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Abstract

:

Light olefins including ethylene, propylene and butylene are important building blocks in petrochemical industries to produce various chemicals such as polyethylene, polypropylene, ethylene oxide and cumene. Traditionally, light olefins are produced via a steam cracking process operated at an extremely high temperature. The catalytic conversion, in which zeolites have been widely used, is an alternative pathway using a lower temperature. However, conventional zeolites, composed of a pure microporous structure, restrict the diffusion of large molecules into the framework, resulting in coke formation and further side reactions. To overcome these problems, hierarchical zeolites composed of additional mesoporous and/or macroporous structures have been widely researched over the past decade. In this review, the recent development of hierarchical zeolite nanosheets and nanoparticle assemblies together with opening up their applications in various light olefin productions such as catalytic cracking, ethanol dehydration to ethylene, methanol to olefins (MTO) and other reactions will be presented.
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1. Introduction


Light olefins including ethylene, propylene and butylene are one of the most important chemical building blocks, which are widely used as precursors for many products in petrochemical industries such as polyethylene, polypropylene, acrylonitrile and propylene oxide. Typically, ethylene and propylene are produced via various processes such as steam cracking, fluid catalytic cracking (FCC) and on-purpose processes [1]. Among them, a high portion of light olefins has been produced via steam cracking, which requires severe conditions operated at a very high temperature (>850 °C), eventually yielding a high amount of methane and carbon dioxide as by-products [2,3]. In order to circumvent this problem, catalytic processes such as catalytic cracking and methanol to light olefins (MTO) are one of the most promising alternative routes for efficient light olefin production because of their lower operating temperature and a controllable product distribution.



Typically, heterogeneous catalysts are one of the most important ingredients in catalytic processes and one type of them, which has been widely used in light olefin production, is a zeolite. Due to the fact that it exhibits several outstanding and unique properties such as high surface areas, appropriate acid properties, shape selectivities, and thermal and hydrothermal stabilities, it can be used in many potential applications including adsorption, separation, ion-exchange and especially catalytic applications [4]. Zeolites are classified into various types of framework structures such as Zeolite Socony Mobil-five (MFI), chabazite (CHA), and zeolite beta (BEA). If they are considered by the size of pore opening windows, they can be divided into three different categories including large porous, medium porous and small porous zeolites, which are composed of a different number of tetrahedral units, or T atoms of 12, 10 and 8 membered rings, respectively. These behaviors make each zeolite serving unique shape selective properties, which are very important for the appropriate applications.



Although there are several above-mentioned promising properties of zeolites, they are typically composed of a very small microporous structure, eventually resulting in some disadvantages of the diffusion limitation of guest molecules inside the framework. Some bulky molecules cannot easily penetrate into active sites located at microporous channels, and therefore a poor catalytic performance due to a very low reaction rate and a fast deactivation of catalysts is observed. To overcome these limitations and to improve the accessibility of molecules into active sites, in recent years modified zeolites obtained by introducing additional larger porous structures have been extensively developed [5,6,7,8].



It is well known that hierarchical zeolites, composed of at least two levels of porous structures such as microspores and mesopores, microspores and macropores, and micropores/mesopores and macropores have been extensively studied and developed. Their microporous (<2 nm), mesoporous (2–50 nm) and/or macroporous (>50 nm) structures are well connected to each other. In this case, the additional larger porous structures can improve diffusion limitation, molecular transportation and coke deposition [9]. In the past decade, there have been several studies regarding the synthesis of hierarchical zeolites to overcome these problems. Herein, this comprehensive review opens up perspectives of the recent synthesis approaches of hierarchical zeolite nanosheets and nanoparticle assemblies, as well as the successful production of light olefins via catalytic cracking, ethanol dehydration to ethylene, methanol to olefins (MTO) and other reactions.




2. Design of Hierarchical Zeolites


As stated above, there are many types of hierarchical zeolites which have been fabricated in recent years. This comprehensive review mostly focuses on the design of hierarchical zeolites with nanosheet structures and nanoparticle assemblies, as shown in detail below.



