
Visible-light-sensitive Photocatalysts for
Oxidation of Organic Pollutants and

Hydrogen Generation

OLGA BUDARNAJA

P R E S S

THESIS ON CHEMISTRY AND CHEMICAL ENGINEERING G38



TALLINN UNIVERSITY OF TECHNOLOGY 
Faculty of Chemical and Materials Technology 

Department of Chemical Engineering 
 

This dissertation was accepted for the defence of the degree of Doctor of 
Philosophy in Engineering on March 11, 2014 

Supervisor: Senior Researcher Deniss Klauson, Department of Chemical 
Engineering, Tallinn University of Technology 

 

Opponents: Prof. Miray Bekbölet, Bogazici University, Turkey 

 Dr. Artur Jõgi, OÜ Liprafarm, Estonia 

 

Defence of the thesis: June 16, 2014 
            Lecture Hall VII-226 
            Tallinn University of Technology, Ehitajate tee 5, Tallinn 

 

Declaration: 
Hereby I declare that this doctoral thesis, my original investigation and 
achievement, submitted for the doctoral degree at Tallinn University of Technology 
has not been submitted for any academic degree. 
 

Olga Budarnaja 

 

Copyright: Olga Budarnaja, 2014 
ISSN 1406-4774 
ISBN 978-9949-23-623-7 (publication) 
ISBN 978-9949-23-624-4 (PDF) 



KEEMIA JA KEEMIATEHNIKA G38

Fotokatalüsaatorid orgaaniliste
saasteainete fotokatalüütiliseks oksüdatsiooniks

ja vesiniku tootmiseks nähtavas valguses

OLGA BUDARNAJA



 



5 

TABLE OF CONTENTS 

List of publications .................................................................................................... 6 
The author’s contribution to the publications ............................................................ 7 
List of abbreviations and symbols in alphabetical order ........................................... 8 
List of chemical formulae in alphabetical order ........................................................ 9 
INTRODUCTION ................................................................................................. 10 
1. LITERATURE REVIEW ................................................................................. 11 
1.1. Basis of Photocatalysis ..................................................................................... 11 
1.2. Semiconductor photocatalytic water splitting for hydrogen production .......... 13 
1.3. Visible light-active TiO2 photocatalysts ........................................................... 14 
1.4. Pollutants: an overview .................................................................................... 14 

Humic substances .......................................................................................... 14 
Aromatic substances: p-toluidine and phenol ............................................... 15 
Aliphatic substances: methyl-tert-butyl ether ............................................... 15 
Prednisolone .................................................................................................. 15 

2. MATERIALS AND METHODS ...................................................................... 17 
Experimental setup ........................................................................................ 17 
Experimental and analytical procedures ....................................................... 18 
Photocatalyst synthesis and characterisation ................................................. 19 
PCO efficiency .............................................................................................. 20 

3. OBJECTIVES .................................................................................................... 21 
4. RESULTS AND DISCUSSION ........................................................................ 22 
4.1. Photocatalytic oxidation of organic pollutants ................................................. 22 

Sulphur-doped TiO2 ...................................................................................... 22 
Boron-doped TiO2 ......................................................................................... 23 
P25 Evonik TiO2 ........................................................................................... 24 
Carbon-doped TiO2 ....................................................................................... 24 
TiO2 coatings obtained by spray deposition .................................................. 25 
Photocatalytic oxidation: summary ............................................................... 25 

4.2. Photocatalytic production of hydrogen ............................................................ 26 
5. CONCLUSIONS ................................................................................................ 28 
6. REFERENCES .................................................................................................. 29 
Acknowledgements ................................................................................................. 35 
KOKKUVÕTE ...................................................................................................... 36 
ASTRACT .............................................................................................................. 38 

 
APPENDIX I: PUBLICATIONS ......................................................................... 41 
APPENDIX II: CURRICULUM VITAE .......................................................... 109 

 



6 

LIST OF PUBLICATIONS 
 
Article I: 
Klauson, D., Portjanskaya, E., Budarnaja, O., Krichevskaya, M., Preis, S. The 
synthesis of sulphur and boron-containing titania photocatalysts and the evaluation 
of their photocatalytic activity. - Catalysis Communications, 2010, 11 (8), 715-720. 
 
Article II: 
Klauson, D.; Pilnik-Sudareva, J.; Pronina, N.; Budarnaja, O.; Krichevskaya, M.; 
Käkinen, A.; Juganson, K.; Preis, S. Aqueous photocatalytic oxidation of 
prednisolone. - Central European Journal of Chemistry, 2013, 11 (10), 1620 - 1633. 
 
Article III: 
Klauson, D.,  Budarnaja, O., Stepanova , K., Krichevskaya, M., Dedova, T., 
Käkinen, A., Preis, S. Selective performance of sol-gel synthesized titanium 
dioxide photocatalysts in aqueous oxidation of various-type organic pollutants. - 
Kinetics and Catalysis, 2014, 55 (1), 47-55. 
 
Article IV: 
Budarnaja, O.; Klauson, D.; Dedova, T.; Kärber, E.; Viljus, M.; Preis, S. Template 
synthesis of titanium dioxide coatings and determination of their photocatalytic 
activity by aqueous oxidation of humic acid. - Kinetics and Catalysis, 2014, in 
press. 
 
Article V: 
Klauson, D., Budarnaja, O., Beltran, I.C, Krichevskaya, M., Preis, S. Photocatalytic 
decomposition of humic acids in anoxic aqueous solutions producing hydrogen, 
oxygen and light hydrocarbons. – Environmental Technology, 2014, in press. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



7 

THE AUTHOR’S CONTRIBUTION TO THE 
PUBLICATIONS 
 
Article I: The author fulfilled part of the experiments (MTBE, p-toluidine, phenol) 
and respective analyses, obtained and analysed part of the experimental results and 
participated in manuscript writing. 
 
Article II: The author fulfilled part of the experiments (prednisolone degradation 
with doped photocatalysts, the influence of wastewater matrix) and respective 
analyses, synthesised the doped photocatalysts used in the study, obtained and 
analysed the experimental results and wrote part of the manuscript. 
 
Article III: The author fulfilled part of the experiments and respective analyses, 
obtained and analysed the experimental results and wrote the paper. 
 
Article IV: The author fulfilled part of the experiments and respective analyses, 
obtained and analysed the experimental results, wrote the paper, and presented the 
results at the 7th European Meeting on Solar Chemistry and Photocatalysis: 
Environmental Applications (SPEA7). 
 
Article V: The author fulfilled major part of the experiments and respective 
analyses, obtained and analysed the experimental results and wrote the main part of 
the manuscript. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



8 

LIST OF ABBREVIATIONS AND SYMBOLS IN 
ALPHABETICAL ORDER 
 
CB Conduction band 
COD Chemical oxygen demand 
CTAB Cetyltrimethylammonium bromide 
e-  Electron  
EDS Energy-dispersive spectroscopy  
GC-TCD-FID Gas chromatograph equipped with thermal conductivity and flame 

ionisation detector 
h+   Positively charged hole 
HA Humic acid 
HS Humic substances 
ICP-OES  Inductively coupled plasma optical emission spectrometry 
IEP Isoelectric point 
IR Infrared radiation 
L-H Langmuir-Hinshelwood  
MTBE Methyl tert-butyl ether 
PCO Photocatalytic oxidation 
PNL Prednisolone 
ppm parts per million 
SEM Scanning electronic microscope 
THMs Trihalomethanes 
TTB Titanium tetrabutoxide 
UV  Ultraviolet 
VB Valence band  
VIS Visible light 
XRD X-ray diffraction 

 
 
 
 
 
 
 
 
 
 
 
 
 



9 

LIST OF CHEMICAL FORMULAE IN ALPHABETICAL 
ORDER 
 
 

CH3 CH3

CH3

O CH3

               MTBE 
 

OH

                Phenol 
 

CH3

NH2

                p-Toluidine 

O

H

OH

H H

OH
O

OH

     PNL 

HS 
 
 
 
 
 



10 

INTRODUCTION 
 
Nowadays, the questions of water and energy are perhaps the most immediate 
problems facing mankind. The increase in population, urbanisation and 
industrialisation, combined with intensified agricultural activities, are the main 
causes for increased water pollution, being at the same time the main reasons 
behind constantly increasing water and energy demands.  

On one hand, not only water shortage is the main issue in the global water 
crisis, but also its quality tends to be a major issue Many pollutants present in the 
contaminated water, including those studied in this work, are not effectively 
removed by the conventional and even some advanced water treatment methods, 
putting forward the need for alternative treatment technologies, both efficient and 
cost-effective. 

On the other hand, the ever growing need for energy coupled with the likely 
shortage of fossil fuels, reported in the literature, raises the question of new, 
sustainable energy sources, e.g. hydrogen. Needless to say, such fuels must be 
produced in a sustainable way without secondary pollution. 

Photocatalytic oxidation (PCO) is a technology that can provide solutions for 
both recalcitrant pollutant degradation, giving clean water, and hydrogen (i.e. clean 
fuel) production by water splitting. While the rate of water splitting is quite low, 
the process can be accelerated by orders of magnitude with the addition of 
sacrificial electron donors (hole scavengers) which, reacting with semiconductor 
photocatalyst valence band (VB) holes, obstruct the recombination of the 
mentioned holes with conduction band (CB) electrons. The latter are, in turn, are 
responsible for hydrogen production. In the process, electron donors are oxidised. 
Using waste organic compounds as sacrificial electron donors can accomplish the 
tasks of hydrogen production and waste treatment simultaneously.  

