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Abstract

:

Zeolites are crystalline metallosilicates displaying unique physicochemical properties with widespread applications in catalysis, adsorption, and separation. They are generally obtained by a multi-step process that starts with primary mixture aging, followed by hydrothermal crystallization, washing, drying, and, finally, a calcination step. However, the zeolites obtained are in the powder form and because of generating a pressure drop in industrial fixed bed reactors, not applicable for industrial purposes. To overcome such drawbacks, zeolites are shaped into appropriate geometries and desired size (a few centimeters) using extrusion, where zeolite powders are mixed with binders (e.g., mineral clays or inorganic oxides). The presence of binders provides good mechanical strength against crushing in shaped zeolites, but binders may have adverse impacts on zeolite catalytic and sorption properties, such as active site dilution and pore blockage. The latter is more pronounced when the binder has a smaller particle size, which makes the zeolite internal active sites mainly inaccessible. In addition to the shaping requirements, a hierarchical structure with different levels of porosity (micro-, meso-, and macropores) and an interconnected network are essential to decrease the diffusion limitation inside the zeolite micropores as well as to increase the mass transfer because of the presence of larger auxiliary pores. Thus, the generation of hierarchical structure and its preservation during the shaping step is of great importance. The aim of this review is to provide a comprehensive survey and detailed overview on the binder-containing extrusion technique compared to alternative shaping technologies with improved mass transfer properties. An emphasis is allocated to those techniques that have been less discussed in detail in the literature.
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1. Introduction


In recent decades, rapidly growing rates in chemical demands from the market and the need for greener considerations for chemical production have accelerated the production and utilization of heterogeneous catalysts and adsorbents in industry. Large-scale application is always dictated by several pre-requisites that have to be fulfilled in order to make these materials suitable for commercial application. Among these requirements, shaping is one of the most important steps, since bulk zeolites in powder form will increase the pressure drop in packed bed reactors [1,2]. Conversely, shaped bodies with larger particle sizes (several mm) and a high degree of mechanical resistance to abrasion and dust formation are appropriate to minimize the pressure drop in a fixed-bed setup [3], and, thus, are good candidates for high throughput processes as well. Each shaped catalyst displays a specific flow pattern, which is more influenced by flow direction (e.g., up- or down-flow mode) [4], while a powder-loaded bed is a compact structure where the lack of enough void space complicates reactant feed in, permeability, and well-mixing across the bed, and, consequently, impedes the establishment of a steady-state flow regime inside the bed. Furthermore, powder application increases the volume of the bed for a given reactant flow rate, which, in turn, gives rise to the fabrication costs as well.



Zeolites as crystalline metallosilicates, conventionally in the form of aluminosilicates, have well-defined microporous networks containing regular cavities and channels [5]. Up to now, various excellent features have been reported for zeolites, such as molecular sieving, shape selectivity, high surface area, pore size tuning, high thermal and hydrothermal stability, tunable acidity, crystallinity, and ion-exchange property [6,7,8,9,10,11,12]. However, despite the outstanding features exhibited by zeolites, they are inherently microporous materials (dpore < 1.5 nm) and, thus, suffer from intense diffusion limitations imposed by their micropores, particularly, in contact with bulky molecules [12]. In brief, molecules larger than the diameter of micropores are not able to diffuse through the narrow openings of pores and, thus, have a low chance of accessing the zeolite internal active sites. To overcome the microporosity limitations, many strategies such as synthesis of nano-size zeolites, structuring large pore size zeolites, and the design of hierarchical zeolite have been exploited to enhance the molecular diffusion [13,14,15]. For the sake of clarity, nano-size zeolites can diminish the diffusion limitations drawback of conventional micron-size zeolites due to their larger external surface area, which can be utilized for molecular adsorption and catalysis of bulkier species which cannot diffuse into the micropores. In addition, reduced mean diffusion path in nano-size zeolites, can enhance the molecular diffusion rate by means of the shorter path length.