2.1. Synthesis of Hierarchical Zeolite Nanosheets


The first synthesis of MFI zeolite nanosheets was approached using the designed diquaternary ammonium surfactant, C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H13 (denoted as C22-6-6) as a structure-directing agent (SDA), which can be used to control microporous structures and nanolayer features [10]. MFI zeolite nanosheets exhibit a very high number of acid sites on the external surface, and high thermal/hydrothermal stability, which are appropriate for catalytic applications. The C22-6-6 surfactant was used, together with silica, for the synthesis of pillared MFI zeolite nanosheets. The silica pillars can generate mesopores in the interlamellar area of the zeolite nanosheets and the size of mesopore can be adjusted by the length of the hydrophobic tail using different sequence methods and synthesis time [11]. In this case, it is able to synthesize MFI nanosheets with a thin layer thickness (2 nm). Then, the restructuring process was further studied. It was found that the morphology of MFI nanosheets can be changed from a disordered assembly to an ordered multilamellar structure when increasing the hydrothermal aging time [12]. To control nanosheet structures, there are several types of surfactants, in particular, quaternary ammonium surfactants, as well as other templates or seeds that have been developed to synthesize various hierarchical zeolite nanosheets with different morphologies [13,14,15]. For example, tetrapropylammonium hydroxide (TPAOH) was used together with C22−6−6 as a dual-template to control hierarchical structures [13]. When increasing the amount of TPAOH, the morphology of the MFI nanosheet changes from intertwined particles to house-of-cards-structures. In addition, nanosheet HZSM-5 films deposited on the support and the hierarchical MFI nanosponge were successfully synthesized using C22-6-6 in seed-assisted synthesis methods [14,15]. Their hierarchical structures exhibit the remarkably improved activity attributing to the enhanced accessibility and diffusion of bulky molecules into the zeolite framework. Moreover, the multi-quaternary ammonium surfactants, composed of at least two ammonium groups, were also applied for the hierarchical zeolite formation. Interestingly, the number of ammonium groups can also control the thickness of nanosheets. The further crystal growth can be suppressed by the micellar structure of surfactants with suitable long hydrophobic tails. However, the C/N+ ratio of the terminated ammonium groups should not be too high for zeolite synthesis [16]. Other mixed templates such as [3-(trimethoxysilyl) propyl] hexadecyl dimethylammonium chloride [3-(trimethoxysilyl) propyl] hexadecyl dimethyl ammonium chloride [3-(trimethoxysilyl) propyl] hexadecyl dimethyl ammonium chloride (TPHAC)/tetrapropylammonium bromide (TPABr), diquaternary ammonium/TPABr and diquaternary ammonium/cetyltrimethylammonium bromide (CTAB)/TPAOH were applied to hierarchical zeolite nanosheet synthesis [17,18,19]. For example, the proposed mechanism for the formation of ZSM-5 nanosheets in the presence of C18-6-6 and TPABr is shown in Figure 1. In addition, single quaternary ammonium surfactants, which have π–π stacking of aromatic molecules in hydrophobic tails, were used as a template of MFI nanosheet synthesis. MFI nanosheets were self-assembled with perpendicular crystals and exhibited a high specific surface area in a mesoporous structure [20].



Furthermore, the bolaform tetra-head-group quaternary ammonium surfactant, composed of four quaternary ammoniums, a different length of alkyl chains and a rigid biphenol group, was used as a dual template to control both MFI zeolite frameworks and mesoporous structures. The ammonium headgroups interact with the alumina and silica parts of zeolite precursors to form MFI structures and the surfactant tails with a rigid biphenol group control the nanosheet structures. The morphologies and textural properties can be fine-tuned by the different bolaform structures [21]. However, the nanosheets morphology can be changed to house-of-cards structures, and then to nanosponges when decreasing the Si/Al ratios from 60 to 10, attributing to the systematical tailoring of their acidity and mesoporosity/microporosity [22]. Both an ammonium type surfactant and the tetra(n-butyl)phosphonium hydroxide solution (TBPOH) were used, forming a dual template Not only an ammonium type surfactant but also the tetra(n-butyl)phosphonium hydroxide solution (TBPOH) was used alone as a dual template for the synthesis of MFI nanosheets with self-pillared nanolayer structures obtained via a one-step hydrothermal process, which is considered to be a new inexpensive procedure [23]. In addition, metals incorporated in MFI nanosheets can be synthesized with various metal decorations such as gallium [24,25]. The designed structures facilitate a short diffusion path length and high external surface area, eventually promoting the reaction of bulky molecules such as long-chain alkanes and aromatics. In addition, ZSM-5 was synthesized by adding ZSM-5 seed with the C18-6-6Br2 template. Some parts of the ZSM-5 seed were dissolved to form nuclei and other parts acted as the core of epitaxial growth to facilitate nanosheet structures. The seed-fused ZSM-5 synthesis approach results in a short crystallization time, small particle size and the easy adjustment of surface acidities and textural properties [26]. Furthermore, siliceous nanosheets, which are representatives of the high silica zeolite, have also been developed. For example, phenylene-bridged hexagonally mesoporous organosilica with crystal-like walls (CW-Ph-HMM) was synthesized using 1,4-bis(triethoxysilyl)benzene (BTEB) as the organosilane precursor, and octadecyltrimethylammonium bromide (ODTMABr) as a structure-directing agent. The SEM images illustrate the nanosheet and nanofilament structures [27]. In addition, silica microcapsules with thin flake-shell structures were synthesized by a self-templating process. By adjusting the pH of the solution, the silanol-rich flake-shell structures can be formed [28]. The designed silica nanosheets with wide-mounted compartments can disperse Pt nanoparticles and prevent their sintering at high temperature due to the long distance between their particles [29].



