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Propositions 

1. "The need to 'cite photocatalysis' in the future will have new driving forces. Comparison 
with other competitive technologies, integration with complementary processes such as 
ultrafiltration and biological treatment, transfer of research results into development and 
application activities, and economics and optimization of photocatalysis are the energizing 
themes for the 1990s and beyond." 

D.F. Ollis, H. Al-Ekabi, Photocatalytic Purification and Treatment of 

Water and Air, Elsevier Science Publishers, Amsterdam, 1993. 

2. The heterogeneous system obtained by integrating UV, photocatalyst and Fenton reagent 
will be one of the most efficient systems for commercial application in wastewater 
treatment. 

This thesis, Chapter 4. 

3. The mechanism of the photocatalytic oxidation of organic pollutants in aqueous solutions 
is more likely to be a reaction on the photocatalyst surface, as concluded in Chapter 2 of 
this thesis, than a free radical reaction, as proposed by Yasumori et al. 

A. Yasumori, K. Yamazaki, S. Shibata and M. Yamane, "Preparation of 
Ti02 fine particles supported on silica gel as photocatalyst," J. of the 

Ceramic Society of Japan, 102(8), 702 - 707, 1994. 

4. The effort to develop new energy resources should be focused on water splitting by 
photocatalysis to produce hydrogen rather than on nuclear energy because the former is 
safe, convenient and environmentally friendly and will be feasible as long as the Sun 
exists. 

5. "Although the principles of decomposing water with sunlight appeared relatively simple, 
the experimental difficulties encountered proved formidable, even for a such a seemingly 
simple chemical transformation." 

N. Serpone and E. Pelizzetti, Photocatalysis, Fundamentals and 

Applications, John Wiley & Sons, NY, 1989. 

6. Photocatalysis is like a baby. After being raised with great care, it may shock the world. 



7. For each developed country, industrialization was a very painful process that resulted in 
much harm to the environment. During the developing process presently occurring in 
China, it would be better for the environment if the developed countries showed less blame 
and a more cooperative attitude. 

8. It is very likely that the Dutch word "loempia" originates from China rather than from 
Indonesia. 

9. Persistence is the father of success. 

10. The later you smile, the better you do so. 

11. Chinese history shows that social progress is promoted best by means of the "catalyst" that 
its activity and selectivity have the following sequence: 

survival > education > welfare > freedom > democracy. 

12. Truth cannot exist without first being tested in practice. 

These propositions are included in the thesis entitled "Advanced Oxidation Technologies: 
Photocatalytic treatment of wastewater". 

Jian Chen 

Wageningen, September 9, 1997. 



To: my parents, J ing and Rong 
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CHAPTER 1 INTRODUCTION 



1.1 ADVANCED OXIDATION TECHNOLOGIES AND PROCESSES FOR 
WASTEWATER TREATMENT 

Chemical oxidation technologies for water treatment and disinfection date back to the early 
1990s. At that time, the chlorination process became a widespread method for drinking water 
disinfection. Since that time, ozone processes have also been used for the disinfection of 
drinking water in Europe. Advanced Oxidation Technologies (AOTs), including Advanced 
Oxidation Processes (AOPs) and other physicochemical conversion methods, have been widely 
investigated for about twenty-five years. 

Since the 1970s, when drinking water production from surface water using chlorination 
methods was found to produce toxic trihalomethanes1, traditional views regarding drinking 
water preparation changed. Environmental regulations concerning the so-called micropollutants 
were greatly affected by this and other such discoveries, and this has culminated in the current 
establishment of regulations restricting maximum contaminant levels of many organic 
compounds to the /*g/L range. There has also been an increasing interest in developing 
alternative methods for improving the production of drinking water from water containing 
organic pollutants. Oxidation with ozone or hydrogen peroxide has been found to be an 
important alternative to chlorination, because the oxidation does not result in toxic chlorinated 
organic compounds. 

In the 1990s, with the rapid development of AOTs for wastewater treatment, many AOTs have 
received wide interest and have been discussed in various reports2,3 and conferences45. In 
addition to traditional AOPs which involve the use of ozone, hydrogen peroxide and ultraviolet 
light (UV), AOTs presently include several other technologies, such as non-thermal plasmas, 
electrohydraulic cavitation and sonolysis, electron beam and gamma irradiation, catalytic 
oxidation, wet air oxidation, supercritical water oxidation, electrochemical oxidation and 
reduction (electrolysis), photocatalysis and a combination of these technologies, or a 
combination with biological technologies6. 

The theme of this dissertation is photocatalytic process for wastewater treatment. Before 
discussing photocatalytic technology in detail, a short introduction to all of the above-
mentioned AOTs for wastewater treatment is presented below. 

1.1.1 AOPs (UV/ozone/hydrogen peroxide) for water remediation 

The concept of advanced oxidation processes was defined by Glaze et al.1 in 1987 as processes 
that "involve the generation of hydroxyl radicals in sufficient quantity to affect water 
purification." In this context, advanced oxidation processes generally mean the application of 
either advanced oxidation technologies using UV/03, 03/H202, UV/H202 or the photo Fenton 
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reaction (UV/H202/Fe2+or Fe3+). Peyton8 gave a detailed overview and description of AOPs 
in 1990. 

1.1.1.1 Ozonation for organic compound oxidation 

The most important contributions to understanding the chemistry of ozonation during water and 
wastewater treatment were published by Hoigné and coworkers9'10"'2'131'', Glaze et 
.̂5,16.17.18.19 ^ Y^netal.10*-21™. Other authors24'25'26'27'28 have also published very 

important contributions to UV/ozone and ozone/hydrogen peroxide chemistry. 

Mechanisms of the ozonation of organic soluble substrate (M) in aqueous solutions were 
diagrammed and clearly explained by Staehelin and Hoigné13 (see Fig. 1.1). The main 
processes of this complicated diagram involving radical reactions are: 

Initiation steps (steps la, and d1), which generate radicals via reactions with OH" and substrate 
(M) in an aqueous solution: 

0 3 + OH" - »02 + H02« (la) 

03 + M - «03 + M+ (d1) 

Propagation steps (steps 3, 4, 9, 10, 11), which maintain the radical reaction chain: 

• 0 ; + H+ - H03« 

H03 ' - »OH + 0 2 

•OH + M - R» 

R» + 0 2 - ROO. 

ROO« - »02 + M o x i d 

(3) 

(4) 

(9) 

(10) 

(11) 

In these steps, radical groups are propagated and maintained through reactions with H+ and 
an organic substrate (M) that has alkyl groups (R). The radical propagation results in the 
oxidation of the alkyl groups of the substrate (step 11). 

Termination step (step 8): 

•OH + M - M* (8) 



f Wh»(Mg» 

M o x i d ^ ^ " 

Fig. 1.1 Reactions of aqueous ozone in the presence of an organic compound 
M which reacts with O, or interacts with »OH by scavenging it and/or 
converting it into HO*13. M is an oxidizable substrate in solution; k, k,, kd, 
kp, k, are reaction constants. 
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In step 8, M (e.g., organic substrate or bicarbonate) acts as a radical scavenger, and the radical 
chain reaction is ended by the formation of product M*. 

1.1.1.2 Applications of UV/ozone for organic compound oxidation 

During UV/ozone processes, ozone adsorbs UV light (wavelength shorter than 310 nm) and 
is photolyzed to produce hydrogen peroxide and hydroxyl radicals (Fig. 1.2(a))7 which are able 
to oxidize organic compounds21,22,M. For efficient ozone photolysis, UV light must have a 
wavelength at/or shorter than 254 nm. Fronk30 reported that a concentration of 50-384 /tg/L 
of halogenated alkenes and aromatic hydrocarbons could be reduced by 87% and 82%, 
respectively, by applying an ozone dose of 6 mg/L. Glaze17 et al. and Peyton23 et al. found that 
halogenated micropollutants such as chloroform, bromodichloromethane and 
tetrachloroethylene were destroyed four to fifty times faster by UV/ozone than by ozone alone. 
During these experiments, ozone dose rates of 0.1 - 1.3 mg/L. min and UV intensities of 0.09-
0.38 watt/L were used. Since the effect of UV on ozone in an aqueous solution is the 
production of hydrogen peroxide (Fig. 1.2(a)), an alternative method is to add hydrogen 
peroxide to the ozone solution (ozone/hydrogen peroxide system) instead of producing it in situ 
by ozone photolysis (as shown in Fig. 1.2(a)). It is clear from the literature that the oxidative 
activity and selectivity of ozone depend on the organic compound used as a substrate. A survey 
of ozonation rate constants for various organic compounds was given by Neta et al.31,32 

1.1.1.3 Applications of UV/hydrogen peroxide and Fenton reactions for organic 
compound oxidation 

The processes involved in the destruction of organic compounds with UV/hydrogen peroxide 
are shown in Fig. 1.2(b). Hydrogen peroxide can be photolyzed to produce two hydroxyl 
radicals if the wavelength of the photons is shorter than 370 nm; these radicals can oxidize 
organic compounds containing an alkyl group R. Compared with the photolysis of ozone, the 
photodecomposition efficiency of hydrogen peroxide is very low if the UV light wavelength 
is longer than 254 nm, which is produced by normal mercury lamps. This is only 0.7% of the 
adsorption efficiency of ozone at 254 nm33,34. In this respect, a very promising development 
of the UV/hydrogen peroxide process is the development of lamps that emit efficiently at 
shorter wavelengths (185 nm), such as the antimony halide lamp33,36. 

Since the AOPs using hydrogen peroxide are based on hydroxyl radicals attacking organic 
compounds in wastewaters, the key to enhancing the oxidation efficiency of hydrogen peroxide 
is to accelerate its decomposition, producing as many hydroxyl radicals as possible. In addition 
to employing UV to decompose hydrogen peroxide, a catalyst can be used. An appropriate 
ferrous ion catalyst was discovered by Fenton in 189437. The Fenton reagent, a mixture of 



HRH 

HRH 

Products 2 
(C02) 

Fig. 1.2 (a). Reaction pathways in ozone/UV and ozone/hydrogen peroxide 
systems. HRH: organic compounds with alkyl group R. «RH: organic alkyl 
compound with a carbon radical. *02RH: organic peroxide, (b). Reaction 
processes in hydrogen peroxide/UV systems and photo Fenton/UV systems' 
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hydrogen peroxide and ferrous ions has recently been demonstrated to be a very valid oxidant 
for organic compound degradations. These types of oxidations are called Fenton reactions38,39. 
In the presence of ferrous ions, hydrogen peroxide can be rapidly decomposed producing 
hydroxyl radical as below:40 

H202 + Fe2+ -» Fe3+ + OH + «OH (1.1) 

Another recent application for wastewater treatment is the use of irradiation with UV or visible 
light during both Fenton (H202/Fe2+) and Fenton-like (H202/Fe3+) reactions41-42. This 
application is called the photo Fenton reaction (UV/H202/Fe2+ or UV/H202/Fe3+). This 
reaction shows a higher efficiency during organic compound oxidation than reactions using 
only Fenton reagent, because Fe3+-photosensitized reactions occur, which involve mainly 
the photolysis of hydroxide complexes of Fe3+ (Eq.1.2), produce hydroxyl radicals and 
regenerate Fe2+ 43,44,45. 

FeOH2* -ÜÏ-* Fe2t + «OH (1.2) 

The processes in H202/UV systems are shown in Fig. 1.2b. An interesting application of this 
reaction was reported by Hager46 et al., who studied treatment on a pilot scale of groundwater 
contaminated with a TCE (trichloroethylene) concentration of 2000-10,000 jtg/L. This 
groundwater had a relatively low iron concentration (< 0.05 mg/L) and manganese 
concentration ( < 0.1 mg/L), and contained 160 mg/L bicarbonate. They found the optimum 
treatment conditions for a 60 gal/min stream to be 50 mg/L hydrogen peroxide and UV lamps 
with a power of 30 KW. Under these conditions, reduction of TCE from 3700-4000 /*g/L to 
0.7-0.8 ng/L occurred in 50 seconds at a cost of approximately $1.00/kgal ( ~$ 0.26/m3). 
Other applications of the photo Fenton reaction are the elimination of herbicides47,48, PCB49, 
phenol50, chlorophenol51, nitrobenzene and nitrophenols52 from wastewater. Rate constants 
of hydroxyl radical reactions with organic compounds have been given in the literature32. 

There are some chemical limitations to the use of hydroxyl radical as an oxidant for the 
degradation of organic compounds, because it is not very suitable for the degradation of such 
organic compounds such as poly- or per-fluorinated or -chlorinated alkanes. The reason for this 
is given in § 4.2.5.3. 



1.1.2 Non-thermal plasmas (NTP) for air and wastewater treatment 

Non-thermal plasma technology (NTP)53 is a new advanced oxidation technology which is 
applied to treat air pollutants54 and may also be applied to treat wastewater55. The plasma56 

produced by an electron beam, a pulsed corona discharge or a dielectric-barrier discharge is 
employed to create large quantities of highly reactive free radicals (mainly atomic oxygen in 
the ground energy state (C^P) and oxygen in the first excited energy state (O'D)57, and 
hydroxyl radicals) in a gaseous medium at a near-ambient temperature. These radicals 
subsequently react with entrained hazardous organic chemicals, converting them to either 
nonhazardous substances (C02, H20 and acids, i.e., mineralized compounds) or other easily 
manageable compounds. The key to success in the non-thermal plasma approach is that plasma 
is produced in which most of the electrical energy is converted into highly energetic (reactive) 
electrons in molecules, rather than a high temperature. Because NTP processes can 
simultaneously remove or convert different types of pollutant, e.g., volatile organic compounds 
and oxides of sulphur and nitrogen frequently found in flue gases, it is particularly attractive 
for many present and future environmental applications58. 

As an example, we give the mechanism of oxidation of S02 and NO by NTP59,60,61 in a gas 
phase also containing H20. First we have: 

0 2 - £ - 0(3P) + O('D) - î ! £ - 2«OH (1.3) 

HjO - î - H« + »OH (1.4) 

The oxygen atoms (O) produced in different energy states (shown in Eq. 1.3) and hydroxyl 
radicals can react with S02 to form H^CX,, and can react with nitrogen oxides to form HN03: 

so2 + o -» so3 
S03 + H20 - H2S04 

S02 + «OH -" HSOj 

HSOj + «OH -» H2S04 

NO + 0» + INERT -" N02 + INERT 
N02 + »OH - HN03 

(1.5) 

(1.6) 
(1.7) 

(1-8) 
(1.9) 
(1.10) 

where INERT is any available third compound (usually N2 or 02), which is a chemically 
inert molecule in the reaction meant to stabilize the reaction product62. The final product H2S04 

(Eq.1.6 and 1.8) forms liquid droplets, while the gaseous reaction product HN03 (Eq.1.10) 
can be removed by the injection of NH3 or Ca(OH^ resulting in NI} NQ and CatNOj) , 
respectively. HjSO, droplets and particles of NH4N03 or Ca(N03)2 can then be removed from 
the gas stream by using a wet scrubber or an electrostatic precipitator. 
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1.1.3 Electrohydraulic cavitation and sonolysis for wastewater treatment 

Electrohydraulic cavitation involves the formation and behaviour of bubbles in liquids63,64. It 
is induced by applying electrical energy directly in a water phase65,66. The electrical power is 
provided by a pulse-powered plasma discharge producing pulsed and/or continuous ultrasonic 
irradiation (i.e., sonolysis) in water. Kinetic and sonoluminescence measurements indicate that 
an extremely high temperature ( > 5000 °K) and pressure ( > 100 atm) are generated during 
the nearly adiabatic and short-time (< 1 /ts) implosions occurring at the cavitation sites. When 
a bubble fills with gas and vapour pulses and collapses, molecules inside the bubble or close 
to the bubble surface are fragmented, escape into the bulk of the solution and react in various 
ways outside (or inside) the bubble67,68. In this situation, water or pollutants split into radicals 
as shown in Eq. 1.11 - 1.13. 

H 2 0 • H« + »OH (1.11) 

CC14 — • 'CC^ + CI« (1.12) 

H2S • H« + HS- (1.13) 

After the production of these radicals, pollutants such as tetrachloromethane and hydrogen 
sulphide in the water can be oxidized to final products such as C02, CI" and SO?"69-7071. 

1.1.4 Electron beam and gamma-ray irradiation 

High-energy electron beams and gamma-rays (i.e., ionizing radiation) are very effective tools 
for water pollutant degradation. The development of new powerful electron accelerators (e.g., 
an energy level of 1.0 MeV and a power level of 50 KW, or an energy level of 4.5 MeV and 
a power level of 400 KW) enables very effective radiation processing of wastewater 
streams72. When a high-energy electron beam or gamma-ray irradiates water, the water (as well 
as organic compounds contained in it) split into a number of primary species of e1() (electrons 
in aqueous solutions), H«, «OH, H2, H202, H

+ and OH". Some of these primary species then 
collide with other substrates in water to form more radical species that are oxidants and 
therefore able to oxidize organic pollutants73,74. As has been observed when using this 
technology, many organic compounds can be promptly oxidized such as polychlorinated 
biphenyls (PCBs)75,76,77,78, tetrachloromethane79, trichloroethylene (TCE)80, tetrachloroethylene 
(PCE)8' and benzene82. 
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1.1.5 Catalytic oxidation for air treatment 

Catalytic oxidation for the treatment of air pollution is an important environmental technology, 
which has been employed for environmental protection for twenty years83,84,85,86. Catalytic 
oxidation, also known as catalytic incineration, is the complete chemical conversion of a 
gaseous organic compound with oxygen at a certain temperature (below or above 100°C) and 
pressure (one or more than one atm) while both substances are in contact with a solid material 
(catalyst) that increases the rate of the oxidation reaction. This technology is used for the 
treatment of organic pollutants in a gas phase, such as automotive emission control87,88,89,90, 
military life-support systems91 and control of industrial gas emissions92,93. 

Gas phase catalytic oxidation technology has a lot of advantages over other gas phase treatment 
techniques. At concentrations over 20 to 60 ppm, it is sometimes cheaper than granular 
activated carbon adsorption and it requires less fuel and less expensive construction materials 
than high-temperature treatment processes such as incineration. Recent developments of this 
technology concentrate on the removal of volatile organic compounds 9495-96, including halo-
organic compounds97,98,99, from air, as well as on the removal of other organic compounds from 
other industrial gaseous emissions10O,1O1,102,103,1<>,,105. 

1.1.6 Wet air oxidation for wastewater treatment 

Wet air oxidation (WAO) is a well-established technology for wastewater treatment, 
particularly for the treatment of toxic and highly concentrated organic wastewaters106,107,108. It 
is a chemical oxidation process involving organics or oxidizable inorganic components in an 
aqueous liquid phase at high temperatures (125 - 320 °C) and pressures (0.5 - 20 MPa), using 
a gaseous source of oxygen (normally air). WAO has been demonstrated to mineralize various 
organic compounds to carbon dioxide, water and other inorganic end products such as 
ammonia, nitrate, nitrogen, chloride, sulphates and phosphate. The oxidation capability of 
WAO is greatly enhanced if catalysts109,110 and oxidants111,112,113 such as ozone and hydrogen 
peroxide are present108. 

Normally, the mechanisms of WAO reactions are radical ones114,115. When WAO is applied at 
elevated temperatures and pressures without a catalyst, the following reactions may occur in 
the presence of an organic pollutant R-CH3: 

R-CH3 + 0 2 - R-H2C« + H02« (1.14) 
H02«+ H02» -> H202 + 0 2 (1.15) 
H 2 0 2 - 2 » O H (1.16) 
R-H2C' + 0 2 -* R-H2COO» (1.17) 
R-H2COO« + 2 «OH -" R« + C02 + 2 H20 (1.18) 



Chapter 1 Introduction 11 

Eq.1.18 shows that a long alkyl (R) carboxylic acid molecule will be degraded to a molecule 
with fewer carbon atoms. Except for carboxylic acids of low molecular weight (especially 
acetic and propionic acid) and polychlorinated biphenyls (PCBs), most compounds are easily 
degradable by WAO. At a feed COD higher than 20,000 mg/L, WAO becomes energetically 
self-sustaining (i.e., no additional fuel is required) and may in fact produce energy in the form 
of high-pressure steam. One of the most important applications of WAO is the treatment of 
sewage sludge from municipal wastewater treatment plants116. Most WAO plants built are used 
for this purpose117118. 

1.1.7 Supercritical water oxidation treatment 

Supercritical water oxidation (SCWO) is an intensive version of the WAO process. In recent 
years, SCWO has become a rapidly developing innovative waste treatment technology for the 
oxidation of organic wastes and hazardous materials in water119120. The SCWO process 
involves the mixing of wastes with an oxidant (oxygen, air, or hydrogen peroxide). The 
reaction with organic pollutants is carried out at pressures and temperatures above the water 
critical point (374 °C and 22.13 MPa). The general SCWO reaction temperature range is 
between 400 and 650 °C121. Under these conditions, oxidation occurs rapidly (within a few 
seconds or minutes) and simple products (such as C02 and H20, and N2 in the case of nitro-
organics) are produced122. 

SCWO has great advantages as regards the treatment of some refractory organic compounds, 
including a rapid chemical reaction and no production of nitrogen oxides. The pressure and 
temperature required can be attained using readily available high-pressure and high-temperature 
equipment. SCWO has proven to be successful for the disposal of phenol123, halogenated 
organics124, biopharmaceutical wastes125, chemical warfare agents, hydrolysed solid rocket 
propellant, and biological sludges126. 

1.1.8 Electrochemical redox reactions for wastewater treatment 

Electrochemical methods oxidize and reduce pollutants in wastewater by means of electrode 
reactions (electrolysis). The electrodes needed are available in various shapes (bar, plate, 
porous and fibre) and are made from various materials. In wastewater, such oxidizable 
pollutants as organic compounds are oxidized at the anode surface, and such reducible 
pollutants as most inorganic metal cations are reduced and deposited (in most cases) at cathode 
surfaces. To bring about the required reaction, a certain electropotential is applied to the anode 
and cathode. Electrochemical methods are employed mainly for metal ion elimination such as 
the recovery of copper and lead127128, mercury(II) and zinc(II)129, cobalt(II)130, and cadmium, 
etc. Removal of metal ions from the 1-20 ppm level to the ppb level has been reported131. 
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Another interesting application of electrochemical methods is cyanide oxidation in wastewater. 
In most metal-finishing and hydrometallurgical industrial wastewaters containing metal ions 
(such as gold, silver, chromium) and cyanides, the electrochemical method has an advantage 
in that simultaneously cyanide is decomposed (oxidized) at the anode and heavy metals are 
deposited (reduced) at the cathode without causing a sludge problem132. 

1.1.9 Photocatalysis for wastewater and air treatment 

Photocatalysis is the combination of using a photocatalyst and UV or visible light for the 
treatment of wastewaters and gaseous pollutants. When illuminating a photocatalyst using UV 
or visible light, various organic compounds (e.g., aromatic, organochloride and 
organophosphorus compounds) can be oxidized and mineralized at the photocatalyst surface 
or oxidized in solution under ambient and atmospheric conditions. This is because strong 
oxidation and reduction sites are produced at the photocatalyst surface when this surface is 
illuminated with light of the appropriate wavelength. Radicals formed at the surface dissolve 
in solution and then react with pollutants. It has often been demonstrated that various organic 
pollutantó can be oxidized photocatalytically under the influence of large amounts of free solar 
energy. 

Photocatalysis is one of the most important advanced oxidation technologies. It can be used not 
only for oxidative treatment of wastewater containing various organic and inorganic 
compounds, but also for reductive treatment such as reductive deposition of metals from 
wastewater. Because photocatalysis is the main subject of this dissertation, it is discussed in 
detail in the paragraphs below. 

1.2 PHOTOCATALYSIS 

1.2.1 Types of photocatalysis 

Most of the research reports about AOTs published over the last twenty years concern 
photocatalysis. There are two types of photocatalysis: homogeneous photocatalysis, in which 
a photocatalytic reaction takes place in a homogeneous phase, and heterogeneous 
photocatalysis, in which the photocatalyst and reactant are present in different phases and the 
photocatalytic reaction occurs at their interface. Examples of homogeneous photocatalysis in 
a water phase are the photocatalytic degradation of chlorophenols by the soluble 
polyoxometalates133 W^O^4", PW12O40

3" and SiW12O40
4", and the photocatalyzed valence 

isomerization of norbornadiene to quadricyclane by copper(I) chloride134. Photosensitizers, 
which consist of certain soluble organic dyes, can also be considered homogeneous 
photocatalysts133-136. Heterogeneous photocatalysis involves a reaction at the surface of a 
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heterogeneous solid photocatalyst. Photocatalysts are usually semiconductors (Ti02, ZnO, 
Fe203, etc.), but they can also be homogeneous photocatalysts (such as water-soluble organic 
dyes) fixed on a solid carrier137. Semiconductor photocatalysts can be applied either as a 
catalyst fixed on a carrier for wastewater or polluted air treatment138139140141, or as a catalyst-
suspension system for wastewater treatment142143144. Such a suspension of a powdery 
semiconductor photocatalyst in water is studied in this thesis. 

1.2.2 Definition and discussion of photocatalysis 

The word "photocatalysis" is composed of the words "photo" and "catalysis" and therefore 
means catalysis in the presence of light. It implies that the process of a photocatalytic reaction 
must involve light and a catalyst. "Catalysis" is defined as "an action process of a catalyst on 
a chemical reaction". "Catalyst" is defined as "a substance which increases the rate at which 
a chemical reaction approaches equilibrium, without being consumed in the process"145. The 
definition of "catalyst" has two important implications: Firstly, it implies that the position of 
equilibrium attained in the presence of a catalyst is the same as that ultimately attained when 
no catalyst is present, i.e., a catalyst cannot change the equilibrium of a reaction, it can only 
reduce the time it takes to reach equilibrium. Secondly, it implies that a catalyst can only 
increase the rate of reactions with a reaction free energy AG° < 0. Examples of such reactions 
are: 

~500°C,300 aim 
N, + 3 H, 22 .. 2 NH, AG° = -33 KJ/mol (AG° < 0) (1.19) 

C6H60(phenol) + 1- 0 2
 T'°2 . 6 C02 t + 3 r l ,0 (AG0 < 0) (1.20) 

A normal catalyst cannot initiate a reaction with a reaction free energy AG° > 0 (for example, 
the reactions given in Eq. 1.21 and 1.22). In this thesis, "photocatalysis" is defined as "an 
action process of a photocatalyst on a chemical reaction. " "Photocatalyst" is defined here as 
"a substance associated with photons to activate a chemical reaction and/or to accelerate the 
rate at which a chemical reaction approaches equilibrium, without being consumed in the 
process. " In contrast to a normal catalyst, a photocatalyst can not only increase the rate of a 
reaction with a free energy AG0 < 0, such as ammonia synthesis (Eq. 1.19)146147 and phenol 
mineralization (Eq.1.20)148149150, but can also initiate a reaction with a free energy AG° > 0. 
Other definitions of photocatalysis are given in the literature151152153. Two examples of 
reactions in which AG° > 0 are: the photocatalytic splitting of water to hydrogen and oxygen 
at the surface of a semiconductor photocatalyst154155156157158; and the photocatalytic oxidation 
of alcohol in deaerated systems at the surface of a metallized semiconductor photocatalyst to 
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produce hydrogen and aldehyde159160161162. Without a photocatalyst or the use of light, the 
reactions given in Eq. 1.21 and 1.22 cannot happen under the standard states of thermodynamic 
law. 

H20 —***** . Hjt + 1/2 0 2 AG°=237 KJ/mol (AG0 > 0) (1.21) 

R-CH.OH *"** . H.t + R-CHO AG°=22~56 KJ/mol (AG0 > 0) (1.22) 
z hv z 

1.2.3 Fundamental theory of semiconductors 

In this section, definitions of the most important concepts and terms of semiconductor 
photocatalysis are briefly presented and explained. For detailed, fundamental, mathematical 
descriptions and deduction of the semiconductor principles and the photocatalytic process, 
references are made to the literature163164165. 

1.2.3.1 Energy bands, band edge and band gap of semiconductors 

The electronic state of a single atom or a single molecule can be described by means of 
electron orbitals with a definite energy. According to the band theory of solid state physics on 
the formation of a crystal from a large number of atoms or molecules, electron orbitals of 
similar energy level combine to form a so-called energy band. It may be assumed that the 
energy levels of the electron orbitals in a band are continuous, and that electrons can move 
easily within a band if it is not fully occupied. Atomic or molecular orbitals with different 
energy levels form different energy bands. The orbitals of the valence electrons (the highest 
filled orbits) form the valence band (VB), and the lowest unoccupied orbitals of atoms form 
the conduction band (CB). The highest energy level in the valence band is called the valence 
band edge (E^, which is presented as the energy of the valence band. The lowest energy level 
in the conduction band is called the conduction band edge (Ecb), which is presented as the 
energy of the conduction band. 

The energy difference between the valence band edge and the conduction band edge is called 
band gap (or energy gap (Eg)). Materials can be simply classified as conductors (e.g., metal), 
semiconductors (e.g., certain metal oxides) and insulators based on their band gap. This is 
shown in Fig. 1.3. There is no band gap for conductors, because in conductors the valence band 
and conductor band overlap. Therefore, in conductor, electrons can be excited by a tiny 
external force from fully filled orbitals (VB) to empty orbitals (CB), and moving freely among 
empty orbits of atoms. Semiconductors have a band gap of around 0.2-4 eV", and as a result 
of excitation by some types of external force (such as visible light) electrons can move to the 
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E . 

Eg 5 - 10 eV 

CB 

VB 

a. Metal b. Semiconductor c. Insulator 

Fig. 1.3. Simple diagram of the band and band gap of a metal, semiconductor and insulator. 
CB: conductor band; VB: valence band; there is a band gap (Eg) between CB and VB. 
E: energy level. 
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Fig. 1.4 The formation of a junction in the dark between a semiconductor and a solution" 
(a) for an n-type semiconductor, (b) for a p-type semiconductor. A+/A: redox couple 
accepting electrons. D+/D: redox couple donating electrons. 
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empty band of electron energy levels and move among atoms. Some data on band gaps of 
semiconductors are shown in Table 1.1. Insulators have a band gap of 5 eV or more. 

Table 1.1 Energy band gap Eg between the valence and conductor bands 
as a function of absolute temperature166 

Crystal 

Diamond 

Si 

Ge 

a-Sn 

InSb 

InAs 

InP 

GaP 

GaAs 

GaSb 

AlSb 

SiC (hex) 

Te 

ZnSb 

Eg 

OK 

5.4 

1.17 

0.744 

0.00 

0.24 

0.43 

1.42 

2.32 

1.52 

0.81 

1.65 

3.0 

0.33 

0.56 

(eV) 

300 K 

-

1.14 

0.67 

0.00 

0.18 

0.35 

1.35 

2.26 

1.43 

0.78 

1.52 

-

-

0.56 

Crystal 

PbS 

PbSe 

PbTe 

CdS 

CdSe 

CdTe 

ZnO 

ZnS 

SnTe 

AgCl 

Agi 

Cu20 

Ti02 

Eg 

OK 

0.286 

0.165 

0.190 

2.582 

1.840 

1.607 

3.436 

3.91 

0.3 

-

-

2.172 

3.03 

(eV) 

300 K 

0.34-0.37 

0.27 

0.30 

2.42 

1.74 

1.45 

3.2 

3.6 

0.18 

3.2 

2.8 

-

-

1.2.3.2 n-type and p-type semiconductors, Fermi level, doping, and hole 

Normally, a pure (or eigen-) semiconductor is useless for practical application because of its 
low electrical conductivity. The presence of a trace amount of an impurity in a semiconductor 
will greatly enhance its electrical conductivity. For example, the addition of boron to silicon 
at a ratio of 1 to 105 can increase the conductivity of pure silicon at room temperature by a 
factor of 103. A stoichiometric deficiency of one constituent in a semiconductor will act as an 
impurity. Such semiconductors are referred to as deficit semiconductors. The deliberate 
addition of impurities to a semiconductor is called doping. 
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If an impurity atom of valence five (e.g., phosphorus, arsenic, antimony) is present in the 
lattice place of a normal silicon atom, one valence electron of the impurity atom will be left 
after four covalent bonds with the nearest neighbour have been established. The extra electron 
is a major charge carrier. An impurity atom that can give up an electron as a free electron in 
a semiconductor is a donor. This type of impure semiconductor, in which the major charge 
carrier is an electron, is called an n-type semiconductor. 

If an impurity atom of valence three (e.g., boron, aluminum, gallium, indium) is present in the 
lattice place of silicon, it will accept one electron from the valence band to form four valence 
bonds with the nearest neighbour. In the valence band, a hole remains, which seems to move 
freely within the valence band due to the fact that an electron in a neighbouring atom moves 
to this hole and produces a new hole at the neighbour. Thus, this type of semiconductor has 
holes as major charge carriers. An impurity atom that can accept an electron is an acceptor. 
This type of impure semiconductor is called a p-type semiconductor. 

The Fermi level (Ep) of a semiconductor can be thought of as the average energy of mobile 
electrons163d. Normally, it is related only to the composition of the semiconductor and to 
temperature. The Fermi level of n-type semiconductors, in which the major mobile carriers are 
electrons, is close to the edge of CB because of the distribution of impurity electrons. The 
Fermi level of p-type semiconductors, in which the major mobile carriers are holes, is close 
to the VB because of the distribution of holes produced by the impurity. These Fermi levels 
are diagrammed in Fig. 1.4(a) and (b) where the junction between semiconductors and solution 
is shown167. 

The Fermi level of electrons in solution refers to a redox couple in solution (i.e., E,(redox)). 
In photoelectrochemistry, E,(redox) is frequently considered that it is equal to the redox 
potential expressed in the vacuum scale (Evac). However, it is not the case in accuracy 
according to some researches. Detailed discussion and review are given by M. Grätzel and 
related references'64, '"". 

1.2.3.3 Electron equilibrium at a semiconductor-liquid interface in the dark. The 
formation of a space charge layer and band bending 

When a piece of n-type semiconductor is immersed in an aqueous solution, a semiconductor-
liquid junction is formed. Fig. 1.4 also shows the equilibrium and the transfer of charges in the 
dark at the semiconductor electrodes. The electrochemical potential of a solution (i.e., its 
Fermi level) is determined by one of the redox couples in the solution. In Fig. 1.4a, E(A+/A) 
represents a redox couple accepting electrons, and in Fig. 1.4b, E(D+/D) represents a redox 
couple donating electrons. For an n-type semiconductor (Fig. 1.4a), the electrochemical 
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potential of the electrons in the semiconductor (Fermi level EF) is more negative than that of 
the redox couple in the solution (E(A+/A)), and electrons will flow from the high-energy n-
type material to the low-energy redox species in the solution. This non-Faradaic current will 
flow until equilibrium is reached, and the electrochemical potentials of these two phases are 
identical. As a result, in the semiconductor a barrier layer will be formed in which hardly any 
charge carriers are left. This layer is called space depletion region or space charge layer; in 
this layer, the charge carriers moving from the bulk of the semiconductor to the solution are 
slowed down or stopped. The excess space charge within this layer is distributed by immobile 
positively ionized donor states, and influences the energy states of the semiconductor. Within 
the space charge layer, the valence and conduction bands are bent (band bending). For a p-
type semiconductor, the space charge layer and band bending are diagrammed in Fig. 1.4b. 

1.2.3.4 Electron equilibrium at a semiconductor-liquid interface during illumination 

The electron equilibrium states at a semiconductor-liquid interface and the photocatalytic 
oxidation and reduction processes occurring at this interface are shown in Fig. 1.5168. In 
Fig. 1.5a, which shows an n-type semiconductor illuminated using light with an energy (hv) 
content larger than or equal to the band gap of the semiconductor (hv > Eg), electron-hole 
pairs (e"-h+) are generated. As a result of excitation, electrons in the valence band move to the 
conduction band, leaving holes in the valence band. As a result of the increase in highly 
negative energy electrons in the conduction band, the bending of energy bands will decrease 
(i.e., the energy band will move in a negative direction), because the positively ionized donors 
in the space charge layer are neutralized by the excited electrons. The holes with the 
conduction band potential accumulate at the semiconductor surface and either oxidize substrates 
in the solution (D+/D) or recombine with electrons in the conduction band. Under the influence 
of the space charge layer, the excited electrons move to the bulk of the semiconductor and then 
move to the surface of the metal counter electrode via an external wire, where they can reduce 
substrates in the solution (A+/A). Figures 1.5a and 1.5c show photocatalytic cells storing 
chemical energy. Figures 1.5b and 1.5d show photochemical cells producing electric power 
which is applied for external load R (e.g., a lamp). In Figures 1.5c and 1.5d, p-type 
semiconductors are used, and the flow of charge carriers is opposite to that occurring in the 
case of n-type semiconductors. Under the influence of the space charge layer, electrons 
accumulate at the semiconductor surface, and holes move to the surface of the metal counter 
electrode. For a powdery semiconductor photocatalyst suspended in an aqueous solution, the 
electron equilibrium at the semiconductor-liquid164- 173(" interface and the photocatalytic 
oxidation and reduction processes are shown in Fig. 1.6, which are in fact similar to those 
shown in Fig. 1.5. 
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Fig. 1.5. Photochemical cells'68, (a) and (c): photocatalytic cells which convert photo energy 
into chemical energy via oxidizing (D+/D) and reducing (A+/A) redox couples in solution 
such as splitting water to hydrogen and oxygen, or eliminating pollutants in water. The 
dashed lines express band bending decrease and Fermi level EF increase after illumination, 
(b) and (d):. photochemical voltaic cells of converting photo energy into electric energy 
which is used by the external load (R) connected to the cells, where O/R is a redox couple. 
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Fig. 1.6 (a) The process of charge transfer and equilibrium at the interface of a 
solid and a liquid for an n-type semiconductor in an aqueous solution. The solid 
line indicates the situation in the dark, and the dashed line indicates the situation 
in the case of illumination. E^ is the conduction band edge. Evb is the valence 

band edge164"', (b) A model of a porous micro-cell for a powdery semiconductor 
photocatalyst suspended in a liquid. 
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1.2.3.5 Flat band potential and overpotential of semiconductors 

When a semiconductor is immersed in a solution, the energy bands bend because of the 
electron transfer from the semiconductor to the redox couples in the solution. During 
illumination, the bending of bands decreases and the Fermi level of the semiconductor 
gradually moves to its original position. If the light density is strong enough and the electrons 
can accumulate in the CB without moving out of it (i.e., into solution or by recombination) too 
fast, the space charge region or depletion field will disappear and the bands will become flat. 
The potential of the Fermi level at this flat band position is called the flat band potential. For 
n-type semiconductors the flat band potential is close to CB, and for p-type semiconductors it 
is close to VB167. The flat band position is the maximum potential that semiconductors can 
reach and that can be measured during experiments. It is an important parameter for assessing 
whether a semiconductor photocatalyst has suitable potential to oxidize or reduce pollutants. 

The overpotential (n) is defined as169: 

n = E - E e (1.23) 

where E is the electrode potential of a considered electrode reaction under given conditions, 
and E„ the equilibrium electrode potential of the electrode reaction. For example, the Ee of the 
H+/H2 couple under standard conditions is Ec = 0 Volt, but under the same conditions, 
hydrogen production at a nickel surface requires an Ee of - 0.21 Volt, at a zinc surface one of -
0.70 Volt, and at a platinum surface one of - 0.005 Volt. Thus, in this example platinum has 
the lowest overpotential(r| = -0.005 V)'70, '71. In practice, an overpotential requires much more 
energy to carry out a reaction than in theory. This is generally due to electrode polarization and 
the diffusion of reactants. Semiconductor oxides normally have a high overpotential. As a 
result, some reactions which are normally thermodynamically possible become impossible. 
Fig. 1.7 shows the band edge positions (energy levels) and band gaps for a number of 
semiconductors164'173<a)' m. The flat band potential at the Ti02 surface is around - 0.05 Volt; 
theoretically, the H2/H

+ reaction (resulting in Hj) can be carried out at this potential. However, 
due to the high overpotential of Ti02 for this reaction, in practice this is not possible. TiQ 
surfaces are therefore modified with a noble metal of low overpotential, such as platinum. 

1.2.3.6 Redox potential on a semiconductor 

In a semiconductor, the band edges of the filled VB and empty CB are the only energy levels 
that an electron can occupy to be involved in reactions with substrates in a liquid. The redox 
potentials of a semiconductor are determined based on the band edge positions of VB and CB 
(as shown in Fig. 1.7) and its Fermi level. During illumination, it is thermodynamically 
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possible for an electron at the edge of the CB to reduce a reactant whose redox potential 
position is lower than the CB edge, and for a hole at the edge of the VB to oxidize a reactant 
whose redox potential position is higher than the VB. To be a good photocatalyst, a 
semiconductor therefore must have a suitable flat band potential for the required redox 
reactions in solutions. For example, according to Fig. 1.7 the excited electron in the 
semiconductor CdS can reduce oxygen to water, because its flat band potential is more negative 
than the potential of the 02/H20 couple, and the hole in the valence band can oxidize ethanol 
(EtOH) to carbon dioxide because its potential is more positive than that of the C02/EtOH 
couple. GaAs can oxidize ethanol to C02 but cannot oxidize water to oxygen, because its 
valence band edge is more negative than the potential of the 02/H20 couple. MoS2 can reduce 
oxygen to water but cannot reduce protons to hydrogen (H+/H2). 

1.2.3.7 Optical property of semiconductors 

One of the important properties of a semiconductor is its optical property. Since a 
semiconductor has a band gap of around 0.2 to 4 eV, which is moderate, the photo energy of 
ultraviolet and visible light can be converted to electric or chemical energy through the 
excitation of electrons from the valence band to the conductor band. Fig. 1.8 shows the 
spectrum range of electro-magnetic radiation164, m- ' " . The range of radiation in which we are 
interested is ultraviolet and visible light with a wavelength of between 100 nm and 1,000 nm. 
The wavelength of light must be equal to or lower than a certain threshold value, i.e., the 
energy of photons must be equal to or larger than the band gap of semiconductors. Threshold 
wavelength Xphoto can be expressed as: 

Aphoto(nm) = l,240/Eg(eV) <L24> 

For example, the band gap of Ti02 is 3.03 eV. Therefore, the threshold wavelength is Aphoto 

= 1,240/3.03 = 409 nm, which is near-UV light. It means that only a light wavelength lower 
than 409 nm can excite electrons in the Ti02 valence band to the conductor band. 

The absorption of photons in a semiconductor can be expressed using the exponential law: 

I/I0 = exp(-a(E)/) (1.25) 

where a(E) is the absorption coefficient for a photon with energy E, I the distance over which 
light penetrates into the solid, I the intensity of the transmitted light, and I0 the intensity of the 
incident light. For Ti02, a = 2.6 x 10* cm"1 at 320 nm, which means that light of 320 nm 
wavelength is extinguished by 90% after being transmitted over a distance of 3,900 Â in the 
bulk of Ti02. 



24 

'S 
X 

tu 
3 
O" 
ai 

IL, 

00 
O — 1—1 

o 
""© -

•—< 

t N 

o — l—t 

* < * • 
» • * 

o — 1-1 

vo 

O — 
*—r 

0 0 
i - H 

o — 1 - H 

: 

: 

: 

: 

3 

: 

CA 
CU > 
cfl 
£ O 

1 
es 

[ 

CA 

% 
o 
I M 

[ 

"8 
cfl 
u> 

« 4 -

[ -
t/5 

,> 
! 

> 

U 
£. cfl k* 

^ 
CA 

>* rt U i 

> 

E 
/< 

JU 

"33 
£ 
£ 

_ M 

O 

'""' 

' o 
1-1 

O 

- • > 

O 
- * ƒ 

/ 
- ƒ 

• 
' _ ƒ 

' o — 

O 

*"̂  

s ~ \ 

E c 

(e
V

) 

en
gt

h 

en
er

gy
 

W
av

el
 

• * 

- t N _ 

00 

»—< 

•—i 

o _ 
tN 

00 
Tf — 
tN 

, 
ró 

m 
• * ' 

vb 

— tN — 
1 - ^ 

Q 

ï - H 

: 

g 
tri 

i 
4 

8 

-o 
03 

'-C 
_c 

[ 

3 
'Vi 

"> 
\ 

g 
° > 
E« U i 

3 

c 

'3 CA 

"5> 
2 
o« u. 
«u 
e 
cu 

O 
— (S 

o 
tN 

_ 8 
»—« 



Chapter 1 Introduction 25 

1.2.3.8 Metal-semiconductor junctions 

The metal-semiconductor junction is an important concept for a photocatalyst consisting of a 
metallized semiconductor (e.g., Pt/Ti02, Pd/Ti02, Pt/CdS). When a metal is in contact with 
a semiconductor, an electrostatic potential barrier is formed between the metal and 
semiconductor whose value depends on their work functions (J>. Work function (J> is the energy 
needed to excite an electron from Fermi level to vacuum level (defined as 0 eV). Schottky 
developed a simple theory called the Schottky contact or Schottky barrier theory, which 
describes the contact between a metal and a semiconductor. Fig. 1.9 diagrams how Schottky 
barriers occurring are formed when a metal and a semiconductor physically come into contact 
with each other163(b). 

