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Abstract

:

Nowadays, the contamination of wastewater by organic persistent pollutants is a reality. These pollutants are difficult to remove from wastewater with conventional techniques; hence, it is necessary to go on the hunt for new, innovative and environmentally sustainable ones. In this context, advanced oxidation processes have attracted great attention and have developed rapidly in recent years as promising technologies. The cornerstone of advanced oxidation processes is the selection of heterogeneous catalysts. In this sense, the possibility of using metal–organic frameworks as catalysts has been opened up given their countless physical–chemical characteristics, which can overcome several disadvantages of traditional catalysts. Thus, this review provides a brief review of recent progress in the research and practical application of metal–organic frameworks to advanced oxidation processes, with a special emphasis on the potential of Fe-based metal–organic frameworks to reduce the pollutants present in wastewater or to render them harmless. To do that, the work starts with a brief overview of the different types and pathways of synthesis. Moreover, the mechanisms of the generation of radicals, as well as their action on the organic pollutants and stability, are analysed. Finally, the challenges of this technology to open up new avenues of wastewater treatment in the future are sketched out.
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1. Introduction


The demographic growth in developed countries and consequently, the demand for products from agriculture, livestock and industry has increased and led to a significant development of the related industries [1]. However, despite the magnificent benefits provided to society, there is evidence that soil, water and atmosphere are still being polluted [2]. Among these major environmental problems, the water environment is of particular importance because it is a valuable and limited resource [3]. Further, the wastewater treatment plants (WWTP) of today are not capable of degrading or removing persistent organic pollutants from wastewater. These organic pollutants, including the newly recognized emerging persistent organic pollutants, have increasingly been detected in recent years [4]. This term typically refers to substances that have been introduced to the environment or that have been discovered in nature, whether they are synthetic or natural. Persistent organic pollutants are generated from compounds applied for a range of purposes including pharmaceuticals and personal care products, pesticides, food additives and dyes from the textile industry [4]. Therefore, as this problem instead of diminishing has had the opposite effect, efforts to develop new and more efficient and environmentally sustainable technologies are urgently needed.



Of all the recent technologies developed up-to-date, Advanced Oxidation Processes (AOPs) are the most efficient in removing these persistent organic pollutants from aqueous media and are considered eco-friendly treatment processes. These helpful processes are based on the in situ production of non-selective radicals with a strong oxidation power able to mineralize the organic pollutants. Among the mentioned radicals, hydroxyl (HO•), sulphate (SO4•−) and superoxide (O2•−) radicals are the most used since they give the highest oxidative capacity and have better environmental properties [5]. Producing these radicals is a complex process that requires a catalyst for their generation by different activation methods. Moreover, to improve the AOPs, alternative catalysts to the conventional ones are required.



Among the different alternatives, metal–organic frameworks (MOFs) have arisen as suitable options since they are of great interest for their use in wastewater treatment. The first time that a MOF was used as a heterogeneous catalyst in an oxidation process was reported by De Rosa et al. [6]. They developed an efficient heterogeneous catalytic pre-treatment of Olive oil mill wastewaters (OOMW) in which the biodegradability of the OOMW was increased to make possible the subsequent biological oxidation. The used MOF contained copper, Cu3(BTC)2(H2O)3 (BTC = benzene 1,3,5-tricarboxylic acid), showing a high micropore volume, large pore sizes, crystallinity, and a high metal content. In comparison to the homogeneous catalyst, this material provided good properties to significantly improve the biodegradability of the OOMW and opened the possibility to recover the catalyst and reuse it. These results clearly revealed the great potentialities of MOFs as a catalyst that have attracted much attention for exploiting new applications of MOFs in wastewater treatment. However, they have the great disadvantage that many of them are not stable in water. Besides this, it is also important to keep in mind that, as with any synthesis, a high level of purity is reached, but they always contain impurities or do not have the desired morphology [7]. Therefore, in recent years, one of the main aims of MOF synthesis has been the development of alternatives to conventional methods to improve production yields and control their morphology [7].



The main goal of this work is to highlight recent progress in applying MOF derivatives as emerging efficient heterogeneous catalysts for the removal of organic persistent pollutants by different AOPs. For the generation of oxidative radicals in AOPs, the activation by transition metals such as ferrous ion, which is a cost-effective and environmentally friendly catalyst, is necessary. In the last few years, iron-based heterogeneous catalysts have replaced these homogeneous catalysts. Among the recent materials, Fe-MOFs with highly ordered structural and porous crystals can be considered a potential alternative to overcome a number of drawbacks associated with traditional water treatment. Thus, the structures can be rationally designed through the facile control of the architecture and functionalization of the pores favouring the removal of selective pollutants. For this reason, this study starts by describing the different types, structures, composition and preparation strategies of MOFs, and then focuses on the more used MOFs in AOPs, FeMOFs derivatives in Fenton, Fenton-like, electro-Fenton, and photo-Fenton, photoelectron-Fenton, and ozone processes, including organic pollutant (especially pharmaceuticals) removal, influencing factors, reusability and stability.




2. MOFs


MOFs are known as an innovative class of highly porous and crystalline organic–inorganic hybrid materials made by linking organic molecules with metal ions [8]. An organic skeleton surrounds this metal cluster, providing a stable structure and reducing the release of metal into the medium [9,10]. MOF structures show great diversity and the way the components are organized makes it possible to obtain a certain structure with different properties in the function of the desired purpose [11].



In recent years, they have shown great potential for various engineering applications (adsorption, catalysis, electrochemistry, etc.) [12]. A shedload of accessible active sites and a high specific surface area are also responsible for their increased interest [13,14]. Their ability to be modified and functionalized also allows them to be used in very explicit applications, such as luminous sensors for different analyses [15] to the removal of pharmaceuticals from wastewater [16]. In fact, this last application is highlighted because in the last five years there has been an increase in their use in wastewater treatment by means of AOPs. Despite advances in science, MOFs still struggle with many operational issues, including the stability of these materials in aqueous environments or the ability to recover and reuse them under certain conditions [17]. Therefore, the search for new MOFs is a reality. In what follows, brief descriptions of the different types of MOFs used today for wastewater treatment and the most frequent synthesis techniques are given.



2.1. Most Useful Types of MOF for Wastewater


As mentioned above, MOFs consist of an inorganic part, usually transition metals (Cr, Mn, Co, Ni, Fe, Cu, Zn, …), as they have a high charge density, and an organic part [18]. Hence, when the ligands and the coordination environment remain the same, the metal ions can form stronger coordination bonds and, consequently, such a MOF will be more stable. This behaviour is due to Pearson’s hard/soft acid/base (HSAB) principle [18].



Metal ions and ligands produce different morphologies, depending on their combination. Among the great variety that currently exists (Figure 1), the MIL (Lavoisier Institute Material), the ZIF (Zeolite Imidazolate Framework), the UiO (Universitetet i Oslo) and the HKUST (Hong Kong University of Science and Technology) stand out.



These MOFs have been widely used in wastewater treatment in recent years, as shown in Figure 2. Figure 2 also includes the PBA (Prussian Blue Analogues) [20] and PCN (Porous Coordination Network) [21,22] because, although the number of current publications is very small, these materials are promising, since several studies have demonstrated that PCN and PBA can be viable alternatives to other MOFs when it comes to removing pollutants from water [23,24,25,26].



In Figure 2, the results of the literature search for the range 2018 to 2022 are represented and the keywords used were “metal-organic framework”, “wastewater” and the abbreviation of the given MOFs (MIL, ZIF, …). Clearly, these profiles showed a considerable increase in the number of papers, which demonstrates the progress and feasibility of MOFs in water treatment, mainly when MIL, ZIF and UiO MOFs are used. As for the results for the year 2022, since the year has not yet ended, they could not be fully evaluated. The only conclusion that can be reported is that, even before the end of the year, the number of publications was very similar to 2020, so, with this evolution, it is intuited that the numbers will be higher than in 2021.



2.1.1. MIL


These MOFs are characterized by ligands based on carboxylates, which can be considered hard bases according to the HSAB principle. In this case, the MOFs are stable because of the use of metal ions with high valences, such as the cations Al3+, Ti4+, Fe3+ or Cr3+ [18]. A key characteristic of these catalysts is their flexibility, which allows them to be modified and functionalized in different ways [27]. In order to optimize pollutant removal processes, it is necessary to research functionalized MIL-type MOFs. Table 1 presents some of the MILs used to treat wastewater; it is important to note that Fe-MILs are the most commonly used MOF, followed by Cr, Al and Ti.
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Table 1. Applications of MIL–MOF in wastewater treatment.
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	MIL
	Pollutant
	Processes
	Reference





	AgCl/MIL-100(Fe)
	Sulfamethazine (SMT)
	Photocatalytic
	[28]



	BC@FexC
	Norfloxacin
	Catalytic activation of peroxydisulfate (PDS)
	[29]



	NCQDs/MIL-101(Fe)
	Tetracycline (TC)
	Photo-Fenton and Photocatalytic
	[30]



	MIL-101(Cr)@AC
	Sulfacetamide
	Adsorption
	[31]



	MIL-125(Ti)
	TC
	Photocatalytic
	[32]



	MIL-125(Ti)/BiOI
	Rhodamine B and TC
	Photocatalytic
	[33]



	MIL-53(Al)@SiO2
	Bisphenol A
	Photocatalytic
	[34]



	MIL-53(Al)-NDC
	Tinidazole
	Adsorption
	[35]



	Mn-MIL-53(Fe)
	TC
	Catalytic activation of PMS
	[36]



	(PDI)/MIL-101(Cr)
	Iohexol
	Photocatalytic activation of PDS
	[36]









2.1.2. ZIF


The next class of MOFs is the second most commonly used. They are considered topologically isomorphic to zeolites (Figure 1) [37]. Thus, their structures are generated according to tetrahedral units where every metal ion (M) attaches to four organic imidazolate (Im) linkers (M-Im-M) [37,38]. According to the HSAB principle, this structure can be made stable when assembled by soft azolate ligands, such as imidazolates, pyrazolates or triazolates and soft divalent metal ions, in this case, Zn, Co, Cu and Cd [18]. Due to this organisation, they can be characterized by their high surface area, regular pore structure, substantial biocompatibility, scalable synthesis and outstanding thermostability [39]. Moreover, the properties of these materials make them increasingly useful in applications such as gas separation and catalysis [40,41]. In Table 2, some examples demonstrating the use of ZIF in wastewater to remove organic pollutants are shown. The feasibility of its use in this application has been proven due to its upward trend in the number of articles published from 2018 to 2022 (Figure 2) [42,43]. This type of MOF stands out in adsorption and photocatalysis processes due to the potential that it presents [42].



Many ZIFs have been synthesized to date, but ZIF-8 is among the most widely used since ZIF-8 has the advantage of being synthesized by different routes, regardless of the method selected and can achieve a high purity [44]. However, more environmentally friendly and room temperature syntheses are used nowadays [45].
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Table 2. Applications of ZIF–MOF in wastewater treatment.






Table 2. Applications of ZIF–MOF in wastewater treatment.





