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Nowadays, the water ecosystem is being polluted due to the rapid industrialization and massive use of antibiotics, fertilizers, cosmetics, paints, and other chemicals. Chemical oxidation is one of the most applied processes to degrade contaminants in water. However, chemicals are often unable to completely mineralize the pollutants. Enhanced pollutant degradation can be achieved by Fenton reaction and related processes. As a consequence, Fenton reactions have received great attention in the treatment of domestic and industrial wastewater effluents. Currently, homogeneous and heterogeneous Fenton processes are being investigated intensively and optimized for applications, either alone or in a combination of other processes. This review presents fundamental chemistry involved in various kinds of homogeneous Fenton reactions, which include classical Fenton, electro-Fenton, photo-Fenton, electro-Fenton, sono-electro-Fenton, and solar photoelectron-Fenton. In the homogeneous Fenton reaction process, the molar ratio of iron(II) and hydrogen peroxide, and the pH usually determine the effectiveness of removing target pollutants and subsequently their mineralization, monitored by a decrease in levels of total organic carbon or chemical oxygen demand. We present catalysts used in heterogeneous Fenton or Fenton-like reactions, such as H 2 O 2 -Fe 3+ (solid)/nano-zero-valent iron/immobilized iron and electro-Fenton-pyrite. Surface properties of heterogeneous catalysts generally control the efficiency to degrade pollutants. Examples of Fenton reactions are demonstrated to degrade and mineralize a wide range of water pollutants in real industrial wastewaters, such as dyes and phenols. Removal of various antibiotics by homogeneous and heterogeneous Fenton reactions is exemplified.

Introduction

Water is abundant on earth and is critical to life. Of the total water mass, 97.2% is present in oceans and seas and 2.1% exists in glacier. 0.65% is the fraction of total water mass being utilizable for production of drinking water. This amount contains several lakes' waters which are highly polluted [START_REF] Bakker | Water security: research challenges and opportunities[END_REF][START_REF] Vörösmarty | Global threats to human water security and river biodiversity[END_REF]). Therefore, one of the important issues of this century is to provide clean water to humans (Liu and Yang 2012a, b;[START_REF] Shannon | Science and technology for water purifition in the coming decades[END_REF]. Based on a recent report of United Nations and World Health Organization (WHO), more than 2 billion humans face some kind of risk to have safe drinking water at home (World Health Organization 2017). Water-related diseases have caused more than 360,000 children die every year under 5 years of age. Ecosystems are also subjected to polluted water-related risks [START_REF] Schwarzenbach | The challenge of micropollutants in aquatic systems[END_REF][START_REF] Schwarzenbach | Global water pollution and human health[END_REF].

Water pollutants usually contain diseases-containing agents, e.g., parasitic worms, bacteria, viruses, and protozoa, oxygen-consuming wastes, water soluble inorganics, e.g., toxic metals, nutrients, e.g., phosphates and nitrate, water soluble radioactive compounds and organic pollutants, e.g., plastics, oil, detergents, dyes, aryl chlorides, and pesticides [START_REF] Kralchevska | Remarkable effi of phosphate removal: Ferrate(VI)-induced in situ sorption on core-shell nanoparticles[END_REF][START_REF] Schmeller | People, pollution and pathogens-global change impacts in mountain freshwater ecosystems[END_REF][START_REF] Sharma | Aquatic arsenic: toxicity, speciation, transformations, and remediation[END_REF][START_REF] Sousa | A review on environmental monitoring of water organic pollutants identified by EU guidelines[END_REF]. In recent years, emerging organic contaminants in water have become major concerns. These include endocrine disruptor chemicals (EDCs) and pharmaceuticals and personal care products (PPCPs) [START_REF] Cizmas | Pharmaceuticals and personal care products in water: occurrence, toxicity and risk[END_REF][START_REF] Hajj-Mohamad | The distribution dynamics and desorption behaviour of mobile pharmaceuticals and caffeine to combined sewer sediments[END_REF][START_REF] Klatte | Pharmaceuticals in the environment-a short review on options to minimize the exposure of humans, animals and ecosystems[END_REF][START_REF] Sharma | A review of the infl of treatment strategies on antibiotic resistant bacteria and antibiotic resistance genes[END_REF]. Pollutants come from industrial, agricultural, and consumer products, which contaminate groundwater and surface water, commonly used as drinking water resources [START_REF] Blum | Persistence, mobility and bioavailability of emerging organic contaminants discharged from sewage treatment plants[END_REF][START_REF] Sousa | A review on environmental monitoring of water organic pollutants identified by EU guidelines[END_REF]). Water treatments have been greatly investigated for depollution of water for freshwater usage and drinking [START_REF] Kim | Adsorption of antibiotics and iopromide onto single-walled and multi-walled carbon nanotubes[END_REF][START_REF] Sharma | Magnetic graphene-carbon nanotube iron nanocomposites as adsorbents and antibacterial agents for water purification[END_REF][START_REF] Werber | Materials for next-generation desalination and water purifi membranes[END_REF].

