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1. Introduction and aims 

 

The pre-treatment and treatment of air and waters continuously attract significant 

interest due to the presence of compounds in natural waters that are difficult to eliminate by 

conventional chemical and/or biological methods. The toxicity of the pollutants and the high 

costs associated with the available methods recently created a pressing need for the 

development of more efficient processes. 

The advanced oxidation processes (AOPs) are emerging technologies, which have been 

developed for treatment of air and water containing hazardous pollutants. The potential of 

these methods to remove both organic and inorganic compounds is currently being intensively 

studied. The AOPs, among others, include direct ultraviolet (UV) and vacuum ultraviolet 

(VUV) photolysis. In addition to these, nowadays, heterogeneous photocatalysis can be seen 

as one of the most favored research topics due to its promising applicability both in water and 

air treatment and solar energy utilization. The continuously growing interest in the application 

of AOPs has triggered a wealth of publications in the literature nevertheless the direct 

comparison of their efficiency under identical experimental conditions is scarce. On the other 

hand, researchers generally investigate the decomposition of one target compound, but during 

the treatment of polluted air or (waste)waters the decomposition of several compounds should 

be achieved in parallel. In a system like this, the compounds can affect each others’ 

decomposition. 

An objective of the present Ph.D. thesis is the comparison of various AOP processes 

(UV photolysis, combined UV/VUV photolysis and heterogeneous photocatalysis) through 

the decomposition of phenol and its intermediates using the same experimental apparatus and 

low-pressure mercury vapour lamps having identical geometric and electric parameters. The 

UV/VUV decomposition of chlorinated methanes (as potential air pollutants) and their binary 

mixtures in the gas phase was also investigated to study a multicomponent system. 

 
2. Experimental conditions and methods 

2.1. UV/VUV photolysis of chlorinated methanes in the gas phase 

 

The photolysis of the chlorinated compounds was investigated by using a low-pressure 

mercury vapour lamp emitting both at 254 (6.15×10-6 einstein s-1) and 185 nm (3.55×10-7 

einstein s-1). This light source was centered in a tubular glass reactor. The thickness of the 
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irradiated gas layer was 2 mm, thus, the reactor volume is considered to be irradiated 

homogeneously. The flow rate of high purity (99.995%) nitrogen or oxygen gas was 98 cm3 

min-1 and the residence time was estimated to be 17.5 s. The liquid VOCs (CH2Cl2, CHCl3 

and CCl4) or their binary mixtures were injected into the gas stream by means of a syringe 

pump through a sample port sealed with a Teflon septum. 

Under oxygen-free conditions the composition of outgoing gas stream was analyzed by 

gas chromatographs equipped with flame ionization detectors. Qualitative analysis was 

carried out by using GC/MS. For photodecompositions in oxygen stream, FTIR (Fourier 

Transform Infrared) spectroscopy was applied to measure the concentrations of chlorinated 

compounds, their products (CO, CO2, COCl2, HCl) and the O3 formed. The maximum 

concentration of O3 was 3.60×10-5 M. 

 

2.2. UV, UV/VUV photolysis and heterogeneous photocatalysis of phenol 
 in aqueous solutions 

 

The decomposition of phenol by using different AOPs was investigated by using the 

same apparatus. The light source was centred in the water-cooled, double-walled glass tubular 

reactor. The light source was immersed directly into the solution/suspension, which was 

circulated continuously around the lamp. The solution was thermostated at 25±0.5 °C. 

Oxygen or nitrogen gas was bubbled through the aqueous solution/suspension during the 

experiments. 

The light sources were low-pressure mercury vapour lamps having identical geometry 

and electric parameters (15 W). A low-pressure mercury vapor lamp covered with commercial 

quartz (UV lamp), emitting only at 254 nm (5.97×10-6 einstein s-1) was used to study the UV 

photolysis of phenol (ε254 nm = 516 dm3 mol-1 s-1). In the UV/VUV decomposition of phenol a 

low-pressure mercury vapour lamp covered with high purity silica quartz (UV/VUV lamp) 

was applied, which emits both at 254 nm (5.97×10-6 einstein s-1) and 185 nm (3.6×10-7 

einstein s-1). In the heterogeneous photocatalytic investigations a UV lamp or a special 

mercury vapour lamp (emits in the 300-400 nm region, 7.23×10-6 einstein s-1) was used. 