Pure semiconductor photocatalysts, like titanium dioxide, need UV-irradiation 
to drive PCO process; however, doping them with various elements can result in 
pronounced photocatalytic activity under visible light (VIS), which significantly 
increases the perspectives of PCO and solar-driven PCO applications in terms of 
both energy efficiency, and geographical range. 

Consequently, the following objectives of the study can be declared: 
- The determination of PCO applicability range when using visible light-

sensitive photocatalysts 
- Synthesis and characterisation of photocatalysts and photocatalytic 

coatings 
- Testing their performance under various conditions in the degradation 

of pollutants with various chemical structure and properties 
- Testing the performance of various doped photocatalyst in hydrogen-

producing photocatalysis 
- The investigation of photocatalytic reactions’ mechanism 
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LITERATURE REVIEW 
 
1.1. Basis of photocatalysis 
 
Heterogeneous photocatalysis can be defined as a catalytic process taking place 
due to photogeneration of electron–hole pairs on the surface of semiconducting 
materials illuminated by electromagnetic irradiation possessing energy equal to or 
higher than that of the material’s band gap energy (Palmisano and Sclafani, 1997). 
The process can be carried out in various media: gaseous phase, aqueous solutions, 
and pure organic liquids (Herrmann, 1999). Various catalysts have been used in 
PCO: TiO2, ZnO, CeO2, CdS, ZnS, etc. As generally observed, the best 
photocatalytic performances with maximum quantum yields are usually obtained 
with titania, coupled with titania’s high chemical stability in a wide range of 
conditions. Anatase is the most active allotropic form in comparison with two 
others, rutile and brookite. Anatase is thermodynamically less stable than rutile, but 
its formation is kinetically favoured at lower temperatures (< 600 C) (Hermann, 
1999). Titanium dioxide (anatase) is a semiconductor photocatalyst with an energy 
band gap of 3.2 eV thus being activated by UV illumination with wavelength up to 
387.5 nm, which comprises around 4 % of the solar irradiation reaching the Earth’s 
surface (Zhang et al., 1994). 

The major difference between conventional heterogeneous catalysis and 
photocatalysis is the mode of activation of the catalyst in which the thermal 
activation is replaced by a photonic activation. The semiconductor absorbs 
radiation quanta that promote electrons from the valence band to the conduction 
band of the metal oxide (Eq. 1). The electron-hole pair migrates to the solid-fluid  
interface where they can react with species in fluid phase. Transfer of electrons 
across the interface is dependent on the relative energy levels of electron donors 
and acceptors (Carey, 1992). When the photocatalyst is in contact with fluid phase, 
adsorption of the fluid matter takes place; according to the adsorbate redox 
potential, either conduction band electron transfer may proceeds towards electron 
acceptor (A) molecules (Eq. 2), reducing them, or the electron donor (D) molecules 
have their electrons transferred to positively charged holes on the semiconductor 
surface (Eq. 3), oxidising the donor molecules (Herrmann, 1999). Alternatively, 
electron and hole may recombine; this is a fast process taking place in up to 40 ns 
(Kolen’ko et al., 2004), and it limits the overall PCO process efficiency. 
 
hv + (semiconductor)→(semiconductor*) (e- + h+)      (1) 
A(ads) + e- → A(ads)       (2) 
D(ads) + h+→ D(ads)

+       (3) 
 

These steps are followed by subsequent transformation of the reduced electron 
acceptor and oxidised electron donor. The photocatalytic oxidation (PCO) process 
investigation mainly involves the fate of electron donor transformations, as this is 
the role taken by the pollutants. 
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In the aqueous phase, which is the situation examined in the present work, both 
pollutant molecules and water molecules act as electron donors. Depending on the 
applied conditions, either dissolved oxygen (Eq. 4), or protons act as electron 
acceptors, with the latter situation, taking place under anoxic conditions, yields 
gaseous hydrogen (Eq. 5). Water molecules, reacting with positively charged holes, 
decompose, producing highly reactive hydroxyl radicals (Eq. 6); there is 
experimental evidence (Carey, 1992) indicating that at its formation it remains 
absorbed at the interface. While hydroxyl radicals can subsequently desorb into the 
solution, due to their relatively short lifetime of 10-7 s (Buxton et al., 1988), they 
cannot migrate into the bulk of the solution, instead remaining a region in the 
vicinity of the photocatalyst surface.  Thus in order for the organic compounds to 
be photocatalytically degraded, these probably have to be either adsorbed or be 
present in the vicinity of the surface at the time of excitation. As a consequence, it 
can be seen that mass transfer is of great importance, especially in case of dilute 
solutions where it becomes the limiting factor of photocatalytic process. Dissolved 
oxygen, being reduced by the CB electrons to superoxide ion-radical, serves as a 
source of additional radical species. 

 
e- + O2 → •O2

-  (4) 
2 H+ + 2 e- → H2  (5) 
h+ + H2O → H+ + •OH  (6) 
 

At this point it can be seen that photocatalytic oxidation process has two basic 
mechanisms: one initiated by the direct reaction of the substrate and hole on the 
semiconductor surface (hole mechanism), and another one initiated directly by the 
radical attack (Turci and Ollis, 1990). The latter is done not only by the hydroxyl 
radicals, but also by the numerous radical species originating from superoxide ion-
radicals formation (Eq. 7-13). 

 
•O2

- + H+ →HO2• (7) 
2 HO2• →H2O2 + O2 (8) 
•O2

- + e- → •O2
2- (9) 

•O2
2-+2H+→H2O2 (10) 

H2O2 + e- → •OH + OH- (11) 
H2O2 + •OH → H2O + •O2

- + H+ (12) 
H2O2 + •O2

- → O2 + OH- + •OH (13) 
 
The main advantages of PCO is that as a treatment method for water and air 

purification it utilises simultaneously two oxidants with the highest available redox 
potential, i.e. hole and hydroxyl radical, with the potential values of 3.5 and 2.8 V, 
respectively (Sun et al., 1997, Bahneman, 2004), and the ability of using direct 
solar radiation for the catalyst excitation, which makes photocatalytic treatment 
cost-effective. The major disadvantages of PCO are the relatively low reaction rate 
and quantum yield. Another PCO-connected challenge is the process’s selective 
performance towards different substrates, which inevitably requires testing the 
activity of any novel photocatalytic material with a range of substrates having 
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different structure, composition and properties. However, such investigations 
increase the amount of available knowledge on PCO, bringing this technology 
closer to practical applications either as a standalone process, or integrated as a 
stage into a more complex combined technology. 

 
1.2. Semiconductor photocatalytic water splitting for hydrogen 
production 
 
Hydrogen is considered as an ideal fuel for the future. Hydrogen fuel can be 
produced from renewable and/or clean sources and, thus, it can be clean and 
renewable throughout the whole of its life cycle. However, presently the majority 
of commercially available hydrogen (95 %) is produced from fossil fuels (Ni et al., 
2004). Renewable hydrogen production, using e.g. solar or wind energy for water 
electrolysis, is not popular due to high production costs. Alternatively, hydrogen 
can be produced photocatalytically by water splitting; this allows the use of an 
abundant, clean and renewable resource, i.e. water, which is also the product of 
hydrogen fuel combustion.  

With water subjected to photocatalytic treatment by unmodified titania, the 
aforementioned recombination severely limits the results of water splitting, with 
the reaction quantum yields being at the level of a centime fraction of per cent. 
However, with certain photocatalyst modifications (introduction of crystal lattice 
defects and other charge carrier traps, e.g. noble metal nanoparticles), and the 
addition of sacrificial electron donors can greatly improve the process 
performance: the latter has been reported to increase hydrogen yields by several 
orders of magnitude (Ni et al., 2007; Kim and Choi. 2010). As mentioned, in order 
to obtain hydrogen, oxygen needs to be eliminated from the treated solution. 

In terms of photocatalyst modifications, the literature data from the last years 
shows a significant growth in the quantity and the complexity of the photocatalytic 
systems for water decomposition. The examples of dopants applied can be 
nitrogen- (In et al., 2006), gold- (Sreethawong and Yoshkikawa, 2005), palladium- 
(Bahruji et al., 2010) or platinum- doped titanium dioxide (Matsuoka et al., 2007). 
Also, a number of systems based on the In, Sn, Sb and Ge compounds doped with 
ions of various metals (e.g. strontium, niobium, tantalum, etc.) exhibited certain 
activity in UV-induced photocatalytic water decomposition (Sato et al., 2001, 
Ikarashi et al., 2002, Sato et al., 2001, Sato et al., 2002, Sato et al., 2003a, Sato et 
al., 2003b, Kadowaki et al., 2005).  