	ZIF
	Pollutant
	Processes
	Reference





	CZC600-30
	TC and methylene blue
	Photocatalytic
	[46]



	MoS2@ZNC-2
	phenol
	Electro-catalytic
	[47]



	N@ZIF-67
	ciprofloxacin
	Catalytic activation of PMS
	[48]



	ZIF-67@WA
	TC
	Adsorption
	[49]



	ZIF-9@GEL and ZIF-12@GEL
	p-nitrophenol
	Catalytic activation of PMS
	[50]



	ZIF-8
	TC and oxytetracycline
	Adsorption
	[51]



	ZnCDs/ZnO@ZIF-8
	TC
	Photocatalytic
	[52]



	Zn2SnO4/SnO2@ZIF-8
	TC
	Photocatalytic
	[53]



	ZnO/ZIF-9
	TC
	Photocatalytic
	[54]



	ZnO@ZIF-67
	TC
	Adsorption
	[55]









2.1.3. UiO


UiOs are generally defined as a class of MOFs that are constructed from a zirconium atom and a carboxylic acid as ligands [56]. Specifically, the unit cell consists of an octahedral arrangement formed by a Zr6O4(OH)4 cluster that is surrounded by the aforementioned ligands [56]. It should be noted that a structural characteristic of these MOFs is that the cluster is always the same and the only factor that differentiates each type of UiO is the carboxylic acid used as a ligand [57].



The best quality of this type of MOF is that they are the most stable in water even in acidic and basic conditions [58]. In addition to this, they also have properties such as a relatively uniform and large pore size and a specific surface area. The development of modified UiO capable of adsorbing heavy ions is of heightened interest since it is believed to be a reliable and promising solid adsorbent [59]. However, they are also becoming relevant as catalysts for the degradation of pollutants such as dyes or pharmaceuticals [60].



The commonly used UiO classes in scientific works are UiO-66, UiO-67, UiO-68 and UiO-69 [61]. The most widely used among them is UiO-66, either directly or with modifications (Figure 1) [62]. Table 3 below gives some examples of the removal of pharmaceuticals and polycyclic aromatic hydrocarbons from aqueous media. It should be noticed that few works have been found using the MOF type UiO-67, UiO-68 and UiO-69, but its application was only for dye removal [63,64], so they are not included in the table.




2.1.4. HKUST


Concerning the last type of MOF most commonly used for water treatment, it should be noted that it is based on a copper atom, specifically the copper (II) ion. Only HKUST-1 (Cu-BTC or MOF-199) has been published in scientific articles about HKUST [70]. The basic structure of this MOF is composed of dimeric metal units interconnected by four BTC ligands (Figure 1) [71]. Some of the characteristics of this MOF are that it has an acceptable surface area, pore volume and a good thermal stability, and reversible adsorption and desorption properties without signs of damage to the crystal structure [72,73]. In fact, it is reported in the study of Forsyth et al. [74], that it is considered as one of the most studied MOFs for this type of synthesis and has been tested under a variety of conditions in traditional solvents.



One point to note is that there is a lack of information on the wastewater treatment of the removal of persistent organic pollutants in aqueous media with HKUST-1. Thus, the unmodified HKUST-1 was not used between 2018 and 2022 for this type of contaminant. In fact, in this period, only studies have been found, such as that of Zhang et al. [75], which used this type of MOF for rhodamine B removal by photocatalytic degradation. Therefore, to remove persistent organic pollutants it is necessary to make modifications to HKUST-1. In this sense, Pan et al. [76] modified HKUST-1 by carbonization at a temperature of 350 °C under an oxygen-free atmosphere, which they called HDC-350. Upon characterization, this new material showed very different properties from those of the starting MOF. In fact, the great difference in the hydrophobicity of each of the MOFs was highlighted. In this case, HDC-350 had a higher hydrophobicity than HKUST-1, which may have been due to the loss of hydrophilic functional groups on the surface. Therefore, with these new characteristics of HDC-350, a great improvement in the adsorption of tetracycline was obtained. Another function of this type of MOF is coating nanoparticles, wherein the MOF gives the nanoparticles new properties. A very clear example is the work carried out by Wu et al. [77] by the addition of this MOF to nanoparticles, which in this case were cubic. Through this procedure, the nanoparticles were able to increase the carrier density and accelerate the interfacial charge separation and transfer. As a result of this procedure, the concentration of tetracycline hydrochloride was reduced up to (removal of around 93.40%) in 1 h under visible light irradiation. Another example of nanoparticle coating was reported by Wu et al. [78] that combined MOF with Fe3O4 nanoparticles to improve the adsorption of certain pollutants. Using ciprofloxacin and norfloxacin, they found that adsorption was primarily due to electrostatic interactions and π-π interactions.



Another alternative is to immobilise HKUST-1 on membranes to carry out various separations of water compounds. Yang et al. [79] allowed the separation of E. coli from the aqueous medium by using the HKUST-1@lignocellulose nanofibrils (LCNFs) membrane, and that of Bai et al. [80], who separated the water contaminated by the dyes congo red and methylene blue by adsorption. In addition, both studies stated that the synthesized membranes had promising properties as they had excellent stability and were antifouling [79,80].






3. Fe-MOF Synthesis


In this section, each of the synthesis methods of these materials is explained, especially Fe-MOFs, due to their application as catalysts in several AOPs. Fe-MOFs provide a greater number of catalytic sites, allowing them to more effectively generate free radicals due to the iron extranuclear electrons undergoing hybridization during bonding. Hence, Fe-MOFs are crucial to the development of AOP systems, including photo-electrocatalytic Fenton reactions, photo and electrocatalytic processes, ozone oxidation and advanced oxidation systems containing sulphate radicals.



It is important to emphasize the complexity of the synthesis of MOFs since their elaboration depends on many parameters. Normally, these are divided into two classes: operational and compositional [81,82]. The most important operational factors are the temperature and pressure to which they are subjected in the synthesis reaction and the time taken for this reaction [81,82]. The other, but no less important, are the compositional parameters, in which pH, solvents and organic ligands used, etc., could be highlighted [81,82]. Small changes in some of these parameters can lead to different kinds of MOFs. In Figure 3, the different methods of synthesis of Fe-MOFs are shown and several related operational parameters are introduced.



Before starting to explain each of the methods shown in Figure 3, it is important to emphasise once again the importance of the chemical compounds involved, i.e., the source used to obtain the metal ions, in this case, the iron ions, the solvent and the organic ligand. As mentioned in Section 2.1, depending on the organic ligand and the metal ion used, a certain family of MOF (MIL, ZIF, etc.) can be obtained [84]. Despite this, the solvents used in the formation of MOFs play an important role in the distribution of the compounds since they are considered structure-directing agents or participate in the coordination of the structure with the metal ions [85]. Each of the synthesis methods will be explained with examples illustrating the components identified and operating conditions.



3.1. Solvothermal Synthesis


This synthesis technique consists of a chemical reaction, which takes place in a solvent at a temperature above the boiling point of the solvent and occurs at a pressure above 1 bar in a sealed vessel, commonly known as an autoclave [86,87]. In the case of MOFs, this synthesis involves a mixture of metal ions and organic ligands in a low solvent [88]. To obtain the synthesized MOFs, after the reaction in the autoclave, the obtained product needs to be filtered and dried by evaporation at room temperature [88]. Normally, the solvothermal method uses a highly soluble organic solvent such as acetonitrile, methanol, acetone or dimethylformamide (DMF) [88]. A major advantage of this method is that it can control particle size and shape distribution precisely by adjusting the reaction parameters [87,89]. Due to these characteristics, it is considered one of the most suitable and widely used conventional techniques for MOF synthesis [7]. In the following table, Table 4, some examples of Fe-MOF syntheses are shown.



The table reflects the procedure that is normally followed in several studies. As can be seen from this table and Figure 4a, the iron salt and the organic ligand are dissolved in a given solvent. When these reagents are completely released, the mixture is poured into a Teflon-lined steel autoclave reactor. This is placed in an oven in which a constant temperature is set for the duration of the reaction (Table 4). When the reaction is finished, the resulting solid is removed from the Teflon and then cleaned and dried.



During this synthesis, reagents, their counter anions, reaction time and temperature are mainly highlighted as the key factors. Thus, in the study of Mohammad et al. [90], three identical syntheses were carried out to obtain MIL-100 (Fe) but the iron salt used changed (FeCl3, Fe(NO3)3 and Fe2(SO4)3) and the effect of these counter anions was evaluated. Although the characterisation of these materials was approximately similar, there were some differences in their photocatalytic activity. So, this shows the great complexity of the synthesis of Fe-MOFs.



Moreover, the solvothermal method allows the synthesis of a wide variety of Fe-MOFs. Moreover, without altering the overall process of the method, it allows for the easy addition of modifications to the Fe-MOFs, and even the addition of another metal salt, as shown in the work of Wang et al. [91] who synthesized a cobalt–iron bimetallic MOF. This study demonstrated that the Fe-MOF had Co2+ in its structure as they analysed the 3D structure and detected that the Fe/Co-MOFs presented a herringbone ball shape due to the new coordination that had originated.



The synthesis process, despite its complexity, has proven viable and growing, as shown in Table 4. Consequently, it is an advance in the synthesis of bimetallic iron catalysts with another metal, improving the catalytic properties of Fe-MOFs in water decontamination processes.




3.2. Microwave-Assisted Synthesis


In general, microwave-assisted synthesis is based on the alignment of the dipoles of the material in an external field through the excitation produced by microwave electromagnetic radiation [92]. In addition, it has great characteristics compared to other MOF synthesis techniques: it is one of the fastest processes since the crystal nucleation is very fast; its heating is homogeneously distributed and it is environmentally sustainable [93,94,95]. Moreover, due to the type of heating and the short reaction times, it obtains more uniform crystalline particles with a larger surface area. It should be noted that it is easier to control the sizes of the crystals synthesized by this method, they are more repeatable, have a higher percentage yield in production and require smaller volumes of solvent to obtain them [96]. In this Table 5, some examples of Fe-MOF syntheses are given to show how to proceed.



As can be seen in Figure 4b, as in solvothermal synthesis, the reagents are first mixed, then incorporated into the reactor and subjected to certain conditions of temperature, time and power of the microwave equipment. The last step is purification to obtain the synthesized catalyst. With this general idea of the process, it should be noted that the Fe-MOFs found in the literature have been mostly unmodified MOFs, as in the work of Mahmoud et al. [97] or with functionalisation of the amino group, as in the work of He et al. [98].
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Table 4. Examples of solvothermal/hydrothermal synthesis of Fe-MOF.
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	MOF
	Organic Ligand
	Metal Source
	Solvent
	Procedure
	Reference





	MIL-100-1
	Trimesic acid (H3BTC)
	FeCl3
	Water
	H3BTC and FeCl3 (molar ratio 1:1) were mixed and transfer in a Teflon autoclave and placed in an oven (200 °C, 8 h). After cooling at room temperature, it was purified and dried at 80 °C under a vacuum overnight.
	[90]



	MIL-100-2
	H3BTC
	Fe(NO3)3
	Water
	H3BTC and Fe(NO3)3 (molar ratio 1:1) were mixed in water following the same procedure as MIL-100-1.
	[90]



	MIL-100-3
	H3BTC
	Fe2(SO4)3
	Water
	H3BTC and Fe2(SO4)3 (molar ratio 1:1) were mixed in water following the same procedure as MIL-100-1.
	[90]



	Fe/Co-MOF-x
	Terephthalic acid (BDC)
	FeCl3·6H2O and CoCl2·6H2O
	DMF
	Metal ions (Fe3+ and Co2+) and BDC were dissolved in DMF with a molar ratio of 1:1. Once NaOH solution was added, it was put in an oven at 100 °C for 10 h. When the reaction was completed, the resulting solid was recovered, cleaned and dried in a vacuum oven at 60 °C.
	[91]



	MIL-53(Fe)-NH2
	2-aminoterephthalic acid (NH2-BDC)
	FeCl3·6H2O
	HCl
	A reaction mixture of NH2-BDC, HCl and FeCl3·6H2O (molar ratio 1:1:1) was loaded in a 10 mL glass vial, sonicated for 1 min in an ultrasound bath and placed in a microwave. Then, it was heated to the reaction temperature as fast as possible with different power impulses. Then, it was cooled down to 65 °C by an airflow. The resulting product was washed.
	[99]



