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Abstract

:

An overview of the latest advances in the design of active catalysts with the ability to promote (photo) Fenton processes in water from a Green Chemistry perspective is discussed herein. A critical evaluation of the most relevant advances has been disclosed, and a brief perspective is presented about what is needed to fill the gap of knowledge in this field.
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1. Introduction


The definition of Contaminants of Emerging Concern (CECs) refers to the chemicals that can be found in surface waters and may cause ecological or human health threats and are not currently regulated. CECs in wastewater include pharmaceuticals and personal care products, surfactants, and pesticides, which are usually recalcitrant to the conventional types of wastewater treatment. Thus, the development of new technologies to effectively remove those contaminants from water has become more and more urgent in recent decades. In this context, Advanced Oxidation Processes (AOPs) are regarded as the most effective strategy to fulfil this purpose through the generation of reactive oxygen species (ROS), an extremely powerful oxidant species. Among AOPs, great attention has been devoted to Fenton processes, based on the dismutation reaction of hydrogen peroxide catalyzed by iron ions (namely Fe2+ and Fe3+) to produce hydroxyl radicals (HO•) and other reactive radicals (HOO•, O2•−), even though these processes are actually way more complex, with many other reactions involved; some of these reactions lead to the formation of either radical or non-radical, powerful oxidizing species [1] capable of degrading organic pollutants in water, and other parasite reactions consuming H2O2 or active radicals (radical scavenging reactions), thus lowering the global efficiency of the process.



However, the possibility of applying the Fenton process using H2O2 coupled with an iron salt (usually FeSO4) to a plant scale suffers from major limitations affecting the pre- and post-treatment steps. The use of iron salt as an active catalyst demands the use of a strong mineral acid (namely H2SO4) to obtain a strongly acidic pH and prevent iron precipitation as hydroxides during the treatment. And as a result, a consequent post-treatment neutralization step is required before any other subsequent treatment or disposal of the treated wastewater. Another inconvenience is also set by the high running costs of the plant, mostly due to the expenses related to collecting, treatment and disposal of the iron-containing sludges obtained from the neutralization after the AOP, and the market price of hydrogen peroxide used as oxidant [2,3].



To overcome these drawbacks, alternative modified Fenton processes have been designed, mainly varying the oxidant, catalyst, and strategies provided to the system. For this purpose, variants based on the Fenton reaction, including electro-Fenton, heterogeneous Fenton, and Fenton-like, each possibly coupled with light irradiation for the analogue photo Fenton-type process, have been developed and investigated in the literature mostly for the removal of target compounds or for the treatment of real wastewaters.



Homogeneous catalysts studied in (photo) Fenton-like processes include iron complexes with high solubility in water (regardless of pH conditions). Moreover, this solution has been also proved to enhance the effectiveness of the treatment in degradation of aqueous contaminants by allowing the formation of powerful oxidant species containing iron in high oxidation states (Fe (IV) and Fe (V)) through a ligand to metal charge transfer (LMCT) mechanism, making Fenton-like and photo Fenton-like processes the most promising technologies for the removal of most contaminants of emerging concern from wastewaters. Notwithstanding their effectiveness and despite the great efforts spent in their optimization, mostly devoted to achieving the highest mineralization of selected target molecules, there is still a large lack of knowledge concerning the development of the catalysts and the technologies for these processes to make them feasible at a large scale and improve their sustainability in accordance with the 12 principles of Green Chemistry [4] and the Safe and Sustainable by Design (SSbD) principles recently published by the European Commission [5].



Within this context and from this perspective, a critical discussion of the classic Fenton and the Fenton-type technologies from the Green Chemistry (Table 1) and the Safe and Sustainable by Design (Table 2) point of view is addressed, aiming to disclose what has been done and what is still needed to fill the gap towards the sustainable approach in designing catalysts active in producing reactive oxygen species in aqueous environment.




