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ABSTRACT 

The rapid urbanization is creating a rising demand of clean water while producing a huge 

amount of wastewater. A special issue in Hong Kong is that sea water is extensively used 

for toilet flushing and street cleaning, which generate contaminated sea water. Wastewater 

treatment plants often rely on physical, chemical and biological methods to remove the 

contaminants, but the state of the art is still limited by several technical challenges. For 

instance, (1) many dissolved toxic chemicals (e.g., detergents) cannot be treated 

efficiently by the prevailing treatment methods; (2) the treated wastewater still contains 

significant amounts of residual chemicals and bacteria, which will affect water activities; 

(3) the contaminated sea water cannot be cleaned effectively using those methods 

developed for the contaminated freshwater. The high concentration of salt ions affects the 

microorganism growth and the flocculation in the treatment pools. 

This study aims to overcome the existing challenges using solar photocatalysis, 

ultraviolet (UV) irradiation, ozone and their combined effects. More specially, this 

research consists of three parts: (1) solar photocatalytic reactors to degrade organic 

pollutants in freshwater, (2) photocatalytic ozonation of sea water and (3) UV ozonation 

of residual bacteria in wastewater effluent. The logic behind is that sunlight is abundant 

while photocatalysis can decompose a wide range of chemicals, and thus the solar 

photocatalysis is energy-saving and environmental friendly. In sea water, the existence of 

Na+, Cl- and other ions invalidates many biochemical methods and reduces the efficiency 

of photocatalysis; nevertheless, the addition of ozone produces OH* radicals, enhances 

the capture of photoexcited electrons, and at the same time, provides dissolved O2 to 

improves the photodegradation. To kill bacteria, UV irradiation and ozonation each has 

its own weaknesses, but the successive use of both can well complement each other to 
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kill the bacteria more effectively.  

The first part of this research starts with a chip-size solar reactor (footprint of 

reaction chamber 1 cm × 1 cm) for the laboratory tests and mechanism studies. Then, it 

is scaled up to the meter size (footprint of reaction chamber 60 cm × 40 cm). It is made 

of PMMA plates. A simple soaking and spraying method has been developed to form the 

TiO2 film on the PMMA, which is the first method that can make large-area, uniform 

photocatalytic film on cheap, durable, lightweight and non-brittle substrates. Field tests 

show that the large-size reactor can degrade MB by 30% in sunlight for two hours, which 

is 23.6 times faster than the photolysis. Although the performance has much room to 

improve, this large solar reactor is the first demonstration of the planar reactor directly 

scaled up from the microfluidic reactor; and it also moves one step forward to process 

large amount of water sample that is a typical requirement of practical applications. 

The second part of this research synergizes photocatalysis and ozonation for the 

decontamination of sea water. Mechanism studies and experiments using a home-made 

setup show that the maximum synergistic effect is achieved when the ozone concentration 

is about 50 ppm. Under this condition, the reaction rate is improved by more than 2 times 

as compared to that of only photocatalysis. This is the first study of sea water 

decontamination using the photocatalytic ozonation and is worth further development to 

tackle the existing waste sea water problem in Hong Kong. 

The third part aims to solve another problem of the treated waste water, the residual 

bacteria in the effluent, which result from the extensive uses of various types of bacteria 

in the biological treatment method. The effluent often has E. coli > 100 cfu/mL. To reduce 

the count to < 10 cfu/mL with minimal cost, the UV irradiation is first applied to damage 

the nucleic acids inside the bacteria, followed by the ozonation to destroy the external 

membrane of bacteria. The combined effect enables to completely kill the bacteria and 
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prevents the resurrection of bacteria under visible irradiation, which is a common problem 

of UV-only treatment. This work has developed a new gas-liquid exchange plant for fast 

dissolution of ozone in the water sample. Experiments start with the sample of 3 × 106 

cfu/mL and obtain 46 cfu/mL right after the UV irradiation for 0.6 s, 270 cfu/mL if the 

UV-irradiated sample is then irradiated by visible light for 24 hours, and < 5 cfu/mL if 

the UV-irradiation is followed by the 5-ppm ozonation and the 24-h visible irradiation. 

The large difference between 270 cfu/mL and < 5 cfu/mL shows that a low concentration 

of ozone is already able to reduce the bacteria count by a factor of more than 50. As the 

UV irradiation time is short and the ozone concentration is low, the electricity cost is 

estimated to be HK$0.15 for the treatment of 1 ton of water.  

In summary, this M. Phil. study has three major contributions to science and 

applications: the new solar reactors for the photocatalytic degradation of residual 

chemicals in waste fresh water, the photocatalytic ozonation method for the 

decontamination of waste sea water and the UV ozonation for killing the residual bacteria 

in the wastewater effluent. The novelty and originality of this work lie most in the new 

design of solar reactors, the first study of photocatalytic ozonation of sea water and the 

new design of gap-liquid exchange plant for the disinfection of residual bacteria. The 

designs and techniques developed in this work are of highly application values and may 

be incorporated into the current wastewater treatment works. 
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CHAPTER 1. INTRODUCTION 

1.1 Background 

From 1760s, industry revolution began to develop, making the mass production a standard. 

Since then, the pollution problem became more and more serious. The fundamental 

problem is the water pollution, mainly resulting from three industrial sections: textiles, 

steam power and iron making. 

In textiles, the power loom increases the output of a worker by a factor of over 40% 

and demands more water for bleaching and dyeing. The waste water from bleaching and 

dyeing contains dye and phosphorus compounds. Those materials are kinds of nutrient 

for bacteria to breed and thus pollute the environment further. On the other hands, the 

demand of coal has been increased since the innovation of steam power. The cinder may 

mix with the steam and disperse into river. However, the cinder-containing water is a good 

medium for bacteria breeding, which would reduce the concentration of oxygen in water 

and threaten the aquatic creatures. The last innovation is iron making. The demand of 

water for cooling has been increasing since the start. In the iron making, some toxic 

chemicals are used and released into the cooling water and then the water circulation, 

which would kill the top-level animals. 

Rome and England were among the first regions that developed waste water 

treatment system in 1762. They added limestone and metal salts into the waste water to 

neutralize and precipitate some kinds of chemicals, which would be removed from the 

waste water. And that technology is called the first level treatment technology nowadays. 
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In the middle of 18th century, there was the second industrial revolution. And the main 

pollutant of the waste water changed from chemical pollutants to organic pollutants. In 

1881, the first biological treatment reactor was developed. And active sludge was also 

developed in 1914. This treatment technology is still being used nowadays. 

From the first industrial revolution till now, the main industry has been changed and 

the main pollutants have also been changed. After 2000, the abuse of antibiotics, pesticide, 

and the illegal emission of amine and disinfectants cause the biological treatment method 

to be ineffective. In addition, the concentration of pollutants in waste water is increasing 

and new pollutants appear, it is the time to review the available water treatment methods 

and to develop new methods.  

The first level treatment often adds chemicals to neutralize waste water and to 

precipitate some elements. However, the first level treatment may create secondary 

pollution due to the addition of chemicals and cannot handle the organic pollutants 

efficiently. This called for the second level treatment method, which is still being in used 

the water treatment works in Hong Kong, Mainland, China, United States and other 

developed countries. The second level treatment method uses bacteria to digest the 

organic pollutants. However, the bacteria need to be disinfected in the final stage, before 

the effluent is dispersed into the surface water. If the sterilization is not enough, high 

concentration of bacteria water would enter river and threaten the water safety. The rapid 

development of living standard requires higher water quality and lower bacteria 

concentration in the river, these call for the development of the third level treatment 

method. This method is a kind of physical method, photocatalysis. In the photocatalysis 

process, many free radicals are produced when photons with sufficient energy are 
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absorbed by the semiconductor photocatalyst. The highly oxidative free radicals would 

oxidize most of the organics and even the inorganic materials. Photocatalysis would be a 

solution in the future to solve the water pollution problem. However, photocatalysis itself 

is not efficient for sea water since the salt ions in sea water adversely affect the redox 

reaction in photocatalysis. New method should be developed, like the photocatalytic 

ozonation to be presented in this M. Phil. study.  

 

1.2 Objectives 

The major objective of my study is to develop new water treatment methods to solve the 

prevailing problems of the state of the art, including solar reactors, photocatalytic 

ozonation for seawater decontamination and UV-ozone disinfection. 

 

1.3 Organization of thesis 

Chapter 1 presents the general background of this research study. 

Chapter 2 will give a detailed review of the relative materials and methods to be 

used in this research. 

Chapter 3 will present the first work of this M. Phil. Study ‒ a new design of planner 

solar reactor. A small chip-size reactor will be fabrication for laboratory tests and 

mechanism study, and a large-size solar reactor for field test. 

Chapter 4 will present the second work of this research ‒ a new photocatalytic 

ozonation method for the decontamination of waste sea water. Synergistic effect of 

photocatalysis and ozonation is also one of the focus of this study. 
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Chapter 5 will present the third work of this research ‒ a UV-ozone combined 

method for the complete disinfection of waste water effluent from the treatment works. 

Chapter 6 will conclude the research achievements of this M. Phil. study and will 

suggest some worthful topics for future studies. 
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CHAPTER 2. LITERATURE REVIEW 

This chapter will present a general review of the materials and methods that serve the 

technical bases for our research studies to be presented in next three chapters. The first 

part of my literature review is to study the principle of photocatalysis since it will be 

involved in two chapters of my study. Different kinds of photocatalysts will be discussed 

to find the suitable materials for my study. Furthermore, various design of photocatalytic 

reactors will be reviewed. Next, previous studies will be reviewed on the influence of salt 

ions on photocatalysis and the reaction between ozone and NaCl solution. At the end, the 

disinfection techniques for waste water will be reviewed. 

2.1 Principle of photocatalysis 

2.1.1 Photoexcitation of electron-hole pair 

As shown in the left part of FIGURE 2.1, When the photon energy is greater than the 

band gap of semiconductor photocatalyst, photon would be absorbed to excite electrons 

in the valance band to the conduction band, forming a conduction band electron (e-), and 

leaving a hole in the valence band (h+).[1] Due to the discontinuity of the semiconductor 

energy band, photo-exited electrons and holes have long life time, they can diffuse to the 

surface of the photocatalyst particles and react with the adsorbed molecules / ions on the 
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surface for redox reactions.[2] 

 

  

FIGURE 2.1 Mechanism of photocatalysis using semiconductor photocatalyst. 

 

2.1.2 Oxidation and reduction reactions 

Some photo-excited holes and electrons in the interior or the surface of the photocatalytic 

particles may also experience direct recombination. The remaining holes on the surface 

of photocatalytic particle can be captured by the adsorbed OH- or H2O to generate HO* 

radicals, which is highly active for non-selective oxidation of a variety of organic 

compounds and mineralization. On the other hands, photon-excited electrons can be 

captured by the adsorbed O2 molecule to generate HO2 and O2
*-, these reactive oxygen 

free radicals can participate redox reactions. The process is shown in FIGURE 2.1, using 

the following reaction formula [3]–[5]: 
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Photocatalyst + ℎ𝑣 → Photocatalyst(𝑒−, ℎ+) (2.1) 

𝑒− +  ℎ+  → heat or ℎ𝑣  (2.2) 

ℎ+ +  OHads
−  →  HO∗  (2.3) 

ℎ+ +  H2Oads  →  HO∗ +  H+ (2.4)  

𝑒− +  O2  →  O2
∗−  (2.5) 

HO* can oxidize electron donor (D), and electronic receptors can restore it. In 

addition, h+ can also directly oxidize organic matter: 

HO∗ + D →  D∗+ +  H2O  (2.6) 

𝑒− + A →  A∗−  (2.7) 

ℎ+ + D →  D∗+  (2.8) 

Low quantum efficiency of photocatalytic reaction (~ 10-2) [1] is one of the most 

critical problems for practical applications. Quantum efficiency of photocatalytic reaction 

depends on the carrier recombination rate, which in turn mainly depends on two factors: 

the carrier trapping process inside the photocatalyst; and the carrier migration process to 

the surface. Decreasing the carrier trapping or enhancing the surface charge transport can 

suppress the charge carrier recombination and thus increase the quantum efficiency of the 

photocatalytic reactions. Typically, the electron and hole recombination is quick, at a rate 

of about 10-9 s, and the carriers are trapped at relatively slow rate, typically in 10-7-10-8 
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s.[6] Therefore, in order to effectively capture electrons or holes, it is important to pre-

adsorb the capturing agent on the photocatalytic surface. 

