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Abstract 
Contamination of surface and ground water from industrial wastes and anthropogenic 

activities represents one of the greatest challenges to the sustainable development of human 

society. Heterogeneous photocatalysis, a kind of advanced oxidation process characterized by 

the production of highly oxidative hydroxyl radicals, is a relatively novel subject with 

tremendous potential in water treatment applications.  

The purpose of this research was first to develop feasible hydroxyl radical detection 

methods, which can be used to evaluate efficiency of photocatalytic process, and second to 

prepare immobilized TiO2 films with high photocatalytic activities by the sol gel method.  

    The feasibility of Indigo carmine and phthalic hydrazide as OH-radical probes was 

investigated. The organic dye Indigo carmine absorbs visual light strongly at 610 nm and its 

destruction can be monitored conveniently in a spectrophotometer. Results showed that both 
•OH and HO2

•
 can bleach Indigo carmine, and the bleaching yield of •OH was pH 

independent. The photocatalytic dye bleaching in black light UV illuminated Degussa P25 

TiO2 aerated suspensions was then investigated. A strong pH dependency of the bleaching 

yield was found.  This implies that the quantum yield of OH radical at pH 3 is one fourth 

compared to that at pH 10. The reaction of the OH radical with phthalic hydrazide will form 

strongly chemiluminescent 3-hydroxyphthalic hydrazide. Using the more specific phthalic 

hydrazide as OH radical probe, an even stronger pH dependent quantum yield of OH radical 

was found. At pH 10 the quantum yield reached the same magnitude as that obtained by using 

Indigo carmine, whereas the quantum yields at acidic pH were close to zero. However it was 

found that the addition of phosphate and fluoride anions can substantially enhance the OH 

radical yield at acidic pH by blocking the adsorption of phthalic hydrazide onto the TiO2 

surfaces. Hence the adsorption of phthalic hydrazide to TiO2 is an important factor to 

consider when this method is used.  

    Photocatalytic TiO2 films coated on metal plates were prepared by a sol gel method using 

titanium isopropoxide as TiO2 precursor and isopropanol as solvent. The photocatalytic 

activity of the obtained films was evaluated by bleaching of indigo carmine at pH 9 under 

black light UV irradiation. The effect of the molar ratio of isopropanol, water and 

hydrochloric acid to titanium isopropoxide was studied. It was also shown that the activities 

of TiO2 films are considerably influenced by calcination temperature, coating cycles and the 

supporting materials.  



Sammanfattning 
    Förorening av yt- och grundvatten från industrier och humana aktiviteter utgör en av de 

största utmaningarna för en hållbar utveckling av det mänskliga samhället. Heterogen 

fotokatalys, en slags avancerad oxidations process som kännetecknas av att starkt oxidativa 

hydroxylradikaler produceras, är en relativt ny teknik med stor potential för vattenrening. 

Ett syfte med detta licentiatarbete var först att utveckla och genomföra olika metoder för att 

detektera bildningen av hydroxylradikaler såväl i laboratoriet som i tekniska miljöer. Det 

andra syftet med arbetet var att syntetisera immobiliserade TiO2 filmer med hög 

fotokatalytisk effektivitet med en sol-gel metod. 

Möjligheten att använda indigokarmin och ftalhydrazid som OH-radikalprob undersöktes. 

Det organiska färgämnet indigokarmin absorberar synligt ljus starkt vid 610 nm vilket gör att 

dess nedbrytning lätt kan följas i en spektrofotometer. Resultaten av gammaradiolys visade att 

båda •OH och HO2
• kan bleka indigokarmin och att den blekning som härrör från •OH var 

oberoende av pH. Fotokatalytisk blekning av indigokarmin med blacklight UV bestrålning av  

Degussa P25 TiO2 suspensioner undersöktes sedan. Ett starkt pH-beroende av 

blekningsutbytet erhölls vilket tolkas som att kvantutbytet av OH-radikaler vid pH 3 är en 

fjärdedel jämfört med det vid pH 10.  

När ftalhydrazid reagerar med OH-radikaler bildas starkt kemiluminiscent 3-hydroxy-

ftalhydrazid. Med denna  specifika OH-radikalprob, erhölls ett ännu starkare pH beroende. 

Vid pH 10 var kvantutbytet i paritet med det som erhölls med indigokarmin, medan 

kvantutbytet vid lågt pH var nära noll. Tillsats av fosfat-  och fluoridjoner visade sig avsevärt 

öka OH-radikalutbytet vid lågt pH-värde genom att blockera adsorption av ftalhydrazid på 

TiO2 ytorna. Adsorptionen av ftalhydrazid på TiO2 är således en viktig faktor när denna 

metod används. 

Fotokatalytiskt verksamma TiO2-filmer på metallplattor framställdes med sol-gel metoden 

med titan-isopropoxide som TiO2-prekursor och isopropanol som lösningsmedel. Den 

fotokatalytiska aktiviteten av TiO2-belagda plattor utvärderades genom blekning av 

indigokarmin vid pH 9 under blacklight UV-bestrålning. Effekten av olika proportioner 

mellan isopropanol, vatten och saltsyra till titan isopropoxide undersöktes. Det visade sig att 

denfotokatalytiska aktiviteten av TiO2-plattorna i hög grad påverkades av 

kalcineringstemperatur, beläggningscykler och materialet i plattorna. 

 

 
 



This thesis is based on the following manuscripts: 
 
 
I.      Haidong Liao, David Stenman, Mats Jonsson. Study of Indigo carmine as radical probe 

in photocatalysis. Journal of  Photochemistry and Photobiology. A: Chemistry, 202 
(2009) 86-91.  

 
II.     Haidong liao, David Stenman, Torbjörn Reitberger. Generation of Free OHaq radicals by 

Black Light Illumination of Degussa P25 TiO2 Aqueous Suspensions. Submitted to 
Physical Chemistry Chemical Physics.  

 
III.    Haidong Liao, David Stenman, Mats Jonsson. Synthesis of immobilized photocatalytic 

TiO2 films: Effect of sol-gel preparation conditions. Submitted to Materials Chemistry 
and Physics. 

 
My contributions to the included papers.  
 
Paper I :  

All experimental work and evaluation of data; wrote the major part of the manuscripts.  
 
Paper II :  

All experimental work and evaluation of data; wrote the major part of the manuscripts.  
 
Paper III : 

All experimental work and evaluation of data; wrote the major part of the manuscripts.  



Table of contents 
1. Introduction........................................................................................................................ 1 

1.1 Some conventional water treatment methods ............................................................. 1 
1.2 Advanced oxidation technology .................................................................................. 2 
1.3 UV radiation driven AOTs .......................................................................................... 4 

2 Semiconductor photocatalysis fundamentals...................................................................... 4 
2.1 Quantification of the TiO2 photocatalytic process....................................................... 7 

2.1.1 Using Indigo carmine as probe ............................................................................. 7 
2.1.2 Using phthalic hydrazide as probe........................................................................ 9 

3 Synthesis of immobilized photocatalytic TiO2 film ......................................................... 11 
4. Experimental.................................................................................................................... 12 

4.1. Chemicals.................................................................................................................. 12 
4.2. Photocatalytic experimental setup ............................................................................ 12 
4.3. Gamma radiolysis experiments................................................................................. 13 
4.4 Film preparation......................................................................................................... 13 
4.5. Analysis .................................................................................................................... 13 

5. Results and discussion ..................................................................................................... 14 
5.1 Probe calibration using γ-radiolysis........................................................................... 14 

5.1.1 Indigo carmine (IC) ............................................................................................ 14 
5.1.2 Phthalic hydrazide............................................................................................... 16 

5.2 Probe specificity and efficiency................................................................................. 17 
5.2.1 Indigo carmine .................................................................................................... 17 
5.2.2 Phthalic hydrazide............................................................................................... 20 

5.3 Photocatalysis ............................................................................................................ 21 
5.3.1 UV-Vis spectra of probes ................................................................................... 21 
5.3.2 Probe adsorption on TiO2 ................................................................................... 21 
5.3.3 Photocatalytic bleaching of Indigo carmine ....................................................... 23 
5.3.4 Study of photocatalysis using phthalic hydrazide as probe ................................ 24 

5.4 Synthesis of immobilized TiO2 films ........................................................................ 29 
5.4.1 Effect of alcohol and water / alkoxide molar ratio ............................................. 29 
5.4.2 Effect of acid....................................................................................................... 31 
5.4.3 Effect of sintering temperature and coating cycles............................................. 32 
5.4.4 The durability of the fabricated film................................................................... 34 
5.4.5 Comparison of different substrates..................................................................... 35 

5.5 Quantum efficiency of fabricated TiO2 films ............................................................ 35 
6. Conclusions...................................................................................................................... 36 
7 Future work....................................................................................................................... 36 
8 Acknowledgements........................................................................................................... 37 
9 References......................................................................................................................... 37 



 1 

1. Introduction 
Fresh and clean water is a necessary but limited resource on our planet. Contaminations 

from municipal, industrial and agricultural wastes contribute to the pollution of this valuable 

resource. With population growths and declining fresh water supplies the increasing demand 

for clean water is one of the critical challenges for sustainable development of the human 

society. Because of the increasing levels and complexity of polluted effluents, conventional 

wastewater treatment technologies are often not sufficient for the purification and disinfection 

of polluted waters. The development and implementation of alternative technologies for the 

clean up of potable, industrial, municipal and agricultural water are of both scientific and 

social importance.  

A water treatment process is applied to reduce the existing chemical and biological 

contamination in the raw water to make it suitable for specific end uses. Besides the water 

treatment for human consumption, water treatment may also be designed for a variety of other 

purposes, including industrial, agricultural and recreational applications. In general, the 

methods conventionally used include physical process such as heat treatment or filtration, 

chemical process such as chlorination and biological processes such as activated sludge.  

1.1 Some conventional water treatment methods [1] 

    Heat treatment 

Heating water to its boiling temperature is one of the oldest purification methods.  If the 

process time is increased, water can be treated at temperatures below the boiling point, as in 

the famous Pasteurization process.  

Heat treatment is a guaranteed way to remove all pathogens without any addition of 

chemicals. The drawback of this technology is the high energy demand.  

    Filtration  

Filtration is a physical process which is used to separate suspended solids from water 

through a permeable or porous interface. The mechanisms of filtration are mechanical 

interception, diffusion and adsorption. Sometimes coagulating agents must be added to 

enhance the filter efficiency. With ultra-filtration, i.e. filtration with very low permabilities, 

also microorganisms may be removed.   
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Though filtration seems to be an energy saving and chemical free method for removing 

pollutants, the contaminants are just transferred from one medium to another. The pollutant 

attached to the filter still needs further treatment for the filter regeneration.  

    Chlorination  

    Chlorination is a chemical oxidation method in which organic components and pathogens 

are oxidized by the chlorine agent. Since the first application in USA, the history of 

chlorination for drinking water treatment is almost 100 years, and it has gained huge success 

and saved millions of people’s life. Chlorination is also used to sanitize swimming pool water 

and as a disinfection stage in sewage treatment. 

Recently, concern about the formation of potentially carcinogenic disinfection by-products 

(DBP) from chlorination has arisen.  Higher levels of organic content in the raw water make 

this problem even worse.  

    Biological oxidation 

Biological oxidation is a natural process in which organic substances are catalytically 

oxidized by means of enzymes in micro-organisms. Biological water treatment takes 

advantage of the metabolism of the bacteria to digest the organic pollutant and in this process 

the waste water is purified.  

Since the biological oxidation is performed at room temperature, low energy consumption 

makes this process superior to ordinary chemical oxidation for the destruction of organic 

compounds. However, biological processes are in general time consuming, and many organic 

pollutants can not be sufficiently degraded by biological oxidation. Its application to the 

treatment of effluents with highly toxic and persistent organic substances is restricted.  

1.2 Advanced oxidation technology 
The advances in chemical water treatment have led to the development of a range of 

technologies termed advanced oxidation technology (AOT). AOT is an oxidation treatment 

method characterized by the production of highly oxidative hydroxyl radicals (•OH) at 

ambient temperature. It can lead to the degradation of an extensive variety of organic 

pollutants and biological contaminants.  

The relative strength of oxidants is expressed by their reduction potential relative to the 

standard hydrogen electrode. Table 1 lists the reduction potentials of •OH and some typical 

oxidants applied in water treatment.  
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Table 1.  Standard reduction potentials of typical chemical agents used in water treatment [2] 

Species Reactions 
One electron reduction 

potential (V vs. SHE) 

Hydroxyl radical •OH +H+ + e-
� H2O +2.7 

Ozone O3 +2H+ + 2e-
� H2O +O2 +2.1 

Hydrogen peroxide H2O2 +2H+ + 2e-
� 2H2O  +1.8 

Chlorine Cl2(gas) + 2e- �2Cl- +1.4 

 

    Comparison of reaction rate constants for ozone and •OH with different classes of organic 

compounds is provided in Table 2. The reactivity of OH radical is dramatically higher for all 

the substrates listed.  

 

Table 2. Comparison of rate constants for ozone and •OH with organic compounds in water [3] 

Rate constant (M-1s-1) 
Organic compounds 

O3 OH• 

Alkanes 0.01 106-109 

Alcohols 0.01-1 108-1010 

Haloalkanes 0.1-1000 107-109 

Aldehydes 10 109 

Ketones 1 109 

Carboxylic acids 0.001-0.01 107-109 

Alkenes 1000-100000  109-1010 

Simple aromatics 0.01-1 108-1010 

Phenols 1-100 109-1010 

Amines 1-100  108-1010 

 

    The reactions of hydroxyl radicals with organic substrates involve addition, electron and 

hydrogen transfer, as illustrated below:  

Hydrogen transfer          RH + •OH  →  R• + H2O 

 

                                   Addition                             +  •OH  →   
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Electron transfer              R +  •OH  →  R+• + OH- 

 

The free radicals produced in these reactions can trigger chain reactions under suitable 

conditions. The unselective high reaction rate and chain reaction inducing ability of •OH make 

AOT more powerful than conventional chemical oxidation methods. 