In addition, application of zeolite in industrial scale is strongly interrelated to the shaping technologies applied for structuring zeolite powder, where their fundamental microscopic physico-chemical properties (e.g., acidity, porosity, surface area) are highly dependent on the engineering features of macroscopic catalytic bodies (e.g., transport phenomena and pressure drop in packed bed reactors). Moreover, the utmost preservation of intrinsic catalytic properties is imperative during the shaping step, which provides adequate mechanical strength to the shaped bodies. Thanks to their resistance against breakage or abrasion as well as preventing high pressure drops, structured bodies are applicable for large scale operation conditions (e.g., high pressures and temperatures). Structuring is possible into final bodies with several different geometries (e.g., pellets, cylinders, honeycomb monoliths, hollow alternatives, etc.) [16,17]. Basically, the type of reactor dictates what geometry is more suitable. For instance, large shaped bodies are suitable for packed and moving beds, which are mainly prepared using extrusion, pelletizing, or granulation (with approximate pellet size in the range of 1 mm up to 3 cm). However, for slurry three phase reactors and fluidized beds, powders with a particle size in the range of 20 to 100 µm (prepared via spray drying) are more applicable [18]. In the subject of shaping, some researchers have tested lab-made zeolite bodies in larger pilot equipment [19,20,21], but less focus has been methodically directed toward shaping techniques their pros and cons, and their effects on the zeolite physicochemical properties. On the basis of what we have found so far, macroscopic shaping technologies of zeolites have been never completely collected and discussed in one study in detail. This motivated us to prepare this review from academic research and industrial patents, with the impetus of elucidation of the influence of several shaping methods, such as binder-containing extrusion technique and binder-free alternatives on the physico-chemical properties and performance of zeolites bodies. Moreover, the future outlook is depicted for more practical shaping techniques.




2. Zeolites Shaping Using Extrusion Technique and by Means of Inorganic and/or Organic Binders


The extrusion technique is frequently carried out in industry to shape powders with various geometries (e.g., cylinders, hollow cylinders, monoliths, etc.) to form extrudates with an average length range of 0.5–2 cm [22,23,24]. A schematic illustration of the extrusion process and some examples of commercial extrudates are shown in Figure 1A,B, respectively. Generally, there are some parameters that need to be smartly tuned to provide sufficient pastiness and rheological integrity, such as water mass ratio [25], which is determined on the basis of empirical trials, mixing and aging times [18], and binder content [26,27] as well as drying and calcination temperature. The mechanical strength of extrudates is mainly obtained by the adhesive interaction and partial interconnection of zeolite terminal hydroxyl groups with the adjacent binder particles, or by a fusion between contacting surfaces of binder and zeolites particles that is more pronounced after the calcination step [28]. The applied quantities of binders are varied and even values higher than 50 wt% were reported [29], but the more preferable amounts of binders are in the range of 10 to 20 wt% [29]. Binders not only provide good mechanical stability to zeolites but also some types of binders, such as oxides (e.g., alumina), improve the activity of silicate materials with low or no acidity [30]. The type of binder is normally selected on the basis of shaping necessities and the relevant application requirements [25]. In general, two types of common binders are used for zeolite shaping: inorganic binders (e.g., clays, silica, alumina, titania, zirconia, or a combination of them) and organic binders (e.g., water-soluble cellulose products, polyethylene glycol, and polyvinyl alcohol.) [31]. Organic binders are more applicable as thickening additives, lubricants, wetting agents, and plasticizers [26,28,32]. A list of selected organic/inorganic binders is provided in Table 1.



