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Abstract

:

A natural clinoptilolite zeolite was transformed into other zeolites of greater industrial interest, such as zeolites with GIS and LTA structures. The synthesis conditions were studied, and the interzeolitic transformation was characterized by X-ray diffraction (XRD), X-ray fluorescence (FRX), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). From the results, it was possible to observe that the GIS and LTA zeolites were successfully synthesized. Furthermore, the results revealed that a synthesis time of 4 days was enough to obtain the GIS structure, and 4 h was sufficient to obtain LTA. The interzeolitic transformation can be explained by the RBU (Ring Building Unit) approach using C4 units from the HEU topology. The use of clinoptilolite in the synthesis of other zeolites is an innovative, economically viable, and environmentally sustainable process that exploits a material that exists in large quantities and is still little explored by industry.
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1. Introduction


Clinoptilolite is a natural zeolite belonging to the Heulandite group, with a Si/Al ratio ≥ 4, and is a sedimentary zeolite found in great quantity in nature [1,2,3,4,5,6].



Although clinoptilolite is abundant in nature, natural zeolites have limitations for commercial use due to impurities in their composition and variations in crystal uniformity. Furthermore, as natural zeolites have lower purity, they are mainly used to treat effluents due to their high cation exchange capacity [7] and animal feed additives [8].



Consequently, synthetic zeolites are more commercially used than natural zeolites due to their better uniformity in composition, high purity, and the possibility of modeling their properties to optimize them for specific industrial applications.



To reduce the production costs of synthetic zeolites, alternative sources of silicon and aluminum have been used. High-quality synthetic zeolites can be synthesized using a wide range of alternative sources, including natural aluminosilicates such as clays [8,9,10,11,12,13,14,15,16,17,18,19], natural zeolites [20,21], diatomite [22,23], and waste resources [24,25,26,27,28,29,30,31,32].



Thus, the synthesis of zeolites produced from clinoptilolite presents an attractive option mainly concerning cost efficiency. Clinoptilolite is a good candidate as a starting material for the production of zeolites of great industrial interest, such as GIS and LTA zeolites [20,21]. In these previous studies, NaP zeolites were obtained using clinoptilolite and sonochemical synthesis [20]. Zeolite A coatings were obtained using natural zeolites, mainly clinoptilolite [21].



GIS and LTA zeolites can be used in different applications, mainly based on their ion-exchange properties. Commercially, LTA zeolite is primarily used as an additive to laundry detergent [33], since alternative building materials, such as sodium tripolyphosphate and trisodium phosphate, are declining in popularity due to problems with the eutrophication of watercourses [34]. In addition to traditional LTA zeolite applications in water softening opportunities, LTA zeolites have been used for catalyst processes, membrane separation, effluent treatment, and antimicrobial treatment [24]. On the other hand, GIS zeolites have a wide range of applications as a catalyst and adsorbents [35] and in exchange and adsorption of metal ions (Ca2+, Mg2+) [36]. Furthermore, they also have a capacity for the adsorption of nonionic surfactants, which could improve the stability of detergent formulations [37].



The use of clinoptilolite zeolites as an alternative source of Si and Al in the synthesis of zeolites is an innovative, economically viable, and environmentally sustainable process that exploits materials found in large quantities, and that is still little used in industry. Thus, the objective of this work was to use clinoptilolite as an alternative source in the synthesis of GIS and LTA zeolites, varying the synthesis conditions.




2. Materials and Methods


Clinoptilolite RCB (lot 221), supplied by Celta Brasil [38], São Paulo, Brazil, was used in this work.



2.1. Standard Zeolite Synthesis LTA and FAU


LTA synthesis was performed using a procedure described by IZA (International Zeolite Association) [39]. In the synthesis of standard LTA-type zeolite, initially, a solution was prepared using 3.71 g of sodium hydroxide (98%) and 59.82 g of H2O. After complete dissolution, the solution was divided into two fractions of equal volumes: in the first fraction, 4.63 g of sodium aluminate was added, and in the second fraction, 3.01 g of aerosil silica was added. After homogenizing both, the first fraction was poured into the second fraction, and the system was agitated for approximately 30 min. Finally, the formed gel was transferred to a Teflon autoclave lined with stainless steel, where crystallization occurs in a static medium at 100 °C for 3 h and 6 h.



