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INTRODUCTION 

Both indoor and outdoor air quality has become an important community 
concern due to ubiquitous presence of air pollutants like carbon, nitrogen and 
sulphur oxides, particulates and volatile organic compounds (VOCs). The 
increased amount of personnel time spent in indoor environment makes the 
science confront the VOCs as the most abundant chemical pollutants in the 
indoor air. Some studies showed that the level of pollutants in indoor 
environment actually exceeds that of the outdoors (Wang et al., 2007). VOCs 
are emitted from building materials, office equipment, cleaning agents, paints, 
glues, solvents, cosmetics, cooking and most manufactured consumer products. 
Many VOCs are known to be toxic and considered to be carcinogenic (WHO, 
2010).  Therefore, there is currently a great interest in developing processes 
which can destroy these compounds. Air cleaning is the most feasible option to 
improve air quality as the source control is often ungovernable. 

Traditionally filters and sorbents are used to remove particulates and odours. 
However, the contaminants are only transferred to another phase rather than 
eliminated by these techniques and subsequent disposal or treatment steps are 
required.  

Since a large number of the VOCs are oxidizable, oxidation process can be a 
viable method. Thermal catalytic oxidation requires high temperatures (250-
1200 °C) and as high as hundreds of ppm concentrations of VOCs for 
successful operation being cost-ineffective for low pollutant concentrations 
(Van der Vaart et al., 1991; Gervasini and Ragaini, 2000; Hung and Chu, 2006). 
Photocatalytic oxidation (PCO) technique is of extensive interest recently as 
potential air-cleaning technology for lower VOCs concentrations and indoor 
applications (Zhao and Yang, 2003; Paz, 2010). Photocatalytic processes based 
on the absorption of near UV radiation by the semiconductor photocatalyst with 
further oxidation of organic molecules possess certain advantages such as (a) 
complete mineralisation of organic pollutants achieved under favourable 
conditions, (b) efficiency at ambient temperature and pressure, and (c) cost-
effective character as compared to other conventional techniques. 

Hazardous air pollutants, aliphatic heteroatomic acrylonitrile (AN) and aromatic 
hydrophobic toluene were chosen for gas-phase PCO studies. Both of them are 
included to the Environmental Protection Agency (EPA) list of hazardous air 
pollutants. Acrylonitrile is detected as an indoor air component emitted by 
commercial fibrous polymeric materials, resins and smoking tobacco (Byrd et 
al., 1990; Scherer et al., 2007); it can induce gene mutations, chromosome 
aberrations, unscheduled DNA synthesis and cell transformation (Léonard et al., 
1999). Toluene is used in motor fuel octane ratings improvement, in the 
synthesis of various organic chemicals and pharmaceuticals, in the production 
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of polymers and as a solvent in paints, coatings, synthetic fragrances, adhesives, 
inks and cleaning agents (EPA, 1999). The central nervous system, kidneys, 
liver and heart are the primary targets for toluene toxicity (ATSDR, 1994). 

The PCO of toluene using commercial TiO2 catalysts has been extensively 
studied (Méndez-Román and Cardona-Martínez, 1998; Augugliaro, et al., 1999; 
Piera et al., 2002; Belver et al., 2003; Mo et al., 2009). Toluene presents serious 
problem in the long-term photocatalyst activity exhibiting pronounced 
deactivation properties (Obee and Brown, 1995; Paz, 2010). The abundance in 
published data allows toluene being a reference pollutant in characterization of 
the catalysts and, in general, the abatement methods.  

The wide diversity of organic pollutants decomposed by PCO at the UV-
irradiated TiO2 surface justifies the experimental research into the 
photocatalytic degradation of chosen pollutants together with the search for 
more active photocatalytic materials. 
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1. LITERATURE REVIEW 

1.1 Photocatalytic oxidation on titanium dioxide  

Studies of TiO2 photoactivity have been reported firstly by Fujishima and 
Honda in 1972, while carrying out experiments on the photo-oxidation of water 
on TiO2 electrodes (Fujishima and Honda, 1972). Heterogeneous photocatalysis 
is the catalytic process during which one or more reaction steps occur by means 
of electron–hole pair photogenerated on the surface of semiconducting materials 
illuminated by light of suitable energy (Palmisano and Sclafani, 1997). 

Being extensively studied in early 1990s, photocatalysis was mainly applied to 
aqueous solutions. The gas-phase photocatalysis using TiO2

 
was initially 

explored by Dibble and Raupp (1990), and the interest to the gas-phase 
photocatalytic oxidation has been constantly increasing during the past years 
(Paz, 2010). The promising areas of the photocatalysis application are the 
removal of organic and inorganic pollutants (Ollis, 2000; Mo et al., 2009; 
Shivaraju, 2011; Zhong and Haghighat, 2011), selective synthesis of organic 
compounds (Shiraishi and Hirai, 2008; Siham and Hussein, 2009; Hoffmann et 
al., 2011), microbial contamination control (Kozlova  et al., 2010; Gamage and 
Zhang, 2011; Foster et al., 2011) and self-cleaning and anti-fogging materials 
(Zhao et al., 2008; Fujishima et al., 2008; Chen et al., 2011). 

The most important step of PCO is the formation of hole–electron pairs, which 
need energy to overcome the band gap between the valence band and 
conduction band. When photons have a higher energy, than this band gap, they 
can be absorbed and an electron is promoted to the conduction band, leaving a 
hole in the valence band (Wang, 2004). Several semiconductors have band gap 
energies sufficient for promoting or catalyzing a wide range of chemical 
reactions of environmental interest (Lin, 2008). Among many candidates, 
titanium dioxide has proven to be the most suitable for widespread 
environmental applications because of its biological and chemical inertness, 
stability against photo corrosion and chemical corrosion, and cost-effectiveness 
(Diebold, 2003; Zhao et al., 2008). 

Titanium
 
is a metal, present in nature in various compounds, mostly oxides. The 

titanium dioxide has three different crystal structures: rutile, anatase and 
brookite (Winkler, 2003; Beeldens, 2006).  Rutile is the most stable form of 
TiO2 and because of that both anatase and brookite rearrange to rutile form at 
elevated temperature: 750 °C for brookite and 915 °C for anatase (Winkler, 
2003). Pure brookite without rutile or anatase is rather difficult to prepare and 
therefore it is the less studied TiO2 polymorph (Di Paola et al., 2008).  
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For the PCO application, anatase is superior to rutile because the conduction 
band location for anatase is more favourable for driving conjugate reactions 
involving electrons as well as very stable surface peroxide groups can be 
formed at the anatase during photo-oxidation reaction but not on the rutile 
surface (Ollis, 2000; Deng et al., 2002). The energy band-gaps of anatase and 
rutile are 3.20 and 3.02 eV, respectively (Fujishima et al., 1999).  

The photogenerated holes are highly oxidizing. The redox potential for 
photogenerated holes is about 3.00 V (Palmisano and Sclafani, 1997). As a 
result of reaction with water, these holes can produce hydroxyl radicals (•OH) 
with slightly decreased redox potential of 2.80 V (Zhang et al., 1998 (a)). Both 
are more positive than that for ozone 2.07 V (Kaneko and Okura, 2002). The 
redox potential for conduction band electrons is –0.52 V allowing reducing 
dioxygen to superoxide, or to hydrogen peroxide. Depending upon the exact 
conditions, the holes, •OH radicals, O2–, H2O2 and O2 itself can all play 
important roles in the photocatalytic reaction mechanisms (Kaneko and Okura, 
2002). 

The basis of photocatalysis on TiO2 is as follows (Reactions 1.1 – 1.6): 

TiO2 + hν → TiO2* (ecb
- + hνb

+) (1.1) 

This is followed by formation of extremely reactive radicals, mostly •OH, at the 
semi-conductor surface and/or a direct oxidation of the polluting species (R): 

hνb
+ + H2O → •OH + H+     (1.2) 

hνb
+ + OH- → •OHads           (1.3) 

hνb
+ + Rads → R+                  (1.4) 

The ejected electrons react with electron acceptors such as oxygen adsorbed or 
dissolved in water: 

ecb
- + O2 → O2

•-       (1.5) 

 Also, the electrons and holes may recombine together in absence of electron 
donors or acceptors: 

TiO2* (ecb
- + hνb

+) → TiO2       (1.6) 

Commercial pyrogenic titanium dioxide P25 (Evonik) formed in oxy-hydrogen 
flame is routinely used as a benchmark photocatalyst in oxidation of VOCs due 
to its unselective fairly good photoactivity towards wide spectra of pollutants, 
commercial availability and low cost. 

However, since the PCO of many organic vapours on P25 is not sufficiently fast 
for commercial process implementation and the photocatalyst is often 
deactivated, more active catalysts should be developed. 
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Crystalline structure, catalyst surface area, pore size, density of OH-groups, 
surface acidity, number and nature of trap sites both in the lattice and at the 
surface, and adsorption-desorption characteristics play an important role in 
photocatalytic efficiencies (Sclafani and Herrmann, 1996). A large surface area 
can be the determining factor in certain photodegradation reactions, since a 
large amount of adsorbed organic molecules promotes the reaction rate 
(Bahnemann et al., 2002; Chen et al., 2004). However, powders with a large 
surface area are usually associated with large amounts of crystalline defects, 
which favour the recombination of electrons and holes leading to a poor 
photoactivity thus the balance between surface area and crystallinity is the most 
important to achieve the high photocatalytic activity (Carp et al., 2004). 