In addition to binders and the above-mentioned additives, peptizing agents such as nitric acid can be utilized to stabilize particles and prevent their agglomeration and aid in better dispersion of binder particles in the zeolite-binder matrix [3,33]. Peptizing agents are also used to set the pH far as a point zero charge in order to prevent agglomeration of the paste [3]. In fact, large zeta potentials are known to stabilize the dispersion of particles by creating repulsion forces between positively charged particles and granting the paste mixture long-term suspension stability, consequently decreasing the viscosity of the paste [3,34]. To obtain a highly homogenized paste mixture, high degrees of mixing and stirring have been also recommended [34]. During the extrusion, the rheological behavior of primary paste is a crucial parameter impacting the ultimate mechanical stability. While a dry paste is highly viscous and can increase the possibility of the formation of cracks in the extrudates, a very wet initial paste mixture provides a very poor mechanical stability for extrudates [3,25]. To improve the rheological properties of paste parallel to final textural properties of extrudates, different additives such as plasticizers (e.g., starch, sugars, cellulose derivatives, and mineral clays), water soluble polymers (e.g., polyethylene glycol, poly vinyl alcohol), organic porogens (e.g., carbon black, starch, or organic fillers), and lubricants and peptizing additives (e.g., dilute nitric or acetic acids) are added to produce a low viscous paste displaying a lower frictional behavior and, thus, less crack in the final extrudates [3,34,35,36,37]. Calcination, which is the last step for obtaining final extrudates from green extrudates (i.e., before thermal treatment at high temperatures), can enhance the strength of extrudates and make them more mechanically stable through agglomeration of dealuminated sections inside the extrudates [18,38]. Poor mechanical strength leads to catalyst malfunction and significant pressure drop in packed beds, owing to dust formation. Several techniques for the mechanical strength measurement of shaped bodies have been developed, such as crushing, knife edge cutting, and three-point ending [39]. However, the single pellet crushing strength test has been generally accepted as a standard technique for this measurement [40]. By testing different geometries such as spheres, cylindrical tablets, and cylindrical and trilobe extrudates that have been subjected to mechanical strength measurement with the above-mentioned methods, it was reported that the geometry of shaped bodies is strongly determinative for the selection of measurement techniques to obtain a reliable assessment of mechanical stability. For instance, both crushing and cutting tests are appropriate for tablets [39], while for extrudates cutting and bending, and for spherical shaped bodies crushing test is more practical [39]. More details can be found in a previously cited reference [41].
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Table 1. A list of selected organic/inorganic binders.
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	Entry
	Zeolite Type
	Organic

Binder
	Inorganic

Binder
	Ref.





	1
	3A
	Copolymer (ethylene/butyle acrylate, 17 wt% and 30 wt% copolymer)
	-
	[31]



	2
	3A
	Polyethylene
	-
	[31]



	3
	Y
	Cellulose fibers
	-
	[32]



	4
	TiO2 monolith
	Polyethylene and methyl-hydroxyl- cellulose
	Bentonite, glass fiber
	[42]



	5
	ZSM-5
	
	Aluminum phosphate

γ-Al2O3
	[28]



	6
	X, Y, ZSM-12, Mordenite, zeolite A, P, ZSM-5, MCM-41
	-
	Portland cement, High Al cement Sulphoaluminate cements, phosphate, bonded cements, blast furnace slag cements, Ca3SiO5, (Ca2SiO4), alumino-ferrite, tricalcium aluminate, calcium aluminates such as monocalcium aluminate (Ca3Al2O6), and calcium hexoaluminate (CaAl2O4), used alone or as a mixture
	[29]



	7
	ZSM-5
	-
	α-Alumina monohydrate
	[30]



	8
	ZSM-5
	Cellulose
	Catapal D (Boehmite alumina)
	[34]



	9
	5A
	carboxymethycellulose
	Kaolin
	[43]



	10
	ZSM-5
	-
	Silica/Alumina
	[36]



	11
	ZSM-5, 11, 23, 35, 38, 48, Beta, X, Y, L
	-
	Silica
	[44]








Although other shaping technologies such as granulation, spray drying, wet or dry pressing, and pelletizing are well-known industrial techniques [35,45], extrusion is the most applicable method at the industrial level due to its high capacity and low preparation costs as well as other advantages such as narrow distribution of particle size and diversity in geometries [3,34,35]. In contrast to shape diversity in extrusion, only spherical bodies are produced by granulation or spray drying where their average particle size is in the range between 1 mm to 20 mm for granulation and 10 µm to 100 µm for spray drying [34,45]. For instance, high Resolution Scanning Electron Microscopy (HRSEM) and Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) are two imaging techniques used for the structural study of extrudates and proved this uniformity, which has been attributed to two different agglomeration mechanisms taking place during extrusion or granulation [46].



2.1. The Important Parameters in Rheological Behavior of Extrudates


The rheological behavior of primary paste is determined on the empirical basis, and it aims to produce low viscous paste displaying lower frictional behavior and, thus, lesser cracks in the final extrudates. Peptizing agents are usually used for setting the pH to the target point of zero charge and prevent agglomeration of the paste [34]. Another important parameter is zeta potential (i.e., isoelectric potential in colloidal chemistry), and it is known that large zeta potentials stabilize the dispersion of particles by creating repulsive forces between positively charged particles and decrease the viscosity of the paste mixture [3,34]. Herein, zeta potential is an indicator of long-term suspension stability [3].