Various treatment approaches have been applied which include adsorption, biodegradation, coagulation, ionexchange, and oxidation processes [START_REF] Brillas | Decontamination of wastewaters containing synthetic organic dyes by electrochemical methods: an updated review[END_REF][START_REF] Feng | Metal-mediated oxidation of fl oquinolone antibiotics in water: a review on kinetics, transformation products, and toxicity assessment[END_REF][START_REF] Ghattas | Anaerobic biodegradation of (emerging) organic contaminants in the aquatic environment[END_REF][START_REF] Sharma | Water depollution using metal-organic frameworks-catalyzed advanced oxidation processes: a review[END_REF]. Among these methods, advanced oxidation processes (AOPs) have been researched tremendously for the last two decades [START_REF] Anumol | Transformation of polyfl inated compounds in natural waters by advanced oxidation processes[END_REF][START_REF] Boczkaj | Wastewater treatment by means of advanced oxidation processes at basic pH conditions: a review[END_REF][START_REF] Gassie | Advanced oxidation and disinfection processes for onsite net-zero greywater reuse: a review[END_REF][START_REF] Oturan | Advanced oxidation processes in water/ wastewater treatment: principles and applications: a review[END_REF]. AOPs is based on generation of a powerful oxidizing agent such as hydroxyl radicals ( • OH) at a significant amount to effectively decontaminate water. Many different kinds of AOPs have been developed to produce in situ • OH radicals [START_REF] Duan | Nonradical reactions in environmental remediation processes: uncertainty and challenges[END_REF][START_REF] Liu | Sulfate radical-based oxidation for sludge treatment: A review[END_REF][START_REF] Sillanpää | Advanced oxidation processes for the removal of natural organic matter from drinking water sources: a comprehensive review[END_REF]. Chemical, sonochemical, photochemical, electrochemical processes have been utilized to form • OH radicals [START_REF] Brillas | Decontamination of wastewaters containing synthetic organic dyes by electrochemical methods: an updated review[END_REF][START_REF] Cheng | Hydroxyl radicals based advanced oxidation processes (AOPs) for remediation of soils contaminated with organic compounds: a review[END_REF][START_REF] Ganzenko | Bioelectro-Fenton: evaluation of a combined biological-advanced oxidation treatment for pharmaceutical wastewater[END_REF][START_REF] Garcia-Segura | Applied photoelectrocatalysis on the degradation of organic pollutants in wastewaters[END_REF][START_REF] Gligorovski | Environmental implications of hydroxyl radicals ( • OH)[END_REF]Sharma 2013;[START_REF] Sirés | Electrochemical advanced oxidation processes: today and tomorrow: a review[END_REF][START_REF] Steter | Solar photoelectro-Fenton treatment of a mixture of parabens spiked into secondary treated wastewater effluent at low input current[END_REF][START_REF] Trellu | Removal of hydrophobic organic pollutants from soil washing/flushing solutions: a critical review[END_REF]. The present review pertains to Fenton's reagent, a chemical strategy to efficiently generate in situ • OH radicals. In the literature, many approaches of Fenton reaction have been performed, which include homogeneous and heterogeneous Fenton reactions (Fig. 1). Examples are classical, modifi Fenton reactions (e.g., sono-Fenton, photo-Fenton, electro-Fenton, photo-electro-Fenton, and ligand assisted Fenton) and solid-solution-based Fenton (H 2 O 2 -solid Fe 0, H 2 O 2 -solid Fe III [START_REF] Barbosa | Occurrence and removal of organic micropollutants: an overview of the watch list of EU Decision 2015/495[END_REF][START_REF] Clarizia | Homogeneous photo-Fenton processes at near neutral pH: a review[END_REF][START_REF] Gligorovski | Environmental implications of hydroxyl radicals ( • OH)[END_REF][START_REF] Mirzaei | Removal of pharmaceuticals from water by homo/heterogonous Fenton-type processes-a review[END_REF][START_REF] Moreira | Tertiary treatment of a municipal wastewater toward pharmaceuticals removal by chemical and electrochemical advanced oxidation processes[END_REF]). In the next sections, fundamental chemistry of the Fenton reaction occurring in different systems to generate • OH radicals is presented.

Fenton's reagent

A mixture of ferrous ion (Fe 2+ ) and hydrogen peroxide (H 2 O 2 ) is called Fenton's reagent. The chemistry of this reagent started in 1894 when Fenton applied it to degrade tartaric acid [START_REF] Fenton | LXXIII.-oxidation of tartaric acid in presence of iron[END_REF][START_REF] Fenton | XLI.-the constitution of a new dibasic acid, resulting from the oxidation of tartaric acid[END_REF]). Fenton's reagent involved complex mechanism of reactions, presented in Table 1. Basically, a Fenton process is initiated by the formation of hydroxyl radical ( • OH) (reaction F1) [START_REF] Oturan | Advanced oxidation processes in water/ wastewater treatment: principles and applications: a review[END_REF]. The reaction F1 takes place in acidic 

2+ + H 2 O 2 → Fe 3+ + • OH + OH - (F1) Fe 2+ + H 2 O + H + → Fe 3+ + H 2 O + • OH (F2)
transfer step [START_REF] Fischbacher | Hydroxyl radical yields in the Fenton process under various pH, ligand concentrations and hydrogen peroxide/Fe(II) ratios[END_REF][START_REF] Goldstein | Comments on the mechanism of the "Fenton-like" reaction[END_REF]. In the first step, the formation of complex, FeOOH 2+ , is formed [START_REF] Gallard | Spectrophotometric study of the formation of iron(III)-hydroperoxy complexes in homogeneous aqueous solutions[END_REF]) (reaction F6). This complex goes through equilibrium (reaction F7) (Rachmi- 