For the synthesis of hierarchical self-assembled SAPO-34, the quaternary ammonium organosilane (3-(trimethoxysilyl)propyl)octadecyldimethylammonium chloride (TPOAC) and diethylamine (DEA) were used as the mesoporogen and the microporous template, respectively. The increase of the TPOAC/ tetraethyl orthosilicate (TEOS) ratio affects the crystallization process of SAPO-34, resulting in a change of morphologies, compositions and acidity. 13C and 29Si nuclear magnetic resonance (NMR) results reveal that the TPOAC is a mesoporous template in the SAPO-34 structure [30]. The further approach to obtain hierarchical zeolite nanosheets is the use of TPOAC and TEAOH as templates. The hierarchical assembled SAPO-34 was obtained with sheet-like morphology, attributing to the capping effect of the TPOAC organosilane surfactant. The growth of nanocrystals was suppressed to form sheet-like particles followed by the aggregation of them [31].



Moreover, the synthesis of other zeolite nanosheets or nanolayers such as faujasite (FAU), ferrierite (FER) and Zeolite Socony Mobil - twelve (MTW) zeolite frameworks has been demonstrated [32,33,34,35,36,37]. TPOAC is one of the most promising mesoporogens, which is widely used in zeolite synthesis. For example, recently FAU zeolite nanosheets were successfully prepared by using an organosilane-surfactant, and TPOAC, as a structure-directing agent. The morphologies and textural properties can be varied by the surfactant content and the crystallization temperature [33,34]. Interestingly, the corn cob ash can also be used as the silica source instead of a commercial sodium silicate to synthesize FAU zeolite nanosheets [35]. In addition, hierarchical FER nanosheets can be obtained by optimizing the suitable amount of TPOAC as the SDA, and they exhibit a higher hierarchy factor (HF value of 0.11) compared with that of conventional FER (HF value of 0.03) [36]. Furthermore, in the synthesis of hierarchical MTW, the ZSM-12 nanolayers were prepared using TPOAC as the secondary SDA. It was found that the amount of TPOAC and the crystallization time are important parameters for the nanolayer formation [37].




2.2. Synthesis of Hierarchical Assembly of Zeolite Nanoparticles


Another approach to obtain hierarchical zeolites is to synthesize the hierarchical assembly of zeolite nanoparticles in which the aggregation of microporous crystals leads to obtaining the inter-crystalline/intra-crystalline mesopores. The hierarchical ZSM-5 zeolites were hydrothermally synthesized using dual templates; tetrapropylammonium hydroxide (TPAOH) as the micropore structure-directing agent, and 3-aminopropyltriethoxysilane (APTES) as the mesopore template agent. The APTES linked on the zeolite surface can interrupt the crystal growth, resulting in the formation of intercrystalline mesoporous zeolites. By increasing the amount of APTES, nanocrystal sizes decreased while mesopore volumes increased [38,39]. Recently, a novel dual-templating synthesis using the C16H33-[N+-methylpiperidine] (C16MP), mono-quaternary ammonium surfactant as mesoporogen, together with a typical structure-directing agent to control the ZSM-5 structure, has been achieved. C16MP, which is a cheap surfactant, can be obtained via a single-step synthesis by the alkylation of n-methylpiperidine. Furthermore, the hierarchical ZSM-5 zeolite can be synthesized using non-charged SDA including diethylamine, n-propylamine, 1,4-diaminobutane and 1,6-diaminohexane. The new hierarchical zeolite exhibits high mesoporosity and crystallinity with a low amount of silanol and external Brønsted acid density [40]. TPAOH was also used, together with silica–carbon (SiO2/C) composites, to synthesize hierarchical zeolites. The carbon amount can control the mesopores by varying the deposition time and the concentration of the carbonaceous gas source [41,42]. The facile, eco-friendly, and cost-effective procedure to synthesize hierarchical ZSM-5 using colloidal silicalite-1 seeds was conceived to reduce the amount of the organic structure-directing agent and to avoid the combustion of the organic templates. The hierarchical porous ZSM-5 aggregates possessed large external surface area and external acidity, mesopore volume, and relatively regular mesopore size distributions. The hierarchical porous ZSM-5 aggregates exhibited excellent performances in the low-density polyethylene (LDPE) catalytic cracking [43]. This procedure is interesting for the synthesis of ZSM-5 nanoparticle assemblies using a lower amount of the template. In addition, zeolite seeds and cetyltrimethylammonium bromide (CTAB) were also used to synthesize hierarchical ZSM-5. The self-assembly and the crystallization step can be controlled by the aid of NaOH and CTAB. The BET surface area, total pore volume and external surface area of hierarchical ZSM-5 samples can be tuned by the amount of CTAB [44,45].



