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Abstract – This text is a brief review on the use of Advanced Oxidative Degradation Processes 
(AOPs) applied to the treatment of sewage and industrial and domestic wastewaters. A quick 
introduction to the importance of wastewater treatment to the environment is discussed, followed 
by the benefits and limitations of treatment techniques. Chemical fundamentals are focused on 
the generation of hydroxyl radicals, hydrogen atom abstraction, electrophilic addition of 
hydroxyl radicals, electrical transfer, and radical-radical reactions. AOPs are herein divided 
into two categories: homogeneous and heterogeneous. Homogeneous methods are based on the 
use of radical generators like hydrogen peroxide, ozone, the combined use of these oxidants, 
Fenton's reagent and photo-Fenton. Heterogeneous systems focus on the use of semiconductors, 
and results concerning the use of semiconductors in AOPs are discussed at the end. Copyright © 
2013 Praise Worthy Prize S.r.l. - All rights reserved. 
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I. Introduction 

In recent decades, problems affecting the 
environmental quality of ecosystems have become 
increasingly critical and frequent. 

An ecosystem consists of abiotic and biotic 
components (including human influences) that present 
an interconnected and interdependent network through 
soil, air and water. 

Changes to only one of these segments can result in 
changes in the ecosystem as a whole. These problems 
are due in large part to the impact of anthropic activities, 
mainly due to population growth and increased 
industrial activity [1], [2]. 

One of the major environmental problems today refers 
to the impact associated with the disposal of industrial 
wastewater and other residues into superficial and 
underground waterbodies. 

Solutions to this issue require combined approaches, 
concerning generation, treatment, and disposal into the 
environment not only of effluents but passive residues 
produced by specific treatments: physical (resulting 
primarily from the formation of low-solubility solids and 
auxiliary reagent for flocculation and precipitation); 
chemical (promising, but still undergoing up-scaling as 
emergent processes); microbiological (the most 
commonly used on industrial scale in terms of versatility 
and cost); or combined hybrid process. 

Several techniques are available for wastewater 
treatment (as mentioned before,  chemical, physical  and 

biological processes) as well as the use of combinations 
of these techniques to an optimal result. 

When organic compounds in wastewaters present 
recalcitrant characteristics precluding treatments by 
conventional biological methods, chemical oxidation can 
be used as pre- or post-treatment, decreasing toxicity 
before applying a conventional biological process or 
conditioning the effluent to required maximum 
concentrations (i.e., oxidize non-biodegradable 
residues). 

Chemical oxidation can also be used as a post-
treatment to oxidize non-biodegradable residues present 
in wastewater treated by biological processes. Each 
treatment technique has positive aspects and constraints 
in relation to applicability, efficiency and cost [3]. 

In this context, Advanced Oxidative Degradation 
Processes (AOPs) comprise a set of techniques that, 
under certain conditions, could transform the vast 
majority of organic contaminants into carbon dioxide, 
water, and inorganic ions as a result of oxidation 
reactions, which involve transitory oxidant species, as 
discussed in this text. 

Existing literature presents a very large volume of 
data related to Advanced Oxidative Degradation. New 
results are aggregated continuously, reflecting the 
theoretical principles and the applications of these 
techniques. 

This paper is thus free of the pretension to cover the 
issue. 
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Rather, the focus of this review is on the chemical 
fundamentals involved, on examples in which these 
techniques are applied, as well as on recent results 
related to the use of semiconductors in AOPs. 

II. Advanced Oxidative Degradation 
Processes: Positives Aspects and 

Limitations 

Several authors have pointed out the advantages and 
disadvantages of different AOP systems, such as 
UV/H2O2, UV/TiO2, photo-Fenton ozone-based 
processes Examples are the works of [4]-[15]. 

In general, the literature has highlighted the 
following positive aspects of AOPs [16]-[19]: 
 Unlike conventional technologies which use strongly 

oxidant species, under certain conditions AOPs can 
provides the complete mineralization of pollutants; 

 Used for the destruction of refractory compounds 
resistant to other treatments, such as biological 
processes; 

 Allow the conversion of recalcitrant compounds and 
refractory contaminants submitted to biodegradation 
systems; 

 Can be used in combination with other processes for 
pre-or post-treatment; 

 Possess strong oxidizing power with high reaction 
rates; 

 Ideal to decrease the concentration of compounds 
formed by alternative pre-treatment, such as 
disinfection; 

 The formation of by-products can be minimized if 
optimized amounts of reactants are employed; 

 In many cases, AOPs consume less energy compared 
to thermal destruction processes (incineration) of 
liquid wastewaters and, 

 Enable in situ treatment. 
However, like any other form of treatment, AOPs 

cannot be indiscriminately applied to arbitrary residue 
processing. 

There are conditions that limit their implementation 
as highlighted by previous works [20], [21]: 
 Not all processes are readily scaled-up to commercial 

or industrial needs; 
 Costs can be high, mostly due to the consumption of 

electric energy by radiating sources in the case of 
photo-oxidative degradation processes; 

 Restrictions are present under conditions of high 
pollutant concentrations; 

 In some cases strict control of oxidant concentration 
and pH correction are required for the operation of 
the process as for post-processing or disposal of 
treated effluent (e.g., Fenton and photo-Fenton); 

 Process limitations are also related to pH changes, 
such as particle aggregation and modification of 
surface properties of catalysts used in heterogeneous 

systems, and the distribution of iron complexes in 
Fenton systems (and their UV-visible radiation 
properties as well), or even iron precipitation. 

III. Chemical Fundamentals 

III.1.Hydroxyl Radical: Generation and Interferences 

AOPs exhibit an elevated capacity to produce 
hydroxyl radicals (OH) [22], [23]. Due to its high 
standard reduction potential (Eq. (1)), this radical 
oxidizes a wide variety of organic compounds to CO2, 
H2, and inorganic ions from any heteroatoms: 
 

•OH + e- + H+ → H2O 
k = 7×109 L mol s-1   Eo = 2.8 V 

(1)

 
This is a great advantage in relation to treatments that 

simply transfer pollutants from one phase to another, 
like filtration, adsorption, precipitation, coagulation, 
flocculation, sedimentation, flotation, membrane 
separation, centrifugation, inverse osmosis, distillation, 
extraction, and evaporation [16]. 

In most of these operations, the final disposal of 
passive solid phases remains an unresolved problem 
[24]. 

Hydroxyl radicals are obtained from strong oxidants 
such as H2O2 and O3, combined or not with UV 
radiation, iron II or III salts, semi-conductor photo 
catalysts (such as TiO2) or from the photolysis of water 
with vacuum UV radiation [25]-[29]. 

Table I presents the oxidation potential of some 
species. After fluorine, hydroxyl radical (OH) is the 
strongest oxidant [30]. 

According to Kiwi and co-workers [31], the efficiency 
of AOPs is strongly influenced by the presence of high 
concentrations of hydroxyl radicals scavengers, such as 
carbonate, bicarbonate and ionic chloride species, 
reducing the process efficiency. 

Essam and co-workers [32] investigated the AOP-
oxidation of treated wastewater containing chloride ions, 
noting that there is a marked reduction in the oxidation 
of organic load as a function of Cl- concentration. 

