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1 Introduction  

The presence of refractory organic compounds in wastewater is a many-year global 
problem. Despite the extensive development of various wastewater treatment 
technologies, they still fail to decompose potentially harmful and dangerous com-
pounds. There is an essential need to develop novel solutions that are efficient and 
cheap. One of the effective methods to reduce pollutants is advanced oxidation 
processes (AOPs), consisting of effective radical generation, and deserves special 
attention. This study presents an insight into the used heterogeneous Fenton pro-
cesses, which is one of the AOPs methods. The application of iron-based heteroge-
neous catalysts for wastewater treatment and pollution decomposition is promising, as 
demonstrated by many laboratory, field-based, pilot and full-scale studies. Further, 
fundamentals, primary applications, crucial process parameters, kinetics, and selected 
economic aspects were discussed. 

The literature review has shown that the iron-based heterogeneous Fenton pro-
cess can be suitable for wastewater treatment, including industrial wastewater 
characterized by complex composition. In addition, high efficiency and environ-
mental friendliness indicate the potential for industrial application. 

Clean and sufficient quality water is a crucial component of the environment and 
a resource in industry, agriculture, and human life. WHO and UNICEF noticed that 
in 2017 more than 785 million people did not have access to at least essential water 
services in the last their research published. Furthermore, more than 884 million 
people did not have safe water to drink. These problems affect especially poverty 
country with not enough developed systems of clean water or its complete absence. 
Access to safe drinking water is a basic human right, yet many people around the 
world do not have access to it. This lack of access is often due to poverty, 
inadequate infrastructure, and environmental degradation. Without safe drinking 
water, people may be forced to drink from contaminated sources, which can lead to 
waterborne illnesses such as diarrhea, cholera, and typhoid fever. These illnesses 
can be particularly dangerous for young children, pregnant women, and those with 
weakened immune systems. In addition to the health impacts, the lack of safe 
drinking water can also have economic and social consequences. Without access to 
safe water, people may have to spend a significant amount of time and energy 
collecting water, which can limit their ability to attend school or earn a living. 
Furthermore, the lack of safe water can contribute to conflict and displacement, as 
people may be forced to move in search of water. In developed countries, problems 
with clean water mainly generated pollutants from the transfer and agriculture or 
overexploitation of them. Water pollution is mostly caused by the discharge of 
untreated essential domestic and industrial wastewater. More than 400 million tons 
of pollutants are released into water supplies. Moreover, problems with water 
quality could be generated during accidents and failures in large companies [1–5]. 
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China, India, and some states in the USA and European countries are the 
places that generated the largest amounts of sewage (Figure 1.1). However, even 
treated wastewater is not free from pollutants, which are often present at the trace 
level. This is the effect of the high concentration of residents and the developed 
industry, including textiles, chemicals, and pharmaceuticals. The wastewater is 
often a by-product, generated, among others, when washing production lines. The 
presence of industrial contaminants in ground waters, surface waters, seawater, 
wastewater treatment plants, soils, and sludges was noticed by scientists from all 
world [6]. 

Therefore, it is essential to implement effective wastewater treatment pro-
cesses that can remove a wide range of pollutants, including those that are present 
at trace levels. Furthermore, it is crucial to implement regulations and policies 
that promote the sustainable management of wastewater and the reduction of 
pollution at the source. This will require the cooperation of governments, 
industries, and individuals to ensure that the world’s water resources are pro-
tected for future generations [7]. Industrial wastewater can be dangerous due to 
the presence of various pollutants that can be harmful to human health and the 
environment. These pollutants can include chemicals, heavy metals, pathogens, 
and organic compounds that can have adverse effects on aquatic life, soil, and 
vegetation. For example, some industrial wastewater contains toxic heavy metals 
such as lead, mercury, and cadmium, which can accumulate in the food chain and 
pose a serious threat to human health. Exposure to these heavy metals can result 
in neurological disorders, kidney damage, and cancer. Furthermore, industrial 
wastewater can contain organic compounds such as benzene, toluene, and tri-
chloroethylene, which are harmful to human health even at low levels of ex-
posure. These compounds can cause skin and eye irritation, and respiratory 
problems, and long-term exposure can lead to cancer. 

In addition, industrial wastewater can contain pathogenic microorganisms such 
as bacteria, viruses, and parasites, which can cause waterborne diseases such as 
cholera, typhoid, and hepatitis A. 

Moreover, the discharge of untreated or poorly treated industrial wastewater can 
have serious environmental consequences. For example, the presence of nutrients in 
wastewater can cause eutrophication, which can result in the depletion of oxygen in 
water bodies and the death of aquatic life. 

The industrial compounds contaminate the high source of pharmaceuticals, 
hormones, consumer product chemicals, and other organic wastewater compounds. 
All of these solutions could be dangerous for the environment and people’s health. 
Much of the compounds accumulate very well in the end, consequently, an increase 
in the concentration of pollutants in individual components of the environment. The 
highest threat is related to ones that possess toxic, mutagenic, and carcinogenic 
properties. They are usually difficult to remove and act as endocrine disruptors 
[8–11]. Interestingly, hormones presented in water could be linked to an increase in 
elevated female:male ratios, and their physiological alterations. Moreover, anti-
biotics could change the microbial structure and nitrogen biotransformation pro-
cesses [7]. Pollution of wastewater origin can easily get into groundwater and 
contaminate drinking water resources [12,13]. What is especially important, such 
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FIGURE 1.1 Current urban water scarcity. 

Source:  https://www.nature.com/articles/s41467-021-25026-3/figures/1.    
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effects appear even in low concentrations. Currently, the basic actions to protect the 
environment are:  

•. Wastewater treatment to remove pollutants,  
•. Decreasing the generation of wastewater,  
•. Reusing/closing circuits [14]. 

The most popular and common method is wastewater treatment. The basic methods 
of wastewater treatment are mechanical, biological, chemical, and mixed, as shown 
in Figure 1.2 [15]. Other methods, such as decreasing the generation of wastewater 
are less effective, while reusing/closing circuits cost lots of money. 

Due to the usually high content of organic compounds in industrial wastewater, 
methods such as:  

• Coagulation – is a process based on the coagulation of oppositely charged 
compounds, negative colloids contained in the wastewater (after previous 
destabilization) and positively charged aluminum or Fe3+, which are in the 
form of inorganic coagulants (PAC, PIX) [16–18].  

• Electrocoagulation – is a process that uses metallic electrodes. Scientists used 
them to remove organic compounds and suspensions from treated wastewater. 
The electrode base, located on the anode, is built from the metal part and is 
used to generate the metal ions Mn+. The metallic ions formed at the anode may 
undergo hydrolysis or form polymeric compounds with adsorption properties.  

• Flotation – is the process of separating the fats and flocs present in the 
wastewater in a flotation device (open separation tank). The process takes 
place under the influence of dissolved air. Compounds contained in sewage 
are mixed with fine air bubbles with water and air (a mixture is formed). 
While mixing, air bubbles stick to the fluff and raise it to the surface. Too 
heavy substances in the wastewater do not flow out with the bubbles; they 
settle and then are discharged through the drainage system [17,19]. 
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Source:  https://www.mdpi.com/2073-4344/12/3/344.    
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• Activated carbon adsorption – is a process based on the electron donor- 
acceptor complex mechanism. These processes reals on pollutants of the 
adsorbate act as the electron acceptors and the basic sites on the carbon 
surface serve as the donors. Moreover, scientists noticed the – dispersion 
interactions and the solvent effects during the adsorption process [20,21]. 

However, these methods used alone are not effective enough. Treatment installation 
is required, consisting of more than one unit process. On the other hand, each 
method has its drawbacks. For example, the filtration requires maintenance of the 
filter in a proper condition due to pores clogging, which affects less flow velocity, 
and sorption surface [22]. A by-product of sedimentation is sludge, and the process 
itself is used to complement a proper treatment process. Additionally, sludge needs 
to be removed after the process. During the coagulation, it is also necessary to 
introduce additional chemical compounds, coagulants, and flocculants, which 
increase the salinity of the wastewater [18,23]. The poor removal of fine emulsions 
characterizes the adsorption process [24]. In the case of biological wastewater 
treatment, one should consider the high sensitivity to the content and pH of the toxic 
compound of the wastewater and the conditions that the process should meet [25]. 
Most of the methods mentioned above have their weaknesses and drawbacks, which 
may significantly hinder their usage in industrial wastewater treatment. A growing 
amount of wastewater encourages to development of new treatment methods and 
processes [26]. 

A direction that seems particularly promising is the development of AOPs. The 
reaction is driven due to the generation of molecules with unpaired valence elec-
trons, so-called highly reactive radicals. Radical addition is the attachment of a 
radical to a neutral molecule, during which the multiple bonds are broken, resulting 
in a new product with one unpaired electron [27]. The reaction consists of taking 
hydrogen atoms from C–H, N–H, or O–H. In the next stage, OH bonds transform 
into unsaturated C=C bonds or aromatic rings [28]. In AOP, the typically generated 
radical is the hydroxyl one – •OH, one of the strongest known oxidants [29]. 

The advantages of the process include:  

• Lack of specialized conditions and devices necessary to carry out the 
reaction – “room conditions”,  

• The reagents for carrying out the process are widely available, thus making 
the process inexpensive,  

• Efficiency and effectiveness of converting organic pollutants into simple 
non-toxic compounds,  

• In the case of heterogeneous catalysts (iron minerals), there is a possibility 
of reusing the material – saving raw material and activities conducive to 
environmental protection and reduction of process costs [30]. 

AOPs differ from each other in radicals generated, the reagents used or required 
conditions, or other process parameters. The advantages of AOPs include the use of 
catalysts and oxidants, which are environmentally friendly, and the high efficiency 
in the oxidation of organic compounds. AOPs are an excellent alternative to 
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hazardous oxidation processes and toxic inorganic oxidants such as permanganates 
or chlorine. Due to their high efficiency and effectiveness, the AOPs are readily 
used in the treatment of water and wastewater (including from various industries, 
including textiles or food). Moreover, it is popular to remove pollutants, during soil 
and sediment reclamation, municipal sediment conditioning, and volatile organic 
compounds removal [29]. 

AOPs processes are divided into:  

• Ozone-based AOPs: This type of AOP involves the use of ozone gas (O3) 
to generate hydroxyl radicals. Ozone is a strong oxidizing agent that can 
break down many organic and inorganic pollutants in water. Examples of 
ozone-based AOPs include ozone alone (O3), ozone combined with 
hydrogen peroxide (O3/H2O2), and ozone combined with ultraviolet light 
(O3/UV).  

• Hydrogen peroxide-based AOPs: This type of AOP involves the use of 
hydrogen peroxide (H2O2) to generate hydroxyl radicals. Hydrogen per-
oxide is a relatively weak oxidizing agent that requires a catalyst or 
another oxidizing agent (such as ozone or UV light) to generate hydroxyl 
radicals. Examples of hydrogen peroxide-based AOPs include Fenton’s 
reagent (Fe2+/H2O2) and photo-Fenton’s reagent (Fe2+/H2O2/UV).  

• UV-based AOPs: This type of AOP involves the use of ultraviolet (UV) 
light to generate hydroxyl radicals. UV light can break down some organic 
pollutants, but it is not strong enough to break down many inorganic 
pollutants. Therefore, UV-based AOPs are often combined with other 
oxidizing agents such as hydrogen peroxide or ozone. Examples of UV- 
based AOPs include UV alone (UV), UV combined with hydrogen per-
oxide (UV/H2O2), and UV combined with ozone (UV/O3).  

• Electrochemical AOPs: This type of AOP involves the use of an electric 
current to generate hydroxyl radicals. Electrochemical AOPs can be used 
to treat a wide range of pollutants, including those that are difficult to treat 
using other AOPs. Examples of electrochemical AOPs include electro- 
Fenton (Fe2+/H2O2/DC), anodic oxidation (AO), and cathodic reduction 
(CR) [31]. 

Another breakdown of AOPs includes:  

• Chemical oxidation vs. photochemical oxidation: AOPs can be divided 
into chemical oxidation and photochemical oxidation processes. Chemical 
oxidation processes use chemical oxidants such as ozone, hydrogen per-
oxide, or persulfate to generate hydroxyl radicals. Photochemical oxidation 
processes use UV light irradiation or other light sources to generate 
hydroxyl radicals.  

• Homogeneous vs. heterogeneous AOPs: Homogeneous AOPs have the 
catalyst in the same phase as the solution, whereas heterogeneous AOPs 
have the catalyst in a different phase. Examples of homogeneous AOPs 
include Fenton’s reagent, photo-Fenton, and the TiO2-based photocatalytic 
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process. Examples of heterogeneous AOPs include photocatalysis using 
immobilized catalysts, such as TiO2 on glass plates or ceramic beads.  

• Traditional vs. novel AOPs: Traditional AOPs have been in use for several 
decades, while novel AOPs are relatively new technologies that have been 
developed in recent years. Examples of traditional AOPs include Fenton’s 
reagent, ozonation, and photocatalysis. Examples of novel AOPs include 
plasma-activated water, ultrasound, and sonication.  

• Ozone-based vs. hydrogen peroxide-based AOPs: Ozone and hydrogen 
peroxide are two common oxidants used in AOPs. Ozone-based AOPs 
generate hydroxyl radicals through the reaction of ozone with water, 
whereas hydrogen peroxide-based AOPs generate hydroxyl radicals 
through the reaction of hydrogen peroxide with iron (Fe2+) or light.  

• Thermal vs. non-thermal AOPs: Thermal AOPs rely on heat to generate 
hydroxyl radicals, whereas non-thermal AOPs do not. Examples of thermal 
AOPs include wet air oxidation (WAO) and supercritical water oxidation 
(SCWO). Non-thermal AOPs include photocatalysis, Fenton’s reagent, and 
ozonation [31,32]. 

Scientists used several methods to generate radicals, as shown in Figure 1.3, espe-
cially homogeneous, heterogeneous Fenton process, photo-Fenton or photocatalysis, 
and reaction with ozone [30]. 

The most popular of these methods is the Fenton process, which utilized chemical 
catalysts (including Fe2+, TiO2 ions). In the classical Fenton process, the hydroxyl 
radical (•OH) can be generated from the reaction between aqueous ferrous ions and 
hydrogen peroxide (H2O2). In the next step, hydrogen peroxide destroys refractory 
and toxic organic pollutants in wastewater. The conventional Fenton process realizes 

FIGURE 1.3 Types of advanced oxidation processes. 

Source:  https://www.mdpi.com/2073–4441/11/2/205#.    
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this by including acid regulation, catalyst mixing, oxidation reaction, neutralization, 
and solid-liquid separation. 

In a homogeneous AOPs, the catalyst and the wastewater or solution to be 
treated are in the same phase, usually in the liquid phase. In this type of AOPs, the 
catalyst is typically a metal ion or a combination of metal ions that are used to 
generate highly reactive hydroxyl radicals that can degrade or mineralize various 
types of organic and inorganic pollutants in wastewater. One of the most widely 
used homogeneous AOPs is the Fenton reaction, which involves the reaction of 
hydrogen peroxide with ferrous ions (Fe2+) to produce hydroxyl radicals. The 
Fenton reaction is typically carried out at acidic pH conditions, which favors the 
formation of Fe2+ ions. The hydroxyl radicals generated in the Fenton reaction can 
oxidize a wide range of organic compounds, including aromatic compounds, dyes, 
and pharmaceuticals. Another example of a homogeneous AOPs is the photo- 
Fenton reaction, which combines the Fenton reaction with UV light to generate 
even more hydroxyl radicals. In this process, UV light is used to excite the Fe2+ ions, 
which react with hydrogen peroxide to generate hydroxyl radicals. Homogeneous 
AOPs have several advantages, including high reaction rates, high efficiency, and the 
ability to treat a wide range of pollutants. However, they also have some limitations, 
such as the high cost of the metal catalysts, the requirement for low pH conditions, 
and the potential for the formation of sludge or by-products that may require further 
treatment. Additionally, homogeneous AOPs are not effective for treating pollutants 
that are present in high concentrations or in complex matrices. The homogenous 
Fenton is defined as the Fenton reaction in which iron salts are used as a catalyst. 
However, these processes are characterized by many disadvantages. Among them, we 
distinguish the generation of ferric hydroxide sludge at pH values above 4.0. The 
sludge has to be removed, which generated additional costs in the process. Moreover, 
the catalyst is difficult to recycle and reuse. Other problems with the method are high 
energy consumption and limitation of the operating pH range [33–37]. 

In a heterogeneous Fenton process, the catalyst and the wastewater or solution to 
be treated are in different phases. Typically, the catalyst is immobilized on a solid 
support, such as a porous ceramic or metal oxide material. The wastewater is then 
passed over or through the catalyst, allowing the catalyst to generate highly reactive 
hydroxyl radicals that can degrade or mineralize various types of organic and 
inorganic pollutants. The immobilized catalyst used in heterogeneous Fenton pro-
cesses is typically based on iron or other transition metals, such as titanium, 
manganese, or copper. The catalyst can be prepared by impregnation, precipitation, 
or other methods that involve depositing the metal ions onto the support material. 
The catalyst can also be modified with various agents, such as carbon, to enhance its 
reactivity and stability. 

Heterogeneous Fenton processes have several advantages over homogeneous 
Fenton processes. One of the main advantages is that they allow for the reuse of the 
catalyst, reducing the overall cost of the process. Heterogeneous Fenton processes 
also have a wider pH range of operation, which makes them more versatile for 
treating different types of wastewater. Additionally, they do not require the addition 
of acid to lower the pH, which can result in reduced sludge formation and by- 
product formation [38,39]. 
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Therefore, scientists more often use the heterogeneous Fenton process to degrade 
wastewater. This study aims to provide brief and summarized information about 
heterogeneous Fenton processes usage. The secondary aim of the article is to 
summarize the current state of knowledge regarding the conditions and parameters 
of the process (Figure 1.4). 

REFERENCES  

1. Zhang, Y., et al., Nanomaterials-enabled water and wastewater treatment. 
NanoImpact, 2016. 3. 

2. Pulicharla, R., et al., Cosmetic nanomaterials in wastewater: Titanium dioxide and ful-
lerenes. Journal of Hazardous, Toxic, and Radioactive Waste, 2016. 20(1): p. B4014005.  

3. Maojun, W., et al., The research on the relationship between industrial development 
and environmental pollutant emission. Energy Procedia, 2011. 5: p. 555–561.  

4. Bury, D., et al., Cleaning the environment with MXenes. MRS Bulletin, 2023. 48: 
p. 271–282.  

5. Jakubczak, M., et al., Excellent antimicrobial and photocatalytic performance of 
C/GO/TiO2/Ag and C/TiO2/Ag hybrid nanocomposite beds against waterborne mi-
croorganisms. Materials Chemistry and Physics, 2023. 297: p. 127333.  

6. Patel, M., et al., Pharmaceuticals of emerging concern in aquatic systems: 
Chemistry, occurrence, effects, and removal methods. Chemical Reviews, 2019. 
119(6): p. 3510–3673.  

7. Schaider, L.A., K.M. Rodgers, and R.A. Rudel, Review of organic wastewater 
compound concentrations and removal in onsite wastewater treatment systems. 
Environmental Science & Technology, 2017. 51(13): p. 7304–7317. 

FIGURE 1.4 Summary of the content of the book. 

Source: Own work.    

Introduction                                                                                             9 



8. Rodriguez, S., A. Santos, and A. Romero, Oxidation of priority and emerging pol-
lutants with persulfate activated by iron: Effect of iron valence and particle size. 
Chemical Engineering Journal, 2017. 318: p. 197–205.  

9. Kolpin, D.W., et al., Pharmaceuticals, hormones, and other organic wastewater 
contaminants in U.S. streams, 1999−2000: A national reconnaissance. Environmental 
Science & Technology, 2002. 36(6): p. 1202–1211.  

10. Ellis, T.G., Chemistry of wastewater. Encyclopedia of Life Support System (EOLSS), 
2004. 2: p. 1–10.  

11. Jungclaus, G., V. Avila, and R. Hites, Organic compounds in an industrial wastewater: a 
case study of their environmental impact. Environmental Science & Technology, 1978. 
12(1): p. 88–96.  

12. Zhang, Z., et al., The systematic adsorption of diclofenac onto waste red bricks 
functionalized with iron oxides. Water, 2018. 10: p. 1343. 

13. Karpińska, J. and U. Kotowska, Removal of organic pollution in the water environ-
ment. Water, 2019. 11(10): p. 2017.  

14. Puyol, D., et al., Cosmetic wastewater treatment by upflow anaerobic sludge blanket 
reactor. Journal of Hazardous Materials, 2011. 185(2): p. 1059–1065.  

