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INTRODUCTION 
 
In recent decades, environmental laws and regulations became more stringent 
that forced researchers to develop and evolve novel technologies for water and 
wastewater treatment which are capable to reach higher mineralization rate with 
lower amount of detectable pollutants than conventional methods. 

The application of advanced oxidation processes (AOPs) is a promising and 
effective tool for oxidation, decolourisation, mineralization and degradation of 
most organic pollutants. Advanced oxidation processes belong to the group of 
technologies that lead to hydroxyl radical generation as the primary oxidant. 
These radicals are produced by means of oxidizing agents such as H2O2 and O3, 
ultraviolet irradiation, ultrasound, and homogeneous or heterogeneous catalysts. 
Hydroxyl radicals are non-selective in nature and they can react without any 
other additives with a wide range of contaminants whose rate constants are 
usually in the order of 107-1010 L/mol·s. 

Due to high oxidation rate of the chemical reactions caused by AOPs, the 
behavior of contaminants is significantly changed after the treatment. The 
majority of by-products formed during organic pollutants degradation are 
smaller and more biodegradable. At sufficient contact time and proper operation 
conditions, it is practically possible to mineralize the target pollutant to CO2. 
The advantage of AOPs overall chemical and biological processes is that they do 
not transfer pollutants from one phase to the other (as in chemical precipitation, 
adsorption, and volatilization) and do not produce massive amounts of sludge (as 
in biological processes). However, the application of AOPs alone for wastewater 
treatment proved to have higher operating cost comparing to conventional 
treatment. Therefore, it is proposed to combine these technologies and use AOPs 
as pre- or post-treatment step. In other words, AOPs may prepare biologically 
persistent or toxic water and wastewater for subsequent biological degradation 
or be applied as a polishing step for biologically or physicochemically pre-
treated effluents. The main purpose of integrating different treatment methods is 
to enhance the process efficiency as well as to reduce the overall operating cost. 

The main objective of the current work was to study the efficiency of 
different AOPs and combined processes for the treatment of real and synthetic 
water/wastewater samples containing refractory organic contaminants and to 
assess the economical feasibility of applied processes. In the present research 
real industrial wastewater samples were presented as textile factory and 
industrial park effluents, and synthetic water/wastewater samples as 
propoxycarbazone-sodium (an active component of herbicide), picric acid and 
nonylphenol (endocrine disrupting compound) aqueous solutions. 

The AOPs of concern were ozonation and related processes, direct and 
indirect photolysis, and Fenton-based processes. The aim of this work was to 
evaluate and compare different advanced oxidation technologies for the 
degradation of target compounds in aqueous matrices and overall improvement 
of wastewater quality. 
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1. LITERATURE REVIEW 
 
1.1. Principles of advanced oxidation processes 
 
Advanced oxidation processes (AOPs) differ in their reacting systems (Table 1), 
meanwhile all are identified by the same chemical nature - production of 
hydroxyl radicals. Hydroxyl radicals are extremely reactive species and 
powerful oxidants (Table 2). They react with target molecules with rate 
constants in the order 107-1010 L/mol·s (Hoigné and Bader, 1983, Huang et al., 
1993). These hydroxyl radicals are also characterized as non-selective oxidizing 
agents and can react with organic compounds by electrophilic addition of OH-
group, by hydrogen atom abstraction, or by electron transfer (Legrini et al., 
1993): 
 
•OH + R → ROH       [1] 
 
•OH + RH → •R + H2O       [2] 
 
•OH + RX → RX•+ + -OH      [3] 
 
In general, reactions [1] and [2] are extremely fast and result in new oxidized 
intermediates with lower molecular weight or in case of complete mineralization 
in carbon dioxide and water. Electron transfer reactions Eq. [3] of hydroxyl 
radical with organics are uncommon (Pignatello et al., 2006). 
 
Table 1. Types and classification of AOP systems 
 
Non-photochemical Photochemical 
O3/OH- (ozonation in alkaline media) H2O2/UV 
O3/H2O2 O3/UV 
O3/Ultrasound (US) O3/H2O2/UV 
O3/AC (activated carbon) H2O2/Fe2+/UV (photo-Fenton) 
H2O2/Fe2+ (Fenton system) UV/TiO2 
electro-Fenton H2O2/TiO2/UV 
pulsed plasma O2/TiO2/UV 
US UV/US 
H2O2/US Vacuum UV (VUV) 
O3/Catalyst  
Microwave  
Wet air oxidation  
Supercritical water oxidation  
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Table 2. Relative oxidation power of some oxidants 
 
Oxidant Oxidation 

potential (V) 
h+(TiO2) 3.50 
Fluorine 3.03 
Hydroxyl radical 2.80 
Atomic oxygen 2.42 
Ozone 2.07 
Hydrogen peroxide 1.78 
Perhydroxyl radical 1.7 
Potassium permanganate 1.68 
Hypobromous acid 1.59 
Chlorine dioxide 1.57 
Hypochlorous acid 1.49 
Hypoiodous acid 1.45 
Chlorine 1.36 
Bromine 1.09 
Iodine 0.54 
 
As it was above-mentioned, the hydroxyl radical is a non-selective oxidant, and 
thus can be consumed by organic or inorganic compounds other than the 
contaminants of concern. Carbonates, bicarbonates, and phosphates are well-
known hydroxyl radicals scavengers, which reduce the efficiency of pollutant 
oxidation in direct proportion to their (carbonate, bicarbonate, and phosphate) 
concentrations: 
 
•OH + HCO3

- → -OH + HCO3
•      [4] 

 
•OH + CO3

2- → -OH + •CO3
-      [5] 

 
•OH + PO4

3- → -OH + •PO4
2-      [6] 

 
Also, it has been observed that hydroxyl radicals can be significantly consumed 
by excessive amounts of the primary oxidants (e.g. ozone and hydrogen 
peroxide) applied in treatment process as well as by reduced cations (e.g. iron) 
presented in water/wastewater naturally or artificially added (Hernandez et al., 
2002). 
 
1.1.1. Ozonation in alkaline media 
 
Once the ozone is generated, the oxidation of the organics can occur through two 
different reaction pathways, i.e., direct and indirect (free radical) ozonation, 
leading to different oxidation products and different types of kinetics. The 
reaction pathways (direct and indirect) are dependent on the pH of the treated 
solution (Hoigné and Bader, 1983) 
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When the direct ozonation takes place (pH<4), ozone is the main oxidizing agent 
of the process. On the other hand, the indirect ozonation (pH>9) is based on the 
formation of hydroxyl radicals acting as main oxidizing agent. At this point, it 
has to be noted that ozonation can be considered as an AOP when the hydroxyl 
radicals are prevailing oxidants. At pH range 4-9 both (direct and indirect) 
reactions take place. 

Decomposition of ozone to produce hydroxyl radicals passes through the 
following mechanism, where hydroxide ions initiate the reaction (Andreozzi et 
al., 1999): 
 
O3 +OH- → O2 + HO2

-       [7] 
 
O3 + HO2

- → HO2
• + O3

•-      [8] 
 
HO2

• → H+ + O2
•-       [9] 

 
O2

•- + O3 → O2 + O3
•-       [10] 

 
O3

•- + H+ → •OH + O2       [11] 
 
1.1.2. O3/H2O2 process 
 
Hydrogen peroxide can be combined with ozone to enhance its transformation to 
hydroxyl radicals. Hydrogen peroxide is a weak acid, which partially dissociates 
into the hydroperoxide ion in water. Hydrogen peroxide reacts slowly with 
ozone, whereas the hydroperoxide ion can react rapidly with ozone to form 
hydroxyl radicals. The reaction mechanism for the perozonation process is 
described by Hernandez et al. (2002): 
 
H2O2 + H2O ↔ H3O

+ + HO2
-      [12] 

 
O3 + HO-→HO2

- + O2       [13] 
 
O3 + HO2

- → •OH + O2
•- + O2      [14] 

 
O3 + O2

•- → O3
•- + O2       [15] 

 
O3

•- + H2O2 → •OH + OH- + O2      [16] 
 
1.1.3. UV photolysis and H2O2/UV process 
 
The photolysis is the decomposition of organic compounds caused by natural or 
artificial light. Two photo-induced processes are commonly occurring in 
aqueous matrices: direct and indirect photolysis. In the former case, the organic 
compounds absorb UV light and may react with the constituents of the aqueous 
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matrix or undergo self-decomposition. Indirect photolysis involves the photo-
degradation by photo-sensitizers, e.g. hydroxyl or peroxyl radicals. 

In H2O2/UV process hydroxyl radicals are produced from the photolytic 
dissociation of hydrogen peroxide in water by UV irradiation (Legrini et al., 
1993): 
 
H2O2 + hν → •OH + •OH      [17] 
 
The rate of hydrogen peroxide photolysis is pH dependent and increases under 
alkaline conditions due to formation of peroxide anion which has higher molar 
absorption coefficient (240 L/mol·cm) at 253.7 nm comparing to hydrogen 
peroxide (18.6 L/mol·cm): 
 
HO2

-+ hν → •OH + O-       [18] 
 
1.1.4. O3/UV process 
 
In ozone photolysis hydroxyl radicals are produced through different reaction 
pathways: 
 
O3 + H2O + hν → H2O2       [19] 
 
H2O2 + hν → •OH + •OH      [20] 
 
2O3 + H2O2 → 2•OH + 3O2      [21] 
 
As it is seen, the photolysis of ozone generates hydrogen peroxide and, thus, 
O3/UV process involves all mechanisms present in O3/H2O2 and H2O2/UV 
processes (Homem and Santos, 2011). 
 
