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Abstract

:

This mini-review briefly describes the recent progress in the design and development of catalysts based on the presence of ionic liquids. In particular, the focus was on heterogeneous systems (supported ionic liquid (IL) phase catalysts (SILPC), solid catalysts with ILs (SCILL), porous liquids), which due to the low amounts of ionic liquids needed for their production, eliminate basic problems observed in the case of the employment of ionic liquids in homogeneous systems, such as high price, high viscosity, and efficient isolation from post-reaction mixtures.






Keywords:


heterogeneous catalyst; SILPC; SCILL; porous ionic liquids












1. Introduction


Over the last few decades, ionic liquids (ILs) have undoubtedly been among the most rapidly developing and has attracted great interest as chemical compounds. Due to their special properties and a wide spectrum of applications, ionic liquids were chosen a few years ago as one of 20 materials with the highest application potential [1]. Directions of their applications are very diverse—from solvents as an alternative to volatile organic solvents, through electrochemistry (as electrolytes and conducting polymers), chemical separation, liquid and solid carriers, surfactants, and stabilizers of nanoparticles to catalysis in a broad sense (as catalysts, co-catalysts, catalyst supports, and adjuvant substances). It is no wonder that, currently, the number of publications on ionic liquids exceed 100,000 (104,310 on 23 September 2020) and, each year, about 9000 new reports appear (Figure 1) [2].



Among them, there are many excellent review papers and books on the properties and applications of ionic liquids [3,4,5,6,7].



Such great and continued interest in ionic liquids result mainly from their unique properties, as well as their evolution and adjustment to the new requirements and expectations. One can see that, after the first report on ionic liquids [8], as much as 40 years had passed until the appearance of ionic liquids of practical significance. These were chloroaluminate-based liquids [9] and, later, also ILs based on other metallates, so-called first-generation (Figure 2), which could be applied to electrochemistry, as well as to the electrolytic deposition of metals.



Unfortunately, chloroaluminates due to their great moisture sensitivity and instability required special conditions to use them, which significantly limited areas of their applications. After the next 40 years, the second generation of ionic liquids appeared that were stable both in air and moisture environments [10], which resulted in the rapid development of research on the properties and new directions of the applications of ionic liquids.



The constantly developing knowledge leads to the design of new ILs that have specific properties and can be dedicated to particular tasks (task-specific ILs) [11]. This is the third generation of ionic liquids. The stages of the evolution of ILs have been very recently perfectly collected and presented by Welton [12]. However, the evolution of ionic liquids primarily finds its reflection in the permanent development and perfection of their properties, as well as in the adjustment to the required needs. At the end of the last century, the most frequently highlighted feature of ionic liquids was their low vapor pressure and high thermal stability, which should make them a green alternative to commonly used organic solvents. However, with the beginning of the new millennium, increasingly more critical opinions have been expressed that point to the toxicity, low biodegradability (or lack thereof), complicated or, in many cases, waste-generating synthesis, as well as high costs, of the manufacture of ILs [13,14,15,16,17,18]. All these voices made the term “green alternative” depreciate. However, due to the ability of ILs to evolve, after a short period of stagnation, publications of studies intended for the improvement of synthesis methods, the utilization of biodegradable and nontoxic raw materials, considerable reduction in waste, etc. began to appear [19]. One of the examples of such an approach is the application of ultrasound or microwave radiation in the synthesis of ionic liquids, which resulted in the acceleration of reactions, reduced energy inputs, and decrease in the reagent amount (compared to traditional methods), and especially, the mentioned radiation influences the selectivity of processes and waste reduction [20,21,22,23]. In addition, the approach has changed to the choice of raw materials for syntheses, which increasingly more often, are compounds originating from biorenewable sources. To this end, derivatives of choline and lignins are frequently employed as precursors of cations, whereas carboxylates of fatty acids, levulinates, and lactates are precursors of anions [24,25,26,27,28,29,30]. Moreover, studies are conducted on the properties of solvents and their effect on the environment and health safety, which enables their conscious and safe use [31]. Nevertheless, the most common-sense approach to the evaluation of the reasonable application of ionic liquids is to answer the question of whether they could ensure more sustainable production and cleanliness of technology compared to conventional reagents [32]. Irrespective of this, one can say that the next stage of the adjustment of ionic liquids to the expectations and pro-environmental activities resulted in a further increase in the interest in ionic liquids and pointed to new directions of their applications. Due to the diversity of combinations of anions, cations, and the properties of ionic liquids, there exist many kinds of their classification [5,6,7,33,34]. An example of the structural evolution of particular generations of ionic liquids is presented in Figure 2. An intensive development can be observed among ionic liquids themselves, as well as among the compounds that are not altogether regarded as ionic liquids such as deep eutectic solvents [35,36,37] or solvate ionic liquids [38]. Currently, the diversity of the application directions is very large, beginning from separation techniques [39] through the production and storage of energy [40,41], different types of biotransformations [42,43], organocatalysis [44], and ending with pharmaceuticals [45] and space technology [46].