2. Critical Discussion


A critical evaluation from the Green Chemistry point of view of the classic Fenton process, as it has been proposed in the literature so far, highlights how it fails in respecting many principles of Green Chemistry.



In particular, the addition of concentrated strong mineral acids to the wastewater to be treated, raises concerns about using hazardous chemicals (3rd, 5th, 8th and 12th principles); moreover, the required neutralization post-treatment step, leading to the formation of sludges, does not meet the 1st principle. Another critical point is related to the large amount of hydrogen peroxide required to carry out these processes which disattends the 2nd Principle, raises the operative costs due to the very expensive H2O2 and has high environmental impacts associated with the process, as proved in the few Life Cycle Assessment (LCA) studies of Fenton processes reported in the literature [6,7]. Thus, it is noteworthy that the same issues affecting the practicability of Fenton on a large scale, also impair its sustainability.



Recently, the use of alternative oxidants, which are potentially cheaper and more sustainable, in place of the most common H2O2 to drive Fenton processes has been evaluated as a possible solution to reduce the costs and environmental impacts associated with the provisioning of hydrogen peroxide. In this context, some pioneering studies have been published reporting promising results regarding the degradation of target pollutants. Among others, the use of sodium hypochlorite as an oxidant has been demonstrated to provide a cheaper alternative compared to hydrogen peroxide at the expense of a slightly lower efficiency in the treatment of simulated wastewater containing a mixture of aromatic compounds (89% vs. 72% COD removal in the optimized conditions) [8]. However, the environmental impacts associated with the production of NaClO on an industrial scale are considerably higher than those associated with the industrial production of H2O2 according to the Ecoinvent database (Ecoinvent 3.8). As another option, three different reagents (sodium sulfite, SO32−, potassium metabisulfite, S2O52−, and sodium persulfate, S2O82−) were tested, and their efficiency in the degradation of phenol as a target compound was compared with that of hydrogen peroxide. Within this study, authors demonstrated that sulfite and metabisulfite can be effectively activated by Fe-TAML (tetra amido macrocyclic ligand) which contributes toward the degradation of phenol. However, further studies should be performed to evaluate the environmental impacts associated with the use of these oxidants.



Additionally, electrochemical systems able to produce both H2O2 and Fe2+ ions in situ, known as electro-Fenton, have been developed. In detail, electro-Fenton implies the continuous electro-generation of H2O2 inside the reactor through to the cathodic reduction of dissolved O2 (Equation (1)) and of ferrous ions (Fe2+) by oxidative dissolution of sacrificial anode of metallic iron (Fe0) (Equation (2)), and the regeneration of Fe2+ by cathodic reduction of Fe3+ (Equation (3)) obtained from the reaction of H2O2 with Fe2+ (Equation (4)).


O2 + 2 H+ + 2 e− → H2O2



(1)






Fe0 → Fe2+ + 2 e−



(2)






Fe3+ + e− → Fe2+



(3)






H2O2 + Fe2+ → HO• + HO− + Fe3+



(4)







This strategy cleverly avoids the disadvantages of the H2O2 supply and limits the drawbacks related to the addition of the iron salt catalyst being steadily produced in solution at low concentrations [9,10]. Indeed, by providing iron ions at concentrations below the solubility limit, the acidification step can be avoided. However, the feasibility of electro-Fenton for real scale applications is limited due to its costs related to high energy consumptions [11] (6th Principle). For example, in 2020 electro-Fenton has been tested for the degradation of chloroquine as a target pollutant [12]. However, to accomplish the complete removal of the chloroquine drug, the optimized operational conditions required (pH = 3.0, O2 flow rate of 80 mL/min and a current density of 60 mA/cm2 for 5 h of treatment time) are hardly feasible on a plant scale. For this reason, in 2021 a new study was published reporting the possibility of applying electro-Fenton on a bench scale for the degradation of clofibric acid [13]. Reported results showed that the scaled-up treatment was efficient and cost effective thanks to a clever reactor design in the scaling-up process. Thus, authors took a first step forward towards a more realistic application of electro-Fenton on a real plant scale, even though the proposed process certainly needs further optimization to become a feasible and competitive technology.