2.2 Study of photocatalytic materials 

Titanium dioxide is a common photocatalytic material in the past 40 years. Currently, 

quantum chemistry calculation is the main method to evaluate the novel photocatalytic 

materials. This is because theoretical calculations can clearly understand the electronic 

structure of semiconductor photocatalytic materials, band information and photocatalytic 

reactions factors. Under the calculation, a number of new photocatalytic materials have 

been designed and studied. 

In recent decades, the photocatalytic materials have been greatly enriched, and can 

be roughly classified into the following categories: titanium dioxide, bismuth containing 

composites material, cadmium sulfide, and other.[7] 

2.2.1 Titanium dioxide (TiO2) 

Photocatalytic oxidation using TiO2 began in 1972 when Fujishima and Hondo reported 

TiO2 absorb light radiation in a solar cell to generate hydrogen gas by reduction reaction 

of aqueous [8]. In late 1970s, a number of literatures reported the usage of photocatalysis 

treatment of various pollutants in the waste water, involving a variety of important 

chemicals, such as: phenolic compounds, hydrocarbons, surfactants, organic paints and 
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some inorganic compounds. 

The n-type TiO2 semiconductor is highly chemical stable, photo-corrosion resistive, 

insoluble, and having a deep valence band energy level. In addition, TiO2 is abundant 

non-toxic and low cost. Therefore, it is widely used as a photocatalyst for photocatalytic 

oxidation reactions. [9]–[11] 

2.2.2 Bismuth containing composite materials 

A series of complex oxides containing bismuth have shown good catalytic properties 

under visible light. They form a new type of photocatalytic materials, which has recently 

become a hot topic in the field of photocatalysis. The three of most famous composites 

are bismuth tungstate, bismuth vanadium oxide, bismuth molybdate [12], [13]. 

(1) Bismuth Tungstate (Bi2WO6) 

Bi2WO6 has a strong optical absorption in the visible region since its band gap is smaller 

than TiO2. According to theoretical calculations, band gap of Bi2WO6 is about 1.63 eV. 

However, many reports show Bi2WO6 with 1.63 eV cannot be made easily. Kudo et al. 

[14] found that Bi2WO6 doping AgNO3 can absorb visible light and split water to produce 

O2. Zou et al. [15] reported Bi2WO6 can effectively degrade CHCl3 and CH3CHO under 

visible light with the wavelengths > 440 nm. Zhu, et al. [16] prepared a large area nano 

Bi2WO6 film using Na2WO4 and Bi(NO3)3 as raw materials, the prepared Bi2WO6 has a 
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band gap of 2.75eV . [12], [17] 

(2) Bismuth Vanadium Oxide (BiVO4) 

There are three different crystal phases of BiVO4: tetragonal zircon phase (zt phase), 

tetragonal scheelite phase (st phase) and monoclinic scheelite phase (m phase). Energy 

band gap of BiVO4(zt) is about 2.9 eV[18], which can adsorb only ultraviolet light. The 

energy band gap of BiVO4(st) and m-BiVO4 are 2.34 eV and 2.41 eV, respectively [19]. 

The latter two BiVO4 crystalline phases are responsive to visible light, with the band-

edge at about 550nm, the center portion of visible light. Therefore, BiVO4 is highly 

efficient for sunlight. The photocatalytic performance under visible light conditions is 

mainly determined by their valence band structure differences, BiVO4(zt), BiVO4(st) and 

m-BiVO4. 

Kudo et al. [20] reported that m-BiVO4 has a high water photolysis of oxygen 

evolution activity under visible light irradiation, when silver nitrate sacrificial agent. 

When the presence of water, the electron acceptor, such as Ag +, or Fe3 +, the photon 

generating conduction band electrons are consumed them to promote the release of O2 

reaction.[13] 

(3) Bismuth Molybdate (Bi2MoO6) 

The structures of Bi2MoO6 and Bi2WO6 are similar. Their energy band gap is 2.33‒2.59 
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eV. Kudo et al. [21] reported the photocatalytic properties of Bi2MoO6 in decomposition 

of water under visible light, and conducted systematic studies on the influence of energy 

band structure and crystalline on the photocatalytic performance. [12], [17] 

2.2.3 Cadmium sulfide (CdS) 

Cadmium sulfide also is one of the popular materials for water purification. Zhai [20] 

showed that the performance of degradation of acid fuchsine for the peak at 543 nm which 

increased very quickly once the branched CdS nanowires were added. The experiment 

results suggested that the branched CdS nanowires might have a high BET surface and 

thus could absorb the dye molecules more efficiently. Under increasing exposure time, 

the typical sharp peak at 543 nm diminished gradually and completely vanished after 45 

min. [20], [22], [23] 

2.2.4 Others 

The other new photocatalytic materials development methods focused on the two 

directions. One is to develop the material of narrow band gap for better visible response. 

The other is to develop visible-responsive material by doping or heterostructure. These 

materials include cuprous oxide(Cu2O), graphene-doped CdS, doped TiO2, and plasmonic 

photocatalysts (e.g. Au/TiO3, Ag/TiO2). [10], [11], [24]–[28]  

TABLE 2. 1 summarizes and compares the common photocatalytic materials in 
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different aspects such as the band gaps, the cut-off wavelength, the advantages and 

disadvantages. 

TABLE 2. 1 Comparison of different photocatalysts. 

 

 

2.3 Review of photocatalytic reactors 

The two main aspects of photocatalytic reactor are the reactor design and the film 

fabrication. Proper deigns can effectively improve the reactor performance and reduce 

the cost for potential industry mass production. 

2.3.1 Design of reactors 

Photocatalytic reactor design is the core part of the photocatalytic treatment of pollutants. 

Groups Material 
Band gap 

(eV) 

Cut-off 

wavelength 

(nm) 

Advantages Disadvantages 

Titanium TiO2 2.98-3.26 416 

Highly stable, 

non-toxic, 

low cost 

Optical 

absorption only 

in the UV 

region 

Bismuth 

Bi2WO6 1.63-2.75 760 Responsive to 

both visible and 

UV light 

Photocorrosion, 

not stable BiVO4 2.34-2.9 529 

Bi2MoO6 2.33-2.59 532 

Cadmium CdS 2.07-2.38 496 

Responsive to 

both visible and 

UV light 

Photocorrosion, 

not stable, 

potentially 

heavy metal 

toxic 
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Earliest photocatalytic reactor was designed for laboratory research, it has simple 

structure and is easy to operate. The reactor body is an open container, and allows to 

easily adjust the reaction liquid under the fluorescent lamp or UV light irradiation, and 

the distance between the lamp and the liquid surface. Nowadays, the design of reactor 

aims primarily at industry mass production for daily usage. Three most popular designs 

are fluidized photocatalytic reactor (FPR), water film photocatalytic reactor (WFPR) and 

fixed film photocatalytic reactor (FFPR). 

(1) Fluidized photocatalytic reactor (FPR) 

The FPR often uses TiO2 particles in a suspension for high photocatalytic degradation 

efficiency. But it is difficult to recycle the photocatalytic powders. 

Ochuma developed the pilot contact down-flow reactor, the upper part is a solid-

liquid-gas mixing zone, the lower is the photocatalysis reaction zone, using an internal 

vertical mounting of 1.0 kW ultraviolet lamp. The reactor has a very high mass transfer 

efficiency. Under optimum conditions, the initial concentration of 100 mg/L 1,8- 

Diazabicyclo [5.4.0] undec-7-ene (C9H16N2) solution can be completely degraded within 

45 min. [29]–[35] 

(2) Water film photocatalytic reactor (WFPR) 

The WFPR can form a liquid film in the photocatalytic reactor to improve the mass 
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transfer and the light absorption and to enhance the photocatalytic degradation efficiency. 

Dionysius et al. developed a semicircular reactor TiO2 by fixing onto the surface of 

the turntable, which is placed vertically in the middle of the reactor. A part is immersed 

in the reaction mixture, and the other part is exposed to the air. When the turntable is 

rotated, the reaction liquid is brought into a water film formed on the turntable; the water 

film thickness can be adjusted by the rotation speed. Experimental results showed that 

the photocatalytic degradation of pentachlorophenol (PCP) up to 90%, after the reaction 

of 350 h. [29], [31], [32], [36]–[44] 

(3) Fixed film photocatalytic reactor (FFPR) 

The FFPR fixs photocatalytic material to the container wall or other a suitable carrier, 

avoiding the recovery and reuse problem of photocatalyst, but it usually suffers from the 

problems of low amount of the photocatalyst and small surface area. 

Krysova et al. designed a plate-type reactor using the PMMA sheet. The 

photocatalyst is a TiO2 film coated on a glass plate, whose inclination angle can be 

adjusted. A UV light source is hanged 10 cm above the glass sheet. The liquid flows 

through the TiO2 film on the square plate surface. Experiments showed the pollutant 

diuron concentration of decreased rapidly, and finally reduced completely degradation. 

Damodar et al. used a similar film photocatalytic reactor, to treat four kinds of dyes 
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(reactive orange, active blue, black and acid reactive turquoise). Under sunlight for 5 ~ 

6 h, the decolorization rate reached 90% to 98%.[29], [30], [35], [36], [39]–[42], [45]–

[48] 

2.3.2 Fabrication of photocatalytic thin film  

Many types of photocatalytic carriers have been developed, each has certain its 

advantages and disadvantages. Loading method of photocatalytic materials need to 

consider the properties of the carrier type, the characteristics and the scope. [49] 

(1) Impregnation sintering 

Impregnation sintering process can be used to support photocatalytic material. The first 

step is to prepare the sol, and then the plate is immersed in the sol for a long time, and 

finally, it is calcined to form the photocatalytic materials. However, this method may 

cause uneven film distribution, an even crack in some places. It is necessary to repeat the 

coating. [9], [49] 

(2) Spray pyrolysis 

Spray pyrolysis method is simple, low cost, easy to operate, and suitable for large-scale 

continuous production. The first step is to dissolve the reactants. Then thin films is 

formed on the substrate surface by atomizing fine droplets with spraying on a hot 

substrate. The film quality is controlled by adjusting the spray volume, the spray distance 
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and the droplet size. [49], [50] 

(3) Sol-gel method 

The raw materials of sol-gel method are generally titanium alkoxide, and ethanol. Then 

many other components are added, such as water, organic acids and polymeric additives. 

They are mixed to get a stable sol. After coating and calcination, the photocatalytic film 

is deposited on various carriers. The TiO2 film fabricated by this method is usually 

compact, dense and difficult to fall off. Calcination temperature and are important factors 

to control the crystal phase and the film thickness. [49] 

(4) Direct attachment method 

The direct attachment method connects the catalyst and the coupling agent directly since 

it uses the affinity between the nano-particles and the carrier. This method is simple, low 

cost, but the attachment is often weak, and easy to fall off. Therefore catalysts has short 

life time, making it not suitable for industrial applications. [49]–[51] 
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2.4 Influence of salt ions on photocatalysis 

Photocatalytic decontamination relies on the photo-excited electrons and holes to initiate 

the redox reactions on the catalyst surface [52]–[53]. This is relative simple in fresh water. 

