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Abstract

:

The rapid separation and efficient recycling of catalysts after a catalytic reaction are considered important requirements along with the high catalytic performances. In this view, although heterogeneous catalysis is generally less efficient if compared to the homogeneous type, it is generally preferred since it benefits from the easy recovery of the catalyst. Recycling of heterogeneous catalysts using traditional methods of separation such as extraction, filtration, vacuum distillation, or centrifugation is tedious and time-consuming. They are uneconomic processes and, hence, they cannot be carried out in the industrial scale. For these limitations, today, the research is devoted to the development of new methods that allow a good separation and recycling of catalysts. The separation process should follow a procedure economically and technically feasible with a minimal loss of the solid catalyst. The aim of this work is to provide an overview about the current trends in the methods of separation/recycling used in the heterogeneous catalysis.
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1. Introduction


Catalysts represent a key component in a broad range of reactions, being generally characterized by high activity and selectivity. Their widespread use in a variety of processes is of great interest in both academia and industry. Indeed, the fields of applications of catalysis include photocatalysis [1,2], environmental catalysis [3], metal-catalysis [4], electrocatalysis [5], organocatalysis [6], and green catalysis [7,8], most of all devoted to the sustainability requirements. As an example, in the last few years, due to the exploitation of renewable energy and the concomitant need to both reduce carbon emissions and replace fossil fuels to preserve natural resources, the development of the so-called green fuel has been highly promoted, through the methanation process [9,10,11,12,13,14,15,16].



Many different types of catalysts and catalysis mechanisms are possible. Most solid catalysts are metals, disseminated within a solid or liquid matrix, the catalyst support. The immobilization of a catalyst is a very important aspect that can in principle facilitate its recovery and reuse and therefore is of considerable interest. In fact, besides the high catalytic performance, a rapid separation and efficient recycling of the catalyst after a catalytic reaction are important requirements to reduce the production costs as well as to minimize waste generation, especially in industrial applications. As an example, carbon based materials (e.g., graphene, activated carbon, biochar) are generally used as support materials for the dispersion of active components in many catalytic processes [17,18,19,20,21] because of their high specific surface, good physical and thermal stability, reusability, and regeneration capacity. Their easiness of recycling offers the opportunity to increase the use of expensive catalysts based on noble metals since the organic content of the spent catalyst can be destroyed by a simple combustion process under mild conditions. As a consequence, this leads to highly concentrated ashes from which an easy and economical recovery of precious metals is possible [22].



Conventionally, catalysts have been categorized as homogeneous and heterogeneous. Homogenous catalysts exhibit advantages in terms of activity and stability due to their good solubility in reaction media. However, homogeneous catalysts are difficult to separate and recover from the reaction mixture, resulting in increasing economic cost, environmental pollution, and corrosion [23]. This problem limits their applications in industry, especially in the drug and pharmaceutical industry owing to the issue of metal contamination in the case of metal-catalyzed synthesis [24]. Although heterogeneous catalysis is generally less efficient compared to the homogeneous counterpart, it benefits from easy recovery. In gas/solid systems, the catalyst is easily separated and cleaned, and, in liquid/solid systems, it can be simply filtered [25]. The bridge between heterogeneous and homogeneous catalytic processes can be achieved through the use of magnetic nanoparticles. Magnetic nanoparticles can operate as catalytic supports enabling immobilization and magnetic recovery of homogenous catalysts [26]. Today, magnetic separation is considered a more competitive technology for the recovery of heterogeneous supported catalysts than traditional methods since it is fast, efficient, consumes low energy, and minimizes the use of solvents and the generation of secondary wastes [27].



Spent catalysts, once they have completed their useful life, represent a threat to the environment due to the leachable metals from their surface; a way to make their overall process of disposal less toxic to the environment is considering them a secondary source of metals.



Therefore, nowadays, the development of eco-friendly and highly efficient recovery techniques has become a focus of interest for both academia and industry. Tetronics’ DC Plasma Arc technology seems to be the option that best meets these needs.




