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Abstract

:

Hydrothermal, solvothermal or ionothermal routes are usually employed for the synthesis of zeolite, which is often accompanied by a high energy consumption, high cost and low efficiency. We have developed a novel route for the rapid and high yield synthesis of mordenite (MOR) zeolite via an ice-templating method. In comparison with traditional hydrothermal synthesis, not only the high yield, but also the superior crystallinity, large reduction in water level and reaction pressure, simple device and conventional silica sources by this route can have great potential for the commercial production of pure MOR zeolite. Moreover, the changed bonding environment of silicon atoms in MOR zeolite, that is, a relative decrease in the tetrahedrally coordinated Si–O–Si bond, and accordingly, an increase in the T–OH (T = Si, Al) groups and Si–O–Al sites, remarkably enhances its acid strength.
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1. Introduction


Zeolites are microporous aluminosilicates or aluminophosphate materials with precisely uniform channels that play a significant role in chemical industry due to their excellent properties, such as high surface area, large pore volume, hydrothermal stability and strong acidity [1,2,3]. In particular, mordenite (MOR) zeolite has been studied as an active matrix in crucial reactions, such as isomerization, alkylation, reforming, dewaxing, the selective carbonylation of dimethyl ether to methyl acetate, and light olefins synthesis [4,5]. Its microporous structure consists of two pore channels with a one–dimensional channel composed of 12–MR (0.67 × 0.70 nm) and two narrow 8–MR (0.26 × 0.57 nm and 0.34 × 0.48 nm) [6,7,8].



It has long been accepted that zeolites are synthesized by hydrothermal, solvothermal and ionothermal methods, which are usually unavoidable in terms of a large amount of solvents, high energy consumption, high autogenous pressure and low yields [5,9,10]. Dry gel conversion (DGC) and solvent–free synthesis have been studied extensively with a significant increase in the space–time yield of zeolite production [11,12,13,14]. The DGC process is carried out in a specially equipped reactor at a temperature of 150~200 ℃, where a dry gel sample is placed on the top of a Teflon reservoir with water or other volatile liquids [15]. In addition, the powder–state dry gel is obtained by being oven–dried at 60 °C~100 °C to remove the large amount of water solvent, which can be regarded as pre–crystallization treatment and may destroy the framework of the initial gel [16,17,18]. In 2001, the direct formation of self–bonded pellets to MOR zeolite via the treatment with low–water–content systems was researched by P. De Luca et al., addressing the issues resulting from excessive water usage [19]. In 2012, a novel and generalized solvent–free route was proposed by Xiao’s group for synthesizing zeolites with a physical mixture of hydrated solid raw materials, followed by grinding and heating, where the solvents could be almost completely avoided [20]. Compared with the traditional hydrothermal methods, it not only significantly enhances the zeolite yields but also decreases to a great extent the production of polluted waste. However, it should be noted that the hydrated form of raw materials is a crucial factor in solvent–free synthesis. Nowadays, it is still a big challenge for industrial conventional anhydrous raw materials [2,20,21].



The ice-templating method (also known as freeze casting or ice–segregation–induced self–assembly) has the advantages of versatility, cost efficiency and environmental friendliness in porous constructing technology. It has been extensively used in the preparation of porous inorganic materials, the design of biological materials and even human tissue engineering [22,23,24]. Small ice crystals were formed during the frozen process and act as templates to change the initial structure of the precursors, which are then removed by sublimation during the drying stage, leaving the precursors with porous structures [25,26,27].



Herein, we proposed a novel route for the rapid and efficient synthesis of MOR zeolite by the ice-templating method. Compared with traditional hydrothermal synthesis, it shows distinct advantages with respect to fast nucleation and crystallization, high crystallinity, high zeolite yields, simple device and conventional silica sources. Considering those “efficient” properties, it is believable that the ice-templating method is of significant importance for zeolites production.