1.1.5. The classical Fenton reaction (H2O2/Fe2+) 
 
The Fenton reaction is a catalytic process under acidic conditions, based on 
electron transfer between hydrogen peroxide and iron ion acting as catalyst. The 
main steps of the reaction mechanism are: 
 
Fe2+ + H2O2 → Fe3+ + OH- + •OH     [22] 
 
•OH + H2O2 → H2O + HO2

•      [23] 
 
HO2

• + H2O2 → O2 + H2O + •OH     [24] 
 
Fe2+ + •OH→ Fe3+ + OH-      [25] 
 
Fe3+ + H2O2 → Fe2+ + HO2

• + H+     [26] 
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Fe3+ + HO2

• → Fe2+ + H+ + O2      [27] 
 
Fe2+ + HO2

• + H+ → Fe3+ + H2O2     [28] 
 
HO2

• + HO2
• → H2O2 + O2      [29] 

 
The overall Fenton reaction Eq. [22] can be simplified by accounting for the 
dissociation water (Walling, 1975): 
 
2Fe2+ + H2O2 + 2H+ → 2Fe3+ + 2H2O     [30] 
 
This equation demonstrates that the Fenton reaction is strongly dependent on 
solution pH; in general only at acidic pH values near 3 the hydroxyl radical is 
the principal oxidant (Neyens and Baeyens, 2003). 

The Fenton reagent (H2O2/Fe2+) is known to have different treatment 
functions depending on the hydrogen peroxide/iron catalyst ratio. When the 
amount of hydrogen peroxide applied is higher than iron catalyst dosage, the 
treatment tends to have effect of chemical oxidation. When the two amounts are 
reversed, the treatment tends to have effect of chemical coagulation (Neyens and 
Baeyens, 2003). 

In general, the Fenton treatment involves four steps: pH adjustment, 
oxidation reaction, neutralization and coagulation/sedimentation. Thus, the 
target compounds are removed in two phases: the oxidation and the 
coagulation/sedimentation. 
 
1.1.6. Photo-Fenton process 
 
The way to increase the Fenton reaction process efficiency is its combination 
with UV radiation (photo-Fenton process). The use of UV radiation can increase 
the efficiency of this process mainly due to the regeneration of ferrous ion and 
the extra production of hydroxyl radicals by the photolysis of ferric complexes. 
The newly generated ferrous ions react with hydrogen peroxide generating a 
second hydroxyl radical and ferric ion, and the cycle continues: 
 
Fe3+ + H2O + hν → Fe2+ + H+ + •OH     [31] 
 
Ferric iron can form complexes with many substances and undergo photo-
reduction. The main compounds absorbing light in photo-Fenton system are 
ferric ion complexes [Fe3+(OH)-]2+

 and [Fe3+(RCO2)-]2+, which produce 
additional Fe2+

 by photo induced ligand-to-metal charge-transfer reactions 
(Sagawe et al., 2001): 
 
[Fe3+(OH)-]2+ + hν → Fe2+ + •OH     [32] 
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[Fe3+(RCO2)-]2+ + hν → Fe2+ +CO2  + •R     [33] 
 
The pH plays an important role in the efficiency of the photo-Fenton reaction, 
because it strongly predetermines which iron complexes are formed. 
 
1.1.7. Heterogeneous Fenton process 
 
The main disadvantages associated with the homogeneous Fenton process are 
the formation of high amounts of metal-containing sludge at the end of the 
process, with high environmental impact and costs associated, and requirement 
for acidic conditions. Application of iron ions immobilized on a solid support is 
a strategy to avoid sludge formation and to expand the effective pH range of the 
Fenton reaction. 

Available sources for catalytic ion include transition metal-exchanged 
zeolites, pillared interlayered clays, iron-oxide minerals, metallic iron, 
nanocatalysts, iron-oxide coated allophone nanocatalysts (Garrido-Ramirez et 
al., 2010). These minerals can operate over a wide range of pH and temperature, 
it is easy to separate and keep their activity during successive operation. 

Heterogeneous Fenton-based reactions may follow different mechanisms of 
generation of hydroxyl radicals. The hydroxyl radicals may be formed by the 
reactions with Fe2+ dissolved from the mineral surface or, for example, the 
catalysis may occur at the surface of heterogeneous catalyst (Lin and Gurol, 
1998; Lu, 2000). The reaction leading to the dissolution of Fe2+ from goethite 
surface: 
 
α-FeOOH(s) + 2H+ + ½H2O2 → Fe2+ + ½O2 + 2H2O   [34] 
 
Hydroxyl radicals are then produced by the Fenton’s basic reaction Eq. [22]. 
Further, Fe3+ is precipitated according to following reaction: 
 
Fe3+ + H2O + OH- → α-FeOOH(s) +2H+     [35] 
 
Lin and Gurol (1998) proposed a mechanism for the radical formation by 
catalyzed peroxide decomposition on mineral surface. The series of chain 
reactions are initiated by the production of a complex of H2O2 with the oxide 
surface (≡Fe3+-OH) Eq. [36]. 
 
≡Fe3+OH + H2O2 ↔ (H2O2)s      [36] 
 
(H2O2)s → ≡Fe2+ + H2O + HO2

•      [37] 
 
≡Fe2+ + H2O2 → ≡Fe3+OH + •OH     [38] 
 
HO2

• ↔ H+ + O2
•-       [39] 
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≡Fe3+OH + HO2
•/O2

•- → ≡Fe2+ + H2O/OH- + O2    [40] 
 
1.2. AOPs for water and wastewater treatment – state of the art 
 
Advances in analytical chemistry, hydrology, and engineering have greatly 
improved ability to identify and study new group of chemicals which are 
harmful to environment and human health. A plenty of new contaminants are not 
commonly monitored, however, had been recently detected in the environment. 
These chemicals are referred to as contaminants of emerging concern, because 
the risk to human health and the environment associated with their presence, 
frequency of occurrence or source may not be known yet and ability to detect 
them in the environment often may exceed ability to understand the risks. These 
contaminants of emerging concern are consisting of pharmaceuticals, personal 
care products, natural and synthetic estrogens, pesticides, surfactants and etc. 
Many of emerging contaminants are labeled as endocrine disrupting compounds 
(EDCs). 

The conventional water and wastewater treatment technologies include 
biological, thermal and physicochemical treatments. Usually biological 
treatments may require a longer residence time for microorganisms to degrade 
the pollutant because they may be affected by pollutant toxicity. Secondary 
biological treatment of wastewater may also provide not satisfactory result, 
especially for industrial wastewater, consisting of recalcitrant compounds, or the 
water contaminated with emerging pollutants. Treatment efficiency of biological 
process may completely fail for the reason of low biodegradability of certain 
compounds. As these compounds are found in water bodies, it means they are 
not removed with conventional biological treatment at wastewater treatment 
plants (WWTP) and further they can pass to drinking water treatment facility 
that faces with the problem of their removal. Thermal treatment may pose 
considerable emissions of other hazardous compounds after their incineration. 
Such techniques as coagulation, flocculation, activated carbon adsorption, air 
stripping and reverse osmosis will require a post-treatment to remove the 
accumulated pollutants. 

Therefore, one of feasible options for elimination of biologically persistent 
contaminants of emerging concern in water and wastewater processing is the use 
of alternative treatment technologies based on chemical oxidation, such as the 
AOPs. AOPs are characterized as efficient treatment methods for aqueous 
matrices containing refractory organic contaminants. A review concerning 
different types of AOPs implemented for removal of emerging pollutants from 
water and wastewater is presented in Table 3. Processes of concern are 
ozonation, O3/H2O2, O3/UV, O3/UV/H2O2 process, UV photolysis and H2O2/UV 
process, homogeneous and heterogeneous Fenton-based systems, and photo-
Fenton process. The efficacy of AOPs application is demonstrated both for 
treatment of synthetic aqueous solutions and real water/wastewater samples. 
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Studies on artificial matrix treatment give plenty information about 
intermediates’ formation during the target compound degradation and 
mineralization extent. Moreover, such kind of experiments can be extended for a 
range of different concentrations for each compound. In the case of real 
water/wastewater solutions from a specific source, the main benefit of such 
studies is the opportunity to solve an original problem. 

Ozonation is well studied process widely used in full-scale applications for 
drinking water purification and wastewater treatment. The main advantage of 
ozone oxidation is the applicability for effluents with fluctuating flow rate and/or 
composition. However, the high cost of equipment and maintenance, energy 
required to supply the process, as well as mass transfer limitations are relevant 
factors to be considered in evaluation of the ozonation process efficacy and 
operating cost. As can be seen in Table 3 several studies have been conducted on 
the applicability of ozonation to different emerging contaminants classes: 
pharmaceuticals (Huber et al., 2005; Hua et al., 2006; Oh et al., 2007; Dantas et 
al., 2008; Lin et al., 2009; Benitez et al., 2011), estrogens (Huber et al., 2005; 
Irmak et al., 2005), pesticides (Pisarenko et al., 2012), constituents of real 
industrial effluents (Balcioğlu et al. 2006; Lucas et al., 2010; Cortez et al., 2011; 
Martins et al., 2011), etc. It was found for majority of these compounds that 
although high removal efficacies were achieved (compounds degradation >90%, 
COD removal >40%), the degree of mineralisation was low, even for extended 
treatment times. The pH influence on the ozonation efficacy was extensively 
studied as well indicating increase in degradation rates with increase in pH 
value. It should be noticed that in some cases, mainly for real wastewater 
samples, ozonation proved ineffective or showed low treatment efficacy (Lucas 
et al., 2010; Cortez et al., 2011; Martins et al., 2011; Pisarenko et al., 2012). In 
order to improve the performance of ozonation treatment, it is possible to 
combine ozone with UV (Lucas et al., 2010), with hydrogen peroxide (Cortez et 
al., 2011; Pisarenko et al., 2012) or both (Lucas et al., 2010). 