2. The Catalyst’s Life Cycle


The recovery of a catalyst is important from both the economic and the environmental point of view. Typically, once separated from the reaction mixture, a catalyst is recycled a number of times. However, the catalytic deactivation is inevitable for most catalytic processes. Poisoning, fouling, carbon deposition, thermal degradation, sintering, and leaching of active metal species into liquid phases [28] are just some of causes that lead to the deactivation of catalysts [29]. When the activity of a catalyst goes below a certain threshold, it is usually regenerated and reused. According to numerous scientific studies, the most common regeneration mechanism for removal of deposits or poisons present on the surface is the thermal calcination treatment [29]. At this stage, if structural changes or poisoning effects are irreversible, catalyst recycling is no longer possible, and its life cycle is completed. Catalysts which can no longer perform their original duty are considered “spent” and the possible presence of heavy metals, coke, and other poisonous elements makes them hazardous toxic wastes. However, before being disposed in landfills as solid wastes, spent catalysts can be reused once again in other processes that require a less degree of catalytic activity or addressed to be treated for the recovery of metals so as to minimize discarded materials in refining industry [30]. A schematization of the catalysts’ life cycle is reported in Figure 1.




3. Methods for Recycling Heterogenous Catalysts


3.1. Traditional Methods of Recovery: Filtration and Centrifugation


In accordance with the need of green and sustainable development, a long lifetime and an easily recycling are important requirements for practical application of a catalyst in industry [31]. In gas/solid systems, the catalyst is easily recovered from the reaction medium mechanically. Instead, in liquid media reaction, a rapid and efficient method of separation is required to remove the catalyst from products in order to recycle it as many times as possible. Therefore, the appropriate separation process should be chosen based on the nature of the catalytic material, the time required, and the energy consumed. Filtration and Centrifugation are two of the methods traditionally employed in laboratory scale to allow handling, separation, recovery, and recycling of heterogeneous catalysts. Like all the other techniques of separation, these techniques are based on the different chemical or physical properties between the components of the reaction mixture.



Filtration exploits the different size of the components of the mixture to separate an undissolved solid from a liquid or a gas. The technique involves the use of a porous structure (filter/membrane) called septum that allows the fluid phase of mixture to pass through but keeps larger solid particles back. As the liquid/solid material passes through the filter, the solid material is collected and removed. In this process, the collected solid material is called “residue” while the fluid material more or less thoroughly separated from the solids is called “filtrate”, “effluent”, or “permeate”.



The permeation of the fluid phase through the filter medium is influenced by the gradient of pressure across the septum [32]. Filtration processes can be classified in accordance with driving forces that produce such difference of pressure. In most cases, the liquid is allowed to flow through the filter medium only by gravity, and the process is known as “gravity filtration”. Generally, gravity filtration is used to remove solid impurities such as drying agent, an undesired side product, or leftover reactant from a liquid media. Since this driving force is relatively weak, the liquid phase must be of low viscosity and the mixture sufficient dilute.



The difference of pressure for the “centrifugal filtration” is due to the centrifugal force acting on the fluid that, at high rotation speeds, can be many orders of magnitude higher than the gravitational force. The process requires more technical equipment, but, as a general rule, it is much faster and more efficient than the gravitational one. “Vacuum filtration” and “pressured filtration” usually are used in the laboratory in preference to gravity filtration.



A vacuum filter operates by creating a partial vacuum on the opposite side of the filter. Therefore, the vacuum filtration technique requires a vacuum pump able to aspire the liquid through the septum. In pressure filtration, the liquid phase is driven through the filter by mechanical pressure on the feed side of the filter. Since the driving force (pressurized fluid or vacuum) is much greater than gravity, the pressure difference generated is sufficient to filter a filtrate too viscus, thus permitting higher filtration rates and a lower consumption of solvents. Processes of filtration are schematized in Figure 2.



As in other separation processes, the separation of phases by filtration is never complete: liquid adheres to the separated solids, and the filtrate often contains some solids. Therefore, the recovery of solid catalysts after separation from reaction mixture by filtration methods very often requires further treatments such as washing, deliquoring (elimination of liquid from the filter by mechanical forces), and thermal drying [32].