With the aim of working at a circumneutral pH, in recent decades the development of modified Fenton processes has drawn much attention from scientists and engineers, mainly looking for strategies for catalyst modifications. Among them, heterogeneous iron-based materials and homogeneous iron complexes have been deeply investigated. First, heterogeneous systems proposed in the literature include catalytic systems based on bulk catalysts containing metallic iron or iron oxides, as hematite, goethite or magnetite [14,15,16]. Interestingly, a naturally occurring iron-containing mineral was applied as a heterogeneous catalyst for the degradation of a recalcitrant cationic dye, the crystal violet [17]. Moreover, the same catalyst was also tested in the treatment of real textile wastewater.



More recently, zero valent iron nanoparticles (nZVI) have been employed as novel heterogeneous catalysts for modified Fenton and photo Fenton [18,19]. During the last decade, a nanoscale zero-valent iron (nZVI) catalytic system has been extensively investigated and shown high potential in removing organic contaminants in wastewater, combining absorption and redox activities, thanks to its unique structure made of a core–shell of the Fe (0) core and iron oxide external layer. Heterogeneous catalytic systems allow the avoidance of the acidification and post-treatment neutralization steps, thus preventing the formation of sludges (1st principle) and the risks associated with the use of concentrated mineral acids (3rd, 5th and 12th principles).



Notwithstanding the undeniable advantages of heterogeneous systems, mainly the possibility to carry out the process avoiding pH modifications and the recovery of the catalyst, heterogeneous catalysts may undergo iron particles leaching during the treatment; moreover, the suspended solid catalysts in the photo Fenton process encumber the incoming radiation, making the irradiation less effective (6th principle). A possible solution could be the development of suitable supporting materials for those powder catalysts; however, this would further enhance the costs and impacts related to the preparation of the catalyst. Finally, the toxicity for plants and animals of such materials should be addressed, especially taking into account that they would realistically reach the ecosphere after the treatment.



Alternative strategies to run Fenton-type processes at a neutral or circumneutral pH involve the use of other non-ferrous transition metal redox couples (e.g., Cu+/Cu2+, Al0/Al3+, Cr3+/Cr6+) [20,21,22]. However, most of the proposed alternatives are heavy metals, thus their applicability for environmental applications is a concern.



As matter of fact, the most promising approach to perform Fenton-like and photo Fenton-like processes, without further acidification of the sample, which is to be treated, has been the development of novel iron-based catalysts soluble in a board range of pHs, mostly employing chelating agents to form stable complexes with iron. Noteworthy, the presence of a ligand-to-complex iron, beside the enhancement of the solubility of the catalyst, also improves the efficiency of the process overall. In fact, recent studies have demonstrated that the presence of the ligand generally speeds up the reaction between H2O2 and FeIII and facilitates the formation of ferryl species ([FeIV=O]2+) with high oxidizing power [23,24].