As mentioned before, adjusting water content during paste preparation is a critical factor to provide low viscous but sufficiently adhesive paste, which is easily shaped into noodles when passing through the die apertures. This occurs as a result of high shear stress in the extrusion chamber, as depicted in Figure 2. The shear stress is described by Equation (1):


  τ =  τ 0  + k ·  γ n   



(1)




in which, τ is the shear stress (Pa), τ0 is the minimum stress (the quantity that a substance can easily flow above this point), k is the consistency coefficient (Pa.sn), γ is the shear rate (Pa/s), and n is the flow index. For n = 1, Newtonian fluid properties are observed, while for n < 1, fluid displays Thixotropic behavior, and, for n > 1, shows dilatants behavior.



In addition, viscosity can be measured based on Equation (2) [30],


  η = k ·  γ  n − 1    



(2)




which can be reformulated in the form of Equation (3) as follows [3]:


  η =    τ 0   γ  + k ·  γ  n − 1    



(3)
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Figure 2. Shear stress (τ) applied to the extrudates during extrusion and shear rate profile on the extrudates. 
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Based on the Herschel–Bulky model, both shear stress and the viscosity of the paste passing through the extrusion chamber will depend on the shear rate imposed on the paste mixture [28]. A flow index close to zero shows plug flow properties, which are known as the ideal flow regime, but the flow behavior of the paste is close to 0.7, which fundamentally indicates non-Newtonian fluid behavior [3,36,42]. When the paste is passing through the die, different radial velocity profiles are generated. If the velocity index is significant in the radial axis, extruded noodles will possess macro-defects, particularly macro-cracks [36]. Furthermore, inside the extrusion chamber, appropriate zeta potentials separate the moving phase of the paste from the stationary phase, which is attached to the surfaces of the chamber and allows the moving phase to flow freely [42]. The zeta potential can be obtained from Henry’s equation as follows [47]:


  ξ =   3 η  U e    2 ε f   K a      



(4)




in which ζ is zeta potential, η is viscosity of paste, Ue is electrophoretic mobility, ε is the dielectric constant, and f(Ka) is the Henry’s function with values of 1.0 or 1.5 [47]. Finally, the relation between shear yield stress and zeta potential is shown in the following equation [36,48]:


   τ 0  =  τ  0 , m a x   +  k 0   τ  0 , m a x    ζ 2   



(5)




where τ0,max is the maximum shear stress at zeta potential of zero and k0 is a specific constant for the system. More details about binder content, its influence on shear yield stress, and the role of additives such as poly vinyl alcohol to adjust proper zeta potential can be found elsewhere [49]. Setting the zeta potential at a value where the best dispersion for the paste mixture is obtained dedicates the mechanical stability, reduces defects at the end of the process, and prevents the formation of agglomerated areas inside the final extrudates. Modification of zeta potential so that the paste will behave close to a Newtonian fluid should be prevented as it leads to lesser shape integrity [3].




