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INTRODUCTION 

 

Economic and social development in many countries is limited due to increasing pollution 

and deficiency of fresh water. In recent decades, population growth, opening of new 

territories and the development of agriculture and different industries have a great impact on 

the fresh water resources [1].  

 

Because of the problems concerning fresh water have arised, a lot of attention have been paid 

to cleaner and sustainable production and wastewater treatment to avoid harmful effects on 

health and environment [2].   

 

Strict quality standards have been claimed for substances that have toxic effect on biological 

sphere. So, non biological technologies must be used for the destruction of recalcitrant 

compounds. Conventional phase separation techniques, like adsorption and stripping, and 

contaminant destruction methods, such as chemical oxidation or reduction, are often used [3]. 

 

The purpose of exploiting chemical oxidation is the mineralization of pollutants to water, 

carbon dioxide and inorganics or transforming them into harmless products. Chemical 

destruction methods give solution to the problem of pollutant degradation comparing to phase 

separation, which partly solves the problem [3]. 

 

Several studies have shown that advanced oxidation processes, which operate at ambient 

temperature and pressure, are most effective methods for the degradation of contaminants [4].  

 

„Advanced oxidation processes are defined as those which involve the generation of hydroxyl 

radicals in sufficient quantity to affect water purification.“ [4] 
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AOPs are characterized by production of ·OH radicals. Hydroxyl radicals are very reactive 

species which attack the most part of organic molecules. These radicals are not very selective 

regarding the attack of contaminant. Also, there is a number of different processes which offer 

several ways for creating ·OH radicals and thanks to that, they qualify the specific treatment 

requirements [3]. 

 

Different possibilities offered by advanced oxidation processes are photocatalysis, O3/H2O2, 

O3/UV, H2O2/UV, Fenton, Fenton-like and photo-Fenton processes [3]. 

 

The aim of this Master’s Thesis is to evaluate the possibilities using photo-Fenton process for 

the degradation of different pollutants, since it is one of the cheapest, fastest and most 

effective methods among advanced oxidation processes. What is more, photo-Fenton system 

is environmentally friendly, generating no new pollutants and that is why it should be 

preferred for the treatment of wastewaters. 

 

The following work focuses on photo-Fenton process. In the first chapter, Fenton’s oxidation 

chemistry and it’s modifications are introduced. It is followed by second part, where photo-

Fenton process, it’s modifications and radiation sources are discussed.  

 

Degradation of different micropollutants and the treatment of wastewaters through photo-

Fenton process is investigated and compared in third and fourth chapter. Scientific databases, 

like Scopus and Sciencedirect, are used as sources of information. Also, the effect of 

operating parameters have been pointed out in fourth section. In the last part, benefits and 

drawbacks and cost evaluation of the photo-Fenton oxidation are shown. 
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1. THE FENTON PROCESS 

 

Fenton and Fenton-like reactions are reactions of hydrogen peroxide and iron ions to form 

hydroxyl radicals to oxidize organic or inorganic compounds [5].  

Fenton reaction was discovered in 1894 by H.J.H. Fenton and he found that ferrous salts 

activate hydrogen peroxide to oxidize tartaric acid [6].  

 

Usually, the name of “Fenton reaction” or “Fenton reagent” is used and it is a mixture of 

ferrous iron and hydrogen peroxide. Fenton reaction is determined to be one of the most 

efficient methods for the removal of organic pollutants in different wastewaters. The Fenton 

reagent has been known since 1894 but it was applied as an oxidizing process for destroying 

hazardous organics in the late 1960s [7]. Fenton reagent has been successfully used for 

treating various industrial wastewater components like aromatic amines [8], different types of 

dyes [9], pesticides [10], pharmaceuticals [11], surfactants [12], explosives [13] and many 

other substances.  

 

1.1. Chemistry of the Fenton process 

 

The traditional Fenton mechanism is illustrated by Equations 1.1-1.9 and its reaction rates are 

found in the literature. Equation 1.1 is called as a Fenton reaction and it means the oxidation 

of ferrous to ferric ions to decompose H2O2 into hydroxyl radicals. It is the basic of the 

Fenton chemistry [5]. 

 

                       ,                          (1.1) 

 

Excessive hydrogen peroxide is used, to reduce the generated ferric ions to form ferrous ion 

and more radicals, as seen in Equation 1.2. This reaction is called Fenton-like reaction and it 

is slower than ordinary Fenton reaction. It allows Fe
2+

 regeneration in an effective cyclic 

mechanism. Besides the regeneration of ferrous ion, hydroperoxyl (
•
O2H) radicals are 

produced in Fenton-like system. The hydroperoxyl radicals are less potential than hydroxyl 

radicals, although they can also attack organic pollutants. It should be noted that the iron 

added in small amount acts as a catalyst while H2O2 is continuously consumed to produce 

hydroxyl radicals [5]. 
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                       ,                            (1.2) 

 

The following reactions are involved in Fenton chemistry [5]. 

 

                 ,                              (1.3) 

 

                  
 

,                                (1.4) 

 

                  ,                                (1.5) 

 

Equations 1.2 - 1.5 stand for the rate limiting steps in the Fenton chemistry while H2O2 is 

consumed and Fe
2+

 is regenerated from Fe
3+

 according to these reactions [5].  

 

Equations 1.6–1.9 also take place during the Fenton process and they are radical–radical 

reactions or hydrogen peroxide–radical reaction [5]: 

 

            ,                              (1.6) 

 

                 ,                               (1.7)  

 

                 ,                                (1.8) 

 

               ,                              (1.9) 

 

Mostly, Fenton's oxidation process is composed of four stages, which are [14]: 

 pH adjustment, 

 oxidation reaction,  

 neutralization and coagulation,  

 precipitation 

 

The organic substances are removed at the oxidation and the coagulation [14]. 
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The highly reactive hydroxyl radicals (oxidation potential 2.8 V) attack and destroy the 

organic pollutants in wastewater and improve the biodegradability of refractory wastewater 

[15]. 

 

For controlling, monitoring and optimizing biological treatment systems, oxidation-reduction 

potential (ORP) has been used since 1980s. This technique is effective and economical in 

many wastewater treatment processes, like extended aeration treatment, alternating aerobic-

anoxic system and sequencing batch reactor. Hydroxyl radical is the major oxidizing species 

for Fenton process but monitoring the hydroxyl radical is difficult. If the ORP value is used as 

a controlling parameter for the Fenton process, it should be high in the oxidation stage [15]. 

 

There are many parameters that affect the efficiency of the Fenton process, such as pH, 

temperature, concentrations of hydrogen peroxide and catalyst, Fe
3+

 reduction to Fe
2+

. 

Reduction of Fe
3+

 and regeneration of the catalyst is possible with the presence of reaction 

intermediates. Although, there are this kind of reaction intermediates that remove Fe
3+

 from 

the Fe
2+

/Fe
3+

 cycle because of the generation of iron complexes [16]. 

 

Maximum catalytic activity of Fenton reaction is at pH 2.8–3.0.  With a reduction or an 

increase of pH, maximum activity decreases drastically. If the pH is higher than 3, Fe
3+

 starts 

precipitating as Fe(OH)3 and breaks down the H2O2 into O2 and H2O. Besides, concentration 

of Fe
2+

 decreases due to the formation of Fe(II) complexes at high pH. On the other hand, 

Fe
2+

 regeneration by the reaction of Fe
3+

 with H2O2 is inhibited at more acidic pH values [16]. 

 

The reaction temperature is also an important parameter in the Fenton process. On the one 

hand, increasing the temperature should enhance the kinetics of the process, but on the other 

hand, it favours the decomposition of hydrogen peroxide towards O2 and H2O, whose rate 

increases around 2.2 times each 10
◦
C in the range 20–100

◦
C [16]. 

 

The doses of hydrogen peroxide and iron are closely related factors that affect the Fenton 

process. The H2O2 dose must be chosen according to the pollutant concentration. It is 

important to use an amount of H2O2 corresponding to the theoretical stoichiometric H2O2 to 

chemical oxygen demand (COD) ratio. However, the optimal dose depends on the resistance 

of the specific contaminants to oxidation and on the objective targeted reduction of the 

pollutant [16]. 
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Figure 1. Typical scheme for Fenton treatment [16] 

 

1.2. Application of the Fenton process 

 

Fenton system has been tested with a number of synthetic wastewaters containing different 

target compounds, like phenols [17], chlorophenols,  formaldehyde,  2,4-dinitrophenol,  2,4,6-

trinitrotoluene, 2,4-dinitrotoluene, halomethanes, amines, hexahydro- 1,3,5-trinitro-1,3,5-

triazine (RDX) [13]. But there are many chemicals which cannot be degraded by Fenton 

oxidation, for example acetone, acetic acid, carbon tetrachloride, maleic acid, methylene 

chloride, oxalic acid, etc. It has been demonstrated that these compounds are resistant under 

the usual mild operating conditions of Fenton oxidation [16]. 

 

This process has been applied to several industrial wastewaters (such as pharmaceutical, 

textile, paper and pulp industry, cosmetic, beverage, cork processing wastewaters, etc.), 

sludge and contaminated soils. As a result, reductions of toxicity, colour, odour and 

improvement of biodegradability are achieved [16, 17, 18]. 

 

The chemical industry is number one polluter of industrial wastewaters because of the 

hazardous compounds found in the effluents. The strict regulations have caused the 

application of advanced technologies to fulfill the discharge limits and allow water recycling. 
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Among advanced oxidation processes, Fenton oxidation has been gaining interest in recent 

years [16]. 

 

As mentioned before, Fenton system has been used for the treatment of different wastewaters, 

like textile, pharmaceutical, pulp and paper industry effluents. Pharmaceutical wastewaters 

contain a number of chemicals used in drug production and due to that treatment of this 

effluent is often troublesome. Pharmaceutical substances are complex organic chemicals 

which are often resistant to biological degradation. Because of that, traditional methods are 

not efficient for the treatment of pharmaceutical wastewaters and advanced oxidation 

processes are mostly used [16]. 

 

Large amount of wastewater is generated by the pulp and paper industry and more than 250 

different chemicals have been identified in the effluent. Some of the pollutants are natural 

wood extractives (tannins, lignin, etc.) while others are xenobiotic compounds from the pulp 

manufacture (phenols, dioxins and furans). Most frequently used treatment for this type of 

wastewaters is primary clarification, sometimes secondary or biological treatment is used. 

Fenton and photo-Fenton oxidation has been tested for this kind of wastewaters and they have 

proven to be very effective for the treatment of pulp bleaching effluents [16]. 

 

Textile industries consume large amounts of water and use a number of chemicals in different 

operations. Main environmental problems associated with textile effluents are caused by the 

colour. Extensive use of various dyestuffs and chemicals affect the nature of textile 

wastewaters from the dyeing and finishing stages. Several studies have shown good results 

while using the Fenton process for this kind of industrial effluents [18, 19]. 

 

The Fenton technology has also investigated for the treatment of wastewaters generated by the 

food industry, such as olive mill, beverage industry and winery effluents. Olive mill 

wastewaters are generated in extraction plants and by table olive production. This kind of 

wastewater has high contaminant load and specifically high concentration of polyphenols 

[16]. 

 

There are more examples of successful application of the Fenton technology for the treatment 

of different kind of industrial wastewaters. 
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1.3. Modifications of the Fenton process 

 

In the classic Fenton’s reagent, ferrous iron is used as a catalyst, but some other materials 

have successfully exploited to catalyse degradation of H2O2. In recent studies, three categories 

of catalysts have been tested: soluble ferric iron, iron-chelate complexes and iron minerals. 

What is more, the efficiency of Fenton process with light irradiation and electrochemical 

assistance has been evaluated [20]. 

 

1.3.1. Fenton catalysts  - ferric iron and transition metals 

 

Ferric iron has the ability to catalyse hydrogen peroxide decomposition. Term “Fenton-like 

reactions” are used when describing reactions of Fe
3+

 or other transition metals with H2O2 

[21]. 

 

Several transition metal ions, such as Cr
2+

, Co
2+

, Cu
+
, Mn

2+
 with hydrogen peroxide have the 

oxidative features of the Fenton reaction. Transition metals are usually applied in the form of 

their complexes in their lower oxidation states, and at near neutral pH values they can act as 

catalyst. Unfortunately, many of those potentially suitable metallic catalysts are toxic [22]. 

 

1.3.2. Using iron complexes as Fenton catalysts 

 

As an alternative oxidative process, chelate-mediated Fenton process with ferric iron chelate 

and hydrogen peroxide has been suggested in the last few years. This way it is possible to 

overcome the limitations of the classic Fenton reaction [23]. 

 

Using organic compounds that can complex ferric iron is very important Fenton process 

modification due to the fact that the addition of large amounts of acid makes the process 

unsuitable for different applications mainly because of the increase of salinity. During the 

studies, it has been found some organic chelates that can complex Fe
3+

 make it possible to 

carry out the process at higher pH [24]. 
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The main advantage of using chelates as catalysts is that wastewater treatment can be 

conducted at near neutral pH. Furthermore, iron chelates may infiltrate further in surface than 

soluble iron improving transport of the catalyst [23]. 

 

1.3.3. Heterogeneous catalysts for the Fenton process 

 

The Fenton reaction can be carried out as a heterogeneous process, where the catalyst is used 

as solid phase, for example iron-containing minerals or iron-coated silica particles. 

Additionally, the iron can be adsorbed onto zeolites or iron exchangeable membranes [25]. 

 

For the mechanism of heterogeneous Fenton-like reactions forming hydroxyl radicals, two 

mechanisms are possible. The hydroxyl radicals may be formed by the reactions with Fe
2+

 

dissolved from the mineral surface or the catalysis may occur on the surface itself [26]. 

 

The main advantages of applying iron minerals in the Fenton chemistry are [23]:  

 extended periods of catalyst life without the need of regeneration or replacement;  

 the catalyst may be removed from the treated water by sedimentation or filtration;  

 pH of treated media may be in the range 5-9;  

 insensitive to the inorganic carbonate concentration  

 

 

1.3.4. Electro-Fenton process 

 

In recent years, electro-Fenton process has gained a lot of interest due to the effectiveness of 

removing pollutants from various wastewaters [27].  

 

The electro-Fenton system is one of the electrochemical advanced oxidation processes and the 

technology is based on the continuous generation of H2O2 using suitable cathode fed with O2 

or air; and iron catalyst. Production of hydrogen peroxide can be catalytically converted into 

powerful hydroxyl radicals with iron catalyst present [27, 28]. 

                     (1.10) 

                            (1.11) 
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Reaction rate and removal efficiency are affected by the cathode and catalyst in electro-

Fenton process [29]. 

 

1.3.5. Photo-Fenton process  

 

There are many photochemical processes using iron compounds and H2O2 that provide 

alternative ways of generating hydroxyl radicals. Photo-Fenton system and its modifications 

are very efficient regarding the destruction of organic pollutants. The photo-Fenton reaction is 

based on the applying of the Fe
2+

/Fe
3+

 and H2O2 reagents with near-UV and visible light [30, 

31]. 