In this field, early studies from prof. Collins, who reported on the ability of TAMLs in the activation of hydrogen peroxide for green oxidation processes [25], paved the way for the design of new effective catalysts for this application. In order to form stable and soluble complexes with iron ions, chelating agents must have two or more functional groups, mainly carboxylic, hydroxyl, amide and amine groups, which can form bonds with the metal center. Ligands which have both two or more carboxylic groups and at least an amine group can be classified as amino polycarboxylic acids (APCAs) [26]. Among APCAs, the well-known ethylenediaminetetraacetic acid (EDTA) has drawn great attention from the scientific community, and is applied as a catalyst for the degradation of a wide number of contaminants, especially in photo Fenton-like processes [27,28,29], even though it actually has certain environmental concerns associated with each stage of its life cycle, from synthesis, to use, to end of life. Despite the consolidated synthetic protocol on an industrial scale (more than 55 ktonnes globally produced per year [30]), the synthesis of EDTA lacks of greenness for different reasons: the precursors used, especially ethylenediamine and formaldehyde [31], are harmful and toxic substances (see 3rd principle) derived from fossil resources (7th principle). Moreover, the use of EDTA as a ligand in this field raises some concern related to its concentration in the environment, which has been increasing due to its massive use and its persistence since it is poorly biodegradable (in contrast with the 10th and 11th principles of Green Chemistry). In fact, EDTA dissolved in groundwater is able to leach micronutrients from the soil, and remobilize toxic heavy metals from sediments, making them bioavailable and resulting in the eutrophication phenomena. For this reason, inspired by the 12 principles of Green Chemistry and the benign-by-design approach [32,33], the design of biodegradable (10th principle) and biomass-derived (7th principle) ligands of the new generation has to be pursued by the scientific community. To date, through following this approach, two alternative chelating agents of new generation have been employed as ligands in designing novel catalysts for (photo) Fenton-like processes, namely the ethylenediamine disuccinate and iminodisuccinate iron complexes, Fe-EDDS [34,35,36,37] and Fe-IDS [38,39,40], respectively. Both ligands can be obtained from maleic anhydride, a biomass-derived platform molecule (in accordance with 7th principle). However, the synthesis pathway from maleic anhydride for EDDS leads to a mixture of all four possible enantiomers, of which only one ([S,S]-EDDS) is readily biodegradable. The sole biodegradable enantiomer [S,S]-EDDS could be selectively obtained through the reaction between 1,2-dibromoethane and enantiopure aspartic acid, thus accomplishing the 10th and 12th principles but at the of expense of the 3rd, 4th and 12th principles due to the higher cost of the enantiopure aspartic acid and more dangerous precursor (the dihalomethane). To date, indeed, most studies recently published in the literature reported the use of the Fe-EDDS complex regardless of the stereochemistry (and thus, the biodegradability) of the ligand itself. In these studies, Fe-EDDS has been employed as a catalyst in the photo Fenton processes for a wide variety of applications, including the degradation of antibiotics in distilled water [37], of pharmaceuticals in hospital wastewaters [35,36], or for the treatment of industrial winery wastewaters [34]. Beyond the results in terms of pollutants removal, generally >90% are under optimized conditions which is achieved at the expense of quite high catalyst loading (H2O2/Fe-EDDS molar ratios ranging from 10 to 50). It is noteworthy that these studies demonstrated that Fe-EDDS-catalyzed-photo-Fenton-like processes can also be effectively activated under solar irradiation in place of the most common but more energy-demanding UV-C irradiation. This remarkable result allows avoidance of issues related to the UV-C generally used to activate this kind of photocatalysts, e.g., the unhealthy expositions to high-energy radiation sources and the cogeneration of by-products (e.g., chlorite and bromate, trihalomethanes). On the other hand, iminodisuccinate (IDS), a pentadentate ligand also obtainable from biomass-derived maleic anhydride through a simple reaction with NaOH and aqueous ammonia, shows complete biodegradability within 28 days according to the OECD standards regardless of its stereochemistry. This ligand has been employed in the development of an iron-based homogeneous catalyst for photo Fenton-like processes for the first time for the treatment of highly refractory olive mill industrial wastewaters [38] and more recently for the treatment of greywaters aiming for the reuse [41], and for the removal of pharmaceuticals [42] as well as the disinfection of urban wastewaters [43]. In these studies, the biomass-derived, and biodegradable Fe-IDS catalyst was effectively employed as a catalyst in both UV-C and solar-activated photo Fenton-like processes without significative activity loss, thus proving the possibility of carrying out the process with solar irradiation. However, except for the first study, in which the H2O2/Fe-IDS molar ratio under optimized conditions was 250 [38], for this catalyst the molar ratios of the oxidant to Fe-L in the optimized conditions ranged from 10 to 20, suggesting either a poor efficiency of the catalyst or non-optimized experimental conditions used. As a matter of fact, an ideal catalyst for photo Fenton-like processes should provide high efficiency, which can be evaluated measuring its Turn Over Frequency (TOF) value [44], so that low concentrations of the catalyst need to be added to the system; moreover, another desirable feature of the catalyst should be the possibility of being photo-activated by visible or solar light irradiation instead of the more energy-demanding UV-C light, usually used to run photo Fenton processes. In fact, in this context, some research groups have been investigating the possibility of carrying out photo Fenton-like processes using low cost and low energy-demanding LEDs as a radiation source [29,45,46,47].