As for the sacrificial electron donor addition, a wide range of inorganic and 
organic substances can be put into that role. Utilising non-biodegradable 
recalcitrant water pollutants this way allows simultaneous solution to two 
problems, waste decomposition and clean fuel production; also, part of the organics 
can directly degrade producing hydrogen and low molecular weight (LMW) 
hydrocarbons, as observed both in the literature (Bahruji et al., 2010), and by the 
author (Article V). 
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1.3. Visible light-active TiO2 photocatalysts 

To improve the photocatalytic properties of TiO2-based materials, many studies 
have been performed to enhance the light absorption and delay recombination of 
photogenerated electron-hole pairs by adjusting its microstructure, processing routs 
and compositions (Chang et al., 2005). To increase visible light absorption of TiO2 
materials these can be doped with metals, like Al, Ag, Li, Cd, Co, Fe, Pd, Pt, Zn, 
Cr, Ni, and Zr or non-metals, like S, B, N, C, or F to reduce energy band-gap of the 
photocatalyst (Asahi et al., 2001, Yu et al., 2002, Umebayashi et al., 2003, Irie et 
al., 2003, Lettmann et al., 2001, Ihara et al., 2003, Bessekhouad et al., 2004, Ohno 
et al., 2004, Wang et al., 2005, Sharma et al., 2006, Arpac et al., 2007). Doping 
titanium dioxide results in the formation an additional energy level inside the 
semiconductor band gap, whether donor level (n-type semiconductors), or acceptor 
level (p-type semiconductors). In both scenarios, the electrons are displaced to CB 
from an additional level inside the band gap, thus decreasing the energy required 
for the creation of electron-hole pairs. Other options allowing the utilisation of 
visible light by titanium dioxide include coupling TiO2 with narrow band-gap 
semiconductors, preparing oxygen-deficient TiO2 (e.g. by hydrogen treatment of 
photocatalyst, as in Article V).  
 
1.4 Pollutants: an overview 
 
Humic substances 
 
The name “humic substances” (HS) is applied to a wide range of water-soluble 
plant tissue decomposition products with the molecular weight ranging from 
several hundreds to a few hundred thousand Daltons. Structurally, the HS are 
believed to possess a branched polyaromatic carbon skeleton with a large number 
of carboxylic and phenolic groups, although the exact structure is not clearly 
established; moreover, it may vary significantly depending on the HS source and 
geographical location. While the HS are not toxic, the intensive yellow-to-black 
colour given by their presence in water may irritate end-users and make water 
inappropriate for food industry, laundering, paper, and textile making (Manahan, 
1994). However, real threat that the HS pose is their ability to bond heavy metals, 
and organic toxics (e.g. pesticides, insecticides, herbicides etc.), consequently 
making them difficult to remove by simple methods, as the HS are resistant 
towards biological oxidation and conventional physical and chemical removal 
methods are not efficient in their removal as well, as the HS have radical 
scavenging properties (Manahan, 1994). This is especially well-pronounced in the 
landfill leachate, where the HS are abundantly formed due to natural 
decomposition processes. Also, the HS are known as precursors of carcinogenic 
trihalomethans (THMs) upon by chlorination (Eggins et al., 1997, Wang et al., 
2001). 
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Aromatic substances: p-toluidine and phenol 
 
p-Toluidine is used mostly as an intermediate in chemical processes, such as in 
production of pigments, dyestuff, pesticides, rubber chemicals, antioxidants and 
pharmaceutics (Bowers, 2002; Srour, 2002), being also a major component of jet 
and rocket fuels (Hingst et al., 1994). Non-biodegradable p-toluidine may 
accumulate in groundwater aquifers in toxic amounts. Phenol is a renowned 
environment pollutant strongly associated with e.g. oil shale industry (Kahru et al., 
2002) and a variety of chemical productions such as coal refineries, manufacturing 
of pharmaceuticals, resins, plastics, paints, dyes, textile wood and petrochemicals 
(Howard, 1989; Jaromir et al., 2005); while it has a reputation of a standard model 
contaminant for the activity comparison of various oxidation methods and 
catalysts, the findings of Article III demonstrate that such an approach may often 
be somewhat misleading. 

The most common methods for the removal of the amines and phenols from 
effluents are biological wastewater treatment technologies, both aerobic and 
combined aerobic/anaerobic. Chemical oxidation and several membrane 
technologies were suitable to recover and reuse aromatic amines from the 
wastewater cycle cost-effectively (Ferreira et al., 2002; Sarasa et al., 2002). But 
still these water treatment methods have been shown to be inadequate against 
aromatic amino compounds pollution (Rozkov et al., 1999).   Adsorption on 
activated carbon is an effective method for phenol removal from wastewater. This 
method is simple, economical, fast and requires no chemical treatment (Qadeer and 
Rehan, 2002). Phenol-containment water can effectively be treated by ozonation. 
However this method showed to be a costly process (Busca et al., 2008). 
 
Aliphatic substances: methyl-tert-butyl ether 
 
Methyl tert-butyl ether (MTBE) is a widely used motor fuel oxygenate and octane 
booster, although currently banned in the USA. Biodegradability of MTBE is low, 
and as a consequence it accumulates in groundwater aquifers (Yeh and Novak, 
1994). Moreover, MTBE is readily miscible in water and does not adsorb to soil 
very well; consequently, unlike main fuel compounds, it migrates faster and farther 
from the original spill site, making it more likely to reach and contaminate water 
supply sources (US Environmental Protection Agency, 2009). At the same time, 
MTBE is not readily removed by conventional physical removal and chemical 
oxidation (Johnson, 1998, Xu et al., 2004; Safarzadeh-Amiri, 2001).  
 
Prednisolone 
 
Prednisolone (PNL) is an extremely widely used anti-inflammatory agent, 
representative of corticosteroid class, and, in environmental terms, an emerging 
micropollutant with a polycyclic structure. Like other micropollutants in general, 
and corticosteroids in particular, they exhibit a range of effectson aquatic 
organisms even at very low concentrations (Li et al., 2009; Chang et al., 2007). 
Conventional treatment methods have not shown high efficiency in micropollutant 
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abatement, thus, the need for new efficient technologies is an important matter in 
this field as well. While PNL concentrations used in Article II are higher than those 
found in the natural water samples (Ikehata et al., 2006; Liu et al., 2011), this was 
an inevitable measure allowing the investigation of PNL PCO regularities and 
degradation mechanism; the observations can be then extrapolated to lower 
concentrations, where kinetic control of the reaction is pronounced (Klauson et al., 
2010), similarly to the studied concentrations range.   
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2. MATERIALS AND METHODS 
 
Experimental setup 
 
In the research described in Articles I to III, PCO experiments were undertaken in 
two thermostatted (20±1 °C) 200-mL simple batch reactors, agitated with magnetic 
stirrers, having the inner diameter of 100 mm (evaporation dishes) and the 
irradiated contact surface 40 m2 m-3. Each experiment involved the use of a two-
reactor set: the first one used for the PCO (“active”) while the second one 
(“reference” or “blank”), containing no photocatalyst and not exposed irradiation. 
This was done in order to compensate the concentration changes due to water 
evaporation taking place during the experimental run. The photocatalysts were 
used as a 1 g L-1 slurry (Articles I-III, V), or attached to Pyrex glass plates of 8 to 
12 cm2 (Article IV) during the catalyst synthesis (see below). The photocatalyst-
coated plates were submerged into the solution to the depth of ca 10 mm. 

Two sorts of light sources were used in the research, UV-A and daylight 
fluorescent lamps. A Philips Actinic 15 W 365-nm low pressure luminescent lamp 
was used as UV-A source. Artificial daylight was provided by Philips TL-D 
15W/33-640 fluorescent lamp. The lamps were positioned horizontally over the 
active reactor, providing the irradiance of about 1 mW cm-2 measured at a distance 
corresponding to the level of the free surface of the reactor. With UV-A, the 
irradiance was measured by Micropulse MP100 optical radiometer (Micropulse 
Technology, UK) in Articles I to III, and with Ocean Optics USB 2000+ 
radiometer in Article IV. In case of artificial daylight fluorescent lamp (Articles I 
to III), the irradiance was determined indirectly, being calculated from the 
illuminance, measured by TES luxmeter (TES, Taiwan), using lumen to watt ratio 
of 684 (Kirkpatrick, 2005); the amount of UV-light emitted by the mentioned lamp 
type was determined by the USB 2000+ spectrometer to be negligible, in 
accordance to the data from the lamp manufacturer. Thus, any noticeable action of 
the photocatalyst when using Philips TLD visible light lamp may not be attributed 
to the emitted UV fraction but is clearly due to the activity of the catalysts in 
visible light. 

Adsorption experiments with the pollutants on the photocatalyst surface were 
carried out at respective pH in closed flasks thermostatted at 20 ± 1°С and 
equipped with magnetic stirrers. The adsorbed amount of substances was derived 
from the batch mass balance: the concentration of the dissolved substance was 
determined before and after adsorption. 

All the experiments were carried out for at least three times under identical 
experimental conditions. The average deviation of data in parallel experiments did 
not exceed 5 %. 

The experimental setup for Article V, used to photocatalytically produce 
hydrogen and LMW hydrocarbons, needs a separate description. The 
photocatalytic reaction vessel used was a glass vial equipped with magnet stirrer; 
the vial contained 5 mL of the treated solution, and was placed in a hermetically 
sealed metal reactor (interior volume 48.2 mL), having a window on top for the 
solution illumination. Solar simulator (Abet Technologies) with the irradiance of 1 
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SUN (≈100 mW cm-2) was used as the radiation source; in order to cut off IR in the 
radiation spectrum and thus avoid treated solution overheating, a Petri dish 
containing water was placed between the reactor and solar simulator. The solution 
to be treated was first purged with nitrogen (0.15 L min-1) for 0.5 h before the 
experiment to eliminate oxygen, and then the reaction system was purged for 
another 0.5 h with argon (0.1 L min-1), which was used as the carrier for the gas 
chromatography (GC) system in subsequent reaction gaseous products analysis. 
The treatment time 4 h was chosen to provide reasonable HA decomposition and 
enable comparison of the photocatalysts’ potentials in water splitting in terms of 
gaseous products amounts. 