2.2. Binder Effects on Zeolite Physicochemical Properties


Binders have different physicochemical properties compared with pure zeolites and, thus, the presence of a binder can adversely affect the zeolite textural, adsorption, and catalytic properties. It has been reported that commercial binder-containing 5A zeolite has a lower adsorption capacity for n-paraffins compared to the pure powder of 5A zeolite [50]. Like zeolite, the binder can also adsorb molecules and change the polar interaction between adsorbate and zeolite surface, leading to the reduction of adsorption heat and a higher coalescing factor between adsorbed molecules and active sites [43,50]. From a textural point of view, the porosity and surface area of shaped zeolites is affected by the binder materials, particularly those that have different particle size and, remarkably, a lower surface area than zeolite, which, in turn, results in pore blockage and the reduction of the surface area. The generation of larger meso- and macropores in the extrudates depends on the size of the binder particles (which is around 10 nm in the case of silica or alumina binders) [28]. Furthermore, the presence of additional porosity inside the extrudates is highly dependent on the degree of the porosity of the binder. A more closely connected network in the final extrudates is created using binders with smaller particle sizes (e.g., silica, alumina, or boehmite) while the larger degrees of interparticle porosities are generated by binders with large-size particles, such as plate-like kaolin [25,51]. From a chemical alteration point of view, dilution of acidic centers of zeolite, variation in their sorption/catalytic properties, and migration of undesired cations or impurities from binder to zeolite might also occur in the course of the extrusion step. For example, the ZSM-5 extrudates prepared with different binders such as boehmite, attapulgite, and silica displayed a lesser amount of the Brønsted acidity as proved by FTIR spectroscopy analysis [25], but kaolin did not show any chemical interaction with ZSM-5, and the kaolin containing ZSM-5 displayed acidic properties close to pure ZSM-5 [25]. Similar observation has been cited for H-gallosilicate and ascribed to the consequence of zeolite partial neutralization through ion-exchange of active sites of zeolite with mobile ions (e.g., alkali or alkaline earth cations such as Na+ or Mg2+) of binders, and dealumination was also proved by 27Al MAS NMR analysis [52]. In contrast, insertion of alumina as a binder can produce extra acid sites inside the zeolite extrudates [30]. For instance, in a study, the effect of alumina binder was investigated on the zeolite acidic properties using UV/Vis and confocal fluorescence microspectroscopy and demonstrated the migration of Al species from the alumina binder into the ZSM-5 extrudates [53]. These Al species are tetrahedrally coordinated into the zeolite framework and thus increase the amount of zeolite Brønsted acidity [53]. Higher catalytic activities for ZSM-5 extrudates have been previously reported when alumina was used as a binder in acid-catalyzed reactions (e.g., n-hexane cracking, propylene oligomerization, lube oil dewaxing, and methanol conversion to hydrocarbons) [44]. In addition, the influence of the alumina binder in the enhancement of the catalytic activity of ZSM-5 extrudates have been formerly admitted in several acid-catalyzed reactions [44]. However, the catalytic activity of zeolite/alumina matrix did not display an increasing trend when they were dry-mixed in the absence of water proved that the wet zeolite/alumina phase is prone to the generation of additional Brønsted acid centers in the final composite [44]. In addition, several studies have been performed to determine the effect of different binders on zeolite acidity, and more details can be found elsewhere [54,55,56,57,58,59,60,61,62]. This evidence demonstrates that the choice of proper materials as binder agents is not identical for different cases and highly depends on the binder interaction with zeolites as well as its effects on the physicochemical properties of zeolite for a given reaction [44,63,64]. The non-uniform distribution of binders inside the extrusion mixture can generate chemically different zones. While rich zeolite zones (e.g., those parts with lesser binder content) inside the extrudates increase the reaction rate, rich binder-containing zones show much lower catalytic activity, which leads to lower reproducibility in the catalytic/adsorption performance of different batches of extrudates. Owing to the different textural and chemical structures in the two inhomogeneous zones, the reaction rate is controlled by mass transfer rather than by kinetics [56]. However, the solid state ion-exchange, due to the close contact of zeolite and the binder, has displayed two-sided effects, including both positive and negative outcomes such as neutralization of active sites, Si and Al migration, and poison trapping [57].





3. Zeolites Shaping Using Alternative Binder-Free Techniques


Because of the possible negative impacts of binders on zeolite properties, as explained previously, many studies have been conducted to develop binder-free alternative methods for zeolite structuring. Although some early studies have been conducted by Universal Oil Products Company (UOP) [65,66], more recently, different and new methods such as hard templating technique, hydrothermal transformation, pulsed current [67], and some other novel processes [68] have been tested for structuring zeolite particles using binder-free technologies. Amongst them, the hard templating technique and hydrothermal transformation are discussed in detail in the coming sections of this paper. The ultimate shape and geometry of binder-less zeolitic structures is almost identical to binder-containing analogous (e.g., spheres, cylinders, hollow cylinders, honeycombs, etc.) but they are prepared in the absence of any binder agent. The additional additives utilized during the shaping step (e.g., organic materials) are combusted and removed by thermal treatments, therefore, final structured zeolite bodies can contain up to 100% pure zeolite particles.