• 2+ + 3 -1 -1
formation is written as reaction F8. A general assumption

Fe 3+ + HO 2 → Fe + O 2 + H k 4 = 2 × 10 M s (F4) is that the complex Fe(H 2 O 2 ) 2+ could react through either 3+ •-→ Fe 2+ + O k = 5 × 10 7 M -1 s -1 (F5) Fe + O 2 2 5 Fe 2+ + H 2 O 2 ⇌ FeOOH + + H + (F6) FeOOH + + H + ⇌ Fe(H 2 O 2 ) 2+ (F7) Fe 2+ + H 2 O 2 ⇌ Fe(H 2 O 2 ) 2+ (F8) Fe(H 2 O 2 ) 2+ → Fe 3+ + • OH + OH - (F9) Fe(H 2 O 2 ) 2+ → FeO 2+ + H 2 O (F10) Electro-Fenton processes Fe 3+ + e -→ Fe 2+ (EF1) O 2 + 2H + + 2e -→ H 2 O 2 (EF2) 2H 2 O → O 2 + 4H + + 4e - (EF3) Fe → Fe 2+ + 2e - (EF4) Photo-Fenton processes Fe 3+ + hν + H 2 O → Fe 2+ + • OH + H + (PF1) FeOH 2+ + hν → Fe 2+ + • OH (PF2) Fe 3+ -L + hν → Fe 2+ + L •+ (PF3) Ultrasound Fenton processes H • + Fe 3+ → Fe 2+ + H + (UF1)
• one-electron or two-electron transfer forming • OH or Fe IV , respectively (reactions F9 and F10) [START_REF] Bataineh | pH-induced mechanistic changeover from hydroxyl radicals to iron(IV) in the Fenton reaction[END_REF][START_REF] Hug | Iron-catalyzed oxidation of Arsenic(III) by oxygen and by hydrogen peroxide: pH-dependent formation of oxidants in the Fenton reaction[END_REF][START_REF] Katsoyiannis | pH dependence of Fenton reagent generation and As(III) oxidation and removal by corrosion of zero valent iron in aerated water[END_REF][START_REF] Sonntag | Advanced oxidation processes: mechanistic aspects[END_REF].

Advantages of Fenton's reagent are that it is simple and easy to apply without any requirement of energy input [START_REF] Bautista | An overview of the application of Fenton oxidation to industrial wastewaters treatment[END_REF]. However, Fenton's reagent has some drawbacks which include risk of storage of hydrogen peroxide, adjustment of pH to acidic range, and buildup of iron sludge [START_REF] Oturan | Advanced oxidation processes in water/ wastewater treatment: principles and applications: a review[END_REF]. Optimizing the dosages of reactants may minimize disadvantages of Fenton's reagent. Use of iron oxides, iron-modified clays, ion-exchange resins, iron-exchange Nafion membranes, and zeolites, and alumina may reduce the generation of sludge [START_REF] Bautista | An overview of the application of Fenton oxidation to industrial wastewaters treatment[END_REF][START_REF] Lucas | Degradation of a textile reactive Azo dye by a combined chemical-biological process: Fenton's reagent-yeast[END_REF][START_REF] Pignatello | Advanced oxidation processes for organic contaminant destruction based on the Fenton reaction and related chemistry[END_REF]Zhang et al. 2011a, b). Fenton's reagent has been applied to degrade and subsequent destruction and mineralization of numerous organic 1). In the reaction F4 (see Table 1) [START_REF] Bielski | A study of the superoxide radical chemistry by stopped-flow radiolysis and radiation induced oxygen consumption[END_REF][START_REF] Gallard | Kinetic modelling of Fe(III)/H 2 O 2 oxidation reactions in dilute aqueous solution using atrazine as a model organic compound[END_REF][START_REF] Rush | Pulse radiolytic studies of the reactions of HO 2 /O 2with Fe(II)/Fe(III) ions. The reactivity of HO 2 /O 2 with ferric ions and its implication on the occurrence of the Haber-Weiss reaction[END_REF].

H • + O 2 → HO 2 (UF2
The mechanism of Fenton reaction is still not fully understood. The reaction F1 occurs through inner sphere electron peroxycoagulation, fered Fenton, anodic Fenton treatment or electrochemical peroxidation, Fe 2+ can also be produced from the oxidation of sacrifi anode of iron (reaction EF4, Table 1) [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]. A few reviews on the elimination of pollutants including micro-pollutants in water using electro-Fenton process have been published [START_REF] Annabi | Degradation of enoxacin antibiotic by the electro-Fenton process: optimization, biodegradability improvement and degradation mechanism[END_REF][START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Isarain-Chávez | Mineralization of metoprolol by electro-Fenton and photoelectro-Fenton processes[END_REF]Lin et al. 2017b;[START_REF] Steter | Solar photoelectro-Fenton treatment of a mixture of parabens spiked into secondary treated wastewater effluent at low input current[END_REF][START_REF] Wang | Design of a highly efficient and wide pH electro-Fenton oxidation system with molecular oxygen activated by ferrous-tetrapolyphosphate complex[END_REF][START_REF] Özcan | Evaluation of mineralization kinetics and pathway of norfl xacin removal from water by electro-Fenton treatment[END_REF]. A progress is being made to enhance the efficiency of electro-Fenton process. A research on sonoelectro-Fenton and photo-Fenton processes has also been performed in order to improve efficiency and practicality of electro-Fenton methods [START_REF] Bocos | Elimination of radio contrast agent diatrizoic acid by photo-Fenton process and enhanced treatment by coupling with electro-Fenton process[END_REF][START_REF] Espinoza | Mineralization of the textile dye acid yellow 42 by solar photoelectro-Fenton in a lab-pilot plant[END_REF][START_REF] Gozzi | Treatment of single and mixed pesticide formulations by solar photoelectro-Fenton using a flow plant[END_REF][START_REF] Kalishwaralal | A novel one-pot green synthesis of selenium nanoparticles and evaluation of its toxicity in zebrafi embryos[END_REF][START_REF] Oturan | Sonoelectro-Fenton process: a novel hybrid technique for the destruction of organic pollutants in water[END_REF][START_REF] Pliego | Trends in the intensification of the Fenton process for wastewater treatment: an overview[END_REF][START_REF] Uribe | Advanced technologies for water treatment and reuse[END_REF][START_REF] Vidal | Effective removal of the antibiotic nafcillin from water by combining the photoelectro-Fenton process and anaerobic biological digestion[END_REF]. Electro-Fenton process is also being combined with biological methods to mineralize organic pollutants in water [START_REF] Annabi | Degradation of enoxacin antibiotic by the electro-Fenton process: optimization, biodegradability improvement and degradation mechanism[END_REF][START_REF] Ganzenko | Bioelectro-Fenton: evaluation of a combined biological-advanced oxidation treatment for pharmaceutical wastewater[END_REF]. The coupling of electro-Fenton with biological degradation is a new and interesting tool. The coupled process is called bioelectro-Fenton process (Olvera-Vargas et al. 2016a, b).