In sea water, things ae every different. For instance, the activities of photocatalyst would 

decrease significantly in sear water due to the salt ions and the suspended solids. [54]–

[56]. 

Only a few studies have focused on the real application of the photocatalytic 

degradation of organic material in water. Such studies have indicated that the 

photocatalytic degradation in the presence of TiO2 with UV irradiation can degrade 

antibiotics in water [57]–[59]. However, the salinity in water reduces the biodegradation 

and photodegradation of organic pollutant in water [60]. Seawater contains various 

inorganic ions such as Na+ and Cl- ions, and also includes numerous other ions in minor 

concentrations (e.g., Ca2+, Mg2+, K+, I- , SO4
2- and Br-). To date, in-depth studies on 

effects of salinity and its constituents on the photocatalysis of antibiotics remain scarce. 

The most abundant dissolved ions in seawater are sodium and chloride. Therefore, 

Yang chose and added NaCl to the solutions for a photocatalytic study of the same 

salinity levels as in the seawater to elucidate the ion effects of NaCl [61]. It is found that 

the photocatalytic degradation of the pollutant in the NaCl solution was significantly 
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faster than that in the seawater with the identical salinity. The results revealed that NaCl 

in seawater is not the only agent that weakens the photocatalytic degradation of the 

pollutant. Other dissolved ions in seawater (such as Mg2+, Ca2+, Br-, SO4
2-) might also 

contribute to the weakening effects in the photocatalytic degradation of the pollutant. In 

the following investigation, more cations and anions in seawater will be examined to 

study their effects on the photocatalytic degradation of the pollutants. 

 

 

FIGURE 2.2 Comparative study of photocatalytic degradation of ATP, ADP, AMP and 

GMP in pure water, artificial sea water and real sea water [62]. 

 

On the other hands, Wang also studied and compared the photocatalytic efficiencies 

in pure water, sea water and artificial sea water. He chose adenosine monophosphate 
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(AMP), adenosine diphosphate (ADP), adenosine triphosphate (ATP) and GMP (aquatic 

organisms and organic phosphorus metabolism major product intermediates) as the 

degradation targets [62]. It can be seen from FIGURE 2.2 that the photocatalytic 

efficiencies of the artificial sea water and the real sea water have been significantly 

reduced as compared to the DI water. This trend is valid for all target pollutants.  

2.5 Ozonation in seawater 

Dissolved ozone in NaCl solution is often used for water disinfection in sea aquariums 

and seawater swimming pools [63], as ozone saturated ice to store fish in the sea [64], 

and for treating patients with ozonated isotonic solutions [65]. Solutions of ozone in 

water are unstable, dissolved ozone is decomposed rather fast (half-life ~0.5–30 h, 

depending on the water purity [66]). In the NaCl solutions, the decomposition is even 

faster. Its rate depends considerably on the NaCl concentration [67]. Despite the apparent 

simplicity, there is still no clear understanding of ozone destruction in solutions of NaCl. 

Oxygen is known to be the major reaction product and elemental chlorine is 

detected in the reaction mixture [68]. There is an assumption that hypochlorite (ClO⎯) 

and chlorate (Cl-) would be formed [69]. Generally, the most accepted mechanism is 

reflected by reactions (2.9)–(2.11) below 



 

 

 

 

TSOI Chi Chung 20 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

O3 + Cl− ↔ O2 + ClO− (2.9) 

ClO− + O3 → Cl− + 2O2 (2.10) 

ClO− + O3 → [. . . ] → ClO3
− (2.11) 

Considerable doubt is raised by the first reaction (2.9) proposed back in 1949 [70] 

and reported in many publications [71]–[73]. In order to elucidate its mechanism more 

precisely, Razumovskii reported the composition of the reaction products using the 

presence of strong absorption bands in the UV spectra of the most interesting reaction 

products, namely, toxic hypochlorite and chlorates, and by gravimetric method. The UV 

spectra of the expected products and the initial and ozonated solutions of NaCl are 

presented in FIGURE 2.3. No expected ClO– and Cl- were detected in the products but 

a new product, Н2О2, appear.  

 

FIGURE 2.3 UV spectra of solutions: (1) initial solution of NaCl (0.9%); (2) hydrogen 

peroxide (0.2%); (3) sodium hypochlorite (0.2%); (4) difference between the absorbance 

of sodium chloride solutions before and after ozonation for 48 h (10% NaCl) [74]. 
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Apart from the reactions (2.9) – (2.11) presented above, another version can be 

proposed for the mechanism of ozone decay as follows.  

O3 + Cl− ↔ O3
− + Cl∗ (2.12) 

Cl∗ + O3 → ClO + O2  (2.13) 

ClO + O3 → Cl∗ + 2O2 (2.14) 

 Cl∗ + Cl− ↔ Cl2
− (2.15) 

The chlorine radical thus formed can further either rapidly add to Cl– or attack the next 

ozone molecule by reaction (2.13). The complex radical ion can be regarded as a 

reservoir for accumulation of chlorine atoms. Reactions (2.9)–(2.11) are usually 

considered as the major channel of ozone decomposition [71][73]. This is based on a 

publication [69] which found that the hypochlorite ion ClO– is easily oxidized by ozone 

(k = 120 L/(mol s)) to give Cl and to recover Cl– (70%). Razumovskii verified the final 

reaction product, chlorate ion, is absent in the solution after completion of the reaction 

[75]. That was indicated by examinative the UV spectra and the weighing data for the 

dry residue obtained by distilling off water from the initial and ozonated salt solutions. 

The presumptive reaction products, ClO– and Cl- exhibit intense absorption bands in the 

UV spectra (FIGURE 2.3) (the positions of the peaks are at 292 nm, and 197 nm) [76]. 

Analysis of the UV spectra of solutions after long term bubbling of ozone (FIGURE 2.3) 

showed the absence of both Cl and intermediate ClO–. 
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Hence, reactions (2.12) – (2.14) appear most likely and are accepted by many studies. 

This is supported by the direct detection of elemental chlorine in the system [68] and the 

absence of higher oxygenated chlorine salts in the reaction products. Previously, similar 

single electron transfer steps were found for the reactions of hydroxyl and phenoxide 

ions with ozone in solutions [77], [78]. The ozonide ion formed together with Cl* is 

converted to О2 and Н2О2 by a known mechanism [78]. The fact that the electron affinity 

of О3 is lower than that of Cl does not prevent the reaction but affects the equilibrium 

concentrations in the right hand and the left hand of reaction (2.12). Thermodynamic 

approach can be used to roughly estimate the Cl* concentration in the solution. 

The product of reaction (2.13) is chlorine monoxide ClO. It is a rather reactive 

molecule able to participate in many reactions, in particular, to react with ozone (2.14) 

[79]. Participation of ClO in ozone decomposition adequately interprets the absence of 

the products of deep oxidation of chloride ions. The presence of elemental chlorine in 

the system was proved in an experiment [68] where chlorine was blown off by air. 

2.6 Disinfection methods for waste water 

After the treatment of urban sewage, the water quality is significantly improved and the 

bacteria content is also greatly reduced. However, the absolute number of bacteria is still 



 

 

 

 

TSOI Chi Chung 23 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

considerably high. They must be removed before the wastewater can be safely discharged 

or recycled. With the continuous improvement of the quality of life of residents, the 

impact of secondary effluent from sewage treatment plants on the urban water bodies has 

attracted more attention for health and safety concerns. Disinfection is one of the basic 

methods of inactivating these pathogenic organisms. Therefore, the tail water disinfection 

of sewage treatment works has become an important process in sewage treatment. 

Nowadays the disinfection technology utilizes three common methods chlorination 

ultraviolet irradiation and ozonation. 

(1) Chlorination 

Chlorination is the most commonly used disinfection method in water treatment and 

drinking water distribution, owing to its cost-effectiveness, simplicity, and systematic 

usage.  

Chlorination disinfection method is to add liquid chlorine or hypochlorite (such as 

NaOCl) solution disinfection into water. The chemical reactions are as follows: 

  ClHHOClOHCl 22   (2.16) 

  OHHOClOHOCl 2   (2.17) 

In the above reaction, HOCl and OCl- are the effective radicals, and HOCl has higher 

effectiveness for disinfection. 
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However, undesirable disinfection byproducts (DBPs) of the chlorination are known 

to be toxic and associated with reproduction and carcinogenic risk in humans, such as 

trihalomethanes, halogenated acetic acids, and halogenated aceto-nitriles [80]–[82]. 

Owing to the serious safety concerns, the chlorination disinfection because less popular 

[83]. 

(2) Ultraviolet radiation (UV) 

UV irradiation is now the most common alternative to chlorination for wastewater 

disinfection in North America [84] . Nucleic acids (such as DNA and RNA) absorb energy 

of light in which, 240–260 nm, which can be emitted by UV lamps. The mechanism of 

UV disinfection is that adjacent thymine bases on the nucleic acid strands are dimerized 

when they are exposed to UV light. This prevents the accurate transcription of this DNA 

strand, and thus suppresses the division of the bacteria cell cannot divide [85].  

Early studies [86] found that the UV dosage of 35 mJ/cm2 is required to achieve a 3-

log or greater reduction in fractional counts (FC). This shows the dosage could meet a 

goal level of 2000 CFU/100 mL before the dilution and the further photoreactivation. 

More recent studies [87] determined that doseage of 8–12 mJ/cm2 could achieve a goal 

level of 1000 CFU/100 mL for suspended solids (SS) of 20–30 mg/L. 

Many studies have been reported on the effect of UV on different microorganisms, 
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such as Angehrn [85], Masschelein [88] and Oppenheimer et al. [89]. The typical 

indicator aerobic bacteria show a relatively low resistance (e.g. a 1-log inactivation 

require approximately 2.5–3 mJ/cm2), bacteriophages and many viruses are slightly more 

resistive, and the anaerobic spore-formers such as clostridium perfringens are the most 

resistive (over 10 mJ/cm2 per log inactivation).  

(3) Ozonation 

Due to the difficultly of ozone generation and the requirement of high ozone 

concentration ozonation is not common in wastewater disinfection. But ozone has been a 

popular and successful disinfectant for drinking water. [90], [91] There are many 

researchers studied the kinetics of ozone reactions. However, different chemicals has 

different reaction rates in solution, the dissolved ozone have various decomposition 

products, which interact with the microorganisms in different ways. These make the 

kinetics of ozone reactions complicated. Based on the literatures, ozone decomposition 

can be separated into three phases, though some disagreement exists regarding the exact 

pathways [84]. The type and dynamics of ozone decomposition have strong implications 

on the disinfection mechanism. If the decomposition of ozone is slow, then the chemical 

substances would suffer direct ozone attacks. These reactions are selective and slow. On 

the opposite, if ozone decomposition is rapid, then OH- radical would be produced by 
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oxidation, which is very reactive and non-selective. Studies with E. coli have shown that 

these organisms undergo greater inactivation when the ozone residuals persist, rather than 

when ozone is rapidly decomposed. 

The actual mode of ozone disinfection is still poorly understood. Some researchers 

claimed that ozone changes the proteins and the unsaturated bonds of fatty acids in the 

cell membrane, or that it affects the cell DNA. Hunt and Marinas [92] showed that 

noticeable changes in the interior of E. coli cells did not take place until most of the cells 

in the sample were non-viable. This confirms the hypothesis that in most cases the 

inactivation is due to the damage of the cell membrane. The DNA damage might still 

occur, but only if ozone dosage is very high. 

