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Abstract

:

The study on the synthesis of zeolites, including both the development of novel techniques of synthesis and the discovery of new zeolitic frameworks, has a background of several decades. In this context, the application of organic structure-directing agents (SDAs) is one of the key factors having an important role in the formation of porous zeolitic networks as well as the crystallization process of zeolites. There are various elements that are needed to be explored for elucidating the effects of organic SDAs on the final physicochemical properties of zeolites. Although SDAs were firstly used as pore generators in the synthesis of high-silica zeolites, further studies proved their multiple roles during the synthesis of zeolites, such as their influences on the crystallization evolution of zeolite, the size of the crystal and the chemical composition, which is beyond their porogen properties. The aim of this mini review is to present and briefly summarize these features as well as the advances in the synthesis of new SDAs during the last decades.
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1. Introduction


Zeolites with both natural and synthetic origins are metallosilicate materials possessing unique physicochemical properties such as crystallinity, acidity, hydrothermal stability, ion-exchange ability and shape selectivity [1,2]. Due to these prominent features, zeolites are applicable in different commercial fields such as catalysis, adsorption and separation processes [3,4,5]. On the other hand, their synthesis is a challenging task that requires the tuning of several parameters in order to obtain the desired product at the end of the process. For instance, chemical compositions of precursors, type of mineralizers, temperature, aging time as well as the type and concentration of structure-directing agents (SDAs) are needed to be optimized smartly during the synthesis of zeolites [6,7]. From the historical background, for both lab and commercial synthesis of zeolites, great strides have been made in the twentieth century, which began with the pioneering works of Barrer [8]. However, from the time of the discovery of natural zeolites dating back to the eighteenth century, mineralogists and chemists put a lot of effort into disclosing how zeolites are formed in nature. From the mid-20th century, several zeolites with different topologies (e.g., MOR, FAU, MFI and BEA frameworks) were obtained in the lab. All these zeolites have natural analogs known before or in some cases after the synthesis in the lab [9]. Despite the topological similarities between these two classes of zeolites, an obvious distinction is the absence of organic structure-directing agents (SDAs) in the process of formation of natural zeolites [9]. Interestingly, the first generation of lab-made zeolites (e.g., LTA and FAU topologies, also characterized as low Si/Al zeolites) were synthesized in the absence of organic SDAs and entirely by the aid of inorganic precursors in which the alkali and alkali earth metals performed the role of SDAs [10,11]. Thereafter, utilizing the organic SDAs proved to be a method for the synthesis of new zeolitic frameworks with higher Si/Al ratios, such as ZSM-5 (MFI) and zeolite Beta (BEA), and also assist in the facile synthesis of other zeolites such as FAU and LTA frameworks, which were previously prepared in the absence of organic SDAs [12,13,14]. In this context, simple organic molecules such as quaternary ammonium molecules or small amines were the first generation of organic SDAs [15]. The application of these molecules in the synthesis of zeolites was a turning point for the future research directed in the field of synthesis of new SDAs in order to discover new zeolitic structures such as several high Si/Al ratio frameworks or odd-member ring frameworks having 11- or 15-T atom rings in their structure [16,17,18]. Here, the T atom is representative of Si or other framework heteroatoms such as Al, B, Ga, Ge and so forth. To attain this goal, various properties of the final SDAs such as geometrical properties, hydrophobicity and structural stability should be addressed properly [19,20]. In addition, other factors such as the affinity between SDA molecules themselves, the interaction between SDA molecules and zeolite precursors and the location of SDA within the zeolite porous network (e.g., inside channels or cages) govern how the zeolite crystallization evolves [21,22]. From this standpoint, an overview of different organic species used in zeolite synthesis seems essential. On the subject of organic SDAs, the type of interaction that leads to crystallization is very important. A simple but conceptual definition is that organic SDA species cause the crystallization of microporous zeolites, while some other organic molecules, which cannot themselves nurture the crystallization process of zeolites, are categorized as pore-fillers [23]. They can be added to the zeolite primary suspension containing the SDA to merely occlude the pores and thus they have no effect on the formation of zeolite structures as well as the crystallization step [23,24,25,26,27,28]. In view of functionality, pore-filling agents can be also served in the case of the treatment of as-synthesized zeolites, in order to occupy zeolite pores and to prevent the destruction of pores or dissolution of pore constituent elements in the acidic or basic medium [24]. They can also be used in the formation of multi-dimensional pore systems where the stabilization of one type of channel or cavity requires the utilization of additional organic moieties, which does not exactly act like SDA species [25]. In other words, the presence of pore-fillers is not solely enough for zeolite crystallization and besides that, the molecule should have the ability of structuring and stabilizing the pores to be considered as an SDA molecule [26,27,28,29]. In short, the functionality of organic SDAs is notably different from pore-filling agents and the organic SDA also plays the role of a pore-filling agent, while pore-filling agents cannot necessarily play the role of organic SDAs and are less- or non-selective to the zeolitic phase formation but provide enough basicity for zeolite formation [28,30,31]. For reasons of transparency, the term true template has been used as a similar or equivalent term to SDAs in many studies [27,28,29,30,31,32,33]. Despite several similarities, true templates are also applied for the synthesis of zeolitic frameworks that are synthesized only by means of a limited number of SDAs or a single type of SDA [34]. In this respect, a few organic species are available as true templates, but they are still SDAs and their functionality does not differ from SDAs [34,35,36]. The term modifier in zeolite synthesis is applied when an additive is used to alter the interactions, for example, with zeolite Al species [37] or orienting zeolite films on a surface, which is called a surface modifier, such as organic surfactants [38]. However, the aim of this review is to illuminate exclusively the role of organic SDAs in the synthesis of zeolites, which indubitably have a structuring role during the crystallization process.