1.3 UV radiation driven AOTs 
The public concern about the potential carcinogenic DBP production from the conventional 

chlorination disinfection methods makes ultraviolet (UV) radiation disinfection an attractive 

process. Besides the application in disinfection, direct UV photolysis is also used in the 

remedy of groundwater pollutants. However, the typically low UV photo absorption of target 

pollutants and, in general, the low efficiency of photo-dissociation limit the industrial 

application of direct UV photolysis.  

Various techniques have been developed to enhance the performance of UV photolysis. By 

introducing UV absorbent oxidants like hydrogen peroxide, ozone, or semiconductors like 

Titanium dioxide (TiO2) into the UV system, the formed hydroxyl radicals resulting from the 

photo excited oxidants or semi-conductors can substantially improve the organic pollutant 

treating efficiency and make the so called UV driven AOTs great successes in water 

purification applications.  

Compared with the UV/ozone and UV/H2O2 technologies, the chemical free and solar light 

utilizable semiconductor photocatalysis has gained increasing attention [4-10]. Examples of 

such applications are: purification of contaminated waste water [11], protection of potable 

water for human consumption [12], and screening of invasive non-indigenous micro-organism 

in shipping ballast water [13].  

This study deals with fundamentals of TiO2 photocatalysis and it consists of two parts: (1) 

the development of feasible hydroxyl radical detection methods, which can be used to 

evaluate photocatalytic process both in the laboratory and in the field. (2) synthesis and 

characterization of immobilized TiO2 film of high photocatalytic activity by the sol gel 

method. 

2 Semiconductor photocatalysis fundamentals 
The available energies for electrons in solid materials form bands. The valence band is the 

highest range of energies where electrons are normally present. The conduction band is the 

range of electron energy, sufficient to make the electrons occupied there free to accelerate 

under the influence of an applied electric field and thus constitute an electric current.  
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The electronic structure of a semi-conductor is compromised by energy separated valence 

band and conduction band, and the energy difference is called band gap (Ebg). When 

semiconductors are exposed to UV radiation with photon energy exceeding Ebg, pairs of 

electrons and positive holes are produced. The electrons will thus occupy the conduction band, 

and leaving holes behind in the valence band. In the absence of suitable electron and hole 

scavengers, the stored energy is dissipated within a few nanoseconds by recombination. 

Otherwise, if suitable scavenger or surface defects are available to trap the electrons or holes, 

recombination is prevented and subsequent redox reactions may occur (figure 1).  

 
 

 
Figure 1. Illustration of the main processes occurring during photocatalysis 

 
    To undergo electron transfer, the standard reduction potential of electron donor is 

thermodynamically required to be more negative than the valence band potential, and the 

reduction potential of electron acceptor more positive than the conduction band potential. In 

water photocatalysis, the dissolved oxygen is normally present and act as electron acceptor. 

Several metal oxide and sulfide semiconductors have band edge positions outside the 

reduction potential of O2/O2
-• and •OH/H2O. They include TiO2 (Ebg= 3.0∼3.2eV), SrTiO3 

(Ebg = 3.2 eV), ZnO (Ebg = 3.2 eV), and CdS (Ebg = 2.5 eV). However, among these 

semiconductors TiO2 has proven to be most suitable for widespread environmental 

applications. Compared with other semiconductors, TiO2 is relatively inexpensive. It is 

chemically and biologically inert. It is stable with respect to photo-corrosions and can be used 

over prolonged periods of time.  

Though there are three main types of TiO2 crystal structures, only rutile and anatase, are 

commonly used in photocatalysis, with anatase showing a higher photocatalytic activity. The 

band positions of TiO2 and reduction potential of relevant chemical species as function of pH 

are presented in figure 2 (Fujishima [14]).  
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Figure 2. Band position of TiO2 and reduction potential of relevant chemical species as 

function of pH. (Adapted from [14]) 

 

It can be seen that the conduction band position of anatase is more negative by 200 mV 

than that of rutile. This difference can explain the higher photocatalytic activity of anatase. 

The valence band positions of rutile and anatase lie almost at same position, which is 

sufficiently positive to oxidize water to hydroxyl radicals.  

The standard reduction potentials for many organic radicals are also more negative than 

valence band potential of TiO2, so at least thermodynamically, they should be able to interact 

directly with holes at the TiO2 surface. However, experiments in water-free, aerated organic 

solvents have displayed only partial oxidation of organics. The complete mineralization to 

CO2, common in aqueous solutions, was not observed [15]. The presence of water or hydroxyl 

groups appears to be essential for complete oxidative destruction of organic pollutants. 

     The photocatalytic process can thus be represented by following reactions [14-16]:  

 Excitation         TiO2 + hν � e-
cb +h+

vb                                                     (1) 

                 Recombination           h+vb +e-
cb � TiO2

                                                       (2) 

Charge Trapping         h+ � h+
tr ,      e

-
�e-

tr                                                (3) 

Electron charge transfer        e-tr +O2 � O2
-•                                                   (4) 

Hole charge transfer      h+
tr +H2O � •OH + H+                                         (5) 
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According to the equations above, the prime reactive species present in aqueous 

photocatalysis are therefore trapped positive holes, OH radicals and superoxide. A probe 

selected to evaluate photocatalytic processes should have response to these species. 

Two photochemical reactor configurations are most frequently applied: (1) Suspended 

slurry batch reactors are often employed in laboratory experiments. In these reactors, TiO2 

particles must be separated from the bulk fluid phase by filtration after treatment. This step 

adds complexity to the treatment process and clearly decreases the economical viability of this 

kind of reactor. (2) Another reactor configuration is fixed bed reactor. Though these reactors 

are significantly less efficient than the suspended slurry batch reactor, in most practical 

applications, fixed-bed reactor configurations with immobilized particles coated on the walls 

of the reactor, or on a solid-supporting matrix, allowing for the continuous use of the 

photocatalyst are preferred. 

2.1 Quantification of the TiO2 photocatalytic process 
The efficiency of a photocatalytic process can be expressed using the quantum yield. 

Assuming that all photons are absorbed by TiO2 and that actual light-scattering losses are 

negligible, the apparent quantum yield is defined as the measured rate of photocatalytic 

production divided by the maximum rate of photon absorption. The apparent quantum yield 

can thus be used as an economic index for photocatalysts. Due to the key role of the hydroxyl 

radical, the quantum yield of •OH is a most important parameter in evaluating photocatalytic 

processes and is essential for the further development of TiO2 photocatalysts. 

Research groups have proposed a variety of methods to detect the photocatalytic •OH 

production rate, including hydrogen abstraction of methanol [17-19], hydroxylation of 

aromatic structures [20], and electron paramagnetic resonance detection by spin traps that 

scavenge •OH [21]. However, the above methods are relatively complicated and inconvenient 

for practical applications. Developing a simple effective probe to follow TiO2 catalysis is 

therefore important.  

2.1.1 Using Indigo carmine as probe 
Organic dye bleaching provides a relatively simple method for assessing photocatalytic 

activity by monitoring UV-Vis absorbance. In the present study we have investigated the 

potential of indigo carmine(IC) (5,5'-indigodisulfonic acid disodium salt, an organic dye) as a 

probe for quantification of photocatalytic efficiency in aqueous solution.  
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Figure 3. Molecular structure of Indigo carmine 

 

The primary use of Indigo carmine is in the textile industry. It can also be used for food 

coloring, as pH indicator, and as a microscopic stain. Its long term biological toxicity has been 

tested, and results show that feeding of indigo carmine to mice at levels of up to 1.6% in food 

did not exert any carcinogenic effect[22]. Compared with Methylene blue, a dye which is 

commonly used as probe in photocatalytic tests, the toxicity of Indigo carmine was shown to 

be lower to human [23, 24]. For this reason, it is more suitable for field test of large scale 

photocatalytic systems.  

To determine the absolute number of •OH from the Indigo carmine bleaching rate, the 

bleaching yield of the probe by hydroxyl radical should be elucidated. This can be determined 

by using a system in which a known amount of •OH is generated, most conveniently by γ-

radiolysis of water. 

    The primary γ radiolysis products of water are listed in following reaction [25]: 

H2O →γ  eaq
-, •H, •OH, H2O2, H2, H3O

+                                             (6)  

The yield of the radiolysis product is expressed as the G-value, defined as moles of 

particular species produced per absorbed Joule of radiation energy. The G-values for various 

species in water γ-radiolysis are listed in table 3.  

 

Table 3.  G-values (µ mole/J) of various species for γ radiolysis of water [25] 

G(eaq
-) G(•OH) G(•H) G(H2) G(H2O2) 

0.28 0.28 0.062 0.047 0.073 
 

    In aerated dilute solution, the highly reactive solvated electron and hydrogen atom will 

primarily react with the dissolved oxygen, resulting in the formation of HO2
•/ O2

-• with pKa 

4.8 . ([25]) 
•H+ O2 � HO2

•                                                                                   (7) 

eaq
- + O2 � O2

-•                                                        (8) 
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    The similarity between aqueous radiolysis and photocatalysis and the well known product 

yields in radiolysis enable quantitative assessment of the photocatalytic yield.   

2.1.2 Using phthalic hydrazide as probe 
    Since both reactive oxygen species and the positive hole can be active in organic dye 

bleaching, hydroxylation of aromatics is more specific and selective for OH radical 

monitoring.  A very sensitive chemiluminescence method [26, 27] can be adapted to follow 

the formation of hydroxyl radicals in photocatalysis.  It is based on hydroxylation of non-

chemiluminescent phthalic hydrazide by hydroxyl radicals to give the strongly 

chemiluminescent 3-hydroxyphthalic hydrazide (iso-electronic to luminol). The measuring 

process is presented in figure 4. 

 

Figure 4. Chemiluminescence method to detect the formation of hydroxyl radicals. 

 

    During the reaction process, phthalic hydrazide is slowly oxidized by the persulfate to the 

corresponding azaquinone, which subsequently is nucleophilicly attacked by the peroxide 

anion. The chemiluminescence obtained by this procedure is fairly stable for several minutes.  

A low background is obtained when the development of the chemiluminescence is performed 

in 1M Na2CO3 solution containing a complexing agent such as DTPA [26, 27].  A high 

concentration of carbonate also offers pH –buffer capacity, and scavenging of adventitious 

hydroxyl radicals that may arise in the mixing of the reagents.  

Formation of hydroxylated reaction intermediates and hydroxyl radical spin-trap adducts 

during photocatalysis is normally considered as strong evidence supporting •OH as primary 

active oxidant [15]. However, these can generally also arise by direct hole induced oxidation 

followed by water addition.  
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The possible reaction pathways during photocatalytic oxidation of phthalic hydrazide are 

summarized in figure 5. The phthalic hydrazide radical cation has an reduction potential of 

about 1.5V vs. SHE, so the positive hole formed in TiO2 photocatalysis can certainly oxidize 

phthalic hydrazide to its radical cation. However, since this is a strong acid (estimated pKa ≤ -

3) a proton is immediately eliminated from the hydrazide moiety leaving an N-centered 

radical that eventually results in non chemiluminescence phthalic acid. In fact, strong 

chemiluminescence was obtained when authentic hydroxyl radicals were generated by γ 

radiation, whereas no chemiluminescence could be detected when phthalic hydrazide reacted 

with strong one-electron oxidants such as Ce4+, Co3+, N3
•., HO2

•., CO3
•-, Br2

•- or SO4
•- [27]. 

The selectivity for the hydroxyl radical also excludes the oxyl radical anion, O•-, since 

virtually no chemiluminescence was observed at pH>12.  

 

 
Figure 5. Reactions occurring when phthalic hydrazide reacts with hydroxyl radicals or 
strong one-electron oxidants. About 50% of hydroxyl radicals react by addition to the 
aromatic ring, the remainder attacks the hydrazide moiety [26] 
 

     

    In this study, the chemiluminescence efficiency of •OH was calibrated against γ-

radiolysis. Using this method we can remove the uncertainty from direct hole oxidation and 

determine the real OH radical production rate in photocatalysis.  
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3 Synthesis of immobilized photocatalytic TiO2 film 
    Compared with slurry reactors, mass transfer limitation is the main problem associated with 

fixed bed reactors.  Highly porous TiO2 films with large specific surface areas, which can 

offer high adsorption of reactants and high number of catalytic sites is thus superior to dense 

films.  

    Porous TiO2 films can be prepared on a substrate by various techniques such as sputtering 

[28], chemical vapor deposition [29] and the sol–gel method [30, 31]. The sol–gel method is 

considered as an effective preparation of immobilized TiO2 films on various substrates. Sol–

gel preparation has several advantages including: good homogeneity, ease of composition 

control, low processing temperature, ability of coating on large and complicated surfaces, low 

equipment cost, and good photocatalytic properties [30, 31].  

     In the sol-gel preparation, titanium alkoxide in an organic medium is first hydrolyzed by 

addition of water followed by polymerization of the hydrolyzed alkoxide through 

condensation of hydroxyl and/or alkoxy groups.  The process is described by the following 

reactions, where R represents an alkyl group: 

Hydrolysis 

Ti(OR)4 + xH2O  →  (HO)x-Ti(OR)4-x + xROH;  0 < x ≤ 4                        (9) 

Condensation 

≡Ti-OH + HO-Ti≡ →  ≡Ti-O-Ti≡ + H2O                                   (10a)     

≡Ti-OR + HO-Ti≡ →  ≡Ti-O-Ti≡ + ROH                                  (10b)     

    Thus an oxide polymer network is formed by the chain reactions of hydrolysis and poly-

condensation. Their relative rates determine the extent of the oxide polymer branching. In 

general, faster condensation will facilitate the formation of long, highly branched and cross-

linked polymeric chains resulting in highly porous TiO2 films [32].  