	Fe-MOF
	BDC
	FeCl3·6H2O
	DMF
	FeCl3·6H2O and BDC (molar ratio 1:1) were dissolved in 50 mL DMF. Then, 10 mL NaOH solution was added. Then it was placed in an oven at 100 °C for 10 h. After the reactor cooled, the resulting solid was recovered, cleaned and dried in a vacuum oven at 60 °C.
	[91]



	Fe-MOF
	H2BDC
	FeSO4·7H2O
	DMF
	A total of 20 mL DMF with H2BDC (2.6734 g) was stirred for 30 min, while FeSO4·7H2O (3.2133 g) was dissolved in 20 mL of deionized water. Then both dissolutions were mixed and stirred for 30 min, and then transferred to the reactor (150 °C for 12 h). Finally, the product was filtered, washed and dried (70 °C for 5 h).
	[100]



	Zr/Fe-MOFs/GO
	BDC
	FeSO4·7H2O and zirconium acetate
	DMF
	A hydrothermal process was used to synthesize the compound. Two solutions, BDC and DMF (ratio: 3.3215 g: 10 mL) and FeSO4·7H2O and zirconium acetate. (ratio: 2.8133 g:2.6 mL) were mixed and transferred to a reactor (120 °C for 10 h). Then, the reaction mixture was filtered, washed and dried (80 °C for 12 h).
	[101]



	Mg/Fe-MOF
	BDC
	Fe(NO3)3·9H2O and MgCl2·6H2O
	DMF and acetonitrile
	Fe(NO3)3·9H2O, MgCl2·6H2O and BDC (molar ratio 10:1:12.4) and 40 mL DMF were mixed. Next, 40 mL of acetonitrile was added and the mixture was placed into a Teflon flask in an oven (150 °C for 12 h). After cooling, the precipitate was collected, washed and dried at 150 °C under a vacuum.
	[102]



	Cu/Fe-MOF
	BDC
	Fe(NO3)3·9H2O and Cu(NO3)2·3H2O
	DMF and acetonitrile
	Fe(NO3)3·9H2O, Cu(NO3)2·3H2O and BDC (molar ratio 10:1:12.4) and 40 mL DMF were mixed. Next, 40 mL of acetonitrile was added and the mixture was placed into a Teflon flask in an oven (150 °C for 12 h). After cooling, the precipitate was collected, washed and dried at 150 °C under a vacuum.
	[102]



	MIL-100(Fe)/rGO
	H3BTC
	Fe(NO3)3·9H2O
	Water
	Fe(NO3)3·9H2O (14.43 g) and H3BTC (5.04 g) were dissolved in water (36 mL). The rGO (50 mg) was dispersed in distilled water (100 mL) under ultrasonication for 1 h, and both dissolutions were mixed for 1 h. Then it was transferred to a Teflon-lined stainless-steel autoclave (150 °C for 15 h). After that, the product was collected, washed and dried at 90 °C overnight.
	[103]



	Cu-doped MIL-101(Fe)
	H2BDC
	FeCl3·6H2O and Cu(OAc)2
	DMF
	A total of 1.35 g of FeCl3·6H2O, 415 mg of H2BDC and 181.6 mg of Cu(OAc)2 were added to 30 mL of DMF. Then it was transferred to a Teflon-lined autoclave and left at 110 °C for 20 h with a heating rate of 5 °C/min. After the reaction was over, the solid product was collected, washed and dried at 80 °C overnight.
	[104]








Among the modified MOFs, the Fe-MOF synthesized by Li et al. [105] was the Fe3O4@MIL-100(Fe). This MOF, unlike all the others found by this synthesis method, used Fe3O4 nanoparticles, which were previously synthesized by the solvothermal method, as the magnetic core of the Fe-MOF. By making this change, a material with a high adsorption capacity of ciprofloxacin (273.65 mg/g) and with high selectivity was obtained. As for the unmodified Fe-MOFs, they stand out because they do not use any solvent, they only use the iron salt with a certain ligand providing a green approach to the synthesis. This is important because no toxic solvents are used, such as DMF, and less waste or by-products are generated.



To improve the properties that Fe-MOF can exhibit, acombination with other synthesis methods has been proposed. Common examples that have been found include microwave-assisted hydrothermal synthesis, which allows the advantages offered by microwave and hydrothermal methods [106] and the combination of microwave and solvothermal methods [107]. These combinations of methods are not considered in Table 5.




3.3. Electrochemical Synthesis


Regarding this type of synthesis, it is considered contrary to the solvothermal method, since it does not use high pressures and temperatures which are associated with high energy requirements, but rather operates under ambient conditions [108]. By using this synthesis method, the metal ion is provided through anodic dissolution in a synthesis mixture that includes organic linkers and electrolytes [109]. To carry out this synthesis, the following components are needed: an anode, a power supply and cathode plates. Normally, the assembly is very simple and does not require anything specific as it is only necessary that the anode and cathode are immersed in an electrochemical medium, in which both the metal salt and the organic ligands are included [110]. To clarify the idea of this synthesis method, Figure 4c shows a schematic representation of the general procedure followed. Therefore, in electrochemical synthesis, the most important parameters for MOF synthesis are the solvent, the applied voltage, the electrolyte and the temperature at which the synthesis is carried out.



Similarly to microwave synthesis, this synthesis also takes a short amount of time [111], but unlike the others, it is the alternative that best solves the continuous production of these catalysts. In general, this type of synthesis method has attracted more interest because it provides the ability to synthesize MOF thin films or MOF-coated electrodes. This can occur if the desired substrate is deposited directly or indirectly on that surface. Thus, this allows the adjustment of the MOF structure and control of the MOF characteristics. Taking this into account, direct and indirect electrosynthesis must be differentiated [112]. The main difference between both of them is that in the indirect methods the electrochemical process is carried out in a single step in the overall procedure of MOF synthesis, while in direct synthesis, this catalyst has already been obtained with only this electrochemical process [113]. Briefly, in direct synthesis, anodic dissolution and reductive electrosynthesis stand out, while in indirect synthesis, bipolar electrosynthesis, electrophoretic deposition and galvanic displacement stand out [112].
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Table 5. Examples of Fe-MOF that were synthesized by the microwave-assisted method.
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	MOF
	Organic Ligand
	Metal Source
	Solvent
	Procedure
	Reference





	Fe3O4@MIL–100(Fe)
	H3BTC
	Fe3O4 nanoparticles
	Water
	H3BTC (1.0 g), Fe3O4 microspheres (0.6 g) and water (12.5 mL) were reacted under microwave at 150 °C for 30 min (300 W). The solid was collected, washed and dried in a vacuum at 60 °C.
	[105]



	NH2-MIL-101(Fe)
	NH2-BDC
	FeCl3·6H2O
	DMF
	Dissolved FeCl3·6H2O and acetic acid in DMF under sonication, followed by the addition of NH2-BDC. Then, it was placed in a microwave reactor (110 °C and 45 min). After that, the reactor was cooled down to room temperature, the precipitates were collected, cleaned and finally dried under vacuum at 60 °C overnight.
	[114]



	MIL-88A(Fe)
	Fumaric acid
	FeCl3·6H2O
	
	The fumaric acid solution was added into a FeCl3·6H2O solution (ratio molar 1:1). Then it was transferred into a microwave oven and heated for 3 min. Finally, the formed precipitate was collected, washed and dried at 70 °C.
	[97]



	Fe-MOFs
	H3BTC
	FeSO4 7H2O
	
	FeSO4 7H2O and H3BTC (with a ratio molar of 1.5:1), stainless-steel balls and deionized water were combined in a tetrafluoroethylene milling pot. Stir milling was performed at 200 rpm and the microwave oven was started concurrently for 40 min. The solid was filtered, washed, added to a beaker containing ethanol and then stirred with a magnetic stirrer for 3 h. This mixture was then filtered and dried.
	[115]



	NH2-MIL-88B(Fe)
	NH2-BDC
	FeCl3·6H2O
	DMF
	FeCl3·6H2O, NH2-BDC and DMF (molar ratio of 1:1:282) were mixed for 30 min and the solution was degassed by shaking in an ultrasonic bath for 5 min. Then, it was transferred into a Teflon autoclave and placed in a microwave oven (150 °C, 20 min and 600 W). The final product was purified and dried under a vacuum at 60 °C overnight.
	[98]








Based on what has been mentioned above, the great complexity of this method can be noted as well as the fact that not all metals have been used to synthesize MOFs. Of all those found, Cu-, Ti- and Zn-MOF are the ones that stand out [116]. Nevertheless, in recent years, more and more articles have started to use this method to obtain Fe-MOF. In fact, the first work that synthesized Fe-MOFs by this method was performed by Campagnol et al. [117] in 2013. Since then, these MOFs have been gradually synthesized using this method. Therefore, it is relevant to mention some of these remarkable works. The first of these works was the one by Wu et al. [118], in which they managed to synthesize Fe-MIL-101 and Fe-MIL-101-NH2 in 30 min. In addition to being a fast method, they produced crystals of these MOFs with properties, such as a high surface area, comparable to those obtained by the solvothermal method, in which the operating conditions are more aggressive. Concerning the study of Zhang et al. [119], a metal–organic nanocomposite was fabricated by cathodic electrodeposition and the main novelty of this synthesis was that it was carried out in a single step. Furthermore, they carried out its characterisation and found that the variation in the morphology, structure and electrochemical activity of the Fe-BTC film was closely related to the redox state of the iron ions in the electrosynthesis process.




3.4. Sonochemical Synthesis


Sonochemical synthesis is based on the application of high ultrasonic energy. It consists of cyclic mechanical vibration and possesses a frequency between 20 kHz and 1 MHz that allows the chemical reaction to occur (Figure 4d) [120]. In fact, the key part of this synthesis is the generation, growth and collapse of a bubble that occurs in the aquatic environment [121]. This process is known as acoustic cavitation and features very high local temperatures and pressures with a very large cooling and heating rate [121]. As for their characteristics, similar to other synthesis methods, they are also able to provide homogeneous nucleation, decrease crystallisation time and have low energy consumption [120,121]. In addition, another advantage of this method is that the preparation of the components uses ambient conditions and is energy efficient, making it a process that can be considered environmentally friendly [122]. Because of all these advantages and its extensive use in the synthesis of nanoparticles, it has started to be used in the synthesis of MOFs [122].



Although it is considered an environmentally sustainable method, it should not be forgotten that some syntheses use toxic solvents such as DMF; an example of this is the work of Abdpour et al. [123], who carried out the synthesis of a novel MIL-100(Fe)@MIL-53(Fe) photocatalyst. This catalyst has very favourable properties as it allows the degradation of a dye such as methyl orange and its reuse with a degradation efficiency remained around 92% in the fifth cycle [123]. However, there is evidence of the influence of the solvents used in the synthesis and this fact is reflected, for example, in the work of Hossein Zadeh et. al. [124]. They studied the photocatalytic properties of their synthesized MOF, which was Fe-benzentricarboxylic (Fe-BTC), depending on the combination of solvents used (DMF, distilled water and ethanol). From this study [124], they concluded the existence and importance of this influence and the need to use DMF.



Nevertheless, other studies have looked for alternatives to having free Fe-MOF to see if they could improve the existing Fe-MOF or use no-toxic dissolvent. Indeed, this was achieved and a clear example was the work of Taherzade et al. [125], who immobilized MIL-100(Fe) in carboxymethylated cellulose (CMC). A great advantage of their synthesis was that the solvent used was water, so proving non-toxic solvents can be used, and it operated under non-severe conditions. The only drawback was the long drying time of the final product which was 7 h at a temperature of 60 °C. Despite this drawback, this synthesis is promising as it achieved better adsorption rates and was more efficient than MIL-100 (Fe) which was synthesized by the solvothermal method [125].