To understand the property of a Schottky barrier, consider an ideal contact between a metal 
with work function fym and an n-type semiconductor with electron affinity x (defined as the 
energy required to transfer an electron from the bottom of the conduction band to the vacuum 
level). Diagrams of the energy bands existing just after contact between a metal and an n-type 
semiconductor are represented in Figures 1.9a and c. Work function <\>s of the semiconductor 
is the difference in energy between the semiconductor's Fermi level and vacuum level. For an 
n-type semiconductor, the difference between x and <j>m is very small, because its Fermi level 
is very close to the bottom of the conduction band. However, for a p-type semiconductor, the 
difference between x and <j>m is almost the entire width of the band gap. 

There are two types of situations that can arise when a metal and a semiconductor are brought 
into contact with each other. If 4>m > <\>s, electrons will flow from the semiconductor to the 
metal. As a result (see Fig. 1.9b), the metal will get a negative surface charge, but its Fermi 
level will not change. Because of the loss of electrons, the Fermi level of the semiconductor 
will decrease. Because the donors are of relatively low density, they will become ionized over 
a region extending into the bulk of the semiconductor, i.e., a space charge region is created. 
In this case, at the junction an electrostatic potential barrier is formed, which is called a 
Schottky barrier or a Schottky contact. 

An important electrical property of a Schottky barrier is its rectifying ability, meaning that 
electrons can flow in only one direction, namely from the semiconductor to the metal (see 
Fig. 1.9b). If an external electrical field is added of which the charge sign is the same as that 
of the Schottky barrier, this field intensifies the Schottky barrier and thus slows down the flow 
of electrons. However, if an external electrical field is applied of which the charge sign is 
opposite to that of the Schottky barrier, this barrier will be weakened and electrons can flow 
in the one direction from semiconductor to metal. 



26 

ä 
v. 

üi 

Vacuum level 

y x 

Metal 
(a) 

2_ 
Bottom of 
conduction band 

Valence band 

Semiconductor 

Just after contact 

Vacuum level 

y v 

Metal Semiconductor 
Equilibrium established 

w 
M u <u c W 

Vacuum level 

Bottom of 
conduction band 

Valence band 

Metal Semiconductor 

Just after contact 

Vacuum level 

y x 

Metal Semiconductor 

Equilibrium established 

Fig. 1.9. The formation of Schottky barriers of metal-semiconductor junction (n-type 
semiconductor)163<b). • m " • s ' s t n e amount of band bending. X„ is the width of the space 
charge layer, (b) is a Schottky barrier, which has a rectifying property, (d) is a Schottky 
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Another important property of the Schottky barrier is shown in Figures 1.9c and 1.9d. If (J>m 

< ((>„ electrons will flow from the metal to the semiconductor, because in a metal electrons 
have a higher energy level than in a semiconductor. Next, (see Fig.l.9d) the metal gets a 
positive surface charge because of losing electrons, and the Fermi level of the semiconductor 
increases because the semiconductor receives electrons. The transmission of charge and 
formation of a space charge region will approach a state of equilibrium in which the Fermi 
level of the semiconductor is equal to that of the metal. The values for <j)m - (}), in Figures 1.9d 
and 1.9b differ, because in Figure 1.9d the space charge region created is not a potential 
barrier but a potential trap, which can be called a Schottky trap. The difference between a 
Schottky trap and a Schottky barrier is that in the case of Schottky trap electrons can flow in 
two directions at the metal-semiconductor junction depending on the direction of an added 
external electrical field. Such a metal-semiconductor junction forming a Schottky trap is 
normally called an Ohmic contact because it satisfies Ohm's law. Some data on the work 
function of metals ((|>J are listed in Table 1.2, and the work function of a semiconductor (cj)s) 
can be estimated based on Fig. 1.7. 

The distinction between a Schottky contact and an Ohmic contact has important consequences 
for the catalytic properties of metals at a semiconductor surface. In the case of a Schottky 
contact, the metal acts as a reduction position. From Table 1.2 and Fig. 1.7, it can be derived 
that this is the case for Pt/Ti02 and Pd/Ti02. 

Table 1.2 Values of work function <$>m (eV) for some common metals165. 

Metal 

*m 

Metal 

*m 

Pt 

5.65 

Sn 

4.42 

Ni 

5.15 

Ti 

4.33 

Pd 

5.12 

Al 

4.28 

Au 

5.1 

Ag 

4.26 

Co 

5.0 

Ta 

4.25 

Cu 

4.65 

Ga 

4.2 

Mo 

4.6 

In 

4.12 

W 

4.55 

Mg 

3.66 

Fe 

4.5 

Ca 

2.87 

Cr 

4.5 

Ba 

2.7 

1.2.4 Brief history of photocatalysis 

Research into photocatalysis dates back to the 1930s when Plotnikov defined photocatalysis in 
his book "Allgemeine Photochemie"174. In the early 1950s, Markham and Laidler reported a 
kinetic study of photo-oxidation at the surface of zinc oxide in aqueous suspensions1". In 1971, 
reports appeared about the surface properties of such metal oxides as Ti02 and ZnO and the 
chemical reactions occurring at their surface176177178179180. Internationally, photocatalysis 



28 

received much more attention since the beginning of the 1970s, when the war in the Middle 

East caused the first energy crisis and researchers discovered that water can be decomposed 

photocatalytically into hydrogen and oxygen at ambient temperature and atmospheric pressure 

in a photoelectrochemical cell using a Ti0 2 single-crystal anode18'. This principle was 

considered very important for the final solution of the energy problem of man. Water cannot 

be split under ambient and moderate chemical conditions (e.g., at ambient temperature and 

pressure) because the free energy (AG°) of this reaction is larger than zero, unless extra power 

is used, e.g., by irradiation with photons. 

At the end of the 1970s and at the beginning of the 1980s, with the start of an increasing 

awareness of the urgent need to protect our environment, people involved in environmental 

protection began to pay attention to this new technology of photocatalysis. Photocatalysis is not 

only an advanced oxidation technology for the elimination of organic compounds from 

wastewater and air, but can also be applied for the reductive elimination of many inorganic 

compounds from wastewaters. 

A large number of reports on the photocatalytic treatment of organic and inorganic compounds 

have appeared since 1980. During investigations into the general applicability of the 

technology, a wide variety of toxic chemicals were degraded in the presence of various 

semiconductor photocatalysts. Several books have been published on the topic of photocatalysis 

182.183.184.185, 186,187,188 and a , o t of r e v i e w p a p e r s h a v e appeared since the 1970s 

I67,i68,i89,i90.i9i,i92,i93,i94,i95.i9«,i97 M ( ) s t s m d i e s o n p h o t o c a t a i y t i c treatment are the studies of 

kinetic processes, of the elimination and mineralization of pollutants from wastewater and 

polluted gases, of the effect of various parameters on photocatalytic processes, and of the 

properties of various intermediates. The topics of all these studies are represented in Tables 

1.3 and 1.4, which summarise the photocatalytic elimination of various inorganic compounds 

and organic compounds. 

1.2.5 Typical examples of photocatalysis for pollutant treatment 

Many reports on the photo-elimination of organic and inorganic pollutants have been published, 

including reports on various photocatalytic theories, designs, methods and technologies. Some 

typical examples are given below. 

1.2.5.1 The photodegradation of halogenated hydrocarbons 

Between 1983 and 1985, Ollis et al.195 first carried out a series of thorough experiments 

regarding the heterogeneous photocatalytic degradation of halogenated hydrocarbons and 

suggested the possible applicability of photocatalysis as an innovative environmental 

technology. During these experiments, photocatalytic dechlorination, debromination and 
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mineralization of halogenated hydrocarbons in water were studied. Examples of reactions are 
given in Eq.1.26 and 1.27. 

Table 1.3 Inorganic compounds that can be degraded or 
recovered by photocatalytic processes. 

Compounds 

Ammonia 

Cobalt (Co2+) 

Cadmium (Cd2+) 

Carbon oxide 

Chromate (Cr6+) 

Copper (Cu2+) 

Cyanide (CN) 

Gold (Au3+) 

Hydrogen sulphide (H2S) 

Lead (Pb2+) 

Manganese (Mn2+) 

Mercury (Hg2+) 

Nickel (Ni2+) 

Nitric oxide 

Palladium (Pd2+) 

Persulphate (S208
2) 

Platinum (Pt4+) 

Rhodium (Rh3+) 

Silver (Ag+) 

Sulphite (S03
2 ) 

Thallium (Tl+) 

Uranium (U6+) 

References 

198, 199, 200 

201201 

202202, 203203 ,204204 

205205, 206206, 207207 

202, 208208, 209209 

202, 203, 204 

210210,211211 

211,212212 

213213, 214214 

201, 215215 

201 

203, 216216 

203 

198, 206 

212 

211 

203, 212 

212 

203, 217217 

214 

201 

218,219 
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Table 1.4 Organic compounds and classes of compounds that can be oxidized using 
photocatalytic processes. (The references for Table 1.4 are given in Appendix I). 

Acetic acid 
Acetylene 

Alcohols 

Aldehydes 

Aliphatic alcohols 

Alkanes 

Alkylbenzaldehydes 

Anthraquinone-2-sulphonic 

Aromatics 

Atrazine 

Bentazon 

Benzene 

Benzoic acid 

Butanol 

Chlorinated dioxins 

Chlorinated phenols 

Chloro-3-(pddm)-diazirine 

Chloro-4-hydroxy benzoic 

Chlorofluorocarbons 

Chlorofluoromethanes 

Chloroform 

Chloromethane 

Chloronitrobenzenes 

Chloroorganics 

Chlorophenol 

Chlorosalicylic acid 

Cyclic ethers 

Cyclohexane 

DDT 

Dibromo 3-chloro propane 

Dibromoethane 

Dichlorobenzene 

Dichlorobiphenyl 

Dichloroethane 

Dichloromethane 

Dimedthoxy benzenes 

Dimethyl-2-butene 

Dodecane 

Dye compounds 

Ethanoic acid 

Ethoxyethanol 

Ethylene glycol 

Formic acid 

Furandimethanol 

Halobenzenes 

Haloorganics 

Halothane 

Hydrocarbons 

Hydroxybenzoic acid 

Isobutane 

Isopropanol 

Methanol 

Methyl orange 

Methyl viologen 

Methylbutane 

Methylbutanols 

Methylene blue 

Naphthalene 

Nitrogen-organics 

Nitroguanidene 

Nitrophenol 

Odour compounds 

Oligocarboxylic acids 

Organic acids 

Organic carbon 

Organic solutes 

Organics 

Organo-nitrates 

Organochlorine 

Organophosphate 

Organophosphorous 

Polychlorinated biphenyls (PCBs) 

Pentachlorophenol 

Perchloroethylene 

Pesticides 

Ph3CCOOH 

Phenol(s) 

Polychlorinated dioxins 

Polynuclear aromatic compounds 

Propan-2-ol 

Propene 

Propionic acid 

Pyridine 

Salicylic acid 

Sulphonated aromatics 

Surfactants 

Tetrachloroethene 

Tetrachloromethane 

Thioethers 

Toluene 

Trichloroethane 

Trichloroethylene 

Tetrachloroethylene 

Trichlorophenols 

Trichlorophenoxy-acetic acid 

Triethylamine 
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CHCI3 + H20 + j q 'j > C02I + 3HC1 (1.26) 

(1.27) CHBr, + H.0 + i O , _2ÜL_* CO,t + 3HBr 3 2 -, 2 h„ 2 

The degradation rate constant (k) and the apparent adsorption constant (K) of the reactant at 
the catalyst surface were first calculated by Ollis et al. according to the Langmuir-Hinshelwood 
kinetic model, which is given by the equation: 

Y = k KC/(1 + KC) (1.28) 

where y is the reaction rate of the reactant and C the reactant concentration in solution. The 
results are shown in Table 1.5. In Chapter 3, the Langmuir-Hinshelwood kinetic model will 
be discussed in more detail. 

Table 1.5. Rate and equilibrium constants for the mineralization of halogenated 
hydrocarbons on native Ti02

195. k = the rate constant of the degradation reaction 
(ppm/min.g.cat.). K = the apparent adsorption constant of the reactant at the 
illuminated catalyst surface (ppm"1). 

Compound 

C.H2CI2 

CHCI3 

CC14 

CH2Br2 

CHBr3 

C12C=CHC1 

C12C=CC12 

k 

1.6 

4.4 

0.18 

4.1 

6.2 

830 

6.8 

K 

0.02 

0.003 

0.005 

0.02 

0.01 

0.01 

0.02 

Compound 

H2C1C-CC1H2 

CHBr2CH3 

CH2BrCH2Br 

CH2ClCOOH 

CHCljCOOH 

CI3CCOOH 

k 

1.1 

3.9 

2.2 

5.5 

8.5 

0.0 

K 

0.01 

0.02 

0.02 

0.002 

0.003 

--
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1.2.5.2 The photocatalytic degradation of insecticides 

The treatment of wastewater containing insecticides and herbicides (normally organic 
phosphorus and/or organic chloride compounds at low concentrations in surface and ground 
water) is one of the hardest environmental problems. Photocatalytic methods show great 
advantages regarding the degradation of these compounds. Pelizzetti and Serpone et al.220, 
Grätzel et al.221, Tanaka et al.222 and Huang et al.223 reported some valuable work on these 
complicated compounds. DDVP (Dimethyl-2,2-dichlorovinyl phosphate) and DEP (Dimethyl-
2,2,2-trichloro-l-hydroxyethyl phosphorate) can be degraded (Tanaka et al.)222 in the presence 
of suspended Ti02 during illumination with a super high pressure mercury lamp or with 
sunlight. The use of Ti02 loaded with platinum or the addition of H202 can greatly enhance 
the reaction rates. The degradation reactions are: 

(CH30)2POOCHCCl2 (DDVP)+-02 - • H3P04+2HCl+4C02t+H20 (1.29) 

(CH30)2POCHOHCCl3 (DEP)+-02 -* H ^ O ^ H C ^ C C y +H20 (1.30) 

The final degradation products of DDVP and DEP are CI", PO^+, H+ and C02. The results of 
the degradation of DDVP and DEP are listed in Table 1.6. 

DDT (l,l,l-trichloro-2,2-bis(p-chlorophenyl) ethane) can also be eliminated by photocatalysis 
(Borello, Pelizzetti, Serpone, et al.)220 at the surface of the photocatalysts Ti02, ZnO, CdS, 
W03 and Fej03 (see also Table 1.6). The reaction of DDT elimination is given by the equation: 

C^HJOJ + 1502
 T'°2 . 14 C02I + 5 HCl + 2H20 (1.31) 

1.2.5.3 The photocatalytic degradation of s-triazine herbicides 

The photocatalytic degradation of a series of s-triazine herbicides in water was thoroughly 
investigated by Pelizzetti224 under simulated solar light using particulate Ti02 as a 
photocatalyst. The herbicides were rapidly decomposed, as shown in Table 1.6, but complete 
mineralization of the herbicides was not observed. 



Chapter 1 Introduction 33 

Table 1.6. Examples of a photocatalytic method for treating recalcitrant compounds' 22°'222224. 
where B.I. = before illumination, A.I. = after illumination, Ilium. = illumination, Sim. = 
simulated, AMI = Air Mass 1 solar radiation reflecting the solar spectrum of light after it has 
passed through the earth' atmosphere along a line perpendicular to the earth' surface. 

Compound 

DDVP 

DEP 

DDT 

Atrazine 

Simazine 

Trietazine 

Prometon 

Prometryn 

Concentration 
(B.I.) 

1 x 10"3M 

l x l 0 3 M 

1 x 10-3M 

lxlO^M 

1 x lO^M 

lxlO-'M 

lxHTM 

1 x KTM 

1 ppm 

1 ppm 

1 ppm 

1 ppm 

1 ppm 

1 ppm 

25 ppm 

3 ppm 

15 ppm 

25 ppm 

25 ppm 

Reaction Conditions 

Ti02, UV 

Pt/Ti02, UV 

Ti02, HA> UV 

Ti02, R A , sunlight 

Ti02, UV 

Pt/Ti02, UV 

Ti02, H A , UV 

Ti02, H A , Sunlight 

Fe20„ AMI, Sim. Sunlight 

CdS, AMI, Sim. Sunlight 

ZnO, AMI, Sim. Sunlight 

W03, AMI, Sim. Sunlight 

Ti02, AMI, Sim. Sunlight 

Pt/Ti02, AMI, Sim. Sunlight 

Ti02, AMI, Sim. Sunlight 

Ti02, AMI, Sim. Sunlight 

Ti02, AMI, Sim. Sunlight 

Ti02, AMI, Sim. Sunlight 

Ti02, AMI, Sim. Sunlight 

Ilium. 
Hour 

5 

3 

0.33 

1.5 

2 

0.5 

0.5 

4 

5 

5 

5 

5 

5 

5 

0.33 

0.33 

0.33 

0.33 

0.33 

Concentration 
(A.I.) 

0.12xi0"3M 

~0 

~0 

~0 

~ 0 

- 0 

~0 

~0 

-0 .75 

- 0 . 4 

-0 .25 

-0 .15 

-0 .06 

- 0 

- 0 

- 0 

- 0 

- 0 

- 0 

where Atrazine = 6-chloro-N-ethyl-N'-(l-methylethyl)-l,3,5,-triazine-2,4-diamine. 
Simazine = 6-chloro-N,N'-diethyl-l,3,5-triazine-2,4-diamine. 
Trietazine = 6-chloro-N,N,N'-triethyl-l,3,5-triazince-2,4-diamine. 
Prometon = 6-methoxy-N,N'-bis(l-methylethyl)-l,3,5-triazine-2,4-diamine. 
Prometryn = 6-(methylthio)-N,N'-bis(l-methylethyl)-l,3,5-triazine-2,4-diamine. 
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1.2.5.4 The photocatalytic degradation of surfactants 

Surfactants are also sometimes problematic pollutants in domestic and industrial wastewaters. 
In recent years, Hidaka, Serpone, Pelizzetti et al.225226 examined various anionic, cationic and 
nonionic surfactants in detail under UV illumination using dispersions of Ti02 particles. 
Examples of some investigated surfactants are: 

Anionic surfactants: 
C,2-DBS: Sodium dodecylbenzene sulphonate 
C12-DS: Sodium dodecyl sulphate 
C12-LES-3: Sodium dodecyl tri(oxyethylene) sulphate 
C14-AOS: Sodium C14-a-olefin sulphonate 
C12-DG: Sodium N-dodecanoyl-L-glutamate 

Cationic surfactants: 
C16-HTAB: Hexadecyltrimethyl ammonium bromide 
C,2-BDDAC: Benzyldimethyldodecylammonium chloride 

Nonionic surfactants: 
NPE.n: p-nonyl-phenyl-poly(oxyethylene) ether, where n=7, 9, 11, or 50 ethoxy groups in the 
NPE ethoxy chain. 
C18-PEA-15: N,N-bis[poly(coxyethylene)] octadecyl amine 
C12_14-BHA: N,N-bis(2-hydroxyethyl) alkanamide 
C12.14-PAE-10: poly(oxyethylene) ester of fatty acid 
C12_14-NOE: alkyl nonakis(oxyethylene) ether 

CI4.16-NOE 

For initial concentrations of about 10" M, it was observed that most of the above surfactants 
were completely eliminated in the presence of the photocatalyst Ti02 after illumination for 0.5 
to 3 hours. The final products of this photocatalytic elimination were C02 and H20. 

1.2.6 Advantages of and problems associated with photocatalysis compared with other 

methods 

1.2.6.1 Advantages 

1. Higher resistance to toxic compounds. For semiconductor photocatalysts, such as inorganic 
oxides of Ti02, ZnO and Fe203, components which are toxic to many other methods (especially 
to biological ones) are often very suitable substrates to be oxidized on these photocatalyst 
surfaces. 
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2. Wide area of application. The results of twenty years research show that photocatalytic 
methods can be used to eliminate many highly toxic contaminants from wastewater by chemical 
oxidation or reduction, to simultaneously treat various organic compounds and inorganic 
compounds in wastewater, and to treat polluted air. 

3. The treatment of low concentrations of pollutants. According to research results obtained 
in recent years, photocatalytic methods can be used to treat ppm- and even ppb levels of 
organic and inorganic pollutants in ground- and surface water. 

4. Simple, light apparatus. A photocatalytic reactor consists only of a cell with simple 
appendices. It can be easily built at low costs and can even be installed in a truck for rapid 
emergency treatment of waste in the field. 

1.2.6.2 Problems 

1. Limited choice of effective photocatalysts. Up to now only the semiconductor Ti02 has 
shown high photocatalytic activity regarding various organic and inorganic compounds because 
of its suitable Eg (3.03 eV) and photo-stability. Compared with Ti02 on the photocatalytic 
efficiency for the removal of most pollutants from wastewaters, other semiconductors show the 
disadvantages of a poor photocatalytic activity, a photo-instability (photo-corrosion), too large 
or too small an Eg value, or an unsuitable flat band potential. 

2. Low photon quantum yield. According to most reports on the use of photocatalysis for 
wastewater treatment, only around 0.5% of the photons illuminating the solution can be 
converted into the energy needed for pollutant treatment. This is due to the lack of efficient 
photocatalysts and light sources. If methods were found to increase the proportion of valuable 
UV light (À s 400 nm) in light resources and to decrease the recombination of e"-h+ pairs, the 
photocatalytic efficiency of Ti02 would greatly increase. 

3. Separation of catalysts. During most photocatalytic treatments, semiconductor powders or 
colloids suspended in wastewater are used. In practice, it is hard to separate the catalyst from 
aqueous wastewater. Fixing catalysts on supports, such as glass fibre, ceramic and sand, may 
be a solution, but such catalysts have so far shown to be less efficient than suspension systems. 

1.3 OUTLINE OF THIS DISSERTATION 

The aim of the research was to increase the insight in photocatalytic oxidation and reduction 
processes and into the practical application of these process. This dissertation investigates the 
possibility of photocatalytic oxidation of organic pollutants and photocatalytic reduction of 
inorganic pollutants in wastewater under various reaction conditions. This dissertation 
elaborates on, among other things, the preparation and pretreatment of catalysts, the 
metallization of catalysts, solution pH, reactant concentrations, illumination time and the use 
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of promoters. Detailed experimental data, plausible kinetic equations, mechanisms, and a new 
porous micro-cell model for powdery photocatalysts are presented. 

Chapter 2 describes the photocatalytic oxidation of methanol, ethanol and chloroform, 
trichloroethylene (TCE) and dichloropropionic acid (DCP) in aqueous slurries of Ti02, Pt/Ti02 

and Pd/Ti02 in the presence of oxygen. The intermediates of methanol and ethanol produced 
during the process are discussed in detail, as are the effects of reaction pH on the 
mineralization of alcohol and the effect of catalyst metallization. A possible, plausible reaction 
mechanism was confirmed by experimental data. 

Chapter 3 deals with a method for metallizing the photocatalysts 1 %Pt/Ti02 and 1 % Pd/Ti02, 
X-ray powder crystal diffraction of Pt/Ti02, and surface element analysis of an electron beam 
probe (X-ray exciting spectrum) of M/Ti02. A new powder micro-cell porous model is 
proposed. Experimental data are explained based on a Langmuir adsorption isotherm, and 
possible kinetic equations and reaction mechanisms are discussed. 

Chapter 4 describes patents for a photocatalyst and a solidified Fenton reagent, and proposes 
a valuable method for the photocatalytic and photochemical treatment of industrial wastewater 
containing phenol and other toxic organic compounds. 

Chapter 5 details the photocatalysed deposition and concentration of uranium(VI) from an 
aqueous solution containing suspended particles of the photocatalyst titanium dioxide or 
metallized titanium dioxide. The photoactivities of Ti02 regarding reductive deposition of 
uranium(IV) and the effect of the organic complex EDTA are described, and a possible 
reaction mechanism is proposed. 

Chapter 6 describes the effect on the dehydrogenation activities of various photocatalysts of 
CdS created by modifications, such as preparation method, pretreatment method, various 
photocatalyst metallization percentages of Pt and Pd, and the promoting role of transition 
metals Cu, Ag etc. X-ray photoelectron spectroscopy and transmission electron microscopy 
were applied to investigate the surface structure of photocatalysts. A possible heterogeneous 
complex catalysis mechanism is proposed in detail. 

Chapter 7 contains the summary and conclusions of this dissertation. 

Appendix I lists extended references on the photocatalytic oxidation of various organic 
compounds. 
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PHOTOCATALYZED OXIDATION OF ALCOHOLS AND ORGANOCHLORIDES 
IN THE PRESENCE OF OXYGEN AND METALLIZED Ti02 SUSPENSIONS 

2.1 INTRODUCTION 

Precious metals, such as Pt and Pd, show a high activity in thermal catalysis, presumably 
because they have a suitable quantity of holes in the d-band and a very low overpotential. They 
are therefore used for hydrogénation, dehydrogenation and oxidation in both heterogeneous 
catalysis and electrochemistry. 

Non-metallized Ti02 can be used as a photocatalyst to mineralize various organochlorides 
(typical hazardous organic pollutants) in an aqueous solution1,2'3,4'5. Metallizing Ti02 with Pt 
or Pd (0.1 - 5% by weight (wt.)) can enhance its photocatalytic reductive activity. In the 
absence of oxygen, it accelerates the dehydrogenation of organics such as methanol and ethanol 
and increases water photo-splitting rates6,7,8. Bahnemann, Mönig and Chapman studied the 
photocatalytic reduction of halogenated alkanes using Pt/Ti02'. Several papers deal with 
photocatalytic reactions in aerated systems using Pt/Ti02: Izumi and Bard et al. reported the 
photocatalytic oxidation of hydrocarbons using Pt/Ti02

10". Serpone, Pelizzetti and other 
authors reported the photocatalytic precipitation of metal ions (such as the oxidative 
precipitation Pb2+ - Pb02 1 and the reductive precipitation UO|+ - U02 1 ) on photocatalyst 
surfaces12'3,14, and the oxidation of organic compounds (e.g., 3,3'-dichlorobiphenyl) with 
oxygen using various types of Ti02 photocatalysts in an aqueous solution151617. Loaded on 
Ti02, Pt and Pd can accelerate the oxygen reduction process occurring at the cathodic area, 
thereby diminishing the electron accumulation on the surface ofTi02 particles. This will 
accelerates the oxidation rate of alcohols, which in fact is controlled by the cathodic reduction 
of oxygen. According to literature, this process has been observed very often, not only for 
alcohols but also for other organic compounds18,19,20. 

This chapter elaborates upon the photocatalytic activities of metallized Ti02 for the oxidation 
of methanol (MeOH), ethanol (EtOH), chloroform, trichloroethylene (TCE) and 
dichloropropionic acid (DCP) in the presence of dissolved oxygen and at different pH values 
in an aqueous solution. The possible reaction pathways are also discussed. 
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2.2 EXPERIMENTAL 

2.2.1 Reagents 

The Ti02 used during the experiments was commercial Degussa P25. This native Ti02 has a 
BET surface area of approximately 50 m2 g ' and an average particle size of 30 nm. The 
chloroform used was Fisher Certified Grade, Lot No. 851771, supplied with a preservative of 
approximately 0.75% ethanol; its solubility in water amounts to 8.2 X 103 mg/L at 20-25°C 
21. The trichloroethylene (TCE) used was Fisher Certified Grade, Lot No. 911726. The 
dichloropropionic acid (sodium salt) (DCP) used was 94% pure product from ALDRICH, Lot 
No. 03108PX. The methanol (MeOH) used was ALDRICH A.C.S. reagent, Lot No. 
01707KX. The ethanol (EtOH) used was AAPER Alcohol and Chem. Co. U.S.P. ethyl alcohol 
(Absolute - 200 Proof, DSP-KY-417). The palladium black used was a product from 
ALDRICH, Lot No. 06115BY. The palladium dichloride used was Fisher purified product, 
LOT 915085. The chloroplatinic acid (H2PtCl6-6H20) used was Fisher A.C.S. reagent, Lot No. 
915412. These reagents were used without further purification. 

2.2.2 Photocatalyst preparation 

The 1% wt. Pt/Ti02 photocatalyst was prepared in two different ways: by photodeposition in 
a way similar to the method used by Bard22, and by chemical deposition in a way similar to the 
method used by Pichat23. Photodeposited Pt/Ti02 was synthesized in a deaerated system by 
near-UV illumination of 467 ml of slurry containing 34.6 g of Ti02, 0.923 g of H2PtCl6-6H20 
and 25 ml of glacial acetic acid for 38 hours. After illumination, the dark grey slurry was 
centrifuged in a lab centrifuge (Model RC5C, Sorvall instruments, Du Pont) at 3,000 rpm for 
30 minutes and then washed eight times. The dark grey solid was dried at 120°C for about 
three hours. It was not further pretreated before being used. Chemically deposited Pt/Ti02 was 
prepared by dissolving 1 g of H2PtCl6-6H20 in 500 ml of water containing 37.7 g of Ti02. The 
slurry was stirred in a rotary vacuum evaporator at 75°C for three hours. The resultant solid 
mass was dried in an air oven at 110°C, heated to 200°C in a nitrogen flow, and then reduced 
in a hydrogen flow at 480°C for two hours. 

The 1 % wt. Pd/Ti02 photocatalyst was prepared in two different ways: as a physical mixture, 
and as a photodeposition18. A physical mixture of Pd and Ti02 was obtained by mixing 1 % wt. 
black Pd with Ti02 in a mortar and thoroughly grinding the mixture. The resultant matter was 
pretreated consecutively at 240°C in a nitrogen flow for about one hour, and at 430°C in a 
hydrogen flow for six or fourteen hours. Photodeposited 1 % wt. Pd/Ti02 was prepared by 
dissolving 0.333 g of PdCl2 in 13.33 ml of glacial acetic acid, diluting the solution to 270 ml 
in a photoreactor, adding 20.0 g of Ti02, closing the reactor, and illuminating the slurry for 
17 hours using a 100-W medium pressure mercury lamp (Sylvania, Par 38) with a near-UV 
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filter. After being illuminated, the dark grey slurry was centrifuged in a lab centrifuge (Model 
RC5C, Sorvall instruments, Du Pont) at 3,000 rpm for 30 minutes, and then washed eight 
times. The dark grey solid was dried at 120CC for about three hours. It was not further 
pretreated before being used. 

2.2.3 Apparatus for photocatalytic oxidation 

All experiments were performed in a liquid-phase recycle photoreactor similar to the one used 
by Prüden and Ollis24 (Fig.2. la and 2. lb). The total reactor volume of this apparatus was 930 
ml, including a 280-ml quartz annular photoreactor and a reactor reservoir (made from a 500-
ml, 3-neck flask). The total liquid volume in the reactor was fixed at 600 ml, with 330 ml of 
reservoir headspace during each run. 

In the case of photocatalytic oxidation of organochlorides (Fig.2. la), three electrodes and a 
thermometer were mounted at the top of the reservoir. One of these electrodes was a pH 
electrode meant for monitoring the reaction pH. The other two were a chloride ion electrode 
and a reference electrode meant for the determination of CI" in solution. The thermometer was 
used to control the reaction temperature. The reaction solution was recycled through a quartz 
annular photoreactor using a polypropylene/ceramic pump. Illumination of 3.08xlO"4 

Einstein/min was provided by a black-light fluorescent tube (GE BLB - 15 W) mounted in the 
centre of the photoreactor. The predominant emission wavelength (A.) of this lamp (320 < À < 
400 nm) is suitable for the photo-excitation of Ti02 (X < 360 nm) and causes no homogeneous 
photoreaction (e.g., dechlorination at X < 300 nm) of organochlorides such as chloroform, 
TCE and DCP. 

In the case of photocatalytic oxidation of alcohols in an aerated system in which oxygen was 
consumed at a high rate, a somewhat different apparatus was used (Fig.2. lb). Instead of two 
electrodes for the determination of chloride ions, a pressure gauge scaled from 0 to 60 (inch 
of H20 column) was mounted at the top of the reservoir in order to monitor and measure the 
changes in pressure occurring in the reactor. 

2.2.4 The procedure and conditions of the photocatalytic experiments conducted 

Before illumination, 550 cm3 of a photocatalyst (1 wt. % Pt/Ti02 or Pd/Ti02) in the form of 
a liquid slurry (1.0 gram catalyst per liter) was added into the reservoir. The slurry was 
sparged with pure oxygen for 30 minutes, then the reactor was sealed, liquid reactants were 
added, and the total slurry was diluted to 600 cm3 with water. Before starting the illumination, 
another 40 cm3 of pure oxygen was syringed in order to maintain a positive pressure (20 inch 
of H20 column) in the reactor. The control experiments were carried out by the same 
procedure above, but during these experiments no photocatalyst was added to the system. The 
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(a) Fig.2. la. Recycle Photocatalytic 
Reactor for organochloride oxidation. 
1. Quartz annular photoreactor; 
2. Black light tube; 
3. Thermometer; 
4. Chloride ion electrode; 
5. pH electrode; 
6. KCl reference electrode; 
7. Sample port; 
8. Pyrex vessel; 9. Stir bar; 
10. Recirculation pump; 
11. Cooling coil. 

(b) 

Fig.2. lb Recycle photocatalytic 
reactor for alcohol oxidation. 
(1). Quartz annular photoreactor; 
(2) Black light; 
(3). Thermometer; 
(4). Pressure gauge (0 - 60 in.water); 
(5). pH electrode; 
(6). Sample port; 
(7). Pyrex sample vessel; 
(8). Stir bar; 
(9). Recirculation pump; 
(10). Cooling coil. 
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oxygen concentration in the solution was around the oxygen saturated concentration of 41.36 
ppm at 25°CM. The quantity of pure oxygen dissolved in 600 cm3 of water was low compared 
with the total quantity of pure oxygen in the reservoir headspace (330 cm3). The total quantity 
of oxygen in the system was around 23.8 mmol. Because of the relatively low reaction rate and 
the smooth variation of reactor pressure during illumination, it was possible to keep the oxygen 
concentration in the liquid at a constant level by constant injection of oxygen. During the 
process of photoreaction, periodically a gas sample of 1 ml and a liquid sample of 0.5 or 1 ml 
were taken from the sample ports. In the photoreactor, the flow of slurry was recycled at the 
rate of around 1,500 ml/min. 

2.2.5 Analyses 

The chloride ion concentration was measured using an in-situ chloride selective electrode 
(HNU, ISE-30-17-00) and a reference electrode. The H+ concentration was measured using 
an in-situ pH electrode (Fisher, 13-620-93). An ORION 701A digital pH/mv meter was 
employed to monitor these electrodes. 

Chloroform, TCE, methanol or ethanol was sampled periodically and determined by Flame 
Ionization Detection (FID) in an HP 5890A Gas Chromatograph (GC) with a capillary column 
(J & W Scientific Cat. No. 125-1334). The liquid samples containing volatile chloroform and 
TCE were placed in vials, sealed with Teflon-faced septa, and allowed to equilibrate at 37°C. 
About 0.2 ml of vapour samples from the vial headspace were then injected into the GC. The 
methanol- or ethanol-containing liquid samples from the reactor were centrifuged to remove 
photocatalyst, and then analyzed for methanol or ethanol by injecting 1 fû of liquid supernatant 
directly into the GC. The intermediary products of methanol and ethanol, such as 
formaldehyde, formic acid, acetaldehyde, acetic acid, methane and ethane, were detected 
simultaneously with methanol and ethanol by GC. 

The total carbon dioxide production in the reactor, including the carbon dioxide in the gas and 
liquid phases (in the form of carbonate, bicarbonate and carbonic acid) was measured by 
injecting liquid or gas samples directly into the absorber (containing 1 N H2S04) of an infrared 
carbon dioxide analyzer (Horiba, PIR-2000). All instruments were calibrated during operation. 
It should be noted that, unless indicated otherwise in figures, the CO, production reported in 
this chapter is the total quantity of C02 in the reactor including the CO, present in the liquid 
phase (all chemical states) and gas phase. The total quantity of C02 was calculated and 
expressed as the concentration in the liquid phase in the units of milligram per litre (ppm) or 
millimole per litre (mM). 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Photocatalytic oxidation of methanol, ethanol, chloroform and TCE in the presence 
of oxygen: preliminary experiments 

The photo activity of various photocatalysts and their selectivity of oxidation were compared 
based on the production of carbon dioxide and chloride. The photo activities of Pt/Ti02, 
Pd/Ti02 and Ti02 for various compounds are shown in Tables 2.1 and 2.2. Compared with 
Ti02, platinized Ti02 shows a much higher mineralization activity in the case of photo-
oxidation of methanol and ethanol but a lower mineralization and dechlorination activity in the 
case of photo-oxidation of chloroform and TCE. Compared with Ti02, Pd/Ti02 shows a 
slightly higher activity for methanol, ethanol and TCE but a lower activity for chloroform. 

Table .2.1. Photocatalytic oxidation of methanol, ethanol, chloroform and TCE using 
aerated native Ti02 and Pt/Ti02 

Reactant 

Methanol 

Ethanol 

Chloroform 

TCE 

Initial 
Concentration 

(mM) 

20.6 

20.6 

4.2 

4.2 

14.5 

14.5 

7.4 

7.4 

1.0 

1.0 

0.31 

0.29 

Catalyst 

Pt/Ti02 

Ti02 

Pt/Ti02 

Ti02 

Pt/Ti02 

Ti02 

Pt/Ti02 

Ti02 

Pt/Ti02 

Ti02 

Pt/Ti02 

TiO, 

Illumination 

Time 

(minute) 

180 

180 

120 

120 

240 

240 

180 

180 

180 

180 

100 

100 

Initial 

pHof 

Solution 

10.9 

10.9 

5.1 

5.1 

10.9 

10.9 

5.1 

5.2 

5.4 

5.5 

5.2 

5.4 

Concentration 

ofC02 

(mM) 

4.3 

1.8 

1.4 

0.18 

2.9 

1.2 

1.8 

0.43 

0.37 

0.62 

0.03 

0.36 

Concentration 

of CI 

(mM) 

0.43 

0.76 

0.08 

0.64 

*: This type of Pt/Ti02 was prepared by chemical deposition. The other platinized 
photocatalysts were prepared by photodeposition. 
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Table 2. 2. Photocatalytic oxidation of methanol, ethanol, chloroform and TCE using 
aerated native Ti02 and Pd/Ti02 

Reactant 

Methanol 

Ethanol 

Chloroform 

TCE 

Initial 
Concentration 

(mM) 

27.6 

29.1 

14.5 

14.5 

14.5 

1.0 

1.0 

0.29 

0.29 

Catalyst 

Pd/Ti02 

Ti02 

Pd/Ti02 

Pd/Ti02 

Ti02 

Pd/Ti02 

Ti02 

Pd/Ti02 

Ti02 

Illumination 
Time 

(minute) 

180 

180 

140 

140 

140 

180 

180 

100 

100 

Initial 
pHof 

Solution 

5.6 

5.1 

5.1 

5.5 

5.2 

5.6 

5.3 

5.4 

5.4 

Concentration 

ofC02 

(mM) 

2.6 

1.9 

0.23 

0.79 

0.66 

0.20 

0.74 

0.41 

0.36 

Concentration 
of CI 
(mM) 

0.36 

0.88 

0.66 

0.64 

*: This type of Pd/Ti02 was prepared by photodeposition. 
**: This type of Pd/Ti02 was prepared by physical mixing followed by a pretreatment at 
430°C for 14 hours in a flow of hydrogen. 
The other types of Pd/Ti02 were prepared by physical mixing followed by a pretreatment 
at 430°C for six hours in a flow of hydrogen. 
All native Ti02 mentioned in the table (except in the case of TCE) was pretreated 
concurrently with the corresponding Pd/TiO,. 

The blank experiments (i.e., without suspended photocatalyst in solution) demonstrated that 
methanol and ethanol cannot be oxidized (photolyzed) by near-UV light illumination. Therefore 
it can be concluded that all oxidation products of the alcohols mentioned in Tables 2.1 and 2.2 
as well as in the other figures of this chapter resulted from the simultaneous presence of a 
photocatalyst and illumination. Thus, they may be considered as the reaction products of 
photocatalytic oxidations. 

2.3.2 Photocatalyzed oxidation of methanol in an aerated system 

To compare in more detail the photocatalytic activity of photocatalysts in relation to methanol 
oxidation, the effect (or activity) of platinized Ti02 and native Ti02 on the production of C02 

during photo-oxidation of methanol was measured. Fig.2.2 shows the experimental resul's of 
C02 release vs. illumination time. This figure shows that the photo mineralization activity 
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regarding methanol as a result of using 1 % Pt/Ti02 is three times higher than that resulting 
from the use of native Ti02. 

To understand and apply a chemical reaction, it is very important to know its intermediates. 
Fig.2.3 shows the results of a gas-chromatographic examination of the possible intermediates 
of photocatalytic oxidation of methanol in a liquid phase such as formaldehyde and formic acid. 
During the analytical process carried out, the GC retention time for methanol was found to be 
—1'56", for formaldehyde ~2'4", and for formic acid ~2'10", and their peaks were clearly 
separated. The GC analysis results show that during the photodegradation of methanol using 
Pt/Ti02 no intermediates could be detected in solution. In the presence of sufficient oxygen, 
methanol can be easily oxidized using Pt/Ti02, Pd/Ti02 and even native Ti02 via intermediates 
such as formaldehyde and/or formic acid to the final product of C02. Neither during the other 
experiments of photocatalytic oxidation of methanol carried out were any intermediates 
detected using Pd/Ti02 or native Ti02 as a photocatalyst. It is therefore likely that 
photocatalytic oxidation of methanol occurs on the photocatalyst surface and that most of the 
intermediates of methanol oxidation are adsorbed onto the photocatalyst surface, where further 
oxidation to C02 takes place. 

2.3.3 Photocatalyzed oxidation of ethanol in an aerated system 

In the previous paragraph, it was demonstrated that in relation to methanol l%Pt/Ti02 shows 
a higher oxidation activity than native Ti02. In the case of photocatalytic oxidation of ethanol 
in an aerated system, 1 %Pt/Ti02 also showed a higher photo mineralization activity than native 
Ti02. Fig.2.4 shows the amount of C02 released versus illumination time. From Fig.2.4 it can 
be concluded that, in relation to ethanol, the activity shown by l%Pt/Ti02 is approximately 
twice as high as that shown by native TiO,. During the photocatalytic oxidation of ethanol, 
various intermediates appeared. Most of the products and intermediates resulting from the 
photocatalytic oxidation of ethanol can be identified based on their GC retention time and 
relevant information in literature26,27,28,29. Under the GC conditions used, the 1 '52" peak is 
methane, the 2' peak is acetaldehyde and the 2'18" peak is acetic acid (Fig.2.5 and 2.6). The 
2'26" peak is an unknown compound which was not detected in the gas phase. In view of its 
longer retention time, it may be a nonvolatile compound larger than acetic acid. The fact that 
the different content values of the photocatalytic products and intermediates produced in the 
presence of Pt/Ti02 and native Ti02 (Fig.2.6) reveals that platinization can change the rate-
controlling step of photocatalytic oxidation of organics on Ti02 surfaces. 
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Fig.2.3. A typical GC detection graph of the possible intermediates of the photocatalytic 
aerated oxidation of methanol on suspended TiCh powder. Area (a) shows the analytical 
results of 0.01-ml standard gas sample of CftOH, CH2O and CHOOH. Area (b) shows 
the results of reaction samples of the photocatalytic oxidation of methanol (initial 
concentration 900 ppm). Sample (1) was illuminated for 40 minutes, sample (2) for 
140 minutes, and sample (3) for 420 minutes. 
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Fig.2.5. A typical GC detection graph of the possible intermediates of the photocatalytic 
aerated oxidation of ethanol on suspended Ti02 powder. Area (a) shows the analytical 
results of 0.01-ml standard gas samples of ethanol, acetaldehyde and acetic acid. Area 
(b) shows the results of reaction samples of the photocatalytic oxidation of ethanol (initial 
concentration 620 ppm). Sample (1) was illuminated for 40 minutes, sample (2) fur 140 
minutes, and sample (3) for 220 minutes. 
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Illumination Time (min.) 
Fig.2.2. Photocatalytic mineralization of methanol on 
Pt/Ti02 and native Ti02 in the presence of O2. Initial 
concentration of methanol: 660 ppm; Pt/TiC>2 was 
prepared by chemical deposition, followed by 
pretreating in an H2 flow for 2 hours at 480°C. Type 
of UV light: 15-W black light lamp, 600 ml of 
solution, initial pH = 10.9, 1.0 g cat./L, -25 °C. 
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Illumination Time (min.) 