Particle size of TiO2 photocatalyst could be crucial for photocatalytic efficiency 
influencing the electron–hole recombination due to the migration time of 
photogenerated charge carriers proportional to the square of the particle size. 
Also, the overall number of surface active sites increases with decreasing 
particle size (Kortan et al., 1990). The increase of the PCO rate of pollutant with 
the decrease in the photocatalyst’s primary particle sizes was studied by many 
researchers (Maira et al., 2000; Hao et al., 2002; Nam et al., 2004; Lin et al., 
2006; Moiseev et al., 2011). Some authors suggest the existence of an optimum 
photocatalyst’s particle size: Maira et al. (2000) reported the one of 7 nm for the 
PCO of trichloroethylene (TCE) in the gas-phase, Moiseev et al. (2011) –around 
10 nm for the dichloroacetic acid (DCA) and 4-chlorophenol (4-CP) and 
Almquist and Biswas (2002) - in the range of 25 to 40 nm for PCO of phenol in 
aqueous solutions. 

Jang et al. (2001) supported the idea that the decomposition of pollutant is 
affected by the photocatalyst’s particle size: the increase in photocatalytically 
oxidised methylene blue was observed with the decrease in the particle sizes. 
However, they pointed also to the fact that the increase in anatase mass fraction 
has a more profound effect on the decomposition of pollutant than TiO2 particle 
size. Deng et al. (2002) reported that the photocatalytic activities of titania pure 
anatase and pure rutile catalysts with comparable surface area and crystal size 
had a very close values in gas-phase oxidation of hexane. Reasons for higher 
photocatalytic activity of pyrogenic P25 with average particle size dTEM of 21 
nm and rutile fraction of 13 wt.%, as mentioned also in Paper III, were searched 
in the synergism of  rutile and anatase fractions (Ohno et al., 2003; Komaguchi 
et al, 2006; Hurum et al., 2006). The theory of anatase and rutile synergism, 
however, was not supported by Datye (1995), Zhang et al. (1998 (b)), Jung and 
Grange (2001), Ohtani, et al. (2010) and Moiseev et al. (2011) concluding that 
the photocatalytic performance is governed by the characteristics of anatase 
particles; the high photoreactivity of P25 and other flame catalysts should be 
mainly attributed to the anatase phase. 
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1.2 Flame aerosol synthesis of titanium dioxide 

Wet-chemical synthesis methods of nanopowders, for example incipient 
wetness impregnation, sol-gel, precipitation and grafting, include several post-
treatment steps: filtration, washing, drying and calcination, whereas flame 
synthesis consists only of the evaporation of volatile metal precursors and their 
feeding to a flame. The metal precursor is converted into the metal oxide and 
starts forming particles by nucleation from the gas phase (Schwarz, 1995; Ertl et 
al., 1997). 

Among various methods, the flame aerosol synthesis of nanopowders is 
favourable technique for controlling crystal structure, particle size and its 
distribution varying such process parameters as burner configuration, type of 
reactant and fuel. The aerosol flame technology is used in production of the 
commercial photocatalyst P25 (Evonik) (Strobel et al., 2006). 

As has been previously shown, the flame aerosol synthesis allows synthesizing 
the catalysts with an optimum particle size for specific applications in catalytic 
processes (Ulrich, 1984; Pratsinis, 1998; Stark et al., 2002; Strobel et al., 2003; 
Strobel et al., 2006; Akurati et al., 2007). Nevertheless, the data on particle 
properties demonstrating higher photocatalytic activity is scarce due to the 
deficiency of well-defined series on particle sizes and phase compositions of 
photocatalysts. 

The performance of flame aerosol synthesized photocatalysts exceeded, for 
example, commercial photocatalyst P25 and in some studies P90 in degradation 
of phenol, salicylic acid, DCA and 4-CP in aqueous solutions (Fotou et al., 
1994; Fotou and Pratsinis, 1996; Moiseev et al., 2011). The data on the 
efficiency of flame synthesized TiO2 catalysts in air treatment, however, are 
scarce, only the degradation of acetaldehyde and methanol in batch reactor was 
described by Balázs et al. (2011) using relatively coarse (over 50 nm) anatase 
nanoparticles from flame synthesis. Systematic studies on flame synthesized 
photocatalysts’ series could correlate specific surface, size and structure 
properties with catalysts’ photocatalytic activity. 

1.3 Sulphation of titanium dioxide 

The photocatalytic activity of TiO2 depends on the lifetime of charge carriers 
generated on its surface. The surface recombination of electron–hole pairs in the 
absence of an electron donor or acceptor results in the deterioration of the 
quantum yield of the photocatalytic process. The inhibition of surface 
recombination of charge carriers can be provided by modifying the TiO2 surface 
with anions, for example with sulphate (Kumar and Devi, 2011).  

The sulphate ion forms S=O and O–S–O bonds in TiO2, creating unbalanced 
charge on Ti-atoms, vacancies and defects in the titania structure (Jung and 
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Grange, 2001). In sulphated titanium dioxide, the O=S=O group anchored to the 
surface seems to trap electrons improving the oxidation process, retarding the 
recombination of holes and electrons induced by UV irradiation. The O=S=O 
species polarize the S=O bonds in presence of water to coordinate its molecules, 
giving an anchored sulphate, in which sulphur electron-deficient species are 
induced (Gómez et al., 2003). Also, the surface of more acidic TiO2 samples 
remains free for interaction with the reagents due to the lower adsorption of 
PCO intermediates of acidic nature (Kozlov et al., 2003). 

In gas-phase PCO Deng et al. (2002) showed higher conversions of hexane, 
benzene and methanol over sulphated TiO2 and prolonged photocatalyst’s 
stability compared to non-sulphated titania. The more stable performance of 
sulphated TiO2 in PCO of toluene was not unequivocally explained in literature. 
Thus, Nakajima et al. (2005) and Keller et al. (2007) attributed the stable 
performance of sulphated TiO2 in toluene PCO to a possibly increased electron–
hole pairs formation and inhibited recombination of photogenerated charge 
carriers on photocatalyst’s surface on the one hand and lower adsorption of 
toluene at the catalyst surface on the other hand. On the contrary, the higher 
adsorption of toluene on sulphated TiO2  was reported by Muggli and Ding 
(2001). Also, acetone adsorption at low pollutant concentration was found to be 
improved together with the improved PCO performance due to the increased 
quantities of TiO2 acidic sites and decreased quantities of basic sites on 
sulphated titania (Kozlov and Vorontsov, 2008).   

1.4 Effect of humidity and temperature on the performance of 

gas-phase photocatalytic oxidation  

The effect of relative humidity (RH) on photocatalytic degradation of gaseous 
VOCs has been a major research issue for several authors (Yamazaki et al., 
2001; Lim and Kim, 2004; Demeestere et al., 2007; Korologos et al., 2011). 
However, there is still some debate about the role of water in photocatalytic 
degradation kinetics and catalyst lifetime. It appears that the effect of water 
vapour strongly depends on its concentration as well as on the type and 
concentration of the target VOC (Carp et al., 2004). In the absence of water 
vapour, the photocatalytic degradation of some chemical compounds, e.g., 
toluene, formaldehyde, is seriously retarded and the total mineralisation to CO2 
does not occur (Zhao and Yang, 2003). However, the excess water vapour on 
the catalyst surface will lead to the decreased reaction rate due to water 
molecules occupying the active sites on the catalyst surface (Zhao and Yang, 
2003). Some explanations were proposed in terms of a dual effect of water 
vapour (Yamazaki et al., 2001; Krichevskaya and Preis, 2003; Lim and Kim, 
2004): higher RH results in enhanced •OH radicals formation and suppressed 
electron–hole recombination, favouring the elimination rate of organic 
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compounds. On the other hand, the competition between the VOCs and water 
for the adsorption sites on the catalyst surface may reduce the adsorbed VOCs 
concentration, lowering the pollutants’ elimination rate. 

Temperature is one of the most important factors in gas–solid heterogeneous 
reactions affecting both adsorption–desorption and chemical conversion 
processes during photocatalytic degradation reactions. However, photocatalytic 
reactions are less sensitive to moderate variations in temperature because of the 
low thermal energy (kT = 0.026 eV at room temperature (Carp et al., 2004)) 
required for the activation of TiO2. Since the activation energy is close to that of 
•OH radical formation, it is suggested that the degradation of pollutants is due 
to hydroxyl radical reactions (Fox and Dulay, 1993). The effect of temperature 
on the rate of oxidation could also be dominated by the rate of interfacial 
electron transfer to oxygen (Anpo et al., 1987).  

At lower temperatures the desorption of PCO intermediates becomes the rate-
limiting step of the process. The more rapid desorption from the catalyst at 
higher temperatures is probably an additional factor, leading to a larger effective 
surface area for the reaction. However, the adsorption of pollutant on the 
photocatalyst surface also decreases (Hermann, 1999; Carp et al., 2004). 

Studies on the effect of temperature on PCO rate of VOCs showed that in a 
temperature range between 60 and 220 °C the photocatalytic TCE removal was 
not affected by temperature up to 125 °C, whereas removal efficiencies 
decreased significantly at higher temperatures (Avila et al., 1998; Sanchez et al., 
1999). This was explained by limited TCE adsorption at elevated temperatures. 
Similar trends have been reported by Yamazaki et al. (2001): temperature 
showed no significant effect on tetrachloroethene elimination rate between 44 
and 78 °C. Hager et al. (1999) noticed the decreased  tri- and tetrachloroethene 
conversion with the temperature increased  from 20 to 70 °C, giving the rate-
limiting reactant adsorption as an explanation. On the contrary, Westrich et al. 
(2011) reported the range of temperatures, over which the PCO of ethylene was 
greater than 75%, laying between 60 and 350 °C with the maximum observed 
between 100 and 200 °C.  