15. Jhunjhunwala, A., et al., Removal of Levosulpiride from pharmaceutical wastewater 
using an advanced integrated treatment strategy comprising physical, chemical and 
biological treatment. Environmental Progress & Sustainable Energy, 2020. 40: 
p. e13482.  

16. Naumczyk, J., et al., Podczyszczanie ścieków z przemysłu kosmetycznego za pomocą 
procesu koagulacji. Annual Set The Environment Protection, 2013: p. 875–891.  

17. Bogacki, J.P., et al., Cosmetic wastewater treatment using dissolved air flotation. 
Archives of Environmental Protection, 2017. 43(No 2).  

18. Michel, M., et al., Technological conditions for the coagulation of wastewater from 
cosmetic industry. Journal of Ecological Engineering, 2019. 20: p. 78–85.  

19. Wilinski, P., et al., Pretreatment of cosmetic wastewater by dissolved ozone flotation 
(DOF). Desalination and Water Treatment, 2017. 71: p. 95–106.  

20. Chaiwichian, S. and S. Lunphut, Development of activated carbon from parawood 
using as adsorption sheets of organic dye in the wastewater. Materials Today: 
Proceedings, 2021.  

21. Liu, Q.-S., et al., Adsorption isotherm, kinetic and mechanism studies of some 
substituted phenols on activated carbon fibers. Chemical Engineering Journal, 2010. 
157(2): p. 348–356.  

22. Milichovsky, M., et al., Cellulosic sorption filter materials with surface flocculation 
activity—a hopeful anticipation of water purification. Journal of Water Resource and 
Protection, 2014. 06: p. 165–176.  

23. Dutta, K., et al., Chemical oxidation of methylene blue using a Fenton-like reaction. 
J Hazard Mater, 2001. 84(1): p. 57–71.  

24. Georgi, A. and F.-D. Kopinke, Interaction of adsorption and catalytic reactions in water 
decontamination processes: Part I. Oxidation of organic contaminants with hydrogen 
peroxide catalyzed by activated carbon. Applied Catalysis B: Environmental, 2005. 58: 
p. 9–18.  

25. Sarayu, K. and S. Sandhya, Current technologies for biological treatment of textile 
wastewater–a review. Applied Biochemistry and Biotechnology, 2012. 167(3): 
p. 645–661.  

26. Wang, D., M. Ji, and C. Wang, Degradation of organic pollutants and characteristics 
of activated sludge in an anaerobic/anoxic/oxic reactor treating chemical industrial 
wastewater. Brazilian Journal of Chemical Engineering, 2014. 31: p. 703–713.  

27. McMurry, J., Organic chemistry. 7th ed. International student ed. ed. 2008, Belmont, 
CA: Thomson Brooks/Cole. 

10                                           Wastewater Treatment with the Fenton Process 



28. Jack, R.S., et al., A review of iron species for visible-light photocatalytic water 
purification. Environ Sci Pollut Res Int, 2015. 22(10): p. 7439–7449.  

29. Macías-Quiroga, I.F., et al., Bibliometric analysis of advanced oxidation processes 
(AOPs) in wastewater treatment: Global and Ibero-American research trends. 
Environmental Science and Pollution Research, 2021. 28(19): p. 23791–23811.  

30. Pereira, M.C., L.C.A. Oliveira, and E. Murad, Iron oxide catalysts: Fenton and 
Fentonlike reactions – a review. Clay Minerals, 2012. 47(3): p. 285–302.  

31. Ismail, G.A. and H. Sakai, Review on effect of different type of dyes on advanced 
oxidation processes (AOPs) for textile color removal. Chemosphere, 2022. 291: 
p. 132906.  

32. Saien, J., et al., Homogeneous and heterogeneous AOPs for rapid degradation of 
Triton X-100 in aqueous media via UV light, nano titania hydrogen peroxide and 
potassium persulfate. Chemical Engineering Journal, 2011. 167(1): p. 172–182. 

33. Muruganandham, M., et al., Recent developments in homogeneous advanced oxi-
dation processes for water and wastewater treatment. International Journal of 
Photoenergy, 2014. 2014: p. 821674.  

34. Rizzo, L., Addressing main challenges in the tertiary treatment of urban wastewater: 
Are homogeneous photodriven AOPs the answer? Environmental Science: Water 
Research & Technology, 2022. 8(10): p. 2145–2169.  

35. Anandan, S., V. Kumar Ponnusamy, and M. Ashokkumar, A review on hybrid 
techniques for the degradation of organic pollutants in aqueous environment. 
Ultrasonics Sonochemistry, 2020. 67: p. 105130.  

36. Peng, W., et al., Non-radical reactions in persulfate-based homogeneous degradation 
processes: A review. Chemical Engineering Journal, 2021. 421: p. 127818. 

37. Jakubczak, M., et al. Multifunctional carbon-supported bioactive hybrid nano-
composite (C/GO/NCP) bed for superior water decontamination from waterborne 
microorganisms. RSC Advances, 2021. 11: p. 18509–18518. 

38. Luo, H., et al., Application of iron-based materials in heterogeneous advanced oxi-
dation processes for wastewater treatment: A review. Chemical Engineering Journal, 
2021. 407: p. 127191.  

39. Wang, D., et al., Perspectives on surface chemistry of nanostructured catalysts for 
heterogeneous advanced oxidation processes. Environmental Functional Materials, 
2022. 1(2): p. 182–186.  

Introduction                                                                                           11 



Introduction 
Zhang, Y. , et al. , Nanomaterials-enabled water and wastewater treatment. NanoImpact, 2016.
3. 
Pulicharla, R. , et al. , Cosmetic nanomaterials in wastewater: Titanium dioxide and fullerenes.
Journal of Hazardous, Toxic, and Radioactive Waste, 2016. 20(1): p. B4014005. 
Maojun, W. , et al. , The research on the relationship between industrial development and
environmental pollutant emission. Energy Procedia, 2011. 5: p. 555–561. 
Bury, D. , et al., Cleaning the environment with MXenes. MRS Bulletin, 2023. 48: p. 271–282. 
Jakubczak, M. , et al., Excellent antimicrobial and photocatalytic performance of C/GO/TiO2/Ag
and C/TiO2/Ag hybrid nanocomposite beds against waterborne microorganisms. Materials
Chemistry and Physics, 2023. 297: p. 127333. 
Patel, M. , et al. , Pharmaceuticals of emerging concern in aquatic systems: Chemistry,
occurrence, effects, and removal methods. Chemical Reviews, 2019. 119(6): p. 3510–3673. 
Schaider, L.A. , K.M. Rodgers , and R.A. Rudel , Review of organic wastewater compound
concentrations and removal in onsite wastewater treatment systems. Environmental Science &
Technology, 2017. 51(13): p. 7304–7317. 
Rodriguez, S. , A. Santos , and A. Romero , Oxidation of priority and emerging pollutants with
persulfate activated by iron: Effect of iron valence and particle size. Chemical Engineering
Journal, 2017. 318: p. 197–205. 
Kolpin, D.W. , et al. , Pharmaceuticals, hormones, and other organic wastewater contaminants
in U.S. streams, 1999−2000: A national reconnaissance. Environmental Science & Technology,
2002. 36(6): p. 1202–1211. 
Ellis, T.G. , Chemistry of wastewater. Encyclopedia of Life Support System (EOLSS), 2004. 2:
p. 1–10. 
Jungclaus, G. , V. Avila , and R. Hites , Organic compounds in an industrial wastewater: a case
study of their environmental impact. Environmental Science & Technology, 1978. 12(1): p.
88–96. 
Zhang, Z. , et al. , The systematic adsorption of diclofenac onto waste red bricks functionalized
with iron oxides. Water, 2018. 10: p. 1343. 
Karpińska, J. and U. Kotowska , Removal of organic pollution in the water environment. Water,
2019. 11(10): p. 2017. 
Puyol, D. , et al. , Cosmetic wastewater treatment by upflow anaerobic sludge blanket reactor.
Journal of Hazardous Materials, 2011. 185(2): p. 1059–1065. 
Jhunjhunwala, A. , et al. , Removal of Levosulpiride from pharmaceutical wastewater using an
advanced integrated treatment strategy comprising physical, chemical and biological treatment.
Environmental Progress & Sustainable Energy, 2020. 40: p. e13482. 
Naumczyk, J. , et al. , Podczyszczanie ścieków z przemysłu kosmetycznego za pomocą
procesu koagulacji. Annual Set The Environment Protection, 2013: p. 875–891. 
Bogacki, J.P. , et al. , Cosmetic wastewater treatment using dissolved air flotation. Archives of
Environmental Protection, 2017. 43(No 2). 
Michel, M. , et al. , Technological conditions for the coagulation of wastewater from cosmetic
industry. Journal of Ecological Engineering, 2019. 20: p. 78–85. 
Wilinski, P. , et al. , Pretreatment of cosmetic wastewater by dissolved ozone flotation (DOF).
Desalination and Water Treatment, 2017. 71: p. 95–106. 
Chaiwichian, S. and S. Lunphut , Development of activated carbon from parawood using as
adsorption sheets of organic dye in the wastewater. Materials Today: Proceedings, 2021. 
Liu, Q.-S. , et al. , Adsorption isotherm, kinetic and mechanism studies of some substituted
phenols on activated carbon fibers. Chemical Engineering Journal, 2010. 157(2): p. 348–356. 
Milichovsky, M. , et al. , Cellulosic sorption filter materials with surface flocculation activity—a
hopeful anticipation of water purification. Journal of Water Resource and Protection, 2014. 06:
p. 165–176. 
Dutta, K. , et al. , Chemical oxidation of methylene blue using a Fenton-like reaction. J Hazard
Mater, 2001. 84(1): p. 57–71. 
Georgi, A. and F.-D. Kopinke , Interaction of adsorption and catalytic reactions in water
decontamination processes: Part I. Oxidation of organic contaminants with hydrogen peroxide
catalyzed by activated carbon. Applied Catalysis B: Environmental, 2005. 58: p. 9–18. 



Sarayu, K. and S. Sandhya , Current technologies for biological treatment of textile
wastewater–a review. Applied Biochemistry and Biotechnology, 2012. 167(3): p. 645–661. 
Wang, D. , M. Ji , and C. Wang , Degradation of organic pollutants and characteristics of
activated sludge in an anaerobic/anoxic/oxic reactor treating chemical industrial wastewater.
Brazilian Journal of Chemical Engineering, 2014. 31: p. 703–713. 
McMurry, J. , Organic chemistry. 7th ed. International student ed . ed. 2008, Belmont, CA:
Thomson Brooks/Cole. 
Jack, R.S. , et al. , A review of iron species for visible-light photocatalytic water purification.
Environ Sci Pollut Res Int, 2015. 22(10): p. 7439–7449. 
Macías-Quiroga, I.F. , et al. , Bibliometric analysis of advanced oxidation processes (AOPs) in
wastewater treatment: Global and Ibero-American research trends. Environmental Science and
Pollution Research, 2021. 28(19): p. 23791–23811. 
Pereira, M.C. , L.C.A. Oliveira , and E. Murad , Iron oxide catalysts: Fenton and Fentonlike
reactions – a review. Clay Minerals, 2012. 47(3): p. 285–302. 
Ismail, G.A. and H. Sakai , Review on effect of different type of dyes on advanced oxidation
processes (AOPs) for textile color removal. Chemosphere, 2022. 291: p. 132906. 
Saien, J. , et al. , Homogeneous and heterogeneous AOPs for rapid degradation of Triton X-100
in aqueous media via UV light, nano titania hydrogen peroxide and potassium persulfate.
Chemical Engineering Journal, 2011. 167(1): p. 172–182. 
Muruganandham, M. , et al. , Recent developments in homogeneous advanced oxidation
processes for water and wastewater treatment. International Journal of Photoenergy, 2014.
2014: p. 821674. 
Rizzo, L. , Addressing main challenges in the tertiary treatment of urban wastewater: Are
homogeneous photodriven AOPs the answer? Environmental Science: Water Research &
Technology, 2022. 8(10): p. 2145–2169. 
Anandan, S. , V. Kumar Ponnusamy , and M. Ashokkumar , A review on hybrid techniques for
the degradation of organic pollutants in aqueous environment. Ultrasonics Sonochemistry,
2020. 67: p. 105130. 
Peng, W. , et al. , Non-radical reactions in persulfate-based homogeneous degradation
processes: A review. Chemical Engineering Journal, 2021. 421: p. 127818. 
Jakubczak, M. , et al. Multifunctional carbon-supported bioactive hybrid nanocomposite
(C/GO/NCP) bed for superior water decontamination from waterborne microorganisms. RSC
Advances, 2021. 11: p. 18509–18518. 
Luo, H. , et al. , Application of iron-based materials in heterogeneous advanced oxidation
processes for wastewater treatment: A review. Chemical Engineering Journal, 2021. 407: p.
127191. 
Wang, D. , et al. , Perspectives on surface chemistry of nanostructured catalysts for
heterogeneous advanced oxidation processes. Environmental Functional Materials, 2022. 1(2):
p. 182–186. 

 
Fenton Process Principle 
Zhang, Y. and M. Zhou , A critical review of the application of chelating agents to enable Fenton
and Fenton-like reactions at high pH values. Journal of Hazardous Materials, 2019. 362: p.
436–450. 
Ebrahiem, E.E. , M.N. Al-Maghrabi , and A.R. Mobarki , Removal of organic pollutants from
industrial wastewater by applying photo-Fenton oxidation technology. Arabian Journal of
Chemistry, 2017. 10: p. S1674–S1679. 
Munoz, M. , et al. , Preparation of magnetite-based catalysts and their application in
heterogeneous Fenton oxidation – A review. Applied Catalysis B: Environmental, 2015. 176-
177: p. 249–265. 
Kang, S.-F. , C.-H. Liao , and M.-C. Chen , Pre-oxidation and coagulation of textile wastewater
by the Fenton process. Chemosphere, 2002. 46(6): p. 923–928. 
Kim, T.-H. , et al. , Comparison of disperse and reactive dye removals by chemical coagulation
and Fenton oxidation. Journal of Hazardous Materials, 2004. 112(1): p. 95–103.



Barbusiński, K. , Intensyfikacja procesu oczyszczania ścieków i stabilizacji osadów
nadmiernych z wykorzystaniem odczynnika Fentona. 2004, Wydawnictwo Politechniki Śląskiej. 
Lin, S.-S. and M.D. Gurol , Catalytic decomposition of hydrogen peroxide on iron oxide: kinetics,
mechanism, and implications. Environmental Science & Technology, 1998. 32(10): p.
1417–1423. 
Vorontsov, A.V. , Advancing Fenton and photo-Fenton water treatment through the catalyst
design. J Hazard Mater, 2019. 372: p. 103–112. 
Rodriguez, S. , A. Santos , and A. Romero , Oxidation of priority and emerging pollutants with
persulfate activated by iron: effect of iron valence and particle size. Chemical Engineering
Journal, 2017. 318: p. 197–205. 
Babuponnusami, A. and K. Muthukumar , A review on Fenton and improvements to the Fenton
process for wastewater treatment. Journal of Environmental Chemical Engineering, 2014. 2(1):
p. 557–572. 
De Laat, J. and H. Gallard , Catalytic decomposition of hydrogen peroxide by Fe(III) in
homogeneous aqueous solution: mechanism and kinetic modeling. Environmental Science &
Technology, 1999. 33(16): p. 2726–2732. 
Jungclaus, G. , V. Avila , and R. Hites , Organic compounds in an industrial Wastewater: a case
study of their environmental impact. Environmental Science & Technology, 1978. 12(1): p.
88–96. 
Brillas, E. , I. Sirés , and M.A. Oturan , Electro-Fenton process and related electrochemical
technologies based on Fenton’s reaction chemistry. Chemical Reviews, 2009. 109(12): p.
6570–6631. 
Wu, Y. , et al. , Characteristics and mechanisms of kaolinite-supported zero-valent iron/H2O2
system for nitrobenzene degradation. CLEAN – Soil, Air, Water, 2017. 45(3): p. 1600826. 
Xu, X. , et al. , Cyclohexanoic acid breakdown by two-step persulfate and heterogeneous
Fenton-like oxidation. Applied Catalysis B: Environmental, 2018. 232: p. 429–435. 
Sychev, A.Y. and V.G. Isak , Iron compounds and the mechanisms of the homogeneous
catalysis of the activation of O2 and H2O2 and of the oxidation of organic substrates. Russian
Chemical Reviews, 1995. 64(12): p. 1105–1129. 
Basheer Hasan, D.U. , A.A. Abdul Raman , and W.M.A. Wan Daud , Kinetic Modeling of a
Heterogeneous Fenton Oxidative Treatment of Petroleum Refining Wastewater. The Scientific
World Journal, 2014. 2014: p. 252491. 
Ziembowicz, S. and M. Kida , Limitations and future directions of application of the Fenton-like
process in micropollutants degradation in water and wastewater treatment: a critical review.
Chemosphere, 2022. 296: p. 134041. 
He, J. , et al. , Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-
based materials: a review. Journal of Environmental Sciences, 2016. 39: p. 97–109. 
Bray, W.C. and M.H. Gorin , Ferryl ion, a compound of tetravalent iron. Journal of the American
Chemical Society, 1932. 54(5): p. 2124–2125. 
Ortiz de la Plata, G.B. , O.M. Alfano , and A.E. Cassano , Decomposition of 2-chlorophenol
employing goethite as Fenton catalyst. I. Proposal of a feasible, combined reaction scheme of
heterogeneous and homogeneous reactions. Applied Catalysis B: Environmental, 2010. 95(1):
p. 1–13. 
Yang, X. , et al. , Rapid degradation of methylene blue in a novel heterogeneous Fe3O4 
@rGO@TiO2-catalyzed photo-Fenton system. Sci Rep, 2015. 5: p. 10632. 
Martinez-Huitle, C.A. and S. Ferro , Electrochemical oxidation of organic pollutants for the
wastewater treatment: direct and indirect processes. Chemical Society reviews, 2006. 35: p.
1324–1340. 
Bogacki, J. , et al. , Cosmetic wastewater treatment by the ZVI/H2O2 process. Environmental
Technology, 2017. 38(20): p. 2589–2600. 
Bogacki, J.P. , et al. , Cosmetic wastewater treatment using dissolved air flotation. Archives of
Environmental Protection, 2017. 43(2). 
Catrinescu, C. , et al. , Degradation of 4-chlorophenol from wastewater through heterogeneous
Fenton and photo-Fenton process, catalyzed by Al–Fe PILC. Applied Clay Science, 2012. 58: p.
96–101. 
Prousek, J. , et al. , Fenton- and Fenton-like AOPs for wastewater treatment: from laboratory-to-
plant-scale application. Separation Science and Technology, 2007. 42: p. 1505–1520.