2. Results and Discussions


2.1. Formation of MOR Zeolite by Ice-Templating Method


The XRD patterns in Figure 1 show the typical features of MOR zeolites produced by the traditional hydrothermal synthesis method with H2O/SiO2 = 17.7 at 180 °C for 24 h (T–MOR–24), 72 h (T–MOR–72) and 120 h (T–MOR–120), as well as the sample prepared by the ice-templating method under a desired water (H2O/SiO2 = 3.0) or Na2O content (H2O/SiO2 = 3.0, Al2O3/Na2O = 34) at 180 °C for 24 h (IW–MOR–24 and IN–MOR–24, respectively). All of these samples reveal a high crystallinity that is consistent with the standard XRD pattern of MOR zeolite (JCPDS No.80–0642) [28,29]. It indicates that the well–designed MOR zeolites were successfully synthesized via the ice-templating method in this work. Furthermore, it seems that the crystallinities of the prepared IW–MOR–24 and IN–MOR–24 zeolites are superior to that of T–MOR–120, showing in the relatively enhanced diffraction peaks at 2θ values of 9.7°, 22.2°, 25.6°, 26.2° and 27.6° in Table 1 (the relative crystallinity of the samples was calculated according to Section 3.3, and the IN–MOR–24 samples were regarded as 100%). This result clearly demonstrates that the crystallization rate of zeolites was accelerated by the ice-templating method, especially when the dry gel was crystallized under a desired Na2O content.




2.2. Influence of H2O/SiO2 Ratio during the Crystallization of Dry Gel


To achieve a deeper understanding of the water role during the crystallization of dry gel, the MOR samples were crystallized with different H2O/SiO2 molar ratio ranging from 0, 1.5, 3.0, 4.5, 6.0, 12.0, 17.7 to 24.0 under 180 °C for 24 h. The prepared catalysts in this section were donated as IW–MOR–24–x, where x represents the H2O/SiO2 ratio, while the sample prepared by traditional hydrothermal synthesis was designed as T–MOR–24–17.7. It can be seen clearly from the XRD patterns (Figure 2) that IW–MOR–24–0 zeolite without any water amount displays no diffraction peaks, which suggests that the synthesis of zeolite requires a small amount of water participation at least [14,30]. Furthermore, the crystallinity of the zeolites tends to be enhanced as the H2O/SiO2 ratio increases from 1.5 to 3.0, while the crystallinity gradually decreases as the water amount increases further to 4.5 and even more. It is generally believed that there is a depolymerization process of the formed amorphous aluminosilicate gel and a repolymerization to a desired topology through nucleation and crystal growth during hydrothermal synthesis [31,32]. It can be inferred that the depolymerization process and the number of spontaneously generated nucleus sites is sufficient for achieving perfect crystallization within only 24 h with such a small amount of water (H2O/SiO2 = 3.0), which is much more efficient than the traditional hydrothermal synthesis method with H2O/SiO2 = 17.7. It can be attributed to the generation of a high concentration of the Si, Al–O–Si, Al bonds for repolymerization and the concentrated hydroxyl ions (OH–) for the coordination of tetrahedral silicon atoms to pentahedral or octahedral silicon atoms to accelerate zeolite crystallization [21,33], which is further confirmed in Section 2.3. Furthermore, a significant reduction in autogenous pressure can be achieved by the addition of trace water in the crystallization process; hence, the security concerns are effectively resolved. Whereas it is revealed that the crystallinity of the samples significantly decreases as the water amount increases further from 4.5 to 24.0 ratio. It is noteworthy that almost the same crystallinity is observed in the IW–MOR–24–17.7 and T–MOR–24–17.7 samples. The results presented above can be attributed to the decreased concentration of the Si, Al–O–Si, Al bonds, as well as the decline in alkaline content with a higher H2O/SiO2 ratio, which is further confirmed in the following Section 2.3.