3. Conclusions and Future Perspectives


In this perspective article, a critical evaluation of the accordance of the main catalytic systems with Green Chemistry principles for different (photo) Fenton and (photo) Fenton-like processes has been disclosed. Even though nice work has been carried out in designing Fenton-type processes and effective catalysts for these kinds of processes, there is still a large gap of knowledge concerning the development of effective catalytic systems to make the application of these processes at a plant scale economically feasible and environmentally sustainable. With this aim, the scientific community should be actively involved in the design of new catalysts with high efficiency and low environmental impacts. This goal can be achieved with the synergistic contributions of different expertise and different tools combined in a holistic approach. The catalyst design should be supported with theorical studies involving DFT calculations to enhance the chelating strength of the organic ligand to be employed and the possibility of obtaining iron-based complexes photoactivable under visible, solar, or monochromatic irradiation. Catalytic activities evaluations (TOF calculation [44]) should be considered, and green metrics including E-factor [48], Process Mass Intensity, (PMI) [49], and life cycle assessment (LCA) methodologies should be employed to evaluate the sustainability of the new catalysts and their applications in advanced oxidation processes for wastewater treatment.







Funding


This research received no external funding.




Acknowledgments


Many thanks to Raffaele Cucciniello for his continuous and invaluable mentoring, guidance, support, and feedback.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Chen, H.-Y. Why the Reactive Oxygen Species of the Fenton Reaction Switches from Oxoiron(IV) Species to Hydroxyl Radical in Phosphate Buffer Solutions? A Computational Rationale. ACS Omega 2019, 4, 14105–14113. [Google Scholar] [CrossRef] [PubMed]

	



Shokri, A.; Fard, M.S. A critical review in Fenton-like approach for the removal of pollutants in the aqueous environment. Environ. Chall. 2022, 7, 100534. [Google Scholar] [CrossRef]

	



Goyal, R.; Singh, O.; Agrawal, A.; Samanta, C.; Sarkar, B. Advantages and limitations of catalytic oxidation with hydrogen peroxide: From bulk chemicals to lab scale process. Catal. Rev. 2022, 64, 229–285. [Google Scholar] [CrossRef]

	



12 Principles of Green Chemistry—American Chemical Society. Available online: https://www.acs.org/greenchemistry/principles/12-principles-of-green-chemistry.html (accessed on 18 December 2023).

	



Joint Research Centre (European Commission); Caldeira, C.; Farcal, L.R.; Aguirre, I.G.; Mancini, L.; Tosches, D.; Amelio, A.; Rasmussen, K.; Rauscher, H.; Sintes, J.R.; et al. Safe and Sustainable by Design Chemicals and Materials: Framework for the Definition of Criteria and Evaluation Procedure for Chemicals and Materials, Publications Office of the European Union. 2022. Available online: https://data.europa.eu/doi/10.2760/487955 (accessed on 18 March 2024).