Hermosilla, D. , M. Cortijo , and C.P. Huang , The role of iron on the degradation and
mineralization of organic compounds using conventional Fenton and photo-Fenton processes.
Chemical Engineering Journal, 2009. 155(3): p. 637–646. 
Malato, S. , et al. , Decontamination and disinfection of water by solar photocatalysis: recent
overview and trends. Catalysis Today, 2009. 147(1): p. 1–59. 
Soares, P.A. , et al. , Insights into real cotton-textile dyeing wastewater treatment using solar
advanced oxidation processes. Environ Sci Pollut Res Int, 2014. 21(2): p. 932–945. 
Gogate, P.R. and A.B. Pandit , A review of imperative technologies for wastewater treatment I:
oxidation technologies at ambient conditions. Advances in Environmental Research, 2004. 8(3):
p. 501–551. 
Geng, N. , et al. , Insights into the novel application of Fe-MOFs in ultrasound-assisted
heterogeneous Fenton system: efficiency, kinetics and mechanism. Ultrasonics Sonochemistry,
2021. 72: p. 105411. 
Fan, L. , et al. , Treatment of bromoamine acid wastewater using combined process of micro-
electrolysis and biological aerobic filter. Journal of hazardous materials, 2008. 162: p.
1204–1210. 
Ruan, X.-C. , et al. , Degradation and decolorization of reactive red X-3B aqueous solution by
ozone integrated with internal micro-electrolysis. Separation and Purification Technology, 2010.
74(2): p. 195–201. 
Zhou, Y. , et al. , Degradation of 3,3 '-iminobis-propanenitrile in aqueous solution by Fe-0/GAC
micro-electrolysis system. Chemosphere, 2012. 90. 
Nidheesh, P.V. , Heterogeneous Fenton catalysts for the abatement of organic pollutants from
aqueous solution: a review. RSC Advances, 2015. 5(51): p. 40552–40577. 
Guo, S. , G. Zhang , and J. Wang , Photo-Fenton degradation of rhodamine B using
Fe2O3–Kaolin as heterogeneous catalyst: characterization, process optimization and
mechanism. Journal of Colloid and Interface Science, 2014. 433: p. 1–8. 
Zárate-Guzmán, A.I. , et al. , Towards understanding of heterogeneous Fenton reaction using
carbon-Fe catalysts coupled to in-situ H2O2 electro-generation as clean technology for
wastewater treatment. Chemosphere, 2019. 224: p. 698–706. 
Zhang, H. , et al. , Pretreatment of shale gas drilling flowback fluid (SGDF) by the microscale
Fe0/Persulfate/O3 process (mFe0/PS/O3). Chemosphere, 2017. 176. 
Wang, Z. , et al. , Removal of COD from landfill leachate by advanced Fenton process
combined with electrolysis. Separation and Purification Technology, 2019. 208: p. 3–11. 
Yang, Z. , et al. , Enhanced Nitrobenzene reduction by zero valent iron pretreated with
H2O2/HCl. Chemosphere, 2018. 197: p. 494–501. 
Rezaei, F. and D. Vione , Effect of pH on zero valent iron performance in heterogeneous Fenton
and Fenton-like processes: a review. Molecules, 2018. 23(12): p. 3127. 
Duarte, F. , F.J. Maldonado-Hódar , and L.M. Madeira , Influence of the characteristics of
carbon materials on their behaviour as heterogeneous Fenton catalysts for the elimination of the
azo dye Orange II from aqueous solutions. Applied Catalysis B: Environmental, 2011. 103(1): p.
109–115. 
Litter, M.I. and M. Slodowicz , An overview on heterogeneous Fenton and photoFenton
reactions using zerovalent iron materials. Journal of Advanced Oxidation Technologies, 2017.
20(1). 
Campos, S. , et al. , Nafcillin degradation by heterogeneous electro-Fenton process using Fe,
Cu and Fe/Cu nanoparticles. Chemosphere, 2020. 247: p. 125813. 
da Fonseca, F. , et al. , Heterogeneous Fenton process using the mineral hematite for the
discolouration of a reactive dye solution. Brazilian Journal of Chemical Engineering, 2011. 28: p.
605–616. 
Xue, X. , et al. , Adsorption and oxidation of PCP on the surface of magnetite: kinetic
experiments and spectroscopic investigations. Applied Catalysis B: Environmental, 2009. 89(3):
p. 432–440. 
Nie, Y. , et al. , Enhanced Fenton-like degradation of refractory organic compounds by surface
complex formation of LaFeO3 and H2O2 . Journal of Hazardous Materials, 2015. 294: p.
195–200. 
Kušić, H. , N. Koprivanac , and I. Selanec , Fe-exchanged zeolite as the effective
heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation
assistance. Chemosphere, 2006. 65(1): p. 65–73.



Kasiri, M.B. , H. Aleboyeh , and A. Aleboyeh , Degradation of Acid Blue 74 using Fe-ZSM5
zeolite as a heterogeneous photo-Fenton catalyst. Applied Catalysis B: Environmental, 2008.
84(1): p. 9–15. 
Kusic, H. , N. Koprivanac , and A. Loncaric Bozic , Degradation of organic pollutants by zeolite
assisted AOPs in aqueous phase: heterogeneous Fenton type processes, in 13th International
Conference on Advanced Oxidation Technologies for Treatment of Water, Air and Soil. 2007:
Niagara Falls, NY, USA. 
Zhang, G. , S. Wang , and F. Yang , Efficient adsorption and combined
heterogeneous/homogeneous Fenton oxidation of amaranth using supported nano-FeOOH as
cathodic catalysts. The Journal of Physical Chemistry C, 2012. 116(5): p. 3623–3634. 
Ribeiro, A.R. , et al. , An overview on the advanced oxidation processes applied for the
treatment of water pollutants defined in the recently launched Directive 2013/39/EU.
Environment International, 2015. 75: p. 33–51. 
Thomas, N. , D.D. Dionysiou , and S.C. Pillai , Heterogeneous Fenton catalysts: a review of
recent advances. Journal of Hazardous Materials, 2021. 404: p. 124082. 
Ahmed, N. , et al. , A review on the degradation of pollutants by Fenton-like systems based on
zero-valent iron and persulfate: effects of reduction potentials, pH, and anions occurring in
waste waters. Molecules, 2021. 26(15): p. 4584. 
Li, X.Z. , et al. , Photocatalytic oxidation using a new catalyst--TiO2 microsphere--for water and
wastewater treatment. Environ Sci Technol, 2003. 37(17): p. 3989–3994. 
Lai, B.-H. , C.-C. Tak , and D.-H. Chen , Modyfikacja powierzchni nanocząstek tlenku żelaza za
pomocą poliargininy jako wysoce dodatnio naładowanego nanoadsorbentu magnetycznego do
szybkiego i skutecznego odzyskiwania kwaśnych białek . Biochemia procesu, 2012. 47(5): p.
799–805. 
Ovalle, R. , A history of the Fenton reactions (Fenton chemistry for beginners). In R. Ahmad ,
(ed.), Reactive Oxygen Species, Biochemistry, 2022. IntechOpen p. 7. 
Hussain, S. , E. Aneggi , and D. Goi , Catalytic activity of metals in heterogeneous Fenton-like
oxidation of wastewater contaminants: a review. Environmental Chemistry Letters, 2021. 19: p.
2405–2424. 
Hussain, S. , E. Aneggi , and D. Goi , Catalytic activity of metals in heterogeneous Fenton-like
oxidation of wastewater contaminants: a review. Environmental Chemistry Letters, 2021. 19: p.
2405–2424. 
Lee, J. , B.K. Singh , M.A. Hafeez , K. Oh , and W. Um , Comparative study of PMS oxidation
with Fenton oxidation as an advanced oxidation process for Co-EDTA decomplexation.
Chemosphere, 2022. 300: p. 134494. 
Ziembowicz, S. , and M. Kida , Limitations and future directions of application of the Fenton-like
process in micropollutants degradation in water and wastewater treatment: a critical review.
Chemosphere, 2022. 296: p. 134041. 
Zhang, M. , H. Dong , L. Zhao , D. Wang , and D. Meng , A review on Fenton process for
organic wastewater treatment based on optimization perspective. Science of The Total
Environment, 2019. 670: p. 110–121. 
Divyapriya, G. and P.V. Nidheesh , Importance of graphene in the electro-Fenton process. ACS
Omega, 2020. 5: p. 4725–4732. 
Guo, H. , Z. Li , Y. Zhang , N. Jiang , H. Wang , and J. Li , Degradation of chloramphenicol by
pulsed discharge plasma with heterogeneous Fenton process using Fe3O4 nanocomposites.
Separation and Purification Technology, 2020. 253: p. 117540. 

 
Catalysts 
Oliveira, C. , A. Alves , and L.M. Madeira , Treatment of water networks (waters and deposits)
contaminated with chlorfenvinphos by oxidation with Fenton's reagent. Chemical Engineering
Journal, 2014. 241: p. 190–199. 
Kong, S.-H. , R.J. Watts , and J.-H. Choi , Treatment of petroleum-contaminated soils using iron
mineral catalyzed hydrogen peroxide. Chemosphere, 1998. 37(8): p. 1473–1482. 
Wu, Q. , et al. , Copper/MCM-41 as catalyst for the wet oxidation of phenol. Applied Catalysis B:
Environmental, 2001. 32(3): p. 151–156.



Liou, R.-M. , et al. , Fe (III) supported on resin as effective catalyst for the heterogeneous
oxidation of phenol in aqueous solution. Chemosphere, 2005. 59(1): p. 117–125. 
da Fonseca, F. , et al. , Heterogeneous Fenton process using the mineral hematite for the
discolouration of a reactive dye solution. Brazilian Journal of Chemical Engineering, 2011. 28: p.
605–616. 
Zhou, H. , et al. , Removal of 2,4-dichlorophenol from contaminated soil by a heterogeneous
ZVI/EDTA/Air Fenton-like system. Separation and Purification Technology, 2014. 132: p.
346–353. 
Nidheesh, P.V. , Heterogeneous Fenton catalysts for the abatement of organic pollutants from
aqueous solution: a review. RSC Advances, 2015. 5(51): p. 40552–40577. 
Morales-Torres, S. , et al. , Wet air oxidation of trinitrophenol with activated carbon catalysts:
Effect of textural properties on the mechanism of degradation. Applied Catalysis B:
Environmental, 2010. 100(1): p. 310–317. 
Apolinário, Â.C. , et al. , Wet air oxidation of nitro-aromatic compounds: Reactivity on single-
and multi-component systems and surface chemistry studies with a carbon xerogel. Applied
Catalysis B: Environmental, 2008. 84(1): p. 75–86. 
Neyens, E. and J. Baeyens , A review of classic Fenton's peroxidation as an advanced
oxidation technique. J Hazard Mater, 2003. 98(1-3): p. 33–50. 
Muruganandham, M. and M. Swaminathan , Decolourisation of Reactive Orange 4 by Fenton
and photo-Fenton oxidation technology. Dyes and Pigments, 2004. 63(3): p. 315–321. 
Bray, W.C. and M.H. Gorin , Ferryl Ion, A Compound of Tetravalent Iron. Journal of the
American Chemical Society, 1932. 54(5): p. 2124–2125. 
Thomas, N. , D.D. Dionysiou , and S.C. Pillai , Heterogeneous Fenton catalysts: A review of
recent advances. Journal of Hazardous Materials, 2021. 404: p. 124082. 
Sun, Y.-P. , et al. , Characterization of zero-valent iron nanoparticles. Advances in Colloid and
Interface Science, 2006. 120(1): p. 47–56. 
Michel, M. , et al. , Technological conditions for the coagulation of wastewater from cosmetic
industry. Journal of Ecological Engineering, 2019. 20: p. 78–85. 
Yuan, Y. , B. Lai , and Y.-Y. Tang , Combined Fe0/air and Fenton process for the treatment of
dinitrodiazophenol (DDNP) industry wastewater. Chemical Engineering Journal, 2016. 283: p.
1514–1521. 
Wu, Y. , et al. , Characteristics and mechanisms of kaolinite-supported zero-valent iron/H2O2
system for nitrobenzene degradation. CLEAN – Soil, Air, Water, 2017. 45(3): p. 1600826. 
Zhang, H. , et al. , Pretreatment of shale gas drilling flowback fluid (SGDF) by the microscale
Fe0/Persulfate/O3 process (mFe0/PS/O3). Chemosphere, 2017. 176. 
Ribeiro, A.R. , et al. , An overview on the advanced oxidation processes applied for the
treatment of water pollutants defined in the recently launched Directive 2013/39/EU.
Environment International, 2015. 75: p. 33–51. 
Wang, Z. , et al. , Removal of COD from landfill leachate by advanced Fenton process
combined with electrolysis. Separation and Purification Technology, 2019. 208: p. 3–11. 
Yang, Z. , et al. , Enhanced Nitrobenzene reduction by zero valent iron pretreated with
H2O2/HCl. Chemosphere, 2018. 197: p. 494–501. 
Barnes, R.J. , et al. , The impact of zero-valent iron nanoparticles on a river water bacterial
community. Journal of Hazardous Materials, 2010. 184(1): p. 73–80. 
Li, X. , et al. , Characteristics and mechanisms of catalytic ozonation with Fe-shaving-based
catalyst in industrial wastewater advanced treatment. Journal of Cleaner Production, 2019. 222:
p. 174–181. 
Ebrahiem, E.E. , M.N. Al-Maghrabi , and A.R. Mobarki , Removal of organic pollutants from
industrial wastewater by applying photo-Fenton oxidation technology. Arabian Journal of
Chemistry, 2017. 10: p. S1674–S1679. 
Bogacki, J. , et al. , Cosmetic wastewater treatment by the ZVI/H2O2 process. Environmental
Technology, 2017. 38(20): p. 2589–2600. 
Zárate-Guzmán, A.I. , et al. , Towards understanding of heterogeneous Fenton reaction using
carbon-Fe catalysts coupled to in-situ H2O2 electro-generation as clean technology for
wastewater treatment. Chemosphere, 2019. 224: p. 698–706. 
Maojun, W. , et al. , The research on the relationship between industrial development and
environmental pollutant emission. Energy Procedia, 2011. 5: p. 555–561.



Zhang, Z. , et al. , The systematic adsorption of diclofenac onto waste red bricks functionalized
with iron oxides. Water, 2018. 10: p. 1343. 
Xu, X. , et al. , Cyclohexanoic acid breakdown by two-step persulfate and heterogeneous
Fenton-like oxidation. Applied Catalysis B: Environmental, 2018. 232: p. 429–435. 
Rezaei, F. and D. Vione , Effect of pH on zero valent iron performance in heterogeneous Fenton
and Fenton-like processes: a review. Molecules, 2018. 23(12): p. 3127. 
Jan, B. and H. Al-Hazmi , Automotive fleet repair facility wastewater treatment using air/ZVI and
air/ZVI/H2O2 processes. Archives of Environmental Protection, 2017. 43. 
Zhang, M.-H. , et al. , A review on Fenton process for organic wastewater treatment based on
optimization perspective. Science of The Total Environment, 2019. 670: p. 110–121. 
Checa-Fernandez, A. , et al. , Application of chelating agents to enhance Fenton process in soil
remediation: a review. Catalysts, 2021. 11(6): p. 722. 
Qin, J. , et al. , Decomposition of long-chain petroleum hydrocarbons by Fentonlike processes:
Effects of ferrous iron source, salinity and temperature. Ecotoxicology and Environmental
Safety, 2019. 169: p. 764–769. 
Han, Q. , et al. , Cobalt catalyzed peroxymonosulfate oxidation: a review of mechanisms and
applications on degradating organic pollutants in water. Progress in Chemistry, 2012. 24: p.
144–156. 
Zhang, G. , S. Wang , and F. Yang , Efficient adsorption and combined
heterogeneous/homogeneous Fenton oxidation of amaranth using supported nano-FeOOH as
cathodic catalysts. The Journal of Physical Chemistry C, 2012. 116(5): p. 3623–3634. 
Oturan, M.A. , An ecologically effective water treatment technique using electrochemically
generated hydroxyl radicals for in situ destruction of organic pollutants: Application to herbicide
2,4-D. Journal of Applied Electrochemistry, 2000. 30(4): p. 475–482. 
Chen, W. , et al. , Iron oxide containing graphene/carbon nanotube based carbon aerogel as an
efficient E-Fenton cathode for the degradation of methyl blue. Electrochimica Acta, 2016. 200:
p. 75–83. 
Wang, Y. , et al. , Photo-oxidation of Mordant Yellow 10 in aqueous dispersions of ferrihydrite
and H2O2. Journal of Molecular Catalysis A: Chemical, 2010. 325(1): p. 79–83. 
He, J. , et al. , Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-
based materials: A review. Journal of Environmental Sciences, 2016. 39: p. 97–109. 
Kharisov, B.I. , H.V.R. Dias , and O.V. Kharissova , Mini-review: Ferrite nanoparticles in the
catalysis. Arabian Journal of Chemistry, 2019. 12(7): p. 1234–1246. 
Barton, R. , Refinement of the crystal structure of buergerite and the absolute orientation of
tourmalines. Acta Crystallographica Section B, 1969. 25. 
Huang, X. , et al. , Design and synthesis of core–shell Fe3O4@PTMT composite magnetic
microspheres for adsorption of heavy metals from high salinity wastewater. Chemosphere,
2018. 206: p. 513–521. 
Chávez, A.M. , R.R. Solís , and F.J. Beltrán , Magnetic graphene TiO2-based photocatalyst for
the removal of pollutants of emerging concern in water by simulated sunlight aided
photocatalytic ozonation. Applied Catalysis B: Environmental, 2020. 262: p. 118275. 
Bogacki, J. , et al. , Magnetite, hematite and zero-valent iron as co-catalysts in advanced
oxidation processes application for cosmetic wastewater treatment. Catalysts, 2021. 11(1): p. 9. 
Bel Hadjltaief, H. , et al. , Natural hematite and siderite as heterogeneous catalysts for an
effective degradation of 4-chlorophenol via photo-Fenton process. ChemEngineering, 2018.
2(3): p. 29. 
Paterson, E. , U. Schwertmann & R.M. Cornell. Iron Oxides in the Laboratory. Preparation and
Characterization. VCH, Weinheim, 1991. xiv + 137 pp. Price £45 ISBN: 3.527.26991.6. Clay
Minerals, 1992. 27(3): p. 393–393. 
Lei, L. , et al. , Oxidative degradation of poly vinyl alcohol by the photochemically enhanced
Fenton reaction. Journal of Photochemistry and Photobiology A: Chemistry, 1998. 116(2): p.
159–166. 
Silva, A.C. , et al. , Nb-containing hematites Fe2−xNbxO3: The role of Nb5+ on the reactivity in
presence of the H2O2 or ultraviolet light. Applied Catalysis A: General, 2009. 357(1): p. 79–84. 
Oliveira, H.S. , et al. , Nanostructured vanadium-doped iron oxide: catalytic oxidation of
methylene blue dye. New Journal of Chemistry, 2015. 39(4): p. 3051–3058. 
Shi, J. , Z. Ai , and L. Zhang , Fe@Fe2O3 core-shell nanowires enhanced Fenton oxidation by
accelerating the Fe(III)/Fe(II) cycles. Water Res, 2014. 59: p. 145–153.



Guo, L. , et al. , S-doped α-Fe2O3 as a highly active heterogeneous Fenton-like catalyst
towards the degradation of acid orange 7 and phenol. Applied Catalysis B: Environmental,
2010. 96(1-2): p. 162–168. 
Pradhan, G.K. , N. Sahu , and K.M. Parida , Fabrication of S, N co-doped α-Fe2O3
nanostructures: effect of doping, OH radical formation, surface area, [110] plane and particle
size on the photocatalytic activity. RSC Advances, 2013. 3(21): p. 7912–7920. 
Xu, T. , et al. , Mechanisms for the enhanced photo-Fenton activity of ferrihydrite modified with
BiVO4 at neutral pH. Applied Catalysis B: Environmental, 2017. 212: p. 50–58. 
Marcinowski, P. , B. Jan , and J. Naumczyk , Oczyszczanie ścieków kosmetycznych z
wykorzystaniem procesów koagulacji i Fentona The effectiveness of coagulation and Fenton
process cosmetic wastewater treatment. Gaz, woda; technika sanitarna, 2014. 10: p. 386–389. 
Haber, F. , J. Weiss , and W.J. Pope , The catalytic decomposition of hydrogen peroxide by iron
salts. Proceedings of the Royal Society of London. Series A - Mathematical and Physical
Sciences, 1934. 147(861): p. 332–351. 
Zhu, Y. , et al. , Visible-light Ag/AgBr/ferrihydrite catalyst with enhanced heterogeneous photo-
Fenton reactivity via electron transfer from Ag/AgBr to ferrihydrite. Applied Catalysis B:
Environmental, 2018. 239: p. 280–289. 
Xu, D. , et al. , Efficient removal of dye from an aqueous phase using activated carbon
supported ferrihydrite as heterogeneous Fenton-like catalyst under assistance of microwave
irradiation. Journal of the Taiwan Institute of Chemical Engineers, 2016. 60: p. 376–382. 
Wu, Y. , et al. , Feasibility and mechanism of p-nitrophenol decomposition in aqueous
dispersions of ferrihydrite and H2O2 under irradiation. Reaction Kinetics, Mechanisms and
Catalysis, 2013. 110. 
Barreiro, J.C. , et al. , Oxidative decomposition of atrazine by a Fenton-like reaction in a
H2O2/ferrihydrite system. Water Res, 2007. 41(1): p. 55–62. 
Zhang, X. , et al. , Citrate modified ferrihydrite microstructures: Facile synthesis, strong
adsorption and excellent Fenton-like catalytic properties. RSC Advances, 2014. 4: p. 21575. 
Clarizia, L. , et al. , Homogeneous photo-Fenton processes at near neutral pH: A review.
Applied Catalysis B: Environmental, 2017. 209: p. 358–371. 
Liu, S.-Q. , et al. , Magnetic nickel ferrite as a heterogeneous photo-Fenton catalyst for the
degradation of rhodamine B in the presence of oxalic acid. Chemical Engineering Journal, 2012.
203: p. 432–439. 
Soltani, T. and M.H. Entezari , Solar-Fenton catalytic degradation of phenolic compounds by
impure bismuth ferrite nanoparticles synthesized via ultrasound. Chemical Engineering Journal,
2014. 251: p. 207–216. 
Sahoo, B. , et al. , Fabrication of magnetic mesoporous manganese ferrite nanocomposites as
efficient catalyst for degradation of dye pollutants. Catalysis Science & Technology, 2012. 2(7):
p. 1367–1374. 
Jauhar, S. and S. Singhal , Substituted cobalt nano-ferrites, CoMxFe2−xO4 (M=Cr3+, Ni2+,
Cu2+, Zn2+; 0.2≤x≤1.0) as heterogeneous catalysts for modified Fenton׳s reaction. Ceramics
International, 2014. 40: p. 11845–11855. 
Singh, C. , A. Goyal , and S. Singhal , Nickel-doped cobalt ferrite nanoparticles: efficient
catalysts for the reduction of nitroaromatic compounds and photo-oxidative degradation of toxic
dyes. Nanoscale, 2014. 6(14): p. 7959–7970. 
Jauhar, S. , S. Singhal , and M. Dhiman , Manganese substituted cobalt ferrites as efficient
catalysts for H2O2 assisted degradation of cationic and anionic dyes: Their synthesis and
characterization. Applied Catalysis A: General, 2014. 486: p. 210–218. 
Wu, H. , et al. , Decolourization of the azo dye Orange G in aqueous solution via a
heterogeneous Fenton-like reaction catalysed by goethite. Environmental technology, 2011. 33:
p. 1545–1552. 
Lu, M.C. , J.N. Chen , and H.H. Huang , Role of goethite dissolution in the oxidation of 2-
chlorophenol with hydrogen peroxide. Chemosphere, 2002. 46(1): p. 131–136. 
Guimarães, I.R. , et al. , Modified goethites as catalyst for oxidation of quinoline: Evidence of
heterogeneous Fenton process. Applied Catalysis A: General, 2008. 347(1): p. 89–93. 
Lin, S.-S. and M.D. Gurol , Catalytic decomposition of hydrogen peroxide on iron oxide: kinetics,
mechanism, and implications. Environmental Science & Technology, 1998. 32(10): p.
1417–1423.