2.3. Influence of Alkaline Content during the Crystallization of Dry Gel


The dry gel precursor was crystallized under a series of alkaline ratios in Figure 3 at the above perfect crystallinity of H2O/SiO2 = 3.0, with the purpose of investigating the effect of alkaline content on zeolite crystallization. The prepared catalysts in this section were donated as IN–MOR–24–x, where x represents the Al2O3/Na2O molar ratio. It is clearly demonstrated that the crystallinity significantly increases with the increased Na2O content (Figure 3). At the same time, IW–MOR–24 without Na2O content presents a relatively low crystallinity. It is widely accepted that Na2O plays an essential role in accelerating the crystallization of zeolites by decreasing the polymerization degree of polysilicate ions, and thus enhancing the polymerization between polysilicate ions and aluminate ions [32,33,34]. It should be noted that the similar enhancing acceleration happens to the samples by the ice-templating method with the increasing Na2O content from 235~34, showing on the increased peak intensity. However, the further increased Na2O content up to 24 and 20 gives rise to the significant degeneration of distinct characteristic peaks (2θ = 9.7°, 22.2°, 25.6°, 26.2° and 27.6°) and the enhanced peaks intensity (2θ = 12.5°, 17.7°, 21.6°, 28.1° and 33.4°) with evolution to zeolite P [35,36]. It can be inferred that the excessive Na2O content is favorable for zeolite P, which is in agreement with the literature report preparing zeolite P by the hydrothermal treatment of natural mordenite with NaOH solutions [37,38].




2.4. Elucidation of the Crystallization Behavior


For a further understanding of the crystallization behavior of MOR zeolite by ice-templating method, the framework structure and morphology of the aluminosilicate intermediates at various crystallization periods were characterized by XRD (Figure 4), SEM (Figure 5) and FT–IR (Figure 6). As shown in Figure 4 and Figure 5, IW–MOR–2 and IW–MOR–4 samples suffered from little or no crystallinity and an irregular morphology, which could be considered as the depolymerization process of the dry gel and spontaneous formation of nucleus sites. Subsequently, the samples gradually evolve into zeolite P with improved crystallinity and partially regular morphology as crystallization, proceeding to 8 h (IW–MOR–8) and 12 h (IW–MOR–12). In contrast, intensive and characteristic diffraction peaks of MOR appeared on the samples, IW–MOR–16, IW–MOR–24 and IW–MOR–36, crystallized for more than 16 h, which is in good agreement with the SEM images, although there are still some small irregular particles, aside from the constantly regular morphology, as shown here. It was suggested that the phase transformation of irregular zeolite P existed during the initial crystallization process. Combined with the above results that zeolite P could be formed with the extension of the Na2O content, it could be concluded that there was a reverse–phase transformation between MOR and zeolite P.



In addition, the further enhanced intensity of the MOR characteristic peaks and changes in morphology with the extension of crystallization time from 24 h to 36 h were not observed. Furthermore, a decreased intensity of the distinct MOR peaks and a smaller irregular morphology were exhibited on the IW–MOR–48 sample (Figure 4 and Figure 5). These observations indicate that the sufficient crystallization can be accomplished with H2O/SiO2 = 3.0 at 180 °C for 24 h.



The vibrations of TO4 (T = Si and Al) tetrahedra were monitored by FT–IR spectroscopy in the 400~1300 cm−1 range on samples synthesized by the hydrothermal method for 24 h and the ice-templating method for 16 h, 24 h, and 36 h (Figure 6). It was recognized that the major characteristic absorption peaks at 430 cm−1, 570 cm−1, 802 cm−1, 1035 cm−1 and 1220 cm−1 were ascribed to the MOR framework [29,39], which is shown on the as–synthesized MOR zeolites in this work. It also proves the successful formation of well–constructed MOR zeolites via the ice-templating method, consistent with the XRD results. It should be noted that the maximum absorption peak at 1035 cm−1 were generally ascribed to the asymmetric stretching vibration of the Si–O–Si bonds. Moreover, they show a much stronger intensity for the IW–MOR–24, IW–MOR–36 and IN–MOR–24 samples in comparison with the T–MOR–24 and IW–MOR–16, suggesting the greater ordering degree of T–O units and crystallinity of samples, as revealed in the XRD patterns.