 
TABLE I 

STANDARD REDUCTION POTENTIAL OF SELECTED OXIDANT SPECIES 

(DORFMAN AND ADAMS, 1973) 

Species Eº (V, 25 ºC)1 
Fluorine (F2) 3.03 
Hydroxyl radical (•OH) 2.80 
Atomic oxygen (O2) 2.42 
Ozone (O3) 2.07 
Hydrogen peroxide (H2O2) 1.78 
Perhydroxyl radical (HO2) 1.70 
Chlorine dioxide 1.57 
Hypochlorous acid (HClO) 1.49 
Chlorine (Cl2) 1.36 
Bromine (Br2) 1.09 
Iodine (I2) 0.54 

1Potential refers to the standard hydrogen electrode (SHE) 
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In the Fenton and photo-Fenton systems, chloride 
ions can form complexes with iron (FeCl2+), which 
effectively compete with the •OH radical. In fact, in the 
typical pH range of the photo-Fenton reaction (2.8 to 
3.2), the complexes Fe(OH)2+ and FeCl2+ coexist and can 
undergo photochemical reactions as shown by Equations 
(2) and (3): 

 
Fe(OH)2+ + hv  Fe2+ + HO•  (2)

 
FeCl2+ + hv  Fe2+ + Cl•  (3)

 
The FeCl2+ complex generates Fe(II) and Cl• radicals 

from photon absorption, with a quantum yield Φ = 0.50 
at 347 nm. At that same wavelength, the complex 
Fe(OH)2+ generates hydroxyl radicals less efficiently 
with quantum yield Φ = 0.21. The species Cl• combines 
with chloride ions in solution, giving the radical anion 
Cl2•

–, with standard reduction potential equal to 2.10 V 
(SHE). This species can generate undesirable 
chlorinated oxidation products thus competing with 
hydroxyl radicals. Moreover, as reported by Kiwi and 
co-workers [31], the same hydroxyl radical reacts with 
chloride ions in solution generating HOCl• species, that, 
in an acidic medium, generate Cl• radicals (Equations 
(4) to (6) and (3)). 
 

•OH + Cl- ⇋ HOCl•– H+  [H2OCl•–]± (4)

 
H2O + Cl• (5)

 
Cl• + Cl-  Cl2

•– (6)

 
FeCl2+ + hv Fe2+ + Cl• (3)

 

This behavior has been observed in the oxidation of 
2.4-DCF (2.4-dichlorophenol) and PCF 
(pentachlorophenol) by the photo-Fenton reaction [33]. 
The oxidation of pentachlorophenol was very fast in the 
first 15 minutes and more than half of the initial 
concentration of the PCF was removed, after 
approximately 30 minutes. 

Depending on the structure of the organic 
contaminant, different reactions may occur involving the 
hydroxyl radical, such as hydrogen atom abstraction, 
electrophilic addition to substances containing 
unsaturated and aromatic rings, electron transfer, and 
radical-radical reactions. 

Ramos and co-workers [34] used molecular modeling 
techniques to study the reactions of hydroxyl radicals 
during phenol oxidation. 

III.2. Abstraction of Hydrogen Atoms 

Hydroxyl radicals are capable of oxidizing organic 
compounds by hydrogen abstraction, producing organic 
radicals (Eq. (7)). 

Subsequent addition of molecular oxygen form 
peroxyl radicals (Equation (8)); reactive intermediates 
initiate chain reactions leading to thermal degradation to 
CO2, water, and inorganic salts. The reaction by 
hydrogen abstraction usually occurs with aliphatic 
hydrocarbons [35]: 
 

HR + •OH → R• + H2O (7)
 

R• + O2 → RO2
• (8)

III.3. Electrophilic Addition of Hydroxyl Radical 

The electrophilic addition of hydroxyl radical to 
organic compounds containing π bonds results in the 
formation of organic radicals (Eq. (9)). This usually 
occurs with hydrocarbons containing unsaturated bonds 
or aromatic systems [35]: 

 

 

(9)

 

Fast dechlorination of chlorophenols is also promoted 
by the electrophilic generating chloride ions (Eq. 10) 
[35]: 
 

(10)

III.4. Electron Transfers 

Electron transfer reactions occur when electrophilic 
addition and hydrogen abstraction are deprived, as in the 
case of chlorinated hydrocarbons (Eq. (11)) [35]: 
 

RX + •OH → RX•+ + OH-  (11)

III.5. Radical-Radical Reactions 

Other radical reactions can also occur (Eqs. (12) and 
(13)). However, such reactions are undesirable from the 
point of view of the oxidation of organic compounds due 
to •OH consuming and subsequent impairment of the 
photodegradation process efficiency: 
 

2OH• → H2O2   
k = 5.3×109 L mol-1 s-1  

(12)

 
H2O2 + •OH → HO2

•  + H2O  
k = 2.7×107 L mol-1 s-1 

(13)

 

The predominance of one or another reaction depends 
on several factors, among which the concentration of 
organic substrate, as well as its recalcitrant character. 
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IV. Systems Used in AOPs 

The systems used in AOPs are divided into two major 
groups, depending on the number of phases involved: a) 
homogeneous processes and b) heterogeneous processes.  

These different processes have been used alone or in 
combination, resulting in different treatments systems. 
In each group, a source of radiation, such as ultraviolet 
(UV) or ultraviolet-visible (UV-Vis) may or may not be 
used. Table II presents examples of treatment systems 
based on AOPs. 
 

TABLE II 

SYSTEMS USED IN THE GENERATION OF HYDROXYL RADICAL [36] 

  Irradiated Non Irradiated 
Homogeneous 
Systems 

O3/UV O3/H2O2 

 H2O2/UV O3/OH- 
 H2O2/Fe2+/UV H2O2/Fe2+ 
Heterogeneous 
Systems 

* Sc/O3/UV Electro-Fenton 

 * Sc/H2O2/UV - 
 * Sc/UV - 

* Sc: semiconductor (e.g., TiO2, ZnO). 

V. Homogeneous Systems                           
and Radical Generators 

Homogeneous processes occur in a single phase, and 
use ozone (O3), hydrogen peroxide and UV (UV/H2O2) 
or Fenton reagent (mixture of H2O2 with Fe(II) salt) 
generate hydroxyl radicals. Some combinations of 
technologies like photo-Fenton and UV/ozone are also 
included in this group. 

V.1. Hydrogen Peroxide 

Hydrogen peroxide (H2O2) under ultraviolet radiation 
in the wavelength range of 200 to 300 nm is a simple 
hydroxyl-radicals generator. 

The photolysis of hydrogen peroxide by UV radiation 
involves breaking of the O-O bond, to yield two radicals 
•OH for every molecule of H2O2 (Eq. (14)) [37]-[39].  

However, at high concentrations •OH radicals can 
recombine to give H2O2 (Eq. (12)): 

 
H2O2 + hv → 2HO•  (14)

  
2HO• → H2O2   k = 5.3×109 L mol-1 s-1  (12)

 
Should be emphasized that, in high concentrations, 

hydrogen peroxide has the ability to consume the 
formation of hydroxyl radicals and superoxide radicals, 
thus reducing the possibility of oxidation (Eq. (13)). 

Also, the reaction can occur among the hydroxyl 
radical superoxide (Eq. (15)) [40]. Thus, in many cases, 
oxidation occurs quickly at the beginning of the reaction 
and in others, degradation is slow. In case of the 
peroxide, to obtain an efficient oxidation, its dosage 

must be performed slowly throughout the experiment to 
ensure higher efficiency of the process. Therefore, the 
optimal H2O2 concentration depends on the amount of 
pollutant to be oxidized, the goal is preferably an 
experimentally-derived concentration: 

 
H2O2 + •OH    HO2

• + H2O 
k = 2,7 x 107 mol L-1 s-1  

(13)

  
 HO2

• + •OH    H2O2 + O2 (15) 
 
If not possible, the adequate H2O2 concentration can 

be obtained from literature data or estimated considering 
the stoichiometric equivalence between carbon 
concentration (TOC) and hydrogen peroxide 
concentration (Eq. (16)) [41]: 
 

C + 2H2O2 → CO2 + 2H2O  (16)
 

Giroto and co-workers [42] presented experimental 
results on the photodegradation of poly(ethylene glycol) 
(PEG) in aqueous solutions by the photo-Fenton and 
H2O2/UV processes. 

HPLC analyses enabled the authors to identify acetic 
and formic acids in both processes. On the other hand, 
glycolic and malonic acids were detected in the photo-
Fenton or H2O2/UV systems, respectively, confirming 
different reaction pathways in each case. In the 
literature, it is posible to find many studies using and 
comparing UV/H2O2 to other AOPs to treat diverse 
effluents. Vogna and co-workers [43] studied the 
UV/H2O2-induced degradation of carbamazepine, a 
worldwide used antiepileptic drug, recently found as 
contaminant in many municipal sewage treatment plant 
(STP) effluents and other aquatic environments. The 
oxidation treatment caused an effective removal of the 
drug. At complete abatement of the substrate after 4 min 
treatment, a 35% value of removed total organic carbon 
(TOC) was obtained. 