Yavuz, F. , A.H. Gültekin , and M.Ç. Karakaya , CLASTOUR: a computer program for
classification of the minerals of the tourmaline group. Computers & Geosciences, 2002. 28(9):
p. 1017–1036. 
Zong-Zhe, J. , et al. , Observation of spontaneous polarization of tourmaline. Chinese Physics,
2003. 12(2): p. 222–225. 
Prasad, P.S.R. , Study of structural disorder in natural tourmalines by infrared spectroscopy.
Gondwana Research, 2005. 8(2): p. 265–270. 
Proceedings First International Symposium on Environmentally Conscious Design and Inverse
Manufacturing. in Proceedings First International Symposium on Environmentally Conscious
Design and Inverse Manufacturing. 1999. 
Xu, H.-Y. , M. Prasad , and Y. Liu , Schorl: A novel catalyst in mineral-catalyzed Fenton-like
system for dyeing wastewater discoloration. Journal of Hazardous Materials, 2009. 165(1): p.
1186–1192. 
Xu, H. , et al. , Role of schorl's electrostatic field in discoloration of methyl orange wastewater
using schorl as catalyst in the presence of H2O2. Science China Technological Sciences, 2010.
53: p. 3014–3019. 
Ammar, S. , et al. , Degradation of tyrosol by a novel electro-Fenton process using pyrite as
heterogeneous source of iron catalyst. Water Research, 2015. 74: p. 77–87. 
Fathinia, S. , et al. , Preparation of natural pyrite nanoparticles by high energy planetary ball
milling as a nanocatalyst for heterogeneous Fenton process. Applied Surface Science, 2015.
327: p. 190–200. 
Craig, J.R. , F.M. Vokes , and T.N. Solberg , Pyrite: physical and chemical textures. Mineralium
Deposita, 1998. 34(1): p. 82–101. 
Yamaguchi, R. , et al. , Hydroxyl radical generation by zero-valent iron/Cu (ZVI/Cu) bimetallic
catalyst in wastewater treatment: Heterogeneous Fenton/Fenton-like reactions by Fenton
reagents formed in-situ under oxic conditions. Chemical Engineering Journal, 2018. 334: p.
1537–1549. 
Costa, R.C.C. , et al. , Remarkable effect of Co and Mn on the activity of Fe3−xMxO4 promoted
oxidation of organic contaminants in aqueous medium with H2O2. Catalysis Communications,
2003. 4(10): p. 525–529. 
Magalhães, F. , et al. , Cr-containing magnetites Fe3−xCrxO4: The role of Cr3+ and Fe2+ on
the stability and reactivity towards H2O2 reactions. Applied Catalysis A: General, 2007. 332(1):
p. 115–123. 
Tan, W. , et al. , Enhanced mineralization of Reactive Black 5 by waste iron oxide via photo-
Fenton process. Research on Chemical Intermediates, 2020. 46. 
Zhou, L. , et al. , Fabrication of magnetic carbon composites from peanut shells and its
application as a heterogeneous Fenton catalyst in removal of methylene blue. Applied Surface
Science, 2015. 324: p. 490–498. 
Ma, J. , et al. , Novel magnetic porous carbon spheres derived from chelating resin as a
heterogeneous Fenton catalyst for the removal of methylene blue from aqueous solution.
Journal of Colloid and Interface Science, 2015. 446: p. 298–306. 
Bennedsen, L.R. , et al. , Mobilization of metals during treatment of contaminated soils by
modified Fenton's reagent using different chelating agents. Journal of Hazardous Materials,
2012. 199-200: p. 128–134. 
Vicente, F. , et al. , Improvement soil remediation by using stabilizers and chelating agents in a
Fenton-like process. Chemical Engineering Journal, 2011. 172(2): p. 689–697. 
Kang, N. and I. Hua , Enhanced chemical oxidation of aromatic hydrocarbons in soil systems.
Chemosphere, 2005. 61(7): p. 909–922. 
Rahim Pouran, S. , et al. , Niobium substituted magnetite as a strong heterogeneous Fenton
catalyst for wastewater treatment. Applied Surface Science, 2015. 351: p. 175–187. 
Robbins, M. , et al. , Magnetic properties and site distributions in the system FeCr2O4-Fe3O4,
(Fe2+ Cr2-xFe3+xO4). Journal de Physique Colloques, 1971. 32(C1): p. C1-266–C1-267. 
Qiu, B. , M. Xing , and J. Zhang , Mesoporous TiO2 nanocrystals grown in situ on graphene
aerogels for high photocatalysis and lithium-ion batteries. Journal of the American Chemical
Society, 2014. 136(16): p. 5852–5855. 
Yang, X. , et al. , Rapid degradation of methylene blue in a novel heterogeneous Fe3O4 
@rGO@TiO2-catalyzed photo-Fenton system. Sci Rep, 2015. 5: p. 10632.



Guo, S. , et al. , Graphene modified iron sludge derived from homogeneous Fenton process as
an efficient heterogeneous Fenton catalyst for degradation of organic pollutants. Microporous
and Mesoporous Materials, 2017. 238: p. 62–68. 
Zhang, C. , et al. , Heterogeneous electro-Fenton using modified iron–carbon as catalyst for
2,4-dichlorophenol degradation: Influence factors, mechanism and degradation pathway. Water
Research, 2015. 70: p. 414–424. 
Zhang, C. , et al. , A new type of continuous-flow heterogeneous electro-Fenton reactor for
Tartrazine degradation. Separation and Purification Technology, 2019. 208: p. 76–82. 
Luo, T. , et al. , Efficient degradation of tetracycline by heterogeneous electro-Fenton process
using Cu-doped Fe@Fe2O3: Mechanism and degradation pathway. Chemical Engineering
Journal, 2020. 382: p. 122970. 
Saratale, R.G. , et al. , Hydroxamic acid mediated heterogeneous Fenton-like catalysts for the
efficient removal of Acid Red 88, textile wastewater and their phytotoxicity studies. Ecotoxicol
Environ Saf, 2019. 167: p. 385–395. 
Kakkar, R. , Theoretical studies on hydroxamic acids, in Hydroxamic Acids: A Unique Family of
Chemicals with Multiple Biological Activities, S.P. Gupta , Editor. 2013, Springer Berlin
Heidelberg: Berlin, Heidelberg. p. 19–53. 
Sun, L. , et al. , Efficient removal of dyes using activated carbon fibers coupled with 8-
hydroxyquinoline ferric as a reusable Fenton-like catalyst. Chemical Engineering Journal, 2014.
240: p. 413–419. 
Zhao, X. , et al. , Removing organic contaminants with bifunctional iron modified rectorite as
efficient adsorbent and visible light photo-Fenton catalyst. J Hazard Mater, 2012. 215–216: p.
57–64. 
Hussain, S. , et al. , Enhanced ibuprofen removal by heterogeneous-Fenton process over
Cu/ZrO2 and Fe/ZrO2 catalysts. Journal of Environmental Chemical Engineering, 2020. 8(1): p.
103586. 
Zhou, T. , et al. , Rapid decolorization and mineralization of simulated textile wastewater in a
heterogeneous Fenton like system with/without external energy. Journal of Hazardous
Materials, 2009. 165(1): p. 193–199. 
Aleksić, M. , et al. , Heterogeneous Fenton type processes for the degradation of organic dye
pollutant in water – the application of zeolite assisted AOPs. Desalination, 2010. 257: p. 22–29. 
Neamţu, M. , C. Catrinescu , and A. Kettrup , Effect of dealumination of iron(III)—exchanged Y
zeolites on oxidation of Reactive Yellow 84 azo dye in the presence of hydrogen peroxide.
Applied Catalysis B: Environmental, 2004. 51(3): p. 149–157. 
Feng, J. , X. Hu , and P.L. Yue , Effect of initial solution pH on the degradation of Orange II
using clay-based Fe nanocomposites as heterogeneous photo-Fenton catalyst. Water
Research, 2006. 40(4): p. 641–646. 
Ali, M.E.M. , T.A. Gad-Allah , and M.I. Badawy , Heterogeneous Fenton process using steel
industry wastes for methyl orange degradation. Applied Water Science, 2013. 3(1): p. 263–270. 
Sathe, S.M. , et al. , Waste-derived iron catalyzed bio-electro-Fenton process for the cathodic
degradation of surfactants. Environmental Research, 2022. 212: p. 113141. 
Kumar, V. , et al. , Degradation of mixed dye via heterogeneous Fenton process: Studies of
calcination, toxicity evaluation, and kinetics. Water Environ Res, 2020. 92(2): p. 211–221. 
Gayapan, K. , et al. , Effects of calcination and pretreatment temperatures on the catalytic
activity and stability of H 2 -treated WO 3 /SiO 2 catalysts in metathesis of ethylene and 2-
butene. RSC Advances, 2018. 8: p. 28555–28568. 
Wang, N. , et al. , Study on preparation conditions of coal fly ash catalyst and catalytic
mechanism in a heterogeneous Fenton-like process. RSC Advances, 2017. 7: p. 52524–52532. 
Mashayekh-Salehi, A. , et al. , Use of mine waste for H2O2-assisted heterogeneous Fenton-like
degradation of tetracycline by natural pyrite nanoparticles: Catalyst characterization,
degradation mechanism, operational parameters and cytotoxicity assessment. Journal of
Cleaner Production, 2021. 291: p. 125235. 
Van, H.T. , et al. , Heterogeneous Fenton oxidation of paracetamol in aqueous solution using
iron slag as a catalyst: Degradation mechanisms and kinetics. Environmental Technology &
Innovation, 2020. 18: p. 100670. 
Chu, J.-H. , et al. , Application of magnetic biochar derived from food waste in heterogeneous
sono-Fenton-like process for removal of organic dyes from aqueous solution. Journal of Water
Process Engineering, 2020. 37: p. 101455.



Li, H.-C. , et al. , Ionothermal carbonization of biomass to construct Fe, N-doped biochar with
prominent activity and recyclability as cathodic catalysts in heterogeneous electro-Fenton. ACS
ES&T Engineering, 2021. 1(1): p. 21–31. 
Bansal, P. , T.S. Bui , and B.-K. Lee , Potential applications of ASR fly ash in photo-Fenton like
process for the degradation of tetracycline at neutral pH: Fixed-bed approach. Chemical
Engineering Journal, 2020. 391: p. 123509. 
Ribeiro, J.P. , et al. , Granulated biomass fly ash coupled with fenton process for pulp and paper
wastewater treatment. Environmental Pollution, 2023. 317: p. 120777. 
Wang, N. , et al. , Treatment of polymer-flooding wastewater by a modified coal fly ash-
catalysed Fenton-like process with microwave pre-enhancement: System parameters, kinetics,
and proposed mechanism. Chemical Engineering Journal, 2021. 406: p. 126734. 
Wang, N. , Q. Zhao , and A. Zhang , Catalytic oxidation of organic pollutants in wastewater via a
Fenton-like process under the catalysis of HNO3-modified coal fly ash. RSC Advances, 2017.
7(44): p. 27619–27628. 
Bolobajev, J. , et al. , Reuse of ferric sludge as an iron source for the Fenton-based process in
wastewater treatment. Chemical Engineering Journal, 2014. 255: p. 8–13. 
Gou, Y. , et al. , Degradation of fluoroquinolones in homogeneous and heterogeneous photo-
Fenton processes: A review. Chemosphere, 2021. 270: p. 129481. 
Demarchis, L. , et al. , Photo–Fenton reaction in the presence of morphologically controlled
hematite as iron source. Journal of Photochemistry and Photobiology A: Chemistry, 2015. 307-
308: p. 99–107. 
Ganiyu, S.O. , M. Zhou , and C.A. Martínez-Huitle , Heterogeneous electro-Fenton and
photoelectro-Fenton processes: A critical review of fundamental principles and application for
water/wastewater treatment. Applied Catalysis B: Environmental, 2018. 235: p. 103–129. 
Das, A. and M.K. Adak , Photo-catalyst for wastewater treatment: A review of modified Fenton,
and their reaction kinetics. Applied Surface Science Advances, 2022. 11: p. 100282. 
Herrera, F. , et al. , Catalytic decomposition of the reactive dye UNIBLUE a on hematite.
modeling of the reactive surface. Water Research, 2001. 35(3): p. 750–760. 
Amara, D. , J. Grinblat , and S. Margel , Synthesis of magnetic iron and iron oxide micrometre-
sized composite particles of narrow size distribution by annealing iron salts entrapped within
uniform porous poly(divinylbenzene) microspheres. Journal of Materials Chemistry, 2010.
20(10): p. 1899–1906. 
Amara, D. and S. Margel , Synthesis and characterization of superparamagnetic core–shell
micrometre-sized particles of narrow size distribution by a swelling process. Journal of Materials
Chemistry, 2012. 22(18): p. 9268–9276. 
Liu, Y. and H. Yan , Carbon microspheres with embedded magnetic iron oxide nanoparticles.
Materials Letters, 2011. 65(7): p. 1063–1065. 
Degradation of azo dye Reactive Black B using an immobilized iron oxide in a batch photo-
fluidized bed reactor. Environmental Engineering Science, 2010. 27(12): p. 1043–1048. 
González-Bahamón, L.F. , et al. , Photo-Fenton degradation of resorcinol mediated by catalysts
based on iron species supported on polymers. Journal of Photochemistry and Photobiology A:
Chemistry, 2011. 217(1): p. 201–206. 
Cornu, C. , et al. , Identification and location of Iron species in Fe/SBA-15 catalysts: interest for
catalytic Fenton reactions. The Journal of Physical Chemistry C, 2012. 116(5): p. 3437–3448. 
Hsueh, C.L. , Y.H. Huang , and C.Y. Chen , Novel activated alumina-supported iron oxide-
composite as a heterogeneous catalyst for photooxidative degradation of reactive black 5.
Journal of Hazardous Materials, 2006. 129(1): p. 228–233. 
Rodríguez-Gil, J.L. , et al. , Heterogeneous photo-Fenton treatment for the reduction of
pharmaceutical contamination in Madrid rivers and ecotoxicological evaluation by a miniaturized
fern spores bioassay. Chemosphere, 2010. 80(4): p. 381–388. 
Huang, W. , et al. , Effect of ethylenediamine-N,N’-disuccinic acid on Fenton and photo-Fenton
processes using goethite as an iron source: optimization of parameters for bisphenol A
degradation. Environ Sci Pollut Res Int, 2013. 20(1): p. 39–50. 
Ramirez, J.H. , et al. , Azo-dye Orange II degradation by heterogeneous Fenton-like reaction
using carbon-Fe catalysts. Applied Catalysis B: Environmental, 2007. 75(3): p. 312–323. 
Variava, M.F. , T.L. Church , and A.T. Harris , Magnetically recoverable FexOy–MWNT Fenton's
catalysts that show enhanced activity at neutral pH. Applied Catalysis B: Environmental, 2012.
123-124: p. 200–207.



Gonzalez-Olmos, R. , et al. , Indications of the reactive species in a heterogeneous Fenton-like
reaction using Fe-containing zeolites. Applied Catalysis A: General, 2011. 398(1): p. 44–53. 
Zhao, D. , et al. , Triblock copolymer syntheses of mesoporous silica with periodic 50 to 300
angstrom pores. Science, 1998. 279(5350): p. 548–552. 
Benzaquén, T.B. , et al. , Heterogeneous Fenton reaction for the treatment of ACE in residual
waters of pharmacological origin using Fe-SBA-15 nanocomposites. Molecular Catalysis, 2020.
481: p. 110239. 
Niveditha, S. and R. Gandhimathi , Mineralization of stabilized landfill leachate by
heterogeneous Fenton process with RSM optimization. Separation Science and Technology,
2020: p. 1–10. 
Zhong, X. , et al. , Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst
for the degradation of C.I. Acid Orange 7 using sono–photo-Fenton process. Separation and
Purification Technology, 2011. 80(1): p. 163–171. 
Wang, C. , H. Liu , and Z. Sun , Heterogeneous photo-Fenton reaction catalyzed by nanosized
iron oxides for water treatment. International Journal of Photoenergy, 2012. 2012: p. 801694. 
Barndõk, H. , et al. , Heterogeneous photo-Fenton processes using zero valent iron
microspheres for the treatment of wastewaters contaminated with 1,4-dioxane. Chemical
Engineering Journal, 2016. 284: p. 112–121. 
Dantas, T.L.P. , et al. , Treatment of textile wastewater by heterogeneous Fenton process using
a new composite Fe2O3/carbon. Chemical Engineering Journal, 2006. 118(1): p. 77–82. 
Chakinala, A.G. , et al. , Industrial wastewater treatment using hydrodynamic cavitation and
heterogeneous advanced Fenton processing. Chemical Engineering Journal, 2009. 152(2): p.
498–502. 
Hou, B. , et al. , Three-dimensional heterogeneous electro-Fenton oxidation of biologically
pretreated coal gasification wastewater using sludge derived carbon as catalytic particle
electrodes and catalyst. Journal of the Taiwan Institute of Chemical Engineers, 2016. 60: p.
352–360. 
Tu, Y. , et al. , Heterogeneous photo-Fenton oxidation of Acid Orange II over iron–sewage
sludge derived carbon under visible irradiation. Journal of Chemical Technology &
Biotechnology, 2014. 89(4): p. 544–551. 
Karthikeyan, S. , et al. , Treatment of textile wastewater by homogeneous and heterogeneous
Fenton oxidation processes. Desalination, 2011. 281: p. 438–445. 
Sreeja, P.H. and K.J. Sosamony , A comparative study of homogeneous and heterogeneous
photo-Fenton process for textile wastewater treatment. Procedia Technology, 2016. 24: p.
217–223. 
Liu, F. , et al. , Application of heterogeneous photo-Fenton process for the mineralization of
imidacloprid containing wastewater. Environmental Technology, 2020. 41(5): p. 539–546. 
Ban, F.C. , X.T. Zheng , and H.Y. Zhang , Photo-assisted heterogeneous Fenton-like process
for treatment of PNP wastewater. Journal of Water, Sanitation and Hygiene for Development,
2020. 10(1): p. 136–145. 
Punzi, M. , B. Mattiasson , and M. Jonstrup , Treatment of synthetic textile wastewater by
homogeneous and heterogeneous photo-Fenton oxidation. Journal of Photochemistry and
Photobiology A: Chemistry, 2012. 248: p. 30–35. 
Sun, L. , Y. Li , and A. Li , Treatment of actual chemical wastewater by a heterogeneous Fenton
process using natural pyrite. Int J Environ Res Public Health, 2015. 12(11): p. 13762–13778. 
Hu, J. , et al. , In-situ Fe-doped g-C3N4 heterogeneous catalyst via photocatalysis-Fenton
reaction with enriched photocatalytic performance for removal of complex wastewater. Applied
Catalysis B: Environmental, 2019. 245: p. 130–142. 
Bel Hadjltaief, H. , et al. , Influence of Operational Parameters in the Heterogeneous Photo-
Fenton Discoloration of Wastewaters in the Presence of an Iron-Pillared Clay. Industrial &
Engineering Chemistry Research, 2013. 52(47): p. 16656–16665. 
Yang, S. , et al. , Degradation of methylene blue by heterogeneous Fenton reaction using
titanomagnetite at neutral pH values: process and affecting factors. Industrial & Engineering
Chemistry Research, 2009. 48(22): p. 9915–9921. 
Jain, B. , et al. , Treatment of pharmaceutical wastewater by heterogeneous Fenton process: an
innovative approach. Nanotechnology for Environmental Engineering, 2020. 5(2): p. 13. 
Xin, S. , et al. , High efficiency heterogeneous Fenton-like catalyst biochar modified CuFeO2 for
the degradation of tetracycline: Economical synthesis, catalytic performance and mechanism.