Recently, Mina Amirsoleimani and her collaborators synthetized a highly effective heterogeneous and environmentally benign catalyst for the conversion of a variety of amines to their corresponding formamides and acetamides, which was recovered by filtering the reaction mixture and recycled seven times without any loss in activity [33].



Centrifugation is a technique frequently used to separate mixtures of two or more phases on the basis of their different density. Separation of heterogeneous mixtures through sedimentation happens spontaneously due to earth gravity, but it would take a long time. If separation is carried out by the application of a centrifugal force, this natural process is accelerated (Figure 3).



According to Newton’s first law, a body tends to remain in a state on rest or linear uniform motion in the absence of forces acting upon it. When the body moves with uniform speed along a circular, a force directed towards the center of the circle acts upon it. This force is called centripetal force. Changing the frame of reference, the body moving in the curve path feels an apparent force called centrifugal force that has the same magnitude and dimensions as the centripetal force but points in the opposite direction. Such force is dependent on the speed of rotation in RPM and the distance of the body from the center of rotation.



The centrifugal force provided by a centrifuge in combination with gravitational force cause particles to move radially away from the axis of rotation. More-dense particles of the mixture tend to move at the bottom of the tube, while less-dense particles of the mixture migrate towards the axis of the centrifuge. The solid deposited on the bottom of the tube is called “pellet”, while the remaining solution is called the “supernate” or “supernatant liquid”. The supernatant liquid can be quickly decanted from the tube without disturbing the precipitate, or aspirated with a Pasteur pipette [34].



Nasresfahani et al., in their recent study, prepared an efficient heterogeneous Nickel−Copper bimetallic catalyst for the synthesis of substituted amines that was successfully recovered through centrifugation and reused four times without notable decrease in its activity [35].



However, recycling of heterogeneous catalysts using traditional methods of separation such as filtration and centrifugation is tedious and time-consuming. In addition, these separation techniques are not usually able to collect the nano-sized catalysts without weight loss. Recovery by filtration is not advisable because smaller sized nanoparticles could pass through the filter paper. On the other hand, centrifugation is uneconomic processes and, consequently, it cannot be carried out on an industrial scale. Recently, magnetic separation for catalyst recycling provided an interesting alternative to the separation methods mentioned above in terms of time, energy, and efficiency of catalysis [36,37,38].




3.2. Magnetic Separation


By using an external magnet, the separation of magnetic solid catalysts has been demonstrated to be fast, simple, convenient, and efficient; this new type of approach makes the work-up procedure economically and technically feasible with a minimal loss of solid catalyst (Figure 4) [39]. In accordance with the principles of green chemistry, magnetic separation reduces secondary waste generation and energy consumption, and also offers the opportunity to expand the use of expensive catalysts based on noble metals and rare-earth elements [40].



3.2.1. Magnetic Nanoparticles (MNPs)


In recent years, magnetic nanoparticles (MNPs) have received considerable attention among researchers due to their wide use in the preparation of recyclable catalysts. These nanoparticles can be directly used as catalysts or as magnetic carriers for the catalytic species immobilized on their surface. Utilizing magnetic nanoparticles as catalysts or supports helps to combine the advantages of both nano-sized particles and magnetic materials. The large surface-to-volume ratio of these types of materials allows excellent loading of the homogeneous catalyst and then obtaining a magnetic catalyst with high catalytic activity.



Magnetic nanoparticles (MNPs) usually exhibit a phenomenon known as superparamagnetism. Superparamagnetism is a form of magnetism that takes place when the size of ferromagnetic or ferrimagnetic nanoparticles is as low as 10–20 nm [41]. As a consequence of an externally applied magnetic field, superparamagnetic and paramagnetic materials become magnetized up to their saturation magnetization. As soon as the field goes to zero, any residual magnetic interaction disappears. In comparison with paramagnetic materials, superparamagnetic nanoparticles have a higher magnetic susceptibility, rendering them highly sensitive to externally applied magnetic fields [42].