UV photolysis (and in particular UVC irradiation) has been traditionally used 
for the disinfection purposes of drinking water with the advantage, compared to 
chlorination, of reduction the formation of disinfection by-products. In water and 
wastewater treatment, UV photolysis has been effectively applied to samples 
containing photo-sensitive compounds and with low COD concentrations. From 
the studies summarized in Table 3, it seems that UV treatment is dependent on 
the chemical structure and absorption spectrum of the target compound 
(Tambosi et al., 2009; Wert et al., 2009; Baeza and Knappe, 2011; Benitez et al., 
2011), radiation intensity and frequency (Shemer et al., 2006) and type of 
aqueous matrix (Ocampo-Pérez et al., 2010; Baeza and Knappe, 2011; Benitez et 
al., 2011; Li et al., 2011; Nagarnaik and Boulanger, 2011). The efficiency of UV 
treatment could be improved by combination with hydrogen peroxide or ozone. 
The positive impact of hydrogen peroxide on UV photolysis has been 
demonstrated in several studies reviewed in Table 3. For example, H2O2/UV 
process was efficiently applied for degradation of EDCs (Xu et al., 2009; 
Nagarnaik and Boulanger, 2011) and herbicides (Chelme-Ayala et al., 2010; Li 
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et al., 2011; Peternel et al., 2012) both in deionized water and real aqueous 
matrices. 

Fenton based processes may be effectively employed to treat wide range of 
micropollutants in different matrices: deionized water (Shemer et al., 2006; Sun 
et al., 2008; Zhao et al., 2008; Elmolla and Chaudhuri, 2009; Trovo et al., 2009; 
Perez-Moya et al., 2010; Rozas et al., 2010; Peternel et al., 2012), surface- and 
groundwater (Benitez et al., 2011; Nagarnaik and Boulanger, 2011; Pagano et 
al., 2011), and industrial effluents (Trovo et al., 2008; Bautitz and Nogueira, 
2010; Benitez et al., 2011; Martins and Quinta-Ferreira, 2011) (Table 3). The 
efficiency of dark Fenton-based process may be enhanced in the presence of 
UVC (Shemer et al., 2006; Peternel et al., 2012; Nagarnaik and Boulanger, 
2011), UVB (Tambosi et al., 2009; Trovo et al., 2009), UVA (Elmolla and 
Chaudhuri, 2009; Trovo et al., 2008) or solar light (Sun et al., 2008) irradiation, 
as more hydroxyl radicals are produced in the photo-Fenton reaction compared 
to the classical Fenton process. The performance of Fenton-based processes 
proved to be mainly affected by pH, temperature, catalyst, hydrogen peroxide 
and target compound concentration. The narrow pH range (between 2 and 4) of 
operation constitutes one disadvantage, as well as the common necessity to 
recover the dissolved catalyst. The use of heterogeneous system allows 
overcoming these problems, since the catalyst is immobilized in a heterogeneous 
matrix, giving the opportunity to work in all pH range and to recover the catalyst 
from the treated effluent (Zhao et al., 2008; Zhang et al., 2010). 

The current literature review does not cover all the AOP’s applied for 
removal of pollutants of emerging concern. Thus, very popular and widely used 
semiconductor photocatalytic process as well as new and very promising AOPs 
with ultrasound were left beyond the scope of the review presented in Table 3. 
Photocatalytic processes proved efficient tool for degradation of EDCs (Gültekin 
and Ince, 2007), antibiotics (Homem and Santos, 2011) and other 
pharmaceuticals (Klavarioti et al., 2009) in aqueous matrices. Application of 
sonolysis for removal of recalcitrant compounds is fast developing AOP. It was 
found efficient for degradation of pharmaceuticals (Emery et al., 2005; 
Hartmann et al., 2008; Memarian and Farhadi, 2008; Sancez-Prado et al., 2008), 
EDCs (Kitajima et al., 2006; Méndez-Arriaga et al., 2008; Chiha et al., 2011; He 
et al., 2011) and other persistent organic compounds (Kidak and Ince, 2006; 
Lesko et al., 2006; Sponza and Oztekin, 2011). 
 
1.3. AOPs in combination with other treatment methods for water 
and wastewater treatment 
 
Application of chemical oxidation for complete mineralization of organics may 
become significantly expensive because the oxidation intermediates formed 
during treatment tend to be more and more resistant to their complete chemical 
degradation. Furthermore, they all consume energy (radiation, ozone, etc.) and 
chemical reagents (catalysts and oxidizers) which increase with treatment time. 
Therefore, various combinations of AOPs with biological and physicochemical 
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processes have been developed and applied in water and wastewater treatment. 
AOPs may be used as a pre-treatment step to convert the initially persistent 
organic compounds into more biodegradable and less toxic intermediates, 
preventing the death of microorganisms involved into the subsequent biological 
treatment. The rate of mineralization may be minimal during the pre-treatment 
step in order to avoid unnecessary expenditure of chemicals and energy, thus 
lowering the operating cost (Oller et al., 2011). Alternatively, AOPs can be 
applied in tandem with other treatment technologies as a polishing post-
treatment step. A short review of application of AOPs in combination with other 
technologies in water and wastewater treatment is presented in Table 4. 

The most common application of AOPs in combinations is chemical 
oxidation followed by biological treatment; in some cases reversed order is used 
as well. As can be seen in Table 4 combined chemical and biological treatment 
was effectively applied for degradation of pharmaceuticals (Badaway et al., 
2009; Sirtori et al., 2009; Serra et al., 2011) and constituents of industrial 
wastewater (Tünay et al., 2008; Wang et al., 2008). The results of these 
combined schemes application indicated more than 90% removal of COD and/or 
TOC for all studied synthetic and real aqueous samples. Combination of 
coagulation/flocculation with subsequent advanced chemical oxidation proved 
effective in degradation of pharmaceuticals and EDCs (Rahman et al., 2010) as 
well as in treatment of real industrial wastewater (de Velasquez and Monje-
Ramirez, 2006; Mizuno et al., 2008; Tünay et al., 2008; Martins et al., 2011). In 
general, a variety of technologies, e.g. reverse osmosis (Zhang et al., 2006), 
nanofiltration (Zhang and Pagilla, 2010), dissolved air flotation (de Sena et al., 
2008), etc., may be used in tandem with AOPs to improve overall treatment 
efficacy of water/wastewater samples contaminated with refractory organic 
compounds. 

The selection of processes to be combined depends on the quality standards 
to be met and the most effective treatment with the lowest reasonable cost. 
When preliminary chemical oxidation is used in combination, its efficacy is 
sometimes negligible or effect even harmful to the properties of the original 
water/wastewater. The reasons for that may be formation of stable intermediates 
which are less biodegradable or more toxic than the original compounds. 
Chemical pre-treatment may have low selectivity to the more bio-resistant 
fractions of the wastewater to be treated. Incorrect selection of treatment 
conditions may lead to generation of an effluent with low metabolic value for the 
microorganisms. Oxidants and metals used in AOPs in improper doses may 
become harmful for microorganisms. All these limitations underline the need to 
establish a step-by-step research methodology for application of combined 
methods, taking these effects into account, because operating conditions that 
impact on the original properties of the pretreatment step (contact time, oxidant 
and/or catalyst type, dose and toxicity, temperature, etc.) should be known. 
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As it was above-mentioned, the main purpose of integrating different treatment 
methods is to enhance the process efficiency as well as to reduce the operating 
cost. The important parameter to evaluate the effectiveness of the system in 
combined processes is the synergetic effect which shows the enhancement of 
pollutant degradation under combined method relative to the linear combination 
(sequential) method. The synergetic effect could be estimated as follow (Kang 
and Hoffmann, 1998): 

 

Synergetic effect =
constant rate methods individual ofsummation Linear 

constant ratereaction  Combined
 

 
The purpose of combination of advanced oxidation processes is to enhance the 
degradation rate that is not achievable by a single process alone under the same 
condition. 

The design, construction, operation, and maintenance of combined treatment 
processes is more difficult than those of the individual methods, but by 
combining various technologies, lower capital and operating costs are 
achievable. Several factors are required to be considered simultaneously in 
evaluation of combined treatment technologies. These factors are as follows 
(Kang and Hoffmann, 1998): 

• Method: The strength of different combined methods is useful to decide 
whether this hybrid system is beneficial. For those methods employed to 
degrade organic compounds or to enhance the biodegradability, the 
combined method which has the greatest removal rate would be the best 
choice. On the other hand, if the goal of the treatment is mineralization, 
it is better to select the combined system that has the highest TOC 
reduction rate. 

• Residence time: The product of the synergetic effect and residence time 
is equal to the summation of individual processes’ residence times. 

• Cost: Fixed and operating costs of hybrid methods are less than those of 
the summation of different individual process. By increasing the 
synergetic effect, these costs can be even lower. Synergetic effects of 
less than one are almost always not practical due to the lower 
degradation rate and higher maintenance cost. It is also not reasonable to 
combine different methods with the synergetic effect slightly greater 
than one when the contribution of a method is lower in the degradation 
of organic compounds and synergetic effect. 

• Energy: In combining different single processes, the amount of energy 
or power required for the degradation should be considered. Methods 
employing UV, ultrasonic irradiation, ozone generation, gas sparging, 
and mechanical mixing consume a higher amount of energy relative to 
others, but they may substantially enhance the degradation rate. 
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1.4. Aims of the present study 
 
Although basic reaction steps of AOPs are widely described, it may become 
complicated to predict the transformation and mineralization rates of certain 
compounds without providing preliminary research experiments. 

The main objective of the present study was to specify the potential of 
different AOPs in degradation of refractory organic compounds in water and 
wastewater matrices, and thus to enlarge the existing knowledge of AOPs 
application solely as well as in combination with other treatment techniques. 