Applied Catalysis B: Environmental, 2021. 280: p. 119386. 
Lv, Y. , et al. , Remediation of organic arsenic contaminants with heterogeneous Fenton
process mediated by SiO(2)-coated nano zero-valent iron. Environ Sci Pollut Res Int, 2020.
27(11): p. 12017–12029. 
Heidari, Z. , et al. , Application of mineral iron-based natural catalysts in electro-Fenton process:
a comparative study. Catalysts, 2021. 11(1): p. 57. 
Parolini, M. , A. Pedriali , and A. Binelli , Application of a biomarker response index for ranking
the toxicity of five pharmaceutical and personal care products (PPCPs) to the bivalve Dreissena
polymorpha. Arch Environ Contam Toxicol, 2013. 64(3): p. 439–447. 
Geng, N. , et al. , Insights into the novel application of Fe-MOFs in ultrasound-assisted
heterogeneous Fenton system: Efficiency, kinetics and mechanism. Ultrasonics Sonochemistry,
2021. 72: p. 105411. 
Ghasemi, H. , et al. , Decolorization of wastewater by heterogeneous Fenton reaction using
MnO2-Fe3O4/CuO hybrid catalysts. Journal of Environmental Chemical Engineering, 2021.
9(2): p. 105091. 
Papić, S. , et al. , Decolourization and mineralization of commercial reactive dyes by using
homogeneous and heterogeneous Fenton and UV/Fenton processes. Journal of Hazardous
Materials, 2009. 164(2–3): p. 1137–1145. 

 
Nanomaterials 
Aghdasinia, H. , et al. , Pilot plant fluidized-bed reactor for degradation of basic blue 3 in
heterogeneous fenton process in the presence of natural magnetite. Environmental Progress &
Sustainable Energy, 2017. 36(4): p. 1039–1048. 
Guo, S. , et al. , Graphene modified iron sludge derived from homogeneous Fenton process as
an efficient heterogeneous Fenton catalyst for degradation of organic pollutants. Microporous
and Mesoporous Materials, 2017. 238: p. 62–68. 
Luo, T. , et al. , Efficient degradation of tetracycline by heterogeneous electro-Fenton process
using Cu-doped Fe@Fe2O3: Mechanism and degradation pathway. Chemical Engineering
Journal, 2020. 382: p. 122970. 
Zhao, X. , et al. , Removing organic contaminants with bifunctional iron modified rectorite as
efficient adsorbent and visible light photo-Fenton catalyst. J Hazard Mater, 2012. 215–216: p.
57–64. 
Benzaquén, T.B. , et al. , Heterogeneous Fenton reaction for the treatment of ACE in residual
waters of pharmacological origin using Fe-SBA-15 nanocomposites. Molecular Catalysis, 2020.
481: p. 110239. 
Khataee, A. , et al. , Preparation of nanostructured magnetite with plasma for degradation of a
cationic textile dye by the heterogeneous Fenton process. Journal of the Taiwan Institute of
Chemical Engineers, 2015. 53: p. 132–139. 
Akhavan, O. and R. Azimirad , Photocatalytic property of Fe2O3 nanograin chains coated by
TiO2 nanolayer in visible light irradiation. Applied Catalysis A: General, 2009. 369(1): p. 77–82. 
Khataee, A.R. , et al. , Combined heterogeneous and homogeneous photodegradation of a dye
using immobilized TiO2 nanophotocatalyst and modified graphite electrode with carbon
nanotubes. Journal of Molecular Catalysis A: Chemical, 2012. 363–364: p. 58–68. 
Eshaq, G. , et al. , Superior performance of FeVO(4)@CeO(2) uniform core-shell
nanostructures in heterogeneous Fenton-sonophotocatalytic degradation of 4-nitrophenol. J
Hazard Mater, 2020. 382: p. 121059. 
Luo, W. , et al. , Efficient removal of organic pollutants with magnetic nanoscaled BiFeO3 as a
reusable heterogeneous Fenton-like catalyst. Environmental Science & Technology, 2010.
44(5): p. 1786–1791. 
Garrido-Ramírez, E.G. , et al. , Characterization of nanostructured allophane clays and their use
as support of iron species in a heterogeneous electro-Fenton system. Applied Clay Science,
2013. 86: p. 153–161. 
Hassani, A. , et al. , Preparation of magnetite nanoparticles by high-energy planetary ball mill
and its application for ciprofloxacin degradation through heterogeneous Fenton process. J
Environ Manage, 2018. 211: p. 53–62.



Guo, H. , et al. , Degradation of chloramphenicol by pulsed discharge plasma with
heterogeneous Fenton process using Fe3O4 nanocomposites. Separation and Purification
Technology, 2020. 253: p. 117540. 
Wang, L. , et al. , Removal of chlorpheniramine in a nanoscale zero-valent iron induced
heterogeneous Fenton system: Influencing factors and degradation intermediates. Chemical
Engineering Journal, 2016. 284: p. 1058–1067. 
Wang, J. and J. Tang , Fe-based Fenton-like catalysts for water treatment: Preparation,
characterization and modification. Chemosphere, 2021. 276: p. 130177. 
Taghizadeh, S.-M. , et al. , New perspectives on iron-based nanostructures. Processes, 2020.
8(9): p. 1128. 
Minella, M. , et al. , Photo-Fenton oxidation of phenol with magnetite as iron source. Applied
Catalysis B: Environmental, 2014. 154–155: p. 102–109. 
Hussain, S. , et al. , Removal of organics from landfill leachate by heterogeneous Fenton-like
oxidation over copper-based catalyst. Catalysts, 2022. 12(3): p. 338. 
Gholizadeh, A.M. , et al. , Phenazopyridine degradation by electro-Fenton process with
magnetite nanoparticles-activated carbon cathode, artificial neural networks modeling. Journal
of Environmental Chemical Engineering, 2021. 9(1): p. 104999. 
Wang, Y. , et al. , Goethite as an efficient heterogeneous Fenton catalyst for the degradation of
methyl orange. Catalysis Today, 2015. 252: p. 107–112. 
Jaiswal, A. , et al. , Synthesis, characterization and application of goethite mineral as an
adsorbent. Journal of Environmental Chemical Engineering, 2013. 1(3): p. 281–289. 
Mohapatra, M. , et al. , Removal of As(V) by Cu(II)-, Ni(II)-, or Co(II)-doped goethite samples.
Journal of Colloid and Interface Science, 2006. 298(1): p. 6–12. 
Lai, J. , S. Xuan , and K.C.-F. Leung , Tunable synthesis of hematite structures with nanoscale
subunits for the heterogeneous photo-Fenton degradation of azo dyes. ACS Applied Nano
Materials, 2022. 5(10): p. 13768–13778. 
Twinkle , et al. , Graphene oxide (GO)/Copper doped Hematite (α-Fe2O3) nanoparticles for
organic pollutants degradation applications at room temperature and neutral pH. Materials
Research Express, 2019. 6(11): p. 115026. 
Zhu, Y. , et al. , Hydrothermal carbons/ferrihydrite heterogeneous Fenton catalysts with low
H2O2 consumption and the effect of graphitization degrees. Chemosphere, 2022. 287: p.
131933. 
Fang, D. , et al. , Enhanced catalytic performance of β-FeOOH by coupling with single-walled
carbon nanotubes in a visible-light-Fenton-like process. Science and Engineering of Composite
Materials, 2018. 25(1): p. 9–15. 
Shi, X. , et al. , Stoichiometry-controlled synthesis of pyrite and greigite particles for photo-
Fenton degradation catalysis. New Journal of Chemistry, 2022. 46(29): p. 14205–14213. 
Suryawanshi, P.L. , et al. , Chapter 27 - Fenton with zero-valent iron nanoparticles (nZVI)
processes: Role of nanomaterials, in Handbook of Nanomaterials for Wastewater Treatment, B.
Bhanvase , et al. , Editors. 2021, Elsevier. p. 847–866. 
Pasinszki, T. and M. Krebsz , Synthesis and application of zero-valent iron nanoparticles in
water treatment, environmental remediation, catalysis, and their biological effects.
Nanomaterials, 2020. 10(5): p. 917. 
Lefevre, E. , et al. , A review of the environmental implications of in situ remediation by
nanoscale zero valent iron (nZVI): Behavior, transport and impacts on microbial communities.
Science of The Total Environment, 2016. 565: p. 889–901. 
Guan, Z. , et al. , Application of novel amino-functionalized nzvi@sio2 nanoparticles to enhance
anaerobic granular sludge removal of 2,4, 6-Trichlorophenol. Bioinorganic Chemistry and
Applications, 2015. 2015: p. 548961. 
Yang, C. , et al. , Does soluble starch improve the removal of Cr(VI) by nZVI loaded on biochar?
Ecotoxicology and Environmental Safety, 2021. 208: p. 111552. 
Chen, X. , et al. , Review on nano zerovalent iron (nZVI): from modification to environmental
applications. IOP Conference Series: Earth and Environmental Science, 2017. 51(1): p. 012004. 
Duarte, F. , et al. , Treatment of textile effluents by the heterogeneous Fenton process in a
continuous packed-bed reactor using Fe/activated carbon as catalyst. Chemical Engineering
Journal, 2013. 232: p. 34–41. 
Stenzel, M.H. , Remove organics by activated carbon adsorption. Chemical Engineering
Progress; (United States), 1993. 89: 4.



De León, M.A. , et al. , Application of a montmorillonite clay modified with iron in photo-Fenton
process. Comparison with goethite and nZVI. Environmental Science and Pollution Research,
2015. 22(2): p. 864–869. 
Yang, B. , et al. , Enhanced heterogeneous Fenton degradation of Methylene Blue by
nanoscale zero valent iron (nZVI) assembled on magnetic Fe3O4/reduced graphene oxide.
Journal of Water Process Engineering, 2015. 5: p. 101–111. 
Raji, M. , et al. , Nano zero-valent iron on activated carbon cloth support as Fenton-like catalyst
for efficient color and COD removal from melanoidin wastewater. Chemosphere, 2021. 263: p.
127945. 
González-Bahamón, L.F. , et al. , Photo-Fenton degradation of resorcinol mediated by catalysts
based on iron species supported on polymers. Journal of Photochemistry and Photobiology A:
Chemistry, 2011. 217(1): p. 201–206. 
Wang, X. , et al. , Nanostructured semiconductor supported iron catalysts for heterogeneous
photo-Fenton oxidation: a review. Journal of Materials Chemistry A, 2020. 8(31): p.
15513–15546. 
Shi, J. , Z. Ai , and L. Zhang , Fe@Fe2O3 core-shell nanowires enhanced Fenton oxidation by
accelerating the Fe(III)/Fe(II) cycles. Water Res, 2014. 59: p. 145–153. 
Huang, S. , et al. , Constructing magnetic catalysts with in-situ solid-liquid interfacial photo-
Fenton-like reaction over Ag3PO4@NiFe2O4 composites. Applied Catalysis B: Environmental,
2018. 225: p. 40–50. 
Liu, Y. , et al. , Active magnetic Fe3+-doped BiOBr micromotors as efficient solar photo-fenton
catalyst. Journal of Cleaner Production, 2020. 252: p. 119573. 
Oh, Y. , et al. , Divalent Fe atom coordination in two-dimensional microporous graphitic carbon
nitride. ACS Applied Materials & Interfaces, 2016. 8(38): p. 25438–25443. 
Acisli, O. , et al. , Combination of ultrasonic and Fenton processes in the presence of magnetite
nanostructures prepared by high energy planetary ball mill. Ultrasonics Sonochemistry, 2017.
34: p. 754–762. 
Yu, R.-F. , et al. , Monitoring of ORP, pH and DO in heterogeneous Fenton oxidation using nZVI
as a catalyst for the treatment of azo-dye textile wastewater. Journal of the Taiwan Institute of
Chemical Engineers, 2014. 45(3): p. 947–954. 
Zazo, J.A. , et al. , Intensification of the Fenton process by increasing the temperature.
Industrial & Engineering Chemistry Research, 2011. 50(2): p. 866–870. 
Mohammad Reza, S. , L. Mehdi Ghanbarzadeh , and O. Rabbani , Evaluation of the main
parameters affecting the Fenton oxidation process in municipal landfill leachate treatment.
Waste Management & Research, 2010. 29(4): p. 397–405. 
Litter, M.I. and M. Slodowicz , An overview on heterogeneous Fenton and photoFenton
reactions using zerovalent iron materials. Journal of Advanced Oxidation Technologies, 2017.
20(1). 
Wibowo, A. , et al. , The influence of hydrogen peroxide concentration on catalytic activity of
fenton catalyst@bacterial cellulose. IOP Conference Series: Materials Science and
Engineering, 2019. 509(1): p. 012020. 
Chen, Q. , et al. , Where should Fenton go for the degradation of refractory organic
contaminants in wastewater? Water Research, 2023. 229: p. 119479. 
Jinasan, A. , et al. , Highly active sustainable ferrocenated iron oxide nanocatalysts for the
decolorization of methylene blue. RSC Advances, 2015. 5(40): p. 31324–31328. 
Zhao, Y. , Z. Qiu , and J. Huang , Preparation and analysis of Fe3O4 magnetic nanoparticles
used as targeted-drug carriers* *Supported by the technology project of Jiangxi Provincial
education department and Jiangxi Provincial Science Department. Chinese Journal of Chemical
Engineering, 2008. 16(3): p. 451–455. 
Yoshimura, M. and S. Somiya , Hydrothermal synthesis of crystallized nano-particles of rare
earth-doped zirconia and hafnia. Materials Chemistry and Physics, 1999. 61(1): p. 1–8. 
Lester, E. , et al. , Reaction engineering: The supercritical water hydrothermal synthesis of
nano-particles. Journal of Supercritical Fluids, 2006. 37(2): p. 209–214. 
Huber, D.L. , Synthesis, properties, and applications of iron nanoparticles. Small, 2005. 1(5): p.
482–501. 
Qin, L. , et al. , Spherical Zvi/Mn-C bimetallic catalysts for efficient Fenton-like reaction under
mild conditions. Catalysts, 2022. 12(4): p. 444.



Zanchettin, G. , et al. , High performance magnetically recoverable Fe3O4 nanocatalysts: fast
microwave synthesis and photo-fenton catalysis under visible-light. Chemical Engineering and
Processing - Process Intensification, 2021. 166: p. 108438. 
Yuan, Y. , L. Wang , and L. Gao , Nano-sized iron sulfide: structure, synthesis, properties, and
biomedical applications. Frontiers in Chemistry, 2020. 8. 
Bañ Uelos, J. , et al. , Electrochemically prepared iron-modified activated carbon electrodes for
their application in electro-Fenton and photoelectro-Fenton processes. Journal of The
Electrochemical Society, 2015. 162: p. E154–E159. 
Bhatti, H.N. , et al. , Biocomposite application for the phosphate ions removal in aqueous
medium. Journal of Materials Research and Technology, 2018. 7(3): p. 300–307. 
Kausar, A. , et al. , Preparation and characterization of chitosan/clay composite for direct Rose
FRN dye removal from aqueous media: comparison of linear and non-linear regression
methods. Journal of Materials Research and Technology, 2019. 8(1): p. 1161–1174. 
Remya, V.R. , et al. , Silver nanoparticles green synthesis: A mini review. Chemistry
International, 2017. 2: p. 165–171. 
Roh, Y. , et al. , Microbial synthesis and the characterization of metal-substituted magnetites.
Solid State Communications, 2001. 118(10): p. 529–534. 
Mandal, D. , et al. , The use of microorganisms for the formation of metal nanoparticles and
their application. Appl Microbiol Biotechnol, 2006. 69(5): p. 485–492. 
Bibi, I. , et al. , Nickel nanoparticle synthesis using Camellia Sinensis as reducing and capping
agent: Growth mechanism and photo-catalytic activity evaluation. Int J Biol Macromol, 2017.
103: p. 783–790. 
Recio Sánchez, G. , et al. , Leaf extract from the endemic plant Peumus boldus as an effective
bioproduct for the green synthesis of silver nanoparticles. Materials Letters, 2016. 183. 
Muthulakshmi, L. , et al. , Preparation and properties of cellulose nanocomposite films with in
situ generated copper nanoparticles using Terminalia catappa leaf extract. International Journal
of Biological Macromolecules, 2017. 95: p. 1064–1071. 
Truskewycz, A. , R. Shukla , and A.S. Ball , Iron nanoparticles synthesized using green tea
extracts for the fenton-like degradation of concentrated dye mixtures at elevated temperatures.
Journal of Environmental Chemical Engineering, 2016. 4(4, Part A): p. 4409–4417. 
Kajani, A.A. , et al. , Anticancer effects of silver nanoparticles encapsulated by Taxus baccata
extracts. Journal of Molecular Liquids, 2016. 223: p. 549–556. 
Bibi, I. , et al. , Green synthesis of iron oxide nanoparticles using pomegranate seeds extract
and photocatalytic activity evaluation for the degradation of textile dye. Journal of Materials
Research and Technology, 2019. 8(6): p. 6115–6124. 
Bury, D. , et al., Photocatalytic activity of the oxidation stabilized Ti3C2T x  MXene in
decomposing methylene blue, bromocresol green and commercial textile dye. Small Methods,
2023. 7: p. 2201252. 
Yang, Z. , et al. , Identification and understanding of active sites of non-noble iron-nitrogen-
carbon catalysts for oxygen reduction electrocatalysis. Advanced Functional Materials. n/a(n/a):
p. 2215185. 
Barnes, R.J. , et al. , The impact of zero-valent iron nanoparticles on a river water bacterial
community. Journal of Hazardous Materials, 2010. 184(1): p. 73–80. 

 
Application and Efficiency of the Process 
Zhang, J. , et al. , Fenton-reaction-stimulative nanoparticles decorated with a reactive-oxygen-
species (ROS)-responsive molecular switch for ROS amplification and triple negative breast
cancer therapy. Journal of Materials Chemistry B, 2019. 7(45): p. 7141–7151. 
Ranji-Burachaloo, H. , et al. , Cancer treatment through nanoparticle-facilitated Fenton reaction.
ACS Nano, 2018. 12(12): p. 11819–11837. 
Shen, Z. , et al. , Fenton-reaction-acceleratable magnetic nanoparticles for ferroptosis therapy
of orthotopic brain tumors. ACS Nano, 2018. 12(11): p. 11355–11365. 
Filip, J. , et al. , Advanced Nano-Bio Technologies for Water and Soil Treatment. 2020: Springer
International Publishing.