 
Experimental and analytical procedures 

 
In Articles I and III, the experiments were carried out with 100 mg L-1 of p-

toluidine and phenol in acidic (pH 3), natural (pH 6.5) and alkaline (pH 11) media, 
adjusted either by 4 N sulphuric acid or 15% sodium hydroxide (Article I). In 
Article III, natural pH values of the solutions were used (pH ca. 6.5); the pH was 
monitored, but not adjusted. With the mentioned substances, the treatment time 
was 24 h. Concentrations of MTBE (Articles I, III) were 100 mg L-1 likewise, with 
the treatment time chosen to be 2 h and 4 h, respectively. Concentrations of PNL 
varied between 10 and 100 mg L-1 (Article II); the experiments were conducted at 
natural pH values (ca. 6.5), unadjusted during the experimental runs. Treatment 
time for PNL was 2 h. Humic acid sodium salt (HA), taken as a representative of 
HS (Articles IV and V), had initial concentration of 100 mg L-1; treatment time was 
chosen to be 24 h in Article IV, and 4 h in Article V, where radiation source with 
much higher irradiance was applied. 

Concentrations of p-toluidine (Articles I, III) were measured photometrically 
after diazotation and reaction with phenol at 490 nm, and those of phenol were 
determined photometrically after reaction with p-nitroaniline at 570 nm using 
Helios ß spectrophotometer together with the COD. In case of p-toluidine, the 
evolution of nitrite and nitrate ions was also determined using Metrohm 761 
Compact ion chromatograph (IC). 

The decrease in the MTBE concentration was determined by gas 
chromatography using Finnigan Focus GC chromatograph (Article III); MTBE was 
extracted from pre-salinated aqueous samples by benzyl alcohol using IKA Vortex 
Genius 3 extractor. As expected, complete MTBE removal was observed during 
the treatment time, unlike the mineralisation. Consequently, the performance of 
MTBE PCO was determined from the decrease in chemical oxygen demand 
(COD), measured by a standard method, as applied previously (Article I). 

Prednisolone concentrations were determined by Shimadzu 2020 HPLC-PDA-
MS, using Gemini-NX 5u C18 reverse-phase column, operating in gradient mode 
with the total flow of eluents (acetonitrile and acetic acid-containing water) of 0.3 
mL min-1 (Article II). 

For the HA concentration measurement, the analytical procedure used by 
Portjanskaja et al. (2009) was applied: colour at 455 nm was determined with the 
Thermo Scientific Evaluation 300 UV-VIS dual-wavelength spectrophotometer 
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(Article V) with the results interpreted using VisionPro software, or with HACH 
Lange DR2800 spectrophotometer (Article IV).  

In hydrogen-producing photocatalytic experiments (Article V), in the end of 
each experimental run, the gaseous products in 1-mL sample were analysed using 
the Hewlet Packard GC, model #61540A with the thermal conductive and the 
flame ionizer detectors (GC-TCD-FID), with the concentrations expressed as parts 
per million (ppm).  
 
Photocatalyst synthesis and characterisation 
 
Sulphur-containing photocatalysts were prepared by titanium tetrabutoxide (TTB) 
hydrolysis with addition of a pre-calculated amount sulphur source (0.1 N sodium 
thiosulphate); this was followed by calcination at 400 °C for 4 h. This was 
followed by washing the catalyst with hot distilled water applied in a sequence of 
10–15 rinsing rounds (ca. 1 L per 1 g of catalyst) in order to clean the catalyst 
surface from water-soluble compounds, with the obtained leachate analysed by 
Metrohm 761 Compact IC. In case of boron-containing photocatalysts, sodium 
tetraborate was used as boron source. An additional catalyst was synthesised using 
the same pattern, although without the addition of sulphur or boron sources. 

Carbon-containing photocatalysts were prepared by the near-instant hydrolysis 
of pure TTB, followed by calcinations at temperatures from 200 to 950 °C for 4 h. 
Subsequently, the abovementioned washing procedure was undertaken in order to 
clean the catalyst surface from water-soluble compounds. 

Iron-containing titanium dioxide samples were prepared by a variation of sol-
gel method: 75 mL of TTB (25 % solution in tert-butyl alcohol) were sprayed into 
1 L of pre-sonicated Fe2O3 suspension (0.5 g L-1). Hydrolysis was followed by 
sonication, drying at room temperature and calcination at 200 °C. These steps were 
followed by the washing procedure. 

Copper-containing hydrogen treated titanium dioxide sample was synthesised 
by sol-gel method, as described by (Chen et al., 2011), loaded with pre-calculated 
amount of copper (I) acetate to achieve 0.5 % of copper in the catalyst, dried under 
vacuum, and then calcinated at 400 C for three hours. This was followed by the 
drying period at 200 C with gaseous hydrogen introduced to the pressurized 
compartment at 200° C and 25 bar. The sample was left in the reactor for three 
days and then cooled down to ambient temperature. Platinum-containing 
photocatalyst was produced by Vorontsov et al. (1999), referred in their publication 
as the specimen C. Cobalt- and tungsten-containing photocatalysts were obtained 
by the hydrolysis of TiCl3 (15 % solution in 10 % HCl, Merck) in presence of cetyl 
trimethylammonium bromide (0.005 µg mL-1, Merck) as template with dopant 
sources, Co(OOCCH3)2 (9.4 µg mL-1 solution) and Na2WO4 (1.17 µg mL-1 
solution) respectively added to the solution. The precipitate was dried at room 
temperature and calcinated at 400 °C in order to remove template.  

The crystallinity, crystal structure and phase composition of carbon-doped 
photocatalysts were analysed using D 5000 Kristalloflex X-ray diffractometer 
(XRD), Siemens, with the phase composition calculated by Topas R Software. The 
crystal structure of copper-containing catalyst was determined with XRD 
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measurements using Scintag XDS 2000 diffractometer. With other samples, 
Scintag Pad V Siemens (Cu-Kα irradiation source) diffractometer was used. 
Titanium dioxide coatings were analysed by Rigaku Ultima IV diffractometer 
using Cu Kα radiation. 

Surface morphology of doped photocatalysts was examined by scanning 
electronic spectroscope (SEM) JEOL JSM-6480 LV equipped with energy-
dispersive spectroscope (EDS), while in case of titanium dioxide coatings, Zeiss 
EVO MA-15 SEM was used.  

The specific surface area (BET and Langmuir adsorption) and the pore volume 
of the sulphur, boron and iron-containing catalysts were measured by the 
adsorption of nitrogen using KELVIN 1042 sorptometer. 

 Quantitative measurements of the photocatalysts’ composition in Article V 
were performed with an ARL 3410+ inductively coupled optical emission 
spectrometer (ICP-OES). 

The isoelectric points (IEP) of pure and sulphur-, carbon and iron-doped 
titanium dioxide suspensions (Article II) were determined by potentiometric 
titration using a Zetasizer Nano-ZS equipped with an MPT-2 autotitrator and 
vacuum degasser (Malvern Instruments, UK). Toxicity issues (Article II) were 
addressed by the analyses performed with Protozoan culture (Tetrahymena 
thermophila strain BIII). 

 
PCO efficiency 
 
The performance of PCO with artificial radiation sources was characterised by the 
process efficiency E (Eq. 14), defined as the pollutants degradation relative to the 
energy reaching the surface of the treated sample calculated for the treatment time. 
This makes the PCO efficiency the universal term to compare the results achieved 
with different catalysts (Preis et al., 2002): 

  tsI

Vc
E





1000

          (14) 
where E – PCO efficiency, mg W-1 h-1; ∆c – the decrease in the pollutant’s 
concentration or COD, mg L-1 or mg O L-1; V – the volume of the sample to be 
treated, L; I – irradiance, mW cm-2; s – irradiated area, cm2; t – treatment time, h.  
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3. OBJECTIVES 
 
Based on its performance and relatively low operating costs, PCO can be 
promising treatment method for the removal of pollutants from contaminated 
water, together with the possibility of simultaneously producing green fuel, i.e. 
hydrogen.  
 
The main objectives of the present research were as follows: 
 

1. To clarify the PCO potential in degradation of a fairly wide range of model 
pollutants, and investigate the process mechanism; 

2. To compare different modifications of synthesised titanium dioxide-based 
photocatalysts; 

3. Combine pollutant photocatalytic decomposition with hydrogen 
production. 

 
In order to fulfil the objectives, the following questions were examined: 
 

1. The efficiency of PCO in degradations of pollutants; 
2. Synthesis and examination of visible-light-sensitive modified 

photocatalysts with both non-metal and metal dopants. 
3. Establishment of maximal hydrogen, oxygen and low molecular weight 

hydrocarbons photocatalytic production using non-biodegradable pollutant 
as sacrificial electron donor. 
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4. RESULTS AND DISCUSSION 
 
The obtained results show that the performance of doped titania photocatalysts, 
although relatively efficient, can be selective dependent on the substrate applied. 
The noted performance selectivity in the PCO of various water pollutants with 
different chemical structure and composition is studied in Articles I-III; these 
observations allow drawing some general conclusions on PCO process mechanism 
and influencing factors. The reaction pathway of an emerging micropollutant, 
prednisolone, was also investigated (Article II). Article IV provides an insight on 
the role of titanium dioxide surface features on the PCO process performance. 
Article V examines hydrogen-producing photocatalysis, comparing different 
materials in terms of gaseous products yield and also differentiating two 
mechanism of hydrogen production: water splitting with organic pollutant acting as 
sacrificial electron donor versus direct organic pollutant photocatalytic splitting. 
 