2. Ionic Liquids in Catalysis


Research on ionic liquids in catalysis is one of the most interesting areas of catalytic studies [24,47,48,49], as evidenced by the number of publications in this field, which over the last 5 years, has been increasing by over 400 reports per year (Figure 3).



Along with the quest for new alternative methods of the synthesis of ionic liquids with the employment of biodegradable or renewable raw materials, the development of biocatalysis based on ionic liquids began. Increasingly more interesting publications have appeared on this subject [27,30,50,51,52].



However, one of the more important and developed wide-scale directions of applications of ionic liquids in catalysis is their use for the immobilization of homogeneous catalysts and formation of biphasic systems, where one phase is made by an ionic liquid with a catalyst dissolved in it, and the other is made by reagents. However, besides unquestionable advantages such as easier catalyst separation from the reaction mixture (e.g., by decantation and extraction) and the possibility of catalyst recycling and its multiple use, several disadvantages also exist: (i) A possibility of catalyst leaching from the ionic liquid, which is caused by the polarity of some reagents; (ii) the absorption of moisture and various contaminants by ionic liquid, which can result in catalyst deactivation; (iii) high viscosity of ionic liquids is often an obstacle to achieving maximum product yield; (iv) a relatively large amount of ionic liquid is necessary, and this is economically unfavorable because ionic liquids are expensive. Moreover, low vapor pressure, which is an asset of ionic liquids in the case of their employment as solvents, can be a problem when the separation of ionic liquid from the post-reaction mixture is necessary. Difficulties in the separation can also be caused by good solubility of ionic liquids in various solvents. Additionally, the high viscosity of most ionic liquids creates problems with mass transfer, which can be a factor determining the course of the catalytic reaction. Various approaches to reduce these problems are applied, e.g., too high a viscosity can be decreased by the employment of an additional solvent (co-solvent). Recently, interest was aroused in microemulsions based on ionic liquids and aqueous or nonaqueous solvents [53] that combine the functions of ILs with a considerably lower viscosity. Another possibility to facilitate the separation of biphasic systems is the application of thermo-regulated (temperature-responsive) ILs, which solidify (together with the catalyst contained in them) when the temperature decreases, and this enables easy separation from reagents. After rewarming, the system homogenizes and shows activity in subsequent reaction cycles. Recently, a review paper appeared that contains a very good presentation of this group of ionic liquids and their applications in catalysis [54]. Currently, there has a common trend to obtain heterogenized systems that combine advantages of homogeneous catalysis (high activity) and heterogeneous catalysis (easiness of isolation, possibility of employing fixed bed reactors), which makes the catalytic process more cost-effective.



Such integration of homo- and heterogeneous catalysts is currently realized in several variants: Supported IL phase catalysts (SILPCs), solid catalysts with ILs (SCILLs), and supported ionic liquid catalysis (SILC). Recently, keen interest has also been seen in porous ionic liquids and metal–organic frameworks (MOFs).



2.1. Supported Ionic Liquid Phase Catalysts (SILPCs)


There is a great interest in materials of this type, which is reflected by the many publications, including review papers and books [55,56,57,58].



The SILPC materials consist of three different parts, the basis of which is a porous support, most frequently silica, alumina, or active carbon. The support surface is coated with a thin layer of an ionic liquid and the third component is a catalyst such as a nanoparticle or metal complex (Figure 4).



Different methods are used to produce materials of this type, the most important of which are the covalent anchoring method, the immersion method, and the encapsulation method [5]. The SILP systems are very popular due to the simplicity of the method of their preparation. The application of ionic liquid onto the porous support with large surface area, with or without a catalyst in the presence of a low-boiling solvent, permits the obtaining of the SILP materials [59] as a result of physical (or more rarely, chemical) adsorption. Their potential is characterized by the possibility of developing the surface with unique properties by an appropriate choice and modification of the support and ionic liquid and the addition of a catalyst. In the literature, many examples can be found on the catalytic application of the above systems; however, the vast majority of them concern the reaction of hydroformylation. The development of SILP systems applied in the reaction, as well as the development of the process itself within the last fifteen years, has been presented in the publication by Marinkovic et al. [60]. The studies carried out during the recent decades enabled the determination of conditions for conducting respective hydroformylation reactions in the liquid and gas phases, which in turn, made it possible to choose a SILP material for specific reaction conditions. One of the trends is an addition of a ligand, which together with a homogeneous catalyst, is immobilized in the SILP system, and due to this, an increase in the reaction conversion is achieved [61]. The kind and, especially, size of the employed reagent have a significant effect on the effectiveness of the SILP material used. In the case of alkenes containing less than six carbon atoms, to prevent the ionic liquid layer leaching from the surface of SILPs by the polar products formed in the system, it is recommended to employ the SILP materials in which the ionic liquid is bound to the support by a covalent bond or the application of nonpolar solvents as a mobile phase (Figure 5).



In the case of higher alkenes, a novelty is the application of supercritical carbon dioxide (scCO2) as a mobile phase in the catalytic system with SILP materials [62]. Increasingly more often, particularly in reactions of hydroformylation of lower alkenes, catalytically active membranes are employed. Most likely, the reactors with SILP system-based membranes will soon be used that will enable them to conduct reactions in a continuous way and permit the direct separation of products and unreacted substrates (ROMEO approach—Reactor Optimization by Membrane Enhanced Operation) [63].