It is noteworthy that the chemical properties of zeolites including both the number of active sites (e.g., Al atoms) as well as their location in the framework are affected by the type of SDA so that the application of different SDAs leads to different catalytic properties for a given synthesized zeolite [39]. Another reason to investigate new SDA materials was the microporous nature of conventional zeolites (with pore diameter < 2 nm), which is a limiting factor for their application in catalyzing bulky molecules (e.g., biobased compounds reactions in liquid phase). In this regard, the synthesis of large-pore zeolites having 14-T, 18-T, 20-T 28-T and 30-T atoms in one ring is one of the strategies for solving diffusion limitations inside the micropores [15,40,41]. Another strategy is the synthesis of so-called “hierarchical zeolites” possessing secondary mesopores (2 nm < dp < 50 nm) as well as macropores (dp > 50 nm) along with the original micropores using new SDAs [42]. The former class of zeolite was mainly synthesized by means of soft templating techniques. An interesting example is the synthesis of mesoporous Engelhard titanosilicates (known as titanosilicates possessing both octahedral TiO6 and tetrahedral SiO4 in their structure) in the presence of cetyltrimethylammonium bromide (C16TMAB) or other tetraalkyl bromides, which remarkably change the size and morphology crystals of these zeolites [43,44]. On the other hand, obtaining hierarchical zeolites has been achieved by the application of both soft and hard templating techniques, and here the former one is a matter of discussion [45,46]. For the sake of clarity, the hard templating technique is also used for macroscopic shaping of zeolites using several macroscopic solid templates (e.g., polymeric beads [47], carbon monoliths [48], organic aerogels [49], and polyurethane foams [50]), which is beyond the scope of this review. It is noteworthy to mention that zeolites can be directly synthesized from raw materials (e.g., mineral clays) or industrial waste (e.g., fly ash) by means of hydrothermal transformation with a wide range of applications in adsorption and separation processes. Although this synthetic protocol is not in the scope of our review, it is a very useful technique that can diminish the negative impacts of industrial wastes on the environment [51,52,53]. In addition, the incorporation of heteroatoms in a metal–zeolite framework (e.g., Ni-MFI topology) rather than conventional Al-containing zeolites needs the synthesis technique, which is modified by altering pH and the type of precursors as the interaction of heteroatoms with organic SDA can differ from Al and Si [54].



The aim of this review is to provide a survey about the role and effects of SDAs in the synthesis of zeolites, as well as the recent advances in the field of the synthesis of novel SDAs. The effect of SDAs on zeolite physicochemical properties (e.g., Si/Al ratio, acidity, textural properties and crystal growth) is demonstrated in Figure 1 and further discussed in the following sections of this review.