If nanoparticles are sufficiently small, each of them can be considered as characterized by a single magnetic domain able to act as a “single super spin”. Unlike ferromagnetic materials, in the absence of the magnetic field, these nanoparticles randomly change the orientation of their spins even at room temperature. Instead, the ordered magnetic moments of ferromagnetic materials become disordered in response to thermal fluctuations only above the Curie Temperature (CT), or Curie point, losing their permanent magnetism.



The magnetic component of MNPs provides a fast separation from the liquid phase by application of an external magnetic field and an easy redispersion in the absence of an applied magnetic field, avoiding in this way the conventional filtration, centrifugation, or other tedious workup processes. Most magnetic-supported catalysts can be reused to several runs almost keeping their initial activity [43].



When a permanent magnet is placed in contact with a beaker containing a suspension of magnetic nanomaterial, magnetic dipoles of nanoparticles point in the same direction of the field lines. As shown in Figure 5, the applied magnetic field induces nanoparticles to migrate towards the magnet. After a few minutes, all particles end up concentrated at the wall in correspondence with the magnet; in this way, the supernatant can be easily aspirated with a syringe. When the magnet is removed, the random orientation of nanoparticle is so fast that the measured magnetic moment gets down to zero quickly and nanoparticles behave as no-magnetic materials.



Properties such as large surface area, relatively low preparation cost and toxicity, good stability, coercivity (the field required to bring the magnetism to zero), low Curie temperature [44], and rapid recovery make them ideal supports in the field of catalysis. Thanks to these particular properties, these materials are also applied in a variety of fields such as biotechnology/biomedicine [45], magnetic resonance imaging (MRI) [46], controlled drug delivery [46], biosensors [44], hyperthermia [47], gene therapy [48], gas sensor [49], data storage [50], adsorbent materials [51], batteries [52], pigments [53], water purification [54], tissue repair [55], detoxification of biological fluids [56], and labeling and separation of cells [57].



The most common MNPs are pure metal nanoparticles (Fe, Co, Ni), metal alloys (FePt, CoPt), iron oxides (FeO, Fe2O3, Fe3O4), or ferrites MFe2O4 (M = Co, Mn, Cu, Zn) [24]. These materials can be easily modified and functionalized without altering their magnetic properties. Appropriate surface changes are required to improve the dispersion, the catalytic activity, and the physicochemical and mechanical properties of MNPs, and make them biocompatible [58].



For example, cobalt (0) nanoparticles supported on ceria were used as catalyst in the hydrolysis of ammonia borane for hydrogen production. The presence of cerium(III) defects improved the catalytic activity of metal nanoparticles through a more favorable substrate–metal interaction [59]. After completion of reaction, the catalyst was isolated by a permanent magnet and then redispersed for a subsequent run of hydrolysis retaining its initial catalytic activity even after the fifth use [60].



Among the magnetic nanoparticles, iron oxides are widespread used in the field of MNPs catalysis owing to their optical, electrical, magnetic, and catalytic properties [61]. Up to now, 16 pure phases of iron oxides, in the form of oxides, hydroxides, and oxyhydroxides have been found [62]. Particularly, magnetite (Fe3O4), an important type of ferrite, is highly regarded and applied due to their low cost, availability, nontoxicity, and easy functionalization with other metallic species or organocatalysts [38]. Fe3O4 is characterized by strong superparamagnetic and electron properties due to the presence of iron cations in both capacities (Fe2+, Fe3+) [62]. Their superparamagnetic behavior makes magnetite NPs possible to use such as the magnetic core to an eventual core–shell structure. Adding Fe3O4 into catalysts endows the catalysts with excellent magnetic properties and improves even further the catalytic performances [38].




3.2.2. Magnetically Recoverable Transition Metal Ferrite Nanoparticles


In the last few years, magnetic spinel ferrite nanoparticles with a general molecular formula MFe2O4 (M is transition metal, such as Fe, Cu, Zn, and Mn) have attracted significant interest on the field of heterogeneous catalysis. They offer several advantages such as chemical and thermal stability [63], and high surface area and mechanical hardness. Ferrite nanocatalysts not only are environmentally benign and compatible with green chemistry aspects but also can be simply recovered from reaction mixture and recycled up to several times almost without significant loss of their catalytic activity [64].