The effect of temperature on photocatalytic degradation of monocyclic aromatic 
VOC has been studied by Lichtin and Sadeghi (1998), Hager and Bauer (1999), 
and Belver et al. (2003). These authors reported no significant effect of 
temperature on benzene conversion in a range between 15 and 70 °C suggesting 
a minor number of adsorbed water molecules and hydroxyl radicals causing a 
decline of photocatalytic activity at higher temperatures. Wua et al. (2005), 
however, stated that at wider temperature scale benzene PCO rates increased 
with temperature below 160 to 180 °C, but decreased with further temperature 
growth above 160 to 180 °C. They also proposed that chemical reaction rate rise 
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with the increased temperature, although the pollutant adsorption on 
photocatalyst surface decreased with temperature.  

The contradictions in the published results and the lack of knowledge on the 
impact of temperature, relative humidity and catalyst sulphation to the PCO 
performance in the abatement of target pollutants justify the experimental 
research undertaken into the PCO of chosen VOCs. 

1.5 Objectives and strategies of the study 

The objectives of the present research include: 

- the estimation of the PCO potential in degradation of gaseous AN and its 
sensitivity towards reaction conditions, 

- the identification of the products of AN PCO and thermal degradation,  

- the establishing the potential of sulphated TiO2 P25 catalyst improving the 
AN PCO performance, 

- the evaluation of the gas-phase photocatalytic activity of the new flame 
synthesized F3 nanopowder photocatalyst compared to commercial P25 
towards AN and toluene. 

The stated objectives were achieved by experimental research undertaken into:  

- the PCO of AN dependently on concentration of pollutant, air humidity and 
temperature, and the treated air residence time in a simple tubular reactor 
in continuous flow mode, 

- the identification of AN volatile PCO products and products of AN 
temperature-programmed oxidation (TPO) obtained on the course of the 
transient and the continuous-flow studies,  

- the PCO performance of sulphated TiO2, P25 and the novel aerosol flame 
synthetic photocatalyst F3 was examined in full-factorial experiment 
varying the AN concentration, residence time and temperature; the 
performance of the F3 photocatalyst was also examined with toluene. 

Deactivation of the photocatalysts and restoration of their activity was also 
studied. 

  

2. MATERIALS AND METHODS  

The equipment for the studies described in papers I, II and III varied as follows: 
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Paper I. The experimental runs were carried out in continuous-flow mode 
(Fig. 2.1) at the Department of Chemical Engineering of Tallinn 
University of Technology (TUT, Estonia) for the tests on the AN 
PCO process performance and effects of the process parameters 
and at the Department of Chemical Technology of Lappeenranta 
University of Technology (LUT, Finland) for the PCO products 
analysis. The equipment varied in analytical devices: Wilks 
MIRAN 1A infrared analyzer was used at TUT and Perkin Elmer 
2000 FT-IR analyzer with Sirocco 10.6-m gas cell at LUT. Also, 
the reactors (Fig. 2.2 (a)) were sealed with silicone at TUT and 
PbO-glycerol cement at LUT. The air with dew point at 4 °C was 
used as the carrier gas at TUT, and synthetic air 80% N2/20% O2 
was used at LUT as better suitable for analytical purposes. 

Paper II. The experimental runs on AN PCO on sulphated P25 
photocatalyst were performed in continuous-flow mode at TUT 
(Fig. 2.1). INTERSPEC 200-X FT-IR spectrometer with the 
Specac Tornado 8-m 1.33-l gas cell with ZnSe-windows was 
used as the gas analyzer; the reactor’s (Fig. 2.2 (a)) sealant was 
changed to inorganic ZnO-MnO2-Na2B4O7-Na2O(SiO2)n. The 
transient mode apparatus (Fig. 2.3) was used in studies of AN 
TPO and PCO by-products at the Department of Chemical and 
Biological Engineering of the University of Colorado at Boulder 
(CU-Boulder, USA). 

Paper III. The experimental runs on AN and toluene PCO performance on 
F3 photocatalyst in comparison with P25 were carried out in 
continuous-flow mode at TUT. The INTERSPEC 200-X FT-IR 
was used for the gas analysis. The annular reactor was substituted 
with the lamp-in-pipe reactor shown in Fig. 2.2 (b). The F3 
photocatalyst was synthesized at the Institute of Particle 
Technology and the Institute of Non-Metallic Materials at 
Clausthal University of Technology (TU Clausthal, Germany) 
and described in detail by Moiseev et al. (2011). 

2.1 Continuous-flow mode 

Gas-phase photocatalytic experimental equipment (Fig. 2.1) consists of a 
thermostatted reactor (Fig. 2.2), gas flow controllers, gas humidifier and 
infrared analyzer. 
The temperature in the reactor was maintained within a range of 50 to 130 °C 
controlled by the heat of the lamp, reactor’s insulation and heating tape with the 
temperature controller (Omega CN9000A).  
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Fig. 2.2. Continuous flow-mode photocatalytic reactors: (a) – P25- and sulphated P25-
coated reactor; (b) – lamp-in-pipe reactor. 
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Fig. 2.1. Experimental device (PI – manometers, FIC – gas flow controllers, TE – 
thermo-pair, TIC – temperature controller, MI – gas humidity meter, Atm/Vacuum 
– connection to the atmosphere/vacuum) 
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Fig. 2.1. Experimental device: PI – manometers, FIC – gas flow controllers, TE – thermo-
pair, TIC – temperature controller, MI – gas humidity meter, Atm/Vacuum – connection to 
the atmosphere/vacuum 
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The gas flow controllers provided gas flow rates from 0.5 to 4.0 L min−1 
resulting in pollutant residence time in the reactor from 3 to 23 s. The in-line 
humidifier allowed the RH in the gas stream to be maintained from 0 to about 
70% at 20 °C. 

The VOC feed tank was charged with polluted air by tank evacuation and 
injection of a pollutant through the injection port. After 10-15 min of 
evaporation, the tank was pressurised with compressed air to 3 or 4 bar and left 
for the concentration balancing overnight. The diluent feed tank was used to 
dilute the polluted gas stream with the carrier gas – dry or humidified air. 

The runs lasted for 60 min with the FT-IR outlet gas analysis after every 10 
min. 

At the end of each run, the photoreactor was treated by water vapour to restore 
photocatalyst activity for 2 h and then dried at 120 °C for 2 to 3 h (Paper I). In 
further studies (Paper II and III) at the end of each run, the photoreactor with 
UV lamp and air flow remained turned on was heated up to 180 °C for 3 h after 
the experiments with AN and for 15 h with toluene to restore the photocatalyst 
activity. 

The annular lamp-in-pipe borosilicate glass reactor with total volume of 0.191 L 
composed of an inner glass tube (35 mm outer diameter) and an outer glass tube 
(45 mm inner diameter, 305 mm length) is shown in Fig. 2.2 (b).   

A 365-nm 15 W low-pressure mercury luminescent UV-lamp (Philips) with 
UV-A intensity of 5 mW cm−2 at 365 nm was positioned coaxially in the 
reactor. The UV-A irradiance passing the TiO2-coating to the reactor’s annular 
clearance space was measured with the UVX Radiometer (Micropulse 
Technology) averaging 0.6 mW cm-2 for both P25- and sulphated P25-coated 
reactors, 0.46 for the F3 and 0.15 mW cm-2 for P25 in a lamp-in pipe reactor. 
No UV-A radiation was detected outside the reactor, i.e. no UV-A radiation 
passed through the double coating of titania. 

2.2 Transient mode 

The experimental device of transient study is schematically depicted in Figure 
2.3 (a) and described in more detail by Larson and Falconer (1997). The reactor 
was surrounded by a UV-transparent furnace, and twelve 8 W ‘‘black light’’ 
UV-tubes (BLB Korea, type F8T5BLB), placed in a circle at a distance of 6 cm 
from the reactor for the reactor irradiation. The thermocouple provided 
feedback to a temperature controller, which produced a constant heating rate of 
1 K s-1 during TPO. Radiometer measurements showed a UV intensity of 2.5 
mW cm-2 and a maximum light intensity at 360 nm. The gas-phase species in 
the outlet stream were analysed by a quadrupole mass spectrometer (Balzers, 
QMA 125). Computer-controlled data acquisition simultaneously recorded 
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multiple mass signals, temperature, and elapsed time. A thin-film annular 
reactor was used for transient PCO. This photoreactor consists of two concentric 
Pyrex cylinders that form an annular region with a 1 mm gap (see Figure 2.3 
(b)). The outer diameter of the inner cylinder is 20 mm, and the height - 160 
mm.  

PCO and TPO of AN were carried out in 20% O2–80% He mixture flow (120 
standard cm3 min-1). Before each experiment, the catalyst was heated to 400 °C 
in the O2/He flow to obtain a reproducible oxide surface. The UV-lights were 
turned on and allowed to warm up for approximately 15 min before the cover 
over the reactor was removed to start the reaction.  
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Figure 2.3. Experimental device outline (a): FIC – gas flow controllers, TIC – temperature 
controller, MS – mass spectrometer, Atm – connection to the atmosphere; (b) - transient 
photocatalytic reactor. 
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2.3 Preparation of TiO2 coatings 

For photocatalytic experiments the photocatalyst material was fixed to the walls 
of the reactors. 

The reactor’s inner surface and the lamp were coated with TiO2 and sulphated 
TiO2 by about 50-times rinsing with 10-wt. % TiO2 slurry in distilled water, 
each rinse followed by drying. The weighted TiO2 coating mass corresponded to 
the catalyst loading of 1.4 or 2.0 mg TiO2 per cm2 of irradiated reactor surface 
(Paper I and II, respectively). 