Finally, similar to the microwave synthesis route, this method has also been widely used in combination with other methods to enhance the advantages provided by both methods combined. Examples include sonochemical-assisted hydrothermal synthesis [126] and the combination of microwave and sonochemical [127].




3.5. Mechanochemical Synthesis


The name of this type of synthesis is related to the fact that the chemical reaction that takes place to obtain the MOF is mainly due to the application of mechanical energy (Figure 4e) [128]. The main characteristics of this synthesis route are that the obtained MOF has a highly crystalline structure, the operating conditions are mild as it is at ambient conditions, the reaction times are relatively short, less than one hour, there is no waste generation and it is economical and environmentally friendly as it does not use a solvent or a small amount of it. It is also considered a synthesis route with a wide field of application due to its ability to synthesize various archetypal MOFs [129,130].



It should be noted that this technique can be classified into Neat grinding (NG), Liquid-assisted grinding (LAG) and ion-and-liquid assisted grinding (ILAG) [131,132]. The difference between the three classes is that NG uses no solvent at all, LAG uses a small amount of solvent and ILAG, in this case, uses solvents with traces of salt additives [133]. Similar to LAGs, this concept incorporates both liquid and salt, which makes it different from LAGs. The reason for adding these salts is that they promote the dissolution of the solid reagents and this implies a better homogeneous mixing of the reaction and, thus, improves the efficiency of the process as well as the quality and selectivity of the MOFs if the additives are chosen in a suitable way. It should be noted that this method is quite recent since the first reported study in which a Fe-MOF was synthesized was in 2015 by Pilloni et al. [134]. Since that year, researchers have published on the synthesis of these MOFs by the mechanochemical method. A clear example of the progress in this technique and the advantages that this synthesis can provide to obtain catalysts is the MOF synthesized by Jeong et al. [135]. They highlighted that Fe-MIL-88A was synthesized by the NG method in only 10 min, and had a specific surface area five times larger than when the same MOF was produced by the solvothermal method [135].



He et al. [136] synthesized a Fe-Pd@C nanomaterial to remove phenol by a Fenton process and compared it with the commercial version of Fe/C material. This material was synthesized by the mechanochemical method and subsequent carbonisation. In the degradation tests, they obtained promising results as the catalyst by the Fenton process could remove up to 95% of the phenol in 1 h and the iron leaching was very low, 0.05%. Therefore, they were able to state that this synthesized catalyst presented an excellent catalytic performance and had a good stability, and they proved that it could also be reused in this removal process [136].




3.6. Dry-Gel Synthesis


This type of synthesis is characterized by its ability to produce porous materials from low amounts of reagents, reducing the generation of waste and allows the MOF to also be produced continuously [137]. In addition, this method enables the reuse of the solvent for multiple synthesis cycles without compromising the yield and quality of the crystals formed [83]. Figure 4f shows a schematic representation to better understand what this method consists of.



Ahmed et al. [138] reported the first Fe-MOF synthesized by this technique in 2012. Among the most recent studies conducted in this line, we can highlight the work by Luo et al. [139] and Tannert et al. [140]. Luo et al. [139] synthesized MIL-100 (Fe) with a hierarchical pore structure and in the absence of liquid solvents, obtained yields by the dry-gel method 85% higher than the traditional hydrothermal method (76%). Additionally, the operating conditions were also more favourable for the dry-gel method. Tannert et al. [140] synthesized the same catalyst, MIL-100 (Fe), but by the microwave-assisted dry-gel method. The results were favourable because the reaction times were considerably shortened to 3 h, compared to 24 h requested by Luo et al. [139]. Thus, the integration of microwave in the dry-gel method helps to reduce the synthesis time obtaining MOFs of similar characteristics.




3.7. Other Synthesis Methods of Fe-MOF


In addition to the most commonly used synthesis methods for Fe-MOF synthesis described above, it is also known that other methods are relevant, such as spray drying synthesis, continuous flow synthesis and the dielectric barrier discharge (DBD) plasma method.



Regarding the spray drying technique, it is characterized mainly by the fact that it is a simple and fast method, with a considerable reduction in the generation of waste [83] and also allows the recovery of the used solvent, so it is considered a very sustainable synthesis method. A noteworthy aspect of this synthesis method is the crucial parameter used to intrude the reagents into the reaction system [141]. In fact, this parameter can affect the morphology and the characteristics of the synthesized Fe-MOF. Garzon-Tovar et al. [142] reported a 78% yield of Fe-BTC/MIL-100 synthesis by the optimization of this method and the integration of a continuous-flow reactor at the entrance of the spray-dryer to induce nucleation before spray-drying. In addition to improving the synthesis yield of Fe-MOF, they were the first to develop this technology, which they called continuous flow-assisted synthesis.



Continuous flow synthesis is mainly used in the synthesis of functional nanomaterials and can be a tool for large-scale Fe-MOF synthesis [83]. Employing a continuous flow of reagents, which go through maintained pipes or coils, allows for rapid crystal formation as this nucleation is favored by a higher surface-to-volume ratio at the reaction temperature. Le et al. [143] synthesized MIL-100(Fe) by the microwave-assisted continuous flow method and achieved a production rate of 771.7 kg·m3/d. In addition, this continuous produced Fe-MOF showed a better crystallzsation and potency than the ones synthesised by batch process.



Finally, the DBD plasma method is a novel MOF synthesis technique that is low-cost and is considered as environmentally sustainable [144]. This synthesis method is based on the electrical discharge between two electrodes separated by an insulating dielectric barrier. The procedure carried out in this synthesis method is depicted in Figure 5. Tao et al. [145] were the first to report this synthesis route that provided several advantages such as the reduction in synthesis time and enhanced the adsorption properties of the catalyst. Since then (2019), only six papers have been published, based on Scopus databases about Fe-MOF synthesis with this method [144,145,146,147,148,149]. Therefore, it is possible that in the not-too-distant future, this method will be used more frequently for the synthesis of Fe-MOF. In addition, the appearance of this method opens the door to possible new methods, which coexist with all the methods mentioned above.





4. Application of Fe-MOF in Advanced Oxidation Processes


AOPs can be divided according to the type of reaction involved or to the process underlying as shown in Figure 6 [150,151]. The catalytic processes are based on the Fenton reaction, in which the hydroxyl radicals are generated through the use of iron and hydrogen peroxide (Equation (1)) [152]. Similar to the conventional process, the Fenton-like process can generate powerful oxidants, replacing iron by transition metals [153] or generate sulphate radicals following the reactions shown in Equations (2) and (3) [154].
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However, there are some drawbacks to using these catalysts, particularly the acid pH regulation, sludge generation and the loss of catalyst in the effluent. Several heterogeneous AOPs, with a wide variety of materials as catalysts or supports, have been reported to overcome these drawbacks. Despite the homogeneous catalyst disadvantages, the reaction rate is higher than in heterogeneous systems, which require an increase in the catalyst surface area [155,156]. Thus, it is critical and challenging to develop new catalysts with low cost, high activity, and good chemical stability. Among them, MOFs have stood out in the last ten years.



The same trend was observed when reviewing the Scopus database for a period of five years (2018 to 2022) using the keywords: “metal-organic frameworks”, “advanced oxidation processes” and “wastewater”. An analysis of the co-occurrences of keywords using bibliographic network maps from VOS Viewer® is shown in Figure 7. The figure below illustrates the co-occurrence network of the top 29 most frequently occurring keywords. Each node represents a keyword, and each line represents the co-occurrence relation between them. Moreover, the results were normalized using fractionalization, which is commonly employed to normalize the strength of the links between items.



As shown in Figure 7, the color of each node (keyword) corresponds to its average year of appearance. Before 2020, the number of MOF studies in this field was insignificant. Therefore, there are no nodes with the color purple, which represents the papers reported in 2018, and the only keyword in 2019, which is in dark blue, is synthesis. The number of keywords used after 2020 increased very rapidly, and it is possible to see the evolution of different AOPs over time.



As shown in the previous sections, the synthesis of these Fe-MOFs is crucial for obtaining some of the properties of these catalysts that are of particular interest for the development of different AOPs. Based on the current interest, this article will focus on the application of MOFs in several AOPs such as Fenton, electro-Fenton, photocatalysis and mainly those focused on the use of Fe-MOF as a catalyst.



4.1. Catalytic AOP


Some examples of various Fe-MOFs synthesized for the application of Fenton-based processes are shown in Table 6. Until now, Fe-MOFs from the MIL family (such as MIL-100-Fe, MIL-88-Fe and MIL-53-Fe) have demonstrated great interest and potential as Fenton catalysts because of their ease of synthesis, large surface area and high chemical stability [157]. Liao et al. [158] synthesized by the solvothermal process three types of MIL-88A-Fe with different morphologies (rod, spindle and diamond). They concluded that the catalyst morphology affected the efficiency of the Fenton-like process. Thus, using rod-MIL-88A-Fe (r-MIL-88A-Fe) as a catalyst, phenol could be completely removed by the Fenton process with degradation levels higher than other reported Fe-based such as MIL-53-Fe, MIL-88B-Fe and MIL-101-Fe [159]. This fact could be explained by the DFT calculation that suggested the hydroxyl radical was more easily generated due to a lower H2O2 dissociated energy barrier. In addition, the high surface of rod configuration increased the phenol removal. Moreover, the r-MIL-88A-Fe performance should be reusable for practical applications. In this sense, only a slight decline in r-MIL-88A’s activity was detected, which indicates that this catalyst is highly reusable.



Among the studies shown in Table 6, it is highlighted the Fe-MOF (core/shell Fe@C nanocomposites) was synthesized via a green technology by the combination of a mechanochemical approach and carbonization under an inert atmosphere. In this study, He et al. [136] included a trace of Pd by addition of Na2PdCl4 into the Fe-MOF, determining a positive effect on the pH endurance, life of modified catalyst and reduction in the generation of iron sludge. In addition, catalysts were re-used after they were recovered from reaction mixtures in the successive runs to verify their stability and operational limitation. As a result of their high magnetization, the catalysts could easily be recovered under an external magnetic field, showing a high level of phenol degradation decreasing around 70% after several cycles. This reduction in efficiency could be due to the metals leaching; however, there was a low and constant concentration (lower than 3 mg/L) of Fe and no Pd ions were present in the different cycles. These results suggest that the catalyst’s life was extended, and metal sludge was reduced, thereby enabling the discharge of treated effluents directly into the environment.



Fe@MesoC is another magnetic catalyst that has been synthesized from MIL-100-Fe by the pyrolysis/carbonization method and used as a catalyst in the Fenton process by degrading sulfamethoxazole (SMX) [160]. Similarly, the direct thermal treatment of MOFs holds great promise for constructing various metal oxide nanoparticles encapsulated inside porous carbon matrixes, providing compositions and structures tailored to the treatment’s needs. As is shown in Table 6, the complete decomposing of SMX was achieved after two hours with only around 55% of total organic carbon removal. It could be due to the amelioration of the mesoporous carbon matrix or the abundance of active iron sites in the nanoparticles that this outstanding performance is possible. In addition, the electrons transfer from Fe0 to iron oxide could enhance the reduction of ferric to ferrous iron anchored to the surface of the catalyst (≡Fe3+ to ≡Fe2+, respectively) facilitating the redox cycle and the hydroxyl radical production.