Ali et al. studied catalytic performance of cuprospinel CuFe2O4 nanoparticles in the biodiesel production via the waste frying oil (WFO) transesterification process. This catalyst, synthesized by a combination of co-precipitation and hydrothermal methods, showed high activity and reactivity, simplicity, easy reusability, and excellent stability under different reaction conditions. After the reaction time, the catalyst was recovered by an external magnetic field, washed with acetone to remove the adhered oil and glycerol, and dried and reused again without any leaching or any catalytic efficiency reduction even for five reaction cycles [65].




3.2.3. Magnetically Recoverable Orthoferrites of Rare-Earth Nanoparticles


The rare earths (REEs) are a class of seventeen transition metal elements, including 15 lanthanides, scandium (Sc), and yttrium (Y), widely applied in various fields such as metallurgy, electronic devices, high-performance alloys, glass, ceramics, and the phosphorous industries. They are also used to make permanent magnets (PMs) [66,67]. The variable valence states and electronic structures of rare earth ions allow their use for several catalytic applications. For example, same rare earth elements are applied in catalysis as dopants or components to modulate the specific physical and chemical properties of different materials [68], cerium-based materials act as catalysts in various reactions such as CO2 hydrogenation [10], Fischer–Tropsch synthesis [69], and CO2 methanation [9,11,13,70] due to redox properties and excellent oxygen mobility.



Orthoferrites of rare-earth elements (REE) with the formula RFeO3 (R = Sc, Y, La-Lu) are a novel class of acid-base catalysts of great interest for researchers due to their high activity and the possibility of magnetic recovery. They are applied mainly in redox and photoinduced processes [40]. For example, K.D Martinson and his research group successfully synthetized a phase-pure porous magnetic nanopowder based on holmium orthoferrites by glycine-nitrate combustion approach for the first time. The porous holmium orthoferrite has been tested for n-hexane conversion at 500 °C and 1 atm. The observed catalytic activity can be attributed to high concentration of acid-base sites on its surface. After reaction, the spent sample was separated by an external magnetic field of a permanent magnet from the reaction followed by heat treatment at 600 °C for 1 h, with an efficiency of 97% [40].




3.2.4. Surface Modification of Magnetic Nanoparticles


Unfortunately, it has been found that MNPs commonly tend to agglomerate into a large cluster due to their small interparticle distances, high surface energy, and the existence of van der Waals forces. As a result, all of this involves a non-uniform dispersion of the magnetic catalyst in the reaction mixture and then a rapid loss of catalytic activity and magnetism [71]. This problem is solved by coating their surface with suitable protecting agents to prevent direct contact between the nanoparticles and accordingly improve their chemical stability. Generally, magnetic nanoparticles (NPs) are coated with carbon (graphene) or silica so that they form magnetic core–shell structures. Carbon or silica coating provides the possibility to prevent metal oxidation and/or to facilitate the introduction of functional groups via sp2 carbon of graphene or silanol groups of silica [72], which allow, in turn, the attachment of various catalytic species on the magnetic NPs surface including ionic liquids through covalent bonds or electrostatic interactions. Recently, much attention has been paid to other metal oxides, such as ceria and titania, for coating of the magnetic core in order to obtain magnetically recoverable catalyst supports. Vono et al. have found that the pre-coating of magnetic supports containing ceria or titania with a uniform layer of silica provides thermal resistant magnetic materials without modifying the magnetic properties of the iron oxide core [27].



The process of synthesis of functionalized magnetic nanoparticles usually consists of three steps: the formation of the magnetic core, the coating of the nanoparticles with an outer shell and the modification of the resultant core–shell structure.