The total mass of the photocatalyst deposited in the reactor used in transient 
study made the TiO2 coverage 1.9 mg cm-2 (Paper II). 

In the lamp-in-pipe reactor the surface of the lamp was free from the catalyst 
that was fixed to the inner walls of the reactor. The weighted TiO2 coating mass 
corresponded to the catalyst loading of 1.2 mg TiO2 per cm2 of irradiated 
reactor surface (Paper III). 

The complete description of experimental conditions, materials and analysis 
could be found in the part “Experimental” in papers I – III. Experimental 
conditions are also summarised in Table 1. 
 
Table 1. Consolidated table of experiments 

Photo-
catalyst 

AN inlet conc., 
ppmv 

Toluene inlet 
conc., ppmv 

Residence 
time, s 

Relative 
humidity, 

% 

Tempe-
rature, °C 

P25 

10; 25; 40; 100 - 
3.2; 6.4; 

12.8 
 

0 and 66% 

50; 130 Sulphated 
P25 

0 

P25 
transient 

study 

20*; 40*; 100* 
- - - 

50; 90; 
130 

P25 
10; 40; 100 10; 40; 100 

3; 6; 11.5; 
23 

0 60; 130 
F3 

* - the amounts of the AN injected were 0.1, 0.2 and 0.5 µl constituting the AN 
concentration of 20, 40 or 100 ppm referred to the volume of photocatalytic reactor. 
 



23 
 

3. RESULTS AND DISCUSSION 

3.1 Products of acrylonitrile photocatalytic and thermal oxidation 

Acrylonitrile readily reacted on the UV-irradiated TiO2 catalyst to form carbon 
dioxide as the main gas-phase product. As shown in Fig. 1 (a) of Paper II, 
carbon dioxide formed immediately after the AN injection into the irradiated 
transient PCO reactor (about 60 s after the start of data acquisition). Carbon 
dioxide formation quickly dropped to zero when the UV lights were turned off.  

To follow the desorption and thermal degradation of AN at corresponding 
temperatures, dark adsorption runs were carried out similarly to the PCO runs 
(Fig. 1 (b) of Paper II). No AN desorption or thermal degradation was observed 
at 50°C. At 90°C the thermal degradation was minor and slow. At 130 °C, 
however, the immediate desorption of AN along with its partial thermal 
degradation was followed: all three peaks of AN, HCN and CO2 were detected 
instantly after the injection. Photocatalytic oxidation (Fig. 1 (a), Paper II) of 
injected AN resulted in no AN desorbed at any concentration or temperature 
within about 10 min of irradiation. No gaseous products other than carbon 
dioxide were observed in AN PCO at temperatures below 130 ºC. The HCN 
product was seen only at 130 ºC at the AN relative concentration as high as 100 
ppm; the levels of HCN concentrations were much lower compared to dark 
adsorption. Relative concentrations of 20 and 40 ppm are not shown since no 
desorption of AN or its thermal degradation products, as well as no other 
gaseous PCO products besides CO2, were detected at any temperature. 

TPO study shows that PCO leads to practically total degradation of initial 
compound at lower AN concentrations (Fig. 2 (b), Paper II). The effectiveness 
of PCO found also a proof in the UV-TPO after PCO (not shown), where no 
desorbed AN was detected at any temperature and amounts adsorbed.  

The study of the AN thermal oxidation products was carried out more 
thoroughly with the highest AN relative concentration of 100 ppm (Fig. 3, 
Paper II). The AN thermal degradation products mainly contain nitrogen at the 
same oxidation state as in the initial compound: only trace amounts of oxidised 
nitrogen were observed. 

Fig. 1 of Paper I shows the infrared spectra of AN PCO gaseous products 
obtained at AN inlet concentration 40 ppmv, 130 °C, RH 0%, and residence 
time 6.4 s. The AN PCO volatile products, visible in infrared spectra, included 
nitrogen dioxide (in dry air), nitrous oxide, carbon dioxide, water, hydrogen 
cyanide and carbon monoxide. One could suppose a two-step mechanism 
involving initially the PCO of the CH2=CH- moiety to CO2 in adsorbed 
CH2=CHCN. PCO of CN- moiety liberated by the first step of oxidation leads to 
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formation of nitrogen dioxide NO2. The formation of nitrous oxide N2O may be 
explained using the previously obtained knowledge. 

The following reaction pathway for the PCO of nitrogen-containing compounds 
was proposed by Kolinko et al. (2007), Reaction 3.1: 

HNO3(ads) + NH3 → NH4NO3(ads)  or 

     → N2O + H2O + HNO3 + N2           (3.1) 

Kolinko and Kozlov (2009) also showed that the N2O formation occurs as a 
result of decomposition of hyponitrous acid (Reaction 3.2), which forms as a 
product of ammonia oxidation with OH-radical: 

NH3 + •OH + O2 → HNO → N2O + H2O (3.2) 

Also, formation of nitrous oxide N2O, observed among the products, was 
described as a result of  PCO of ammonia in the presence of nitrogen oxide NO 
(Perez-Ramirez et al., 2005). 

The desorption of the original compound and its PCO products in TPO takes 
place  simultaneously with their thermal degradation (Fig. 4, Paper II): the 
gaseous AN thermal degradation  products,  not  all  of  which  are  shown  at  
the TPO spectra, were CO2, CO, H2O, acetonitrile, HCN, NH3, NO and NO2. 
Nitrogen dioxide and water released starting at about 300 °C may be attributed 
to the thermal degradation of adsorbed nitric acid as the AN PCO by-product.  

The emissions of hydrogen cyanide and nitrogen dioxide showed the opposite 
trends during AN TPO in transient mode. The degradation of cyanide took place 
during PCO of AN with lower amounts of HCN desorbed at higher 
temperatures and no HCN was observed during UV-assisted TPO at the lowest 
AN initial concentration and elevated temperature. On the contrary, ultimate 
AN PCO products, like nitrogen dioxide, carbon dioxide and water tended to 
accumulate during PCO and UV-assisted TPO. The detected CN moiety 
exhibits the behaviour expected for an intermediate species, leading to the final 
oxidation of the CN- moiety with increase in temperature or/and longer 
residence time. 

3.2 Effect of process parameters on gas-phase photocatalytic 

oxidation of acrylonitrile 

The PCO of AN was examined in a full-factorial experiments. The dependence 
of the conversion values of AN ((Cin - Cout)/Cin or 1 - Cout/Cin, %) with different 
inlet concentrations on the residence time in reactor is shown in Fig. 2 of Paper 
I (run time 10 min) and 7 (b) of Paper II (run time 40 min). 
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The AN conversion degree increased with residence time, although not linearly.  
The complex mechanism of photocatalytic reactions including adsorption of the 
target compound followed by oxidation of adsorbed species, oxidation of by-
products formed and desorption of by-products and unreacted initial compounds 
may explain  the  non-linear  increase  in  AN  conversion  with residence  time  
by,  for  example,  the  slowdown  in  desorption processes and therefore 
retardation of adsorption of AN.  

The poisoning of the photocatalyst was observed during PCO of AN at higher 
inlet concentrations and residence time of less than 12.8 s at 130 °C (Paper I). 
This indicates that some species adsorbed on the photocatalyst surface during 
PCO of AN and caused the deactivation. Thus, the rate-limiting stage for AN 
complete oxidation is the PCO of the adsorbed oxidation intermediates. The 
degradation rates of the intermediates seem to be slower than the degradation 
rate of AN. During PCO of AN at all inlet concentrations up to 100 ppmv and 
residence time of more than 12.8 s at 130 °C no poisoning of the photocatalyst 
was observed for 1 h of continuous run, the degradation percent of AN 
remained the same during this time showing no catalyst deactivation. Because 
intermediates form on the surface and their appearance depends on their rates of 
formation, desorption, oxidation rate and displacement by other species, the 
reactions are neither first-order nor diffusion-controlled. This indicated that the 
rate of the process limited by a surface reaction with an order greater than one 
would be dependent on the AN concentration. 

Fig. 3 (a) of Paper I shows that the presence of humidity (RH 66%) at 130 °C 
do not cause alterations in the degradation rate of the AN in 10 min from the 
start of the experiments at small inlet concentrations of AN (10 and 40 ppmv). 
A slight decrease in AN conversion was observed at high (100 ppmv) AN 
concentration in presence of water vapour. The decrease in the PCO rate in the 
presence of humidity may be explained by the competitive adsorption of water 
and VOC molecules on the photocatalyst surface. 

After 1 h of continuous run (Fig. 3 (b) of Paper I), the dual effect of water 
vapour was observed. At small inlet concentrations of AN the decrease in 
degradation from 10 to 20% compared to dry air was observed. On the contrary, 
the degradation of AN with an initial concentration of 100 ppmv in 1 h was 
higher in humid air: the conversion of AN in dry air dropped approximately for 
19%, while in humid it decreased only for 4%, thus showing the favourable 
effect of water vapour extending the photocatalyst deactivation time at higher 
AN concentrations. The durability factor (Einaga et al, 2002) defined here as the 
ratio of the AN degradation fractions at 1 h to those at the first 10 minutes, 
increased from 0.32 to 0.83 with an increase in relative air humidity at AN inlet 
concentration of 100 ppmv. 
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An important role of water vapour in the regeneration of the photocatalyst was 
observed: entire restoration of the photocatalyst activity was achieved by 2-h 
PCO of adsorbed oxidation by-products in humid airflow, the colour of the 
photocatalyst turned from yellowish to white. UV-irradiation of the 
photocatalyst layer in dry air did not restore the photocatalyst’s activity; even 
the colour of the photocatalyst remained yellow. 