 

When irradiated with light of suitable wavelength (180-400 nm) Fe
3+

 can catalyse the 

formation of hydroxyl radicals [32]: 

 

                             (1.12) 

 

One of the advantages of the photo-Fenton process is that UV radiation can enhance reduction 

of Fe
3+

 complexes to Fe
2+

, and generate additional 
•
OH through photolysis. As a result, the 

production of iron sludge can be reduced. What is more, photo-Fenton reaction does not 

produce new pollutants and only small amount of iron salt is needed [33].  

 

More detailed analysis of the photo-Fenton process, its modifications, advantages, etc. is 

given in the next chapter. 
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2. PHOTO-FENTON PROCESS 

 
Photo-Fenton process is the combination of Fenton’s reaction with UV light (180-400 nm) 

and as a result additional 
•
OH is produced [30]. Some decades ago, it was found that the 

illumination of Fenton reaction systems with UV or visible light accelerated the rate of 

degradation of a number of pollutants [31].  

 

Fe(III) can catalyse the formation of hydroxyl radicals when irradiated with light (wavelength 

180-400 nm), that is, ultraviolet and some visible light [32]. 

 

This process can be illustrated with following reactions [32]: 

                             (2.1) 

It is called photo-Fenton reaction and is followed by [32]: 

                            (2.2) 

Hydrogen peroxide photolyzes with UV light [33]: 

                      (2.3) 

Iron starts to cycle between the 2+ and 3+ oxidation states. As long as H2O2 is available, the 

continuous recycle of ferrous iron reduces the amount of iron salts required for the Fenton’s 

reaction [32]. 

 

The production of hydroxyl radicals is determined by the availability of light and H2O2. In 

theory, by combination of these two reactions, one mole of H2O2 consumed should produce 

two moles of 
•
OH [32]. 

 

Photo-Fenton process can also be explained with these reactions [10]: 

                               (2.4) 

        
  
                    (2.5) 
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Studies have shown that the photo-Fenton reaction is optimum at pH 2.8 [33]. Under such 

conditions, half of the Fe(III) is present as Fe
3+

 ion and half as Fe(OH)
2+

 ion, the photo-active 

species. If pH is lower than 2.8, the concentration of Fe(OH)
2+

 decreases and if pH is higher, 

the Fe(III) precipitates as oxyhydroxides [10]. 

 

The Fe(OH)
2+

 ion absorbs light at wavelengths up to 410 nm. Thanks to that, the reaction can 

be carried out with longer wavelength light than other advanced oxidation processes like 

O3/UV or H2O2 (wavelengths <300 nm) [10]. 

 

The photo-Fenton process has many advantages. It gives higher degree of mineralization and 

faster reaction rates than Fenton reaction, the photo-Fenton does not produce new pollutants 

and small amount of iron salt is needed. Remaining hydrogen peroxide that is not used in 

photo-Fenton process will decompose into water and molecular oxygen [33].  

 

There are also some disadvantages, which are requirement for acidic conditions, reagent 

mixture is often unstable, waste of a significant fraction of the bulk oxidant by non-productive 

conversion to oxygen [34]. 

 

2.1. The radiation sources of the Photo-Fenton process 

 
Using UV or solar light can increase the mineralization degree and make dark Fenton process 

more efficient by the photoreduction of Fe(OH)
2+

 which leads to additional ·OH production 

and continuous regeneration of Fe
2+

 [35]. 

 

2.1.1. UV-A light 

 

UV-A wavelength is between 315 and 400 nm [36].  

 

Experiments with UV-A light have been made to determine the best conditions for 

ethylenediaminetetraacetic acid (EDTA) photochemical removal by photo-Fenton and photo-

Fenton-like reactions [35]. EDTA is a common chelating agent used in the photographic and 

metal industry, in textile and paper manufacturing, but it may cause harmful effects on the 

environment [37].  
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In this study, influence of UV-A on EDTA degradation was tested, using Fenton and photo-

Fenton-like reactions in the presence of Fe
2+

, Fe
3+

, Cu
2+

 and mixtures of Fe
2+

/Cu
2+

 and 

Fe
3+

/Cu
2+

 ions. Results show that the removal of TOC and EDTA degradation was efficient 

under irradiation [37]. 

 

 

Figure 2. Wavelengths of light [38] 

 

2.1.2. UV-C light 

 

UV-C wavelength is between 100-280 nm [36]. 

 

Using UV-C light as a radiation source in the photo-Fenton process has not been tested 

enough yet, but there are some studies that show very promising results [39,40]. UV-C light 

has been used in photo-Fenton oxidation of methyl parathion. This is an organophosphorus 

pesticide, which is used to control insects in crops, contaminated soils and waters. According 

to the research, methyl parathion was quickly destroyed because of the ·OH generated from 

Fenton’s reaction and the UV-C irradiation [41]. 

 

Presence of UV-C light in photo-Fenton process gives a faster oxidation as a result of the 

higher quantum yields. In addition, with UV-C, H2O2 photolyzes and extra 
·
OH is generated 

[42]. 
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2.1.3. Sunlight 

 

In the recent years, using radiation of sunlight for the treatment of wastewater has drawn a lot 

of attention [43]. 

 

Experiments with solar photo-Fenton were performed to achieve degradation of alachlor. 

Solar pilot-plant consisted of a reservoir tank, a recirculation pump, compound parabolic 

collectors exposed to sunlight and connecting tubing. Experiments were made as follows: 

alachlor was homogeneously dissolved in the pilot-plant with the parabolic collectors while 

the pH was adjusted to 2.7 with sulphuric acid [44].  

 

According to the results, alachlor was completely degraded, mineralization of chloride and 

85-95% mineralization of dissolved organic carbon (DOC) was achieved [44]. 

 

Solar photo-Fenton is also proved to be efficient with winery effluents which have already 

been treated by membrane bioreactor [45]. 

 

2.2. Modifications of the photo-Fenton process 

 

2.2.1. Fe
3+

/H2O2/UV 

 

In this kind of photo-Fenton-like process, Fe
3+

 is used with the UV light and H2O2 [46]. H2O2 

reacts with iron ions as a catalyst. The photo-reduction of Fe
3+

 by UV or visible light 

produces an ·OH radical, which allows to form the photo-Fenton catalytic cycle process 

where iron is cycled between +2 and +3 oxidation states [47]. 

 

This process can be illustrated with simplified reactions [46, 47]: 

                  
           (2.6) 

                            (2.7) 

        
  
                    (2.8) 

    

  
                (2.9) 
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This modification was used for the degradation of polyacrylic acid in aqueous solution in 

laboratory-scale batch recirculation photoreactor. The effects of the initial concentration of 

polyacrylic acid, Fe
3+

 and the H2O2 dosage on the percent of TOC removal were studied using 

response surface methodology. Response surface methodology (RSM) as a reliable statistical 

tool in multivariate system fits the studied experimental domain in the theoretical design 

through a response function. According to the experiment, these parameters had significant 

effect on the percent of TOC removal [48]. 

 

Fe
3+

/H2O2/UV process has also been used for the treatment of dye production wastewaters. 

Acid Blue 193 and Reactive Black 39 production wastewaters were treated with modified 

photo-Fenton process and real Reactive Black 39 production effluent was investigated [49]. 

 

Table 1. Results of synthetic azo dye production wastewater treatment experiments [49] 

Color Color removal, % COD removal, % 
TOC removal, 

% 

Synthetic Acid Blue 193 98 78 59 

Synthetic Reactive 

Black 39 
100 84 53 

 

 

2.2.2. nZVI/UV/H2O2 

 

In recent years, a number of studies that employ zero valent iron (ZVI) coming from different 

sources have appeared. It is possible to use these materials in Fenton technologies or as 

reductive agents, combined with UV radiation or not [50, 51].  

 

Using ZVI presents higher reaction rates of contaminant decomposition, under certain 

operating conditions, the possibility of degradation of contaminants by the reductive 

properties of ZVI and its comparatively low cost [52]. 

 

Experiments have been made to find out the influence of operating variables in the 

degradation of 2-chlorophenol by photo-Fenton reaction using zero valent iron nanoparticles 

as source of iron. As a result, using ZVI larger conversions of the target compound were 
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achieved with a lower requirement of H2O2 and using ZVI nanoparticles, the remaining 

solution does not present traces of leached iron over the detection limits [52]. 

 

2.2.3. Fe
3+

/(NH4)2S2O8/UV 

 

In one of the photo-Fenton-like processes, ammonium persulfate (APS) is used as a reagent.It 

has been determined that H2O2 is better oxidant than APS. But still, several studies have been 

made using ammonium persulfate [53, 54]. 

 

The degradation on di azo dye Congo Red has been studied by photo-Fenton-like process 

using Fe
3+ 

ions as the catalyst and ammonium persulfate (NH4)2S2O8 as oxidizing agent. 

Persulfate can be induced to form sulfate radicals, which provides free radical mechanism 

similar to the hydroxyl radical pathways generated by Fenton’s chemistry [53]. 

 

Generation of hydroxyl radicals under acidic pH in Fe
3+

/(NH4)2S2O8 system can be 

summarized [53]: 

1) Fe
3+

 reacts with persulfate anions, producing sulfate radicals, and is reduced to Fe
2+ 

[53]: 

         
       

              (2.10) 

2) The sulfate radicals react with water forming hydroxyl radicals [53]: 

   
          

                (2.11) 

3) Fe
3+

 ions form an intermediate [Fe(OH)]
2+

, which under UV light generates hydroxyl 

radicals [53]: 

                           (2.12) 

                           (2.13) 

4) The photo generated Fe
2+

 reacts with persulfate anions generating sulfate radicals, 

which reacts as a source for the productions of hydroxyl radicals [53]: 

         
           

      
        (2.14) 
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Results show that this process is efficient and complete mineralization of the dye can be 

achieved particularly at lower iron concentration. To sum up, this process has many 

advantages and it is simple and cost effective method for the degradation of di azo dye [53]. 
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3. DEGRADATION OF MICROPOLLUTANTS USING 

PHOTO-FENTON PROCESS 

 

3.1. Pharmaceuticals 

 

Pharmaceuticals are complex molecules with different biological and physicochemical 

properties. They are usually classified according to their therapeutical purpose (antibiotics, 

analgesics, lipid regulators, beta blockers, etc.). A lot of pharmaceuticals are biotransformed 

in the body. That way chemical structure of their active molecules is modified which leads to 

change in their pharmaceutical or physicochemical properties [55, 56]. 

 

Pharmaceutically active compounds in aquatic environment, their occurrence and fate has 

become one of the main issues in environmental chemistry in recent years [57, 58, 59]. 

Several studies have shown that more than 80 compounds and pharmaceuticals have been 

found in aquatic environment [57]. 

 

A number of pharmaceuticals applied in human or animal medical care are not completely 

consumed by the body. They are often excreted, only slightly transformed or unchanged, 

mostly conjugated to polar molecules. During sewage treatment these conjugates can easily be 

cleaved and the original pharmaceuticals will be released into the aquatic environment by 

effluents from municipal sewage treatment plants [57]. 

 

Figure 3. Sources of pharmaceuticals in the aquatic environment [57] 
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There is little information available on the effects of the active substances on organisms in the 

aquatic environment. High concentrations of some compounds have been found to have 

effects in environmental organisms. The active ingredients of medications have been selected 

because of their activity against organisms. So it is to be expected that following properties, 

for example effective against bacteria and fungi, will be crucial for their environmental 

impact [57]. 

 

Different procedures, like photo-Fenton process, TiO2-photocatalysis, electrochemical 

processes, coagulation and ozonation have been used for the treatment of pharmaceutical 

wastewater [19, 60, 62, 66, 67].  

 

Table 2. Degradation of pharmaceuticals using photo-Fenton process 

Compound 
Irradiation 

source 

Initial 

concentration 

mgL
-1

 

Initial conditions 
Time 

min 

Removal 

% 
Ref 

pH 
H2O2 

mgL
-1

 

Iron 

mgL
-1

 

Metro-

nidazole 

MP 

mercury 

lamp 

1 3.5 1 

164 1.8 74 

[60] 328 0.8 91 

656 0.5 94 

Oxacillin 

Philips 

TL-D 

Actinic BL 

350-400 

nm 

20 5.6 34 5 4 100 [61] 

Procaine 

Penicillin G 

UV-A 

300-370 

nm 

COD0: 600 
3 850 83.7 30 

COD: 56 
[62] 

TOC0:450 TOC: 42 

Ibuprofen 

Xe lamp 

290-400 

nm 

179.5 6.3 10,9 67.0 120 TOC: 40 [63] 

Amoxicillin Solar 50 

2.5 

- 

2.8 

120 2.8 

5-15 

100, 

FeSO4 

and FeOx 
[64] 

240 

TOC: 

73-81, 

FeSO4 

Bezafibrate 
Black-light 

fluorescent 

lamp 

20 

2.5 170 11.2 5 

98 (FeOx) 

[65] 

89 

(Fe(NO3)3 

Paracetamol 15 

98 (FeOx) 

53 

(Fe(NO3)3 

Sulfa-

methizole 

UV lamp 

254 nm 
20 3 340 11.2 50 90 [66] 

Ampicillin 
Solar 100 3 1500 500 120 

88 
[19] 

Diclofenac 94 
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Degradation of pharmaceuticals through photo-Fenton process, regarding irradiation sources, 

initial conditions and removal percentage is given in Table 2. 

 

There have been many studies of degradation of pharmaceuticals (analgesics, antibiotics, lipid 

regulators) in wastewater via photo-Fenton process [62, 63, 65]. As seen on the table, removal 

percentage of pharmaceuticals is mostly quite high (> 75%) and it usually takes less than one 

hour  (in few cases two or three hours) to reach more than 90% pharmaceutical degradation. 

 

Metronidazole is an antibiotic which is used against anaerobic microorganisms, including 

bacteria and protozoa. Metronidazole is very effective against Bacteroides fragilis, the most 

resistant of anaerobic bacteria [68].  

 

Degradation of metronidazole through UV, Fenton and photo-Fenton processes was studied. 

Photo-Fenton experiment was conducted in room light and under medium-pressure mercury 

lamp at initial pH of 3.5. Initial concentration of H2O2 was 1 mgL
-1

 and ferrous ions were at 

initial concentrations of 164, 328 and 656 mgL
-1

. In the beginning, concentration of 

metronidazole was 1 mgL
-1

. In less than two minutes, 74, 91 and 94% of metronidazole was 

removed, respectively [60]. 

 

Bezafibrate is a lipid regulator used for the treatment of hyperlipidemia. In recent years, 

patients with diabetes and hyperlipidemia are increasing and bezafibrate has a large part of 

oral dosage with about 95% excreted in urine, which will eventually enter to the environment 

[69].  

 

Degradation of bezafibrate, amoxicillin and paracetamol was carried out using black-light 

fluorescent lamp. Photo-Fenton degradation efficiency in the presence of Fe(NO3)3 and FeOx 

was evaluated. Initial concentration of bezafibrate was 20 mgL
-1

 and pH was 2.5. In five 

minutes, removal of bezafibrate was 98 and 89%, using FeOx and Fe(NO3)3, respectively. 

Results of this experiment show that the degradation of pharmaceuticals was favoured in the 

presence of FeOx in comparison to Fe(NO3)3 [65]. 

 

Diclofenac is commonly used analgesic which is frequently detected in aquatic environment. 