4.1. Photocatalytic oxidation of organic pollutants 
 
Sulphur-doped TiO2 
 
The photocatalytical decomposition of a several pollutants, namely, MTBE, p-
toluidine and phenol, was investigated under both UV and VIS irradiation (Article 
I). Composition and surface properties of S-TiO2 can be seen in Table 1 (Article I). 
According to the XRD investigation results, S-TiO2 photocatalysts were of anatase 
phase.  

The experiments with aliphatic MTBE have shown that its PCO efficiency 
under VIS-irradiation with S-doped titanium dioxide catalysts were to up twice as 
high as that achieved with P25 Evonik, and comparable to that under UV. The best 
results were obtained in acidic media (Article I, Fig. 2a). In terms of dopant content 
influence on the PCO process, it can be seen (Article I, Fig. 3a) that the PCO 
efficiency under both UV and VIS increased at smaller sulphur concentration with 
the increase of S content up to 1.5 at. %, followed by a steady decreased. The 
MTBE degradation under the solar light with Degussa P25 and S-doped catalysts 
proceeded quite similarly. 

When PCO by S-TiO2 was applied to aromatic substances, the results obtained 
with phenol were inefficient. In case of p-toluidine, the best performance was 
observed in alkaline media; in general, the results observed were comparable to 
that of P25 Evonik TiO2 (Article I, Fig. 4a).  

Consequently, it can be seen that the performance of S-TiO2 towards three 
substrates of different structure – aliphatic MTBE, aromatic phenol, and aromatic 
heteroatom-containing p-toluidine – is highly selective. As no adsorption of 
substances under scope was experimentally determined on the surface of the 
catalysts within the limits of analytical precision, the PCO is assumed to proceed 
here mainly as a nucleophilic attacks of hydroxyl radicals, and the observed 
differences thus arise from the substances’ properties, PCO regularities and 
nucleophilic reaction mechanism. According to the latter, the attack of hydroxyl 
radical should proceed upon the carbon atom having the highest partial positive 
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charge: tertiary carbon atom in MTBE, and carbon atoms connecting with –OH and 
–NH2 groups in phenol and p-toluidine. While in case of MTBE, the nucleophilic 
attack on the mentioned atom effectively destroys the molecule, the rupture of 
stable aromatic cycle is a much harder task. Consequently, phenol PCO with S-
TiO2 was poor, while in case of p-toluidine the amine group is oxidised as the step 
preceding the immediate aromatic cycle rupture, effectively producing the 
observed substrate concentration decrease. The growth of the PCO efficiency of 
sulphur-doped catalysts with the growth of sulphur content, as observed in case of 
MTBE, and the subsequent decrease may be explained by the overpowering of the 
positive effect obtained from the band-gap decrease by the decrease of the 
catalysts’ redox potential. 

In PCO of PNL (Article II), S-TiO2 performance was inferior to that of P25 
Evonik (PCO efficiency 1.5-2 times lower, depending on the sulphur content), 
although superior to other doped catalyst species used (Fe-TiO2 and C-TiO2). This 
can be attributed to the electrostatic repulsion between PNL molecules and S-TiO2 
surface, as no adsorption of PNL was observed indeed. Under natural solar 
irradiation, the acceleration of PNL degradation in comparison to artificial 
radiation increased to greater extent than that of P25, although being still inferior to 
the latter. While the PNL oxidative ability of sulphur-containing titania was lower, 
it was shown, unlike P25, to be non-toxic towards Tetrahymena thermophilia, 
activated sludge ciliate protozoa, both in the dark or under irradiation, indicate the 
potential of using such materials for selective removal of micropollutants when 
combined with activated sludge process, as photocatalysis has been shown (Article 
II) to selectively remove these from wastewater matrix. 
 
Boron-doped TiO2 
 
The action of B-TiO2 in the PCO of MTBE and p-toluidine was also investigated in 
Article I. The dependence of MTBE PCO efficiency on pH was similar to that of 
S–TiO2 (Article I, Fig. 2b). Under visible radiation in acidic media an increasing 
trend in PCO efficiency was observed with the boron content increasing to 2 
atomic % (at. %); above that content, the efficiency remained at a constant level 
(Article I, Fig. 3b), with the MTBE PCO efficiency significantly exceeding the one 
observed with P25 Evonik under UV, however, somewhat inferior to the results of 
S-TiO2.  

With p-toluidine, contrary to the S–TiO2 catalysts, the highest PCO efficiency 
of B-TiO2 was observed in acidic media followed by neutral and basic ones 
(Article I, Fig. 4b). In acidic media, the PCO efficiency values obtained under VIS-
irradiation exceeded the one of P25 under UV by 1.5 times for p-toluidine and two 
times for COD removal. Remarkably, the dependence of the PCO efficiency on 
dopant content with B-TiO2 has different trends dependent on the values of pH: in 
neutral and alkaline media the PCO efficiency decreases slightly with the increase 
in the boron content in the catalysts, however, in acidic media, where a certain 
increase is observed. This can be explained by the different behaviour in acidic 
media of the blank catalyst containing only carbon as opposed to those containing 
both boron and carbon.  
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P25 Evonik TiO2 
 
The results of PNL PCO investigation (Article II) show efficient removal of a 
widely-used micropollutant by photocatalytic oxidation. The PCO of PNL was 
shown to follow well Langmuir-Hinshelwood (L-H) kinetics. A high degree of 
mineralisation was obtained: indeed, at PNL concentrations up to 25 mg L-1, the 
removal rate was around 90-96 % with simultaneous COD decrease over 80 %. To 
compare, at 100 mg L-1 PNL, the target pollutant and COD removal rates decreased 
to 57 and 30 %, respectively, although the absolute oxidation rates increased. Thus, 
photocatalytic oxidation is able to degrade both target compound and its 
degradation by-products reasonably well. The effect of wastewater matrix, 
modelled by carbamide and sucrose, was shown to possess only some inhibitive 
effect on PNL PCO. The LC-MS investigation of PNL PCO by-products allowed 
the proposition of four degradation pathways, dependent on pH. 
 
Carbon-doped TiO2 
 
The experiments with carbon-containing photocatalysts were undertaken with 
MTBE, p-toluidine and phenol (Article III). Crystallographically, photocatalysts 
calcinated at 200 to 600 °C were a mixture of anatase and brookite, while at higher 
temperatures (700 to 1000 °C) they were pure rutile (Article III, Fig. 1). 
Crystallographic composition and surface properties of C-TiO2 photocatalysts can 
be seen in Table 1 (Article III). The investigation of the photocatalysts’ optical 
properties, especially band gap energy (Table 2) provides evidence of carbon 
incorporation into titanium dioxide crystal lattice, i.e. actual doping; this is also 
supported by slight shifts observed in XRD peak positions. 

As no adsorption of the mentioned substances was detected on the surface of the 
carbon-containing photocatalysts above the limits of analytical precision, it can be 
stated that radical reactions should be responsible for PCO at C–TiO2 catalysts, as 
opposed to surface hole reactions. 

The values of PCO efficiency observed with carbon-doped catalysts irradiated 
with VIS were higher than that with UV-irradiated P25 under similar conditions 
(Article III, Fig. 3), with photocatalyst calcinated at 600 °C exhibiting the highest 
performance. Under VIS, MTBE was totally degraded within 1 h with all tested C-
TiO2 samples, including the less photocatalytically active rutile. With p-toluidine 
the PCO efficiency values observed with the catalysts under artificial daylight was 
close to that of P25 under UV at lower calcination temperatures, steadily 
decreasing with the growth of calcination temperature, i.e. with the decrease in 
carbon content and contact surface area (Article III, Fig.4). With phenol, the PCO 
efficiency was lower than in case of P25 TiO2 and declined with the growing 
catalyst calcination temperature as well (Article III, Fig. 5).  

The observed differences in the PCO activity of the substances under scope can 
be explained by their different interactions with the surface of the catalysts due to 
their electrostatic properties. Under the experimental conditions (pH slightly lower 
than neutral) both TiO2 surface and aromatic substances (phenol and p-toluidine) 
are partially positively charged, and the aromatics are repelled from the catalyst 
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surface. While C-TiO2 catalysts have a lower point zero charge, and forces of 
electrostatic attraction may come into effect, this still does not inevitably result in 
increased adsorption, dependent on surface features; the stability of aromatic cycle 
discussed earlier is another matter responsible for the PCO results observed. On the 
other hand, MTBE is electrically neutral and can thus get closer to the vicinity of 
the photocatalyst surface, where larger supply of hydroxyl radicals is available for 
efficient PCO. Photocatalytic oxidation of MTBE does not depend on the 
calcinations temperature even at calcination temperature exceeding 600 °C when 
all anatase and brookite turned to rutile; photonic efficiency calculations suggest 
that during PCO MTBE can partially undergo auto-catalysis. The latter supports 
the use of its relatively recalcitrant degradation by-products’ mineralisation as a 
meter of MTBE-related contamination removal. 