240 

Fig.2.4 Photocatalytic mineralization of ethanol on 
Pt/TiC>2 and native TiÜ2 in the presence of O2 
Initial concentration of ethanol: 670 ppm. The 
conditions are similar to those given in Fig.2.2. 
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Fig.2.6. A typical example of a gas chromatogram for the intermediate distribution during the 
photocatalytic oxidation of ethanol in an aerated system. TiC>2 and l%Pt/Ti02 : 1 g/L, initial 
pH=5.1, 600 ml of solution, illumination with a 15-W black light lamp, 25°C, total illumination 
time 240 min. (g.): the compound in the gas phase, (I.): the compound in the liquid phase. The 
peak at 2'26" was not identified 
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2.3.4 The effect of pH on the oxidation of alcohols in an aerated system 

The photocatalytic conversion of alcohols of low molecular weight to carbon dioxide and water 
is thought to occur via progressively more oxygenated intermediates, for example for 
methanol: 

CH3OH -> CH20 - HCOOH _4 C02 (2.1) 

While methanol and its first intermediate (CH20) are hardly ionizable, its second intermediate 
dissociates easily into H+ + HCOO. The rate of methanol converted to acetaldehyde is not 
expected to be strongly pH-dependent, but based on experiments the production of carbon 
dioxide is expected to be slow at a high pH where the TiO, surface is negatively charged by 
an acetate group and a hydroxyl group. This process is also shown in Fig.2.7, which presents 
a more detailed scheme of the possible reaction mechanisms for both methanol and ethanol. 

Fig.2.8 and 2.9 show the photocatalytic oxidation of methanol and ethanol using native Ti02, 
and Fig.2.10 and 2.11 show the photocatalytic oxidation of methanol and ethanol using 
l%Pt/Ti02. As shown in these figures, when the pH is initially alkaline, certain amounts of 
alcohols adsorb onto photocatalyst surfaces before illumination. It was observed that the 
mineralization of methanol and ethanol is strongly pH-dependent. During the oxidation process 
(starting at pH « 11), the solution pH shifts from alkaline to acidic, and (gaseous and 
dissolved) carbon dioxide is produced only at a low pH. At pH values > 9, no or only very 
little mineralization (C02 production) of methanol and ethanol was observed, although 
methanol and ethanol can be oxidized at this pH. When the solution pH dropped below 9, C02 

began to form rapidly. When the pH was initially acidic, C02 was produced immediately. This 
is shown in Fig.2.12 and 2.13: C02 was produced simultaneously with the degradation of 
methanol or ethanol, and no alcohols adsorbed onto photocatalyst surfaces before illumination. 
The fact that methanol was oxidized at pH values > 9, while neither the final product (CO,) 
nor any intermediate were detected in the liquid, suggests that photocatalytic oxidation of 
methanol occurred on the photocatalyst surface and that the intermediates (formaldehyde and 
formic acid) adsorbed onto the photocatalyst surface and were further oxidized at a low pH to 
the final product, carbon dioxide. Platinization of TiO, to l%Pt/TiQ resulted in alcohol 
conversion and carbon dioxide production at increasing rates. The data on pH vs. time given 
in Fig.2.14 for both native and metallized photocatalysts indicate, however, that mineralization 
is negligible at alkaline pH values, even when Pt/Ti02 is used as a photocatalyst. Metallization 
accelerates the ethanol oxidation rate (pH decreases faster than in the case of native TiO,) and 
yields more oxygenated intermediates. However, no C02 release was observed. Only at acidic 
pH values, carbon dioxide was produced (as carbonate, bicarbonate, or carbonic acid) at 
noticeable rates. 
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Fig.2.7. The possible surface adsorption and reaction mechanisms of photocatalytic 
oxidation of methanol and ethanol in aerated and deaerated systems. 
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Fig.2.12. Photocatalytic oxidation of methanol as a function of illumination 
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Fig.2.14 The pH change and C0 2 production on native TiC>2 and Pt/TiC>2. Initial 
concentration of ethanol: 670 ppm. (1). native Ti(>2, no pretreatment. (2). l%Pt/Ti02, 
chemically deposited, pretreatment at 480 °C, H2 flow for two hours. 15 W black light 
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Fig.2.15. The mole yields of CO2 during the oxidization of alcohols, calculated from 

Fig.2.12 and 2.13. Initial pH = 5.1, l%Pt/Ti02, 0 2 , 15-W black light lamp, 600 ml 

of solution, 1.0 g.cat./L, 26°C. 
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In the case of methanol oxidation using TiO, or Pt/Ti02, C02 production occurred only when 
the solution pH dropped below 9 (Fig.2.8 and 2.10). In the case of ethanol oxidation using 
Ti02 or Pt/Ti02, C02 appeared when the solution pH was below 7.5 and 4.5, respectively 
(Fig.2.9 and 2.11). This means that during the oxidation of ethanol more oxygenated 
intermediates accumulated in solution than in the case of methanol. This data can be explained 
from the mole conversion ratio (mole yield) of the final product (C02) in total oxidized alcohol 
(Fig.2.15). After illumination, more than 60% of the total amount of oxidized methanol was 
promptly converted to the final product (CO^. This high conversion ratio (yield) is kept during 
the entire 120 minutes of illumination time. However, after illumination the yield of C02 

observed during the oxidation of ethanol was only 7%, increased slowly over time, and 
reached only 25% after 180 minutes of illumination. This yield is low compared with that 
obtained in the case of methanol. This clearly indicates that the photocatalytic oxidation of 
methanol proceeds more rapidly through the steps of oxygenated intermediates to C02 than that 
of ethanol. 

2.3.5 The possible mechanisms of photocatalytic reaction of alcohols 

2.3.5.1 General introduction 

Redox reactions always include two half-reactions: that of oxidation and that of reduction. For 
example, the total reaction of photocatalized degradation of methanol in an aerated system can 
be written as: 

CHjOH -I- 3/2 0 2 -> C02 + 2 H20 (2.2) 

which simultaneously involves the half-reaction of methanol oxidation: 

CH3OH + H20 + 6 h+ -» CO, + 6 H+ (2.3) 

and that of oxygen reduction: 

3/2 0 2 + 6H+ + 6 e - 3 H,0 (2.4) 

Taking the same example but now in a deaerated system results in: 

CH3OH + H20 - C02 + 3 H2 (2.5) 

This reaction, during which H, gas is produced, involves the half-reaction of oxidation: 
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CH3OH + H20 + 6 h+ -> CO, + 6 H+ (2.6) 

and that of reduction: 

6 H+ + 6 e - 3 H2 (2.7) 

In a photocatalytic system using suspended powder photocatalyst, these two half-reactions take 
place separately in two different areas on photocatalyst surfaces (i.e., the anodic and cathodic 
areas) via many chemical steps. The photocatalytic mechanisms of the degradation of an 
organic compound involve multiple processes in both anodic and cathodic areas on 
photocatalysts. Many researchers 303i:i233 have assumed many possible mechanisms of 
photocatalytic reactions (involving alcohols such as methanol and ethanol) in the presence of 
Ti02, Pt/Ti02 and Pd/Ti02, as summarised in the following pathways. Some experimental data 
are reported to substantiate which mechanism is favourable. Based on our experimental data 
on photocatalytic degradation of methanol and ethanol, the next paragraph discusses in great 
detail a mechanism for the photocatalytic oxidation of methanol and ethanol. 

2.3.5.2 Cathodic processes in the photocatalyst cathodic area of Ti02, Pt/Ti02 or Pd/Ti02 

During the oxidation of an organic compound in the anodic area in an aerated system, oxygen 
is reactive in the cathodic area because of its much higher positive oxidative potential (E° 
(02/OH) = 1.23 V) compared with H+ (E° (H+/H2) = 0 V). Therefore, oxygen is the easiest 
reducible substrate in the solution. It must adsorb on cathode surfaces (indicated by s) first to 
form an adsorption state (O^). Subsequently, a sequence of cathodic processes of getting 
electrons may occur. The following reactions can occur in an aerated system: 

0M + e - Ois" (2.8) 

0M + H+ - HO*. (2.9) 

HOJS' + HO.S« - H A s + 0M (2.10) 

HO^. + 0 ^ - HO^ + OJS (2.11) 

HO^» + e' - HOJS' (2.12) 

HÖ2S + H+ -» H20M (2.13) 

H A s + e' -» «OHs + OH - + s (2.14) 

•OHs + e - OH + s (2.15) 

H A s - H202 + s (2.16) 

H202 + hv - 2 «OH (2.17) 
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Eq.2.8 - 2.17 give possible cathodic processes in an aerated system. Depending on the state 
of the photocatalyst surface (whether or not Ti02 is metallized), the net reaction (or main 
process) of Eq.2.8 - 2.17 is represented by Eq.2.18 in the case of native TiOj34, the oxygen 
of which is not completely reduced (its valence is -1), or by Eq.2.19 in the case of platinized 
Ti02, the oxygen of which is completely reduced to a valence of -2: 

0 2 + 2H+ + 2e -• H202 (2.18) 

0 2 + 2 H f + 4e~ - 20H - ^ - * 2H20 (2.19) 

Eq.2.18 is obtained by combining Eq.2.8 - 2.13 and 2.16. In the presence of platinized TiO,, 
oxygen is reduced to hydroxide ions and then to water. During this process, four electrons are 
needed to reduce the oxygen completely to a valence of -2'9-20. 

The reaction given in Eq.2.19 can occur through H,0, via Eq.2.8 - 2.15. On native Ti02, it 
is obvious that the reduction of oxygen adsorbed stops on the mid-steps of only producing H202 

(Eq.2.8 - 2.13) and then desorbs, splits to «OH (Eq.2.16, 2.17), whereas on Pt/Ti02 oxygen 
is reduced completely and reaches the OH" stage (Eq.2.14, 2.15). Thus, the rapid reduction 
of oxygen on Pt/Ti02 does not increase the H202 concentration in solution, and the Eq.2.16 
and 2.17 may not occur easily, although Pt enhances the total rate of methanol or ethanol 
oxidation. The less likely reducing reactions occurring in the cathodic area are shown in 
Eq.2.10 and 2.11 because two adsorption sites are involved in the reactions. On TiO,, Pd plays 
the same cathodic role as Pt, but its effect is less strong. 

In adeaerated system (without oxygen), the proton in solution is the prior reductive substrate 
in the cathodic area; it must adsorb onto the cathodic surface, forming an adsorption state 
(Hs

+), after which the following cathodic processes occur: 

Hs
+ + e - Hs. (2.20) 

2HS. - Hx (2.21) 

HJS - H2 + s (2.22) 

The net reaction of Eq.2.20 - 2.22 is: 

2H+ + 2e -> H2 (2.23) 
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Eq.2.20 - 2.23 cannot easily occur in an aerated system, because few hydrogen atoms can be 
formed (Eq.2.20) in the presence of oxygen. Many data in literature 35,36 show that Pt can 
accelerate the photocatalytic oxidation of some organic compounds (e.g., methanol, ethanol) 
on Ti02 in both deaerated and aerated systems. This is because methanol and ethanol are 
proper hole scavengers, and the total rate of oxidation of alcohols depends upon the rate of 
reduction in the cathodic area. In a deaerated system, the primary role of Pt on Ti02 is to 
expedite electron transfer from Ti02 to protons, as shown in Eq.2.20 - 2.22. It strongly 
accelerates the net reaction shown in Eq.2.23. In the cathodic area in an aerated system, 
oxygen will be more competitive in getting (or absorbing) electrons compared to protons, since 
thermodynamically it can more easily be reduced than protons, and a different cathodic process 
occurs on Ti02 as shown in Eq.2.8 - 2.15. 

2.3.5.3 Methanol conversion process on the anodic area of Pt/Ti02 in aerated and 
deaerated systems 

As discussed in section 2.3.5.1, the photocatalytic oxidation of alcohols with oxygen can be 
separated into two half-reactions, an anodic and a cathodic one. These two half-reactions in the 
anodic and cathodic areas are independent of each other. The rate of the half-reaction in the 
anodic area is only a function of its substrates and the surface area, and is not influenced by 
the substrates in the cathodic area. The rate of the net reaction of alcohol and oxygen is 
governed by the slowest half-reaction. 

In the anodic area of the photocatalyst, the mechanism of methanol oxidation has two possible 
pathways which are independent of the presence of oxygen in the cathodic area, since the half-
reaction of the anodic process is independent of the half-reaction of the cathodic process37,38. 
The following anodic pathways can combine with the cathodic process given in Eq.2.8 - 2.17 
to form the net reaction in an aerated system, or combine with Eq.2.20 - 2.22 to form the net 
reaction in a deaerated system. 

Pathway 1. Direct oxidation. Methanol adsorbed onto the anodic surface of the photocatalyst 
may be oxidized directly by holes and mineralized finally to C02: 

CHjOH + s - CH3Os' + H+ 

CH3Os- + h+ - CH3(V 

CH3Os« + h+ -» CH2Os + H+ 

CH2Os + h+ - CHOs« + H+ 

CHOs« + h+ + H20 - CHOOHs + H + 

CHOOHs + h+ - CHOCV + H + 

(2.24) 

2.25) 

(2.26) 

(2.27) 

(2.28) 

(2.29) 
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CHOOs« + h+ - COJS + H+ (2.30) 

The desorption of CO^ from the photocatalyst surface to the solution and gas phase is given 
in Eq.2.49. 

Pathway 2. Indirect oxidation. In the first case, methanol adsorbed onto the catalytic surface 
may be oxidized indirectly by adsorbed «OH: 

H20 + s -» H2Os (2.31) 

H A + h+ - «OHs + H+ (2.32) 

CH3Os- + «OHs - CH3Os« + OHs- (2.33) 

CH3Os« + «OHs - CH2Os + H2Os (2.34) 

CH2Os + «OHs - CHOs« + H2Os (2.35) 

CHOs« + «OHs - CHOOHs + s (2.36) 

CHOOHs + «OHs - CHOOs' + H2Os (2.37) 

CHOOs« + »OHs - COJS + H2Os (2.38) 

The second possible indirect pathway is that the adsorbed methanol is oxidized by the free «OH 
in solution: 

H20 + h+ - «OH + H+ (2.39) 

CH3Os + «OH - CH3Os. + OH (2.40) 

CH3Os« + »OH -> CH2Os + H20 (2.41) 

CH2Os + »OH -> CHOs« + H20 (2.42) 

CHOs« + »OH - CHOOHs (2.43) 

CHOOHs + «OH -> CHOOs« + H20 (2.44) 

CHOOs« + «OH - CÛ2S + H20 (2.45) 

The complete oxidation of methanol requires the transfer of six electrons in order to form CO,. 
The favourable pathway is probably pathway 1, because only one adsorption site and a single-
molecule reaction are involved in this process. In pathway 1, only one step (Eq.2.28) involves 
a two-molecule reaction, which may be the rate-controlling step of this pathway. To enable 
pathway 2, in all steps two adsorption sites are required for methanol and «OH reaction. A 
longer reaction time is needed for the two reactants to be in contact with each other, but 
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pathway 2 is in agreement with evidence obtained by electron spin resonance (ESR) 
spectroscopy39 and with other data found in literature40 showing the presence of »OH on the 
photocatalyst surface. 

The above processes include the following desorption steps: 

OHs -» »OH + s (2.46) 

CH2Os - CH20 + s (2.47) 

CHOOHs - CHOOH + s (2.48) 

COJS - C02 + s (2.49) 

From Eq.2.25 - 2.30 and from Eq.2.32 - 2.38, both pathways of methanol oxidation to C02 

are six-electron processes. Finishing such a six-electron transfer will not be easy, if on 
photocatalyst surfaces many stages exist such as adsorption, desorption of substrates, electron 
transfer, and effective reaction collision. Pathways 1 and 2 or a mixture thereof are more likely 
to occur than other pathways with adsorption and desorption processes during the six-electron 
transfer. Because intermediates were not detected during aerated photo-oxidation of methanol, 
Eq.2.47 and 2.48 appear to be negligible. 

In addition, methanol may be oxidized via a third indirect pathway without adsorbing onto the 
photocatalyst surfaces. For example, it may be through hydroxyl radical oxidation in solution: 

CH3OH + «OH -> CH3O + H20 (2.50) 

CH3O + «OH - CH20 + H20 (2.51) 

CH20 + «OH - CHO + H20 (2.52) 

CHO + «OH - CHOOH (2.53) 

CHOOH + «OH - CHOO« + H20 (2.54) 

CHOO» + «OH -» C02 + H,0 (2.55) 

If this non-surface reaction mechanism were possible, the intermediates of formaldehyde and 
formic acid would have to exist in solution and it should be possible to detect them, which does 
not correspond with the results of our experiments (Fig.2.3). Micic et al. reported results of 
electron paramagnetic resonance (EPR) spectroscopy regarding photocatalytic oxidation of 
methanol on Ti02 in a deaerated system and suggested that methanol be chemisorbed on Ti02

41. 
This is again experimental evidence showing that the photocatalized oxidation of methanol 
occurs on the surface of photocatalysts. 
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2.3.5.4 Ethanol conversion process on the anodic area of Pt/Ti02 in aerated and deaerated 
systems 

The cathodic processes of photo-oxidation of ethanol are similar to those given in Eq.2.8 -
2.22, and there are also two possible pathways for the anodic mechanisms in both aerated and 
deaerated systems. Because ethanol has a methyl group, its oxidation process is more 
complicated than the one involving methanol. There are more opportunities for the formation 
of intermediates. A possible pathway in the anodic area may include: 

CH3COOs« - CÛ2S + CH3. (2.56) 

CH3' + CH,» - CH3CH3 (2.57) 

CH3« + H' - CH4 (2.58) 

CH3> + CH3COOs- - CH4 + •CH2COOs- (2.59) 

CH3» + CH3CH2Os" - CH4 + CH3OHOS (2.60) 

CH3COOs« + CH3CH2Os -> CH4 + CO^ + CH3OHOS- (2.61) 

CH3OHOS- + h+ - CH3CHOs (2.62) 

During our experiments, ethane (Eq.2.57) could not be detected. According to the results 
obtained by Yoneyama and Bard et al.21 and Kraeutler and Bard 42,43, ethane is formed mainly 
at a high concentration of acetic acid or at a high current density in photoelectrochemical 
(PEC) cells; it is formed according to Eq.2.57. When the photocatalyst is suspended and the 
reactant concentration of acetic acid is low, methane is the main product in deaerated and 
aerated solutions; the process is given in Eq.2.59. The existence of the carboxymethyl radical 
(•CH2COOH) was established earlier by M. Kaise's during ESR experiments30. During such 
experiments as those carried out by us, it is not likely that the reaction given in Eq.2.58 will 
occur, because this radical does not easily form hydrogen atoms in the presence of oxygen. 

During our experiments, aerated oxidation of dilute ethanol (0.02 M) resulted in methane. We 
assume that little methane was formed during the reaction given in Eq.2.59 because of the very 
low concentration of the acetic acid intermediate. However, it was produced together with 
negative ions of acetaldehyde during either the reaction of free methyl radicals with ethanol 
(Eq.2.60), or that of acetic radicals with ethanol (Eq. 6.61), because the reactant of ethanol is 
the highest concentration in the solution. The negative ion of acetaldehyde can be further 
oxidized to acetaldehyde (Eq.2.62). The results of ESR and IR (infrared spectroscopy) show 
that end group adsorption (molecular stand-up adsorption on the surface, see Fig.2.7) of 
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alcohols on photocatalyst surfaces may occur44. This is explained by our surface coverage 
calculation, which shows that ethanol has twice the surface coverage of methanol*. 

The possible surface adsorption and reaction mechanisms are shown in Fig.2.7. in detail. It can 
be clearly concluded from Fig.2.7 that (a). Methanol and ethanol are adsorbed onto the 
photocatalyst surface in an upright position (end group adsorption), (b). Both of them first lose 
two electrons during steps (1) and (2) resulting in aldehyde, and then again lose two electrons 
during steps (3) and (4) and simultaneously react with H20 to form carboxylic acid; next, they 
again lose two electrons during steps (5) and (6) and thus mineralize to the final product (COj). 
(c). The mineralization of methanol and that of ethanol are both processes during which multi-
electron transfer occurs on the photocatalyst surface resulting in a C02 molecule. Such redox 
reactions with multi-electron transfer will obviously be slow and very complex and will lead 
to far more by-products than the redox reaction involving the transfer of only one or two 
electrons, (d). One molecule of methanol mineralizes to C02 by losing six electrons and 
simultaneously releasing six protons. This explains why the reaction pH rapidly decreases with 
illumination time. (e). Between steps (5) and (6) during which ethanol is oxidized, a hydrogen 
atom in an adsorbing ethanol transferred to the methyl group of acetic acid to form methane. 
This transfer mechanism is different from that suggested by Bard27, in which hydrogen is 
transferred from acetic acid. According to the mechanism shown in Fig.2.7, the net reaction 
of ethanol oxidation in the presence of aerated Pt/Ti02 is: 

2 CH3CH2OH + 3/2 0 2 -> CH4 + C02 + CH3CHO + 2 H20 (2.63) 

Eq.2.63 can be subdivided into the following two reactions: 

CH3CH20H + 0 2 - CH4 + C02 + H20 (2.64) and 

CH3CH20H + 1/2 0 2 - CHjCHO + H20 (2.65) 

This means that theoretically one ethanol molecule needs only four electrons to be mineralized 
to one C02 molecule (Eq.2.64). However, on photocatalyst surfaces it needs in reality six 
electrons to finish this mineralization process, because this process must include the reaction 
given in Eq.2.65. 

If ethanol oxidation results in ethane, the following reaction occurs: 

* Details can be find in Chapter 3. 
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2CH3CH2OH + 5/202 - CH3CH3 + 2C02 + 3H20 (2.66) 

The distribution of oxidation intermediates of ethanol on the surface of Ti02 differs from that 
on the surface of Pt/Ti02. The data shown in Fig.2.6 can be easily explained based on the 
mechanism occurring at the surface. According to Fig.2.6, Pt/Ti02 produces a lower quantity 
of the intermediate acetaldehyde and larger quantities of strongly oxidized intermediates such 
as acetic acid compared to native Ti02. If no Pt is present to accelerate the reduction of oxygen 
on the Ti02 cathodic area, the anodic process (alcohol oxidation) is retarded. The reaction 
occurring between two adsorption sites (step 4 in Fig.2.7b) is assumed to be rate-controlling 
for pathway 1. This results in a much larger quantity of the intermediate acetaldehyde 
desorbing into solution and accumulating. With platinized Ti02, the rate is not controlled 
during a photo-cathodic process. The rate-controlling step is assumed to be either the transfer 
of »H (between steps 5 and 6 in Fig.2.7b) or the splitting of the C-C bond resulting in the 
release of «CH3 (step 6' in Fig.2.7b); it causes the accumulation of the intermediate acetic acid 
in solution. 

2.3.5.5 Conclusions regarding the role of metallization of Ti02 in the photocatalytic 
oxidation of alcohols 

Metallization of Ti02 can accelerate the oxidation of alcohols in both aerated and deaerated 
systems. In a deaerated system, Pt/Ti02 exhibits a higher photocatalytic activity than TiQ, 
regarding the production of hydrogen and the oxidation of alcohol6,28 as well as hydrocarbons45 

and carboxylic acid27,46, etc. This is apparently because of the role played by Pt on Ti02 in a 
deaerated system: it can accelerate the transfer of electrons from Ti02 to an adsorbed proton 
and promote the desorption of hydrogen (Eq.2.20 - 2.22). Because of the presence of oxygen 
in an aerated system, for thermodynamical reasons oxygen is reduced before protons are 
reduced. Pt accelerates the reduction of oxygen in the cathodic area (Eq.2.8 - 2.15). 
Consequently, the reaction-controlling step of the photocatalized oxidation of alcohols depends 
on the cathodic reduction of oxygen or protons on TiO, surfaces. Pt accelerates only the 
cathodic processes. 

2.3.6 The mechanism of photocatalyzed oxidation of organochlorides in an aerated system 

All processes of photocatalyzed oxidation of organochlorides discussed here were performed 
in aerated systems. Tables 2.1 and 2.2, in which the results of the photocatalytic oxidation of 
chloroform and TCE are presented, and Fig.2.16 and 2.17, in which the photocatalytic 
conversion of chloroform and TCE is given as a function of illumination time, show that the 
use of native Ti02 as a photocatalyst results in even better photocatalytic oxidation than 
l%Pt/Ti02 or l%Pd/Ti02. Metallization of TiQ, can accelerate the oxidation of alcohols in 
both aerated or deaerated systems. The fact that Pt and Pd do not do this during the oxidation 
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Fig.2.16. Photocatalytic oxidation of chloroform as a function of 
illumination time on l%Pt/Ti02 and TiC>2 catalysts in the presence of 
oxygen. l%Pt/Ti()2, prepared from physical mixture followed by 
treating at 430°C during 14 hours in H2 flow. Ti02, 430°C, H2 14 hours 
pretreatment. 15-W black light lamp, 600 ml of solution, initial pH = 
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Fig.2.17. Photocatalytic oxidation of TCE as a function of illumination 
time on l%Pd/TiC>2 and Ti02 catalyst in die presence of oxygen. 
l%Pd/TiC>2, prepared from physical mixture followed by treating at 
430°C during 14 hours in H2 flow. Ti02, 430°C, H2 14 hours 
pretreatment. 15-W black light lamp, 600 ml of solution, initial pH = 
5.4, 1.0gcat./L, ~25°C. 
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of organochlorides in aerated systems suggests that the half-reaction occurring during the 
anodic process (i.e., the adsorption of chloro-substrates onto photocatalyst surfaces and their 
reaction on them) be also a rate-controlling step, since Pd or Pt accelerates only the rate of the 
half-reaction occurring during the cathodic process. 

The photocatalytic oxidation of dichloropropionic acid (sodium salt) (DCP) in aerated systems 
was also studied using the photocatalysts Ti02, Pd/Ti02 and Pt/Ti02. The results are shown 
in Fig.2.18 and 2.19, in which photocatalytic degradation yields C02 and CI'. According to 
Fig.2.18, which shows the results of using Ti02 and Pd/Ti02 as photocatalysts, the best results 
were obtained by using native Ti02 pretreated at 120°C. Using this Ti02, about 18% of DCP 
present at an initial concentration of 1,430 ppm was dechlorinated and 23% of this DCP was 
decarboxylated during an illumination period of three hours. Pretreatment of this photocatalyst 
at 500°C results in a lower conversion rate. l%Pd/Ti02 did not affect the degradation of 
dichloropropionic acid. During DCP degradation experiments, the solution pH increased from 
0.2 to 0.4 during the first 20 minutes and then decreased during the illumination period 
(Fig.2.18a). These variations in pH differ from those occurring during the oxidation of 
alcohols, chloroform and TCE, in which the pH always decreased. This is because during the 
first stage of the process intermediates of DCP of lower acidity are produced. This can occur 
when decarboxylation precedes dechlorination. According to Fig.2.19, which shows the results 
of using Ti02 and Pt/TiQ as photocatalysts, l%Pt/TiQ showed the same changes in pH 
(Fig.2.19a) as l%Pd/Ti02 but a different DCP degradation process. Regarding CO 
production, Pt/Ti02 did not show a higher activity than native TiQ (Fig.2.19b); regarding 
DCP dechlorination, it showed a 53% higher activity than Ti02 (Fig.2.19c); this might be due 
to processes occurring at the surface of Pt. 

Since on Pt/Ti02 and Pd/Ti02 no rate-limiting cathodic steps occur and these photocatalysts 
show a lower oxidation activity towards chloroform and TCE compared to Ti02, some rate-
controlling steps must be part of the anodic process, such as: 

1. The adsorption of organochlorides onto the photocatalyst surface, 
2. The transfer of electrons from organochlorides to photocatalyst surfaces, 
3. The formation of «OH on photocatalyst surfaces, 
4. The reaction of organochlorides with «OH on photocatalyst surfaces or in solution. 

As «OH has a very high redox potential (+2.02 V)47, it is thermodynamically capable of 
oxidizing alcohols, chloroform and TCE. If only step 3 or step 4 were rate-controlling, it 
would not explain why alcohols and not chloroform were oxidized faster by Pt/Ti02 or Pd/Ti02 

than by native Ti02. It is likely that steps (1) or (2) are rate-controlling, because the lower 
activity of Pt/Ti02 or Pd/Ti02 during the photocatalytic oxidation of chloroform and TCE may 
be due to the slowness of adsorption and charge transfer on photocatalyst surfaces. This idea 
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also supports the above suggestion that pathway 1 is the main oxidation route where reaction 
substrates must absorb onto photocatalyst surfaces. It is also expected that, compared to native 
Ti02, Pt/Ti02 and Pd/Ti02 will play a less important role in deaerated systems during the 
photocatalytic oxidation of chloroform or TCE. 

2.4 CONCLUSIONS 

1. The photocatalytic oxidation of methanol and ethanol on aerated Ti02 is accelerated by 
modifying the Ti02 with Pt or Pd. 

2. Compared to Pt, Pd has less effect on Ti02 during the photocatalytic oxidation of methanol 
and ethanol in an aerated system. 

3. The mineralization of methanol and ethanol (i.e., the production of C02) is affected by the 
solution pH in an aerated system. If the solution pH is initially acidic, C02 is produced 
immediately during illumination, but if it is initially alkaline, the mineralization process can 
be seriously retarded. 

4. In the case of photocatalytic oxidation of chloroform and trichloroethylene in an aerated 
system, metallization of Ti02 with Pt or Pd results in a lower activity than when native Ti02 

is used. 

5. In the case of photocatalytic oxidation of dichloropropionic acid (sodium salt) (DCP), 
metallization of Ti02 with Pd results in a lower activity than when native Ti02 is used, but 
metallization of Ti02 with Pt results in a positive effect on the dechlorination of DCP. 

6. The experimental data and the discussion of possible reaction pathways suggest the 
following: 

a. During photocatalytic oxidation of alcohols and organochlorides in aerated systems, Pt 
and Pd can accelerate the cathodic process of oxygen reduction. 

b. If a photocatalytic reaction has a rate-controlling step during the anodic process, 
modification of Ti02 with Pt or Pd cannot affect the rate of this reaction except if Pt or Pd 
shows an anodic catalytic activity in relation to the reactant concerned. 

c. The rate control exerted by anodic processes can be attributed mainly to the resistance 
of adsorption and electron transfer between the reactant and the anodic surface. 

d. A favourable pathway for the anodic process comprises direct adsorption of reactants 
onto the photocatalyst surface and direct electron transfer from reaction substrates to holes 
in the surface, i.e., direct oxidation reactions on this surface. 
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KINETIC PROCESSES OF PHOTOCATALYTIC MINERALIZATION OF 
ALCOHOLS ON METALLIZED AND NATIVE TITANIUM DIOXIDE 

3.1 INTRODUCTION 

For nearly twenty years, photocatalysis has been studied intensively all over the world as a 
potential technique for the degradation and final mineralization of organic pollutants in aquatic 
environments1,2,3. In photocatalytic systems, detoxification of more and more organic and 
inorganic pollutants has been observed. These pollutants include various organic compounds, 
such as halogen organics4,5,6,7,8, insecticides9,10,111213, surfactants1415, and heavy metals161718,19,20 

(see Chapter 1), which occur on a large scale in rivers, lakes, groundwater, and industrial and 
domestic wastewater21,22,23,24. 

Titaniurrt dioxide is one of the most interesting photocatalysts used in photocatalysis. It has 
been found to show a high photocatalytic activity during both oxidation and reduction for 
nearly all substrates investigated25. Two mechanisms of photocatalysis have been suggested. 
One of them involves mainly free radicals. During this mechanism, hole-electron pairs (h+ and 
e" at the surface of the photocatalyst) oxidize OH" in water (by h+) or reduce 0 2 (by e") to form 
•OH radicals in solution. Next, these radicals react with substrates in solution to yield oxidized 
products6,26,27. During the other mechanism, the substrate is first adsorbed onto the catalyst 
surface and then reacts with h+, e" or «OH to produce final products28,29,3031. Such direct 
photocatalytic processes can be expressed in a kinetic equation based on Langmuir 
adsorption26,32, which is normally used to model heterogeneous catalytic processes on solid-gas 
interfaces. The mechanism of photocatalytic treatment of wastewater is not yet fully clear. 

Metallization of Ti02 with small amounts of noble metals (e.g., platinum, palladium) not only 
accelerates the rate of photocatalytic degradation of some organic compounds27, but also speeds 
up the photocatalytic deposition of inorganic metal ions in water onto the catalyst surface33 (see 
Chapter 1). Metallization of semiconductors has been studied intensively, especially where 
Ti02 is involved34,35,36,37,38. However, many aspects have not yet been studied. In the case of 
the deaerated or aerated photocatalytic degradation of some nonchlorinated organic compounds 
(e.g., alcohols) and the photocatalytic removal of certain metals in aerated systems (e.g., Pb), 
the effect of metallization of the catalysts can be attributed to the acceleration of the 
dehydrogenation and the reduction of oxygen by noble metals (e.g., platinum, palladium)34. 
However, the effect of catalyst metallization is not yet fully clear for the photocatalytic removal 
of metals in deaerated systems (e.g., uranium) and the degradation of organochlorides39. 
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The redox activity of photocatalysts depends strongly on how they are prepared and pretreated, 
because these aspects affect the surface modification (e.g., metallization), surface constitution, 
and crystal structure. In nature, Ti02 occurs in two tetragonal crystal structures (anatase and 
rutile) and a rhombic form (brookite). It is extremely difficult to synthesize brookite in the 
laboratory, whereas both anatase and rutile can easily be prepared25. For the most densely 
packed crystal faces (rutile 110 and anatase 001), calculations carried out by Woning and Van 
Santen40 predict that at the surface of rutile the reducibility of the coordinatively unsaturated 
Ti4+ ions is higher than at that of anatase. They show that at the 110-face of rutile the intrinsic 
Lewis acidity (the ability to accept electrons) of the coordinatively unsaturated Ti4+ ions is 
higher than that at the 001-face of anatase. Thus, at the most densely packed crystal face, rutile 
may show a higher catalytic oxidation activity than anatase. However, anatase appears to be 
more active than rutile. This is probably due to differences in the extent and nature of the 
surface hydroxyl groups present in the low-temperature anatase structure. The higher 
photoactivity of anatase can also be explained from the fact that its Fermi level is higher than 
that of rutile41 by about 0.1 eV. 

The surface constitution of a photocatalyst can be drastically changed by pretreating it for 
several hours to a flow of hydrogen, nitrogen or oxygen at a high temperature. A high 
temperature will promote the formation of a rutile structure in a Ti02 catalyst, and in a flow 
of hydrogen it will increase the concentration of unsaturated Ti4+ ions on the Ti02 surface. The 
photocatalytic activity of metallized Ti02 can be raised by pretreating it to a flow of hydrogen 
at a high temperature (400°C and 700 °C), because at the Ti02 surface strong metal-supporter 
interaction (SMSI) will occur rather than physical deposition of metals35. SMSI will accelerate 
the velocity of electron transfer from the TiO, surface to metals and then the rate of reductive 
reactions. However, catalyst sintering at a high temperature will cause a sharp decrease in its 
specific surface area and activity. How to control and operate the catalyst pretreatment is the 
key to enhance the activity of photocatalysts. 

This chapter elaborates on the kinetics of photocatalytic oxidation of alcohols in solution. A 
theory of heterogeneous catalysis was applied in order to clarify the internal photocatalytic 
process and explain the photocatalytic phenomena observed during experiments. We chose 
methanol (MeOH) and ethanol (EtOH) as research probes rather than toxic organic compounds 
in wastewater. Methanol and ethanol can be easily oxidized at photocatalyst surfaces both with 
and without oxygen, and the intermediates resulting from the photocatalytic oxidizing process 
are relatively simple. We used an aerated system, because in such a system most organic 
compounds are more easily mmeralizerf to COz (AG° >0) than in a deaerated system (AG° < 0). 
We investigated the effect of metallization of Ti02 with platinum or palladium on the 
conversion process. For alcohol oxidation, the photocatalytic activity of metallized Ti02 was 
compared with that of native TiO,. The distribution of Pt at the TiQ surface was measured 
using an electron beam probe. X-ray powder crystal diffraction was applied to investigate the 
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difference in crystal structure of metallized Ti02 before and after pretreatment and whether 
during pretreatment any interaction had occurred between platinum and Ti02. To explain the 
photocatalytic process occurring on catalyst particles, it is important to use a photocatalytic 
model of powder photocatalyst. A photocatalytic micro-cell model for powder photocatalyst 
(Fig.3.1a) has been used over the last fifteen or so years42. Based on the spectrum of X-rays 
excited at the surface, element analysis of the electron beam probe and a theoretical analysis, 
a new micro-cell model for a photocatalyst consisting of porous powder is discussed in which 
reactions occurred either at the outside surface or in pores. The difference between the old and 
the new micro-cell model, is that in the old one photocatalytic redox reactions occur only at 
the outside surface. 

3.2 THE KINETIC PROCESSES OF HETEROGENEOUS CATALYSIS AND 
PHOTOCATALYSIS 

3.2.1 Introduction 

The net reactions of photocatalytic oxidation of methanol and ethanol in an aerated aqueous 
phase can be expressed as43: 

2CH,OH + 302 î— 2CO, + 4H,0 
hv 2 2 

(3.1) 

CH,CH,OH + O, P"Ti°2 
i 3 ^ n 2 v . hv 

- CH4 + C02 + H20 (3.2) 

or. 

4CH,CH2OH + 5Q> Pt/TiO, 
• 2CH3CH3 + 4CO, + 6H,0 (3.3) 

In a deaerated system, the photocatalytic oxidation of methanol occurs according to: 

CH,OH P " r i ° 2 . CH„0 + H, (3.4) 

Theoretically, the mathematical expressions regarding the kinetics of heterogeneous catalytic 
reactions in solution on the liquid-solid interface are far more complicated and unclear than 
those regarding the kinetics of such reactions in the gas phase on the gas-solid interface. As 
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Fig.3.1 (a) A conventional simplified model of a micro-cell for a powder photocatalyst. 
(b) A suggested more detailed model of a porous micro-cell for a powder photocatalyst. 



90 

a simplification, the reaction in a dilute solution can be described using the theory of gas 
reactions. For this purpose, we assume that some kinetic equations of the heterogenous 
catalysis theory44,45,46 (i.e., the Langmuir kinetic equations for gas reactions on heterogeneous 
catalyst surfaces) can be applied to describe the process of photocatalytic oxidation of alcohols. 
These equations are introduced below. 

3.2.2 Langmuir adsorption isotherm for gas phase reactions 

Because gas reactions occurring at the catalyst surface include the steps of diffusion, 
adsorption, surface reaction and desorption, we first describe the situation of adsorption and 
desorption. In this, 6 is the surface percentage occupied by molecules adsorbed onto the 
surface (i.e., coverage, and (k6<l ), and it is assumed that: 

1. The solid surface contains a fixed number of adsorption sites. In a state of equilibrium, a 
fraction 8 of the sites is occupied by adsorbed molecules, and a fraction 1 - 0 is unoccupied. 
2. Each site can hold one adsorbed molecule. 
3. The heat of adsorption is equal for all sites and does not depend on the fraction covered 0. 
4. No interaction occurs amount molecules located at different sites. 

The chance that a molecule condenses at an unoccupied site or leaves an occupied site does not 
depend on whether or not neighbouring sites are occupied. According to the law of mass 
action, the rates of adsorption (v,) and desorption (v.,) processes of molecule A at the surface 
(-S-) of catalysts, which the processes are shown in following chemical equation: 

A + - s - <-^-+ A-s- (3.5) 

can be expressed for adsorption as: 

v, = *,PA(1-6A) (3.6) 

and for desorption as: 

v . , = * . , 6 A (3.7) 

where PA is the gas pressure of component A, kt the adsorption rate constant, and k.t the 
desorption rate constant. When adsorption and desorption approach a state of equilibrium, the 
following applies: 

*,pA(i-eA)=t.1eA (3.8) 
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which can be rewritten as: 

KPA 0A = . " M (3-9) 
1 + KP A 

where K=k,/k_v K is called the adsorption coefficient (an equilibrium constant, also called the 
apparent binding constant), and the equation is called the Langmuir adsorption isotherm. 

For the adsorption of n types of molecule (A to N): 

A + B + C +.... +N + n-s- ^ A-s- + B-s- + C-s- +....+ N-s - (3.10) 

the coverage of molecule i (0,) is given by: 

K.P. 
6; = LJ (3.11) 

1+E KjPj 
J = I 

where the adsorption coefficient of component i is Ks = kjk.„ and that of component j Kj = 
Aj/fc.j. k, and ^ are the adsorption rate constants of component i and j , respectively, and &., and 
k.j are the desorption rate constants of component i and j , respectively. 

Based on the Langmuir adsorption isotherm, we can derive the kinetic equation for the 

adsorption reactions. 

3.2.3 The kinetic equation for gas reactions in heterogeneous catalysis 

If according to the theory of heterogeneous catalysis45,46 the gas diffusion (mass transfer) at the 
surface occurs very fast (which means that it is not the rate-determining step), the process 
occurring at the catalyst surface includes three steps: adsorption, surface reaction, and 
desorption. 

The reaction of a single gas molecule can be expressed as: 

A+ - s - «-A_» A-s- - ^ - * B-s- <—^ B+ - s - (3.12) 
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where kb is the real rate constant of the surface reaction step, and B a reaction product. If the 
rate-determining step of the process expressed in Eq.3.12 is the reaction occurring at the 
surface, the total rate of the reaction occurring at the gas-solid interface y is given by: 

Y = h e . = 5i_A_A ( 3 1 3 ) 

* A 1 + KAPA + KBPB 

where KA is the adsorption equilibrium constant of molecule A and KB that of molecule B. 

If KBPB « 1, we get: 

* A A ( 3 1 4 ) 

1 + KAPA 

k2s represents the real rate constant of the overall reactions. Eq.3.13 is the Langmuir kinetic 
equation for the reaction of a single gas molecule at the surface. Although these equations 
concern the gas phase reactions at solid surface, we are here try to introduce these reactions 
in the liquid phase. As shown in Fig.3.2a, the maximum reaction rate (y) of this system is 
equal to k2s if PA is high (KAPA » 1). 

The rate of the catalytic reactions occurring between two gas molecules can be represented in 
two ways, if the reaction occurring at the surface is the rate-determining step. For the reaction 
occurring between two gas molecules (A and B) which are both adsorbed onto the surface, the 
equations can be written as47 

A + - s - < *' . A - s - (3.15) 

B + - s - < *2 . B - s - (3.16) 

A-s- + B-s- - ^ - * C-s- + D-s- (3.17) 

In these equations, C and D are reaction products of A and B. If C and D are not strongly 
adsorbed, the following can be derived for the reaction rate y: 
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Fig.3.2 (a). The variation of the reaction rate with reactant pressure PA according 
to the Langmuir kinetic equation for single molecule reaction on catalyst surfaces 
(the controlling step of surface reaction, weak product adsorption), (b). The 
variation of reaction rate with reactant pressure PA (or PJ according to the 
Langmuir-Hinshelwood mechanism. PB (or PA) = constant, (c). The relationship 
of reaction rate with reactant pressure PA according to Eley-Rideal mechanism, 
PB=constant. 
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Y = M A Ö B = * A B A B
 2 (3.18) 

(1 + K A P A + K B P B ) 2 

This mechanism for the reaction occurring between A and B, which are both adsorbed onto the 
catalyst surface, is called the Langmuir-Hinshelwood (L-H) process. If pressure PB is kept 
constant, an increase in PA will raise reaction rate y up to a maximum; at a further increase in 
PA, this reaction rate will decrease. If pressure PA is kept constant, an increase in PB will raise 
reaction rate y up to a maximum; at a further increase in PB, this reaction rate will decrease 
(Fig.3.2b). 