The SILP systems have also found applications in many other reactions. The reactions conducted in the presence of the supported ionic liquid phase were reviewed by Romanovsky and Tarkhanova, who have shown the applicational diversity of these systems [64]. The reactions in the liquid phase carried out with the use of SILPs include, among others, redox reactions, e.g., oxidation of sulfur-containing compounds [65], oxidation of phenols [66], reactions with haloalkynes [67,68], as well as many organic syntheses such as Heck reactions [69], Suzuki reactions [70], hydroamination of unsaturated compounds [71], Sandmayer reactions [72], and isomerization of hydrocarbons [73].



One of the most recent novelties in the organic synthesis is the application of Pd-SILP systems with an amine group-containing imidazolium ionic liquid supported on the Merrifield resin (cross-linked chloromethyl polystyrene). The above system has been employed in the Suzuki–Miyaura coupling reaction carried out at room temperature. The reactions conducted with the use of different reagents proved that the system was stable, catalytically active, and permitted its isolation and effective reuse in five subsequent catalytic cycles [74]. Very popular are also ruthenium catalysts whose high price restricts their application to the systems that permit their recycling. An example is the preparation of SILPC systems with the use of ruthenium chloride, imidazolium ionic liquids, and activated carbon as support. The obtained system was employed in the hydrochlorination of acetylene, where the effect of the SILPC system on the improvement in conversion and selectivity was proved [75]. The imidazolium liquids are among the most popular ionic liquids applied in the SILP systems, and this brings about continuous improvement in the systems in which they are employed. An example is a new system with the use of [BMIM]PF6 and pyrogenic amorphous Aerosil silica, which was applied as a catalyst for the synthesis of benzimidazole—the compound that has fungicidal properties [76].



Recently, a trend has been observed to employ transition metal complexes with chelating ligands that have reaction regioselectivity-improving properties. It is no wonder that these complexes have found application in SILPC systems. Brunig et al. used iron complexes of this type for the hydrogenation of aldehydes. The aforementioned catalytic system showed high chemoselectivity in reactions with aliphatic and aromatic aldehydes under mild reaction conditions [77]. When polymer-originated spherical active carbon (CARB) was employed as a support for the above catalytic system, conversions of substrates in analogous catalytic reactions were lower compared to the performance of the same catalytic system supported on silica despite an extension of the reaction time [78]. The utilization of new porous materials is one of the main trends observed in SILP materials. One of the recent examples is the employment of graphene oxide for this purpose, where graphene oxide served as a matrix for covalently bound ionic liquid (1-N-ferrocenylmethyl benzimidazole). The obtained system was applied with a very good result in the synthesis of 3,4-dihydro-2H-naphthol[2–e][1,3]oxazine-5,10-dione. The catalytic reaction in the presence of the SILP material proceeded fast and environmentally mild solvents were used [79]. On the other hand, phosphonium ionic liquid-modified silica with the addition of a palladium catalyst has been employed in the reaction of aminocarbonylation. Due to the utilization of the SILP system of this type, it was possible to conduct the reaction of double carbonylation in a nonpolar solvent. Moreover, the modification of the silica surface resulted in a considerable reduction in the palladium catalyst leaching from the support surface [80]. Another interesting idea seems to be the application of SILP systems to the immobilization of enzymes. The first example of the enzyme-SILP system is the immobilization of Candida Antarctica Lipase A with the use of 1-octyl-3-methylimidazolium tetrafluoroborate on the surface of a microglobule-forming monolith being a combination of cellulose and Teflon. By loading the reactor interior with the obtained SILP material, it was possible to conduct the reaction of transesterification in the continuous phase with very good results [81].