Ahmed and co-workers [44] studied the degradation 
and mineralization of organic pollutants contained in 
actual pulp and paper mill wastewaters by a UV/H2O2 
process. The results suggested that several steps are 
involved in the photochemical oxidation of organics, 
starting with degradation of lignin derivatives and 
tannins to obtain aromatic intermediates that then 
undergo oxidative ring opening, leading to aliphatic 
carboxylic acids. In the final steps, carboxylic acids are 
mineralized into CO2 and H2O. 

The AOPs processes have been also studied for 
microbiological pollutants removal in drinking waters.  

However, the formulation of the photokinetic rates of 
a photochemical process is one of the most difficult parts 
of reactor design and involves determination of the 
absorbed light intensity causing chemical conversion, 
e.g. the generation of highly reactive hydroxyl radicals. 
Actinometric measurements may often cause problems 
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due to the polychromatic emission of medium-pressure 
Hg-arcs, which are used in oxidative degradation 
procedures. Gahr and co-workers [45] studied the 
practical use of filter solutions as an appropriate method 
for approaching monochromatic conditions with 
polychromatic radiation. The experiments were carried 
out with the annular photoreactor of a pilot plant for 
drinking water treatment. 

AOPs have been studied for effluents from industries 
that use dyes. As a few examples, one can find the works 
of Muruganandham and Swaminatham [46] and  
Marmitt and co-workers [47]. 

V.2. Ozone 

Ozone (O3) is a gas composed of three oxygen atoms. 
Two oxygen atoms form the basis for the oxygen 
molecule present in the air we breathe. The third atom, 
very unstable, is easily separated from ozone to connect 
to other molecules such as organic substances. 

The lifetime of the ozone molecule is directly related 
to temperature. For example, the half-life of ozone at 
0°C is 140 minutes and only 40 minutes at 20°C [48]. 
Due to its instability (approximately 3 s in the gas 
phase), storage is not an option. 

Thus, ozone must be generated in situ [49] by three 
different techniques: exposure of O2 to ultraviolet 
radiation, electrolysis of perchloric acid, and electrical 
discharge. These processes involve fast reactions and are 
not selective [50]. Among these different processes, 
electrical discharge (known as corona effect) is the most 
widely used by most commercial generators. According 
to this method, ozone is generated by passing air or pure 
oxygen between two electrodes with a high potential 
difference (approximately 10 kV), as given by Equations 
(17) and (18) [51], [52]: 
 

O2 → O• + O•  (17)
 

O• + O2 → O3  (18)
 

This technique produces more ozone in the oxygen 
conversion process as compared with other 
methodologies mentioned here [53]. Yields range 
between 1 and 4% (m m-1) for air-fed systems and 
between 6 and 14% (m/m) for systems powered by pure 
oxygen [49], [50], [53]. Although the use of ozone 
presents a series of advantages, it also has limitations.  

The low solubility and low stability in water, 
combined with the high costs involved in its production 
and the partial oxidation of organic compounds present 
in water can make its implementation economically 
unfeasible [54]. Another limiting factor comes from the 
low stability of ozone in the reaction medium, which 
depends on several factors. Among them, special 
attention is given to pH, since hydroxyl ions initiate the 
decomposition of ozone molecules [55]. 

The oxidation of inorganic and organic compounds 
during ozonation can occur via molecular ozone (direct 
reaction, prevalent in an acidic medium) or by hydroxyl 
radicals (indirect reaction, prevalent in alkaline 
medium). In practice, these two mechanisms are the 
most favored [55]. 

The direct reaction (electrophilic attack by molecular 
ozone) is assigned to compounds that contain double 
bonds (C=C), specific functional groups (OH, CH3, 
OCH3), and atoms with high negative charge density (N, 
P, O and S). 

The indirect reaction is non-selective, leading to 
reactions with organic compounds 106 to 109 times faster 
than known oxidizing agents such as H2O2 and O3 
(Masten and Davies, 1994). However, each oxidant 
species takes different significance depending on the 
specific application of ozone [56]. 

The interactions between O3 and OH- in aqueous 
solution initiate a series of radical reactions leading to 
the formation of hydroxyl radicals. This reaction 
sequence is complex and can be influenced by a number 
of experimental factors and by the nature and 
concentration of chemical species present [57], [54].  

While disinfection processes occur predominantly via 
molecular ozone oxidation, oxidative processes can 
occur either through molecular ozone or hydroxyl 
radicals [58]. Recent advances in ozone generation 
systems have reduced the energy required for their 
production, leading to a considerable reduction in the 
costs involved in specific applications, making ozone-
based processes very attractive and benefit to industry. 

In addition to ozonation via molecular O3 (direct 
reaction) and via hydroxyl radical (indirect reaction) 
other possibilities of ozone application in wastewater 
remediation are available. Such combinations can 
produce effective results in the remediation of some 
industrial wastewaters. Ozone can be used in 
conjunction with ultraviolet radiation (O3/UV) [59], 
[29], hydrogen peroxide (O3/H2O2) (Eq. (19)) [60], or a 
combination of these (O3/UV/H2O2), in addition to 
O3/ultrasound and O3/TiO2. These techniques increase 
the generation of •OH [61], [62]. Emerging 
technologies, such as heterogeneous nanocatalyst and 
catalytic ozonation using ozone are quite promising, and 
represent nowadays the current trend of ozonation 
processes [53]: 
 

H2O2 + 2 O3 → 3O2 + 2•OH  (19)
 

In the presence of ultraviolet (UV) radiation, O3 
might also form hydroxyl radicals. However, in this 
case, the organic matter decomposition occurs at very 
slow rates. The combination of UV radiation with H2O2 
promotes more efficient oxidation of organic pollutants 
when compared with systems under UV irradiation only.  

This mechanism begins with the photolysis of ozone 
producing hydrogen peroxide. 
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Then the hydroperoxide ion (HO2
-) can react with 

ozone to produce O3
- and hydroxyl radicals. 

These species start a chain reaction and, as a result, 
compounds normally refractory to simple ozonation are 
rapidly converted to CO2 and H2O [63], [29]. 

A simplified representation of the reaction in this case 
is given by Eq. (20) [64]: 
 

3O3 + H2O + hv → 2•OH + 4O2 (20)
 

The limitations of direct oxidation by ozone can be 
circumvented by using high reactive indirect ozone 
reactions in basic aqueous medium. In this case, the 
reaction between O3 and OH- triggers a series of radical 
reactions that lead to the formation of hydroxyl radicals.  

This reaction route is quite complex and is influenced 
by a number of experimental factors and the nature or 
concentration of chemical species [29].  

In simple terms, the mechanism can be divided into 
three parts: initiation, propagation, and termination 
[65]. Al-Hayek and co-workers [66] showed that phenol 
ozonation in the presence of Fe (III) / Al2O3 catalyst 
leads to a significant increase in TOC removal as 
compared to ozonation alone. Bhat and Gurol [67] 
studied the ozonation of chlorobenzene in the presence 
of goethite and found that the catalytic ozonization was 
more effective than ozonation alone. 

Naydenov and Mehandjiev [68] and Thompson and 
co-workers [69] observed mineralization of benzene and 
1,4-dioxane, respectively, obtained by ozonisation in the 
presence of MnO2 in aqueous solution. 

Ma and Graham [70] demonstrated that the MnO2 
formed in situ by atrazine ozonization in the presence of 
small amounts of Mn (II) leads to a much higher degree 
of atrazine oxidation as compared to the ozone only. 

The authors have given these results to the generation 
of highly oxidative intermediate species. Andreozzi and 
co-workers [71] reported a significant improvement in 
the oxalic acid ozonation in acidic medium induced by 
the presence of MnO2. Pines and co-workers 
[72] indicated that the combination of O3/metal-TiO2 is 
particularly interesting for the hydrophilic compounds 
oxidation (biodegradable). However, under these 
combination, the efficiency observed for the hydrophobic 
compounds was low. 