2. Effects of SDAs on the Chemical Composition of Zeolites (or Si/Al Ratio)


SDAs were firstly employed to obtain new zeolites with higher Si/Al ratios (e.g., SiO2/Al2O3 > 5) and for this purpose, molecules such as quaternary ammonium were used [12,13,55,56]. As stated before, in the first generation of zeolites with low Si/Al ratios (Si/Al < 3), micropores were produced by trapping inorganic cations (e.g., Na+, K+) within the zeolite precursors, which are forming the zeolite primary building blocks. The structural rearrangement of zeolite primary building blocks around these cations led to the formation of final zeolite product after crystallization completion. Inorganic cations, stabilize the zeolitic framework by neutralizing the lattice charges. Although the presence of inorganic and organic SDAs has also shown to have cooperative effects on the crystallization process of zeolites [57], the presence of organic SDAs is essential in the case of the synthesis of zeolites with higher Si/Al ratios to fill the pores, prevent the dissolution of precursors and meanwhile stabilize the porous structure as well (see Figure 2) [58]. For example, in the case of LTA-type zeolites, with the assistance of tetramethylammonium cations (TMA+) and Na+, the Si/Al ratio of the zeolite was increased from 1 to 3, indicating that the number of tetrahedrally coordinated Al atoms will decrease in the presence of TMA+ [59]. Following this, using a mixture of TMA+ and larger tetraethylammonium cations (TEA+), the Si/Al ratio of LTA zeolite increased to 9 (zeolite UZM-9) [59]. The impact of organic SDAs on the chemical composition of zeolite has been more elucidated when the pure silica and highly hydrophobic LTA (ITQ-29, Si/Al =   ∞  ) was synthesized using a supramolecular SDA [60]. Although some zeolites with high Si/Al ratios can be also prepared solely in the presence of inorganic cations, notable amounts of seeds are used for this aim (so-called “seeding technique”), which is not the target of this study [61]. The role of organic SDAs in lowering the amount of Al atoms is attributed to their larger size and the lower amounts of positive charges that they insert in the lattice compared to the number of charges introduced by small inorganic cations. Accordingly, lower negative charges are required for neutralization of the lattice charge, which rationalizes the contribution of lower Al atoms in the structure [62,63]. This finding was helpful for the facile synthesis of high-silica zeolites (Si/Al > 10) with high hydrothermal stability and strong Brønsted acidity as suitable heterogeneous catalysts for utilization in gas phase reactions at elevated temperatures in which the strong type of Brønsted acidity is generated due to the presence of lower population of Al atoms in the framework [62].



It should be noticed that the use of SDAs is not limited to one topology and several frameworks are synthesized using different concentrations of the same SDA. Here, the composition of primary gel also affects the selectivity of zeolite phase (see Table 1). For example, the presence of higher amounts of heteroatoms such as Al in the primary gel (e.g., Si/Al molar ratio of ~ 10–20) conducts the formation of open zeolitic frameworks with low framework densities, which is accomplished by promoting the formation of higher numbers of 4-ring (4 dr) building blocks [64]. In addition to the experimental works that have been performed on the effect of SDA on the Si/Al ratio of zeolite, after the 1990s, by development and application of computational techniques and advanced theories of quantum mechanics (e.g., Density Functional Theory, DFT), scientists are trying to predict the location and type of active sites (e.g., Al) as well as the structure of hypothetical zeolites using new SDAs in advance [18,65,66]. Computational techniques in many cases have been helpful for interpretation of the mechanism of cooperation of SDAs with the negative framework species. Accordingly, Al distribution and position can be explored based on the SDA occupancy within the zeolite void spaces [63,67,68]. The effect of SDA on altering the final Si/Al ratio of zeolite is shown in Table 1.




3. Effects of SDAs on the Zeolite Crystallization Process


SDAs with insufficient hydrophobicity display low interaction with inorganic moieties, which affects the crystallization step by promoting the formation of competitive amorphous phases [71]. Such an effect was observed in our experiments when we were trying to synthesize spherically shaped zeolite Y (i.e., in bead form) using a type of macroscopic polymeric beads as the shaping template. Compared with zeolite primary gel, the polymeric beads have different chemical compositions and surface chemistry, which is more likely arising from the presence of functionalized groups attached to their surface. For that reason, the crystallization around these polymeric beads was not successful compared to the bulk of zeolite (i.e., in powder form). Obviously, better crystallinity was obtained for zeolite Y beads using TMA+ compared to the non-organic templating synthesis (see Figure 3). The size of crystallites of both zeolite Y samples was calculated based on Scherrer equation and the results showed an average crystallite size of 43.28 nm in the case of zeolites synthesized in the presence of TMA+ and 84.05 nm in the sample synthesized in the absence of TMA+.