Reactions in the continuous phase are an essential aspect of the utilization of the SILP systems, particularly in the context of their application in the industry. The next step in this direction is the employment of multi-walled carbon nanotubes (MWCNTs) as supports in the SILP systems. Two kinds of MWCNT-based supports were obtained, namely with incorporated silica (for hydroformylation) or alumina (for water–gas shift reaction). To produce silica- or alumina-containing SILPC materials, ruthenium and rhodium catalysts, as well as imidazolium and phosphonium ionic liquids, were employed. In both cases, the reactions were carried out in a reactor and the isolation of products was performed with the use of membranes. Results obtained for 1-butene hydroformylation have shown that in the presence of the support consisting of MWCNT alone, the catalytic activity was higher than in the presence of the MWCNT-SiO2 system. The reduction in the activity was a result of the calcination process that was carried out at a temperature at which MWCNTs are unstable. In the case of the water–gas shift reaction (WGSR), the conversion was higher when alumina was present in the SILP system. The reactions conducted in the presence of MWCNT-Al2O3 were characterized by a higher selectivity. It is also worth mentioning that the application of nanotube-containing SILPs as the filling of reactors enables better control of mass and heat transfer in the conducted reactions [82]. The WGSR that produces hydrogen and carbon dioxide is of great importance for several industrial processes such as Fischer–Tropsch and Haber–Bosch syntheses. The latter are conducted at high temperatures ranging from 200 to as high as 550 °C. The employment of SILPC systems in reactions of this type permits the considerable reduction in the process temperature (to 120–160 °C), which is a very promising solution. Unfortunately, a serious counter-indication to the application of the SILP materials for this purpose is the poor solubility of carbon monoxide in the ionic liquids. Wolf et al. investigated the effect of the addition of metal chlorides incorporated into the Ru-SILP system on the catalytic activity for WGSR and found that the incorporation of CuCl into the SILP material considerably improved the catalytic activity, as evidenced by the increase in the conversion by 30% [83]. The SILP materials with an ionic liquid having properties characteristic of Brønsted acids have been employed in the process of fuel desulfurization. The ionic liquid (4-(3’-ethylimidazolium)-butanesulfonate) was subjected to protonation with the use of two heteropolyacids (H3PMo12O40 and H3PW12O40) followed by immobilization on surfaces of silica and γ-alumina. The obtained SILP systems imparted stability to heteropolyanions, due to which the formed catalytic system became stable and enabled several oxidation reactions to be conducted with the use of the same portion of the catalyst [84]. On the other hand, the SILP system with Lewis acid centers appeared to be a good catalytic solution to selective hydrogenation of benzofuran derivatives. The SILP material consisting of silane-functionalized imidazolium ionic liquid and silica was subjected to impregnation with zinc chloride and also contained ruthenium nanoparticles. An essential aspect of the preparation of the above system was the introduction of the catalyst nanoparticles at the last stage of the synthesis, directly onto the anionic surface, due to which it became covalently bound to the support [85]. However, the utilization of SILP systems does not always require special preparation or modification of materials being its components. The relevant examples are popular hydrosilylation catalysts consisting of rhodium, phosphonium ionic liquids, and silica. The most active system ([{Rh(μ-OSiMe3)(cod)}2]/[P66614][NTf2]-SiO2) enabled us to conduct as many as 20 catalytic cycles with very good yield. This made it possible to limit the amount of metal in the products, the isolation of which was also simple and less time-consuming compared to standard techniques [86]. The literature reports on the supported ionic liquid phase published in recent years indicate the application of modified supports or inorganic–organic hybrid materials as the solid phase in the SILP materials to reduce leaching of ionic liquid and catalyst from the system. Increasingly more often, the catalysts are also subject to modifications aimed at improving their adsorption on the SILP materials, among others, by employing chelating ligands or using metal nanoparticles. The enzyme-containing SILP systems, which are an entirely new solution to the enzymatic reactions, will certainly be developed in the near future. However, the greatest interest is seen in the SILP systems employed as solid beds in the reactors to enable reactions to be conducted in the continuous phase. In particular, the application of materials based on carbon nanotubes that enable better control of mass transfer in the catalytic systems will certainly find its reflection in further research works.




2.2. Solid Catalyst with Ionic Liquid Layer (SCILL)


Another way of ionic liquid application in catalysis, where the ionic liquid does not directly take part in reactions but is employed as a layer directly applied onto solid catalysts, is the so-called solid catalyst with ionic liquid layer (SCILL). Heterogeneous catalysts, despite their many advantages, are unfortunately often characterized by a lower selectivity compared to homogeneous ones. In this case, the role of IL is the modification of the surface, its homogenization, and the improvement in selectivity in some reactions, as well as the protection of the catalyst against poisoning. An appropriate selection of ionic liquid makes it possible to control the solubility of substrates and products in IL, thereby facilitating the access of desired reagents to catalytic centers and limiting the occurrence of undesired reactions. Moreover, the selection of ionic liquid in which the solubility of reactants is greater than that of the products formed enables the easy isolation of reaction products [55,87]. The essential difference between the SCILL and SILP systems consists of employing, in the SCILL materials, only heterogeneous catalysts that are covered with a thin layer of ionic liquid, whereas in the case of SILP materials, porous support is used [50]. There are two kinds of SCILLs; in the former case, a layer of the ionic liquid is placed on a solid catalyst (Figure 6a), and in the latter case, the ionic liquid covers the solid catalyst placed on an inert support (Figure 6b).