    In addition to the molar ratios of alcohol and water to the titanium alkoxide, which will 

affect the rates of hydrolysis and condensation, pH is also an important factor. At low pH, the 

charge-charge repulsion between protonated titanium cations reduces the condensation rate 

and makes the final oxide film less porous [32]. However, the hydrolytic polycondensation of 

titanium alkoxides under normal conditions leads to the precipitation of particulate materials 

and makes the sol unstable. Such precipitate formation can be prevented by introducing some 

amount of inorganic acid such as HCl and HNO3 [33]  
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    The aim of this study was to investigate how the hydrolysis conditions including the 

titanium alkoxide concentration, water/alkoxide ratio and pH influence the photocatalytic 

activity of the sol-gel prepared TiO2 films coated on metal plates. The performance of the 

fabricated films was evaluated by photocatalytic degradation of indigo carmine under black 

light UV. Effects of other process parameters such as annealing temperature, number of 

coating-annealing cycles and substrate material were also investigated.  

4. Experimental  

4.1. Chemicals 
    All chemicals used throughout this work were of analytical grade or higher and were used 

as received from commercial sources (Aldrich, Sigma, AGA, Degussa). Millipore Milli-Q 

filtered water (18MΩcm) was used throughout the experiments. The TiO2 powder used was 

Degussa P25 with a specific surface area of 50±15 m2/g (BET).  

4.2. Photocatalytic experimental setup 

 

Figure 6. Photocatalytic experimental setup 

 

All photocatalytic experiments were performed under irradiation from two black light blue 

(BLB) lamps (15W, Phillips Blacklite). The wavelength range and peak wavelength were 

determined (Hamamatsu PMA-12 spectrometer) to 345–385 and 365 nm, respectively, with 

an average intensity of 0.1mW/cm2, at the irradiation distance. All samples to be irradiated 

were placed in a blackened Petri dish (glass) of 9.0 cm inner diameter, at a volume of 40 ml. 
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During the experiments, the samples were stirred by a magnetic stirrer to obtain homogenous 

mixing.  

4.3. Gamma radiolysis experiments 
    Gamma radiolysis experiments were performed using a Cesium-137 source (Gammacell 

1000 Elite). All irradiations were performed on 30 ml solutions using the same vessel 

throughout. The dose rate was determined using Fricke dosimetry. The experiments 

performed under N2O/O2 atmosphere (80% / 20%) were purged for 10 minutes prior to 

radiolysis.  

    When the solution contains N2O, solvated electrons are rapidly scavenged followed by 

additional formation of hydroxyl radicals: 

N2O + eaq
- + H2O � N2 + OH- + •OH   (11) 

    Combining the G-values with the dose rates, the production rates of •OH and HO2
•/O2

•- are 

calculated to 2.7µM min-1 and 3.3µM min-1, respectively, in air saturated solution, and 5.4µM 

min-1 and 0.6µM min-1, respectively, in  N2O/O2 saturated solution.  

4.4 Film preparation 
    Sol was prepared by mixing titanium isopropoxide (Ti(OC3H7)4,TTIP, 97%), isopropanol 

(C3H8O, 99.8%, i-PrOH), water and hydrochloric acid (HCl, 37%)  in various molar ratios. 

Titanium, stainless steel and aluminium plates were used as substrates. These metal plates 

were washed carefully and pre-treated in furnace at 500°C for 1 hour. They were then taken 

out and weighted after being cooled. The dried plates were dipped into the prepared sol and 

withdrawn at a constant speed. After drying for 15 minutes at room temperature to make a gel 

coating film, the samples were put into a furnace at 120°C for 15 minutes. The furnace 

temperature was increased at a ramp rate of 10°C per minute until it reached to the heat 

treatment temperatures and held at that temperature for 1 hour. Finally the furnace was cooled 

down naturally to room temperature and the samples were withdrawn. The cooling down 

period took approximately 12 hours. The coating and heat treatment cycle can be repeated to 

obtain films with increasing thickness.  

4.5. Analysis 
    pH of solutions and suspensions was measured using a  Metrohm 713 pH meter under 

stirring. All samples containing titanium dioxide were filtered through 0.2 µm membrane 

filters (Whatman) or centrifuged prior to further analysis. The decomposition of indigo 
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carmine was subsequently monitored by spectrophotometer (JASCO V-630 ) at 610 nm. The 

extinction coefficient is 19375cm-1M-1.  For chemiluminescence measurement, 100µL of the 

filtered solution was mixed with 1mL 1M Na2CO3 containing 1mM  Diethylene triamine 

pentaacetic acid (DTPA), 100µL 0.1M (NH4)2S2O8 and 100µL 0.1M H2O2 in an optical 

cuvette.  The cuvette was then transferred to a luminometer (Bioorbit, 1250 with PC interface 

and software), and the CL signal was measured.  

5. Results and discussion 

5.1 Probe calibration using γγγγ-radiolysis 

5.1.1 Indigo carmine (IC) 
The reactive oxygen species formed upon γ-radiolysis of water are •OH, superoxide and 

hydrogen peroxide. Test of IC bleaching by 1 mM H2O2 for 60 minutes shows that hydrogen 

peroxide is not able to bleach IC.  

Recently Kettle et al. [34] have shown that superoxide can bleach Indigo carmine at neutral 

pH (pH 7.4). In our study, the effect of superoxide was evaluated by investigating the pH 

effect in γ-radiolysis(in air and N2O/O2 saturated aqueous solutions). 1mM phosphate buffers 

were used to adjust the pH to 6, 7 and 8. Perchloric acid (HClO4) and sodium hydroxide 

(NaOH) were used to adjust the initial pH to 3, 4, 5 and 9, 10, respectively. 

    From the results presented in figure 7, it can be seen that the bleaching yield of IC (G(-IC)) 

under N2O/O2 is virtually constant over the pH-range 3-10. This shows that G(-IC) by •OH is 

independent of pH. Moreover, G(-IC) under air saturated conditions at alkaline pH is precisely 

half of that measured under N2O/O2 and the decreasing G(-IC) observed with increasing pH 

for air saturated solutions reveals that HO2
• is indeed capable of bleaching IC. This is further 

evidenced by the fact that, under acidic conditions, the G(-IC) increases under air saturation to 

reach the same level as that observed for N2O/O2. From the data presented it may be 

concluded that  bleaching of IC by superoxide can be attributed to its protonated form.  
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Figure 7.  IC decomposition rate in air and N2O/O2 saturated solutions as a function of pH  

 

    Assuming the radical bleaching yields are the same in air and in NO2/O2 saturated solutions, 

both the bleaching yield of •OH and HO2
• / O2

•- can be deduced from the IC consumption 

under air and N2O/O2 saturated solutions. The deduced bleaching yield by •OH is constant and 

was determined to be 0.7 IC molecules per •OH. The bleaching yield by HO2
• / O2

•- as a 

function of pH is presented in figure 8.  
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Figure 8. The bleaching yield with error bar calculated from the trend of the double samples. 
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    The fraction of superoxide in the HO2
•/O2

-• pair is higher than 99% at pH 7 and 8 

(pKa=4.8).  The small contribution to the IC decomposition from other sources than •OH in 

this range can be explained by the fast equilibration of O2
-• and HO2

• due to the diffusion 

controlled reaction of O2
-• with the proton [35], and a relatively long lifetime of superoxide.  

During steady state conditions, the consumed HO2
• in the reaction with IC is rapidly replaced 

by new radicals formed upon protonation of O2
-•.  

    Above pH 9, almost all the bleaching can be attributed to •OH.  Hence, IC can be 

considered as a pure OH radical probe above pH 9 if no other scavengers are present. To trap 

all the •OH, the concentration of probe molecules should be high enough to compete with 

other reactions consuming •OH. Bleaching experiments at pH 10 with initial IC concentration 

in the range of 10 − 50µM were performed. The pH was adjusted by NaOH. Results show that 

above 30µM, the bleaching yield is constant at about 0.76 molecules per •OH (figure 9), 

representing the maximum net yield of •OH. 
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Figure 9. Bleaching yield of IC versus concentrations in air saturated solutions at pH 10 

5.1.2 Phthalic hydrazide 
    Yield of chemiluminescence by hydroxyl radical was measured by γ irradiation of solutions 

saturated with air and with N2O/O2 gas mixture. The yield of chemiluminescence per •OH is 

defined as the chemiluminescence rate divided by •OH production rate. Chemiluminescence 

rate was determined from the slope of chemiluminescence time curve (4 time points in this 

study). Saturation with the N2O/O2 gas mixture results in a twice as strong signal as shown in 

figure 10. This reflects the conversion of eaq
-  to •OH according to reaction (11).  
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Figure 10. Chemiluminescence yield per •OH (µM-1) determined at different pH in γ-
irradiation of 0.5 mM phthalic hydrazide solution saturated with air and with a gas mixture of 
20% O2 in N2O 
 
    The adsorption of the formed 3-hydroxyphthalic hydrazide on TiO2 surface was checked by 

comparing the chemiluminescence with 100 ppm TiO2 addition in γ irradiation test. Results 

printed in figure 11 shows no noticeable adsorption at the experimental pH range. 
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Figure 11. Chemilumienscence yield per •OH in γ irradiation with and without TiO2  
 

5.2 Probe specificity and efficiency 

5.2.1 Indigo carmine 
    It is well established that •OH and positive holes produced upon photocatalysis can oxidize 

dissolved anions forming the corresponding radicals. For the investigation of IC as a probe of 
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free radical production in photocatalytic systems it is of importance to determine how various 

anions affect the bleaching yields. Therefore, the effects of phosphate and borate buffers and 

some inorganic anions that are common in natural waters were investigated. The effects of 

KH2PO4, Na2B4O7, NaCl, Na2SO4, NaHCO3 and NaBr on IC bleaching upon γ-radiolysis at 

pH 10 are shown in figure 12. Solution equilibrium was achieved by stirring for half an hour 

prior to the experiments, the initial pH of the samples was adjusted by NaOH. All experiments 

were performed in duplicates.  
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Figure 12. Inorganic anion’s effect in gamma radiolysis, IC concentration 50µM, pH 10 

 

    The rate constants for the reaction between the studied anions and •OH , as well as the one 

electron reduction potential of the radicals formed upon one-electron oxidation of the anions 

are shown in table 4.  

 

Table 4 Rate constants for the reaction between •OH and inorganic ions and one-electron 
reduction potentials of the corresponding radicals.  

Ions Reaction rate constant  
M-1 s-1 Radical Reduction potential 

mV  vs. SHE 
Reference 

IC 1.8×1010   [33] 
HPO4

2- 1.5×105   [33] 
B4O7

2- ≤1×106   [33] 
Cl- 3×109 Cl2

•- 2200 [33] 
SO4

2- - SO4-• 2430 [33] 
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HCO3
- 8.5×106 CO3

•- ∼1600 [33]  
CO3

2- 3.9×108 CO3
•-  [33] 

Br-1 1.1×1010 Br2
•- ∼1650 [33] 

  

   From the data presented in Table 4 we can conclude that the only radicals expected to be 

formed in the reaction between •OH and the corresponding inorganic salts are Cl2
•-, CO3

•-, 

Br2
•-. These radicals all have the thermodynamical ability to oxidize indigo carmine. The 

experimental results show that anions suppress the yield of IC bleaching in the order: Br- > 

CO3
2- > B4O7

2- ≈ SO4
2- ≈ HPO4

2- > Cl-. Under the present experimental conditions •OH is not 

able to oxidize phosphate, borate and sulfate ions for both thermodynamical and kinetic 

reasons. The inhibiting effect (∼10%) of phosphate, borate and sulfate ions at 10mM 

concentration may be due to ionic strength effects.  

    The mechanisms of the reactions between the halide ions chloride and bromide and the •OH 

under alkaline conditions differ from each other [36, 37]. Chloride will form chlorine-

hydroxyl radical anion (ClOH-) upon reaction with •OH, but it only efficiently transforms into 

di-chlorine radical anion under acidic conditions. Lack of H+ will make the chlorine-hydroxyl 

radical anion transform back into the •OH and chloride, effectively extending the lifetime of 

the •OH. The reaction of bromide proceeds by an initial one-electron transfer reaction forming 

Br●. If there is sufficient Br- in solution, Br● rapidly captures a Br- to form the dibromidyl 

radical anion, Br2
●-. Since these reactions do not involve protons, the conversion of •OH to 

dibromidyl is less pH dependent than that for the chloride reactions, and the yields of 

conversion are higher [25].  

    The conversion of OH-radicals into carbonate radicals proceeds through a one-electron 

transfer reaction with carbonate or hydrogen abstraction with bicarbonate. The rate constants 

for the reactions with HCO3
- and CO3

2- differ. Hence, the reaction is pH dependent, controlled 

by the pKa of carbonate at 10.3. At pH 10 about one half of carbonate ion is CO3
2-. Using the 

rate constants shown in Table 3, it was determined that about 2/3 of the •OH radicals will be 

converted to carbonate radical anions, and the remainder will react directly with IC.  