	



Conde, J.J.; Abelleira, S.; Estévez, S.; González-Rodríguez, J.; Feijoo, G.; Moreira, M.T. Improving the sustainability of heterogeneous Fenton-based methods for micropollutant abatement by electrochemical coupling. J. Environ. Manag. 2023, 332, 117308. [Google Scholar] [CrossRef]

	



Feijoo, S.; González-Rodríguez, J.; Fernández, L.; Vázquez-Vázquez, C.; Feijoo, G.; Moreira, M.T. Fenton and Photo-Fenton Nanocatalysts Revisited from the Perspective of Life Cycle Assessment. Catalysts 2020, 10, 23. [Google Scholar] [CrossRef]

	



Behin, J.; Akbari, A.; Mahmoudi, M.; Khajeh, M. Sodium hypochlorite as an alternative to hydrogen peroxide in Fenton process for industrial scale. Water Res. 2017, 121, 120–128. [Google Scholar] [CrossRef]

	



Nidheesh, P.V.; Ganiyu, S.O.; Martínez-Huitle, C.A.; Mousset, E.; Olvera-Vargas, H.; Trellu, C.; Zhou, M.; Oturan, M.A. Recent advances in electro-Fenton process and its emerging applications. Crit. Rev. Environ. Sci. Technol. 2023, 53, 887–913. [Google Scholar] [CrossRef]

	



Deng, F.; Olvera-Vargas, H.; Zhou, M.; Qiu, S.; Sirés, I.; Brillas, E. Critical Review on the Mechanisms of Fe2+ Regeneration in the Electro-Fenton Process: Fundamentals and Boosting Strategies. Chem. Rev. 2023, 123, 4635–4662. [Google Scholar] [CrossRef]

	



Casado, J. Towards industrial implementation of Electro-Fenton and derived technologies for wastewater treatment: A review. J. Environ. Chem. Eng. 2019, 7, 102823. [Google Scholar] [CrossRef]

	



Midassi, S.; Bedoui, A.; Bensalah, N. Efficient degradation of chloroquine drug by electro-Fenton oxidation: Effects of operating conditions and degradation mechanism. Chemosphere 2020, 260, 127558. [Google Scholar] [CrossRef]

	



Poza-Nogueiras, V.; Moratalla, Á.; Pazos, M.; Sanromán, Á.; Sáez, C.; Rodrigo, M.A. Towards a more realistic heterogeneous electro-Fenton. J. Electroanal. Chem. 2021, 895, 115475. [Google Scholar] [CrossRef]

	



Thomas, N.; Dionysiou, D.D.; Pillai, S.C. Heterogeneous Fenton catalysts: A review of recent advances. J. Hazard. Mater. 2021, 404, 124082. [Google Scholar] [CrossRef] [PubMed]

	



Ali, A.S.; Khan, I.; Zhang, B.; Nomura, K.; Homonnay, Z.; Kuzmann, E.; Scrimshire, A.; Bingham, P.A.; Krehula, S.; Musić, S.; et al. Photo-Fenton degradation of methylene blue using hematite-enriched slag under visible light. J. Radioanal. Nucl. Chem. 2020, 325, 537–549. [Google Scholar] [CrossRef]

	



Hernández-Oloño, J.T.; Infantes-Molina, A.; Vargas-Hernández, D.; Domínguez-Talamantes, D.G.; Rodríguez-Castellón, E.; Herrera-Urbina, J.R.; Tánori-Córdova, J.C. A novel heterogeneous photo-Fenton Fe/Al2O3 catalyst for dye degradation. J. Photochem. Photobiol. A Chem. 2021, 421, 113529. [Google Scholar] [CrossRef]

	



Ayed, S.B.; Azam, M.; Al-Resayes, S.I.; Ayari, F.; Rizzo, L. Cationic Dye Degradation and Real Textile Wastewater Treatment by Heterogeneous Photo-Fenton, Using a Novel Natural Catalyst. Catalysts 2021, 11, 1358. [Google Scholar] [CrossRef]

	



Ahmed, N.; Vione, D.; Rivoira, L.; Castiglioni, M.; Beldean-Galea, M.S.; Bruzzoniti, M.C. Feasibility of a Heterogeneous Nanoscale Zero-Valent Iron Fenton-like Process for the Removal of Glyphosate from Water. Molecules 2023, 28, 2214. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Hou, D.; Tang, Y.; Liu, M.; Qie, H.; Qian, T.; Xu, R.; Lin, A.; Xu, X. Effects of the application of nanoscale zero-valent iron on plants: Meta analysis, mechanism, and prospects. Sci. Total Environ. 2023, 900, 165873. [Google Scholar] [CrossRef]