2.5. Crystallization Kinetics


To shed more light on the nucleation and growth of MOR zeolite, as well as a more precise control of the MOR formation, the crystallization kinetics of the synthetic system, using the hydrothermal (T–MOR–t) and ice-templating method (IW–MOR–t and IN–MOR–t), were studied on a series of “time–relative crystallinity–temperature (t–C%–T)” crystallization curves by exactly controlling the crystallization temperature and period.



The crystal nucleation induction period tn is the corresponding time extended to zero crystallinity from the rapid rising section of the crystallization curve, and the reciprocal 1/tn is taken as the crystal nucleation rate Vn. The slope of the rapidly rising section of the crystallization curve is considered as the crystal growth rate Vg (Figure 7). On the basis of Vn and Vg, the activation energy En of the nucleation and activation energy Eg of crystal growth can be obtained via the Arrhenius formula [40,41] (Figure 8).



It is shown in Figure 7 that the crystallization rate of samples slows down and they reach their respective peaks after a period of rapid rising crystallization. The relative crystallinity of the samples enhances as the temperature increases from 140 °C to 180 °C regardless of the methods used. It can be concluded that a high crystallinity can be obtained in a short time at high temperature. Simulation data, including the nucleation induction period tn, nucleation rate Vn, crystal growth rate Vg, apparent activation energy of nucleation En and crystal growth En are listed in Table 2 and shown in Figure 8. This clearly demonstrates that the higher the crystallization temperature, the shorter the nucleation induction period, and the sooner the nucleation rate and growth rate occur, regardless of the synthesis methods, which further suggests that a high temperature is conducive to both the formation and continuous growth of crystal nucleation. In addition, it clearly reveals that the ice-templating method shows advantages over the traditional hydrothermal method from the perspective of a fast nucleation rate and growth rate, as well as a lower apparent activation energy. Moreover, the significant increase in the crystallinity for the IN–MOR samples can be discussed in terms of the remarkable decrease in the apparent activation energy of nucleation and crystal growth, as well as the sharp increase in the nucleation and crystal growth rate.



In general, the crystal growth rate depends on the driving force of the phase transition (parent phase to new phase) and the migration process of the nutrient material over the new phase. The growth rate of the new phase    u   is proportional to the concentration difference between parent phase    C 0    and    C α    component at the phase boundary, defined as   u ∝  (   C 0  −  C α   )   , where it is applied to the one–dimensional, long–range diffusion growth process of Fick’s first law [42]. The mass concentration of the silicon aluminum nutrients of the T–MOR reaction system was far less than the IW–MOR and IN–MOR systems, due to the presence of a large amount of water. Meanwhile, the freezing and sublimation in the synthesis of precursors may produce a large number of pores, which is beneficial for water diffusion during the crystallinity, necessary to accelerate the depolymerization process of polysilicate ions and the repolymerization to a desired MOR zeolite. It is speculated that the ice-templating method can have a high crystal growth rate compared to conventional hydrothermal synthesis, which is consistent with the above results obtained by the simulation.