Apart from the hierarchical ZSM-5, the hierarchical Beta zeolite was successfully synthesized with the aid of CTAB via a feasible one-pot and one-step method. The micropore/mesoporore ratio can be controlled by the amount of CTAB and the amount of H2O. This facile synthesis procedure is appropriate for industrial applications [46]. The polymer agent was considered to be used in hierarchical Beta zeolite synthesis [47,48]. The nanoparticle Beta assemblies were obtained using a cationic polymer, polydiallyldimethylammonium chloride (PDDA), as a flocculating agent which performs high mesopore volumes and surface areas [47]. Hierarchical mesoporous Beta microspheres were synthesized using dimethyldiallyl ammonium chloride acrylamide copolymer via one-step procedure. Their hierarchically porous structure facilitates the molecular transport in the catalytic application. This synthesis reveals the facile separation method of filtration instead of centrifugation. Other zeolite frameworks such as ZSM-5, X and Y with hierarchical micro-spherical shapes were also obtained [48]. NaF media in the aerosol-assisted synthesis route was applied to hierarchical Beta zeolite synthesis. The synthesis of the Beta zeolite mainly followed the liquid-phase mechanism. The morphology was changed from spherical nanoaggregates to plate-like crystals when the SiO2/Al2O3 ratio was increased. The hierarchical pores can facilitate the conversion and adsorption of large molecules [49].



For the hierarchical SSZ-13, it can be prepared using trimethyladamantanammonium hydroxide (TMAdaOH) for the CHA framework and a diquaternary ammonium surfactant (C22-4-4Br2) as the mesoporogen [50]. In addition, various mesoporogens such as C22-4-4Br2, C22-4Br, C22-6-6Br2 and TPOAC were applied together with TMAdaOH to prepare hierarchical SSZ-13 zeolites in a one-step synthesis. The mesopore volume increases with the mesoporogen/SDA ratio as shown in Figure 2. The micropore is used efficiently in the cooperation with the molecular highway mesoporous structures, however the coke formation was also increased at the external surfaces [51].



The ZSM-11 zeolite, one of the Zeolite Socony Mobil-eleven (MEL) structures, which is similar to ZSM-5 zeolite, is also interesting. It is composed of 10-membered ring and 2-dimensional straight channels. The hierarchical ZSM-11 zeolite was successfully synthesized using a small amount of tetrabutylammonium bromide (TBABr) as the SDA. The intergrowth rod-like particles were stacked to form mesoporous structures. The different crystallization conditions can control the morphology and the particle size distribution, which further affects the mesoporous formation [52,53].



Although there are several methods that have been reported for the preparation of various hierarchical zeolite nanosheets and hierarchical assemblies of zeolite nanoparticles, and most of them have been achieved using costly organic structure-directing agent, as a further challenge it would be more interesting to focus on using cheap and commercially available chemicals. In addition, the further study of the formation mechanism and the controllable decoration of active sites, such as the nature, location, and distribution of active sites, would be addressed.





3. Light Olefin Productions Obtained Using Hierarchical Zeolites


To open up the perspectives of the applications of the above-mentioned hierarchical zeolites, this comprehensive review proposes their benefits for the production of light olefins via methanol/ethanol to light olefins, catalytic cracking and CO2/CH4 to light olefins, as shown in the following detail.