	



Cao, W.; Jin, M.; Yang, K.; Chen, B.; Xiong, M.; Li, X.; Cao, G. Fenton/Fenton-like metal-based nanomaterials combine with oxidase for synergistic tumor therapy. J. Nanobiotechnol. 2021, 19, 325. [Google Scholar] [CrossRef]

	



Fiorentino, A.; Cucciniello, R.; Di Cesare, A.; Fontaneto, D.; Prete, P.; Rizzo, L.; Corno, G.; Proto, A. Disinfection of urban wastewater by a new photo-Fenton like process using Cu-iminodisuccinic acid complex as catalyst at neutral pH. Water Res. 2018, 146, 206–215. [Google Scholar] [CrossRef]

	



Chen, Q.; Yang, D.; Yu, L.; Jing, X.; Chen, Y. Catalytic chemistry of iron-free Fenton nanocatalysts for versatile radical nanotherapeutics. Mater. Horiz. 2020, 7, 317–337. [Google Scholar] [CrossRef]

	



Boaz, N.C.; Bell, S.R.; Groves, J.T. Ferryl Protonation in Oxoiron(IV) Porphyrins and Its Role in Oxygen Transfer. J. Am. Chem. Soc. 2015, 137, 2875–2885. [Google Scholar] [CrossRef] [PubMed]

	



Benítez, F.J.; Melín, V.; Perez-Gonzalez, G.; Henríquez, A.; Zarate, X.; Schott, E.; Contreras, D. The ferryl generation by fenton reaction driven by catechol. Chemosphere 2023, 335, 139155. [Google Scholar] [CrossRef]

	



Collins, T.J. TAML Oxidant Activators:  A New Approach to the Activation of Hydrogen Peroxide for Environmentally Significant Problems. Acc. Chem. Res. 2002, 35, 782–790. [Google Scholar] [CrossRef] [PubMed]

	



Prete, P.; Fiorentino, A.; Rizzo, L.; Proto, A.; Cucciniello, R. Review of aminopolycarboxylic acids–based metal complexes application to water and wastewater treatment by (photo-)Fenton process at neutral pH. Curr. Opin. Green Sustain. Chem. 2021, 28, 100451. [Google Scholar] [CrossRef]

	



Messele, S.A.; Bengoa, C.; Stüber, F.E.; Giralt, J.; Fortuny, A.; Fabregat, A.; Font, J. Enhanced Degradation of Phenol by a Fenton-Like System (Fe/EDTA/H2O2) at Circumneutral pH. Catalysts 2019, 9, 474. [Google Scholar] [CrossRef]

	



Hu, Y.; Li, Y.; He, J.; Liu, T.; Zhang, K.; Huang, X.; Kong, L.; Liu, J. EDTA-Fe(III) Fenton-like oxidation for the degradation of malachite green. J. Environ. Manag. 2018, 226, 256–263. [Google Scholar] [CrossRef] [PubMed]

	



Ortiz, D.; Munoz, M.; Garcia, J.; Cirés, S.; de Pedro, Z.M.; Quesada, A.; Casas, J.A. Photo-Fenton oxidation of cylindrospermopsin at neutral pH with LEDs. Environ. Sci. Pollut. Res. 2023, 30, 21598–21607. [Google Scholar] [CrossRef] [PubMed]

	



Ecoinvent Database-Ecoinvent. 2020. Available online: https://ecoinvent.org/the-ecoinvent-database/ (accessed on 18 December 2023).

	



Singer, J.J.J.; Mark, W. Process and Preparation of Amino Nitriles and Acetic Acids. US Patent US3061628A, 30 October 1962. Available online: https://patents.google.com/patent/US3061628A/en (accessed on 18 December 2023).

