediate C1 was found to be more 
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hydrophilic than cytosine and its concentration in the reaction mixture was increased as 

the treatment time increased.  In addition, three intermediates (C2, C3 and C4) with 

retention times of 3.3 min, 3.8 min and 4.0 min, respectively, were observed.  These 

intermediates are more hydrophobic than the original cytosine molecule and their 

concentrations in the reaction mixture were much lower than that of C1.  

For PEC treated cytosine samples (Figure 4.8b), C1 becomes a minor intermediate 

with much lower concentration in comparison to the PC treated samples.  The 

intermediates of C2, C3 and C4 were all recorded as minor intermediates.  The samples 

subjected to PEC treatment equal to or greater than 600 s, the concentration of C2 was 

found to be slightly higher that that of PC treated samples.  In comparison to PC treated 

samples, two additional minor intermediates (C5 and C6) that are more hydrophilic than 

that of original cytosine molecule were recorded at retention times of 2.4 min and 2.6 min, 

respectively.  However, seven additional intermediates (C7 to C13) that are more 

hydrophobic than cytosine molecule were observed.  C7 (tR=4.5 min) was found to be the 

dominant intermediate for the sample subjected to 100 s PEC treatment but its 

concentration was rapidly deceased as the treatment time increased up to 900 s.  It was 

also found that the concentration of C8 (tR=5.0 min) decreased when the treatment time 

was increased from 100 s to 300 s, but rapidly increased when the treatment time was 

greater than 600 s.  It became one of the dominant intermediates in the reaction mixture 

for samples subjected to the PEC treatment of 900 s or longer.  

The intermediate C9 (tR=4.8 min) was observed from samples with treatment times 

equal to or greater than 300 s of PEC treatment.  Its concentration was increased as the 

treatment time increased.  C9 was the dominant intermediate for 300 s PEC treated sample 

and remain as one of the dominant intermediates when the treatment time was further 

increased.  It should be noted that the cytosine (C0) concentration rapidly decreased as the 

formation of C9 occurred and reduced to below the detection limit when the reaction 

mixture was co-dominated by the intermediates of C9 and C8 (1200 s PEC treated sample).  

The intermediates of C10, C11 and C12 were found to be minor intermediates with low 

concentrations in the reaction mixtures.  Interestingly, a very hydrophobic intermediate 

(C13) with a retention time of 13.6 min was observed from samples treated for 600 s or 

longer.  Its concentration was found to increase with treatment time and continued to 

increase even after the cytosine was completely decomposed.  This suggests that C13 was 

produced from the further oxidation of intermediates. 
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Figure 4.8  The chromatograms obtained for PC (a) and PEC (b) treated cytosine 
samples at different reaction intervals under 8.0 mW/cm2 UV intensity. 
Initial concentration: 12 meq (N oxidised to NH3); Applied potential bias 
for PEC: +0.40 V vs. Ag/AgCl; Retention time: tR(C0)=3.0 min; 
tR(C1)=2.8 min; tR(C2)=3.3 min; tR(C3)=3.8 min; tR(C4)=4.0 min; 
tR(C5)=2.4 min; tR(C6)=2.6 min; tR(C7)=4.5 min; tR(C8)=5.0 min; 
tR(C9)=4.8 min; tR(C10)=5.6 min; tR(C11)=6.5 min; tR(C12)=7.6 min; 
tRC13=13.6 min). 

Figure 4.9 shows the chromatograms of PC and PEC treated thymine samples.  The 

absorption peak (T0) observed at the retention time of 4.4 min can be assigned to the 

original thymine molecule.  For PC treated samples (Figure 4.9a), two intermediates (T1 



Chapter 4 

 137

and T2), both are more hydrophilic than the original thymine molecule, were detected at 

the retention times of 3.1 min and 3.7 min, respectively.  Their concentrations in the 

reaction mixture increased as the reaction time were increased.  Interestingly, no other 

detectable intermediates were recorded for PC treated samples.  
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Figure 4.9  The chromatograms obtained for PC (a) and PEC (b) treated thymine 
samples at different reaction intervals under 8.0 mW/cm2 UV intensity. 
Initial concentration: 12 meq (N oxidised to NH3); Applied potential bias 
for PEC: +0.40 V vs. Ag/AgCl; Retention time: tR(T0)=4.4 min; tR(T1)=3.1 
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min; tR(T2)=3.7 min; tR(T3)=5.1 min; tR(T4)=3.5 min; tR(T5)=4.1 min; 
tR(T6)=5.4 min; tR(T7)=2.3 min; tR(T8)=2.6 min; tR(T9)=10.0 min. 

For PEC treated thymine samples (Figure 4.9b), the original thymine molecule (T0) 

was completely consumed after 300 s of PEC treatment.  It was found that T1 became a 

minor intermediate with much lower concentration in comparison to the PC treated 

samples, while T2 was not observed.  A group of intermediates (T4, T5, T7 and T8) that 

are more hydrophilic than the original thymine molecule were recorded as minor 

intermediates.  The more hydrophobic intermediates (T3, T6 and T9) were detected from 

the reaction mixture.  T3 appeared as a dominate intermediate in 100s PEC treated sample 

and rapidly decreased to below the detection level when the treatment time was greater 

that 600 s.  T6 was recorded as the dominate intermediate for samples treated for 100 s or 

longer.  Its concentration in the reaction mixture was found to increase as the treatment 

time was increased, even after the original thymine was reduced to below the detection 

limit.  This suggests that T6 was the further oxidation product of reaction intermediates 

rather than the direct oxidation product of the original thymine.  T9 was one of the major 

hydrophobic intermediate in the reaction mixture for PEC treated samples with treatment 

time equal to or greater than 300 s.  

Figure 4.10 shows the chromatograms of PC and PEC treated adenine samples.  The 

absorption peak (A0) of original adenine molecule was observed at the retention time of 

4.0 min.  For PC treated samples (Figure 4.10a), four intermediates (A1, A2, A8 and A9) 

that are more hydrophilic than the original adenine molecule were detected at the retention 

times of 2.6 min, 3.4 min, 3.2 min and 3.9 min, respectively.  Among these hydrophilic 

intermediates, A1 and A2 are the two major ones due to their high concentrations in the 

reaction mixtures.  A3, A4, A5, A6 and A7 were the five detected intermediates that are 

more hydrophobic than that of original adenine molecule.  In teams of the concentration 

level in the reaction mixture, A3 is a major intermediate and its concentration in the 

reaction mixture was found to be insensitive to the treatment time.  In teams of the 

concentration level in the reaction mixture, A4, A5, A6 and A7 can be categorised as 

major intermediates.  A4 was first determined from the sample subjected to 300 s PC 

treatment and a similar concentration was also determined from a 600 s PC treated sample.  

However, the A4 concentration in the reaction mixture of 1200 s PC treated sample was 

found to be below the detection limit, while a new hydrophobic intermediate, A5, was 

detected as a major intermediate at the retention time of 6.7 min.  It was found that A5 

was undetectable in the reaction mixture of 2400 s PC treated sample, while a new major 

hydrophobic intermediate, A6 (tR=6.4 min), was produced.  Interestingly, for 3000 s PC 



Chapter 4 

 139

treated sample, A6 became undetectable while another new major hydrophobic 

intermediate, A7 (tR=6.0 min) was generated.  More interestingly, hydrophobicity of A4 to 

A7 was in an order of A4>A5>A6>A7 with almost same retention time decrease of 0.35 

min.  Considering the production of a subsequent intermediate was always slightly more 

hydrophilic and accompanied with the disappearance of the previous one, therefore, there 

is a possibility that this set of intermediates are the consecutive oxidation products of A4. 
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Figure 4.10  The chromatograms obtained for PC (a) and PEC (b) treated adenine 
samples at different reaction intervals under 8.0 mW/cm2 UV intensity. 
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Initial concentration: 12 meq (N oxidised to NH3); Applied potential bias 
for PEC: +0.40 V vs. Ag/AgCl; Retention time: tR(A0)=4.0 min; 
tR(A1)=2.6 min; tR(A2)=3.4 min; tR(A3)=5.9 min; tR(A4)=7.0 min; 
tR(A5)=6.7 min; tR(A6)=6.4 min; tR(A7)=6.0 min; tR(A8)=3.2 min; 
tR(A9)=3.9 min; tR(A10)=3.3 min; tR(A11)=5.8 min; tR(A12)=2.5 min. 

The obvious differences are easily identifiable by comparing the results obtained 

from PC treated adenine (a double-ringed purine base) samples (see Figure 4.10a) with the 

results obtained from PC treated uracil, cytosine and thymine (single-ringed pyrimidine 

bases) samples (see Figures 4.7a, 4.8a and 4.9a).  For all pyrimidine bases investigated, 

the degradation products are dominated by the intermediates that are more hydrophilic 

than their original molecules.  For PC treated uracil and cytosine samples, the three 

detected hydrophobic intermediates were minor or very minor in terms of their 

concentrations in reaction mixtures (see Figures 4.7a and 4.8a), while for PC treated 

thymine samples, no intermediates that are more hydrophobic than their original 

molecules were detected (see Figure 4.9a).  This is in strong contrast to the PC treated 

double-ringed purine base such as adenine, where the hydrophilic intermediates are no 

longer the sole dominant products as the hydrophobic intermediates are also major 

intermediates in the reaction mixtures (see Figure 4.10a).  

For PEC treated adenine samples (Figure 4.10b), A1 was found to be the dominant 

intermediate throughout the treatment process, though its concentration in the reaction 

mixture decreased slightly as the treatment time increased.  A group of minor hydrophilic 

intermediates (A9, A10 and A12) were also recorded.  However, only one hydrophobic 

intermediate (A11, tR=5.8 min) was detected from the reaction mixture of PEC treated 

samples in comparison to four hydrophobic intermediates detected from PC treated 

samples.  

The results shown in Figure 4.10b indicate that the intermediates that are more 

hydrophilic than its original molecule were the dominant products in PEC treated adenine 

samples.  This is in strong contrast to the cases of PEC treated single-ringed pyrimidine 

bases, where the PEC degradation products in the reaction mixtures were dominated by 

the intermediates that are more hydrophobic than their original molecules (see Figures 

4.7b, 4.8b and 4.9b). 

4.3.5 Mechanistic Considerations 

The experimental results shown in the sections 4.3.1 and 4.3.2 clearly demonstrated 

the oxidative degradation behaviour (in teams of degradation efficiency and kinetics) 

differences among the single-ringed pyrimidine bases and the double-ringed purine base.  
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These results also demonstrated the oxidative degradation behaviour differences between 

PC and PEC processes.  

The experimental results presented in the section 4.3.4 revealed the oxidative 

degradation behaviour differences of the nucleotide bases in teams of produced 

intermediates, which may be summarised as: 

(i) For a given nucleotide base, the intermediates produced by PC and PEC 

treatments are different in terms of hydrophilicity;  

(ii) For a given treatment method (i.e., PC or PEC), the hydrophilicity 

characteristics of the intermediates produced are highly dependent on the type 

of nucleotide bases involved.  The single-ringed pyrimidine bases and the 

double-ringed purine base are found to belong to different categories.  

Theoretically calculated 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) values in the 

section 4.3.3 (see Table 2.2) indicated that for a given nucleotide base, the initial reaction 

sites are different for electron extraction (i.e., direct photohole attack in PEC process) and 

radical attack (i.e., •OH in PC process).  These predictions agreed well with the 

experimental results presented in sections 4.3.1, 4.3.2 and 4.3.4 where for a given 

nucleotide base, PC and PEC differed remarkably from each other in terms of degradation 

efficiency (see Figures 4.3, 4.5 and 4.6) and degradation intermediates (see Figures 4.7 to 

4.10). 

For a given treatment method (i.e., PC or PEC), the theoretically calculated 

2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) values of different nucleotide bases revealed that 

the initial reaction site are depend on the type of nucleotide bases.  For single-ringed 

pyrimidine bases such as uracil, cytosine and thymine, the initial reaction sites are likely 

to occur on the atoms within the 6-membered ring structure, regardless of the treatment 

process (e.g., via electron extraction in PEC process or radical attack in PC process).  For 

double-ringed purine base such adenine, the initial reaction sites are likely to occur at the 

side-chain atoms of the 6-membered ring structure (PEC process) or on the 5-membered 

ring structure (PC process).  These predictions again agreed well with the experimental 

results shown in sections 4.3.1, 4.3.2 and 4.3.4 where for a given treatment method, the 

single-ringed pyrimidine bases exhibited very different photocatalytic degradation 

behaviours in comparison to the double-ringed purine base in terms of both degradation 

efficiency (see Figures 4.3, 4.5 and 4.6) and the hydrophilicity characteristics of the 

intermediates produced (see Figures 4.7 to 4.10).  
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The theoretical calculation and the experimental results obtained in this chapter 

suggested that the mechanistic pathway for PC and PEC processes differed from each 

other.  The differences in photocatalytic degradation behaviours and products can be 

attributed to the different mechanistic pathways of PC and PEC processes.  As 

aforementioned, according to reaction mechanisms reported to date, the photocatalytically 

and photoelectrocatalytically produced intermediates should be exclusively more 

hydrophilic than its original nucleotide base molecule.  However, the intermediates more 

hydrophobic than their original nucleotide base molecules were obtained in this study 

from both PC (see Figures 4.7a and 4.10a) and PEC (see Figures 4.7b, 4.8b, 4.9b and 

4.10b) treated samples.  This implies that the reported reaction mechanisms need to be 

further examined and validated.  For this purpose, the chemical structures of the produced 

intermediates must be precisely identified.  A systematic experimental work is currently 

under investigation to achieve this.  We are using preparative column to isolate sufficient 

qualities of intermediates for structural analyses by FTIR, MS and NMR.  The findings 

will be reported in near future.  

4.4 CONCLUSION  

In this chapter, we investigated the PC and PEC degradation of different nucleotide 

bases.  A number of conclusions can be drawn based on the obtained experimental results: 

(i) For a given nucleotide base, PEC method possesses higher degradation 

efficiency than that of PC method;  

(ii) The superiority of PEC method over PC method becomes more obvious at 

higher concentrations; 

(iii) For a given method, degradation efficiency is dependent on the type of 

nucleotide bases.  Similar degradation behaviours were observed from all 

single-ringed pyrimidine bases investigated, which are distinctively different to 

that of the double-ringed purine base;  

(iv) For a given nucleotide base, the hydrophilicity characteristics of the PC 

produced intermediates are differed significantly from those of PEC produced 

intermediates; 

(v) For a given method, similar hydrophilicity characteristics were obtained from 

all single-ringed pyrimidine bases investigated that differ significantly from 

those observed from the double-ringed purine base; 
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(vi) For a given nucleotide base, the theoretically calculated 2FEDHOMO
2 and 

(FEDHOMO
2+FEDLUMO

2) values suggest that the initial reaction sites are 

different for PC and PEC processes, which agreed well with the experimental 

results; 

(vii) For a given method, the theoretically calculated 2FEDHOMO
2 and 

(FEDHOMO
2+FEDLUMO

2) values of different nucleotide bases suggest that the 

initial reaction sites for all single-ringed pyrimidine are likely to occur on the 

atoms within the 6-membered ring structure while for double-ringed purine 

base, the initial reaction sites are likely to occur at the side-chain atoms of the 

6-membered ring structure (PEC process) or on the 5-membered ring structure 

(PC process); 

(viii)  Both theoretical calculation and experimental results suggest that the 

mechanistic pathway of PEC process differs from that of PC process. 

Further experimental work will be completed to identify the precise chemical 

structures of the produced intermediates, allowing a precise description of reaction 

mechanism.  

Besides amino acids and nucleotide bases, photocatalytic and photoelectrocatalytic 

degradation of other small biological compounds, such as D-glucose (AR, BDH), L-

rhamnose monohydrate (≥99%, Sigma), D-(+)-galactose(≥98%, Sigma), sucrose (AR, 

UNIVAR), linoleic acid(~95%, Sigma) and N-acetyl-D-glucosamine(≥99%, Sigma), were 

also carried out in thesis in order to fully understand photocatalytic and 

photoelectrocatalytic oxidation/degradation behaviours of different biological 

contaminants by a bottom-up strategy. 
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5.1 INTRODUCTION 

In the past two decades, a rapid increase of interest is observable in oxidative damage 

of large size biological compounds, such as proteins, DNA and lipid 1-5, which are the 

building blocks of the living organisms and play an important role in cell systems 6, 7, and 

relevance to aging and pathological disorders 8-11.  In addition, some large size biological 

compounds such as protein can be a kind of pollutants contaminating fresh and reclaimed 

water 12, 13.  Because they can be either free or attached to viruses, bacteria or other 

microorganisms.  The contaminated water is very harmful, due to their infection property.  