It proves that there is a continuous significant output of diclofenac into the environment, 

mainly associated to the ineffectiveness of traditional wastewater treatment [70, 71]. 
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Diclofenac is usually present at low concentrations, but if it is continuously released into the 

aquatic environment it may cause potential long-term risk [70]. 

 

Experiments with diclofenac were carried out using solar photo-Fenton technology. Initial 

concentration of diclofenac was 100 mgL
-1 

and pH was adjusted to 3. In 120 minutes, 94% of 

pharmaceutical was removed [19]. 

 

Several studies focus on comparison of the degradation of pharmaceuticals using different 

processes [60, 66]. One of those includes the degradation of sulfamethizole through 

UV/H2O2, photo-Fenton and photo-Fenton-like processes, as seen in Table 3. 

 

Table 3. Comparison of the degradation of sulfamethizole using UV/H2O2, photo-Fenton and 

photo-Fenton-like processes 

Compound Process 

Initial 

concentration 

mgL
-1

 

Initial conditions 
Time 

min 

Removal 

% 
Ref 

pH 
H2O2 

mgL
-1

 

Iron 

mgL
-1

 

Sulfa-

methizole 

Photo-F 

20 3 340 

11.2 

60 

90 

[49] UV/H2O2 - 16 

Photo-F-like 11.2 88 

 

Sulfamethizole is a sulfonamide which is one of the largest classes of antibiotics that is used 

all over the world. The extensive use of antibiotics may have potential risks to aquatic 

environment [66]. 

 

Degradation of sulfamethizole was investigated using UV/H2O2, photo-Fenton and photo-

Fenton-like processes. Initial concentration of sulfamethizole was 20 mgL
-1

. Optimal doses of 

H2O2 in UV/H2O2 and iron in photo-Fenton and photo-Fenton-like processes were 

determined. The optimal dose of H2O2 was 340 mgL
-1 

and of iron was 11.2 mgL
-1

. Under 

these conditions, reaction time was 60 minutes and degradation percentages were 16, 90 and 

88%, in UV/H2O2, photo-Fenton and photo-Fenton-like systems, respectively [49]. 

 

All the studies show that photo-Fenton and photo-Fenton-like processes are very effective in 

the degradation of different pharmaceuticals. In most cases, more than 75% of pollutant was 

mineralized in less than one hour. Removal of oxacillin and amoxicillin was 100% and it took 

only 4 and 5 to 15 minutes, accordingly. 
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3.2. Dyes in textile industry 

 

Textile dyes are classified [72]: 

1. Based on their application characteristics (Color Index Generic Name such as acid, 

azo insoluble, basic, direct, disperse, reactive, pigment) 

2. Based on their chemical structure (Color Index Constitution Number such as azo, 

carotenoid, indigoid, inorganic pigment, nitro, sulphur, etc.) 

 

The major textile dyes are divided into two classes: azo and anthraquinone, which include 

about 65-75% of textile dyes [72]. 

 

Many harmful health effects and potential adverse effects have been found for textile dyes. 

Wastewaters generated in textile industry are complex mixtures of many polluting substances. 

Large amount of dyestuffs is released because of the inefficiencies in dyeing process and it 

eventually finds its way into the environment [72]. 

 

The textile dyeing industry is one of the biggest polluters of clean water. Effluent from textile 

industry is hazardous toxic waste which is full of colour and organic chemicals from dyeing. 

Colour removal is one of the biggest challenges for the treatment of textile industry 

wastewaters. Chemicals that make the effluent very toxic are acetic acid, chromium 

compounds, nitrates, soaps, sulphur and heavy metals, like arsenic, cadmium, copper, 

mercury and nickel [73]. 

 

Textile effluents have negative effects on human’s health and environment. Organically 

bound chlorine is a known carcinogen which is a component of 40% of globally used 

colorants. Organic materials present in the textile industry wastewater react with many 

disinfectants, for example chlorine. Chemicals evaporate in the air we breathe and this may 

lead to allergic reactions and have negative effects on unborn children [73]. 

All of the dyes I have compared in Table 4 are azo dyes. Azo dyes are aromatic compounds 

with one or more -N=N- groups and they are the largest class of synthetic dyes. Azo dyes are 

categorized by the affinity with fibres or by the application methods [74]. 
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Different systems have been used for the degradation of azo dyes, for example UV/H2O2, 

UV/O3/H2O2, Fenton and photo-Fenton and electrochemical process [73, 74, 82, 83]. In my 

comparison (Table 4), regarding the degradation of dyes, photo-Fenton process was used. 

 

Table 4. Degradation of dyes using photo-Fenton process 

Compound 
Irradiati

on source 

Initial 

concentration 

mgL
-1

 

Initial conditions 

Time 

min 

Removal 

% 
Ref 

pH 
H2O2 

mgL
-1

 

Ferrous 

ions 

mgL
-1

 

Reactive 

Black 5 
Solar 50 4 100 

0,05 g 

Fe-films 
45 

99.29 

COD: 90 

(artificial) 
[75] 

86 

COD: 70 

(sunlight) 

Disperse 

Red 1 

Black 

light lamp 
20 2.5 170 11.2 45 98 [76] 

Reactive 

Orange 4 

MP 

mercury 

vapor 

lamp 

385 3 340 27.9 40 95.5 [77] 

Reactive 

Blue 19 

UV lamp 

254 nm 
20 3 50 4 360 97.5 [78] 

Remazol 

Red F3B 

LP 

mercury 

UV lamp 

254 nm 

180 

3 600 5.6 15 

99.4 

[79] 
COD0: 62 COD: 94 

TOC0:48 TOC:81.5 

Mordant 

Red 73 

LP 

mercury 

lamp 

24 3 85 110 180 85 [80] 

Reactive 

Yellow 86 

Solar (Xe 

lamp) 
40 3 1700 27.9 20 96 [18] 

Acid Violet 

90 

200 W 

Tungsten 

lamp 

117.7 3 60000 1.9 180 29 [81] 

 

Disperse Red 1 is an azo dye which is widely used for dyeing polyester, acrylic, polyamide 

fabrics and vinegar fibre, it can also be applied on wool, plastic and fur [84]. DR1 is 

extensively used in industrial plants in Brazil [85]. According to some of the studies, Disperse 

Red 1 has high ecotoxicity [85, 86]. 

 

Photo-Fenton experiments with Disperse Red 1 were made in photoreactor with blacklight 

lamp. Initial concentration of DR1 was 20 mgL
-1

 and pH was adjusted to 2.5. In 45 minutes 

98% of initial concentration of Disperse Red 1 was degraded.  
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Furthermore, acute toxicity test to Daphnia similis were made and they showed that after 10 

minutes of the degradation of DR1 toxicity decreased. At first, the EC50 of untreated dye was 

stated to be 1.0%, containing 23 mgL
-1

 of dye and after 10 minutes, EC50 = 4.4% was 

achieved and the dye concentration decreased to 15 mgL
-1 

[76]. 

 

Reactive Yellow 86 in a reactive azo dye and it is mainly used for cotton and viscose fiber 

yarn dyeing. It can also be used for cotton and rayon fiber direct printing [87]. 

 

Solar photo-Fenton process was used to decolorize Reactive Yellow 86. Initial concentrations 

of Fe(II) and H2O2 and pH were evaluated, as they affect decolorization. Initial concentration 

of RY 86 was 40 mgL
-1

. Optimal conditions were obtained: pH 3, Fe(II)=27.9 mgL
-1

 and 

H2O2=1700 mgL
-1

. Under these conditions, removal of Reactive Yellow 86 was 96% in 20 

minutes [18]. 

 

Reactive Blue 19 is used for printing and dyeing of cotton fabrics. In one of the experiments, 

97.5% of RA 19 was removed in 6 hours using photo-Fenton system. Degradation of Reactive 

Blue 19 was also made with Fenton process and in this case, removal percentage was 93.3 

[78]. 

 

In the following table (Table 5), I have compared the mineralization of Reactive Orange 4 

using Fenton and photo-Fenton systems. 

 

According to that (Table 5), it can be concluded, that under the same operating conditions, 

photo-Fenton process is more efficient in the degradation of RO 4 than Fenton process, 95.5 

and 79.89%, respectively. There have also been experiments where both these systems are 

used and photo-Fenton system is always more effective than Fenton system [77, 88]. 

 

Table 5. Comparison of Fenton and photo-Fenton processes for the degradation of Reactive 

Orange 4 

Compound Process 

Initial 

concentration 

mgL
-1

 

Initial conditions 
Time 

min 

Removal 

% 
Ref 

pH 
H2O2 

mgL
-1

 

Iron 

mgL
-1

 

Reactive 

Orange 4 

Photo-F 
385 3 340 27.9 40 

95.5 
[77] 

Fenton 79.89 
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To summarize, it can be said that using photo-Fenton process for the degradation of textile 

dyes is an effective system. In most cases, more than 85% of the dye is removed. Degradation 

time is longer, comparing to degradation of pharmaceuticals. With textile dyes, time for 

mineralization is between 15 minutes to 6 hours but with pharmaceuticals, it was between 0.5 

minutes to 4 hours. 

 

3.3. Agrochemicals 

 

Pesticides are chemicals used in agriculture to kill, repel or control certain plants or animal 

life which are considered as pests. Pesticides are herbicides for destroying unwanted 

vegetation, insecticides for controlling insects and fungicides for preventing the growth of 

molds and mildew and disinfectants for preventing the spread of bacteria [80]. 

 

Use of pesticides has grown in recent decades because of the fast growing population and 

export of food and crops to other countries. Pesticides are used to avoid the attack from 

insects, weeds and other organisms to crops. But there are some drawbacks using pesticides, 

they have harmful effects on environment and people’s health [81]. 

 

In time, pests have adapted and developed resistance to chemicals and because of that new 

and higher amounts of chemicals are used to protect crops [82]. Pesticides residue, for 

example organochlorine and organophosphorous compounds are found in high concentrations 

in atmosphere, soils and aquatic environment [83]. 

 

Different studies have found negative effects on human’s health from using pesticides. They 

have indicated direct exposure of workers to different chemicals and effects on reproduction 

and central nervous system because of the acute poisoning [84]. Farmers who work with 

pesticides have higher risk of accidental mortality from poisoning with chemicals than other 

workers. Furthermore, prostate cancer was increased for the pesticide applicators and the use 

of phenoxy herbicides increases the risk of soft tissue sarcoma. There is also a possibility of 

nerve, lymphatic and hematopoietic cancers [85]. 

 

In the literature there are mostly articles about the negative effects of pesticides but there are 

also benefits of using these chemicals. If yields and quality of the production are increasing, 

that way farm revenues will also increase. Possibility of producing more food allows better 
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nutrition and healthier lives. Healthy people are happier, they are more productive and 

socially active. Pesticides are reliable because they reduce the risk of huge loss of crop to 

pests and diseases [86]. 

 

There are different ways for the removal of pesticides from water, for example, 

photocatalysis, ozonation, high frequency ultrasound wave, electrochemical method, Fenton 

and photo-Fenton process have been used [77, 96, 101-104].  

 

In the following table (Table 6), I have compared degradation of different agrochemicals via 

photo-Fenton process. 

 

Table 6. Degradation of agrochemicals using photo-Fenton process 

Compound 
Irradiation 

source 

Initial 

concentration 

mgL
-1

 

Initial conditions 

Time 

min 

Removal 

% 
Ref 

pH 
H2O2 

mgL
-1

 

Ferrous 

ions 

mgL
-1

 

Lindane 

(γ-HCH) 

MP 

mercury 

lamp 

1.01 3 1000 125 120 TOC: 95 [96] 

Lambda-

cyhalothrin 

Sunlight 

45 

4 1000 3000 180 

80.65 

[97] Chlor-

pyrifos 
200 78.05 

Diazinon 11 50.9 

Diuron 
LP mercury 

lamp 
25 4.2 267 36 15 100 [98] 

Linuron Xe lamp 10 4 13.6 2.2 20 100 [99] 

Abamectin 
UV lamp 

365 nm 
9 2.5 204 27.9 60 70 [100] 

 

Lindane is the gamma isomer of hexachlorocyclohaxane and it is mainly used for seed 

treatment and to control wood-inhabiting beetles. Lindane is also used for termite control and 

for scabies and lice infestation [105]. In one study, the health effects in people who ate food 

contamined with lindane were investigated. In few hours, they experienced nausea, vomiting, 

diarrea, headache and/or dizziness [106]. 

 

Lindane degradation experiments were carried out in UV reactor, using medium-pressure 

mercury lamp. Optimal conditions at initial concentration of lindane (1.01 mgL
-1

) were 
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determined: pH=3, H2O2=1000 mgL
-1

 and Fe
2+

=125 mgL
-1

. Removal of total organic carbon 

was investigated. In 2 hours, removal of TOC was 95% [96]. 

 

As seen above (Table 6), photo-Fenton process is effective method for the degradation of 

agrochemicals. Removal percentage of compounds is quite high, mostly over 70%. 
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4. APPLICATION OF PHOTO-FENTON PROCESS FOR THE 

TREATMENT OF DIFFERENT TYPES OF WASTEWATER  

 
In the following chapter, treatment of variety of wastewaters through photo-Fenton is 

discussed. Initial parameters and conditions are found in the literature from scientific 

databases, such as Sciencedirect and Scopus. 

 

4.1. Examples of the treatment of different wastewaters using photo-Fenton 

process 

 
Photo-Fenton process has been used for the treatment of different wastewaters. For example, 

this system is effective for landfill leachate, winery, hospital, coffee effluents, etc. Conditions 

and results are shown in Table 7.  