Recently, the bimetallic MOFs have been probed as Fenton-like catalysts. Thus, Tang et al. [161] synthesized a bimetallic MOF, named FexCu1−x(BDC), by the solvothermal method explained in Section 3.1. In this case, the DMF solution contained FeCl3·6H2O, Cu(NO3)2·3H2O and H2BDC. The molar ratio of Fe/Cu in the catalyst was adjusted in the function of the ratio of the two metallic precursors, obtaining several bimetallic MOFs with a different initial molar ratio of Fe/Cu. The best SMX degradation was obtained using a ratio Fe/Cu of 0.75/0.25 at pH around 5.6. This catalyst overcame one of the limitations of the Fenton reaction that requests acid conditions. The results clearly show that this bimetallic MOF was effective at a wide range of pH from 4 to 8.6. As is shown in Figure 8 the presence of both metallic species on the catalyst surface served as active sites for H2O2 activation and also to the generation of hydroxyl radicals increasing the efficiency of SMX degradation. By the use of this catalyst, the anchored Fe2+ (≡Fe2+) to the FexCu1−x(BDC) surface followed the reaction shown in Figure 8 and the lost electron to activate H2O2 was captured by ≡Fe3+ to form HO2• and regenerate Fe2+ (Figure 8). Similarly, the Cu active sites also catalyze the decomposition of H2O2 and the same radicals were generated with the regeneration of ≡Cu2+ to ≡Cu+. Thus, considering the standard reduction potentials of Cu (0.17 V) and Fe (0.77 V), part Cu+ generated on the FexCu1−x(BDC) surface could promote the regeneration of Fe2+ by a thermodynamically favorable electron transfer process (Figure 8), that increased the ≡Fe2+ on the catalyst surface.



Recently, Huang et al. [162] explored the introduction of –NH2 groups as electron-rich donors to promote the cycling of ≡Fe3+ to ≡Fe2+. They determined the reduction in the activation energy barrier in the dissociation of H2O2 adsorbed on the surface of Fe-BDC-NH2 in relation to Fe-BDC due to the amino groups providing more electrons for hydrogen peroxide activation. The generation of hydroxyl radicals was also increased due to the direct injection of internal electrons (Equations (4)–(6)) that favor the reduction of ≡Fe3+ generating more radicals (OH• and O2•−) that attacked the target pollutants until the total mineralization.
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The electron-donating properties of Fe-MOFs are likely to make them suitable for PS activation through Fenton-like reaction pathways. In Table 6, several studies in which Fe-MOFs were used as persulfate activators for the degradation of several pollutants are summarized. Pu et al. [163] evaluated the SMX degradation by different Fe-MOFs with cyclopentadienyl iron(II) dicarbonyl dimer [Fe(Cp)(CO)2]2 as an iron precursor. In this study, different carboxyl group-containing pyridine compounds were used as organic ligands: Nicotinic acid (HNic), cinchomeronic acid (Py-3,4-H2BDC), and 5-(pyridine-4-yl) isophthalic acid (H2PIP) obtaining three MOFs named as Fe(Nic), Fe(PyBDC) and Fe(PIP), respectively, by hydrothermal self-assembled coordination synthesis. They mentioned that the activation process was due to the reaction on the Fe-MOF surface (≡Fe2+/≡Fe3+) and iron soluble form in water, with the heterogeneous process the main responsible for the activation reactions. Thus, it was detected that the Fe2+/Fe3+ ratio of Fe(Nic) and Fe(PyBDC) decreased after activation, which indicates that ≡Fe2+ acted as the electron donor for PS decomposition with ≡Fe3+ generation reducing the surface activate sites (Equation (7)). However, for Fe(PIP) the ratio was similar, suggesting that the one-electron reduction of ≡Fe3+ regeneration to persulfate anion took places (Equation (8)). Their studies also confirmed the coexistence of other radicals generated by several of the reactions showed in Equations (9)–(16) that contributed in the SMX degradation. Based on the characterization and degradation studies, it was determined that the different behavior of the synthesized Fe-MOFs was due to the organic ligands used that were capable of regulating the amount of ≡Fe2+ active sites.
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During the reuse experiments, it was observed that ferric oxide layers were formed on the surface blocking the active sites that reduced the reactivity of these catalysts in successive cycles. Thus, for real applications of these catalysts in wastewater treatment, it is essential to solve the sustainability and self-decomposition problems associated with Fe-MOFs that allow them to operate in a flow system with high activation capacities.



PBAs are a type of metal-containing coordination polymer that are considered a subset of the MOF and able to act as a catalyst in the PMS decomposition. Pi et al. [164], combined Co3[Fe(CN)6]2, and graphene oxide (GO) by a two-step hydrothermal procedure and obtained a Co-Fe PBAs@rGO nanocomposite. In contrast to the previous study with Fe-MOFs, in this case, in addition to the catalytic effect of anchored Fe, the capacity of Co was added, being responsible for the activation of PMS. It was demonstrated that GO reduced the aggregation of the nanoparticles GO doped with nitrogen increasing the stability of the catalyst. However, Co and Fe were released to the bulk solution (lower than 1 mg/L) to reduce the metallic content on the catalyst in successive cycles. In addition, the reduction in catalytic activity of this bimetallic MOF could be also due to the adsorption of reaction intermediates that were attached to the catalyst surface.




4.2. Photo-Based AOPs


The hydroxyl radicals could be generated by means of radiation, such as ultraviolet light (UV) or sunlight. Catalysts, also known as photocatalysts, are normally used to encourage this photochemical reaction to take place [165]. As a semiconductor material, it is defined by two separate energy bands: the highest energy band with electrons and the lowest without electrons, known as the valence and conduction bands, respectively [166]. The more common photocatalyst listed in the databases is TiO2 (alone and modified), due to its great advantages such as low cost, low level of toxicity and thermal stability [165]. However, in recent years, other photocatalysts such as MOFs have been synthesized with similar results.



In 2007, the Corma group [167] evaluated the photocatalytic activity of MOF-5 (Zn4O(BDC)3) for phenol degradation under UV light irradiation, confirming the low stability of this photocatalyst which decomposed gradually in air or water. From this study, several MOFs with good photocatalytic activities were synthesized and tested in several degradation processes [168]. Due to their magnificent photocatalytic properties, some MOFs were compared with the most widely used semiconducting materials to date (TiO2) [169]. Among these MOFs, Fe-MOFs stand out for their high degradation power as photocatalysts, partly because of their suitable band gap and stability. Compared to MOFs with wide bandgaps, Fe-MOFs are highly attractive. As visible light can directly excite large Fe–O clusters, solar energy can be utilized more efficiently. In addition, they are low-cost and non-toxic catalysts, which make them suitable catalysts for the purification of polluted water [170]. Table 6, shows several examples of modified Fe-MOFs in which the photo-Fenton process has been carried out to degrade a great variety of organic pollutants. The photochemical reactions that occur when iron is used as a transition metal for catalysis are shown below (Equations (17)–(19)) [154]. In the photo-Fenton process, the hydrogen peroxide functions in two ways: by capturing the electrons generated from Fe-MOF (Equation (17)) to produce the hydroxyl radicals (Equation (18)) or by Fenton reaction and to promote the cycling of ≡Fe3+ to ≡Fe2+ in the Fe-MOF (Equations (20) and (21)).
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Over these years, several limitations were detected such as the same MOFs exhibiting only photocatalytic activity under UV light radiation, poor conductivity or stability. To overcome these limitations, several strategies have been developed by the inclusion of amino groups and the synthesis of Fe-MOFs and heterostructures to utilize the visible light or sunlight. In general, when compared to the parent MOF structures, Fe-MOF composites provide a great improvement in catalytic performance. Thus, by the inclusion of metal oxides such as ZnO nanoparticles to MIL-100-Fe, Ahmad et al. [171] determined that the load of ZnO reduced the electron-hole recombination and enhanced the photodegradation of phenol, bisphenol A and atrazine.



Thus, by the inclusion of metal oxides such as ZnO nanoparticles to MIL-100-Fe, Ahmad et al. [171] determined that the load of ZnO reduced the electron-hole recombination and enhanced the photodegradation of phenol, bisphenol A and atrazine. An effective photocatalyst was also obtained through the combination of a semiconductor such as WO3 with the photosensitive MOF (MIL-53 Fe). It was demonstrated that this material acted as a catalyst for the photo-reduction of Cr(VI) and the photo-oxidation of a known organochlorinated herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D). This indicates that the heterojunction of WO3-MIL-53(Fe) can effectively separate and utilize the pair e−-h+ [172]. Another alternative is to consider the MOFs semiconductor-like properties, which promote photogenerated charges to be separated and photocatalytic activities to be enhanced through the hierarchical hybrid by coupling of different MOFs. Thus, MIL-100(Fe) and MIL-53(Fe) with strong visible light absorption were coupled in a hybrid composite (denoted as MIL-100(Fe)@MIL-53(Fe)) by electrostatic attraction at pH 6, due to the fact that MIL-101 was negatively and MIL-53 positively charged [123]. These hybrid MOFs exhibited higher degradation activity and a reduction in the iron released in comparison with single Fe-MOFs.



In recent years, graphite carbon nitride (g-C3N4) has been considered an excellent photocatalytic degrader of pollutants due to its excellent visible light response, stable chemical properties and metal-free properties; however, this material exhibits a low specific surface area. For this reason, in several studies, MOFs have been designed using g-C3N4 to obtain ideal photocatalysts able to overcome their disadvantages enhancing the photocatalytic surface activity. In the literature, it has been reported that several examples in which co-catalytic synergy between MOFs (ZIF-8, UiO-66, MIL-53, MIL-100, CuBTC, MIL-88B and BUC-21) and g-C3N4 with different morphologies (sheet, rod and tube) have been tested showing excellent behavior in different degradation processes [173,174,175,176,177].



This kind of heterostructure can provide the following advantages: (i) increased adsorption performance toward targeted models through the development of a large surface area; (ii) accelerated charge transport across the interface and shorter charge transport distances; and (iii) photocatalytically active sites are distributed uniformly. The strong π-π interactions of MOFs (with aromatic rings of organic ligands) and g-C3N4 (triazine rings), together with the abounding surface electrostatic interactions will enable them to achieve close contact, heterojunction construction, and electron transfer effectively [178].



Recently, Pan et al. [179] modified g-C3N4 by calcination using melamine and cyanuric acid (named CM) based on previous studies, and it was determined that these materials induced stronger optical absorption and increased the lifetime of photoexcited charge compared to unmodified g-C3N4 [180,181]. Thus, a x% Fe-MOF/CM was prepared with a different mass of MIL-Fe(53) (%) by the self-assembly synthesis method using a co-catalyst CM. It was demonstrated that the best results were obtained when 3% Fe-MOF/CM was selected and the addition of hydrogen peroxide had a synergistic effect enhancing the separation of photogenerated electrons (e−) and holes (h+) effectively. In this variant of Fenton, the photo-Fenton process, using Fe-MOFs and implementing radiation, UV or sunlight, the production of radicals was improved [182] due to ≡Fe3+ being constantly reduced (Equation (20)) [183].



As mentioned above, another strategy is the modification of organic linkers in the synthesis of Fe-MOF such as the introduction of an amino group. Thus, NH2-MIL-88B(Fe) or NH2-MIL-101(Fe) exhibited a dual excitation pathway (–NH2 and Fe–O center) and was tested with excellent results in the Cr(VI) reduction and the toluene degradation. This kind of photocatalyst could be improved by coupling with g-C3N4. Several examples have been reported in the literature, such as NH2-MIL-88B(Fe), NH2-MIL-53(Fe) and NH2-MIL-101(Fe) composites used as photocatalysts to remove several pollutants (Cr (VI) reduction, methylene blue dye, tetracycline, ciprofloxacin, carbamazepine, bisphenol A, p-nitrophenol, …) with great efficiency [184,185,186].