The degradation of phenol was characterized by a linear fit to the decay curve of phenol, 

above 20% conversion (0.988<R2 < 0.997). 

The concentration of phenol, aromatic intermediates (1,2- and 1,4-dihydroxybenzene) 

and organic acids were determined with an HPLC system, equipped with a Merck-Hitachi L-

4250 UV-Vis detector. The concentration of the alkylhydroperoxide was measured by the 

enzyme catalysed transformation of leuco crystal violet. The total organic carbon 
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concentrations (TOC) of the solutions investigated were measured by using a Euroglas 1200 

TOC apparatus. 
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3. Results 

 
3.1. UV/VUV photolysis of the chlorinated methanes and their binary mixtures 

 under oxygen-free conditions 

 

1. The rate of degradation of both HCl3 and CH2Cl2 was found to be significantly higher than 

that of CCl4. This is due to the relative contribution of the •Cl initiated H-abstraction 

reactions to the decomposition of the H-containing chlorinated methanes, which was 

confirmed by the products distribution. The apparent quantum yield of the decomposition 

of CCl4 was less than unity, while that of CH2Cl2 and CHCl3 exceeded unity. 

3. Addition of CCl4 to CH2Cl2 or CHCl3 caused a significantly higher rate of decomposition 

of the H-containing chlorinated methanes, which was explained by the higher •Cl 

concentration. In the case of the photolysis of these binary mixtures the CCl4 plays a role 

of a •Cl source. The effect of CCl4 on the relative contribution of the •Cl initiated H-

abstraction reactions to the decomposition of CH2Cl2 or CHCl3 was proved by the product 

distribution. Addition of CH2Cl2 to CHCl3 caused a significant decrease in the rate of 

degradation of the CHCl3, because the CH2Cl2 plays a role of a •Cl scavenger. This was 

confirmed by the inhibitory effect of the CH2Cl2 on the formation of CCl4 as product. 

 
3.2. UV/VUV photolysis of the chlorinated methanes and their binary mixtures 

 in an oxygen stream 

 
1. In oxygen stream ozone formed due to the absorption of 185 nm light by oxygen. The 

efficiency of the combination of the ozone and 254 nm UV light is negligible comparing 

to that of the synergic effect of 185 and 254 nm light in the decomposition of the target 

substances. 

2. The rate of degradation of CH2Cl2 and CHCl3 increased dramatically with their initial 

concentrations, because the •Cl initiated chain reaction determines the decomposition of 

these substances above a given concentration. In oxygen stream, the further 

transformations of the peroxyl radicals and phosgene formed create new pathways for the 

formation of •Cl. 

3. In humidified oxygen stream, the HO• formed opens up new pathway for the 

decomposition of CHCl3 and CH2Cl2, consequently, their rate of degradation increased 

with the increasing concentration of water. At the same time, the concentration of HCl 
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decreased, because of the competition between the H-abstraction reactions initiated by 

HO• and •Cl. 

4. In oxygen stream addition of CHCl3 enhanced the decomposition of CH2Cl2 and addition 

of CH2Cl2 has no inhibitory effect of the degradation of CHCl3 opposite to that observed 

in nitrogen stream. These observations are consistent with that, the further transformations 

of peroxyl radicals results in •Cl. 

 
3.3. UV, UV/VUV photolysis and heterogeneous photocatalytic decomposition of phenol  

 in aqueous solutions 

 

1. In TiO2 containing suspensions irradiated with 254 nm light, the UV photolysis of phenol 

had a minor role, because of the competitive light absorption between phenol and TiO2. 

The reactions occurred in a very thin layer of the suspension. 

2. In UV irradiated solutions, dissolved oxygen enhanced both the rate of degradation and 

the apparent quantum yield of phenol. Due to the absorption of 254 nm light, the 

photoionization of phenol undergoes, and results in phenoxyl radical accompanied with 

the formation of HO2
• and/or O2

•-. Thus, in UV irradiated solutions oxygen has a role of 

an electron scavenger, while the formation of the reactive species (such as HO2
•, O2

•- and 

peroxyl radicals) opens up new possibilities for the further transformation of phenol. 