 

Table 7. Treatment of different wastewaters using photo-Fenton process 

Waste-

water 

Irradiation 

source 

Initial 

wastewater 

parameters 

mgL
-1

 

Initial conditions 

Time 

min 

Removal 

% 
Ref 

pH 
H2O2 

mgL
-1

 

Ferrous 

ions 

mgL
-1

 

Winery Solar 

TS = 2010 

TSS = 8 

COD = 120 

DOC = 30 

TN = 4 

TP = 0.3 

BOD5 < 5 

 

pH = 8.2 

3 250 3 120 

COD: 

70 ± 3.3 

DOC: 

53 ± 3.7 

Colour: 

75± 2.2 

[107] 

Landfill 

leachate 

MP 

mercury 

lamp 

Cl
- 
= 2951 

NNH4 = 339 

TKN = 797 

COD = 5678 

BOD5 = 1315 

 

pH=7.8 - 8.7 

3 3500 150 360 COD:92.7 [108] 

Beve-

rage 

industry 

Solar 

TSS = 1300 

TOC = 1987 

COD = 6500 

BOD5 = 4400 

Acetate = 660 

Formate = 110 

 

pH=5.35 

2.7

9 
1000 150 

55 TOC:70.6 

[109] 

125 

TOC:98.6 

COD:100 

BOD5:99.8 

Toxicity:10

0 
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Textile 

industry 
Solar 

Acrylic: 

TSS = 16 

COD = 828.1 

BOD = <1.0 

DOC = 334.1 

 

pH=6.8 

3.5 

6500 113.8 

60 

Colour:  

>98-99 

COD: 72.0 

Minerali-

zation: 71.5 

[110] 

Cotton: 

TSS = 67 

COD = 350 

BOD = 77.5 

DOC = 117.5 

 

pH=11.4 

3750 112.5 

Colour:>98

-99 

COD: 30.1 

Minerali-

zation: 46.2 

Polyester: 

TSS = 21.7 

COD = 517.9 

BOD = 130.7 

DOC = 143.1 

 

pH=8.3 

938 131.2 

Colour:>98

-99 

COD: 55.4 

Minerali-

zation: 49.6 

Hospital Solar 

TSS = 590±30 

BOD3=200±50 

COD= 

1200±100 

 

pH=6.4±3 

3 1700 279 90 COD:98 [111] 

Olive oil 

mill 

UV lamp 

245-365 

nm 

COD = 

33600±600 

Total phenolic 

content = 

243±14 

 

pH=4.0±0.1 

4 3*10
5
 27900 

6 

days 

Phenols: 

100 
[17] 

Coffee 

effluent 

Black light 

fluorescent 

lamps 

 

352 nm 

C0 = 250 

 

TOC = 2000-

3000 

COD = 3000-

8000 

pH = 4-7 

3 700 15.6 200 90 [112] 

Cork 

boiling 

waste-

water 

Solar 

DOC=763-892 

COD=1786-

2403 

BOD5=320-

456 

 

pH=5.0-6.5 

2.8 

- 

2.9 

2587.4 60 
28 

days 

COD: 95 

Minerali-

zation: 91 

[113] 

Apple-

juice 

waste-

water 

Hg lamp 

190-280 

nm 

TOC = 700 

COD = 1260 

BOD5 = 801 

4.2 5800 40 

40 TOC: 91 

[114] 

120 
TOC: 98 

COD: 59 
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BOD5: 68 

Petro-

leum 

extractio

n waste-

water 

Solar 

COD = 220 

Fe = 0.93 

Cu = 0.04 

Cd = 0.05 

Pb = 0.76 

 

pH = 7.9 

3 16500 - 420 

PAH: 92 

COD: 53 

Aromaticit

y:96 

Phyto-

toxicity: 50 

[115] 

 

 

4.1.1. Winery wastewater 

 

Winery wastewater is a huge waste stream because of the several cleaning operations that take 

place during different production phases. Winery wastewater has a high organic content, low 

pH and unstable nutrient level, so the wastewater might have a potential threat to environment 

[116].  

 

Winery effluent contains chemicals, fertilizer and pesticide residues, like phosphorus, 

nitrogen and phenols [117]. Furthermore, a lot of water is used to clean and sterilize winery 

tanks and barrels. Wine production is seasonal, so the parameters of winery wastewater vary 

depending on the production period [116, 118]. 

 

For the treatment of winery wastewater, solar photo-Fenton process was used. The effluent 

had been previously treated in membrane bioreactor operating at a winery in Limassol, 

Cyprus. Main parameters of winery effluent: pH = 8.2, total solids (TS) = 2010 mgL
-1

, total 

suspended solids (TSS) = 8 mgL
-1

, chemical oxygen demand (COD) = 120 mgL
-1

, dissolved 

organic carbon (DOC) = 30 mgL
-1

, total nitrogen (TN) = 4 mgL
-1

, total phosphorous (TP) = 

0.3 mgL
-1

 and soluble biochemical oxygen demand (BOD) < 5 mgL
-1

 [107]. 

 

In this study, optimal Fe
2+

 concentration was investigated at pH 3, while the initial 

concentration of H2O2 was kept at 500 mgL
-1

. It was found that optimal concentrations of Fe
2+

 

and H2O2 were 3 and 250 mgL
-1

, respectively [107].  

 

What is more, chemical oxygen demand, dissolved organic carbon, colour, toxicity and 

phytotoxicity were examined. Solar photo-Fenton system proved to be very effective for 

winery wastewaters, after 120 minutes of treatment, removal of COD, DOC and colour were 

70 ± 3.3%, 53 ± 3.7% and 75 ± 2.2%, accordingly [107]. After the biological treatment, some 
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toxic and phytotoxic components were still present in the winery effluent, but they were 

reduced or eliminated through solar photo-Fenton process [107]. 

 

4.1.2. Landfill leachate 

 

Landfills are the main solution of disposing municipal solid waste in many countries all over 

the world because high quantities of municipal solid waste can be dumped at reasonable cost. 

Landfill leachate consists of complex wastewaters and is heavily contaminated, as a result, it 

is difficult to reach required purification degree for this kind or wastewater [119, 120]. 

 

Landfill leachate is acidic, anoxic, rich in organic acid groups and sulphate ions and with high 

concentrations of metal ions, like iron. Also, leachate has a very peculiar smell [120].  

 

The parameters of the leachate produced are variable, depending on the composition of the 

solid waste, waste age, landfill design and operation, site hydrology and interaction of 

leachate with the environment [121]. 

 

Main characteristics of landfill leachate are: pH = 7.8 - 8.7, COD = 5678 mgL
-1

, BOD5 = 

1315 mgL
-1

, chlorides = 2951 mgL
-1

, ammonia = 339 mgL
-1 

and BOD5/COD = 0.23 [108]. 

 

Different advanced oxidation processes, like H2O2/UV, O3/H2O2, modified Fenton and 

modified photo-Fenton processes were investigated for the treatment of landfill leachate. 

Modified photo-Fenton process was conducted in photoreactor where UV radiation was 

provided by a medium-pressure mercury lamp [108].  

 

As seen in Table 7, optimal dose of H2O2 and Fe
2+

 was determined and it was 3500 and 150 

mgL
-1

, accordingly.  

 

To summarize, modified photo-Fenton process for the treatment of landfill leachate is 

effective procedure because of the high COD removal. In 120 minutes, 83% of COD was 

removed and in 360 minutes, COD removal was 92.7%. 
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Comparing different systems for the treatment of landfill leachate, modified photo-Fenton 

process was also the most efficient. As seen in Table 8, H2O2/UV, O3/H2O2, modified Fenton 

and modified photo-Fenton processes were compared. 

 

Table 8. Landfill leachate treatments by H2O2/UV, O3/H2O2, modified Fenton and modified 

photo-Fenton processes 

Wastewater 

 
Process 

Initial 

wastewater 

parameters 

mgL
-1

 

Initial conditions 
Time 

min 

COD 

removal 

% 

Ref 

pH 
H2O2 

mgL
-

1
 

Ferrous 

ions 

mgL
-1

 

Landfill 

leachate 

H2O2/UV 
Cl

- 
= 2951 

NNH4 = 339 

TKN = 797 

COD = 

5678 

BOD5 = 

1315 

 

pH=7.8 - 

8.7 

- 5000 - 
120 68.9 

[108] 

360 89.2 

O3/H2O2 - 2000 - 
120 67.1 

360 89.9 

modified 

Fenton 
3 3500 500 

120 77.9 

360 87.5 

modified 

photo-

Fenton 

3 3500 150 

120 83.0 

360 92.7 

 

Optimal dose of H2O2 in H2O2/UV system was 5000 mgL
-1

 and in 120 and 360 minutes COD 

removal was 68.9 and 89.2%, respectively. For O3/H2O2 system, optimal dosage of hydrogen 

peroxide was 2000 mgL
-1

, 67.1 and 89.9% of COD was removed in 2 and 6 hours, 

accordingly. 

 

Modified Fenton process was conducted at pH = 3, H2O2 = 3500 mgL
-1

 and Fe
2+

 = 500 mgL
-1

. 

COD removal was 77.9 and 87.5% in 120 and 360 minutes, respectively. Initial conditions for 

modified photo-Fenton process were: pH = 3, H2O2 = 3500 mgL
-1

 and Fe
2+

 = 150 mgL
-1

. 

Removal of COD was 83% in 120 minutes and 92.7% in 360 minutes. 

 

Oxidation efficiency of these processes in 120 minutes can be ordered as follows: modified 

photo-Fenton > modified Fenton > H2O2/UV ~ O3/H2O2. 
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4.1.3. Beverage industry 

 

The beverage industry generates large amounts of wastewater effluent. Water is used as an 

ingredient, a cleaning source, carrier of the raw material and a principal agent for sanitizing 

plant work areas and machinery. Beverage industry effluents contain high concentration of 

organics because of the use of raw materials, like apples, grapes, sugar or oranges [122]. 

 

Biological processes are often most effective procedures for treating beverage industry 

effluents, but usually high concentrations of toxic or non-biodegradable compounds prevent 

mineralization. That is why advanced oxidation processes are used as an alternative [123]. 

Solar photo-Fenton system induced with/by ferrioxalates are considered as clean technology 

and it is environmentally friendly [124]. 

 

For the mineralization of beverage industry effluent, solar photo-Fenton process mediated by 

ferrioxalate complexes was used. Under selected conditions (Fe0 = 150 mgL
-1

, H2O2 = 1000 

mgL
-1

 and pH=2.79) and continuous operation, removal of TOC, COD, BOD5 and toxicity 

was investigated [109]. 

 

Main characteristics of the beverage industry wastewater are: pH = 5.35, TOC = 1987 mgL
-1

, 

COD = 6500 mgL
-1

, BOD5 = 4400 mgL
-1

, acetate = 660 mgL
-1

 and formate = 110 mgL
-1

 

[109]. 

 

Experiments were conducted in a compound parabolic collector pilot plant using solar 

radiation. Under optimal conditions, 70.6% of TOC was removed in 55 minutes. In 125 

minutes, removal of TOC was 96.6% and removal of toxicity and COD was 100%, removal 

of BOD5 99.8%. 

 

Using solar photo-Fenton system for the treatment of beverage industry wastewater is proven 

to be very effective, because in 2 hours almost all of TOC and BOD5 was removed and COD 

and toxicity was removed completely. 
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4.1.4. Textile industry 

 

Highly coloured effluents with large amounts of organic compounds are mostly created in 

textile industries [125]. Different pigments have changing chemical characteristics and are 

selected corresponding to the textile material to be dyed. That is why the composition of 

dyeing effluent depends on the textile produced [126].  

 

Dyes are being upgraded all the time and replaced by even better compounds. Dye 

manufacturers are pressured to develop dyes that can be effectively applied using less 

additional chemicals, especially salt, to reduce environmental problems involving textile 

industry wastewaters [126]. Dyes reveal low toxicity to mammals and aquatic environment, 

because of that colour consents are usually applied for aesthetic and industrial reasons [127].  

 

Textile industry is often influenced by fashion as it affects the colours and fabrics used and 

also the dye types. Black-dyed jeans became very trendy recently and because of that highly 

coloured effluent which was difficult to treat emerged in a Belgian factory [127]. 

 

The degradation of dyes and organic compounds present in acrylic, cotton and polyester 

dyeing wastewaters through solar photo-Fenton process was investigated in one of the studies 

[110]. Initial wastewater parameters are seen on Table 7.  

 

In solar photo-Fenton process pH was adjusted to 3.5, COD, DOC and colour removal was 

determined.  Optimal conditions for solar photo-Fenton process were: H2O2 = 6500 mgL
-1

, 

Fe
2+

 = 113.8 mgL
-1

 for acrylic; H2O2 = 3750 mgL
-1

, Fe
2+

 = 112.5 mgL
-1

 for cotton; and H2O2 

= 938 mgL
-1

, Fe
2+

 = 131.2 mgL
-1

 for polyester effluent.  

 

Photo-Fenton system provided high colour removal (more than 98-99%), COD reduction was 

for acrylic 72%, for cotton 30.1% and for polyester 55.4%. Mineralization degree for acrylic, 

cotton and polyester was 71.5, 46.2 and 49.6%, respectively.  
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4.1.5. Hospital effluent 

 

Hospital effluent contains a number of toxic organic substances like pharmaceuticals, 

solvents, radionuclides and disinfectants for medical purposes in different concentrations 

[128-130]. If the hospital pollutants get into aquatic ecosystem then it leads to a risk related to 

the existence of hazardous substances that could have harmful effects on natural environments 

[130]. 

 

Pollution from hospital effluent can have negative effects even at low concentrations. For 

example, aquatic organisms respond negatively to low concentrations of formaldehyde. Some 

studies have suggested that formaldehyde may be a carcinogen, so the concern over this 

pollutant has increased [131]. 

 

Hospital wastewater containing organochlorine mixtures in high concentrations has been 

reported as toxic to aquatic environment. In addition, the halogenated organic compounds 

adsorbable on activated carbon were found in hospital effluent [132]. 

 

In one of the studies, fluidized bed solar photo-Fenton process was used for the treatment of 

hospital wastewater. Experiments were carried out with silica carriers supplemented in the 

reactor. Chemical oxygen demand and biodegradability was investigated [111].  

 

As seen on Table 7, characteristics of primary treated hospital wastewater are: pH = 6.4 ± 3, 

TSS = 590 ± 30 mgL
-1

, BOD3 = 200 ± 50 mgL
-1

, COD = 1200 ± 100 mgL
-1

 and BOD3/COD = 

0.16. Initial conditions were: pH = 3, Fe
2+

 = 279 mgL
-1

 and H2O2 = 1700 mgL
-1

. Under these 

conditions, COD removal was 98% in 90 minutes. Regarding the biodegradability, 

BOD5/COD ratio increased to 0.7. 

 

It was also observed, that COD removal efficiency was 92% in fluidized bed solar photo-

Fenton system whereas COD removal in solar photo-Fenton process was 67% in 60 minutes 

[111].  
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4.1.6. Olive oil mills 

 

Olive oil is mainly produced in Mediterranean countries like Portugal, Spain, Italy and 

Greece. The extraction of olive oil is achieved through pressing in traditional mills or 

centrifuging processes in modern units. During the extraction, the olives are grinded and 

pressed for separating the residual solids from emulsion of oil and vegetation waters. After 

that, by centrifugation the oil is separated from the vegetation waters [133]. 

 

Production of olive oil generates two by-products: a solid residue and brownish black 

coloured effluent from olives plus the wash water, which is called olive mill wastewater. 

Effluent from olive mills has high chemical and biochemical oxygen demands and it contains 

monomeric and polymeric phenols [133]. 

 

Different systems have been used for the treatment of olive mill wastewater. For example, 

incineration and distillation have been tested but they are expensive methods. Activated 

sludge and methanization processes are quite effective but olive mill wastewater has to be 

diluted or biologically or physically pre-treated. Usually, olive mill effluent needs to be 

treated with several biological or physical steps [133]. 

 

Photo-Fenton process has been successfully tested for the treatment of olive mill wastewater 

[17, 134]. Parameters of non-diluted olive oil mill wastewater are: pH = 4.0 ± 0.2, COD = 

33600 ± 600 mgL
-1

 and total phenolic content = 243 ± 14 mgL
-1

.  

 

Iron sulfate heptahydrate and hydrogen peroxide were used as reagents with concentrations of 

27900 and 300000 mgL
-1

, respectively. pH was adjusted to 4.0. Wastewater contained 

following phenols: p-coumaric acid, vanillin, guaiacol, caffeic acid, vanillic acid and tyrosol. 

After 6 days, all the phenols were removed by 100% through photo-Fenton process [17]. 