For the reaction occurring between two gas molecules (A and B) where A is adsorbed onto the 
surface and reacts with B present in the gas phase48 (B may partly be adsorbed onto the surface, 
but A will react only with B in the gas phase, and product C will not be adsorbed strongly), 
we can derive: 

A + - s - „ - ^— A-s- + B - ^ - » C-s- + D (3.19) 
* - i 

and 

K K.P.P„ 
Y = * * P B 6 A = ^ A A B (3.20) 

Ä B A 1 + K A P A + KBPB 

This mechanism is called the Eley-Rideal (E-R) process. An E-R process is characterised by 
the fact that, at a constant pressure PB and an increasing pressure PA, reaction rate y will reach 
a maximum value independent of a further increase in pressure PA (Fig.3.2c). 

3.2.4 The mechanism of the photocatalytic oxidation of methanol 

According to the assumptions made and our experimental results49 given in Chapter 2, we 
suggest that the photocatalytic oxidation of methanol at the anodic surface occur mainly via 
surface reactions rather than via free radical reactions in the liquid phase: 

CHjOH + -s- - CH3Os + H+ (3.21) 
CH3Os + h+ -» CH3Os« (3.22) 
CH3Os« + h + - C H A + H + (3.23) 
C H A + h+-> CHOs« + H + (3.24) 
CHOs» + h+ + H20 - CHOOHs + H + (3.25) 
CHOOH, + h+-> CHOOs« + H + (3.26) 
CHCKV + h+-> C0 2 + H + + -s- (3.27) 
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Eq.3.21 - 3.27 represent the half reactions of the oxidation occurring at the anodic area of 
Ti02; the half reaction of the reduction of HjO, Q or other reducible compounds occurring 
at the cathodic area of Ti02 is given by Eq.3.33. The total reaction is given by Eq.3.1. If the 
methanol concentration is low, and the reaction product and oxygen are not strongly adsorbed 
onto the surface, we assume that the adsorption of methanol onto a photocatalyst surface in 
solution can be described as a simple Langmuir isotherm according to Eq.3.9: 

9M^,H = — : 77 77 ( 3 - 2 8 > 
"^MeOH ^MeOH 

Here KMe0H is the adsorption equilibrium constant and CMcOH the methanol concentration in the 
liquid phase. Although the oxidation of methanol is a two-molecular reaction (Eq.3.1), 
according to Eq.3.21 - 3.27 its rate can be described by the rate equation for a one-molecular 
reaction (Eq.3.13). Here it is assumed that the reaction occurring at the anodic area is the rate-
determining step. Because illumination intensity I can change the distribution of surface charges 
and thus affect the adsorption of charged molecules onto the catalyst surface50, the reaction rate 
is related to illumination intensity /. If the surface reaction step is the rate-controlling step, rate 

Y of the reaction occurring in an aqueous solution and given in Eq.3.1 can therefore be 
represented by: 

Y = *2se/ = ^ 6 / (3.29) 

where kt is the real rate constant of the overall reaction which it is related to illumination 
intensity /. If illumination intensity / is a constant, then, &/ = k, as during most experiments. 
According to eq.3.28 and 3.29, we have: 

* 6 = *KMeOHCMeOH ( 3 3Q) 

1 + K C MeOH 

or 

1 = 1 + — l- *— (3.31) 
Y * ""K-MeOH ^-MeOH 

where it is the real rate constant at a constant /. According to Eq.3.31, k and K can be derived 
from a plot of the reciprocal reaction rate versus the reciprocal concentration of the reactant 
in the liquid phase. Under the same assumed conditions, Eq.3 3.30 and 3.31 are not only valid 
for methanol but also for ethanol. 
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3.2.5 Powder micro-cell model of a photocatalyst in a slurry system 

For a suspension of a powder catalyst in solution, a surface micro-cell model (Fig.3. la) is 
often used to interpret the photocatalytic process42. In this model, all reactions occur at the 
surface of the photocatalyst, including oxidation (degradation of organics) and reduction 
(reduction of 02 in an aerated system, and reduction of protons in a deaerated system). Below 
we describe a porous micro-cell model (Fig.3. lb), which is an improvement compared with 
the above model because it emphasizes the important role played by pores in photocatalysis 
according to a theoretical analysis carried out and the data on the X-ray exciting spectrum we 
obtained during electron beam probe microanalysis. 

In this improved micro-cell model, most of surface of a porous catalyst is assumed to be inside 
particles, and the photocatalytic reductive reactions clearly happen not only at the outside 
surface of the particles but also in the pores inside particles. For example, the reductive 
photodeposition of metals occurring at the cathodic area of TiO, and described as: 

M+a + b e Ti°2 . M +(a"VTiO, b < a (3.32) 

may take place inside pores. Only oxidative deposition (e.g., the reaction Pb2++h+-Pb02l) 
takes place at the outside surface of the photocatalyst. 

According to the semiconductor theory, with n-type semiconductors such as TiO, the anodic 
area, where an electron donor is adsorbed, must be an illuminated area, and the cathodic area, 
where an electron acceptor is adsorbed, a dark area. When a catalyst consisting of a fine 
powder suspended in solution is illuminated, the outside surface of particles may be 
illuminated, but the surface inside their pores will remain unilluminated. It will act as a 
permanent cathode, and if no mass transfer limitation occurs, the reductive reaction will 
happen mainly there. 

3.2.6 The photocatalytic reduction of oxygen on Ti02 and Pt/Ti02 

According to the possible reaction paths assumed, oxygen will not react directly with the 
substrate (e.g., methanol, ethanol) if the photocatalytic reaction occurs at the catalyst surface. 
Instead, the reactions will take place separately, as in an electrochemical cell. In the Pt area, 
oxygen will be reduced faster than at the Ti02 surface. During these reductive processes, the 
electrons accumulated at the Ti02 surface will be eliminated and H,0 will rapidly be formed 
via the intermediate H202

M'51 according to the equation: 

q s + 2H* + 2e"-5— H202s + 2H * + 2e"-2— 2H,0 + - s - (3.33) 
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The mechanism of oxygen reduction is elaborated upon in Chapter 2. 

3.3 EXPERIMENTAL 

3.3.1 Reagents 

The commercial titanium dioxide used during the experiments was Degussa P25 grade with a 
BET surface area of -50 m2 g"1 and an average particle size of 30 nm. Some of the Ti02 used 
for the preparation of metallized catalysts was prepared from titanium tetrachloride (TiCl4) 
(analysis reagent, Shanghai Reagent Co.) and titanium butoxide (Ti(OC4H9)4) (analysis reagent, 
Shanghai Reagent Co.)- The methanol used was ALDRICH A.CS. reagent, Lot No. 
01707KX. The ethanol used was ethyl alcohol from AAPER Alcohol and Chem. Co. USP 
(Absolute - 200 Proof, DSP-KY-417) and an analysis reagent from Shanghai Reagent Co. The 
palladium dichloride used was Fisher purified product (Lot 915085) and an analysis reagent 
from Shanghai Reagent Co. The palladium black used was a product from Aldrich (Lot No. 
06115BY). The chloroplatinic acid used (H2PtCI6-6H20) was a reagent from Fisher A.CS. 
(Lot No. 915412) and an analysis reagent from Shanghai Reagent Co. The glacial acetic acid 
used was a reagent from Fisher A.CS. and an analysis reagent from Shanghai Reagent Co. 
These reagents were used without further purification. 

3.3.2 Catalyst preparation 

3.3.2.1 Preparation of Ti02 

Some Ti02 samples were prepared by hydrolyzing TiCl4 and Ti(OC4H,)4 according to the 
following hydrolysis reactions: 

TiCl4 + 2H20 - Ti02 + 4HC1 t (3.34) 

Ti(OC4H9)4 + 2H20 - Ti02 + 4QH90H (3.35) 

Because hydrolysis of TiCl4 with water occurs very rapidly and violently and produces 
immediately a huge amount of toxic HCl smoke, the preparation should be carried out very 
carefully in a draft hood, and the water should be added drop by drop. After the hydrolysis, 
the sample was centrifuged at 3,000 rpm for 15 minutes, the supernatant was decanted, and 
the solid sample was washed with water to remove all chloride. The procedure (i.e., 
centrifuging and washing) was repeated ten times. After three hours of drying at 120°C, the 
specific surface of the TiO, was 54 m2/g according to the results of a BET calculation. 
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Hydrolysis of Ti(OC4H9)4 with water occurs smoothly, and all hydrolyzed products, including 
butanol, remain in solution (see the equations above). To obtain very fine Ti02 particles and 
a large specific surface area, water had to be added slowly during stirring. After water was 
added to the Ti(OC4H9)4 and the hydrolyzed solution was stirred for 24 hours, the solution was 
centrifuged at 3,000 rpm for 15 minutes, the supernatant was decanted, and the solid sample 
was washed with ethanol in order to remove butanol as far as possible. The procedure (i.e., 
centrifuging and washing) was repeated ten times. Then the sample was dried at 200°C for 15 
hours to remove any remaining butanol. The specific surface of the Ti02 was 130 m2/g 
according to the results of a BET calculation. 

3.3.2.2 Preparation of 1% wt. Pd/Ti02 

A photocatalyst consisting of 1% wt. Pd/Ti02 was prepared by employing two methods: 
physical mixing and photodeposition5. 

Preparation of Pd/Ti02 by physical mixing occurred by putting 1 % wt. palladium black and 
Ti02 into a mortar, carefully grinding the contents, and pretreating the resultant mixture 
consecutively in nitrogen flow at 240°C for about one hour, and then in hydrogen flow at 
430°C and 700°C for about twenty hours. 

Photodeposition of 1% wt. Pd on Ti02 was achieved by dissolving 0.333 g of PdCl2 in 13.33 
ml of glacial acetic acid. The sample was diluted to 270 ml in a 600-ml photoreactor with a 
quartz window 12 cm in diameter at the top. 20.0 g of Ti02 was added and the solution was 
stirred. The reactor was closed, sealed and then illuminated for 17 hours using a 100-W 
medium-pressure mercury lamp (Sylvania, Par 38) with a near-UV filter. The following 
reactions occurred during the deposition (reduction) of Pd2+ on Ti02: 

TÏQ, + 2hv • 2h+ + 2e" (3.36) 

Pd2+ + 2e" - ? ^ - Pd° (3.37) 

2CKCOOH + 2h + — ^ — CH,CH,t + 2CO,t + 2H+ (3.38) 
3 anode J J 

The overall reaction is therefore: 

Pd2+ + 2CH£OOH ' > Pd°/Ti02 + CH3CH3I + 2C02I + 2H + (3.39) 
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When the Pd2+ began to be reduced by Ti02 and was deposited on TiO, under UV light, the 
slurry gradually turned from dark brown (the colour of Pd2+) to grey. After all Pd2+ in the 
solution was reduced and deposited on Ti02 (after 17 hours during our experiment), the dark 
grey slurry of suspended 1 %Pd/Ti02 particles was centrifuged at 3,000 rpm for 30 minutes; 
next, the supernatant was decanted and the solid (Pd/Ti02) was washed with water. The 
procedure of centrifuging and washing was repeated eight times to remove ions such as acetate 
as far as possible. After cleaning, the solid was dried at ambient temperature, or at 120C for 
about 3 hours. 

3.3.2.3 Preparation of 1% Pt/Ti02 

1 % Pt/Ti02 was prepared by photodeposition43 and chemical deposition52: 

Several batches of photo-deposited Pt/Ti02 were prepared in the same way. A 467-ml slurry 
containing 34.6 g of TiO,, 0.923 g of H2PtCI6-6H20 and 25 ml of glacial acetic acid was put 
into a sealed 600-ml photoreactor with a quartz window of 12 cm in diameter at the top. The 
slurry was stirred and illuminated with UV light for 38 hours. The overall equation for the 
deposition (reduction) of Pt4+ on Ti02 in this system is: 

Pt4+ + 4CH,COOH U PtVTiO, + 2CH,CH3t + 4CO,t + 4H + (3.40) 

During the illumination, the slurry gradually turned from orange (the colour of PtCl6
2") to grey, 

which means that Pt4+ was reduced to Pt°. This reduction occurred slower than that of Pd2+, 
because the higher reduction potential of Pt4+ is required to produce Pt\ After illumination (for 
38 hours), the dark grey slurry was centrifuged at 3,000 rpm for 30 minutes and then the solid 
(Pt/TiO^ was washed. This procedure was repeated eight times. The dark grey solid was dried 
at ambient temperature, or at 120°C for about 3 hours. 

Chemical deposition of Pt on Ti02 occurred by putting 37.7 g of TiO, into 500 ml of water 
containing 1 g of chloroplatinic acid (H2PtCl6H20). The slurry was stirred in a rotary vacuum 
evaporator for 3 hours at 75°C in order to thoroughly mix the Pt4+ ions and TiO,. The solid 
mass was dried in an air oven at 110°C, heated to 200°C in a flow of nitrogen, and then 
reduced in a flow of hydrogen at 480°C for 2 hours so that all Pt4+ present at the surface of 
Ti02 was reduced to Pt° by hydrogen: 

Pt4+/Ti02 + 2H2
 480'c . PtYTiO, + 4H+ (3.41) 
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3.3.3 The apparatus used and procedure of the photocatalytic experiments 

3.3.3.1 The apparatus of the photocatalytic experiments 

The experiments were carried out in a liquid-phase recycle photoreactor similar to the one used 
early by Prüden and Ollis53 (see Fig.2. lb). A 0.1 wt% slurry of photocatalyst in water was 
recycled through a quartz annular photoreactor using a polypropylene/ceramic pump. An 
illumination of 3.08x10^ Einstein/min was provided by a black light fluorescent bulb (GE 
BLB -15 W) fixed in the centre of the photoreactor. The predominant emission wave length 
band of this lamp (320 < X < 400 nm) is sufficient to photo-excite Ti02 (A. < 410 nm) and 
causes no homogeneous photolysis of the reactants (if X< 300 nm). A pressure gauge scaled 
from 0-60 in.H20 (inch of water column) was fixed at the top of the reservoir to monitor the 
changes in pressure occurring in the reactor and to measure the oxygen consumption. The total 
reactor volume was -930 cm3, including a 280-cm3 quartz annular photoreactor and a reactor 
reservoir (made from a 500-ml, 3-neck flask). The total liquid volume in the reactor was fixed 
at -600 cm3, with a ~330-cm3 reservoir headspace during each run. 

3.3.3.2 The procedure and conditions of the photocatalytic experiments 

During the photocatalytic oxidation experiments with oxygen, 550 ml of water and 0.600 g of 
photocatalyst (M/Ti02 or plain Ti02) were put into the reservoir. The solution was pumped 
through the recycling system and stirred in the reservoir. The liquid slurry (-550 cm3) was 
sparged with pure oxygen for 30 minutes. Then the reactor was closed and substrate added. 
The solution pH was adjusted using HN03 or NaOH, and the solution was diluted to 600 ml. 
40 cm3 of pure oxygen was syringed to maintain excess pressure (about 20 in.H20) in the 
reactor. After 5 minutes of stirring, during which no gas leaking was observed, the light was 
turned on for illumination, and at fixed periods gas and liquid samples (0.5-1 ml) were taken 
for analysis. The reaction temperature was kept at 25±2°C using cooling water. The slurry was 
recycled through the photoreactor at 1,500 ml/min. In accordance with the variations in reactor 
pressure occurring during illumination, pure 0 2 was replenished constantly. 

3.3.3.3 X-ray powder crystal diffraction of M/Ti02 photocatalyst 

X-ray powder crystal diffraction was applied to identify the crystal structure of the catalyst and 
the state of the platinum present at the surface of Ti02: whether the platinum was deposited on 
Ti02 without any interaction with Ti02 or including the formation of chemical bonds (Pt-Ti). 

As much as 5% wt. platinized Ti02 was prepared for X-ray analysis to ensure sufficiently clear 
diffraction peaks for platinum. An automatic X-ray powder crystal diffractometer was used. 
Around 1 g of Pt/Ti02 in the form of a powder sample was pressed onto the diffractometer's 
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sample holder. The diffractometer's recorder recorded relative diffraction intensity versus 
diffraction angle 20. By comparing 26 of the sample data peaks with the data published on 
standard samples, we could identify the components and sample structure. 

3.3.3.4 The Electron Beam Probe (X-ray exciting spectrum) for surface element analysis 
of an M/Ti02 photocatalyst 

In order to examine the distribution and content of a metal (such as platinum) deposited on the 
surface of Ti02, an electron probe microanalysis54 was carried out. This technique gives a 
surface component analysis to a depth of 1-2 fim in a sample and over a diameter range of 1 
fim at the surface of a sample. When a beam of electrons is focused on a fine pencil of 0.1-1 
ixm cross section and directed at the specimen surface exactly at the spot to be analyzed, this 
electron bombardment excites characteristic X-rays essentially from a point source and at 
considerably high intensities. Detection and measurement of these characteristic X-ray spectra 
reveal what components are present at the sample surface. During the experiments, the electron 
beam probe microanalyzer was combined with an electron microscope. The latter was used to 
locate a spot at the specimen surface interesting for electron beam probe microanalysis. The 
detection limit (in a l-/xm size region) is about 10"14 gram. The relative accuracy is 1-2%, if the 
concentration of an element (Pt) at a surface (TiCX) is higher than a few percent and if adequate 
standards are available. 

As an electron probe microanalyzer, a tunnel electron microscope (8xl05 times) with an 
electron probe microanalyzer was used. Powder samples of Pt/Ti02 (approximately 50 mg) 
must be fixed firmly on the metal sample-supporter (diameter ~ 2 cm) in order to ensure that 
they do not move while they are bombarded by high-energy electron beams. The screen of the 
electron microscope allowed continuous visual observation of the exact sample area hit by the 
electron beam. The possible elements and contents of the sample surface (to a depth of 100 Â) 
were calculated automatically by the instrument's software. 

3.3.4 Analytic method 

3.3.4.1 pH 

pH was measured using an in-situ pH electrode (Fisher, 13-620-93) connected to an ORION 
701A digital pH/mv meter. Standard buffer solutions (pH = 4, 7 and 10) were used to 
calibrate the pH electrode before each run. 
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3.3.4.2 Methanol and ethanol concentrations 

Reaction-solution samples of methanol and ethanol were taken periodically, put into a 
centrifuge cup and centrifuged in order to remove photocatalyst. 1 p\ of supernatant was 
injected directly into an HP 5890A Gas Chromatograph (capillary column, J & W Scientific 
Cat. No. 125-1334) fitted with a Flame Ionization Detector (FID). Standard methanol and 
ethanol solutions were used to calibrate the GC for each experiment. 

3.3.4.3 Carbon dioxide analysis 

The production of carbon dioxide in the gas phase was measured by injecting a gas sample of 
0.5 or 1 ml directly into an absorption tube fixed on an infrared carbon dioxide analyzer 
(Horiba, PIR-2000). To measure the production of C02 dissolved in the reaction solution, a 
liquid sample of 0.5 or 1 ml was taken and injected into the absorption tube, which contained 
a solution of 1 N H2S04, in order to convert all C02 present in the solution (carbonate, 
bicarbonate) to gaseous CO,, which was tripped by helium carry gas. Weekly, a sodium 
carbonate solution was used as a standard sample to calibrate the instruments. 

3.3.4.4 Oxygen analysis 

The consumption of oxygen can be calculated from the difference of the pressure change and 
the rectification resulted from the production of C02 and other gas (i.e., methane). The 
saturation concentration of pure oxygen in water amounts to 41.36 ppm (25°C)55. If 330 cm3 

of pure 0 2 in the reservoir headspace completely dissolves in 600 cm3 of water, the total 
concentration of 0 2 is -760 ppm (23.8 mM). 

3.4 RESULTS AND DISCUSSION 

3.4.1 The results of X-ray powder crystal diffraction of powder Pt/Ti02 catalysts 

As mentioned above, pretreatment of Pt/Ti02 by hydrogen reduction at a temperature of 
between 400°C and 700°C increases its photocatalytic activity35. It is therefore interesting to 
investigate why such pretreatment can raise the photoactivity of the catalyst. We applied X-ray 
powder crystal diffraction to investigate the difference in crystal structure before and after 
pretreatment. Fig.3.3a and 3.3b show the results of X-ray powder crystal diffraction for TiO, 
and Pt/Ti02. These results reveal that in Pt/Ti02 a small quantity of a rutile component of TiO, 
appeared (Fig.3.3b) after treatment with hydrogen at a high temperature. Furthermore, the 
peak indicated with an asterisk at the diffraction angle of 20 = 40° increased. Although some 
weaker diffraction peaks may be covered by those of the main crystal structure, 20 =40° may 



Chapter 3 Photocatalytic Kinetics of Alcohols 103 

•S 

a» 
a o 

60 55 50 45 40 35 30 25 20 

•S 
Où e 

e o 

60 55 50 45 40 35 

Diffraction angle (20) 

30 25 26 

Fig.3.3 The figures of X-Ray powder crystal diffraction of Pt/Ti02. 
The diffraction angle strength for anatase are given by a, b, c and e, 
and those for rutile are given by 1, 2, 3 and 4 respectively. 
*: The diffraction angle may be due to the Ti-Pt interaction. 
(a). The photocatalyst Pt/TiO, without pretreatment. 
(b). The photocatalyst Pt/TiCK with pretreatment in an hydrogen 
flow for four hours at 700° C. 



104 

be the strongest Bragg angle of a Pt-Ti intermetallic compound. According to the principle of 
strong metal-supporter interaction 35(SMSI), strong interaction (i.e., a chemical bond) will 
occur between a deposited metal and the support (i.e., carrier) when a metallized catalyst is 
treated at a high temperature. Therefore, the peak at 26=40° should be the result of the 
diffraction of Pt-Ti intermetallic compounds (i.e., alloys), which was strengthened by hydrogen 
reduction at a high temperature, although it is hard to identify a specific compound based on 
only one Bragg-angle peak. According to the X-ray diffraction analysis carried out, in the 
Pt/Ti02 with a structure consisting almost completely of anatase some rutile had emerged, and 
the interaction between Pt and Ti02 had increased by pretreatment at a high temperature. 

Although the results of X-ray diffraction analysis showed the existence of a rutile structure and 
the occurrence of Pt-Ti02 interaction (SMS1), it is not to be expected that the photocatalytic 
activity of a photocatalyst will always increase as a result of pretreatment by hydrogen 
reduction at a high temperature. In spite of the positive effect created by SMSI in the form of 
a higher catalyst activity, the sintering of catalysts at a high temperature has a disadvantage in 
that it drastically reduces their photocatalytic activity. Comparing the activity of a catalyst 
before and after pretreatment is justified only if the particle size does not change. The particle 
size of a photocatalyst is an important aspect of photocatalytic activity: the smaller the particle, 
the higher the activity. During our experiments, using the same Pt/TiO, from different 
pretreatment batches resulted in different results, although the pretreatment conditions were 
the same in each batch. This is because in the various batches the catalyst was not sintered to 
the same degree. Some of the catalysts were well dispersed in solution, and others not. 
Sintering makes the catalyst particles size much larger than that before pretreatment, and most 
of the catalyst particles precipitate on the bottom of the reactor. If little catalyst is suspended 
in solution, there is little photocatalytic activity. How to control the sintering of catalyst during 
high temperature pretreatment is still a poser; it is a sophisticated experimental skill. 

3.4.2 The results of the X-ray exciting spectrum, and a discussion of a porous micro-cell 

model 

The X-ray exciting spectrum of Pt/Ti02 resulting from an electron beam probe microanalysis 
showed only signals created by Ti and oxygen, not any signal created by Pt in the first 100-À 
layer at a certain surface area of Pt/Ti02. Checking a large number of spots at the surface and 
visually analysing them using an electron microscope had the same result. This can be 
attributed to the deposition of platinum like an island at the surface (island distribution), or 
assumes that some of the platinum could be deposited inside the pores of Ti02. Another 
experiment of XPS (X-ray Photoelectron Spectroscope) also confirmed this assumption (see 
Chapter 6, §6.3.5). 



Chapter 3 Photocatalytic Kinetics of Alcohols 105 

As shown in Fig.3.1b, when Ti02 catalyst particles are irradiated in suspension, the modified 
palladium or platinum outside the Ti02 particles may become a "transient" anode. The 
following oxidation reactions may take place: 

Pd° + 2h+ - Pd2+ (E° = 0.83 V) (3.42) 
or 
Pt° + 2h+ - Pt2+ (E°= 1.2 V) (3.43) 

Because of the restriction imposed by the Schottky barrier (Fig. 1.9b), Eq.3.42 or 3.43 seems 
to be impossible at semiconductor surfaces for electron transport in the opposite direction. 
However, there are three reasons for the occurrence of Eq.3.42 or 3.43 at the surface of 
powder photocatalysts. First, if the deposited metal particles are so small that they provide 
insufficient capacity (atomic orbits) for maintaining their Fermi level when electrons flow from 
semiconductor to metal after their contacting, the height of Schottky barrier will decrease 
greatly. It may result in electrons flowing from metal to semiconductor. Secondly, after 
pretreatment at a high temperature the metal and semiconductor are no longer in physical 
contact with each other due to the role played by SMSI. Between the metal and semiconductor, 
chemical bonds of various types exist rather than a Schottky barrier. Thirdly, the oxidation 
capability of Ti02(Fig.l.7) is sufficiently high to oxidize Pd or Pt. Therefore, photocatalytic 
oxidation probably also occurs where Pd°/Pd2+ is located; for example, Pd2+ can oxidize 
alcohol and is then reduced to Pd°. 

On the other hand, some of the palladium deposited in pores acts as a "permanent" cathode 
which cannot be irradiated, meaning the efficiency of reductive sites on the total surface being 
increased. The palladium or platinum deposited at the outside of Ti02 is not only a reductive 
but also an oxidative catalyst. The catalyst can therefore perform two functions. 

3.4.3 Application of the heterogeneous catalysis theory on gas reactions to photocatalytic 
reactions in aqueous liquids: The Langmuir form of photocatalytic kinetic processes 

During the studies conducted earlier by Ollis et a/.4,26,28, photocatalytic oxidation of organic 
halogen compounds in a dilute aqueous solution was described satisfactorily using kinetic 
equations in a Langmuir form normally used in relation to heterogeneous systems in which gas 
reactions occur at catalyst surfaces. This section presents detailed experimental measurements 
of the photocatalytic oxidation of aqueous solutions of methanol and ethanol. The alcohol 
concentration ranged from 100 to 400 ppm. Fig.3.4 and 3.8 show alcohol concentration as a 
function of illumination time and compare the results found at different initial concentrations 
of methanol and ethanol. The slope of the tangent line at each experimental data point located 
on the curves in Fig.3.4 and 3.8 indicates relative reaction rate y. Fig.3.5 and 3.9 show the 
relationship between photocatalytic oxidation rate and concentration for methanol and ethanol. 
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Fig.3.5 The relationship between rate of 
photocatalytic methanol oxidation and 
methanol concentration. Conditions: see 
Fig.3.4. 

0.005 0.01 

1/C (1/ppm) 

0.015 2 4 6 8 10 

Methanol Concentration (niM) 

12 

Fig.3.6 
methanol 
Fig.3.4. 

Reciprocal rate vs. reciprocal 
concentrations. Conditions: see 

Fig.3.7 The methanol coverage at various 
concentrations. Conditions: see Fig.3.4 



Chapter 3 Photocatalytic Kinetics of Alcohols 107 

1 

300 

i 

250 

| 200 , 

1 
S 150, 

100 

50 

n 

>_ 

**. • 
i. 

' . 

i 

• • . 

"A. 

* • • • - . . . • . ' ; • ' 

20 40 60 80 100 
Illumination Time (min.) 

120 

Fig.3.8 Ethanol photocatalytic oxidation as a function 
of illumination time for various initial concentrations. 
Catalyst: l%Pt/Ti02, lg/L. Initial pH=5.1. 25°C. The 
markers in the graph indicate experimental data. The 
dashed lines indicate the fit by the Langmuir equation. 

100 200 300 
Ethanol concentration (ppm) 

Fig.3.9 The relationship between rate of 
photocatalytic ethanol oxidation and ethanol 
concentration. Conditions: see Fig.3.8. 

is 40 

o u 

0.005 0.01 0.015 

1/C (1/ppm) 

0.02 

Fig.3.10 Reciprocal rate vs. reciprocal 
ethanol concentrations. Conditions: see 
Fig.3.8. 

0 2 4 6 

Ethanol Concentration (mM) 

Fig.3.11 The ethanol coverage at various 
concentrations. Conditions: see Fig.3.8. 



108 

Fig.3.5 and 3.9 were derived from Fig.3.4 and 3.8 by taking the slope of each pair of adjacent 
experimental points (concentrations) as the reaction rate at the average concentration at these 
two points. Fig.3.6 and 3.10 show the linear regression of reciprocal reaction rates with 
reciprocal concentrations of methanol and ethanol, respectively. They represent the linear 
relationship of the Langmuir kinetic equation for single-molecule reaction at photocatalyst 
surfaces (Eq.3.31); from this, rate constant k and adsorption equilibrium constant K can be 
calculated. Table 3.1 gives Langmuir equation parameters derived from experimental data. 
These values were obtained by fitting the integrated Langmuir equation to the experimental 
concentrations (Fig.3.4 and 3.8). The error of the fit is within 10%, which is the experimental 
error. 

Table 3.1 The kinetic parameters of the Langmuir model for methanol 
and ethanol photocatalytic oxidation. 

Methanol Ethanol 

k (ppm/min.g) 4.4 3.3 

K(ppm1) 1.9xl03 3.8X10"3 

*K(l/min.g) 8.2xl0"3 1.3 xlO"2 

The surface coverages 6 on Ti02 for methanol and ethanol were calculated based on the data 
given in Table 3.1 and the Langmuir isotherm equation (Eq.3.28), and are represented in 
Fig.3.7 and 3.11. As shown in these figures, at the same molar concentration the coverage 
shown by ethanol is twice as high as that shown by methanol. It means that at low 
concentrations ethanol will occupy twice as much space at the Ti02 surface as methanol. 
According to our assumption made in Chapter 2 regarding the adsorption pattern, ethanol and 
methanol have the same end-group (hydroxyl group) adsorption pattern. When the hydroxyl 
group of an ethanol molecule is adsorbed onto the Ti02 surface, this molecule occupies more 
space at the catalyst surface than a methanol molecule as a result of sp3 hybridization of carbon 
atomic orbits. Although at the same low molar concentration the number of ethanol molecules 
present at a Ti02 surface is half that of methanol molecules, the overall reaction rate constant 
(k) of ethanol is only 25% lower than that of methanol. This means that, compared with 
methanol, the reaction rate constant for a single reactant molecule of ethanol (k') is higher, 
because k can be considered the sum of the it' of all reactants adsorbed onto the surface. 
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*=*'N.ds (3.44) 

where Nads is the total number of reactant molecules adsorbed onto Ti02 surfaces. 

Based on Eq.3.28, Fig.3.12 gives the calculated surface coverage of the reactants present on 
Ti02 as a function of their concentration, where K is a parameter. Equilibrium constant K for 
alcohol was derived from our experiments (Table 3.1), whereas the K value for organic 
chlorides was derived from research carried out earlier by Ollis et al.4 If the k and K of 
compounds can be derived from experiments, the reaction rate in a photocatalytic system for 
various organic and inorganic compounds can be estimated based on the relationships between 
coverage and concentration, and on the reaction rate constant. As shown in Fig.3.12, 
occupying 90% anodic surface of 1 gram of Ti02 requires around 5,000 ppm (156 mM) of 
methanol (K=0.00185), 2,500 ppm (54 mM) of ethanol (K=0.0038), 3,000 ppm of 
chloroform (K=0.003), 900 ppm of TCE (K=0.01) or only 450 ppm of dichloromethane or 
PCE (K=0.02). If a surface reaction is a rate-controlling step, the reaction rate will not 
increase with concentration after the surface is fully covered. According to Eq.3.30, the 
maximum rate of photocatalytic oxidation is indicated by rate constant k (see Table 3.1), which 
for methanol is 4.4 ppm/min.g and for ethanol 3.3 ppm/min.g. 

There are different Langmuir kinetic equations which describe different reaction mechanisms. 
Different assumptions of mechanism processes for a reaction result in different descriptions of 
kinetic equations. According to the surface mechanism proposed in Eq.3.21 - 3.27 and 
Eq.3.30, a rate expression for a single-molecular reaction in solution can be used to describe 
the two-molecular photocatalytic reactions given in Eq.3.1. If assuming that the mechanism 
of the reactions given in Eq.3.1 is a two-molecular adsorption reaction at a surface, such as 
the reaction occurring between methanol and hydroxyl groups both adsorbed onto a surface (as 
is the case in Eq. 2.23 - 2.30 given in § 2.3.5.2), this mechanism can be described as an L-H 
two-molecular process. The E-R process can also be used to describe Eq.3.1, if assuming that 
methanol or ethanol was adsorbed onto a surface and reacted with free hydroxyl radicals in 
solution. 

3.4.4 The effect of oxygen concentration on the photocatalytic degradation of methanol 
and ethanol 

The oxygen concentration affects the oxidation of alcohol. If the rate- controlling step of the 
overall reaction (Eq.3.1) is the anodic surface reaction of alcohol oxidation, the oxygen 
pressure in the system should be kept constant to eliminate the effect of oxygen concentration 
on alcohol oxidation, meaning that a continuous supply of oxygen is necessary. Fig.3.13 shows 
total oxygen consumption versus illumination time at various initial alcohol concentrations, 
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Fig.3.13 Total oxygen consumption as a function of illumination time. 
Conditions are similar to those given in Fig.3.4. 

when the 30-inch H20 pressure of oxygen in the photoreactor was fixed by continuous oxygen 
supply. All plots of oxygen consumption in Fig.3.13 show an almost linear but different slope. 
It means that, under conditions existing during our experiments, the oxygen consumption was 
nearly of zero order. Table 3.2 gives values for the oxygen consumption rate calculated from 
Fig.3.13. It shows clearly that at similar concentrations ethanol oxidation required a higher 
oxygen reduction than methanol oxidation. 

Table 3.2. The reaction rate of oxygen reduction at various 
initial substrate concentrations 

Reactant 

methanol 

ethanol 

Reactant initial 
concentration (ppm) 

132 

200 

300 

396 

150 

330 

Oxygen reduction 
rate y (-ppm/min.g) 

0.104 

0.105 

0.137 

0.138 

0.121 

0.221 
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3.5 CONCLUSION 

1. X-ray diffraction revealed a diffraction peak (26=40°) not belonging to the anatase or rutile 
crystal structure of Ti02 in a Pt/Ti02 sample pretreated at a high temperature. According to 
diffraction data of Pt-Ti intermetallic compounds (alloys), it is assumed to be the diffraction 
peak of these compounds. 

2. An improved porous micro-cell model is proposed to explain the photocatalytic elimination 
of pollutants at the surface of such powder catalysts as Pt/Ti02. According to this model, only 
the surface outside particles can be illuminated, not that of particle pores. This inner surface 
acts as a permanent cathode at which Pt is also photodeposited. 

3. Photocatalytic oxidation of methanol and ethanol in a dilute aqueous solution is clearly 
expressed by the kinetic equation of the Langmuir isotherm. 

4. Compared to methanol, at low concentrations the coverage shown by ethanol at the 
photocatalyst surface of Pt/Ti02 is twice as high. The maximum rate and efficiency of 
photocatalytic oxidation of methanol and ethanol on catalyst surface can be estimated by the 
results of the calculation. 

5. An end-group adsorption of methanol and ethanol on catalyst surfaces is proposed to express 
the processes of the surface mechanisms of photocatalytic oxidation of alcohols. 

6. In the aerated reactor system used for ethanol and methanol reactions, the oxygen 
consumption is of zero order. 
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THE ELIMINATION OF PHENOLS AND COD FROM INDUSTRIAL 
WASTEWATER BY EMPLOYING PHOTOCHEMICAL METHODS 

4.1 INTRODUCTION 

Photochemical methods, including photolysis and photocatalysis, are attractive environmental 
remediation technologies for the degradation and final mineralization of organic pollutants in 
an aquatic environment and the air, and have extensively been researched for many years1 ,2,3,4. 
The photo-Fenton reaction (based on UV/H202/Fe2+) is an example of photolysis and has been 
studied in detail5. It promises to become an important pathway for the treatment of wastewater 
contaminated with various organic compounds6,7. Heterogeneous photocatalysis, which uses 
various semiconductor photocatalysts such as titanium dioxide, zinc oxide and ferric oxide, is 
also a feasible method for the detoxification of water containing various organic and inorganic 
pollutants, such as halogenated organic compounds8,910, insecticides11,12,13, surfactants14,15, and 
heavy metals16,1718. 

In contrast to photocatalytic methods that use a catalyst in suspension, homogeneous photolysis 
methods do not require separation of powder catalysts after treatment. For effective treatment, 
photolysis requires short wavelengths of high-energy UV light and chemical oxidants such as 
hydrogen peroxide and ozone. However, photocatalysis can use long wavelengths of lower 
energy near UV and visible light, such as sunlight, for effective elimination of pollutants19,20,21 

without extra chemical oxidants. If a photocatalyst is fixed on a supporter, it does not have to 
be separated as a slurry from the process water, but so far this type of process has shown less 
photocatalytic activity (about twice as slow) than suspension systems22. 

A sophisticated combination of methods for homogeneous photolysis and photocatalysis can 
raise the treatment efficiency, because it promotes the utilization of sunlight or the light of 
lamps at various wavelengths in the presence of H202 and a photocatalyst. A combined system 
may consist of a photocatalyst together with high-energy UV light, or together with H202 or 
even a photo-Fenton reaction. Such systems can simultaneously photocatalyze and photolyze 
toxic substrates. Some studies report the use of a combination of photolysis and photocatalysis 
for wastewater treatment23, u'2S. 

Many wastewaters are characterized by the presence of phenol and its derivatives. These 
substances are present in large quantities in wastewaters from oil refining, pharmacy, 
electroplating, paper, coking and iron-smelting industry, etc. Some industrial wastewaters 
contain various substituted phenols and have a COD of several thousands of ppm. Typical 
components of such industrial wastewaters are listed in Table 4.1. 
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Table 4.1. Typical components of some industrial wastewaters 

Type of 
wastewater 

Phenolic resin 

Petroleum refining 

Naphthenic acid 

Dry distillation of 
shale oil 

PH 

1 

7 

6 

8 

Pollutants in wastewater 
Phenols 
(ppm) 

400 

50 

12 

200 

COD 
(ppm) 

500 

1,300 

16,000 

Other components 

Pink colour, resin, formaldehyde, 

Cu 2 \ HCl 

No colour, organic sulphide 

No colour, organic sulphide 

Dark brown colour, aromatics, 

cyanide, hydrocarbons, etc. 

The wastewaters from industrial sources shown in Table 4.1 normally contain many toxic 
compounds in addition to phenols. In wastewater containing phenolic resins, these resins are 
pink, soluble and of low molecular weight. The COD of wastewaters from petroleum refining 
and the recovery of naphthenic acid is attributed mainly to hydrocarbons and organic sulphide 
compounds. Wastewater from the dry distillation of shale oil is a very complicated type of 
wastewater with a dark brown colour and a COD ranging from -7,000 to -24,000 ppm. In 
addition to phenols of several hundreds of ppm, it contains large quantities of various organic 
compounds, such as nitro- and sulpho-organics, aromatics and hydrocarbons, as well as 
inorganic compounds (e.g., cyanides). 

The treatment of phenol containing wastewater to a harmless level of 0.5 ppm phenol is a 
difficult process for many chemical and biological methods because of the high solubility and 
stability of phenols26. There are many reports on photolysis27,28 and photocatalysis29,30,31 for the 
treatment of phenol-containing wastewaters. Most experiments of the photocataly tic treatment 
of phenol-containing wastewaters use slurry Ti02 as a photocatalyst, because until now it has 
proven to be the most efficient photocatalyst and it is also nontoxic. In practice, however, the 
problem of how to separate suspended particles from wastewater still has to be solved. There 
are some reports on investigations carried out into the photoactivity of other materials, such 
as ZnO, W03, CdS and Fe^Oj, which also proved to affect various pollutants32,33,34. 

The PB report from the American government33 discusses the possibility of applying 
photocataJytkr oxidation for the remediation and recovery of several wastewaters. The report 
details the use of semiconductors consisting of titanium dioxide, zinc oxide and ferric oxide 
as photocatalysts. By using titanium dioxide and zinc oxide, photocataly tic degradation of 30% 
to 50% of chloroform, dimethylamine, methanol and some phenolic and nitric compounds 
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(except amine) could be attained after six hours of illumination. However, ferric oxide did not 
show any photoactivity in relation to these compounds. 

Another PB report from the American government36 discusses the photocatalytic oxidation of 
organic pollutants. From this report, which details the use of non-oxide soluble inorganic 
compounds as homogeneous photocatalysts, it appears that ferrous nitrate showed the highest 
photocatalytic activity during the treatment of phenol. 

Hokayisu and Sawujiyi" report the photocatalytic oxidation of phenol using the semiconductor 
zinc oxide. It was observed that 50 ppm of phenol in an aerated solution decreased to a level 
of 3.5 ppm when the solution was illuminated for three hours using a 400-W mercury lamp. 

Izumi and Ohnishi38 report the photocatalytic degradation of phenol and 2, 4, 6-trichlorophenol 
(TCE) using a semiconductor photocatalyst. When 15 mg of 12%Pt/Ti02 was suspended in a 
3-ml solution containing 50 ppm of TCE and this solution was illuminated using a 500-W 
mercury lamp, the TCE was degraded by 90% in 2.5 minutes, and by 95% in 5 minutes. 
However, when a solution containing 150 or 300 ppm of TCE was used, only 70% of the 
pollutant was degraded in 3 hours. When 15 mg of native Ti02 was suspended in a 3-ml 
solution, 90% of the TCE in a solution with a TCE concentration of 50 ppm was degraded in 
3 hours. Under the same conditions, 95% of the phenol contained in a solution with a phenol 
concentration of 50 ppm was degraded in 5 minutes, but only 92% of the phenol contained in 
a solution with a phenol concentration of 94 ppm was degraded in 3 hours. 

Okamoto and Yamamoto et al.31 report heterogeneous photocatalytic degradation of phenol in 
the presence of Ti02, ZnO and Fe203 as photocatalysts. Pure Fe203 did not show any 
photocatalytic activity. The best result was obtained by using anatase TiO, pretreated in 
hydrogen gas at 520 °C for six hours. By using 2.5 grams of this TiO, in a 400-ml solution, 
phenol was degraded to 10 ppm in a solution with a phenol concentration of 94 ppm, when the 
solution was illuminated for half an hour with a 100-W mercury lamp. The use of ZnO resulted 
in phenol degradation to 2 ppm in a solution with a phenol concentration of 94 ppm, when the 
solution was illuminated for one hour, but at the same time ZnO decomposed proportionally 
to the quantity of phenol degraded. 

Peral and Doménech et al.39 report light-induced oxidation of phenol using ZnO powder as a 
photocatalyst, during which 95% of the phenol contained in a solution with a phenol 
concentration of 9 ppm was removed, when the solution was illuminated for 10 minutes with 
UV light. At the same time, ZnO dissolved. 

L. Palmisano et al.32,40 report the use of titanium photocatalysts for the photodegradation of 
acetic acid and phenol, in which various semiconductor photocatalysts were employed to 
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degrade a 90-ppm solution of phenol at a pH of 3, 6 and 13 using a 1500-W xenon lamp for 
illumination. Pure ferric oxide showed a higher photocatalytic activity during the oxidation of 
acetic acid in aerated systems, but did not show photoactivity during phenol oxidation in 
deaerated systems. 

All experiments mentioned in the above reports during which phenol and other organic 
compounds were degraded photocatalytically were carried out on a laboratory scale with 
artificial solutions of pure compounds in water. The photocatalyst with the highest activity was 
12%Pt/Ti02 obtained by pretreatment for a long time at a high temperature in hydrogen gas. 
Ferric oxide did not show any photoactivity in relation to phenols. 

Photolytic or photocatalytic oxidation of phenol-containing wastewater requires oxygen and is 
pH-dependent. In the acidic range, it is pH-dependent only in a very narrow pH range, namely 
- 3 . 5±0 .5 , where it shows a very high degradation rate41. The degradation rate is slowest 
around neutral pH and increases gradually with increasing pH. To obtain a suitable rate in 
practice, adjusting the reaction pH to the alkaline range is more convenient than doing so to 
the narrow acidic range of -3 .5±0.5 . 