The first reports on materials of this type were published in 2007 by Kernchen et al. [50,88,89]. They concerned the reaction of cyclooctadiene hydrogenation to cyclooctene with the use of SCILL materials based on nickel catalyst covered with ionic liquid [BMIM][n-C8H17OSO3], which enabled it to achieve 70% conversion [88]. Further research widened the assortment of ionic liquids employed in the SCILL systems and proved a significant effect of the ionic liquid cation on their catalytic activity in hydrogenation reactions [90]. The latter were conducted with the use of SCILL materials, among others, for alkynes, aldehydes, and naphthalene [55]. An interesting solution for reactions of this type has been proposed by Antonels and Meijboom. In the reaction of citral hydrogenation, silica-supported nanoparticles of ruthenium catalyst with added dendrimers were employed. Then, imidazolium ionic liquids differing in anions and cations were applied onto the obtained ruthenium systems. It was shown that in some SCILL systems, the ionic liquid prevented catalyst poisoning due to the removal of formed CO from the system as a result of the competitive reaction of decarboxylation. The best catalytic results were obtained for the SCILL systems with [BMIM][NTf2] [91]. The catalytic properties of the SCILL systems consisting of ruthenium dendrimers (RuDEN) and different ionic liquids were compared with the RuDEN catalytic system without ionic liquids in toluene hydrogenation. All SCILL catalytic systems have shown higher activity and better selectivity than RuDEN catalysts [92]. In the case of the reaction of 1,3-butadiene hydrogenation, the application of commercially available nickel catalyst and ionic liquid ([BMIM][BF4]) made it possible to obtain butene with the yield of 95% [93]. Modified SCILL systems containing acidic ionic liquids and palladium catalyst supported on active carbon were employed for the hydrogenation of arenes, which resulted in an increase in the reaction yield, and in the case of toluene hydrogenation, it was possible to reduce the reaction temperature to 40 °C [94]. Palladium-containing SCILL systems were used to selectively obtain butene, and a 99% conversion of the substrate was achieved [95].



The ionic liquid in the SCILL system also appeared to be useful in the development of an active and selective hydrogenation catalyst, one of the components of which was the discarded fluid cracking catalyst DF3C. The latter was used as a support in the catalytic system containing 10 wt% nickel and ionic liquid (1-ethanol-3-methylimidazolium tetrafluoroborate) [96]. The system was employed for the hydrogenation of α-pinene to cis-pinane and enabled the maintaining of the conversion of α-pinene on the level of about 99% during 13 catalytic cycles, after which the performance of the catalyst deteriorated due to leaching of the ionic liquid. Both the activity and selectivity of the SCILL system depended on the amount of the IL (or in other words, on the thickness of the IL layer). At the IL loading exceeding 10 wt%, the selectivity to cis-pinane was over 98%; however, at the loading of 5 wt%, it had fallen to about 90%. Such utilization of the waste industrial catalyst as that described for the spent cracking catalyst DF3C is useful both from the viewpoint of the economy and from that of environmental protection.



The reaction of ethene hydrogenation was studied by Bauer at al. [97] in the presence of the Pd-SCILL system, who found that the above alkene reacted with the layer of ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate, which resulted in the formation of a new ionic liquid 1,2-diethyl-3-methylimidazolium ethylsulfate. Their study opens the way to the synthesis of new ionic liquids or modification of their properties on the surface of the SCILL materials [98].



Not only have the SCILL systems found applications in hydrogenation reactions, but they have also been employed in the reactions of catalytic oxidation, isomerization, and Knoevenagel condensation. The selective oxidation of benzyl alcohol with air was catalyzed by platinum (5 wt%) supported on cryptomelane (KMn8O16) covered with imidazolium or pyrrolidinium ionic liquid—[BMIN][NTf2] or [BMPy][NTf2], respectively. In the presence of the former IL, the conversion of benzyl alcohol on the above catalytic system was 80% and the selectivity for aldehyde was 82% [99]. The oxidative coupling of aromatic thiols to disulfides in the presence of homogeneous catalysts has several shortcomings, whereas the application of heterogeneous catalytic SCILL systems to the aforementioned reactions makes it possible to limit the amount of metal in the product, to easily isolate the catalyst from the post-reaction mixture and to prevent catalyst poisoning. To take the above advantages, ruthenium- and platinum-containing SCILL systems with ionic liquids [BMIM][NTf2], [EMIM][NTf2], and [BMPyr][NTf2] were applied in the mentioned reactions of thiols under mild conditions to result in satisfactory yields in three subsequent catalytic cycles [100]. The success of skeletal isomerization of chemical compounds largely depends on the catalyst acidity. This is why the employment of the SCILL systems with acidic ionic liquids in reactions of this type is an interesting idea. The platinum-containing SCILL system with the ionic liquid being a strong Lewis acid ([C4C1IM]Cl/AlCl3) was applied in n-octane isomerization [101]. In one of the recent papers on the SCILL systems, their application in the Knoevenagel reaction was reported. The system employed in the above reaction made it possible to effectively conduct condensation of aldehydes with cyanoacetate and malononitrile in aqueous medium at room temperature. The catalytic system with basic properties enabled the good conversion of substrates in five subsequent catalytic cycles [102].



In the literature on the SCILL materials visible is an increase in reports on their applications in reactions other than hydrogenation. The diversity of catalytic reactions with their participation makes researchers introduce improvements in the SCILLs structure. In addition to the syntheses of specialty ionic liquids and the modification of catalyst structure, increasingly more research is often carried out on the formation of bifunctional SCILL systems. Their stability and durability, as well as applicational potential in many, often complicated, organic syntheses, will certainly be developed in further research.