In addition, the particle size visualized by SEM techniques is not shown here and reflected that the presence of TMA+ as SDA notably increases the size of zeolite Y particles (from the average size of 3.5 µ in the absence of SDA to an average size of 74 µ in the presence of TMA+). However, it should be noticed that due to the semi-amorphous nature of the zeolite Y spheres prepared in the absence of TMA+, the size of the particles visualized by SEM is approximately measured (in some parts, amorphous phases covered the surface of particles). Such observations are pointing out that SDAs are not only working as pore-fillers but also interact with the Si species mainly through van der Waals forces [72]. It also demonstrates that SDAs can determine the geometry of zeolite pores and the type of final crystalline structure [73].



Nonetheless, the comprehension of how micropores are generated by the aid of SDA molecules and how crystallization propagates within the primary gel is still a matter of argument [74]. It is known that the type of interaction between zeolite precursors and SDAs can alter the concentration of the organic template in the zeolite framework. In other words, the total energy of a zeolite–SDA system is lower in a framework with densely-packed SDAs [72,73]. Moreover, the more possibly formed structures during the crystallization of zeolites by employing SDAs are not the most stable ones but are those ones with the greatest nucleation abilities growing under thermodynamic or kinetic control. This phenomenon depends on the conditions of crystals’ growth step during the crystallization process [39]. Finally, other factors such as amounts of trivalent atoms (e.g., Al), presence of other heteroatoms such as germanium, the H2O/Si molar ratio and the type of mineralizers (e.g., OH−, F−) can influence the formation of certain crystalline structures. These factors become more pronounced if the SDA species are not fully matched within the porous network of a certain zeolitic structure [75,76]. For instance, gallosilicate ECR-34 with ETR topology (18-T atoms in one ring) is synthesized via collaboration between organic SDA and two inorganic cations (See Figure 4). For the synthesis of this material, TEA+, Na+ and K+ are utilized for structuring the porous network [77].




4. Application of the SDAs in the Formation of Microporous Zeolites


The relation between the size and geometry of SDA molecules and the final configuration of generated cavities is attributed to the interactions between the SDA and inorganic framework of zeolites, by which the rotation of SDA inside a forming pore is prohibited by negatively charged species [79]. In this regard, small and spherical molecules can form Clathrasils possessing polyhedral cavities with small windows, which are not large enough for bulky molecules to pass through them easily [80]. Larger branched molecules such as quaternary ammonium molecules (e.g., TMA+, TEA+, etc.) possess rigid structures and mainly generate 3D zeolites (e.g., MFI or BEA topology, Figure 5), while linear diquaternary cations such as hexamethonium cation are flexible species and generate 1D porous networks such as ZSM-48 and EU-1 (* MRE and EUO framework, respectively) [81,82].



Afterwards, the next generation of SDAs was synthesized by modification of C-substituted piperidine through derivatization on the nitrogen atom to give primary, secondary and tertiary amines. By using these SDAs, various types of high-silica zeolites such as SSZ-23, SSZ-35, SSZ-39 and SSZ-44 were synthesized [83]. In addition, by placing organic molecules at the end of the chain of linear diamines and using them as SDAs, several new structures such as IM-5, TNU-9, TNU-10, SSZ-74 and SSZ-75 were obtained [83,84,85,86,87]. The 1D pentasil zeolites with high Si/Al ratios such as ZSM-12 (MTW), ZSM-22 (TON) and ZSM-23 (MTT) were obtained using the derivative molecules synthesized by mono- or multiple alkylation of imidazole [88]. By conducting the synthesis in HF medium and using substituted imidazoles, ITQ-12 (ITW) was obtained [89]. SSZ-70 and IM-16 (UOS) were also synthesized using this SDA in the presence of boron and germanium, respectively [90,91]. For the synthesis of SIZ-7 (SIV) imidazolium was used as the SDA [92]. MFI zeolites, which are synthesized commonly in the presence of TPA+ cations, have been also prepared using hydrothermally stable di- and triquaternary ammonium cations [29]. Other frameworks such as MOR, MTW, SSZ-31, SSZ-37 and MSE were prepared using SDAs obtained by Diel–Alder reaction [93,94]. In these cases, rigidity is an important factor for the selection of SDAs to produce low-density and highly porous frameworks with 3D and large pores such as CIT-1 (CON) or MCM-68 (MSE) topologies [95]. MCM-68 is the first zeolite synthesized with channels having 12-T atom rings [95]. Here, a very large and rigid SDA obtained by Diels–Alder reaction was used to produce such large channels [95]. SSZ-50 (RTH) was synthesized using polycyclic SDAs prepared by Beckmann rearrangement reaction [96]. SSZ-56 (SSF) was synthesized by employing a bicyclic SDA prepared by catalytic hydrogenation of substituted quinolone [97]. In addition, SSZ-55, SSZ-57 and SSZ-58 (SFG) were synthesized by reductive amination of ketones [98,99]. SSZ-53, SSZ-59 (SFN) and SSZ-65 (SSF) were synthesized by the amination of acyl amine [100,101,102]. Despite the long list and diversity of the above-mentioned SDAs, their application also has some limitations originating from their higher hydrophobicity and large size, which are troublesome for their solubility in the aqueous medium and to generate solvated cations. Indeed, the carbon-to-nitrogen ratio of these species is an indication and the optimum range has been reported to be between 11< C/N+ < 15 to assist the formation of high-silica zeolites [58]. This demonstrates that a moderate hydrophobicity grants better ability to such SDA to efficiently crystallize high-silica zeolites [103]. In contrast, inherently hydrophilic SDAs can be generally inappropriate species due to the formation of hydration spheres around their structure, and therefore, these species hardly interact with SiO4− precursors [103].