V.2.1.   Initiation 

The reaction between the hydroxide anion and ozone 
leads to the formation of superoxide radical anions (O2

•-) 
and hydroperoxide radicals (HO2

•), according to Eq. (21) 
[73]: 

O3 + OH-  HO4
• O4

•- + HO2
•  

k = 1.1×105 s-1  
(21)

 
The hydroperoxide radical shows acid-base 

equilibrium (Eq. (22)) [74]: 

HO2
• ⇋ O2

- + H+         ka = 1.6×10-5 (22)

V.2.2.   Propagation 

The radical anion ozonide (O3
•-), formed from the 

reaction between ozone and the superoxide radical anion 
(O2

•-), quickly decomposes to form hydroxyl radicals 
(Equations (23) to (27)) [73]-[75]: 
 

O3 + O2
•-  O3

•- + O2  
k = 1.6×109 L mol-1 s-1 

(23)

 
O3

•- + H+⇋ HO3
•  pH < 8  

k = 5.2×1010 L mol-1 s-1 
(24)

 
O3

•- ⇋ O-• + O2  pH > 8 (25)
 

O-•  HO• + OH-  (26)
 

 HO3
•  •OH + O2  

k = 1.1×105 s-1  
(27)

 

The radical •OH can react with the ozone as follows 
(Eq. (28)): 
 

•OH + O3 HO4
•  O2 + HO2

• (28)
 
with the formation of O2 and HO2

• from HO4
•, a chain 

reaction can be repeated. Substances which convert •OH 
to radical anions O2

•- and/or HO2
• promote chain 

reactions. Organic molecules (R) can also act as 
promoters (Eq. (7)): 

 

HR + OH• R• + H2O (7)
 

According to Emanuel and Gál [76] and Singh and 
Bahari [77], if oxygen is present, organic peroxyl 
radicals (ROO•) can be formed and then react, 
eliminating O2

• - /HO2
• and entering into chain reaction 

(Eqs. (29) to (31)): 
 

HR• + O2 HRO2
•  (29)

 
HRO2

•  R + HO2
•  (30)

 
HRO2

•  RO + OH•  (31)

V.2.3.   Termination 

Some organic and inorganic substances react with the 
hydroxyl radical and form secondary radicals that do not 
produce O 2

•- /HO2
•  [78], acting as inhibitors of chain 

reactions (Eqs. (32) and (33)): 
 

•OH + CO3
2-  OH- + CO3

•- (32)
 

•OH + HCO3
-  OH- + HCO3

• (33)
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Another possibility for the termination reaction is the 
combination of two radicals [79] (Eq. (15)): 
 

•OH + HO2 
•  O2 + H2O (15)

 
In general, three moles of ozone produce two moles of 

hydroxyl radicals [80], according to Eq. (34): 
 

3O3 + OH- + H+  2•OH + 4O2 (34)
 

A change in solution pH is usually the simplest 
approach (although not the most efficient) to obtain 
hydroxyl radicals from ozone. Generally, under acidic 
conditions (pH ≤ 4), the direct mechanism 
predominates. Above pH 10, it becomes predominantly 
indirect [65]. 

V.3. The Combined Use of O3/H2O2 

Regardless of H2O2 being a powerful oxidant, it is 
also an unstable compound which dissociates with 
maximum rate at pH equal to its pKa [20], as given by 
Equations (35) to (37): 
 

H2O2  HO2
- + H+  

pKa = 11.6 
(35)

 
H2O2 + 2e- + 2H+ → 2 H2O  

Eº = +1.78 V 
(36)

 
H2O2 + HO2 

- → H2O + O2 + HO-  (37)
 

The use of two or more combined oxidants allows 
using possible synergistic effects among them [18]. 

For example, Catorceno and co-workers [29] 
compared phenol oxidation by the O3, O3-UV, and O3-
H2O2 processes, and found that for low initial dissolved 
organic carbon (DOC) concentration, the O3-H2O2 
process showed a better performance in comparison to 
the O3 and O3-UV systems in terms of DOC removal 
rates. For DOC removed after two hours, however, a 
strong dependence on ozone and H2O2 concentrations 
was found. 

Hydrogen peroxide can start the decomposition of O3 
by electron transfer. 

The reaction generates HO•, with H2O2 and O3 
consumed through a chain mechanism (Equations (38), 
(39), (22), (40), (23), (24), (27), (28) and (41): 
 

O3 + H2O2 → HO• + O2 + HO2
• (38)

 
H2O2 ⇋ HO2

- + H+  
ka = 1.6×10-12  

(39)

 
HO2

• ⇋ O2
- + H+  

ka = 1.6×10-5 
(22)

 

HO2
- + O3  → O3

- + HO2
•  

k = 2.8×106 L mol-1 s-1 
(40)

 
O3 + O2

•-  O3
•- + O2  

k = 1.6×109 L mol-1 s-1 
(23)

 
O3

•- + H+⇋ HO3
•  

pH < 8   k = 5.2×1010 L mol-1 s-1 
(24)

 
HO3

•  •OH + O2  
k = 1.1×105 s-1  

(27)

 
O3 + HO•→ O2 + HO2

 •  
k = 1.1×105 s-1 

(28)

 
O3 + HO2 

• → 2 O2 + HO•  (41)
 

Although it is an expensive process, it is fast and 
allows treating organic contaminants present at very 
small concentrations (ppb). The molar ratio O3/H2O2 is 
approximately 2:1 [81]. The process favors kinetics as 
pH rises, as observed in Equations (35) and (22) [20].  

The adequate pH range of the process is between 7 
and 8. In the literature, it is possible to find many works 
combining the use of O3 whit  2O2. Lee and co-workers 
[82] investigated the possibility of conventional 
ozonation and the O3/H2O2 for N-nitrosodimethylamine 
(NDMA) oxidation, a probable human carcinogen found 
in surface and drinking water. The authors also and 
discussed the mechanism for NDMA oxidation during 
ozonation. In experiments with natural waters, NDMA 
could not be significantly oxidized during conventional 
ozonation. In the O3/H2O2, ozone doses of 160–320 μM 
([O3]0/[H2O2]0=2:1) were necessary for >50% NDMA 
oxidation depending on the •OH scavenging rates of the 
natural waters. A lot of authors investigated and 
compared the efficiency of O3/H2O2 to others AOP 
processes for treating effluents from diverse industries.  

As a few examples to illustrate this, treatment of 
pharmaceutical drugs effluents from penicilin were 
invastigated by Arslan-Alaton and Dogruel [83]. 
Diclofenac effluents were treated by Vogna and co-
workers. Other wastewaters, as dyeingbath [85], 
fragances as musk [86] were also studied. 

V.4. Catalytic Ozonation 

The catalytic ozonization may be regarded as a 
homogeneous process, which is based on activation of 
ozone by metal ions present in aqueous solution, or as a 
heterogeneous process in the presence of supported 
metal oxides or metal oxides. Catalytic ozonization 
corresponds to an effective method for removal of 
various organic compounds in water and in aqueous 
effluents. However, this method have been used mainly 
in laboratory scale [87]. 
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The proposed catalysts for homogenous catalytic 
ozonization process are transition metals such as Fe2+, 
Mn2+, Ni2+, Co2+, Cd2+, Cu2+, Ag+, Cr3+, Zn2+. 

The nature of the transition metal applied not only 
determines the rate of reaction, but also the selectivity 
and consumption of ozone [87]. 