2.3. Porous Ionic Liquids


The term porous ionic liquids, i.e., liquid materials that are characterized by permanent microporosity, was introduced in 2007 by James et al. [103]. The porous ionic liquids can be classified into three types. The first of them is a pure molecular unit with empty cavities that are rigid (which prevents them from collapsing) and their shape renders the intermolecular self-filling of pores of the liquid impossible. The second type, so-called liquids of “empty host” type, includes ionic liquids that are dissolved in the solvents with a steric hindrance. In addition, these liquids are characterized by high rigidity and permanence of pores, which do not collapse even when unfilled. It is also essential that solvent molecules cannot fill voids in the porous liquid structure. The third type is a dispersion of solid porous materials in the liquid matrix whose molecules are too large to enter the pores of the solid. These materials form porous phases that contain ionic liquids and additionally solid particles of microporous materials that make a skeleton of the whole system. Porous ionic liquids have properties characteristic of both ionic liquids and porous materials due to which they are characterized by large surface area, very good mechanical strength, and the capability of modifying their structure. Moreover, the presence of easy-to-exchange ions in their pores causes a change in the chemical properties of the material. It is also worth mentioning that porous ionic liquids are characterized by high polarization and high ionic density [104].



One of the methods of the preparation of porous ionic liquids is synthesis with the use of so-called templates. There exist methods based on the use of soft and hard templates. Generally, these methods consist of conducting in situ polymerization of ionic liquid monomers or the copolymerization of ionic liquid with another monomer [104,105,106]. An example of synthesis with the use of hard templates, which make it possible to obtain materials with a specified pore size, is the employment of colloidal silica dispersed in an ionic liquid monomer. After crosslinking followed by removal of the template (silica) from the formed structure, a mesoporous ionic liquid was obtained [105]. It is worth pointing out that the method employing hard templates enables the obtaining of meso- and macroporous materials [107], whereas that based on the use of soft templates results in the production of mesoporous materials and consists of the utilization of surfactants and formation of micelles [107,108].



Porous ionic liquids can also be obtained without the application of templates. An example of such a synthesis is the radical copolymerization of divinylbenzene and vinyl group-containing imidazolium ionic liquid [109]. In other literature reports, the possibility of obtaining porous ionic liquids via complexation of poly(ionic liquids) with the use of acids [110,111] was presented. The methods of producing porous ionic liquids have continually improved and modified. However, irrespective of the preparation method, these materials make a construction that can be successfully applied in heterogeneous catalysis. One of the first examples of the application of ionic liquids as catalysts is the Suzuki–Miyaura cross-coupling reaction, which employs palladium nanoparticles supported on a porous ionic polymer (PIP). First, the ionic liquid was obtained through the reaction of 1-vinylimidazole with bromoacetic acid, followed by its employment in the radical polymerization with vinylbenzene in the presence of azobisisobutyronitrile (AIBN) and ethanol. The system Pd-PIP was prepared in situ through the impregnation in an ethanolic solution of Pd(OAc)2. The obtained catalytic material appeared to be ideally suited for conducting coupling reactions with aryl bromides and chlorides and phenylboronic acid. Moreover, it was possible to recycle and reuse it in subsequent reactions. Due to the presence of the carboxyl group and carbene structure, palladium nanoparticles were very well-stabilized and did not aggregate [112]. On the other hand, the heteropolyanion-containing copolymer was used in the reaction of benzene hydroxylation with hydrogen peroxide. A hybrid porous catalyst was produced by polymerization of ionic liquid (3-n-butyl-1-vinylimidazolium bromide ([VBIM][Br])) with divinylbenzene (DVB) in the presence of AIBN. The copolymer obtained in this way was subjected to impregnation with heteropolyacid—H5PMo10V2O40, which resulted in the exchange of anions and formation of a porous cross-linked copolymer based on heteropolyacid (HPA) (Scheme 1). The produced catalytic system showed very good catalytic activity for hydroxylation, due to, among others, its large surface area and suitable pore size. Its isolation from the post-reaction mixture was easy, which made it possible to reuse it [113].



Another example of synthesis without a template is the polymerization of 3-cyanomethyl-1-vinylimidazolium-based ionic liquid with polyacrylic acid. The resulting polymer served as a support for copper chloride, and the catalytic system produced in this way has been employed in the oxidation of cyclic compounds. The reaction was carried out in mild conditions and was characterized by very good yield and selectivity [114]. An interesting example of synthesis with the use of a soft template was the free-radical polymerization of ionic liquid 1-allyl-3-vinylimidazolium with the participation of triblock copolymer P123 (copolymer of ethylene oxide and propylene oxide). The exchange of the chloride anion for phosphotungstic heteropolyanion resulted in a very active catalyst for epoxidation of cis-cyclooctene with hydrogen peroxide [115]. A very similar procedure with the use of the same template P123 was applied in the copolymerization of 1-butyl-3-vinylimidazolium bromide and divinylbenzene followed by ion exchange for phosphotungstic heteropolyanion. The obtained material was employed in the alkylation of styrene and o-xylene [116]. Porous ternary materials, obtained by polymerization of divinylbenzene, 1-vinylimidazole, and 1-vinyl-3-butylimidazolium bromide, were applied in the same reaction. The systems of this type were characterized by a greater number of acid groups and active centers on their surface than their binary analogs. Additionally, the presence of micro- and mesopores in the structure of the porous ternary polymer increased the possibility of contact between reagents, which resulted in the high conversion of substrates (99%) [117]. The high activity of porous ionic liquids as catalytic systems can be achieved not only by the formation of certain structures but also by the generation of acid–base properties. An example of basic, hydrophobic, and mesoporous poly (ionic liquid) is the material produced by copolymerization of 1-aminoethyl-3-vinylimidazole bromide with divinylbenzene followed by the exchange of a bromide anion for a hydroxyl one. This copolymer has been employed in the solvent-free condensation of benzaldehyde with ethyl cyanoacetate (Knoevenagel reaction), and its catalytic activity significantly surpassed that of commercially available strongly basic resins, as well as NaOH, which are known for their activity for the above reaction [118]. On the other hand, a nanoporous poly (ionic liquid) with a strong acidic character was produced by copolymerization of divinylbenzene with the ionic liquid containing 1-vinylimidazolium or vinylpyridinium cation and SO3CF3 or SO3H anions. The synthesized catalytic material permitted the conduction of the hydration of alkynes to ketones, and its effectiveness was higher than that of commercially available acids commonly used in reactions of this type. Moreover, this material was easy to regenerate, which enabled its employment in subsequent reactions [119].