From the results shown in Figure 12, it can be concluded that the IC probe is not a specific 

OH radical probe. Many one electron oxidants can bleach it. Since these oxidants can also 

oxidize micro-organism, the Indigo carmine can still be used as a primary indicator in 

photocatalytic systems.  
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5.2.2 Phthalic hydrazide 
Effects of •OH scavenging bromide ions and tert-Butanol on the chemiluminescence were 

tested at pH 10.  The reaction rate constant of bromide with •OH at pH 10 was reported to be 

8×108 M-1s-1 [38]. While the reaction rate of tert-Butanol with •OH at neutral pH was reported 

to be 6×108 M-1s-1 [39], no reference can be found for it at pH 10.  
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Figure 13. OH radical competition plot. NaBr (0-20mM), Tert-butanol (0-20mM), Phthalic 
hydrazide (0.5mM), pH 10. 
 
 

    From the plot of competition with bromide, a rate constant of 3.4×109 M-1s-1 for the 

reaction of phthalic hydrazide with OH radical is obtained, which is close to the reported 

values [27].  
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5.3 Photocatalysis 

5.3.1 UV-Vis spectra of probes 
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Figure 14.  UV-Vis spectra of Indigo carmine, phthalic hydrazide and radiation spectrum of 
Black light blue lamp.  

 

From the UV-Vis spectra of Indigo carmine and Phthalic hydrazide, the absorption of 

365nm UV light by probes are small comparing with the 100 ppm Degussa TiO2 (the apparent 

absorbance at 365 nm is 2.0).  

At 365nm, no direct photolysis of Indigo carmine can be observed. 

5.3.2 Probe adsorption on TiO2 

The adsorbed probes will trap the photocatalytically produced positive holes with surface 

hydroxyl and water. Most researchers report surface coverages of 7 to10 molecules per nm2 at 

room temperature TiO2 [40-43]. Direct hole oxidation will be favored at high adsorption of 

probes, especially if the standard potential of the corresponding oxidized species is lower.  

    The hydroxyl groups on TiO2 surface are known to undergo the following acid –base 

equilibria depending on the pH of the suspension [16]:  

TiOH + H+ → TiOH2
+   (pH < pzc (point of zero charge) ≈ 6.3 ) 

   TiOH + OH- → TiO- + H2O   (pH > pzc ) 

Indigo carmine is an organic anion, while phthalic hydrazide is a weakly acidic neutral 

molecule. Its pKa value is reported to be 5.87 [44]. Thus both Indigo carmine and phthalic 

hydrazide are negatively charged in acidic solutions. Their adsorption to TiO2 will be higher 

at low pH.  
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Indigo carmine  

The adsorption of Indigo carmine on TiO2 at various pH was evaluated under TiO2 loading 

400 ppm and initial IC concentration 50µM. The adsorption equilibrium of suspension was 

achieved in dark after one hour mixing. The percentage absorption is defined as (Ci-

Ceq)/Ci*100%, which Ci and Ceq is initial and equilibrium concentration respectively. The pH 

was adjusted by HClO4 and NaOH.  
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Figure 15. Percentage adsorption of IC on TiO2 at various of pH, initial concentration of IC 
= 50µM, TiO2 concentration = 400ppm 

 

Taking the BET value of Degussa P25, the surface density of adsorbed indigo carmine at 

pH 2 is 0.9 molecules nm-2. The relative low surface density ratio of IC to H2O indicates low 

probability for direct oxidation of IC by the positive hole. 

Phthalic hydrazide 

    The adsorption of phthalic hydrazide on TiO2 at different pH was checked by the spectral 

absorption difference at absorption peak of 250 µM phthalic hydrazide before and after the 

addition of 100 ppm TiO2. Results are listed in table 5. 

 

Table 5. Absorbance  reduction after 100 ppm TiO2 addition and the effect of phosphate ions 
pH No phosphates 5 mM phosphate ions 

3 15.0% 0.3% 

5 11.6% 0.2% 

8 2.9% 0.2%  

10 1.2% - 
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    The adsorption of phthalic hydrazide at pH 3 corresponds to a density of adsorbed phthalic 

hydrazide on the TiO2 surface of about 5 molecules per nm2, which equals to the density of 

surface bound water. Results also show that the addition of phosphate can effectively inhibit 

the adsorption of phthalic hydrazide. This is due to the strong sorption of phosphate anions to 

the TiO2 surface [16]. 

5.3.3 Photocatalytic bleaching of Indigo carmine 
    Photocatalytic bleaching of Indigo carmine was performed at pH = 4, 7 and 10. All of 

which are relevant for natural waters. The results presented in figure 16 show a different trend 

compared to that obtained for IC bleaching during gamma radiolysis. Therefore, 

photocatalysis of IC at pH 3 and photocatalysis of Fricke solutions were also conducted.  

    The initial concentration of Indigo carmine was 50µM. TiO2 was 100ppm Degussa P25. 

Water volume was 40ml. 1mM phosphate buffer was used (pH 7), HClO4 and NaOH were 

used to adjust the initial pH to 3, 4 and 10. The Fricke dosimetry suspensions consisted of 

50mM H2SO4, 1mM NaCl, 1mM Fe(NH4)2(SO4)2 and 100ppm TiO2. All tests were repeated 4 

times. 
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Figure 16. pH effect on the photocatalytic decomposition of initial 50µM IC and the 
formation of Fe3+ during Fricke dosimetry in 100ppm TiO2 suspension  

 

    The results show two different regions of efficiency, the higher efficiency region at pH 

above 6 and lower efficiency region at pH below 6.  Comparing the results to the observed pH 

effect in γ radiolysis (Fig 7), it becomes obvious that the free radical production in 

photocatalysis of TiO2 is significantly reduced at acidic pH.  
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    The effect of various anions on photocatalytic bleaching of Indigo carmine at pH 10 was 

tested. Except 10mM inorganic anions added, all test conditions were the same as in the 

photocatalytic tests. The initial pH of the samples was adjusted by NaOH. Equilibration of 

solutions was obtained by stirring in the dark for more than 10 hours prior to tests. All tests 

were repeated 4 times. The results of the experiments are presented in figure 17. 
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Figure 17.  Effect of inorganic anions on photocatalytical bleaching of IC in suspensions 
containing 100ppm TiO2 and 50µM IC at pH 10 
 

    The results clearly show that none of the anions inhibit IC bleaching. Interestingly, the 

addition of carbonate and bromide enhances the bleaching yields. Comparing these results to 

those obtained upon addition of bromide and carbonate ions in the gamma radiolysis 

experiments (Figure 12), where the bleaching yields decreased when the anions were added, 

the only explanation for the increase in yields observed in photocatalysis is that the bromide 

and carbonate are much more efficient at the positive hole trapping, which in turn reduces the 

recombination of electron and hole and thereby cause a higher quantum yield.  

Combining the IC bleaching yield, solution volume, photon flux, the apparent quantum 

efficiency of OH radical was obtained. The resulting apparent quantum efficiency is 3.0% at 

pH 10.   

5.3.4 Study of photocatalysis using phthalic hydrazide as probe 
    The chemiluminescence yield per minute as function of pH was obtained by photo-

irradiation of air saturated suspensions containing 100 ppm TiO2 and 0.5 mM phthalic 
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hydrazide, and the pH was adjusted only by NaOH or HClO4. Results presented in figure 18 

show a vastly different pH-behavior from that obtained by γ irradiation and from the Indigo 

carmine bleaching (see figure 10).   
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Figure 18.  Chemiluminescence rate ( min-1) as function of pH in unbuffered photocatalysis. 

     

    It should be noticed that N2O has no effect on the chemiluminescence yield in 

photocatalysis (not present in figure), which is contrary to that under γ irradiations. This may 

be due to the difference between the aqueous and the surface trapped electron. The 

photocatalytically produced conduction band electron will be trapped by TiIV to form TiIII  

center [18, 19, 25], and the TiIII  center can not be scavenged by N2O to form the OH radical.  

The decrease in chemiluminescence at neutral pH seems to coincide with the higher 

adsorption of phthalic hydrazide on the TiO2 surface. It is reasonable to assume that the lack 

of chemiluminescence signal is due to adsorption of phthalic hydrazide to TiO2 particles. The 

high electron enrichment in the aromatic ring may make the phthalic hydrazide more efficient 

in the photo-induced hole trapping.  

Investigation of the effect of phthalic hydrazide concentration on chemiluminescence was 

conducted in unbuffered solutions at pH 3, 7 and 9. It was found that at pH 9, the 

concentration of phthalic hydrazide has only little effect, whereas at pH 7, 50 µM phthalic 

hydrazide gave rise to about 10 times higher chemiluminescence signal than that obtained by 

500µM phthalic hydrazide. Results for pH 3 and 7 are shown in figure 19.  
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     (a)     (b) 
Figure 19. Effect of phthalic hydrazide concentration on luminescence,  (a) CL v.s. 
concentration; (b) CL v.s. reciprocal of concentration  
 

Assuming that the adsorption of phthalic hydrazide (FH) follows Langmuir isotherm, the 

surface adsorbed concentration of phthalic hydrazide [FH]ad can be expressed as follows: 

*]FH[
]FH[1

]FH[
]FH[ adad α

α
+

=  

Where [FH]ad and [FH] are the surface and bulk concentration of phthalic hydrazide, α is 

Langmuir adsorption constant, and [FH]ad
* is maximum possible phthalic hydrazide surface 

density on TiO2, and should be a constant.  

The chemiluminescence is thus determined by hole trapping competition between TiO2 

surface hydroxyl and phthalic hydrazide:   
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where r is the rate of chemiluminescence, [OH-] is the surface density of hydroxyl, kh and kp 

are the trapping rate constant of hole by surface hydroxyl and  phthalic hydrazide respectively, 

P is the converting coefficient of OH radical to chemiluminescence.  

    Equation 12 indicates that if the trapping rate of hole with phthalic hydrazide is much 

higher than that with hydroxyl groups, the first term in the denominator of equation 12 can be 

omitted. The chemiluminescence rate is thus linear to the reciprocal of the bulk concentration 

of phthalic hydrazide. The results presented in figure 17b thus show a high trend of the direct 

electron transfer to the adsorbed surface phthalic hydrazide by the mobile holes. 
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     Goldstein et al. [45] have studied the production of OH-radical in photocatalysis by using 

hydroxylation of phenol as probe. They made a conclusion that the OH-radical is major 

oxidant only at low concentration of phenol. At high concentration of phenol, the competition 

of the adsorbed phenol for mobile hole would decrease the yield of the hydroxylation product. 

Ishibashi et al. [46] have also checked the OH radical formation in photocatalysis by 

hydroxylation of terephthalic acid. They found a much lower OH radical quantum yield 

(0.007%) than that of ordinary photocatalytic reactions (∼10-2), and made the conclusion that 

OH radical could not be the main oxidizing agent in photocatalysis.  

    To further investigate the effect of adsorption of phthalic hydrazide on the 

chemiluminescence yield, the effect of phosphate and fluoride anions on the 

chemiluminescence output at acidic pH was studied. Addition of these two anions will inhibit 

the adsorption of Phthalic hydrazide due to competing adsorption. Hydroxyl radicals do not 

react with fluoride ions and their reaction rate with phosphate ions (H2PO4
-) is reported to be 

2.0·104 M-1s-1 [47]. This can be compared with the reaction rate of hydroxyl radicals with 

phthalic hydrazide. Evidently, in a solution containing 5.0·10-4 M phthalic hydrazide, 0.1 M 

phosphate can be added before a noticeable scavenging of hydroxyl radicals by phosphate is 

obtained.  
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Figure 20. Effect of phosphate and fluoride anions on the chemiluminescence at pH 3 and 4.  
 

     Results presented in figure 20 shows that the addition of these two ions can substantially 

increase the chemiluminescence, and the enhancement by phosphate is higher than that by 



 28 

fluoride. When the study was extended, it was found that addition of fluoride ions was only 

effective at pH< 5 whereas addition of phosphate ions showed an effect in the whole pH-range.  

    Thus the full potential of the OH radical production in TiO2 photocatalytic system can be 

achieved by addition of appropriate amount of phosphate ions. The chemiluminescence output 

from pH 3 to 11 under 15mM phosphate ion addition and the corresponding OH radical yield 

are presented in figure 21.  
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  (a)   (b) 
Figure 21. Chemiluminescence and OH radical yield in photocatalysis from pH 3 to 11under 
phosphate ion addition, TiO2 100 ppm. 365 nm photon flux 2.6×10-6 Einstein min-1, water 
volume 40 ml. 
 

The OH radical yield is calculated by dividing the chemiluminescence rate by its 

corresponding chemiluminescence yield obtained by γ irradiation. The top OH radical yield is 

∼2.1µM  min-1, which corresponds to 3.2% of apparent quantum efficiency, and very close to 

the quantum efficiency obtained using the Indigo carmine probe. 
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Figure 22.  Competition plot. NaBr (0-20mM), Tert-butanol (0-20mM), Phthalic hydrazide 
(500µM),100ppm TiO2,  pH 10. 
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    Effects of Bromide ion and tert-butanol at pH 10 on chemiluminescence in photocatalysis 

were invetigated, with pH adjusted by 5mM borate buffer. The competition plot presented in 

figure 22 shows a different effect of bromide and tert-butanol on the chemiluminescence. The 

high order trend of bromide ion shows that there exists a multi-step competition. That is the 

competition between bromide and surface hydroxyl on trapping photo-generated holes; and 

the competition between bromide and phthalic hydrazide on OH radical. On the contrary, the 

competition trend of tert-butanol is a straight line, and the obtained rate constant is similar to 

that obtained in γ irradiation. This is considered to be due to the weak adsorption of alcohol on 

TiO2.  

5.4 Synthesis of immobilized TiO2 films 

5.4.1 Effect of alcohol and water / alkoxide molar ratio 
The molar ratio of alcohol to the TiO2 precursor will clearly affect the mass of the 

fabricated films. It has been reported that the film thickness is linearly dependent on the TTIP 

concentration in dilute TTIP isopropanol solutions [48].  