In the literature are reported ozone molecular 
reactions with many compounds (over 50 species), with 
second-order rate constants. Some of these are very 
reactive, regardless of pH (as sulfite, sulfite and nitrite) 
while others exhibit low kinetic constant in acidic media 
and a significant increase in reactivity with increasing 
pH (such as hypochlorous acid, hypobromous acid and 
ammonia). Fe (II) and Mn (II), which are present in 
natural waters, may readily be oxidized by ozone 
generating insoluble oxides easily removed by filtration.  
Equations 42 to 48 illustrate proposed reaction 
mechanisms of Fe2+ with ozone [88]. It is worth 
mentioning that the use of Fe2+ in processes of catalytic 
ozonization is restricted to acid media, since at higher 
pH values precipitation of these ions occurs [89]: 
 

Fe2+ + O3  →  Fe3+ + O3
-  (42)

 
O3

- + H+ ⇋ HO3 → OH + O2 (43)
 

Fe2+ + OH → Fe3+ + OH-  (44)
 

2 Fe2+ + O3 + 2 H+ →  2Fe3+ + O2 + H2O 
(Balance: (42) to (44)) 

(45)

 
Fe2+ + O3  → (FeO)2+ + O2 (46)

 
(FeO)2+ +  Fe2+ + 2 H+ → 2Fe3+ + O2 + H2O (47)

 
2 Fe2+ + O3 + 2 H+ → 2Fe3+ + O2 + H2O  

(Balance: (46) to (47)) 
(48)

 
Béltran and co-workers [90] proposed reaction 

mechanism between Fe (III) and ozone with subsequent 
formation of hydroxyl radical, according Eq. (49): 
 

Fe3+ + O3 → (FeO)2+ + HO•  + O2 +  H+  (49)
 

According Eqs. (42) to (49), the reaction mechanism 
is the transfer of electrons from the metal reduced to 
ozone, forming Fe3+ ion and radical ion O3

-, and from 
this the hydroxyl radical. In the presence of excess Fe2+, 
hydroxyl radical can oxidize a second Fe2+, providing a 
stoichiometric ratio of 0.5 moles of ozone per mole of 
ferrous ion [88]. 

Catalytic ozonation is a method that has been 
employed at laboratory scale. It shows to be effective in 
the removal of several organic compounds present in 
water and aqueous effluents [87], [54]. 

The catalysts proposed for catalytic homogeneous 
ozonization process are transition metals cations such as 

Fe(II), Fe(III), Mn(II), Co(II), Cd(II), Cu(II), Ag(I), 
Cr(III), Zn(II). The nature of the transition metals 
determine, besides the reaction rate, selectivity and 
consumption of ozone  [87], [54]. 

Xiang-Feng and Xin-Xua [91] studied phenol 
degradation using the catalytic ozonation process with 
Fe3+. The parameters studied to evaluate this effect were 
pH, Fe3+ concentration, and reaction time. The COD was 
used as a response. The maximum efficiency of COD 
removal was 55.4% with pH equal to 2.8, ozone 
concentration equal to 3 g L-1, iron (III) concentration 
equal to 10 mg L-1, and ozonation time of 20 minutes. 

Assalin and co-workers [92] studied the catalytic 
effect of Mn2+ and Cu2+ ions for phenol ozonation. The 
presence of Mn2+ ions has significantly increased phenol 
degradation and reduced the consumption of ozone 
compared to conventional processes (molecular ozone 
and hydroxyl radicals). The authors obtained a reduction 
on the organic load (TOC) of 63% for pH 3 using the 
metal Mn(II) in just 7 minutes of treatment. The 
consumption of ozone was also reduced from 229 to 129 
mg L-1 in the presence of catalyst. The catalyst effect of 
Cu2+ ion was less significant in the degradation of 
phenol under the same conditions used in this process. 

Peixoto and Izario Filho [54] studied the effect of 
metal cations in the homogenous catalytic ozonation of 
leachate from the municipal landfill of the City of 
Guaratinguetá (São Paulo). The experiments considered 
the effects of metal concentrations (Fe2+, Fe3+, Mn2+, 
Ni2+, Cr3+), pH, ozone flow rate and presence/absence of 
UV radiation (254 nm). In this work, a maximum 
reduction of chemical oxygen demand (COD) of 50% 
was achieved. The conditions which enabled to achieve 
the best results were ozone flow of 5 L h-1 (590 mg h-1 
O3) and a ferric ion concentration of 5 mg L-1 and pH 5.  

It is important to note that the homogeneous catalytic 
ozonation must be associated to a technique of removing 
the metal ion from treated effluents. The toxic character 
of some metals may limit the application of this process. 
In spite of these limitations, the catalytic ozonation is a 
promising technology for application in the 
decontamination of aqueous effluents. 

In the literature, it is possible to find works 
concerning the use of different catalytic AOPs processes. 
As an example, we can cite the work of Lee and co-
workers [82], that developed an innovative advanced 
catalytic oxidation, with iron oxide coated granular 
activated carbon (FeGAC) and/or hydrogen peroxide 
(H2O2) process. The developed process was employed to 
treat the landfill leachate from central Taiwan. 
Experimental results indicated that the FeGAC/H2O2 
process could effectively remove organic compounds 
from landfill leachate. 

The presence of iron oxide coated granular activated 
carbon (FeGAC) greatly improved the oxidative ability 
of H2O2 for the removal of humic acids, fulvic acids and 
non-humic substance from leachate. 



 
Carla C. A. Loures et al. 

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved                                         International Review of Chemical Engineering, Vol. 5, N. 2 

110 

For instance, at pH 6, the removal efficiencies of 
FeGAC/H2O2 and H2O2 processes were 70%, and 8%, 
respectively. FeGAC/H2O2 combined both advantages of 
FeGAC and H2O2 where FeGAC had good organics 
adsorption ability and could effectively catalyse the 
hydrogen peroxide oxidation reaction for organics 
removal. 

Kim and co-workers [93], investigated the feasibility 
of microporous silicates as a potential catalyst for a 
catalytic ozonation process. Organophosphorus 
insecticide, dichlorvos (DDVP), was employed as a 
model chemical for assessing conventional ozonation 
and catalytic ozonation, because its oxidative 
intermediate is toxic and is not degraded by direct 
ozonation. 

It was found that ozone was well adsorbed and 
simultaneously decomposed in microporous silicates, 
resulting in the production of possible radical species. In 
the presence of microporous silicates, radical reactions 
by decomposed ozone were evidenced by phosphate ion 
release that shows a degradation of a toxic intermediate 
of DDVP. Accordingly, cytotoxicity was successfully 
decreased. 

In a continuous treatment process combining a 
conventional ozonation vessel and a microporous silicate 
column for an effective use of residual ozone, enhanced 
degradation of DDVP was demonstrated by a decrease of 
DOC, an increase of the PO4

3- concentration and 
reduction in the cytotoxicity. 

The works cited above are just a few examples. The 
catalytic AOP have been employed for treating a variety 
of effluents, as biotrated textile effluentes [94] or 
pharmaceutical drugs as Fuoxetine in aqueous media 
[95]. 

V.5. Fenton Reaction 

A century ago, the catalytic oxidation of tartaric acid 
in the presence of ferrous salts and hydrogen peroxide 
was reported by Fenton [96]. In the Fenton reaction 
(Equation 50), hydroxyl radicals are generated from the 
reduction of hydrogen peroxide. 

However, this spontaneous reaction was only 
proposed 40 years after the report of Fenton [97]: 
 

Fe2+ + H2O2 → Fe3+ + •OH + OH-  
k = 76 L mol-1 s-1 

(50)

 
In the absence of a substrate or in the presence of 

high concentrations of Fe2+, the hydroxyl radicals 
formed can oxidize other ferrous ions to ferric ion, as in 
Equation (51): 
 

Fe2+ + •OH → Fe3+ + OH- 
k = 3.2×108 L mol-1 s-1 

(51)

 

The ferric ions formed can catalytically decompose 
H2O2 to H2O and O2 (Eqs. (52) to (55)), also forming 
ferrous ions and radicals. In this case, the iron species in 
aqueous solution (Fe2+, Fe3+) exist as aquo-complexes.  

The rate constants for these reactions were 
determined by different authors [98], [99]: 
 

Fe3+ + H2O2 ⇋ FeOOH2+ + H+  
k = 0.001-0.01 L mol-1s-1 

(52)

 
FeOOH2+ → Fe2+ + HO2

• (53)
 

Fe2+ + HO2
• → Fe3+ + HO2

-  
k = 1.3×106 L mol-1 s-1  

(54)

 
Fe3+ + HO2

• → Fe2+ + O2 + H+  
k = 1.2×106 L mol-1 s-1 

(55)

 
In accordance with these reactions, iron acts as a 

catalyst. However, as the reduction of Fe3+ with H2O2 is 
usually much slower than the oxidation of Fe2+, the iron 
exists in solution mostly in the form of Fe3+. 