5. Co-Templating Technique Using Organic SDAs


The idea of the co-templating technique originated from the synergic cooperation of two or more organic SDAs to generate different types of secondary building units (SBUs) in the final structure. Moreover, other species such as inorganic cations (e.g., Na+), F−, Ge and H2O also have co-templating roles during the zeolite crystallization step. The co-templating effects of two or more organic SDAs in the formation of a specific zeolitic phase become more essential when cavities and channels with different diameters and geometries cannot be created merely using one organic SDA. In such cases, the application of at least two SDAs can facilitate the zeolite formation where each SDA builds up one of the porous network components (e.g., cages or channels). The distribution of framework heteroatoms (e.g., Al) and also their locations are directly influenced by the type and size of organic templates used in the co-templating technique. The heteroatoms are more likely placed in locations that are less accessible by SDAs [104,105]. A similar incorporation mechanism has been suggested for the insertion of Si atoms in SAPO materials prepared using co-templating techniques [30,31,106,107]. Co-templating also influences the crystallization process by altering nucleation and growth steps whereby the ultimate crystal size, morphology and chemical composition are directly affected by the presence of organic SDAs. As stated for mono-SDA application, the co-templating also increases the Si/Al ratio of final zeolite [108]. The formation of larger crystals, which has been frequently claimed in these cases, is directly linked to the low supersaturation rate in the zeolite primary suspension containing two or more templates, which can prevent the generation of large amounts of nucleation centers.



The first zeolite produced using the co-templating technique was ZSM-39 synthesized by combining TMA+ and propylamine and later by TMA+ and ethylamine as templates [109,110,111]. This zeolite consists of two different cavities with smaller pentagonal dodecahedron and larger hexadecahedron cages [111]. Further studies revealed that the formation of these cages depends on the SDA size, where larger TMA+ occupies the larger cavities and the propylamine fills the smaller cage. A primary zeo-type material synthesized using this technique is SAPO-37 (FAU) [112]. For the synthesis of this material, both TMA+ and TPA+ (tetrapropylammonium cation) are required as SDAs (Figure 6). In this case, a larger TPA+ is used to form larger FAU super cage while a smaller TMA+ is a suitable molecule for the formation of a smaller sodalite (sod) cage [113]. The TMA+/TPA+ molar ratio is an important factor for the crystallization of SAPO-37, and beyond a narrow ratio, other phases such as SAPO-20 and SAPO-5 can be also formed [113].



SAPO-34 (CHA) is another example of zeo-type materials obtained also by the combination of TEA+ and di-n-propylamine or cyclohexlylamine as the second SDA [114,115]. Alternatively, SAPO-34 has also been synthesized by triple-templating and employing TEA+, trimethylamine and morpholine as organic SDAs, in which the ratio between these templates can significantly alter the physicochemical properties of SAPO-34 [116]. Other frameworks such as SSZ-25, SSZ-28, SSZ-32, SSZ-35, SSZ-47 and UZM-5 (UFI) have been synthesized using co-templating technique as well [117,118,119].