    The extinction (sum of absorption and scattering) coefficient of anatase TiO2 has been 

studied by Cabrera et al. [49]. It was found that the extinction coefficient of TiO2 is nearly 

constant in the UV wavelength range from 275nm to 395nm. Similar results have been 

obtained by other research groups [50, 51]. On the basis of the reported extinction coefficient 

for TiO2, 20 mg TiO2 deposited on the plates used in this work would absorb 99 % of the 

incident UV light.  

    The effect of the alcohol to TTIP ratio on the deposit TiO2 mass on titanium plate was 

investigated and the results are shown in figure 23. As can be seen molar ratio of 1:5 gives the 

highest TiO2 mass deposited. At this molar ratio there is a linear relationship between 

deposited mass and number of coating cycles. The results suggest that 4 and 8 coating cycles 

are required to produce films that can sufficiently absorb most of the incident UV light at 

molar ratio of 1:20 and 1:40 of TTIP to i-PrOH, respectively.   
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Figure 23. (a)Weight of the TiO2 films on titanium plate at various molar ratios of TTIP to i-
PrOH after 2 coatings. (b)Weight of the TiO2 films as a function of number of coating layers, 
TTIP to i-PrOH molar ratio = 1:5.  
 
    Increasing the alcohol to titanium alkoxide ratio will also affect the relative rates of 

hydrolysis and condensation. Since the condensation process also takes place at the gelation 

stage at concentrated alkoxide conditions. The rate reduction of hydrolysis by alkoxide 

dilution is larger than for condensation. However, this can be overcome by adding acid to the 

sol-gel solution. The effect of addition of inorganic acid will be discussed later. For economic 

reasons and to avoid the probable adverse effect of high number of heat treatment, the molar 

ratio of TTIP to i-PrOH was set to 1:20 in the following TiO2 film fabrications.  

The water/alkoxide ratio RW is a critical parameter in the sol-gel preparation of 

homogeneous films. Higher RW is needed for a sufficient hydrolytic polycondensation 
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reaction. However, excess water will make the solution become gel rapidly and make the dip-

coating process impracticable. The appropriate RW value for preparing of stable sol solution 

depends on the titanium alkoxide concentration. Higher RW value is permitted in higher 

alcohol to alkoxide ratios. It was found in our work that RW = 1 is an applicable value for 1:20 

TTIP/i-PrOH molar ratio when no hydrochloric acid was added.  

5.4.2 Effect of acid 
    The effect of HCl concentration in the sol gel preparation on the photocatalytic activity of 

the produced TiO2 film was studied. The TTIP/i-PrOH ratio and RW were fixed at 1:20 and 1 

respectively. The preparation process is as follows: first one half of the alcohol is mixed with 

the TTIP, and the remaining half of the alcohol mixed with water and acid was added drop 

wise to the above TTIP and i-PrOH mixture under constant stirring. The solution turns white 

after 30 minutes when no acid is added. This is due to the precipitation of Ti(OH)4. It was 

found that addition of HCl results in a clear solution  which can be stored for at least two 

weeks.  

 
Table 5.  Effect of the dosage of HCl in the sol gel process on the decomposition rate of 
indigo carmine. TTIP/i-PrOH ratio and RW is fixed at 1:20 and 1 respectively, two coating 
layers and thermal treated at 500°C.  

Molar ratio of  
HCl to TTIP 

Film weight 
(mg) 

Decomposition rate  
of IC (µM hr-1) 
 

Adsorption of IC at  
pH 3 (mg/g) 

0 14 5.39 3.13 
0.10 12 5.10 2.76 
0.15 14 4.93 2.57 
0.20 16 4.48 2.27 
0.29 15 4.30 2.08 

 

All fabricated films have a weight over 10 mg (corresponding to 89% absorbance of the UV 

light). As can be seen in table 5, the photocatalytic activity decreases linearly with increasing 

HCl to TTIP ratio, and the adverse effect of acidic pH of the sol on the photocatalytic activity 

of the prepared TiO2 film can probably be attributed to the reduced porosity of TiO2 films in 

acid preparation. The film porosity is correlated to the surface area (porous materials have 

larger surface area). The adsorption studies performed on these materials at pH 3 (perchloric 

acid) confirm the relative trend in surface area/porosity.  Adsorption equilibrium was achieved 

after one hour mixing in the dark.   

Since the reactivity of the photocatalytically produced hydroxyl radical is very high (and 

non-specific), the diffusion distance of the free OH radical is around 1 µm. The substrate can 
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only be degraded in close contact with TiO2 surface. Thus the bleaching efficiency of 

immobilized films is largely affected by its substrate adsorbing ability. This is consistent with 

the trend in photocatalytic activity presented above.  

5.4.3 Effect of sintering temperature and coating cycles 
    The anatase is considered to be the most photocatalytically active crystalline phase of TiO2. 

The crystallization of TiO2 is accomplished through high temperature sintering. The structure 

and size of the TiO2 crystals are affected by the calcination temperature and time. The number 

of dip-coating cycles is one of the most critical parameters in the synthesis of thin films.  

Increasing film thickness by repeated coating should bring better results with respect to UV 

light absorption and photocatalytic sites. However repeated coating cycles will cause 

transformation of the anatase phase to low active rutile and densification of coating structures 

and, these effects will decrease the catalytic activity of the film [52].  
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Figure 24. Sintering temperature effect on photocatalytic activity 
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Figure 25. Effect of number of coating cycles on the photocatalytic activity. 

First the effect of sintering conditions was studied by evaluating the effect of sintering 

temperature on the photocatalytic activity. The sintering temperature was varied between 300 

and 700°C, and films were prepared by two coating cycles. Two groups of films were 

compared, one produced with HCl addition and one produced without HCl. The results are 

presented in figure 24.  

Besides the incineration of organic material, high temperature sintering has two effects on 

the formed films: (1) to achieve crystal transformation from amorphous phase to highly active 

anatase phase; and (2) film densification which reduces the pore size. Most research groups 

have reported annealing temperatures of 400 to 700°C when preparing high content anatase 

TiO2 films [33, 48, 53-55]. Film densification takes place in particular below 300°C, and 

slight densification is observed at higher temperature [33, 56].  Combining these two effects, 

normally 500°C is considered as the optimal annealing temperature. The result of the group of 

films prepared without acid is consistent with this. However, the optimal temperature for films 

prepared under acid addition was higher. The reason for higher optimal annealing temperature 

for films with HCl addition may be due to the inhibition of chloride ions to phase 

transformation. [48].  

The effect of number of coating-annealing cycles was also investigated. The annealing 

temperature for acid free films is 500°C and for acid addition films is 600°C. Results 

presented in figure 25 show that 4 coating-annealing cycles are optimal for both in both cases.  

The photocatalytic activity of the film after 4 coating cycles reaches its maximum. More 

coating layers have no appreciable effect on the catalytic performance. The main reason for 
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this is that the films are thick enough to absorb all incident UV light after 4 coating cycles. 

Furthermore transformation of anatase to rutile crystalline becomes significant after repeated 

thermal treating. It is interesting to note that acid free production of TiO2 films leads to 30% 

more efficient films.  

5.4.4 The durability of the fabricated film 
The adhesive strength of the films determines the extent to which they stick to the 

substrates under defined loads. It is an important property for immobilized TiO2 films used in 

water treatment applications. Rockwell scratch test and scotch tape test are two frequently 

used evaluating methods [57]. Another novel method is the ultrasonic test where the coating 

surface is subjected to the stress provided by ultrasonic washing [57, 58]. In our study the 

strength of the coating adhesion was evaluated by this type of test. The power and frequency 

of the ultrasonic washer is 120W and 35 kHz respectively. The ultrasonic washing lasted 1 

minute and subsequently the weight of loaded films was measured, and weight loss induced 

by ultrasonic vibration was then calculated.  The loss of photocatalytic performance of these 

films was also investigated. 

 

Table 6 Results of ultrasonic adhesion test  
Sample Film mass 

(mg) 
Percentage 
Mass loss   

IC bleaching 
yield (µM hr-1) 

Percentage 
bleaching yield loss  

HCl / TTIP = 0, 500°C, 2 
coating cycles 

12  62% 5.39  43% 

HCl / TTIP = 0, 600°C, 2 
coating cycles 

15  38% 4.96 30% 

HCl / TTIP = 0, 500°C, 4 
coating cycles 

30  52% 13.05 35% 

HCl / TTIP = 0.29, 600°C, 
2 coating cycles 

17  17% 6.15 10% 

HCl / TTIP = 0.29, 600°C, 
4 coating cycles 

33  15% 9.48 9% 

 

The effects of three parameters has been studied. The reduction of percentage mass loss 

from 62% to 38% shows that increasing annealing temperature can improve the film’s 

mechanical strength. Though reducing of the percentage mass loss from 62% to 52%, the 

higher absolute mass loss indicates a reduced strength of thicker films. The drop of percentage 

mass loss from 38% to 17% shows that acid addition can improve the film mechanical 

strength. This is due to the altering of the relative rates of hydrolysis and condensation 

resulting in the formation of denser films as discussed before. The totally smaller reduction of 
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photocatalytic activity compared with mass loss can be attributed to the lower reduction in 

absorbed UV light compared with the loss of mass, since UV light is mostly absorbed at front 

layers.  

5.4.5 Comparison of different substrates  
  Since titanium is a relatively expensive material, the possibility of using other materials as 

support substrate was investigated. Five other metal materials were tested. The surface of 

copper and brass plates cracked under calcinations. Hence, these materials are not suitable as 

support materials. Comparison of the remaining support materials with titanium plate is 

presented in table 8.  Sol was prepared following the optimal sol formula obtained using 

Titanium plate. The number of coating cycles was two and the calcination temperature was 

500°C.  

Table 7  Photocatalytic activity of TiO2 films on different substrates  
Substrate material Film weight (mg) IC degradation rate (µM hr-1) 
Titanium 14 5.39 
Stainless steel 15 0 
Acid proof stainless steel  12 0 
Aluminum  18 4.10 
 

As can be seen, only two support materials give photocatalytically active TiO2 films. The 

complete absence of photocatalytic activity in the films produced on iron containing materials 

can probably be attributed diffusion of Fe3+ ions into TiO2 layer. These ions, acting as 

electron-hole recombination centers close to the surface of titania, will inhibit the activity of 

titania. It has been reported that doping titania either with pentavalent ions (n-type doping) or 

with trivalent ions (p-type doping) strongly reduces the photocatalytic activities [59].  

5.5 Quantum efficiency of fabricated TiO2 films 
The quantum efficiency of the best TiO2 film was determined by Indigo carmine bleaching 

at pH 9 and Phthalic hydrazide as •OH probe at pH 7.  

Diameter of TiO2 film is 8.5cm, solution volume 40 mL. The IC bleaching rate is 0.219 µM 

min-1, corresponding 0.274 µM min-1 of hydroxyl radical production rate. The 

chemiluminescence rate is 0.825, corresponding 0.146 µM min-1 OH radical formation rate.  

Thus the apparent quantum efficiencies are calculated to be 0.28% at pH 7 and 0.52% at pH 

9. Compared with 100ppm Degussa TiO2, it is about a factor of 10 lower. This is due to the 

mass transfer limitation. There are two types of mass transfer: one is external mass transfer 

(transfer of reactants in bulk phase to the surface of catalysts); another is internal mass 
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transfer (transfer of reactants from external surface through pores to the interior surface). The 

surface area of 100 ppm TiO2 Degussa in 40 ml solution is about 35 times of the area of TiO2 

film’s substrate.  Assuming a sphere shape of the TiO2 particle on the film, the external TiO2 

area is thus double that of the substrate area and is about 1/18 of the 100 ppm TiO2 Degussa. 

The quantum efficiency calculation is an average of the whole TiO2 film, but due to the small 

transport of reactant into film interior, only external film surface has comparable quantum 

yield as that in suspension case.  

6. Conclusions 
In this work, the method of using indigo carmine and phthalic hydrazide as radical probes 

in photocatalytic systems was developed and investigated. The experimental results show that 

the Indigo carmine is an un-selective radical probe, whereas the chemiluminescence 

production from the hydroxylation of phthalic hydrazide is a specific OH radical probe. 

However the quantum efficiencies of hydroxyl radical production at alkaline pH in Degussa 

P25 TiO2 photocatalysis given by these two methods agree well. And both probes show a 

radical production drop from alkaline pH to acidic pH at different degree. These show that 

Indigo carmine can be used as primary radical indicator in photocatalytic systems.  

Photocatalytically active TiO2 films coated on metal plates have been successively prepared 

by a sol gel method using titanium isopropoxide as TiO2 precursor and isopropanol as solvent. 

The effect of TTIP, HCl to i-PrOH molar ratio was investigated by Indigo carmine oxidation 

as photocatalytic activity criterion. Thick films which fully absorb incident UV light can be 

fabricated by as low as 1:20 TTIP to i-PrOH molar ratio after four coating cycles. Addition of 

hydrochloric acid will cause densification of the films and inhibition of the crystalline phase 

transformation. However it will also improve the transparency and adhesion strength of the 

treated films.  

7 Future work 
 

• Investigation of the effect of some organic modifiers such as polyethylene glycol for 
the preparation of alkoxide precursor solution  

 
• Fabrication of TiO2 films with high photocatalytic activity supported on stainless 

steel. 
 

• Investigation of the effect of TiO2 doping including metal and non-metal elements.  
 