3.1. Macroscopic Hard Templating Casting


Macroscopic-size and porous hard templates are generally applied to generate both larger porosity in zeolite as well as to structure them simultaneously. Indeed, the hard templating technique is a casting method used to produce porous zeolitic bodies by immersing a solid template in the primary mixture of zeolite initiators. The zeolite particles are crystallized inside the pores of the template, and after solidification by hydrothermal treatment and following drying, the template is removed by calcination at an elevated temperature and a zeolitic body that is texturally a replica of the original template remains. A wide range of hard templates, such as polystyrene spheres [69], latex beads [70] and carbon materials (e.g., monoliths, fibers or disks) [71], have been applied as hard templates to shape the zeolites. For instance, binder-free silicalite-1 spheres were synthesized using ion-exchange resin beads as macroscopic hard templates [72]. After resin removal by calcination, hierarchically porous and spheres with the particle diameter in a range between 0.4 and 0.85 mm remain (Figure 3).



Afterwards a series of zeolites in bead format were synthesized using this technique (e.g., zeolite Beta and ZSM-5) and metal-containing zeolite beads (e.g., Cr- and Pd-Beta) have also been synthesized in bead format [73,74,75,76]. Other porous solids such as organic aerogel, Polyurethane foams (PUFs) [77], carbon materials [78], and natural bio-based materials [79] have also been used as hard templates to shape zeolites. Some examples are: spongy silicalite obtained using starch and hierarchical silicalite-1 and Beta synthesized using aerogels as hard templates [77,78,79]. A list of different zeolitic frameworks in the spherical format as discussed above is summarized in Table 2.




3.2. Hydrothermal Transformation


By means of hydrothermal transformation, a temporary binder mixed with zeolite powder, is converted to the zeolitic phase in the course of hydrothermal treatment. In addition to this, non-zeolitic materials (e.g., different types of clays or silica) can be transformed into zeolitic frameworks. The latter transformation needs an aqueous medium and, practically, a partial autogenic hydrothermal condition. By means of this method and in the presence of organic fillers such as cellulose, zeolites Y, X and A have been obtained by binder transformation inside the pre-fabricated bodies [80]. In addition, some inorganic materials such as silica or mineral clays such as kaolin and metakaolin have been converted into different zeolite frameworks (e.g., MFI, BEA, FAU) by aging them in an alkaline medium (OH/SiO2 molar ratio up to 1.2), and they showed acceptable mechanical stability [81]. Clay minerals such as kaolin or metakaolin and silica consist of similar elements that are present in zeolites (e.g., Si, Al, Na), and they can thus be utilized as the resource of starting materials to initiate zeolite formation and following crystallization propagation. It has been reported that by means of a three-step hydrothermal conversion, kaolin extrudates can be transformed to silica X [80]. In addition, zeolite X, A, and mordenite have been obtained through the conversion of metakaolin (the activated form of kaolin prepared by kaolin thermal activation at 973 K) [81,82]. Next, using a mixture of NaOH, KOH, distilled water, and metakaolin, agitated for a maximum of 10 days, a 100% crystalline zeolite phase was obtained [81]. The alkaline solution is used as a mineralizer to assist the conversion of non-zeolitic materials to binder-free zeolite bodies. More details can be found in the previously cited literature [83]. Another class of pre-fabricated materials are glassy substances and, in this context, porous glass beads and glassy granules were transformed to MFI beads and to ZSM-5 granules, respectively [84,85]. Likewise, zeolite A tubes have been also synthesized, but, in this case, crystalline structures with large macropores in the range of 3 μm were obtained [86]. In addition, silicalite-1 disk has been synthesized by transformation of a kanemite disk (a single-layer silicate) using triphenylamine (TPA) cation by phase separation under a dry treatment (or so-called dry solid-state transformation) [87]. This technique is involved with gradual dissolution of bulk material (so-called BMD) resulting in zeolite monolith formation [88]. For instance, tubular zeolite monoliths with MFI topology were obtained by direct conversion of porous glass materials [88]. The BMD technique is based on the direct conversion of raw materials into zeolites under static conditions. This technique can be also conducted under a stirring condition, which is known as dynamic bulk material dissolution (DBMD). By employing the BMD technique and adjusting the solubility of precursors, zeolite tubular bodies have been obtained (Figure 4).