In the current research real industrial wastewater samples from textile factory 
and industrial park, and synthetic aqueous solutions of propoxycarbazone-
sodium, picric acid and nonylphenol were subjected to AOPs treatment. 

The objectives of the study were as follows: 
• to evaluate the overall efficacy of combined physicochemical treatment 

schemes applied for purification of real industrial effluents; 
• to study and compare the implementation of UV and hydrogen peroxide 

photolysis, the Fenton reagent, ozonation and related processes for 
degradation of herbicide active component; 

• to study the use of different heterogeneous catalysts in Fenton-based 
processes and to compare their efficiencies for picric acid degradation; 

• to study and compare the application of UV and hydrogen peroxide 
photolysis, and Fenton-based processes for degradation of endocrine 
disrupting compound; 

• to estimate and compare the operating costs of different treatment 
schemes. 
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2. MATERIALS AND METHODS 
 
The description of main experimental characteristics is briefly presented in this 
section. For more details see the complete experimental part in Papers I-IV. 
 
2.1. Samples and chemicals 
 
All chemicals used were of reagent or analytical grade and were used without 
further purification. Stock solutions were prepared in twice-distilled water. 
Sodium hydroxide and sulphuric acid aqueous solutions were used for pH 
adjustment. 

Real wastewater samples were obtained from textile factory with finishing 
technology (including bleaching, dyeing and printing processes) and industrial 
park with main industries: tannery (technology without tanning, the process 
starts with semi-finished product processing), textile factory with finishing 
technology (including bleaching, dyeing and printing processes), bus fleet and 
food-processing industry. The main properties of the investigated effluents are 
presented in Paper I, Table 1. 

Synthetic propoxycarbazone-sodium (PS) aqueous solutions were prepared 
using commercial herbicide containing PS as an active ingredient at 
concentration of around 70%. Artificial solutions with initial ATTRIBUT™ 
concentration of 200 mg/L were freshly prepared in twice-distilled water. 
Molecular structure of PS is presented in Paper II, Figure 1. 

Model picric acid (PA, 2,4,6-trinitrophenol) solutions were freshly prepared 
in twice-distilled water. The initial concentration of PA was 0.4 mM. 

Stock nonylphenol (NP) solution of 4.54 mM was prepared in 100 mL 
methanol. Synthetic solutions with initial NP concentration of 20 μM were 
freshly prepared by dilution of the stock in twice-distilled water. The structure 
and main properties of studied pharmaceutical are presented in Paper IV,  
Table 1. 

Goethite (α-FeOOH, 30-50 mesh), magnetite (Fe3O4, 98%, <5 μm) and iron 
powder (Fe0, ≥99%, 200 μm) were used as heterogeneous catalysts. The results 
of specific surface area measurement of heterogeneous catalysts are presented in 
Materials and reagents section in Paper III. 

The real wastewater samples and all stock solutions were stored in the dark at 
2-4 ºC. 
 
2.2. Experimental procedure 
 
The ozonation experiments (Papers I, II) were carried out in semi-continuous 
bubble reactor (for details see Experimental procedure sections of Paper I and 
II). Ozone produced by laboratory ozone generator from oxygen was bubbled 
through 1 L of wastewater or model solution. The ozone concentration in the 
feed-gas was kept at 10.0 ± 0.5 mg/L (Paper I) or 5.0 ± 0.25 mg/L (Paper II) 
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and the gas flow rate in all experiments was kept at 1.0 L/min. The duration of 
ozone treatment was 120 min. Samples were treated both with pH adjustment to 
3 (Papers I, II) or 9 (Paper II) and without pH regulation at initial pH value 
(Papers I, II). The stripping experiments of wastewater samples at initial pH 
values were carried out in the same reactor and treatment conditions as the 
respective ozonation trials. 

Mercury low-pressure OSRAM lamp with an energy input of 10 W located in 
a quartz tube inside the reactor was used as an UV source (Papers II, IV). The 
incident UV radiation photon flux at 254 nm measured by potassium ferrioxalate 
actinometry (Gordon and Ford, 1972) was 3.25 ± 0.3 μEinstein/s (Paper II) and 
5.52 ± 0.38 μEinstein/s (Paper IV). 

O3/H2O2, O3/UV and O3/H2O2/UV experiments (Paper II) were carried out in 
the same reactor and treatment conditions as the ozonation experiments. For 
details see Experimental procedure section of Paper II. 

All Fenton-based process trials were carried out in the batch mode and in 
non-buffered solutions. Wastewater and model aqueous solutions were treated in 
cylindrical glass reactor with permanent agitation at a speed to provide complete 
mixing for uniform distribution of reagents (Papers I-IV) and full suspension of 
iron catalyst particles (Paper III); samples were withdrawn at selected time 
intervals (Papers II-IV) and filtered through a Millipore filter (0.45 μm) (Paper 
III). The homogeneous Fenton reaction was initiated by adding an optimum 
amount of hydrogen peroxide stepwise (Paper I) and/or all at once (Papers I-IV) 
to solutions containing a known amount of Fe2+. The molar ratio of H2O2/Fe2+ 
was kept invariable at 10:1, which is the optimal ratio of hydrogen peroxide to 
ferrous ions (Tang and Huang, 1997). The classic Fenton oxidation experiments 
(Papers I-IV) were carried with pH adjustment to 3. Fenton-like system trials 
(Papers I, II) were conducted without pH adjustment. Heterogeneous Fenton-
based treatment experiments (Paper III) with goethite, magnetite and zero valent 
iron were carried out with known catalyst dosages at different pH values. The 
termination of Fenton reaction in synthetic aqueous solutions was done by 
adding aqueous solution or solid crystals of Na2SO3 (Papers II, III) or was 
omitted (Paper IV). The oxidation of real effluents (Paper I) was stopped by the 
adjustment of samples’ pH to basic values by adding lime milk and/or NaOH 
aqueous solution. The wastewater samples were kept for 2 hours to allow the 
settling of solids, and then supernatant was decanted for analytical measurement. 

The experiments on oxidation with non-catalyzed hydrogen peroxide and 
adsorption effect of heterogeneous catalysts (Paper III) were conducted in the 
same reactor and treatment conditions as the respective Fenton-based treatment 
trials. 

The direct UV photolysis (Papers II, IV), H2O2/UV process (Papers II, IV) 
and photo-Fenton experiments (Paper IV) were carried out in the same reactor 
and treatment conditions as the respective Fenton-based process trials. For 
details see Experimental procedure section of Paper II and IV. 

Ferric chloride pre-coagulation and lime post-coagulation were used in 
combined treatment of real wastewater samples (Paper I). All details concerning 
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coagulation procedure can be found in Experimental procedure section of  
Paper I. 
 
2.3. Analytical methods 
 
An overview of the analytical methods applied for wastewater and synthetic 
water samples is presented in Table 5. 
 
Table 5. Analytical methods used for aqueous samples treatment 
 
Analysis/Parameter Analytical instrument/method Paper 
COD Closed reflux titrimetric method (APHA, 2005) I-III 
DOC TOC analyzer (APHA, 2005) I, III 
BOD7 Digital oxygen analyzer (APHA, 2005) I 
pH Digital pH meter  I-IV 
EC Digital EC meter I 
TSS Determined according to APHA (2005) I 
TS Determined according to APHA (2005) I 
Total Fe Phenanthroline method (APHA, 2005) I-IV 
H2O2 initial Spectrophotometric method, λ=254 nm I-IV 
H2O2 residual Spectrophotometric method (Eisenberg, 1943) I-IV 
O3 initial, residual Digital ozone monitor, λ=258 nm I, II 
NO3

- IC-CSC (APHA, 2005) I, III 
PO4

3- IC-CSC (APHA, 2005) I 
SO4

2- IC-CSC (APHA, 2005) I 
Cl- IC-CSC (APHA, 2005) I 
Acute toxicity (EC50) 
to Daphnia magna 

Daphnia magna (Cladocera, Crustacea) 24-hours 
toxicity test (ISO, 1996) 

I, II 

PS HPLC-UV II 
PA HPLC-UV III 
NP HPLC-UV IV 
 
Dissolved organic carbon (DOC) was measured in samples filtered through a 
Millipore filter (0.45 μm). The correction of hydrogen peroxide interference on 
COD test was done by the correlation equation according to Kang et al. (1999). 

The concentration of NO3
-, PO4

3-, SO4
2- and Cl- ions was measured by means 

of ion chromatography with chemical suppression of eluent conductivity (IC-
CSC; 761 Compact IC, Metrohm) coupled with a METROSEP A Supp 5 
analytical column (4 × 150 mm). PS, PA and NP concentrations were quantified 
using a high performance liquid chromatograph CLAS MPm (Labio Ltd.) 
equipped with a MAG 0 (1.5 × 50 mm) Biospher PSI 100 C18 (particle size, 5 
µm) microcolumn and UV/VIS detector SAPHIRE. The concentration of target 
compound was determined by using the standard chemical to fit the retention 
time. All details concerning inorganic ions and studied organic compounds 
analysis are presented in Analytical methods section of Papers I-IV. 
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3. RESULTS AND DISCUSSION 
 
AOPs and combined processes are efficient tools for the treatment of wide range 
of refractory organic contaminants found in water/wastewater and industrial 
effluents. In the present research real industrial wastewater samples, and 
synthetic aqueous samples as propoxycarbazone-sodium, picric acid and 
nonylphenol aqueous solutions were subjected to treatment with AOPs and 
combined processes. 
 