 
• Study of the electrochemically assisted photocatalysis.  
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• Study of the photocatalytic disinfection on immobilized TiO2, including the effect 

of the UV light intensity, effect of anions such as chloride and bromide, effect of 
oxidant addition such as H2O2.  
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Grafical contents entry 

 

By use of a sensitive and selective chemiluminescence method the yield of OHaq radicals by 

TiO2 photocatalysis was studied in the pH range 3-11.  
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Summary 

 

    In this work, formation of strongly chemiluminescent 3-hydroxyphthalic hydrazide by 

hydroxylation of non-chemiluminescent phthalic hydrazide was used to specifically study the 

production of free hydroxyl radicals in black light illuminated Degussa (Evonik) P25 TiO2 

aerated suspension. By comparing with the well studied γ radiolysis, the apparent quantum 

efficiency of •OHaq formation in the pH range 6 to 11 was assessed to 3.2 %. It was found that 

addition of phosphate ions can efficiently block the absorption of phthalic hydrazide to the 

TiO2 surface and promote the reaction •OHsurface bound  → •OHaq  

Keywords: Photocatalysis, TiO2, OH radical, Chemiluminescence 

1. Introduction 

    In semiconductor materials, absorption of photons with energy greater than the band gap 

between the valence and conduction bands leads to the formation of valence band holes (hVB
+) 

and conduction band electrons (eCB
-). Usually, an electron-hole pair has only transient 

existence and is rapidly eliminated by termination resulting in heat or light emission, but in 

some large band gap materials the life-time is long enough to allow a fraction of hole-electron 

pairs to be manifested on the material surface by inducing red-ox reactions in the surrounding 

medium. Materials displaying these characteristics are called photocatalysts. Amongst 

different materials showing photocatalytic properties, titania, TiO2, has been identified as the 

most interesting due to its otherwise inert and environmentally friendly properties. In the last 

two decades, photocatalysis utilizing TiO2 has been gaining increasing popularity as an 

attractive advanced oxidation technique for treatment of industrial, potable and natural waters 

by removing chemical and microbiological hazards without addition of (toxic) chemicals.1-5  

 

    Titania exists in three crystalline polymorphs; anatase, rutile and brookite. Of these only 

anatase and rutile are photocatalytically active. Many studies have confirmed that anatase 

presents better photocatalytic properties than rutile due to a lower intrinsic recombination rate 
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of photogenerated hole-electron pairs. However, mixed phase titania such as Degussa (Evonik) 

P25 containing nanoclusters of rutile in anatase crystallites shows even better  photo activity 

than pure phase anatase and has been used in most photocatalytic studies. The material is also 

easily available and was chosen for this study. 

 

    Anatase TiO2 has a band gap of ∼3.2 eV with the valence band edge +2.6 V vs. NHE, and 

the conduction band edge -0.6 V vs. NHE at pH 7.6,7 Thus, absorption of photons at 

wavelengths < 390 nm in this material leads to the generation of electron hole pairs. 

Following this initial step, the formation of Ti3+- centers from the trapping of electrons is 

evident by electron paramagnetic resonance (EPR) measurements8,  whereas the exact nature 

of hole trapping is still unclear and under debate7,9-11. Owing to its sufficiently positive 

reduction potential, it is commonly believed that a valence band hole can oxidize surface 

adsorbed H2O or OH- by formation of an hydroxyl radical, •OH.6,12,13. However, several other 

species, such as surface oxygen radicals generated from surface hydroxyls,14,15 and lattice 

oxygen anion radicals8 are postulated to exist in various cases. Recently, diffusion of OH 

radicals from UV-irradiated TiO2-surfaces to the gas phase has been unambiguously shown by 

laser-induced excitation spectroscopy.16 Thus, direct physical evidence strongly supports that 

UV-irradiation of TiO2 can release free hydroxyl radicals to the surrounding medium. 

 

    Formation of hydroxylated aromatic reaction products and hydroxyl radical spin-trap 

adducts during photocatalysis is normally considered as strong chemical evidence supporting 
•OH as primary active oxidant. However, these can generally also arise by a one-electron 

oxidation and hydration of the intermediate radical cation, e.g. by a direct hole induced 

oxidation on the TiO2 surface.  

    

    To follow the formation of hydroxyl radicals in autoxidation reactions a very sensitive 

chemiluminescence (CL) method has been developed.17,18 It is based on hydroxylation of non-

chemiluminescent phthalic hydrazide by hydroxyl radicals to give the strongly 

chemiluminescent 3-hydroxyphthalic hydrazide (iso-electronic to luminol). At selected time 

intervals, a small sample of the reaction liquor is transferred to a luminometer where 

chemiluminescence is developed by oxidation of the accumulated 3-hydroxyphthalic 

hydrazide to the corresponding phthalic acid. 
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    The possible reaction pathways during photocatalytic oxidation of phthalic hydrazide are 

shown in figure 1. The phthalic hydrazide radical cation has an oxidation potential of about 

1.5V (vs NHE), so the positive hole formed in TiO2 photocatalysis can certainly oxidize 

phthalic hydrazide to its radical cation. However, since the radical cation is a strong acid (est. 

pKa ≤ -3) a proton is immediately eliminated from the hydrazide moiety leaving an N-

centered radical that eventually results in formation of phthalic acid. Thus, the back door for 

formation of chemiluminescent 3-hydroxyphthalic hydrazide by addition of water to the 

radical cation is closed. In fact, strong chemiluminescence was obtained when authentic 

hydroxyl radicals were generated by γ-irradiation, whereas no chemiluminescence could be 

detected when phthalic hydrazide reacted with strong one-electron oxidants such as Ce4+, 

Co3+, N3
•, HO2

•, CO3
•-, Br2

•- or SO4
•- .17 The selectivity for the hydroxyl radical also excludes 

the oxyl radical anion, O•-, since virtually no chemiluminescence was observed at pH>12. 

 

Fig. 1  Reactions occurring when phthalic hydrazide reacts with hydroxyl radicals or strong 

one-electron oxidants. About 50% of hydroxyl radicals react by addition to the aromatic ring, 

the remainder attacks the hydrazide moiety.18 Oxidation of I1 and I3 occurs spontaneously by 

dissolved oxygen in the reaction system. 

 

    Using this method it was possible to follow the formation and reactions of hydroxyl 

radicals during oxygen and hydrogen peroxide bleaching of paper pulp,17,19 as well as in 

metabolic processes associated with fungal growth in wood shavings.20,21  
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    In this study, we have investigated the generation of hydroxyl radicals by black light 

illumination (345–385 nm) of Degussa P25 TiO2 aqueous suspensions in the pH-range 3-11 

by the selective phthalic hydrazide chemiluminescence method. The sensitivity of the method 

is extremely high allowing accurate measurements at very small radiation doses. This prevents 

accumulation of hydrogen peroxide which is an efficient hydroxyl radical precursor in TiO2-

photocatalysis22. The lower energy by the black light also reduces possible complications due 

to photo-ionization and photo-induced secondary reactions.  

2. Experimental 

2.1 chemicals Materials and Preparations  

    All chemicals used were of analytical grade or higher and used as received from 

commercial sources (Aldrich, Sigma, Degussa). Millipore Mill-Q filtered water was used in 

all experiments. TiO2 powder used in this study was Degussa P25 with a reported average 

primary particle size of 21 nm and a specific surface area of 50±15 m2/g (BET) according to 

the manufacturer. However, the actual diameter of formed aggregates in Millipore water was 

found to be about 500nm when measured by a Brookhaven 90 Plus laser scattering particle 

size analyzer,  

 

    Phthalic hydrazide (2,3-dihydro-1,4-phthalazinedione) is a weak acid (pKa1 = 5.87 and 

pKa2 = 14.75, 23). At room temperature and at near neutral pH the solubility is about 0.6 mM. 

In most experiments, the concentration of phthalic hydrazide was chosen at 0.5 mM.  

 

        pH was adjusted either directly by NaOH and HClO4 or by phosphate pH buffers. The 

actual pH value was measured with a Metrohm 713 pH meter, calibrated against standard 

buffers. 

 

2.2 Irradiations 

    Gamma irradiations were carried out in a Cesium-137 source (Gammacell 1000 Elite). 

When dilute aqueous solutions are exposed to γ-irradiation, hydroxyl radicals and solvated 

electrons (eaq
-) are produced with almost identical yields24. All irradiations were performed in 

the same vessel containing 30 mL solution. The dose rate in this volume was determined by 

Fricke dosimetry to be 9.5 Gy min-1. This translates to an OH-radical production rate of 2.70 

µM min-1. 
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    If the solution contains dinitrous oxide, N2O, solvated electrons are rapidly scavenged by 

additional formation of hydroxyl radicals: 

N2O + eaq
- + H2O → N2 + OH- + •OH   (1) 

    In the experiments with N2O present, phthalic hydrazide solutions were saturated with a 

N2O/O2 mixture (20% O2) before the irradiation. In this case the OH-radical production rate is 

≥ 5.4 µM min-1. 

 

    Photocatalytic experiments were performed under two black light lamps (15W, Phillips 

Blacklite). The wavelength range and peak wavelength were determined (Hamamatsu PMA-

12 spectrometer) to 345–385 and 365 nm, respectively, with an average intensity of 

0.2mWcm-2 at the irradiation distance. All samples to be irradiated were placed in a blackened 

Petri dish (glass) of 9.5 cm inner diameter. The irradiated volume was 40 mL. The samples 

were stirred by a magnetic Teflon coated stirrer to obtain a homogenous mixing of the TiO2 

suspension. The incident 365 nm photon flux is thus 6.5×10-5 Einstein L-1 min-1 in the 

irradiated volume based on the average photon intensity. The reported apparent quantum 

efficiency is based on the incident photon flux. The true quantum efficiency should be 

somewhat higher because of scattering losses. 

 

 

2.3 Chemiluminescence measurements 

    Figure 2 presents the chemiluminescence measurement process. At appropriate time 

intervals a sample (about 2 mL) of the reaction mixture was withdrawn with a syringe and 

filtered through a 0.2 µm membrane filter (Whatman). 100µL of the filtered solution was 

mixed with 1mL 1M Na2CO3 containing 1mM diethylene triamine pentaacetic acid (DTPA), 

100µL 0.1M (NH4)2S2O8 and 100µL 0.1M H2O2 in an optical cuvette.  The cuvette was then 

transferred to a luminometer (Bioorbit, 1250 with PC interface and software), and the CL 

signal was measured as a trace on the computer screen. 
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Fig. 2 Chemiluminescence method to detect the formation of hydroxyl radicals. A small 

amount of phthalic hydrazide is added to the reaction system. At selected intervals, 100 µL 

samples are removed from the reaction liquor for analysis in a luminometer.  

 

    Using this procedure, phthalic hydrazides are slowly oxidized by the persulfate to the 

corresponding azaquinones, which subsequently is nucleophilicly attacked by the peroxide 

anion. The chemiluminescence obtained by this procedure is fairly stable for several minutes 

and the signal was read as the height of the trace above the background level. A low 

background is obtained when the development of the chemiluminescence is performed in 1M 

Na2CO3 solution containing a complexing agent such as DTPA17,18.  A high concentration of 

carbonate also offers pH –buffer capacity, and scavenging of adventitious hydroxyl radicals 

that may arise in the mixing of the reagents: 
•OH + CO3

2- → OH- + CO3
-•                                          (2) 

   The carbonate radical is a one-electron oxidant that will only oxidize the hydrazide moiety 

to the corresponding phthalic acid. 

 

    All studies were performed in temporal stages and the linear increase in chemiluminescence 

was measured as ..ua
t

CL =
∆

∆
 The total conversion of added phthalic hydrazide was controlled 

to be no more than 10%. 



 - 7 - 
 

3. Results and Discussion 

3.1 Gamma radiolysis 

    If hydroxyl radicals react with phthalic hydrazide as expected, the chemiluminescence yield 

by gamma-irradiation of solutions saturated with air and with a gas mixture containing N2O 

and O2 should reflect the conversion of eaq
-  to •OH according to reaction (1). As can be seen 

in Figure 3, saturation with the N2O/O2 gas mixture results in a 2.0±0.1 stronger signal in the 

pH-range 3-11. This test is a convincing proof that the chemiluminescence obtained with 

phthalic hydrazide is a direct measure of hydroxyl radical formation. 
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Fig. 3  CL intensity determined at different pH in γ-irradiation of 0.5 mM phthalic hydrazide 

solution saturated with air and with a gas mixture of 20% O2 in N2O.  

 

The influence of TiO2 and on the formation of chemiluminescence in the pH range 3-11 was 

checked by comparing the chemiluminescence obtained by γ irradiation of 0.5 mM phthalic 

hydrazide solutions with and without addition of 100 ppm TiO2.  
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Fig. 4  CL intensity in γ irradiation with and without TiO2  

 

Results presented in Figure 4 show no noticeable effects under the experimental conditions. 

This demonstrates that free hydroxyl radicals being generated in the reaction liquor by γ 

irradiation are not scavenged by TiO2 to any significant degree. Moreover, there is no 

indication of a selective adsorption of formed 3-hydroxyphthalic hydrazide on TiO2 particles. 

 

3.2  photocatalysis 
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Fig. 5  CL intensity as function of pH in unbuffered photocatalysis.  

 

        The initial results obtained by photo-irradiation of suspensions containing 100 ppm TiO2 

and 0.5 mM phthalic hydrazide showed a vastly different pH-behavior from that obtained by γ 



 - 9 - 
 

irradiation, see Figure 4. This is clearly seen in Figure 5 where pH was adjusted only by 

addition of NaOH or HClO4.  