 

Photo-Fenton process is very effective for the removal of phenols from olive oil mill 

wastewater. Using biological treatment by fungal species Trametes versicolor and  Pleurotus 

sajor caju or enzymatic treatment by laccase, removal percentage between 7 and 76, while 

photo-Fenton process removed all the phenols in effluent. 
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4.1.7. Coffee effluent 

 
Coffee effluent consists of many dark brown persistent pigments, like melanoidins, which are 

dark brown complex with high value of chemical oxygen demand and biochemical oxygen 

demand [135]. Coffee melanoidins consist of groups of ligands like polysaccharides, tannins, 

peptides and their mixtures [136]. 

 

Coloured coffee effluent can cause several harmful effects on the environment, for example 

toxicity, non-biodegradability and colour [100]. Possible negative impact on aquatic life can 

be caused by even very low concentrations of pigments [137]. 

 

If coffee effluent is released in aquatic environment, it cuts off the light because of the intense 

dark brown colour and has an impact on photosynthesis. What is more, high organic load of 

coffee wastewater causes eutrophication [112]. 

 

Biological treatments have been mostly used for the treatment of coffee effluents [135]. Some 

studies have been made in order to test photo-Fenton process for the treatment of coffee 

wastewater [112, 138]. 

 

Experiments with photo-Fenton system were made using black light fluorescent lamps as UV 

light irradiation source. According to Table 7, parameters of coffee effluent are: TOC = 2000-

3000 mgL
-1

, COD = 3000-8000 mgL
-1

 and pH = 4-7 and operation conditions were: c0 = 240 

mgL
-1

, Fe
2+

 = 14 mgL
-1

, H2O2 = 800 mgL
-1

 and pH = 3 [112]. 

 

Results of this study show that photo-Fenton system is quite efficient for the treatment of 

coffee effluent. After 200 minutes of UV irradiation 90% of coffee effluent was mineralized.  

In 210 minutes, color removal by the photo-Fenton process was 100%. 
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4.1.8. Cork boiling industry 

 

More than half of the world’s cork is produced in Portugal and their cork oak forest represent 

32% of the world total. There are more than 800 industrial facilities employing 12,000 people 

in 2009 [139]. 

 

The industrial treatment of cork involves a number of steps, like: preparation of the cork barks 

- stabilization, boiling and flattening, production of the cork stoppers - cutting into strips, 

punching out the stoppers and final treatment - disinfection, drying, sorting and packing. Two 

types of wastewaters are created by these processes: the cork boiling and the cork bleaching 

wastewaters [140]. 

 

During the treatments, dark liquor in generated, containing some corkwood extracts, like 

pentachlorophenol, phenolic acids, tannic fraction and 2, 4, 6-trichloroanisol [141]. To 

remove the flavour and odour, bleaching with different chemicals, like hydrogen peroxide, 

sodium hydroxide and sodium peroxide, is used. As a result, chlorophenols are formed [140]. 

 

Because of the fact that cork industry effluents are toxic, partial inhibition of the biodegration 

is caused by some microorganisms which are very sensitive to organics, especially the 

polyphenolic compounds [142]. 

 

Solar photo-Fenton process was used for the treatment of cork wastewaters where cork 

bleaching wastewater was a source of hydrogen peroxide, as it contains significant 

concentration of H2O2. Characteristics of cork boiling wastewater:  pH = 5.0 - 6.5, DOC = 

763-892 mgL
-1

, COD = 1786-2403 mgL
-1 

and BOD5 = 320-456 mgL
-1

 (Table 7). 

 

Optimum dose of iron was investigated and it was 60 mgL
-1

. High concentration of iron 

resulted in lower energy consumption; mineralization was 91% and COD removal 98% in 28 

days.  

 

To summarize, it can be said that solar photo-Fenton system for the treatment of cork boiling 

wastewater is efficient method resulting in 91% mineralization and 98% COD removal. 
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4.1.9. Apple-juice wastewater 

 

Food processing industry produces large amounts of wastewaters containing high 

concentrations of organic materials, which are often discharged into the municipal wastewater 

collection system [143]. This effluent contains grease, dissolved solids, oil and suspended 

solids [144]. Treating of this kind of wastewater can be problematic because of the low pH, 

imbalanced nutrients and fluctuations in the amount of effluent produced [145]. 

 

For the treatment of industrial wastewater with high organic matter content the aerobic 

digestion technology is often applied [146]. The anaerobic-sludge reactor was believed to be 

great technology for the treatment of industrial effluent but some problems have aroused due 

to washout biomass that leads to degradation of effluent quality [147]. 

 

Efficiency of the photo-Fenton process for treating apple-juice wastewater was investigated in 

one of the studies. Industrial wastewater from processing apples for juice was used in 

experiments [114]. 

 

Characteristics of apple-juice wastewater: TOC = 700 mgL
-1

, COD = 1260 mgL
-1

, BOD5 = 

801 mgL
-1

 [114]. 

 

Initial conditions of the process were: pH = 4.2, H2O2 = 5800 mgL
-1

 and Fe
2+

 = 40 mgL
-1

. In 

40 minutes, 91% of TOC was removed and in 120 minutes, 98% of TOC was removed and 

COD decreased 59% and BOD5 decreased 68%. 

 

4.1.10. Petroleum extraction wastewater 

 

Large volume of aqueous waste with high salinity is produced during the offshore oil 

production. Effluent from oil production contains ammonium, metals, organic compounds and 

sulphite and it is generated on the platform when water is separated from oil [148].  

 

Usual treatment for oil wastewater includes filtration, flotation, ionic change and adsorption 

in activated charcoal. Very often, the efficiency of those treatments decreases because of the 

high salinity of wastewater [149]. 
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Besides the hydrocarbon classes, aromatics and polycyclic aromatic hydrocarbons (PAH) are 

also present in petroleum wastewater and they are main pollutants of the environment. 

Furthermore, they are harmful on people’s health due to carcinogenic and mutagenic 

properties [150]. 

 

Solar photo-Fenton system was tested for the treatment of petroleum extraction wastewater. 

Parameters of this effluent: pH = 7.9, COD = 220 mgL
-1

, Fe = 0.93 mgL
-1

, Cu = 0.04 mgL
-1

, 

Mn = 0.79 mgL
-1

, Cd = 0.05 mgL
-1

, Pb = 0.76 mgL
-1

 and Zn = 0.02 mgL
-1

[115].  

 

For the experiments, pH was adjusted to 3 and concentration of H2O2 was 16 500 mgL
-1

. In 

those conditions, PAH and aromaticity removal was 92 and 96%, accordingly. COD reduction 

of about 53% was not high as well as 50% reduction of phytotoxicity (Table 7); however, the 

photo-Fenton process was very efficient in removing of carcinogenic compounds from the 

petroleum wastewater. 

 

To summarize, according to the information found in the literature, photo-Fenton process has 

proven to be very effective method for the purification of different wastewaters. In most 

cases, COD, TOC and colour removal was more than 70%. Usage of photo-Fenton has also 

shown great results in aromaticity, phytotoxicity and toxicity removal. 

 

4.2. Effects of operating parameters 

 

Based on several studies, there are a number of indicators that affect the efficiency of photo-

Fenton process and they must be considered when doing experiments or using it for the 

clarification of wastewaters. 

 

4.2.1. Effect of pH 

 
Fenton and photo-Fenton processes are dependent of the solution pH because of iron and 

hydrogen peroxide is used in this systems. Optimal pH for photo-Fenton process is considered 

to be around 3. If the pH is higher than 3, Fe (III) catalyst starts to precipitate [33]. pH also 

affects the decomposition of H2O2 [151]. Sulphuric acid and hydrogen peroxide are used to 

control the pH in photo-Fenton process [152]. 
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Usually, neutral pH causes decomposition of hydrogen peroxide, which leads to extension of 

the degradation reaction. That is why acidic pH is more favourable for the decomposition of 

H2O2 and reaction between H2O2 and Fe
2+

, resulting in the generation of hydroxyl radicals 

[153]. 

 

For the hospital wastewater, optimal pH was investigated and it was 3 according to COD and 

BOD5 removal efficiencies which were 43 and 33%, respectively. Photo-Fenton process was 

efficient when pH was between 2 and 4 [132]. 

 

According to Table 7, for the treatment of different wastewaters pH was between 2.79 to 4.2. 

 

4.2.2. Influence of iron and hydrogen peroxide concentration 

 

Dosage of iron and hydrogen peroxide is important because they affect cost and removal 

efficiency of the photo-Fenton process [152].   

 

When H2O2 or Fe
2+

 is overdosed for making enough hydroxyl radicals available for the 

oxidation, then the best efficiency is achieved. Mineralization is not complete if the hydrogen 

peroxide dosage is decreased [154].   

If the H2O2 dosage is higher, then the degradation percentage increases [155]. Extra amount 

of hydrogen peroxide can cause iron sludge flotation or sedimentation [152]. 

 

Sufficient amount of Fe
2+

 is also very important because of the proper reaction initiation. 

Removal of COD increases when the Fe
2+

 dosage increases but this increase is marginal with 

certain concentrations of Fe
2+

 [155]. 

 

Higher amount of Fe
2+

 can inhibit UV radiation penetration because of the production of 

brown turbidity in the photo-Fenton system [156]. Through photolysis, Fe
2+

 is regenerated 

and due to that, the amount of Fe
2+

 can be reduced. If there is not enough H2O2, concentration 

of Fe
2+

 can increase 30% because of the photolytic regeneration [157]. 
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It is important to determine an optimal ratio of hydrogen peroxide and iron to increase COD 

removal [145]. The ratio of H2O2 and Fe
2+

 should be as low as possible to reduce the amount 

of final sludge and to avoid recombination of hydroxyl radicals [156].  

 

As the optimal ratio of hydrogen peroxide and iron depends not only on the concentration of 

organic contaminants, but is influenced by other constituents present in the wastewater, the 

hydrogen peroxide and iron dosages and the optimal ratio should be determined 

experimentally for every specific case. 

 

4.2.3. Effect of temperature 

 

Temperature has a small positive effect on the treatment efficiency in photo-Fenton process 

compared to the other factors. Effects of temperature have been investigated and it is been 

found out that temperature under 8.3°C slows down initial kinetics and affects the reaction 

rate. If the temperature is higher than 50°C, COD removal increases. Too low and too high 

temperatures usually decrease the process efficiency, so the suitable temperature is between 

20 and 30°C [158]. 

 

I have not shown the temperature in Table 7 for different wastewater treatment using photo-

Fenton system because in some cases the information was not available. For some 

wastewaters, the temperature was reported between 17 to 38°C [107, 113]. 

 

4.2.4. Contaminant concentration 

 

Several studies have shown that if the initial contaminant concentration is higher, then the 

degradation of pollutant decreases. It can be said, that lower concentrations are preferred 

[159, 160]. 

 

Based on one article, the effect of initial chlorpyrifos concentration on the degradation 

efficiency was investigated. Different initial concentrations were used (COD0: 465, 825 and 

1330 mgL
-1

). It was determined that in less than an hour COD0 removal was 90% for 465 and 

825 mgL
-1

. Furthermore, it was found that higher concentrations take more time and need 

higher amount of hydrogen peroxide for the removal of COD0 [160]. 
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4.2.5. Reaction mixture (matrix) 

 

Composition of the treated water is also a factor affecting the photo-Fenton process. It is 

known that some inorganic ions inhibit the kinetics of pollutant degradation by photo-Fenton 

system. Ions, such as bromide, chloride, fluoride, phosphate, etc. are either generated during 

the degradation of harmful compounds or part of waters [161]. 

 

Drawbacks with these ions it that less-active iron complexes are created and the reaction with 

·OH radicals might generate some other less active radicals or cause precipitation of  iron 

ions. Concentration of ions affects the kinetics of the reaction [161]. 

 

In one study, the effect of inorganic ions, for example Cl
-
, NO3

-
, SO4

2-
, PO4

3-
, Mg

2+
, Cu

2+
, 

etc., on the photo-Fenton degradation of pesticides were investigated. It was determined that 

chloride and phosphate slow down the reaction, while Cu
2+

 accelerates the process [162]. 
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5. Evaluation of the photo-Fenton process  

5.1. Advantages and disadvantages of the photo-Fenton 

 

Photo-Fenton process has proven to be very efficient for the treatment of different types of 

wastewaters, so the main advantages of this system are [18, 20, 33, 65, 98, 163, 164]: 

 Illumination causes the cyclic regeneration of the consumed Fe
2+

  ions 

 Presence of light results in generation of more hydroxyl radicals 

 Generations of additional hydroxyl radicals reduce the production of iron sludge 

 Small amount of ferrous salt is required 

 After wastewater treatment, separation of the ferric ions is not required because of the 

small amount of ferrous salts 

 Faster rates and a higher degree of mineralization  

 No new pollutants are produced  

 Remaining hydrogen peroxide that is not used in photo-Fenton process will 

decompose into water and molecular oxygen 

 Degradation of pollutants is fast 

 Effective in the degradation of different pollutants - in many cases, removal 

percentage is more than 75%. 

 Comparing the photo-Fenton process with other AOPs, photo-Fenton is one of the 

cheapest 

 

There are also some disadvantages of this process, like [165]: 

 High concentration of anions in the treated wastewater 

 

Advantages of photo-Fenton process outweigh the disadvantages, so if all things are 

considered, photo-Fenton system is definitely very efficient, fast and quite cheap method for 

treating different types of wastewater. 
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5.2. Cost evaluation 

 

When selecting a wastewater treatment technology, a number of factors must be considered, 

for example operation, economics, regulations, effluent quality goals and economy of scale. 

Although they are all important things, economics is generally a priority. Economic analysis 

of the net present cost is often problematic and time-consuming due to number of treatment 

technologies that need to be evaluated [166]. 

 

One article focuses on figure-of-merit based on electrical-energy consumption because 

advanced oxidation processes consume a lot of electrical energy and expenses on electrical 

energy are often a majority of operational costs. What is more, requirements of electrical 

energy dosage determine the size of the capital equipment needed to generate necessary 

dosage of energy [166]. 

 

In this study, two figures-of-merit were presented: 

 Electrical Energy per Unit Mass 

 Electrical Energy per Order 

 

Electrical Energy per Mass Unit is useful when concentration of particular organic 

contaminant is high. In that case, rate removal of the contaminant is proportional to electrical 

energy use. Electrical Energy per Order is used when concentration of organic contaminant is 

low [166]. 

 

Photo-Fenton process was compared to O3, UV/O3 and UV/H2O2 processes to estimate 

relative costs and to determine the most cost-efficient system. For the calculation, landfill 

leachate was used for experiments, cost per mass was used and costs for additional operations 

were not included. At first, cost per order was thought to be used for the calculation, but to 

simplify, cost per mass was used. As it was tested on laboratory scale, energy consumption of 

the laboratory equipment per unit wastewater used is higher than in a large scale plant [163]. 
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Prices used for calculation are shown in Table 9. All the prices are in Austrian schillings. 