3.2.5. Ionic Liquid Coated Magnetic Nanoparticles


Recently, Ionic liquids (ILs)-coated MNPs have attracted growing interest as catalysts for a wide range of new industrial applications. Ionic liquids (ILs) are commonly defined as salts composed of organic cations and organic or inorganic anions with melting point below the boiling point of water. According to the nature of the cation and/or the counter anion moiety, the ionic liquid may behave as an acidic, basic, or organ catalyst [73]. Many of these ILs have been investigated in a variety of organic transformations in which ILs can act as solvents and/or catalysts [74]. They have a number of advantages such as wide liquid range and potential window, extremely low vapor pressure, high ionic conductivity, and extraordinary ability to functionalization [75]. However, their industrial applications are hampered by their high viscosity [71], high cost, large consumption, and homogeneousness (difficulty to separate) [76]. To overcome these drawbacks, supported ionic liquid catalysts (SIL) could be a valid alternative to homogeneous analogues since they maintain the excellent catalytic properties of ionic liquids, but also manifest the advantages of easy separation and recovery typical of the heterogeneous catalyst. On the basis of this awareness, different support materials, such as amorphous or ordered mesoporous silica, zeolites, polystyrene, magnetic nanoparticles, and many others have been used as carrier for loading ionic liquids [77]. Particularly, ionic liquids immobilized on the magnetic nanoparticles surface, have emerged as good catalysts because of their facile separation by an external magnet.



Cano et al. synthesised a new, highly active, and efficiently recoverable catalytic system modifying nano-magnetite materials with a paramagnetic halometallate-based ionic liquid (MILs), Fe3O4@SiO2@(mim)[FeCl4] (mim: methylimidazolium). This system was applied in the glycolysis of PET into BHET under conventional heating. The catalyst exhibited an excellent recycling behaviour, achieving nearly 100% yield and selectivity over twelve consecutive reaction cycles at 180 °C and was easily recovered with an external magnetic field avoiding tedious work-up or purification processes. Further analyses by ICP revealed that the amount of catalyst lost after each cycle was minimal and the amount of Fe in the purified product was negligible [76].



Ren et al. synthesized an alkaline ionic liquid immobilized on protective copolymers coated magnetic nanoparticles ([Im][OH]/P(VBC-DVB) @MNPs). The catalyst consisted of three layers: a magnetic core, an intermediate protective shell, and an outer catalytic layer. The magnetic core, mainly composed of CoFe2O4 magnetic nanoparticles (CFNPs), makes easier separation of the catalyst from reaction medium. The protective layer, formed by the copolymer of divinylbenzene (DVB) and vinyl benzyl chloride (VBC), incorporated into the catalyst, on the other hand, prevents the corrosion of magnetic nanoparticle when the catalyst is used in polar solvents, thus preserving recyclability and improving its stability. The catalytic layer, which consisted of 1-propyl-3-alkylimidazole hydroxide ionic liquid, is where the reaction takes part. This catalyst showed an excellent catalytic activity for Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate due to the large amount of OH− ions loading on the surface and a lower activation energy than of homogeneous catalyst NaOH. The catalyst was conveniently recovered upon applying an external magnetic field, and it was recycled at least six times without significant changes [23]. However, since the loading of ILs on the surface cannot be too high, catalytic activity turns out to be limited owing to the relatively low number of catalytic units compared to the large surface area of magnetic nanoparticles [71]. To improve the catalytic activity, it is necessary to increase the amount of catalyst used for the catalytic process, and this could require a greater use of solvents as well as expensive recovery cost and possible toxicological concern [23]. This problem could be solved by the surface modification of the magnetic nanoparticles with different polymer grafting methods [78]. The introduction of polymer onto the MNPs increases the loading content of grafted homogenous material since more catalytic units can be attached onto magnetic support [78]. On the other hand, the polymer layer could prevent the formation of clusters in high temperature processes [79]. Arghan et al. developed a novel poly (ionic liquid) (PIL) coated magnetic nanoparticles catalyst, noted as n-Fe3O4/PVAm-SO3H, and used it as a magnetic heterogeneous acid catalyst for the one-pot synthesis of tri and tetrasubstituted imidazole derivatives under optimized condition in excellent yields. The catalyst was synthesized by directly grafting polyvinyl amine layer onto surface of Fe3O4 without using any bridged organosilane compounds. In the following, the sulfonation treatment was carried out by covalent grafting of chlorosulfonic acid on amine groups to convert n-Fe3O4/PVAm into an efficient acid catalyst. In addition, the resulted catalyst was readily separated in a green way by using a magnetic force and reused eight times without any significant deterioration in catalytic activity. The study results show that this new acid magnetic catalyst exhibits more advantages than soluble acids [78].