3.1. Treatment of real industrial wastewater 
 
Ozonation, Fenton-based process combined with lime post-coagulation and 
combined treatment schemes: ferric chloride pre-coagulation/Fenton-based 
process/lime post-coagulation and ferric chloride pre-coagulation/ozonation 
were applied for textile and mixed industrial wastewater treatment (Paper I). 
The effectiveness of treatment methods was mainly evaluated by COD, DOC 
and BOD7 removal. 
 
3.1.1. AOPs treatment 
 
The application of ozonation as the only treatment process proved to have 
moderate efficacy in wastewater samples quality improvement. The highest 
COD removal achieved after ozonation was 28 and 32% for textile and industrial 
park samples, respectively (Paper I, Figure 5). DOC reduction in textile 
wastewater after ozonation step was negligible; in the case of mixed industrial 
wastewater only 16% of DOC was removed. Wastewater samples treated with 
ozone oxidation exceeded the discharge limits stated by regulations for 
wastewater directed to local sewerage. 

Post-coagulation with lime in the Fenton treatment was used as it proved 
more effective technique than post-coagulation with sodium hydroxide for 
removal of COD and DOC and resulted in lower residual hydrogen peroxide and 
dissolved iron concentrations (Kulik et al., 2008). The characteristics of both 
wastewater samples treated by Fenton-based treatment schemes with H2O2/COD 
weight ratio 0.5:1 complied with the discharge limits stated by regulations for 
wastewater directed to local sewerage. The increase of H2O2/COD weight ratio 
to 2:1 in the Fenton-based process/lime post-coagulation treatment of textile 
wastewater resulted in 5, 10, and 7% of residual COD, DOC (Paper I, Figures 2 
and 3) and BOD7, respectively, and thus improved sample characteristics to the 
discharge limits stated by regulations for wastewater directed into water bodies. 
In the case of mixed industrial effluent analogous treatment resulted in 85, 91 
and 72% removal of COD, DOC and BOD7, respectively. The Fenton-based 
oxidation step proved dependent on pH value of wastewater samples. It was 
noticed, that treatment experiments performed at samples’ initial pH in oxidation 
step were less effective comparing to those performed at pH 3 (Paper I,  
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Figure 4). The impact of hydrogen peroxide stepwise addition on the efficiency 
of the samples treatment was also investigated and turned out negligible. 
 
3.1.2. Combined physicochemical treatment 
 
The pre-coagulation was utilized in order to remove suspended organic and 
inorganic compounds from the wastewater before ozonation or Fenton-based 
treatment application, and reduce the amount of oxidant required. Ferric chloride 
pre-coagulation proved an effective pre-treatment step for the following 
chemical oxidation with COD removal ability more than 50% (Paper I,  
Figure 1). DOC reduction in coagulation trials was lower compared to COD 
elimination due to mainly dissolved carbon nature. 

The results of COD and DOC removal by application of combined pre-
coagulation with the following Fenton-based treatment are presented in Paper I, 
Figures 2 and 3. Fenton-based treatment of pre-coagulated samples 
demonstrated lower removal efficacy compared to chemical oxidation of 
untreated samples for both studied real effluents. It can be assumed, that 
compounds removed during the ferric chloride pre-coagulation step act as 
promoters in hydroxyl radical formation chain in the subsequent Fenton-based 
oxidation step. The maximum COD and BOD7 removal for ferric chloride pre-
coagulation/Fenton-based process/lime post-coagulation was ~80% for both 
wastewater samples. The decrease of DOC for this combined treatment scheme 
was slightly lower and resulted in 40 and 24% of residual value for textile and 
mixed industrial effluents, respectively. 

In combined pre-coagulation and the subsequent ozone oxidation the total 
removal of COD and DOC was higher compared to single ozonation, but mainly 
due to applied FeCl3 coagulation step (Paper I, Figures 1, 5 and 6). The highest 
total COD removal in combined scheme with ozonation was 56 and 62% for 
textile and mixed industrial wastewater, respectively (Paper I, Figure 6). The 
results of total DOC removal by combined FeCl3/ozonation treatment of textile 
and mixed industrial effluents were 12 and 42%, respectively. Lower 
performance of ozonation schemes comparing to Fenton-based systems may be 
explained by low oxidative capacity of the ozonation process at studied 
treatment conditions. The increase in ozone concentration or treatment duration 
most likely will lead to higher treatment efficacy but also to doubtful cost 
efficiency of the ozonation process. 
 
3.2. Treatment of synthetic aqueous solutions 
 
Ozonation, the Fenton reagent, UV photolysis and related processes were 
applied for treatment of synthetic aqueous solutions spiked with recalcitrant 
organic contaminants (Table 6). The efficacy of studied processes was assessed 
on the basis of residual concentration of target compound (Papers II-IV) and by 
COD (Papers II, III) and DOC (Paper III) reduction. 
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Table 6. AOPs applied for synthetic aqueous solutions 
 
Target compound Processes applied Paper  
Propoxycarbazone-sodium (PS) UV photolysis, H2O2/UV, 

O3, O3/UV, O3/UV/H2O2, 
O3/H2O2, H2O2/Fe2+ 

II 

Picric acid (PA) H2O2/Fe2+, H2O2/α-FeOOH, 
H2O2/Fe0, H2O2/Fe3O4 

III 

Nonylphenol (NP) UV photolysis, H2O2/UV, 
H2O2/Fe2+, H2O2/Fe2+/UV 

IV 

 
The degradation of PS, PA and NP mainly followed a pseudo-first order kinetic 
law and can be described with regard to the compound concentration: 
 

C
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where k1 is the pseudo-first order rate constant. 

The -k1 constants were calculated from the slopes of the straight lines by 
plotting ln(C/C0) as a function of time t, through linear regression. 
 
3.2.1. Ozone and related processes 
 
Ozonation, O3/UV, O3/H2O2, and O3/UV/H2O2 processes were used for 
degradation of propoxycarbazone-sodium in aqueous solution (Paper II). The 
data on half-life times (T1/2), 90% conversion times (T90%) and the pseudo-first 
order rate constants (k1) of propoxycarbazone-sodium degradation with ozone 
and related processes is presented in Paper II, Table 1. The influence of pH on 
the degradation of PS by studied ozone-based processes in most cases was 
minor. Propoxycarbazone-sodium 90% conversion was not achieved with 
ozonation alone at studied treatment conditions which are common for potable 
water treatment. The highest COD removal during ozonation reached 36%. The 
O3/H2O2 process resulted in a twofold increase of k1 relative to ozonation only. 
The COD removal by O3/H2O2 treatment was in the range of 11-34%. The 
addition of UV radiation to ozonation substantially improved PS degradation 
efficacy and resulted in tenfold k1 value increase from 10-4 to 10-3 1/s. The COD 
removal by the O3/UV process at different pH values was in the range of  
30-44%. The addition of hydrogen peroxide to O3/UV process did not improve 
the degradation of PS but increase COD reduction up to 60%. 
 
3.2.2. UV and hydrogen peroxide photolysis 
 
Direct UV and hydrogen peroxide photolysis were applied for degradation of 
propoxycarbazone-sodium (Paper II) and nonylphenol (Paper IV) in aqueous 
solutions. The efficacy of UV photolysis was dependent on pH value and was 
improved by addition of hydrogen peroxide. 
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Application of direct UV photolysis for degradation of PS resulted in a higher 
reaction rate constant than ozonation (Paper II, Table 1). Thus, k1 was  
1.76 × 10-4 and 5.72 × 10-4 1/s for ozonation and UV process, respectively. The 
addition of H2O2 to UV photolysis improved the propoxycarbazone-sodium 
degradation substantially and resulted in the highest k1 of 10.2 × 10-4 1/s. The 
degradation rate of PS was to some extent dependent on H2O2 concentration and 
pH of solution. The COD elimination by the H2O2/UV process at different 
treatment conditions was in the range of 25-40%. 

The results of NP degradation by UV and hydrogen peroxide photolysis 
presented in Paper IV, Table 2. It was observed that pH has significant influence 
on the degradation of nonylphenol during application of UV photolysis. 
Nonylphenol removal was faster in alkaline medium. This is probably due to the 
fact that in alkaline medium the molar absorption coefficients of the molecule 
are slightly higher than at acidic and basic pH values (Neamţu and Frimmel, 
2006). Additionally, the fraction of deprotonated NP, which reacts faster than 
the protonated compound, increases at alkaline pH. The 90% conversion times 
(T90%) for UV photolysis at pH 7 and pH 11 were 110 and 30 min, respectively. 
The k1 at pH 11 was 13.2 × 10-4 1/s which was 3 times higher than rate constant 
for trial at pH 7. 

The addition of H2O2 to UV treatment improved the NP degradation 
substantially comparing to single UV photolysis and was dependent on the 
added H2O2 concentration. The addition of 50, 100 and 500 μM of hydrogen 
peroxide (pH 7) resulted in T90% of 80, 70 and 35 min, respectively. Similarly to 
direct photolysis NP degradation rate in H2O2/UV system was considerably 
dependent on solution pH. The pseudo-first order rate constants for H2O2/UV 
process at pH 11 were 19.4 × 10-4; 23.7 × 10-4 and 31.7 × 10-4 1/s after addition 
of 50, 100 and 250 μM of hydrogen peroxide, respectively. 
 
3.2.3. Fenton-based processes 
 
The application of Fenton-based processes was studied for propoxycarbazone-
sodium (Paper II), picric acid (Paper III) and nonylphenol (Paper IV) 
degradation in aqueous solutions. Kinetic constants’ values were not calculated 
for H2O2/Fe2+ (Papers II, IV) and H2O2/Fe0 (Paper III) systems because the data 
did not properly fit any kinetic model. The efficacy of Fenton-based processes 
proved dependent on the catalyst, pH value and hydrogen peroxide 
concentration. 