 

Table 9. Prices of chemicals used for calculation [163] 

Chemical Price 

H2O2 (35%) 11.60 ATS/kg 

H2SO4 6.55 ATS/kg 

FeSO4 · 7 H2O 4.50 ATS/kg 

O2 3.0 ATS/Nm
3
 

Electrical energy 1.56 ATS/kWh 

 

 

Table 10. Cost evaluation of different AOPs for the degradation of landfill leachate 

(TOC0=545 ppm) [138] 

Process 

Degradation 

time, 

h 

TOC 

removal, 

% 

Chemical 

costs, 

ATS/m
3
 

Energy 

demand, 

kWh/m
3
 

Energy 

costs, 

ATS/m
3
 

Total 

costs, 

ATS/m
3
 

Total 

costs, 

ATS/kg 

TOC 

O3 6 59 1440 2400 3744 5184 16122 

O3/UV 4 61 960 2400 3744 4704 14149 

UV/H2O2 6 13 82 1200 1872 1954 27579 

Photo-

Fenton 
2.5 60 84 500 780 864 2642 

 

As seen from Table 10, TOC removal is about 60% for O3, O3/UV and photo-Fenton 

processes, although degradation time is 6, 4 and 2.5 hours, respectively. Chemical costs are 

the lowest for UV/H2O2 process but total costs are the cheapest for photo-Fenton process - 

864 ATS/m
3
 and 2642 ATS/kg TOC.  

 

Total costs of the photo-Fenton process are about 10 times lower than costs of UV/H2O2 

system and about 7 times lower than O3 and O3/UV processes. Furthermore, photo-Fenton 

process has the shortest degradation time, which is 2.5 hours. 
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ABSTRACT 

 

As the problems concerning the lack of fresh water and water pollution have aroused, efforts 

for cleaner production and wastewater treatment must be made. Main water pollutants are 

industries producing pharmaceuticals, clothes, food, beverages, petroleum, etc. Harmful 

chemicals found in wastewater have negative effects on environment and on people’s health. 

 

Advanced oxidation processes are most suitable methods for the degradation of hazardous 

contaminants. Main characteristic of AOPs is the production of hydroxyl radicals which 

attack pollutants in wastewater. Variety of AOPs allows finding the best possible solution for 

the removal of different dangerous substances. Processes available are photocatalysis, 

O3/H2O2, O3/UV, H2O2/UV, Fenton, Fenton-like and photo-Fenton processes. 

 

Of these processes, photo-Fenton is considered to be the most effective method, because it is 

one of the cheapest and fastest in degrading various chemicals found in wastewaters. 

 

In the current thesis, photo-Fenton process for the degradation of micropollutants and 

purification of water was investigated. In the first chapter, Fenton oxidation chemistry, 

modifications and applications of the process were introduced. Photo-Fenton system, it’s 

variations and radiation sources were expressed in the second part. 

 

Third and fourth chapter are based on scientific articles found mostly from Sciencedirect and 

Scopus regarding the decomposition of different pollutants, such as pharmaceuticals and 

agrochemicals, and purification of wastewaters, like winery, apple-juice and petroleum 

extraction effluents. Furthermore, effects of operating parameters are discussed in this part of 

the thesis. 

 

Photo-Fenton process has proven to be very effective for the removing pharmaceuticals, dyes 

and agrochemicals from wastewater. In most cases, removal percentage was over 70% and it 

was achieved in less than one hour. 

 

For the purification of wastewater, photo-Fenton process is suitable for winery, landfill 

leachate, hospital, textile, food and cork-boiling industry and petroleum extraction effluents. 
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Studies show mostly high removal percentage of COD, TOC, colour, phenols, toxicity and 

aromaticity (>70%). Purification usually takes time 2-3 hours. 

 

In the final part of this thesis, advantages, disadvantages and cost of this process were 

determined. There are a lot of benefits when applying photo-Fenton process for water 

purification and degradation of hazardous contaminants. 

 

For example, more hydroxyl radicals are created with presence of light, small amount of 

ferrous salt is needed, higher degree of mineralization is achieved, new pollutants is not 

generated, degradation is fast and this process is one of the cheapest. 

 

So, all things considered, photo-Fenton system is definitely a method that must be used for 

the purification of wastewaters. It is environmentally friendly, very effective and rather cheap 

method for the degradation of contaminants. 
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KOKKUVÕTE 

 

Tänapäeval on süvenenud probleemid seoses puhta vee kättesaadavuse ja vee saastatusega. 

Ajal, mil inimkonna populatsioon kasvab ning maailma veevarud vähenevad, on selge, et 

inimeste juurdepääs puhtale veele on aina vähenemas. Veesaastet põhjustavad põllumajandus 

ning tööstus- ja tootmisettevõtted, kes tegelevad peamiselt ravimite, rõivaste, toiduainete, 

jookide ja vedelkütuste tootmise ja töötlemisega. Nendel põhjustel on hakatud mõtlema 

säästlikule ja keskkonnasõbralikumale tootmisele ning reovete töötlemisele ja puhastamisele. 

 

Käesolev magistritöö käsitleb süvaoksüdatsiooniprotsesse, täpsemalt foto-Fenton protsessi 

kasutamist mikrosaasteainete eemaldamiseks veest ning reovee puhastamiseks. 

 

Töö esimeses osas on lähemalt selgitatud Fenton protsessi omapära, selle modifikatsioonid 

ning kasutusalad. Järgmine peatükk keskendub täpsemalt foto-Fenton protsessile, sh 

toimuvatele reaktsioonidele, antud protsessi erikujudele ja kasutatavatele valgusallikatele. 

Magistritöö kolmandas osas on teadusandmebaaside põhjal toodud erinevad 

mikrosaasteained, mida leidub vees ning mille eemaldamiseks on kasutatud foto-Fenton 

protsessi.  

 

Vaadeldud on ravimite koostisosade, tekstiilitööstuses kasutatavate värvide ja 

põllumajanduskemikaalide lagundamise efektiivsust, saasteaine algkontsentratsiooni, Fenton 

reagentide doosi ning saasteaine eemaldamiseks kulunud aega.  

 

Eelviimases peatükis on vaadeldud erinevate reovete, nagu näiteks prügila nõrgvee, veini- ja 

oliiviõli tootmise reovete, puhastamist saasteainetest. Lisaks on selles osas toodud välja ka 

erinevad tööparameetrid, mis avaldavad mõju veetöötlemise efektiivsusele. 

 

Foto-Fenton protsessi kasutamise eelised ja puudused ning maksumuse hinnang on välja 

toodud viimases peatükis, millest järeldub, et foto-Fenton protsess on erinevate saasteainete 

lagundamisel ja reovete puhastamisel väga efektiivne, keskkonnasõbralik ja üks odavamatest 

süvaoksüdatsiooniprotsessidest. 

  



53 
  

REFERENCES 
 
[1] Postel S.L., Daily G.C. and Ehrlich P.R. Human Appropriation of Renewable Fresh 

Water. Science (1996) 271(5250):785-788 

[2] Corcoran E., Nellemann C., Baker E., Bos R., Osborn D. and Savelli H. Sick Water? 

The central role of wastewater management in sustainable development. A Rapid 

Response Assessment (2010) United Nations Environment Programme 

[3] Andreozzi R., Caprio V., Insola A. and Marotta R. Advanced oxidation processes 

(AOP) for water purification and recovery. Catalysis Today (1999) 53:51-59 

[4] Glaze W.H., Kang J.-W. and Chapin D.H. The chemistry of water treatment processes 

involving ozone, hydrogen peroxide and ultraviolet radiation. Ozone Science & 

Engineering (1987) 9:335-352 

[5] Babuponnusami A. and Muthukumar K. A Review on Fenton and Improvements to 

the Fenton Process for Wastewater Treatment. Journal of Environmental Chemical 

Engineering (2014) 2:557–572 

[6] Fenton H.J.H. Oxidation of Tartaric Acid in presence of Iron. Journal of the Chemical 

Society, Transactions (1894) 65:889-910 

[7] Barbusinski K. Fenton reaction – Controversy concerning the Chemistry. Ecological 

Chemistry and Engineering (2009) 16(3):347-358 

[8] Casero I., Sicilia D., Rubio S. and Pérez-Bendito D. Chemical degradation of aromatic 

amines by Fenton’s reagent. Water Research (1997) 31:1985-1995 

[9] Kuo W.G. Decolorizing dye wastewater with Fenton's reagent.Water Research (1992) 

26:881-886. 

[10] Huston P. L. and Pignatello J.J. Degradation od selected pesticide active ingredients 

and commercial formulations in water by the photo-assisted Fenton reaction. Water 

Research (1999) 33:1238-1246 

[11] Segura Y., Martinez F. and Melero J.A. Effective pharmaceutical wastewater 

degradation by Fenton oxidation with zero-valent iron. Applied Catalysis B: 

Environmental (2013) 136-137:64-69 

[12] Lin S.H., Lin C.M. and Leu H.G. Operating characteristics and kinetic studies of 

surfactant wastewater treatment by Fenton oxidation. Water Research (1999) 33:1735-

1741 

[13] Liou M.-J., Lu M.-C. and Chen J.-N. Oxidation of explosives by Fenton and photo-

Fenton processes. Water Research (2003) 37:3172-3179 



54 
  

[14] Kang Y.W. and Hwang K.-Y. Effects of reaction conditions on the oxidation 

efficiency in the Fenton process. Water Research (2000) 34(10):2786-2790 

[15] Huifang Wu, Shihe Wang, Impacts of operating parameters on oxidation–reduction 

potential and pretreatment efficacy in the pretreatment of printing and dyeing 

wastewater by Fenton process. Journal of Hazardous Materials (2012) 243:86– 94 

[16] Bautista P., Mohedano A.F., Casas J.A., Zazo J.A .and Rodriguez J.J. An overview of 

the application of Fenton oxidation to industrial wastewater treatment. Journal of 

Chemical Technology & Biotechnology (2008) 83:1323–1338 

[17] Justino C., Marques A.G., Duarte K.R., Duarte A.C., Pereira R., Rocha-Santos T. and 

Freitas A.C. degradation of phenols in olive oil mill wastewater by biological, 

enzymatic and photo-Fenton oxidation. Environmental Science and Pollution Research 

(2010) 17:650-656 

[18] Katsumata H., Koike S., Kaneco S., Suzuki T. and Ohta K. Degradation of Reactive 

Yellow 86 with photo-Fenton process driven by solar light. Journal of Environmental 

Sciences (2010) 22(9):1455-1461 

 [19] Alalm M.G., Tawfik A. and Ookawara S. Degradation of four pharmaceuticals by 

solar photo-Fenton process: Kinetics and costs estimation. Journal of Environmental 

Chemical Engineering (2015) 3:46-51 

[20] Kulik N. The application of Fenton-based processes for wastewater and soil treatment 

(2008) Thesis on Chemistry and Chemical Engineering G18, TUT Press 

[21] Kwan W.P. and Voelker B.M. Decomposition of Hydrogen Peroxide and Organic 

Compounds in the presence of Dissolved Iron and Ferrihydrite. Environmental Science 

& Technology (2002) 36:1467-1476 

[22] Strlic M., Kolar J., Selih V.-S., Kocar D. and Pihlar B. A comparative study of several 

transition metals in Fenton-like reaction systems at circum.neutral pH. Acta Chimica 

Slovenica (2003) 50:619-632 

[23] Sun Y. and Pignatello J.J. Chemical treatment of pesticide wastes. Evaluation of 

Fe(III) chelatesfor catalytic hydrogen peroxide oxidation of 2,4-D at circumneutral 

pH. Journal of Agricultural and Food Chemistry (1992) 40:322-327 

[24] Balmer M.E. and Sulzberger B. Atrazine degradation in irradiated iron/oxalate 

systems: effects of pH and oxalate. Environmental Science & Technology (1999) 

33:2418-2424 

[25] Parsons S. Advanced oxidation processes for water and wastewater treatment. IWA 

Publishing  (2004) 356 



55 
  

[26] Lin S.-S. and Gurol M.D. Catalytic  Decomposition of Hydrogen Peroxide on Iron 

Oxide: Kinetics, Mechanism, and Implications. Environmental Science &Technology 

(1998) 32:1417-1423 

[27] Brillas E., Sires I. and Oturan M.A. Electro-Fenton Process and Related 

Electrochemical Technologies Based on Fenton’s Reaction Chemistry. Chemical 

Review (2009) 109:6570-6631 

[28] Kavitha V. and Palanivelu K. Destruction of cresols by Fenton oxidation 

process.Water Research (2005) 39:3062–3072 

[29] Ren  G., Zhou M., Liu M., Ma L. and Yang H. A novel vertical-flow electro-Fenton 

reactor for organic wastewater treatment. Chemical Engineering Journal (2016) 

298:55-67 

[30] Huang, L.Q., Pignatello J.J. Degradation of polychlorinated dibenzo-p-dioxin and 

dibenzofuran contaminants in 2, 4, 5-T by photoassisted iron-catalyzed hydrogen 

peroxide. Water Research  (1993) 27(12):1731-1736 

[31] Machulek A. Jr., Quina F.H., Gozzi F., Silva V.O., Friedrich L.C. and Moraes J.E.F., 

Fundamental Mechanistic Studies of the Photo-Fenton Reaction for the Degradation of 

Organic Pollutants. Organic Pollutants Ten Years After the Stockholm Convention - 

Environmental and Analytical Update“ Chapter 11 

[32] Wadley S. and Waite T.D. (2004) Fenton processes in water and wastewater treatment. 

in Parsons S (ed.), Advanced Oxidation Processes for Water and Wastewater 

Treatment, IWA Publishing, London 111-136 

[33] Pignatello J.J., Oliveros E. and MacKay A. Advanced Oxidation Processes for Organic 

Contaminant Destruction Based on the Fenton Reaction and Related Chemistry. 

Critical Reviews in Environmental Science and Technology (2006) 36(1):1-84 

[34] Hess T.F. and Schrader P.S. Coupled Abiotic-Biotic Mineralization of 2,4,6-

Trinitrotoluene (TNT). Journal of Environmental Quality (2002) 31:736-744 

[35] Ghiselli G., Jardim W.F., Litter M.I., Mansilla H.D. Destruction of EDTA using 

Fenton and photo-Fenton-like reactions under UV-A irradiation. Journal of 

Photochemistry and Photobiology A: Chemistry (2004) 167:59–67 

[36] ISO 21348 Definitions of Solar Irradiance Spectral Categories 

[37] Kari F.G., Hilger S. and Canonica S. Determination of the reaction quantum yield for 

the photochemical degradation of Fe(III)–EDTA: implications for the environmental 

fate of EDTA in surface waters. Environmental Science & Technology (1995) 

29(4):1008–1017 



56 
  

[38] http://www.gamonline.com/catalog/uvfilter/UV-protection.php 

[39] Chu W., Kwan C.Y., Chan K.H. and Kam S.K. A study of kinetic modelling and 

reaction pathway of 2,4-dichlorophenol transformation by photo-Fenton-like 

oxidation. Journal of  Hazardous Materials B  (2006) 121:119–126 

[40]  Sun Y. and Pignatello J.J. Photochemical reactions involved in the total mineralization 

of 2, 4-D by Fe
3+

/H2O2/UV. Environmental Science & Technology (1993) 27:304–310 

[41] Diagne M., Oturan N., Oturan M.A., and Sires I. UV-C light-enhanced photo-Fenton 

oxidation of methyl parathion. Environmental Chemistry Letters  (2009) 7:261–265 

[42] Hansson H., Kaczala F., Marques M., and Hogland W. Photo-Fenton and Fenton 

Oxidation of Recalcitrant Industrial Wastewater Using Nanoscale Zero-Valent Iron. 