3.1. Methanol and Ethanol to Light Olefins


The conversion of methanol/ethanol to light olefins (MTO) is one of the most promising alternative reactions to produce ethylene and propylene for petrochemical building blocks. Typically, CHA zeolites such as SSZ-13 and SAPO-34 have been widely used as catalysts in the MTO reaction. For example, the hierarchical SSZ-13 exhibited a longer catalytic lifetime with respect to the conventional SSZ-13, while the ethylene and propylene selectivity were similar [51]. In a packed bed MTO reactor, the mesoporous SSZ-13 zeolites using 0.17 molar ratio of C22-4-4Br2/TMAdaOH exhibited an 8.0 h catalytic lifetime, which is longer than that of conventional SSZ-13 (2.8 h) under a similar level of light olefins yield, attributing to the improved accessibility of guest molecules to the micropore space. However, the excess mesopores affected the coke formation at the crystal surface. Thus, a low C22-4-4Br2/TMAdaOH ratio is suitable for the synthesis of a stable zeolite. These mesoporous SSZ-13 catalysts can be regenerated without losing activity [50]. Furthermore, the hierarchical SSZ-13 catalyst obtained using template-free synthesis exhibits excellent performances in methanol to light olefins, with methanol conversion as high as 100%, high light olefin selectivity at 90%, and with an improved catalyst lifetime compared to a conventional catalyst [54] as shown in Figure 3.



In addition, the catalytic performances of the MTO reaction over the synthesized SAPO-34 were evaluated. The hierarchical nanosheet-assembled SAPO-34 catalyst obtained using dual templates such as TPOAC/TEAOH and TPOAC/DEA exhibits a longer catalytic lifetime and slower coke formation rate and higher light olefin selectivity (81.93%) compared with those of the conventional SAPO-34, which can be attributed to the well retained microporosity, increased mesoporosity and suitable weak acidity [30,31]. The hierarchical SAPO-34 nanoparticles synthesized using carbon nanotubes (CNTs) and diethylamine (DEA) in ultrasound-assisted synthesis were investigated in methanol to olefins. The genetic programming models and the experimental results showed the agreement outputs. The optimal hierarchical SAPO-34 nanoparticles exhibited 94% methanol conversion and 77% light olefins selectivity after 9 h [55]. Interestingly, the SAPO-34 catalysts which were synthesized using morpholine with an inexpensive cationic surfactant (polydiallyldimethylammonium chloride, PDADMAC) showed a 12% enhanced selectivity for ethylene and propylene and a catalytic lifetime more than five times longer than those of conventional catalysts in MTO reactions. The high intracrystalline mesopores increased transport ability and decreased acidity [56]. In addition, the hierarchical nano-sized SAPO-34/18 catalysts using SAPO-34 seed-assisted synthesis exhibit excellent performances in MTO reaction with significantly improved catalytic lifetimes and higher propylene and butylene selectivities. The larger aluminophosphate-eighteen (AEI) cage of SAPO-18 enhances the diffusion of longer alkenes inside the mesopores of thin-plate particles, facilitating a reduction in coke deposition. [57]. Moreover, the introduction of gold in hierarchical SAPO-34 was studied. The Au/SAPO-34 catalyst exhibits a significant improvement of the acidic properties and coke deposition rate of the samples. The synergistic effect of generated mesopores and Au affects the excellent catalytic performance, with a 97% light olefins selectivity and a 331-min lifetime [58].



In methanol to propylene (MTP), the hierarchical MFI nanosheets were varied with different sheet thicknesses and thinner MFI nanosheets (2.5 nm) exhibited the improved catalytic conversion and catalytic lifetime [59]. The mesopore can improve the diffusion of large molecules and prevent coke formation. Their appropriate acid densities, which have a Si/Al2 ratio and a B/L ratio around 300–500 and 3.5, respectively, showed the best catalytic performance for propylene production with low further side reactions. In addition, the hierarchical ZSM-5 assemblies obtained using n-hexyltrimethylammonium (HTAB) as a mesopore SDA exhibited higher performance in MTP. The hierarchical ZSM-5 catalyst showed higher propylene (40.1%), higher butylene (22.9%) selectivities, and had a significantly longer catalytic lifetime (22 h) compared to the commercial ZSM-5 zeolite. This may refer to the mesoporosity, which increases the external surface and reduces diffusion path lengths, resulting in the utilization of acid sites and preventing further reactions and coke formation [60]. Moreover, the seed-fused ZSM-5 nanosheet (CNS) was synthesized by introducing 5 wt. % seed in the synthetic precursor. When increasing the amount of seed to 30 wt. %, the CNS catalyst improved the catalytic lifetime from 168 to 226 h for methanol to propylene. The boron zeolite nanosheet, B-CNS-5, also exhibited a high catalytic lifetime (302 h) and methanol conversion, because of the lower acidity from B addition, which suppressed coke formation [26].