2.6. Acid Properties


It is generally accepted that the FTIR absorption spectra at around 3750 cm−1 and 3660 cm−1 is attributed to the terminal silanol groups on the external surface and the aluminol of extra–framework Al species, respectively [43,44,45,46]. Moreover, the signal located at 3620 cm−1 is considered to be the bridging hydroxyls, which are responsible for the strong Bronsted acidic (Si–OH–A1) sites [47,48,49,50]. Compared with T–MOR–24 sample, the absorption peaks of IW–MOR–24 and IN–MOR–24 at 3620 cm−1, 3660 cm−1 and 3750 cm−1 clearly become sharp with the increased intensities (Figure 9). It is indicated that there are more T–OH (T = Si, Al) groups and Si–OH–Al sites, which are closely related to an enhanced acid strength [51,52,53]. Furthermore, the bonding environment of the silicon atoms in the zeolite framework was recorded by the solid–state 29Si MAS NMR spectrum, and the spectrum resonances centered at around −113, −106 and −100 ppm are ascribed to Si(0Al), Si(1Al) and Si(2Al) structure types, respectively [46]. The relative decrease in the tetrahedrally coordinated Si(0Al) is confirmed (Q4) (Figure 10 and Table 3). Taking into account of above observations, it is speculated that the ice-templating method changes the chemical environment of silicon atoms in MOR zeolite, resulting in a relative decline in the tetrahedrally coordinated Si–O–Si bond and, correspondingly, an increase in the T–OH (T = Si, Al) groups and Si–OH–Al sites, which is the main reason for their superior acid strength [29,53]. This conclusion is further proven through NH3–TPD analysis (Figure 11). It is clearly exhibited that the NH3 desorption profiles for IW–MOR–24 and IN–MOR–24 samples show the significant shift to higher temperatures in comparison with the T–MOR–24, regardless of the low temperature peak (lower than 300 °C, corresponding to the weak acid center) and high temperature peak (greater than 400 °C, ascribed to the strong acid centers) [46,54].




2.7. Yield


Generally, a relatively low yield of zeolites has been provided by hydrothermal synthesis method because the necessary solvent takes up most of the autoclave space, and partial raw materials, such as silicates and aluminates, are still included in the solvent when crystallization is completed [2,55]. A high yield of MOR zeolites was obtained in this work due to the effective conversion of amorphous aluminosilicate dry gel into MOR zeolites. For example, autoclaves with a volume of 150 mL are applied to synthesize MOR zeolite with amounts of raw materials as follows: 52.29 g silica sol, 2.31 g NaAlO2 and 3.45 g NaOH. It was calculated that the ice-templating route provided the IW–MOR–24 product with a weight of 19.08 g, which is nearly twice the yield of the T–MOR–24 (9.56 g) zeolite by a traditional hydrothermal route. Not only the high yield but also the superior crystallinity (as shown in Table 4 and Figure 1), as well as the large reduction in the amount of water and reaction pressure by this route can be of great potential for the industrial production of MOR zeolite.





3. Experimental Section


3.1. Materials


Silica sol (SiO2, 25 wt%) was taken from Qingdao Haiyang Chemical Co., Ltd. Sodium aluminate (NaAlO2, 41 wt% Al2O3) and sodium hydroxide (NaOH, 96 wt%) were provided by Sino pharm Chemical Reagent Co., Ltd. The chemicals above were used as received without the requirement of further purification.




3.2. Synthesis of MOR Zeolite by Ice-Templating Method


The synthesis of MOR zeolite was carried out via an ice-templating method without any structure–directing agents (shown in Scheme 1). The molar compositions of the mixtures were set to 1.0 SiO2/0.04 Al2O3/0.2 Na2O/17.7 H2O. In a typical run, NaOH was dissolved in deionized water, followed by the addition of NaAlO2 and stirring for about 10 min at room temperature to provide a clear solution. Then, silica sol was added slowly into the clear solution with fast stirring. The gel mixture was continuously stirred vigorously for 3 h, and then transferred into a freezer at −50 °C for 4 h. The dry gel precursor was obtained with subsequent sublimation under vacuum for 24 h. Subsequently, it was further crystallized under a desired H2O or NaOH solution with H2O (or NaOH solution)/dry gel = 0, 0.3, 0.6, 0.9, 1.2, 2.4, 3.5 and 4.8 mass ratio (the corresponding H2O/SiO2 = 0, 1.5, 3.0, 4.5, 6.0, 12.0, 17.7 and 24.0) in a 150 mL Teflon–sealed autoclave at T °C for t h. All crystallized samples were washed several times with deionized water until the pH value was neutral and dried at 110 °C for 12 h. Finally, the as–prepared MOR zeolites was received after calcination at 550 °C for 6 h. The as–obtained zeolites were designated as IW–MOR–t (crystallization under water solution) and IN–MOR–t (crystallization under NaOH solution), where “t” denotes the crystallization time.