International Journal of Photoenergy (2012) http://dx.doi.org/10.1155/2012/531076 

[43] Safarzadeh-Amiri A., Bolton J.R. and Cater S.R. The use of iron in advanced 

oxidation process. Journal of Advanced Oxidation Technologies (1996) 1(1):18–26 

[44] Gernjak W., Fuerhacker M., Fernandez-Ibanez P., Blanco J. and Malato S. Solar 

photo-Fenton treatment - Process parameters and process control. Applied Catalysis B: 

Environmental (2006) 64:121-130 

[45] Ioannou L.A. and Fatta-Kassinos D. Solar photo-Fenton oxidation against the 

bioresistant fractions of winery wastewater. Journal of Environmental Chemical 

Engineering (2013) 1:703-712 

[46] Ghafoori S., Mehrvar M. and Chan P.K. Photoassisted Fenton-like degradation of 

aqueous poly(acrylic acid): From mechanistic kinetic model to CFD modeling. 

Chemical Engineering Research and Design (2013) 91:2617–2629 

[47] Tokumura M., Morito R., Hatayama R. and Kawase Y. Iron redox cycling in hydroxyl 

radical generation during the photo-Fenton oxidative degradation: Dynamic change of 

hydroxyl radical concentration. Applied Catalysis B: Environmental (2011) 106:565-

576 

[48] Ghafoori S., Mehrvar M. and Chan P.K. A statistical experimental design approach for 

photochemical degradation of aqueous polyacrylic acid using photo-Fenton-like 

process. Polymer Degradation and Stability (2014) 110:492-497 

[49] Arslan-Alaton I., Tureli G. and Olmez-Hanci T. Optimization of the photo-Fenton-like 

process for real and synthetic azo dye production wastewater treatment using response 

surface methodology. Photochemical and Photobiological Sciences (2009) 8(5):628-

638 

http://www.gamonline.com/catalog/uvfilter/UV-protection.php
http://dx.doi.org/10.1155/2012/531076
http://www.ncbi.nlm.nih.gov/pubmed/19424535


57 
  

[50] Koohpayehzadeh Esfahaani H., Torabian A. and Yazdanparast T. Nanoparticle 

zerovalent iron effects on Arsenic(V) removal. Proceedings of the 4th International 

Conference on Nanostructures (ICNS4) 12-14 March, 2012, Kish Island, I.R. Iran  

[51] Morgada M.E., Levy I.K., Salomone V., Farias S.S., Lopez G. and Litter M.I. Arsenic 

(V) removal with nanoparticulate zerovalent iron: Effect of UV light and humic acids. 

Catalysis Today (2009) 14:261–268 

[52] Ortiz de la Plata G.B., Alfano O.M. and Cassano A.E. 2-Chlorophenol degradation via 

photo Fenton reaction employing zero valent iron nanoparticles. Journal of 

Photochemistry and Photobiology A: Chemistry (2012) 23:53-59 

[53] Gomathi Devi L, Girish Kumar S. and Mohan Reddy K. Photo fenton like process 

Fe
3+

/(NH4)2S2O8/UV for the degradation of Di azo dye congo red using low iron 

concentration. Central European Journal of Chemistry (2009) 7(3):468-477 

[54] Gomathi Devi L., Girish Kumar S., Anantha Raju K.S. and Eraiah Rajashekhar K. 

Photo-Fenton and photo-Fenton-like processes for the degradation of methyl orange in 

aqueous medium: Influence of oxidation states of iron. Chemical Papers (2010) 

64(3):378-385 

[55] Kümmerer K. Pharmaceuticals in the Environment - Scope of the Book and 

Introduction. Pharmaceuticals in the Environment (2004) Chapter 1:3-11 

[56] De la Cruz N., Gimenez J., Esplugas S., Grandjean D., de Alencastro L.F. and 

Plugarin C. Degradation of 32 emergent contaminant by UV and neutral photo-Fenton 

in domestic wastewater effluent previously treated by activated sludge. Water 

Research (2012) 46:1947-1957 

[57] Heberer T. Occurence, fate, and removal of pharmaceutical residues in the aquatic 

environment: a review of recent research data. Toxicology Letters (2002) 1-2:5-17 

[58] Daughton C.G. and Jones-Lepp T.L. Pharmaceuticals and Personal Care Products in 

the Environment: Scientific and Regulatory Issues. Symposium Series 791, American 

Chemical Society, Washington DC (2001), 100-115 

[59] Daughton C.G. and Ternes T.A. Pharmaceuticals and Personal Care Products in the 

Environment: Agents or Subtle Change? Environmental Health Perspective (1999) 

107(6):907-938 

[60] Shemer H., Kunukcu Y.K. and Linden K.G. Degradation of the pharmaceutical 

Metronidazole via UV, Fenton and photo-Fenton process. Chemosphere (2006) 

63:269-276 



58 
  

[61] Serna-Galvis E.A., Silva-Agredo J., Giraldo A.L., Florez-Acosta O.A. and Torres-

Palma R.A. Comparative study of the effect of pharmaceutical additives on the 

elimination of antibiotic activity during the treatment of oxacillin in water by the 

photo-Fenton, TiO2-photocatalysis and electrochemical processes. Science of the Total 

Environment (2016) 541:1431-1438 

[62] Arslan-Alaton I. and Gurses F. Photo-Fenton-like and photo-Fenton-like oxidation of 

Procaine Penicillin G formulation effluent. Journal of Photochemistry and 

Photobiology A: Chemistry (2004) 165:165-175 

[63] Mendez-Arriaga F., Esplugas S. and Gimenez J. Degradation of the emerging 

contaminant ibuprofen in water by photo-Fenton. Water Research (2010) 44:589-595 

[64] Trovo A.G., Nogueira R.F.P., Aguera A., Fernandez-Alba A.R. and Malato S. 

Degradation of the antibiotic amoxicillin by photo-Fenton process - Chemical and 

toxicological assessment. Water Research (2011) 45:1394-1402 

[65] Trovo A.G., Melo S.A.S. and Noguiera R.F.P. Photodegradation of the 

pharmaceuticals amoxicillin, bezafibrate and paracetamol by the photo-Fenton process 

- Application to sewage treatment plant effluent. Journal of Photochemistry and 

Photobiology A: Chemistry (2008) 198:215-220 

[66] Wu C.H., Wu J.T. and Lin Y.H. Mineralization of sulfametizole in photo-Fenton and 

photo-Fenton-like systems. Water Science & Technology (2016) 73(4):746-750 

[67] Ashraf M.I., Ateeb M., Khan M.H., Ahmed N., Mahmood Q and Zahidullah. 

Integrated treatment of pharmaceutical effluents by chemical coagulation and 

ozonation. Separation and Purification Technology (2016) 158:383-386 

[68] Tally F.P. and Sullivan C.E. Metronidazole: In Vitro Activity, Pharmacology And 

Efficacy in Anaerobic Bacterical Infections. Pharmacotherapy (1981) 1(1):28-38 

[69] Abshagen U., Bablok W., Koch K., Lang P.D., Schmidt H.A.E., Senn M. and Stork H. 

Disposition pharmacokinetics of bezafibrate in man. European Journal of Clinical 

Pharmacology (1979) 16(1):31-38 

[70] Souza B.M., Dezotti M.W.C., Boaventura R.A.R. and Vilar V.J.P. Intensification of a 

solar photo-Fenton reaction at near neutral pH with ferrioxalate complexes: A case 

study of diclofenac removal from aqueous solutions. Chemical Engineering Journal  

(2014) 256:448-457 

[71] Buser H.-R., Poiger T. and Müller M.D. Occurence and Fate of the Pharmaceutical 

Drug Diclofenac in Surface Water: Rapid Photodegradation in a Lake. Environmental 

Science & Technology (1998) 32(22):3449-3456 



59 
  

[72] Khan S. and Malik A. Environmental and Health Effects of Textile Industry 

Wastewater. Environmental Deterioration and Human Health (2013) Chapter 4:55-71 

[73] Kant R. Textile dyeing industry an environmental hazard. Natural Science (2012) 

4(1):22-26 

[74] http://www.britannica.com/science/azo-dye 

[75] Ribeiro K., de Andrade T.M. and Fujiwara S.T. Preparation and application of 

cellulose acetate/Fe films in degradation of Reactive Black 5 dye through photo-

Fenton reaction. Environmental Technology (2016) 37(13):1664-1675 

[76] Leite L.da S., Maselli B.de S., Umbuzeiro G.de A. and Nogueira R.F.P. Monitoring 

ecotoxicity of disperse red 1 dye during photo-Fenton degradation. Chemosphere 

(2016) 148:511-517 

[77] Muruganandham M. and Swaminathan M. Decolorisation of Reactive Orange 4 by 

Fenton and photo-Fenton oxidation technology. Dyes and Pigments (2004) 63:315-321 

[78] Bharadwaj A. and Saroha A.K. Decolorization of the Textile Wastewater Containing 

Reactive Blue 19 Dye by Fenton and Photo-Fenton Oxidation. Journal of Hazardous, 

Toxic and Radioactive Waste (2015) 19(4):1-7 

[79] Saatci Y. Decolorization and Mineralization of Remazol Red F3B by Fenton and 

Photo-Fenton Processes. Journal of Environmental Engineering (2010) 3(9):1000-

1005 

[80] Elmorsi T.M., Riyad Y.M., Mohamed Z.H. and Abd El Bary H.M.H. Decolorization 

of Mordant red 73 azo dye in water using H2O2/UV and photo-Fenton treatment. 

Journal of Hazardous Materials (2010) 174:352-358 

[81] Kakodia A.K., Gurjar L., Ameta S.C. and Sharma B.K. Photodegradation of Acid 

Violet 90 in aqueous solution by photo-Fenton reagent. International Journal of 

Chemical Science (2013) 11(2):855-864 

[82] Yang D., Liu Y., Jiang X and Yang Z. Comparison of azo dye AR88 degradation 

efficiency using various systems. Desalination and Water Treatment (2016) 57:6393-

6400 

[83] Rahmani A.R., Godini K., Nematollahi D., Azarian G. and Maleki S. Degradation of 

azo dye C.I. Acid Red 18 using an eco friendly and continuous electrochemical 

process. Korean Journal of Chemical Engineering (2016) 33(2):532-538 

[84] http://www.worlddyevariety.com/disperse-dyes/disperse-red-1.html 22nd of February 

2012 

http://www.britannica.com/science/azo-dye
http://www.worlddyevariety.com/disperse-dyes/disperse-red-1.html


60 
  

[85] Vacchi F.I., Albuquerque A.F., Vendemiatti J.A., Morales D.A., Ormond A.B., 

Freeman H.S., Zocolo G.J., Zanoni M.V.B. and Umbuzeiro G. Chlorine disinfection of 

dye wastewater: Implications for a commercial azo dye mixture. Science of the Total 

Environment (2013) 442:302-309 

[86] Ferraz E.R.A., Umbuzeiro G.A., de-Almeida G., Caloto-Oliveira A., Chequer F.M.D., 

Zanoni M.V.B., Dorta D.J. and Oliveira D.P. Differential Toxicity of Disperse Red 1 

and Disperse Red 13 in the Ames test, HepG2 Cytotoxicity Assay, and Daphnia Acute 

Toxicity Test. Environmental Toxicology (2011) 26(5):489-497 

[87] http://www.worlddyevariety.com/reactive-dyes/reactive-yellow-86.html 25th of 

December 1012 

[88] Trovo A.G., Hassan A.K., Sillanpää M. and Tang W.Z. Degradation of Acid Blue 161 

by Fenton and photo-Fenton processes. International Journal of Environmental 

Science Technology (2016) 13:147-158 

[89] http://www.niehs.nih.gov/health/topics/agents/pesticides/ 

[90] Shrivastava P.K. Impact of agrochemicals on ground water. Journal of Industrial 

Pollution Control (2014) 30(2):237-240 

[91] Carvalho F.P. Agriculture, pesticides, food security and food safety. Environmental 

Science & Policy (2006) 9:685-692 

[92] Carvalho F.P., Fowler S.W., Villeneuve J.P. and Horvat M. Pesticide residues in the 

marine environment and analytical quality assurance of the results. International 

Symposium on the Use of Nuclear and Related Techniques for Studying 

Environmental Behaviour of Crop Protection Chemicals. Vienna (Austria), 1-5 

July1996 

 [93] Bretveld R.W., Thomas C.M.G., Scheepers P.T.J., Zielhuis G.A. and Roeleveld N. 

Pesticide exposure: the hormonal function of the female reproductive system 

disrupted? Reproductive Biology and Endocrinology (2006) 4(30) 

DOI: 10.1186/1477-7827-4-30 

[94] Fleming L.E., Bean J.A., Rudolph M. and Hamilton K. Mortality in cohort  of licenced 

pesticide applicators in Florida. Occupational and Environmental Medicine (1999) 

56:14-21 

[95] Cooper J. and Dobson H. The benefits of pesticides to mankind and the environment. 

Crop Protection (2007) 26:1337-1348 

http://www.worlddyevariety.com/reactive-dyes/reactive-yellow-86.html
http://www.niehs.nih.gov/health/topics/agents/pesticides/
http://dx.doi.org/10.1186%2F1477-7827-4-30


61 
  

[96] Nitoi I., Oncescu T. and Oancea P. Mechanism and kinetic study for the degradation 

of lindane by photo-Fenton process. Journal of Industrial and Engineering Chemistry 

(2013) 19(1):305-309 

[97] Alalm M.G., Tawfik A. and Ookawara S. Comparison of solar TiO2 photocatalysis and 

solar photo-Fenton for treatment of pesticides industry wastewater: Operational 

conditions, kinetics, and costs. Journal of Water Process Engineering (2015) 8:55-63 

[98] Catalkaya E.C. and Kargi F. Advanced Oxidation of Diuron by Photo-Fenton 

Treatmend as a Function of Operating Parameters. Journal of Environmental 

Engineering (2008) 134(12):1006-1013 

[99] Katsumata H., Kaneco S., Suzuki T., Ohta K. and Yobiko Y. Degradation of linuron in 

aqueous solution by the photo-Fenton reaction. Chemical Engineering Journal (2005) 

108:269-276 

[100] Matos T.A.D.F., Dias A.L.N., Di Piazza Reis A., Da Silva M.R.A. and Kondo M.M. 

Degradation of abamectin using the photo-Fenton process. International Journal of 

Chemical Engineering (2012) DOI: 10.1155/2012/915724 

[101] Fu Y., Zhao L., Ma J. and Ye F. Ozonation Degradation Organophosphorus Pesticides 

in Water (2011) International Conference on Computer Distributed Control and 

Intelligent Environmental Monitoring 2130-2132 

[102] Muff J., Andersen C.D., Erichsen R. and Soegaard E.G.  Electrochemical treatment of 

drainage water from toxic dump of pesticides and degradation products. 

Electrochimica Acta (2009) 54(7):2062-2068 

[103] Matouq M.A., Al-Anber Z.A., Tagawa T., Aljbour S. and Al-Shannag M. degradation 

of dissolved diazinon pesticide in water using the high frequency of ultrasound wave. 