For instance, prions are proteinaceous infectious agents which are postulated to be the 

causative agents of a group of fatal neurodegenerative diseases such as transmissible 

spongiform encephalopathies 14.  Therefore, much attention has been received about the 

large biological compounds degradation, because it is important to elucidate a variety of 

problems concerning with environment and health 12. 

It has been known for many years that the ionizing radiation such as X-rays, γ-rays, 

electrons, and α-particles, as well as UV-light, leads to free radical induced oxidation of 

these biological compounds 3, 12, 15-17.  However, only few reports to date have investigated 

the photocatalytic oxidation of large biological compounds.  Zou et al’s report indicate 

that TiO2 nanoparticles could gain access into lecithin liposomes during sonication and the 

lecithin liposomes can be effectively decomposed upon illumination with near-UV light 18.  

Proteins are also susceptible to photocatalytic oxidative damage or degradation 12, 13 and 

this increases susceptibility to proteolysis.  Particularly, hydroxyl radical (•OH) treated 

proteins exhibit a significant increase in degradation efficiency by cellular proteolytic 

systems 19.  Illuminated TiO2 nanoparticles produce reactive oxygen species 20, 21, which 

can cause damage to DNA, leading to the cleavage of DNA, for example calf thymus 

DNA 22, supercoiled plasmid DNA 23, genomic DNA of bacteria 24.  

As aforementioned, large size biological compounds are the building blocks of 

bacteria and viruses.  A better understanding of photocatalytic and photoelectrocatalytic 

degradation processes for large size biological compounds will allow us to identify an 

effective means to cause damage to these building blocks of bacteria and viruses, which 

will be, in turn, allow us to identify an effective killing means for bacteria and viruses as 

damage to these building materials of bacteria and viruses is a prime step of killing 

mechanisms.  

The photocatalytic and photoelectrocatalytic degradation of amino acids and 

nucleotide bases have been investigated in Chapters 3 and 4.  These small size biological 
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compounds are the basic building blocks of the larger biological compounds such as 

proteins and DNA.  In this chapter, as a part of the proposed “bottom-up” strategy, we 

investigate the photocatalytic and photoelectrocatalytic degradation of large biological 

compounds.  Bovine serum albumin (BSA), bacteria genomic DNA and lecithin were 

selected as model compounds of protein, DNA and lipid.  We hope such a step-by-step 

from easier to complex bottom-up strategy will lead us to a full understanding of bacteria 

and viruses detoxification and disinfection mechanisms. 

In comparison to the small biological compounds such as amino acids and nucleotide 

bases, the quantification of the extent of mineralisation/degradation for larger biological 

compounds such as proteins, DNA and lipids are more complex and difficult.  One of the 

difficulties is that the precise chemical formulas of large numbers of these large size 

biological compounds are unknown.  This means that the methods developed in Chapters 

3 and 4 cannot be directly applied to study the larger biological compounds because the 

theoretical charge required to mineralise these large biological compounds cannot be 

calculated based on their chemical formula.  In order to overcome this difficulty, in this 

chapter, we developed a new method to estimate the theoretical charge required to 

mineralise these large biological compounds with unknown chemical formula.  The 

developed method was subsequently used to investigate the photocatalytic and 

photoelectrocatalytic degradation of representative compounds of protein, DNA and lipid.  

All experiments were performed using a thin-layer photoelectrochemical cell consisting of 

a nanoparticulate TiO2 photoanode. 

5.2 EXPERIMENTAL 

5.2.1 Chemicals and Materials 

Indium tin oxide conducting glass slides (ITO, 8 Ω/square) were purchased from 

Delta Technologies Ltd. (USA).  Titanium butoxide (97%, Aldrich), sucrose (AR, 

UNIVAR), bovine serum albumin (BSA) (>98%, Biotech), and L-α-lecithin (99%, Sigma) 

were used as received.  Other chemicals used were of analytical grade and purchased from 

Sigma unless otherwise stated.  Genomic DNA of E. coli is extracted according to the 

reference 29.  All solutions were prepared using high purity deionised water (Millipore 

Corp., 18 M Ω cm). 

5.2.2 UV-LED/TiO2 Photoelectrochemical Cell 

Preparation of colloids and fabrication of TiO2 photoanode procedures are the same 

as described in section 2.2.2.1 and 2.2.2.2 of Chapter 2.  The schematic diagram of the 
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UV-LED/TiO2 photoelectrochemical cell is given in Figure 2.2 as described in section 

2.2.4.  2.0 M NaNO3 was used as the supporting electrolyte.  The UV intensity on the 

electrode surface was about 8.0 mW/cm2 measured with an UV-irradiance meter (UV-A, 

Beijing Normal University). 

5.2.3 Procedures 

Both photocatalytic (PC) and photoelectrocatalytic (PEC) degradation experiments 

were performed under identical UV intensity using the same UV-LED/TiO2 

photoelectrochemical cell.  For PEC and PC degradation experiments, the procedures are 

the same as described in section 3.2.3 in Chapter 3. 

5.2.4 Standard Chemical Oxygen Demand (COD) Analysis 

Standard COD value (dichromate method) of the samples was measured with an EPA 

approved COD analyser (NOVA 30, Merck).  Each COD value was the mean value of a 

triplicate measurement.  

5.2.5 Total Organic Carbon (TOC) Analysis 

Total Organic Carbon (TOC) content of samples was measured with TOC-VCPH-

V/TOC-VCPN Total Organic Carbon Analyser (Shimadzu Corporation, Japan).  

Standardization curves for the IC and TC determinations were prepared according to the 

manufacturer's instructions.  Triplicate analyses were performed on each sample. 

5.2.6 Measurement of Transferred Charges  

The extent of the mineralisation was determined by measuring the charge originated 

from the oxidation of large biological compounds using PeCODTM technique 25, 26.  The 

measured net charge (Qnet for PEC; Q∆net for PC) as showed in Figure 3.1 in Chapter 3 was 

used to calculate the percentage of mineralisation.  For a compound with a known 

chemical formula, its mineralisation percentage can be calculated based on the ratio of 

measured charge to the theoretically required charge (Qth) using Equations 3.6 in Chapter 

3.  However, the precise chemical formula of large number of complex large size 

biological compounds cannot be determined.  Under such circumstances, Equation of 3.6 

cannot be used to calculate the mineralisation percentage because the theoretically 

required charge (Qth) is unknown.  In order to determine the mineralisation percentage of 

compounds with unknown chemical formula, the standard COD values of these 

compounds were determined and converted into the equivalent amount of transferred 

electrons (Qchem).  The obtained Qchem can then be used as the reference value to replace 

the Qth for mineralisation percentage calculation. 
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For COD calculation, one oxygen molecule is equivalent to 4 electrons transferred.  

The Q value can be easily converted into an equivalent O2 concentration (or oxygen 

demand).  The equivalent COD value can therefore be represented as: 

000 32
4

)O (mg/L COD 2 ×=
FV

Qchem
chem                                                                 (5.1) 

Rearrange Equation 5.1: 

000 32
COD  4 chem

chem
FVQ ×

=                                                                            (5.2) 

where F is the Faraday constant; and V is the sample volume.   

Assume the compounds with unknown chemical formula can be stoichiometrically 

mineralised during the chemical oxidation process, then the Qchem becomes a close 

estimation of the Qth and the mineralisation percentage can be represented as: 

%100(%) ×=
chem

Q
QtionMineralisa net                                                                      (5.3) 
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Equations 5.3 and 5.4 are therefore used for the mineralisation percentage calculation 

of PEC and PC processes, respectively. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Calibration of Equivalent Electrons Transferred for Mineralisation of Large 

Compounds with Unknown Chemical Formulas 

The stoichiometric mineralisation of organic compounds at a nanostructured TiO2 

photoanode can be represented as 25, 26:  

−+− −−+−+−+−+++→−+ eqkmjyHkmjykNHqXyCOOHjyXNOHC qkjmy )324()324()2( 322
   (5.5), 

qkmjyn −−+−= 324                                                                                              (5.5a), 

where N and X represents a nitrogen and a halogen atom, respectively.  The numbers of 

carbon, hydrogen, oxygen, nitrogen and halogen atoms in the organic compound are 

represented by y, m, j, k and q.  n refers to the number of electrons transferred during the 

photoelectrocatalytic degradation. 

In addition, Faraday’s law can be used to quantify the concentration by measuring the 

charge passed if the charge/current produced is the result of photoelectrochemical 

degradation of organic matter.  That is 
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nFVCtiQ ∫ ==  d                                                                                      (5.6) 

From the Equations 5.1 and 5.6, we can obtain: 

nC 8000COD =                                                                                                 (5.7) 

Equation 5.7 can be used to directly quantify the n value of a sample when COD is 

obtained, since the C, the concentration, is known. 

To determine whether the proposed method can be applied to determinate the 

mineralisation percentage of organics, two sets of experiments were performed.  In the 

first, a pure organic compound with known chemical formula, for example sucrose was 

subjected to examination.  According to Equation 5.7, the theoretical and experimental 

mole of electrons can be obtained from theoretical and experimental COD values.  The 

relationship between the theoretical and experimental mole of electrons and the 

concentration of sucrose is given in Figure 5.1. 
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Figure 5.1 Correlation between the mole of electrons and the concentration of sucrose 

(○: theoretical; □: experimental). 

Theoretically, the numbers of electrons required for mineralisation of 1 mol of 

sucrose (C12H22O11) is n=48 mol as described by Equation 5.5a, which is the same value 

as slope obtained from the theoretical curve in Figure 5,1.  Experimentally, the mole of 

electrons (data from standard COD results) obtained were directly proportional to the 

sucrose concentration with an experimental slope value of 48.108.  Comparatively, two 

linear lines almost fit into one linear line.  Considering the experimental errors and the 

purity of the reagent, the experimental slope value of the curve (48.108) was found to be 
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almost the same as the slop value of the theoretical curve.  These results demonstrated that 

the sucrose can be stoichiometrically mineralised to carbon dioxide, water by a strong 

oxidising agent (e.g., dichromate) under acidic conditions.  In other word, the Qchem 

obtained using the standard COD method could be used to replace the Qth for calculating 

the extent of mineralisation.  This is because the same amount of electrons transferred to 

the chemical oxidising agent during a chemical oxidation process.  This is also because 

that the different degrees of oxidation of same organic compound require transferring 

different numbers of electrons 30. 

To further validate the oxidation capability of standard COD to organic compound, 

TOC test, which uses heat, ultraviolet light, or a strong chemical oxidant (or a 

combination of the three) to completely oxidise organic compounds to CO2 and H2O, was 

also carried out simultaneously for sucrose.  TOC is correlated to COD for a given organic 

compound.  For a given organic compound, the correlation between the theoretical COD 

and the theoretical TOC values (CODth/TOCth) should be a fixed value, if the 

stoichiometric mineralisation has been achieved during the chemical oxidation process.  In 

other word, the chemical stoichiometric mineralisation has been achieved when the ratio 

of experimental COD/experimental TOC (CODchem/TOCexp) is the same as the value of 

CODth/TOCth.  The TOC and COD values can be readily converted as the number of 

carbons per litre and the number of electrons per litre, respectively.  Figure 5.2 shows the 

plot of the number of electrons per litre (e-/L) against the number of carbons per litre (C/L) 

from both theoretical and experimental data.  From the figure, linear relationships between 

the number of electrons per litre and the number of carbons per litre were obtained.  

Slopes of 4.00 and 4.35 e-/C were obtained for the theoretical and experimental data of 

sucrose, respectively.  It was found that the experimental slope value was 108.8% of the 

theoretical slope value.  Consider that there are analytical errors associated with both the 

CODchem and TOCexp method measurements and that these errors contribute to scatter on 

both axes, it is reasonable to claim that the analytical correlation factor of number of 

electrons per carbon (e-/C) resulted from the experimental results are very similar to 

theoretical results.  It is doubtless to say that the sucrose was totally oxidised.  From 

studies such as these, it was concluded that the CODchem, which is also called standard 

COD (CODst) values, can be used as a substitute for theoretical COD.  Qchem can be 

calculated according to the Equation 5.2.  Subsequently, the mineralisation percentage of 

photoelectrocatalytic and photocatalytic degradation of organic compounds with known 

chemical formula can be achieved according the Equation 5.3 and Equation 5.4. 
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Figure 5.2 Correlation between the number of electrons per litre and the number of 

carbons per litre of different concentration of sucrose (○: theoretical; □: 
experimental). 

A second series of experiments has been carried out using BSA as a model compound 

to represent the large biological compound with unknown chemical formula for validating 

the proposed method.  Though exact chemical formula of BSA is unknown, there has been 

reported that BSA consists of 607 amino acid residues (Table 5.1), 17 disulphide bonds 

and a molecular weight of ca. 69.4 kDa 31-33.  Theoretically, according to the electron 

transfer number for complete mineralisation of all BSA residues, the numbers of electrons 

required for mineralisation of 1 mol of all the amino acids residues of BSA without 

disulphide bonds can be calculated as n=13040 mol (Table 5.1).  However, the BSA 

molecule has 17 disulphide bonds.  According to the following reaction: 

−+ ++→ e22H  SR-RSRSH 2                                                                        (5.8)  

the numbers of electrons required for mineralisation of 1 mol of BSA is n=13006 mol.  

Similarly, the relationship between the theoretical and experimental mole of electrons 

and the concentration of BSA is given in Figure 5.3.  Linear increase for both the 

theoretical and experimental mole of electrons was observed with the increase of the BSA 

concentration.  The slope value of the theoretical curve was found to be 13006 µmole 

electrons per µmole of BSA, which represents the number of electrons required for 

mineralisation of 1 mol of BSA.  The slope of the experimental curve was found to be 

12495 µmole electrons per µmole of BSA, which is very close to the slope value of the 

theoretical curve.  This can be further evidenced by plotting the measured amount of 
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electrons against the theoretical amount of electrons values as shown in Figure 5.4, where 

the line of the best fit with the slope of 0.959 and R2 = 0.9999 were obtained.  This 

demonstrates that the method measures essentially the theoretical amount of electrons 

values.  Considering the experimental errors and the purity of the reagent, it is reasonable 

to conclude that there is no essential difference between the theoretical and experimental 

results and the BSA can be fully mineralised by using standard COD method. 

Table 5.1 Amino acid composition of BSA and electron transfer number for complete 
oxidation residues of BSA. 

Amino acid Chemical 

formula
3NHn  NO. of 

residues 
3NHn  

Valine C5H11NO2 24 38 912

Alanine C3H7NO2 12 48 576

Leucine C6H13NO2 30 65 1950

Isoleucine C6H13NO2 30 15 450

Glycine C2H5NO2 6 17 102

Phenylalanine C9H11NO2 40 30 1200

Tryptophan C11H12N2O2 46 3 138

Tyrosine C9H11NO3 38 21 798

Serine C3H7NO3 10 32 320

Threonine C4H9NO3 16 34 544

Aspartic acid C4H7NO4 12 41 492

Glutamic acid C5H9NO4 18 58 1044

Glutamine C5H9NO4 18 21 378

Asparagine C4H8N2O3 12 14 168

Histidine C6H9N3O2 20 16 320

Lysine C6H14N2O2 28 60 1680

Arginine C6H14N4O2 22 26 572

Cysteine C3H7NO2S 18 35 630

Methionine C5H11NO2S 30 5 150

Proline C5H9NO2 22 28 616

Total 607 13040
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Figure 5.3 Correlation between the mole of electrons and the concentration of BSA (○: 

theoretical; □: experimental). 
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Figure 5.4 Correlation between the measured amount of electrons and the theoretical 

amount of electrons with different concentration of BSA. 