	



Cespi, D.; Esposito, I.; Cucciniello, R.; Anastas, P.T. Beyond the beaker: Benign by design society. Curr. Res. Green Sustain. Chem. 2020, 3, 100028. [Google Scholar] [CrossRef]

	



Cucciniello, R.; Anastas, P.T. Design for degradation or recycling for reuse? Curr. Opin. Green Sustain. Chem. 2021, 31, 100528. [Google Scholar] [CrossRef]

	



Jorge, N.; Teixeira, A.R.; Lucas, M.S.; Peres, J.A. Enhancement of EDDS-photo-Fenton process with plant-based coagulants for winery wastewater management. Environ. Res. 2023, 229, 116021. [Google Scholar] [CrossRef]

	



Lin, H.H.-H.; Lin, A.Y.-C. Solar photo-Fenton oxidation of cytostatic drugs via Fe(III)-EDDS at circumneutral pH in an aqueous environment. J. Water Process Eng. 2021, 41, 102066. [Google Scholar] [CrossRef]

	



Lumbaque, E.C.; Cardoso, R.M.; de Araújo Gomes, A.; Malato, S.; Pérez, J.A.S.; Sirtori, C. Removal of pharmaceuticals in hospital wastewater by solar photo-Fenton with Fe3+-EDDS using a pilot raceway pond reactor: Transformation products and in silico toxicity assessment. Microchem. J. 2021, 164, 106014. [Google Scholar] [CrossRef]

	



Maniakova, G.; Salmerón, I.; Aliste, M.; Polo-López, M.I.; Oller, I.; Malato, S.; Rizzo, L. Solar photo-Fenton at circumneutral pH using Fe(III)-EDDS compared to ozonation for tertiary treatment of urban wastewater: Contaminants of emerging concern removal and toxicity assessment. Chem. Eng. J. 2022, 431, 133474. [Google Scholar] [CrossRef]

	



Fiorentino, A.; Prete, P.; Rizzo, L.; Cucciniello, R.; Proto, A. Fe3+- IDS as a new green catalyst for water treatment by photo-Fenton process at neutral pH. J. Environ. Chem. Eng. 2021, 9, 106802. [Google Scholar] [CrossRef]

	



Faggiano, A.; De Carluccio, M.; Fiorentino, A.; Ricciardi, M.; Cucciniello, R.; Proto, A.; Rizzo, L. Photo-Fenton like process as polishing step of biologically co-treated olive mill wastewater for phenols removal. Sep. Purif. Technol. 2023, 305, 122525. [Google Scholar] [CrossRef]

	



Faggiano, A.; Ricciardi, M.; Fiorentino, A.; Cucciniello, R.; Motta, O.; Rizzo, L.; Proto, A. Combination of foam fractionation and photo-Fenton like processes for greywater treatment. Sep. Purif. Technol. 2022, 293, 121114. [Google Scholar] [CrossRef]

	



Faggiano, A.; Ricciardi, M.; Motta, O.; Fiorentino, A.; Proto, A. Greywater treatment for reuse: Effect of combined foam fractionation and persulfate-iron based fenton process in the bacterial removal and degradation of organic matter and surfactants. J. Clean. Prod. 2023, 415, 137792. [Google Scholar] [CrossRef]

	



La Manna, P.; De Carluccio, M.; Iannece, P.; Vigliotta, G.; Proto, A.; Rizzo, L. Chelating agents supported solar photo-Fenton and sunlight/H2O2 processes for pharmaceuticals removal and resistant pathogens inactivation in quaternary treatment for urban wastewater reuse. J. Hazard. Mater. 2023, 452, 131235. [Google Scholar] [CrossRef] [PubMed]

	



La Manna, P.; De Carluccio, M.; Oliva, G.; Vigliotta, G.; Rizzo, L. Urban wastewater disinfection by iron chelates mediated solar photo-Fenton: Effects on seve