The three disinfection methods are summarized in TABLE 2. 2. Important aspects 

are discussed, including the reaction time, the effectiveness in killing bacteria and viruses, 

the cost issues, the advantages and the disadvantages. Generally speaking, chlorination is 

the oldest method in disinfection and causes the secondary pollution, whereas the other 

two methods have different pros and cons. 

 

  



 

 

 

 

TSOI Chi Chung 27 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

TABLE 2. 2 Comparison of different disinfection method. 

 Chlorination 

(HOCl, OCl-) 

Ultraviolet 

radiation (UV) 

Ozone (O3) 

Reaction time 10-30 minutes <1 second 5-10 minutes 

Effectiveness of 

killing bacteria 
Yes Yes Yes 

Effectiveness of 

killing virus 
Partly Partly Yes 

Cost of 

equipment 
Lowest Highest 

5 times higher than 

Chlorination 

Cost for running Lowest 

Higher than 

chlorination, 

similar to ozone 

Higher than 

chlorination, 

similar to UV 

Advantage 

1. Cheap 

2. Mature   

3. Continuous 

sterilization  

1. Fastest 

disinfection 

method 

2. No secondary 

pollution 

1. Broad-spectrum 

sterilization 

2. No secondary 

pollution 

Disadvantages 

1. Invalid to virus 

2. Its oxidation is 

harmful to 

humans  

3. Irritating smell 

and damage 

human skin 

1. Expensive 

2. Cannot 

continuous 

sterilization 

3. Have water 

pretreatment 

requirements 

4. Weak 

penetration 

1. Expensive 

2. Cannot 

continuous 

sterilization 

3. High safety 

requirements 
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2.7 Summary 

This chapter has reviewed several important aspects of waste water treatment, including 

the principle of photocatalysis, the photocatalytic semiconductor materials, the 

fabrication methods of photocatalyst films, the common designs of photocatalytic 

reactors, the influence of salt ions, the ozonation process and the common disinfection 

methods. These provide the technical bases for the detailed experiment studies on new 

photocatalytic reactors for decontamination of waste fresh water in Chapter 3, new 

photocatalytic ozonation of sea water in Chapter 4 and new UV-ozone combined method 

for complete disinfection of waste water effluents in Chapter 5. 
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CHAPTER 3. PLANER SOLAR REACTORS FOR 

PHOTOCATALYTIC PURIFICATION OF FRESH WASTE 

WATER 

Many types of solar reactor have been developed for photocatalytic degradation of 

organic pollutants in waste fresh water, but they often have some defects, such as open 

chamber or using suspended photocatalyst, which causes the leakage of pollutants or the 

difficulty to collect the photocatalyst after the treatment. To avoids these problems, this 

study will propose a planer reactor with a closed chamber and a photocatalyst film, which 

has large light-receiving area and fine control of the flow properties. Using the same 

reactor design, a small chip-size reactor and a large-size reactor are fabricated, the former 

is for laboratory test and the latter is for exploring industrial application. In this chapter, 

the design, the fabrication and the experimental results will be presented. 

3.1 Design of planer reactor 

The design of the clip-size reactor and large-size reactor is the same, as shown in 

FIGURE 3.1. It has a square reaction chamber, which is constructed from a nano-porous 

TiO2-coated film as the cover and the substrate and a 100-μm-thick PDMS layer as the 
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spacer and sealant. In the planar reactor, the TiO2 films ha the same surface area as the 

reaction chamber, making the best use of the surface area for light receiving and 

photocatalytic reaction.  

 

 

 

 

 

FIGURE 3.1 (a) Schematic view and (b) Cross-sectional view of the planer reactor. 

 

  

(a) 

(b) 
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In the chip-size (called microreactor), the liquid layer is 100 μm thick, and thus the 

nominal surface area to volume ratio (SA:V) of the microreactor is SA:V = 1/h2 = 10 000 

m−1, where h2 is the height of reaction chamber (see FIGURE 3.1(b)). As compared to 

the micro-reactor, the large-size reactor has a rectangle reaction chamber, which also uses 

a nano-porous TiO2-coated film as the cover and the substrate but a 1-mm thick PMMA 

layer as the spacer and sealant. In that device, the nominal SA:V is 1000 m−1. 

3.2 Design of photocatalytic films 

Based on the literature review, the spray pyrolysis method is found to be the best way to 

make the thin film since itis the simplest method, and allows continuous production. In 

the clip-size reactor. Since it is easy to deposit TiO2 film. However, the substrate for the 

large-size reactor cannot be glass due to the brittleness. The common nonbrittle materials 

are metal and plastic. Since the photocatalysis contain oxide-reduction reactions, metal is 

not a suitable material for the substrate. In contract, PMMA is more suitable for the 

substrate of the large-size reactor, since PMMA is cheap, nonbrittle, lightweight, 

transparent in UV light and easy for machining. In addition, PMMA has good UV 

transmission spectra. The transmission spectra of glass and PMMA are showed in 

FIGURE 3.2. It is seen that the cut-off wavelength is 360 nm for glass and 300 nm for 
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PMMA. Therefore, the use of PMMA as the cover and the substrate allows for better 

utilization of sunlight is the UV range. 

 

 

FIGURE 3.2 Absorption spectrum of PMMA and glass. 

 

However, PMMA cannot sustain 150℃ since it would be melted. Therefore, any 

high-temperature methods like pyrolysis or thermal annealing cannot be used in the 

fabrication of the photocatalyst film of the large-size reactor. In this study, we develop a 

new fabricate method soaking-spray method which is similar to the spray pyrolysis 

method, except for the step to fix photocatalyst powder onto the substrate. 
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3.3 Fabrication procedures of photocatalytic films 

The fabrication procedure of photocatalytic film can be divided into three steps, surface 

handling, spraying and fixing. But they are different for the chip-size reactor and the 

large-size reactor. 

3.3.1 Chip-size reactor 

The chip-size reactor uses a glass slide as the substrate. The procedures are as follows: 

(1) Surface handling 

The substrate of clip size photocatalytic film is glass; it was washed by ultrasound 

cleaning 80 W for 15 minutes with acetone firstly, repeat the washing step by 

switching acetone to absolute ethanol, leaving power and time unchanged. Finally 

switch ethanol to DI water and redo the washing.  

(2) Spraying 

After the cleaning produce, the substrate can move to spraying produce. Firstly, the 

TiO2 solution was prepared. The formulas for clip size and large scale are different. 

The TiO2 solution mixing by 60 mL DI water, 0.75mL Triton X-100, 1.5mL 

Acetylacetone and 5 g TiO2 P25 powder and stirring 24 hours is for clip size.  

And then the solution was put into the gas tank and was injected the pipe into the 



 

 

 

 

TSOI Chi Chung 34 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

solution. The compressed air was injected into the gas tank and the air pressure was 

adjusted until the reading of the pressure meter on the tank reaches 5bar, and the air 

pressure valve was adjusted on the panel of the controller to 4.2bar. The amount of 

TiO2 sprayed out was adjusted by rotating the rotary knob on top of the sprayer. And 

then the suitable programe was selected and the teaching mode of the dispenser, the 

important parameters including start point and end point of each linear spraying, 

height of the sprayer and moving speed of the sprayer.  And then the TiO2 particular 

was spray on the substrate prepared. 

(3) Fixing 

After the film was built on the substrate, the film would fall down easily, so the film 

needs to fix on the substrate. The clip size film would heat up to 500oC 10 hour for 

fixing the film.  

3.3.2 Large-size reactor 

The large-size reactor uses a PMMA plate as the substrate. The procedures are as follows: 

(1) Surface handling 

Different substrate is using different cleaning method to clean, since acetone would 

corrosion the surface of PMMA and the large size film is too large so ultrasound 
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cleaning is not suitable. 

The substrate of large scale photocatalytic film is PMMA. It would clean by hand 

wash with detergent. And the PMMA was soaking into dopamine 2.5mg/mL with 

0.1M HCl buffer 24hour for changing the surface to hydrophilic. 

(2) Spraying 

The spraying process for large-size reactor is similar to the process for chip-size 

reactor. But the large-size reactor would not be heat up. So the TiO2 solution for large 

size film would not added Triton X-100, and Acetylacetone. 

(3) Fixing 

The large-size film would be soaking into chloroform 1 second for corrosion the 

surface. After the chloroform volatilized, the film would be fixed on the PMMA.  

 

3.4 Fabrication procedures of reactors  

The chip-size reactor was made by modeling method. And large-size reactor was made 

by combination method.  

3.4.1 Chip-size reactor 

The modeling method for making micro-reactor was used silicon wafer for the support. 
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The silicon wafer was washed by ultrasound cleaning 80W 15minutes with acetone firstly, 

repeat the washing step by switching acetone to absolute ethanol, leaving power and time 

unchanged. Finally switch ethanol to DI water and redo the washing. And then SU-8 

negative photoresist was put onto the wafer and was spin 5000rpm with 2 minute, and 

then was explored by UV light with pattern protection. After that, the wafer with pattern 

was soaked into developer to develop the pattern. And the modeling was created.  

The silicone elastomer (PDMS) was mixed by 10: 1 hardener. The PDMS was put 

onto the wafer with pattern and heat-up to 65oC for 15 minutes for solidify. And the model 

of the micro-reactor was removed from the wafer. 

And then the model of the micro-reactor and the substrate with photocatalytic film 

were put into oxide plasma machine to combine them. 

3.4.2 Large-size reactor 

The large-size reactor was made by simple combination method since that is suitable for 

industry mass production. The transparent PMMA cover, black PMMA support sheet and 

black PMMA roll were combined by polymerized siloxanes and screws. 

3.5 Calibration of photodegradation 

In the photocatalytic experiment, methylene blue (MB) is used as the model chemical. 
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The change of MB concentration before and after the photodegradation reflects directly 

the efficiency of photocatalysis. Here the MB concentration is measured by UV-vis 

spectrophotometer. Before the tests of photocatalysis, a calibration is conducted to find 

the relationship between the absorption and the concentration of MB have been done.  

 

 

FIGURE 3.3 Calibration of MB concentration. (a) Absorption spectra of MB solutions. 

(b) The absorptance of 665 nm as a function of MB concentration. 

0

0.2

0.4

0.6

500 550 600 650 700

A
b
s
p
o
rt

a
n
c
e

Wavelength (nm)

y = 0.00698 x

R² = 0.99880 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 20 40 60 80 100

A
b
s
o
rp

ta
n
c
e
 o

f 
6
6
5
n
m

Composition % of MB

10%, 20%, 30%, ... , 100% 

665  

(a) 

(b) 



 

 

 

 

TSOI Chi Chung 38 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

The standard MB solution is set to be 3 ✕ 10-6 M. Then 10%, 20%, 30%, ... , 100% 

samples are prepared by mixing the standard solution with DI water. 

As shown in FIGURE 3.3 (a), the absorption spectrum lifts up with the increase of 

MB concentration. It is also observed that there is an absorption peak at 665 nm, while 

can be used to track the MB concentration change. The absorptance of 665nm is 

proportional to the concentration of MB as plotted in FIGURE 3.3 (b), the linear fit gives 

y = 0.00698x, in which y is the absorptance and x is the percentage of the standard MB 

solution (3✕10-6 M). With this, the MB concentration and thus the photocatalytic 

efficiency can be determined easily. 

3.6 Experimental results 

In this study, a chip-size reactor and a large-size reactor are fabricated, whose 

photocatalytic TiO2 thin films are made by different methods. These two reactors are 

tested separately. The results are stated below. 