The hierarchical ZSM-11 zeolites were also used as the catalysts for MTP. The pure silica (Si-ZSM-11) showed a high performance in MTP and exhibited a higher propylene/ethylene ratio and lower deactivation rate compared with those of H-ZSM-11 with a similar Si/Al of 26. The H-bond in the silanol group of Si-ZSM-11 affects the production of propene and butene [61]. The introduction of phosphorus into the hierarchical ZSM-11 framework was studied in the MTP reaction. The hierarchical ZSM-11 zeolite with a P/Al ratio of 0.2 enhanced the high yield of propene (20.35 wt. %) and catalytic stability, attributing to the optimum amount of P, which could reduce strong Brønsted acid sites while it can maintain the ZSM-11 structure, suppressing the hydrogen transfer and cyclization reactions. The higher P amount (P/Al > 0.2) affects lower catalytic activity because the crystallinity, acidity, pore volume and surface area were decreased [62].



Furthermore, the hierarchical zeolites were also investigated in ethanol dehydration to ethylene. At mild temperatures of 300–350 °C, the hierarchical ZSM-5 nanosheets exhibit high ethanol conversion around 90%, high ethylene selectivity around 85% and high stability. From the computational results, the ethylene might occur using the Brønsted acid sites at the external surfaces of MFI, whereas diethyl ether is the major reaction using the internal Brønsted acid sites [63].



In addition, the hierarchical core-shell composites, which have medium acidity at the surface, can enhance catalytic performance and catalyst stability. Compared with SAPO-34, the SAPO-34@ZSM-5 and SAPO-34@siliclite-1 composites exhibit higher propylene and ethylene yield, respectively. With respect to ZSM-5, the ethylene and propylene selectivity on SAPO-34@ZSM-5 and silicalite-1@ZSM-5 could be improved from 74% to 80% and 99%, respectively [64].




3.2. Catalytic Cracking and Dehydrogenation of Alkanes


Besides, the catalytic cracking of alkanes to light olefins has been studied on hierarchical zeolite nanosheets and nanoparticle assemblies. The hierarchical ZSM-5 having mesopores improves the catalytic stability due to decreasing the diffusion path-length, suppressing the further reactions and reducing the coke formation in the catalytic cracking of n-hexane [42,65]. The hierarchical ZSM-5 catalysts obtained using a carbon template were investigated in the C5 raffinate cracking. When increasing the amount of carbon template, mesopore volume increased, resulting in higher C5 raffinate conversion and light olefins yield, with similar ethylene and propylene selectivity [66]. In the catalytic cracking of n-heptane, ZSM-5 nanosheets with highly exposed (010) planes exhibited outstanding performance of high conversion and stability, attributed to the hierarchical porosity of the unique planes. The accessibility of microporous acid sites and facile mass transfer of bulky molecules were enhanced [67]. Some studies reveal that the mesopore can increase the diffusion rate of light olefins inside the zeolite network. This reason makes the ethylene and propylene transfer out of micropores quickly, and then the consecutive reaction can be suppressed [39]. Due to this reason, in the n-heptane cracking, the hierarchical ZSM-5 zeolite nanocrystals exhibited high light olefins selectivity with a low coking amount. The mesopore provides short diffusion path lengths and lower diffusion limitation, which enhance light olefins yield and prevent the coke deposition [26]. Interestingly, the pillared HZSM-5 nanosheets were prepared by following two approaches: (i) using a dual template (denoted as DZN-2 catalyst); (ii) Si precursor intercalation in which TEOS penetrated into the surfactant region (denoted as PZN-2 catalyst). In the catalytic cracking of n-decane at 500 °C, DZN-2 performed the highest selectivity of light olefins at 37.8%, and n-decane conversion around 92%, compared with those of PZN-2 and the typical zeolite nanosheet (ZN-2) as shown in Figure 4. Moreover, DZN-2 showed high catalytic stability and a low deactivation rate because the pillar structure facilitated product diffusion and suppressed the consecutive reactions [68].