In the Fenton system, the degradation of propoxycarbazone-sodium proved 
dependent on the H2O2 concentration (Paper II, Table 1). The value of T90% for 
the experiment with H2O2 concentration of 35 mM decreased by factor 100 
(from 3200 s to 30 s) as compared with the trial where the H2O2 concentration 
was 3.5 mM. The efficacy of PS degradation was dependent on pH value and 
proceeded slower at the initial solution pH than at pH 3. The efficiency of COD 
removal improved with the increase of the H2O2 dosage, and thus 52 and 70% 
removal of COD was achieved at 3.5 and 14 mM H2O2 (pH 3), respectively. The 
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Fenton process proved the most efficient for propoxycarbazone-sodium 
degradation, resulting also in the highest COD removal. 

The Fenton process (H2O2/Fe2+, pH 3) turned out an effective tool for PA 
oxidation in aqueous solution. Thus, PA degradation was completed in 7 min 
and a pseudo-first order rate constant of k1=84.4 × 10-4 1/s was established for 
PA/H2O2 m/m of 1:10. In the case of two times smaller hydrogen peroxide 
dosage (PA/H2O2 m/m of 1:5), PA completely disappeared in 15 min and a 
pseudo-first order rate constant was equal to k1=32.7 × 10-4 1/s. 

Heterogeneous Fenton-based oxidation of PA catalysed by goethite (α-
FeOOH), magnetite (Fe3O4) and iron powder (Fe0) was studied as well. The 
results demonstrated negligible degradation of target compound within  
120 minutes of reaction in both goethite and magnetite catalysed Fenton-based 
processes independent of system pH, hydrogen peroxide concentration, and 
catalyst type and dosage. The PA adsorption effects of both iron oxides turned 
out to be insignificant at all studied pH values and catalyst dosages. 

The zero valent iron catalysed Fenton-based oxidation proved efficient in PA 
degradation under acidic conditions (pH 3) (Paper III, Figure 1). Thus, for 
catalyst dosage of 0.5 g/L PA degradation was completed in 10 min. The 
measurement of the total dissolved iron ions in reaction solutions indicated that 
for 0.5 g/L Fe0 dosage the concentration of total dissolved iron ions reached  
0.4 mM in less than 1 min of reaction time. This amount of iron ions is 
comparable with Fe2+ concentration utilized in the classic Fenton system with 
PA/H2O2 molar ratio of 1:10 (Paper III, Figure 1). Therefore, the major PA 
degradation mechanism in H2O2/Fe0 process at pH=3 proved oxidation 
throughout homogeneous Fenton reactions in the bulk. On the other hand, the 
adsorption of PA molecules onto the iron powder surface where oxidation 
reaction with hydroxyl radicals occurs may also contribute to the overall 
efficiency of PA degradation. The results of the experiments on zero valent iron 
adsorption effect at pH=3 demonstrated 7.5 and 12.5% PA removal for 0.1 and 
0.5 g L-1 Fe0, respectively. The application of H2O2/Fe0 process at pH≥5 resulted 
in no obvious degradation of PA. 

The overall efficacy of the of PA degradation by H2O2/Fe0 and H2O2/Fe2+ 
systems at pH 3 was assessed on the basis of COD and DOC removal after  
120 min of reaction (Paper III, Figure 4). In general, the classic Fenton 
treatment proved more effective in decreasing COD and DOC values of PA 
aqueous solutions than the zero valent iron catalysed Fenton-based process. 

The results of NP degradation in the Fenton system indicated dependence of 
the treatment efficacy on the H2O2 concentration (Paper IV, Table 2). Thus, the 
increase in hydrogen peroxide dose from 100 to 200 μM intensified the 
degradation of the target compound. The Fenton process efficacy was lower than 
in the case of UV and hydrogen peroxide photolysis. The moderate NP removal 
can be explained at least by the following reasons: the small amounts of MeOH 
used for NP dissolution and present in the treated solutions scavenge the 
hydroxyl radicals and/or effective scavenging of the hydroxyl radicals by the 
elevated concentrations of hydrogen peroxide used. 
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The addition of UV radiation to the Fenton system resulted in improvement of 
NP removal (Paper IV, Table 2). The efficacy of photo-Fenton process proved 
dependent on H2O2 concentration. The 90% conversion times of photo-Fenton 
experiments at pH 3 after addition of 50 and 100 μM of hydrogen peroxide were 
60 and 45 min, respectively. Further increase in hydrogen peroxide 
concentration up to 500 µM indicated decrease in NP degradation efficacy. The 
influence of pH on the degradation of target compound during photo-Fenton was 
more obvious at elevated H2O2 concentration, and consequently at higher iron 
concentration. 

Although photo-Fenton process efficacy was higher than of the Fenton 
system, the result of NP degradation indicated no considerable improvement 
compared to H2O2 photolysis. 
 
3.3. Biodegradability and toxicity 
 
To assess the option of the subsequent biological treatment of studied 
water/wastewater samples an acute toxicity to Daphnia magna (Papers I, II) and 
biodegradability (Paper I) were evaluated. In most cases, treatment with AOPs 
proved effective as a pre-treatment technology for the following biological 
oxidation of studied water and wastewater samples. 

The biodegradability of initial and treated wastewater samples was estimated 
by the BOD7/COD ratio and presented in Paper I, Figure 7. The 
biodegradability of mixed industrial wastewater was increased up to 65% after 
application of Fenton-based process/lime post-coagulation system. All other 
studied treatment schemes resulted in negligible BOD7/COD ratio changes. The 
increase of BOD7/COD ratio in the range of 21-42% was achieved for textile 
effluents by all considered treatment methods except single ozonation, which 
showed no improvement of biodegradability. In general, combined Fenton-based 
process/lime post-coagulation treatment scheme proved the most effective for 
biodegradability improvement for both studied real wastewater samples. 

An acute toxicity to Daphnia magna of the initial and treated wastewater 
samples was studied by 24-hours test (Paper I, Table 2). The results indicated 
general similarity in toxicity reduction behaviour of both wastewater samples 
after treatment with different processes and combined physicochemical schemes. 
All studied processes and combined physicochemical treatment schemes resulted 
in toxicity reduction in both wastewater samples. The application of Fenton-
based process/lime post-coagulation and ozonation at pH 3 led to complete 
detoxification. 

The results of 24-hours test on acute toxicity of the initial and treated PS 
aqueous solutions to Daphnia magna are listed in Paper II, Table 2. Although 
the initial stock solution was non-toxic, some increase in toxicity was observed 
after treatment with ozonation, H2O2/UV, and O3/UV. The application of UV 
photolysis, O3/UV/H2O2 and Fenton process resulted in non-toxic samples. The 
Fenton-based process performed at an elevated H2O2 concentration resulted in 
toxicity increase, probably due to hydrogen peroxide residue. 
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3.4. Treatment operational costs 
 
To assess the economical feasibility of different treatment schemes for real 
wastewater samples and synthetic aqueous solutions purification, the operational 
costs were calculated. The cost estimation was done on the basis of methodology 
published by Munter et al. (2006). 

The data obtained from the laboratory experiments allowed to make 
approximate calculation of operating costs comprising of energy required for 
ozonation, UV photolysis, and chemicals. Doses of ozone and hydrogen 
peroxide injected to studied samples were used in calculations without 
presumption of re-circulation of non-consumed chemicals. The specific energy 
requirement for ozone production from air was 20 kWh/kgO3; the estimated unit 
energy cost was 0.1 EUR/kWh. In the Fenton-based process hydrogen peroxide 
cost was 0.9 EUR/kg calculated as 100%; FeSO4·7H2O and iron powder price 
was 0.13 and 4.2 EUR/kg, respectively. For sodium hydroxide and sulphuric 
acid used for pH adjustment average current prices of chemical on the Estonian 
market were taken as a basis. 
 
3.4.1. Treatment cost of real industrial wastewater 
 
Operational costs of selected treatment methods in EUR/m3 are presented in 
Table 7. For details concerning costs of all studied treatment processes at 
optimal conditions see Paper I, Table 3. 

The cost of ozonation turned out extremely high taking into account its poor 
treatment efficacy. Schemes with combination of ozone were also relatively 
expensive considering low purification efficacy. The application of Fenton-
based treatment schemes was the most cost-effective considering their high 
treatment efficacy. Hence, treatment of textile and mixed industrial wastewater 
for meeting the discharge limits stated by regulations for wastewater directed to 
local sewerage costs were 1 and 1.22 EUR/m3, respectively (Table 7). Although 
application of Fenton-based treatment scheme including pre-coagulation 
demonstrated lower removal efficiency, this method is less costly at higher 
H2O2/COD weight ratios comparing to Fenton-based process/lime post-
coagulation method. 
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Table 7. Operational costs of selected wastewater treatment methods in EUR/m3 
 
Treatment pH* H2O2 FeCl3 FeSO4·7H2O O3 H2O2 Total 

mM EUR/m3

FeCl3
**/Fenton/CaO 3 12.4 0.38 0.04 - 0.38 1.0 

FeCl3/Fenton/CaO 3 24.8 0.38 0.09 - 0.76 1.43 
FeCl3/Fenton/CaO 3 49.6 0.38 0.18 - 1.52 2.28 
Fenton/CaO 3 24 - 0.08 - 0.72 1.0 
Fenton/CaO 3 48 - 0.18 - 1.56 1.84 
Fenton/CaO 3 96 - 0.35 - 3.03 3.48 
FeCl3/Ozone  9 - 0.38 - 2.76 - 3.24 
FeCl3/Ozone  3 - 0.48 - 2.76 - 3.34 
Ozonation 3 - - - 2.84 - 2.94 
Ozonation  initial - - - 2.64 - 2.64 
FeCl3/Fenton/CaO 3 14.6 0.48 0.05 - 0.45 1.2 
FeCl3/Fenton/CaO 3 29.2 0.48 0.11 - 0.89 1.68 
FeCl3/Fenton/CaO 3 58.4 0.48 0.21 - 1.79 2.68 
Fenton/CaO 3 29.7 - 0.11 - 0.91 1.22 
Fenton/CaO 3 59.4 - 0.21 - 1.83 2.24 
Fenton/CaO 3 118.8 - 0.44 - 3.65 4.28 
FeCl3/Ozone  9 - 0.38 - 2.79 - 3.17 
FeCl3/Ozone  3 - 0.48 - 3.46 - 3.94 
Ozonation  3 - - - 3.11 - 3.11 
Ozonation  initial - - - 2.54 - 2.54 
*pH regulation in average was 0.1 EUR/m3 
**FeCl3 concentration in pre-coagulation was 3.7 mM 
 
3.4.2. Treatment cost of synthetic aqueous solutions 
 
Treatment cost calculations in EUR/m3 for propoxycarbazone-sodium, picric 
acid and nonylphenol degradation in aqueous solutions are presented in Table 8. 