In this chapter, ferric compounds (especially tri-iron tetroxide) and aluminium oxide are 
discussed as photocatalysts. Because iron-containing compounds have magnetic properties, the 
suspended catalyst powder can be recovered from wastewaters by employing magnetic 
methods. From an economic point of view, the use of related ores as alternatives to pure 
compounds is very interesting. The use of magnetite as a ferric photocatalyst is a good choice, 
because its main component is magnetic tri-iron tetroxide. With respect to the use of aluminium 
oxide as a photocatalyst, it is interesting to look at the possibilities for using its ores bauxite 
and kaolin as photocatalysts. In our study, the effect of combining photolysis (i.e., the use of 
high-energy UV light) and photocatalysis (i.e., the use of magnetite and dialuminium trioxide 
as photocatalysts) was investigated for the treatment of various types of industrial wastewaters. 
Calcium oxide was chosen as a promoter of photocatalysts to control the reaction pH and to 
deposit the final gas product (CO^ as a solid (CaCOj). A special method that combines 
photocatalysis and the photo-Fenton reaction was investigated, in which a double-function 
compound was used for the first time. This compound (ferric oxide) can act both as a 
photocatalyst and as a solidified Fenton reagent. This combination is expected to increase the 
efficiency of photochemical systems in the elimination of various organic pollutants. 
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4.2 EXPERIMENTS CARRIED OUT WITH PHOTOCATALYSTS 

4.2.1 Introduction 

Three combined methods of heterogeneous photochemistry in aerated systems were used to 
treat phenol-containing wastewater: 1. UV light (313 z \ z 456 nm) and the use of a 
photocatalyst consisting of a ferric or aluminium compound under alkaline conditions. In such 
a system, phenol can be degraded by direct photolysis and by photocatalysis; 2. UV light (313 
s A i 456 nm) and the use of a photocatalyst consisting of a ferric or aluminium compound 
and calcium oxide. The latter was used as a promoter, for adjusting the reaction pH to around 
12 (and maintaining it at this level), and for removing (i.e., precipitating) the produced CO, 
from the liquid phase; 3. UV light (313 < X < 456 nm) combined with the use of a solid ferric 
compound as a photocatalyst, calcium oxide as a promoter, and hydrogen peroxide as an 
oxidant. In this system, solid ferric oxides act either as a photocatalyst or as a solidified Fenton 
reagent, and phenol or other organic pollutants would be degraded by the combination of direct 
photolysis, photocatalysis and the photo-Fenton reaction. 

4.2.2 Experimental procedure for a heterogeneous system of UV/ferric or aluminium 
compound photocatalyst 

In general, experiments can be carried out as follows. The pH of a solution of pure phenol in 
water (^ 300 ppm) or phenol-containing industrial wastewater (30 - 400 ppm of phenol) is 
adjusted to alkaline conditions using sodium hydroxide. After filtering to remove solids (in the 
case of industrial wastewater), the sample is placed in a photoreactor (<j) 30 x 170 mm) 
(Fig.4.1). A photocatalyst consisting of a ferric or aluminium compound is added to the 
solution. Air is sparged to suspend the catalyst powder and supply the oxygen required. The 
wastewater is illuminated using a UV lamp. After being illuminated for a period of between 
30 minutes and 4 hours, the solution is centrifuged. The total concentration of volatile phenols, 
including substitutive phenols, in the supernatant is analyzed directly by colorimetric analysis 
using 4-AAP (4-aminoantipyrine) at 500 nm. In the case of coloured industrial wastewaters, 
samples have to be pretreated by distillation to remove all volatile phenols before analysis. 
COD is analyzed by potassium dichromate oxidation. Detailed information on the procedures 
followed for the analysis of phenol and COD can be found in the Standard Methods for the 
examination of water and wastewater42. 

An example of a UV/photocatalyst experiment is as follows. After being filtered (using a paper 
filter), 60 ml of wastewater from a phenol resin factory (pH = 1, the wastewater contained 400 
ppm of phenol as well as soluble phenol resins of low molecular weight, formaldehyde, Cu2+, 
HCl, etc.) was placed in a quartz photoreactor with a cooling-water thimble (Fig.4.1). The 
wastewater pH was adjusted to 13.7 using sodium hydroxide. 400 mg of 320-mesh magnetite 
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Fig.4.1 Photocatatytic Reactor, i. Quartz glass reactor, 2. Sample port, 
3. Gas connector, 4. Light resource, 5. Cooling water thimble, 6. Stir bar, 
7. Gas sparging tube, 8. Wastewater. 
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particles extracted from beach sand using a magnetic separator were added to the wastewater. 
The main component in magnetite is tri-iron tetroxide. Air (1.3 L/min.) was sparged into the 
wastewater to suspend the magnetite powder. The wastewater was illuminated using a 200-W 
mercury lamp (313 £ X < 456 nm) mounted at a distance of 5 cm from the reactor wall. After 
illumination for one hour, a sample of 3 ml was taken and centrifuged at 4,000 rpm for 5 
minutes. The supernatant was distilled in order to remove volatile phenols, and then analyzed 
by colorimetric analysis using 4-AAP. 

4.2.3 Experimental procedure for a heterogeneous system of UV/ferric or aluminium 
compound photocatalyst/calcium oxide or hydroxide as a promoter 

In general, experiments can be carried out as follows. The required quantities of a promoter 
and photocatalyst powder consisting of a ferric or aluminium compound are suspended in 
wastewater by mechanical stirring and air bubbling. The photochemical promoter used is a 
calcium compound: calcium oxide (CaO) or calcium hydroxide (Ca(OH)2). The weight ratio 
between promoter and photocatalyst may vary from 1/10 to 4/1, and the mass quantity of 
promoter present in the wastewater should be at least as high as that of the wastewater COD. 
The photocatalyst and promoter powder should be suspended completely by air bubbling. The 
air flow rate may vary from 500 to 1,500 ml/min. The photochemical reactions may be carried 
out at ambient temperature and normal pressure (ambient < T < 100 °C, P = 1 atm.), or at 
a high temperature and high pressure (T > 100 °C, P > 1 atm.). The other experimental 
conditions are similar to those detailed in § 4.2.2. 

As an example of a UV/photocatalyst/promoter experiment, 60 ml of filtered wastewater from 
an oil refinery (containing 40 ppm of phenol, 1,500 ppm of COD and such compounds as 
cyanide and sulphide) were put into a quartz photoreactor with a cooling-water thimble. 400 
mg of 250 to 300 mesh magnetite and 300 mg of CaO (as a promoter) were added to this 
wastewater. The wastewater pH remained at 12 because of the dissolution of CaO. Air (1.3 
L/min.) was sparged into the wastewater in order to suspend the magnetite and promoter 
powder. The wastewater was illuminated using a 200-W mercury lamp (313 < X < 456 nm) 
mounted at a distance of 5 cm from the reactor wall. After illumination, the wastewater was 
filtered (using a paper filter). A certain quantity of clarified solution was distilled and then 
analyzed. The other conditions were similar to those detailed in § 4.2.2. For the control 
experiment without promoter, a similar quantity of wastewater (60 ml) was put into the reactor. 
In this case, the pH was adjusted to 13.4 using sodium hydroxide. All other conditions were 
similar to those detailed in § 4.2.2. 

As another example, 20 ml of wastewater from the dry distillation of shale oil were put into 
the reactor and diluted to 60 ml. The diluted wastewater contained 63 ppm of phenol, 2500 
ppm of COD, cyanide, sulphide, and many other organic compounds. 300 mg of magnetite and 
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600 mg of CaO as a promoter were added to this wastewater, and the wastewater pH was 
adjusted to 12 and remained at this level because of the dissolution of CaO. All other 
conditions were similar to those detailed in § 4.2.2. 

4.2.4 Experimental procedure for a heterogeneous system of UV/ferric compound 
photocatalysts/promoter/ hydrogen peroxide 

In general, experiments can be carried out as follows. The required quantities of the ferric 
compounds used as photocatalysts and as solidified Fenton-reagents are either suspended in 
water by mechanical stirring and air sparging, or mounted on a supporter in water. A certain 
quantity of the calcium compound used as a photochemical promoter and hydrogen peroxide 
are added to this water. The mass quantity of hydrogen peroxide present in the water is 0.1 to 
5 times higher than that of the pollutants present in the water. These pollutants include various 
organic and inorganic compounds, such as phenols, halo-, nitric- and phospho-organics, 
aromatic compounds, and cyanides. The ferric compounds include ferric oxide, ferrous oxide, 
tri-iron tetroxide, ferrous oxide, ferrous sulphide, etc. These compounds can be either natural 
ores such as magnetite, hematite and iron pyrite, or manmade pure compounds and mixtures 
containing ferric compounds. The weight ratio between the photocatalyst or photo Fenton-
reagent and the wastewater may vary from 1/1000 to 20/1000. The wastewater pH should be 
made alkaline or close to neutral. The photochemical promoter used is a calcium compound: 
calcium oxide (CaO) or calcium hydroxide (Ca^H)^. The weight ratio between the promoter 
and photocatalyst may vary from 1/10 to 4/1, and the quantity of promoter should be at least 
as high as that of the wastewater COD. The promoter may be either first mixed with the 
photocatalyst and then added to the water, or directly added to the water. The air flow rate may 
vary from 500 to 1,500 ml/min. The photochemical reactions are carried out at ambient 
temperature and normal pressure (ambient < T < 100 °C, P = 1 atm.), at a high temperature 
and high pressure (T 5- 100 °C, P > 1 atm.), or in other combinations. The illumination 
resource consists of either sunlight or various lamps emitting ultraviolet light, near-ultra-violet 
light or visible light. The light resource should be as close to the water as possible. 

As an example of a UV/photocatalyst/promoter/hydrogen-peroxide experiment, 60 ml of 
wastewater from an oil refinery (containing 40 ppm of phenol, 1,500 ppm of COD and such 
compounds as cyanide and sulphide) were put into a quartz photoreactor with a cooling-water 
thimble. 100 mg of 30% hydrogen peroxide and 400 mg of 250 to 300 mesh magnetite 
particles (the main component is tri-iron tetroxide) and 300 mg of CaO (as a promoter) were 
added to this wastewater. Air was sparged into the wastewater (1.3 L/min.) in order to suspend 
the magnetite and promoter powder. The wastewater was illuminated using a 200-W mercury 
lamp (313 < X < 456 nm) mounted at a distance of 5 cm from the reactor wall. After 
illumination, the wastewater was filtered (using a paper filter), distilled, and then analyzed. 
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4.2.5 Results and Discussion 

4.2.5.1 Elimination of phenols and COD from industrial wastewater by a heterogeneous 
system of UV/photocatalyst of Fe304 or A1203 

Phenols contained in the types of industrial wastewater listed in Table 4.1 can be effectively 
eliminated by the combination of high-energy UV and the photocatalyst of magnetite powder 
or aluminum oxide (Y-A12OJ). This may be the result of the combined effect of photolysis and 
photocatalysis. The experimental results are summarized in Table 4.2. The wastewaters of type 
1(a), 1(b), 4(a) and 4(b) were executed under the same conditions, except for illumination time. 
Assuming a first-order reaction (C/C0=exp(-kt)), where C0 is the initial concentration, C the 
concentration at time t, and k a reaction rate constant, the reaction constant k1(a) = 1.5 h"1 and 
reaction constant k1(b) = 2.4 h ' . The difference of 46% between k1(a) and k1(b) may be due to 
the various competitive photoreactions occurring in industrial wastewaters. The difference of 
26% between ^ , ,=4.6 h"1 and k4(b)=6.0 h"1 in the case of a pure phenol solution may be due 
to either the combined effect of photocatalytic and photolytic reactions, or experimental errors. 

The use of high-energy UV light not only induces photocatalytic elimination of phenols and 
other organic compounds at photocatalyst surfaces, but also photolyzes them directly. Phenol 
can be eliminated more effectively by using the combination of UV light and aluminium oxide 
than by using UV light and ferric oxide because of the higher band gap of aluminium oxide. 
The data given in Table 4.2 also show that the initial alkaline pH of solutions strongly affects 
the elimination of phenols. The higher the initial pH, the faster the elimination of phenols. It 
should be noted that during the reaction the pH will decrease as a result of the production of 
higher oxidative products (organic acids) and C02. 

During the experiments mentioned in Table 4.2, the effects of pH, catalysts and illumination 
time on the elimination of phenols were studied. During separate experiments in which the 
same wastewaters were used, both phenol elimination and COD elimination were studied. The 
data given in Table 4.3 show that ferric oxides (magnetite) used as a photocatalyst can to a 
large extent eliminate organic compounds (in terms of COD) other than phenol from industrial 
wastewaters. A COD concentration of 2,500 ppm in wastewater from the dry distillation of 
shale oil can be reduced by 62%, when the wastewater is illuminated for one hour. It is very 
probable that the pollutants are finally mineralized to carbon dioxide and water. 
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Table 4.2. The photochemical elimination of phenols from industrial wastewaters 
by a combined method of UV/Photocatalyst. 1: phenolic resin, 2: petroleum 
refining, 3: dry distillation of shale oil, 4: pure phenol in water. The experimental 
conditions are given in § 4.2.2. 

Type of 

industrial 

wastewater 

Ka) 
Kb) 

2 

2 

2 

3 

3 

4(a) 

4(b) 

4 

4 

Initial 

solution 

PH 

13.7 

13.7 

13 

12.4 

13 

12.6 

13.7 

13 

13 

13.3 

13.3 

Concentration of 

phenols 

Before illumination 

(ppm) 

400 

400 

40 

40 

40 

8 

8 

30 

6 

300 

300 

Concentration of 

phenols 

After illumination 

(ppm) 

90 

0.3 

0.2 

0.8 

0.2 

0.3 

0 

0.3 

0.3 

1.3 

2 

Illumination 

time 

(hours) 

1 

3 

2 

2 

1 

2 

1 

1 

0.5 

3 

3 

Photocatalyst 

magnetite 

magnetite 

magnetite 

magnetite 

Y-A1A 

magnetite 

magnetite 

Y-A1A 

Y-A1203 

Y-A1203 

magnetite 

Table 4.3. Photochemical elimination of phenols and COD from industrial 
wastewaters by a combined method of UV/Magnetite. Initial pH = 13.3. The 
experimental conditions are given in § 4.2.2. 

Type of wastewater 

Phenolic resin 

Dry distillation of 

Petroleum refining 

Petroleum refining 

Naphthenic acid 

Initial concentration 

(ppm) 

[phenols] [COD] 

40 

63 2,500 

35 600 

40 280 

1,300 

Treatment 

time 

(hours) 

2 

1 

4 

4 

4 

Elimination 

efficiency (%) 

Phenol COD 

99 

52 62 

100 70 

100 70 

68 
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4.2.5.2 Elimination of phenols and COD from industrial wastewater by a heterogeneous 
system of UV/photocatalyst of Fe304 or Al203/promoter 

The effect of the addition of fine-powdered calcium oxide to wastewater as a pH adjuster rather 
than sodium hydroxide on the promotion of the photocatalytic activity of the photocatalysts 
magnetite and aluminium oxide was investigated. The results given in Table 4.4 show that 
calcium oxide clearly promotes the elimination of phenols. In various wastewaters, complete 
(100%) elimination of phenols can be achieved. One of the advantages of adding calcium oxide 
is that an over dose of calcium oxide in wastewater prevents a decrease in solution pH with 
illumination time, because this substance is continuously dissolving during the 
photodegradation process. Another advantage of the use of this substance is its lower cost 
compared with the cost of sodium hydroxide. 

Table 4.4. The effect of the use of calcium oxide for promoting the photocatalytic 
elimination of phenol in industrial wastewaters, when a photocatalyst and UV light are 
used, (a) is y-Al203, (b) is magnetite. The experimental conditions are given in § 4.2.3. 

Type of 

wastewater 

Phenol 

Phenol 
solution 

Petroleum 
refining 

Petroleum 
refining 

Dry 
distillation 
of shale oil 

Promoter 
CaO 
(mg) 

0 

300 

0 

300 

600 

Photocatalyst 
(mg) 

400(a) 

400(a) 

400(b) 

400(b) 

300(b) 

Initial 
Solution 

pH 

13*) 

12 

13.4*) 

12 

12 

Concentration of 
phenols 

before illumination 
(ppm) 

30 

30 

40 

40 

63 

Concentration of 
phenols 

after illumination 
(ppm) 

0.3 (1 hr.) 

0 ( 1 hr.) 

13 (1 hr.) 

0 ( 1 hr.) 

0 (2 hr.) 

*) In these cases, sodium hydroxide was used 
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4.2.5.3 Elimination of phenols and COD from industrial wastewater by a heterogeneous 
system of UV/photocatalyst of Fe304/promoter/hydrogen peroxide 

The combination of photocatalysis, employing suspended ferric oxide as a photocatalyst, and 
the photo Fenton reaction can circumvent the chemical limitations of hydroxyl radical 
reactions. The photo-Fenton reaction (i.e., hydrogen peroxide oxidation with an iron catalyst 
such as ferrous chloride) is one of the most promising photochemical methods for practical 
application5-27. The hydroxyl radical produced during this reaction is one of the most reactive 
radicals known. However, this method introduces inorganic ions (ferric, chloride) into water, 
and what is even more important, it has proved to be not yet suitable for the treatment of some 
organic pollutants such as organochlorides (poly-, or perfluorinated alkanes). This is due to the 
chemical limitations of hydroxyl radical reactions (e.g., the reactions of hv/H202, hv/H202/Fe 
or hv/03), as described below. Organic pollutants can be oxidized by hydroxyl radicals 
according to one of the following three mechanisms43,44: 

Hydrogen abstraction: 

•OH + RH - H20 + R. (4.1) 

Addition of a hydroxyl radical: 

•OH + X2C=CX2 - X2C(OH)-C-X2 (4.2) 
where X = Cl, F. 

Electron transfer: 

•OH + RX - OH" + XR«+ (4.3) 

The capturing of C-centred radicals by dissolved molecular oxygen, resulting in the production 
of key intermediates of organic peroxyl radicals (Eq.4.4) is essential to accelerate the oxidative 
degradation and mineralization of organic substrates to C02

45. 

R « + 0 2 - » R 0 2 (4.4) 

Hydroxyl radical reactions have a disadvantage in that hydroxyl radicals cannot generate C-
centred radicals by halogen abstraction, and produce unsaturated alkenes. This is because of 
the strong negative inductive effects of poly-halogenated hydrocarbons preventing electrophilic 
addition. As a result of such chemical limitations, poly-halogenated hydrocarbons cannot be 
oxidized by means of hydroxyl radical reactions. 
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However, such chemical limitations do not apply in the case of photocatalytic reactions. Many 
experiments have shown that such halogenated compounds can be very efficiently degraded by 
photocatalytic oxidation. Employing the method of combining photolysis, the photo-Fenton 
reaction and photocatalysis can circumvent these problems and raise the treatment efficiency 
by promoting light absorption at various wavelengths. The use of magnetic ferric oxide as a 
photocatalyst is a good choice, because this substance can be easily separated from water or 
can act as a solidified Fenton reagent, thus reducing the quantity of inorganic ions in solution. 
Table 4.5 gives the first experimental data available on phenol elimination attained by 
employing the combined method of UV/photocatalyst/promoter/hydrogen peroxide. It was 
observed that by adding H202 the minimum time required for complete reduction of all the 
phenol present in the solution decreased from about one hour to about 20 minutes. 

Table 4.5. The results of using UV/magnetite/promoter/H202 for the photocatalytic elimination 
of phenol in industrial wastewater. The experimental conditions are given in § 4.2.4. 

Type of 
wastewater 

Petroleum 
refining 

Petroleum 
refining 

Photocatalyst 

magnetite 

(mg) 

400 

400 

Promoter 

CaO (mg) 

300 

300 

Solution of 
30% H202 

(mg) 

0 

100 

Initial 
solution 

PH 

12 

12 

Concentration of 

phenols before 

illumination 

(ppm) 

40 

40 

Concentration of 

phenols after 

illumination 

(ppm) 

~o* 
(1 hour) 

- 0 

(20 minutes) 

*: - 0 ppm means that the phenol concentration had decreased to an undetectable level after 
a certain period of illumination. 

4.3 EXPERIMENTS USING PHOTOLYSIS 

4.3.1 Introduction 

The following homogeneous photochemical systems for the treatment of an aqueous solution 
of pure phenol under aerated conditions were investigated: 1. Photolysis using UV light (313 
<, A. <, 456 nm). In this system, phenol is degraded by direct photolysis; 2. UV/H202 system. 
In this system, UV not only photolyzes phenol directly but also decomposes hydrogen peroxide 
to form more hydroxyl radicals, thus indirectly accelerating the phenol decomposition; 3. 
UV/FeCl3/Fe2+ system (Fe2+ in the form of Fe(NH4)2(S04)2). In this system, ferric chlorides 
adsorb UV light to produce radicals; next, phenol is oxidized in solution; 4. UV/H202/FeCl3 

system (photo-Fenton reaction). In this system, UV and the Fenton reagent associate and 
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catalyze simultaneously the decomposition of hydrogen peroxide resulting in more hydroxyl 
radicals, which may greatly increase the rate of phenol degradation. 

4.3.2 Experimental procedures of a homogeneous photolytic system 

Except where indicated otherwise in the text or graphs, the procedures followed and conditions 
existing during the experiments were as follow: Exactly 60 ml of an aqueous solution of pure 
phenol (phenol concentration s 80 ppm) were put into the photoreactor (Fig.4.1). The pH was 
adjusted using sodium hydroxide or hydrochloric acid, if necessary. A certain quantity of ferric 
chloride and/or hydrogen peroxide was added to the solution. Air was sparged to supply the 
oxygen required. The solution was illuminated using a UV lamp (the same as the one 
mentioned in § 4.2.2). The solution was kept at ambient temperature. After illumination for 
5 or 10 minutes, samples were taken from the solution and analyzed directly by colorimetric 
analysis using 4-AAP (4-aminoantipyrine) at 500 nm. Detailed information on the procedures 
followed for analysing phenol can be found in the Standard Methods for the examination of 
water and wastewater42. 

4.3.3 Results and Discussion 

4.3.3.1 UV photolytic degradation of phenol 

The photolytic degradation of phenol (initial concentration Ç, = 25 ppm) in an aerated solution 
with an initial pH of 3.5 and using UV light for illumination is given as a function of time in 
Fig.4.2. The figure shows an apparent first-order reaction-rate relationship given by: 

Y = k w [Phenol] (4.5) 

where y is the reaction rate and kapp the apparent reaction rate constant. The degradation of 
phenol is strongly pH-dependent. Apparent rate constant kapp versus pH is given in Fig.4.3. 
The curve shown in Fig.4.3 has a sharp peak around pH = 3.5. Above pH = 9, kapp increases 
with increasing pH. This proves that the photolytic degradation of phenol is strongly pH-
dependent. The degradation rate constant is highest in a narrow pH range, namely pH = 
- 3 . 5 . 

4.3.3.2 UV/H202 destruction of phenol 

The combination of UV and a small quantity of H202 strongly raises the efficiency of phenol 
degradation under aerated conditions. Fig.4.4 gives the photolytic conversion rate of a solution 
with an initial phenol concentration C0 of 25 ppm as a function of the concentration of H202; 
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Time (min.) 
Fig.4.2 The relationship between phenol 
concentration and illumination time. Initial 
concentration of phenol Co=25 ppm, Initial pH = 
3.5 

6 8 10 12 14 
pH 

Fig.4.3 The apparent rate constants of phenol 
photolysis as a function of initial solution pH. Initial 
concentration of phenol Co=25 ppm. Illumination time 
is 10 minutes. 
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Fig. 4.4 The photolytic conversion rate of a phenol 
solution as a function of H202 concentration. Initial 
concentration of phenol Co=25 ppm. Illumination 
time is 5 minutes. Initial pH = 12.2. 
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Fig.4.5 The photolytic conversion rate of a phenol 
solution as a function of FeCl3 concentration. Initial 
concentration of phenol Co=25 ppm. Illumination 
time is 10 minutes. Initial pH = 3.5. 
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the initial pH was 12.2 and the UV illumination time was 5 minutes. The figure shows clearly 
that, at an illumination time of 5 minutes and without the addition of H0202, only 5 % of the 
phenol is eliminated. However, the elimination of phenol can be increased to 95% by adding 
200 ppm of H202 to the solution. However, at a H202 concentration in solution of less than 35 
ppm, hardly any increase in phenol conversion occurs. 

4.3.3.3 UV/FeCl3/Fe2+ destruction of phenol 

FeCl3 has an absorption peak in the range of 300-400 nm. It is photolyzed and produces CI» 
and »OH radicals under the illumination of UV light (see § 1.1.1.3). Fig.4.5 gives the 
photolytic conversion rate of phenol in a solution as a function of the concentration of FeCl3; 
the initial phenol concentration was 25 ppm, the initial pH 3.5, and the UV illumination time 
10 minutes. The figure shows clearly that FeCl3 accelerates the photodegradation of phenol. 
In addition, experimentally it was found that Fe2+ (in the form of Fe(NH4)2(S04)2) raises the 
efficiency of UV/FeCl3 during the degradation of phenol. For example, 2.3 ppm of Fe2+ added 
to a solution containing 25 ppm of phenol and 8.1 ppm of FeCl3 accelerates the degradation 
of phenol from 72% to 92%, as shown in Table 4.6. 

Table 4.6. The promotive effect of Fe2+ in a UV/FeCl3 system for phenol 
elimination. Illumination time = 10 minutes, Initial pH = 3.5. 

Initial phenol 
concentration 

(ppm) 

25 

25 

25 

Fed , 
concentration 

(ppm) 

8.1 

8.1 

8.1 

Fe2+ 

concentration 

(ppm) 

0 

1.1 

2.3 

Phenol 
concentration 
after 10 min. 

(ppm) 

7 

5 

2 

Phenol 
conversion 

(%) 

72 

80 

92 

4.3.3.4 UV/H202/FeCl3 destruction of phenol 

The decomposition of hydrogen peroxide into hydroxyl radicals, which can activate the 
degradation of organic compounds in solution, will occur slowly if no photocatalyst or UV 
irradiation is applied. The introduction of a Fenton reagent (Fe2+ or Fe3+) into the solution will 
catalyre the decomposition of hydrogen peroxide. Certain wavelength UV light also accelerates 
this process. Table 4.7 gives the photolytic conversion rate for phenol decomposition in a 
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solution with an initial phenol concentration of 25 ppm, an initial pH of 3.5, and a UV 
illumination time of 10 minutes. This table shows that all the phenol present in the solution was 
degraded after 10 minutes of UV illumination at an FeCl3 concentration of 8.1 ppm and an 
H202 concentration of 70 ppm. This is much higher than the 72% conversion obtained in a 
UV/FeCl3 system. It is expected that it will also be much higher than the degree of conversion 
obtained in a UV/H202 system (Fig. 4.4), even though the initial pH values are different. 
Therefore, the combination of high-energy UV with Fenton reaction will be the best 
photochemical method for phenol degradation, as well as for other organic compounds. 

Table 4.7. The results of phenol elimination in a UV/H202/FeCl3 system. 
Illumination time = 10 minutes, initial pH = 3.5. 

Initial phenol 
concentration 

(ppm) 

25 

25 

HA 
concentration 

(ppm) 

0 

70 

FeCl3 

concentration 
(ppm) 

8.1 

8.1 

Phenol 
concentration 
after 10 min. 

(ppm) 
7 

- 0 

Phenol 
conversion 

(%) 

72 

100 

4.4 CONCLUSIONS 

1. Phenols and other organic pollutants (in terms of COD) present in industrial wastewaters 
can be eliminated efficiently by a combination of UV photolysis and heterogeneous 
photocatalysis using magnetite or aluminium oxide. 

2. An alkaline reaction pH is required for the effective elimination of phenols and COD in 
above-mentioned industrial wastewaters. 

3. Powdery calcium oxide or calcium hydroxide may be used to promote the elimination of 
phenols at high pH values. Compared with sodium hydroxide, calcium oxide is cheap and 
removes the final oxidation product (C02) from wastewater via the precipitation of CaC03. 

4. Combining the use of magnetite as a photocatalyst and also as a solidified Fenton reagent 
forms a sophisticated photochemical method for combining photocatalysis with the photo-
Fenton reaction. 
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5. UV photolysis of phenol is pH-dependent. The reaction rate is highest at an initial pH of 
- 3 . 5 . 

6. The addition of small quantities of hydrogen peroxide or iron ions (Fe3+/Fe2+) to a phenol 
solution can strongly raise the rate of UV photolytic elimination of phenol. 

7. The homogeneous system of UV/H202/Fe (soluble photo Fenton reagent) gives highest 
photochemical elimination rate of phenol, as well as other organic compounds. 
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PHOTOCATALYZED DEPOSITION AND CONCENTRATION OF SOLUBLE 
URANIUMCVI) FROM AQUEOUS SOLUTIONS SUSPENDING Ti02 OR Pt/Ti02 

5.1 INTRODUCTION 

5.1.1 Traditional treatment of radioactive wastewater 

In water, uranium (normally uranium(VI) (or U(VI)) in the form of uranyl (U02
2+)) is a 

hazardous substance due to its chemical toxicity and sometimes also radioactive1. Periodic 
decontamination of various parts of a nuclear power plant produces aqueous wastewater flows 
containing dilute levels of radioactivity. The radioactive species contained in these wastewaters 
are typically metal ions with chelating agents and their complexes. They are typically 
complexants and organic acids, such as ethylenediaminetetraacetic acid (EDTA), 
hydroxyethylenediaminetriacetic acid (HEDTA), oxalic and citric acid and the associated 
degradation products, many of which have not been characterized. Such wastewaters must be 
processed to reduce the radiation level of the aqueous phase and to bring the radioactive 
compounds in a physicochemical state suitable for long-term, safe disposal, which is usually 
a solid phase. At the Hanford plant in the State of Washington in the US, the final objective 
is to convert the high-level and/or transuranic radioactive waste into glass for disposal at a 
geological repository2. 

The methods currently employed for the removal of radioactive uranium from contaminated 
water include three basic processes: evaporation, precipitation, and ion exchange. Evaporation 
requires a long retention time and high costs of energy. Precipitation is the most attractive 
option for treating a concentrated solution, although it can also be applied to dilute solutions. 
Ion exchange is the method generally used in current commercial practice3. 

5.1.2 Application of photocatalysis on metal-ion deposition 

Photocatalysis has been studied extensively as a potential method for wastewater treatment4,5, 
not only for the oxidation of organic contaminants but also for the removal and recovery of 
various dissolved metals6,7,8,9101112. An example of the application of metal-ion deposition is 
the deposition of gold(III) by photocatalyzed reduction of a deoxygenated gold(III) solution 
containing 4 vol. % methanol. The reported quantum yields are about 3% at pH = 14, and 
about 15% at pH = 5-67. The addition of methanol was found to assist also the release of gold 
from the complexing agent cyanide (CN). An aqueous cyanide solution containing 155 ppm 
gold(III) (tenfold excess of cyanide) did not show depositing upon photocatalyst illuminated, 
but 80% recovery via deposition was achieved upon addition of methanol and subsequent 
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illumination. Other photocatalyst studies showing good possibilities for metal recovery include 
those examining aqueous solutions8 of manganese (Mn), thallium (Tl) and cobalt (Co), 
solutions of mercury and methylmercury9, and the selective, serial deposition of platinum, gold 
and rhodium from a chloride solution7. 

In the given examples of reductive photodeposition of metals in deaerated systems or systems 
in which very little oxygen is dissolved, the primary electron acceptor consists of a metal ion 
(rather than molecular oxygen). Another interesting application of photocatalysis for the 
treatment of metal ions is oxidative deposition on photocatalyst surfaces in aerated systems. A 
typical example is the oxidative deposition of Pb2+ ions occurring when an aerated aqueous 
solution with a Pb2+ concentration of 90 ppm and a 5%Pt/Ti02-photocatalyst concentration of 
2 g/L is illuminated using near-UV radiation. The photocatalytic removal efficiency proved to 
be 90% Pb2+ (in the form of PbOj) deposited on the Pt/Ti02 surface at pH = 3.7 after 
illumination for four hours813. 

The application of photocatalysis for the removal of dissolved radioactive uranium ions has 
some advantages. Normally, the treatment of wastewater containing radioactive uranium from 
a nuclear power plant includes the processes of concentration and solidification. Photocatalysis 
can combine these two processes in one step, since it has shown to be capable of reducing and 
depositing metal ions from aqueous solutions14. In addition, wastewaters polluted with 
transuranic and other radioactive materials already contain chelating agents (e.g., EDTA, 
HEDTA, citric acid, oxalic acid) after being pretreated. Photocatalysts can oxidize such 
complexes simultaneously with the reductive deposition of radioactive ions on the photocatalyst 
surface. The complexes can be partially or completely mineralized. Studies of the 
phototreatment of uranium have been focused on photoreduction by only illumination15,1617. It 
is, in fact, a photolytic process, and the reduced uranium ion normally remains in solution. So 
far, not many studies of the treatment of dissolved uranium by photocatalysis18 have been 
reported, and some of them were only preliminary. 

This chapter deals with reversible, photocatalyzed, reductive deposition of uranium(VI), the 
destruction of radioactive metallo-EDTA complexes, and the associated partial decarboxylation 
of EDTA at plain Ti02- and Pt/Ti02 surfaces in deaerated aqueous solutions. We used uranyl 
(UO|+) as a substrate in aqueous solutions of uranium(VI) at a concentration of 50 ppm. 

5.1.3 Basic principles of photocatalysis for the removal of metal ions in aqueous solutions 

Photocatalyzed reductive or oxidative deposition of metal ions from an aqueous solution (i.e., 
a redox reaction occurring at photocatalyst surfaces) involves simultaneous participation by an 
electron donor (ED) (e.g., an oxidizable metal ion, or ethanol) and an electron acceptor (e.g., 
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a reducible metal ion, or dissolved oxygen). In general, deposition of metal ions from an 
aqueous solution on the surface of a photocatalyst (such as TiOj) can be expressed in the 
following equations. 

First, illumination results in: 

Ti02 + hv - h+ + e" (5.1) 

Reductive deposition of metal ions occurs as follows. Here, a uranyl ion (U02
+ or simply 

U(VI)) is given as an example; this ion is reduced to uranium oxide (UOJ. 

UO2/ + 2e_ -> U02 1 (reductive deposition) (5.2) 

ED + nh+ -• ED (oxidized) (sacrificial electron donor) (5.3) 

In eq.5.3, n is the number of holes. The reaction can take place thermodynamically if suitable 
electropotentials exist at the photocatalyst surface. After illumination, Ti02 surfaces will have 
two electropotentials: one in the cathodic area with a conductor band electropotential of around 
-0.1 volts (vs. NHE), and the other in the anodic area with a valence-band electropotential of 
around +3.0 volts (vs. NHE) (see Fig. 1.7 in Chapter 1). In the case of uranium, possible 
redox electropotentials are listed below19. 

U3+ + 3e- -> U 
U02

2+ + 4H+ + 6e" - U + 2H20 

U4+ + c -» U3+ 

U02
+ + 4H+ + e" - U4+ + 2H20 

U02
2+ + 4H+ + 2e -• U4+ + 2H20 

U02
2+ + e — U02

+ 

-1.798 V 
-1.444 V 
-0.607 V 
+0.621 V 
+0.327 V 
+0.062 V 

(5.4) 

(5.5) 
(5.6) 
(5.7) 

(5.8) 
(5.9) 

If an aqueous solution contains only uranyl (U02
+), the photocatalyst Ti02 will allow only the 

reactions given by Eq.5.7 to 5.9 to occur, because a maximum flat-band potential of n-type 
Ti02 is equal to or larger than -0.1 V (vs. NHE)20. Thermodynamically, Ti02 cannot reduce 
uranium(VI)(uranyl) to a valence below +4 (Eq.5.4 - 5.6). 

It is not clear what effects of platinization of Ti02 creates on the reductive deposition of 
uranium. The oxidative deposition of certain metal ions (e.g., Pb2+, Mn2+, Tl+) occurs much 
faster on a Pt/Ti02 surface than on a native Ti02 surface*. It is well known that the 
platinization of Ti02 can accelerate the cathodic processes of proton or oxygen reduction 
occurring at the surface of Ti02

 21Ä23, because at the site of platinum, there is a much lower 
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adsorption energy than at the non-platinized site. It is clear that during oxidative deposition of 
metal ions at Ti02 surfaces the Pt located on Ti02 accelerates the oxygen reduction, which in 
general is the rate-determining step of metal deposition. An example is oxidative deposition 
during which Pb2+ is oxidized to Pb02: 

Pb2+ + 2H20 + 2h+ -» Pb02 1 + 4H+ (oxidative deposition) (5.10) 

0 2 +4H+ + 4e' -» 2H20 (sacrificial electron acceptor) (5.11) 

Because the deposition of uranium is a reductive process rather than an oxidative one, it needs 
to be investigated whether platinum has a positive effect. 

5.2 EXPERIMENTAL 

5.2.1 Reagents 

The titanium dioxide (TiCy used during the experiments is Degussa P25 grade with a BET 
surface area of -50 m2 g~l and an average primary particle size of 30 nm. The 5-Br-PADAP 
(2-(5-Bromo-2-Pyridylazo)-5-(diethylamino)phenol) used is SIGMA, No.63H3486. The 5-
Sulfosalicylic Acid used is SIGMA, No.64H0320, ACS reagent. The chloroplatinic acid 
(H2PtCl6-6H20) used is Fisher, No.915412, ACS reagent. The CyDTA (trans-1,2-
diaminocyclohexane-N,N,N',N'-tetraacetic acid) used is SIGMA, No.73H2608, assay > 99%. 
The EDTA disodium salt (ethylenediaminetetraacetic acid disodium salt, Na2EDTA»2H20, 
M. W. = 372.24) used is Baker, No.640395. The ethanol used is AAPER Alcohol and Chem. 
Co., USP ethyl alcohol, Absolute - 200 Proof, DSP-KY-417. The perchloric acid (HC104) 
used is Fisher, No.SP339-500, 0.1N. The sodium fluoride (NaF) used is Fisher, 936904. The 
triethanolamine used is SIGMA, No.73H5761, assay > 99.5%. The uranyl nitrate 
(UO^NO^i) used is Fluka, 94270, assay > 99%. The other, common reagents (e.g., acetic 
acid) are mentioned in the text. These reagents were used without further purification. 

5.2.2 Catalyst preparation 

Photo-deposited Pt/Ti02 was prepared by near-UV illumination for 38 hours of 467 ml of a 
slurry containing 34.6 g of Ti02, 0.923 g of H2PtCl6-6H20 and 25 ml of glacial acetic acid. 
After illumination, the dark grey slurry was centrifuged for 30 min at 3,000 rpm (Sorvall 
Instruments, Model RC5C, Du Pont) and then washed. The process was repeated eight times 
to remove all inorganic and organic ions. The dark grey solid was dried for about three hours 
at 120°C. 
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5.2.3 Apparatus and procedures of experiments 

All experiments were conducted in a liquid-phase recycle photoreactor similar to the one 
described in Chapter 2 (Fig.2. lb). A 0.1 wt. % slurry containing 1 wt. % Pt/Ti02 in water was 
recycled through a quartz annular photoreactor using a polypropylene/ceramic pump. 
Illumination of 3.08 xlO"4 Einstein/min was provided using a black-light fluorescent bulb (GE 
BLB - 15 W) mounted in the centre of the photo-reactor. The predominant emission 
wavelength band of this lamp (320 s A ̂  400 nm) is sufficient to photo-excite Ti02 (A. < 410 
nm). This wavelength band is longer than the wavelengths of 254 and 308 nm and shorter than 
that of around 420 nm, which are required for photolysis15,24, especially for the photoreduction 
of uranium(VI) to uranium(V)2526. The total reactor volume was -1,480 cm3, including a 280-
cm3 quartz annular photoreactor and a reactor reservoir made from a 1000-ml, 3-neck flask. 
The total fluid volume in the reactor was fixed at -600 cm3, with a ~880-cm3 gas head space 
in the reservoir during each run. 

To confirm that the deposition of uranium(VI) is caused only by photocatalysis, control (blank) 
experiments were carried out involving photolysis, a chemical reaction in the dark, and 
physical adsorption. Five types of experiment (including the above-mentioned types) were 
carried out during this research, namely: 

(1). Photocatalysis. Before illumination, uranyl, EDTA (as an electron donor) and a 
photocatalyst were added, and the liquid was sparged with pure N2 for 30 minutes. Then the 
reactor was closed. Next, another 40 cm3 of pure N2 were added using a gas syringe to 
maintain a positive pressure (20 in.H20) in the reactor. A pressure gauge (0-60 in.H,0) was 
mounted on the reservoir to detect any change in pressure in the reactor. 

(2). Photolysis without a photocatalyst. To investigate whether photolytic deposition of 
uranium(Vi) also occurs if only near-UV illumination is applied, no photocatalyst was added 
to the reaction solution during this experiment. The other experimental conditions were similar 
to those existing during process (1). 

(3). A chemical reaction in the dark. During this experiment, a photocatalyst was added to the 
reaction solution but no illumination was applied. The aim of this experiment was to find out 
whether any chemical deposition of uranium(VI) occurs in the presence of the catalyst Ti02. 
The other experimental conditions were similar to those existing during process (1). 

(4). Physical adsorption. Because the photocatalyst Ti02 has a large specific surface area, in 
addition to a chemical dark reaction, physical adsorption of uranyl on Ti02 surfaces in the dark 
may also occur, resulting in a decrease in the uranium(VI) concentration in the solution. 
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During this experiment, photocatalyst was added to the reaction solution but no illumination 
was applied. The solution was exposed to air and stirred for 150 minutes. The amount of 
uranium(VI) adsorbed onto Ti02 surfaces was determined by analysing the solution. 

(5). Reoxidation. Literature27 shows that uranium reduced by photolysis (e.g., U(V), U(IV)) 
can be easily reoxidized in air. To check this in a photocatalytic system, after a U(VI)-EDTA 
solution containing suspended Ti02 was illuminated in a deaerated system for some time, this 
solution was exposed to air to examine whether any reduced uranium could be reoxidized to 
U(VI) in the dark or while UV illumination occurred. 

5.2.4 Analysis 

5.2.4.1 Uranium(VI) (uranyl) 

The standard methods for uranium analysis are radiochemical or fluorometric method28. 
Because such methods require special, expensive instruments and materials, overelaborate 
sample pretreatment and an analysis process, they cannot be applied daily for the analysis of 
large quantities of samples that rapidly need to be analysed during experiments. Therefore, we 
used one of the new photometric methods for uranium analysis recently reported by H. 
Onishi29. This method includes convenient use of the complexing agent 2-(5-Bromo-2-
Pyridylazo)-5-(diethylamino) phenol (5-Br-PADAP)30. 

This analytical method is highly sensitive to uranium (0.003 ng U/cm2) and shows a high 
selectivity in the presence of masking agents (trans-l,2-diaminocycIohexane-N,N,N ,N-
tetraacetic acid (CyDTA), NaF, and sulfosalicylic acid)3132. 5-Br-PADAP can only form a 
complex with uranium(VI) (uranyl), resulting in a deep-red colour with maximum absorbance 
at 578 nm at pH = 7.6. During colorimetric analysis of most substances, always compounds 
are present that seriously interfere with the analytical accuracy. In the presence of the above 
masking agents, the maximum permissible quantities (in mg) of interfering ions during the 
determination of 50 /*g of uranium(VI) in 25 ml are for arsenic(V) 0.5, for cobalt (any valence) 
4, for chromium(III) 3, for copper (any valence) 3, for nickel (any valence) 3, for 
vanadium(V) 0.01, for vanadium(VI) 1.0, for zirconium (any valence) 0.5, and for P04

3 0.528. 

The following reagents are required for this method: (1). A standard stock solution of uranium 
containing 0. IN HN03 and 1,000 ppm of uranium(VI) from uranium nitrate (U02(N03)2) 
(stock in the dark) (2). A complexing solution containing 25 g of CyDTA, 5 g of NaF and 65 
g of sulphosalicylic acid in 800 ml of water, neutralized to a pH of 7.85 with 40% NaOH, and 
diluted to one litre. (3). A buffer solution consisting of 149 g of triethanolamine dissolved in 
800 ml of water, neutralized to a pH of 7.85 with HC104 (if triethanolamine-HCl is used, the 
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solution should first be neutralized to a pH of -7 using NaOH), and then diluted to 1 litre. (4). 
0.05% 5-Br-PADAP in ethanol, which should be prepared weekly. 