Figure 5.5 shows the plot of the number of electrons per litre (e-/L) against the 

number of carbons per litre (C/L) from both theoretical and experimental data.  From the 

figure, linear relationships between the number of electrons per litre and the number of 

carbons per litre were achieved theoretically and experimentally.  The slope values of 4.24 

and 4.16 electrons per carbon (e-/C) were obtained for the theoretical and experimental 

data of BSA, respectively.  It was found that the experimental slope value was 97.9% of 
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the theoretical slope value.  Considering that there are analytical errors associated with 

both the CODchem and TOCexp measurements and that these errors contribute to scatter on 

both axes, it is reasonable to claim that the analytical correlation factor of number of 

electrons per carbon (e-/C) resulted from the experimental results are very similar to 

theoretical values.  It is doubtless that the BSA was fully mineralised.  Accordingly, we 

can conclude that complete mineralisation of BSA can be achieved via the chemical 

oxidation process under the standard COD determination conditions.  The Qchem calculated 

based on the measured COD values  according to the Equation 5.2 can therefore be use to 

replace Qth the mineralisation percentages of photoelectrocatalytic and photocatalytic 

degradation of organic compounds with unknown chemical formula according to the 

Equations 5.3 and 5.4. 
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Figure 5.5 Correlation between the number of electrons per litre and the number of 
carbons per litre of different concentration of BSA (○: theoretical; □: 
experimental). 

5.3.2 Photocatalytic and Photoelectrocatalytic Degradation of Large Biological 

Compounds 

5.3.2.1 Photocatalytic and photoelectrocatalytic degradation of BSA 

Photocatalytic and photoelectrocatalytic degradation of BSA was firstly carried out.  

Figure 5.6 shows a set of typical photocurrent–time profiles obtained from BSA samples 

before (original sample) and after PC treatment.  These photocurrent profiles are used to 

obtain the net charges of the sample before and after photocatalytic degradation and 

calculated in accordance with Equations 3.7 to 3.9. 
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Figure 5.6 Typical photocurrent –time profiles of different BSA concentrations in the 

thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 

Figure 5.7 shows a set of typical photocurrent–time profiles obtained from BSA 

samples (8 to 80 mg/L) during PEC treatment.  These photocurrent profiles are used to 

obtain the net charges of the sample after photoelectrocatalytic degradation and calculated 

in accordance with Equations 3.1.  The insert within Figure 5.7 is calibration curve of the 

responses under a constant applied potential bias (+0.30 V vs. Ag/AgCl) and light 

intensity (8.0 mW/cm2).  

With the blank solution (2.0 M NaNO3), the photocurrent decreased rapidly and 

attained its steady-state within 50 s.  The initial photocurrent spike was due to the 

photocatalytic oxidation of the adsorbed water accumulated at the electrode surface.  

While for the samples containing BSA, the initial photocurrent spikes were higher than 

that of the blank solution and increased steadily with the increase of the BSA 

concentration.  Within the BSA concentrations investigated, for all cases, well-defined 

steady-state currents with designated reaction endpoint of the photocatalytic degradation 

of BSA were obtained.  The endpoint here refereed to the photocurrent of a BSA 

containing sample reaches the same value as the steady-state photocurrent of the blank 

solution.  Within lower BSA concentration range (i.e., 8 to 40 mg/L), the photocurrents 

declined monotonically during the degradation process.  Comparatively, the photocurrent 

of 80 mg/L BSA protruded at the beginning of the reaction and then declined subsequently.  

A possible reason for fluctuating photocurrent curve at the beginning part of the reaction 
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could be due to the formation of stable intermediates and accumulation of these 

intermediates at the electrode surface as a result of photocatalytic reaction.  With the 

prolongation of degradation reaction, these intermediates together with the BSA residue 

can be decomposed into smaller and less stable intermediates, which were clearly reflected 

by the subsequent photocurrent decrease and the attainment to the blank solution steady-

state photocurrent level.  It is worth noting that this phenomenon took place only when 

organic compounds concentration is high, because the produced intermediates can be 

instantly decomposed at low concentration of organics degradation process because of the 

powerful photohole oxidation capacity.  It was also found that an increase in BSA 

concentration can lead to an increase in the integration of photocurrents (total amount of 

transferred charge during the degradation).  The net charge increase was found to be 

directly proportional to BSA concentrations, as shown in the insert of Figure 5.7, where a 

good linearity with a R2 value of 0.9997 was obtained.  
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Figure 5.7 Typical photocurrent responses at various BSA concentrations: from 

bottom to the top: 0 (blank), 8, 16, 40, and 80 mg/L BSA. The insert figure 
is the correlation between Qnet and BSA concentration. 

The applicability of the proposed method was then tested for determining the 

photocatalytic and photoelectrocatalytic mineralisation percentages of large size biological 

compounds with unknown chemical formulas.  BSA was chosen as a model globular 

protein because of its physiological importance, easy separation and purification 34.  

Figure 5.8 demonstrated the photocatalytic degradation percentages of BSA under 

exhaustive condition in the thin-layer cell.  The results showed that PC mineralisation of 

BSA was very difficult to be achieved.  About 11.55% of 8 mg/L of BSA can be fully 
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mineralised by converting the carbon atoms to CO2, hydrogen to H2O and nitrogen to NH3.  

When the initial BSA concentrations were increased to 16 and 40 mg/L, only 0.64% and 

0.36% of the BSA can be completely oxidised.  The photocatalytic degradation was 

essentially stoped when the initial concentration increase to a further increase the initial 

BSA concentrations to 80 mg/L.  
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Figure 5.8 Photocatalytic and photoelectrocatalytic degradation of BSA. 

The reason for BSA hard to be photocatalytic degraded may be due to that BSA 

molecule is a huge polymeric amide (A-CONH-B), and a chain of amino acid "residues" 

linked by peptide bonds formed via the condensation of amino acids.  The 

photocatalytically generated •OH radicals on the surface of TiO2 particles is a powerful 

protein-modifying agent.  The photocatalytic degradation can produce a great number of 

intermediates from the 20 common side chains and the peptide backbone 11, 14, 35.  Exposed 

to •OH, two types of damage to the proteins may occur.  One is the fragmentation and 

another is aggregation.  In this research, BSA might undergo progressive covalent cross-

linking to form dimers, trimers and even tetramers, partially the formation of 

intermolecular bityrosine according to the reference 36.  The formation of these polymer 

networks intermediates could diminish the mobility of the intermediates and reduce the 

access of the BSA to the TiO2 electrode surface for the PC degradation reaction in the 

thin-layer cell.  It is also possible that these large sized intermediates are difficult to be 

further oxidised, leading to the inhibition of the catalyst surface, terminating or reducing 

the photocatalytic processes. 
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In addition, it is also considered that the formations of •OH radicals could potentially 

lead to the change of the pH values around the microenvironment of BSA molecules, 

which can badly weaken the inner hydrogen bonds of BSA molecules.  Therefore, the 

disappearance of disulfide and hydrogen bonds that are the major attributes to maintain the 

secondary structures of BSA molecules, which cloud lead to the extension of the peptide 

chain 7.  Subsequently, the remaining amino acid may spread or adhere on the surface of 

TiO2 electrode 19, causing diminution of specific surface of catalyst accessible to light and 

reactant.  Another reason is that amino acid side chains are very important sites for 

oxidation agents attack at proteins due to the steric hindrance of main chain α-carbon 35.  

BSA is characterised by a low content of tryptophan and methionine and a high content of 

cystine and the charged amino acids, aspartic and glutamic acids, lysine, and arginine.  

However,  other research showed that the amino acids containing -OH (Ser), -NH (Trp, 

His), or -NH2 (Asn) in their side chain appeared to be adsorbed more favourably by the 

side chain to be more vulnerable to photocatalytic oxidation and showed high 

decomposition rates 37.  

To improve the degradation efficiencies, PEC treatment method was then applied in 

this study.  The photoelectrocatalytic oxidation was firstly investigated in the absence of 

organics.  All experiments were carried out using the thin-layer photoelectrochemical cell. 

The results of photoelectrocatalytic degradation BSA were also illustrated in the 

Figure 5.8.  Compared with PC oxidation, the PEC degradation efficiencies are 

significantly enhanced to nearly 4 times of the degradation efficiency for PC treatment at 

low BSA concentration of 8 mg/L.  In strong contrast to PC degradation, the PEC 

mineralisation percentage only decrease very slightly and no decomposition termination 

was observed when the initial BSA concentration was increased.  Such a performance 

enhancement can be attributed to the combined effect of electrochemical technique and 

photocatalytic oxidation process.  Introduction of electrochemical technique allows the 

application of a potential bias, which can serve as an external motive force to timely 

remove the photogenerated electrons from the conduction band, effectively suppressing 

the recombination of photocatalytically generated electrons/holes, leading to a 

dramatically improved the light efficiency 25, 26.  The ability to timely remove the 

photogenerated electrons from the conduction band also prolongs the lifetime of 

photoholes, enabling direct photohole reaction with BAS.  The strong oxidative power of 

the photohole (+3.1 V), which is more powerful oxidising agent than •OH radicals (which 

is the main oxidising agent in PC process) could rapidly decompose the BSA and 
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produced intermediates in direct contact to the photoanode surface.  Additionally, 

according to the findings in Chapters 3 and 4, the reaction mechanisms/pathways PC 

(dominated by •OH radicals attacks) and PEC (dominated by h+ attacks with assistance of 
•OH radicals attacks) processes enhance the produced intermediates during PC and PEC 

processes could be different 38.  These mechanistic differences between PC and PEC 

processes could be the essential attributes to the dramatically improved PEC performance. 

5.3.2.2 Photocatalytic and photoelectrocatalytic degradation of lecithin 

It is well known that lipids are large size biological compounds, possessing very 

different chemical compositions and properties to other large size biological compounds 

such as proteins and DNA.  They are also an important class of biological compounds 

serving as the building bock for various bacteria and viruses.  In order to obtain evidence 

for better understanding the mechanistic pathways of TiO2 photocatalytic and 

photoelectrocatalytic decomposition of cell wall membranes and shed light on the need of 

mimicking the environment in which the TiO2 particles will reside, lecithin was used as a 

model lipid in this chapter.  This is because lecithin is not only one of the essential 

components of the cell membranes 18, but also has been widely used as a biosurfactant in 

the cosmetic industry for decades 39.  

Figures 5.9 and 5.10 show two sets of typical photocurrent–time profiles obtained 

from lecithin samples before (original sample) and after PC and PEC treatments, 

respectively.  These photocurrent profiles are used to obtain the net charges of the lecithin 

samples before and after photocatalytic and photoelectrocatalytic degradation.  For PC 

treated lecithin samples, Equations 3.7 to 3.9 were used to quantify the net charges.  For 

PEC treated lecithin sample, Equation 3.1 was used to quantify the net charge. 

The blank photocurrents obtained are quantitatively similar to those shown in Figures 

5.6 and 5.7.  The photocurrent-time profiles obtained from lecithin containing samples 

were found to be also similar to those shown in Figures 5.6 and 5.7, except that for all 

cases investigated a monotonic decrease in photocurrent was observed throughout the 

whole degradation process.  However, for all cases investigated, well-defined steady-state 

currents with designated the reaction endpoint of the photocatalytic degradation of lecithin 

was obtained.  This is important as the net charge can be accurately quantified only when 

the endpoint of degradation can be precisely determined. 
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Figure 5.9 Typical photocurrent –time profiles of different lecithin concentrations in 

the thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 
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Figure 5.10 Typical photocurrent –time profiles of different lecithin concentrations in 

the thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 

Figure 5.11 shows the photocatalytic and photoelectrocatalytic degradation 

efficiencies (in terms of mineralisation percentage) of L-α-lecithin.  In case of BSA 

degradation, the effect on concentrations of PC mineralisation percentage trend differed 

remarkably from the mineralisation percentage trend of the PEC process, as demonstrated 
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in Figure 5.8.  In strong contrast, for degradation of lecithin, the effect of the concentration 

on the mineralisation percentage trend for photocatalytic and photoelectrocatalytic 

processes were found to be very similar, except higher degradation efficiencies (in terms 

of mineralisation percentage) were obtained from PEC treated samples.  The obtained 

trend of mineralisation percentages decreased gradually with the increased lecithin 

concentration ranged from 5 to 20 mg/L.  No obvious further decrease in the 

mineralisation percentage when the concentrations were greater than 50 mg/L.  Though 

the obtained PEC mineralisation percentages were higher than that of PC mineralisation 

percentages within the entire concentration range investigated, the magnitude of the 

enhancement was found to be not as dramatically as achieved for the case of BSA 

degradation.  This could be due to that lecithin is a kind of lipid, in aqueous solution its 

phospholipids can spontaneously form either vesicles, liposomes, bilayer sheets, micelles, 

or lamellar structures, depending on hydration and temperature 40.  A new lecithin 

liposome can form after the damage take place on the old lecithin liposome by PC and 

PEC, because of its fluid property.  
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Figure 5.11 Photocatalytic and photoelectrocatalytic degradation of lecithin. 

5.3.2.3 Photocatalytic and photoelectrocatalytic degradation of DNA 

Unlike lipids and proteins which are all constituents of the cell surface, nucleic acids 

are located in the centre of cells and are shielded against attack by oxidants.  Therefore, 

the shielded nucleus will be attacked after destruction of the cell membrane, if a whole 

cell was subjected to PC and PEC treatment.  This reaction can occur when either the 

nucleic acids flow out of the cell or the reactive oxygen species diffuse into the cell and 
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initiate the oxidation of nucleic acids and other intracellular macromolecules 24.  It is 

therefore intended to investigate the photocatalytic and photoelectrocatalytic degradation 

properties of E. coli genomic DNA. 

Figures 5.12 and 5.13 show two sets of typical photocurrent–time profiles obtained 

from DNA samples before (original sample) and after PC and PEC treatments, 

respectively.  These photocurrent profiles are used to obtain the net charges of the DNA 

samples before and after photocatalytic and photoelectrocatalytic degradation.  For PC 

treated DNA samples, Equations 3.7 to 3.9 were used to quantify the net charges.  For 

PEC treated DNA sample, Equation 3.1 was used to quantify the net charge. 

The blank photocurrents obtained are quantitatively similar to those obtained in cases 

of BSA and lecithin.  The photocurrent-time profiles obtained from DNA containing 

samples were found to be also similar to those obtained from degradation of BSA and 

lecithin.  For all cases investigated, well-defined steady-state currents with designated the 

reaction endpoint of the photocatalytic degradation of DNA was obtained, enabling us to 

accurately quantify the endpoint of degradation process. 
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Figure 5.12 Typical photocurrent –time profiles of different DNA concentrations in the 

thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 

Figure 5.14 shows the photocatalytic and photoelectrocatalytic degradation 

efficiencies (in terms of mineralisation percentage) of DNA.  It revealed that 88.20% and 

51.41% of 0.1 mg/L DNA were completely mineralised, that is, carbon atoms were 

converted to CO2, hydrogen to H2O and nitrogen to NH3.  As it can be seen from the 
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figure, the degradation efficiencies of both PC and PEC gradually decreased as the DNA 

concentration increased.  However, the PEC degradation efficiencies curve decreased 

much flatter than those of PC degradation with the increase of concentration.  In addition, 

it is worthwhile to note that, as expected, the photocatalytic degradation ability is 

profoundly enhanced because the recombination of photogenerated electrons/holes can be 

suppressed by applied potential bias 26.  
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Figure 5.13 Typical photocurrent –time profiles of different DNA concentrations in the 

thin-layer photoelectrochemical cell (electrolyte concentration: 2.0 M 
NaNO3; light intensity: 8.0 mW/cm2; applied potential bias: +0.30 V (vs. 
Ag/AgCl)). 
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Figure 5.14 Photocatalytic and photoelectrocatalytic degradation of DNA. 
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5.3.2.4 Comparison of photocatalytic and photoelectrocatalytic degradation of large 

biological compounds 

From the above results, it was found that the degradation efficiencies of three 

different kinds of the biological building blocks of microorganisms can vary even at 

identical experimental conditions because of their unique prosperities. 

Figure 5.15 shows the plot of Qmineralisation obtained from photocatalytic degradation 

against the Qchem obtained from chemical degradation under standard COD conditions for 

BSA, lecithin and DNA.  From the figure, it can be seen that in case of BAS (see Figure 

5.15a), as the initial BSA concentration increased, the Qmineralisation decreased when plotted 

against the Qchem, suggesting a higher mineralisation efficiency of dichromate method 

towards BSA.  The nonlinear relationship can be attributed to the inability of PC 

degradation of BSA as demonstrated in Figure 5.8. 
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Figure 5.15 Mineralised charges obtained versus initial chemical charges of (a) BSA, 

(b) lecithin and (c) DNA during photocatalytic degradation. 
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In contrast, a good linearity with R2 value of 0.9808 and 0.9996 were obtained from 

photocatalytic degradation of lecithin and DNA, respectively (see Figures 5.15b and 

5.15c).  The slop values of 0.046 for lecithin and 0.420 for DNA were obtained, 

suggesting the measured Qmineralisation values were of 4.6% and 42% of the measured Qchem 

values for lecithin and DNA samples, respectively.  Assuming the obtained Qchem values 

are the measure of the theoretical charge required for complete mineralisation, then these 

results demonstrated that using Qchem values as reference, the mineralisation of 4.6% for 

lecithin and 42% for DNA has been achieved under PC degradation conditions. 