According to Equation 13, hydrogen peroxide can 
also act as consumer of hydroxyl radicals, forming 
hydroperoxide radicals (HO2

•). These species have lower 
standard reduction potential (E° = 1.42 V) in 
comparison to •OH and its formation occurs mainly in 
the presence of excess of H2O2. In this case, Fe2+ 
concentration in the reaction medium is low in relation 
to that of Fe3+, making the reaction slower. This occurs 
because the reaction between Fe3+ and H2O2 (Equation 
52) is slower than the decomposition of H2O2 in the 
presence of Fe2+. The prejudicial effect of excess of H2O2 
in the degradation of organic compounds was observed 
by various authors [100], [101], who focused particularly 
attention to establish adequate concentrations. 

The Fenton oxidation has been applied with success 
to the treatment of textile effluents [102]-[104]. Teixeira 
and co-workers [105] have successfully applied the 
Fenton reaction to the treatment of aminosilicone-
containing water emulsions. 

The key aspect of the Fenton process is credited to the 
relation among [Fe+2], [Fe+3], [H2O2] and characteristics 
of reaction medium (pH, temperature and amount of 
organic and inorganic constituents). These parameters 
determine the efficiency of the global reaction. From a 
practical point of view, the Fenton process requires prior 
optimization of the variables to be effective. 

V.6. Photo-Fenton Reaction 

The oxidation of organic compounds under UV 
irradiation in the presence of ferric ion in acidic medium 
was observed in the 1950s, when it was postulated that 
the electron transfer initiated by irradiation results in the 
generation of •OH, responsible for the oxidation 
reactions [106]. 
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In aqueous solution, in the absence of other ligands 
and acidic medium, the ferric ion exists as aqueous 
complexes, for example, [Fe(H2O)6]

3+. With pH increase, 
hydrolysis occurs by the formation of hydroxylate 
species, whose proportion depends on pH. The first 
hydrolysis equilibrium is represented by Equation (56) 
[107]: 
 

Fe3+ + H2O → Fe (OH)2+ + H+  (56)
 
when Fe(III) complexes are irradiated, there is the 
promotion of an electron from an orbital centered in the 
ligand to a metal-centered orbital, which is called ligand 
to metal charge transfer (LMCT) and involves the 
reduction of Fe (III) to Fe (II) and ligand oxidation (Eq. 
(2)), forming hydroxyl radicals [108]: 
 

Fe (OH)2+ + hv → Fe2+ + •OH (2)
 

The Fe2+ generated during irradiation reacts in the 
presence of hydrogen peroxide, the Fenton reaction. In 
this context, the photochemical reaction establishes a 
cycle in which Fe2+ is regenerated. The use of Fe2+/Fe3+ 
in the presence of hydrogen peroxide under irradiation is 
called photo-Fenton reaction. 

Photon absorption by ferric ions can extend into the 
visible region of the spectrum, depending on pH and 
ligands. As discussed above, pH influences the 
formation of hydroxylate species, which have a higher 
absorption in the visible spectrum. The species Fe(OH)2+ 
shows maximum absorbance at about 300 nm extending 
to 400 nm, which enables solar-irradiated photo-Fenton 
reactions. More information about the role of iron as a 
function of pH is described in the work of Poulopoulos 
and co-workers [33]. 

Particularly, many photochemical reactions may 
occur in the photo-Fenton system, depending on the 
emission spectrum of the radiation source and on the 
absorbance of existing chemical species. The photolysis 
of H2O2, which generates two hydroxyl radicals, can 
occur simultaneously with the photo-Fenton reaction. 
However, its low molar absorption coefficient (18.7 L 
mol-1 cm-1 at 254 nm) makes this step less important in 
the photo-Fenton process, especially if one considers the 
absorption of light by iron and organic compounds. 

Since Fenton and photo-Fenton are catalyzed by 
Fe2+/Fe3+ ions and considering that these are hydrolyzed 
to form insoluble hydroxides, the pH of the medium has 
an important role in the reactions, thus affecting the rate 
of degradation of organic compounds. The influence of 
pH was evaluated in several studies, where it was found 
that a narrow pH range between 2.5 and 3.0 provides 
maximum efficiency [17]. 

This limited range is also related to the precipitation 
of Fe (III) at pH above 5.0, drastically reducing their 
interactions with hydrogen peroxide and, thus, the 
production of •OH radicals. 

Below pH 2.5, the degradation rate also decreases 
although Fe remains in solution as soluble complexes.  

This decrease in the rate of degradation occurs since 
high concentrations of H+ may adduct hydroxyl radicals. 
Futhermore, species like Fe(H2O)6

3+ limit radiation 
absorption. In conclusion, the narrow pH range in which 
the maximum efficiency of the Fenton and photo-Fenton 
reactions is verified constitutes the major limitation of 
these processes. Fe(III) complexes as a function of pH 
([Fe3+]TOT = 1 mmol L-1, T = 25 ºC) are shown in Fig. 1 
[109]. 

 

 
 

Fig. 1. Fe(III) complexes as a function of pH ([Fe3+]TOT = 1 mmol L-1, T = 
25 °C). Adapted from. [109] 

 
This narrow pH range is maintained by adjusting the 

pH throughout the whole reaction time. Moreover, there 
is the need to neutralize the pH of the treated wastewater 
before discarding to waterbodies. 

To overcome these limitations, some strategies have 
been studied, such as the use of iron complexes with 
organic ligands, in order to stabilize pH close to 
neutrality, or the immobilization of Fe on membranes or 
other supports [17]. 

The UV/visible absorption spectra for Fe(III) 
complexes in aqueous solution, and the total absorbance 
for an optical length of 1 cm given by εtotal[Fe (III)] = 
ε1[Fe3+] + ε2[FeOH2+] + ε3[Fe (OH)2+] + ε4[Fe (OH)2

4+] 
are shown in Fig. 2 [110]. 

The photo-Fenton process is effective in removing 
organic load of dairy effluent. According to Dalla Villa 
an co-workers [111], the concentration of iron which 
already exists in effluent is not sufficient to promote 
mineralization; a complement of iron salt is thus 
necessary. 

The authors observed that TOC removal after 3 hours 
of reaction remains the same for iron concentrations in 
the range 1.5-6 mmol L-1. High initial concentrations of 
H2O2 do not favor the removal of the organic load. 
However, multiple additions of hydrogen peroxide (0.25 
mol L-1) revealed to be more efficient for TOC removal 
than an addition of 0.5 mol L-1, especially for low iron 
concentrations. The photo-Fenton process was also 
efficient for high organic loads.This aspect is considered 
important since in general, biological processes loose 
efficiency with an increase of organic load. 
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Fig. 2. UV-visible absorption spectra of Fe(III) complexes in aqueous 

solutions. Fe3+ corresponds to the hexa-aquo complex (ferric ion), 

Fe2(OH)2
4+ is the tetra-aquo-dihydroxi-complex, and FeOH2+ is the 

monohydroxy- penta-aquo complex. Adapted from. [110] 

 

Furthermore, the rate of the photo-Fenton treatment 
improved the performance of global treatment, once the 
biological treatments are mostly slow. 

Manenti and co-workers [112] studied the removal of 
organic pollutants in the effluent from industrial food 
processing based on the photo-Fenton technique using 
artificial irradiation at laboratory scale. A complete 23-
factorial design was applied to optimize the process, on 
the basis of the effects of pH and Fe2+ and H2O2 
concentrations on the removal of chemical oxygen 
demand (COD), color and turbidity. The best 
performance was achieved for Fe2+ and H2O2 
concentrations of 0.26 g L-1 and 22 g L-1, respectively, 
and initial pH 3.0, with 93% reduction of COD, 95% 
color removal and 98% reduction of turbidity. 

Teixeira and co-workers [63], [105] have also 
demonstrated the applicability of the photo-Fenton 
process to the degradation of aminosilicone polymers in 
concentrated and diluted water emulsions, irradiated by 
medium pressure mercury lamps or sunlight. Giroto and 
co-workers [42], [113], [114] studied the photo-Fenton 
degradation of water soluble polymers (polyvinil alcohol, 
poly(ethylene glycol), polyacrylamide, and 
polyvinylpyrrolidone). 