The minor negative effect of increasing temperature from 60 to 130 °C was 
observed during PCO of AN and toluene (Papers I and III) over plain TiO2.  
PCO reactions are often insensitive towards temperature changes as adsorption 
is deteriorated and oxidation reactions are usually accelerated with the 
temperature growth. However, a noticeable effect of temperature on the PCO of 
AN was observed in the character and quantities of the AN PCO products. 
Higher temperature resulted in deeper oxidation of AN on P25 showing more 
profound oxidation of hydrogen cyanide and therefore the higher yield of 
nitrogen dioxide (Fig. 4, Paper I). 

The temperature increase, however, had positive effect on the performance of 
sulphated P25 photocatalyst and on the character of gaseous products emissions 
during PCO of AN on F3 (see Section 3.2.2 The impact of temperature and 
residence time on PCO Performance, Paper II, and Section 3.2 PCO of 
acrylonitrile, Paper III). 

3.3 Photocatalytic oxidation of acrylonitrile over sulphated P25 

photocatalyst 

The infrared spectra of AN PCO gaseous products formed during the oxidation 
on sulphate TiO2 differ from the ones on P25 in part of HNCO, appearance of 
which was not observed during AN PCO on P25. Isocyanic acid formed as a 
result of oxygen addition to HCN hydrolyses further to ammonia and CO2. 
Another difference consists of the absence of NO2 clearly seen at AN PCO on 
plain P25. The acidic surface of sulphated titania thus presume to induce the 
formation and adsorption of nitric acid and ammonia ions (see Paper II, section 
3.2.1. PCO by-products). 

The drastic negative effect of temperature decreasing from 130 to 60 °C on AN 
PCO conversion was observed on sulphated P25 (Fig. 8, Paper II). The ‘reaction 
rate-adsorption’ balance at sulphated P25 appears to be dramatically negatively 
influenced by the temperature decrease practically zeroing its performance. This 
behaviour is sometimes attributed to thermal catalytic reactions. This possibility 
is supported by the observation of the minor thermal decomposition reaction at 
130 °C and the absence of any reaction at 60 °C. 

Although thermal catalytic reactions are thought to be similar on both P25 and 
sulphated P25, however, they poison P25 more rapidly since P25 better 
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adsorption properties and faster PCO reactions along with AN thermal 
degradation produce more by-products accumulating on photocatalyst surface.  

The dependence of AN PCO conversion rate on its initial concentration at 
retention time increased from 6.3 to 12.8 s on sulphated TiO2 has a spasmodic 
character (Fig. 7 (b), Paper II). It could be explained by the changes in the 
reaction pathway and kinetics. The formation of HNCO at retention time of 12.8 
s could start to prevail oxidising to CO2 and ammonia, possibly further 
transforming to N2O and easily desorbing. Thus the accumulation of the 
reaction intermediates on the sulphated TiO2 surface could catalyse the 
conversion at longest retention times. 

Thus, sulphated P25 showed better photocatalytic activity at longer retention 
times and higher temperatures. The AN PCO performance on sulphated P25 
was strongly deteriorated at low temperature and shorter retention times. 

3.4 Photocatalytic oxidation of acrylonitrile and toluene over 

flame synthesized F3 photocatalyst 

The superior character of flame aerosol synthesized catalyst over the benchmark 
P25 was confirmed for the gas-phase PCO similar to the previously observed in 
aqueous reactions: both well-adsorbed aliphatic DCA (aqueous) and AN (gas), 
and weakly adsorbed 4-CP (aqueous) and toluene (gas) yielded better to PCO at 
the flame aerosol catalyst (Moiseev et al., 2011; Paper III). 

The primary particle size, higher anatase content and lower agglomeration 
degree present the apparent reasons of improved PCO performance for AN 
adsorbable at the catalyst’s surface. The improved performance in poorly 
adsorbable toluene oxidation, however, cannot be solely explained by larger 
adsorbing surface: non-adsorbable VOCs should mostly be oxidized by surface 
OH-radicals, the yield of which also, but not exclusively, is dependent on the 
water content at the catalyst surface. The water surface content showed 
disproportional relation to the photocatalysts’ specific surface or saturation time 
– two-fold increased contact surface of F3 adsorbed three-fold amount of water 
compared to P25 (see Fig. 3, Paper III), which may also explain accelerated 
toluene PCO with F3 at all temperatures studied. 

On the other hand the enhanced dehydration of F3 surface at elevated 
temperature causes a poorer catalyst’s performance in PCO of hydrogen cyanide 
during PCO of AN. The more incomplete HCN oxidation at elevated 
temperature with F3 compared to P25 may follow two explanation patterns, the 
dehydration of the catalyst surface resulted in reduced OH-radicals production 
at higher temperature (130 ºC), and the HCN volatility drastically surpassing the 
volatility of AN.  
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At 60 °C equal amounts of HCN appear at the same time with both 
photocatalysts, thus making the overall yield of gaseous hydrogen cyanide per 
unit of oxidised AN higher for P25, where degradation of AN is incomplete 
(Fig. 5, Paper III, see section 3.2 PCO of acrylonitrile). 

The faster restoration of F3 photocatalytic activity and slower photocatalyst’s 
deactivation could be explained by better UV-light transparency of F3 coating 
along with its enhanced oxidative ability. 

 

CONCLUSIONS 

The increased amount of personnel time spent in indoor environment makes the 
science confront the VOCs as the most abundant chemical pollutants in the 
indoor air. Photocatalytic oxidation of indoor VOCs over titanium dioxide could 
be efficient pollutant degradable abatement technology. In present study the 
author used toluene characterizing the performance of novel catalyst compared 
to the commercially available one thus creating a new knowledge in effective 
and reliable method of problematic air pollutant abatement. The author failed to 
find published information on gas-phase PCO of AN, thus obtaining the new 
knowledge on the PCO chemistry. 

The objectives of the present research included the study of the pathway of AN 
PCO and estimation of the gas-phase PCO performance of new flame 
synthesized photocatalyst F3 and sulphated P25 in comparison with commercial 
P25 titanium dioxide. The observed features of the photocatalysts found 
explanation.  

Acrylonitrile readily undergoes photocatalytic degradation in gas-solid systems 
by using titanium dioxide. The main reaction products were carbon dioxide, 
water and nitrogen dioxide or adsorbed nitric acid; the intermediate products 
hydrogen cyanide, nitrous oxide and carbon monoxide were observed. The 
thermal oxidation with and without simultaneous UV-irradiation allowed 
following the CN- group transformation to nitrogen oxides: HCN behaved as an 
intermediate by-product degrading along with the PCO, which resulted in the 
accumulation of nitrogen dioxide. The PCO at temperatures about 90 °C and 
higher allowed complete degrading of intermediate hydrogen cyanide at initial 
relative concentrations of AN up to 40 ppm. 

The presence of water vapour extended the photocatalyst deactivation time at 
higher AN concentrations. An important role of water vapour in the 
regeneration of the photocatalyst was also observed: entire restoration of the 
photocatalyst activity was achieved by PCO of adsorbed oxidation by-products 
in humid airflow. 
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The effect of temperature increasing from 60 to 130 ºC was observed to be 
slightly negative in terms of AN degradation. However, the effect of increased 
temperature was noticeable in terms of the character and yields of the PCO 
products on P25: HCN content diminished with growing content of NO2 at 
elevated temperature. 

Sulphated P25 showed better photocatalytic activity at longer retention times 
and higher temperatures. The AN PCO performance on sulphated P25 was 
strongly deteriorated at low temperature and shorter retention times. 

The superior character of the flame aerosol synthesized catalyst over the 
commercial P25 titanium dioxide in gas-phase PCO was established for 
degradation of aliphatic heteroatomic acrylonitrile and aromatic toluene. This 
demonstrates the unselective character of newly designed catalyst universal for 
both gaseous and aqueous PCO reactions. The new catalyst surpasses the 
commercial P25 in, for example, toluene oxidation for over 50 % under similar 
experimental conditions. Slower deactivation and faster complete restoration of 
catalytic activity of flame synthesized catalyst under UV-A-radiation are also 
the new catalyst’s beneficial key features. 

The intense dehydration of the reduced size anatase crystallites in the new 
catalyst results in decreased OH-radicals production at elevated temperature. 
Along with the enhanced desorption, this causes a poorer catalyst’s performance 
in PCO of HCN, the PCO product of acrylonitrile. The process safety thus 
requires lower operational temperatures. 

The right of photocatalysis technology for air remediation to existence in future 
will be depending to a great extent on the development of effective catalytic 
materials possessing unselective activity towards VOCs. 
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ABSTRACT 

Photocatalysis is the process, where semiconductor, usually titanium dioxide, 
activated by light energy initiates electrochemical reactions allowing, for 
example, to remediate air from indoor pollutants. Hazardous air pollutants 
aliphatic acrylonitrile (AN) and aromatic toluene were chosen for gas-phase 
photocatalytic oxidation (PCO) studies.  

The objectives of the present research were: 

- the estimation of the PCO potential in degradation of gaseous AN and its 
sensitivity towards reaction conditions, 

- the identification of the products of AN PCO and thermal degradation,  

- the establishing the potential of sulphated TiO2 P25 catalyst improving the 
AN PCO performance, 

- the evaluation of the gas-phase photocatalytic activity of the new flame 
synthesized F3 nano-powder photocatalyst compared to commercial P25 
towards AN and toluene. 