Sreeja, P.H. and K.J. Sosamony , A comparative study of homogeneous and heterogeneous
photo-Fenton process for textile wastewater treatment. Procedia Technology, 2016. 24: p.
217–223. 
Karthikeyan, S. , et al. , Treatment of textile wastewater by homogeneous and heterogeneous
Fenton oxidation processes. Desalination, 2011. 281: p. 438–445. 
Punzi, M. , B. Mattiasson , and M. Jonstrup , Treatment of synthetic textile wastewater by
homogeneous and heterogeneous photo-Fenton oxidation. Journal of Photochemistry and
Photobiology A: Chemistry, 2012. 248: p. 30–35. 
Dantas, T.L.P. , et al. , Treatment of textile wastewater by heterogeneous Fenton process using
a new composite Fe2O3/carbon. Chemical Engineering Journal, 2006. 118(1): p. 77–82. 
Yu, R.-F. , et al. , Monitoring of ORP, pH and DO in heterogeneous Fenton oxidation using nZVI
as a catalyst for the treatment of azo-dye textile wastewater. Journal of the Taiwan Institute of
Chemical Engineers, 2014. 45(3): p. 947–954. 
Hartmann, M. , S. Kullmann , and H. Keller , Wastewater treatment with heterogeneous Fenton-
type catalysts based on porous materials. Journal of Materials Chemistry, 2010. 20(41): p.
9002–9017. 
Sun, L. , Y. Li , and A. Li , Treatment of actual chemical wastewater by a heterogeneous Fenton
process using natural pyrite. Int J Environ Res Public Health, 2015. 12(11): p. 13762–13778. 
Bogacki, J. , et al. , Magnetite, hematite and zero-valent iron as co-catalysts in advanced
oxidation processes application for cosmetic wastewater treatment. Catalysts, 2021. 11(1): p. 9. 
Marcinowski, P. , et al. , Magnetite and hematite in advanced oxidation processes application
for cosmetic wastewater treatment. Processes, 2020. 8(11): p. 1343. 
Munoz, M. , et al. , Preparation of magnetite-based catalysts and their application in
heterogeneous Fenton oxidation – A review. Applied Catalysis B: Environmental, 2015.
176–177: p. 249–265. 
Zhou, T. , et al. , Rapid decolorization and mineralization of simulated textile wastewater in a
heterogeneous Fenton like system with/without external energy. Journal of Hazardous
Materials, 2009. 165(1): p. 193–199. 
Hou, B. , et al. , Three-dimensional heterogeneous electro-Fenton oxidation of biologically
pretreated coal gasification wastewater using sludge derived carbon as catalytic particle
electrodes and catalyst. Journal of the Taiwan Institute of Chemical Engineers, 2016. 60: p.
352–360. 
Arslan, İ. , I.A. Balcioǧlu , and D.W. Bahnemann , Advanced chemical oxidation of reactive dyes
in simulated dyehouse effluents by ferrioxalate-Fenton/UV-A and TiO2/UV-A processes. Dyes
and Pigments, 2000. 47(3): p. 207–218. 
Reife, A. and H. Freeman , Environmental Chemistry of Dyes and Pigments. 1996: Wiley-
Interscience. 352 
Philips, D. , Environmentally friendly, productive and reliable: priorities for cotton dyes and
dyeing processes. Journal of the Society of Dyers and Colourists, 1996. 112(7–8): p. 183–186. 
Wang, J. and J. Tang , Fe-based Fenton-like catalysts for water treatment: Preparation,
characterization and modification. Chemosphere, 2021. 276: p. 130177. 
Clarizia, L. , et al. , Homogeneous photo-Fenton processes at near neutral pH: A review.
Applied Catalysis B: Environmental, 2017. 209: p. 358–371. 
Chu, J.-H. , et al. , Application of magnetic biochar derived from food waste in heterogeneous
sono-Fenton-like process for removal of organic dyes from aqueous solution. Journal of Water
Process Engineering, 2020. 37: p. 101455. 
Thomas, N. , D.D. Dionysiou , and S.C. Pillai , Heterogeneous Fenton catalysts: A review of
recent advances. Journal of Hazardous Materials, 2021. 404: p. 124082. 
Rodrigues, C.S.D. , L.M. Madeira , and R.A.R. Boaventura , Optimization and economic
analysis of textile wastewater treatment by photo-Fenton process under artificial and simulated
solar radiation. Industrial & Engineering Chemistry Research, 2013. 52(37): p. 13313–13324. 
Hubeny, J. , et al. , Industrialization as a source of heavy metals and antibiotics which can
enhance the antibiotic resistance in wastewater, sewage sludge and river water. PLOS ONE,
2021. 16(6): p. e0252691. 
Villanueva-Rodríguez, M. , et al. , Degradation of anti-inflammatory drugs in municipal
wastewater by heterogeneous photocatalysis and electro-Fenton process. Environmental
Technology, 2019. 40(18): p. 2436–2445.



Hussain, S. , et al. , Enhanced ibuprofen removal by heterogeneous-Fenton process over
Cu/ZrO2 and Fe/ZrO2 catalysts. Journal of Environmental Chemical Engineering, 2020. 8(1): p.
103586. 
Illés, E. , et al. , Hydroxyl radical induced degradation of ibuprofen. Science of The Total
Environment, 2013. 447: p. 286–292. 
Ellepola, N. , et al. , A toxicological study on photo-degradation products of environmental
ibuprofen: Ecological and human health implications. Ecotoxicology and Environmental Safety,
2020. 188: p. 109892. 
Adityosulindro, S. , C. Julcour , and L. Barthe , Heterogeneous Fenton oxidation using Fe-ZSM5
catalyst for removal of ibuprofen in wastewater. Journal of Environmental Chemical
Engineering, 2018. 6(5): p. 5920–5928. 
Ivanets, A. , et al. , Heterogeneous Fenton oxidation using magnesium ferrite nanoparticles for
ibuprofen removal from wastewater: optimization and kinetics studies. Journal of Nanomaterials,
2020. 2020: p. 8159628. 
Vorontsov, A.V. , Advancing Fenton and photo-Fenton water treatment through the catalyst
design. J Hazard Mater, 2019. 372: p. 103–112. 
Sétifi, N. , et al. , Heterogeneous Fenton-like oxidation of naproxen using synthesized goethite-
montmorillonite nanocomposite. Journal of Photochemistry and Photobiology A: Chemistry,
2019. 370: p. 67–74. 
Mohammadi, H. , B. Bina , and A. Ebrahimi , A novel three-dimensional electro-Fenton system
and its application for degradation of anti-inflammatory pharmaceuticals: Modeling and
degradation pathways. Process Safety and Environmental Protection, 2018. 117: p. 200–213. 
Henry Alberto, C.-M. , Diclofenac and carbamazepine removal from domestic wastewater using
a Constructed Wetland-Solar Photo-Fenton coupled system. Ecological engineering, 2020. v.
153: p. pp. 105699–2020 v.153. 
Dinari, M. , et al. , Construction of new recoverable Ag-Fe3O4@Ca–Al LDH nanohybrids for
visible light degradation of piroxicam. Materials Science and Engineering: B, 2022. 278: p.
115630. 
Bae, S. , D. Kim , and W. Lee , Degradation of diclofenac by pyrite catalyzed Fenton oxidation.
Applied Catalysis B: Environmental, 2013. 134–135: p. 93–102. 
Hassani, A. , et al. , Preparation of magnetite nanoparticles by high-energy planetary ball mill
and its application for ciprofloxacin degradation through heterogeneous Fenton process. J
Environ Manage, 2018. 211: p. 53–62. 
Guo, H. , et al. , Degradation of chloramphenicol by pulsed discharge plasma with
heterogeneous Fenton process using Fe3O4 nanocomposites. Separation and Purification
Technology, 2020. 253: p. 117540. 
Luo, T. , et al. , Efficient degradation of tetracycline by heterogeneous electro-Fenton process
using Cu-doped Fe@Fe2O3: Mechanism and degradation pathway. Chemical Engineering
Journal, 2020. 382: p. 122970. 
Benzaquén, T.B. , et al. , Heterogeneous Fenton reaction for the treatment of ACE in residual
waters of pharmacological origin using Fe-SBA-15 nanocomposites. Molecular Catalysis, 2020.
481: p. 110239. 
Quddus, F. , et al. , Environmentally benign nanoparticles for the photocatalytic degradation of
pharmaceutical drugs. Catalysts, 2023. 13(3): p. 511. 
Akbari, M.Z. , et al. , Review of antibiotics treatment by advance oxidation processes.
Environmental Advances, 2021. 5: p. 100111. 
Jaafarzadeh, N. , et al. , Powder activated carbon/Fe3O4 hybrid composite as a highly efficient
heterogeneous catalyst for Fenton oxidation of tetracycline: degradation mechanism and kinetic.
RSC Advances, 2015. 5(103): p. 84718–84728. 
Cao, J. , Z. Xiong , and B. Lai , Effect of initial pH on the tetracycline (TC) removal by zero-
valent iron: Adsorption, oxidation and reduction. Chemical Engineering Journal, 2018. 343: p.
492–499. 
Fu, Y. , et al. , High efficient removal of tetracycline from solution by degradation and
flocculation with nanoscale zerovalent iron. Chemical Engineering Journal, 2015. 270: p.
631–640. 
Zhang, N. , et al. , Ceria accelerated nanoscale zerovalent iron assisted heterogenous Fenton
oxidation of tetracycline. Chemical Engineering Journal, 2019. 369: p. 588–599.



Scaria, J. and P.V. Nidheesh , Magnetite–reduced graphene oxide nanocomposite as an
efficient heterogeneous Fenton catalyst for the degradation of tetracycline antibiotics.
Environmental Science: Water Research & Technology, 2022. 8(6): p. 1261–1276. 
Zhuang, Y. , et al. , Enhanced antibiotic removal through a dual-reaction-center Fenton-like
process in 3D graphene based hydrogels. Environmental Science: Nano, 2019. 6(2): p.
388–398. 
Ścieżyńska, D. , et al., Application of micron-sized zero-valent iron (ZVI) for decomposition of
industrial amaranth dyes. Materials, 2023. 16: p. 1523. 
Ścieżyńska, D. , et al., Waste iron as a robust and ecological catalyst for decomposition
industrial dyes under UV irradiation. Environmental Science and Pollution Research, 2023. 30:
p. 69024–69041. 
Ramirez, J.H. , et al. , Azo-dye Orange II degradation by heterogeneous Fenton-like reaction
using carbon-Fe catalysts. Applied Catalysis B: Environmental, 2007. 75(3): p. 312–323. 
Tu, Y. , et al. , Heterogeneous photo-Fenton oxidation of Acid Orange II over iron–sewage
sludge derived carbon under visible irradiation. Journal of Chemical Technology &
Biotechnology, 2014. 89(4): p. 544–551. 
Lam, F.L.Y. , A.C.K. Yip , and X. Hu , Copper/MCM-41 as a highly stable and pH-insensitive
heterogeneous photo-Fenton-like catalytic material for the abatement of organic wastewater.
Industrial & Engineering Chemistry Research, 2007. 46(10): p. 3328–3333. 
Ali, M.E.M. , T.A. Gad-Allah , and M.I. Badawy , Heterogeneous Fenton process using steel
industry wastes for methyl orange degradation. Applied Water Science, 2013. 3(1): p. 263–270. 
Zhou, L. , et al. , Fabrication of magnetic carbon composites from peanut shells and its
application as a heterogeneous Fenton catalyst in removal of methylene blue. Applied Surface
Science, 2015. 324: p. 490–498. 
Ma, J. , et al. , Novel magnetic porous carbon spheres derived from chelating resin as a
heterogeneous Fenton catalyst for the removal of methylene blue from aqueous solution.
Journal of Colloid and Interface Science, 2015. 446: p. 298–306. 
Yang, S. , et al. , Degradation of methylene blue by heterogeneous Fenton reaction using
titanomagnetite at neutral pH values: process and affecting factors. Industrial & Engineering
Chemistry Research, 2009. 48(22): p. 9915–9921. 
Bel Hadjltaief, H. , et al. , Influence of operational parameters in the heterogeneous photo-
Fenton discoloration of wastewaters in the presence of an iron-pillared Clay. Industrial &
Engineering Chemistry Research, 2013. 52(47): p. 16656–16665. 
Zhang, C. , et al. , A new type of continuous-flow heterogeneous electro-Fenton reactor for
Tartrazine degradation. Separation and Purification Technology, 2019. 208: p. 76–82. 
Aleksić, M. , et al. , Heterogeneous Fenton type processes for the degradation of organic dye
pollutant in water – the application of zeolite assisted AOPs. Desalination, 2010. 257: p. 22–29. 
da Fonseca, F. , et al. , Heterogeneous Fenton process using the mineral hematite for the
discolouration of a reactive dye solution. Brazilian Journal of Chemical Engineering, 2011. 28: p.
605–616. 
Gomes, R.K.M. , et al. , Treatment of direct black 22 azo dye in led reactor using ferrous sulfate
and iron waste for Fenton process: reaction kinetics, toxicity and degradation prediction by
artificial neural networks. Chemical Papers, 2021. 75(5): p. 1993–2005. 
da Silva, A.M. , et al. , Low-cost flow photoreactor for degradation of Reactive Black 5 dye by
UV/H 2 O 2, Fenton and photo-Fenton processes: a performance. Revista Ambiente & Água,
2021. 16(3): p. 1–17. 
Acisli, O. , et al. , Combination of ultrasonic and Fenton processes in the presence of magnetite
nanostructures prepared by high energy planetary ball mill. Ultrasonics Sonochemistry, 2017.
34: p. 754–762. 
Saratale, R.G. , et al. , Hydroxamic acid mediated heterogeneous Fenton-like catalysts for the
efficient removal of Acid Red 88, textile wastewater and their phytotoxicity studies. Ecotoxicol
Environ Saf, 2019. 167: p. 385–395. 
Kumar, V. , et al. , Degradation of mixed dye via heterogeneous Fenton process: Studies of
calcination, toxicity evaluation, and kinetics. Water Environ Res, 2020. 92(2): p. 211–221. 
Duarte, F. , et al. , Treatment of textile effluents by the heterogeneous Fenton process in a
continuous packed-bed reactor using Fe/activated carbon as catalyst. Chemical Engineering
Journal, 2013. 232: p. 34–41.



Wang, J. , et al. , Iron–copper bimetallic nanoparticles supported on hollow mesoporous silica
spheres: the effect of Fe/Cu ratio on heterogeneous Fenton degradation of a dye. RSC
Advances, 2016. 6(59): p. 54623–54635. 
Wang, Y. , et al. , Degradation of the azo dye Orange G in a fluidized bed reactor using iron
oxide as a heterogeneous photo-Fenton catalyst. RSC Advances, 2015. 5(56): p. 45276–45283. 
Ban, F.C. , X.T. Zheng , and H.Y. Zhang , Photo-assisted heterogeneous Fenton-like process
for treatment of PNP wastewater. Journal of Water, Sanitation and Hygiene for Development,
2020. 10(1): p. 136–145. 
Chakinala, A.G. , et al. , Industrial wastewater treatment using hydrodynamic cavitation and
heterogeneous advanced Fenton processing. Chemical Engineering Journal, 2009. 152(2): p.
498–502. 
Rahim Pouran, S. , et al. , Niobium substituted magnetite as a strong heterogeneous Fenton
catalyst for wastewater treatment. Applied Surface Science, 2015. 351: p. 175–187. 
Barndõk, H. , et al. , Heterogeneous photo-Fenton processes using zero valent iron
microspheres for the treatment of wastewaters contaminated with 1,4-dioxane. Chemical
Engineering Journal, 2016. 284: p. 112–121. 
Eshaq, G. , et al. , Superior performance of FeVO(4)@CeO(2) uniform core-shell
nanostructures in heterogeneous Fenton-sonophotocatalytic degradation of 4-nitrophenol. J
Hazard Mater, 2020. 382: p. 121059. 
Zhou, H. , et al. , Removal of 2,4-dichlorophenol from contaminated soil by a heterogeneous
ZVI/EDTA/Air Fenton-like system. Separation and Purification Technology, 2014. 132: p.
346–353. 
Zhang, C. , et al. , Heterogeneous electro-Fenton using modified iron–carbon as catalyst for
2,4-dichlorophenol degradation: Influence factors, mechanism and degradation pathway. Water
Research, 2015. 70: p. 414–424. 
Guo, S. , et al. , Graphene modified iron sludge derived from homogeneous Fenton process as
an efficient heterogeneous Fenton catalyst for degradation of organic pollutants. Microporous
and Mesoporous Materials, 2017. 238: p. 62–68. 
Yuan, S.-J. and X.-H. Dai , Facile synthesis of sewage sludge-derived mesoporous material as
an efficient and stable heterogeneous catalyst for photo-Fenton reaction. Applied Catalysis B:
Environmental, 2014. 154–155: p. 252–258. 
Zhao, X. , et al. , Removing organic contaminants with bifunctional iron modified rectorite as
efficient adsorbent and visible light photo-Fenton catalyst. J Hazard Mater, 2012. 215–216: p.
57–64. 
Garrido-Ramírez, E.G. , et al. , Characterization of nanostructured allophane clays and their use
as support of iron species in a heterogeneous electro-Fenton system. Applied Clay Science,
2013. 86: p. 153–161. 
Malato, S. , et al. , Decontamination and disinfection of water by solar photocatalysis: Recent
overview and trends. Catalysis Today, 2009. 147(1): p. 1–59. 
Lallai, A. and G. Mura , Biodegradation of 2-chlorophenol in forest soil: effect of inoculation with
aerobic sewage sludge. Environ Toxicol Chem, 2004. 23(2): p. 325–330. 
Rodríguez-Gil, J.L. , et al. , Heterogeneous photo-Fenton treatment for the reduction of
pharmaceutical contamination in Madrid rivers and ecotoxicological evaluation by a miniaturized
fern spores bioassay. Chemosphere, 2010. 80(4): p. 381–388. 
Gar Alalm, M. , A. Tawfik , and S. Ookawara , Investigation of optimum conditions and costs
estimation for degradation of phenol by solar photo-Fenton process. Applied Water Science,
2017. 7(1): p. 375–382. 
Aneggi, E. , et al. , Potential of ceria-based catalysts for the oxidation of landfill leachate by
heterogeneous Fenton process. International Journal of Photoenergy, 2012. 2012: p. 694721. 
Niveditha, S.V. and R. Gandhimathi , Flyash augmented Fe3O4 as a heterogeneous catalyst for
degradation of stabilized landfill leachate in Fenton process. Chemosphere, 2020. 242: p.
125189. 
Sruthi, T. , et al. , Stabilized landfill leachate treatment using heterogeneous Fenton and electro-
Fenton processes. Chemosphere, 2018. 210: p. 38–43. 
Niveditha, S. and R. Gandhimathi , Mineralization of stabilized landfill leachate by
heterogeneous Fenton process with RSM optimization. Separation Science and Technology,
2020: p. 1–10.



Maiti, S.K. , et al. , Characterization of leachate and its impact on surface and groundwater
quality of a closed dumpsite – a case study at Dhapa, Kolkata, India. Procedia Environmental
Sciences, 2016. 35: p. 391–399. 
Vilardi, G. , et al. , Heterogeneous nZVI-induced Fenton oxidation process to enhance
biodegradability of excavation by-products. Chemical Engineering Journal, 2018. 335: p.
309–320. 
Takayanagi, A. , M. Kobayashi , and Y. Kawase , Removal of anionic surfactant sodium dodecyl
benzene sulfonate (SDBS) from wastewaters by zero-valent iron (ZVI): predominant removal
mechanism for effective SDBS removal. Environmental Science and Pollution Research, 2017.
24(9): p. 8087–8097. 
Khorsandi, H. , et al. , Optimizing linear alkyl benzene sulfonate removal using Fenton oxidation
process in Taguchi Method. Journal of Water Chemistry and Technology, 2016. 38(5): p.
266–272. 
Seibig, S. and R. van Eldik , Kinetics of [Feii(edta)] oxidation by molecular oxygen revisited.
New evidence for a multistep mechanism. Inorganic Chemistry, 1997. 36(18): p. 4115–4120. 
Zang, V. and R. Van Eldik , Kinetics and mechanism of the autoxidation of iron(II) induced
through chelation by ethylenediaminetetraacetate and related ligands. Inorganic Chemistry,
1990. 29(9): p. 1705–1711. 
Cao, M. , et al. , Remediation of DDTs contaminated soil in a novel Fenton-like system with
zero-valent iron. Chemosphere, 2013. 90(8): p. 2303–2308. 
Piazza, V. , et al. , Ecosafety screening of photo-Fenton process for the degradation of
microplastics in water. Frontiers in Marine Science, 2022. 8. 
Xing, R. , et al. , Enhanced degradation of microplastics during sludge composting via
microbially-driven Fenton reaction. Journal of Hazardous Materials, 2023. 449: p. 131031. 
Kim, S. , et al. , Advanced oxidation processes for microplastics degradation: A recent trend.
Chemical Engineering Journal Advances, 2022. 9: p. 100213. 
Kida, M. , S. Ziembowicz , and P. Koszelnik , Impact of a modified Fenton process on the
degradation of a component leached from microplastics in bottom sediments. Catalysts, 2019.
9(11): p. 932. 
Hu, K. , et al. , Degradation of microplastics by a thermal Fenton reaction. ACS ES&T
Engineering, 2022. 2(1): p. 110–120. 
Muszyński, A. , et al. , Cosmetic wastewater treatment with combined light/Fe0/H2O2 process
coupled with activated sludge. Journal of Hazardous Materials, 2019. 378: p. 120732. 