The analysis is carried out as follows: Take a 1-ml sample from the slightly acidic or neutral 
reaction solution, and immediately centrifuge it for 10 min at 5,000 rpm. Transfer 0.5 ml of 
supernatant (containing 5-50 ng of uranium(VI)) at once into a 25-ml volumetric flask. Add 
2.0 ml of a complexing solution, 2.0 ml of a buffer solution, 10.0 ml of ethanol, and 2.0 ml 
of a 5-Br-PADAP solution. Mix and dilute with water to 25 ml. Allow it to stand for 40 
minutes, and then measure the absorbance at 578 ran in a photometer (Spectronic 2ID, 
MILTON ROY) against a reagent blank using a 1-cm cell. The maximum concentration still 
showing proportional absorbance is 100 |tg of U(VI)/25 ml. 

5.2.4.2 C02 and pH 

The carbon dioxide produced in the liquid and gas phases was measured by injecting liquid and 
gas samples directly into a 1 N Uß04 absorption liquid contained in an infrared carbon dioxide 
analyzer (Horiba, PIR-2000). The instrument was calibrated weekly. 

The pH of solutions was measured using an in-situ pH electrode (Fisher, 13-620-93) connected 
to an ORION 701A digital pH/mV meter. Before each experiment, the pH electrode was 
calibrated at two points (pH = 4 and 10) with standard pH buffers. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Uranium adsorption on Ti02 

In an acidic solution, physical adsorption of uranyl onto Ti02 increased with pH, as shown in 
Table 5.1. Such a trend was also reported by Amadelli et a/.18 and Ho et al." They state that 
in this situation different hydrolysis products (species) of U02

+ are present, and that one or 
more of these species, such as (U02

+)2(0H)2
+ and subsequently (UO^^OH) , , are possibly 

involved in the adsorption process. This large species, which has a trimeric structure, is 
expected to be less solvated and therefore more easily adsorbed than U02

+33. The difference 
between the experiments carried out by Amadelli et al.K and Ho et al.n and ours is that during 
our experiments EDTA (EDTA/U6+ mole ratio = 4:1) was added to the solution. Because 
uranyl (U02

+) is chelated by EDTA, the chelate [U02EDTA]2" is formed. The uranyl-EDTA 
chelate has one uranyl ion and one EDTA ligand34. Because we added extra EDTA, hardly any 
or no free cations of uranyl (U02

+) were expected to occur in the solution during our 
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experiments. Therefore, the adsorbed species should be the chelate anion [UO2EDTA]2" rather 
than the cation UO|+ or its hydrolysis products. 

The charge of Ti02 particles is known to be pH-dependent through protonation-dissociation 
equilibria of the surface hydroxyl groups: 

>Ti-OH2 ^ = ^ >Ti-OII ^ ^ >Ti-0 (5.12) 

According to the discussions presented by Amadelli et a/.18 Ohtani et al.35, in an EDTA-free 
solution the positively charged uranium species will interact favourably with the surface while 
the pH increases toward the isoelectric point, which is electrically neutral on Ti02 surfaces (at 
pH = —6.4). This means that adsorption of the positively charged uranium species (U02

+) 
onto Ti02 surfaces is highest only around the isoelectric point. From our data, we can conclude 
that a negatively charged uranium species (e.g., uranium chelate [U02EDTA]2) should also 
adsorb favourably onto Ti02 surfaces around the isoelectric point. 

Table 5. 1 Physical adsorption of uranium(VI) onto Ti02 in water with 
a uranium(VI) concentration of 50 ppm and an EDTA concentration of 
310 ppm at different pH values. 

pH 

Amount (%) 

0.90 

2% 

3.18 

15% 

5.05 

31% 

6.81 

37% 

Conditions: Aerated solution, a reaction temperature of 25°C, a reaction 
time of 150 minutes, initial solution pH adjusted with HN03, 1 g/L 
Ti02, no UV illumination. 

5.3.2 Photocatalytic reduction of uranyl on Ti02 

Fig.5.1 shows a photolysis reaction (illumination, no Ti02 present, deaerated solution), a dark 
reaction (Ti02, no illumination, deaerated solution) and the photocatalytic reductive deposition 
of uranyl on plain Ti02 (initial pH of the solution = 2.7, the uranium:EDTA molar ratio = 
1:8). Nearly 100% uranyl was still found to be present in solution after reactions had occurred 
for a total of six hours in region (a) (photolysis, 5 hours) and in region (b) (dark reaction, 1 
hour). These results show that neither any photolytic reactions nor any dark reactions occurred 
in the photocatalytic system. According to literature36,37, although a homogeneous uranyl 
photolytic reduction could occur if UV light of suitable wavelengths is applied, it would 
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be difficult to recover the reduced uranyl species because they are still dissolved in solution, 
and will reoxidize easily in the presence of air27. Only a small amount of C02 was released (~5 
ppm) during 5 hours of near-UV photolysis (region (a)). This negligible amount formed by 
photolytic mineralization is assumed to be the result of photolysis of a uranyl-EDTA complex 
at the near-UV wavelength used. 

During the experiments the results of which are shown in Fig.5.1, the pH of the aqueous 
solution remained constant. It was observed that, when near-UV illumination was applied in 
the presence of suspended Ti02, the catalyst, which was originally white, turned grey in region 
(c) shown in Fig.5.1. This region shows that uranyl can be photocatalytically reduced. It was 
observed that, when the Ti02 suspension was centrifuged immediately after sampling 
(preventing air contact) in order to separate the Ti02 catalyst, the uranyl concentration in the 
supernatant remained low and constant. If, however, the suspension was left in an aerated 
atmosphere (region(d)), the uranyl concentration in the solution regained its original value. 
Thus, it can be concluded that during the experiments most of the reduced uranium deposited 
on Ti02 surfaces, and that it can be restored to uranyl. During the photocatalyzed reduction 
of uranyl, EDTA is necessary as an electron donor; it is partially oxidized and converted to 
C02 (region (c)). The presumed decarboxylation reaction stopped after 26 ppm of uranium had 
been removed from solution. At this point, about 53% of 50 ppm (0.21 mM) of uranium(VI) 
was reduced and deposited in six hours and about total 78 ppm of C02 was released. This 
amount of C02 corresponds to a complete single decarboxylation of a 620-ppm (1.67 mM) 
EDTA solution. 

Photocatalyzed reduction of uranyl is sensitive to the presence of oxygen. Fig.5.2 compares 
the results of photocatalyzed deposition of 50 ppm of uranium(VI) on plain Ti02 in aerated and 
deaerated systems (the initial solution pH = 2.7, the uranium/EDTA molar ratio = 1:4). In 
region (a) or (b) with an aerated solution, hardly any or no uranyl can be reduced and 
deposited on Ti02 by UV illumination. Although little uranyl was reduced (in region (a)), C02 

was still released and it occurred at a much faster rate than would have happened in a deaerated 
system. This release of C02 must have been due to fast decarboxylation of EDTA in the 
presence of air. Dissolved oxygen is apparently either a better electron scavenger than uranyl, 
or a strong oxidant by which the reduced uranyl species can be rapidly reoxidized. After 
illumination for more than three hours in the presence of air, all air was displaced by N2, and 
the suspension was illuminated again. About 50% of 50 ppm of dissolved uranium(VI) was 
now reduced and deposited on Ti02 in four hours (region (c)). The total amount of C02 

released (0.66 mM) in region (c) corresponds reasonably with the total initial EDTA 
concentration (0.83 mM), which again suggests the occurrence of single decarboxylation of 
EDTA. The delay in the decrease in uranium concentration occurring in the water phase 
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(region (c)) is probably due to the consumption of residual adsorbed oxygen completing the 
deaeration. The acidic solution pH remained almost constant during illumination. 

Comparing the results of the photocatalyzed reduction of 50 ppm of uranium(VI) in U-EDTA 
solutions using plain Ti02 at a U6+/EDTA ratio of 1:8 (region (c) in Fig.5.1) with those 
obtained at a 1:4 ratio (region (c) in Fig.5.2), shows that in both cases the maximum 
conversion rate of uranium(VI) was around 50% in five hours, and in both cases single 
decarboxylation should have occurred. The ratio between metal and ligand in the uranyl/EDTA 
chelate is 1:1. Although the solution with a ratio of 1:8 contains far more EDTA than that with 
a ratio of 1:4, this apparently does not affect the reduction of uranyl. 

5.3.3 Photocatalytic reduction of uranyl on Pt/Ti02 

Using platinized Ti02, we investigated the repeated deposition of uranyl in a deaerated system 
during illumination, the subsequent recovery of uranyl in an aerated system, the effect of the 
initial uranyl concentration, and whether the modified platinum present at Ti02 could accelerate 
the reductive deposition of uranyl. 

5.3.3.1 Initial concentration of uranium(rV) 50 ppm 

For a solution with an initial uranium(VI) concentration of 50 ppm and a U(VI)/EDTA ratio 
of 1:8, Fig.5.3 shows the concentrations of uranium(VI) and C02 in the reactor plotted against 
illumination time. The figure shows a strong increase in C02 concentration and a strong 
decrease in uranium(VI) concentration in the solution (region (a)). After four hours of 
illumination, about 62% of the initial amount of uranium(VI) was deposited, about 90% of the 
EDTA was degraded involving single decarboxylation, and the rates of both processes dropped 
to zero. These results are similar to those obtained using plain Ti02 (Fig.5.1). To check that 
the reduced uranium(VI) compounds could be reoxidized, 50 ml of air was injected into the 
closed reactor containing N2 after 23 hours of illumination. It was found that during two hours 
of aerated illumination about 42% of the reduced products of uranium(VI) present on Pt/Ti02 

were reoxidized and dissolved again (region (b) of Fig.5.3). 

Little pH change was observed in region (a) during illumination. This had already been found 
during the experiments illustrated in Figures 5.1 and 5.2. It seems that the oxidation of EDTA 
(decarboxylation) and the resultant production of C02 (in the form of carbonate, bicarbonate 
or carbonic acid) in aqueous solutions do not cause enough acidity to change the solution pH. 

To investigate the reversible character of uranium deposition on Pt/Ti02, we alternately 
illuminated and aerated (after deaeration) a solution containing 50 ppm of uranium(VI), 620 
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ppm of EDTA and 1 g/1 l%Pt/Ti02 at an initial pH of 2.8. All concentration data on 
uranium(VI) are shown in Fig.5.4. In region (a) (dark and deaerated), nearly 18% of the 
uranyl was adsorbed onto Pt/Ti02 after one hour. Region (b) is the first illumination region 
with an N2 atmosphere, resulting in the deposition of a total of nearly 54% uranyl (including 
the 18% dark adsorption in (a)) on Pt/Ti02 in 2 hours. Region (c) is the first region where 
aerated exposure occurred after illumination, and nearly 100% of the deposited uranyl was 
reoxidized. The deaerated region (d) is the second illumination region with an N2 atmosphere, 
and again about 54% uranyl was deposited. Region (e) is the second region where aerated 
exposure occurred; here about 60% of the deposited uranium(VI) was released into solution 
by reoxidization. Region (0 is the third illumination period with an N2 atmosphere. In view 
of the high consumption of EDTA occurring during such prior illumination, an extra amount 
of EDTA amounting to one mmol was injected into the reactor at the beginning of the third 
illumination period. In this region, 62% uranyl deposited on Pt/Ti02 in nearly 24 hours. 
During the third aerated period (region (g)), about 62% redeposited uranyl was reoxidized into 
solution in two hours. From regions (b) and (d) in Fig.5.4, it is apparent that the 
photocatalyzed deposition (reduction) and dissolution (oxidation) of uranyl on Pt/Ti02 is 
largely reversible. It indicates that photocatalysis can be applied to recover complexed uranyl 
from wastewater, after which it can be concentrated. 

Fig.5.5 shows the corresponding variations in C02 concentration and solution pH occurring 
during the experiment illustrated in Fig.5.4. During the first illumination period (region (b)), 
EDTA was quickly decarboxylated to yield C02, and uranyl was reduced and deposited. 
During the second illumination period in region (d), only little C02 (~ 10 ppm) was produced. 
Yet approximately the same amount of uranyl ions was reduced and deposited quickly. It is 
possible that, after the first deposition, the reaction products of EDTA that had remained in 
solution were not as easily oxidized or decarboxylated to C02 as the EDTA itself. Therefore, 
another mmol of EDTA was injected into the system at the beginning of the third illumination 
period (region (f))- It was observed that initially much C02 was produced during this period. 
Fig.5.5 shows that the pH increased with illumination time. This increase should be consistent 
with the occurrence of more decarboxylation in EDTA molecules. However, this deviates from 
the result of the experiment illustrated in Fig.5.3. This is probably because, in the case of a 
long period of illumination, EDTA molecules are decaboxylated more than once. The acidity 
of the solution is caused by the four carboxyl groups present in each EDTA molecule (see 
Eq.5.13). The more decarboxylation occurs in an EDTA molecule, the more acidity results. 

5.3.3.2 Initial concentration of uranium(VI) 25 ppm 

For a solution with an initial uranium(VI) concentration of 25 ppm and a U(VI)/EDTA ratio 
of 1:8, Fig.5.6 shows the photocatalyzed deposition of uranium(VI) and the release of C02 
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as a function of time. It was observed that, after four hours of illumination, about 48% of the 
uranyl had deposited on Pt/Ti02, and this increased to about 58% in a total of nine hours. After 
five hours of subsequent aeration, 72% of the deposited uranium was reoxidized and dissolved 
in solution. With the decrease of uranyl concentration in the solution, the C02 release follows 
the uranyl deposition at a fast rate first, and no increasing at the end. During this experiment, 
the release of C02 expressed in mole corresponded with a complete (100%) single-step 
decarboxylation of EDTA in two hours. This corresponds with the situation where the 
uranium(VI) concentration is 50 ppm. 

Fig.5.7 confirms the reversibility of deposition and dissolution of 25 ppm of uranium(VI) in 
the presence of Pt/Ti02. During the two periods, region (a) (illumination, deaerated) and 
region (b) (dark, aerated) were similar to those presented in Fig.5.6. During the second 
illumination period (region (c)), there was initially 21.3 ppm of uranium(Vl) in solution, of 
which 28% was deposited in nine hours and 35% in about twenty-four hours. This deposition 
rate is slower than the one occurring during the first illumination period. The release of C02 

in region (c) corresponds with as little as 70% single decarboxylation of EDTA in twenty-four 
hours, and is also much slower than the release of C02 occurring during the first illumination 
period. In region (d), 55% of the redeposited amount was reoxidized and dissolved in five 
hours, and 69% in twenty-three hours. 

5.3.4 The most relevant factors that affect uranyl deposition and EDTA mineralization 
on Ti02 or Pt/Ti02 

The highest percentages of uranium(VI) deposition observed are given in Table 5.2. From this 
table, it can be calculated that the highest percentage of deposition is around 50-60%; at a 
uranyl/EDTA ratio of 1:8, it is slightly higher than at one of 1:4. Table 5.2 also shows that 
platinization of titanium dioxide has only little effect on the deposition of uranyl on Ti02. 

According to the literature, platinization of titanium dioxide results in strongly accelerated 
deposition of some metals8, such as Pb2+, Mn2+ and Tl+. However, no obvious acceleration 
of the deposition of uranium was observed. The reason for this difference is clear: in the 
former case, oxidative deposition occurs and during such deposition oxygen is normally needed 
as an electron scavenger. Platinum can accelerate the reduction of oxygen. The deposition of 
uranyl is reductive, and platinum seems unable to accelerate the electron transfer to uranyl. 
Figures 5.1 and 5.3 show that no more CO, is released after about six hours, and EDTA is 
almost completely converted by single decarboxylation with or without platinum. 

A very important factor influencing uranyl deposition is oxygen. If any dissolved oxygen 
appears in the reactor, the reductive deposition stops immediately and the deposited forms of 
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uranium are reoxidized. Therefore, oxygen seems to be a better permanent electron acceptor 
than uranyl: it prevents uranyl from receiving electrons and remaining on the Ti02 surface, and 
reoxidizes any reduced products of uranyl deposited on Ti02, so these dissolve. 

Table 5.2. The highest percentages of uranium(VI) deposition observed using Ti02 

and Pt/Ti02, and the calculated corresponding single-decarboxylation percentage 
of EDTA. *: the time required for reaching maximum deposition (or single 
decarboxylation). **: the data applying to uranium(VI) concentration obtained with 
the molecular uranyl/EDTA ratio as a parameter. 

Catalyst 

Ti02 

Pt/Ti02 

Pt/Ti02 

Uranium initial 

concentration 

(ppm) 

50 

50 

25 

Uranium deposition (%) 

uranyl/EDTA ratio** 

1:8 1:4 

53%(6hrs)* 50%(4hrs)* 

62%(4hrs)* 54%(5hrs)* 

58%(9hrs)* 

Single decarboxylation 

ofEDTA(%) 

uranyl/EDTA ratio 

1:8 1:4 

100%(5hrs)* 80%(4hrs)* 

90%(4hrs)* 90%(4hrs)* 

100%(2hrs)* 

5.3.5 Decarboxylation of EDTA 

Figures 5.1, 5.2, 5.3 and 5.6 show that during most of the experiments carried out the total 
molar production of C02 was always equal to or nearly equal to the total molar amount of 
EDTA added to the reactor. To give a reasonable explanation for the mechanism of EDTA 
oxidation based on this experimental result, we propose that single decarboxylation of EDTA 
occurs, which may occur fully (Table 5.2) regardless of the molar U6+/EDTA ratio or the 
initial concentrations of uranium(VI) and EDTA. In spite of the fact that EDTA, the chemical 
structure of which is shown below, has 10 carbon atoms, the release of CO, shown in Table 
5.2 corresponds with single decarboxylation of EDTA. 

V 
HO-C-H2C 

? 

HO-C-H2C 

O 

N-CH2-H2C-N 
/ \ 

CH2-C-0 
/ (5.13) 

CH2-C-0 

O 
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To confirm this, a blank experiment was carried out with only EDTA and Pt/Ti02 in solution 
and without aeration. The results are given in Fig.5.8, which shows the solution pH and total 
C02 production as a result of the photocatalyzed oxidation of 620 ppm of EDTA on 1 %Pt/Ti02 

plotted against illumination time. The release of approximately 85 ppm or 1.93 mmol of C02, 
mentioned in this figure, approaches the total amount of EDTA present in the solution, being 
1.7 mmol. The result of this "photo-Kolbe" experiment shows clearly that the maximum C02 

production still corresponds to complete (100%) single-step decarboxylation of EDTA. Because 
no uranyl or other reducible reactant was present in the solution, one of the products assumed 
to be formed is singly decarboxylated EDTA, which may be associated with the reduction of 
protons (for the mechanisms, see below). According to the results of this control experiment, 
the reason for the limited reductive deposition of uranyl (about 50-60%) may be the complete 
single decarboxylation of EDTA. The resulting tricarboxylic acid can possibly not be easily 
oxidized further, and it renders any further reductive process of U02

2+ on the negative charged 
cathodic area on the Ti02 surface. 

5.3.6 The possible reductive products of uranyl, and the reduction mechanism 

Whether a photocatalyzed redox reaction can occur at the surface of Ti02 depends at first on 
its thermodynamic properties. Reduction of uranium ions would energetically match with the 
band gap of Ti02. According to the discussion given in the introduction and the possible redox 
electropotential of uranium compounds, we propose the following reduction scheme: 

Q062V I i r i * Q621 V , , 4 t -0*07 V „ 3 , -1.798 V , , 0 
» u u 2 • u • u • u 

± 3 2 7 ^ U * ( 5 . 1 4 ) 

u' 

uo2
2* 

It is important to figure out what kind of reduced uranyl compound is deposited on the Ti02 

surface. Based on scheme 5.14, the only reduced products that can deposit on Ti02 are 
uranium(V) (U02

+) and U4+. U4+ will be present in the form of oxides deposited on Ti02. This 
corresponds with the results obtained by Amadelli et a/.18, namely that the photoreduced 
products of uranyl deposited on Ti02 surfaces from solutions of uranium nitrate have a 
stoichiometry closely corresponding that of U308, and that they were reoxidized to U(VI) in 
air. 
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According to our experiments detailed and discussions given in Chapters 2 and 3 regarding a 
favorite surface-adsorption mechanism, a possible surface mechanism38 for the reductive 
deposition of uranyl is given in the next section. 

Reactions in the cathodic area of Ti02 

In deaerated system, the possible reductive reactions occurring in the cathodic area could be 
the reductive deposition of uranyl. The uracyl/EDTA chelate is also adsorbed in this area; 
uranyl accepts electrons and is reduced to a low valence uranium as follow: 

[U02EDTA]2" + s ̂  [U02EDTA]s
2 (5.15) 

[UOjEDTA],2- + e— U02s
+ + EDTA4 (5.16) 

UOj / + e"-» UO^ (deposit on Ti02 surface) (5.17) 

Because there is no oxygen in the system, a possible reductive reaction competitive and parallel 
with the reduction of uranyl in the cathodic area could be the reduction of protons in an 
aqueous solution resulting in either hydrogen atoms that are used during the oxidation of 
EDTA (see also Eq.5.24), or hydrogen gas. The following reactions would occur: 

H,+ + e - - H s . (5.18) 

H,. + H / - H * - H2 t + s (5.19) 

Although we did not measure the produced hydrogen, it would have to exist in the system 
either as a result of a reduction reaction occurring in the cathodic area while EDTA was 
oxidized, or as a substrate (e.g., hydrogen atoms) involved in EDTA oxidation in the anodic 
area as given below. 

Reactions occurring in the anodic area of Ti02 

The oxidative reaction occurring in the anodic area may be EDTA oxidation. During our 
experiments, the release of carbon dioxide from EDTA was very probably caused by the 
decarboxylation of only one carboxyl group. It can be assumed that the oxidation process 
occurring in the anodic area of Ti02 during the reduction of uranyl took place according to the 
following reaction scheme: 
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,CH2COO- /CHjCCXV 
(HOAc)2NCH2-CH2-N-AcO" + s - (HOAc)2NCH2-CH2-N-AcO" (5.20) 

,CH2CO(V ;CH2COOs' 
(HOAc)2NCH2-CH2-N-AcO" + h+ - (HOAc)2NCH2-CH2-N-AcO- (5.21) 

,CH2OXV /CHj,« 
(HOAc)2NCH2-CH2-N-AcO- - (HOAc)2NCH2-CHrN-AcC>- + C02 (5.22) 

/CH2« ,CH2OHs 

(HOAc)2NCH2-CH2-N-AcO-+«OH - (HOAc)2NCH2-CH2-N-AcO- (5.23) 

The single EDTA decarboxylation process may occur not only according to Eq.5.23 but also 
as follows: 

CH • CH 
(HOAc)2NCH2-CH2-N-AcO- + H- -» (HOAc)2NCH2-CH2-N-AcÖ" (5.24) 

Another possible oxidative reaction competitive or parallel with the oxidation of uranyl in the 
anodic area is the oxidation of water, resulting in hydroxyl radicals that could be used for EDTA 
oxidation (Eq.5.23): 

H20 + h+->«OH + H+ (5.25) 

5.4 CONCLUSIONS 

1. Photocatalyzed deposition of uranyl complexed with EDTA on Ti02 surfaces from an aqueous 
solution can occur in a deaerated system during UV illumination. The deposition efficiencies are 
53% at pH = 2.7 on Ti02 surfaces in six hours, and 62% at pH = 2.8 on Pt/TiO, surfaces in four 
hours. 

2. Photocatalyzed reductive deposition of uranyl is largely reversible; it occurs when oxygen is 
added. The presence of dissolved oxygen in the aqueous solution or exposing the solution to air 
will prevent reductive deposition of uranyl and will result in rapid reoxidation of any deposited 
photoreduced uranyl. During our experiments, such reductive deposition followed by reoxidation 
can be repeated three times in one experiment. 

3. Thus it appears possible to use this method for recovering uranium(VI) (uranyl) from aqueous 
solutions of dilute uranium(VI)-EDTA and concentrating it. 
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4. Platinization of Ti02 has little effect on the reductive deposition of uranyl from solutions of 
U6+-EDTA, although Pt has shown to accelerate the oxidative deposition of other metals on Ti02. 

5. The amount of carbon dioxide released from EDTA during uranyl deposition corresponds with 
single decarboxylation of EDTA. The reason that only limited reductive deposition of uranyl 
occurs (around 50-60%) may be that single decarboxylation of EDTA results in tricarboxylic acid 
which cannot be easily oxidized further, and therefore rendering any further reductive process of 
uranyl on Ti02 surfaces. 
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C H A P T E R 6 PIIOTOCATAF.YTlCDEHIiDROGENATION 

OF ETHANOL ON M/CdS USING VISIBLE LIGHT, AND THE 
ROLES PLAYED BY PHOTOCATALYST PROMOTERS 

This Chapter is based on: 

1. Photocatalytic Dehydrogenation of Aqueous Ethanol Solution Under Visible Light 
Irradiation, Qixing Zhuang, Jian Chen, Kangping Wang, Journal of Xiamendaxie (Natural 
Science), 27(4), 414-420, 1988. 
2. Effect of Promoters on the Photocatalytic Dehydrogenation Behavior of Aqueous Ethanol 
Solution, Qixing Zhuang, Jian Chen, Zenghua Wang, Journal of Xiamendaxie (Natural 
Science), 27(5), 537-542, 1988. 
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6.1 INTRODUCTION 

Photocatalytic dehydrogenation of alcohols under deaerated conditions using visible light and 
a catalyst such as Pt/Ti02 or Pd/CdS has been studied extensively over the last 20 years1,2,3,4,5. 
Under deaerated conditions, photocatalytic dehydrogenation of C, - C4 alcohols in water yields 
hydrogen gas and aldehydes, and these aldehydes can be dehydrogenated further to form 
carboxylic acids. Such dehydrogenation comprises, in fact, oxidation reactions. For example: 

O H J ^ T P C ^ + R C H 0 

Eq.6.1 is a self-redox reaction. Aldehydes can be dehydrogenated further according to: 

R-CHO + H20
 P , / T i ° - o r W C d S . H2I H- R-COOH (6.2) 

^ hv i 

In the case of C, - C4 alcohols, Eq.6.1 and 6.2 have a reaction free energy of AC$8 in the 
order of 22 to 56 KJ/mol. Such reactions are storing energy reactions with a free energy of AG 
> 0. Compared with other storing energy reactions, such as the decomposition of water (AG298 

=237 KJ/mol), their free energies are very low. The photocatalytic dehydrogenation of 
alcohols in deaerated systems is assumed to have a higher photo-utilization efficiency than the 
photocatalytic decomposition of water. The reactions given in Eq.6.1 and 6.2 can be used to 
treat wastewater containing alcohols and to simultaneously generate energy (in the form of 
hydrogen) by photo-utilization (visible light or sunlight). In addition, photocatalysis may be 
applied for chemical redox synthesis (for an example, see Eq.6.1). 

A semiconductor such as Pt/Ti02 or Pd/CdS can be used as a photocatalyst to promote the 
reactions given in Eq.6.1 and 6.2. The semiconductor CdS has a smaller band gap (2.42 eV) 
and a more negative flat band potential (~-0.4 Volt) than TiO, (3.03 eV and --0.05 Volt, 
respectively) (see Fig. 1.7 in Chapter 1). Compared with Ti02, CdS has a much higher photo-
utilization efficiency in visible light and produces hydrogen gas at a higher rate. Metallization 
of Ti02 with platinum or palladium, which increases the rate of photocatalytic alcohol 
oxidation in aerated systems, was presented in Chapters 2 and 3. Several authors 6 789101112 

observed that also in deaerated systems metallization of Ti02 increases the rate of 
photocatalytic alcohol dehydrogenation. In heterogeneous catalysis, not only platinum and 
palladium but also transition metals such as rhodium, copper and silver have been applied as 
oxidation or dehydrogenation catalysts. Additionally, such substances have been used in 
photocatalysis13. The way in which metal(M)-modified CdS photocatalysts are prepared and 
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are pretreated at a high temperature greatly influences their photocatalytic dehydrogenation 
activity141516. 

The aim of the research reported in this chapter is to further raise the photocatalytic activity 
of the photocatalyst CdS metallized with platinum or palladium, e.g., Pt/CdS and Pd/CdS. In 
the case of Pt/CdS and Pd/CdS, such metals as rhodium, copper and silver and their 
compounds act either as a promoter or as a second metallic component (M2) (i.e., 
M2+M,/CdS). X-ray Photoelectron Spectroscopy (XPS) and Transmission Electron 
Microscopy (TEM) are employed to investigate the surface state of catalysts, such as metal 
distribution, valence, energy states, and catalyst particle size. With respect to these 
photocatalysts, this chapter also discusses the effect of other reaction parameters on the rate 
of the photocatalytic dehydrogenation of ethanol, such as the amount of photocatalyst in 
solution, the ethanol concentration, and the reaction temperature. 

6.2 EXPERIMENTAL 

6.2.1 Reagents 

The cadmium sulphide (CdS) used was spectrum-pure CdS from Shanghai First Reagent 
Company. Shanghai reagent companies also supplied the following analytically pure reagents: 
the ethanol used during the photocatalytic dehydrogenation experiments; palladium dichloride 
(PdClj), palladium nitrate (Pd(N03)2), palladium black, chloroplatinic acid (H2PtCl6-6H20) and 
platinum black, which were used to prepare the photocatalysts Pd/CdS and Pt/CdS; rhodium 
and dirhodium trioxide, which were used to prepare Rh/CdS and Rh203/CdS; (powder) silver 
and its compounds with nitrate (AgN03), acetate (AgAOc), carbonate (Ag,CQ) and oxide 
(Ag20); and (powder) copper and its compounds with acetate (Cu(AOc)2) and oxide (CuO and 
Cu20), which were used to prepare monometallized and bimetallized photocatalysts; glacial 
acetic acid and hydrazine hydrate (N2H4-2H20), which were used to prepare photocatalysts. All 
these reagents were used without further purification. 

6.2.2 Preparation of photocatalysts 

6.2.2.1 Preparation of the photocatalyst Pd/CdS, and its pretreatment before use 

The photocatalyst Pd/CdS used during XPS, TEM experiments and reaction parameter research 
was prepared by employing the chemical deposition method detailed below. Spectrum-pure 
(ultra analytical pure) CdS powder was dispersed in two PdCl2 solutions of different 
temperature. The weight ratio between Pd and CdS was 5% (i.e., a mole ratio of 6.67%). One 
solution was kept at 25°C, whereas the other was kept at 60°C, and both solutions were stirred 
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for two hours. Surplus hydrazine hydrate was added drop by drop to the solutions to ensure 
that all Pd2+ ions were reduced and deposited on CdS surfaces in the form of Pd°. The slurry 
was stirred for another 24 hours, and then centrifuged. The collected solid Pd/CdS was washed 
eight times with distilled water, dried at 100°C for two hours, and then ground to fine 
particles. The photocatalyst was pretreated before use by heating it in an N2 flow for two hours 
at 673 K, and was then allowed to cool down at ambient temperature. The pretreated 
photocatalyst was stored in N2 gas to preserve it before use. 

6.2.2.2 The preparation of a monometallic-component photocatalyst (M/CdS), and its 

pretreatment before use 

Monometallic-component photocatalysts (M/CdS, where M (metal) consisted of Pd, Pt, Cu, 
Ag or Rh), which were compared with double-metal-component photocatalysts, were prepared 
by employing four methods. Before preparation, plain CdS was pretreated in an N, flow for 
two hours at 360°C. The various proportions in which the various metals and CdS were 
combined are given in the discussion section. 

Method 1. Physical mixing. CdS and metal powder were ground and then mixed carefully in 
a mortar. 

Method 2. Chemical deposition. CdS powder was dispersed in a metal-ion solution, and then 
hydrazine hydrate was slowly added to the solution to reduce all metal ions and to deposit them 
on CdS surfaces. The catalyst was pretreated in an N2 flow for two hours at 360°C. 

Method 3. Heat decomposition. CdS powder and salt containing one of the metals were 

ground, mixed physically, and then left in an N2 flow for two hours at 360°C to decompose the 

metal salt and deposit it on CdS surfaces. 

Method 4. Photodecomposition. A physical mixture of CdS and Ag20 (Ag20/CdS) was 
photodecomposed by illumination with a 250-W halogen lamp to produce Ag/CdS. 

6.2.2.3 Preparation of bimetallized photocatalysts (M,+M,/CdS) 

Bimetallized photocatalysts consisting of two metals on CdS (M2+M,/CdS) were prepared by 
employing five methods. Before preparation, plain CdS was pretreated in an N2 flow for two 
hours at 360°C. The various proportions in which the various metals and CdS were combined 
are given in the discussion section. 

Method 1. Physical mixture (Phys. mix.). CdS and metal powders M, and M, in certain 
proportions were ground and then thoroughly mixed in a mortar. 
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Method 2. Physical mixing and photodecomposition (photodecomp.) The main catalyst, 
M,/CdS, was prepared by physical mixing and then pretreated by heating it in an N2 flow for 
two hours at 360°C. Next, it was ground, mixed with an M2 salt, and then photodecomposed 
by irradiation. 

Method 3. Heat (Heat decomp.) CdS, M, and M2 were mixed, ground, and then heated in 
an N2 flow for two hours at 360°C. Before use it was ground again. 

Method 4. Chemical deposition (Chem. depos.) and physical mixing. The main catalyst, 
M,/CdS, was prepared by chemical deposition, pretreated and ground. Before use it was mixed 
with a metal powder (Mj) in a mortar. 

Method 5. Chemical deposition and heat decomposition. The main catalyst, M,/CdS, was 
prepared by chemical deposition, ground, mixed with an M2 salt, and then heated in an N2 flow 
for two hours at 360°C. Before use it was ground again. 

6.2.3 Reaction apparatus 

All experiments were carried out under deaerated conditions in a sealable, 58-ml photoreactor 
made from Pyrex glass with a 165-ml gas reservoir at the top and a cooling water thimble (see 
Fig.6.1). 

6.2.4 Reaction procedure 

All photocatalytic experiments were carried out according to the following procedure, except 
where indicated otherwise. 30 ml of 20% (by volume) ethanol in water was put into the 
photoreactor. Next, 0.1 g of photocatalyst was added. The solution was stirred magnetically, 
and argon gas was sparged through it for 20 minutes to expel all oxygen from the system. Then 
the reactor was sealed, and the reaction temperature was kept at 50°C using a water bath. A 
250-W halogen lamp (only visible light) was used to illuminate the solution. The pH of the 
original solution was approximately 6.0 and was not adjusted before illumination. The 
experimental procedure followed during the control experiments to test the dark reaction 
(without illumination) and the photo reaction (without photocatalysts) was similar to the one 
followed during the photocatalytic experiments. Periodically, 100-/X.1 gas samples and 1-/*1 
liquid samples were taken from the reactor and directly injected into a gas Chromatograph for 
analysis. 
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Fig,6.1 Photocajalytfe Reactor, t. Pyrex glass reactor, 2. Sample port, 
3. Gas reservoir, 4. Light source, 5. Cooling water thimble, 6. Stir bar, 
7. Argon sparging tube. 
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6.2.5 Analysis of products 

Hydrogen gas was determined using a gas Chromatograph (102G, Shanghai) fitted with a 
thermal conductor detector (TCD) and a 2-m column containing a 60 ~ 80 mesh 5 A molecular 
sieve. Acetaldehyde and other dehydrogenated products were determined using a gas 
Chromatograph (SP-2305, BEIJING) fitted with a flame ionization detector (FID) and a 2-m 
column containing 80-120 mesh microporous polymer beads (Chromosorb 102). 

6.2.6 Surface-structure measurements 

The specific surface area of all catalysts was measured by employing the dynamic BET 
method, using N2 as an adsorbate. The size and number of CdS and Pd particles deposited on 
plain-CdS surfaces were measured based on pictures made with a Transmission Electron 
Microscope (TEM). The binding energies of catalyst components were determined by X-ray 
Photoelectron Spectroscopy (XPS). 

6.3 RESULTS AND DISCUSSION 

6.3.1 The effect of the amount of photocatalyst Pd/CdS suspended in solution on the 
photocatalytic dehydrogenation of ethanol 

Because during photodegradation of ethanol in visible light under deaerated conditions 
hydrogen gas is the only photocatalytic reduction product, it is justified to use the production 
of hydrogen (H2 ml/h) as a measure for the activity of the photocatalyst. During the control 
experiments carried out to test the dark reaction (without illumination) and the photo reaction 
(without photocatalyst), neither H2 nor aldehyde products were detected in the gas and liquid 
phases, which means that in this deaerated system neither a heterogeneous catalytic reaction 
nor a photolytic reaction can occur. Plain CdS shows hardly any photocatalytic activity during 
ethanol dehydrogenation (about 0.03 ml of H2 per hour of illumination). Therefore it can be 
concluded that reduction product hydrogen and main dehydrogenative product acetaldehyde 
result only from the photocatalytic reaction with ethanol occurring at Pd/CdS. 

Fig.6.2 shows the relationship between hydrogen gas production and illumination time. From 
this figure it can be concluded that during a period of six hours the produced amount of 
hydrogen increased almost linearly with illumination time. When during our experiments the 
Pd/CdS photocatalyst was illuminated for twelve hours, its photoactivity did not significantly 
decrease. From literature17 it is known that, when illuminated to produce electron-hole pairs, 
some semiconductors (such as CdS) oxidize (or reduce) themselves instead of oxidizing or 
reducing substrates in solution. This process is called photocorrosion of semiconductors. 



174 

Illumination time (hour) 
Fig. 6.2 The photocatalytic dehydrogenation of ethanol 
(H2 production) vs. illumination time. Solution: 30 ml 
(20% volume ethanol). The amount of 5%Pd/CdS is 
shown in graph. Deaerated system, initial pH = 6.0, 
50 °C, the other conditions are given in section 6.2.4. 

Photocatalyst (mg) 

Fig.6.3 The relationship between the amount of 
5%Pd/CdS and H2 production. Illumination time: 6 
hours. Solution: 30 ml (20% volume ethanol). 
Deaerated system, initial pH = 6.0, 50 °C, die 
other conditions are given in section 6.2.4. 

2.5 3.5 
1/T * 103 

Fig.6.4 The Arrhenius relationship between 
reaction temperature (T) and the photocatalytic 
dehydrogenation rate (Ikj) of ethanol. 

10 20 30 40 
Co (Yol. %) 

50 

Fig. 6.5 The effect of initial ethanol concentration 
Co on the rate of hydrogen production. Solution: 30 
ml. Catalyst: 0.1 g. 5%Pd/CdS, deaerated system, 
initial pH = 6.0, 50 "C, the other conditions aire 
given in section' 6.2.4. 
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Photocorrosion greatly decreases the photostability and photocatalytic activity of 
photocatalysts. This explains why no photocatalytic dehydrogenation was observed during the 
experiment represented in Table 6.1 during which plain CdS was used. However, Fig.6.2 
demonstrates that the photostability and photo life-span of CdS can be greatly improved by 
metallizing palladium on it. Fig.6.3 shows the relationship between the amount of 5%Pd/CdS 
photocatalyst present and the amount of hydrogen gas produced. According to this figure, 75 
mg of catalyst (which equals 2.5 mg/ml) is the optimum amount of catalyst in our reaction 
system, and the production of hydrogen reached a level of 300 ml per hour or 120 ml per hour 
per gram of catalyst. At catalyst concentrations in excess of 2.5 mg/ml, the hydrogen 
production hardly increased with an increase in the amount of catalyst. This may be due to the 
photo-screening effect that causes photons to penetrate less deeply at higher photocatalyst 
concentrations. 

6.3.2 The effect of the particle size of deposited palladium on the photocatalytic activity 
of CdS 

The photocatalytic activity of M/CdS is strongly affected 
by the average diameter (D) of metal particles, the average ^NPi 
number (n) of deposited metal (M) particles per CdS ~ "~~ *• ' 
particle, and the surface coverage (0) of metal particles on LNpt 

CdS. Based on pictures made by TEM, the diameters of 
CdS and Pd particles were measured and the surfaces of 3 

plain CdS and two Pd/CdS photocatalysts were observed. n = -— (6.4) 
All substances were pretreated at a high temperature. It 0 ~-̂ 0 dm Dm 

was assumed that all CdS particles and all metal particles 

deposited on them were spherical. The diameter of X d D 
0 =

 s s If. K.\ 

photocatalyst particles can be calculated using Eq.6.3, 4(1-A) d D 
where D is the weight average diameter of particles, and 
Nj the number of particles with diameter D; visible in a 
TEM picture. The number of metal particles deposited on a CdS particle can be calculated 
using Eq.6.4, where n is the average ratio between the number of metal particles and the 
number of CdS particles, X the molar fraction of the metal present on the CdS particles, Dm 

the weight average diameter of metal particles, Ds the weight average diameter of CdS 
particles, dm the metal density, and ds the CdS density. The average surface coverage (0) of 
metal deposited on CdS is expressed in Eq.6.5. 

To evaluate photocatalyst quality, the production of hydrogen gas from various photocatalysts 
was measured. For the photocatalyst 5%Pd/CdS, Table 6.1 gives the diameter of cadmium-
sulphide and palladium particles, the values for particle ratio and surface coverage calculated 
using Eq.6.4 and 6.5, and their effect on the photocatalytic dehydrogenation of ethanol in the 
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form of H2 production (ml/h.g.). The mean particle diameter D given in Table 6.1 was 
calculated by using Eq.6.3 and observing about 200 particles on TEM pictures. 

Table 6.1 shows that, compared to Pd/CdS (2), the diameter of the palladium particles 
deposited on Pd/CdS (1) is smaller. Both Pd/CdS (1) and Pd/CdS (2) were pretreated at the 
same high temperature. The procedures followed for preparing Pd/CdS (1) and Pd/CdS (2) 
differed only in solution temperature. This difference in temperature resulted in a different size 
and distribution of the metal particles on the CdS surface. A low reduction temperature 
generates smaller deposition particles of metal than a high temperature. Therefore, the smaller 
diameter of the palladium particles in the catalyst Pd/CdS (1) compared to those in the catalyst 
Pd/CdS (2) is due to the lower reduction temperature at which Pd/CdS (1) was treated 
compared with Pd/CdS (2). According to Eq.6.5, a smaller diameter of palladium particles 
results in a higher surface coverage. 

Table 6.1 Particle diameter (D), the particle ratio (n) between Pd and CdS, and the 
surface coverage 0 of the 5%wt. Pd on CdS, and the effect of these factors on the 
photocatalytic dehydrogenation of ethanol (hydrogen production). 

CdS Pd in Pd/CdS (1) Pd in Pd/CdS (2) 

Diameter D (nm) 33.8 

Coverage 0 (%) 

Particle ratio 

7.9 

3.2 

2.4 

8.8 

2.9 

1.7 

Rate of H2 production 
(ml/h.g.) 

0.01 120 60.6 

Pd/CdS (1) was prepared by chemical reduction at 25°C, whereas Pd/CdS (2) was 
prepared by chemical reduction at 60°C. All catalysts listed in Table 6.1 were 
pretreated in an N2 flow for two hours at 360°C. Hydrogen production is defined 
as the number of ml of hydrogen produced per hour per gram of catalyst (ml/h.g.). 

Table 6.1 also shows that, although compared to Pd/CdS (2) the diameter of the palladium 
particles in Pd/CdS (1) was only about 10% smaller and their surface coverage only about 10% 
higher, the photocatalytic activity of Pd/CdS (1) was nearly twice as high as that of Pd/CdS 
(2). Although it does not seem logical that a 10% decrease in the size of palladium particles 
and a 10% increase in palladium coverage can raise the photocatalytic activity of Pd/CdS by 
nearly 100%, it can be explained by considering the effect of a decrease in particle diameter 
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on the number of particles. According to a calculation made, a 10% decrease in the diameter 
of palladium particles increases the number of palladium particles by 41 % (see particle ratio 
in Table 6.1). Increasing the number of palladium particles means increasing the number of 
places where photocatalytic reduction can occur. A hydrogen molecule is 2.3 À (0.23 nm) in 
diameter and occupies only 0.1 % of the surface of a palladium particle with the diameter of 
80 Â (8 nm). If the surface of such a palladium particle contains sufficient electrons, from a 
geometrically viewpoint it can simultaneously produce far more hydrogen molecules. Because 
smaller particles are more active, a 41 % increase in the number of particles can raise the H2 

production (or photocatalytic activity) by 100%. Consequently, in the case of little metal 
coverage (e.g., so little that it does not affect the absorption of light onto CdS), the following 
applies: the smaller the size of deposited metal particles, the higher the activity of the 
photocatalyst. 