        The hydroxyl groups on TiO2 surface are known to undergo the following acid –base 

equilibria depending on the pH of the suspension25:  

TiOH + H+ → TiOH2
+   (pH < pzc (point of zero charge ≈ 6.3) 

TiOH + OH- → TiO- + H2O   (pH > pzc )  

Since the increase in chemiluminescence seems to coincide with the ionization of both 

phthalic hydrazide and hydroxyl groups on the TiO2 surface, it is reasonable to assume that 

the lack of chemiluminescence signal at pH<7 is due to adsorption of phthalic hydrazide on 

TiO2 particles. This adsorption preferentially engages the hydrazide moiety since this can be 

hydrogen bonded to OH-groups on the surface. Thus, as shown in Figure 1, any surface bound 

oxidant will only cause oxidation of the hydrazide ring, and no chemiluminescence will be 

observed.   

 

    If the chemiluminescence observed is controlled by the amount of phthalic hydrazide being 

adsorbed on the TiO2 particle surfaces, one can expect a higher chemiluminescence signal 

when the concentration of phthalic hydrazide is reduced.  This was tested in unbuffered 

solutions at pH 3, 7 and 9. It was found that at pH 9, the concentration of phthalic hydrazide 

has only little effect, whereas at pH 7, 50 µM phthalic hydrazide gave rise to about 10 times 

higher chemiluminescence signal than that obtained by 500µM phthalic hydrazide.  

Results for pH 3 and 7 are shown in Figure 6.  
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Fig. 6  Effect of phthalic hydrazide concentration on luminescence 
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    Hence, it looks like adsorption of phthalic hydrazide to TiO2 blocks the release of hydroxyl 

radicals at pH< 9, whereas at pH ≥ 9 hydroxyl radicals are able to diffuse from the TiO2 

surface and can be detected as free species through their reactions with phthalic hydrazide. A 

point to be noted here is also the similarities between Figures 4 and 5 in the pH-range 9-11. 

 

    It is known that anions such as phosphate show a strong tendency to be bound on TiO2 

surfaces. Thus, addition of phosphate can be used not only to attain pH-buffering but also to 

control the adsorption of other molecules to a TiO2 surface.  

 

    The effect of phosphate ions on the adsorption of phthalic hydrazide to TiO2 at different pH 

values was checked by measuring the spectral absorption difference at 310nm in 250 µM 

phthalic hydrazide solutions before and after the addition of 100 ppm TiO2. Suspensions 

containing TiO2 were filtered through a 0.1 µm membrane filter before measurement. Results 

are listed in Table 1. 

 

Table 1. Absorption reductions at 310 nm after addition of 100 ppm TiO2 to 250 µM phthalic 

hydrazide solutions and effect of phosphate ions. 

pH No phosphates 5 mM phosphate ions 

3 15.0% 0.3% 

5 11.6% 0.2% 

7 2.86% 0.2%  

9 1.23% not measured 

 

    The absorption of phthalic hydrazide at pH 3 corresponds to a density of adsorbed phthalic 

hydrazide on the TiO2 surface of about 5 molecules per nm2 , which equals to the hydroxyl 

density (5 to 15 OH groups per nm2) on TiO2 surfaces.6,7 

   

    In TiO2 photocatalysis phosphate and fluoride ions can be regarded as unreactive additives, 

i.e. these ions are not directly oxidized to any noticeable extent.26 Moreover, free hydroxyl 

radicals do not react with fluoride ions and their reaction rate with phosphate ions (H2PO3
-) is 

reported to be 2.0·104 M-1s-1.27 This can be compared with the reaction rate of hydroxyl 
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radicals with phthalic hydrazide, 4.0·109 M-1s-1 .18 Evidently, in a solution containing 5.0·10-4 

M phthalic hydrazide 0.1M phosphate can be added before a noticeable scavenging of 

hydroxyl radicals by phosphate is reached.  

 

As shown in Table1 addition of phosphate ions can block the adsorption of phthalic hydrazide 

to TiO2 particles. This should result in increased chemiluminescence if the phosphate complex 

on the TiO2 surface also allows diffusion of hydroxyl radicals. Recently, additions of fluoride 

and phosphate ions were shown to result in increased photocatalytic activities.26,28  

 

The effect of phosphate and fluoride anions on the chemiluminescence yield at pH 3 and 4 is 

seen in Figure 7. 
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Figure 7. Effect of phosphate and fluoride anions on the chemiluminescence at pH 3 and 4.  

 

     Figure 7 shows that the addition of these two ions can substantially increase the 

chemiluminescence. The enhancement by addition of phosphate ions is higher than that by 

addition of fluoride ions. When the study was extended, it was found that addition of fluoride 

ions was only effective at pH< 5 whereas addition of phosphate ions showed an effect in the 

whole pH-range.  

 

Figure 7 also reveals that there is an optimal chemiluminescence yield at a certain 

concentration of added anions.  For the addition of phosphate, this optimum concentration 
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corresponds to about 15 mM under present conditions. However, according to Table 1, 

complete desorption of phthalic hydrazide from TiO2 is achieved already at ≤5 mM addition 

of phosphate so the “phosphate ion effect” is probably of more complex nature, e.g. it may 

involve an ion catalyzed desorption of initially surface bound hydroxyl radicals28 

Since hydroxyl radicals are formed at the TiO2 surface they are initially bound to the surface 

by hydrogen bonds. These hydrogen bonds can be strengthened by proton bridges so the 

trapping may be stronger at low pH. Addition of bases like H2PO4
- and HF2

- can break these 

hydrogen bonds and this facilitates the diffusion of hydroxyl radicals from the surface to the 

bulk,  i.e..  •OHsurface bound  → •OHaq. 

  

  Thus, the full potential of the OHaq radical production in the TiO2 photocatalytic system may 

be achieved by addition of 15 mM phosphate ions, Figure 8. 
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Fig. 8  Chemiluminescence yield by photocatalysis of TiO2 vs. pH. Conditions: TiO2 100 ppm, 

phthalic hydrazide 0.5mM, phosphate buffer 15 mM, 365 nm photon flux 2.6×10-6 Einstein 

min-1, water volume 40 ml. 

 

    Evidently, the chemiluminescence in Figure 8 closely resembles that in Figure 4, which 

corresponds to authentic hydroxyl radicals being produced by γ-irradiation at a rate of 2.7µM  

min-1. As all chemiluminescence measurements have been performed in a standardized 

manner, we can now assess the hydroxyl radical production rate in photocatalysis from: 
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(OH-radical production rate)λ = 2.7µM  min-1 
)4.(

)8.(

FigCL

FigCL
 

The result of this calibration is shown in Figure 9  
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Fig. 9  Production rate of OH-radicals by TiO2 photocatalysis vs. pH. Conditions: the same as 

in Fig. 8.  

 

    Fig. 9 shows a nearly constant OH radical production rate in the studied pH range with a 

slight decreasing at acidic pH. The top OH radical yield is ∼2.1µM  min-1, which corresponds 

to an apparent quantum efficiency of about 3.2%. This value and the pH trend for the quantum 

efficiency is similar to previously published works29, 30 in which methanol was used as general 

OH radical probe.  

 

    As clearly demonstrated in this study, measurements of hydroxyl radical production rates in 

TiO2-photocatalysis strongly dependent on reaction conditions and the specific chemistry 

associated with the selected reaction probe. In the light of this fact, it is not surprising that also 

diverging results are reported.  Ishibashi et al.31 measured the OH radical formation in 

photocatalysis by hydroxylation of terephthalic acid. They obtained a much lower OH radical 

quantum yield (0.007%), and concluded that the OH radical could not be the main oxidizing 

agent in photocatalysis. However they didn’t check the adsorption of terephthalic acid on 

TiO2. Hirakawa et al.32 also have used terephthalic acid to measure OH radical production in 

photocatalysis and reported a similar quantum efficiency as Ishibashi, but in their experiments, 

the pH value was 11.5, which is close to the pKa value of the OH radical (11.8).  
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4. Conclusions 

In this work, formation of strongly chemiluminescent 3-hydroxyphthalic hydrazide by 

hydroxylation of non-chemiluminescent phthalic hydrazide was used to specifically study the 

production of free hydroxyl radicals in black light illuminated Degussa (Evonik) P25 TiO2 

aerated suspension. By comparing with the well studied γ radiolysis, the apparent quantum 

efficiency of •OHaq formation in the pH range 6 to 11 was assessed to 3.2 %. It was found that 

addition of phosphate ions can efficiently block the absorption of phthalic hydrazide to the 

TiO2 surface and also promote the reaction •OHsurface bound → •OHaq.  
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Abstract  
    Photocatalytic TiO2 films coated on metal plates were prepared by sol gel method using 

titanium isopropoxide (TTIP) as TiO2 precursor and isopropanol as solvent. The 

photocatalytic activity of the manufactured films was studied by bleaching of indigo carmine 

under irradiation of 365nm UV light. The effects of the molar ratios of isopropanol, water and 

hydrochloric acid to titanium isopropoxide were studied. It is also found that the properties of 

TiO2 films are considerably influenced by calcination temperature, coating cycles and support 

materials. Under the optimal preparation conditions (water/TTIP/alcohol =1:1:20, annealing 

temperature 500°C, four coating cycles), the apparent quantum efficiency of obtained TiO2 

film is about 0.5%.  

 

Keywords: TiO2 film; Photocatalysis; Sol-gel; Coating 
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1. Introduction 

    Titanium dioxide (TiO2) photocatalysis has been gaining increasing attention in 

environmental treatment and waste pollution purification due to its biological and chemical 

inertness and strong oxidizing power. To avoid the tedious process of separation and filtration, 

reactors with immobilized TiO2 films on an appropriate support provide advantages over 

slurry reactors. Therefore, more and more studies are devoted to the design and development 

of highly active immobilized TiO2 photocatalytic films [1-5]. 

TiO2 films can be prepared on a substrate by various techniques such as sputtering [6], 

chemical vapor deposition [7] and the sol–gel method [8, 9]. The sol–gel method is 

considered as an effective preparation of immobilized TiO2 films on various substrates. Sol–

gel preparation has several advantages including: good homogeneity, ease of composition 

control, low processing temperature, ability of coating on large and complicated surfaces, low 

equipment cost, and good photocatalytic properties [8, 9]. These advantages make sol-gel 

methods suitable for large scale industrial applications.  

    Mass transfer limitation is a main problem associated with the immobilized TiO2 films. 

Highly porous films have larger specific surface areas and will offer a higher number of 

catalytic sites than a dense one. It is a critical technical point to produce TiO2 with large 

specific surface areas in sol-gel fabrication of highly active photocatalytic films.  

    The sol-gel processing is initiated by water hydrolysis of titanium alkoxide dissolved in 

alcohol followed by polymerization of the hydrolyzed alkoxide through condensation. The 

process can be described by the following reactions in simplification, where R represents an 

alkyl group: 

Hydrolysis 

Ti(OR)4 + xH2O  →  (HO)x-Ti(OR)4-x + xROH;  0 < x ≤ 4                        (1) 

Condensation 
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≡Ti-OH + HO-Ti≡ →  ≡Ti-O-Ti≡ + H2O                                   (2a)     

≡Ti-OR + HO-Ti≡ →  ≡Ti-O-Ti≡ + ROH                                  (2b)     

Thus an oxide polymer network is formed by the chain reactions of hydrolysis and poly-

condensation. 

TiO2 is deposited onto the substrate surface by dipping the substrate into the sol and then 

vertically withdrawing. The requirement for a successful dip-coating is that the condensed 

phase remains dispersed in the fluid medium. When the substrate is withdrawn from the sol-

gel solution, evaporation of the solvent concentrates the sol and gelation occurs due to the 

accelerated condensation rate. Finally a highly photocatalytic TiO2 crystal structure is formed 

by sintering treatment.  

In sol-gel preparation, the extent of oxide polymer branching is determined by the relative 

rates of hydrolysis and condensation. In general, a slightly faster condensation will facilitate 

the formation of long, highly branched and cross-linked polymeric chains which will result in 

the formation of highly porous films. However, a much faster condensation will cause 

polymer network break-down and titanium hydroxide precipitation [10].  

The rates of hydrolysis and condensation are not only affected by the concentration of 

titanium alkoxide and the ratio of water to titanium, pH also has a strong effect. Acidic agents 

can accelerate the hydrolysis and reduce the condensation rate due to charge-charge repulsion 

between protonated titanium cations. Thus, a stable sol-gel solution can be prepared by 

introducing some amount of inorganic acid such as HCl or HNO3 [11]  

    Organic dye bleaching provides a relatively simple method for assessing photocatalytic 

activity by monitoring UV-Vis absorbance as a function of reaction time. The potential of 

indigo carmine(IC) (5,5'-indigodisulfonic acid disodium salt, an organic dye) as a probe for 

quantification of photocatalytic efficiency in aqueous solution has recently been investigated 
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[20]. The results suggest that the bleaching yield of IC is ∼0.8 molecule per photocatalytically 

produced OH radical at alkaline pH.  

    The aim of this study is to investigate how the hydrolysis conditions, including the titanium 

alkoxide concentration, water/alkoxide ratio and pH, influence the photocatalytic activity of 

the sol-gel prepared TiO2 films coated on metal plates. The performance of the fabricated 

films was evaluated by photocatalytic degradation of indigo carmine under black light UV 

(365nm). Effects of other process parameters such as calcination temperature, number of 

coating layers and substrate material are also investigated.  

2. Experimental  

2.1 Materials 

    All chemicals used throughout this work were of analytical grade or higher and were used 

as received from commercial sources (Aldrich, Sigma). Millipore Milli-Q filtered water was 

used throughout the experiments.  

 

2.2 Film preparation 

    Sol was prepared by mixing titanium isopropoxide (Ti(OC3H7)4,TTIP, 97%), isopropanol 

(C3H8O, 99.8%, i-PrOH), water and hydrochloric acid (HCl, 37%)  in various molar ratios. 