The most efficient propoxycarbazone-sodium removal was achieved by 
Fenton and Fenton-based treatment which were also the cheapest among studied 
methods. At H2O2 concentration 7 mM treatment costs were 0.24 and 0.34 
EUR/m3 for Fenton-based and Fenton systems, respectively (Table 8). The cost 
of energy consuming processes such as ozone and UV oxidation was 
considerably higher than in Fenton and Fenton-based processes. Combination 
schemes with UV and ozone proved more efficient in propoxycarbazone-sodium 
removal than direct UV photolysis, but also became more expensive. 

Picric acid degradation with the classic Fenton process became considerably 
cheaper comparing to heterogeneous H2O2/Fe0 system mainly due to higher cost 
of powder iron. The operational cost of PA degradation by H2O2/Fe2+ (4 mM 
H2O2) and H2O2/Fe0 system (4 mM H2O2, 0.1 g/L Fe0) were 0.23 and 2.32 
EUR/m3, respectively (Table 8). 
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Table 8. Operational costs of synthetic aqueous solutions treatment methods in 
EUR/m3 for T90% of target compound 
 

Treatment pH* H2O2  FeSO4·7H2O/Fe0 O3 H2O2 UV Total 
mM EUR/m3 

Propoxycarbazone-sodium 
UV initial - - - - 1.13 1.13 
O3/UV initial - - 0.38 - 0.93 1.31 
O3/UV  3 - - 0.38 - 0.93 1.41 
O3/UV 9 - - 0.55 - 1.33 2.08 
O3/UV/H2O2 3 7 - 0.38 0.21 0.93 1.63 
O3/UV/H2O2 9 7 - 0.38 0.21 0.93 1.63 
O3/UV/H2O2 initial 3.5 - 0.38 0.11 0.93 1.42 
O3/UV/H2O2 initial 7 - 0.38 0.21 0.93 1.53 
O3/UV/H2O2 initial 14 - 0.28 0.43 0.71 1.42 
H2O2/UV 3 3.5 - - 0.11 1.04 1.25 
H2O2/UV 3 7 - - 0.21 0.83 1.15 
H2O2/UV 3 14 - - 0.43 0.75 1.28 
H2O2/UV initial 7 - - 0.21 1.13 1.34 
H2O2/UV 9 7 - - 0.21 1.13 1.44 
H2O2/Fe2+ 3 3.5 0.01 - 0.11 - 0.22 
H2O2/Fe2+ 3 7 0.03 - 0.21 - 0.34 
H2O2/Fe2+ 3 14 0.05 - 0.43 - 0.58 
H2O2/Fe2+ initial 7 0.03 - 0.21 - 0.24 
H2O2/Fe2+ initial 14 0.05 - 0.43 - 0.48 
Picric acid 
H2O2/Fe2+ 3 4 0.014 - 0.12 - 0.23 
H2O2/Fe2+ 3 2 0.007 - 0.06 - 0.17 
H2O2/Fe0 3 4 2.1 - 0.12 - 2.32 
H2O2/Fe0 3 4 0.42 - 0.12 - 0.64 
Nonylphenol 
UV 7 - - - - 2.66 2.66 
UV 11 - - - - 0.73 0.83 
H2O2/UV 7 0.05 - - 0.0015 1.93 1.93 
H2O2/UV 7 0.1 - - 0.0031 1.69 1.69 
H2O2/UV 7 0.5 - - 0.015 0.84 0.86 
H2O2/UV 11 0.05 - - 0.0015 0.41 0.51 
H2O2/UV 11 0.1 - - 0.0031 0.31 0.41 
H2O2/UV 11 0.25 - - 0.0077 0.17 0.28 
H2O2/Fe2+ 3 0.2 0.0072 - 0.0061 - 0.11 
H2O2/Fe2+/UV 3 0.05 0.0018 - 0.0015 1.45 1.55 
H2O2/Fe2+/UV 3 0.1 0.00036 - 0.0031 1.09 1.19 
H2O2/Fe2+/UV 7 0.05 0.00018 - 0.0015 1.21 1.21 
H2O2/Fe2+/UV 7 0.1 0.00036 - 0.0031 1.45 1.45 

*pH regulation in average was 0.1 EUR/m3 

 
The results of H2O2/Fe0 system application at acidic pH indicated homogeneous 
mechanism of PA degradation, which proceeded through leaching iron ions from 
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powder surface. Consequently, PA degradation was performed mainly by classic 
Fenton reaction process in the bulk solution. It can be assumed that after 
optimizing reaction conditions of H2O2/Fe0 process, the operational cost of this 
system will be similar to cost of classic Fenton process. 

Due to more effective nonylphenol degradation at basic pH values, the 
operational costs of experiments performed at pH 11 were lower than at acidic 
and neutral pH values (Table 8; Paper IV, Table 3). On the other hand, low 
concentration of chemicals used in the treatment processes under conditions 
studied resulted in low operational cost of processes with the fastest NP removal. 
The cost of UV radiation comprised a major part in overall operational costs of 
all photo-treatment processes. The cheapest treatment was the Fenton process 
(0.11 EUR/m3 at 200 µM H2O2), but due to low efficacy it cannot be considered 
as the main NP degradation technique. The operational cost of photo-Fenton 
process was at least 10 times higher comparing to the cost of H2O2/Fe2+ system. 
In general, the optimal treatment method of NP regarding operational cost and 
treatment efficacy was H2O2/UV system (250 μM H2O2, pH 11) with respective 
cost of 0.28 EUR/m3 (Table 8). 
 
To sum up, the operational costs of degradation of refractory organic 
contaminants found in water and wastewater by AOPs and combined processes 
were calculated for real industrial wastewater samples (Table 7; Paper I,  
Table 3) and synthetic aqueous samples (Table 8; Paper IV, Table 3). It was 
ascertained that the operational cost of Fenton-based processes was the lowest 
among other studied processes. On the other hand, the application of Fenton-
based processes demonstrated superior performance in treatment of wastewater 
(Paper I) and degradation of PS (Paper II) and PA (Paper III), and thus proved 
the most feasible and cost-effective treatment technique for these 
water/wastewater samples. The cost of ozonation turned out unreasonably high 
for wastewater treatment (Table 7) and PS degradation in aqueous solution 
(Table 8) taking into account its low treatment efficacy (Paper I, Figure 5; 
Paper II, Table 1). Combined treatment schemes with ozone oxidation were also 
comparatively expensive (Table 7) taking into consideration moderate 
wastewater purification efficacy (Paper I, Figure 6). The application of UV 
radiation required significant amounts of energy and led to increased operational 
cost of all photo-treatment processes (Table 8). However, treatment with 
hydrogen peroxide photolysis under optimized reaction conditions led to cost 
reduction (Table 8) and resulted in the best NP treatment efficacy (Paper IV, 
Table 2) and operational cost balance. 
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4. CONCLUSIONS 
 
The efficacy of AOPs in degradation of refractory organic compounds in water 
and wastewater matrices was studied. Chemical oxidation was applied solely as 
well as in combination with other treatment techniques. The results of the 
present study indicated high potential of AOPs in target compounds removal 
from synthetic aqueous solutions and in wastewater overall quality 
improvement. 

The application of combined physicochemical schemes proved efficient in 
industrial wastewater treatment. The characteristics of studied wastewater 
samples treated by Fenton-based treatment schemes complied with the discharge 
limits stated by regulations for wastewater directed to local sewerage. Moreover, 
use of elevated oxidant dosages in Fenton-based process/lime post-coagulation 
scheme proved feasible to improve wastewater characteristics up to the 
discharge limits stated by regulations for wastewater directed into water bodies. 
All studied AOPs as well as related combined treatment schemes resulted in 
wastewater toxicity reduction in some cases up to complete detoxification. 
Additionally, wastewater biodegradability improvement was observed in most 
cases after application of combined Fenton-based process treatment schemes. 

The degradation of studied target compounds by AOPs mainly followed a 
pseudo-first order kinetic law. The performance of AOPs was essentially 
influenced by organic compounds properties and treatment conditions. The 
Fenton process was the most efficient for PS and PA removal from aqueous 
solutions. In the case of NP degradation hydrogen peroxide photolysis proved 
the most effective process. The efficacy of Fenton-based processes and UV 
photolysis turned out dependent on the pH value and hydrogen peroxide 
concentration. In heterogeneous Fenton-based processes removal efficacy was 
also dependent on catalyst type. Among studied catalysts the superior 
performance showed zero valent iron but only in acidic medium due to 
predominant oxidation mechanism of homogeneous catalysis. In general, AOPs 
with high target compound removal efficacy also resulted in non-toxic treated 
samples. 