Figure 5.16 shows the plot of Qmineralisation obtained from photoelectrocatalytic 

degradation against the Qchem obtained from chemical degradation under standard COD 

conditions for BSA, lecithin and DNA.  It can be seen from the figure that good 

relationships with R2 values of 1.0 for BSA, 0.9995 for lecithin and 0.9999 for DNA were 

obtained.  These excellent linear relationships suggest that under photoelectrocatalytic 

degradation conditions, the background charge generated from water oxidation is fixed 

regardless of type of substrates and their concentrations. 
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Figure 5.16 Mineralised charges obtained versus initial chemical charges of BSA, 
lecithin and DNA during photoelectrocatalytic degradation.  

Slope values obtained under such photoelectrocatalytic degradation conditions were 

of 0.410, 0.198 and 0.831 for BSA, lecithin and DNA, respectively.  If the measured Qchem 

values are the measure of the theoretical charge required for complete mineralisation, then 

these results demonstrated that using the Qchem values as reference, the mineralisation of 

41% of BSA, 19.8% of lecithin and 83.1% of DNA can be achieved under 
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photoelectrocatalytic degradation conditions, which is much higher than that of PC 

mineralisation efficiencies.  These reveal that DNA is the easiest to be PEC decomposed, 

while lecithin is the most difficult to be decomposed among the three different types of 

compounds, under identical experimental conditions.  A possible reason for high PEC 

degradation efficiencies of DNA could be due to its molecular structure.  Chemically, 

DNA consists of two long polymers of simple units called nucleotides, with backbones 

made of sugars and phosphate groups joined by ester bonds.  Two nucleotides binding 

together by hydrogen bonds, which can be broken relatively easily 41.  As previously 

explained, the low PEC degradation efficiencies of lecithin could be also due to its unique 

molecular structures as some difficult oxidisable intermediates such as malondialdehyde 

(MDA), 4-hydroxynonenal (4-HNE), and lipophilic aldehydes can be produced during this 

process 42, although lipid is particularly susceptible to oxidative damage 18.  

5.4 CONCLUSION  

A method for determining the extent of photocatalytic and photoelectrocatalytic 

mineralisation of large biological compounds with unknown chemical formulas was 

proposed and experimentally validated.  The method employed chemical oxidation under 

the standard dichromate COD conditions to obtain Qchem values of large biological 

compounds with unknown chemical formulas.  The measured Qchem values were used as 

reference to replace the Qchem values of large biological compounds with unknown 

chemical formulas for calculation of mineralisation percentages (degradation efficiencies 

by assuming the obtained Qchem values are the measure of the theoretical charge required 

for complete mineralisation of organics.  Total organic carbon (TOC) was employed as a 

reference to confirm the mineralisation capacity of dichromate chemical oxidation under 

standard COD detection conditions. 

Photocatalytic and photoelectrocatalytic oxidation of model compounds, such as BSA, 

lecithin and DNA, at nanoparticulate TiO2 photoanode in a thin-layer 

photoelectrochemical cell were performed.  The developed method was applied to 

determine the extent of PC and PEC degradation (in terms of mineralisation percentage).  

Incomplete PC mineralisation was observed for all large biological compounds 

investigated, particular for BSA.  Introduction of electrochemical technique into a 

photocatalytic oxidation process was found to profoundly improve the degradation 

efficiencies of large biological compounds.  The PEC mineralisation percentage of DNA 

was the highest among lecithin and BSA.  While the lowest PEC mineralisation 

percentage was obtained from lecithin.  Overall, the PEC degradation method was much 
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effective than that of PC degradation method for all large biological compounds 

investigated, and the PEC/PC mineralisation ratios were found to follow an order of 

BSA>lecithin>DNA.  This fundamental research provides quantitative information for 

further evaluation of PC and PEC destruction of microbiological pollutants without known 

chemical formulas such as bacteria and virus.  Additionally, further experimental work 

will be conducted to identify the precise chemical structures of the produced intermediates, 

allowing a precise description of PC and PEC reaction mechanisms. 
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IN SITU PHOTOELECTROCATALYTIC 

GENERATION OF BACTERICIDE FOR INSTANT 

INACTIVATION AND RAPID DECOMPOSITION OF 

GRAM-NEGATIVE BACTERIA 
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6.1 INTRODUCTION 

Proper treatment and delivery of safe water under favourable conditions is one of the 

best ways to effectively reduce the rate of infection by waterborne bacteria.  Disinfection 

of water and wastewater is a prime means to prevent waterborne diseases from being 

spread and to ensure that water is safe for human beings and the environment.  

Conventionally, disinfection can be attained by means of various chemical or physical 

disinfectants as reviewed in Chapter 1.  However, to certain extent, most of these 

conventional methods have some limitations, for example, production of toxic by-products, 

such as haloacetic acids, secondary pollution, or energy and labour intensive and so on.  

Novel technologies, however, like advanced oxidation processes, can open a new window 

to solve these kind of problems. 

Advanced oxidation techniques based on TiO2 photocatalysis have proven to be 

highly effective for decomposition and mineralisation of a wide spectrum of organic 

contaminants 1-7.  Matsunaga and co-workers’ pioneering work on sterilizing microbial 

cells with illuminated TiO2 particles has opened up a new field of applications for TiO2 

photocatalysis, which has led to enormous research opportunities to develop 

heterogeneous photocatalysis based bactericidal techniques 8-18.  The main attraction of 

these bactericidal techniques are the superior oxidative power of photocatalytically 

generated holes and the active oxygen species (AOSs) including radicals that can readily 

kill a wide spectrum of waterborne pathogens 8, 10, 13, 15, 16, 19.  Noticeable progress has been 

made to demonstrate the bactericidal effects towards a variety of pathogens at illuminated 

TiO2 particles in aqueous suspension 10, 13, 14, 19.  Although the lethal killing mechanisms 

are still under intensive debate, it has been generally accepted that the bactericidal 

function of TiO2 photocatalysis can be attributed to the oxidation properties of 

photocatalytically generated AOSs such as •OH, O2
•-, HOO•, and H2O2 4, 12, 14, 15, 17, 19-22.  In 

effect, these photocatalytically generated AOSs act as bactericides responsible for killing 

the bacteria.  However, the current bactericidal methods employing TiO2 based 

photocatalytically generated AOSs normally require 1 to 6 hours of disinfection to achieve 

total inactivation of a sample with a bacteria population greater than 106 colony-forming 

units/mL (CFU/mL) 12, 13, 15, 21.  This shortcoming in bactericidal efficiency may be 

attributed to insufficient AOSs’ in situ concentrations that results from the inherent 

limitations of AOSs’ short lifetime in aqueous media and rapid recombination with 

photocatalytically generated electrons 3, 5, 23-26.  
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A new approach is therefore needed in order to overcome these inherent limitations.  

A possible solution to enhance the efficiency of TiO2 based bactericidal methods is to 

utilise the photocatalytic (PC) oxidation power of the illuminated TiO2 to generate 

different types of bactericidal species with high stability that can sustain high 

concentrations of bactericidal species.  It is well known that halogen radicals are effective 

bactericides and can be readily produced by photocatalytic oxidation of halide ions at 

illuminated TiO2 27.  The photocatalytic production of high concentration of halogen 

radicals is possible because these radicals can form stable di-halide radical anions (X2
•-) in 

the presence of X- 28, 29.  Since the effectiveness of a bactericide is highly dependent on its 

killing mechanisms 30, 31, the bactericidal efficiency may benefit from the different killing 

mechanisms offered by halide radicals. 

In this chapter, we demonstrate a bactericidal technique utilising in situ 

photoelectrocatalytically generated photohole (h+), Br2
•- and other AOSs to instantly 

inactivate and rapidly decompose E. coli.  Moreover, PC, PEC and PEC-Br disinfection 

and decomposition mechanisms of the bacterial cell were also proposed based on the SEM 

analysis on the damage to the cell in conjugation with other experimental evidences. 

6.2 EXPERIMENTAL 

6.2.1 Chemicals and Materials   

Indium tin oxide conducting glass slides (ITO, 8 Ω/square) were purchased from 

Delta Technologies Ltd. (USA).  Titanium butoxide (97%, Aldrich), chloramine-T (98%, 

Sigma-Aldrich), nutrient broth (Oxoid) and nutrient agar (Oxoid), were used as received.  

Other chemicals used were of analytical grade and purchased from Aldrich unless 

otherwise stated.  All solutions were prepared using high purity deionised water (Millipore 

Corp., 18 MΩ cm).  

6.2.2 UV-LED Array Photoelectrochemical Cell 

The schematic diagram of the UV-LED array photoelectrochemical cell is given in 

Figure 4.1 in Chapter 4.  The cell consists of a TiO2 photoanode as the working electrode, 

a Ag/AgCl reference electrode and a Pt disc auxiliary electrode.  The TiO2 photoanode 

was prepared by hydrolysis of titanium butoxide according to the method described in 

section 2.2.2.1 and 2.2.2.2 of Chapter 2.  The thickness of the reaction chamber and the 

illumination area were 0.25 mm and 462 mm2, respectively.  A UV-LED array consisted 

of 4 pieces of UV-LED (NCCU033 (T), Nichia Corporation) was used as the illumination 

source.  The specified peak wavelength of the LED was 365 nm with a spectrum half 
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width of 8 nm.  The UV intensity was adjusted by a power supply and measured with an 

UV-irradiance meter (UV-A, Beijing Normal University). 

6.2.3. Bacterial Strains, Culture Conditions and Bacterial Cell Preparation  

As representatives of Gram-negative bacteria, strain of Escherichia coli (E. coli) 

(K12 derivative strain) which was purchased from Southern Biological and used in this 

study.  The bacterial strain used was inoculated into nutrient broth and grown overnight at 

37°C by constant agitation under aerobic conditions.  

After incubation, for the suspension system, bacterial cells were harvested by 

centrifugation at 3000 rpm for 15 mins and the bacterial pellet was resuspended in sterile 

deionised water.  This washing step was repeated three times to eliminate residual organic 

and inorganic substances.  Finally, the washed bacterial cells were resuspended in sterile 

deionised water.  And it was diluted with sterile deionised water with 0.1 M NaNO3 to 

obtain suitable concentrations of E. coli in the range of 106 to 107 CFU/mL. 

For the cell attachment studies, the overnight incubated E. coli suspension was used.  

The cultured bacteria solution was seeded, and fresh nutrient broth was also added in a 

sterilised Petri dish to allow the cell can multiply and attach onto the substrate.  The 

substrates are sterilised TiO2 photoanodes which were immersed into above-mentioned 

Petri dish.  Subsequently, the enrichment of adhesive microorganisms was conducted in a 

37°C incubator for 72 hrs.  And then surface of the TiO2 photoanodes were washed by 

using sterile deionised water to remove reversible attached cells. 

6.2.4. Procedures for Inactivation of Bacteria  

Both PC and photoelectrocatalytic (PEC) disinfection experiments were performed 

under identical UV intensity using the same UV-LED array photoelectrochemical cell as 

described in Figure 4.1 in Chapter 4.  For the PEC degradation experiments, a 0.1 M 

NaNO3 solution was used as the supporting electrolyte.  A voltammograph (cv-27, BAS) 

was used for electrochemical control.  Potential and current signals were monitored using 

a Macintosh computer (7220/200) coupled with a Maclab 400 interface (AD Instruments).  

A sample containing 9.0×106 CFU/ml E. coli and 0.1 M NaNO3 was continuously injected 

into the cell via a precision pump during the degradation process.  The reaction time of a 

sample was controlled by adjusting the flow rate.  A sufficient volume of the reacted 

sample was collected for further analyses after the system reaching its steady-state for 

which the obtained sample had been subjected to the same reaction time.  A 0.1 M NaNO3 

solution was used to clean the cell in between the two sample injections.  While for the 
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photoelectrocatalysis of sample solutions containing Br- (PEC-Br) and Cl- (PEC-Cl) 

disinfection experiments, the test solution with an additional 1.0 mM NaBr and 1.0 mM 

NaCl was employed respectively.  PC, photocatalysis of sample solutions containing Br- 

(PC-Br) and Cl- (PC-Cl) disinfection experiments were conducted under identical 

experimental conditions as PEC, PEC-Br and PEC-Cl experiments, except the 

electrochemical system was disconnected.  

6.2.5. Analysis 

Standard Plate Count.  E. coli cell viabilities after various disinfection treatments 

were estimated by means of colony-counting procedure.  That is, a collected sample (200 

µl) was spread on nutrient agar plates after serial dilutions (10-1, 10-2, 10-3, 10-4 and 10-5) 

using the saline solution.  After incubating the agar plates for 24 hrs at 37 °C in the dark, 

the developed colonies were enumerated and the number of viable cells was recorded in 

terms of CFU per unit volume of the reaction mixture.  It is noted that the data shown in 

following results were the average values of data obtained from experiments replicated in 

triplicate. 

BacLightTM Kit.  The viabilities of E. coli were also double confirmed with the 

BacLightTM kit (Live/Dead Baclight bacterial viability kit, Molecular Probes, Inc.) 

fluorescent microscopic method.  The Live/Dead kit included two fluorescing nucleic acid 

stains with different membrane permeation characteristics.  The permeant green-

fluorescing SYTO 9 was used to detect all cells (permeabilized or not).  While the red 

fluorescing propidium iodide (PI) can only pass through compromised or damaged 

membranes (permeabilised cells).  In accordance with the manufacturer’s product sheet, a 

mixture of equal volumes of SYTO 9 and PI was prepared.  A 30 µl portion of staining 

solution was added to 300 µl sample (untreated and irradiated) and was incubated for 15 

mins in the dark.  Small volume of the stained cell was mounted on a glass slide.  The 

fluorescence microscopy observations and picture capture were performed immediately by 

using a Nikon digital camera (DS-5Mc, Japan) mounted on an Olympus fluorescence 

microscope (BX51TR, Japan) and the cells in each image was counted to determine the 

number of cells on the substrates.  

Sample Preparation for Scanning Electron Microscopy (SEM).  Before and after 

E. coli decomposition, the E. coli cells attached onto the TiO2 photoanodes was fixed by 3 

% glutaraldehyde for approximately 60 mins at room temperature (or longer in the 

refrigerator), and then washed with 0.1 M cacodylate buffer (pH 7.4) for 10 mins and post 

fixed for 20 mins in 1 % osmium tetraoxide.  Subsequently, the specimens were 
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dehydrated by a graded series of ethanol (70, 90 and 100 %) and 100 % amyl acetate 2 

times each for 10 mins, respectively.  The cells on the substrates were finally critical point 

dried by using Denton Vacuum critical point dryer (Denton Vacuum, Inc. USA), gold 

sputter coated on the substrates and were visualized using a scanning electron microscope 

(JEOL JSM-6300F). 

Total Organic Carbon (TOC) Analysis.  Before and after E. coli decomposition, 

the samples were examined by TOC analyser according to the method described in section 

5.2.2.3 of Chapter 5. 

Phenol Red Colorimetric Method.  The concentration of Br- before and after PEC-

Br treatments was analysed using standard Phenol Red Colorimetric Method according to 

the reference 32.  The detailed procedure as follows: 2.0 ml acetate buffer solution, 2.0 ml 

phenol red solution, and 0.5 ml chloramines-T solution was added to 50.0 ml sample, and 

mixed thoroughly immediately after each addition.  Exactly 20 mins after adding 

chloramines-T, dechlorinate by adding, with mixing, 0.5 ml Na2S2O3 solution.  Finally, 

absorbance at 590 nm due to the formation of bromophenol blue was measured in a 

spectrophotometer.  The bromide concentrations were determined from a calibration curve 

of mg Br-/L against absorbance. 