As heterogeneous porous catalysts, these MOFs should adsorb and degrade the target pollutants simultaneously or in series, allowing the operation in a continuous flow without catalyst regeneration. In this sense, Navarathana et al. [169], designed a biochar-MOF hybrid to reduce the particle agglomeration of MIL-53-Fe MOF, increase the mechanical strength and permit the rapid water flow through fixed beds while dispersing tiny attached MOF particles. For that, the biochar was previously decorated with magnetic Fe3O4 nanoparticles to create a magnetically manipulable adsorbent. They confirmed that this material was able to adsorb and photodegrade a dye model pollutant such as Rhodamine B. The coexistence of three different adsorbing surface phases allowed a broader application of this unique sorbent.



The separation and recovery of Fe-MOFs from aqueous media present a challenge in wastewater treatment. This limitation may be overcome by immobilizing a powder catalyst on a carrier. By this method, the catalyst could be effectively separated and recovered, and it is also prevented from aggregating, increasing its catalytic efficiency. Wang et al. [187] immobilized MIL-88A(Fe) on cotton fibers (MC) via an in situ method to synthesize MIL-88A(Fe)/MC and evaluated its ability to degrade several antibiotics such as oxytetracycline, tetracycline and chlortetracycline via photoactivated sulfate radical operating in a fixed bed reactor in batch and continuous mode. In this proposed system, peroxydisulfate (PDS) is considered an appealing oxidant. Its activation by MIL-88A(Fe)/MC and UV light irradiation is necessary for sulphate radical generation due to the low reactivity of PDS (Figure 9).



They evaluated the effect of the initial pH on antibiotic degradation efficiency. Thus, at pH values lower than 7 near complete degradation was achieved in 10 min by the sulfate radical generation following Equations (22) and (23). However, at pH values higher than 7, sulfate radicals could be transformed according to Equations (16) and (24), which reduced the concentration of sulphate radicals decreasing the degradation efficiency. In addition, it is important to consider the high stability of MIL-88A(Fe) in acidic conditions [18]. In this context, operation under acidic conditions is favored, so in most cases, it is not necessary to modify the pH of the water to be treated.


   S 2   O 8  2 −   +  H +  → H  S 2   O 8 −   



(22)






  H  S 2   O 8 −  +  e −  → S  O 4  − •   + S  O 4  2 −   +  H +   



(23)






  S  O 4  − •   + O  H −  → S  O 4  2 −   + O  H •   



(24)







In this study, it was demonstrated that MIL-88A(Fe)/MC is extremely stable and reusable by running 30 cycles consecutively, with a well-maintained removal efficiency for each cycle (8 min). These good results were confirmed by the continuous operation of the photoactivated process in a fixed bed reactor with an annular channel and the central cavity was irradiated with a 10 W mercury UV light (UV-Hg) of wavelength 256 nm. Operating at residence times of 10 min, oxytetracycline, tetracycline and chlortetracycline were completely degraded during one day detecting a slight drop in the degradation efficiency at the end hour, showing that one kilogram of MIL-88A(Fe)/MC can treat 23.5 tonnes of polluted water (within a concentration of each antibiotic of 10 mg/L) in one day.



MIL-88AFe was also used to synthesize a photo composite by ball-milling strategy using perylene-34,910-tetracarboxylic diimide (PDINH) [188]. The photocatalyst obtained PDINH/MIL-88A(Fe) was tested in the activation of PDS in the degradation of chloroquine phosphate. The comparison studies with individual compounds (MIL-88A and PDINH) showed a synergic effect with degradation levels around 6 times the level obtained using only photocatalyst pristine MIL-88A(Fe). Thus, this fact could be explained by the synergistic effects from several generated radicals or active species, nonradical singlet oxygen yielded (via directly visible light activation of PDS) and direct and indirect electron transfer activation of PDS over PDINH/MIL-88A(Fe)and MIL-88A(Fe), respectively. This study highlighted that chloroquine phosphate was adsorbed on PDINH/MIL-88A(Fe), reducing the number of active sites and decreasing its degradation efficiency. However, following five re-use cycles, PDINH/MIL-88A(Fe)’s degradation efficiency remained around 94%. Moreover, the physicochemical characterization of the composite confirmed that chloroquine phosphatewas adsorbed on PDINH/MIL-88A(Fe) and after five cycles PDINH/MIL-88A(Fe) kept its original structure and morphology, showing good stability and reusability.



By using a simple solvothermal method, UiO-66 was doped with iron to obtain a solar photocatalyst Fe-UiO-66 and the activation of persulfate under sunlight irradiation to degrade sulfameter in water [189]. This zirconium-based MOF extended the absorption exhibited into sunlight’s spectral range by the presence of Fe3+ when it was doped with iron. As mentioned above, the activation of PS or PMS allowed the recycling of iron due to the presence of the electron donor provided by PS or PMS, allowing the cycling ≡Fe3+/≡Fe2+ (Figure 9) in the reaction medium [190]. Thus, the ≡Fe3+ detected in Fe-UiO-66 was reduced to ≡Fe2+ when PS was added which stimulated the production of sulphate radicals (Equations (15) and (16)). In addition, the presence of iron in the MOF caused a charge transfer from the metal to the cluster and this composite had a large specific surface area that provided more active sites improving the photocatalytic performance. In summary, Lin et al. [189] concluded that the combined reactions produced more free radicals as a result of the photocatalytic and PS processes.



These last studies provided promising approaches for the removal of persistent organic pollutants through the synergistic effects of photocatalysis and PS, PMS or PDS activation over different photocatalysts based on Fe-MOF, with a high sustainability and promising potential of MOFs for continuous wastewater treatment.




4.3. Electrochemical AOP


In this process, the continuous and in situ production of hydroxyl radicals is based on the application of an electric field [191]. To obtain these radicals, a cathode, an anode, a catalyst, which is normally a metal catalyst and an air diffuser, which provides the system with oxygen, are required [192]. These four elements are essential to carry out the organic pollutant mineralization. Therefore, the importance of each of them is explained in the following.



The main function of the cathode is the continuous production of hydrogen peroxide from the reduction of oxygen (O2) supplied by the air diffuser, as shown in Equation (25) [192]. Thus, once this hydrogen peroxide is produced, the Fenton reaction takes place, which allows the formation of hydroxyl radicals (Equation (27)). Thus, in the anode, the reaction of this radical with the organic pollutant, which is represented in Equation (26) as RH, takes place, and the degraded compound (R•) and water are obtained at the end.


  Cathode:    O 2  + 2  H +  + 2  e −  →  H 2   O 2   



(25)






  Anode:   O  H •  + R H →  R •  +  H 2  O  



(26)






  ≡ F  e  2 +   +  H 2   O 2  +  H +  → ≡ F  e  3 +   + O  H •  +  H 2  O  



(27)







Therefore, catalysts and cathodes are two major factors affecting the reaction rate and efficiency of the electro-Fenton system, so many studies have focused on these two components [193]. Moreover, the main drawback of this process is that Fe2+ is unstable and can cause iron precipitation due to the pH. Therefore, alternative catalysts have been sought to avoid the formation of this precipitate and to avoid affecting the catalysis. Recently, MOFs have attracted attention for their application in electrochemical processes due to their catalytic properties, mechanical stability and good electrical conductivity [194]. Moreover, they are a possible solution to the problem of metal precipitate that occurred because those Fe-MOFs present an interconversion between Fe3+ and Fe2+ and can produce hydroxyl radicals at neutral pH [195].



These Fe-MOFs can also be applied to electrochemical processes using two well-defined strategies: electrocatalyst (by Fe-MOF fixation into the cathode) and application of Fe-MOF in the bulk solution as heterogeneous catalyst.



4.3.1. Electro-Fenton


In the preparation of MOF-based Fe/C cathodes in which the catalyst is immobilized, the main advantage is that, as the catalyst is fixed on the surface (Figure 10a), it is no longer necessary to recover the catalyst from the medium, which is necessary for homogeneous electro-Fenton processes [196]. Thus, carbon felt electrodes were modified by growing MIL-53(Fe) on the surface of a material using a solvothermal synthesis method obtaining a MIL-53(Fe)-based composite material (MIL-53(Fe) @CF) with MOF elongated crystals uniformly distributed on the carbon felt (CF) [197]. Using MIL-53(Fe) instead of another iron salt, minimal leaching of iron into solutions was detected and the possibility was opened up to operate at natural water pH of around 7. In addition, agglomerates or nanoparticles of iron oxide were not detected after treatment. The obtained good results were ascribed to the large accessible pore volume and higher accessible surface area that favor the H2O2 production and the surface catalyzed reactions.



An important challenge in heterogeneous catalysis is the agglomeration of catalysts. To overcome this limitation, recent studies have shown that catalysts with a transition metal nanoparticle core and a graphitized porous carbon shell have remarkably enhanced catalytic activity and stability [196]. In this sense, electro-Fenton processes exhibit excellent performance with MOF-derived micro-/nano-materials as MOF-derived core-shell structured materials. Several examples have been reported in the literature in which novel catalysts were constructed from Fe-MIL. Thus, Tang and Wang designed a magnetic Fe@mesoporous carbon (Fe@MesoC) and flower-like FeCu@C derived from MIL-100(Fe) and (Fe, Cu)-BDC, respectively, that presented a dual reaction site as highly reactive Fenton catalysts for efficient removal of pollutants as sulfanilamide antibiotics [198]. Similarly, Du et al. designed the synthesis of an S-modified MIL-53 (Fe) catalyst by a sulfurizing process [199] determining the positive effect of S in the catalyst enables quick pH adjustments and promotes the generation of Fe2+, which, in turn, efficiently activates H2O2 to form OH−.



Liu et al. [200] followed the strategy of adding a carbonized Fe-MOF (CMOF) in porous carbon monoliths (PCM), so it was named CMOF@PCM. Furthermore, their results showed that the MOF precursor to obtaining the CMOF@PCM influenced the final structure of the CMOF@PCM and the catalysis activity to carry out the electro-Fenton process. They synthesized and used several Fe-MOFs (MIL-88(Fe), MIL-100(Fe) and MIL-101(Fe)) to study the influence of the MOF precursor and the functionalization of Fe-MOFs (MIL-88(Fe)-NH2 and MIL-101(Fe)-NH2). From the electrochemical performance study, they were able to determine that the efficiency decreased in the CMIL-100(Fe)@PCM > CMIL-88(Fe)@PCM > CMIL-101(Fe)@PCM. Regarding the influence of the functional groups, it was confirmed that the use of amine-functionalized CMIL-88(Fe)-NH2@PCM improved the removal of the pollutant (73.42%) while with the corresponding CMIL-101(Fe)-NH2@PCM, this catalytic capacity worsened (53.63%). So, there was no conclusion about the influence of the functional groups on Fe-MOFs. After analyzing these two effects, they selected CMIL-100@PCM as the ideal. Additionally, to examine how the amount of PCM influence the process and pollutant degradation, several MOFs were synthesized in a range of 10–75 wt%. The first thing to note is that the PCM favored the process in comparison to the control process without PCM in which the maximum degradation was only 11.8%. Regarding the amount of PCM to be used, it was observed that when the PCM increased the percentage of elimination improved until a maximum when the amount was 25% PCM. Therefore, they concluded that the CMIL-100@PCM25 catalyst was the best because it could remove near complete the herbicide pollutant, napromide, in 1 h. Moreover, it could be used in three cycles practically without altering its herbicide removal capacity.



Within this strategy, Fu et al. [201] were able to fabricate a modified graphite(GF) electrode using a bimetallic MOF as a precursor, named Cu0.33Fe0.67NBDC-300/GF to degrade SMX. The main improvement achieved by synthesizing this electrode was that the regeneration of Fe2+ was considerably accelerated due to the coexistence of the Fe2+/Fe3+ and Cu+/Cu2+ redox reactions. In addition, another improvement incorporated in the electro-Fenton process was that it favored the generation of more active radicals, such as OH• (Equation (11)) and O2−• (Equation (10)). These two radicals were suggested because, during the study of the generation of the radicals, they detected that up to 45 min the degradation of SMX was due to the free OH• and the ones bound to the electrode surface. However, from 45 to 75 min, O2−• was found to play an important role in the degradation. In fact, at 75 min, SMX was completely eliminated in a pH range of 4 to 9. As well as allowing it to operate in a wide pH range, it has high stability and can be used in several reuses; in this case, five cycles were made, without affecting its catalytic activity.