3.6.1 Chip-size reactor 

FIGURE 3.4 shows SEMs images of TiO2 film in the clip-size reactor. Based on the work 

by Zhang[93], the continuous film has higher efficiency to degrade organics. FIGURE 

3.5 shows the absorption spectrum of the TiO2 film, which has an absorption peak at 344 
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nm. According to the work by Mohammad [94], the energy band gap of TiO2 is 3.15eV 

and the absorption would start at 393 nm.  The difference is due to the absorption of the 

glass subtraction, which adds up to the total absorption. 

 

 

FIGURE 3.4 SEM images of TiO2 film in the clip-size reactor. 

 

FIGURE 3.5 Absorption spectrum of the TiO2 film of the chip-size reactor. 
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FIGURE 3.6 Experiment device of the clip-size reactor. 

 

 

 

FIGURE 3.7 Color change of the MB solution after photocatalysis with different flow 

rates in the clip-size reactor. 

 

FIGURE 3.6 shows the optical image of the chip-size reactor. The tree-shaped 

channels are used to make sure the water layer is flow of uniformly through to the 

photocatalytic chamber. The size of TiO2 film is 1 cm  1 cm. The inlet and the outlet are 

1 cm 
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60μl/min     120μl/min     360μl/min 
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connected to an external syringe pump to control the flow rate of the MB solution.  

The first test is operated under normal condition (including UV light and TiO2 film). 

FIGURE 3.7 shows the colours of MB solutions at the flow rates of 40, 60, 80, 120, 240 

and 360 μl/min (from left to right), corresponding to the residence times (i.e. reaction 

time in the chamber) of 150s, 100s, 75s, 50s, 25s and 16.67s, respectively. The first one 

on the right side is the original MB solution for reference. The colour becomes lighter 

and lighter from right to left, indicating better degradation of MB at lower flow rate. 

 

 

FIGURE 3.8 The relationship between the degradation % and the flow rate. The upper 

and the right areas show the relationship between the degradation exponent ln(C0/C) and 

the residence time. 
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percentage and the flow rate, which shows an exponential decrease. And the second is 

between ln(C0/C) and the reciprocal of flow rate, which shows a linear relationship. The 

error bar is due to the variation of water flow. A slow velocity of water flow increases the 

irradiation time, heats up the solution, decreases the solubility of oxygen in water, and 

increases of the error range. In all the tests, a solar simulator of 303 W is used as the light 

source. 

 

 

FIGURE 3.9 The degradation % in control experiments. 
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experiments. The first control experiment is the reactor under the irradiation of UV-fitter 

sunlight. The results show less than 0.1% degradation. The second control experiment is 

an empty reactor (without TiO2 film) under the simulated sunlight. The results show less 

than 3% degradation, which is due to the self-degradation of MB. In the third control 

experiment, the reactor has no TiO2 film and the simulated sunlight is filtered out the UV 

part. The results are <0.1%, showing that the photolysis of MB by visible light is 

negligible. 

 

   

FIGURE 3.10 Photos of the large-size reactor system. (a) The whole system and the 

reaction chamber region; (b) with adding the surfactant to the MB solution and (c) without 

adding the surfactant to the MB solution. 
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3.6.2 Large-size reactor 

FIGURE 3.10 shows the photos of the large-size reactor operated in outdoor sun light. 

The structure of the large-size reactor is the same as that of the chip-size reactor. However, 

the size of photocatalytic film is scaled up to 60 cm ✕ 40 cm. The reactor is inclined at 

23o above horizontal surface since the altitude of sun in Hong Kong is 23o. The flow rate 

is set at 18 mL/min, as compared to only 158.8 μL/min in the chip-size reactor. The 

original MB solution (see FIGURE 3.10 (a)and(b) ) is stored in the bottle shielded by 

aluminum foil. In FIGURE 3.10 (a), the MB solution is added with surfactant, but in 

FIGURE 3.10 (c) it is not. The surfactant is coconut oil alchol surfactant with 27.7 μL/L 

concentration. It is to reduce the influence of the hydrophobic problem and common used 

in making soap. Since the PMMA is a hydrophobic material, some MB solution is trapped 

inside the reactor chamber. This would affect the uniformity of the flow in the reaction 

chamber and reduces the photodegradation efficiency. 

FIGURE 3.11 shows the colour change of the thin film in different fabrication steps. 

The original PMMA plate is black. After the soaking-spray of TiO2 P25 powders (80% 

anatase, 20% rutile), it changes to light gray, showing the successful formation of a TiO2 

film. After the ultrasound treatment, the film color become slightly dark, inciting the 
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removed of loosely-fixed TiO2 powders. This ensures the TiO2 film can work stably over 

long operation time. 

 

FIGURE 3.11 (a) The fabricated thin film; (b)the thin film after the ultrasound treatment; 

and (c) original PMMA plate. 

 

 

FIGURE 3.12 Close-up of the TiO2 film in the large-size reactor. 

 

FIGURE 3.12 shows the enlarged view of the TiO2 film in the large-size reactor. 

Although the film continuity is not as good as that of the structure in the clip-size reactor, 
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the process is simple and easy to make large films. 

 

FIGURE 3.13 Color change of the MB solution after the photodegradation for 2 hours. 

Starting from different times of a sunny day using the large-size reactor. 

 

     

FIGURE 3.14 The relationship between the degradation % at the starting time of 2 hours 

operation in outdoor sunlight. 

 

FIGURE 3.13 shows the colours of MB solutions when the large-size reactor is 

operated for 2 hours under sun light outdoors starting from 10:00, 11:00, 12:00, 13:00, 

14:00 and 15:00 (from left two to right two). The rightest one is the original MB solution 
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for reference, and the leftest one is the MB solution in sun light for 2hours without the 

TiO2 film. The latter is due to the photolysis and it only 1.27%. 

FIGURE 3.14 shows the degradation percentage of MB as a function of the start 

time of operation under sun light outdoor. The flow rate is maintained at 18 ml/min, 

corresponding to a reaction at 2 hours. The experimental data (square points) show that 

the degradation is about 30%, each point is a result of five tests. The error bar is due to 

the variation of sunlight over different days. Although the degradation of 30% over 2 

hours is not very satisfactory, it is already 23.6 times of the photolysis (i.e. 1.27% for 2 

hours) To avoid the hydrophobic problem, surfactant has been added. However the 

degradation percentage does not increase significantly. One of the reasons is that the 

degradation efficiency of MB is affected by the surfactant. 

3.7 Summary 

This chapter has proposed a new planner design of the photocatalytic reactor, which 

enables fine control of water flow and large light receiving area. Using the same design 

but different substrate materials and fabrication methods, a chip-size reactor and a large-

size reactor have been developed. The former is for laboratory test and mechanism study, 

whereas the latter is the explore the feasibility to process large volume of waste water to 
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prove its way to real industrial applications. Experimental tests show a degradation of 

30% of MB when the reaction is operation for 2 hours in outdoor sunlight. Although the 

efficiency is not high, it is already 23.6 times of the photolysis, and the use of sunlight is 

abundant, environment friendly. To degrade the organic pollutants at much faster pace, 

we need to introduce other more powerful method like UV-based photocatalysis and 

ozonation. This will be presented in next chapter. 
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CHAPTER 4. PHOTOCATALYTIC OZONATION OF 

SEAWATER 

The previous chapter has developed a large-scale solar reactor for purification of polluted 

freshwater using photocatalysis. However, the photocatalysis is often not effective in 

seawater decontamination due to the existence of salt ions, which severely affect the 

chemical reactions of oxidation and reduction in photocatalysis. For this reason, the 

seawater decontamination is usually not practical if it relies on only the photocatalysis. 

To avoid this problem, this chapter will combine the photocatalysis and the ozonation to 

decontamination the polluted seawater with high efficiency and low cost. This is the first 

study of photocatalytic ozonation of seawater and this work is thus original and novel. 

4.1 Experimental setup  

Decontamination experiment is carried out using a reactor system as shown in FIGURE 

4.1. The UV reactor consists of a cylindrical container (height 20 cm and inner diameter 

9 cm), a UV light source and an ozone supply system. The cylindrical container is filled 

with the water sample. The UV light source is a medium pressure Hg tube (25 W with 8 

W in the UV-C spectrum, from Cnlight Ltd). It is inserted along the central line of the 
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container to irradiate the water sample. The ozone supply system utilizes compressor air 

as the gas source. Part of the compressed air (CA) goes through an ozone generator (OG, 

from YEK High-Tech Ltd.) to generate ozone gas by electric discharge. The other part of 

compressed air is monitored by a flow meter (FM1) and is then used to dilute the ozone 

gas via a gas mixer (GM). An ozone sensor (OS, from Bosean) is used to monitor the 

ozone concentration and another flow meter (FM2) is used to measure the flow rate of 

mixed ozone gas. The ozone concentration can be controlled by adjusting the flow rate of 

the diluting compressed air. Finally, the ozone gas is pumped into the bottom of the 

cylindrical container. Two aeration stones (length 27 mm and diameter 12 mm) are used 

to disperse the ozone gas into small bubbles. This improves the dissolution of ozone into 

water and helps stir the water sample when the bubbles move up.  

In the decontamination experiments, if only the ozonation effect is tested, the 

photocatalyst and the UV tube are not placed in the cylindrical container. For the 

photocatalysis and/or the UV effect, the photocatalyst and/or the UV tube will be used 

correspondingly. After the degradation process, the water sample is measured by a UV-

visible spectrometer (UV-2550, spectral range 250 – 900 nm, from Shimadzu). 

To indicate the degradation, the model chemical utilizes the dye solution of 

methylene blue (MB) with the concentration of 3 × 10-5 M. The sea water sample is 
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artificial sea water which contains 35wt% sea salt, corresponding to the NaCl 

concentration of 0.6 M. The photocatalytic material is P25 TiO2 nanopowder (Aeroxide, 

Sigma Aldrich) with the primary particle size of 21 nm. The TiO2 solution has the 

concentration of 1 g/L. 

 

FIGURE 4.1 Schematic diagram of the experimental setup. The cylindrical reactor 

contains the water sample and has a UV tube inserted at the center as the light source. 

The bottom of the reactor has aeration stones for dispersing the pumped gas into bubbles. 

The concentration of ozone is controlled by mixing the compressed air with the ozone 

from an ozone generator. CA: compressed air source; OG: ozonation generator; FM1: 

flow meter 1; GM: gas mixer; OS: ozone sensor; FM2: flow meter 2. 

 

4.2 Experiment process  

The experimental study consists of serval parts, the study of ozone solubility, the 

comparison of decontamination powers of ozone and photocatalysis, the synergistic effect 
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of photocatalytic ozonation and the influences of salt in photocatalytic ozonation. The 

experimental procedures are described as below. 

(1) The solubility of ozone in SW and DIW 

DI water (18.2MΩ) and artificial sea water are used. Different concentrations of 

ozone are pumped into the solution by the reactor. To measure the ozone 

concentration using colorimetry overdose potassium iodide (KI) is used to reduce 

iodine, and then starch is added to change the color from colorless to dark-blue. 

Another test of the iodine concentration in water is also conducted for calibration. 

Second this test, different concentrations of iodine are added in to 5% ethanol 

solution before adding starch, and the color of the dark-blue solution is measured by 

UV-vis-spectrometer. According to Jacek Majewski’s work, the detection limit is 75 

ppbw (equal to 75 µg/L) [95]. 

(2) Ozone oxidation in different concentrations of ozone 

30 μM MB solution in SW is pumped in different concentrations of ozone. And the 

colour change is measured by UV-vis spectrometer. 

(3) PCO in different concentrations of ozone 

The procedure is similar to the pervious part. However, 1 g/L TiO2 P25 nanoparticle 

is dispersed into the solution. And the UV source is provided during the reaction. 
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(4) Synergistic effect of PCO 

Photocatalysis degradation in SW with 30-μM MB solution is done for reference. 