6.3 RESULTS AND DISCUSSION 

6.3.1. Photocatalytic, Photoelectrocatalytic and Photoelectrocatalytic with Addition 

of Br- Inactivation 

Figure 6.1 shows the number of surviving E. coli plotted against E. coli resident time 

(disinfection time), obtained from photoelectrocatalysis of sample solutions containing 1.0 

mM Br- (PEC-Br).  It reveals that 99.90% of E. coli can be inactivated within 0.40 s while 

100% inactivation occurs by 1.57 s.  This demonstrates a near instantaneous inactivation 

capability for the PEC-Br method.  For comparison, photoelectrocatalysis (PEC, Figure 

6.2) and photocatalysis (PC, Figure 6.3) experiments in absence of Br- were performed 

under identical experimental conditions as PEC-Br experiments.  It can be seen from 

Figure 6.2 that the number of surviving E. coli with the PEC system gradually decreased 

as the resident time increased.  It requires 143 s to achieve 99.90% inactivation and a 

further 169 s to achieve 100% inactivation.  This means that to achieve the same 

inactivation effect, the PEC method is 358 and 199 times slower than that of the PEC-Br 

method.  For the PC system (Figure 6.3), 900 s and 1200 s were needed to achieve 99.92% 

and 99.99% inactivation.  These intervals are 2250 and 764 times larger than that of the 
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PEC-Br treatment.  It is noted that the data shown in Figures 6.1 to 6.3 were the average 

values of data obtained from experiments replicated in triplicate.  The bacterial viability of 

all experiments was determined using standard plate count method to assess the treated 

sample after 24 h incubation at 37oC.  
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Figure 6.1 Survived E. coli plot against resident time for PEC-Br treatment. 
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Figure 6.2 Survived E. coli plot against resident time for PEC treatment. 
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Figure 6.3 Survived E. coli plot against resident time for PC treatment. 

 

All reported data were double confirmed with the BacLightTM kit fluorescent 

microscopic method.  Figure 6.4 shows the fluorescent microscopic images of viable cells 

of an E. coli sample before treatment and after 0.40 s and 1.57 s of PEC-Br treatment.  

The viable cells only accumulate rhodamine 123, appearing as ‘green’ under fluorescent 

microscope while dead cells having damaged cytoplasmic membranes accumulate both 

rhodamine 123 and propidium iodide that are expressed as ‘red’ in the fluorescent 

microscopic image 33.  In these figures, it is also noted that some cells emit orange light, 

actually the mix of green and red wavelengths, visualizing a more limited permeability of 

those membranes to PI due to a less damaged membrane.  The bactericidal effects shown 

in Figure 6.1 to 6.3 and Figure 6.4 demonstrate that the presence of Br- shortens the 

required inactivation time by 2 to 3 orders of magnitudes.  Although the PEC-Br, PEC and 

PC systems are all capable of in situ generating AOSs as bactericides, it is clear that the 

bactericides produced in presence of Br- are responsible for the dramatically enhanced 

bactericidal effect.  The mechanistic aspects of the enhancement are consequently 

investigated.  
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Figure 6.4 a) Fluorescent microscope images of E. coli without treatment; b) after 
0.40 s of PEC-Br; c) 1.57 s of PEC-Br; (d) 14.32 s of PEC, (e) 31.65 s of 
PEC, (f) 97.48 s of PEC; (g) 120 s of PC, (h) 300 s of PC and (i) 600 s of PC 
treatment. 

6.3.2. Mechanistic Considerations 

Field-Emission Scanning Electron Microscopy (FESEM) was employed to examine 

the location and extent damages to E. coli cells attached onto the TiO2 photoanode after 

PC, PEC and PEC-Br treatments.  The untreated E. coli cell (see Figure 6.5) exhibits well-

preserved cell walls.  FESEM examination reveals no obvious damage when the sample 

was subjected to a short period of PC treatment (i.e., 60 s).  However, a 900 s PC 

treatment leads to severe damages to the cell wall (Figure 6.6).  These damages occurred 

mainly on the cell body parts that were in direct contact or closed to the TiO2 surface 

where the concentrations of AOSs are relatively high (Figure 6.7a).  Damages to other 

a) 
  

b) c)

i)h)g) 

f)d) e)
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parts of the cell body also observed.  Considering the short lifetime of oxygen radicals 

such as •OH and HOO•, more stable AOSs such as H2O2 are likely to be responsible for 

damages at these locations (Figure 6.7b). 

 

 
Figure 6.5 FESEM images of E. coli cell attached to the TiO2 photoanode without 

treatment. 
 

 

Figure 6.6 FESEM images of E. coli cell attached to the TiO2 photoanode after 900 s 
of PC treatment. 
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Figure 6.7 The schematic decomposition mechanism of E. coli in different treatment 

systems. a) and b) PC treatment; c) and d) PEC treatment; e) and f) PEC-
Br treatment. 

Figure 6.8 shows FESEM image of an E coli cell after 60 s of PEC treatment.  The 

treated cell was found to be flattened on the photoanode surface due to the excessive 

damages to the cell body that was in direct contact with the photoanode surface.  In 

contract to the PC treated cell, no obvious damages to the cell body that was not in direct 

contact with the photoanode surface, suggesting the domination of direct photohole 

reactions in a PEC system (Figures 6.7c and 6.7d).  

Unlike a PC process, a PEC process employs a potential bias (i.e., +0.30 V vs. 

Ag/AgCl) as an external driving force to timely remove the photoelectrons from TiO2 

conduction band to the external circuit then to the counter electrode where the electrons 

are consumed by forced reduction reactions 3, 23, 24, 26.  As a result, the recombination 

reactions are effectively suppressed, leading to enhanced photocatalytic efficiency 3, 23, 24, 

26, 34.  The ability of a PEC process to timely remove photoelectrons and physically 

separate the reduction half-reactions (at counter electrode) from the oxidation half-

reactions (at photoanode) prolongs the lifetime of photoholes 3, enabling the photohole to 
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directly act as the bactericide to react with bacteria.  The strong oxidative power of the 

photohole (+3.1 V) could rapidly damage/decompose the cell body that is in direct contact 

to the photoanode surface (Figure 6.7d).  It must note that in a PEC process, photocatalytic 

generation of AOSs still occur and with even higher intensity due to the suppressed 

recombination reactions.  The observed damages from Figure 6.8 are the collective effect 

of AOSs and the direct photohole reactions.  No visible damages to cell body that are not 

in direct contact to the photoanode surface is because the photoholes only exist within the 

TiO2, and AOSs could not cause visible damage within 60 s of reaction time.  Damages 

caused by AOSs can be clearly evidenced by the FESEM image obtained from a 300 s 

PEC treated sample for which decomposition of whole cell body is observed (Figure 6.9). 

In terms of locations and severity, the observed damages from a 60 s PEC-Br treated cell 

differ remarkably from those observed for PEC treated cell (Figure 6.10).  These damages 

occurred over almost the entire cell body rather than just at the contact between the cell 

body and the photoanode.  The severity of the observed damages is more extensive as 

evidenced by the significant decomposed cell body.  In fact, the cell body could be 

completely decomposed with an extended reaction time.  Figures 6.11, 6.12 and 6.13 show 

FESEM images of cells after 120 s, 300 s and 600 s of PEC-Br treatment, respectively.  

These images represent typical damages of majority cells under the given experimental 

conditions.  For majority cells, over 90% of their body mass was decomposed after 600 s 

PEC-Br treatment (Figure 6.13).  

 

Figure 6.8 FESEM images of E. coli cell attached to the TiO2 photoanode after 60 s of 
PEC treatment. 
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Figure 6.9 FESEM images of E. coli cell attached to the TiO2 photoanode after 300 s 

of PEC treatment. 

 

 

 

Figure 6.10 FESEM images of E. coli cell attached to the TiO2 photoanode after 60 s of 
PEC-Br treatment. 
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Figure 6.11  FESEM images of E. coli cell attached to the TiO2 photoanode after 120 s 

of PEC-Br treatment. 
 

 

 

 

 
Figure 6.12  FESEM images of E. coli cell attached to the TiO2 photoanode after 300 s 

of PEC-Br treatment. 
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Figure 6.13  FESEM images of E. coli cell attached to the TiO2 photoanode after 600 s 

of PEC-Br treatment. 

The decomposition products were examined by total organic carbon (TOC) and 

HPLC-MS.  The extent of mineralisation was quantified by TOC decrease during the 

PEC-Br treatment process (Figure 6.14).  A 42% decrease in TOC was observed for a 600 

s PEC-Br treated sample, suggesting nearly half biological carbon contents in a cell were 

completely mineralised and converted into CO2.   
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Figure 6.14  TOC removal during PEC-Br treatment of E. coli. 
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The decomposition products of the incomplete-mineralised components are highly 

complex.  HPLC-MS analysis reveals that the incomplete-mineralised components consist 

of a wide spectrum of compounds ranging from large organic/biological species to small 

biological compounds (i.e., amino acids) and simple organic compounds (i.e., formic acid).  

These results demonstrate a superior performance of PEC-Br treatment.  Considering that 

except for the addition of 1.0 mM NaBr for PEC-Br treatment, all other experimental 

conditions employed are identical for both PEC and PEC-Br treatments, it is reasonable to 

assume that the dramatic performance enhancement observed from PEC-Br treatment is 

due to the presence of Br-. Hence, the mechanistic role of Br- is investigated. 

Photoelectrocatalytic oxidation of Br- was performed (Figure 6.15).  As the 

photocurrent obtained in absence of Br- (0.10 M NaNO3) originates from photocatalytic 

oxidation water, the magnitude of the photocurrent is directly proportional to the rate of 

AOSs production 2, 26.  An increase in Br- concentration leads to an increase in the 

photocurrent.  The net photocurrent increase is directly proportional to the rate of Br- 

oxidation.  The full spectrum of Br- oxidation pathways is complex because Br- can be 

oxidised to a variety of oxidation states (e.g., Br2[0], BrO-[+1], BrO2
-[+3], BrO3

-[+5] or 

BrO4
-[+7]) 35-37.  However, to serve the needs of present work, the Br- photocatalytic 

oxidation processes can be simplified and presented as: 

}/  , ,{}{ 22
−•+ ⎯→⎯

−

OBrHOBrBrBrhTiO Br
VB                                                              (6.1). 

The species shown in Equation 6.1 are the possible bromide photocatalytic oxidation 

products 27.  Considering the relatively low standard potentials of Br2/Br- and HOBr/Br- 

(+1.087 V and +1.33 V, respectively), it is unlikely that these active bromines are 

responsible for the instant inactivation and rapid decomposition of bacteria.  To confirm 

this, E coli samples used for PEC-Br experiments were treated for 10 s with 1.0 mM of 

Br2 in absence of TiO2.  The treatment achieved only 2% E coli inactivation and no visible 

decomposition was observed.  This confirms that Br2 and HOBr are not the dominant 

bactericides in PEC-Br process.  Among all species shown in Equation 6.1, only Br• is 

directly produced by photocatalysis as the Br2 and HOBr are produced from 

photocatalytically generated Br• via the following pathways: 

+−• ++⎯→⎯+⎯→⎯ HBrHOBrOHBrBr hh νν
22  2                                               (6.2). 

This means that the net photocurrent increase shown in Figure 6.15 represents the 

increased rate of Br• production and in situ photoelectrocatalytically produced Br• is the 

dominant bactericide (Figure 6.7e).  The superior bactericidal performance of Br• can be 
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attributed to its highly reactive nature, strong oxidation power (E0[Br•/Br-]=+1.96 V) 29 

and the ability to form stable di-bromide radical anions (Equation 6.3) 28. 

−•−• ⎯→←+ 2BrBrBr                                                                                              (6.3). 
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Figure 6.15 Photocurrent–time profiles obtained from solutions containing 0.10 M 

NaNO3 and different concentrations of NaBr under a typical light intensity 
of 8.0 mW/cm2 (measured at 365 nm) and applied potential bias of +0.30 V 
vs. Ag/AgCl. 

The formation of Br2
•- prolongs the lifetime of Br• to maximize the bactericidal effect.  

The formation of Br2
•- also enables Br• surviving the solution process to cause damages on 

cell body parts that are not in direct contact to the photoanode (Figure 6.7f).  It must note 

that the PEC-Br process retains all advantageous attributions of a PEC process.  That is, 

the photoelectrocatalytically generated AOSs and direct photohole reactions are also 

important attributions.  Therefore, the overall bactericidal performance should be 

presented as: 

bacteriaOxidizedAOSBrBrhTiO Bacteria
VB  }/{}//{}{ 22 ⎯⎯⎯ →⎯−••+                       (6.4). 

For photocatalysis, the exact lethal killing mechanisms are still unclear 8, 17, 21.  

Nevertheless, we are reasonably confirmed that for PEC-Br process, the instant damages 

to the outer cell membrane by the direct photohole reactions are responsible for the cell 

death.  Figure 6.16 shows a typical FESEM image of a 2.0 s PEC-Br treated E. coli cell.  

The outer membrane of such an inactivated cell remains intact but shape of the cell is 

buckled, caused by the direct photohole damages to the cell membrane in contact to the 

photoanode.  The observed vesicles released from the outer membrane during the cell 
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death process indicate a typical Gram-negative bacterial defence response to stresses cause 

by external stimulation (i.e., direct photohole oxidation of outer membrane) 38, 39. 

 

 
Figure 6.16 FESEM images of E. coli cell attached to the TiO2 photoanode after 2.0 s 

PEC-Br treatment. 

The concentration of Br- before and after 60 s, 300 s and 600s of PEC-Br treatments 

was analysed using standard Phenol Red Colorimetric Method to further explore the 

mechanistic role of Br-.  The results were listed in Table 6.1.  For all cases investigated, no 

essential Br- concentration changes were observed, which agrees with previous 

observations 35, 40.  The measured changes (±7.5 µM) are the analytical errors of the 

method.  This suggests that in a PEC-Br process, Br- acts as an “electron mediator”.  It is 

firstly photoelectrocatalytically oxidised to Br• and regenerated when Br• is reduced by 

bacteria or other organics: 

bacteriaOxidizedBrBrBrBrhTiO Bacteria
VB   /}{ 22 +⎯⎯⎯ →⎯→+ −−••−+                       (6.5). 

Table 6.1 Bromide content of samples during PEC-Br treatment. 

PEC-Br treatment time 0s 60s 300s 600s 

Br- (mg /L) 80.05±1.8 80.41±1.5 80.68±2.5 80.28±1.3 

It should note that the bactericidal performance of other halides was also investigated.  

F- is stable at the illuminated TiO2 surface as it requires higher oxidation power to oxidise 

it (E0[F•/F-]=+3.6 V) 6.  No noticeable bactericidal effect was observed with I- due to the 
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insufficient oxidation power of I• (E0[I•/I-]=+1.33 V) 41.  A noticeable bactericidal effect of 

Cl- was observed but it was much less effective when compared to Br- (see the Figure 

6.17). The PEC-Cl treatment requires at lest 20 times longer disinfection time than that of 

PEC-Br to achieve the same inactivation effects.  Thermodynamically, Cl• should be a 

more effective bactericide due to its high oxidation potential (E0[Cl•/Cl-] =+2.41 V 41).  

The less effectiveness of PEC-Cl treatment may be attributed to the slower Cl2
•- formation 

kinetic and inferior stability of formed Cl2
•- 42. 
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Figure 6.17 Effect of irradiation time on the photoelectrocatalytic bactericidal 
efficiency of E. coli on TiO2 films with 1.0 mM Cl- and  1.0 mM Br-

respectively (1: 0.40s; 2: 0.49s; 3: 0.62s; 4: 0.76s; 5: 0.90s; 6: 1.57s; 7: 
2.31s and 8: 4.17s). 

6.4 CONCLUSION  

The notable features of the photoelectrocatalytic bactericidal method investigated 

here are the mechanism of in situ generating effective bactericides and their ability to 

instantaneously inactivate and rapidly decompose Gram-negative bacteria such as E. coli.  

The photoelectrocatalysis combines electrochemistry with photocatalysis to effectively 

suppress the recombination of photoelectrons and holes, prolongs the lifetime of 

photoholes to enable instantaneous inactivation via direct photohole reactions, and 

produces higher concentrations of Br•/Br2
•- and AOSs to achieve rapid decomposition.  In 

theory, the proposed method can be used to in situ generate different bactericides that are 

effective to viruses and other types of bacteria.  It could also be applied to decompose 

organic pollutants. 