Photo-Fenton process

In the Photo-Fenton process, the ultraviolet (UV) light can assist the reduction of Fe 3+ to Fe 2+ (reaction PF1, Table 1) to react with H 2 O 2 to generate • OH through the reaction F1 (Table 1). Effi of reaction is greatest at pH 3.0 because Fe 3+ ions generally exist as Fe(OH) 2+ under this condition. The photo-Fenton process has possibility of using many several UV regions as light energy source, namely UVA (λ = 315-400 nm), UVB (λ = 285-315 nm), and UVC (λ < 285 nm); therefore, the yield of • OH varies with intensity of light. The Fe(OH) 2+ has absorbance maximum only in the UVB region. Production of • OH through the UV photolysis of Fe(OH) 2+ is low (quantum yield of reaction PF2 is 0.2) [START_REF] Pignatello | Advanced oxidation processes for organic contaminant destruction based on the Fenton reaction and related chemistry[END_REF][START_REF] Zepp | Hydroxyl radical formation in aqueous reactions (pH 3-8) of iron(II) with hydrogen peroxide: the photo-Fenton reaction[END_REF]. Furthermore, solar light has fraction of light in the UVB region; only limited solar light irradiation can be absorbed. At the neutral pH, Fe 3+ precipitated out and efficiency of photo-Fenton process is quite low. This drawback of the photo-Fenton process can be minimized by adding ligands (L) such as polycarboxylates and polyaminocarboxylates (e.g., oxalate, citrate, ethylenediaminetetraacetatic acid, and ethylenediamine N,N′disuccinic acid) [START_REF] Faust | Photolysis of Fe(III)-hydroxy complexes as sources of OH radicals in clouds, fog and rain[END_REF][START_REF] Faust | Photochemistry of aqueous Iron(III)-polycarboxylate complexes: roles in the chemistry of atmospheric and surface waters[END_REF][START_REF] Li | Photodegradation of E2 in the presence of natural montmorillonite and the iron complexing agent ethylenediamine-N,N'-disuccinic acid[END_REF]Weller et al. 2013a, b). These ligands form stable complexes with Fe 3+ , which upon UV and visible light irradiation reduce Fe 3+ to Fe 2+ via ligand-tometal-charge transfer (LMCT) step (reaction PF3, Table 1). Quantum yields of these Fe 3+ -L complexes are higher than quantum yield of Fe(OH) 2+ . The use of organic ligand complexes of Fe 3+ is advantageous. However, the ligands are attacked by • OH produced in the process reducing the efficiency. Photo-Fenton process has shown their effectiveness in removing a wide range of contaminants, which include polychlorinated biphenyls, pesticides, and pharmaceuticals [START_REF] Clarizia | Homogeneous photo-Fenton processes at near neutral pH: a review[END_REF][START_REF] Gligorovski | Environmental implications of hydroxyl radicals ( • OH)[END_REF][START_REF] Matafonova | Recent advances in application of UV light-emitting diodes for degrading organic pollutants in water through advanced oxidation processes: a review[END_REF][START_REF] Serpone | Light-driven advanced oxidation processes in the disposal of emerging pharmaceutical contaminants in aqueous media: a brief review[END_REF].

Ultrasound Fenton process

In the ultrasound Fenton process, a high-frequency is applied to split water into • OH and • H radicals [START_REF] Eren | Ultrasound as a basic and auxiliary process for dye remediation: a review[END_REF][START_REF] Ma | Short review: current trends and future challenges in the application of sono-Fenton oxidation for wastewater treatment[END_REF][START_REF] Salimi | Contaminants of emerging concern: a review of new approach in AOP technologies[END_REF][START_REF] Özdemir | Color removal from synthetic textile wastewater by sono-Fenton process[END_REF]. Sonolysis of solution containing Fe 3+ ions results in a series of reactions (reactions UF1-UF5, Table 1) to generate both Fe 2+ and H 2 O 2 for Fenton reaction [START_REF] Gligorovski | Environmental implications of hydroxyl radicals ( • OH)[END_REF]. Basically, sonochemistry and Fenton reaction generate • OH to carry out transformation of organic pollutants in water (Chakma andMoholkar 2014, 2015). Several investigations have been explored applications of ultrasound Fenton processes to degrade a number of contaminants in water [START_REF] Durán | Solar photo-Fenton mineralization of antipyrine in aqueous solution[END_REF][START_REF] Feng | Removal of residual anti-infl ory and analgesic pharmaceuticals from aqueous systems by electrochemical advanced oxidation processes: a review[END_REF].