Carbon dioxide, water and nitrogen dioxide or adsorbed nitric acid were the 
main products of AN photocatalytic oxidation. Detected gaseous reaction  by-
products of AN PCO were HCN, N2O, and CO. The oxidation of HCN to NO2 
and further formation of HNO3 adsorbed on a photocatalyst’ surface in the 
present of water vapour was followed by means of temperature-programmed 
oxidation study. 

Photocatalytic activity of sulphated-TiO2 was higher compared to P25 towards 
the degradation of AN at the longest residence times and at elevated 
temperature. The temperature decrease had negative effect on the performance 
of sulphated P25 photocatalyst. 

The new flame aerosol synthesized photocatalyst F3 showed the unselective 
photocatalytic activity exceeding commercial P25 in the degradation of well-
adsorbed AN and weekly adsorbed toluene. The process safety required lower 
operational temperature because of increased desorption of surface hydroxyl 
groups from F3 surface resulting in the reduced degradation of HCN.  

The future of photocatalysis technology for air remediation will be depending to 
a great extent on the development of effective catalytic materials possessing 
unselective activity towards volatile organic compounds. 
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KOKKUVÕTE 
Käesolevas töös uuriti levinud õhu saasteainete, akrüülnitriili ja tolueeni, 
fotokatalüütilist oksüdatsiooni (FKO). Fotokatalüütiline oksüdatsioon on 
protsess, mille käigus elektromagnetkiirguse toimel katalüsaatori, tavaliselt 
titaandioksiidi, pinnal toimuvad elektrikeemilised reaktsioonid, mis lubavad 
näiteks lagundada õhus olevaid saasteaineid. Fotokatalüütilist oksüdatsiooni on 
edukalt kasutatud paljude orgaaniliste ainete lagundamiseks, kuid 
kirjandusandmeid  akrüülnitriili FKO kohta ei leidu. Samas laialt uuritud 
tolueeni on võimalik kasutada uute katalüsaatorite efektiivsuse määramiseks.  

Uurimistöö eesmärkideks oli: 

- Uurida FKO võimet lagundada akrüülnitriili P25 (Degussa/Evonik) 
titaandioksiidil; 

- Selgitada välja katsetingimuste mõju (saasteainete kontsentratsioon, 
temperatuur, viibimisaeg, niiskus) akrüülnitriili FKO protsessile 
torureaktoris; 

- Uurida akrüülnitriili FKO produkte ja vaheprodukte pideva töörežiimiga 
torureaktoris ning poolperioodilises reaktoris kasutades temperatuur-
programmeeritud oksüdatsiooni meetodit; 

- Süstemaatiliselt uurida akrüülnitriili FKO-d sulfateeritud P25 
titaandioksiidil ning akrüülnitriili  ja tolueeni FKO-d 
leekaerosoolmeetodiga sünteesitud F3 titaandioksiidil. 

Akrüülnitriil oksüdeerub kiiresti FKO käigus. Akrüülnitriili lagundamise 
põhiproduktid määrati FTIR- ning mass-spektromeetria abil, nendeks on 
süsinikdioksiid, vesi ja lämmastikdioksiid või titaandioksiidi pinnal 
adsorbeeritud lämmastikhape. Reaktsiooni vaheproduktideks on vesiniktsüaniid, 
dilämmastikoksiid ja süsinikoksiid. Termiline oksüdatsioon titaandioksiidi 
pinnal ilma UV-kiirguseta ja UV-kiirguse all näitas, et HCN võib  FKO käigus 
oksüdeeruda täielikult lämmastikudioksiidini, moodustades vee aurude 
juuresolekul lämmastikhappe, mis adsorbeerub  fotokatalüsaatori pinnale. 

Akrüülnitriili FKO läbi viimisel pikema viibimisajaga ja kõrgemal 
temperatuuril oli sulfateeritud P25-l fotokatalüütiline aktiivsus kõrgem kui 
tavalisel P25-l. Temperatuuri alandamisel oli sulfateeritud P25 toime tugevalt 
häiritud. 