In general, the decrease of carbon-doped photocatalysts’ performance with the 
increase of calcination temperature is attributed to both loss of carbon and 
transformation of anatase and brookite phases into less active rutile. C-TiO2 
photocatalysts showed stable activity even after repeated applications. 
 
TiO2 coatings obtained by spray deposition 
 
Immobilisation of photocatalysts on various surfaces allows numerous operating 
benefits and ease of the material’s applications. Consequently, in Article IV the 
author investigated the performance of spray-deposition synthesised titanium 
dioxide coatings with varying amount of template substance, 
cetyltrimethylammonium bromide (CTAB), used (0 to 3 µg mL-1). Humic acid 
sodium salt (HA), a representative of the HS class, was taken as the test substrate. 

Examination of the coatings’ surface, performed by SEM, revealed the 
availability of the following surface features: cracks, pores, collapsed bubbles and 
unbroken bubbles. The changes in HA PCO efficiency dependent on the template 
amount in the coating’s synthesis (showing performance comparable with or 
superior to P25 titanium dioxide) were observed to clearly correlate to the surface 
concentration of unbroken bubbles (amount of surface features per surface unit of 
the coatings): their sharp edges protruding into the treated solutions, where the 
surface defects localisation can be significantly higher in comparison to the 
remaining coating surface, can act as “radical volcanoes” producing the oxidants 
responsible for HA oxidation. In the sample showing the best performance, the 
combination of highest surface concentration of collapsed bubbles and the smallest 
crystallites is able to produce the highest amount of sharp spiked catalyst edges 
with larger area possessing greater defect concentration, which results in enhanced 
radical production. 
 
Photocatalytic oxidation: summary 
 

The observed selective performance of doped titania species clearly 
demonstrates that contrary to the well-established practice, an objective view of the 
materials’ capabilities can be obtained only through testing their photocatalytic 
performance by the examination of PCO of several substrates possessing different 
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chemical structure; choosing recalcitrant pollutants as degradation substrates, as 
opposed to photolysis-prone dyes, allows the evaluation of the photocatalysts’ 
applicability to the solution of actual environmental problems. Also, the established 
use of phenol as a “standard” pollutant for the comparison of various oxidative 
technologies can be questioned. 

Photocatalyst surface features and defects possess significant influence on the 
material’s activity. Contrary to what might be expected from surface-related 
phenomenon such as photocatalysis, the increase in photocatalyst specific surface 
area does not necessary result in increased photocatalytic activity of the materials, 
or even increased adsorption. On the other hand, electrostatic interactions between 
the photocatalyst surface and the pollutants to be degraded are of high importance: 
they influence the ease of the pollutant molecules’ adsorption on the photocatalyst, 
resulting in direct hole oxidation, or their movement into the close vicinity of 
photocatalyst surface where hydroxyl radicals exist during their lifetime. 

 
4.2. Photocatalytic production of hydrogen 
 
Titanium dioxide catalysts doped with platinum, cobalt, tungsten, copper and iron 
were experimentally tested for production of hydrogen, oxygen, and low molecular 
weight (LMW) hydrocarbons from aqueous solutions of HA (Article V). The 
crystallographic data and the composition of the photocatalysts used in the study 
can be seen in Fig. 2 and Table 1 (Article V).  

The experimental results of the HA aqueous solution photocatalytic treatment 
can be found in Table 2 (Article V). Remarkably, HA removal rate and the yields 
of gaseous products seem not to be directly correlated. While the highest oxygen 
yield (ca. 310 ppm O2 in gas, or 0.45 mol O2 produced per 1 mol of HA 
degraded) was observed simultaneously with highest (over 50 %) HA removal 
(P25), this did not result in any noticeable hydrogen yield. On the contrary, Pt-TiO2 
photocatalyst removed 29 % of HA, producing 94 ppm of hydrogen (0.25 mol H2 
produced per 1 mol HA degraded), together with small amounts of LMW 
hydrocarbons (C1-C2), and some amounts of oxygen as well. CuxO-H2-TiO2 
degraded around 6 % of HA, producing 15 ppm of hydrogen, and 280 ppm of 
oxygen (2 mol O2 per 1 mol of HA). 

The investigation of the gas composition obtained with different samples allows 
suggesting two principal mechanisms for gaseous product yields in the anoxic 
photocatalytic treatment of HA solutions: water splitting with HA acting as 
electron donor, and direct HA splitting. Hydrogen production appears to be directly 
tied to LMW hydrocarbons production (Article V, Table 2): both seem to proceed 
simultaneously and they appear to be interdependent. The majority of hydrogen 
thus originates not from water splitting, but from HA molecule cleavage, where the 
shortest pathway for hydrogen production is hydroxyl groups’ dissociation on 
platinum particles, which also serve as electron traps. Oxygen production, on the 
other hand, in the amounts actually observed is more likely the result of water 
splitting: indeed, in case of oxygen-producing photocatalysts, the amount of HA 
degraded by them differed by an order of magnitude, whereas their results in 
oxygen production were comparable. As a result, it can be seen that under anoxic 
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conditions, HA can successfully undergo photocatalytic splitting, producing 
hydrogen. Direct HA photocatalytic splitting seems to result in a higher hydrogen 
yields than water splitting with HA as sacrificial electron donor. 
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5. CONCLUSIONS 
 
A number of photocatalytic systems, namely visible-light sensitive photocatalysts 
containing both metallic and non-metallic admixtures (C, S, B, Pt, CuO, Co, Fe, 
W), and photocatalytic TiO2 coatings were synthesized and their activity 
successfully tested for the degradation of several environemtnal pollutants having 
different structure and properties, namely methyl-tert-butyl ether (MTBE), p-
toluidine, prednisolone (PNL), phenol and humic acid sodium salt (HA), taken as a 
representative of humic substances (HS). A renowned commercial photocatalyst, 
P25 Evonik titanium dioxide was used as a reference. 

The performance of doped titania species was shown to be selective in 
photocatalytic oxidation (PCO) of different pollutants. While S-, B- and C-doped 
catalyst species showed superb performance in MTBE PCO, surpassing P25, being 
comparable to the latter with p-toluidine PCO, they performed poorly with phenol. 
Similarly, while the performance of S-TiO2 was somewhat inferior, but still 
comparable to that of P25 with PNL PCO, the performance of C- and Fe-TiO2 were 
significantly inferior. The purpose of the observed selective performance was 
found mainly in different interactions of the pollutant molecules and the surface of 
the photocatalysts due to their electrostatic properties. Another aspect of PCO 
selective performance was exhibited is case of PNL degradation: the availability of 
wastewater matrix (represented by carbamide and sucrose) did not have significant 
effect on PNL degradation. At the same time, the doped photocatalysts were shown 
to be non-toxic in comparison to P25 TiO2 both in the dark and under illumination, 
providing a possibility of their future applications as a stage of combined processes 
including biological degradation. Surface morphology was shown to be another 
important factor influencing PCO, specifically, the availability of active sites, 
serving as radical species sources. 

The performance of Pt-, Co-, W-, CuxO- and Fe-TiO2 in hydrogen, oxygen, and 
low molecular weight (LMW) hydrocarbons production from anoxic aqueous 
solutions of HA allowed differentiating two principal sources of gaseous products: 
HA serving as a sacrificial electron donor versus direct HA photocatalytic splitting. 
The relative prevalence of one mechanism over another depends on the catalysts’ 
composition. The direct HA splitting results in higher hydrogen yield than the 
water splitting, and also gives LMW hydrocarbons. Oxygen production, on the 
other hand, could be attributed to water splitting reactions. 
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KOKKUVÕTE 

Käesolevas töös uuriti mitme erineva struktuuriga bioloogiliselt lagundamatu 
orgaanilise saasteaine traditsioonilist fotokatalüütilist oksüdatsiooni vees, 
kasutades katalüsaatorina legeeritud titaandioksiidi. Samuti võrreldi erinevate 
fotokatalüsaatorite toimet fotokatalüüsis, mille käigus toimub vesiniku 
genereerimine.  
 Vee ja õhu puhastamisel on fotokatalüütilisel oksüdatsioonil võrreldes teiste 
meetoditega teatud eelised – selles kasutatakse kõige kõrgema redokspotentsiaaliga 
oksüdanti, positiivselt laetud auku ja suhteliselt odavast materjalist 
fotokatalüsaatorit, samuti ei mõjuta protsessi reovee põhikomponendid ning on 
võimalus kasutada päikesevalgust katalüsaatorite fotoergastamiseks. Seega võib 
fotokatalüüs osutuda perspektiivseks meetodiks sihtreoainete selektiivsel 
lagundamisel reovees, kusjuures samaaegselt on võimalik toota rohelist kütust – 
vesinikku. 
 
Käesoleva töö põhieesmärgid olid järgmised: 

1. Uurida legeeritud katalüsaatorite fotokatalüütilise oksüdatsiooni 
potentsiaali erineva struktuuriga saasteainete lagundamisel ning protsessi 
mehhanismi. 