 
Factors Influencing the Effectiveness of the Process 
Thomas, N. , D.D. Dionysiou , and S.C. Pillai , Heterogeneous Fenton catalysts: A review of
recent advances. Journal of Hazardous Materials, 2021. 404: p. 124082. 
Azfar Shaida, M. , et al. , Critical analysis of the role of various iron-based heterogeneous
catalysts for advanced oxidation processes: A state of the art review. Journal of Molecular
Liquids, 2023. 374: p. 121259. 
Scaria, J. , A. Gopinath , and P.V. Nidheesh , A versatile strategy to eliminate emerging
contaminants from the aqueous environment: Heterogeneous Fenton process. Journal of
Cleaner Production, 2021. 278: p. 124014. 
Cao, J. , Z. Xiong , and B. Lai , Effect of initial pH on the tetracycline (TC) removal by zero-
valent iron: Adsorption, oxidation and reduction. Chemical Engineering Journal, 2018. 343: p.
492–499. 
Wang, J. , et al. , Iron–copper bimetallic nanoparticles supported on hollow mesoporous silica
spheres: the effect of Fe/Cu ratio on heterogeneous Fenton degradation of a dye. RSC
Advances, 2016. 6(59): p. 54623–54635. 
Yu, R.-F. , et al. , Monitoring of ORP, pH and DO in heterogeneous Fenton oxidation using nZVI
as a catalyst for the treatment of azo-dye textile wastewater. Journal of the Taiwan Institute of
Chemical Engineers, 2014. 45(3): p. 947–954. 
Guo, S. , et al. , Graphene modified iron sludge derived from homogeneous Fenton process as
an efficient heterogeneous Fenton catalyst for degradation of organic pollutants. Microporous
and Mesoporous Materials, 2017. 238: p. 62–68.



Mashayekh-Salehi, A. , et al. , Use of mine waste for H2O2-assisted heterogeneous Fenton-like
degradation of tetracycline by natural pyrite nanoparticles: Catalyst characterization,
degradation mechanism, operational parameters and cytotoxicity assessment. Journal of
Cleaner Production, 2021. 291: p. 125235. 
Fu, Y. , et al. , High efficient removal of tetracycline from solution by degradation and
flocculation with nanoscale zerovalent iron. Chemical Engineering Journal, 2015. 270: p.
631–640. 
Zhang, C. , et al. , Heterogeneous electro-Fenton using modified iron–carbon as catalyst for
2,4-dichlorophenol degradation: Influence factors, mechanism and degradation pathway. Water
Research, 2015. 70: p. 414–424. 
Rahim Pouran, S. , et al. , Niobium substituted magnetite as a strong heterogeneous Fenton
catalyst for wastewater treatment. Applied Surface Science, 2015. 351: p. 175–187. 
Kumar, V. , et al. , Degradation of mixed dye via heterogeneous Fenton process: Studies of
calcination, toxicity evaluation, and kinetics. Water Environ Res, 2020. 92(2): p. 211–221. 
Pignatello, J.J. , E. Oliveros , and A. MacKay , 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): p. 1–84. 
Neyens, E. and J. Baeyens , A review of classic Fenton's peroxidation as an advanced
oxidation technique. J Hazard Mater, 2003. 98(1–3): p. 33–50. 
Zhou, T. , et al. , Rapid decolorization and mineralization of simulated textile wastewater in a
heterogeneous Fenton like system with/without external energy. Journal of Hazardous
Materials, 2009. 165(1): p. 193–199. 
Kwon, B.G. , et al. , Characteristics of p-chlorophenol oxidation by Fenton's reagent. Water
Research, 1999. 33(9): p. 2110–2118. 
Rezaei, F. and D. Vione , Effect of pH on zero valent iron performance in heterogeneous Fenton
and Fenton-like processes: a review. Molecules, 2018. 23(12): p. 3127. 
Zhang, H. , H.J. Choi , and C.-P. Huang , Optimization of Fenton process for the treatment of
landfill leachate. Journal of Hazardous Materials, 2005. 125(1): p. 166–174. 
Cheng, M. , et al. , Visible-light-assisted degradation of dye pollutants over Fe(III)-loaded resin
in the presence of H2O2 at neutral pH values. Environmental Science & Technology, 2004.
38(5): p. 1569–1575. 
Wang, Y. , et al. , Degradation of the azo dye Orange G in a fluidized bed reactor using iron
oxide as a heterogeneous photo-Fenton catalyst. RSC Advances, 2015. 5(56): p. 45276–45283. 
Bel Hadjltaief, H. , et al. , Influence of operational parameters in the heterogeneous photo-
Fenton discoloration of wastewaters in the presence of an iron-pillared clay. Industrial &
Engineering Chemistry Research, 2013. 52(47): p. 16656–16665. 
Saratale, R.G. , et al. , Hydroxamic acid mediated heterogeneous Fenton-like catalysts for the
efficient removal of Acid Red 88, textile wastewater and their phytotoxicity studies. Ecotoxicol
Environ Saf, 2019. 167: p. 385–395. 
da Fonseca, F. , et al. , Heterogeneous Fenton process using the mineral hematite for the
discolouration of a reactive dye solution. Brazilian Journal of Chemical Engineering, 2011. 28: p.
605–616. 
Ramirez, J.H. , et al. , Azo-dye Orange II degradation by heterogeneous Fenton-like reaction
using carbon-Fe catalysts. Applied Catalysis B: Environmental, 2007. 75(3): p. 312–323. 
Ma, J. , et al. , Novel magnetic porous carbon spheres derived from chelating resin as a
heterogeneous Fenton catalyst for the removal of methylene blue from aqueous solution.
Journal of Colloid and Interface Science, 2015. 446: p. 298–306. 
Chakinala, A.G. , et al. , Industrial wastewater treatment using hydrodynamic cavitation and
heterogeneous advanced Fenton processing. Chemical Engineering Journal, 2009. 152(2): p.
498–502. 
Tu, Y. , et al. , Heterogeneous photo-Fenton oxidation of Acid Orange II over iron–sewage
sludge derived carbon under visible irradiation. Journal of Chemical Technology &
Biotechnology, 2014. 89(4): p. 544–551. 
Liu, F. , et al. , Application of heterogeneous photo-Fenton process for the mineralization of
imidacloprid containing wastewater. Environmental Technology, 2020. 41(5): p. 539–546. 
Ban, F.C. , X.T. Zheng , and H.Y. Zhang , Photo-assisted heterogeneous Fenton-like process
for treatment of PNP wastewater. Journal of Water, Sanitation and Hygiene for Development,
2020. 10(1): p. 136–145.



Sun, L. , Y. Li , and A. Li , Treatment of actual chemical wastewater by a heterogeneous Fenton
process using natural pyrite. Int J Environ Res Public Health, 2015. 12(11): p. 13762–13778. 
Hu, J. , et al. , In-situ Fe-doped g-C3N4 heterogeneous catalyst via photocatalysis-Fenton
reaction with enriched photocatalytic performance for removal of complex wastewater. Applied
Catalysis B: Environmental, 2019. 245: p. 130–142. 
Ali, M.E.M. , T.A. Gad-Allah , and M.I. Badawy , Heterogeneous Fenton process using steel
industry wastes for methyl orange degradation. Applied Water Science, 2013. 3(1): p. 263–270. 
Haber, F. , J. Weiss , and W.J. Pope , The catalytic decomposition of hydrogen peroxide by iron
salts. Proceedings of the Royal Society of London. Series A - Mathematical and Physical
Sciences, 1934. 147(861): p. 332–351. 
Zhuang, H. , et al. , Advanced treatment of biologically pretreated coal gasification wastewater
by a novel heterogeneous Fenton oxidation process. J Environ Sci (China), 2015. 33: p. 12–20. 
Hussain, S. , et al. , Enhanced ibuprofen removal by heterogeneous-Fenton process over
Cu/ZrO2 and Fe/ZrO2 catalysts. Journal of Environmental Chemical Engineering, 2020. 8(1): p.
103586. 
Parolini, M. , A. Pedriali , and A. Binelli , Application of a biomarker response index for ranking
the toxicity of five pharmaceutical and personal care products (PPCPs) to the bivalve Dreissena
polymorpha. Arch Environ Contam Toxicol, 2013. 64(3): p. 439–447. 
Bogacki, J. , et al. , Magnetite, hematite and zero-valent iron as co-catalysts in advanced
oxidation processes application for cosmetic wastewater treatment. Catalysts, 2021. 11(1): p. 9. 
Jiménez-Bambague, E.M. , et al. , Photo-Fenton and Electro-Fenton performance for the
removal of pharmaceutical compounds in real urban wastewater. Electrochimica Acta, 2023.
442: p. 141905. 
Punzi, M. , B. Mattiasson , and M. Jonstrup , Treatment of synthetic textile wastewater by
homogeneous and heterogeneous photo-Fenton oxidation. Journal of Photochemistry and
Photobiology A: Chemistry, 2012. 248: p. 30–35. 
Vorontsov, A.V. , Advancing Fenton and photo-Fenton water treatment through the catalyst
design. J Hazard Mater, 2019. 372: p. 103–112. 

 
Reactors in the Heterogeneous Fenton Process 
Herney-Ramirez, J. , et al. , Experimental design to optimize the oxidation of Orange II dye
solution using a clay-based Fenton-like catalyst. Industrial & Engineering Chemistry Research,
2008. 47(2): p. 284–294. 
Guo, H. , et al. , Degradation of chloramphenicol by pulsed discharge plasma with
heterogeneous Fenton process using Fe3O4 nanocomposites. Separation and Purification
Technology, 2020. 253: p. 117540. 
Duarte, F. , et al. , Treatment of textile effluents by the heterogeneous Fenton process in a
continuous packed-bed reactor using Fe/activated carbon as catalyst. Chemical Engineering
Journal, 2013. 232: p. 34–41. 
Farshchi, M.E. , H. Aghdasinia , and A. Khataee , Modeling of heterogeneous Fenton process
for dye degradation in a fluidized-bed reactor: Kinetics and mass transfer. Journal of Cleaner
Production, 2018. 182: p. 644–653. 
Benzaquén, T.B. , et al. , Heterogeneous Fenton reaction for the treatment of ACE in residual
waters of pharmacological origin using Fe-SBA-15 nanocomposites. Molecular Catalysis, 2020.
481: p. 110239. 
Jain, B. , et al. , Treatment of pharmaceutical wastewater by heterogeneous Fenton process: an
innovative approach. Nanotechnology for Environmental Engineering, 2020. 5(2): p. 13. 
Heidari, Z. , et al. , Application of mineral iron-based natural catalysts in electro-Fenton process:
a comparative study. Catalysts, 2021. 11(1): p. 57. 
Zhou, T. , et al. , Rapid decolorization and mineralization of simulated textile wastewater in a
heterogeneous Fenton like system with/without external energy. Journal of Hazardous
Materials, 2009. 165(1): p. 193–199. 
Zhou, H. , et al. , Removal of 2,4-dichlorophenol from contaminated soil by a heterogeneous
ZVI/EDTA/Air Fenton-like system. Separation and Purification Technology, 2014. 132: p.
346–353.



Zhang, C. , et al. , Heterogeneous electro-Fenton using modified iron–carbon as catalyst for
2,4-dichlorophenol degradation: Influence factors, mechanism and degradation pathway. Water
Research, 2015. 70: p. 414–424. 
Barndõk, H. , et al. , Heterogeneous photo-Fenton processes using zero valent iron
microspheres for the treatment of wastewaters contaminated with 1,4-dioxane. Chemical
Engineering Journal, 2016. 284: p. 112–121. 
Zhang, C. , et al. , A new type of continuous-flow heterogeneous electro-Fenton reactor for
Tartrazine degradation. Separation and Purification Technology, 2019. 208: p. 76–82. 
Chakinala, A.G. , et al. , Industrial wastewater treatment using hydrodynamic cavitation and
heterogeneous advanced Fenton processing. Chemical Engineering Journal, 2009. 152(2): p.
498–502. 
Hou, B. , et al. , Three-dimensional heterogeneous electro-Fenton oxidation of biologically
pretreated coal gasification wastewater using sludge derived carbon as catalytic particle
electrodes and catalyst. Journal of the Taiwan Institute of Chemical Engineers, 2016. 60: p.
352–360. 
Liu, F. , et al. , Application of heterogeneous photo-Fenton process for the mineralization of
imidacloprid containing wastewater. Environmental Technology, 2020. 41(5): p. 539–546. 
Zhao, X. , et al. , Removing organic contaminants with bifunctional iron modified rectorite as
efficient adsorbent and visible light photo-Fenton catalyst. J Hazard Mater, 2012. 215–216: p.
57–64. 
Geng, N. , et al. , Insights into the novel application of Fe-MOFs in ultrasound-assisted
heterogeneous Fenton system: Efficiency, kinetics and mechanism. Ultrasonics Sonochemistry,
2021. 72: p. 105411. 
Aghdasinia, H. , et al. , Pilot plant fluidized-bed reactor for degradation of basic blue 3 in
heterogeneous fenton process in the presence of natural magnetite. Environmental Progress &
Sustainable Energy, 2017. 36(4): p. 1039–1048. 
Li, H. , et al. , Mineralization of N-methyl-2-pyrrolidone by UV-assisted advanced Fenton
process in a three-phase fluidized bed reactor. CLEAN – Soil, Air, Water, 2018. 46(10): p.
1800307. 
Aghdasinia, H. , et al. , Central composite design optimization of pilot plant fluidized-bed
heterogeneous Fenton process for degradation of an azo dye. Environmental Technology,
2016. 37(21): p. 2703–2712. 
Vilardi, G. , et al. , Heterogeneous nZVI-induced Fenton oxidation process to enhance
biodegradability of excavation by-products. Chemical Engineering Journal, 2018. 335: p.
309–320. 
Dinarvand, M. , et al. , Degradation of phenol by heterogeneous Fenton process in an impinging
streams reactor with catalyst bed. Asia-Pacific Journal of Chemical Engineering, 2017. 12(4): p.
631–639. 
Khataee, A. , et al. , Preparation of nanostructured pyrite with N2 glow discharge plasma and
study of its catalytic performance in heterogeneous Fenton process. New J. Chem., 2016. 40. 
Shin, Y.-U. , et al. , Sequential combination of electro-Fenton and electrochemical chlorination
processes for the treatment of anaerobically-digested food wastewater. Environmental Science
& Technology, 2017. 51(18): p. 10700–10710. 
Behfar, R. and R. Davarnejad , Pharmaceutical wastewater treatment using UV-enhanced
electro-Fenton process: Comparative study. Water Environment Research, 2019. 91(11): p.
1526–1536. 
He, Z. , et al. , Electro-Fenton process catalyzed by Fe3O4 magnetic nanoparticles for
degradation of C.I. reactive Blue 19 in aqueous solution: operating conditions, influence, and
mechanism. Industrial & Engineering Chemistry Research, 2014. 53(9): p. 3435–3447. 
Tang, H. , et al. , Highly efficient continuous-flow electro-Fenton treatment of antibiotic
wastewater using a double-cathode system. ACS Sustainable Chemistry & Engineering, 2021.
9(3): p. 1414–1422. 
Farias, J. , et al. , Solar degradation of formic acid: temperature effects on the photo-Fenton
reaction. Industrial & Engineering Chemistry Research, 2007. 46(23): p. 7580–7586. 
Rodriguez, S. , A. Santos , and A. Romero , Oxidation of priority and emerging pollutants with
persulfate activated by iron: Effect of iron valence and particle size. Chemical Engineering
Journal, 2017. 318: p. 197–205. 



Wang, F. , et al. , Degradation of the ciprofloxacin antibiotic by photo-Fenton reaction using a
Nafion/iron membrane: role of hydroxyl radicals. Environmental Chemistry Letters, 2020. 18(5):
p. 1745–1752. 
Ramírez, J. , et al. , Heterogeneous photo-electro-Fenton process using different iron
supporting materials. Journal of Applied Electrochemistry, 2010. 40(10): p. 1729–1736. 
Kim, S. , et al. , Advanced oxidation processes for microplastics degradation: A recent trend.
Chemical Engineering Journal Advances, 2022. 9: p. 100213. 
Farinelli, G. , et al. , Evaluation of Fenton and modified Fenton oxidation coupled with
membrane distillation for produced water treatment: Benefits, challenges, and effluent toxicity.
Science of The Total Environment, 2021. 796: p. 148953. 
Babuponnusami, A. and K. Muthukumar , A review on Fenton and improvements to the Fenton
process for wastewater treatment. Journal of Environmental Chemical Engineering, 2014. 2(1):
p. 557–572. 
Sun, M. , et al. , Nano valent zero iron (NZVI) immobilized CNTs hollow fiber membrane for
flow-through heterogeneous Fenton process. Journal of Environmental Chemical Engineering,
2022. 10(3): p. 107806. 
Lin, R. , et al. , Synergistic effects of oxidation, coagulation and adsorption in the integrated
fenton-based process for wastewater treatment: A review. Journal of Environmental
Management, 2022. 306: p. 114460. 
Ribeiro, J.P. and M.I. Nunes , Recent trends and developments in Fenton processes for
industrial wastewater treatment – A critical review. Environmental Research, 2021. 197: p.
110957. 
Nidheesh, P.V. and R. Gandhimathi , Trends in electro-Fenton process for water and
wastewater treatment: An overview. Desalination, 2012. 299: p. 1–15. 
Rasouli, Y. , M. Abbasi , and S.A. Hashemifard , Oily wastewater treatment by adsorption-
membrane filtration hybrid process using powdered activated carbon, natural zeolite powder
and low cost ceramic membranes. Water Sci Technol, 2017. 76(3–4): p. 895–908. 
Tanveer, R. , et al. , Comparison of ozonation, Fenton, and photo-Fenton processes for the
treatment of textile dye-bath effluents integrated with electrocoagulation. Journal of Water
Process Engineering, 2022. 46: p. 102547. 
Oller, I. , et al. , Pre-industrial-scale combined solar photo-Fenton and immobilized biomass
activated-sludge biotreatment. Industrial & Engineering Chemistry Research, 2007. 46(23): p.
7467–7475. 

 
Kinetics of the Process and Thermodynamical Aspects 
Rahim Pouran, S. , et al. , Niobium substituted magnetite as a strong heterogeneous Fenton
catalyst for wastewater treatment. Applied Surface Science, 2015. 351: p. 175–187. 
Zhou, H. , et al. , Removal of 2,4-dichlorophenol from contaminated soil by a heterogeneous
ZVI/EDTA/Air Fenton-like system. Separation and Purification Technology, 2014. 132: p.
346–353. 
Wang, C. , H. Liu , and Z. Sun , Heterogeneous photo-Fenton reaction catalyzed by nanosized
iron oxides for water treatment. International Journal of Photoenergy, 2012. 2012: p. 801694. 
Ma, J. , et al. , Novel magnetic porous carbon spheres derived from chelating resin as a
heterogeneous Fenton catalyst for the removal of methylene blue from aqueous solution.
Journal of Colloid and Interface Science, 2015. 446: p. 298–306. 
Wu, Y. , et al. , Characteristics and mechanisms of kaolinite-supported zero-valent iron/H2O2
system for nitrobenzene degradation. CLEAN – Soil, Air, Water, 2017. 45(3): p. 1600826. 
Saratale, R.G. , et al. , Hydroxamic acid mediated heterogeneous Fenton-like catalysts for the
efficient removal of Acid Red 88, textile wastewater and their phytotoxicity studies. Ecotoxicol
Environ Saf, 2019. 167: p. 385–395. 
Kumar, V. , et al. , Degradation of mixed dye via heterogeneous Fenton process: Studies of
calcination, toxicity evaluation, and kinetics. Water Environ Res, 2020. 92(2): p. 211–221. 
Shaban, Y.A. , et al. , Photocatalytic degradation of phenol in natural seawater using visible light
active carbon modified (CM)-n-TiO2 nanoparticles under UV light and natural sunlight
illuminations. Chemosphere, 2013. 91(3): p. 307–313.



Kartal, O. , M. Erol , and H. Oguz , Photocatalytic destruction of phenol by TiO2 powders.
Chemical Engineering & Technology - CHEM ENG TECHNOL, 2001. 24: p. 645–649. 
Wang, L. , et al. , Removal of chlorpheniramine in a nanoscale zero-valent iron induced
heterogeneous Fenton system: Influencing factors and degradation intermediates. Chemical
Engineering Journal, 2016. 284: p. 1058–1067. 
Nakagawa, H. , S. Takagi , and J. Maekawa , Fered-Fenton process for the degradation of 1,4-
dioxane with an activated carbon electrode: A kinetic model including active radicals. Chemical
Engineering Journal, 2016. 296: p. 398–405. 
Bogacki, J. , et al. , Magnetite, hematite and zero-valent iron as co-catalysts in advanced
oxidation processes application for cosmetic wastewater treatment. Catalysts, 2021. 11(1): p. 9. 
Marcinowski, P. , et al. , Magnetite and hematite in advanced oxidation processes application
for cosmetic wastewater treatment. Processes, 2020. 8(11): p. 1343. 
Hashemian, S. and M. Mirshamsi , Kinetic and thermodynamic of adsorption of 2-picoline by
sawdust from aqueous solution. Journal of Industrial and Engineering Chemistry, 2012. 18(6): p.
2010–2015. 
Chen, J. and L. Zhu , Heterogeneous UV-Fenton catalytic degradation of dyestuff in water with
hydroxyl-Fe pillared bentonite. Catalysis Today, 2007. 126(3): p. 463–470. 
Lin, S.-S. and M.D. Gurol , Catalytic decomposition of hydrogen peroxide on iron oxide: 
kinetics, mechanism, and implications. Environmental Science & Technology, 1998. 32(10): p.
1417–1423. 
Hussain, S. , et al. , Enhanced ibuprofen removal by heterogeneous-Fenton process over
Cu/ZrO2 and Fe/ZrO2 catalysts. Journal of Environmental Chemical Engineering, 2020. 8(1): p.
103586. 