Heterogeneous Fenton reaction

A heterogeneous Fenton-like process has been investigated by many researchers because of advantages over homogeneous Fenton reactions [START_REF] Cai | Visible light-assisted heterogeneous Fenton with ZnFe 2 O 4 for the degradation of orange II in water[END_REF][START_REF] Diao | Enhanced catalytic degradation of ciprofloxacin with FeS 2 /SiO 2 microspheres as heterogeneous Fenton catalyst: kinetics, reaction pathways and mechanism[END_REF][START_REF] García-Rodríguez | Iron Supported on Ion Exchange Resin as Source of Iron for Fenton's reagent: a Heterogeneous or a Homogeneous Fenton's reagent Generation[END_REF][START_REF] Li | Unique role of Mossbauer spectroscopy in assessing structural features of heterogeneous catalysts[END_REF][START_REF] Lyu | Heterogeneous Fenton catalytic water treatment technology and mechanism[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF]. One of the main advantages of heterogeneous Fenton reactions is its feasibility over a wide pH rage to degrade pollutants in water. If the source of iron is magnetic like magnetite (Fe 3 O 4 ), a magnetic separation can be applied (Morales-Pérez et al. 2016b). A focus of the research in the heterogeneous Fenton process is to increase the catalytic activity of solid iron sources without leaching of iron to aqueous environment. Efforts have been made to characterize catalysts for their pore size, density, and porosity in order to achieve better catalytic efficiency of heterogeneous Fenton-like reactions. A number of catalysts have been applied to carry out heterogeneous Fenton reactions [START_REF] Costa | Highly active heterogeneous Fenton-like systems based on Fe 0 /Fe 3 O 4 composites prepared by controlled reduction of iron oxides[END_REF][START_REF] Diao | Enhanced catalytic degradation of ciprofloxacin with FeS 2 /SiO 2 microspheres as heterogeneous Fenton catalyst: kinetics, reaction pathways and mechanism[END_REF][START_REF] Diao | Magnetic multi-metal codoped magnesium ferrite nanoparticles: an efficient visible lightassisted heterogeneous Fenton-like catalyst synthesized from saprolite laterite ore[END_REF][START_REF] García-Rodríguez | Iron Supported on Ion Exchange Resin as Source of Iron for Fenton's reagent: a Heterogeneous or a Homogeneous Fenton's reagent Generation[END_REF][START_REF] Mirzaei | Removal of pharmaceuticals from water by homo/heterogonous Fenton-type processes-a review[END_REF]Morales-Pérez et al. 2016a;[START_REF] Nidheesh | Heterogeneous electro-Fenton process: principles and applications[END_REF][START_REF] Oturan | An unprecedented route of [rad]OH radical reactivity evidenced by an electrocatalytical process: Ipso-substitution with perhalogenocarbon compounds[END_REF][START_REF] Ouiriemmi | Heterogeneous electro-Fenton using natural pyrite as solid catalyst for oxidative degradation of vanillic acid[END_REF][START_REF] Pi | Heterogeneous activation of peroxymonocarbonate by Co-Mn oxides for the efficient degradation of chlorophenols in the presence of a naturally occurring level of bicarbonate[END_REF].

The • OH radicals may also be produced in a reductive environment [START_REF] Cao | Remediation of DDTs contaminated soil in a novel Fenton-like system with zero-valent iron[END_REF][START_REF] Le | Effective degradation of para-chloronitrobenzene through a sequential treatment using zero-valent iron reduction and Fenton oxidation[END_REF][START_REF] Vilardi | Heterogeneous nZVI-induced Fenton oxidation process to enhance biodegradability of excavation by-products[END_REF]. It has been shown that an addition of zero-valent iron (ZVI, Fe 0 ) to an aerated water solution yields the precursors reactants (Fe 2+ and H 2 O 2 ) through a sequence of reactions (ZF1-ZF3, Table 1) [START_REF] Kang | Electron shuttling catalytic effect of mellitic acid in zero-valent iron induced oxidative degradation[END_REF]). In the presence of organic compounds and ZVI, many additional reactions also occur. This may be the reason of limited use of ZVI in Fenton reaction processes [START_REF] Shimizu | Phenol removal using zero-valent iron powder in the presence of dissolved oxygen: roles of decomposition by the Fenton reaction and adsorption/precipitation[END_REF].

Iron oxides minerals like pyrite (FeS 2 ), hematite (Fe 2 O 3 ), goethite (α-FeOOH), and lepidocrocite (γ-FeOOH) have been studied in the heterogeneous Fenton-like reactions. Numerous support materials in heterogeneous Fenton processes have also been used. These include activated carbon, zeolites, clays, silicas, layered materials, and graphene oxide [START_REF] Espinosa | Reduced graphene oxide as a metal-free catalyst for the light-assisted Fenton-like reaction[END_REF]. More recently, a focus is on metal nanoparticles (e.g., Ag, Cu, and Au) to modify surfaces to obtain more eff eness of the heterogeneous Fenton reaction processes [START_REF] Dhakshinamoorthy | Metal nanoparticles as heterogeneous Fenton catalysts[END_REF][START_REF] Espinosa | Iron oxide nanoparticles supported on diamond nanoparticles as efficient and stable catalyst for the visible light assisted Fenton reaction[END_REF]. Details of a range of catalysts in Fenton reactions are given in reviews on the subject of degradation of several kinds of pollutants in water.

In following section of the review, examples are given to demonstrate applications of homogeneous and heterogeneous Fenton reaction processes.

Treatment of industrial wastewater: homogeneous Fenton reaction process

Effl released from various industries contain pollutants at high levels, which could be a threat to human life. Removal of these pollutants by biological and eco-friendly methods is not successful as industrial waste contains mainly organic loads comprising of high COD and BOD. In developing countries, 85-90% of the wastewater is discharged directly into surface water bodies without proper treatment, and thus, the pollutants present in the discharged directly to the environment [START_REF] Shannon | Science and technology for water purifition in the coming decades[END_REF]. In India, nearly 6.2 million m 3 of industrial wastewater is generated every day, and only 60% of it is being treated [START_REF] Kaur | Heterogenous sono-Fenton process using pyrite nanorods prepared by nonthermal plasma for degradation of an anthraquinone dye[END_REF].