The second strategy employed is the addition of suspended heterogeneous catalysts in the bulk solutions, as illustrated in Figure 10b.



For this strategy, we can highlight the study performed by Ye et al. [202], in which a MOF-engineered FeS2/C nanocomposite was synthesized. This catalyst was fabricated from a Fe-MOF precursor which they added sulfur and subjected it to carbonization and sulfidation, simultaneously. By operating in this mode, they produced well-dispersed FeS2 pyrite nanoparticles, approximately 100 nm in diameter, bound to porous carbon. The reason for this synthesis was to solve the problem presented by pyrite, which, despite being an excellent donor and a catalyst with an outstanding performance in electro-Fenton processes, is not used due to its high iron leaching. Therefore, this FeS2 nanocatalyst is intended to solve this problem and has similar properties that characterize pyrite. To study the catalytic capacity of the FeS2/C nanocatalyst in the electro-Fenton process, an anode of boron-doped diamond (BDD) was used and as a cathode, carbon cloth coated with carbon-polytetrefluoroethylene (PTFE), which is a type of electrode commercially available from BASF. Using this configuration, the system was optimized and it was established that the optimal operating conditions were a pH close to neutral, a current intensity of 50 mA and a catalyst load of 0.4 g/L, achieving a fluoxetine removal level of around 92% after 1 h. In addition, its reusability was also demonstrated. Based on this study, it was found that the catalyst retains its catalytic properties even after being reused five cycles; however, its catalytic properties were reduced as the number of cycles increased. In the fifth cycle, only 61% could be eliminated. Therefore, with the MOF-engineered FeS2/C nanocatalyst, it was possible to have the FeS2 on the surface of the carbon and to solve the problem of pyrite reusability in the electro-Fenton process. Due to the possible self-decomposition of Fe-MOF in water, these authors also developed a heterogeneous electro-Fenton process using as catalyst magnetic MIL(Fe)-type MOF-derived N-doped nano-ZVI@C rods synthesized by pyrolysis of MIL-88B and NH2-MIL(Fe)-88 in an inert atmosphere at 800 °C [203]. This final step induced the carbonization of organic polymers, resulting in highly porous carbon with magnetic properties transforming the metal MOF into magnetic nanosized MOF. The high porosity of this material minimizes the limitations of mass transport and its ferromagnetic characteristic improves the catalyst recovery process at the end of the process. In comparison with MIL-88B and NH2-MIL(Fe)-88 at natural pH 5.5, nano-ZVI@C obtained from NH2-MIL(Fe)-88 with a total abatement after 1 h, this catalyst demonstrated its superiority. It was determined that the ferric/ferrous iron took place on the catalyst surface and the presence of amino group improves the degradation process due the decreasing the carbon bandgap energy.



Following this line, recently Du et al. [204] obtained an efficient bimetallic catalyst Fe-Mo by calcination MIL-53(Fe)@MoO3 (FeMo@PC). In this bimetallic material is highlighted the electron transfer between them and the possibility of continuous regeneration on the cathode increases the hydrogen peroxide decomposition. Thus, using this bimetallic catalyst, the effect of Mo co-catalysis was confirmed, in which ≡Mo4+ reduced ≡Fe3+ to ≡Fe2+ that could follow the Fenton reaction. It is outstanding the high degradation level achieved for several persistent pollutants (SMT, phenol, 2,4-dichlorophenoxyacetic acid and CBZ) with a catalyst load of 25 mg/L and current intensity of 5 mA.



Based on the excellent results of electro-Fenton and photo-based AOPs the development of the photo-electro-Fenton process is an upgraded electro-Fenton process.




4.3.2. Photoelectro-Fenton


This process is a combination of electro-Fenton with radiation (UV or sunlight) and allows to achieve higher production of the hydroxyl radical (Figure 11) [195]. Based on the literature is was confirmed that the UV photons can reduce the ≡Fe3+, either complexed with a carboxylated organic (R–COO−) via reaction (Equation (28)) or in its hydrated form via photo-Fenton reaction (Equation (29)), thus promoting the continuous ≡Fe2+ regeneration.


  ≡ F e     O O C R     2 +   + h ν →   ≡ F  e  2 +   + C  O 2  +  R •   



(28)






  ≡     F e   O H       2 +   + h ν →   ≡ F  e  2 +   + O  H •   



(29)







To improve this hybrid process, it is important the selection of a good photoelectric catalysis performance since it determines the additional generation of these radicals [205]. A Fe-O cluster, which is photosensitive, is also an advantage of Fe-MOFs in the photo-electro-Fenton process, as discussed in Section 4.2.



The studies of Qi et al. [205] and Du et al. [206] should be emphasized due to their incorporation of new bimetallic Fe-MOFs within the photo-electro-Fenton processes. Regarding the study of Qi et al. [205], MOF-525-Fe/Zr is synthesized and with this MOF the CF is coated to fabricate the modified cathode, which is called MOF-525-Fe/Zr@CF. When carrying out the characterization study of this material, the main difference between MOF-525 and MOF-525-Fe/Zr is the large increase in pore area and pore volume. In fact, in this study, it was found that most of the pores of both MOFs are mesoporous and over a diameter of 2–10 nm. In this study, these authors evaluated the catalytic capacity of this new material in comparison to four other materials such as CF, MOF-525@CF (which is the pure MOF-525), Fe-MOF-525@CF and Fe3O4@MOF-525@CF, to check the improvement that the MOF-525-Fe/Zr provides. From this study, it could be concluded that there is an influence on the catalyst preparation as the post-modified Fe-MOF-525@CF showed no significant difference in degradation performance from pure MOF-525 and common CF, both having degradation rates below 50%. As for the Fe3O4@MOF-525@CF, it showed a slightly worse SMX removal rate (70%) than the MOF-525-Fe/Zr (97.3%). This is due to the Fe3O4@MOF-525@CF being a post-assembly synthesis, as it can only control MOF growth and failed to achieve further charge transfer beyond the interfacial energy barrier. A drawback of this cathode is that its performance depends on the environmental conditions to which it is subjected as it can only work at pH below 4, with an optimum pH of 3. The main reason for this considerable reduction is that the carboxylic acid groups, which are the connectors between Zr-oxo SBUs and Fe-TCPP, can be partially polarized. Despite this drawback, this modified cathode showed promising results in SMX removal in different wastewaters (tap water and river water) and improves the mineralization rate (85% total organic carbon (TOC) mineralization rate) compared to other works using MOFs such as Hang et al. [207], which using a photo-Fenton process manages to completely remove SMX in 40 min but its mineralization rate is 41%.



Similarly, Du et al. [206] synthesized a bimetallic catalyst, called FeCu@porous carbon (PC). This catalyst was derived from Fe/Cu-MOFs through the pyrolysis process. In order to check the efficiency of the catalyst in the photo-electro-Fenton process, a comparison with the electro-Fenton process and photocatalysis was made to remove SMT. From this study, it was concluded that the FeCu@PC/photo-electro-Fenton system presented the highest removal efficiency after 30 min (96.4%) compared to the FeCu@PC/electro-Fenton (79.3%) and FeCu@PC/UV (30.8%) systems. This improvement in efficiency may be due to the good photoelectric synergy and also to its high production of the hydroxyl radicals, which reached a concentration of 162.1 μmol/L after 1 h, which is approximately twice as high as in the electro-Fenton process. Another point in favor of the FeCu@PC/photo-electro-Fenton system is that leaching of the Fe (1.18 mg/L) and Cu (0.67 mg/L) metals are slightly lower than in the FeCu@PC/electro-Fenton system (1.38 mg/L and 0.91 mg/L, respectively). However, they also tested the catalyst stability in both systems. Surprisingly, the SMX removal capacity of the catalyst in the photo-electro-Fenton system is not practically affected while in the other one, the drop is very pronounced. In fact, this behavior was clearly observed when compared to the removal rates between the first cycle, which was around 90%, and the second, which was around 60%. This shows that the catalyst is not suitable for the FeCu@PC/electro-Fenton system in the flow system because the catalyst lost its properties with the use.



Another relevant aspect of this catalyst is its versatility since the FeCu@PC/photo-electro-Fenton system is also able to successfully degrade other pollutants, such as phenol (99.1%), CBZ (99.7%) and 2, 4-D (99.9%). In addition, this catalyst has accelerated the mineralization process by removing more than 60% of each of the pollutants within 1 h: SMT (73.3%), phenol (65.3%), CBZ (72.2%) and 2,4-D (79.4%).



Therefore, little by little, Fe-MOFs are being incorporated in wastewater treatment by means of electrochemical AOPs and are proving to have high efficiency in the elimination of these organic pollutants and stability, which allows them to be used on several occasions and become a viable catalyst for the circular economy and the sustainability of the process.





4.4. Ozone-Based AOP


Ozonation allows the oxidation of organic pollutants in water through the use of ozone, allowing the generation of the hydroxyl radical [208,209]. In addition, this process, as shown in Figure 6, can also be combined with other oxidants and examples of this combination can be ozone with hydrogen peroxide or ultraviolet radiation [208]. As with the previous processes explained above, metal ions (Ni, Cu, Fe or Mn) and metal oxides (copper oxide, manganese dioxide, titanium dioxide or iron oxide) can be used to accelerate the degradation reaction [210]. At present, the mechanisms of this process are complex and complicated to understand [211]. However, it can be assumed that the following chemical reaction (Equation (30)) occurs that allows the generation of the hydroxyl radicals by using a transition metal catalyst [212].


   O 3  + M  e  + n   +  H 2  O → O  H •  + M e O  H  + n   +  O 2   



(30)







A drawback of this type of AOP is that ozone has a short half-life and this means that the costs associated with full-scale water treatment of these processes are expensive. Furthermore, regarding the use of Fe-MOF in ozone-based AOPs, few papers have been reported between 2018 and 2022. However, the use of MOFs as a catalyst can overcome its limitations.



Among the studies reported in the literature, the study of Mohebali et al. [213] in which Fe3O4@Ce-UiO-66 was synthesized by the combination of Fe3O4 nanoparticles with the MOF, Ce-UiO-66 is highlighted. This catalyst system showed a rapid and total elimination of acetaminophen in only 10 min. Furthermore, this catalyst has high catalytic efficiency in successive cycles with a loss of activity of less than 10% on the acetaminophen degradation, making it a promising catalyst. Chen et al. [214] used Co3O4-C@FeOOH, which is a derivative of ZIF-67, as a catalyst to remove the drug norfloxacin, showing an excellent catalyst activity for the ozonation process achieving the complete degradation after 7 min, keeping this good activity during several cycles of use. Yu et al. [215] evaluated the heterogeneous ozonation using MOF MIL-88A(Fe) to eliminate a phenolic compound, 4-nitrophenol. The results of this process were also promising with degradation levels higher than 90% in 30 min. It is outstanding that the elimination of this compound remains practically the same after four consecutive cycles, which is indicative of the high stability of this catalyst.