For comparison, MOR zeolite with the same molar ratio, 1.0 SiO2/0.04 Al2O3/0.2 Na2O/17.7 H2O, was prepared by traditional hydrothermal synthesis method. NaOH, NaAlO2 and silica sol were mixed to produce the gel precursor, which was then crystallized in the Teflon–sealed autoclave at the same temperatures as above for t h (t = 12, 24, 36, 48, 60, 72 and 120 h). The synthesized MOR by traditional hydrothermal crystallization was represented as T–MOR–t, where “t” also denotes the crystallization time.




3.3. Characterization


The crystalline structure of the zeolites was characterized by powder X–ray diffraction (XRD, Rigaku, Japan) on a Cu Kα diffractometer (λ = 1.54 Å) at 40 kV and 20 mA, at a scanning rate of 3°/min in the 2θ = 5°~35°. The relative crystallinity of the samples was calculated by comparing the sum of peak intensities for each sample with that for IW–MOR–24–3.0 as follows:


  Relative   Crystallinity =   sum   of   peak   intensities   for   each   sample   sum   of   peak   intensities   of   IW − MOR − 24 − 3.0   × 100 %  



(1)







A JEOL JSM–6390LV (JEOL, Tokyo, Japan) instrument operating at 15 kV was used to observe the scanning electron microscopy (SEM) images and crystal size of the zeolites.



The IR spectra were recorded on Nicolet iS50 FT–IR (Thermo Fisher Scientific, Waltham, MA, USA) spectrometer in 400–4000 cm−1 at a spectral resolution of 2 cm−1. Typically, the self–supporting wafers made of zeolites and KBr were pretreated at 350 °C under vacuum before measurement.



The 29Si MAS NMR spectra were collected on a Bruker AVANCE Ⅲ HD 400 MHz NMR spectrometer (Bruker, Germany) via single–pulse method. The resonant frequency is 79.49 MHz at a spinning speed of 3 kHz and a recycling delay of 9 μs. The 29Si chemical shift was corrected using polydimethylsiloxane as reference.



The surface acidic properties of the zeolites were measured via NH3 temperature–programmed desorption (NH3–TPD) on Micromeritics Autochem Ⅱ (FINTEC, China) with a thermal conductivity detector (TCD). Typically, ~100 mg zeolite was heated at 550 °C for 1 h with a He flow to remove the water adsorbed physically on the surface. Then, the zeolite sample was cooled down to 100 °C followed by saturation with NH3 in He (1.0 vol%) for 1 h and purging with He for 0.5 h to eliminate the surface NH3. Subsequently, the NH3 desorption was carried out in a He flow from 100 °C to 800 °C at a heating rate of 10 °C/min. All flow rates of He mentioned above were 50 mL/min.