Silva and co-workers [115] studied the use of the 
photo-Fenton process to reduce the toxicity of oil field 
produced water by oxidation of organic compounds. In 
the petroleum industry, water production represents 98% 
of all waste generated. According to the authors, when 
using solar irradiated reactors, this process resulted in 
low residual generation and low cost. According to the 
authors, the analysis of treated water showed acceptable 
levels of contamination for use in irrigation. 

In the work of Nogueira and co-workers [116], the 
solar driven photo-Fenton process was applied to the 

oxidation of phenol in a parabolic trough solar reactor 
(PTR). The effects of Fe(II) (0.04-1.0 mmol L-1), H2O2 
(7-270 mmol L-1), initial phenol concentration (100 and 
500 mg C L-1), solar radiation, and operation mode 
(batch and fed-batch) were studied. More than 90% of 
the dissolved organic carbon (DOC) was removed within 
three hours of irradiation or less. 

Martín and co-workers [117] studied the degradation 
of a complex mixture of pesticides by combining a 
pretreatment with photo-Fenton and a final biologically 
activated sludge process. Four commercial pesticides 
were chosen, at an initial concentration of 200 mg L-1: 
laition®, metasistox®, sevnol® and ultracid. The 
biotreatment started once photocatalytic mineralization 
achieved 31%, and remained for 5 h in a stirred tank 
reactor in batches of 6 L with non-acclimated activated 
sludge. In this way, the effluent produced by the photo-
Fenton treatment was completely remediated. The time 
involved in the biological treatment was shorter than 
typically found values in municipal wastewater 
treatment plants (usually 8 to 10 h). However, the 
evaluation of this technology has been limited by the use 
of only one concentration of the contaminants, not 
considering the effect of higher concentrations of 
pesticides. 

Teixeira and co-workers [118] studied the 
degradation of a fungicide (tebuconazole) and an 
insecticide/ acaricide (methamidophos) in aqueous 
solution by the photo-Fenton process. For the fungicide, 
a rapid removal of both DOC (89% after 180 minutes) 
and COD (86%) was achieved; the non-irradiated 
thermal Fenton process resulted in the poorest 
performance, with only 20% DOC removal after 180 
minutes. On the other hand, the degradation of 
methamidophos occured without significant 
mineralization. 

In fact, for [Fe(II)]=0.55 mmol L-1 a ten-fold increase 
in initial H2O2 concentration enabled only a slight 
improve of the photo-Fenton degradation, with final 
DOC and COD removals of 6% and 24% ([H2O2]0=55 
mmol L-1), respectively, and of 18% and 46% 
([H2O2]0=550 mmol L-1), respectively. 

Navarro and co-workers [119] studied the oxidation 
of phenol by the photo-Fenton process. A molar ratio of 
phenol:Fe(II):H2O2 equal to 1:0.5:15, and pH controlled 
at 3 were used, and TOC analyses showed almost 
complete mineralization of phenol after 2 h with 
controlled pH to 3. Organic acids of low molecular 
weight, particularly oxalic acid, suabproducts of phenol 
degradation, were also destroyed. Huang and co-workers 
[120] studied the degradation of both hypophosphite 
binary components and citrate in aqueous solution by the 
advanced oxidation processes Fe2+/H2O2, UV/Fe2+/H2O2 
and electro-Fenton. The authors found that the Fenton 
process could not degrade citrate completely in the 
presence of hypophosphite since this species caused a 
serious inhibition. On the other hand, both the photo-
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Fenton and the electro-Fenton processes could overcome 
the inhibition by hypophosphite, especially the electro-
Fenton, due to the degradation of hypophosphite and 
catalytic activation. 

VI. Heterogeneous Systems 

Heterogeneous processes use semiconductor catalysts 
[121]. As examples of heterogeneous systems, 
UV/titanium dioxide (TiO2) and UV/zinc oxide (ZnO) 
are included. Once the semiconductor is exposed to UV 
radiation, it is promoted to an electronically excited 
state, characterized by the generation of electron-hole 
pairs (e-, h+), due to the promotion of electrons from the 
valence band (VB) to the conduction band (CB) by 
photon absorption. The energy difference between the 
two bands corresponds to the bandgap energy (Fig. 3). 

With the electron promoted to the BC and the hole 
(h+) generated in BV with a strongly oxidizing 
character, reducing and oxidizing sites are created, 
respectively, capable of inducing chemical reactions 
with adsorbed species. Holes can oxidize water 
molecules or hydroxide anions, with the formation of 
hydroxyl radicals; organic pollutants can be oxidized by 
the later or directly by the holes. 

TiO2 is the most commonly used semiconductor in 
photo-degradation of organic compounds. Several 
characteristics contribute to this: the possibility of 
activation by sunlight, its insolubility in water, chemical 
stability over a wide pH range, the possibility of 
immobilization on surfaces, low cost and its non-toxic 
character [123]-[128]. Many empirical studies with TiO2 
have been developed, but its reaction mechanism is not 
yet fully understood. However, some steps of the 
mechanism seem to have been explained and accepted 
by most researchers: excitation of the semi-conductor 
and subsequent formation of pairs h+

BV and e-
BC; the 

recombination between these pairs; the adsorption of O2, 
H2O and organic species on the semiconductor surface 
and the donation or reception of electrons to/from the 
pair e-/h+, respectively, preventing recombination. 

 

 
 

Fig. 3. Electronic principles of a heterogeneous photochemical process 
employing a photoreactive semiconductor. Adapted from. [122]. BV: 

Valence band, CB: Conduction band, and e-: electron (-) h+: hole (+); h: 
UV radiation 

It is also believed that O2 is the main responsible 
species for continuing the reactions, consuming 
electrons and reacting with organic radicals formed and 
leading to complete mineralization [129], [127]. 

Direct oxidation occurs when the photo-generated 
hole reacts directly with the organic compound (Eq. 
(57)) [124]: 
 

R1 (ads) + h+
BV → R 1 (ads) 

+  (57)
 

Indirect oxidation occurs when the photo-generated 
hole in the valence band reacts with H2O or OH- anions 
adsorbed on the surface producing hydroxyl radicals, 
which oxidize adsorbed organic matter (Eq. (58)) [124], 
[125], [129]: 
 

•OH + R1 → R2 (58)
 

Several articles have been published demonstrating 
the effectiveness of this process, as well as the various 
combinations of different AOPs to degrade recalcitrant 
substances [130]-[134], [81]. 

In spite of positive results, the implementation of 
photocatalytic processes in industrial scale is still 
difficult, because the treatment using ultraviolet 
radiation is expensive. An alternative is the use of the 
UV component of solar radiation. However, this is still a 
technical challenge at industrial scales [25], [135]. 
Another alternative is to search for new semiconductor 
catalysts which absorb a higher amount of the visible 
componente of sunlight. Immobilization of the 
semiconductor with no loss in photocatalytic activity is a 
widely studied because when in suspension, significant 
light scattering occurs [136]; there is also the need for 
the separation of fine catalyst particles [137]. 

Many studies aiming at avoiding the disadvantages 
mentioned above have been conducted, mainly involving 
the development of photocatalysts for greater efficiency 
(doping), implementation of systems operated with 
photocatalysts, photocatalysts immobilization and the 
use of passive photocatalysts activated by sunlight or 
systems assisted by sensitizers agents [138]-[143]. 

In Addition to TiO2, other semiconductors such as 
CdS, ZnO, WO3, ZnS, and Fe2O3 are mentioned in 
literature [144]-[149]. There are many studies 
comparing the effectiveness of TiO2 and ZnO as 
photocatalysts [150]-[152]. Such studies have shown 
various aspects related to the use of these 
semiconductors: the photo-degradation mechanism of 
ZnO is similar to TiO2 [130]; both are efficient 
semiconductors, inexpensive and non-toxic; the 
efficiency is increased when nanometric particles are 
used. The major advantage of ZnO is due to its higher 
absorption band in comparison with TiO2 [153]. 