By means of this technique, a tubular and porous quartz glass was gradually converted to a MFI framework. The transformation reaction took place by inserting quartz glass in an autoclave equipped with polytetrafluoroethylene (PTFE) liner. In addition, other reagents such as tetrapropylammonium hydroxide (TPAOH), hydrogen fluoride (HF), and about 50 mg of MFI zeolite seeds were added to this mixture and stirred under 10 rpm at 200 °C for 61 days. From the point of view of the formation mechanism, a gradual formation of the MFI phase took place and was followed by a very moderate growth of MFI crystals, which propagated from the surface of the quartz toward the inside of the quartz body and gradually converted the glassy SiO2 species to the MFI phase, and this led to that zeolite entirely replaced the quartz [88]. Here, seeds of MFI as initiators form new nuclei to trigger the formation of primary MFI building blocks and accelerate the crystallization process under a very slow stirring rate. Based on the selected conditions of this technique, partially transformed fibers and fabrics have also been obtained [88]. The drawbacks of this technique are the need for a large amount of time for the conversion of inorganic materials into zeolite, and, in some cases, the formation of a non-homogeneous composite consisting of the zeolite phase and other raw material phases has been observed [88].



Other techniques such as dry sol-gel transformation and solid-state transformation have been also studied in order to synthesize binder-free zeolitic bodies including binder-free ZSM-11 and mordenite pellets obtained in a low water medium [89] as well as ZSM-5 disks obtained by the conversion of amorphous aluminosilicate fibers using solid-state transformation [90]. Other structures such as MFI disks and films have been fabricated from primary aluminosilicate glasses using a solid-state transformation followed by the phase separation under hydrothermal treatment [86,90].



One interesting alternative is the pseudomorphic transformation of raw materials with the possibility to optimize the morphology of shaped zeolites. Using this technique, spherical Alginate/zeolite and alginate/zeolite-bentonite composite have been obtained, as depicted in Figure 5 [91]. In addition, pre-shaped zeolite Y/alginate spheres have been also transformed into pure zeolite Y with the same geometrical appearance (i.e., pre-shaped spheres) [91]. Following calcination at 600 °C for 44 h, and decomposition of alginate, the binder-free zeolite granules were obtained [91].



Other frameworks such as sodalite (SOD), Linde Type A (LTA) and faujasite X (FAU-X) have also been prepared by pseudomorphic transformation [92]. A type of hierarchical zeolite Beta monoliths have also been obtained through a layer-by-layer process using silica gel transformation [93], for which more details about the properties and synthetic routes can be found in previously cited literatures [92,93]. All these transformation techniques have a multi-step synthetic procedure for obtaining zeolite bodies. Recently, a one-step in situ hydrothermal synthesis has been developed in which silica sol was suspended in an oil/water system (immiscible liquids system) and granular zeolite A has been obtained by silica sol transformation (Figure 6) [94]. In this synthesis, heptane was used as the oil phase while the aqueous phase was a mixture of sodium aluminate, NaOH, and deionized (DI) water. Silica sol was gradually dropped into the oil phase and, over time, Al species slowly diffused to the spherical silica particles. Consequently, more silica precursors were gently dissolved in the reaction medium to release more Si species and push forward the nucleation step. Indeed, Al species were attached to the Si species via oxygen bridges in a way that these species produced the zeolite primary building blocks. This synthesis rout was involved with the sol suspension inside of two immiscible phases and further followed by the next gelation step. The full conversion of silica to zeolite was completed during the hydrothermal crystallization inside the alkaline solution. As mentioned above, clay extrudates can be also converted in an alkaline pH into zeolites. Zeolite A, X and MFI have also been obtained using this technique and alkaline pH [94]. The average diameter of the shaped particles is in the millimeter range, but a wide particle size distribution was observed.



As the last case study, a one-pot template- and a binder-free synthesis rout for obtaining shaped mordenite under an acid-hydrolysis condition is reviewed here. By means of this technique, primary species were converted into the hierarchical and mechanically strong mordenite bodies during the hydrothermal crystallization [95]. In a typical synthesis, TEOS (tetraethyl orthosilicate as silica precursor) was dissolved in demineralized water (DI), and, next, HCl was slowly added to the mixture, which further followed by stirring for 24 h at 20 °C to thoroughly fulfill the hydrolysis step. The Al precursor was obtained by mixing aluminum sulfate (Al2(SO4)3), sodium hydroxide (NaOH), and DI water with pre-defined molar ratios. Silica mixture was added to Al solution, entirely mixed, and aged for 24 h at room temperature. Finally, the resultant mixture was transferred to a Teflon-lined stainless steel autoclave and hydrothermally heated for preselected times at 170 °C (Figure 7) [95]. The highest degree of crystallinity and mechanical stability was observed after 144 h hydrothermal heating. At the end, mordenite monoliths with cubic or cylindrical structures with high mechanical strengths were obtained without any shrinkage by calcination at 550 °C. The obtained structured mordenite were used as catalysts in a Friedel–Crafts benzylation reaction of benzene with benzyl alcohol, and showed higher activity compared with the powder analogue. From a mechanical strength point of view, these monoliths were reported to be close to industrially available counterparts, and thereby, they show promising performance for industrial applications.