The results of treatment operational costs estimation indicated that Fenton-
based processes were the most cost-effective technique for treatment of 
industrial wastewater and degradation of PS and PA in aqueous solutions. The 
cost of ozonation and combined treatment schemes with ozone turned out 
unreasonably high for wastewater treatment and PS removal from aqueous 
matrix taking into account its low treatment efficacy. The application of UV 
radiation led to increased operational cost of all photo-treatment processes. 
However, optimization of reaction conditions in hydrogen peroxide photolysis 
resulted in feasible balance between NP removal efficacy and treatment 
operational cost. 

To conclude, the data obtained within the present study helps to enlarge the 
existing knowledge of AOPs application solely as well as in combination with 
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other techniques for treatment of contaminated water and wastewater. The 
wastewater and synthetic aqueous solutions investigated in the current work 
were not previously subjected to treatment by studied AOPs and/or combined 
physicochemical processes. The results of this study are unique and could 
provide important information for practical purposes. 
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ABSTRACT 
 
The main objective of the current thesis was to specify the potential of different 
AOPs in degradation of refractory organic compounds in water and wastewater 
matrices, and thus to enlarge the existing knowledge of AOPs application solely 
as well as in combination with other treatment techniques. 

In the present study real industrial wastewater samples from textile 
manufacture and industrial park, and synthetic aqueous samples of 
propoxycarbazone-sodium (PS), picric acid (PA) and nonylphenol (NP) were 
subjected to treatment with AOPs and combined processes to evaluate and 
compare purification efficacy of applied methods, to estimate and compare the 
operating costs of different treatment schemes. 

The application of combined physicochemical schemes proved efficient in 
industrial wastewater treatment. The characteristics of studied wastewater 
samples treated by Fenton-based treatment schemes complied with the discharge 
limits stated by regulations for wastewater directed to local sewerage. All 
studied AOPs and combined treatment schemes resulted in wastewater toxicity 
reduction. Moreover, wastewater biodegradability improvement was observed in 
most cases after application of combined Fenton-based process treatment 
schemes. 

The degradation of studied target compounds by AOPs mainly followed a 
pseudo-first order kinetic law. The performance of AOPs was essentially 
influenced by organic compound properties and implemented treatment 
conditions. The Fenton process proved the most efficient for PS and PA removal 
from aqueous solutions. In the case of NP degradation hydrogen peroxide 
photolysis was the most effective process. In heterogeneous Fenton-based 
processes the superior performance in PA removal showed zero valent iron but 
only in acidic medium due to predominant oxidation mechanism of 
homogeneous catalysis. In most cases, AOPs with high target compound 
removal efficacy also resulted in non-toxic treated samples. 

The results of treatment operational costs estimation indicated that Fenton-
based processes were the most cost-effective technique for treatment of 
industrial wastewater and degradation of PS and PA in aqueous solutions. The 
cost of ozonation and combined treatment schemes with ozone turned out 
unreasonably high for wastewater treatment and PS removal from aqueous 
matrix taking into account its low treatment efficacy. The application of UV 
radiation led to increased operational cost. However, optimization of reaction 
conditions in hydrogen peroxide photolysis resulted in feasible balance between 
NP removal efficacy and treatment operational cost. 
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KOKKUVÕTE 
 
Käesoleva töö eesmärgiks oli erinevate süvaoksüdatsiooni protsesside 
potentsiaali määratlemine raskesti lagundatavate orgaaniliste ainete 
kõrvaldamisel veest ning reoveest. Selle tulemusena laienevad olemasolevad 
teadmised süvaoksüdatsiooni protsesside rakendamise võimalustest nii eraldi, 
kui ka kombinatsioonides teiste meetoditega. 

Antud töös rakendati süvaoksüdatsiooni protsesse ning kombineeritud 
meetodeid tööstuslikele reoveeproovidele tekstiilivabrikust ja tööstuspargist ning 
sünteetilistele veeproovidele, mis sisaldasid propoksükarbasoon-naatriumi (PS), 
pükriinhapet (PA) ja nonüülfenooli (NP) selleks, et hinnata ja võrrelda kasutatud 
meetodite puhastamisefektiivsust ja ekspluatatsioonikulusid. 

Kombineeritud füüsikokeemiliste skeemide rakendamine osutas efektiivseks 
tööstuslike reovete töötlemisel. Reoveeproovid, mis olid töödeldud Fentoni 
sarnase süsteemiga, vastasid ühiskanalisatsiooni juhitavate reovete 
piirnormidele. Kõik uuritud süvaoksüdatsiooni protsessid viisid reovete 
toksilisuse vähenemisele. Kombineeritud Fentoni sarnaste skeemide 
rakendamine viis enamikel juhtudel reovee biolagundatavuse parendamisele. 

Uuritud sihtühendite lagundamine süvaoksüdatsiooni protsessidega vastas 
pseudo-esimest järku reaktsiooni kiiruse võrrandile. Süvaoksüdatsiooni 
protsesside efektiivsus sõltus uuritud aine omadustest ja kasutatud protsessi 
tingimustest. Fentoni protsess osutus kõige efektiivsemaks propoksükarbasoon-
naatriumi ja pükriinhappe eemaldamisel vesilahusest. Vesinikperoksiidi 
fotolüüsi protsess oli kõige efektiivsem nonüülfenooli kõrvaldamiseks. 
Heterogeense Fentoni sarnase protsessi rakendamisel pükriinhape 
eemaldamiseks osutus kõige efektiivsemaks katalüsaatoriks null-valentne raud 
happelises keskkonnas. Protsessi mehhanism sarnaneb süsteemile homogeense 
katalüsaatoriga. Enamikel juhtudel kaasnesid kõrgema efektiivsusega 
süvaoksüdatsiooni protsessidega mittetoksilised proovid. 

Puhastuse ekspluatatsioonikulude hinnang näitas, et Fentoni sarnased 
protsessid olid kõige ökonoomsemad tööstuslike reovee puhastamisel ning PS ja 
PA lagundamisel. Osoonimise ning osooniga skeemide maksumus oli 
põhjendamatult kõrge reovee puhastamisel ning PS lagundamisel, arvestades 
nende madalat puhastamisefektiivsust. UV rakendamine viis 
ekspluatatsioonikulude suurenemisele. Vesinikperoksiidi fotolüüsi protsessi 
tingimuste optimeerimise tulemuseks oli saavutatud tasakaal NP 
kõrvaldamisefektiivsuse ja ekspluatatsioonikulude vahel. 
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PAPER I 
 
 
 
Dulov, A., Dulova, N., Trapido, M. 2011. Combined physicochemical treatment 
of textile and mixed industrial wastewater. Ozone: Science & Engineering, 33, 
285-293. 
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�������
�
���

�	� � � ������
�������
�������������

�!� ���!������� #���� !�" �!������� #���� !�"�!� ���!������� #���� !�& �!������� #���� !�&
'()*+, ¡.¢5>78/01 23456789:>237>43@>I;B343IA?>BC3@>5@£97I3EG25;3IIJ

�������
�
���

�	� � � ������
���������
�����������
�!� ���!������� #���� !�" �!������� #���� !�"�!� ���!������� #���� !�& �!������� #���� !�&
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]̂_̀abccccdefghgijkekglimgnhkokgkpqporgshpghrdttuvwxtyziqfgkioz]{â|}a~|}a|��� �� �b�b�}�� ]����a��a�|����A�����)�� )�)�)�� � ������
)���B����)�� )�)�)�� � +�
)����B����)��  � ��).���*��
)�����B����)�� � � +�
)�� ��� )�)�)�� � ��).���*��
)�� ���  � ������
)�� ��� � � +�
)�� ����� )�)�)�� & ������
)�� �����  & ������
)�� ����� � & +�
)�� �������� )�)�)��  �/ ������
)�� �������� )�)�)�� & ������
)�� �������� )�)�)�� !$ ������
)�� ��������  & ������
)�� �������� � & ������
)�	�����  & ������
)�	����������� )�)�)�� & ������
)�	����������� )�)�)�� !$ +�
)���
�����*�)� )�)�)�� � ������
)��������  & +�
)�������� )�)�)�� & +�
)�������� � & +�
)��������������������������������

��� d��fqi�� ¡¢�cccc�h£sprpgkioim¤si¤ijleps¥p¦ioh§zirkf̈ ©kgnpr�poehrijkrpgkio¤siehzzhz ª6835[J93;J3«H3J=;:¬:4K­ª6835[®̄ ¬̄Kcccc��°�cccc±²��



�����������	���
���
������������	����������	�
�
�����������������	
��
�������
��������
 ��������!���������"
���#�����
���!
���� �	���	�$��	��
��
����
#
��	������������ ��%�������������������&����	�'&��
����������
�����������!���
�
��������
 ������������������	
�
���������#��
�����
����	!%����������������	���(��������������!#���������	�	��������
�������
���
��
�	�������
���
����������������
������)�!����
�������	���������������
�����	����	�����������
������	������������������	��
���������*+,-./0123141-56��������������7���8
���)�	����	��������8���
������������
���������
���������
����	!������	�	#!���9���
�
��:�
����(���	��
���$����;<;=��>1?1>1-+16)8�)�)���
���8�#�
�������)����
��
����@ABCDBEDFGAHIDJKIEAHGLMBNOCBAOICIKPBAGEBCDPBJAGQBAGERSST�<���	�%)���

���U����U��7�)����
��
��%U����9� 
�������(�	����
��%U���
�$���VW%�:)�X��
��Y%(�RSSZ8��������
�����
	��
�������������������
�
���
��������!�
�������#
�
	��
��������[I\ECB]IK̂ B_BEDI\JNBAGEÒB]Jabcd%��;e�;��X��
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