Chemical method is considered as a convenient strategy for removing these pollutants. Among various chemical processes, advanced oxidation process has found to be appropriate approach to minimize contamination from industrial effl Table 2 presents examples of Fenton treatment of industrial waste generated by various industries of the world. A wide range of chemicals have been found in industrial wastewater, which include pesticides and pharmaceuticals. Generally, industrial wastewater contains high values of chemical oxygen demand (COD), biological demand (BOD), dissolved organic carbon (DOC), and total organic carbon. Fenton's reagent was applied at various molar ratios of Fe(II) and H 2 O 2 (Table 2). Pollutants of industrial wastewater could be degraded almost completely. Moreover, results showed a significant decrease in values of COD, BOD, and DOC after the treatment with Fenton's reagent. For example, at a molar ratio 10 for 0.2 mM Fe 3+ , TOC removal was 90% in real industrial water (Bouafi gui et al. 2010). This suggests that mineralization of organic pollutants (e.g., maleic acid anhydride, pesticides, 2-ethylhexyl alcohol, urea formaldehyde resin adhesive, α,β,γ-HCH, DDT, DMDT, fenitrothion, chlorfenvinphos) could be achieved using the Fenton's reagent. Values of DOC decreased signifi y by the treatment with the Fenton's reagent. Components of petroleum waste like ethylene glycol, 1,4-dioxane, lower [Fe(II)]/[H 2 O 2 ] value could also be degraded at molar ratio of Fe(II) to H 2 O 2 as 0.02.

Degradation of pollutants: homogeneous Fenton reaction processes

Degradation of representative phenols and pesticides by homogeneous Fenton reaction is given in Table 3. Phenol and dichlorvos were found to be successfully removed by homogeneous Fenton reaction in the acidic pH range (Table 3). Only 80% removal of 2,4-dichlorophenol was seen. Transformation of bisphenol A formed various intermediates, suggested not signifi ant mineralization of parent molecule under studied conditions. Homogeneous Fenton reaction in combination with ultrasound was highly eff es in degrading diff ent kind of pesticides. Removal of the pesticides was almost complete (Table 3).

Degradation of dyes: heterogeneous Fenton reaction processes

Nowadays, dyes are frequently used for several purposes such as dyeing clothes, leather, furniture, even in our regular life in food, cosmetics, and medicine, etc. Dyes are not easily degraded because some of them are non-biodegradable and have long-term adverse eff Dyes have shown hazard eff on environment after entering into the ecosystem [START_REF] Huang | Kinetic study of an immobilized iron oxide for catalytic degradation of azo dye reactive black B with catalytic decomposition of hydrogen peroxide[END_REF]). Dyes can be degraded by various methods, including biomass degradation [START_REF] Hsu | Biological degradation of anthraquinone and azo dyes by a novel laccase from lentinus sp[END_REF][START_REF] Prachi | Fungal dye decolourization: recent advances and future potential[END_REF], photocatalytic degradation [START_REF] Gu | Hierarchically porous graphitic carbon nitride: large scale facile synthesis and its application toward photocatalytic dye degradation[END_REF], combined treatment [START_REF] Jafari | Degradation of a textile reactive azo dye by a combine biological-photocatalyticprocess: candidatropicalis Jks2-TiO 2 / UV[END_REF]). Among various advanced oxidation methods, Fenton reaction systems are reliable methods to transform dyes into many smaller fragments, i.e., water, carbon dioxide. Examples of degrading dyes by Heterogeneous Fenton reactions systems are summarized in Table 4. Catalysts used in the systems were iron-and carbon-based materials. Combinations of iron and carbon materials were also utilized to degrade dyes. Signifi y, most of the studies shown in Table 4 under diff ent conditions and catalysts could achieve the complete degradation of dyes. However, time of the complete degradation varied with experimental conditions. Nanocomposite materials in heterogeneous Fenton reaction systems seem to take less time to obtain the complete degradation compared to other catalysts. 

Treatment of antibiotics

Human and veterinary antibiotics are considered to be of prime importance as emerging micro-pollutants due to their high consumption rate. These micro-pollutants are being generated through household, industry, hospital service, poultry, livestock, and aquatic activity which get deposited and leached into the environment. The fate of antibiotics after their purposive use is not being monitored. Most of the antibiotics are not fully eliminated from the body, and some of them may remain unchanged in the environment [START_REF] Hirsch | Occurrence of antibiotics in the aquatic environment[END_REF][START_REF] Brown | Occurrence of antibiotics in hospital, residential, and dairy effluent, municipal wastewater and Rio Grande in Mexico[END_REF]. Thus, in order to bring awareness among the people, world antibiotics week is being organized since November 2015, with the theme "antibiotics: Handle with care." Antibiotics and antibiotics resistance bacteria present in water have become problems of global reach [START_REF] Walter | Occurrence of multiple-antibiotic resistant enteric bacteria in domestic sewage and oxidative lagoons[END_REF].

Various oxidation methods are nowadays available to remove antibiotics from environment [START_REF] Watkinson | Removal of antibiotics in conventional and advanced wastewater treatment: implications for environmental discharge and wastewater recycling[END_REF][START_REF] Adams | Removal of antibiotics from surface and distilled water in conventional water treatment processes[END_REF][START_REF] Oturan | Electrocatalytic destruction of the antibiotic tetracycline in aqueous medium by electrochemical advanced oxidation processes: effect of electrode materials[END_REF]Sharma 2013;[START_REF] Feng | Degradation of fluoroquinolone antibiotics by ferrate (VI): eff of water constituent and oxidized products[END_REF][START_REF] Anquandah | Oxidation of trimethoprim by ferrate(VI): kinetics, products and antibacterial activity[END_REF][START_REF] Gulkowska | Removal of antibiotics from wastewater by sewage treatment facilities in Hong Kong and Shenzhen, China[END_REF]. Advanced oxidation process have gained much higher attention in comparison to other oxidation methods [START_REF] An | Kinetics and mechanism of advanced oxidation processes (AOPs) in degradation of ciprofl xacin[END_REF]Elmolla and Chaudhuri 2010a, b;Alaton and Dogruel 2004;Alaton et al. 2004;[START_REF] Kassinos | Transformation products of pharmaceuticals in surface waters and waste water formed during photolysis and advanced oxidation processes: degradation, elucidation of byproducts and assessment of their biological potency[END_REF][START_REF] Zhang | Feasibility study of treatment of amoxicillin wastewater with a combination of extraction, Fenton oxidation, reverse osmosis[END_REF]. Examples of degradation of antibiotics by different reaction processes are presented in Table 5.