And the degradation efficiencies of the photocatalysis, the PCO and the ozonation 

are compared to find out the synergistic effect of PCO. 

(5) Degradation under different salt concentrations 

25%, 50% and 75% artificial SWs with 30-μM MB solution are used to test the PCO 

effect. The procedure is similar to the PCO of different concentrations of ozone. 

Nevertheless, the concentration of ozone. 

4.3 Mechanism of PCO for water treatment  

For proper design of experiments and appropriate interpretation of test results in this work, 

the reaction mechanisms that underlie the photocatalysis, the ozonation and the PCO 

should be investigated. Many articles have reported detailed studies [1], [52], [96]. Here 

we will summarize those directly related to our work. FIGURE 4.2 (a) depicts the 

mechanism of photo-excited electrons and holes pair when the TiO2 particle is irradiated 

by the photons with the energy ≥ 3.2 eV.[97] On the TiO2 surface, the electrons and holes 

can be captured by the ions and other chemical species in the water sample. In the fresh 

water, the major compounds are H+, OH‒ and dissolved O2. In the sea water, there are 



 

 

 

 

TSOI Chi Chung 54 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

abundant Cl‒ ions. For instance, the concentration of Cl is 0.6 M in 3.5 wt% sea water. 

Therefore, the reaction pathways become different.  

 

 

 

 

FIGURE 4.2 Mechanisms of the semiconductor photocatalysis in fresh water and the 

photocatalytic ozonation in sea water; (a) In the photocatalysis of fresh water, the photo-

excited electrons and holes react with dissolved O2 and OH‒ to generate free *OH radicals, 

which has high oxidation power to oxidized most organic pollutants; (b) In the 

photocatalytic ozonation of sea water, the electrons are captured by O3 to generate *OH, 

and the holes are scavenged by Cl‒ ions to generate OCl* radicals. 
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For the photocatalysis in the fresh water, the holes can directly oxidize the organic 

pollutants or combine with OH- to form *OH radicals, which are highly oxidative; and the 

electrons can be scavenged by the adsorbed O2 molecules, which eventually form *OH 

radicals for oxidation of the organic pollutants.[1], [52], [96] However, in the sea water, 

the photocatalytic reactions are very different, as illustrated in FIGURE 4.2 (b). In this 

case, the direct hole oxidation is prohibited. Instead, the holes are scavenged by the 

abundant Cl‒ ions to convert into the Cl* radicals and the OCl* radicals, which are all 

oxidative.[98]–[101] Now we can see that the major oxidative species are the Cl* radicals 

in the sea water, as compared to the *OH radicals in the fresh water. Since Cl* has weaker 

oxidation power than *OH, the sea water has a weaker photocatalytic activity than the 

fresh water.[102][103]–[105] For easy discussion, the oxidation powers of some common 

agents are listed in TABLE 4. 1 . For instance, the hydroxyl radical *OH has the redox 

potential of 2.86 V with respect to standard hydrogen electrode (SHE), just slightly lower 

than that of fluorine atom (2.87 V vs. SHE). 
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TABLE 4. 1 Redox potential of oxidizing agents with respect to standard hydrogen 

electrode (SHE) [71]. 

 

Species Potential (V vs. SHE) 

Fluorine atom (F) 2.87 

Hydroxyl radical (*OH) 2.86 

Oxygen atom (O) 2.42 

Ozone molecule (O3) 2.07 

Hydrogen peroxide (H2O2) 1.78 

Hypochlorous acid (HOCl) 1.49 

Chlorine atom (Cl) 1.36 

Chlorine dioxide (ClO2) 1.27 

Oxygen molecule (O2) 1.23 

Hydrogen atom (H) 0.00 

 

The ozonation processes are also different in fresh water and sea water. In fresh water, 

the dissolved ozone molecules can directly oxidize the organic molecules, or combine 

with OH‒ ions to form *OH radicals.[106], [107] In sea water, the ozone molecules can 

still contribute to the direction oxidizing reaction. Nevertheless, the abundance of salt 

ions like Cl makes it more probably go through indirect reactions to form ClО and ClO3
 

ions [70]–[72]. In the sea water, the oxidizing species are mainly ClO, which are different 

from *OH radicals in the fresh water. Since the oxidizing power of ClО (potential 1.49 

V vs. SHE, see TABLE 4. 1) is weaker than that of *OH (potential 2.86 V vs. SHE), it is 

expected that the ozonation effect in sea water is weaker than that in fresh water. 

Here we present more details of the mechanisms of PCO in fresh water and sea water. 
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In fresh water, the ozonation in the presence of UV-irradiated TiO2 can produce OH• 

radicals by forming an ozonide radical (O3
*−, see FIGURE 4.2 (b)), [108],[109] which 

can go further to form the *OH radicals. The reactions are as below. 

 O3 + e− → O3
* −  (4.1) 

 O3
*− + H+ → HO3

* (4.2) 

 HO3
* → O2 + *OH  (4.3) 

In sea water, the Cl ions can react with the already-generated oxidizing radicals 

(e.g., HO3
*, *OH) by possible reactions like (see FIGURE 4.2 (b)) 

 HO3
* + Cl− → Cl* + OH− + O2  (4.4) 

 *OH + Cl− → OCl*− + H2O  (4.5) 

 OCl*− + H+ → HOCl  (4.6) 

 *OH + ClO3
  OH + *ClO3  (4.7) 

Again, the resulted ions Cl*, OCl*− and *ClO3 have weaker oxidizing powers. 

Therefore, the sea water has a weaker PCO effect than the fresh water. 

Based on the above discussions of the mechanisms, we can summarize that: (i) the 

sea water has always weaker oxidizing effect than the fresh water in all the processes of 

the photocatalysis, the ozonation and the PCO, this is due to the reaction of salt ions (like 

Cl) with the highly oxidative radicals (e.g., *OH) to generate relatively weak radicals 

(like OCl*, *ClO3); (ii) the PCO has faster oxidation rate than only the photocatalysis or 
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only the ozonation due to the combined effect of the direction ozonation and the rapid 

scavenge of photo-excited electrons. However, the study of mechanisms cannot tell 

whether the photocatalysis and the ozonation have a synergistic effect (i.e., the PCO effect 

is higher than the summation of the photocatalytic effect and the ozonation). This needs 

experimental studies. 

4.4 Results and discussion  

4.4.1 Solubility of ozone in SW and DIW 

Since the PCO combines the photocatalytic process and the ozonation process at the 

same time, the solubility of ozone in the solution would directly affect the performance 

of the organic degradation. Therefore, the solubility is first examined in this work.  

In theory, Henry’s law is the base for the study of gas solubility. It states that the 

amount of dissolved gas is proportional to its partial pressure in the gas phase. The 

proportionality factor is called the Henry's law constant H (i.e., the solubility), which is 

the ratio of the aqueous phase concentration ca to its gas phase concentration cg as given 

by H = ca/cg. For an ideal gas, the conversion can be transferred as H = Hcp × RT, where 

Hcp = ca/p, p is the partial pressure of that matter in the gas phase under equilibrium 

conditions, R is the gas constant and T is the temperature (in K). Sometimes, this 
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dimensionless constant is also called the "water-air partitioning coefficient" KWA. It is 

closely related to the slightly different definitions of the “Ostwald coefficient”.[110] 
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FIGURE 4.3 Solubility of ozone in fresh water (i.e., DI water). The data points are 

collected from literature and are plotted as dimensionless Henry’s law constant H versus 

temperature T. The increase of temperature leads to a reduction of Henry’s law constant 

and consequently a lower ozone solubility in fresh water. 

 

We have collected the reported experimental data of ozone solubility in fresh water 

as summarized in FIGURE 4.3, which plots the dimensionless Henry’s law constant H 

as a function of the temperature T [111]–[114]. It covers the temperature range from 0 to 

45 oC. In FIGURE 4.3, the Henry’s law constant can be fit by 

 TH 041.0exp1090.3 4  . Therefore, the ozone concentrations in fresh water by 

pumping the 50-ppm gas phase ozone would be 20.4 µgL-1 and 16.6 µgL-1 at 25 oC and 
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30 oC, respectively. 

In sea water, the solubility is even lower. It depends considerably on the 

concentration of salt. The ozone solubility in the aqueous solutions of NaCl, KCl, Na2SO4, 

MgSO4 and Ca(NO3)2 were measured at 25 oC. At each concentration, three to five 

experiments were carried out; the mean values of the Henry’s law constant are listed in 

TABLE 4. 2. The solubility of solutions is generally lower than that of DI water. For 

instance, the dimensionless Henry's constant is measured to be H = 0.267 in the DI water, 

but it is only 0.160 for the 0.5-M Na2SO4 solution. Nevertheless, it has H = 0.256 for the 

0.5-M NaCl solution, only slightly lower than that for the DI water (H = 0.267). This 

suggests that the solubility of ozone is similar in the fresh water and the 3.5wt% sea water 

(i.e., 0.6-M NaCl). 

 

TABLE 4. 2 Dimensionless Henry’s law constant of ozone in fresh water and salt 

solutions at 25 oC. [115] 

Concentration  DI water NaCl KCl Na2SO4 MgSO4 Ca(NO3)2 

0 M  0.267      

0.5 M   0.256 0.255 0.160 0.180 0.203 

 

As discussed above, the dissolved ozone in sea water reacts with the ions and radicals 

and are then converted to other species. The ozone conversion is strongly affected by the 
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Cl concentration. Here the ozone conversion is defined as the ratio of the amount of 

converted ozone to the amount of initially dissolved ozone. Based on the study of Sotelo 

in 1989,[115] an increase of Cl concentration leads to an increase of the ozone 

conversion at a given time. It is read from Sotelo’s data curves that at the time of 3 ms, 

the ozone conversion is 55%, 64%, 83% and > 95% for the NaCl solutions of 0 M (i.e., 

DI water), 0.05 M, 0.1 M and 0.5 M, respectively. We can see that seawater can quickly 

absorb almost all ozone as compared to only 55% of the DI water. It implies a better usage 

of dissolved ozone in the seawater ozonation than in the freshwater ozonation. This is one 

of the merits of seawater ozonation. 

4.4.2 Ozone oxidation in different concentrations of ozone gas 

Concentration of ozone strongly affects how fast the oxidation is. The degradation of MB 

solution using the artificial sea water is measured by varying the ozone concentration as 

plotted in FIGURE 4.4 (a). It is noted here the ozone concentration refers to the amount 

of ozone in the pumping gas, not directly the concentration of dissolved ozone in water 

samples. This is because it is more convenient to measure and is thus used as a control 

parameter. The amount of dissolved ozone can be calculated based on the above-

mentioned relationship H = Hcp × RT.  
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FIGURE 4.4 Measured performance of only the ozonation in sea water. (a) Degradation 

of methylene blue under different ozone concentrations in the pumping gas. (b) 

Dependence of the reaction rate constant k on the ozone concentration Coz, which roughly 

follows a linear relationship k = 6.77  10-4 Coz + 7.85  10-4 min-1. 

 

In FIGURE 4.4 (a), the vertical axis is the degradation exponent DE as defined by 

 CCDE 0ln , here ln denotes natural logarithm, C0 and C are the initial concentration 
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and the resulted concentration of MB solution, respectively. For the first-order reaction, 

it should have  ktCC  exp0
, here k is the reaction rate constant and t is the reaction 

time. For the first-order reaction, it has DE = kt. Therefore, the value of DE is linear to t 

and the slope of the curve DE versus t is just k.  