In recent years, a strong interest has been observed in the application of porous ionic liquids to capturing CO2 and its cycloaddition to cyclic hydrocarbons and epoxides [120]. An example of such a material is poly (divinylbenzeno-1-allyl-tetramethylguanidinium) bromide, which enables the achieving of a conversion higher than that obtained when using standard reaction systems without porous materials. In addition, the materials composed of ionic liquids and metal–organic frameworks (IL-MOF) have found application in the reactions of CO2 cycloaddition. The use of materials of this type in the latter reactions has been recently reviewed by Wang et al. [121]. The interest in IL-MOFs has not abated, due to their structure, which captures CO2 very effectively. Then, the latter can be utilized in the aforementioned reaction. The ordered structure, very good adsorption properties (caused, among others, by the large surface area), and metal–ligand interactions are the reason for the stability and very good catalytic properties of these materials [121,122]. The MOF materials are heterogeneous systems with very good catalytic stability. They can show, if appropriately tailored, the selectivity toward reagents of a specific size. The catalytic performance of these porous materials can be additionally upgraded by their functionalization with ionic liquids. To this end, the method of ionic liquid encapsulation within the MOF structure is employed most often. It has been shown that the ionic liquid enters the pores of the metallic structure where the metal forms a coordinate bond with a functional group (e.g., amino group) of the ionic liquid. An important aspect of the above synthesis of IL-MOF materials is the solvent choice in such a way that no affinity occurs between the solvent and the porous surface, and at the same time, the ionic liquid coordination is not restricted [107,123,124,125]. A relatively new method of the preparation of IL-MOF materials, developed by Khan et al. [126], is the so-called “ship-in-bottle” technique. To this purpose, they used the porous structure of chromium terephthalate, which played the role of host (bottle), inside which the ionic liquid (ship) has been synthesized. The substance of the method is that the dimensions of the ionic liquid synthesized inside the MOF host are greater than the host pores, which makes its removal impossible. The preparation of the ionic liquid occurs through the penetration of the IL precursors (N-methylimidazole and 1-bromobutane) via pores to the interior of the host structure, where the synthesis takes place. Due to the ionic liquid trapping inside the MOF structure, the problem of its eluting has been eliminated. The IL-MOF systems can also be obtained by utilizing capillary forces [122,127]. Examples of the application of the IL-MOF materials were presented in the review paper by Fujie and Kitagawa [125]. Recent reports on the IL-MOFs concern the systems containing more than one metal. The multi-metallic MOFs, as they were named by Sun at al. [128], are a real challenge. Just joining together several catalytically active systems into an integral whole that will be characterized by an ordered structure creates many problems. That is why the mechanochemical synthesis has been applied to prepare the new catalytic material. It has been shown that the obtained catalytic system, containing the binary MOF system in its structure, is characterized by the far better conversion of substrates in the cycloaddition of epoxy compounds to carbon dioxide than its single analog. The proposed method of the preparation of the IL-MOF materials consisting of two metals (and maybe, in the future, even several ones) opens the way to interesting new applications of the systems of this type. In addition, another porous organometallic structure named ZIF-8, which contains zinc ions and 2-methylimidazolium ligands, is willingly used in ionic liquid-containing systems. The addition of as small an amount as 5% of ZIF-8 material to the ionic liquid considerably improved the adsorption ability compared to the ionic liquid alone [129]. Many attempts at obtaining IL-MOF materials with just this porous structure (also in the form of colloidal solutions with permanent porosity) have confirmed their very good performance in the processes of the low-pressure separation of gases [130] and adsorption of gases in the liquid systems [131].



Porous ionic liquids provide many application possibilities. The recent synthesis of porous ionic liquids in the form of tetrahedral coordination cages proved the possibility of designing these materials in the way that enables them to fulfill specified functions [132]. A wide variety of compounds, e.g., alcohols (butanol, propanol), trichlorofluoromethane, dichlorodifluoromethane, and chlorotrifluoromethane, were adsorbed in the pores of these materials. In the future, these materials can serve for selective isolation of particular components from mixtures (e.g., by extraction), but their employment in catalytic reactions, e.g., for picking up by-products, is conceivable.