In summary, although few studies have used Fe-based MOFs as ozonation catalysts, their use makes this heterogeneous process a very promising technology.
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Table 6. Summary of some of the Fe-MOF in catalyst, photocatalyst and electrochemical AOPs.
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	MOF
	Pollutants
	AOP
	Removal (%Degradation/Time (min))
	Reuses (n° Cycles/% Degradation)
	Reference





	3 % Fe-MOF/CM
	TC
	Photocatalytic/H2O2
	100%/60 min
	4/90%
	[179]



	g-C3N4/NH2-MIL-101(Fe)
	Acetaminophen
	Photocatalytic/H2O2
	94%/60 min
	10/>85%
	[216]



	g-C3N4/PDI@NH2-MIL-53(Fe)
	TC
	Photocatalytic/H2O2
	90%/60 min
	5/-
	[185]



	g-C3N4/PDI@NH2-MIL-53(Fe)
	Carbamazepine (CBZ)
	Photocatalytic/H2O2
	75%/150 min
	5/-
	[185]



	g-C3N4/PDI@NH2-MIL-53(Fe)
	BPA
	Photocatalytic/H2O2
	100%/10 min
	5/-
	[185]



	g-C3N4/PDI@NH2-MIL-53(Fe)
	4-NP
	Photocatalytic/H2O2
	100%/30 min
	5/-
	[185]



	MIL-88A(Fe)/MC
	Oxytetracycline (OTC)
	Photoactivated sulfate radical
	98.2%/240 min
	30/83.7%
	[187]



	MIL-88A(Fe)/MC
	TC
	Photoactivated sulfate radical
	98.3%/240 min
	30/78.8%
	[187]



	MIL-88A(Fe)/MC
	Chlortetracycline (CTC)
	Photoactivated sulfate radical
	100%/240 min
	30/88.1%
	[187]



	6%MIL-88A@BCN
	Phenol
	Photocatalytic/H2O2
	92.7%/30 min
	5/93–88%
	[217]



	6%MIL-88A@RCN
	Phenol
	Photocatalytic/H2O2
	91.1%/30 min
	5/92–87%
	[217]



	Bi5O7I@MIL-100(Fe)
	Doxycycline
	Photoactivated sulfate radical
	100%/130 min
	5/100–90%
	[218]



	BiOBr/MIL-53(Fe)
	CBZ
	Photocatalytic/H2O2
	85%/100 min
	0
	[219]



	Fe3O4@MIL-53(Fe)
	Ibuprofen
	Photocatalytic/H2O2
	99%/60 min
	5/95%
	[220]



	Fe-UiO-66
	Sulfameter
	Photoactivated sulfate radical
	90%/300 min
	5/99–95%
	[189]



	MIL-101(Fe)/TiO2
	TC
	Photocatalytic/H2O2
	92.8%/10 min
	5/93–90%
	[221]



	PDINH/MIL-88A
	Chloroquine phosphate
	Photoactivated sulfate radical
	94.6%/30 min
	5/93.8%
	[188]



	AFG@30MIL-101(Fe)
	Diazinon
	Photo-Fenton
	100%/105 min
	4/100–97%
	[222]



	AFG@30MIL-101(Fe)
	Atrazine
	Photo-Fenton
	81%/105 min
	4/81–75%
	[222]



	Cu2O/MIL(Fe/Cu)
	Thiacloprid
	Photo-Fenton
	82.3%/80 min
	10/>95%
	[223]



	Co-Fe PBAs
	Levofloxacin Hydrochloride
	Fenton-like with PMS
	97.6%/30 min
	5/83.7%
	[164]



	CUMSs/MIL-101(Fe,Cu)
	CIP
	Fenton-like
	93.5%/30 min
	4/88.4%
	[224]



	Fe(PyBDC)
	SMX (Sulfamethoxazole)
	Fenton-like with PS
	98.7%/180 min.
	2/0%, it can not be reused
	[163]



	Basolite F-300
	Antipyrine
	Fenton-like with PMS
	100%/300 min
	4/93%
	[225]



	Basolite F-300
	Escherichia coli
	Fenton-like with PMS
	100%/5 min
	4/100%
	[225]



	Fe@MesoC
	SMX
	Fenton
	100%/120 min
	3/85.2%
	[160]



	Fe0.75Cu0.25(BDC)
	SMX
	Fenton-like
	100%/120 min
	3/99–98%
	[161]



	Fe3O4@MIL-100(Fe)
	Levofloxacin
	Photo-Fenton
	93.4%/180 min
	5/>80%
	[226]



	FeII-MIL-53(Fe)
	4-NP
	Fenton-like
	95.2%/120 min
	5/89%
	[227]



	Fe-BDC-NH2
	Bisphenol A (BPA)
	Fenton-like
	95%/10 min
	5/>90%
	[162]



	Fe-ISAs@CN
	Sulfadiazine (SDZ)
	Fenton-like
	96%/60 min
	5/>70%
	[228]



	Fe-Pd@C nanomaterial
	Phenol
	Fenton
	95%/60 min
	5/75%
	[136]



	Fe-TCPP-3
	CIP
	Photo-Fenton
	73%/30 min
	0
	[229]



	M.MIL-100(Fe)@ZnO NS
	Phenol, BPA and atrazine
	Photo-Fenton
	92%/120 min (mean value of all pollutants)
	5/>85% (mean value of all pollutants)
	[171]



	MIL-100(Fe)-M (H3BTC/4 NaOH)
	Sodium sulfadiazine
	Photo-Fenton
	95%/240 min
	5/95–90%
	[230]



	MIL-101(Fe)-NH2@Al2O3(MA)
	Norfloxacin
	Photo-Fenton
	97.3%/100 min
	10/97%
	[231]



	MIL-53(Fe)@PES
	CBZ
	Photo-Fenton
	99%/60 min
	5/80%
	[232]



	r-MIL-88A-Fe
	Phenol
	Fenton
	100%/15 min
	3/97%
	[158]



	Ti3C2Tx/MIL-53(Fe) hybrid
	TC
	Photo-Fenton
	90%/80 min
	5/85%
	[233]



	VC@Fe3O4 nanoparticles
	SDZ
	Fenton-like
	56.6%/90 min
	3/26.2%
	[234]



	CMIL-100(Fe)@PCM25
	Napropamide
	Electro-Fenton
	97%/60 min
	3/95–85%
	[200]



	Cu0.33Fe0.67NBDC-300/GF
	SMX
	Electro-Fenton
	100%/75 min
	5/95%
	[201]



	Fe bpydc
	Bezafibrate
	Photo-electro-Fenton
	96%/90 min
	3/67%
	[195]



	Fe/Fe3C@PC
	SMT
	Electro-Fenton
	99.2%/60 min
	2/57%
	[196]



	FeCu@PC
	SMT
	Photo-electro-Fenton
	99.9%/60 min
	5/97%
	[206]



	MOF-525-Fe/Zr@CF
	SMX
	Photo-electro-Fenton
	97.3%/180 min
	4/96.6%
	[205]



	FeS2/C
	Fluoxetine
	Electro-Fenton
	91%/60 min
	5/61%
	[202]



	Mn/Fe@PC
	Triclosan
	Electro-Fenton
	100%/120 min
	6/99%
	[235]



	Fe2+/NDCA
	Dimethyl phthalate
	Electro-Fenton
	100%/50 min
	5/95–90%
	[236]



	Fe2+/NDCA
	3-Chlorophenol
	Electro-Fenton
	100%/30 min
	0
	[236]



	Fe2+/NDCA
	BPA
	Electro-Fenton
	100%/10 min
	0
	[236]



	Fe2+/NDCA
	SMX
	Electro-Fenton
	100%/15 min
	0
	[236]



	NH2-MIL(Fe)-88B (nano-ZVI@C-N)
	Gemfibrozil
	Electro-Fenton
	95%/60 min
	5/80–75%
	[203]










5. Conclusions


This study has provided a review of the recent progress in the research and practical application of MOFs, mainly Fe-MOFs, with a special emphasis on their potential as catalysts in heterogeneous AOPs. Thus, it has been also shown that Fe-MOF structures can be rationally designed through several synthesis methods and details about these procedures are summarized in Table 4. Based on the extensive literature reviewed, it is also concluded that this great designability of Fe-MOFs allows obtaining catalysts on-demand, able to improve the removal of persistent pollutants from wastewater by means of the selected AOPs, as summarized in Table 5 and Table 6. Lastly, the synthesis of Fe-MOFs by doping with other metals or adding several agents provides an effective way to accelerate the redox cycle of Fe3+/Fe2+ and promote the radical generation and/or increase the selectivity of the catalysts by the removals of the pollutants present in the wastewater.



However, although more than one thousand studies have been published in the last five years about this topic, there is still a long way to go for Fe-MOFs to be consolidated as catalysts and to be viable for large-scale use. Compiling this collection of studies, it is possible to say that this future is not very far away. The prospect of their usage for Fe-MOF based AOPs presents several aspects and future opportunities related to the removal of emerging pollutants:




	-

	
Eco-friendly preparation of MOFs: search for alternative methods for MOF synthesis with high yield and using environmentally friendly and harmless solvents.




	-

	
Bimetallic MOFs: application of various transition metals in the synthesis of the MOF enhancing their properties for the AOPs;




	-

	
New composite materials hybridized with MOFs: exploration of new materials to be introduced on MOFs adding new functions and achieving high-performance of the catalyst.




	-

	
Shelf life and reusability: these are prerequisites for long-term industrial use. The improvement of the stability of MOFs for their use in aqueous environments is required because most of them are unstable in water and decompose. Moreover, their recovery and reuse in several cycles or continuous treatment is a crucial factor in the scale-up of the processes.




	-

	
Emerging contaminants treatment and real wastewater use: mostly dye degradation is studied using MOF, but emerging contaminants are barely studied, and it is required to give more attention to these compounds in the future. Another consideration is the evaluation of real wastewater in the treatments due to most of the actual ones are performed using simulated ones.
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Figure 1. MOF structures (reproduced from CSD MOF Collection [19] under license CC BY-NC-SA 4.0). 
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Figure 2. Evolution of the number of published articles on wastewater treatment for each type of MOF in the last five years. 
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Figure 3. Most used synthesis methods to obtain Fe-MOFs [83]. 
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Figure 4. General scheme of (a) solvothermal/hydrothermal synthesis, (b) microwave-assisted synthesis, (c) electrochemical synthesis, (d) sonochemical synthesis, (e) mechanochemical synthesis, (f) dry-gel synthesis. 
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Figure 5. Schematic of the procedure found in papers using this synthesis technique. 
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Figure 6. Classification of AOP by the fundamentals of the process itself. 
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Figure 7. Keywords and overlay visualization co-occurrence analysis of AOPs using MOFs in wastewater research using VOS Viewer®. 
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Figure 8. Graphical scheme of the reactions occurring on the FexCu1−x(BDC) surface for SMX degradation. 
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Figure 9. Schematic of the proposed mechanism of PDS activation over Fe-MOFs under UV light towards persistent pollutants degradation. 
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Figure 10. General scheme of the degradation electro-Fenton processes using (a) modified cathode with Fe-MOF and (b) Fe-MOF in bulk solution. 
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Figure 11. Schematic representation of the photo-electro-Fenton process with Fe-MOF as suspended heterogeneous catalysts. 
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Table 3. Applications of UiO-MOF in wastewater treatment.
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	UiO
	Pollutant
	Processes
	Reference





	Acid-modulated UiO-66
	2,4-dichlorophenoxyacetic acid, ciprofloxacin and naproxen
	Adsorption
	[62]



	C3N4-TE@TiO2/UiO-66
	TC
	Photocatalytic
	[65]



	IN2S3/UiO-66
	Methyl orange and TC
	Photocatalytic
	[66]



	MWCNT/N-TiO2/UiO-66-NH2
	Ketoprofen
	Photocatalytic
	[67]



	NiCo2O4/HP-UiO-66
	TC
	Photocatalytic with PMS
	[68]



	UiO-66(Zr) and NH2-UiO-66(Zr)
	Pyrene
	Adsorption
	[69]
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