One can see from FIGURE 4.4 (a) that an increase of ozone concentration leads to 

a higher DE. If we look at the error bars (a result of 5 repeated tests), we can see the error 

range decreases with higher ozone concentration, indicating better repeatability. This 

might be because ozone is an unstable gas. A higher concentration of ozone could reduce 

the uncertainty. For safety reason, 0.01  8 ppm of dissolved ozone is the maximum limit 

to human. Here 60 ppm of ozone in gas phase corresponds to 0.026 ppm of dissolved 

ozone in liquid phase. Therefore, if this study uses maximum 60-ppm ozone in gas, it is 

far safer than the previous studies that often used more than 5000-ppm ozone for the water 

treatment. In addition, the use of low ozone concentration helps reduce the cost and is 

thus favorable for practical applications. 

Based on above discussion, the slope of degradation exponent denotes the reaction 

rate constant. We calculate the slopes of curves in FIGURE 4.4 (a) and plot in FIGURE 

4.4 (b) the relationship with the ozone concentration Coz in the pumping gas. It follows a 

linear curve k = 6.77  10-4 Coz + 7.85  10-5 min-1, here Coz is in the unit of ppm.  
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FIGURE 4.5 Measured performance of the photocatalytic ozonation in sea water. (a) 

Degradation of methylene blue under different ozone concentrations in the pumping gas, 

in which 0 ppm denotes no ozone and thus the process is only the photocatalysis. (b) 

Dependence of the reaction rate constant k on the ozone concentration Coz, which closely 

follows a linear relationship k = 8.00  10-4 Coz + 1.78  10-2 min-1. 
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4.4.3 Photocatalytic ozonation: Degradation versus ozone concentration 

The efficiency of PCO in sea water have been tested under different concentrations of 

ozone. The results are plotted in FIGURE 4.5 (a). The photocatalysis without ozone (i.e., 

0-ppm ozone) is also plotted as a reference. For a given ozone concentration, the 

degradation exponent increases almost linearly with t. And an increase of ozone 

concentration results in a higher degradation exponent. Similarly, we plot the slopes of 

the curves of FIGURE 4.5 (a) as a function of the ozone concentration in pumping gas. 

The result is plotted in FIGURE 4.5 (b), which shows clearly a good linearity. The 

expression is k = 8.00  10-4 Coz + 1.78  10-2 min-1. When we compare FIGURE 4.4 (b) 

(for only the ozonation) and FIGURE 4.5 (b) (for the PCO), we can see that (i) the data 

points in FIGURE 4.5 (b) have smaller error ranges, showing the PCO in sea water has 

better stability and repeatability; (ii) FIGURE 4.5 (b) has better linearity, showing that 

the PCO has more controllability; and (iii) The PCO is more effective than the ozonation 

in the decontamination of seawater. In FIGURE 4.4 (b), it has k = 6.77  10-4 Coz + 7.85 

 10-4 min-1, whereas in FIGURE 4.5 (b), it has k = 8.00  10-4 Coz + 1.78  10-2 min-1. 

The PCO has the proportional coefficient 8.00  10-4 min-1ppm-1, larger than the value 

6.77  10-4 min-1ppm-1 of the ozonation. Therefore, the reaction rate constant of PCO 
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increases more rapidly with the ozone concentration than that of only the ozonation. More 

importantly, the constant term of k factor for the PCO is 1.78  10-2 min-1, about 23 times 

of the constant term 7.85  10-4 min-1 for the ozonation. These well show that the PCO is 

better than only the ozonation, which can be regarded as one of the benefits of using the 

PCO for the decontamination of sea water. 

4.4.4 Photocatalytic ozonation: Synergistic effect of photocatalytic ozonation 

As stated above, both the photocatalysis and the ozonation play roles in the PCO 

degradation. However, the PCO efficiency is not simply a summation of the 

photocatalytic efficiency and the ozonation efficiency. Instead, the PCO efficiency could 

be higher than the summation of the latter two due to the synergistic effect of 

photocatalysis and ozonation. To quantify the synergistic effect, we can define a 

parameter S by 
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where Cpco, Cpc, Coz are the remaining MB concentrations of the PCO, the photocatalysis 

and the ozonation, respectively, all at time t. This definition is based on the previous 

expression  ktCC  exp0
, here the terms ln(C0/Cpco), ln(C0/Cpc) and ln(C0/Coz) 

represents the reaction rate constants of the PCO, the photocatalysis and the ozonation, 
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respectively.  

Based on the data in FIGURE 4.4 and FIGURE 4.5, the synergistic effect of PCO 

can be calculated. The results are shown by a 3D plot in FIGURE 4.6 as the functions of 

the time and the ozone concentration. For a fixed ozone concentration, the synergistic 

effect increases with time and then tends to saturate. At a fixed time, the synergistic effect 

first goes up when the ozone concentration in gas is increased from 30 ppm to 50 ppm; it 

reaches the maximum at 50 ppm and then goes down at even higher ozone concentration. 

In this study, 50 ppm is found to be the optimal condition for the synergistic effect of PCO 

in sea water. 
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FIGURE 4.6 Synergistic effect of the photocatalytic ozonation in sea water. The 

synergistic effect is always positive and reaches its maximum when the ozone 

concentration in the pumping gas is 50 ppm. 
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4.4.5 Photocatalytic ozonation: Comparison of degradations in fresh water and sea 

water 

Using the optimal concentration of ozone, more thorough degradations of MB in the fresh 

water (i.e., DI water) and the sea water have been conducted to compare only the 

photocatalysis, only the ozonation and the PCO effect. The results are plotted and 

compared in FIGURE 4.7. The vertical axis is the degradation, which is defined as 

(1C/C0). In the initial state, the degradation is 0; and if the MB is completed degraded, 

the degradation becomes 1. Several findings can be observed from FIGURE 4.7.  

(i) The degradation tends to saturate at high level (degradation > 0.5), this is more 

obvious when the degradation approaches 1. This is a common phenomenon in 

oxidative degradation.  

(ii) The fresh water has always higher degradation than the sea water, regardless of 

photocatalysis, ozonation or PCO. This matches the above prediction (in the 

mechanism part) that the sea water has weaker oxidation power since the Cl ions 

convert highly oxidative radicals like *OH and O3
 into relatively weak radicals like 

OCl* and *ClO3.  

(iii) The fresh water has smaller error ranges than the sea water. Again, this is because the 

salt ions disturb the oxidation process and causes uncertainty. 
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FIGURE 4.7 Comparison of the degradations of methylene blue in fresh water (i.e., DI 

water) and sea water by the photocatalysis, the ozonation and the photocatalytic ozonation. 

Under the same condition, the fresh water always shows higher degradation efficiency 

than the sea water. Labels: SW for sea water, UV for photocatalysis, O3 for ozonation, 

and UV+O3 for photocatalytic ozonation. 

 

4.4.6 Photocatalytic ozonation: Comparison of synergistic effects in fresh water and sea 

water 

As discussed above, the fresh water has always higher degradation than the sea water. 

Consequently, the fresh water may have smaller synergistic effect than the sea water. 

FIGURE 4.8 compares the synergistic effects of the PCO in fresh water and sea water 

under 50 ppm ozone. In sea water, the synergistic effect increases slightly with the lapse 

of time. Oppositely, the synergistic effect of fresh water becomes negatively and further 

drops quickly with time. The reason might be that 50-ppm ozone is not the optimal 

condition for the PCO in fresh water. Instead, it is too high to make the direction oxidation 

reaction of ozone dominant, and thus the high ozone concentration would reduce the 
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synergistic effect to negative. 
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FIGURE 4.8 Comparison of the synergistic effects in fresh water (i.e., DI water) and sea 

water when the pumping gas has the ozone concentration of 50 ppm, which is optimal for 

the photocatalytic ozonation of sea water. 

 

4.4.7 Photocatalytic ozonation: Influence of salt concentration on degradation 

efficiency 

To examine the influence of salinity, the PCO experiments are conducted using the 

artificial sea water with different salt concentrations. The results are plotted in FIGURE 

4.9. It shows clearly that a lower salinity leads to a higher degradation efficiency, but the 

difference is not that large. At the sampling times of 20 s, 30 s and 40 s, the highest 

degradation occurs at the 25% concentration (corresponding to 0.875 wt%), not at 0% 

(i.e., fresh water). As stated above, the salt ions increase the conversion of dissolved 

ozone, but they convert the highly-oxidative ions (e.g., *OH) into relatively weak ions 
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(e.g., Cl*, OCl*) and thus lower the oxidizing power. 25% concentration of sea water may 

make a good trade-off between these two factors and thus results in the optimal 

degradation. 
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FIGURE 4.9 Degradation performance in sea water with different salt concentrations. 

The upper x axis is the weight percentage of salt in water, whereas the lower x axis is the 

relative concentration to the standard 3.5wt% sea water. 

 

TABLE 4. 3 Functional effects in different treatments and their influences on the 

synergistic effect. 

 

 
Photolysis 

effect 
Photocatalytic 

effect 
Ozonation 

effect 

Photocatalysis process Yes Yes  

Ozone process   Yes 

PCO process Yes Yes Yes 

Synergistic effect Removed Included Included 

 

4.4.8 Photocatalytic ozonation: Influence of UV photolytic effect on synergistic effect 
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UV photolysis of MB dyes may affect the photocatalysis treatment and the PCO treatment. 

TABLE 4. 3 lists the major effects in each treatment. Fortunately, the definition of 

synergistic effect in Equation 4.8 uses the PCO to deduct the photocatalysis, which 

makes sure that the contribution of UV photolytic effect is already removed. 

4.5 Summary 

Polluted sea water is a common problem in coastal cities, but its decontamination remains 

a big challenge due to the existence of salt ions, which may invalidate many prevailing 

treatment methods originally developed for waste fresh water. This work presents the first 

attempt to decontaminate the polluted sea water by synergizing two separate processes: 

photocatalysis and ozonation. For low cost and human safety, the ozone concentration is 

kept to be < 60 ppm in the pumping gas (0.026 ppm in solution). Mechanism studies and 

experimental comparisons show that the photocatalysis, the ozonation and the 

photocatalytic ozonation (PCO) all have lower efficiency in sea water than in fresh water, 

and the PCO is always more efficient than only the photocatalysis or only the ozonation. 

More specifically, the PCO has a reaction rate constant about 23 times higher than only 

the ozonation. In addition, the sea water shows a positive synergistic effect of 

photocatalysis and ozonation and reaches the maximum when the pumping gas has an 

ozone concentration of 50 ppm in gas. In contrast, the fresh water shows a negative 

synergistic effect. This work may pave the way to practical applications of sea water 

decontamination with high efficiency and low cost by using both UV and ozone. In the 

next chapter, the combined use of both UV and ozone will be applied to another important 

application – bacteria disinfection.  
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CHAPTER 5. UV-OZONATION FOR BACTERIA 

DISINFECTION 

The previous chapter combines the UV photocatalysis and the ozonation for seawater 

treatment. In this work, we will combine the UV irradiation and the ozonation for another 

important application ‒ bacteria disinfection. Many sterilization techniques have already 

been developed but they are subject to some limitations. For instance, chlorine 

disinfection is most widely used, but it produces harmful by-products during the 

disinfection process; ozone treatment may produce mutations such as macromolecule 

organic substances that threat human health; and UV disinfection is fast and produces no 

by-products, but the inactivated bacteria may be reactivated in sunlight or dark 

environment and proliferate afterwards due to the light resurrection effect. 

To overcome these problems, this study utilizes both the UV light and the ozone to 

disinfect the bacteria in fresh water. The UV light deactivates the bacteria and the 

dissolved ozone suppresses the photo-resurrection. The combined use of both processes 

ensures the disinfection of bacteria with high efficiency, low cost and no harmful by-

products. 
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5.1 Preparation and equipment 

The artificial waste water is diluted from nutrient broth by normal saline to 106 cfu/ml. In 

the dilution, some nutrient broth is added into the solution to simulate the nutrition in the 

waste water after the treatment. After the treatment, 0.1 mL of the solution is put into an 

agar plate for cultivation at 37℃ for24 hour. 