The metal oxide semiconductor shave shown good 
photocatalytic activity toward the degradation of harmful 
organics into less harmful molecules under light 
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illumination such as TiO2 and ZnO. These 
semiconductors with direct wideband gap (3.37 eV) are 
highly explored n-type semiconductors owing to their 
high electron–hole binding energy (60 meV), high 
thermo-mechanical stability, and good piezoelectric 
[153]  and optoelectronic properties [155], [156]. The 
synthesized ZnO/TiO2 have been extensively 
characterized in terms of morphology as well as 
structural, crystalline and photocatalytic properties. 
Recently, ZnO nanomaterials applications in 
photocatalysis have received great deal of interest 
because of its impressive catalytic activity and quantum 
efficiency, besides the low cost and low toxicity, 
compared to that of widely used TiO2 nanomaterials 
[157]. It has been reported to display good 
photoconductivity and high transparency in the visible 
region and used as transparent electrodes for solar cells. 
Currently there are number of physical or chemical 
synthesis methods available to synthesize ZnO 
nanoparticles. However, in these methods a strictly 
controlled synthesis environment, high synthesis costs, 
complexities in synthesis reaction, expensive equipment 
and complicated operation are required. So far, various 
ZnO/TiO2 nano structures have been used to degrade the 
harmful dyes into less harmful chemicals by 
photocatalytic reaction under UV light illumination. Sun 
et al. and Kuo et al. demonstrated the photo-catalytic 
degradation of methylene blue (~94%) in 5 h and 
rhodamine-B (~94%) in 300 min under UV light 
illumination over the surface of ZnO nanobelts and ZnO 
nanowires on silicon wafer with assistance of SnO2/Sn 
respectively [158], [159]. Various processes for the 
preparation of catalysts with nanoparticles have been 
used for treatment of effluent by POA, either by 
impregnation under inert support, such as metal 
powders, ceramic tubes, among others, used or as 
powder in the effluent solution. The facile solution 
method is used to synthesize ZnO nanoparticles at 
relatively low temperature using zinc acetate and oxalic 
acid and which are then utilized as the photocatalyst for 
the degradation of rhodamine-B dye. Also, Zinc acetate 
dihydrate, Zn(CH3COO)2∙2H2O has been used as a 
precursor to prepare zinc oxide nanoparticles (NPs) by 
thermal decomposition in air at 400 oC. Two samples 
with reaction time of 3 and 12 h are studied. Structural 
study of ZnO NPs has been analyzed by X-ray 
diffraction (XRD). The synthesized ZnO NPs are found 
to possess wurtzite structure. The average crystallite size 
determined by XRD is found as 29.66 and 32.68 nm 
corresponding to reaction time of 3 and 12 h, 
respectively. Optical properties of the ZnO NPs have 
been investigated by UV–visible spectroscopy and 
photoluminescence (PL) spectroscopy at room 
temperature. Blue shift in band gap is observed due to 
nano size. PL spectra exhibit a UV emission peak at 396 
nm (~3.11 eV), and broad visible emission peaks 
including violet emission at 418 nm (2.96 eV), blue 

emission at 441 nm (~2.79 eV), blue–green emission 
481 nm (~2.56 eV) and green emission at 522 nm 
(~2.37 eV). Photoconductivity properties have been 
investigated with several parameters such as voltage 
dependence of photocurrent and darkcurrent, time-
resolved rise and decay of photocurrent and spectral 
response of photocurrent. Longer reaction time of 12 h 
manifests in improved photosensitivity as compared to 
that for sample with reaction time of 3 h. 

Though some good results are obtained using these 
semiconductors studies of Wilcoxon and co-workers 
[149], Daneshvar and co-workers [160] and Silva and 
co-workers [152] showed that the applicability of 
nanoparticles in AOPs may increase the process 
efficiency and, therefore, minimize the limitations in 
this type of treatment [100]. 

VII.   Final Considerations 

Estimating the importance of an issue for the 
scientific world is complex. Many criteria can be used, 
each with advantages and disadvantages. An illustration 
of the importance and evolution of AOPs can be grasped 
in a quick search on the page "Web of Knowledge" 
<http://apps.webofknowledge.com> using the terms 
"advanced oxidative process (processes)", "advanced 
oxidative technology (technologies)", “advanced 
oxidation process (processes)” or “advanced oxidation 
technology (technologies)“ as keywords. The data from 
this collection are shown in Fig. 4. 

Since the first publication (in 1966) until the date of 
this survey (January 31st, 2013), a total of 7,289 
documents were found. Interestingly, in 1966, there 
were only two papers (corresponding to less than 0.1% 
of the total). 

 

 
 

Fig. 4. Number of documents published on the page "Web of Knowledge" 
from 1966 to the survey date, using the terms "advanced oxidative 

process (processes)", "advanced oxidative technology (technologies)", 
“advanced oxidation process (processes)” or “advanced oxidation 

technology (technologies)“  as keywords. Source: 
<http://apps.webofknowledge.com>. Data of 2013 are partial, until the 

date of the survey (January 31st, 2013) 
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In the next 24 years, few records were found in the 
database: three records in 1978, one in 1985, two in 
1988, three in 1989 and five in 1990. This indicates that 
for two decades, this topic was almost totally ignored in 
the international literature. Considering the evolution 
for decades, the increase of publications is noticeable. 
From 1991 to 2000, a total of 1054 documents were 
found (14.5% of total). In the following decade, from 
2001 to 2010, there was an increase to 4494 documents, 
which corresponds to 61.7% of the total. If 2011 untill 
part of 2013 (from January 1st until the date of this 
survey) were included as part of the last decade, that 
number rises to 6,219 (85.3% of total). 

These numbers should be understood as a very limited 
sample to illustrate unequivocally the tremendous 
growth of research on AOP techniques in the 
international literature. This increase in works related to 
AOPs follows a trend observed for the treatment of 
sewage and toxic waste proceeding from modern society, 
especially from industry, in general. This is a subject 
discussed by the scientific community around the world, 
due to the magnitude of impacts caused as a result of 
inadequate management [16]. Currently, studies related 
to AOPs show that there is great potential for the 
application of scientific information to the use of these 
dynamic processes. In some regions of the world, mainly 
in Europe and North America, AOPs are now referred to 
as "conventional technologies" [161]. Despite all the 
technological developments fully demonstrated and 
discussed here, and in accordance with this database, 
surveys are still conducted at bench scale (around 95% 
at this stage). Thus, it is still necessary that the scientific 
community, together with sponsors and the private 
sector, continue the intense and ongoing search for 
immediate solutions to make those technologies 
operational, so far proved to be kinetically feasible and 
economically viable. 

It is important to stand out that good policies on 
waste management involve several aspects. The first 
aspect is awareness, that is, full disclosure, with the help 
of the political sphere leading to topical exposure in pre-
school to television broadcasting and electronic 
entertainments. The minimization of waste generation as 
well as the possibility of reuse or recycling, whether 
domestic, commercial or industrial, is a major issue. 
Finally, after the proper disposal of such wastes it is 
necessary to propose appropriate treatments for the 
remaining waste [16]. Since each type of oxidation 
reaction applied to numerous types of effluents and 
wastes generated under different regional or national 
conditions, requires specific conditioning, still pending 
important information to complement the intense state 
of the art of AOPs, especially with regard to information 
such as cost/benefit analysis and scale-up. Obtaining 
such information will remain very important, 
considering the incidents and accidents emerging and 
imminent in the planet's interconnected environmentes 

(air, soil and water). 
In this context, the scientific advisers have undeniable 

importance in the dissemination of knowledge generated 
by researchers. Even if it were possible to address the 
technical knowledge with economic, social and political 
factors, important aspects for the solution of 
environmental issues at hand would be missing. 

The embracing of solutions probably starts with a 
sufficiently critical mass of the planet's inhabitants who 
end up involved, either spontaneous or not spontaneous. 

Finding solutions falls to various population 
segments, such as researchers, teachers, government 
officials, organizations and industries or anyone 
concerned with polluting materials generation. This will 
ultimately create the conditions necessary to drive 
awareness into viable solutions. 

This awareness needs to occur at fundamentally deep 
levels, many of which are opaque to the great mass of 
humanity. Only in this way it will be possible to move 
from theory to practice. Everyone is responsible, and 
everyone feeds the process.  

All are co-creators of the world we live in, everyone 
contributing a small portion of the whole. 
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