The co-templating technique is also beneficial for those zeolites that are synthesized using an expensive SDA. In this condition, the application of small quantities of an expensive SDA can initiate the nucleation, while the addition of more portions of inexpensive amines such as isopropyl- or isobutylamine enables the crystallization to move forward in a cost-effective direction. These amines efficiently occupy the pores (e.g., pore-filling agents) and stabilize them and meanwhile provide enough basicity to enhance the rate of crystallization of zeolites [120].




6. Soft-Templating Technique for the Synthesis of Large Pore and Hierarchical Zeolites


Applying bulky templates or so-called “soft templates” yields a network of interconnected pores with multi-level diameters also known as hierarchical zeolites. With respect to the presence of such porous systems, diffusion properties within the zeolite crystals can be improved. For instance, mesoporous zeolites have been synthesized using several types of soft templates, such as cationic surfactants, silylated polymers, cetyltrimethylammonium bromide, Pluronic F127 or a combination of these super large templates [121,122,123]. A hierarchical SAPO-34 structure was obtained by means of a quaternary ammonium-type organosilane surfactant and diethylamine [124]. The surfactant here was used as a mesopore generator and also as a part of silica precursor. This material displayed a nanosheet structure [124]. Moreover, a layered type of ZSM-5 has been prepared using a type of bulky SDA, consisting of two quaternary ammonium groups attached to the ends of a long-chain alkyl group with 22 carbons in a chain [125]. The cationic group acts as an SDA, while the hydrophobic chain prevents the particles from growing in the “b” direction, and so the zeolitic monolayers are produced in this protocol [125].



Finally, it would be interesting that the self-organization of surfactant molecules enables them to form supermolecular micelles, which can be also used as SDA for large pore formation (Figure 7). These species are intrinsically flexible and by smart design of their geometrical packing properties as well as their functional groups, better control on the porous structure is possible [126,127]. The application of co-surfactants, swelling agents and inorganic salts also increase the degree of control on geometrical packing of the micelle. However, the downside of this technique is in the formation of amorphous phases in addition to the crystalline zeolitic phase [128].




7. Influence of SDAs on the Size of Zeolite Particles: Giant (Several Microns/Millimeter Scale) Crystals versus Miniaturized (Nanoscale) Zeolites Particles


The main key factor for the synthesis of large crystals of zeolites is the addition of an agent that can control the nucleation rate and keep it low. Fluoride is the most famous mineralizer, which can produce large zeolitic crystals by suppressing the nucleation step and favoring the growth step under low supersaturation conditions. Interestingly, organic SDAs affect both the morphology and size of the zeolite crystal. For instance, the MFI-type zeolite synthesized using conventional TPA+, differs in morphology and size (i.e., coffin-shaped crystals, 5 µm in magnitude) compared to those prepared using diquaternary ammonium cations, which give various morphologies such as octagonal, leaf-shaped and platelike crystals. The crystal size increases up to 5 µm only in the case of (C3H7)3N+(CH2)6N+(C3H7)3, while other amines reduce the crystal size to 1 µm [129]. Larger crystals of the MFI-type zeolite were synthesized using tetra-, tri- or dipropylammonium fluoride molecules [130]. In addition, the morphology of TPA-MFI showed to be more elongated, and while using other SDAs, cubic-like morphologies were obtained [131]. In another study, using pyrrolidine as the SDA, several zeolites such as ZSM-5, ZSM-35, ZSM-39, ZSM-48 and KZ-1 were prepared and it was reported that both morphology and size of ZSM-5 prepared by pyrrolidine differentiate from TPA-ZSM-5 [132]. The effect of SDA quantity on the morphology and size of zeolite crystals has also been studied for TPA-MFI and proved that lower amounts of SDA increase the size of crystals with a rod-like morphology [133,134]. Application of TEA+ in the synthesis of zeolite Y has shown to be effective for the synthesis of zeolite Y with large crystal sizes between 210–245 µm [135].