Ultrasonics Sonochemistry (2008) 15(5):869-874 

[104] Miguel N., Ormad M.P., Mosteo R. and Ovelleiro J.L. Photocatalytic degradation of 

pesticides in natural water: Effect of hydrogen peroxide. International Journal of 

Photoenergy (2012) http://dx.doi.org/10.1155/2012/371714 

[105] National Research Council (US). An Assessment of the Health Risks of Seven 

Pesticides Used for Termite Control. Committee on Toxicology (1982) 

DOI:10.17226/665 

[106] Munk Z.M. and Nantel A. Acute lindane poisoning with development of muscle 

necrosis. Canadian Medical Association Journal (1977) 117(9):1050-1054 

http://dx.doi.org/10.1155/2012/371714


62 
  

[107] Ioannou L.A. and Fatta-Kassinos D. Solar photo-Fenton oxidation against the 

bioresistant fractions of winery wastewater. Journal of Environmental Chemical 

Engineering (2013) 1:703-712 

[108] Naumczyk J., Prokurat I. and Marcinowski P. Landfill Leachates Treatment by 

H2O2/UV, O3/H2O2, Modified Fenton and Modified Photo-Fenton Methods. 

International Journal of Photoenergy (2012) http://dx.doi.org/10.1155/2012/909157 

[109] Duran A., Monteagudo J.M., Gil J., Exposito A.J. and San Martin I. Solar-photo-

Fenton treatment of wastewater from the beverage industry: Intesification with 

ferrioxalate. Chemical Engineering Journal (2015) 270:612-620 

[110] Rodrigues C.S.D., Madeira L.M. and Boaventura R.A.R. Optimization and Economic 

Analysis of Textile Wastewater Treatment by Photo-Fenton Process under Artificial 

and  Simulated Solar Radiation. Industrial & Engineering Chemistry Research (2013) 

52:13313-13324 

[111] Anjana Anand A.S., Adish Kumar S., Rajesh Banu J. and Ginni G. The performance 

of fluidizied bed solar photo Fenton oxidation in the removal of COD from hospital 

wastewater. Desalination and Water Treatment (2016) 57:8236-8242 

[112] Tokumura M., Ohta A., Znad H.T. and Kawase Y. UV light assisted decolorization of 

dark brown colored coffee effluent by photo-Fenton reaction. Water Research (2006) 

40:3775-3784 

[113] Pintor A.M.A, Vilar V.J.P. and Boaventura R.A.R. Decontamination of cork 

wastewaters by solar-photo-Fenton process using cork bleaching wastewater as H2O2 

source. Solar Energy (2011) 85:579-587 

[114] Duran A., Monteagudo J.M. and Carnicer A. Photo-Fenton mineralization of synthetic 

apple-juice wastewater. Chemical Engineering Journal (2011) 168:102-107 

[115] Sa da Rocha O.R., Dantas R.F., Duarte M.M.M.B., Duarte M.M.L. and da Silva V.L. 

Solar photo-Fenton treatment of petroleum extraction wastewater. Desalination and 

Water Treatment (2013) 51(28-30):5785-5791 

[116] Mosse K.P.M, Patti A.F., Christen E.W. and Cavagnaro T.R. Review: Winery 

wastewater quality and treatment options in Australia. Australian Journal of Grape and 

Wine Research (2011) 17(2):111-122 

[117] Chatzilazarou A., Katsoyannos E., Gortzi O., Lalas S, Paraskevopoulos Y., 

Dourtoglou E. and Tsaknis J. Removal of Polyphenols from Wine Sludge Using Cloud 

Point Extraction. Journal of the Air & Waste Management Association (2010) 

60(4):454-459 

http://dx.doi.org/10.1155/2012/909157


63 
  

[118] Mohana S., Acharya B.K. and Madamwar D. Distillery spent wash: Treatment 

technologies and potential applications. Journal of Hazardous Materials  (2009) 

163:12-25 

[119] Mohajeri S., Aziz H.A., Isa M.H., Zahed M.A. and Adlan M.N. Statistical 

optimization of process parameters for landfill leachate treatment using electro-Fenton 

technique. Journal of Hazardous Materials (2010) 176(1-3):749-758 

[120] Daud Z., Aziz H.A. and Adlan M.N. Application of combined filtration and 

coagulation for semi-aerobic leachate treatment. Journal of  Environment and Waste 

Management (2009) 4:457-468 

[121] Reinhart D.R. and Grosh C.J. Analysis of Florida MSW Landfill Leachate Quality 

Data. Report to the Florida Center for Solid and Hazardous Waste Management (1997) 

http://www.bvsde.paho.org/bvsacd/cd48/analysis-florida.pdf 

[122] Haroon H., Waseem A. and Mahmood Q. Treatment and Reuse of Wastewater from 

Beverage Industry. Journal - Chemical Society of Pakistan (2013) 35(1):5-10 

[123] Rodriguez M., Malato S., Pulgarin C., Contreras S., Curco D., Gimenez J. and 

Esplugas S. Optimizing the solar photo-Fenton process in the treatment of 

contaminated water. Determination of intrinsic kinetic constants for scale-up. Solar 

Energy (2005) 79:360-368 

[124] Duran A., Monteagudo J.M., Carnicer A., San Martin I. and Serna P. Solar 

photodegradation of synthetic apple juice wastewater: Process optimization and 

operational cost study. Solar Energy Materials & Solar Cells (2012) 107:307-315 

[125] Grau P. Textile industry wastewater treatment. Water Science and Technology (1991) 

24:97-103 

[126] Correia M., Stephenson T. and Judd S.J. Characterisation of textile wastewaters - a 

review. Environmental Technology (1994) 15(10):917-929 

[127] O’Neill C., Hawkes F.R., Hawkes D.L., Lourenco N.D., Pinheiro H.M and Delee W. 

Colour in textile effluents - sources, measurement, discharge consents and simulation: 

a review. Journal of Chemical Technology and Biotechnology (1999) 74:1009-1018 

[128] Erlandsson B. and Mattsson S. Medically used radionuclides in sewage sludge. Water, 

Air, and Soil Pollution (1978) 9(2):199-206 

[129] Richardson M.L. and Bowron J.M. The fate of pharmaceutical chemicals in the 

aquatic. Pharmacology (1985) 37:1-12 



64 
  

[130] Kümmerer K. Drugs in the environment: emission of drugs, diagnostic aids and 

disinfectants into wastewater by hospitals in relation to other sources - a review. 

Chemosphere (2001) 45:957-969 

[131] Murphy A.P., Boegll W.J., Price M.K. and Moody C.D. A Fenton-like Reaction to 

Neutralize Formaldehyde Waste Solutions. Environmental Science & Technology 

(1989) 23:166-169 

[132] Kaijtvichyanukul P. and Suntronvipart N. Evaluation of biodegrability and oxidation 

degree of hospital wastewter using photo-Fenton process as the pretreatment method. 

Journal of Hazardous Materials B:(2006) 138:384-391 

[133] Hamdi M. Future prospects and constraints of olive mill wastewaters use and 

treatment: A review. Bioprocess Engineering (1993) 8(5):209-214 

[134] Aytar P., Gedikli S., Sam M., Farizoglu B. and Cabuk A. Sequential treatment of olive 

oil mill wastewater with adsorption and biological and photo-Fenton oxidation. 

Environmental Science and Pollution Research (2013) 20:3060-3067 

[135] Kumar P. and Chandra R. Decolourisation and detoxification of synthetic molasses 

melanoidins by individual and mixed cultures of Bacillus spp. Bioresource 

Technology (2006) 97:2096-2102 

[136] Morales F.J., Fernandez-Fraguas C. and Jimenez-Perez S. Iron-binding ability of 

melanoidins from food and model systems. Food Chemistry (2005) 90(4):821-827 

[137] Karim M.M., Das A.K. and Lee S.H. Treatment of colored effluent of the textile 

industry in Bangladesh using zinc chloride treated indigenous activated carbons. 

Analytica Chimica Acta  (2006) 576:37-42 

[138] Tokumura M., Znad H.T. and Kawase Y. Decolorization of dark brown colored cofee 

effluent by solar photo-Fenton reaction: Effect of solar light dose on decolorization 

kinetics. Water Research (2008) 42:4665-4673 

[139] APCOR, 2009. Anuario/Yearbook 2009  

http://www.apcor.pt/wp-content/uploads/2015/07/AnuarioAPCOR2009.pdf 

[140] Vilar V.J.P., Maldonado M.I., Oller I., Malato S. and Boaventura R.A.R. Solar 

treatment of cork boiling and bleaching wastewaters in a pilot plant. Water Research  

(2009) 43:4050-4062 

[141] Mazzoleni V., Caldentey P. and Silva A. Phenolic Compounds in Cork Used for 

Production of Wine Stoppers as Affected by Storage and Boiling Cork Slabs. 

American Journal of Enology and Viticulture (1998) 49:6-10 



65 
  

[142] Benitez, F.J., Real, F.J., Acero, J.L., Garcia, J. and Sanchez, M. Kinetics of the 

ozonation and aerobic biodegradation of wine vinasses in discontinuous and 

continuous processes. Journal of Hazardous Materials (2003) B101:203–221 

[143] Ozbas E.E., Tufeckci N., Yilmaz G. and Ovez S. Aerobic and anaerobic treatment of 

fruit juice industry effluents. Journal of Scientific & Industrial Research  (2006) 

65:830-837 

[144] Guerrero L., Omil F., Mendez R. and Lema J.M. Anaerobic hydrolysis and 

acidogenesis of wastewater from food industries with high content of organic solids 

and protein. Water Research  (1999) 33:3281-3290 

[145] Austermann-Haun U., Seyfried C.F. and Rosenwinkel K.H. Uasb-reactor in the fruit 

juice industry. Water Science & Technology (1997) 36:407-414 

[146] Ramasamy E.V., Gajalakshmi S., Sanjeevi R., Jithesh M.N. Abbasi S.A. Feasibility 

studies on the treatment of dairy wastewaters with upflow anaerobic sludge blanket 

reactors. Bioresource Technology (2004) 93:209-212 

[147] van Lier J.B. Anaerobic industrial wastewater treatment; perspectives for closing 

water and resource cycles. Proceedings of ACHEMA 2006, 28th Int. Exhibition 

Conference on Chemical Technology Environmental Protection and Biotechnology, 

May 15–19, Frankfurt, Germany, 2006 

www.achema.de/data/achema_/congress/1713.pdf 

[148] Grigson S.J.W., Wilkinson A., Johnson P., Moffat C.F. and McIntosh A.D. 

Measurement of oilfield chemical residues in produced water discharges and marine 

sediments. Rapid Communications in Mass Spectrometry (2000) 14:2210-2219  

[149] Duarte C. L., Geraldo L.L., Junior O.A.P., Borrely S.I., Sato I.M. and Sampa M.H.O. 

Treatment of effluents from petroleum production by electron beam irradiation. 

Radiation Physics and Chemistry (2004) 71:443-447 

[150] da Rocha O.R.S., Dantas R.F., Duarte M.M.M.B., Duarte M.M.L. and da Silva V.L. 

Oil sludge treatment by photocatalysis applying black and white light. Chemical 

Engineering Journal (2010) 157:80-85 

[151] Zhang H., Choi H.J. and Huang C.-P. Optimization of fenton process for the treatment 

of landfill leachate. Journal of Hazardous Materials (2005) B125:166-174 

[152] Umar M., Aziz H.A. and Yusoff M.S. Trends in the use of Fenton, electro-Fenton and 

photo-Fenton for the treatment of landfill leachate. Waste management (2010) 

30:2113-2121 

http://www.achema.de/data/achema_/congress/1713.pdf


66 
  

[153] De Laat J., Tace E. and Dore M. Degradation of chloroethanes in dilute aqueous 

solution by H2O2/UV. Water Research  (1994) 28:2507-2519 

[154] Tang W.Z. and Huang P. Stochiometry of Fenton’s reagent in the oxidation of 

chlorinated aliphatic organic pollutants. Environmental Technology (1997) 18:13-23 

[155] Lin, S.H. and Lo, C.C. Fenton process for treatment of desizing wastewater. Water 

Research (1997) 31:2050–2056 

[156] Kim, Y.-K. and Huh, I.-R. Enhancing biological treatability of landfill leachate by 

chemical oxidation. Environmental Engineering Science (1997) 14:73–79 

[157] Kim, S. and Vogelpohl, A. Degradation of organic pollutants by the photo-Fenton 

process. Chemical Engineering Technology (1998) 21:187–191 

[158] Deng Y. and Englehardt J.D. Treatment of landfill leachate by the Fenton process. 

Water Research (2006) 40:3683-3694 

[159] Iurascu B., Siminiceanu I., Vione D., Vicente M.A. and Gil A. Phenol degradation in 

water through a heterogeneous photo-Fenton process catalyzed by Fe-treated laponite. 

Water Research (2009) 43:1313-1322 

[160] Youssef S., Hmani E. and Abdelhedi R. Fenton and solar photo-Fenton processes for 

the removal of chlorpyrifos insecticide in wastewater. Water SA (2012) 38(4) 

http://dx.doi.org/10.4314/wsa.v38i4.8 

[161] Ortega-Liebana M.C., Sanchez-Lopez E., Hidalgo-Carrillo J., Marinas A., Marinas 

J.M. and Urbano F.J. A comparative study of photocatalytic degradation of 3-

chloropyridine under UV and solar light by homogeneous (photo-Feton) and 

heterogeneous (TiO2) photocatalysis. Applied Catalysis B: Environmental (2012) 

127:316-322 

[162] Soler J., Garcia-Ripoll A., Hayek N., Miro P., Vicente R., Arques A. and Amat A.M. 

Effect of inorganic ions on the solar detoxification of water polluted with pesticides. 

Water Research (2009) 43:4441-4450 

[163] Bauer R. and Fallmann H. The photo-Fenton oxidation - a cheap and efficient 

wastewater treatment method. Research on Chemical Intermediates (1997) 23(4):341-

354 

[164] Khandelwal D.H. and Ameta R. Use of Photo-Fenton Reagent in the Degradation of 

Basic Yellow 2 in Aqueous Medium. Research Journal of Recent Sciences (2013) 

2(1):39-43 



67 
  

[165] Wang C., Liu H. and Sun Z. Heterogeneous Photo-Fenton Reaction Catalysed by 

Nanosized Iron Oxides for Water Treatment. International Journal of Photoenergy 

(2012) http://dx.doi.org/10.1155/2012/801694 

[166] Bolton J.R., Bircher K.G., Tumas W. and Tolman C.A. Figures-of-Merit for the 

Technical Development and Application of Advanced Oxidation Processes. Journal of 

Advanced Oxidation Technologies (1996) 1(1) 

https://www.researchgate.net/publication/228400355_Figures_of_Merit_for_the_Tech

nical_Development_and_Application_of_Advanced_Oxidation_Process 

 

 

 

   

  

http://dx.doi.org/10.1155/2012/801694
https://www.researchgate.net/publication/228400355_Figures_of_Merit_for_the_Technical_Development_and_Application_of_Advanced_Oxidation_Process
https://www.researchgate.net/publication/228400355_Figures_of_Merit_for_the_Technical_Development_and_Application_of_Advanced_Oxidation_Process