Removal of amoxicillin by a mixture of Fe(II) and H 2 O 2 could be observed up 100% in ≤ 90 min when the antibiotic concentration was in the range from 10 to 500 mg/L. When the level of amoxicillin was in 1 g/L, removal of the antibiotic was in hours. Degradation of amoxicillin also resulted in a decrease in TOC, generally more than 50%. When photo-Fenton reaction using potassium ferrioxalate was applied, a decrease in toxicity of amoxicillin was seen (Table 5). Comparatively, degradation of cefradine was much less than amoxicillin under same conditions of homogeneous Fenton reaction system. Similar to amoxicillin, degradation of ampicillin and cloxacillin was up to 100%, which was also in conjunction with removal of COD and TOC. When homogeneous Fenton reaction process was applied to antibiotic fermentation wastewater, significant removal of COD was observed in 60 min (i.e., 72.4%).

Complete removal of ciprofloxacin by Fenton's reagent was observed in less than 2 min at an initial concentration of the antibiotic as 10 mg/L (Table 5). Degradation of chloramphenicol under heterogeneous Fenton system using FeS 2 -H 2 O 2 at pH 8.0 was more than 80%. Chlortetracycline could be removed by homogeneous Fenton reaction processes in which a combination of Fenton with sonication gave removal of 82%, a slightly higher than either Fenton reaction or sonication processes (67-76%). Removal of fl roquinolone was low (i.e., 40%) in use of Fenton's reagent. However, degradation of fl uine increased to 94% under photo-Fenton reaction conditions. Removal of levofloxacin was sought by electro-Fenton reaction process that showed a complete elimination of the antibiotic, and a decrease in TOC was more than 50%. Other fluoroquinolones, moxifl xacin, norfl xacin, and ofl xacin also had the complete removal by the Fenton reaction systems.

Degradation of sulfonamide antibiotics (e.g., sulfamethoxazole, sulfamethazine, sulfanilamide, and sulfasalazine, and sulfamonomethoxine) and trimethoprim has been investigated by Fenton reaction processes. Almost complete elimination of sulfonamides was observed (Table 5). Mineralizations of sulfamethoxazole and trimethoprim were also high (70-90%). When Fenton's reagent was applied to degrade antibiotics in swine wastewater, removal of TOC was 40%. Several studies have been performed on degrading tetracycline by Fenton reaction processes (Table 5). In an hour or less, removal of tetracyclines was in the range of 79-100%, depending on the reaction conditions. In a longer time of 2 h, mineralization up to ~ 4% could be achieved (Table 5).

Conclusion

In the homogeneous Fenton reaction, the conditions of should be optimized in order to evaluate full potential of • OH radicals to oxidize contaminants in water. These conditions include dosages of Fe(II) and hydrogen peroxide, pH, and temperature. Excess concentrations of Fe(II) precipitate out as ferric hydroxide, and COD value increases by excess amount of hydrogen peroxide. Homogeneous Fenton reaction is limited to acidic pH that results in unwanted sludge of iron-oxy hydroxides. Heterogeneous Fenton reaction systems are being developed by applying catalysts (e.g., ferric oxides) and photolysis to enhance the eff eness to eliminate contaminants in water. However, a more research is needed on advancing application of catalysts which are [START_REF] Silva | Degradation of flumequine by the Fenton and photo Fenton processes: evaluation of residual antimicrobial activity[END_REF] applicable in a wide range of pH and can recycle iron in the Fenton reaction system.

Fenton oxidation process can efficiently remove a range of contaminants in water. For example, antibiotics such as ofl xacin, trimethoprim, sulfonamide and sulfamethoxazole could be completely using the Fenton reaction system. However, Fenton reactions process needs to be combined with other methods to achieve thorough mineralization. Significantly, most of the studies in the literature on removing contaminants by Fenton reaction processes are on the bench scale, and a very little is known on performing at a pilot scale with polluted water. It is important Fenton reaction system should be demonstrated by using contaminated water containing nitrate, bromide, and natural organic matter. These constituents of water scavenge • OH radicals and thus decrease the eff eness of the advanced oxidation processes. Furthermore, pilot and field scale testing of the selected Fenton reaction is required to demonstrate the capabilities, possible limitation, and reaction conditions of Fenton reaction processes to produce drinking water from contaminated source water.
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 1 Fig. 1 Types of Fenton reaction processes used in treating organic pollutants in water

[

  on 90 minZubir et al. (2014a, b) Removal = 100% in 40 min Khataee et al. in 30 min[START_REF] Chen | Photo-Fenton reaction of supported cationic cyclopentadienyl iron complexes of aren and application as heterogeneous catalysts in photodegradation of dyes under visible light[END_REF] 

[

  = 500 µg/L [Fe(II)] = 0.5 mmol/L [H 2 O 2 ] = 2.0 mmol/L Residual yields = 54% and 43%after 120 min Fluorine = 77%, nitrate = 5%, ammonia = 24% after 180 min Degradation (Fenton) = 40% Degradation (photo-Fenton) = 94% after 60 min[START_REF] Annabi | Degradation of enoxacin antibiotic by the electro-Fenton process: optimization, biodegradability improvement and degradation mechanism[END_REF] 

Table 1

 1 Reactions involved in Fenton reaction processes

	Fenton's reagent
	Fe

Table 2

 2 Treatment of real industrial wastewater by homogeneous Fenton reaction process. COD-chemical oxygen demand, BOD-biological oxygen demand, DOC-dissolved organic carbon, TOC-total oxygen carbon