2. Võrrelda erinevaid titaandioksiidi baasil sünteesitud fotokatalüsaatoreid. 
3. Kombineerida saasteaine fotokatalüütilist lagundamist vesiniku 

genereerimisega. 
 

Töös uuriti eksperimentaalselt: 
1. erinevate saasteainete fotokatalüütilise oksüdatsiooni efektiivsust; 
2. nähtavas valguses aktiivsete mittemetalliliste ja metalliliste lisanditega 

legeeritud titaandioksiidfotokatalüsaatorite sünteesi ja toimet ning 
titaandioksiidkatete aktiivsust;  

3. fotokatalüütilise oksüdatsiooni mehhanismi ja reovee põhikomponentide 
mõju protsessi efektiivsusele; 

4. vesiniku, hapniku ja madalmolekulaarete süsivesinike fotokatalüütilist 
genereerimist, kasutades bioloogiliselt lagundamatut saasteainet 
elektronide doonorina. 

 
Käesoleva töö peamine uudsus seisneb järgmises: 

1. Saadud tulemused näitavad, et erinevalt laialt levinud praktikale kasutada 
uuringutes värvaineid, tuleb fotokatalüsaatorite töö uurimisel kasutada 
mitut erineva keemilise struktuuriga saasteainet, et objektiivselt hinnata 
uute fotokatalüsaatorite materjalide efektiivsust. Erinevalt värvainetest, mis 
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võivad fotolüüsil laguneda, võimaldab raskestilagundatavate saasteainete 
kasutamine uuringutes hinnata fotokatalüsaatorite rakendatavust reaalsete 
keskkonnaprobleemide lahendamisel. 

2. Leiti, et fotokatalüütilise oksüdatsiooni selektiivse toime tõttu erinevate 
saasteainete suhtes pole fenooli kasutamine standardsaasteainena erinevate 
oksüdatsioonimeetodite võrdlemiseks õigustatud. 

3. Tehti kindlaks, et fotokatalüütilise oksüdatsiooniga hästi lagundatav 
metüül-tert-butüüleeter (MTBE) võib protsessi käigus osaliselt laguneda 
autokatalüütiliselt. Seetõttu on sobiv kasutada MTBE suhteliselt 
raskestilagundatavate vaheproduktide mineraliseerumist MTBE-reostuse 
kõrvaldamise uurimiseks. 

4. Selgitati, et fotokatalüsaatorite pinna morfoloogia ja defektid omavad 
olulist mõju fotokatalüütiliste materjalide aktiivsusele. Fotokatalüsaatori 
eripinna suurendamine ei too tingimata endaga kaasa fotokatalüütilise 
aktiivsuse või adsorptsioonivõime kasvu. Samas, fotokatalüsaatori pinna ja 
lagundatavate ainete molekulide elektrostaatilised vastasmõjud omavad 
suurt tähtsust: nad võimaldavad saasteainete molekulide levi 
fotokatalüsaatori pinna lähedusse, tsooni, milles saavad eksisteerida oma 
lühikese eluea jooksul hüdroksüülradikaalid. Samuti mõjutavad 
elektrostaatilised vastasmõjud saasteainete adsorptsiooni fotokatalüsaatori 
pinnale, kus nad saavad laguneda vahetult positiivselt laetud aukude peal. 

5. Fotokatalüüs hapnikuvabas keskkonnas võimaldab peale saasteainete 
lagundamise genereerida ka vesinikku, hapnikku ja madalmolekulaarseid 
süsivesinikke märgatavates kogustes, kusjuures on võimalik eristada kaht 
mehhanismi. 

 
Antud töö tulemused on avaldatud viies artiklis eelretsenseeritavates 
rahvusvahelistes ajakirjades (kategooria 1.1) ning on esitatud ühel rahvusvahelisel 
teaduskonverentsil. 
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ABSTRACT 

The present research considers conventional aqueous photocatalytic oxidation 
(PCO) of a range of non-biodegradable water pollutants having different chemical 
structure by doped photocatalysts, and also compares the performance of various 
doped photocatalysts in hydrogen-producing photocatalysis.  

As a method for water and air treatment PCO is in a somewhat advantageous 
position due to a combination of its high oxidation potential, relative 
inexpensiveness of photocatalysts, noted little interference from the main 
wastewater matrix, and the ability of using direct solar radiation for the catalyst 
excitation. Photocatalysis can be a promising treatment method for the selective 
removal of target pollutants from contaminated water, together with the possibility 
of simultaneously producing green fuel, i.e. hydrogen. 
 
The main objectives of the present research were: 

1. To clarify the doped catalysts’ PCO potential in degradation of a fairly 
wide range of model pollutants, and investigate the process mechanism; 

2. To compare different modifications of synthesised titanium dioxide-based 
photocatalysts; 

3. Combine pollutant photocatalytic decomposition with hydrogen 
production. 
 

The following points were addressed: 
1. The efficiency of PCO in degradations of pollutants; 
2. Synthesis and examination of visible-light-sensitive modified 

photocatalysts with both non-metal and metal dopants, and that of titania 
coatings; 

3. The investigation of PCO mechanism and the role of wastewater matrix on 
the process performance 

4. Establishment of maximal hydrogen, oxygen and low molecular weight 
hydrocarbons photocatalytic production using non-biodegradable pollutant 
as sacrificial electron donor. 

 
The novelty of the present research includes: 

1. The results obtained show that contrary to the practice well established in 
the literature, an objective view of the materials’ abilities can be obtained 
only through testing their photocatalytic performance by the degradation of 
several substrates with different chemical structure; choosing recalcitrant 
pollutants as degradation substrates, as opposed to photolysis-prone dyes, 
allows the evaluation of the photocatalysts’ applicability to the solution of 
actual environmental problems. 
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2. Due to the observed selective character of photocatalysis towards 
substrates with different chemical structure, the established use of phenol 
as a “standard” pollutant for the comparison of various oxidative 
technologies can be questioned. 

3. Methyl-tert-butyl ether (MTBE), yielding well to photocatalysis, can be 
partly prone to autocatalysis during the process. This supports the use of its 
relatively recalcitrant degradation by-products’ mineralisation as a meter of 
MTBE-related contamination removal. 

4. Photocatalyst surface features and defects possess significant influence on 
the material’s activity. However, the increase in specific surface area does 
not necessary result in either increased adsorption capability or 
photocatalytic activity of the materials. On the other hand, electrostatic 
interactions between the photocatalyst surface and the substrates to be 
degraded are of high importance: they govern the ease of the pollutant 
molecules’ movement into the close vicinity of photocatalyst surface 
where hydroxyl radicals exist during their lifetime, or to the surface where 
the pollutants can undergo direct hole oxidation. 

5. Photocatalysis carried out under anoxic conditions is capable not only of 
degrading the pollutant, but also shows noticeable results in hydrogen, 
oxygen and low molecular weight hydrocarbons production, with two 
separate mechanisms clearly differentiated. 

 
The issues of this work were published in five articles in international peer-
reviewed journals and presented at one international scientific conference. 
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Article I: 

Klauson D., Portjanskaja E., Budarnaja O., Krichevskaya M., Preis S., The 
synthesis of sulphur and boron-containing titania photocatalysts and the 
evaluation of their photocatalytic activity. Catalysis Communications, 2010, 
11 (8), pp. 715-720, doi: 10.1016/ j.catcom.2010.02.001 
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51 

Article II: 
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prednisolone. Central European Journal of Chemistry, 2013, 11 (10), pp. 
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Article III: 

Klauson D., Budarnaja O., Stepanova K., Krichevskaya M., Dedova T., 
Käkinen A., Preis S., Selective performance of sol-gel synthesised titanium 
dioxide photocatalysts in aqueous oxidation of various-type organic 
pollutants. Kinetics and Catalysis, 2014, 55 (1), pp. 47-55, doi: 10.1134/ 
S0023158414010030 
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Article IV: 

Budarnaja O., Klauson D., Dedova T., Kärber E., Viljus M., Preis S., 
Template synthesis of titanium dioxide coatings and determination of their 
photocatalytic activity by aqueous oxidation of humic acid. – Kinetics and 
Catalysis 2014, in press. 
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Article V: 

Klauson D., Budarnaja O., Castellanos Beltran I., Krichevskaya M., Preis 
S., Photocatalytic decomposition of humic acids in anoxic aqueous solution 
producing hydrogen, oxygen and light hydrocarbons. Environmental 
Technology, 2014, in press, doi: 10.1080/09593330.2014.900116. 
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ELULOOKIRJELDUS 
 

1. Isikuandmed 

Ees- ja perekonnanimi:   Olga Budarnaja 
Sünniaeg ja -koht:  22. veebruar 1986. a., Kaliningrad, 

Venemaa 
Kodakondsus:    Eesti 
E-posti aadress:   olgabudarnaja@gmail.com 

2. Hariduskäik 

 

3. Keelteoskus (alg-, kesk- või kõrgtase) 

Keel Tase 

Eesti Kõrgtase 

Vene Kõrgtase 

Inglise Kõrgtase 

Saksa Algtase 
 
4. Teenistuskäik 

Töötamise aeg Tööandja nimetus Ametikoht 

2010-k.a. AS Elcogen tootmisassistent 
 
5. Kaitstud lõputööd 

Tehnikateaduste magistrikraad (2010): p-Toluidiini fotokatalüütiline oksüdatsioon 
vesifaasis legeeritud titaandioksiidiga. Juhendajad: Keemiatehnika instituudi 
vanemteadur Marina Kritševskaja ja insener Deniss Klauson. 