Titanium, stainless steel and aluminium plates were used as substrates. These metal plates 

were washed carefully and pre-treated in furnace at 500°C for 1 hour. They were then taken 

out and weighted after being cooled. The dried plates were then dipped into the prepared sol 

and withdrawn at a constant speed. After drying for 15 minutes at room temperature to make a 

gel coating film, the samples were then put into a furnace at 120°C for 15 minutes. Then the 

furnace temperature was increased at a ramp rate of 10°C per minute until it reached the heat 

treatment temperatures where it was kept for 1 hour. Finally the furnace was cooled down 
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naturally to room temperature and the samples were then withdrawn. The cooling down 

period was approximately 12 hours. The coating and heat treatment cycle can be repeated to 

obtain films with increasing thickness.  

 

2.3 Photocatalytic activity measurements 

    Treated TiO2 film plates (diameter 8.5 cm) were immersed in 40 mL indigo carmine 

solution with initial concentration of 20µM in a covered plastic Petri dish (Merck Eurolab, 

diameter 9.0 cm) which is transparent to black UV light. pH of the solutions was adjusted to 

9.2 by 1 mM Sodium Borate. Two black light lamps (15W, Philips, Blacklite) were used as 

light source. The wavelength range and peak wavelength were determined (Hamamatsu PMA-

12 spectrometer) to 345–385 and 365 nm, respectively, with an average intensity of 

0.1mW/cm2, at the irradiation distance.  The concentration of indigo carmine was 

subsequently monitored using a spectrophotometer (JASCO V-630 ) at 610 nm. The 

extinction coefficient of IC was determined to be 19375 cm-1M-1 at 610nm. The 

decomposition rate of indigo carmine was determined by calculating the slope of the linear 

curve obtained by plotting the concentration as a function of reaction time.  

3. Results and discussion 

3.1 Effect of alcohol / alkoxide molar ratio  

The molar ratio of alcohol to the TiO2 precursor will clearly affect the mass of the 

fabricated films. It has been reported that the film thickness is linearly dependent on the TTIP 

concentration in dilute TTIP isopropanol solutions [12].  

    The extinction (sum of absorption and scattering) coefficient of anatase TiO2 has been 

studied by Cabrera et al. [18]. It was found that the extinction coefficient of TiO2 is nearly 

constant in the UV wavelength range from 275nm to 395nm. Similar results have been 

obtained by other research groups [13, 19]. On the basis of the reported extinction coefficient 
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for TiO2, 20 mg TiO2 deposited on the plates used in this work would absorb 99 % of the 

incident UV light.  

    The effect of the alcohol to TTIP ratio on the deposit TiO2 mass on titanium plate was 

investigated and the results are shown in figure 1. As can be seen a molar ratio of 1:5 gives 

the highest TiO2 mass deposited. At this molar ratio there is a linear relationship between 

deposited mass and number of coating cycles. The results suggest that 4 and 8 coating cycles 

are required to produce films that can sufficiently absorb most of the incident UV light at 

molar ratio of 1:20 and 1:40 of TTIP to i-PrOH, respectively.   
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Figure 1. (a)Weight of the TiO2 films on titanium plate at various molar ratios of TTIP to i-
PrOH after 2 coatings. (b)Weight of the TiO2 films as a function of number of coating layers, 
TTIP to i-PrOH molar ratio = 1:5.  
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    Increasing the alcohol to titanium alkoxide ratio will also affect the relative rates of 

hydrolysis and condensation.  Since the condensation process also takes place at the gelation 

stage at concentrated alkoxide conditions. The rate reduction of hydrolysis by alkoxide 

dilution is larger than for condensation. However, this can be overcome by adding acid to the 

sol-gel solution, and the effect of addition of inorganic acid will be discussed later. For 

economic reasons and to avoid the probable adverse effect of high number of heat treatment, 

the molar ratio of TTIP to i-PrOH was set to 1:20 in the following TiO2 film fabrications.  

 

The water/alkoxide ratio RW is a critical parameter in the sol-gel preparation of 

homogeneous films. Higher RW is needed for a sufficient hydrolytic polycondensation 

reaction. However, excess water will make the solution become gel rapidly and make the dip-

coating process impracticable. The appropriate RW value for preparing of stable sol solution 

depends on the titanium alkoxide concentration. Higher RW value is permitted in higher 

alcohol to alkoxide ratios. It was found in our work that RW = 1 is an applicable value for 1:20 

TTIP/i-PrOH molar ratio when no hydrochloric acid was added.  

 

3.2 Effect of acid 

    The effect of HCl concentration in the sol gel preparation on the photocatalytic activity of 

the produced TiO2 film was studied. The TTIP/i-PrOH ratio and RW were fixed at 1:20 and 1 

respectively. The preparation process is as follows: first one half of the alcohol is mixed with 

the TTIP, and the remaining half of the alcohol mixed with water and acid was added drop 

wise to the above TTIP and i-PrOH mixture under constant stirring. The solution turns white 

after 30 minutes when no acid is added. This is due to the precipitation of Ti(OH)4. It was 

found that addition of HCl results in a clear solution  which can be stored for at least two 

weeks.  
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Table 1.  Effect of the dosage of HCl in the sol gel process on the decomposition rate of 
indigo carmine. TTIP/i-PrOH ratio and RW is fixed at 1:20 and 1 respectively, two coating 
layers and thermal treated at 500°C.  

Molar ratio of  
HCl to TTIP 

Film weight 
(mg) 

IC bleaching yield 
 (µM hr-1) 
 

Adsorption of IC at  
pH 3 (mg/g) 

0 14 5.39 3.13 
0.10 12 5.10 2.76 
0.15 14 4.93 2.57 
0.20 16 4.48 2.27 
0.29 15 4.30 2.08 

 

All fabricated films have a weight over 10 mg (corresponding to 89% absorbance of the UV 

light). As can be seen in table 1, the photocatalytic activity decreases linearly with increasing 

HCl to TTIP ratio, and the adverse effect of acidic pH of the sol on the photocatalytic activity 

of the prepared TiO2 film can probably be attributed to the reduced porosity of TiO2 films in 

acid preparation. The film porosity is correlated to the surface area (porous materials have 

larger surface area). The adsorption studies performed on these materials at pH 3 (perchloric 

acid) confirm the relative trend in surface area/porosity.  Adsorption equilibrium was achieved 

after one hour mixing in the dark.   

Since the reactivity of the photocatalytically produced hydroxyl radical is very high (and 

non-specific), the bleaching efficiency largely depends on the amount of adsorbed substrate. 

This is also reflected by the trend in photocatalytic activity presented above.  

 
3.3 Effect of sintering temperature and coating cycles 
 
    The anatase is considered to be the most photocatalytically active crystalline phase of TiO2. 

The crystallization of TiO2 is accomplished through high temperature sintering. The structure 

and size of the TiO2 crystals are affected by the calcination temperature and time. The number 

of dip-coating cycles is one of the most critical parameters in the synthesis of thin films.  

Increasing film thickness by repeated coating should bring better results with respect to UV 
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light absorption and photocatalytic sites. However repeated coating cycles will cause 

transformation of the anatase phase to low active rutile and densification of coating structures 

[14]. These effects will decrease the catalytic activity of the film.  
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Figure 2. Sintering temperature effect on photocatalytic activity 
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Figure 3. Effect of number of coating cycles on the photocatalytic activity. 

First the effect of sintering conditions was studied by evaluating the effect of sintering 

temperature on the photocatalytic activity. The sintering temperature was varied between 300 

and 700°C, and films were prepared after two coating cycles. Two groups of films were 
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compared, one produced with HCl addition and one produced without HCl. The results are 

presented in figure 2.  

Besides the incineration of organic material, high temperature sintering has two effects on 

the formed films: (1) to achieve crystal transformation from amorphous phase to highly active 

anatase phase; and (2) film densification which reduces the pore size. Most research groups 

have reported annealing temperatures of 400 to 700°C when preparing high content anatase 

TiO2 films [1, 2, 11, 12, 21]. Film densification takes place in particular below 300°C, and 

slight densification is observed at higher temperature [11, 22]. Combining these two effects, 

normally 500°C is considered as the optimal annealing temperature. The result of the group of 

films prepared without acid is consistent with this. However, the optimal temperature for films 

prepared under acid addition was higher. The reason for higher optimal annealing temperature 

for films with HCl addition may be due to the inhibition of chloride ions to phase 

transformation. [12].  

The effect of number of coating-annealing cycles was also investigated. The annealing 

temperature for acid free films is 500°C and for acid addition films is 600°C for films. Results 

presented in figure 3 show that 4 coating-annealing cycles are optimal for both in both cases.  

The photocatalytic activity of the film after 4 coating cycles reaches its maximum. More 

coating layers have no appreciable effect on the catalytic performance. The main reason for 

this is that the films are thick enough films to absorb all incident UV light after 4 coating 

cycles. Furthermore transformation of anatase to rutile crystalline becomes significant after 

repeated thermal treating. It is interesting to note that acid free production of TiO2 films leads 

to 30% more efficient films.  

 

3.4 The durability of the fabricated film 
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    The adhesive strength of the films determines the extent to which they stick to the 

substrates under defined loads. It is an important property for immobilized TiO2 films used in 

water treatment applications. Rockwell scratch test and scotch tape test are two frequently 

used evaluating methods [15]. Another novel method is the ultrasonic test where the coating 

surface is subjected to the stress provided by ultrasonic washing [15, 16]. In our study, the 

strength of the coating adhesion was evaluated by this type of test. The power and frequency 

of the ultrasonic washer is 120W and 35 kHz, respectively. The ultrasonic washing lasted 1 

minute and subsequently the weight of loaded films was measured, and mass loss induced by 

ultrasonic vibration was then calculated.  The loss of photocatalytic performance of these 

films was also investigated. 

Table 2 Results of ultrasonic adhesion test  
Sample Film mass 

(mg) 
Percentage 
Mass loss   

IC bleaching 
yield (µM hr-1) 

Percentage 
bleaching yield loss  

HCl / TTIP = 0, 500°C, 2 
coating cycles 

12  62% 5.39  43% 

HCl / TTIP = 0, 600°C, 2 
coating cycles 

15  38% 4.96 30% 

HCl / TTIP = 0, 500°C, 4 
coating cycles 

30  52% 13.05 35% 

HCl / TTIP = 0.29, 600°C, 
2 coating cycles 

17  17% 6.15 10% 

HCl / TTIP = 0.29, 600°C, 
4 coating cycles 

33  15% 9.48 9% 

 

Effect of three parameters has been studied. The reduction of percentage mass loss from 

62% to 38% shows that increasing annealing temperature can improve the film mechanical 

strength. Though reducing of the percentage mass loss from 62% to 52%, the higher mass loss 

indicates a reduced strength of thicker film. The drop of percentage mass loss from 38% to 

17% shows that acid addition can improve the film mechanical strength. This is due to the 

altering of the relative rates of hydrolysis and condensation and result in the formation of 

denser films as discussed before. The totally smaller reduction of photocatalytic activity 
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compared with mass loss can be attributed to the lower reduction of received incident UV 

photo energy compared with the loss of mass, since UV light is mostly absorbed at front 

layers.  

3.5 Comparison of different substrates  

  Since titanium is a relatively expensive material, the possibility of using other materials as 

support substrate was investigated. Five other metal materials were tested. The surface of 

copper and brass plates cracked under calcinations. Hence, these materials are not suitable as 

support materials. Comparison of the remaining support materials with titanium plate is 

presented in table 4.  Sol was prepared following the optimal sol formula obtained using 

Titanium plate. The number of coating cycles was two and the calcination temperature was 

500°C.  

Table 3.  
Substrate material Film weight (mg) IC degradation rate (µM hr-1) 
Titanium 14 5.39 
Stainless steel 15 0 
Acid proof stainless steel  12 0 
Aluminum  18 4.10 
 

    As can be seen, only two support materials give photocatalytically active TiO2 films. The 

complete absence of photocatalytic activity in the films produced on iron containing materials 

can probably be attributed diffusion of Fe3+ ions into TiO2 layer. These ions, acting as 

electron-hole recombination centers close to the surface of titania, will inhibit the activity of 

titania. It has been reported that doping titania either with pentavalent ions (n-type doping) or 

with trivalent ions (p-type doping) strongly reduces the photocatalytic activities [17].  

3.6 Quantum efficiency of fabricated TiO2 film 

    According to the Indigo carmine bleaching yield by •OH [20], and suppose the entire 

incident UV light was absorbed by TiO2 film, the apparent quantum efficiency of the best 
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TiO2 film was thus to be 0.52%. Compared with TiO2 particle case, the factor of 6 efficiency 

reduction is due to the mass transfer limitation. The quantum efficiency calculation is an 

average of the whole TiO2 films. Due to the inefficient transport of reactant and product 

between film interior and bulk solution, only external film surface has comparable quantum 

yield as that in suspension case if the external mass transfer limitation is small.  

4. Conclusions 
 

In this study, photocatalytically active TiO2 films coated on titanium plates have been 

successfully fabricated by sol gel method using titanium isopropoxide as TiO2 precursor and 

isopropanol as solvent. The effects of TTIP, HCl to i-PrOH molar ratios as well as the 

following heat treatment parameters were investigated by bleaching of Indigo carmine as a 

photocatalytic activity probe. Our study shows that thick films which can fully absorb the 

incident UV light can be fabricated by as low as 1:20 TTIP to i-PrOH molar ratio after four 

coating cycles.  The optimized calcination temperature was found to be around 500°C. 

Addition of hydrochloric acid will cause densification of the films and inhibition of the 

crystalline phase transformation.  
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