Uudse leekaerosoolmeetodiga sünteesitud F3 fotokatalüsaatori toime ületab 
kommertskatalüsaatori P25 toimet nii alifaatse akrüülnitriili kui ka aromaatse 
tolueeni FKO-l. F3 titaandioksiid omab võrreldes P25-ga kõrgemat 
oksüdeerimisvõimet, mis väheneb temperatuuri tõusu ja katalüsaatori pinna 
dehüdrateerimisega. 
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Fotokatalüüsi tehnoloogia rakendamise tulevik õhu puhastamisel sõltub suurel 
määral lenduvate orgaaniliste ühendite lagundamiseks kasutatavate 
mitteselektiivsete fotokatalüsaatorite edasisest sünteesist.  
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DEFG� HG� IJK� LMMNOOKPMK� QRSTKU� TSPV� LW� XYZ� Q[\]M̂� ML\NTP_V� ǸOSPa� RJK� KbcKOSTKPR]\� ONP� dSRJ� eZ� ]R� fghiYjLW� kg�_� dKOK� ]̀_LO[K̀ � [KWLOK� OK]MJSPa� RJK� ]̀_LOcRSLP� KlNS\S[OSNT]R� mhiYU� SP̀ SM]RSPa� ]� cLRKPRS]\� WLO� _NMMK__WN\� nYo� LW� RL\NKPK� LP� pgcJLRLM]R]\q_RjrP� RJK� cOK_KPR� _RǸq� RL\NKPK� KbcKMRK̀\q� K̀]MRSs]RK̀ � RJK� cJLRLtM]R]\q_R_j� XLdKsKOU� ]R� _NWuMSKPR\q� \Ld� MLPMKPRO]RSLP� Qfh�ccTV� ]ROK_S̀KPMK� RSTK_� WOLT� m� RL� kg�_� ]R� [LRJ� RKTcKO]RNOK_� PL� cLS_LPSPaLW�[LRJ�cJLRLM]R]\q_R_�d]_�L[_KOsK̀j�vLOKLsKOU�]R�RJK�\LPaK_R�OK_StK̀PMK� RSTK� kg�_� PL� s]OS]RSLP_� SP� RL\NKPK� MLPsKO_SLP� dSRJSP� mhtTSPONP� LsKO� [LRJ� M]R]\q_R_� dKOK� L[_KOsK̀ � ]R� RJK� RL\NKPK� SPSRS]\� MLPtMKPRO]RSLP� LW� wh�ccT� ]R� [LRJ� RKTcKO]RNOK_U� ]\RJLNaJ� _\SaJR� MJ]PaKSP� cJLRLM]R]\q_R� ML\LNO� WOLT� dJSRK� RL� qK\\LdS_J� SP̀ SM]RK̀ � cL__S[\KM]R]\q_R� K̀]MRSs]RSLP� SP� \LPaKO� ONP_j� IJK� MLP_S̀KO][\K� S̀WWKOKPMKSP� cJLRLM]R]\q_R_x� cKOWLOT]PMKU� JLdKsKOU� ]ccK]OK̀ � ]R� _JLORKO� OK_tS̀KPMK� RSTK_� LW� m� ]P̀ � ffjy�_j� ZLRSMK][\K� K̀RKOSLO]RSLP� SP� RL\NKPKMLPsKO_SLP�RLL̂ �c\]MK�]R�nky�cJLRLM]R]\q_R�QpSaj�zV{�]R�RJK�OK_S̀KPMKRSTK� LW� ffjy�_� RJK� RL\NKPK� MLPsKO_SLP� ÒLccK̀ � RdLtWL\̀� SP� f�J� ]R[LRJ�RKTcKO]RNOK_U�dJKOK]_�pg�_JLdK̀ � PL� K̀M\SPK�SP�cKOWLOT]PMKjIJK� pg� cJLRLM]R]\q_R� _JLdK̀ � PLRSMK][\q� _\LdKO� K̀]MRSs]RSLP� SPMLTc]OS_LP� dSRJ� nkyj� |]O\SKO� cJLRLM]R]\q_R_� K̀]MRSs]RSLP� ]R� JSaJKORKTcKO]RNOK� d]_� L[_KOsK̀jIJKOK� d]_� ]\_L� PLRSMK][\K� S̀WWKOKPMK� SP� OK_RLO]RSLP� LW� cJLRLtM]R]\q_R� ]MRSsSRqU� dJSMJ� d]_� W]_RKO� WLO� pg� cJLRLM]R]\q_R{� PKMK__]OqROK]RTKPR� RSTK� RL� OK_RLOK� RJK� cJLRLM]R]\q_R� ]MRSsSRq� ]P̀ � dJSRKML\LNO� d]_� ][LNR� y�J� WLO� pg� ]R� RJK� JSaJK_R� RL\NKPK� MLPMKPRO]RSLP]P̀ � Nc� RL� fy�J� WLO� nky� NP̀ KO� S̀KPRSM]\� KbcKOSTKPR]\� MLP̀SRSLP_jIJS_� S̀WWKOKPMK� MLN\̀� [K� Kbc\]SPK̀ � [q� [KRRKO� }~t\SaJR� RO]P_c]OKPMqLW� pg� ML]RSPa� ]\LPa� dSRJ� SR_� KPJ]PMK̀ � LbS̀]RSsK� ][S\SRqjIJK� }~te� O]̀S]RSLP� c]__SPa� RJK� ISoktML]RSPa� RL� RJK� OK]MRLOx_]PPN\]O�M\K]O]PMK�_c]MK�MLTcOS_K̀ ����]P̀ �g��WLO�pg�]P̀ �nky�OK_cKMtRSsK\q� Q_KK� �KMRSLP� kjgVj� rR� MLN\̀� [K� ]__NTK̀ � RJKP� RJ]R� RJK� ]TLNPRLW� RJK� }~� cJLRLP_� S_� JSaJKO� SP� RJK� SPRKORN[N\]O� _c]MK� LW� pgtOK]MRLO]\\LdSPa� SR_� W]_RKO� OK_RLO]RSLPj�G� �E�����E��IJK� WL\\LdSPa� L[_KOs]RSLP_� OKlNSOSPa� S̀_MN__SLP� dKOK� T]̀K{t� JSaJKO� MLPsKO_SLP_� ]P̀ � _R][\K� cKOWLOT]PMK� LW� �]TK� ]KOL_L\� _qPtRJK_S�K̀ � pg� cJLRLM]R]\q_R� RLd]Ò_� RJK� K̀aO]̀]RSLP� LW� eZ� ]P̀RL\NKPK�t� _\LdKO� K̀]MRSs]RSLP� ]P̀ � W]_RKO� OK_RLO]RSLP� LW� M]R]\qRSM� ]MRSsSRq� LWpg� M]R]\q_R� NP̀ KO� }~tO]̀S]RSLP�t� RJK�K]O\SKOU�dSRJSP�RJK�KbcKOSTKPR]\�ONP�RSTKU�]ccK]O]PMK�LW�XYZ]_� RJK� eZ� nYo� [qtcOL̀NMR� ]P̀ U� SP� aKPKO]\U� cLLOKO� cKOWLOT]PMK� LWpg� M]R]\q_R� SP� XYZ� ][]RKTKPR� ]R� K\Ks]RK̀ � RKTcKO]RNOK_jIJK� L[_KOs]RSLP_� _LTKdJ]R� MLPRO]̀SMR� K]MJ� LRJKO� SP� RKOT_� LWRJK�PKd�M]R]\q_R�MJ]O]MRKOS�]RSLP{�RJK�cKOWLOT]PMK�LW��]TK�]KOL_L\_qPRJK_S�K̀ � M]R]\q_R� _N[_R]PRS]\\q� STcOLsK̀ � SP� RL\NKPK� ]P̀ � eZ
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��� �	��������	IJK� STcOLsK̀ � pg� NP_K\KMRSsK� nYo� cKOWLOT]PMK� RLd]Ò_� dK\\t]̀_LO[K̀ � eZ� ]P̀ � dK]̂\q� ]̀_LO[K̀ � RL\NKPK� SP̀ SM]RK_� RJK� JSaJKOLbS̀]RSsK� ][S\SRq� LW� pg� cJLRLM]R]\q_RU� ]MJSKsK̀ � ǸK� RL� pg� RSR]PSNTS̀LbS̀K� c]ORSM\K� _S�KU� SPMOK]_K̀ � ISokt_NOW]MK� ]OK]� KbcL_K̀ � RL� SOO]tS̀]RSLPU� _RONMRNO]\� cOLcKORSK_� ]P̀ U� RJKOKWLOKU� _NcKOSLO� LbS̀]RSsK][S\SRqj�IJK�_NcKOSLO�MJ]O]MRKO�LW��]TK�]KOL_L\�_qPRJK_S�K̀ �M]R]\q_RLsKO� RJK� [KPMJT]Ô� nky� S_� RJN_� MLPuOTK̀ � WLO� RJK� a]_tcJ]_K� nYo_STS\]O� RL� RJK� L[_KOsK̀ � SP� ]lNKLN_� OK]MRSLP_{� [LRJ� dK\\t]̀_LO[K̀]\ScJ]RSM� �Ye� Q]ljV� ]P̀ � eZ� Qa]_VU� ]P̀ � dK]̂\q� ]̀_LO[K̀ � wtYn� Q]ljV]P̀ �RL\NKPK�Qa]_V�qSK\̀K̀ �[KRRKO�RL�nYo�]R�RJK��]TK�]KOL_L\�M]R]\q_R�kk�joPK� LW� RJK� ]cc]OKPR� OK]_LP_� WLO� RJK� STcOLsK̀ � cJLRLM]R]\qRSM][S\SRq�S_�RJK�M]R]\q_R�cOST]Oq�c]ORSM\K�_S�K�]P̀ �_J]cK{�fg�PT�pg�c]OtRSM\K_� ]R� \K]_R� L̀N[\K� RJK� _NOW]MK� LW� kf�PT� nkyj� IJK� cL_SRSsK� STc]MRLW� RJK� OK̀NMK̀ � c]ORSM\K� _S�K� S_� P̂LdP{� RJK� NP̀ K_SOK̀ � OKMLT[SP]tRSLP� LW� cJLRLaKPKO]RK̀ � MJ]OaK� M]OOSKO_� SP� RJK� sL\NTK� ]P̀ � ]R� RJK_NOW]MK� LW� RJK� c]ORSM\K� \STSRSPa� RJK� cJLRLM]R]\q_R_x� ]MRSsSRq� �ww�� S_OK̀NMK̀ � ǸK� RL� RJK� TSaO]RSLP�RSTK� LW� cJLRLaKPKO]RK̀ � MJ]OaK�M]OOStKO_� cOLcLORSLP]\� RL� RJK� _lN]OK� LW� RJK� c]ORSM\K� _S�K� �wy�j� IJK� LsKO]\\PNT[KO� LW� _NOW]MK� ]MRSsK� _SRK_� ]\_L� SPMOK]_K_� dSRJ� K̀MOK]_SPa� c]OtRSM\K� _S�K� OK_N\RSPa� SP� ]MMK\KO]RK̀ � SPRKOW]MS]\� MJ]OaK� RO]P_WKO� ]P̀ UMLP_KlNKPR\qU� RJK� SPMOK]_K̀ � lN]PRNT� qSK\̀� �wyUwm�j� ePLRJKO� OK]t_LP� T]q� MLPMKOP� RJK� SPMOK]_K̀ � MLPRKPR� LW� ]P]R]_K� RJN_� T]̂SPaRJK� S̀K]� LW� ]P]R]_KtONRS\K� _qPKOaS_T� SP� a]_tcJ]_K� nYo� OKlNSOtSPa� TLOK� K̀R]S\K̀ � lN]PRSuM]RSLPj� IJK� K̀MOK]_K̀ � c]ORSM\K� _S�K� ]P̀RJK� SPMOK]_K̀ � MLPRKPR� LW� ]P]R]_KU� JLdKsKOU� PLR� ]\d]q_� OK_N\R� SPSTcOLsK̀ � cJLRLM]R]\qRSM� cOLcKORSK_� LW� RJK� M]R]\q_R_� �wz�U� dJSMJT]̂K_� WNORJKO� OK_K]OMJ� SP� RJK� M]R]\q_R� cOLcKORSK_� PKK̀K̀jIJK� cOST]Oq� c]ORSM\K� _S�KU� JSaJKO� ]P]R]_K� MLPRKPR� ]P̀ � \LdKO]aa\LTKO]RSLP� K̀aOKK� cOK_KPR� RJK� ]cc]OKPR� OK]_LP_� LW� STcOLsK̀nYo� cKOWLOT]PMK� WLO� eZ� ]̀_LO[][\K� ]R� RJK� M]R]\q_Rx_� _NOW]MKj� IJKSTcOLsK̀ � cKOWLOT]PMK� SP� cLLO\q� ]̀_LO[][\K� RL\NKPK� LbS̀]RSLPUJLdKsKOU� M]PPLR� [K� _L\K\q� Kbc\]SPK̀ � [q� \]OaKO� ]̀_LO[SPa� _NOW]MK{PLPt]̀_LO[][\K� ~oY_� _JLN\̀� TL_R\q� [K� LbS̀S�K̀ � [q� _NOW]MK� oXtO]̀SM]\_U� RJK� qSK\̀� LW� dJSMJ� ]\_LU� [NR� PLR� KbM\N_SsK\qU� S_� K̀cKP̀KPRLP� RJK� d]RKO� MLPRKPR� ]R� RJK� M]R]\q_R� _NOW]MKj� IJK� d]RKO� _NOW]MKMLPRKPR�_JLdK̀ � S̀_cOLcLORSLP]\�OK\]RSLP�RL�RJK�cJLRLM]R]\q_R_x�_cKtMSuM�_NOW]MK�LO�_]RNO]RSLP�RSTK���RdLtWL\̀�SPMOK]_K̀ �MLPR]MR�_NOW]MKLW� pg� ]̀_LO[K̀ � RJOKKtWL\̀� ]TLNPR� LW� d]RKO� MLTc]OK̀ � RL� nky� Q_KKpSaj� gVU� dJSMJ� T]q� ]\_L� Kbc\]SP� ]MMK\KO]RK̀ � RL\NKPK� nYo� dSRJ� pg� ]R]\\� RKTcKO]RNOK_� _RǸSK̀j
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C�B�;<5=12>3<5:�?�DEFG� HG� IJKLMNM� OPQ� RJNSMTUVJN� WX� YZ[\P� ]L̂ M̂T_� WǸ � a[\P� ]KJbMT_� WX� VNKMX� RJNRMNXTWXVJN� Jc� d[� ^̂ e� WǸ � TMUV̀MNRM� XVeMU� Jc� a� WǸ � YYfg�Ufh�i�� j�������� �	
k���	�lKXmJLnm� XmMTM� bWU� NJ� M̀RTMWUM� VN� XJKLMNM� RJNSMTUVJN� JSMToZ� UMMN� WX� TMUV̀MNRM� XVeMU� Jc� a� WǸ � YYfg�U� WX� a[\P� WǸ � YYfg�U� WXYZ[\P� L̀TVNn� XmM� a[peVN� Mq̂MTVeMNXWK� TLNr� XmM� RmWNnMU� VN� m̂JXJpRWXWKsUX� RJKJLT� cTJe� bmVXM� XJ� V̀ccMTMNX� UmẀMU� Jc� sMKKJb� VǸ VRWXM̀tsp̂TJ̀LRXU� Jc� XJKLMNM� JqV̀WXVJN� ẀUJTtM̀ � JN� XmM� m̂JXJRWXWKsUXULTcWRM� XMǸVNn� XJbWT̀U� XmM� RWXWKsUX� ĴVUJNVNnf� lX� XmM� UmJTXMUXTMUV̀MNRM� XVeM� Jc� a�U� WX� YZ[\Pr� XmM� m̂JXJRWXWKsUX� M̀WRXVSWXVJNUXWTXM̀ � VN� Y�mf� ImVU� RJLK̀� tM� Mq̂KWVNM̀ � ts� VNRTMWUM̀ � WRRLeLKWXVJNJc� XJKLMNM� OPQ� VNXMTeM̀VWXMU� WX� mVnmMT� XMe M̂TWXLTMU� udvwf� ImVU� VUVN� WN� WnTMMeMNX� bVXm� OPQ� Jc� XJKLMNM� JN� Oxgr� bmMTM� RJNSMTUVJNJc� XJKLMNM� T̀Ĵ M̂̀ � cTJe� Y[[� XJ� a[y� VN� d[�eVN� WX� YZ[\Pr� bmVKM� VXM̀RTMWUM̀ � JNKs� cTJe� Y[[� XJ� z[y� L̀TVNn� XmM� UWeM� XVeM� WX� a[\Pf� {JT̂J̀LRXU� JXmMT� XmWN� PQxr� PQ� WǸ � |xQ� bMTM� UMMN� WKUJ� L̀TVNn� XmMXMe M̂TWXLTMp̂TJnTWeeM̀ � JqV̀WXVJN� WcXMT� XJKLMNM� OPQ� TLNr� bmMTMXmM�XMe M̂TWXLTM�bWU�TWVUM̀ � L̂ � XJ�Zg[\Pr�WU�XmM�eWVN� ẀUJTtM̀ � OPQtsp̂TJ̀LRXU� WKUJ� M̀RJe ĴUM� XJ� RWTtJN� JqV̀MU� WǸ � bWXMT� WX� WtJLXXmVU� XMe M̂TWXLTM� uYdwfImM� TMRJSMTs� Jc� oZ� RWTTVM̀ � JLX� WX� Yv[\P� VN� T̀s� WVT� bWU� WRRJepK̂VUmM̀ �WtJLX�XmTMM�XVeMU�cWUXMT�XmWN�Jc�Oxg�WKUJ�VǸ VRWXVNn�UXTJNnMTm̂JXJRWXWKsXVR� ĴXMNXVWK� Jc� XmM� }WeM� WMTJUJK� UsNXmMUV~M̀ � RWXWKsUXfImM� m̂JXJRWXWKsXVR�WRXVSVXs�bWU� TMUXJTM̀ � MNXVTMKs�WcXMT� MWRm� Jc� eLKpXV̂KM� TLNUfh���� ��������� ��
����� ��������ImM� eJTM� VNRJe K̂MXM� ms̀TJnMN� RsWNV̀M� JqV̀WXVJN� WX� MKMSWXM̀XMe M̂TWXLTM� bVXm� oZ� RJe ŴTM̀ � XJ� Oxg� eWs� cJKKJb� XbJ� NJNpRJNXTẀVRXJTs�Mq̂KWNWXVJN� ŴXXMTNUr�XmM� M̀ms̀TWXVJN�Jc� XmM�RWXWKsUXULTcWRM� TMULKXM̀ � VN� TM̀LRM̀ � Q|pTẀVRWKU� T̂J̀LRXVJN� WX� mVnmMT� XMepM̂TWXLTM� ]YZ[\P_r� WǸ � XmM� |P{� SJKWXVKVXs� T̀WUXVRWKKs� ULT̂WUUVNn� XmMSJKWXVKVXs� Jc� l{fOmJXJRWXWKsXVR� TMWRXVJNU� LULWKKs� WTM� NJX� UMNUVXVSM� XJ� eVNJTSWTVWXVJNU� VN� XMe M̂TWXLTMUr� UVNRM� XmM� tsp̂TJ̀LRX� M̀UJT̂XVJN� UXM̂M̀XMTeVNMU� XmM� TWXM� WX� KJbMT� XMe M̂TWXLTMUr� bmMTMWU� XmM� ẀUJT̂pXVJN� Jc� TMWRXWNXU� VU� TWXM� M̀XMTeVNVNn� WX� mVnmMT� XMe M̂TWXLTMU