The ionic porous materials were introduced relatively recently; therefore, their increased applicational development is expected in the near future. The observation of the current research trends in the field of porous ionic liquids suggests the development of new copolymeric materials consisting of more than two monomers, as well as multimetallic IL-MOFs.





3. Conclusions


The application of ionic liquids in different fields, including catalysis, has not abated. Through the appropriate choice of new synthesis methods and the employment of renewable and biodegradable raw materials, an increasingly greater group of derivatives is being considered safe and environmentally friendly. The role of ionic liquids in catalysis is very diversified because they can be solvents in the catalytic processes, immobilizing agents for homogeneous catalysts, components of catalysts (e.g., ligands in a complex), as well as actual catalysts [5,24,25,26,27,33,47,48,49,50]. In the case of catalysis, ionic liquids make it possible to conduct reactions with higher selectivities and yields; however, their most important asset is easy catalyst isolation from the catalytic mixture. That is why we intended to present in this mini-review several variants of heterogeneous catalysts prepared with the participation of ionic liquids. We have restricted them to three groups of such catalysts, namely, supported ionic liquid phase catalyst (SILPC), solid catalyst with ionic liquid layers (SCILL), and porous ionic liquids. However, there are considerably more ionic liquid-containing heterogeneous systems that were not presented here, because of the article volume limitations. For instance, we left out nanocatalysis (in a broad sense) with the participation of dispersed metal nanoparticles stabilized by ionic liquids [133,134], ionosilicas [135,136], and poly(ionic liquids) [107,137], which can be modifying agents for polymers, copolymers, as well as play the role of catalyst in polymerization processes. Moreover, they can take part in metal–organic frameworks (MOFs) that were only very superficially mentioned when presenting porous ionic liquids [127,138], although they certainly deserve more attention. In many cases, metal-containing ionic liquids (metallate ionic liquids) also form heterogeneous systems and are successfully applied in catalysis [139,140]. Therefore, the three variants of heterogeneous systems presented in this article are only a modest, albeit one of the most common, examples of systems of this type. Undoubtedly, the SILPCs belong to the most popular and increasingly more frequently employed catalytic systems [55,56,57,58]. One of the first and best-explored processes conducted with their participation is hydroformylation [60]. However, there are currently many other SILPC-catalyzed processes [64] such as oxidation, coupling (reactions of Heck, Suzuki, etc.), hydroamination, and isomerization of hydrocarbons. Another heterogeneous system presented in this paper is SCILL, which takes advantage of the properties of ionic liquid that covers a solid catalyst with a thin layer to facilitate better access of reagents to the catalyst and thereby improves the process selectivity and yield [88]. The most prevalent process carried out with the participation of SCILL is hydrogenation, albeit recent reports appeared on the processes of oxidation, isomerization, and Knoevenagel condensation [99,100,101,102]. Finally, the third type of heterogeneous systems presented in this paper is porous ionic liquids [104,107], which also include metal–organic frameworks formed with the participation of ionic liquids [129]. The systems of this type, due to their structure and high catalytic stability, has attracted increasingly more attention [125]. Among the most interesting directions of their application is the capture of CO2 and its cycloaddition to cyclic hydrocarbons and epoxides [120]. However, the possibilities of their applications are much wider both in chemical and enzymatic catalysis [141]. The above-presented examples of the applications of the systems are only selected ones and certainly do not exhaust all their possibilities. Our goal was to indicate their large application potential that will soon be increasingly more frequently utilized in many chemical processes. In all the above systems, the problems occurring in the case of catalysis in homogeneous systems have been eliminated. First, there is no problem with the isolation of catalyst, which is heterogeneous. Second, because ionic liquid covers the supports with a thin layer, a small amount of IL is needed, which results in a considerable cost reduction (despite the high price of ionic liquids). In addition, due to the thinness of the layer, the viscosity of IL does not influence the course of the process and the mass transfer does not create a problem. Thirdly, due to the form of catalyst, continuous flow reactors can be employed, which also influences the process economics. This is why a considerable development of heterogeneous catalysts of this type and their application in many processes can be expected in the future. Therefore, ionic liquids proved again their capability of evolving and adapting to various technological, economic, and environmental regimes.
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Figure 1. Number of publications on ionic liquids in the period 1996–2020. 
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Figure 2. Structural evolution of the respective generations of ionic liquids. 
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Figure 3. Number of publications on ionic liquids in catalysis in the period 1996–2020. 
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Figure 4. Model of the supported ionic liquid (IL) phase catalysts (SILPC) structure. 
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Figure 5. Methods of preventing catalyst from leaching: (a) By permanent bonding to ionic liquid; (b) by covalent bonding of ionic liquid to support. 
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Figure 6. Two kinds of solid catalysts with ILs (SCILLs): (a) With catalytically active support; (b) with heterogeneous catalyst on an inert support. 
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Scheme 1. Synthesis of the porous HPA-based cross-linked polymeric IL catalyst P-[DVB-VBIM]5PMoV2 [113]. 
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