Nowadays, dicationic ionic liquids (DILs), a new subclass of ILs, have attracted significant attention. Typically, these molecules contain two cationic head groups connected together with a rigid or flexible spacer, associated with two counter anions, respectively [75]. Modifying the length of the chain and the type of spacer or the cation, their physicochemical properties can be tuned [71]. In comparison to various reported monocationic ionic liquid in the literature, dicationic ionic liquids exhibit several interesting advantages such as higher thermal stability, surface activity, more extensive liquid range, and higher selectivity [75]. These ILs can be used in many applications from the “classical” use as solvents, catalysts, or catalytic supports in organic reactions, to more specific uses as high temperature lubricants/heat transfer fluids, including a variety of roles in analytical sciences [71].



Fahimeh Rezaei and co-workers designed Brønsted acidic dicationic ionic liquid immobilized on silica-coated iron oxide support with core–shell structure and applied it as a recyclable nanocatalyst under solvent-free conditions in the synthesis of pyrazole derivatives [80]. The catalyst has maintained his catalytic activity at least five times. In addition, Reyhaneh Karimi-Chayjani demonstrated that magnetic γFe2O3@SiO2 NPs-supported Bis[(3-aminopropyl) triethoxysilane] dichloride bis-dicationic ionic liquid (DIL) catalyst can catalyse the Knoevenagel condensation achieving high reaction rates and yields. The synthesized nanomagnetic catalyst possesses a high superparamagnetic characteristic and can be simply recovered and reused applying an external magnetic field at least six times without loss of catalytic activity [44].



Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), are a class of porous crystalline materials, highly investigated in the last twenty years. Several features of MOFs such as controllable composition, large surface areas, regular and accessible pores, and crystalline open structures allows them to encapsulate within their frameworks magnetic nanoparticles, making them promising heterogeneous catalysts or catalytic carriers of various species including ionic liquids [81].



For example, very recently, Xie et al. developed an efficient and magnetically recyclable acidic catalyst based on the amino-functionalized metal-organic framework structures, for the biodisel production via simultaneous transesterification-esterifications of low-quality oil feedstock. To prepare the acidic catalyst with Brönsted–Lewis acid sites, the POM-ILs with sulfonated organic cations and Keggin POM counter anions were immobilized on the CoFe2O4/MIL-88B(Fe)-NH2 support combining in this way the advantages of ILs and heterogeneous character of MOFs. The catalyst showed a good stability, probably, due to the charge interaction of acidic groups of POM-based sulfonated ILs with amino groups of the magnetic support. On the other hand, the encapsulation of magnetic nanoparticles (CoFe2O4) into cavities of the metal organic framework nanocomposites gives magnetic properties to catalysts, improving its separation performances. In order to investigate the reusability of the solid catalyst, its recovery was conveniently carried out by using a permanent magnet. The catalyst was reused for five transesterification runs under the optimized reaction conditions without significant decay of the catalytic activity [82].






4. Methods for Recovering Metals from Spent Catalysts


4.1. Traditional Methods of Recovery: Hydrometallurgy and Pirometallurgy


Since spent catalysts are considered valuable sources [83] of metals and hazardous residues [84] at the same time, their recovery offers both economic and environmental benefits. Hence, after reaching their useful life, spent catalysts are further treated before final disposal for the recovery of metal content and/or separation of various components. Hydrometallurgy and pyrometallurgy are two traditional technologies widely applied for these purposes (Figure 6).