6.3.3 The effect of reaction temperature on the photocatalytic activity of Pd/CdS 

The effect of reaction temperature on the rate of hydrogen production (y) is represented in 
Fig.6.4. The figure shows that, in the temperature range of 305 ~ 365 K, the reaction rate 
increases with temperature. Using the Arrhenius equation, the apparent activation energy (Ea) 
can be calculated from Fig.6.4, resulting in a value of 37 KJ/mol-1. This is only an 
experimental value of the activation energy. The actual activation energy (E,) of the 
dehydrogenation reaction can be calculated by adding at least the absorption heat of the alcohol 
present on catalyst surfaces applying to this temperature range. Therefore, the actual activation 
energy (Et) is somewhat higher than 37 KJ/mol, but in general it is far lower than that of 
general non-catalytic reactions. 

6.3.4 The effect of the concentration of ethanol on its photocatalytic dehydrogenation and 
on CdS corrosion 

Fig.6.5 shows the effect of the concentration of ethanol on hydrogen production. According 
this figure, in the concentration range of 0 ~ 50% the rate at which hydrogen is produced is 
proportional to the initial ethanol concentration. In this range, the photocatalytic 
dehydrogenation of ethanol in solution in deaerated systems may be considered a first-order 
reaction on Pd/CdS. 

Ethanol is an electron acceptor. It acts not only as a reaction substrate but also as a scavenger 
of holes on photocatalyst surfaces. A high ethanol concentration will accelerate the scavenging 
of holes from catalyst surfaces. Therefore, it can suppress the photocorrosion (oxidation) of 
CdS itself. During our experiments, no oxidative photocorrosion of CdS (CdS + 2 h+ - Cd2+ 

+ S) was observed. Based on the redox potentials of the reactions EtOH - EtO (E° = +0.19 
V) and CdS - Cd2+ + S (E° = +0.32 V), it can be concluded that, from a thermodynamic 
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viewpoint, oxidative dehydrogenation of ethanol can occur much easier than oxidative 
photocorrosion of CdS. 

6.3.5 The effect of pretreatment at a high temperature on the photocatalysts CdS and 
Pd/CdS 

Experiments have demonstrated that plain CdS shows no photocatalytic activity after being 
pretreated at a high temperature. Table 6.2 shows the effects of pretreatment. Pretreatment of 
the catalyst Pd/CdS at a high temperature is essential for raising its photocatalytic activity, 
which may be raised as much as 10 times. 

Table 6.2 Effect of pretreatment at a high temperature on the physicochemical 
surface properties of photocatalysts 

Specific surface area (m2/g) 

Diameter D (nm) 

Coverage ©(%) 

Cone, of surface Pd*(%) 

Rate of H2 production 
(ml/h.g.) 

CdS" 

9.49 

0.01 

CdS' 

6.78 

33.8 

0.01 

Pd/CdSb 

12.22 

10.8 (Pd) 

2.4 

5.32 

5.10 

Pd/CdS" 

9.2 

8.8 (Pd) 

2.9 

2.68 

60.6 

Pd/CdS was prepared by chemical reduction at 60 °C. a: after pretreatment. b: 
before pretreatment. *: the data were obtained by XPS and TEM. 

According to Table 6.2, pretreatment at a high temperature results in a decrease in specific 
surface area, a decrease in the diameter of Pd particles on surfaces, and an increase in the 
surface coverage by palladium particles. As a result of pretreatment, the palladium particles 
on CdS surfaces become smaller and show a highly dispersed island distribution. Pretreatment 
at a high temperature may lead to the diffusion of palladium particles at surfaces into the 
interior of CdS particles. This may result in a significant decrease in palladium concentration 
at the surfaces (Table 6.2). This phenomenon was demonstrated by both XPS and TEM. 
Palladium particles diffused into CdS by entering either the pores by surface diffusion, where 
they formed a permanent dark reduction site8, or (partly) the bulk, thus promoting the transfer 
of electrons between CdS and Pd (see Fig.3.1 in Chapter 3). 
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Pretreatment at a high temperature promotes strong metal and semiconductor CdS interaction 
(SMSI)18. Such interaction increases the fluidity of the electrons flowing from semiconductor 
to metal and back (see Chapter 3, Section 3.1). To examine the direction of the electron flow, 
the electron-binding energies in certain atomic orbits of photocatalyst components were 
measured by XPS. Table 6.3 shows that pretreatment at a high temperature resulted in a 
displacement of binding energy (also called chemical displacement) by +1.4 and +1.5 eV in 
the 3d orbits of cadmium, a -0.9 eV displacement in the 3d orbits of palladium, and a -0.5 eV 
displacement in the 2p orbits of sulphur. If the displacement is positive, the oxidative number 
of the element will increase, otherwise will decrease. It means that, during pretreatment at a 
high temperature, electrons were transferred from Cd to Pd and from Cd to S, e.g., 
pretreatment at a high temperature raises the capability of Pd to remove free electrons from the 
surface of CdS, thus making Pd an area of high electron concentration and promoting catalytic 
reduction of H+ to dihydrogen. 

Table 6.3 The electron-binding energy of components of 5% wt.Pd/CdS, measured 
by XPS 

Components of 
5% Pd/CdS 

Pd, 3d1/2 

Pd, 3d3/2 

Cd, 3d1/2 

Cd, 3d3/2 

S, 2P 

Binding energy 

(eV)b 

337.5 

342.7 

404.7 

411.5 

162.5 

Binding energy 

(eV)' 

336.6 

341.8 

406.1 

413.0 

162 

Chemical 
displacement (eV) 

-0.9 

-0.9 

+ 1.4 

+ 1.5 

-0.5 

a: after pretreatment at a high temperature, b: before pretreatment at a high 
temperature. 

6.3.6 The selectivity of the photocatalytic dehydrogenation of ethanol on Pd/CdS surfaces 

In addition to the reduction product H2, acetaldehyde is the dominant oxidation product of the 
photocatalytic dehydrogenation of ethanol in a deaerated system using visible light. If in 
solution only acetaldehyde is produced, the stoichiometric ratio between the produced 
molecular H2 and acetaldehyde is 1:1. This means that the selectivity of acetaldehyde 
conversion can be calculated based on the deviation from this ratio. The amounts of hydrogen 
and acetaldehyde produced and the dependency of the stoichiometric ratio on the amount of 
photocatalyst present are listed in Table 6.4. The table shows an acetaldehyde selectivity of at 
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least 70% at the largest amount of catalyst (100 mg). The lower the photocatalyst 
concentration, the higher the acetaldehyde selectivity. The chance of electron transfer increases 
with the amount of catalyst added. Consequently, the amounts of oxidation products increase, 
and this leads to a decrease in selectivity. It was observed that the solution pH decreased 
somewhat during the photoreaction process. Analysis by GC revealed that traces of acetic acid 
were responsible for this decrease; no C02 was detected. 

Table 6.4 The effect of the amount of photocatalyst on the ratio between the 
photocatalytic production of hydrogen and that of acetaldehyde in 30 ml of 
20% vol. ethanol. Illumination time = 6 hours; pH = 6.0, temperature = 
50°C. 

5% Pd/CdS (mg) 

30 

50 

CHjCHO (mmol) 

0.83 

1.26 

1.35 

H2 (mmol) 

0.71 

1.44 

1.31 

CH,CHO: H, (average) 

1.2 

0.9 

1.0 

75 1.72 

1.72 

1.72 

2.31 

1.88 

2.26 

0.8 

0.9 

0.8 

100 1.68 2.41 0.7 

1.80 2.49 0.7 

6.3.7 The dehydrogenatiou activity of M/CdS photocatalysts containing a monometallic 

component 

Table 6.5 shows the photocatalytic activities observed during ethanol dehydrogenation using 
various monometallized CdS photocatalysts in a deaerated system. The activities demonstrated 
by these photocatalysts decreased in the following order: 5% wt. Pd/CdS (chem. depos., 
pretreatment) > 5% wt. Pt/CdS ((a) phys.mix., with or without pretreatment, (b) chem. 
depos., pretreatment) > 1% wt. Rh203/CdS (phys. mix., no pretreatment) >> PdO, Rh, Ag, 
Cu, and CuO/CdS. Plain CdS showed practically no activity, whether or not it was pretreated. 
Pretreatment did not raise the activity of Pt/CdS prepared by physical mixing, but it raised 10 
times the activities of Pt/CdS and Pd/CdS prepared by chemical deposition. The reason for this 
was discussed in § 6.3.5 and is also mentioned in literature10. Deposition of silver (oxide) or 
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copper (oxide) on CdS does not lead to any significant photocatalytic activity, as these 
substances cannot act as key components on CdS surfaces contrary to Pd and Pt. 

Table 6.5 The photocatalytic dehydrogenation activity of monometallic 
components(M) on CdS 

Photocatalyst 

CdS 

5%Pt/CdS 

5%Pd/CdS 

5%PdO/CdS 

5%Rh/CdS 

l%Rh203/CdS 

5%Ag/CdS 

3.2%Ag/CdS 

4.6%Ag/CdS 

5%Cu/CdS 

5%CuO/CdS 

5%CuO/CdS 

5%Cu20/CdS 

Preparation of photocatalyst 

no pretreatment, or pretreatment* 

Phys.mix., no pretreatment 

Phy s. mi x., p retreatment 

Chem.depos., no pretreatment 

Chem.depos., pretreatment 

Phys.mix., no pretreatment 

Chem.depos., no pretreatment 

Chem.depos., pretreatment 

Heat decomp.* of nitrate 

Phys.mix., no pretreatment 

Phys.mix., no pretreatment 

Phys.mix., no pretreatment 

Heat decomp. from carbonate 

Heat decomp. of acetate 

Photo decomp. of oxide 

Phys.mix., no pretreatment 

Heat decomp. of acetate 

Phys.mix., no pretreatment 

Phys.mix., no pretreatment 

H2 production (ml/h.g.) 

~0 

17.0 

17.2 

2.0 

18.1 

4.8 

5.1 

60.6 

1.9 

1.3 

11.1 

2.0 

3.4 

2.0 

2.0 

1.5 

0.8 

1.3 

2.5 

*: Pretreatment and heat decomposition occurred both under the following 
conditions: in an N2 flow for two hours at 360°C. 
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6.3.8 The optimum amount of platinum deposited on Pt/CdS 

Fig.6.6 and 6.7 show the dehydrogenation activities in a deaerated system of Pt/CdS containing 
various percentages of platinum. In Fig.6.7, the average rate of hydrogen production (rH ) 

increases with platinum content in the range of 1-10%. The modified platinum on the 
semiconductor surface acts not only as a proton-bonding adsorption centre that catalytically 
reduces protons to hydrogen molecules, but also as an electron pump that draws free electrons 
from the CdS surface and thus reduces the recombination of photogenerated electron-hole 
pairs. The latter phenomenon appeared from our XPS data on Pd/CdS10, and was confirmed 
by Pichat's data on photoconductance". 

A rH , the increase in average hydrogen production rate per increased percentage of Pt, shown 

in Fig.6.7, is defined as: 

In the platinum-content range of <, 5%, an increase in platinum content always results in an 
increase in A rH . However, in the platinum-content range of > 5 % an increase in platinum 

content results in a sharp decrease in AfH . Taking the costs of platinum into account, it is best 

to modify about 5% of the platinum present on the CdS surface. The decrease in A FH resulting 

from platinum deposition by more than 5% may be due to: (1) The fact that the surface 
coverage by platinum on CdS increases with an increase in the amount of platinum. It results 
in a photoscreening effect that causes a decrease in photoabsorption on CdS surfaces and a 
decrease in the generation of electron-hole pairs. (2). The fact that an increase in platinum 
content shortens the distance between an active oxidation position on a CdS surface and an 
active reduction position on a platinum island. It may result in an increase in reverse reactions 
between oxidation and reduction products. (3). The fact that the metal platinum is a very 
effective heterogeneous catalyst for reductive hydrogénation of acetaldehyde to ethanol. This 
means that an increase in the amount of platinum results in an increase in the rate of a dark 
reverse reaction during which acetaldehyde is rehydrogenated back to ethanol. 

6.3.9 The dehydrogenation activity of M2+M,/CdS (i.e., CdS photocatalysts containing 

bimetallic components) 

To study how the photocatalytic activity of a M/CdS catalyst could be increased, we 
investigated the effect of adding a second metal, M2 (Ag, Cu or their oxides), to some of the 
most active metallized semiconductor photocatalysts (M,/CdS), such as 5%Pt/CdS prepared 
by phys. mix. with or without pretreatment, and 5%Pd/CdS prepared by chem. depos. with 
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pretreatment. Table 6.6 shows the initial results obtained with such bimetallic CdS 
photocatalysts. 

Table 6.6 The photocatalytic dehydrogenation activity of bimetallic components (M2 + M,) 
on CdS 

Photocatalyst M,/CdS 
(wt. %)*** 

5%Pt/CdS 

+ 

5% Pt/CdS 

+ 

5% Pt/CdS 

+ 

5% Pd/CdS 

+ 

5% Pd/CdS 

+ 

Promoter M2 

(wt.%) 

no 

5%Cu 

4%Cu20 

5%CuO 

no 

4.9% Ag 

no 

3.2% Ag 

3.9% Ag 

4.6% Ag 

no 

5% Cu 

no 

5 %Ag 

Preparation of M, an Mj on 

CdS** 

Phys. mix., no pretreatment 

Phys. mix., no pretreatment 

Phys. mix., no pretreatment 

Phys. mix., no pretreatment 

Phys. mix., no pretreatment 

Phys. mix., no pretreatment 

Phys. mix., pretreatment 

Heat decomp. of acetate 

Heat decomp. of carbonate 

Photodecomp. of oxide 

Chem. depos., pretreatment 

Phys. mix., no pretreatment 

Chem. depos., pretreatment 

Heat decomp. of acetate 

H2 production 
(ml/h.g.) 

17.0 

25.8 

16.1 

10.9 

22.0 

28.5 

17.2 

34.2 

23.7 

35.5 

60.6 

80.5 

42.5 

49.5 

Increase in 

activity (%)* 

0 

52 

-6 

-36 

0 

30 

0 

98 

37 

106 

0 

33 

0 

16 

*: 
* * • 

This increase is related to M,/CdS 
Pretreatment and heat decomposition occurred under the following conditions: in 
an N2 flow for two hours at 360°C. 

***: This comparison applies only to the same M/CdS in the same preparation batch. 

Table 6.6 shows that metallic Cu and Ag create positive effects on the dehydrogenation activity 
of the photocatalysts Pt/CdS and Pd/CdS. However, Cul+ and Cu2* do not create positive 
effects on the activity of these photocatalysts. Because no significant photocatalytic activity as 
a result of copper or silver deposited on CdS surfaces was observed (Table 6.5), the positive 
effect of the copper and silver components in the photocatalyst M2+M,/CdS should consist of 
affecting the main catalyst, Pt/CdS or Pd/CdS. 
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The photocatalytic activity of M/CdS or M2+M,/CdS depends on not only preparation method, 
particle size and the distribution and coverage of particles on CdS, but also the processes 
occurring during preparation and pretreatment. The speed at which the temperature is raised, 
the way in which the solution is stirred, the speed at which reductant is added, and the process 
and duration of physical mixing greatly influence the activity of catalysts. Although we 
prepared various photocatalysts with great care, we could not guarantee that different batches 
of catalysts prepared similarly showed the same activity. Therefore, the comparison made 
between photocatalytic activities as shown in Table 6.6 is most reliable for the photocatalysts 
prepared as part of the same batch. 

In the case of a main photocatalyst (platinum or palladium) and a promoter (copper or silver) 
coexisting on a CdS surface, the role of the promoter may consist of promoting hydrogen gas 
desorption from the platinum or palladium surface according to the theory of heterogeneous 
catalysis. Because both copper and silver have a d10 electron structure while they coexist with 
platinum or palladium (especially when pretreated at a high temperature), the d electron of 
copper or silver will transfer to platinum or palladium, partly fill its d orbits, decrease its d 
hole density, and weaken its hydrogen adsorption. Consequently, the promoters Cu and Ag 
mainly affect the electron transfer in M/CdS and increase the electron density on Pt or Pd 
surfaces. They may be considered electron promoters. 

6.3.10 Optimum proportion of promoter component M2 on photocatalyst of M,/CdS 

The amount of promoter M2 in an M/CdS photocatalyst is an important factor for the 
photocatalytic activity demonstrated. The amount of promoter may be so high that the 
photocatalytic activity and light absorption efficiency of CdS decreases. For Cu+Pt/CdS 
prepared by physical mixing without pretreatment, the effect of Cu and Pt content on the 
activity in a deaerated system was examined, as shown in Fig.6.8. By fixing the Cu content 
at 5% and changing the Pt content (curve 1), and by fixing the Pt content at 5% and changing 
the Cu content (curve 2), two curves were obtained with a maximum at 5% Pt and 5% Cu 
(e.g., 5%Pt + 5%Cu/CdS). A photocatalytic dehydrogenation activity of 25.8 ml/h.g. was 
attained, which is 52% as high as that of 5%Pt/CdS and 16.4 times as high as that of 
5%Cu/CdS. 

Copper and silver are heterogeneous catalysts used for ethanol oxidation, as well as valuable 
promoters of the dehydrogenation occurring during the photocatalytic oxidation of ethanol. 
This reveals the existence of an inherent link between heterogeneous catalysis and 
photocatalysis, although these processes differ in both theory and concept. 
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6.3.11 Possible reaction mechanisms for heterogenous photocatalysis 

According to the results of the photocatalytic experiments and the theory of heterogenous 
catalysis for ethanol oxidation, two heterogenous catalysis mechanisms for the photocatalytic 
oxidative dehydrogenation of ethanol are proposed. 

6.3.11.1 Surface reaction mechanism at the photocatalyst Pd/CdS 

According to this mechanism, illumination results in the generation of electron-hole pairs on 
the n-type semiconductor CdS photocatalyst surface. The electrons have the potential of the 
conductor band (CB) of CdS, and the holes have the potential of the valence band (VB) of CdS: 

CdS + hv - erâ + KB (6.7) 

The holes, which have the potential of the valence band, move to the photocatalyst surface: 

nvB ~* n t (s = catalyst surface) (6.8) 

Ethanol present in the solution dissociates and is adsorbed onto the catalyst surface: 

CH3CH2OHa + s - CH3CH20; + Ht (a: in solution) (6.9) 

Adsorbed ethanol reacts with one or two holes at the surface: 

CH3CH20; + 2 h t - CHjCHO + s + Ht (6.10) 

or: CHjCHA" + ht - CH3CHO + s + H« (6.11) 

The e^ electron generated at the CdS surface is concentrated at the Pd surface and still has the 
potential of the conductor band of CdS: 

'-CB »-Pd (6.12) 

Hydrogen ions (protons) resulting from the dehydrogenation of ethanol (Eq.6.10) and the 
dissociation of water adsorb onto the Pd surface: 

H + - H;d (6.13) 

and are reduced at the Pd surface by extra electrons ePd to dihydrogen and then released-
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2H;d + 2 e P d - 2H.W - H2Pd - H2 Î (6.14) 

6.3.11.2 Complexing catalysis mechanism involving Pd2+ and Pd° 

Fig.6.9 shows a possible complexing catalysis mechanism for the photocatalytic 
dehydrogenation of ethanol at Pd2+. The conditions required for this mechanism are that the 
electrons can flow from Pd to CdS, and that Pd° can be oxidized to Pd2+ at the CdS surface. 
When palladium is deposited on CdS surfaces, the physical contact between Pd and CdS is a 
Schottky contact where electrons can flow only from CdS to Pd. If at the Pd-CdS junction a 
kind of chemical bond between Pd and Cd or between Pd and S is formed, the electrons can 
flow in two directions at the Pd-CdS junction. The following three reasons support this 
assumption. (1). If the deposited metal particles are so small that they provide insufficient 
capacity (atomic orbits) for maintaining their Fermi level when electrons flow from 
semiconductor to metal after their contacting, the heigh of Schottky barrier will decrease 
greatly (see Fig. 1.9). It may result in electrons flowing from metal to semiconductor. (2). 
During pretreatment of the catalyst Pd/CdS at a high temperature, a strong metal and 
semiconductor interaction (SMSI) (e.g., a chemical bond between Pd and Cd or between Pd 
and S) may be created at the Pd-CdS junction. This SMSI may promote the flow of electrons 
from Pd to CdS. (3). According to the palladium standard redox potential shown as below: 

Pd2+ + 2e- - Pd (6.15) 

where E° = +0.83 V, the hole hJB at the CdS surface has sufficient potential to oxidize Pd° 
to Pd2+. Therefore, if according to the complexing catalysis theory the following equilibrium 

Pd° - Pd2+ + 2e- (6.16) 

could exist at the CdS surface, photocatalytic oxidative dehydrogenation of ethanol could occur 
via an available recycling path for complexing catalysis. In Fig.6.9, photocatalytic oxidation 
of ethanol to acetaldehyde occurs via a transition state of the palladium(II)-ethanol complex. 
Consequently, the active positions for ethanol oxidation exist not only on the CdS surface 
where ethanol is activated by photogenerated holes, but also on Pd2+/Pd° where ethanol is 
activated via the palladium(II)-ethanol complex. Only on Pd° exists an active position for 
proton reduction. 

6.3.12 The rate-determining step of ethanol dehydrogenation 

If the generation of hole-electron pairs (Eq.6.7) were a rate-determining step, the rate at which 
dihydrogen is produced would be independent of the ethanol concentration. However, this is 
contrary to the results of the experiments. It is not the rate-determining step, because Pd 
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H,0 

CH.CHO 

H2OorOH 

Net anode process: 

CH,CH2OH + 20H + 2h+ 

— CH.CHO + 2H.0 _ j l d _ 0 H 

.o, 

—Pd—OCH2CH3 

CH3CH2OH 

Fig. 6.9 The possible complexing catalysis mechanism of 
the photocatalytic dehydrogenation of ethanol on Pd(II). 

collects an extra electron and the activation energy of the reductive reaction during which H + 

is converted to H2 (Eq.6.13 and 6.14) is not high. At a high reaction temperature (50 °C), the 
desorption of hydrogen is not the rate-determining step either. Only the step of H dissociation 
occurring after the adsorption of ethanol onto the catalyst surface (Eq.6.10), or the transfer of 
H occurring after the coordination and complexing of ethanol with Pd2+ at the CdS surface 
(Fig.6.10) can be the rate-determining step. The rate of hydrogen production may depend 
mainly on the ethanol concentration, the reaction pH, and the concentration of extra electrons 
at Pd, in which the dependence of this rate on the ethanol concentration was observed during 
experiments. 

6.4 CONCLUSIONS 

1. 2.5 mg/ml 5%Pd/CdS was found to be the optimum catalyst amount for ethanol 
dehydrogenation under the conditions used during our experiments. The production of 
hydrogen reached a level of 300 ml per hour or 120 ml per hour per gram of photocatalyst. 

2. Pretreatment of the photocatalyst Pd/CdS at a high temperature reduced the size of deposited 
palladium by 10% from 8.8 to 7.9 run, and increased the number of palladium particles on CdS 
particles (with a diameter of 33.8 nm) by 41%. This resulted in a 100% increase in the 
photocatalytic activity of the photocatalyst Pd/CdS during ethanol dehydrogenation. 
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3. In the temperature range of 305 ~ 365 K, the rate of hydrogen production (y) increases 
with temperature. Using the Arrhenius equation, the apparent activation energy (Ea) can be 
calculated, resulting in a value of Ea= 37 KJ/mol'. This is only an experimental value of the 
activation energy. The actual activation energy (E,) of the dehydrogenation reaction can be 
calculated by adding at least the absorption heat of the H2 present on catalyst surfaces. 

4. The rate of hydrogen production is proportional to the initial ethanol concentration in the 
concentration range of 0 ~ 50%. In this range, the photocatalytic deaerated dehydrogenation 
of an ethanol solution may be considered a first-order reaction on Pd/CdS. 

5. Regarding the dehydrogenation of ethanol in deaerated systems, the observed photocatalytic 
activity of monometal M/CdS photocatalysts decreases in the following order: 5% wt. Pd/CdS 
(chem. depos., pretreatment) > 5% wt. Pt/CdS (phys. mix. with or without pretreatment, or 
chem. depos., without pretreatment) > 1% wt. Rh203/CdS (phys. mix., without pretreatment) 
> > PdO, Rh, Ag, Cu, CuO/CdS. Plain CdS shows hardly any photocatalytic activity. 

6. The Pt content is optimal around 5%. In bimetallic components/CdS, the second metallic 
component may serve as a promoter; the addition of Cu or Ag causes a considerable increase 
in photocatalytic activity in both Pt/CdS and Pd/CdS systems. The combination of 5 % wt. Cu 
+ 5% wt. Pt/CdS was found to be optimal under the conditions used during our experiments. 

7. Pd loaded on the CdS surface acts as an electron pump that transfers photogenerated 
electrons (e^) from the CdS valence band to palladium (Eq.6.12). Pretreatment at a high 
temperature promotes the transfer of electrons and decreases the recombination of 
photogenerated hole-electron pairs. The fact that Pd has extra electrons is favorable for the 
catalytic reduction of hydrogen ions to dihydrogen (Eq.6.14). 

8. The complexing catalysis process is probably one of the photocatalytic mechanisms 
according to which alcohol can be dehydrogenated, if electrons can flow from Pd to CdS and 
Pd°can be oxidized to Pd2+ on the CdS surface. When the photocatalyst Pd/CdS is pretreated 
at a high temperature, a strong metal and semiconductor interaction (SMSI) (e.g., chemical 
bonds between Pd and Cd or between Pd and S) may be formed at the Pd-CdS junction. SMSI 
can promote the flowing of electrons from Pd to CdS. According to the palladium standard 
redox potential, the hole h^ at the CdS surface has sufficient potential to oxidize Pd° to Pd2+. 
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7.1. Summary and conclusions 

The last two decennia have shown a growing interest in the photocatalytic treatment of 
wastewater, and more and more research has been carried out into the various aspects of 
photocatalysis, varying from highly fundamental aspects to practical application. However, 
despite all this research, there is still much to investigate. Suggested photocatalytic 
mechanisms, such as those for oxidation by hydroxyl radicals and for oxidation at the surface 
of photocatalysts, need to be verified experimentally for various types of pollutant under 
various reactive conditions. The kinetic processes occurring during photocatalytic reactions 
have still not been fully clarified. Efficient photocatalytic treatment of pollutants in wastewater 
has so far been achieved only by using the powdery photocatalyst Ti02 in suspension. This 
method cannot be applied in practice unless there are means to keep or recycle the 
photocatalyst within the treatment unit. Optimization of the photocatalytic process requires 
modification of photocatalyst surfaces, the discovery of new efficient photocatalysts, and 
research into new combinations of photocatalysis with other methods. The present dissertation 
deals with photocatalytic processes and systems, their combination with photolysis and other 
advanced oxidation technologies, and their application for the treatment of environmental 
pollutants in wastewaters. 

Chapter 1 introduces advanced oxidation technologies (AOTs), which consist mainly of the use 
of ozone, hydrogen peroxide, ultraviolet light (UV) and non-thermal plasmas; electrohydraulic 
cavitation and sonolysis; electron-beam and gamma irradiation; catalytic oxidation; wet air 
oxidation; supercritical water oxidation; electrochemical oxidation (electrolysis); and 
photocatalysis. The basic principles and applications of these technologies are discussed, 
focusing on photocatalysis for the treatment of wastewater, and more than two hundred 
references are given. 

The general principle of the photocatalytic treatment of pollutants is as follows. When a 
semiconductor catalyst suspended in an aqueous solution is illuminated using light with an 
energy (h\) exceeding or equal to the band gap of the semiconductor (hv > Eg), electron-hole 
pairs (e"-h+) with a certain electric potential are generated at the catalyst surface. For the 
semiconductor Ti02, which has a band gap of 3.05 eV, this light must be near-UV with a 
wavelength smaller than 410 ran. At catalyst surfaces, the generated holes with a positive 
charge move to the anodic area, whereas the generated electrons move to the cathodic area. 
At the anodic area of a catalyst, an oxidative half reaction will occur, such as the oxidation of 
organic pollutants in wastewater to C02. At the cathodic area of a catalyst, a reductive half 
reaction will occur, such as the reduction of oxygen in wastewater to H20. 

Chapter 2 discusses the photocatalytic oxidation of methanol, ethanol and chloroform, 
trichloroethylene (TCE), and dichloropropionic acid (DCP) in aerated aqueous slurries using 
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plain Ti02, Pd/Ti02 or Pt/Ti02 as a catalyst. Based on experimental data, various 
photocatalytic mechanisms are elaborated upon. 
In Ti02 suspensions, it was observed that during illumination with near-UV light (320 nm < 
X <. 410 nm) in the presence of oxygen the photocatalytic oxidation of methanol and ethanol 
was accelerated by modifying the catalyst with Pt or Pd. Pd present on Ti02 created a less 
strong effect than Pt. During not any experiment involving methanol were intermediates of 
methanol oxidation (such as formaldehyde and formic acid) detected in the aqueous solution 
using a gas Chromatograph. The only product detected was C02. However, during the 
photocatalytic oxidation of ethanol, various types of intermediate (such as acetaldehyde and 
acetic acid) were detected in the aqueous solution. These intermediates varied in concentration 
depending on the type of catalyst. Under similar reaction conditions, the ratio between 
acetaldehyde and acetic acid was 30:1 with Ti02 and 0.23:1 with Pt/Ti02, which means that 
with Ti02 the acetaldehyde concentration was 130 times higher than with Pt/Ti02. Therefore, 
it can be concluded that further oxidation can be achieved easiest with Pt/Ti02. The rate at 
which alcohol was mineralized {i.e., C02 was produced) was found to depend on the initial 
solution pH. At an acidic pH, C02 was produced immediately, whereas at an alkaline pH the 
mineralization process occurred much slower. 

When plain Ti02 was used as a photocatalyst, 98 % of the TCE present in the water phase at 
an initial concentration of 25 ppm and 75% of the chloroform present in the water phase at an 
initial concentration of 120 ppm were oxidized after an illumination period of one hour and 
three hours, respectively. About 18% of DCP present at an initial concentration of 1,430 ppm 
was dechlorinated and 23% of this DCP was decarboxylated during an illumination period of 
three hours. Compared with the results obtained with plain Ti02, no effect of Pd metallized on 
Ti02 was observed during the photocatalytic oxidation of either chloroform, TCE or DCP. The 
acceleration of DCP dechlorination affected by Pt/Ti02 exceeded that affected by plain Ti02 

by 53%, but Pt/Ti02 did not affect the rate at which DCP was decarboxylated. 
Based on experimental data and an evaluation of possible reaction pathways, it was concluded 
that during aerated photo-oxidation of alcohols and organochlorides {e.g., TCE, DCP) Pt 
accelerates the cathodic process of 02 reduction occurring at catalyst surfaces. If a rate-
controlling step is part of the anodic process occurring during a photocatalytic reaction (as is 
the case with the photocatalytic oxidation of organochlorides), modified Pt or Pd on Ti02 

cannot influence the rate of this reaction unless it can affect the reactants present at the anodic 
area. In general, the rate-controlling step of an anodic process can be attributed chiefly to the 
resistance to adsorption and electron transfer offered by reactants in relation to anodic surfaces. 
A pathway favourable for anodic processes occurring at catalyst surfaces is direct adsorption 
of reactants and direct electron transfer to holes with a positive charge {i.e., a direct oxidation 
reaction occurring at surfaces). 

Chapter 3 discusses the interaction occurring between Pt or Pd and Ti02. A porous micro-cell 
model for a system containing a powdery photocatalyst is presented. Furthermore, the kinetic 
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processes of the photocatalytic mineralization of alcohols occurring at the surface of metallized 
and native Ti02 in aerated systems are detailed, the adsorption of alcohols present on TiO, 
surfaces is calculated, and the process during which oxygen is reduced at Ti02 surfaces is 
discussed. 
An X-ray diffraction experiment carried out to determine the crystal structures of catalyst 
components revealed a diffraction angle of 20=40°, which deviates from those shown by the 
crystal structure of the metal Pt, anatase and rutile present in a sample of Pt/Ti02 pretreated 
at a high temperature. Based on the principle of strong metal-semiconductor interaction (SMSI) 
and diffraction data on Pt-Ti intermetallic compounds, it was supposed that it is the strongest 
diffraction angle of Pt-Ti intermetallic compounds. 

Surface element analysis of the photocatalyst Pd/Ti02 using an electron beam probe (X-ray 
exciting spectrum) reveals that not all Pd was deposited on the outside of the Ti02 powder; 
therefore, part of it was probably deposited inside. Based on the results of this experiment and 
the experiment of XPS (X-ray Photoelectron Spectroscope) in chapter 6, a new porous micro-
cell model for a system containing a powdery photocatalyst was developed. In this model, the 
outer surface of a particle can be illuminated, but its pores form a dark, unilluminated area, 
which acts as a permanent cathode. 

The overall photocatalytic reaction occurs at two areas of photocatalyst surfaces. Ethanol is 
oxidized at the anodic area, whereas oxygen is reduced at the cathodic area. Experiments 
revealed that the photocatalytic degradation of alcohols occurring at the anodic area is a first-
order reaction. This can be easily explained by assuming the existence of a Langmuir 
adsorption isotherm, i.e., alcohols are first adsorbed onto the catalyst surface and then oxidized 
photocatalytically. This surface mechanism can be described by the Langmuir adsorption 
constant (K) and the real reaction rate constant (k) applying to this reaction. Therefore, it can 
be assumed that, at least in a dilute aqueous solution, one of kinetic mechanisms of 
photocatalysis occurring during the oxidation of some organic compounds is similar to a gas-
phase reaction occurring at the solid surface of a heterogeneous catalyst, which can be 
described by the Langmuir equation. Consequently, the fact that no intermediates were detected 
in solution during the photocatalytic oxidation of methanol must be due to the fact that the 
intermediates formaldehyde and formic acid remained at the photocatalyst surface and were not 
desorbed into solution before being further oxidized to the final product, CO,. 
According to a calculation of the surface coverage by alcohols on photocatalyst particles, at 
similar molar concentrations the coverage of ethanol was twice as high as that of methanol. The 
maximum rate and efficiency of the photocatalytic oxidation of methanol and ethanol at catalyst 
surfaces can be estimated based on the results obtained. To explain the surface mechanisms 
taking place during the photocatalytic oxidation of alcohols, it is suggested that at catalyst 
surfaces end-group adsorption of methanol and ethanol occurs. 

Chapter 4 details lab-scale experiments during which various photochemical methods for the 
elimination of pollutants from wastewater were employed in combination under aerated 
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conditions. These pollutants included pure phenol in aqueous solutions (initial concentration 
= 25 ppm), and substituted phenols and COD (Chemical Oxygen Demand) in industrial 
wastewaters, such as those from the production of phenolic resins, oil refinement, the dry 
distillation of shale oil, and the production of naphthenic acid. The combinations applied 
included illumination with UV light (using a 200-W high-pressure mercury lamp, wavelength 
313 i A i 456 nm), the use of magnetite or aluminum oxide as a photocatalyst, H202, and iron 
compounds (FeCl3 and Fe(NH4)2(S04)2 as Fenton reagents). Using magnetite simultaneously 
as a photocatalyst and a solidified Fenton reagent proved to be a sophisticated method for 
combining photocatalysis with the photo Fenton reaction. 

The experimental results presented in this chapter show clearly the separate and combined 
effects of UV light, a photocatalyst, ferric compounds, and H202. For example, magnetite or 
aluminum oxide combined with UV light decreased the COD of certain toxic industrial 
wastewaters by around 60-70% in 1-4 hours. The separate use of UV light and magnetite had 
little effect on the degradation of COD and phenol. 

The rate of phenol photolysis during illumination with UV light was found to depend on the 
solution pH and was highest at an initial pH of 3.5. Hydrogen peroxide or ferric ions 
(Fe3+/Fe2+) in an aqueous solution of phenol greatly increased the rate of phenol elimination, 
when only UV photolysis was applied and no catalyst was present. The photo Fenton reaction 
system of UV/H202/Fe-compounds showed the highest rate of photochemical elimination of 
phenol and other organic compounds in the above-mentioned combinations. 
An improved photochemical method, using a calcium compound as a chemical promoter, 
clearly made a ferric and an aluminium photocatalyst more effective in the treatment of toxic 
compounds (particularly phenols in various wastewaters). According to the experimental 
results, the combined photochemical method employing UV light, hydrogen peroxide and a 
photocatalyst (used simultaneously as a solidified Fenton-reagent) is a very promising method 
of photochemical wastewater treatment. 

Chapter 5 discusses the photocatalyzed deposition and concentration of uranium(VI) (uranyl) 
in wastewaters, using suspended Ti02 or Pt/Ti02 as a catalyst. As a result of pretreatment, 
uranium-containing wastewaters usually contain several types of chelating reagent, such as 
EDTA (ethylenediaminetetraacetic acid). In deaerated U(VI)/EDTA solutions, reductive 
deposition of uranium and release of C02 from EDTA occurred as a result of photocatalysis 
at Ti02 or Pt/Ti02 surfaces during illumination with near-UV light. In the experimental set-up 
chosen, at most 50-60% of the uranium(VI) present in the solution was deposited. Pt promoted 
this reductive deposition of uranium(VI) on Ti02 only to a slight degree, although it accelerated 
the oxidative deposition of other metals on Ti02 during other experiments. The ultimate 
amount of C02 released during experiments was equivalent to a single decarboxylation of 
EDTA and was independent of illumination time. This explains the limited reductive deposition 
of uranyl (around 50-60%). Furthermore, it means that the tricarboxylic acid resulting from 
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EDTA oxidation cannot be easily oxidized further, and then it renders any further reductive 
process of uranyl on Ti02 surfaces. 
In aerated solutions, no uranium was deposited but a lot of C02 was released, probably as a 
result of EDTA mineralization on photocatalyst surfaces. Nearly 100% of the deposited, 
reduced product of uranium(VI) present at Ti02 or Pt/Ti02 surfaces was reoxidized reversibly 
and desorbed into solution to form dissolved uranium(VI), simply by exposing the solution to 
air after illumination. During one experiment, the reductive deposition process, during which 
around 55% of the uranium(VI) in solution could be deposited, was repeated three times. This 
is therefore a promising photocatalytic method for the recovery and concentration of 
uranium(VI) in uranium-containing wastewaters. 

Chapter 6 deals with the photocatalytic dehydrogenation of ethanol in the presence of 
metallized CdS (i.e., M/CdS with one or two metals) in a deaerated system using visible light 
for illumination. The effect of various M/CdS photocatalysts, present in solution in an optimal 
amount, on the dehydrogenation of ethanol was investigated. This process results in the release 
of H2 and the production of acetaldehyde. A study was also conducted of the effect of 
pretreating M/CdS at a high temperature on the distribution of Pd on CdS surfaces, the role 
of Pd or Pt present on CdS, and the role of a photocatalytic promoter, i.e., a second metal 
component (e.g., Cu, Ag, Rh), present on CdS. In addition, a complex catalysis mechanism 
for the photocatalytic dehydrogenation of alcohols was suggested. 

The optimum amount of photocatalyst was found to be 2.5 g/1, which was accompanied by a 
hydrogen production of 300 ml/h.l. Pretreatment at a high temperature reduced the size of 
deposited Pd particles by 10% from 8.8 nm to 7.9 nm, and increased the number of Pd 
particles present on CdS particles (with a diameter of 33.8 nm) by 41 %. This resulted in a 
100% increase in photocatalytic activity of the photocatalyst Pd/CdS during ethanol 
dehydrogenation. The deaerated dehydrogenation of ethanol was found to be a first-order 
reaction at an ethanol concentration below 50%. The reaction activity of the photocatalysts 
tested decreased in the following order: 5% wt. Pd/CdS (prepared by chemical deposition, 
pretreated at a high temperature) > 5% wt. Pt/CdS (physical mixing or chemical deposition 
with or without pretreatment) > 1% wt. Rh203/CdS (physical mixing, no pretreatment) > > 
PdO, Rh, Ag, Cu, CuO/CdS. Plain CdS showed a negligible photocatalytic activity during 
ethanol dehydrogenation. The optimal Pt content in a Pt/CdS system was found to be around 
5%. From the experimental results, it was concluded that the second metallic component on 
CdS possibly acts as a promoter during dehydrogenation. 5% wt. Pt + 5% wt. Cu/CdS was 
found to be the optimum combination in a system containing these two metallic components 
under the conditions used during our experiments. Pd or Pt loaded on a CdS surface acts as 
an electron pump that transfers photogenerated electrons e^ from the valence band of CdS to 
Pd. Pd acts as a proton-bonding adsorption centre. 
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If at Pd/CdS surfaces electrons can flow from Pd to CdS and Pd° can be oxidized to Pd2+ 

during illumination, the photocatalytic oxidation of alcohols at such surfaces may also occur 
according to a heterogeneous catalytic mechanism called a complexing catalysis mechanism, 
because after a Pd/CdS catalyst has been pretreated at a high temperature, a strong metal and 
semiconductor interaction (SMSI) (e.g., chemical bonds between either Pd and Cd or Pd and 
S) can occur at the Pd-CdS junction. This interaction can increase the flow of electrons from 
Pd to CdS. In view of the palladium standard redox potential, the holes (hvB) with a positive 
charge at CdS surfaces have sufficient electric potential to oxidize Pd° to Pd2+. 

From the investigations into photocatalysis applied to wastewater treatment detailed in this 
dissertation, the following general conclusions can be drawn. 

• Experiments carried out to study the photocatalytic oxidation of methanol and ethanol have 
resulted in an increased insight into and better understanding of the mechanisms occurring 
during the photocatalytic treatment of wastewaters. 
• During this study, more insight has been gained into the practical application of 
photocatalysis and the problems that still need to be solved regarding the treatment of certain 
industrial wastewaters. 
• Organochlorides can also be easily degraded using a photocatalyst; this process may be a 
promising application. 
• Combined photochemical methods that include the use of a photocatalyst may be attractive 
for the treatment of phenol-containing industrial wastewaters. 
• Experimental results of the photocatalytic deposition and concentration of soluble uranium 
show that photocatalytic treatment is an interesting method for the recovery of radioactive 
heavy metals. 

• Metallization is a popular method for raising the activity of photocatalysts consisting of a 
semiconductor. The functions of metallization were revealed as a result of experiments 
involving the use of metallized Ti02 and CdS. 



198 

7.2 Samenvatting 

De afgelopen twintig jaar is er een groeiende belangstelling ontstaan naar de fotokatalytische 
behandeling van afvalwater. Deze belangstelling blijkt duidelijk uit het onderzoek dat is 
verricht naar de verschillende aspecten van het fotokatalytische zuiveringsproces. Dit 
onderzoek heeft betrekking op zowel de meer fundamentele als op de praktische aspecten en 
heeft geleid tot een vergroting van het inzicht in de werking en de toepassingsmogelijkheden 
van het fotokatalytische zuiveringsproces. Echter veel aspecten, zoals bijvoorbeeld de 
veronderstelde reactiemechanismen die optreden bij de oxidatie van verontreinigingen in 
oplossing door hydroxyl-radicalen en van verontreinigingen aan het oppervlak van een 
fotokatalysator, zullen nog nader experimenteel moeten worden geverifieerd voor een groot 
aantal typen verontreinigingen en procescondities. Ook de kinetiek van de omzettingsprocessen 
tijdens fotokatalytische reacties is nog niet volledig opgehelderd. Een efficiënte fotokatalytische 
behandeling van verontreinigingen in afvalwater is tot dusver op praktijkschaal alleen succesvol 
gebleken met behulp van de in suspensie gebrachte poedervormige fotokatalysator Ti02. De 
praktische toepassing van deze methode voor afvalwaterzuivering vereist echter dat de 
gesuspendeerde fotokatalysator niet met het behandelde afvalwater wordt afgevoerd maar 
volledig wordt teruggewonnen voor hergebruik. Een verdere optimalisatie van het 
fotokatalytische proces vereist een verbetering van het fotokatalytische oppervlak van 
bestaande fotokatalysatoren en de ontwikkeling van nieuwe, meer efficiënte fotokatalysatoren. 
Ook de combinatie van een fotokatalytische behandeling met andere zuiveringsmethoden voor 
afvalwater kan mogelijk leiden tot meer efficiënte processen. Het in dit proefschrift beschreven 
onderzoek heeft ten doel: a. een aantal fotokatalytische processen en systemen voor de 
reiniging van afvalwaterstromen nader te bestuderen, b. de combinatie van fotokatalyse met 
fotolyse en andere geavanceerde oxidatietechnieken te onderzoeken en c. de praktische 
toepasbaarheid van dergelijke systemen nader aan te geven. 