Chapter 6 

 190 

6.5 REFERENCES 

1. T. A. Egerton, P. A. Christensen, S. A. M. Kosa, B. Onoka, J. C. Harper and J. R. 
Tinlin, Int J Environ Pollut, 2006, 27, 2-19. 

2. H. J. Zhao, D. L. Jiang, S. Q. Zhang and W. Wen, J Catal, 2007, 250, 102-109. 
3. D. L. Jiang, S. Q. Zhang and H. J. Zhao, Environ. Sci. Technol., 2007, 41, 303-308. 
4. L. M. Yang, L. E. Yu and M. B. Ray, Environ Sci Technol, 2009, 43, 460-465. 
5. J. Sabate, M. A. Anderson, H. Kikkawa, M. Edwards and C. G. Hill, J. Catal., 

1991, 127, 167-177. 
6. K. Lv and Y. M. Xu, J Phys Chem B, 2006, 110, 6204-6212. 
7. E. Pelizzetti, P. Calza, G. Mariella, V. Maurino, C. Minero and H. Hidaka, 

Chemical Communications, 2004, 1504-1505. 
8. T. Matsunaga, R. Tomoda, T. Nakajima and H. Wake, Fems Microbiol Lett, 1985, 

29, 211-214. 
9. P. A. Christensen, T. P. Curtis, T. A. Egerton, S. A. M. Kosa and J. R. Tinlin, 

Applied Catalysis B-Environmental, 2003, 41, 371-386. 
10. T. H. Bui, C. Felix, S. Pigeot-Remy, J. M. Herrmann, P. Lejeune and C. Guillard, J 

Adv Oxid Technol, 2008, 11, 510-518. 
11. D. S. Kim and S. Y. Kwak, Environ Sci Technol, 2009, 43, 148-151. 
12. Z. X. Lu, L. Zhou, Z. L. Zhang, W. L. Shi, Z. X. Xie, H. Y. Xie, D. W. Pang and P. 

Shen, Langmuir, 2003, 19, 8765-8768. 
13. A. K. Benabbou, Z. Derriche, C. Felix, P. Lejeune and C. Guillard, Appl Catal B-

Environ, 2007, 76, 257-263. 
14. M. R. Elahifard, S. Rahimnejad, S. Haghighi and M. R. Gholami, Journal of the 

American Chemical Society, 2007, 129, 9552-9553. 
15. D. M. Blake, P. C. Maness, Z. Huang, E. J. Wolfrum, J. Huang and W. A. Jacoby, 

Separ Purif Method, 1999, 28, 1-50. 
16. P. S. M. Dunlop, T. A. McMurray, J. W. J. Hamilton and J. A. Byrne, J Photoch 

Photobio A, 2008, 196, 113-119. 
17. T. Matsunaga, R. Tomoda, T. Nakajima, N. Nakamura and T. Komine, Applied 

and Environmental Microbiology, 1988, 54, 1330-1333. 
18. V. Keller, N. Keller, M. J. Ledoux and M. C. Lett, Chemical Communications, 

2005, 2918-2920. 
19. M. Cho, H. Chung, W. Choi and J. Yoon, Water Res, 2004, 38, 1069-1077. 
20. K. Sunada, T. Watanabe and K. Hashimoto, Environ Sci Technol, 2003, 37, 4785-

4789. 
21. H. Zheng, P. C. Maness, D. M. Blake, E. J. Wolfrum, S. L. Smolinski and W. A. 

Jacoby, J Photoch Photobio A, 2000, 130, 163-170. 
22. P. C. Maness, S. Smolinski, D. M. Blake, Z. Huang, E. J. Wolfrum and W. A. 

Jacoby, Applied and Environmental Microbiology, 1999, 65, 4094-4098. 
23. P. A. Mandelbaum, A. E. Regazzoni, M. A. Blesa and S. A. Bilmes, J Phys Chem 

B, 1999, 103, 5505-5511. 
24. D. L. Jiang, H. J. Zhao, S. Q. Zhang and R. John, J. Phys. Chem. B, 2003, 107, 

12774-12780. 
25. R. W. Matthews, J Phys Chem-Us, 1987, 91, 3328-3333. 
26. H. J. Zhao, D. L. Jiang, S. Q. Zhang, K. Catterall and R. John, Anal. Chem., 2004, 

76, 155-160. 
27. H. Selcuk, H. Z. Sarikaya, M. Bekbolet and M. A. Anderson, Chemosphere, 2006, 

62, 715-721. 
28. M. M. Cheng and A. Bakac, Journal of the American Chemical Society, 2008, 130, 

5600-5605. 



Chapter 6 

 191

29. G. Merenyi and J. Lind, Journal of the American Chemical Society, 1994, 116, 
7872-7876. 

30. M. A. Kohanski, D. J. Dwyer, B. Hayete, C. A. Lawrence and J. J. Collins, Cell, 
2007, 130, 797-810. 

31. A. A. Belaaouaj, K. S. Kim and S. D. Shapiro, Science, 2000, 289, 1185-1187. 
32. A. P. H. Association, Standard methods for the examination of water and 

wastewater / prepared and publlished jointly by American Public Health 
Association, American Water Works Association and Water Environment 
Federation, Washington, D.C. : APHA-AWWA-WEF, , 1995. 

33. G. Nebe-von-Caron, P. J. Stephens, C. J. Hewitt, J. R. Powell and R. A. Badley, J 
Microbiol Meth, 2000, 42, 97-114. 

34. K. Vinodgopal, S. Hotchandani and P. V. Kamat, J Phys Chem-Us, 1993, 97, 
9040-9044. 

35. L. A. T. Espinoza and F. H. Frimmel, Water Res, 2008, 42, 1778-1784. 
36. H. Noguchi, A. Nakajima, T. Watanabe and K. Hashimoto, Water Sci Technol, 

2002, 46, 27-31. 
37. H. Noguchi, A. Nakajima, T. Watanabe and K. Hashimoto, Environ Sci Technol, 

2003, 37, 153-157. 
38. P. Amezaga-Madrid, R. Silveyra-Morales, L. Cordoba-Fierro, G. V. Nevarez-

Moorillon, M. Miki-Yoshida, E. Orrantia-Borunda and F. J. Solis, J Photoch 
Photobio B, 2003, 70, 45-50. 

39. A. J. McBroom and M. J. Kuehn, Mol Microbiol, 2007, 63, 545-558. 
40. J. M. Herrmann and P. Pichat, J Chem Soc Farad T 1, 1980, 76, 1138-1146. 
41. J. E. Rogers, B. Abraham, A. Rostkowski and L. A. Kelly, Photochem Photobiol, 

2001, 74, 521-531. 
42. Y. Liu, A. S. Pimentel, Y. Antoku, B. J. Giles and J. R. Barker, J Phys Chem A, 

2002, 106, 11075-11082. 



CHAPTER 7 

ENHANCING ADENOVIRUS INACTIVATION 

EFFICIENCY BY IN-SITU PHOTOCATALYTIC AND 

PHOTOELECTROCATALYTIC GENERATED 

HALOGEN VIRICIDE 
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7.1 INTRODUCTION 

Microbial pathogens in drinking and wastewater impose a serious threat on public 

health and safety.  Among various pathogens, viruses are of particular concerns because 

they are responsible for about 80% of disease outbreaks, and resistance to chlorination 

treatment 1.  These serious consequences of virus contaminated water could only be 

appropriately dealt with by development of highly effective disinfection/separation 

treatment techniques.  Up to date, various physical and chemical technologies have been 

developed to achieve such purposes 2-4.  However, viruses are submicroscopic particles 

(usually 20–200 nm in size), thus the conventional filtration methods are generally less 

effective 2.  For UV inactivation technique, it has reported that a number of pathogenic 

microorganisms, particularly viruses, such as adenovirus, bacteriophage MS2, T4 and T7, 

demonstrated an increased resistance to UV treatment 4-8.  The chlorination has been well-

proved to be a cost-effective approach to provide highly reliable primary disinfection and 

the secondary disinfection with necessary residuals of free chlorine or monochloroamine 

to retain a durable effect 9, 10 11.  Nevertheless, many viruses, such as norwalk virus, 

hepatitis A virus, coliphage MS2, poliovirus 1 and feline calicivirus are found to resistant 

to the chlorine treatment 12, 13.  The formation of toxic and carcinogenic potential 

disinfection by-products is also a drawback of chlorine treatment 14. 

The ozone disinfection treatment has been considered as an effective alternative to 

chlorine and UV disinfection treatments for various viruses in water 15-19.  There are a 

number of disadvantages due to its toxic and corrosive characteristics as well as the 

requirement of on-site generation 20.  Recently developed TiO2 photocatalysis based 

advanced oxidation technique for disinfection and inactivation of viruses has 

demonstrated very promising outcomes 21, 22.  Virucidal effect of nanostructured TiO2 and 

other catalysts mediated photocatalysis for inactivation of various viruses including phage 

MS2 15, 21, 23, phage PL-1 24, bacteriophage Qβ 25, bacteriophage T4 26 poliovirus I 27, 

hepatitis B virus 28, rotavirus, astrovirus, and feline calicivirus 29 have been reported.  

Despite noticeable progress on utilising TiO2 photocatalysis-based virucidal techniques, 

the majority reported works are still at the feasibility studying stage due mainly to the 

inadequate disinfection efficiency 22, 26.  TiO2 photoelectrocatalysis has been proven to 

enhance degradation efficiencies of organic pollutants in water 30.  However, to date, such 

photoelectrocatalysis process has not yet been utilised to improve the efficiency of virus 

disinfection. 
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In Chapter 6, we have demonstrated the effectiveness of the photoelectrocatalysis 

based bactericidal technique for instant inactivation and rapid decomposition of gram-

negative bacteria.  In this chapter, the effectiveness of the TiO2 photocatalysis based 

bactericidal method developed in Chapter 6 was tested for virus inactivation applications.  

The replication-deficient recombinant adenovirus (RDRADS) encoding green fluorescent 

protein (GFP) was used as a model virus.  The selection of the adenovirus as the model 

virus was due to a number of reasons.  Firstly, adenovirus have been found throughout the 

world in polluted water, source water, groundwater, and even treated drinking water, and 

it present in the Drinking Water Contaminant Candidate List 31.  Secondly, adenoviruses 

are more resistant to common treatment than other viral, bacterial and protozoan 

pathogens of current concern in drinking water 32, 33.  Thirdly, RDRADS is a safety model 

for experiments that causes no secondary infection because of its replication deficiency.  

Additionally, the infectivity of the RDRADS could be accurately and conveniently 

determined due to the virus encoding a GFP gene that can be expressed in host cells 34.  

7.2 EXPERIMENTAL 

7.2.1 Chemicals and Materials   

Indium tin oxide conducting glass slides (ITO, 8 Ω/square) were purchased from 

Delta Technologies Ltd. (USA).  Titanium butoxide (97%, Aldrich) was used as received.  

Other chemicals used were of analytical grade and purchased from Aldrich unless 

otherwise stated.  All solutions were prepared using high purity deionised water (Millipore 

Corp., 18 MΩ cm).  

7.2.2 UV-LED Array Photoelectrochemical Cell 

The schematic diagram of the UV-LED array photoelectrochemical cell is given in 

Figure 4.1 as described in section 4.2.2 in Chapter 4.  A 0.1 M NaNO3 was used as the 

supporting electrolyte.  UV light intensity on the electrode surface was 8.0 mW cm-2 

measured with an UV-irradiance meter (UV-A, Instruments of Beijing Normal University). 

7.2.3. Viral Strains, Culture Conditions and Virus Preparation 

In this study, for sensitivity, specificity and safety of experiments, RDRADS 

encoding GFP was used as a model virus.  All experiments were performed in a biosafety 

level II laboratory and were conducted under appropriate conditions according to the 

references 35.  A seed stock solution of the virus was obtained from the Experimental 

Medical Research Centre of Guangzhou Medical College.  The viruses are replication 
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deficient and can be propagated only in their packing cells.  This feature enabled us to 

assay infected cells with accuracy by counting cells with green fluorescence under a 

fluorescence microscope.  The virus-containing cell was obtained by culturing with 

HEK293 (human embryonic kidney) cells and subsequent triple freezing of the infected 

cell culture in Dulbecco’s-modified Eagle medium (DMEM) maintenance medium.  

The viral suspension was purified by using Sartobind Q 75 (Sartorius, Göttingen, 

Germany), according to the manufacturer menu.  Prior to treatment, cell debris were 

removed by centrifugation at 3500 rmp for 15 mins, and the resulting supernatant was 

passed through a polyvinylidene fluoride (PVDF) MF membrane with nominal pore size 

of 0.22 μm.  Then a 12.5 U/ml of nucleases (Takara Biotechnology (Dalian) Co., Ltd, 

China) were used to cleaving the phosphodiester bonds between the nucleotide subunits of 

nucleic acids.  The resulting viral suspension was passed through a centrifugal 

concentrator (100 000 MWCO) (Sartorius, Göttingen, Germany) to remove the salt.  The 

virus concentrated with the centrifuge was finally diluted with sterilized H2O to a desired 

concentration ready for use.  The initial populations of RDRADS for each disinfection 

experiment were about 1000 Tissue Culture Infective Dose 50 (TCID50). 

7.2.4. Inactivation of Viruses and Virological Analytical Procedure 

For photocatalytic (PC) and photoelectrocatalytic (PEC) experiments, a suspended 

solution containing known number of RDRADS was prepared in sterilized tubes on a 

super clean bench.  The solution was pumped at different flow rates with a peristaltic 

pump (Pharmacia LKB pump P-1, Sweden) and pass through the UV-LED array irradiated 

thin-layer cell.  All experiments were conducted in triplicate, and then the survival of 

viruses at the outlet was analysed and averaged.  The samples collected after PC or PEC 

treatment were analysed for infectivity by green fluorescence of PK15 (pig kidney) cells.  

For assaying virus infectivity, 100 μl of the fluid samples was added to 80% confluent 

PK15 cell monolayer (Figure 7.1) in 48-well plates.  All of the disinfection experiments 

were repeated three times.  The plates were rocked every 10–15 min during a 90 min 

period.  Then the inocula were replaced with DMEM containing 2% inactivated fetal 

bovine serum (Hyclone, SH), 100 U penicillin ml-1 and 100 μg streptomycin ml-1, and the 

cells were incubated at 37 ℃ for 48 h in a humidified incubator with a 5% CO2 

atmosphere.  Since the number of viruses infected each PK15 cell is variable.  It is 

difficult to quickly quantify the PC and PEC removal efficiencies by counting the number 

of live viruses.  However, virus infectivity can be quantified by counting PK15 cells with 

green fluorescence which is proportional to the virus numbers.  The PC and PEC 
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experiments with halide ions were performed under identical experimental conditions as 

PC and PEC experiments except in present of 1.0 mM Cl- or Br- in the sample.  

 
Figure 7.1 Micrograph of monolayer PK15 (pig kidney) cell in the 48-well plates 

(magnification: 100×) 

7.3 RESULTS AND DISCUSSION 

The photocatalytic and photoelectrocatalytic disinfection of adenovirus has not been 

previously reported.  Only reports concerning the UV inactivation of adenoviruses can be 

found in the literature.  A possible reason for this may be because adenovirus is a double-

stranded DNA virus so the damaged cell can be rapidly repaired by a host cell after 

infection.  In addition, unlike the complex cell wall and inner membrane structures of 

common bacteria, viruses are lack of enzymes and other sensitive systems 36.  These 

properties enable the viruses to prolong their survival outside of the body and water, 

making the common disinfection treatment less effective.  

7.3.1. Photocatalytic Inactivation of RDRADS with or without Halide Ions 

The photocatalytic inactivation of RDRADS experiments were firstly carried out at a 

TiO2 nanoparticulate photoanode in a continuous flow-through thin-layer cell.  As 

mentioned in section 7.2.4, the disinfection results can be directly quantified by counting 

PK15 cells infected with GFP expressed viruses under fluorescence microscope 34, 35.  

Figure 7.2 shows the number of PK15 cells with infected GFP expressed viruses before 

and after photocatalytic treatment for different period of time.  It was found that for the 

sample without PC treatment, a high density of GFP expressed PK15 cells were evenly 

spread over the entire fluorescence microscope field (see Figure 7.2a).  However, the 

densities of GFP expressed PK15 cells were gradually decreased with increased PC 
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treatment time (Figures 7.2a to 7.2d).  Yet there were still have more than 50% cells with 

expressed GFP scattered in the visual field after 143.22 s PC treatment (Figures 7.2d).  