In addition, the combination of hierarchical zeolites and tartaric acid treatment can provide a highly efficient catalyst. In n-heptane catalytic cracking, the hierarchical ZSM-5 exhibited higher selectivity to light olefins and low coke deposition with respect to normal hierarchical zeolites. After tartaric acid treatment, the external acid sites are selectively removed. The ethylene and propylene selectivity can be improved due to preventing the consecutive reactions of light olefin products [69]. The effect of metals loaded by MFI nanosheet zeolites (MFI (M), M = Al, Ga, and Fe) on the catalytic performance of n-dodecane cracking was studied. The MFI nanosheet zeolites exhibited higher light alkenes and lower deactivation rates than those of the ZSM-5 zeolite. The Ga substitution affected the decrease of acid strength, which had a positive effect on the catalytic cracking of n-dodecane and may enhance light olefins yield [70]. Moreover, the catalytic cracking of light naphtha was investigated. The hierarchical ZSM-5 zeolite prepared using a template of 15 wt. % carbon nanotubes exhibited the highest olefin yield (54 wt. %) and catalytic lifetime compared to the other synthesized catalysts. The hierarchical structure with appropriate acidity facilitated diffusion of reactants and products [71]. In the other catalytic cracking reactions, the catalytic cracking of triglycerides was studied, for example. The hierarchical ZSM-5 exhibited a high conversion of 14%, with high gasoline and light olefin yields of 10%, and 30%, respectively, ascribed to increased accessibility of maintaining microporous acid sites and mass transfer of molecules in the mesoporous structures [72].



Furthermore, the introduction of metals such as Ga and Pt over hierarchical zeolites was also studied in propane dehydrogenation to propylene. The hierarchical Ga-MFI catalysts have a higher Lewis acid site with respect to conventional Ga-MFI. For this reason, the hierarchical Ga-MFI catalysts exhibit improved propylene selectivity from 35% to 80% at 600 °C. The higher performance relates to a lower propylene adsorption and the Brønsted and Lewis acid sites distribution around the mesopores [73]. In addition, the Pt silicalite-1 nanosheets exhibit high propylene selectivity around 95% because they can prohibit the side reaction and reduce the diffusion limitation. The presence of ultra-small Pt particles dispersed on defect surfaces of silicalite-1 nanosheets was confirmed [74].




3.3. CO2/CH4 to Light Olefins


Due to the importance of ethylene, propylene and butylene, the direct production of light olefins from CO2 and CH4 is also very interesting. Presently, there are some studies that report on the conversion of CO2 to light olefins on hierarchical acid zeolites incorporated with metal oxides. For example, In2O3 is widely used as CO2 in a hydrogenation catalyst [75]. To combine metal oxides together with acid catalysts, the zeolites were prepared by integrating with various metal oxides such as indium, zirconium, and zinc oxide. In CO2 hydrogenation, the In2O3/ZrO2 and SAPO-34, which are methanol and light olefins synthesis catalysts, respectively, were investigated [76,77]. At the typical condition, In2O3/ZrO2 and SAPO-34 with the ratio of 1:1 show a selectivity of light olefins of up to 80–90%, with CO2 conversion around 20% [76]. To compare the catalytic activity among catalysts prepared by different methods, the In-Zr oxide and SAPO-34 samples were prepared by dual-bed, granule-mixing and mortar-mixing methods. The In-Zr/SAPO-34 using granule-mixing exhibits CO2 conversion up to 35%, high light olefin selectivity around 80%, and low methane selectivity only 4% [77]. In addition, Zn oxide was also incorporated in SAPO-34. The physical mixture of ZnO-ZrO2 and Zn-SAPO-34, of which the small ZnO-ZrO2 particles can disperse on the surface of Zn-SAPO-34, illustrates a light olefins selectivity up to 80−90% [78]. Moreover, hierarchical bifunctional catalysts, prepared by physical mixing between In2O3 and ZnZrOx oxides supported on SAPO-34 zeolites with different crystal sizes (0.4–1.5 mm) were investigated for CO2 conversion. It was found that the acid-treated SAPO-34 catalysts generated a suitable Brønsted acid and hierarchical pores, facilitating the intermediates and products transportation. Eventually, they exhibited a very high C2=–C4= selectivity of 85%, with only 1% CH4 selectivity at the CO2 conversion level of 17% [79] as shown in Figure 5.



Recently, the CH4 conversion to light olefins has also been widely studied. For example, the one-step methane transformation to light olefins at mild temperature was successfully investigated using H-SAPO-34 in the presence of halide such as bromine or chlorine. Interestingly, at the optimized condition (83 s contact time and 365 °C), methane was converted to methyl bromide and subsequently changed partially to hydrocarbons with ethylene and propylene selectivities of 15.0% and 8.3%, respectively [80]. To evaluate the effect of mesoporous structure, hierarchical ZSM-5 catalysts were preliminarily tested in chloromethane conversion to light olefins (CMTO). The two hierarchical porous ZSM-5 (HP-ZSM-5) catalysts were prepared using an organosilane-assisted template and a triethoxy-vinylsilane as the growth inhibitor [81,82]. Interestingly, compared with a conventional catalyst, the HP-ZSM-5 obtained by using organosilane performed an increased light olefins selectivity from 44.1% to 68.1%, and the high conversion of chloromethane of 98% even after 72 h of reaction time, and this behavior is four times longer than that of a conventional one [81]. In addition, the HP-ZSM-5 obtained by using a growth inhibitor shows the high performance of CMTO in which light olefins selectivity is 69.3% and the high catalytic stability is still observed even after 115 h of reaction time. This work illustrates the perspectives that mesopores can increase molecular transportation and decrease strong acidity, eventually suppressing the consecutive reactions [82].