4. Conclusions, Recommendations and Future Perspectives


The shaping of zeolites is a complex task that entails several considerations such as mass transfer prerequisites, pressure drop prevention, cost, and stability investigations [96,97,98]. The present review provides an outline of different shaping techniques as well as their possible effect on the physicochemical properties of structured bodies, as highlighted in different sections. Each technique has its own impact on the original physicochemical properties of zeolite, which are discussed thoroughly in the context of this review. Extrusion is a common industrial technique in which binders (e.g., silica, alumina, or clays) are employed to increase mechanical stability. Hence, they might have their own so-called side-effects on basic features of zeolites, so that some of these effects are undesired or detrimental. Some of them, as mentioned before, involve a change in the adsorption properties of binder-containing zeolites, which may reduce relative to the increase in binder quantity. Other major drawbacks frequently observed for several binders are neutralization of active sites and partial pore blockage, and, consequently, a decrease in the surface area. Regarding the probable disadvantages of binders, alternative methods have been investigated and showed a possible capacity to diminish binder drawbacks by higher degrees of preservation of the inherent physicochemical properties of the zeolites. However, the downside of these techniques is the lower mechanical strength, which is more pronounced for the hard templating approach. It is noteworthy that binder selection is a function of different parameters, such as specific applications and their requirements, and, thus, is a trade-off between inhibiting and promoting results in different cases. With a critical look at how shaping techniques have been developed in recent decades, a forward progress trend is obvious by several numbers of patents and research delivered each year to the public. However, looking to the future, there is still a need for the development and refinement of available techniques, in particular, with a combination of new computational techniques with experimental results. Evidently, more accurate and realistic criteria should be defined for preserving original properties of zeolites after shaping, and might need to seek more adapted technologies. Despite the limitations and reported downsides, binder-free alternatives proved to be an applicable method for retaining the original properties in shaped zeolites, but the scale-up feasibility is still ongoing and requires comprehensive study.
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Figure 1. (A) Schematic illustration of zeolite shaping using extrusion technique, (B) Commercial extrudates with different geometrical structures. 
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Figure 3. Synthesis of bead shape silicalite-1 using resin beads as hard templates. 
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Figure 4. (A): Schematic illustration of the synthesis route for bulk material dissolution technique under static condition; (B): obtained monolith [87]. 
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Figure 5. Schematic representation of synthesis granular and binder-free zeolite Y [91]. 
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Figure 6. Schematic illustration of one-step synthesis protocol for preparing binder-free granules of zeolite A [94]. 
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Figure 7. (A): Schematic illustration of one-step template- and binder-free synthesis rout for preparing mordenite monoliths, (B): obtained monoliths with different shape geometries [95]. 
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Table 2. Summary of properties of synthesized zeolite beads.
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	Entry
	Type of Zeolite Framework
	Commercial Name of Resin
	Si/Al Ratio
	Surface Area (m2/g)
	Application
	Ref.





	1
	Silicalite-1/MFI
	MSA-1
	∞
	930
	Catalysis/Molecular Sieve
	[72]



	2
	Silicalite-1/MFI
	WBA
	∞
	559
	Catalysis/Molecular Sieve
	[72]



	3
	Beta/BEA
	MSA-1
	50
	640
	Catalysis
	[73]



	4
	ZSM-5/MFI
	MSA-1
	50
	300–850
	Catalysis
	[74]



	5
	Cr-Beta/BEA
	MSA-1
	50
	651
	Catalysis
	[75]



	6
	Pd-Beta/BEA
	MSA-1
	50
	144
	Catalysis
	[76]
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