In this study, a 25W UV-C lamp is used as the light source. The lamp emits UV 

light at 254 nm. It is put into a water bath for temperature control. The sample solution 

would pass through a quartz spiral tube in FIGURE 5.1. The distance between the tube 

and the lamp is less than 1 cm to ensure most of the light energy falls on the solution. The 

exposure time (or equivalently, residence time, or reaction time) is controlled by the flow 

rate of the pump, which feeds the sample solution into the tube. An ozone generator is 

used in the ozone treatment part. The generator with the power of 35 W generates ozone 

by high voltage discharge. And the ozone is then pumped into the solution directly. Before 

the disinfection experiment, the relationship between the pumping time and the 

concentration of ozone in the water should be tested. Since the ambient air is needed to 

generate the ozone, the ozone concentration in air is affected by the relative humidity. 

Therefore, the relationship between the concentration of dissolved ozone and the pumping 
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time varies day to day and should be calibrated using iodometry every time before the 

disinfection experiment. 

 

FIGURE 5.1 Experiment set up for bacteria disinfection by UV-ozonation. 

 

5.2 Experiment process 

At the beginning, the artificial waste water with 106 CFU/mL is used to prepare 3 samples 

onto agar plates to verify the concentration of the bacteria. In the disinfection experiments 

the solution is pumped into the quartz spiral tube, and the exposure time under UV-C is 

controlled to be 0.5s, 1s, 1.5s and 2s by adjusting the flow rate of the pump. After the 

treatment, 3 samples are put onto agar plates to measure the bacteria concentration and to 

determine the efficiency of UV treatment. Next, ozone is pumped in. Until the 

concentration of dissolved ozone reaches 0.5 ppm in water. The pumping time needed is 

usually shorter than 1 min. After the ozone treatment, 3 samples are also taken to cultivate 
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in the agar plates to determine the efficiency of UV-ozone method. For control experiment, 

some artificial waste water is pumped with only ozone (without the UV treatment) to 

determine the efficiency of single ozone treatment. 

In the above experiments, all samples are put into the sterilized bottles and will be 

placed at light environment and dark environment for 24 hours, separately. This is to 

check the bacteria proliferation and the photo-resurrection. 

TABLE 5. 1 Diameters of the cultivated colonies of different treated solutions. 

 
Right after UV 

disinfection 

After UV 

disinfection & 24 

hours in dark 

After UV 

disinfection & 24 

hours in light 

After ozone 

treatment 

Control solution 3.07 mm 2.99 mm 3.02 mm 3.06 mm 

Exposure 

time of UV 

0.5s 0.5 mm 0.55 mm 0.37 mm The diameter of 

the colony after 

ozone treatment: 

3.14 mm 

1s 1.33 mm 0.91 mm 1.65 mm 

1.5s 1.72 mm 0.93 mm 1.76 mm 

2s 2.08 mm 2.73 mm 1.86 mm 

 

5.3 Results and discussion 

This study consists of two separated parts: qualitive and quantitative. 

5.3.1 Qualitative study 

The quality of bacteria can be represented by the size of the colony. Larger size indicates 

a better quality. And the size of the bacteria has been compared and showed in TABLE 

5. 1 and FIGURE 5.2: 
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FIGURE 5.2 The photos of the colony on the agar plate for different samples. 
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In FIGURE 5.2, (a-d) show the bacteria colonies right after the UV exposure for 

0.5 s, 1 s, 1.5 s and 2 s, respectively (the relative figures are labeled as UV-0.5; UV-1; 

UV-1.5; UV-2); (e) represents the colony of the control sample (i.e., diluted solution, no 

UV exposure) (the relative figure is labeled as UV-control); (f)-(i) show the colonies 

whose solution sources are treated by UV exposure for 0.5 s, 1 s, 1.5 s and 2 s and then 

stored in dark for 24(the relative figures are labeled as UVD-0.5; UVD-1; UVD-1.5; 

UVD-2); (j) is the colony of another control sample which is diluted and placed in dark 

for 24 (the relative figure is labeled as UVD-control); (k)-(n) are the colonies whose 

source solution are exposed to UV for 0.5 s, 1 s, 1.5 s and 2 s and then are placed in light 

for 24 (the relative figures are labeled as UVL-0.5; UVL-1; UVL-1.5; UVL-2); and (o) is 

the colony of another control sample which is diluted and placed in light for 24 (the 

relative figure is labeled as UVL-control). 

 

 

FIGURE 5.3 The photos of the colony on the agar plate for different samples by ozone 

treatment. 

a                 b 
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In FIGURE 5.3, (a) represents the colony of the control sample after ozone 

treatment; (b) show the colonies whose solution sources are treated by ozone treatment 

(i.e. dissolved ozone of 0.5ppm in water) 

One can see from TABLE 5. 1  and FIGURE 5.2 that the colony size of the UV 

exposed solution is reduced. This is because the UV exposure dimerizes the adjacent 

thymine bases of the nucleic acid strands and prevents accurate transcription of the DNA 

strand cannot occur, therefore the bacteria cell cannot divide and proliferate. As a result, 

the bacteria are first weakened and then killed. On the other hand, the sample treated by 

ozone shows the similar colony size as compared to the reference colony. The reason is 

that the ozone changes proteins and the unsaturated bonds of fatty acids in the cell 

membrane. Therefore, the bacteria are directly killed, without the weakened stage. 

The solution after both the UV exposure and the ozone treatment does not show any 

bacteria colonies, inferring the complete disinfection. This proves that the UV and ozone 

method is very efficient. 

 

5.3.2 Quantitative study 

For the quantitative analysis, here we define the disinfecting rate Dr as: 

 )log(
o

r
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where N is the number concentration of bacteria in the treated solution (unit: CFU/mL) 

and No is that in the solution before the treatment. 

FIGURE 5.3 plots the disinfecting rate as a function of the UV exposure time for 

3 different solutions, including the solution right after the UV disinfection, the solution 

after UV exposure and the placed in dark for 24 hours and the solution after UV exposure 

and placed in light for 24 hours. If the value of log(N/No) is smaller, the efficiency of 

disinfection is better. The results of the solution just finished disinfection shows the 

disinfecting rate is from -4.98 to -5.83. And the rate goes down when the exposure time 

is longer. The results prove that single UV disinfection can be used to disinfect the waste 

water of 105 CFU/mL bacteria.  

It is a common problem that the UV deactivated bacteria may be reactivated under 

light irradiation. Our experiment matches the prediction. When the water sample 

disinfected is placed at rest in light for 24 hours, and found out more bacteria inside the 

solution. And the disinfecting rate deteriorates to between -4.4 to -5.03. And the relation 

between the disinfecting rate is similar to that of the solution right after the UV 

disinfection. On the other hands, additional samples are placed at rest in a dark place for 

24h. The results show nearly the same disinfecting rate with the solution of just finishing 

disinfection. This clearly proves the light resurrection phenomenon in the UV disinfection.  
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FIGURE 5.4 Disinfecting rates of the samples right after UV disinfection, placed for 24 

hours in dark and in light, respectively. 

 

In some countries, waste water treatment works usually build a long sewer to avoid 

the problem of light resurrection. So as to meet the regulation criteria. At the end of the 

sewer is the test point by government. In this way, the test data look good for the quality 

control of waste water effluent, but the bacteria concentration would go up after the 

effluent is disposed into surface water and is subject to sunlight. My study is to solve this 

problem completely by a dual method that, combines both the UV irradiation and the 

ozone disinfection. 

 



 

 

 

 

TSOI Chi Chung 82 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

TABLE 5. 2 Disinfecting rate of the ozone treatment 

 The sample of finishing 

ozone disinfection 

The sample placed at rest 

for 24 hours after ozone 

disinfection 

Disinfecting rate -1.678 -1.53 

 

The disinfecting rate of single ozone disinfection is listed in TABLE 5. 2. It is -

1.678 right after the ozone treatment and becomes -1.53 after the treated sample is placed 

in dark for 24h. In contrast, if the samples are treated by the dual method, no bacteria can 

be found after the cultivation. This shows the dual method has the best performance in 

my study.  

The above observations result from the different disinfecting mechanisms of the UV 

disinfection and the ozone disinfection. The former weakens and kills the bacteria by 

dimerizing adjacent thymine bases of the nucleic acid strands, and thus suppresses the 

accurate transcription of that DNA strand and the division of bacteria cell. In contrast, the 

latter changes the proteins and the unsaturated bonds of fatty acids in the cell membrane. 

In other words, the UV light kills the bacteria from inside while the ozone destroys the 

bacteria from outside. The combination of both enables to disinfect the bacteria more 

efficiently. 
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5.4 Summary 

This chapter applies both UV light and ozone to the disinfection of residual bacteria in 

waste water. Experiment studies find that: (i) both UV light and ozone can disinfect 

efficiently; (ii) light resurrection is severe for the UV disinfection but not serious for the 

ozone disinfection; (iii) the successive use of the UV and ozone can completely kill the 

bacteria. With these, we can see that the combination of UV and ozone disinfections has 

great potential to the disinfection of waste water effluent with light efficiency and low 

cost. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusion 

This research study has covered three parts with the view of real applications, including 

the solar reactors for water purification, the photocatalytic ozonation for seawater 

decontamination and the combined method of UV and ozone for water disinfection.  

The study of real application has been finished by developing a new design of 

reactor, which is large-size, closed-chamber, light weight and nonbrittle. Experimental 

tests show a degradation of 30%of MB when the reaction is operation for 2 hours in 

outdoor sunlight by that reactor. Although the efficiency is not high, it is already 23.6 

times of the photolysis, and the use of sunlight is abundant, environment friendly. 

The photocatalytic ozonation for seawater decontamination has been finished by 

finding out the best concentration of ozone in the process and by using the synergistic 

effect of the photocatalysis and the ozonation. For low cost and human safety, the ozone 

concentration is kept to be < 60 ppm in the pumping gas (0.026 ppm in solution). More 

specifically, the PCO has a reaction rate constant about 23 times higher than only the 

ozonation. 

The combined method of UV and ozone for water disinfection has been 

accomplished by the successive use of the UV disinfection and the ozonation, which is 

experimentally observed to enable full disinfection of bacteria in the efficiency of waste 

water treatments work. and avoid the photo-resurrection. 

With the research study of this M. Phil. study, I am able to deal with the major 

problems of waste water treatment: the polluted fresh water can be decontamination by 
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the solar reactor in chapter 3, the polluted sea water can be decomposed by the 

photocatalytic ozonation method in chapter 4, and the residual bacteria in the waste water 

can be disinfected by the UV-ozone method developed in chapter 5. Therefore, this M. 

Phil. study us highly potential for practical applications of waste water treatment. 

 

6.2 Future work 

In the future, more experimental and design efforts will be devoted to improving the 

efficiency of waste water treatment, as succinctly depicted as follows: 

(1) Regarding the large-size reactor, the thickness of the water layer is the key factor of 

the efficiency of the reactor. The new design can try to develop the water layer to < 

100 m.   

(2) Regarding the photocatalytic ozonation of seawater, although the combine method 

can increase the degradation efficiency by over 20 times, ozone is still not very 

stable in water. Other chemicals which is highly oxidative can be used to replace 

ozone. 

(3) Regarding the combined method of UV and ozone for water disinfection, the cost 

for the treatment is relatively high as compared to the original treatment method. 

The next research direction can aim to reduce the bacteria in the water before 

entering waste water treatment process. 
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