 
Toxicity of the Catalyst and Products Formed in the Process 
Saratale, R.G. , et al. , Hydroxamic acid mediated heterogeneous Fenton-like catalysts for the
efficient removal of Acid Red 88, textile wastewater and their phytotoxicity studies. Ecotoxicol
Environ Saf, 2019. 167: p. 385–395. 
Katsnelson, B.A. , et al. , Subchronic systemic toxicity and bioaccumulation of Fe3O4 nano- and
microparticles following repeated intraperitoneal administration to rats. Int J Toxicol, 2011.
30(1): p. 59–68. 
Karwowska, E. , Antibacterial potential of nanocomposite-based materials - A short review.
Nanotechnology Reviews, 2016. 6. 
Jakubczak, M. , et al. , Filtration materials modified with 2D nanocomposites—a new
perspective for point-of-use water treatment. Materials, 2021. 14(1): p. 182. 
Wang, C. , H. Liu , and Z. Sun , Heterogeneous photo-Fenton reaction catalyzed by nanosized
iron oxides for water treatment. International Journal of Photoenergy, 2012. 2012: p. 801694. 
Buyuksonmez, F. , et al. , Toxic effects of modified fenton reactions on xanthobacter flavus
FB71. Appl Environ Microbiol, 1998. 64(10): p. 3759–3764. 
Hu, J. , et al. , Bioaccumulation of Fe2O3(magnetic) nanoparticles in Ceriodaphnia dubia.
Environ Pollut, 2012. 162: p. 216–222. 
Schwegmann, H. , A.J. Feitz , and F.H. Frimmel , Influence of the zeta potential on the sorption
and toxicity of iron oxide nanoparticles on S. cerevisiae and E. coli. Journal of Colloid and
Interface Science, 2010. 347(1): p. 43–48. 
Brunner, T.J. , et al. , In vitro cytotoxicity of oxide nanoparticles: comparison to asbestos, silica,
and the effect of particle solubility. Environmental Science & Technology, 2006. 40(14): p.
4374–4381. 
Pisanic, T.R. , et al. , Nanotoxicity of iron oxide nanoparticle internalization in growing neurons.
Biomaterials, 2007. 28(16): p. 2572–2581. 
Phenrat, T. , et al. , Partial oxidation (“aging”) and surface modification decrease the toxicity of
nanosized zerovalent iron. Environmental Science & Technology, 2009. 43(1): p. 195–200. 
Jain, B. , et al. , Treatment of organic pollutants by homogeneous and heterogeneous Fenton
reaction processes. Environmental Chemistry Letters, 2018. 16(3): p. 947–967. 
Baselt, R. , Encyclopedia of toxicology. Journal of Analytical Toxicology, 2014. 38(7): p. 464-
464.



Shen, J. , T. Ding , and M. Zhang , 10 - Analytical techniques and challenges for removal of
pharmaceuticals and personal care products in water, in Pharmaceuticals and Personal Care
Products: Waste Management and Treatment Technology, M.N.V. Prasad , M. Vithanage , and
A. Kapley , Editors. 2019, Butterworth-Heinemann. p. 239–257. 
Cleveland, V. , J.-P. Bingham , and E. Kan , Heterogeneous Fenton degradation of bisphenol A
by carbon nanotube-supported Fe3O4. Separation and Purification Technology, 2014. 133: p.
388–395. 
GilPavas, E. and S. Correa-Sánchez , Optimization of the heterogeneous electro-Fenton
process assisted by scrap zero-valent iron for treating textile wastewater: Assessment of toxicity
and biodegradability. Journal of Water Process Engineering, 2019. 32: p. 100924. 
GilPavas, E. , S. Correa-Sánchez , and D.A. Acosta , Using scrap zero valent iron to replace
dissolved iron in the Fenton process for textile wastewater treatment: Optimization and
assessment of toxicity and biodegradability. Environmental Pollution, 2019. 252: p. 1709–1718. 
Lan, Q. , et al. , Heterogeneous photodegradation of pentachlorophenol and iron cycling with
goethite, hematite and oxalate under UVA illumination. J Hazard Mater, 2010. 174(1–3): p.
64–70. 
Hou, L. , et al. , Ultrasound-assisted heterogeneous Fenton-like degradation of tetracycline over
a magnetite catalyst. Journal of Hazardous Materials, 2016. 302: p. 458–467. 
Kumar, V. , et al. , Degradation of mixed dye via heterogeneous Fenton process: Studies of
calcination, toxicity evaluation, and kinetics. Water Environ Res, 2020. 92(2): p. 211–221. 
Rodríguez-Gil, J.L. , et al. , Heterogeneous photo-Fenton treatment for the reduction of
pharmaceutical contamination in Madrid rivers and ecotoxicological evaluation by a miniaturized
fern spores bioassay. Chemosphere, 2010. 80(4): p. 381–388. 
Chatzimarkou, A. and C. Stalikas , Adsorptive removal of estriol from water using graphene-
based materials and their magnetite composites: heterogeneous Fenton-like non-toxic
degradation on magnetite/graphene oxide. International Journal of Environmental Research,
2020. 14(3): p. 269–287. 
Guo, H. , et al. , Degradation of chloramphenicol by pulsed discharge plasma with
heterogeneous Fenton process using Fe3O4 nanocomposites. Separation and Purification
Technology, 2020. 253: p. 117540. 
Acisli, O. , et al. , Combination of ultrasonic and Fenton processes in the presence of magnetite
nanostructures prepared by high energy planetary ball mill. Ultrasonics Sonochemistry, 2017.
34: p. 754–762. 
Hassani, A. , et al. , Preparation of magnetite nanoparticles by high-energy planetary ball mill
and its application for ciprofloxacin degradation through heterogeneous Fenton process. J
Environ Manage, 2018. 211: p. 53–62. 
Aghdasinia, H. , et al. , Central composite design optimization of pilot plant fluidized-bed
heterogeneous Fenton process for degradation of an azo dye. Environmental Technology,
2016. 37(21): p. 2703–2712. 
Chen, J. , Y. Xia , and Q. Dai , Electrochemical degradation of chloramphenicol with a novel Al
doped PbO2 electrode: Performance, kinetics and degradation mechanism. Electrochimica
Acta, 2015. 165: p. 277–287. 
Garcia-Segura, S. , E.B. Cavalcanti , and E. Brillas , Mineralization of the antibiotic
chloramphenicol by solar photoelectro-Fenton: From stirred tank reactor to solar pre-pilot plant.
Applied Catalysis B: Environmental, 2014. 144: p. 588–598. 
He, H. and Z. Zhou , Electro-Fenton process for water and wastewater treatment. Critical
Reviews in Environmental Science and Technology, 2017. 47: p. 1–32. 
Wang, L. , et al. , Removal of chlorpheniramine in a nanoscale zero-valent iron induced
heterogeneous Fenton system: Influencing factors and degradation intermediates. Chemical
Engineering Journal, 2016. 284: p. 1058–1067. 
Luo, T. , et al. , Efficient degradation of tetracycline by heterogeneous electro-Fenton process
using Cu-doped Fe@Fe2O3: Mechanism and degradation pathway. Chemical Engineering
Journal, 2020. 382: p. 122970. 
Zhou, H. , et al. , Removal of 2,4-dichlorophenol from contaminated soil by a heterogeneous
ZVI/EDTA/Air Fenton-like system. Separation and Purification Technology, 2014. 132: p.
346–353. 
Yang, N. , et al. , Study on the efficacy and mechanism of Fe-TiO(2) visible heterogeneous
Fenton catalytic degradation of atrazine. Chemosphere, 2020. 252: p. 126333.



Heidari, M. , et al. , Degradation of diazinon from aqueous solutions by electro-Fenton process:
effect of operating parameters, intermediate identification, degradation pathway, and
optimization using response surface methodology (RSM). Separation Science and Technology,
2020: p. 1–13. 
Hartmann, M. , S. Kullmann , and H. Keller , Wastewater treatment with heterogeneous Fenton-
type catalysts based on porous materials. Journal of Materials Chemistry, 2010. 20(41): p.
9002–9017. 
Heidari, Z. , et al. , Application of mineral iron-based natural catalysts in electro-Fenton process:
a comparative study. Catalysts, 2021. 11(1): p. 57. 

 
Reusability of Catalyst 
Li, X.Z. , et al. , Photocatalytic oxidation using a new catalyst--TiO2 microsphere--for water and
wastewater treatment. Environ Sci Technol, 2003. 37(17): p. 3989–3994. 
Lai, B.-H. , C.-C. Yeh , and D.-H. Chen , Surface modification of iron oxide nanoparticles with
polyarginine as a highly positively charged magnetic nano-adsorbent for fast and effective
recovery of acid proteins. Process Biochemistry, 2012. 47(5): p. 799–805. 
Guo, S. , et al. , Graphene modified iron sludge derived from homogeneous Fenton process as
an efficient heterogeneous Fenton catalyst for degradation of organic pollutants. Microporous
and Mesoporous Materials, 2017. 238: p. 62–68. 
Zhang, C. , et al. , Heterogeneous electro-Fenton using modified iron–carbon as catalyst for
2,4-dichlorophenol degradation: Influence factors, mechanism and degradation pathway. Water
Research, 2015. 70: p. 414–424. 
Zhou, L. , et al. , Fabrication of magnetic carbon composites from peanut shells and its
application as a heterogeneous Fenton catalyst in removal of methylene blue. Applied Surface
Science, 2015. 324: p. 490–498. 
Ma, J. , et al. , Novel magnetic porous carbon spheres derived from chelating resin as a
heterogeneous Fenton catalyst for the removal of methylene blue from aqueous solution.
Journal of Colloid and Interface Science, 2015. 446: p. 298–306. 
Guo, H. , et al. , Degradation of chloramphenicol by pulsed discharge plasma with
heterogeneous Fenton process using Fe3O4 nanocomposites. Separation and Purification
Technology, 2020. 253: p. 117540. 
Benzaquén, T.B. , et al. , Heterogeneous Fenton reaction for the treatment of ACE in residual
waters of pharmacological origin using Fe-SBA-15 nanocomposites. Molecular Catalysis, 2020.
481: p. 110239. 
Niveditha, S. and R. Gandhimathi , Mineralization of stabilized landfill leachate by
heterogeneous Fenton process with RSM optimization. Separation Science and Technology,
2020: p. 1–10. 
Garrido-Ramírez, E.G. , et al. , Characterization of nanostructured allophane clays and their use
as support of iron species in a heterogeneous electro-Fenton system. Applied Clay Science,
2013. 86: p. 153–161. 
Luo, T. , et al. , Efficient degradation of tetracycline by heterogeneous electro-Fenton process
using Cu-doped Fe@Fe2O3: Mechanism and degradation pathway. Chemical Engineering
Journal, 2020. 382: p. 122970. 
Jain, B. , et al. , Treatment of pharmaceutical wastewater by heterogeneous Fenton process: an
innovative approach. Nanotechnology for Environmental Engineering, 2020. 5(2): p. 13. 
Heidari, Z. , et al. , Application of mineral iron-based natural catalysts in electro-Fenton process:
a comparative study. Catalysts, 2021. 11(1): p. 57. 
Bel Hadjltaief, H. , et al. , Influence of operational parameters in the heterogeneous photo-
Fenton discoloration of wastewaters in the presence of an iron-pillared Clay. Industrial &
Engineering Chemistry Research, 2013. 52(47): p. 16656–16665. 
Yang, S. , et al. , Degradation of methylene blue by heterogeneous Fenton reaction using
titanomagnetite at neutral pH values: process and affecting factors. Industrial & Engineering
Chemistry Research, 2009. 48(22): p. 9915–9921. 
Kumar, V. , et al. , Degradation of mixed dye via heterogeneous Fenton process: Studies of
calcination, toxicity evaluation, and kinetics. Water Environ Res, 2020. 92(2): p. 211–221.



Munoz, M. , et al. , Preparation of magnetite-based catalysts and their application in
heterogeneous Fenton oxidation – A review. Applied Catalysis B: Environmental, 2015.
176–177: p. 249–265. 
Saratale, R.G. , et al. , Hydroxamic acid mediated heterogeneous Fenton-like catalysts for the
efficient removal of Acid Red 88, textile wastewater and their phytotoxicity studies. Ecotoxicol
Environ Saf, 2019. 167: p. 385–395. 
Eshaq, G. , et al. , Superior performance of FeVO(4)@CeO(2) uniform core-shell
nanostructures in heterogeneous Fenton-sonophotocatalytic degradation of 4-nitrophenol. J
Hazard Mater, 2020. 382: p. 121059. 
Rahim Pouran, S. , et al. , Niobium substituted magnetite as a strong heterogeneous Fenton
catalyst for wastewater treatment. Applied Surface Science, 2015. 351: p. 175–187. 
Bolobajev, J. , et al. , Reuse of ferric sludge as an iron source for the Fenton-based process in
wastewater treatment. Chemical Engineering Journal, 2014. 255: p. 8–13. 
Cao, G.-M. , et al. , Regeneration and reuse of iron catalyst for Fenton-like reactions. Journal of
Hazardous Materials, 2009. 172(2): p. 1446–1449. 
Ahmad Shahrifun, N.S. , et al. , Reusability of Fenton sludge to reduce cod and color on palm
oil mill secondary effluent (POMSE). Advanced Materials Research, 2015. 1113: p. 486–491. 
Azmi, N.H.M. , V. Vadivelu , and B. Hameed , Iron-clay as a reusable heterogeneous Fenton-
like catalyst for decolorization of Acid Green 25. Desalination and Water Treatment, 2014. 52. 
Ramirez, J.H. , et al. , Azo-dye Orange II degradation by heterogeneous Fenton-like reaction
using carbon-Fe catalysts. Applied Catalysis B: Environmental, 2007. 75(3): p. 312–323. 
Ali, M.E.M. , T.A. Gad-Allah , and M.I. Badawy , Heterogeneous Fenton process using steel
industry wastes for methyl orange degradation. Applied Water Science, 2013. 3(1): p. 263–270. 
Saber, A. , et al. , Optimization of Fenton-based treatment of petroleum refinery wastewater with
scrap iron using response surface methodology. Applied Water Science, 2014. 4(3): p.
283–290. 
Liang, J. , et al. , High-level waste activated sludge dewaterability using Fenton-like process
based on pretreated zero valent scrap iron as an in-situ cycle iron donator. Journal of
Hazardous Materials, 2020. 391: p. 122219. 
Khajouei, G. , et al. , Treatment of composting leachate using electro-Fenton process with scrap
iron plates as electrodes. International Journal of Environmental Science and Technology,
2018. 16. 
Chakinala, A.G. , et al. , A modified advanced Fenton process for industrial wastewater
treatment. Water Sci Technol, 2007. 55(12): p. 59–65. 
Lan, S. and X. Wu , Influence of pH on treatment of medium pulping wastewater with micro
electrolysis coupling with Fenton oxidation-flocculation technology. Advanced Materials
Research, 2011. 233–235: p. 1794–1798. 
Morikawa, C.K. , A new green approach to Fenton's chemistry using tea dregs and coffee
grounds as raw material. Green Processing and Synthesis, 2014. 3. 
Xu, L. , et al. , Green and simple method for preparing iron oxide nanoparticles supported on
mesoporous biochar as a Fenton catalyst. Applied Organometallic Chemistry, 2020. 34(9): p.
e5786. 

 
Economical Aspects and Hydrogen Production 
Store, N. , Nanomaterials [cited 2021 22 June]; Available from:
https://www.nanomaterialstore.com/index.php. 
Sigma-Aldrich ., Monomers. 2021 [cited 2021 22 June]; Available from:
https://www.sigmaaldrich.com/materials-science/material-science-
products.html?TablePage=119470654&fbclid=IwAR2wzMH64Q6_Xj5GFotofPZxIPwIrgACIdzCk
s_DpXERrmqQnp0pL86GeNQ 
Barndok, H. , Advanced oxidation processes for the treatment of industrial wastewater
containing 1,4-dioxane, in Facultad de Ciencias Químicas Departamento de Ingeniería
Química. 2017, Universidad Complutense de Madrid: Madrid. 
Mahamuni, N.N. and Y.G. Adewuyi , Advanced oxidation processes (AOPs) involving
ultrasound for waste water treatment: A review with emphasis on cost estimation. Ultrasonics



Sonochemistry, 2010. 17(6): p. 990–1003. 
Muñoz, I. , Life Cycle Assessment as a Tool for Green Chemistry: Application to Different
Advanced Oxidation Processes for Wastewater Treatment. 2006, Autonomous University of
Barcelona: Spain. 
Alibaba . Alibaba Chemicals Market. 2021 [cited 2021 22 June]; Available from:
www.alibaba.com. 
Gar Alalm, M. , A. Tawfik , and S. Ookawara , Investigation of optimum conditions and costs
estimation for degradation of phenol by solar photo-Fenton process. Applied Water Science,
2017. 7(1): p. 375–382. 
Carra, I. , et al. , Cost analysis of different hydrogen peroxide supply strategies in the solar
photo-Fenton process. Chemical Engineering Journal, 2013. 224: p. 75–81. 
Molinos-Senante, M. , F. Hernández-Sancho , and R. Sala-Garrido , Economic feasibility study
for wastewater treatment: a cost-benefit analysis. Sci Total Environ, 2010. 408(20): p.
4396–4402. 
Vilardi, G. , et al. , Heterogeneous nZVI-induced Fenton oxidation process to enhance
biodegradability of excavation by-products. Chemical Engineering Journal, 2018. 335: p.
309–320. 
Niveditha, S. and R. Gandhimathi , Mineralization of stabilized landfill leachate by
heterogeneous Fenton process with RSM optimization. Separation Science and Technology,
2020: p. 1–10. 
Tripathi, P. , V.C. Srivastava , and A. Kumar , Optimization of an azo dye batch adsorption
parameters using Box–Behnken design. Desalination, 2009. 249(3): p. 1273–1279. 
Bogacki, J. , et al. , Magnetite, hematite and zero-valent iron as co-catalysts in advanced
oxidation processes application for cosmetic wastewater treatment. Catalysts, 2021. 11(1): p. 9. 
Rodrigues, C.S.D. , L.M. Madeira , and R.A.R. Boaventura , Optimization and economic
analysis of textile wastewater treatment by photo-Fenton process under artificial and simulated
solar radiation. Industrial & Engineering Chemistry Research, 2013. 52(37): p. 13313–13324. 
Nawaz, S. , et al. , Ultrasound-assisted hydrogen peroxide and iron sulfate mediated Fenton
process as an efficient advanced oxidation process for the removal of Congo red dye. Polish
Journal of Environmental Studies, 2022. 31(3): p. 2749–2761. 
Tokumura, M. , R. Morito , and Y. Kawase , Photo-Fenton process for simultaneous colored
wastewater treatment and electricity and hydrogen production. Chemical Engineering Journal,
2013. 221: p. 81–89. 
Yang, L. , et al. , Effective green electro-Fenton process induced by atomic hydrogen for rapid
oxidation of organic pollutants over a highly active and reusable carbon based palladium
nanocatalyst. Applied Surface Science, 2022. 602: p. 154325. 
Goi, A. and M. Trapido , Hydrogen peroxide photolysis, Fenton reagent and photo-Fenton for
the degradation of nitrophenols: a comparative study. Chemosphere, 2002. 46(6): p. 913–922. 
Petrucci, E. , A. Da Pozzo , and L. Di Palma , On the ability to electrogenerate hydrogen
peroxide and to regenerate ferrous ions of three selected carbon-based cathodes for electro-
Fenton processes. Chemical Engineering Journal, 2016. 283: p. 750–758. 
Iervolino, G. , et al. , Hydrogen production from glucose degradation in water and wastewater
treated by Ru-LaFeO3/Fe2O3 magnetic particles photocatalysis and heterogeneous photo-
Fenton. International Journal of Hydrogen Energy, 2018. 43(4): p. 2184–2196. 

 