In contrast, the application of large amounts of SDAs leads to the synthesis of zeolite crystals in the nano-range [136,137]. Traditionally, reducing the zeolite particle size to the nano-scale requires a high nucleation rate, and meanwhile, the alkali metal concentration should be decreased to prevent particle aggregation. For compensating for the lack of alkali metals, large quantities of SDAs (e.g., alkyl amines) should be used, which in turn, decrease the size of zeolite particles. A series of zeolites that can be synthesized in the nano dimension using SDAs are shown in Table 2. Similar to the mono-templating, the co-templating technique also demonstrates similar effects on zeolite particle size. For example, the crystal size of SAPO-34 synthesized using three templates (i.e., TEA+, trimethylamine and morpholine) was reduced from 3.25 µm to 0.64 µm at certain molar ratios between the above-mentioned SDAs [116]. In line with this, by increasing the size and charge of SDA, the zeolite crystal size is decreased as also reported for CHA type zeolites [114].




8. Summary and Concluding Remarks


This mini-review has represented the effect of SDAs on zeolite physicochemical properties. Although in recent decades, several new SDAs have been invented, defining optimum properties for an SDA molecule is not straightforward. To look more closely at SDA development, one can see that several parameters interplay in this process, namely the interaction between SDA and zeolite precursors or with solvents, structural stability (rigidity), degrees of hydrophobicity, and so forth. The impacts of quantity and nature of SDA are also important in the zeolite synthesis procedure and should be taken into account. Developing an in-depth knowledge about these features is still in progress and requires comprehensive insight into their multi-task role in zeolite crystallization. Altogether, having all these complexities, the combination of computational and experimental approaches is essential for the assessment of available SDAs, as well as modelling of new species to outline protocols for the synthesis of new alternative SDAs.
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Figure 1. The effects of SDAs on the physicochemical properties of zeolites. 
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Figure 2. Schematic representation of (A) The formation of primary zeolitic Y building blocks (FAU topology) around organic SDAs (TMA+) and (B) the formation of zeolite Y supercage by assembly of secondary building blocks (i.e., sodalite and 6-ring units). 
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Figure 3. Diffractogram of (A) Zeolite Y beads prepared in our lab in the absence of organic SDA and (B) Zeolite Y beads prepared in our lab in the presence of TMA+. 
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Figure 4. ETR framework overview containing large cages with ring size of 18-T atoms; (the image is produced by 3D drawing tool in database of zeolites structures, Accessed 17 March 2022) [78]. 
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Figure 5. Microporous zeolites with different types of pores and channels, (images are produced by 3D drawing tool in database of zeolites structures, Accessed 17 March 2022) [78]. 
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Figure 6. SAPO-37 synthesis using the co-templating technique: formation of the supercage using larger TPA+ molecules and sodalite cage using smaller TMA+ molecules (SAPO-37 image is produced by 3D drawing tool in database of zeolites structures, Accessed 17 March 2022) [78]. 
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Figure 7. The schematic representation of macromolecular surfactant encapsulated gradually by Si and Al species to form mesopores in the final zeolite structure. 
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Table 1. Effects of organic SDAs on the Si/Al ratio of synthesized zeolites [69,70].
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Entry

	
Zeolite Topology

	
Zeolite Name

	
Obtained Si/Al

	
SDA






	
1

	
CHA

	
Chabazite

	
2.1

	
No SDA




	
SSZ-13

	
13.3

	
N,N,N,trimethyl-1-adamantammonium




	
2

	
EDI

	
Linde Type F

	
1.0

	
No SDA




	
1.5

	
TMA+




	
3

	
EMT

	
EMC-2

	
1.1

	
No SDA




	
3.8

	
crown ether




	
4

	
FAU

	
Linde Type Y

	
2.4

	
No SDA




	
High Si EMC-1

	
3.8

	
15-crown-5




	
5

	
KFI

	
ZK-5

	
3.4

	
No SDA




	
High Silica KFI

	
3.8

	
18-crown-6




	
6

	
LTA

	
Linde Type A

	
1.0

	
No SDA




	
ZK-4

	
1.4

	
TMA+




	
Zeolite Alpha

	
3.0

	
TMA+




	
7

	
OFF

	
Linde Type T

	
3.5

	
No SDA




	
Offretite

	
3.8

	
TMA+
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Table 2. Effects of organic SDAs on the particle size of zeolites [69].
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	Entry
	Zeolite Topology
	Zeolite Name
	SDA





	1
	EDI
	Linde F
	-



	2
	EDI
	Nanosized Linde F
	TEA+



	3
	FAU
	Linde Type Y
	-



	4
	FAU
	Nanosized Linde Type Y
	TMA+



	5
	LTA
	Linde Type A
	-



	6
	LTA
	Nanosized Linde Type A
	TMA+
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