In hoofdstuk 1 wordt een kort overzicht gegeven van de verschillende typen geavanceerde 
oxidatietechnologieën (AOTs). Als belangrijkste kunnen daarbij genoemd worden het gebruik 
van ozon, waterstofperoxide en ultraviolet licht (UV) alsmede van niet thermische plasma's, 
elektrohydraulische cavitatie en sonolyse, katalytische oxidatie, natte lucht oxidatie, 
superkritische water oxidatie, elektrochemische oxidatie (elektrolyse) en fotokatalyse. Van elk 
van deze technieken wordt het basisprincipe en de praktische toepassing aangegeven. Daarbij 
wordt vooral ingegaan op de reiniging van afvalwater door middel van fotokatalyse. Het 
algemene principe van de fotokatalytische behandeling van afvalwater is als volgt. Wanneer 
een halfgeleider (katalysatordeeltje) wordt gesuspendeerd in een waterige oplossing en deze 
oplossing wordt bestraald met licht met een energie (hv) die groter of gelijk is aan de bandgap 
Eg van de halfgeleider, worden er elektron-/io/e-paren, aangeduid met (e - h+ ), met een 
bepaalde elektrische potentiaal gegenereerd aan het oppervlak van de katalysator. Voor de 
halfgeleider TiO, is deze bandgap 3,05 eV. Licht uit het nabije UV met een golflengte kleiner 
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dan 410 nm is hiervoor geschikt. Als gevolg van de bestraling ontstaat er op de belichte zijde 
van het katalysatordeeltje een accumulatie van positief geladen holes wat resulteert in een 
anode gebied. Evenzo leidt een accumulatie van elektronen op de schaduwzijde tot een kathode 
gebied. In het anode gebied van de katalysator zal een oxidatieve half reactie kunnen 
plaatsvinden, zoals de oxidatie van een organische verontreiniging tot C02. In het kathode 
gebied van de katalysator zal een reductieve halfreactie kunnen plaatsvinden zoals de reductie 
van zuurstof tot H20. 

In hoofdstuk 2 wordt de fotokatalytische oxidatie van methanol, ethanol, chloroform, 
trichloorethyleen (TCE) en dichloorpropionzuur (DCP) in beluchte waterige slurries van 
fotokatalysatoren bestaande uit zuiver TiO,, Pd/Ti02, and Pt/Ti02 bestudeerd. Op basis van 
experimentele resultaten kunnen daarbij verschillende typen fotokatalytische reacties worden 
afgeleid. 

Voor beluchte Ti02 suspensies werd, voor water waaraan geringe hoeveelheden methanol of 
ethanol waren toegevoegd, waargenomen dat bij bestraling met licht uit het nabije UV 
(320 nm < X < 410 nm) (X is golflengte van het licht) de fotokatalytische oxidatie van 
methanol en ethanol werd versneld door de katalysator te modificeren met Pt of Pd, waarbij 
het grootste effect werd verkregen met Pt. Bij geen van de fotokatalytische experimenten met 
waterige oplossingen van methanol werden opgeloste intermediairen zoals formaldehyde en 
mierenzuur aangetroffen. Alleen CO, werd aangetoond. Dit in tegenstelling tot de 
fotokatalytische oxidatie van een waterige oplossing van ethanol waarbij wel intermediairen 
(zoals aceetaldehyde en azijnzuur) in de oplossing werden gevonden. De concentratie van deze 
intermediairen varieerde afhankelijk van het type katalysator. Bij dezelfde reactiecondities 
bedroeg de verhouding van aceetaldehyde en azijnzuur 30 voor het geval dat zuiver Ti02 als 
fotokatalysator werd toegepast en 0,23 bij gebruik van Pt/Ti02. Geconcludeerd kan dus 
worden dat een vergaande oxidatie het gemakkelijkst verkregen kan worden met Pt/TiO,. De 
snelheid waarmee alcohol werd gemineraliseerd, af te leiden uit de productie van CO,, bleek 
sterk afhankelijk te zijn van de begin-pH van de oplossing. In het zure pH-gebied kwam de 
productie van C02 onmiddellijk op gang, terwijl in het basische pH-gebied het 
mineralisatieproces veel langzamer plaats vond. 

Bij gebruik van zuiver Ti02 als fotokatalysator bleek 98% van trichloorethyleen (TCE) 
aanwezig in een waterige oplossing (beginconcentratie 25 ppm) te worden geoxideerd na 
bestraling gedurende een periode van één uur. Voor een oplossing van chloroform in een 
waterfase (beginconcentratie 120 ppm) werd een omzetting verkregen van 75% na bestraling 
gedurende een periode van drie uur en gebruik van zaïver TiO, als katalysator. Voor een 
oplossing dichloorpropionzuur (DCP) met een beginconcentratie van 1430 ppm werd een 
omzetting van 18% verkregen indien deze oplossing gedurende drie uur werd bestraald en 
zuiver TiO, werd gebruikt als fotokatalysator. Bij dit experiment bleek dat 23% van het DCP 
werd gedecarboxyleerd. Metallisering van het TiO, met Pd had geen effect op de oxidatie van 
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Chloroform, TCE en DCP. De snelheid van de dechlorering van DCP die werd verkregen bij 
gebruik van Pt/Ti02 was 53% hoger dan de snelheid die werd waargenomen bij gebruik van 
zuiver Ti02. De decarboxylerings-snelheid van DCP was bij gebruik van zuiver Ti02 nagenoeg 
identiek aan die welke werd waargenomen bij gebruik van Pt/Ti02. 

Op basis van de experimentele gegevens en een evaluatie van mogelijk reactieroutes kan 
worden geconcludeerd dat tijdens de foto-oxidatie van alcoholen en organo-chloorverbindingen 
(zoals TCE, en DCP) Pt het proces van 02 reductie aan het kathode oppervlak van de 
katalysator versnelt. Als een snelheidsbepalende stap deel uit maakt van een fotokatalytische 
reactie aan de anode (zoals het geval is met de fotokatalytische omzetting van organochloor-
verbindingen), dan kan een modificatie van de Ti02 katalysator met Pt of Pd de snelheid van 
de reactie niet beïnvloeden, tenzij er een directe beïnvloeding is van de reactanten aanwezig 
aan de anode. In het algemeen geldt dat de snelheidsbepalende stap van een reactie aan de 
anode hoofdzakelijk wordt bepaald door de weerstand tegen adsorptie en elektronentransport 
van de reactanten aan het anodeoppervlak. Een gunstige route voor omzettingsprocessen die 
in het anodegebied van de fotokatalysator plaatsvinden is directe adsorptie van reactanten en 
directe elektronenoverdracht naar positief geladen holes (bijvoorbeeld een directe oxidatie die 
aan het oppervlak plaatsvindt). 

Hoofdstuk 3 gaat nader in op de interactie tussen Pt of Pd en Ti02. Uitgaande van een systeem 
van poedervormige fotokatalysatordeeltjes in een waterige suspensie wordt voor deze interactie 
een micro-cel-poeder-model gegeven. Daarnaast wordt het kinetische proces van de 
mineralisatie van alcoholen zoals dat plaats vindt aan het oppervlak van zuiver of 
gemetalliseerd Ti02 in detail weergegeven. Ook wordt de adsorptie van alcoholen aan 
Ti02 oppervlakken berekend en wordt het reductieproces van zuurstof aan TiO, bediscussieerd. 

Uit een röntgendiffractie experiment, uitgevoerd om de structuur van de katalysator op te 
helderen, bleek diffractie op te treden bij een hoek 26 = 40° welke niet gevonden wordt bij 
het metaal Pt en bij anatase en rutiel Ti02, die aanwezig zijn in een monster Pt/TiQ, dat is 
behandeld bij hoge temperatuur. Op basis van de aanname van een sterke metaal-
semiconductor interactie (SMSI) en informatie over de diffractiegegevens van het 
intermetallische systeem Pt-Ti, kan worden aangenomen dat de gevonden diffractiehoek 
correspondeert met een sterke binding tussen Pt en Ti. 

Oppervlakte elementen analyse van de fotokatalysator Pd/TiO, door middel van 
elektronenbestraling (röntgen emissiespectrum) toonde aan dat niet alle Pd zich tijdens het 
bereidingsproces van de katalysator had afgezet op het buitenoppervlak van katalysatordeeltjes 
maar dat een deel ook was afgezet in de inwendige poriën binnen het deeltje. Op basis van de 
resultaten van deze experimenten en de röntgen foto-elektrische spectroscopie experimenten 
beschreven in hoofdstuk 6, werd een nieuw micro-cel model voor een poreus poedervormig 
fotokatalysator deeltje ontwikkeld. In dit model wordt er van uitgegaan dat alleen het 
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buitenoppervlak van een deeltje kan worden aangestraald, maar dat inwendige poriën in feite 
een permanent kathode gebied vormen. 

Zoals ook reeds in het voorafgaande is gesteld vindt de overall fotokatalytische reactie plaats 
in zowel het kathode gebied als het anode gebied. Ethanol wordt geoxideerd aan de anode 
onder gelijktijdige reductie van zuurstof in het kathode gebied. Uit experimenten is verder 
gebleken dat de fotokatalytische afbraak van alcoholen die plaats vindt in het anode gebied een 
eerste orde reactie is. Dit kan eenvoudig worden verklaard door uit te gaan van een Langmuir 
adsorptie gedrag van de alcoholen. De alcoholen worden eerst geadsorbeerd aan het katalysator 
oppervlak en dan fotokatalytisch geoxideerd. Dit oppervlakmechanisme kan mathematisch 
worden beschreven door middel van een Langmuir adsorptieconstante K en de werkelijke 
reactiesnelheidsconstante k van de reactie. Er kan daarom worden aangenomen, in ieder geval 
voor verdunde waterige oplossingen, dat de kinetiek en het mechanisme van de fotokatalytische 
reactie tijdens de oxidatie van organische verbindingen vergelijkbaar is met een gasfase reactie 
die plaats vindt op het vaste oppervlak van een heterogene katalysator, een reactie die ook kan 
worden beschreven met de Langmuir vergelijking. Het verschijnsel dat geen intermediairen 
werden gemeten gedurende de oxidatie van methanol betekent derhalve dat de intermediairen 
formaldehyde en mierenzuur aan het oppervlak geadsorbeerd blijven en daar ook worden 
geoxideerd tot het eindproduct C02. 

Op basis van berekeningen van de oppervlakte bedekking van de fotokatalysatordeeltjes door 
alcoholen, kon worden vastgesteld dat bij een gelijke molaire concentratie van de alcoholen 
in de omringende vloeistoffase de bedekking van het oppervlak door ethanol twee maal zo 
hoog was als die door methanol. Aan de hand van de verkregen resultaten kan de maximale 
omzettingssnelheid en efficiëntie van de fotokatalytische oxidatie van methanol en ethanol 
worden ingeschat. Het verschil tussen de fotokatalytische oxidatie van ethanol en methanol is 
mogelijk te verklaren door uit te gaan van adsorptie van de beide typen alcoholen aan het 
oppervlak van de katalysator op basis van dezelfde eindgroepen. 

Hoofdstuk 4 beschrijft laboratoriumexperimenten met verschillende typen afvalwater waarbij 
verschillende typen fotokatalytische methoden al of niet in combinatie met elkaar werden 
toegepast. De typen verontreinigingen die werden onderzocht waren zuivere fenol (in waterige 
oplossing), beginconcentratie ongeveer 25 ppm, CZV (chemische zuurstofverbruik) en 
gesubstitueerde fenolen zoals die worden aangetroffen in afvalwater afkomstig van de 
productie van fenolische harsen, olieraffinage, droge destillatie van oliehoudend gesteente en 
de productie van naftazuren. Als gecombineerde behandelingstechnieken voor deze 
afvalwaterstromen werden de navolgende processen toegepast: UV (gebruik makend van een 
200 W hoge druk kwik lamp, golflengte À van de uitgezonden straling tussen 313 en 456 nm), 
gebruik van magnetiet of aluminiumoxide als fotokatalysator, H202 en gebruik van 
ijzerverbindingen (FeCl3 en Fe(NH4)2 (S04)2) als Fenton reagens. De gelijktijdige toepassing 
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van magnetiet als fotokatalysator en een vast Fenton reagens bleek een zeer geavanceerde 
behandelingscombinatie te zijn. 

De experimenteel verkregen resultaten die in dit hoofdstuk worden beschreven, laten duidelijk 
het separate en gecombineerde effect van UV, fotokatalysator, ijzerverbindingen en H20, zien. 
Toepassing van bijvoorbeeld magnetiet of aluminiumoxide, gecombineerd met UV licht, 
verlaagt de CZV concentratie van enkele onderzochte toxische industriële afvalwaterstromen 
met 60-70% gedurende een behandelingstijd die varieert tussen 1 en 4 uur. De separate 
toepassing van UV en magnetiet had nauwelijks enige afbraak van CZV tot gevolg. 
Vergelijkbare resultaten zijn gevonden voor fenol. 

De snelheid van fenol fotolyse tijdens bestraling met UV bleek sterk afhankelijk te zijn van de 
pH en was het hoogst bij een begin pH van 3,5. Waterstofperoxide of ijzerionen (Fe3+/Fe2+) 
in een waterige oplossing van fenol verhoogde in sterke mate de snelheid van fenolafbraak 
voor de situatie dat alleen UV fotolyse werd toegepast en geen katalysator aanwezig was. Het 
foto Fenton reactiesysteem bestaande uit UV/H,0,/Fe-componenten vertoonde de hoogste 
fotochemische afbraak van fenol en andere organische componenten. 

Indien een calciumverbinding als z.g.n. chemische promotor werd toegevoegd aan het 
afvalwater, dat fotochemisch werd behandeld met ijzeroxide of aluminiumoxide als katalysator, 
bleek dat een duidelijke verbetering van de omzetting van met name fenolachtige verbindingen 
werd verkregen. De experimentele resultaten lieten duidelijk zien dat de fotochemische 
methode waarbij gecombineerd een fotokatalysator (eventueel een fotokatalysator die ook als 
een vast Fentonreagens werkt), UV straling en waterstofperoxide werd gebruikt, zeer 
veelbelovend is voor de behandeling van afvalwater. 

In hoofdstuk 5 wordt de fotokatalytische concentrering van uranium(VI) verbindingen 
(uranylverbindingen) uit waterige oplossing, waarbij gebruik gemaakt wordt van 
gesuspendeerde Ti02 of Pt/Ti02 katalysatordeeltjes, behandeld. In de praktijk bevat dergelijke 
uraniumionenhoudend afvalwater gewoonlijk ook verschillende typen complexvormers zoals 
EDTA (ethyleendiaminetetra-azijnzuur). In een zuurstofvrije uranium(VI)/EDTA oplossing 
vindt de reductieve depositie van uranium(VI) op het oppervlak van de fotokatalysator en het 
gelijktijdig vrijkomen van CO, uit het aanwezige EDTA plaats als gevolg van de 
fotokatalytische reactie op het oppervlak van de fotokatalysator bij belichting met UV-A-licht. 
Middels de gekozen experimentele werkwijze bleek tenminste 50 tot 60% van het aanwezige 
uranium(VI) neer te slaan. Het blijkt dat Pt deze reductieve neerslagvorming van uranium(VI) 
op het oppervlak van de TiO, deeltjes slechts in zeer geringe mate bevordert, dit in 
tegenstelling tot verschillende andere typen metalen, waarbij Pt wel een duidelijke verbetering 
laat zien. De uiteindelijke hoeveelheid C02 die vrij kwam bij de experimenten kwam overeen 
met een enkelvoudige decarboxylatie van EDTA en was onafhankelijk van de belichtingstijd. 
Dit verklaart waarschijnlijk de relatief geringe reductieve depositie van uranium (VI), ongeveer 
50 à 60 %. Bovendien betekent dit dat het tricarbonzuur dat bij de oxidatie van EDTA wordt 
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verkregen niet gemakkelijk verder kan worden geoxideerd en dan ook de verdere reductieve 

depositie van uranium (VI) op Ti02 deeltjes limiteert. 

In beluchte oplossing werd geen depositie van uranium waargenomen. Alleen grote 
hoeveelheden C02 kwamen daarbij vrij, waarschijnlijk het gevolg van de mineralisatie van 
EDTA aan het oppervlak van de fotokatalysator. Bij beluchting van systemen, waarin depositie 
van uranium(VI) op Ti02 of Pt/Ti02 had plaats gevonden, werd nagenoeg weer een volledige 
oxidatie en het weer in oplossing gaan van het neergeslagen uranium verkregen. Tijdens een 
experiment werd het proces van depositie en weer in oplossing gaan van de uranium 
component een drietal malen achter elkaar herhaald, nagenoeg met steeds hetzelfde resultaat. 
De conclusie is dan ook dat dit proces een veelbelovende techniek is om uranium(VI) uit 
afvalwaterstromen te verwijderen en te concentreren. 

Hoofdstuk 6 beschrijft de fotokatalytische dehydrogenering van ethanol in de aanwezigheid van 
gemetalliseerd CdS (M/CdS met een of twee metalen) in zuurstofvrije systemen waarbij 
gebruik werd gemaakt van zichtbaar licht. Daarbij werd met name gekeken naar het effect van 
de verschillende typen metalen. Het hier onderzochte proces resulteert in het algemeen in het 
vrijkomen van H2 en de productie van aceetaldehyde. Ook werd onderzocht wat het effect is 
van een voorbehandeling van de M/CdS fotokatalysator bij hoge temperatuur, hoe de 
distributie van Pd over het CdS oppervlak is, alsmede de rol van Pd en Pt in het katalytische 
proces en de rol van een fotokatalytische promotor, in het algemeen een tweede metaal (zoals 
Cu, Ag, Rh) op het oppervlak van de CdS fotokatalysator. Op basis van de experimentele 
resultaten kon een complex mechanisme voor de fotokatalytische dehydrogenering van 
alcoholen worden voorgesteld. 

In de gekozen experimentele opzet bleek de optimale hoeveelheid fotokatalysator circa 25 g/l 
te bedragen. De hoeveelheid H2 die hierbij tijdens de experimenten werd gevormd bedroeg 300 
ml/h.l. Voor fotokatalysatoren waarbij Pd deeltjes waren afgezet op het katalysatoroppervlak 
bleek dat een hoge temperatuur voorbehandeling de grootte van deze Pd deeltjes reduceerde 
met circa 10%, overeenkomend met een verkleining in diameter van circa 8,8 nm naar 7,9 nm. 
Gelijktijdig werd daarbij het aantal Pd deeltjes op het oppervlak van de CdS katalysator met 
circa 41% vergroot. Voor de dehyrogenering van ethanol resulteerde dit in een toename van 
de fotokatalytische activiteit met 100 %. De dehydrogenering van ethanol bleek een eerste orde 
reactie te zijn, althans voor ethanol concentraties lager dan 50%. De activiteit van de 
onderzochte fotokatalysatoren nam af in de volgorde: 5% (gewicht) Pt/CdS (verkregen via 
chemische depositie en voorbehandeld bij hoge temperatuur) > 5% (gewicht) Pt/CdS 
(verkregen door fysische menging of chemische depositie al of niet gecombineerd met een 
voorbehandeling) > 1% (gewicht) Rh,03/CdS (fysische menging, geen voorbehandeling) > 
PdO, Rh, Ag, Cu, CuO/CdS. Zuivere Cds vertoonde een verwaarloosbare activiteit met 
betrekking tot de dehydrogenering van ethanol. De optimale hoeveelheid Pt in het systeem 
Pt/CdS bleek ongeveer 5% (gewicht) te bedragen. Aan de hand van de experimenteel 
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verkregen resultaten kon worden geconcludeerd dat een tweede metaal component op het 
oppervlak van de CdS fotokatalysator werkt als een promotor tijdens de dehydrogenering. 5 
gewichtsprocent Pt + 5 gewichtsprocent Cu ten opzichte van de hoeveelheid CdS bleek voor 
het onderzochte systeem, en de toegepaste procescondities de meest optimale combinatie te 
zijn. Depositie van Pt en Pd op het oppervlak van een CdS fotokatalysator resulteert in een 
elektronenpomp die zorg draagt voor het transport van fotogegenereerde vrije elektronen van 
de valentieband van CdS naar Pd. Pd zelf fungeert daarbij als een protonen bindende 
adsorptiekern. Indien aan het Pd/CdS oppervlak elektronen kunnen stromen van Pd naar CdS 
en Pd0 kan worden geoxideerd tot Pd2+ onder invloed van licht, kan de fotokatalytische 
oxidatie van alcoholen aan dergelijke oppervlakken ook plaatsvinden overeenkomstig een 
heterogeen katalytisch mechanisme, aangeduid als een complexvormend katalytisch 
mechanisme. Dit wordt veroorzaakt door het feit dat na een voorbehandeling van de Pd/CdS 
katalysator bij hoge temperatuur, een sterke interactie tussen metaal en halfgeleider (aangeduid 
met SMSI) wordt verkregen (chemische bindingen tussen of Pd en Cd of tussen Pd en S) aan 
de Pd-CdS junctie. Deze interactie kan een toename van de elektronenstroom veroorzaken van 
Pd naar CdS. Op basis van de palladium standaard redoxpotentiaal, hebben de holes aan het 
CdS oppervlak met een positieve lading voldoende elektrische potentiaal om Pd" te oxideren 
tot Pd2+. 

Uit het onderzoek naar de toepassing van fotokatalyse voor de behandeling van 
afvalwaterstromen, zoals dit in dit proefschrift is weergegeven, kunnen de volgende algemene 
conclusies worden getrokken: 

• Experimenten naar de fotokatalytische oxidatie van methanol en ethanol hebben geresulteerd 
in een uitgebreider en meer diepgaand inzicht in de mechanismen die plaats vinden bij de 
fotochemische behandeling van afvalwaterstromen. 

• Het onderzoek heeft ook meer inzicht opgeleverd in de praktische toepassing van fotokatalyse 
en de problemen die daarbij voor verschillende typen industriële afvalwaterstromen nog 
moeten worden opgelost. 
• Organochloorverbindingen kunnen gemakkelijk worden gedegradeerd door middel van 
fotokatalyse. Dit proces biedt veelbelovende perspectieven voor de praktische toepassing. 

• Gecombineerde (foto)chemische methoden en fotokatalytische methoden kunnen attractief 
zijn voor de behandeling van fenolhoudende industriële afvalwaterstromen. 
• Experimentele resultaten op het gebied van de fotokatalytische depositie en concentrering van 
oplosbare uraniumverbindingen laten zien dat deze route interessant kan zijn voor de 
terugwinning c.q. verwijdering van radioactieve componenten. 
• Het onderzoek heeft een bijdrage geleverd in het inzicht in de werking en betekenis van 
metallisering van de fotokatalysator, een gebruikelijke methode om de activiteit van de 
halfgeleider-fotokatalysator te vergroten. 
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References concerning the photocatalytic oxidation of various organic compounds are presented 
in this appendix in the ascendent order of the name of organic compounds. A short sentence rather 
than the title is given to show the research subject of a reference. 

Acetic acid. BIDEAU M., B. Claudel, L. Faure, and H. Kazouan, J. Photochem. Photobiol. 
A: Chem., 61, 269-280, 1991. "Photooxidation of acetic acid by oxygen 0 2 on TiQ, 
and dessolved Copper ions, mechanism. " 
KAISE M., H. Kondoh, C. Nishihara, H. Nozoye, H. Shindo, S. Nimura, and O. 
KKUCHI, J. Chem. Soc, Chem. Commun., 395-396, 1993. "ESR, acetic acid, platinum, 
Pt/Ti02, radical, surface mechamism." 

KRAEUTLER B., and A. J. Bard, / . Am. Chem. Soc. 100(19), 5985-5992, 1978. 
Heterogeneous photocatalytic decomposition of saturated carboxylic acids (acetic acid) 
on Ti02 powder. Decarboxylase route to alkanes. Without or with oxygen." 
SATO Shinri, J. Phys. Chem., 87(18), 3531-3537, 1983. "Photo-Kolbe reaction at 
gas-solid interfaces, the oxidation of acetic acid, the formation of methane and ethane, 
on Ti02 and Pt/Ti02, H2 evolution, mechanism." 

YONEYAMA H., Y. Takao, H. Tamura, and A.J. Bard, / . Phys. Chem., 87(8), 417-
1422, 1983. "Factors influencin product distribution in photocatalytic decomposition of 
aqueous acetic acid on platinized Ti02. Pt/Ti02, H2 evolution, methane, ethane formation, 
mechanism. " 

Acetylene. LIN Lufei, and Robert R. Kuntz, Langmuir, 8(3), 870-875, 1992. "Photoreduction 
hydrogénation of acetylene on molybdenum-sulfur complexes (MoSJ supported on 
Ti02, mechanism, pH, catalyst loading, light intensity, density." 

Alcohols. CUNNINGHAM Joseph, Benjamin K. Hodnett, Mohammad Ilyas, Edward M. Leahy, 
and John P. Tobin, J. Chem. Soc, Faraday Trans. 1, 78, 3297-3306, 1982. "Electron 
transfer at semiconductor surfaces: nature and origins of photoactivity on oxides of 3d 
transition metals for elimination (oxidation) reactions of secondary alcohols, photocatalysis 
principle and properties of semiconductor surface. " 

OHTANI B., M. Kakimoto, S. Nishimoto, and T. Kagiya, J. Photochem. Photobiol. 
A: Chem., 70, 265-272, 1993. "Neat alcohols, 2-propanol, organics, Pt/Ti02, Argon, 
Hydrogen (Hj), intermidiates. " 

PlCHAT P., Marie-Noelle Mozzanega and H. Courbon, J. Chem. Soc, Faraday 
Trans. 1, 83, 697-704, 1987. "Photocatalytic oxidation of organic alcohol on Pt/Ti02, 
using poisons and labelled ehtanol, mechanism, isotope, hydrogen released." 

Aldehydes. YANAGIDA Shozo, Roshiteru Ishmaru, Yoshio Miyake, Tsutomu Shiragami, 
Chyongjin Pac, Kazuhito Hashimoto, and tadayoshi Sakata, J. Phys. Chem., 93(6), 
2576-2582, 1989. "Photocatalytic reduction and oxidation of organic aldehydes and its 
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derivatives using catalyst ZnS, Pt/Ti02 without 02, (Ar). H2, thanol, acetic acid, biacetyl, 
and acetoin as oxidation products. " 

Aliphatic alcohols. BORGARELLO E., E. Pelizzetti, La Chimica E L'Industria, 65(7-8), 474-
478, 1983. "Photocatalytic oxidation of aliphatic alcohols on semiconductors of Ti02, 
ZnO, Sn02, metallized, Pt/Ti02, Ru02/Ti02, H2evolution, UV, sunlight." 
JIN Zhensheng, FENG Liangbo, LI Qinglin, WANG Chuanping and SHI Mengyang, J. 

of Molecular Catalysis, 70, 351-361, 1991. "Photocatalytic oxidation of aliphatic alcohols 
on air-treated Pt/CdS, H2 release, evolution, ESR." 

Alkanes. DJEGHRI N., M. Formend, F. Juillet, and S. J. Teichner, Faraday Discuss. Chem. 

Soc, 5_S, 185-193, 1975. "Photointeraction on the surface of titanium dioxide between 
oxygen and alkanes. Photocatalytic oxidation of organic alkanes with oxygen (gas phase 
research)." 

Alkylbenzaldehvdes. MOZZANEGA Marie-Noëlle, Jean Marie Herrmann, and Pierre Pichat, 
Tetrahedron Letters. 34. 2965-2966, 1977. "Photocatalytic oxidation of organic aromatic 
d'alkyltoluenes and alkylbenzaldehydes on Ti02." 

Anthraquinone-2-sulfonic sodium salt (ASS). Krwi John, Environmental toxicology and 
Chemistry, 13.(10), 1569-1575, 1994. "Ti02, air, CO, anthraquinone-2-sulfonic 
sodium salt (ASS) oxidation, 0 2 promotor, temperature, adding H202 and its 
decomposition, 0 2 and dye adsorption." 

Aromatics. MALDOTTI A., R. Amadelli, c. Bartocci, and V. Carassiti, J. photochem. Photobiol. 

A: Chem., 53, 263-271, 1990. "Photosynthesis: photo-cyanation (oxidation?) of aromatics 
on platinized W03 and TiQ. mechanism, intermediates, spin trapping technique, free 
radical first finding." 

Atrazine. BELTRAN F. J., Juan F. Garcia-Araya, and Benito Acedo, Wat. Res. 28(10), 2153-
2164, 1994. "Ozone, ozonation, atraxine oxidation, kinetics, partial pressure, pH, 
temperature, and hydroxyl radical scavengers." 
BELITRÄN F. J., G. Ovejero, and B. Acedo, Wat. Res. 27(6), 1013-1021, 1993. 
"Atrazine photolysis adding hydrogen peroxide, and the additives of bicarbonate or 
carbonate ions. " 
BELTRÄN F. J., J. F. Garcfa-Araya, and Benito Acedo, Wat. Res. 28(10), 2165-
2174, 1994. "Ozone, ultraviolet, atrazine oxidation, photolysis, ozonation, hydroxyl 
redical. Chlorophenols." 
PELIZZETTI E., C. Minero, E. Borgarello, L. Tinucci, N. Serpone, Langmuir 9, 
2995-3001, 1993. "Different Ti02 catalysts, preparation, including sol-gel 2TiO , 
different effect on phenol and atrazine photooxidation. " 
PELIZZETTI Ezio, Valter Maurino, Claudio Minero, Vilma Carlin, Edmondo Pramauro, 
and Orfeo Zerbinati, Maria L. Tosato, Environ. Sei. Technol., 24(10), 1559-1565, 1990. 
"Photocatalytic oxidation of organic atrazine and other s-triazine herbicides on Ti02, 02. 
intermediate and mechanism." 
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Bentazon. PELIZZETTI E., V. Maurino, C. Minero, O. Zerbinati, Chemosphere, 18(7-8), 
1437-1445, 1989. "Photocatalytic oxidation of organic bentazon, sunlight, herbicide, 
pH, complete mineraluzation, very low concentration. " 

Benzene. TURCHi Craig S., and David F. Ollis, J. Catalysis, 119, 483-496, 1989. "The 
photocatalytic oxidation of organic benzene and perchloroethylene (PCE), kinetic 
equation, mechanism, intermidiates. " 

Benzoic acid. IzuMi Ikuichiro, Fu-Ren F. Fan, and Allen J. Bard, J. Phys. Chem. 85(3), 218-
223, 1981. "Photocatalytic oxidation of benzoic acid and adipic acid on Pt/Ti02, the 
photo-kolbe decarboxylative route to the breakdown of the benzene ring and to the 
production of butane. Mechanism, intermediate. " 

Butanol. BLACK N. R., and G. L. Griffin, J. Phys. Chem., 92(20), 5697-5701, 1988. 
"Photocatalytic selective oxidation of butanol on TiO,, mechanism, tempreture, first-
order." 
BLAKEN. R., and G. L. Griffin, Submitted to Annual Meeting of the AIChE, November, 

1987. "Photo-assisted vs. Thermal selective oxidation of organic 1-butanol on Ti02, 
temperature, intermediates with light and without light, mechanism, reaction order." 

Chlorinated dioxins. BARBENI Massimo, Edmondo Pramauro, and Ezio Pelizzetti, Enrico 
Borgarello, Nick Serpone, and Mary A. Jamieson, Chemosphere, 15(9), 1913-1916, 
1986. "Photocatalytic oxidation of chlorinated dioxins, biphenyls, phenols and benzene 
on semiconductor dispersion. Properties of catalyst, mineralization of halophenols." 

Chlorinated phenols. AL-EKABI Hassain, and Nick Serpone, J. Phys. Chem., 92, 5726-5731, 
1988. "Kinetic, mechanism studies in heterogeneous photocatalysis: Photocatalytic 
oxidation of chlorinated phenols in aerated aqueous solutions over Ti02 supported on 
a glass matrix. " 

Chloro-3-(phenyldideuteriomethvndiazirine. Liu M. T. H., R. Bonneau, S. Wierlacher and 
W. Sander, / . Photochem. Photobiol. A: Chem., 84, 133-137, 1994. "Laser flash 
photolysis of 3-chloro-3-benzyldiazirine and 3-chloro-3-(phenyldideuteriomethyl) 
diazirine, temperature, Arrhenius plots, solvent, kinetics. " 

Chloro-4-hvdroxvbenzoic acid (CHBzA). CUNNINGHAM Joseph, and Petr Sedlak, J. Photochem. 
Photobiol. A: Chem., 77, 255-263, 1994. "Monochlorophenols (Cp), 3-chloro-4-
hydroxybenzoic acid (CHBzA), isopropanol, or furfuryl alcohol, oxidation, Ti02, dark 
adsorption, initial rates, kinetic equation, zero-order, high flux light, low apparent 
efficiency, low flux light, high apparent efficiency, added metal Ag+, greatly increased 
the initial rates and the apparent efficiency." 

Chlorofluorocarbons. RAVISHANKARA A. R., and Edward R. Lovejoy, J. Chem. Soc. Faraday 
Trans. 2Q(15), 2159-2169, 1994. "Atmospheric lifetime, atmospheric chemistry, and 
determining their kinetic parameters of chlorofluorocarbons (CFCs) and substitutes; 
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) and questions." 
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Chlorofluoromethanes. FILBY W. G., M. Mintas, and H. Glisten, Ber. Bunsenges. Phys. 
Chem. £5, 189-192, 1981. "Heterogeneous catalytic degradation (photocatalytic 
oxidation) of chlorofluoromethanes on ZnO surfaces. " 

Chloroform. HOWARD Tom, and David F. Ollis, presented at Chicago III. AIChE meeting, 
Nov. 1985. "Effect of (platinum) metallization on photoassisted organic chloroform 
decomposition. Oxidation of chloroform on Pt/Ti02. " 
KESSELMAN Janet M., Gary A. Shreve, Michael R. Hoffmann, and Nathan S. Lewis, 
J. Phys. Chem. 98, 13385-13395, 1994. "Elctrode research, mechanism of 0 2 reduction 
rate-limiting stage. CHCL, oxidation on Ti02 electrodes, the role of platinum on Pt/Ti02. " 
KORMANN C , D. W. Bahnemann, and M. R. Hoffmann, Environ. Sei. Technol., 
25(3), 494-500, 1991. "Chloroform photooxidation on Ti02, mechanism of »OH and 
the adsorption of organics on Ti02. " 

Chloromethane. Jo Sam K., and J. M. White, Surface Science, 255, 321-326, 1991. "Photolysis 
mechanism of CH3C1 through D20 spacer layers." 

Chloronitrobenzenes. HUSTERT K., D. Kotzias, and F. Korte, Chemosphere, 16(4), 809-812, 
1987. "Photocatalytic oxidation of organic chloronitrobenzenews on Ti02, intermediate. " 

Chloroorganics. HiSANAGA Teruaki, Kenji Harada, and Keiichi Tanaka, J. Photochem. 
Photobiol., A: Chem., 54, 113-118, 1990. "Twelve organic chlorides were photooxidized 
on Ti02, Pt/Ti02 (platinized), and with H202, mechanism." 

Chlorophenol. BARBENI Massimo, Edmondo Pramauro, Ezio Pelizzetti, Enrico Borgarello, 
Michael Grätzel, and Nick Serpone, Nouveau Journal de Chemie, 8(8-9), 547-550, 
1984. "Photocatalytic oxidation of chlorophenol on Ti02, intermediate, mechanism, 
sunlight." 

KLAUSNER J.F., A. R. Martin, D. Y. Goswami, K. S. Schanze, J. of Solar Energy 
Engineering, 116, 19-24, 1994. "Ti02, air, Determination, measurement of reaction 
rate constants and kinetics, batch-type reactor, 4-chlorophenol (4CP), first order." 
MARTIN Scot. T., Colin L. Morrison, and Michael R. Hoffmann, / . Phys. Chem. 98, 
13695-13704, 1994. "Vanadium doped in Ti02, air, C02, negative effect on 4-
chlorophenol oxidation." 

MILLS Andrew, Richard Davies, / . Photochem. Photobiol. A: Chemistry 8_5_, 173-178, 
1995. "Ti02, air, C02, 4-chlorophenol oxidation, activation energy, a model of Arrhenius-
type functions using in general rate equation to calculate the activation energy." 
VINODGOPAL K., Surat Hotchandani, and Prashant V. Kamat, J. Phys. Chem. 97(35) 
9040-9044, 1993. "Ti02 supported on conducting glass plates, electrode, organic 4-
chlorophenol oxidation greatly increases if maintained at an external anodic bias, during 
the UV light." 

WYNESS P., J. F. Klausner, D. Y. Goswami, K. S. Schanze, J. of Solar Energy 
Engineering, H6, 8-13, 1994. "Different big scale batch-type reactors, solar light, 
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Ti02 slurry or adhered on fiberglass. 4-chlorophenol (4CP) oxidation, first order rate 
constant increase with decreasing initial concentration. " 

Chlorophenols. DAVIS A. P., and C. P. Huang, Wat. Sei. Tech., 21, 455-464, 1989. 
"Photocatalytic oxidation of chlorophenols on CdS, pH, concentration, tempreture, 
oxygen, light intensity." 

Li X., P. Fitzgerald and L. Bowen, Wat. Sei. Tech. 26(1-2), 367-376, 1992, "Real 
instustry wastewater containing various chlorophenols, photooxidation on dye-sensitized 
photolysis using visible light." 
MYLONAS A., E. Papaconstantinou, J. of Molecular Catalysis, 92, 261-267, 1994. 
"Homogeneous photocatalysis of W10O32

4", P ^ 2 Qo3" , Si\y2 Q>4" on chlorophenols, 
C02, comparing with Ti02. " 
SEHILI Tahar, Pierre Boule, and Jacques Lemaire, J. Photochem. Photobio. A: Chem., 
5Û, 117-127, 1989. "Photo oxidation of organic chloroaromatic derivatives (chlorophenols) 
on ZnO, mechanism, adsorption and desorption, OH radicals, intermediates, self-
inhibition, the formation of H202. " 

Chlorosalicvlic acid. SABATEJ., M. A. Anderson, H. Kikkawa, M. Edwards, and C. G. Hill, 
Jr., J. of Catalysis, UJ, 167-177, 1991. "A kinetic study of the photocatalytic 

degradattion of chlorosalicylic acid on Ti02 membranes supported on glass, mechanism, 
photoreactor. " 
SABATE J., M. A. Anderson, H. Kikkawa, Q. Xu, S. Cervera-March, C. G. Hill, Jr., 
J. of Catalysis, 124, 36-46, 1992. "Plain, pure and Nb-doped Ti02 ceramic membranes 
supported on glass, properties, photooxidation of 3-chlorosalicylic acid, light absorption." 

Cyclic ethers and cvclohexane. KISCH H., / . Inf. Rec. Mater, 17(5/6), 363-372, 1989. "Photo 
oxidation of organic cyclic ethers and cyclohexane by catalysts of ZnS, Pt/CdS, isotope 
H2, evolution, released, mechanism." 

Dibromo 3-chloro propane. MILANO J. C , C. Bernat-Escallon, and J. L. Vernet, Wat. Res. 
24(5). 557-564, 1990. "Photolysis of organic 1,2-Dibromo 3-chloro propane, trace, 
H202, kinetics, mechanism, intermediates." 

Dibromoethane. NGUYEN T. and D. F. Ollis, / . Phys. Client., 88(16), 3386-3388, 1984. 
"Photocatalytic oxidation of organic dibromoethane to C02 and HBr. Mechanisms." 
OLIVER Barry G., Ernest G. Cosgrove, and John H. Carey, Environ. Sei. Technol., 
11(9), 1075-1077, 1979. "Effect of suspended sediments on the photolysis of organics 
in water. Photocatalytic oxidation of organic alcohol and dichlorobenzene on Ti02, OH 
mechanism, introduction." 

Dichlorobenzenes. SEHILI Tahar, Pierre Boule, and Jacques Lemaire, J. Photochem. Photobio. 
A: Chem., 50, 103-116, 1989. "Photo oxidation of organic chloroaromatic derivatives 
(dichlorobenzenes) on ZnO, mechanism, adsorption and desorption, OH radicals, 
intermediates, self-inhibition, the formation of H202. " 
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Dichlorobiphenvl. TuNESi Simonetta, and Marc A. Anderson, Chemosphere, 16(7), 1447-
1456, 1987. "Photocatalysis of organic 3,4-DCB (dichlorobiphenyl) in Ti02 aqueous 
suspensions; effects of temperature and light intensity; CIR-FTIR interfacial analysis. 
Spectrum. " 

Dichloroethane. CHEN H. Y., O. Zahraa, M. Bouchy, F. Thomas, J. Y. Bottero, J. Photochem. 
Photobiol. A: Chemistry 85, 179-186, 1995. "Ti02, air, C02, adsorption equilibrium and 
kinetic equation, 1,2-dichloroethane (DCE) oxidation, mass transfer." 

Dichloromethane. HSIAO Chen-Yung, Chung-Li Lee, and David F. Ollis, J. Catalysis, 82, 
418-423, 1983. "Photocatalytic oxidation of organic dichloromethane, chloroform, and 
carbon tetrachloride on Ti02, kinetic equation, mechanism. " 

TANGUAY James F., Robert W. Coughlin, and Steven L. Suib, Emerging Technologies 
in Hazardous waste Management, ACS Symp. Ser. 1990, pp. 114-118."Photooxidation 
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Dimedthoxybenzenes. AMALRIC Laurence, Chantal Guillard, Nick Serpone, Pierre Pichat, / . 
Environ. Sei. Health, A28(6), 1393-1408, 1993. "Three organics of dimedthoxybenzenes 
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intermidiates. " 

Dimethvl-2-butene. YOKOTA Toshiyuki, Yasuyuki Takahata, Jun Hosoya, Keiichi Suzuki, and 
Kon Takahashi,/. Of Chemical Engineering of Japan, 22(5), 543-548, 1989. "Photolysis 
oxydation, oxygenation, of organic 2,3-dimethyl-2-butene using dye sensitizer supported 
on solid particles, light absorption rate, photosensitizer, heterogeneous photolysis." 

Dodecane. PELIZZETTI Ezio, Claudio Minero, Valter Maurino, Hisao Hidaka, Nick Serpone, 
RitaTerzian, Annali di Chimica, 80, 81-87, 1990. "Photooxidation of organic dodecane 
and of some dodecyl derivatives, mechanism and kinetics. " 

Dyes. NEEVEL J. G., H. C. A. van Beek, H. H. I. den Ouden, and B. van de Graaf, JSDC, 
106. May/June 1990. "Photolysis oxidation of dyes with 02 to phenolic and qiunonoids, 
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Ethanoic acid. MARCHESE L., S. Coluccia, E. Borello, L. Palmisano, A. Sclafani, and M. 
Schiavello, Structure and Reactivity of Surfaces, (eds.) C. Morterra, A. Zecchina, and 
G. Costa, Amsterdam, Elsevier Science Publishers B.V., 1989, 643-652. "Photoassisted 
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Ethanol. SAKATA T., T. Kawai, Chem. Phys. Lett., 80(2), 341-344, 1981. "Heterogeneous 
photocatalytic production of hydrogen (H^, and methane from ethanol and water. 
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Pt/Ti02, H2, ethanol, pre-treatment. " 
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Ethoxyethanol. YAMAGATA Sadamu, Ryo baba, and Akira Fujishima, Buil. Chem. Soc. Jpn., 
62(4), 1004-1010, 1989. "Photocatalytic oxidation of organic 2-ethoxyethanol on Ti02, 
spectrums, GC-MS, IR, ESR, with spin trapping technique, intermediates, Pt/Ti02, 
mechanism. " 

Ethylene glycol. BAMWENDA G. R., S. Tsubota, T. Kobayashi and M. Haruta, J. Photochem. 
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Formic Acid. KIM Dong Hyun, and Marc A. Anderson, Environ. Sei. Technol. 28(3), 479-
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