	No. Region	Pollutants	Reaction conditions and com-	
				ments	
			Industrial waste	[Fe(II)] = 6 g/L and	Mandal et al. (2010)
				[H 2 O 2 ] = 220 g/L	
				COD removal = ~ 95%	
	2.	Chemical factories, Southern Poland	Maleic acid anhydride, pesticides, 2-ethylhexyl alcohol, urea for-	[Fe(II)]/[H 2 O 2 ] = 0.33, (maleic acid anhydride), pH = 3.0, COD	Barbusinski (2005)
			maldehyde resin adhesive	removal = ~ 88%	
				[Fe(II)]/[H 2 O 2 ] = 0.50, (2-ethyl-hexyl alcohol), pH = 3.5, COD	
				removal = 86.3%	
				[Fe(II)]/[H 2 O 2 ] = 0.33, (urea formaldehyde resin adhesive),	
				pH = 3.5, COD removal = 88.8%	
	3.	Pesticide-containing wastewater,	α,β,γ-HCH, DDT, DMDT, feni-	[Fe(II)]/[H 2 O 2 ] = 0.33, (pesticide	Barbusinski and Filipek (2001)
		Southern Poland	trothion, chlorfenvinphos	containing water), pH = 3.2, COD removal = 71.7%	
				All pesticides degraded com-	
				pletely	
	4.	Pharmaceutical waste water, Turkey	Variety of pharmaceutical chemicals	oxidation followed by sequenc-[H 2 O 2 ] = 5 g/L and [Fe(II)]/ [H 2 O 2 ] = 0.33-0.50 Fenton	Tekin et al. (2006)
				ing batch reactor, COD	
				removal = ~ 99%	
	5.	Laboratory mixed waste chemical	Different laboratory chemicals	[Fe(II)]/[H 2 O 2 ] = 0.22, COD	Benatti and Tavares (2012)
		of 17-month period, Brazil	waste	removal = 90%	
	6.	Fish canning waste water, Por-tugal	Organic matter, salts, oil and grease	COD = 220 mg/L, Before treatment: DOC = 50 mg/L,	Cristovao et al. (2014)
				BOD 5 = 0.8 mg/L (Biological pretreatment of fish	
				canning waste water, followed	
				by treatment with Fenton's	
				reagent)	
				After treatment: DOC = 20 mg/L,	
				COD = 90 mg/L	
	7.	Chemical plant that produce	Methyl methacrylate	Maximum removal efficiencies	Sanchez et al. (2014)
		acrylic sheets, Mexico		(Fenton adsorption treatment):	
				96% color, 58% TOC, and 60%	
				COD	
	8.	Real industrial biorecalcitrant wastewater, Spain	5-Amino-6-methyl-2-benzimida-zolone	Removal: 67% color, 42% COD, [Fe(II)]/[H 2 O 2 ] = 0.0032	Sarria et al. (2001)
				and 41% TOC	
	9.	El-Nasr pharmaceutical and	Pharmaceutical company	Before treatment: COD (4100-	Badawy et al. (2009)
		Chemical Company, South-East	discharges both industrial and	13,023 mg/L), TSS	
		of Cairo	municipal wastewater	(20-330 mg/L), and oil grease	
				(17.4-600 mg/L)	
				Treatment: [Fe(II)]/[H 2 O 2 ] = 0.02 and COD/[H 2 O 2 ] = 1:2.2	
				Removal was almost complete	
	10. Tannery wastewater, Brazil	Containing both organic and inorganic pollutants	to low level H 2 O 2 /UV at pH 3 and Fenton at pH 3.5; efficiently remove TOC	Schrank et al. (2005)
	11. Petrochemical effluent, India	Ethylene glycol, 1,4-dioxane	[Fe(II)]/[H 2 O 2 ] = 0.02; pH 3.0	Ghosh et al. (2011)
				COD removal = 97.5%	
	12. Pesticides wastewater from Nubaria, Egypt	Chlorpyrifos, lambda-cyhalo-thrin, diazinon	COD removal (photo-Fenton process) = 90.7%	Alalm et al. (2015)
				COD removal (TiO 2 photocata-lytic reaction = 79.6%	

Table 3

 3 Examples of degradation of phenols, pesticides, and surfactants in water by the homogeneous Fenton reaction

	No. Pollutants	Reaction conditions	Results and comments	References

Table 4

 4 Examples of degradation of dyes by heterogeneous Fenton reaction processes

	No. Dyes	Catalyst	Reaction conditions	Results	References
	1.	Acid black	Pillared laponite clay-	[Dye] = 0.2 mM;	Removal = 100% in 60 min Sum et al. (2004)
			based Fe	[Catalyst] = 1 g/L,	
				[H 2 O 2 ] = 6.4 mM, Light	
				intensity = 8 W UVC	
	2.	Acid blue 185	Natural and ball-milled		
			magnetite nanostructures		

Table 5

 5 Treatment of antibiotics containing wastewater by different Fenton reaction processes

	S. no. Antibiotics	Reaction conditions	Results	References
	1.	Amoxicillin	Box-Behnken-statistical	Removal = 100% degradation in Ay and Fikret (2010)
			experiment design [Amoxicil-	2.5 min
			lin] = 10-200 mg/L [H 2 O 2 ] = 10-500 mg/L [Fe(II)] = 0-50 mg/L Fe(II)	Mineralization = 37% in 15 min

Table 5

 5 

		(continued)		
	S. no. Antibiotics	Reaction conditions	Results	References
	12.	Amoxicillin, ampicillin, cloxacil-		
		lin		
	14.	Amoxicillin, ampicillin, cloxacil-		
		lin		
	15.	Antibiotic fermentation waste-		
		water		
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