 

    
 
 

    
Figure 7.2 Representative micrograph (magnification: 100×) PK15 cells infected with 

GFP expressed virus under different photocatalytic inactivation treatment 
times at a nanoparticulate TiO2 photoanode in a continuous flow-through 
cell. (a) 0 s, (b) 31.65 s, (c) 60.06 s and (d) 143.22 s. 

 

The precise numbers of survived RDRADS virus cells were quantified using the 

fluorescence images shown in Figure 7.2 in accordance with the method described by Li’s 

group 34 and expressed as relative concentration of Ct/C0, where C0 and Ct are the viable 

‘concentrations’ of RDRADS virus cells without PC treatment and after PC treatment for 

time t.  The inactivation efficiencies in terms of the percentage RDRADS inactivation can 

then be expressed as (1- Ct/C0)×100%.  Figure 7.3 shows the effect of PC treatment time 

on the percentage RDRADS inactivation.  The percentages inactivated virus cells were 

rapidly increased.  It took only 6.01 s and 31.65 s to achieve 21.71% and 33.82% 

inactivation, respectively.  However, with the further increase of PC treatment time 

(c) (d) 

(b) (a) 
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beyond 30 s, the rate of inactivation was slowed down significantly.  It took another 111 s 

to achieve an additional 5.36% inactivation (i.e., 39.28% at 143.22 s).  
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Figure 7.3 Effect of photocatalytic treatment time on inactivation efficiencies of 

RDRADS at nanoparticulate TiO2 photoanode. 

As demonstrated in Chapter 6, adding halide ions, such as Br- can dramatically 

enhance the bacteria disinfection efficiency due to the formation of di-halide radical 

anions (X2
•-) and their synergetic disinfection effect.  In this chapter, the same strategy 

was adopted for deactivation of virus.  A 1.0 mM Cl- or Br- were added to the 

photocatalysis reaction medium.  Figures 7.4 and 7.5 show the fluorescence images of 

GFP expressed RDRADS viruses in the PK15 cells with or without PC inactivation 

treatment in presence of Cl- (PC-Cl) and Br- (PC-Br), respectively.  Compared with the 

results obtained from PC treated samples in absence of halide ions (see Figure 7.2), it is 

obvious that the addition of halide ion can substantially enhance the inactivation 

efficiencies of viruses as demonstrated by the rapidly decreased number of PK15 cells 

infected with GFP expressed viruses (see Figures 7.4 and 7.5).  For example, with the 

same PC treatment time of 31.65 s, the densities of viable RDRADS virus cells for PC 

treated samples in presence of Cl- or Br- (Figure 7.4a and Figure 7.5a) are much lower 

than that of PC treated sample in absence of halide ions (see Figure 7.2b).  

Compared fluorescent microscopic images of the PC-Cl treated samples (Figure 7.4) 

with that of PC-Br treated samples (Figure 7.5), It revealed that PC-Cl method is more 

effective inactivation method than that of PC-Br method for short treatment time (i.e., <30 

s), as demonstrated by Figure 7.4a and Figure 7.5a.  However, PC-Br method become 

more effective than that of PC-Cl method when the treatment time was greater than 30 s as 



Chapter 7 

 199 

evidenced by Figures 7.4b, 7.4c, and Figures 7.5b, 7.5c.  PC-Br can achieve 100% 

inactivation at 97.48 (Figure 7.5c). 

 

    
 
 

 
Figure 7.4 Representative micrograph (magnification: 100×) PK15 cells infected with 

GFP expressed virus under different photocatalytic inactivation treatment 
times at a nanoparticulate TiO2 photoanode in a continuous flow-though 
cell in presence of 1.0 mM Cl- (a) 31.65 s, (b) 60.06 s, (c) 97.48 s. 

 

Figure 7.6 shows the effect of PC-Cl treatment time on RDRADS inactivation 

percentage.  It can be found that the inactivation percentage was swiftly increased within 

short treatment time.  About 44.97% RDRADS inactivation was achieved within 6.01 s.  

Comparatively, the PC disinfection efficiency in absence of Cl- ions achieved only 

21.71% with the same treatment period.  Such an inactivation efficiency achieved by PC-

Cl method was even slightly higher than that of 143.22 s PC treated sample in absence of 

Cl- ions (39.28%).  With further ascending the treatment time, the PC-Cl inactivation 

percentages of RDRADS increased to 75.39% at 31.65 s, and achieved the highest 

percentage of inactivation of 95.43% at 97.48 s. 

(b)

(c) 

(a) 
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Figure 7.5 Representative micrograph (magnification: 100×) PK15 cells infected with 

GFP expressed virus under different photocatalytic inactivation treatment 
times at a nanoparticulate TiO2 photoanode in a continuous flow-though 
cell in presence of 1.0 mM Br- (a) 31.65 s, (b) 60.06 s, and (c) 97.48 s. 
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Figure 7.6 Photocatalytic inactivation efficiencies of RDRADS with addition of 1.0 

mM NaCl at different illumination resident time. 

(b)
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Figure 7.7 shows the effect of PC-Br treatment time on RDRADS inactivation 

percentage.  The percentage inactivation was found to increase as the treatment time was 

increased, but at a relatively slow rate within shorter treatment period in comparison to 

PC-Cl treated samples.  It achieved 26.56% at 6.01s, 32.73% at 14.32 s and 46.59% at 

31.65 s.  These achieved inactivation percentage were just slightly higher than that of PC 

treated samples in absence of halide ions  (i.e., 21.71% at 6.01 s, 24.48% at 14.32 s and 

33.82% at 31.65 s), but lower than that of PC-Cl treated samples (i.e., 44.97% 6.01 s,  

68.23% 14.32 s and 75.39% at 31.65 s).  Nevertheless, with further increase in the 

treatment time, the PC-Br method revealed outstanding inactivation ability than that of 

PC-Cl method.  It can achieve 99.55% inactivation of RDRADS at 60.06 s and 100% of 

RDRADS at 97.48 s.   
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Figure 7.7 Photocatalytic inactivation efficiencies of RDRADS with addition of 1.0 

mM NaBr at different illumination resident time. 

7.3.2. Photoelectrocatalytic Inactivation of RDRADS with or without Halide Ions 

The high degradation efficiency of photoelectrocatalysis has been widely 

acknowledged 30, 37, 38.  The applied potential bias to timely remove the photogenerated 

electrons and physical separation of photoanode from the cathode are generally regarded 

as the main attributions for the enhanced efficiency 39-41.  It has also been recognised that 

the applied potential bias prolongs the lifetime of photoholes, enabling direct photohole 

reactions 37, 40.  Despite numerous studies on PEC degradation of wide spectrum of 

organics have been previously reported 30, 37, 41, 42, the PEC disinfection of virus has not yet 

been attempted in published literature domain.  Therefore, the photoelectrocatalytic 
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inactivation of RDRADS was investigated.  All samples were photoelectrocatalytically 

treated for different resident times under 8.0 mW/cm2 UV intensity with the applied 

potential bias of +0.30 V vs. Ag/AgCl.  Except the applied potential bias, these 

experimental conditions are identical to those of PC experiments described in the section 

7.3.1 of this chapter. 

Figure 7.8 shows the fluorescence images of GFP expressed RDRADS viruses in the 

PK15 cells with different periods of PEC inactivation treatment.  It was found that the 

intensity of GFP expressed PK15 cells gradual decreased with increased PEC treatment 

time. 

    
 

      
Figure 7.8 Representative micrograph (magnification: 100×) PK15 cells infected with 

GFP expressed virus under different photoelectrocatalytic inactivation 
treatment times at a nanoparticulate TiO2 photoanode in a continuous 
flow-though cell in absence of halide ions. (a) 9.75 s, (b) 14.32 s, and (c) 
31.65 s. 

Figure 7.9 shows the photoelectrocatalytic inactivation efficiencies of RDRADS 

without halide ions as a function of PEC treatment time.  It can be seen from the figure 

that the inactivation efficiencies are drastically enhanced for shorter treatment period up to 

10 s, in comparison with PC treated samples in absence of halide ions.  The PEC treatment 

(c) 

(b)(a) 
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can achieve a 43.50% in activation within 9.75 s.  However, the inactivation slowed down 

dramatically and finally level off when the treatment time was further increased.   
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Figure 7.9 Inactivation percentages of RDRADS of photoelectrocatalytic treated 
samples at different treatment times. 

Although the PEC incantation percentage shown in Figure 7.9 are higher than that of 

PC treated samples in absence of halide ions, the performance of PEC method in absence 

of halide ions is less effective than that of PC method in presence of halide ions such as 

Cl- and Br-.  Addition of halide ions to the photocatalytic system has demonstrated a great 

enhancement on the inactivation efficiency.  The same strategy was therefore applied to 

the PEC system.  Figure 7.10 shows the fluorescent microscopic images of PEC treated 

samples in presence of 0.10 mM of Cl- (PEC-Cl).  It was found that the fluorescence 

intensities decreased with increased treatment time, suggesting the decrease in the viable 

numbers of the RDRADS viruses.  Figure 7.11 shows the fluorescent microscopic images 

of PEC treated samples in presence of 0.10 mM of Br- (PEC-Br).  The fluorescence 

intensities rapidly decreased with increased treatment time, suggesting the effectiveness of 

Br-.  It took less than 15 s for PEC-Br treatment to reduce the fluorescence intensity to 

nearly zero.  No viable RDRADS virus can be found from the 31.65 s PEC-Br treated 

sample.  Comparatively, the high fluorescence intensity can still be observed from the 

fluorescent microscopic image of 31.65 s PEC-Cl treated sample, while no viable 

RDRADS virus was found from the fluorescent microscopic image of 31.65 s PEC-Br 

treated sample.  
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Figure 7.10 Representative micrographs (magnification: 100×) PK15 cells infected 

with GFP expressed virus under different photoelectrocatalytic 
inactivation treatment times in presence of 1.0 mM Cl-. (a) 9.75 s, (b) 14.32 
s and (c) 31.65 s. 

    

 

Figure 7.11 Representative micrographs (magnification: 100×) PK15 cells infected 

(c) 

(a) 

(b)(a) 

(c) 

(b)
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 with GFP expressed virus under different photoelectrocatalytic 
inactivation treatment times in presence of 1.0 mM Br-. (a) 9.75 s, (b) 14.32 
s, and (c) 31.65 s. 

The inactivation percentages were then determined based on the fluorescent 

microscopic images according to the method described by Li et al 34 and the plots of 

inactivation percentages against the treatment time for PEC-Cl and PEC-Br methods were 

given in Figures 7.12 and 7.13.  

Figure 7.12 shows the effect of treatment time on the inactivation percentages of 

PEC-Cl treated samples.  It was found that a 41% inactivation was achieved for a 6.01 s 

PEC-Cl treated sample.  The inactivation percentage of PEC-Cl treated samples increased 

almost linearly with treatment time from 6.01 s to 31.65 s.  An inactivation percentage of 

88.10% was achieved for a sample treated with PEC-Cl for 31.65 s.  This is a significant 

enhancement in inactivation efficiencies in comparing to PC and PEC treated sample in 

absence of halide ions where only 38.82 and 45.58% were achieved with 31.65 s treatment.  

Comparing the inactivation percentages of PEC-Cl treated samples with PC-Cl treated 

samples; it revealed a considerably enhanced inactivation efficiency of PEC-Cl method. 
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Figure 7.12 Photoelectrocatalytic inactivation efficiencies of RDRADS with addition of 

1.0 mM NaCl at different illumination resident time. 

The inactivation of RDRADS was also carried out by using PEC system containing 

1.0 mM bromide ions (see Figure 7.13).  It was found that the inactivation percentages of 

PEC-Br treated samples increased almost linearly with the treatment time up to 14.32 s.  

The treatment achieved 99.77% at 14.32 s and 100% at 31.65 s.  Such an inactivation 
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percentage of PEC-Br treated samples are the highest among all other methods 

investigated in this chapter, demonstrating outstanding performance.  The inactivation 

percentages of PEC-Cl treated samples were higher than those of PEC-Br at short 

treatment period (i.e., 0~6.01 s), while the inactivation percentages of PEC-Br treated 

samples surpassed those of PEC-Cl treated samples when the treatment time was greater 

than 9.75 s.  Finally, a PEC-Br treated sample can achieved 100% inactivation at 31.65 s, 

which is superior to 88.10% achieved by PEC-Cl treated sample and 45.58% achieved by 

PEC treated sample.  
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Figure 7.13 Photoelectrocatalytic inactivation efficiencies of RDRADS with addition of 

1.0 mM NaBr at different illumination resident time. 

 

Figure 7.14 shows the photocatalytic and photoelectrocatalytic inactivation ratios for 

RDRADS in presence or absence of halide ions.  The obtained ratio was greater than 1 for 

all cases investigated.  This suggests that PEC method has better ability to inactivate 

RDRADS than that of PC method under comparable conditions.  The obtained PEC/PC 

inactivation ratios were found to be 1.225, 1.843 and 1,348 at the treatment times of 6.01 s, 

14.32 s and 31.65 s, respectively.  The obtained PEC-Cl/PC-Cl inactivation ratios were 

found to be 1.108, 1.265, and 1.169 at treatment times of 6.01 s, 14.32 s and 31.65 s, 

respectively.  The obtained PEC-Br/PC-Br inactivation ratios were found to be 1.731, 

3.038, and 2.164 at treatment times of 6.01 s, 14.32 s and 31.65 s, respectively. 
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Figure 7.14 Effect of irradiation time on the photocatalytic and photoelectrocatalytic 

virucidal ratio of RDRADS with or without halide ions. 

 

7.3.3. Mechanistic Considerations 

The reason why in addition of chloride and especial bromide in the photocatalytic and 

photoelectrocatalytic system can significantly improve the disinfection efficiencies of 

RDRADS can interpret as follows.  Photoelectrocatalytic oxidation of Cl- and Br- was 

firstly investigated in order to clarify the enhancement mechanism of PEC-Cl and PEC-Br.  

As the photocurrent obtained in absence of Cl- or Br- (0.1 M NaNO3) is originated from 

photocatalytic oxidation water, thus, the magnitude of the photocurrent is directly 

proportional to the rate of active oxygen species (AOSs) production (Figures 7.15 and 

6.15) 30, 41.  An increase in halide ions concentration leads to an increase in the 

photocurrent.  The net photocurrent increase is directly proportional to the rate of halide 

ions oxidation.  The full spectrum of halide ions oxidation pathways is complex because 

halide ions can be oxidised to a variety of oxidation states (e.g., X2[0], XO-[+1], XO2
-[+3], 

XO3
-[+5] or XO4

-[+7]) (X stand for Cl or Br) 43-45.  However, to serve the needs of present 

work, the halide ions photocatalytic oxidation processes can be simplified and presented 

as:  

}/  , ,{}{ 22
−•+ ⎯→⎯

−

OXHOXXXhTiO X
VB                                                   (7.1). 

The species shown in Equation 7.1 are the possible photocatalytic oxidation products 

from halide ions 46.  Considering the relatively low standard potentials of Cl2/Cl- and 
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Br2/Br- (+1.36 V and +1.087 V, respectively), it is unlikely that these active halogens are 

responsible for the instant enhancement and rapid decomposition of virus.  However, 

although the standard potentials of HOCl/Cl-and HOBr/Br- (+1.63 V and +1.33 V, 

respectively) are not so high, HOX still plays a special role in attack the capsid of 

nonenveloped (naked) viruses, such as adenovirus, whose capsid is composed of protein 

polypeptides.  Because HOX is prone to react with amino acids with an amino group side 

chains 47, and it has particular effective to inactivate proteins containing sulfhydryl groups 
48.  Therefore, the attack of the HOX to the protein capsid of RDRADS is the initial step 

during PEC-Cl and PEC-Br disinfection process, which can lead to some damages on the 

protein coat of viruses.  As known, the standard potentials of HOCl/Cl- is higher than that 

of the HOBr/Br-.  Thus, it is reasonable to believe that the PEC-Cl has a higher virucidal 

effect than that of PEC-Br at shorter resident time. 

It is worth noting that, among all species shown in Equation 7.1, only X• is directly 

produced by photocatalysis as the X2 and HOX are produced from photocatalytically 

generated X• via the following pathways: 

+−• ++⎯→⎯+⎯→⎯ HXHOXOHXX hh νν
22  2                                   (7.2). 
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Figure 7.15 Photocurrent–time profiles obtained from solutions containing 0.1 M 

NaNO3 and different concentrations of NaCl under a typical light intensity 
of 8.0 mW/cm2 (measured at 365 nm) and applied potential bias of + 0.30 
V vs Ag/AgCl. 