4. Conclusions


We demonstrated a novel route for the successful synthesis of mordenite (MOR) zeolite with a fast nucleation and crystallization, high crystallinity, high zeolite yields, simple device and conventional silica sources. This route is achieved on the basis of a small ice template formation flowed by a fast hydrothermal crystallization. Moreover, the formed small ice template during the frozen process changed the bonding environment of silicon atoms in MOR zeolite. Herein, there were more T–OH (T = Si, Al) groups and Si–OH–Al sites in the IW–MOR and IN–MOR samples instead of the traditional tetrahedrally coordinated Si–O–Si (Q4) groups in T–MOR samples. NH3–TPD studies revealed that the strength of the acid sites for the obtained samples, IW–MOR–24 and IN–MOR–24, is greatly improved in comparison with the traditional T–MOR–24.
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Figure 1. XRD patterns of samples prepared via traditional hydrothermal synthesis method (T–MOR–24, T–MOR–72, T–MOR–120) and the ice-templating method (IW–MOR–24, IN–MOR–24). 
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Figure 2. XRD patterns of IW–MOR–24 samples synthesized with a different molar ratio to H2O/SiO2. 
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Figure 3. XRD patterns of IN–MOR–24 samples synthesized with various Al2O3/Na2O ratios. 
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Figure 4. XRD patterns of IW–MOR samples that were crystallized for 0, 2, 4, 8, 12, 16, 24, 36, and 48 h. 
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Figure 5. SEM images of IW–MOR samples that were crystallized for (a) 0 h, (b) 2 h, (c) 4 h, (d) 8 h, (e) 12 h, (f) 16 h, (g) 24 h, (h) 36 h, (i) 48 h; (j) T–MOR–24 sample; (k) IN–MOR–24–0.07 sample; and (l) IN–MOR–24–0.1 sample. 
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Figure 6. FT–IR profiles of T–MOR–24, IW–MOR–16, IW–MOR–24, IW–MOR–36 and IN–MOR–24 samples. 
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Figure 7. The relative crystallinity kinetics of MOR samples intensities, as estimated from the XRD. (a) T–MOR, (b) IW–MOR, (c) IN–MOR. 
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Figure 8. Arrhenius plot for the (a) nucleation activation energy En and (b) crystal growth activation energy Eg. 
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Figure 9. FT–IR spectra in the ν(OH) vibration region of T–MOR–24, IW–MOR–24 and IN–MOR–24 samples. 
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Figure 10. 29Si MAS NMR spectra of (a) T–MOR–24, (b) IW–MOR–24, (c) IN–MOR–24 samples. 
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Figure 11. NH3–TPD profiles of T–MOR–24, IW–MOR–24 and IN–MOR–24 samples. 
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Scheme 1. A series of charts illustrate the preparation of MOR zeolites via (a) hydrothermal synthesis method and (b) ice-templating method. 
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Table 1. The relative crystallinity of various samples.
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Samples






	
T–MOR–24

	
T–MOR–72

	
T–MOR–120

	
IW–MOR–24

	
IN–MOR–24




	
39%

	
42%

	
53%

	
64%

	
100%
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Table 2. Nucleation rate, crystallization rate, activation energy for nucleation (En) and crystal growth (Eg) of MOR zeolites.
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Temperature (℃)

	
Samples




	
T–MOR

	
IW–MOR

	
IN–MOR




	
Vn

(h−1)

	
Vg

(h−1)

	
En

(kJ/mol)

	
Eg

(kJ/mol)

	
Vn

(h−1)

	
Vg

(h−1)

	
En

(kJ/mol)

	
Eg

(kJ/mol)

	
Vn

(h−1)

	
Vg

(h−1)

	
En

(kJ/mol)

	
Eg

(kJ/mol)






	
140

	
0.04

	
0.60

	
71.8

	
78.4

	
0.05

	
1.05

	
63.2

	
61.5

	
0.12

	
3.10

	
47.2

	
47.8




	
160

	
0.06

	
1.77

	
0.14

	
1.79

	
0.13

	
7.39




	
180

	
0.22

	
4.35

	
0.28

	
5.01

	
0.39

	
10.28
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Table 3. 29Si NMR result of MOR zeolites with hydrothermal synthesis method and ice-templating method.
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Samples

	
Chemical Shift (ppm)

	
Peak Area






	
T–MOR–24

	
−113(Q4)

	
23,230




	
−106(Q3)

	
8315




	
−100(Q2)

	
1658




	
IW–MOR–24

	
−113(Q4)

	
17,600




	
−107(Q3)

	
6871




	
−101(Q2)

	
1159




	
IN–MOR–24

	
−113(Q4)

	
14,610




	
−106(Q3)

	
7508




	
−100(Q2)

	
1781








Q4: Si(0Al); Q3: Si(1Al); Q2: Si(2Al).
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Table 4. The yield of T–MOR–24 and IW–MOR–24 samples.
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Samples

	
Raw Materials

	
Yield/g




	
Silica sol/g

	
NaAlO2/g

	
NaOH/g

	
H2O/g






	
T–MOR–24–17.7

	
52.29

	
2.312

	
3.4

	
30

	
9.56




	
IW–MOR–24–3.0

	
52.29

	
2.312

	
3.4

	
12

	
19.08
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