3. The rates of the decomposition of phenol in UV/VUV irradiated solutions exceeded the 

values obtained for UV irradiated ones. The VUV photons generate HO• and •H from 

water. Dissolved oxygen inhibits the recombination of these primary radicals, 

consequently, causes higher concentration of HO• and HO2
• and enhanced rate of 

degradation of phenol. 

4. Inhibitory effect of methanol as HO• scavenger was also investigated. Addition of 

methanol has no effect in UV irradiated solutions. In UV/VUV irradiated ones the degree 

of the inhibitory effect decreased strongly with initial concentration of phenol, proving 

that the relative contribution of the HO• based reactions to the decomposition of phenol 

decreased. The inhibitory effect of methanol was found to be much more significant in 

UV irradiated TiO2 containing suspensions. Our results demonstrate that the 

transformation of phenol in these suspensions takes place mainly by HO• based reactions.  

5. When a more effective radical scavenger (NaN3) was applied the rate of decomposition 

strongly decreased both in UV and UV/VUV photolysis. At the same time, there was not 
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any difference between the degradation rates determined in UV and UV/VUV irradiated 

solutions. This observation proved the considerable contribution of the HO2
• and/or O2

•- to 

the photooxidation of phenol both in UV and UV/VUV irradiated solutions. 

 
3.4. Formation and transformation of the aromatic intermediates 

 

1. In oxygen-free solutions, the radicals formed rapidly recombine. Oxygen inhibits the 

recombination, and creates possibility for the formation of the 1,2- and 1,4-

dihydroxybenzenes as aromatic intermediates. In all cases the formation and 

decomposition of these aromatic intermediates takes place together with the 

decomposition of phenol. 

2. In UV irradiated solutions the concentration of 1,2-dihydroxybenzene exceeded that of 

1,4-dihydroxybenzene in great measure. Their formation is due to the recombination of 

the phenoxy radical and HO2
•, and is followed by the H2O elimination. Thus, the 

formation of 1,4-dihydroxybenzene is likely to be stericaly hindered. 

3. In UV irradiated TiO2 suspensions, the concentration of 1,4-dihydroxybenzene exceeded 

that of 1,2-dihydroxybenzene, however, 1,2-dihydroxybenzene is expected to be 

dominant. This observation could be explained by the fact that, the reactions take place on 

the surface of the TiO2 particles under stericaly hindered conditions. The effect of the 

TiO2 concentration on the product distribution confirmed this assumption. 

4. In oxygen-free, UV irradiated solutions the rate of degradation of phenol and 

dihydroxybenzenes increased according to their molar absorptivity. In solutions saturated 

with oxygen, the rate of degradation of 1,4-dihydroxybenzene exceeded that of 1,2- 

dihydroxybenzene in spite of the fact that, its molar absorptivity is much lower. This 

observation confirmed the considerable contribution of the HO2
• and/or O2

•- to the 

photooxidation of these aromatic compounds. The rate of photooxidation of the aromatic 

compounds investigated in TiO2 suspensions and in U/VUV irradiated solutions exceeded 

the values determined in UV irradiated ones, because their photooxidation is primarily 

determined by the HO•. 

 

3.5. Formation and transformation of the aliphatic intermediates 

 

1. Besides aromatic intermediates, aliphatic carboxylic acids are also formed, proving the 

opening of the aromatic ring and fragmentations of intermediates in all cases. 
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2. Among the aliphatic intermediates detected, the photooxidation of maleic, tartaric and 

oxalic acid was investigated. UV photolysis was found to be ineffective in the oxidation of 

maleic and tartaric acid. The degradation of oxalic acid commenced with an induction 

period, whose duration decreased with increasing initial concentration. Applying 

UV/VUV photolysis or heterogeneous photocatalysis, the decomposition of aliphatic 

intermediates was found to be much faster. 

3. In UV and UV/VUV irradiated solutions the accumulation of oxalic acid together with the 

decrease in the total organic carbon concentration became considerable after the total 

decomposition of phenol and dihydroxybenzenes. This suggests that the fragmentation of 

the longer-chain carboxylic acids becomes significant only after the disappearance of 

aromatic compounds. At the same time, in UV irradiated TiO2 suspensions, the decrease 

of the total organic carbon concentration started together with the decomposition of 

phenol and the accumulation of the oxalic acid is not significant. Comparing these 

processes, the heterogeneous photocatalysis is the most efficient method in the total 

mineralization of phenol. 
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