 
6. Teadustöö põhisuunad 

Bioloogiliselt lagunematute saasteainete fotokatalüütiline oksüdatsioon vesifaasis, 
nähtavas valguses aktiivsete fotokatalüsaatorite süntees, omaduste ja töö uurimine. 
Reaktsioonimehhanismide uurimine. Katalüsaatorite rakendusviiside uurimine. 

 

Õppeasutus 
(nimetus lõpetamise ajal) 

Lõpetamise 
aeg 

Haridus  
(eriala/kraad) 

Tallinna Tehnikaülikool 2010 Tehnikateaduste magistrikraad 

Tallinna Tehnikaülikool 2008 Tehnikateaduste 
bakalaureusekraad 

Tallinna Linnamäe Vene 
Lütseum 

2005 Keskharidus 
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7. Uurimisprojektid 

Projekt SF0142719s06 (2006-2011): Tehnoloogiliste protsesside intensiivvistamine 
aktuaalsete keskkonnaprobleemide lahendamiseks 
 
Projekt ETF7541 (2008-2010): Nähtavas valguses aktiivsete fotokatalüsaatorite 
süntees ja nende kinnitamine pindadele saasteainete mineraliseerimiseks 
 
Projekt GUS10 (2010-2012): Fotokatalüüsi kombinatsioon fermentatsiooniga 
vesilahustest vesiniku ja hapniku tootmiseks 
 
Projekt ETF8978 (2012-k.a.): Toksiliste keskkonnaohtlike ainete lagundamine vees 
fotokatalüüsi ja bioloogilise oksüdatsiooni kombineerimisel ning õhus 
fotokatalüüsiga 
 
Projekt IUT1-7 (2013-k.a.): Keemiatehnikapõhine lähenemisviis prioriteetsete 
saasteainete ja uute esilekerkivate mikrosaasteainete kõrvaldamisele veest/reoveest 
ja pinnasest: täiustatud oksüdatsioonitehnoloogiate kasutamine ja optimeerimine 
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CURRICULUM VITAE 
 
1. Personal data 

 
Name:     Olga Budarnaja 
Date and place of birth:  22nd February 1986, Kaliningrad, Russia 
E-mail address:   olgabudarnaja@gmail.com 
 

2. Education 

 
3. Language competence/skills (fluent, average, basic skills) 

Language Level 

Estonian Fluent 

Russian Fluent 

English Fluent 

German Basic skills 
 
4. Professional employment 

Period Organisation Position 

2010-onwards AS Elcogen Production assistant 
 
5. Defended thesis 

Master of Science (2010): Photocatalytic oxidation of p-toluidine in a aqueous 
phase with doped titanium dioxide. Supervisor – Senior Researcher Marina 
Krichevskaya, engineer Deniss Klauson, Department of Chemical Engineering, 
TUT 
 
6. Main areas of scientific work 

Aqueous photocatalytic oxidation of non-biodegradable pollutants. The synthesis 
of visible light-sensitive titania-based photocatalysts and the evaluation of their 

Educational institution  Graduation 
year 

Education 
(field of study/degree) 

Tallinn University of 
Technology 

2010 Master of Science 

Tallinn University of 
Technology 

2008 Master of Bachelor 

Tallinna Linnamäe Vene 
Lütseum 

2005 High school education 
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properties and performance. The research of reaction mechanisms. Engineering 
solutions for photocatalysts applications. 
 
7. Research projects 

Project SF0142719s06 (2006-2011): Intensification of technological processes for 
the solution of actual environmental problems 
 
Project ETF7541 (2008-2010): Synthesis of photocatalysts active under visible 
light and their immobilization on surfaces for mineralisation of environmental 
pollutants 
 
Project GUS10 (2010-2012): Photocatalysis combination with dark fermentation 
for hydrogen and oxygen production from aqueous solutions 
 
Project ETF8978 (2012-onwards): Degradation of environmentally toxic refractory 
compounds in water by combination of photocatalysis and biological treatment and 
in air by photocatalysis 
 
Project IUT1-7 (2013-onwards): Chemical engineering approach to removal of 
priority pollutants and emerging micropollutants from water/wastewater and soil: 
implementation and optimization of advanced oxidation technologies 
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DISSERTATIONS DEFENDED AT  
TALLINN UNIVERSITY OF TECHNOLOGY ON  
CHEMISTRY AND CHEMICAL ENGINEERING 

1. Endel Piiroja. Oxidation and Destruction of Polyethylene. 1993. 

2. Meili Rei. Lihatehnoloogia teaduslikud alused. Fundamentals of Food 
Technology. 1995. 

3. Meeme Põldme. Phase Transformations in Hydrothermal Sintering Processing 
of Phosphate Rock. 1995. 

4. Kaia Tõnsuaadu. Thermophosphates from Kovdor and Siilinjärvi Apatites. 
1995. 

5. Anu Hamburg. The Influence of Food Processing and Storage on the  
N-Nitrosamines Formation and Content in Some Estonian Foodstuffs. 1995. 

6. Ruth Kuldvee. Computerized Sampling in Ion Chromatography and in 
Capillary Electrophoresis. 1999. 

7. Külliki Varvas. Enzymatic Oxidation of Arachidonic Acid in the Coral 
Gersemia fruticosa. 1999. 

8. Marina Kudrjašova. Application of Factor Analysis to Thermochromatography 
and Promotion Studies. 2000. 

9. Viia Lepane. Characterization of Aquatic Humic Substances by Size Exclusion 
Chromatography and Capillary Electrophoresis. 2001. 

10. Andres Trikkel. Estonian Calcareous Rocks and Oil Shale Ash as Sorbents for 
SO2. 2001. 

11. Marina Kritševskaja. Photocatalytic Oxidation of Organic Pollutants in 
Aqueous and Gaseous Phases. 2003. 

12. Inna Kamenev. Aerobic Bio-Oxidation with Ozonation in Recalcitrant 
Wastewater Treatment. 2003. 

13. Janek Reinik. Methods for Purification of Xylidine-Polluted Water. 2003. 

14. Andres Krumme. Crystallisation Behaviour of High Density Polyethylene 
Blends with Bimodal Molar Mass Distribution. 2003. 

15. Anna Goi. Advanced Oxidation Processes for Water Purification and Soil 
Remediation. 2005. 

16. Pille Meier. Influence of Aqueous Solutions of Organic Substances on 
Structure and Properties of Pinewood (Pinus sylvestris). 2007. 

17. Kristjan Kruusement. Water Conversion of Oil Shales and Biomass. 2007. 

18. Niina Kulik. The Application of Fenton-Based Processes for Wastewater and 
Soil Treatment. 2008.  
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19. Raul Järviste. The Study of the Changes of Diesel Fuel Properties a its Long 
Term Storage. 2008. 

20. Mai Uibu. Abatement of CO2 Emissions in Estonian Oil Shale-Based Power 
Production. 2008. 

21. Valeri Gorkunov. Calcium-Aluminothermal Production of Niobium and 
Utilization of Wastes. 2008. 

22. Elina Portjanskaja. Photocatalytic Oxidation of Natural Polymers in Aqueous 
Solutions. 2009. 

23. Karin Reinhold. Workplace Assessment: Determination of Hazards Profile 
using a Flexible Risk Assessment Method. 2009. 

24. Natalja Savest. Solvent Swelling of Estonian Oil Shales: Low Temperature 
Thermochemical Conversion Caused Changes in Swelling. 2010. 

25. Triin Märtson. Methodology and Equipment for Optical Studies of Fast 
Crystallizing Polymers. 2010. 

26. Deniss Klauson. Aqueous Photocatalytic Oxidation of Non-Biodegradable 
Pollutants. 2010. 

27. Oliver Järvik. Intensification of Activated Sludge Process – the Impact of 
Ozone and Activated Carbon. 2011. 

28. Triinu Poltimäe. Thermal Analysis of Crystallization Behaviour of 
Polyethylene Copolymers and Their Blends. 2011. 

29. Mariliis Sihtmäe. (Eco)toxicological Information on REACH-Relevant 
Chemicals: Contribution of Alternative Methods to in vivo Approaches. 2011. 

30. Olga Velts. Oil Shale Ash as a Source of Calcium for Calcium Carbonate: 
Process Feasibility, Mechanism and Modeling. 2011. 

31. Svetlana Jõks. Gas-Phase Photocatalytic Oxidation of Organic Air Pollutants. 
2012. 

32. Aleksandr Dulov. Advanced Oxidation Processes for the Treatment of Water 
and Wastewater Contaminated with Refractory Organic Compounds. 2012. 

33. Aleksei Zaidentsal. Investigation of Estonian Oil Shale Thermo-bituminization 
in Open and Closed System. 2012. 

34. Dmitri Šumigin. Composites of Low-Density Polyethylene and Poly(Lactic 
Acid) With Cellulose and Its Derivatives. 2014. 

35. Aleksandr Käkinen. The Role of Physico-chemical Properties and Test 
Environment on Biological Effects of Copper and Silver Nanoparticles. 2014. 

36. Ada Traumann. Improvement of Work Environment through Modelling the 
Prevention of Health Risks Focusing on Indoor Pollutants. 2014. 

 