4. Conclusions and Future Perspectives


This comprehensive review demonstrates the recent progress in the development of hierarchical zeolite nanosheets and nanoparticle assemblies with various zeolite frameworks including MFI, MEL, CHA, BEA, FAU, FER and MTW. Mostly, they have been obtained using various procedures ranging from single-template synthesis, to multiple-template synthesis and seed-assisted synthesis. The diquarternary ammonium structures have been widely used as bifunctional structure-directing agents for controlling both mesoporous and microporous structures, eventually resulting in improved mesoporosity while the micropore structure in the zeolite framework is still maintained. However, the molar ratio of template should be adjusted properly, because the excess mesoporosity can affect coke deposition on the zeolite surface.



According to the light olefin productions, most hierarchical catalysts exhibit high conversion, high light olefins selectivity and long lifetimes for many light olefin production processes, ranging from MTO, to catalytic cracking and CO2/CH4 conversion, due to an increase in external surface areas, reducing the diffusion path-length, and eventually resulting in the improved accessibility of guest molecules into acid sites and lower coke formation. Moreover, the introduction of other heteroatoms such as boron and phosphorous into the zeolite framework can suppress further reaction due to the modification of acidity of zeolite surfaces.



Until now, although there are many developed hierarchical zeolite nanosheets and hierarchical assemblies of zeolite nanoparticles, most of them have been achieved using costly organic structure-directing agent. It would be highly interesting for further perspectives to focus on using cheap and commercially available chemicals and to gain insights into the formation mechanism. The nature, location, and distribution of active sites in hierarchical structures would be addressed. In addition, the application of such designed materials is still in the early stage of development, in particular, with the production of light olefins such as methanol/ethanol to light olefins, catalytic cracking and CO2/CH4 conversion. The primary challenge in their application in light olefins production is the lack of understanding in deep details according to catalytic mechanism, coke formation and locations, the effect of hierarchical structure and Al distribution on the light olefin product selectivity, the reusability and stability of hierarchical zeolites, as well as the diffusion and kinetics aspects. In addition to these challenges, the feasibility of using hierarchical zeolites on a commercialization scale is still missing. In the perspective of conclusion, despite the fact that the use of hierarchical zeolite nanosheets and nanoparticle assemblies has not yet been widely used on a real commercial scale, it is promising for the future that such designed materials would demonstrate the possibility of being promising catalysts in the production of light olefins.
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Figure 1. Proposed mechanism for the formation of ZSM-5 nanosheets in the presence of C18-6-6 and TPABr. Reprinted with permission from Reference [18]. Copyright 2018, American Chemical Society. 
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Figure 2. SEM and TEM images: (a,g,m) Conventional SSZ-13; (b,h,n) SSZ-13 (C22-4-4, 0.06); (c,i,o) SSZ-13 (C22-4-4, 0.17); (d,j,p) SSZ-13 (C22-4-4, 0.50); (e,k,q) SSZ-13 (C22-4-4, 1.50); (f,l,r) SSZ-13 (C22-4-4, 1). Reprinted with permission from Reference [51]. Copyright (2013), Elsevier. 
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Figure 3. (a) Methanol conversion and (b) selectivity to light olefins as a function of time on stream over SSZ-13 samples (T = 450 °C, WHSV = 3 h−1). Reproduced with permission from Reference [54]. Copyright 2018, John Wiley & Sons. 
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Figure 4. (A) n-decane conversion; (B) yields of light olefins as a function of reaction time on different catalysts (T = 500 °C, WHSV = 8.76 h−1). Reprinted with permission from Reference [68]. Copyright (2019), Elsevier. 
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Figure 5. Stability tests of bifunctional catalysts. (a) In2O3-ZnZrOx/SAPO-34-C; (b) In2O3-ZnZrOx/SAPO-34-H-a. Catalysts with oxide/zeolite mass ratio = 0.5. Reaction conditions: 380 °C, 3.0 MPa, 9000 mL gcat−1 h−1, H2/CO2/N2=73:24:3. Reproduced with permission from Reference [79]. Copyright 2019, John Wiley & Sons. 
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