Hydrometallurgy, known as the leaching method, consists of metals dissolution by acid or base solutions and their selective separation in a pure form by solvent extraction. In this last operation, the leach liquors are brought into contact with an organic phase in order to transfer, selectively, the metallic ions from solutions to organic phase [85]. Precipitation, distillation, and ion exchange are other separation procedures used as an alternative to solvent extraction [86,87]. Mishra et al. used a combination of acid leaching followed by solvent extraction to recovery selectively Mo and V from spent petroleum catalyst [86]. Wu et al. used an ion exchange method for the recovery of tungsten (W) from the leach liquor after leaching of the SCR catalyst [88]. Hydrometallurgical processing is effective and easy to operate but produces a large amount of acidic waste liquid [89].



Pyrometallurgical processing requires chemical treatments at high temperatures such as incineration, pyrolysis, and melting. However, treatments involve production of toxic gases such as dioxins and furans, which energy consuming and expensive [89,90].



Today, bioleaching seems instead to be a more promising approach to value such resources due to its environmental friendliness, and low cost and low energy requirements [91] (Figure 6). This sustainable method consists of the use of microorganisms such as bacteria or fungi which can secrete organic or inorganic acids able to solubilize and extract selectively metals from solid compounds [92]. The use of microorganisms makes this process require a longer time in comparison to the conventional chemical leaching [91].




4.2. Tetronics’ DC Plasma Arc Technology


In recent years, the application of thermal plasma technology for wastes treatment has increased enormously. In particular, Tetronics’ DC Plasma Arc technology represents today an ecofriendly pyrometallurgical solution for the recovery of metals from secondary sources [92]. This technology, for example, has been applied for many years to recover platinum group metals (PGM) from automotive and industrial catalysts [85], Figure 7.



Plasma processing uses a plasma arc created by either a single or multiple electrodes/torch as a heat source to smelt metals [89]. The high energy content of the plasma converts the organic components into small molecules, whereas the inorganic and metal components are melted to form slag and metal slag. Therefore, compared to incineration, plasma melting can destroy harmful organic compounds such as dioxin and furans [89]. The exhaust gases, before being vented to the atmosphere, are continuously analysed by a continuous emissions monitoring system (CEMS). In addition, incineration and other conventional technologies generally produce ash, which contains leachable levels of heavy metals as well as char and tars. Instead, the non-valuable solid residue recovered from the Tetronics’ DC Plasma Arc process, called Plasmarok ®, having been subjected to extreme heat, presents itself as an inert, non- hazardous molten vitreous material, that, if cooled slowly, can be harder and more stable than granite and, hence, can be reused in a range of building applications [85].





5. Conclusions


The pivotal role of heterogeneous catalysts in a variety of catalytic processes is undoubtedly well assessed. The need to further improve their efficiency, especially in terms of activity and recyclability, led to the advancement of reuse/recycle techniques. Traditional methods alongside more innovative approaches were analysed and reviewed.



It was highlighted that filtration and centrifugation, very much exploited in the past, have been supported and/or replaced in the last few years by the handier magnetic separation. Indeed, considered all its possible configurations, this method is characterized by high efficiency, low energy and time consumption, with minimal loss of solid catalysts.



However, when recycling is no longer possible and catalysts reach their useful life, the recovery of metals and/or separation of various components of spent catalysts are also possible before the final disposal. In particular, pyrometallurgy, hydrometallurgy, and biometallurgy were reported together with the Tetronics’ DC Plasma Arc technology, the most innovative technique in this field.
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Figure 1. The catalyst’s life cycle. 
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Figure 2. Schematization of filtration processes: gravity, centrifugal, pressure, and vacuum. 
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Figure 3. Schematic representation of the sedimentation and the centrifugation processes. 
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Figure 4. Comparison of recovery methods: filtration, centrifugation, and magnetic separation. 
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Figure 5. Schematic representation of the magnetic separation. 
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Figure 6. Methods of recovery of metals from spent catalysts: pyrometallurgy, hydrometallurgy, and biometallurgy. 
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Figure 7. Main advantages of tetronic’s DC plasma arc technology. 
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