udz�gYwf� �mMN� XbJ� RWXWKsUXU� bVXm� V̀ccMTMNX� RTsUXWKKJnTŴmVR� RJepĴUVXVJN� WǸ � WSMTWnM� ŴTXVRKM� UV~M� WTM� RJe ŴTM̀r� XmM� V̀ccMTMNRMVN� XmMVT� WRXVSVXs� KJUU� WX� V̀ccMTMNX� XMe M̂TWXLTMU� VU� eJUXKs� L̀M� XJXmMVT� RTsUXWKKVXMU� UXTLRXLTM� WǸ � ULTcWRM� T̂ĴMTXVMUf� ImM� WKXMTWXVJNJc� m̂JXJp̂TJ̀LRXVJN� Jc� TẀVRWKU� JN� mMWXM̀ � XVXWNVLe� V̀JqV̀M� bWUUmJbN� ts� �JN~WKM~p�KV̂M� MX� WKf� ugxw� WǸ � {W�WJ�W� WǸ � {JUW�W� ugZw�XmM� RmWNnM� VN� XmM� TẀVRWKU�� T̂J̀LRXVJN� VU� RWLUM̀ � ts� XmM� M̀UJT̂pXVJN� Jc� ULTcWRM� ms̀TJqsK� nTJL̂U� WǸ � XmM� RJNUM�LMNXVWK� RmWNnM� VNXmM� ULTcWRM� UXTLRXLTMf� �VccMTMNX� TMWRXVSVXs� TẀVRWKU� WTM� XmLU� UL̂ pĴUM̀ � XJ� tM� cJTeM̀ � WX� V̀ccMTMNX� XMe M̂TWXLTMUf� ImM� V̀ccMTMNRM� VNm̂JXJp̂TJ̀LRM̀ � TẀVRWKU� WX� V̀ccMTMNX� XMe M̂TWXLTMU� RJLK̀� RWLUMXmM� V̀ccMTMNRM� VN� TMWRXVSVXs� Jc� XmM� RTsUXWKKVXMU� XJbWT̀U� ms̀TJnMNRsWNV̀Mf� �VR�KMs� WǸ � �XJNM� ugdw� ULnnMUXM̀ � XmWX� XmM� KJUU� Jc� ẀUJTtM̀bWXMT� bJLK̀� Ŵ M̂WT� XJ� tM� XmM� eWVN� cWRXJT� nJSMTNVNn� XmM� M̀RTMWUMVN� XmM� m̂JXJWRXVSVXs� Jc� IVQxf� �s� eMWULTVNn� XmM� m̂JXJẀUJT̂XVJNJc� JqsnMN� WǸ � ts� XmM� �LWNXVXWXVSM� M̀XMTeVNWXVJN� Jc� Q|� nTJL̂UJN� XmM� UWeM� UWe K̂M� �JJNUXTW� WǸ � �LXUWMTU� uggw� bMTM� WtKM� XJTMKWXM� XmMUM� XbJ� T̂ĴMTXVMUf� oTJe� XmM� KVNMWT� TMKWXVJN� Jc� JqsnMNm̂JXJẀUJT̂XVJN� XJ� NLetMT� Jc� ms̀TJqsK� nTJL̂U� WcXMT� JLXnWUUVNnWX� V̀ccMTMNX� XMe M̂TWXLTMU� XmMs� RJNRKL̀ M̀ � XmWX� XmM� m̂JXJWRXVSVXsJc� IVQxVU� M̀XMTeVNM̀ � ts� XmM� IVQ|� nTJL̂U� JN� XmM� ULTcWRMf� �X� bWUWKUJ� cJLǸ � XmWX� WNWXWUM� VU� eJTM� m̂JXJUMNUVXVSM� XJ� JqsnMN� XmWNTLXVKMf� �X� RJLK̀� tM� WKUJ� UL̂ ĴUM̀ � XmWX� WNWXWUM� RTsUXWKKVXMU� Jc� V̀cpcMTMNX� UV~MU� ĴUUMUU� V̀ccMTMNX� UMNUVXVSVXVMU� XJbWT̀U� XmM� VNRTMWUM̀XMe M̂TWXLTM� V̀ccMTMNXKs� KJJUVNn� XmM� WRXVSVXs� L̀M� XJ� M̀ms̀TWXVJNfImM� WRXVSVXs� Jc� OXpnTJL̂ � RWXWKsUXU� VU� WKUJ� �NJbN� XJ� tM� mVnmKs� UMNUVpXVSM� XJ� XmMVT� ŴTXVRKMU�� UV~Mr� UmŴM� WǸ � RTsUXWKKJnTŴmVR� JTVMNXWXVJNuga�gvwfl�LMJLU� m̂JXJRWXWKsXVR�JqV̀WXVJN�Jc�RsWNV̀M�bWU�UXL̀VM̀ �MWTKVMTWǸ � XmM� TMULKXU� eWs� WKUJ� UL̂ ĴTX� XmM� Mq̂KWNWXVJN� Jc� |P{� MeVUpUVJN� WX� MKMSWXM̀ � XMe M̂TWXLTMf� ImM� W�LMJLU� OPQ� Jc� RsWNV̀M� JRRLTU��
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