This means that the net photocurrent increase shown in Figures 7.15 and 6.15 

represents the increased rate of X• production and in situ photoelectrocatalytically 

produced X• is the dominant oxidant for virus.  The superior viricide performance of X• 

can also be attributed to its highly reactive nature, strong oxidation power (E0[Cl•/Cl-] 
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=+2.41 V 49 and E0[Br•/Br-]=+1.96 V 50) and the ability to form stable di-halide radical 

anions 51.  The formation of X2
•- prolongs the lifetime of X• to maximize the inactivation 

effect.  These active radicals can rapidly diffuse through the partial broken protein capsid 

into the viruses and the intracellular macromolecules, such as nucleic acids, are a 

subsequently potential target of them.  The virucidal effect will be accelerated 

subsequently.  Thermodynamically, Cl• should be a more effective viricide due to its high 

oxidation potential at all shorter resident time.  The less effectiveness of PEC-Cl treatment 

in the longer resident time may be attributed to the slower Cl2
•- formation kinetic and 

inferior stability of formed Cl2
•- 52. 

The disinfection mechanistic pathway of a PC process may differ from that of a PEC 

process because the differences between •OH and photoholes.  However, it must note that 

in a PC process, the photocatalytic generation of photoholes still occurs with lower 

intensity due to no suppressed recombination reactions.  The observed PC virucidal effect 

is still the collective effect of •OH and the direct photohole reactions.  Therefore, the PC-

Cl and PC-Br system are also capable of in situ generating slightly lower concentrations of 

Cl•/Cl2
•- and Br•/Br2

•- as viricides, respectively, than the PEC-Cl and PEC-Br system.  

Hence, the disinfection trends of the PC-Cl and PC-Br system are very similar to the PEC-

Cl and PEC-Br system except for their lower virucidal efficiencies at the counterpart 

resident time. 

7.4 CONCLUSION  

In conclusion, in the deactivation tests by employing a thin-layer 

photoelectrocatalytic flow-through cell embodied with a nanoparticulate TiO2 thin-film 

photoanode, it was found that the virucidal activities of PC-Cl and PC-Br against 

RDRADS was significantly improved and up to 95.43 % and 100 % at 97.48 s resident 

time, respectively, as compared with that of PC with 39.28 % at 143.22 s resident times.  

However, the virus inactivation ability was only slightly improved with a potential bias of 

0.3 V applied onto the TiO2 film.  Nevertheless, the virucidal efficiencies were promoted 

up to 88.10 % at the 31.65 s reaction time in the photoelectrocatalytic disinfection system 

in the presence of 1.0 mM of Cl-.  Even more substantial enhancement was observed in the 

PEC-Br disinfection system.  A 99.77 % of disinfection ratio can be instantly reached 

within 14.32 s.  And after 31.65 s of treatment, none of the PK15 cells were infected with 

RDRADS.  Mindful of above descriptions, we hypothesize that TiO2 photocatalytic and 

photoelectrocatalytic viruses inactivation occurred and were enhanced by in addition of 

1.0 mM Cl- and particularly Br-.  The possible reason for this is that photocatalytically and 
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photoelectrocatalytically generated hypohalous acid and halide radical/di-halide radical 

anions are mainly responsible for the enhanced lethal virucidal effect of the P(E)C-Cl and 

P(E)C-Br treatments respectively.  Therefore, this study indicates that TiO2 

photoelectrocatalysis with addition of bromide PEC-Br may be a viable disinfection 

alternative and substantiates further testing of other disinfectant-resistant microbes besides 

adenovirus. 
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8.1 GENERAL CONCLUSIONS 

This thesis adopted a bottom-up strategy to systematically investigate the 

photocatalytic and photoelectrocatalytic decomposition, detoxification and disinfection of 

biological contaminants including small biological compounds such as amino acids and 

nucleotide bases, large biological compounds including protein, lipid and DNA, and living 

microorganisms such as bacteria and viruses.  

The fabrication and characterisation of the nanoparticulate TiO2 photoanode have 

been investigated in Chapter 2.  The following conclusions can be drawn from the 

investigations carried out in the chapter: 

• Nanoparticulate TiO2 photoanodes with high photoefficiency have been 

successfully synthesised using a dip-coating method with the TiO2 colloids 

prepared via a sol-gel method.  The average particles sizes of the TiO2 colloids 

range from 10 to 15 nm.  Electron diffraction patterns of TiO2 colloids after 

hydrothermal treatment reveal a well-defined polycrystalline particulate structure.  

XRD analysis shows that the coated TiO2 photocatalyst layer is formed by of 

96.6% anatase and 3.4% rutile phases. SEM images have confirmed that the sizes 

of secondary particles are ranged from about 30 nm to 50 nm that are formed by 

joining the primary particles with similar shapes and sizes to the colloidal particles.  

• The photoelectrocatalytic properties of the resultant TiO2 photoanodes have been 

systematically evaluated in both bulk and thin-layer photoelectrochemical cells.  

Water and organic model compounds including glucose and potassium hydrogen 

phthalate (KHP) have been chosen to represent weak and strong adsorbates.  

 Under non-exhaustive degradation conditions in a bulk photoelectrochemical 

cell, the saturated photocurrents (Isph) obtained from the photoelectrocatalytic 

oxidation of water increase linearly with UV light intensity.  For a given 

organic compound concentration, the saturated photocurrents (Isph) increase 

linearly with UV light intensity.  For a given UV light intensity, the saturated 

photocurrents (Isph) increase linearly with the organic compound concentration.  

 Under exhaustive degradation conditions in a thin-layer photoelectrochemical 

cell, the steady-state photocurrents and net charge (Qnet) are independent of 

applied potential bias greater than +0.30 V (versus Ag/AgCl).  In other words, 

the Qnet measured is essentially the same as the theoretical charge required 
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regardless of the substrate concentration with an appropriate potential bias.  

This means that all photoelectrons generated from the photocatalytic oxidation 

of organics have been quantitatively collected and accounted for when an 

appropriate potential bias is employed.  Effect of UV light intensity on the 

steady-state photocurrent and Qnet has been investigated.  An increase in the 

light intensity results in a linear increase in the steady-state photocurrent.  The 

net charge (Qnet) originated from the oxidation of organic compounds is 

essentially constant with the light intensities above 8.0 mW/cm2.  The effect 

of supporting electrolyte concentration on the steady-state photocurrent and 

Qnet has also been investigated.  The Qnet is found to be a fixed value when the 

concentration of NaNO3 exceeds 1.5 M.  This means that the supporting 

electrolyte concentration of 1.5 M NaNO3 is sufficient to maintain the low iR-

drop.  However, a 2.0 M NaNO3 has been selected as the supporting 

electrolyte concentration by considering the worst scenario in the thin-layer 

photoelectrochemical cell.  It is found that the steady-state photocurrent 

showed no obvious change when the pH is varied from 2.5 to 9.2.  The Qnet is 

found to be independent of pH variations within the pH ranged from 4.0 to 9.0.  

Therefore, the suitable pH range for the TiO2 photoanode is between 4.0 and 

9.0. 

The photocatalytic (PC) and photoelectrocatalytic (PEC) degradation of small 

biological compounds such as different amino acids have been systematically investigated 

in Chapter 3.  A number of conclusions can be drawn based on the obtained experimental 

results: 

• All amino acids investigated are photocatalytically and photoelectrocatalytically 

degradable.  For a given amino acid, PEC method possesses higher degradation 

efficiency than that of PC method.  The superiority of PEC method over PC 

method becomes more obvious at higher concentrations; 

• For a given amino acid, the hydrophilicity characteristics of the PC produced 

intermediates are differed from those of PEC produced intermediates except the 

phenylalanine; 

• The theoretically calculated 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) values of 

different amino acids suggest that for single-ringed amino acids such as 

phenylalanine and tyrosine, the initial reaction sites are likely to occur on the 
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atoms within the 6-membered ring structure, regardless of the treatment process 

(e.g., via electron extraction in PEC process or radical attack in PC process).  For 

double-ringed amino acids such tryptophan, the initial reaction sites are likely to 

occur at the 6-membered ring structure (PC process) or on the 5-membered ring 

structure (PEC process); 

• Both theoretical calculation and experimental results suggest that the mechanistic 

pathway of PEC process differs from that of PC process. 

The PC and PEC degradation of another group of small biological compounds such 

as different nucleotide bases have been investigated in Chapter 4.  The following 

conclusions can be drawn from the investigations carried out in this chapter: 

• These nucleotide bases are found to be photocatalytically and 

photoelectrocatalytically degradable.  For a given nucleotide base, PEC method 

possesses higher degradation efficiency than that of PC method.  The superiority 

of PEC method over PC method becomes more obvious at higher concentrations; 

• For a given method, degradation efficiency is dependent on the type of nucleotide 

bases.  Similar degradation behaviours were observed from all single-ringed 

pyrimidine bases investigated, which are distinctively different to that of the 

double-ringed purine base; 

• For a given nucleotide base, the hydrophilicity characteristics of the PC produced 

intermediates differ significantly from those of PEC produced intermediates.  For a 

given method, similar hydrophilicity characteristics were obtained from all single-

ringed pyrimidine bases investigated that differ significantly from those observed 

from the double-ringed purine base; 

• The theoretically calculated 2FEDHOMO
2 and (FEDHOMO

2+FEDLUMO
2) values of 

different nucleotide bases suggest that the initial reaction sites for all single-ringed 

pyrimidine are likely to occur on the atoms within the 6-membered ring structure 

while for double-ringed purine base, the initial reaction sites are likely to occur at 

the side-chain atoms of the 6-membered ring structure (PEC process) or on the 5-

membered ring structure (PC process); 

•  Both theoretical calculation and experimental results suggest that the mechanistic 

pathway of PEC process differs remarkably from that of PC process. 
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As a part of the proposed “bottom-up” strategy, PC and PEC degradation of large 

biological compounds such as bovine serum albumin (BSA), lecithin and bacteria 

genomic DNA have been performed in Chapter 5.  To estimate the theoretical charge 

required to mineralise these large biological compounds with unknown chemical formula, 

a new method has been firstly developed and experimentally validated.  The investigations 

carried out in this chapter may lead to the following conclusions: 

• All large biological compounds investigated are found to be photocatalytically and 

photoelectrocatalytically degradable; 

• Incomplete PC mineralisation has bee observed for all large biological compounds 

investigated, particular for BSA; 

• Introduction of electrochemical technique into a photocatalytic oxidation process 

are found to profoundly improve the degradation efficiencies of large biological 

compounds; 

• The PEC degradation method is more effective than that of PC degradation method 

for all large biological compounds investigated.  The PEC mineralisation 

percentage of DNA is the highest among lecithin and BSA.  While the lowest PEC 

mineralisation percentage is obtained from lecithin; 

• The PEC/PC mineralisation ratios are found to follow an order of 

BSA>lecithin>DNA. 

A bactericidal technique utilising in situ photoelectrocatalytically generated 

photohole (h+), Br2
•- and AOSs for instant inactivation and rapid decomposition of gram-

negative bacteria such as E. coli has been proposed and experimentally validated in 

Chapter 6.  The following conclusions can be drawn from the investigations carried out in 

this chapter: 

• Gram-negative bacteria such as E. coli can be inactivated and decomposed by PC, 

PEC and PEC-Br methods; 

• To achieve the same degree of inactivation, PC disinfection method requires longer 

treatment time than that of PEC method; 

• Introduction of electrochemical technique into a photocatalytic oxidation process 

(PEC) can profoundly improve the disinfection efficiencies of E. coli; 
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• The PEC-Br bactericidal method utilizing in situ photoelectrocatalytically 

generated, long-life Br•/Br2
•- bactericides is capable of instantaneously inactivating 

gram-negative bacteria such as E. coli. 99.90% of 9×106 CFU/mL E. coli can be 

inactivated within 0.40 s while 100% inactivation occurs by 1.57 s.  To achieve the 

same inactivation effect, the PEC-Br method is 358 and 199 times faster than that 

of the PEC method, and 2250 and 764 times faster than that of the PC method; 

• SEM and TOC results reveal that the PEC-Br method is also capable of rapidly 

mineralising the bacteria body. 

The effectiveness of the TiO2 photocatalysis based bactericidal method developed in 

Chapter 6 has been also tested for virus inactivation applications in Chapter 7.  The 

following conclusions can be drawn from the investigations carried out in this chapter: 

• Virus such as replication-deficient recombinant adenovirus (RDRADS) can be 

inactivated via photocatalysis processes with or without addition of halide ions 

(PC-Cl and PC-Br); 

• RDRADS can be inactivated via photoelectrocatalysis processes with or without 

addition of halide ions (PEC-Cl and PEC-Br); 

• Different methods possess different inactivation efficiencies. The inactivation 

efficiencies for RDRADS is in an order of PC-Br >PC-Cl>PC; 

• PEC method possesses higher inactivation efficiency than that of PC method.   The 

PEC/PC inactivation ratios are 1.225, 1.843 and 1,348 at the treatment times of 

6.01 s, 14.32 s and 31.65 s, respectively; 

• PEC-Cl method possesses higher inactivation efficiency than that of PC-Cl method.   

The PEC-Cl/PC-Cl inactivation ratios are 1.108, 1.265, and 1.169 at treatment 

times of 6.01 s, 14.32 s and 31.65 s, respectively; 

• PEC-Br method possesses higher inactivation efficiency than that of PC-Br method.   

With a PEC-Br disinfection system, 99.77% and 100% of RDRADS can be killed 

within 14.32 s and 31.65 s, respectively.  The PEC-Br/PC-Br inactivation ratios 

are 1.731, 3.038, and 2.164 at treatment times of 6.01 s, 14.32 s and 31.65 s, 

respectively; 

• The possible reason for this could be that photocatalytically and 

photoelectrocatalytically generated hypohalous acid and halide radical/di-halide 
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radical anions are mainly responsible for the enhanced lethal virucidal effect of the 

P(E)C-Cl and P(E)C-Br treatments respectively.  

8.2 FUTURE WORK 

Although extensive investigations on the photocatalytic and photoelectrocatalytic 

detoxification of biomolecules (building blocks of microorganisms); bacteria and viruses 

disinfection in water system have been carried out, some aspects of photocatalytic and 

photoelectrocatalytic detoxification and disinfection need to be explored further.  This 

research has highlighted a number of areas for further investigation. 

• The precise chemical structures of the photocatalytically and 

photoelectrocatalytically produced intermediates of small biological compounds, 

such as amino acids and nucleotide bases, and large biological compounds, such as, 

proteins, lipids and nucleic acids, will be precisely identified by using preparative 

column to isolate sufficient qualities of intermediates for structural analyses by 

FTIR, MS and NMR.  This will allow a precise description of PC and PEC 

reaction mechanisms of these biological compounds by using the proposed 

“bottom-up” strategy; 

• Based on the precisely identified photocatalytically and photoelectrocatalytically 

produced intermediates, and the calculated frontier electron densities which can 

predict the reaction sites for electron extraction and radical attack, the mechanistic 

aspects of PC and PEC degradation of these biological compounds will be 

proposed correctly; 

• Other types of biological contaminants, such as Gram-positive bacteria, spores and 

other viruses, will be disinfected by utilizing in situ photoelectrocatalytically 

generated bromine radicals at a nanoparticulate TiO2 photoanode;  

• Investigation PEC and PEC-Br oxidation/degradation mechanistic aspects of 

different types of bacteria and viruses by a bottom-up strategy.  With this, the 

bacteria and viruses disinfection efficiency could be further improved in a shorter 

residential time by the above preliminary investigation.  Since the effectiveness of 

a bactericide or a viricide is highly dependent on its killing mechanisms. 

• More efforts should be paid to develop large scale disinfection system and 

utilisation of sunlight to replace the UV light source. 

Overall, this work has demonstrated the feasibility of the proposed 

photoelectrocatalysis approach in detoxification of biological compounds and disinfection 
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of bacteria and viruses.  In theory, the proposed method can be effectively used to 

decompose various types of organic pollutants, viruses and bacteria.  The principles 

investigated in this work can be used as a practical detoxification and disinfection 

guideline for water and wastewater treatment. 
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