FAU synthesis was performed using a procedure adapted from Giannento [40]. Sodium hydroxide (3.11 g, 98%), sodium aluminate (2.69 g), and colloidal silica (28.44 g, 30% in H2O) were mixed under agitation for approximately 30 min. The formed gel was left at room temperature for 3 days, and on the third day, it was transferred to a stainless steel-lined Teflon autoclave, where crystallization occurs in a static medium at 100 °C for a period of 4 to 8 days.



The samples were coded with the nomenclature ZPxa, where Z = LTA or FAU; P refers to refiring a standard synthesis; x is the number of hours or days used in the synthesis; and a is the unit in hours (h) or days (d). For the sample, LTAP3h is the material obtained by LTA standard synthesis after 3 h of crystallization, and FAUP8d is the material obtained by FAU standard synthesis after 8 days of crystallization.




2.2. Synthesis of the FAU Zeolite with Clinoptilolite


The procedure was adapted from standard FAU zeolite synthesis [40]. Initially, a sodium hydroxide solution was prepared with 3.43 g of NaOH and 33.71 g of H2O. After complete dissolution, the solution was divided into two fractions of equal volumes: in the first fraction, 2.84 g of sodium aluminate was added, and in the second fraction, 11.86 g of the clinoptilolite RCB (lot 221) and 7.58 g of H2O were added. After the homogenization of both, the first fraction was transferred into the second fraction, and the system was kept under agitation for 30 min. The gel formed was left at room temperature for 3 days, and on the third day, it was transferred to a stainless steel-lined Teflon autoclave, where crystallization occurs in a static medium at 100 °C for a period of 1 to 8 days.



The obtained materials from this methodology are of GIS structure, not FAU.




2.3. Synthesis of the LTA Zeolite with Clinoptilolite


The procedure was adapted from standard LTA zeolite synthesis [39]. Initially, a solution was prepared using 1.18 g of sodium hydroxide (98%) and 29.91 g of H2O. After complete dissolution, the solution was divided into two fractions of equal volumes: in the first fraction, 1.87 g of sodium aluminate was added, and in the second fraction, 2.07 g of Clinoptilolite RCB LOT 221 was added. After the homogenization of both, the first is transferred into the second and keeps the system under agitation for approximately 30 min. Finally, the gel formed is transferred to a stainless steel-lined Teflon autoclave, where crystallization occurs in a static medium at 100 °C for a period of 1 to 6 h.



The samples were coded with the nomenclature ZCxa, where Z = LTA or GIS; C refers to clinoptilolite; x is the number of hours or days used in the synthesis; and a is the unit in hours (h) or days (d). LTAC3h is the material obtained by LTA synthesis using clinoptilolite after 3 h of crystallization, and GISC8d is the material obtained by GIS synthesis using clinoptilolite after 8 days of crystallization.




2.4. Material Characterization


X-ray diffraction patterns were obtained from powders using a Bruker D2Phaser diffractometer (Bruker, Billerica, Massachusetts, USA) equipped with a Lynxeye detector, copper radiation (CuKα, λ = 1.54 Å) and a Ni filter, with a current of 10 mA and voltage of 30 kV. Data were collected at a high angle in a 2θ degree range from 5 to 50°, with a 0.1 s acquisition time and 0.01° step size.



Through the XRD results, it was possible to calculate the percentage of relative crystallinity of the samples through the sum of the areas of the chosen peaks (9.91°; 11.24°; 22.40°; 27.88°; 30.10°; and 32.04° for the LTA zeolite) for the analyzed material divided by the sum of the areas of the same peaks of the standard sample, which is assumed to be 100% crystalline, according to Equation (1).


   %   Crystallinity  =     ∑      peaks   areas   from   synthesized   sample      ∑      peaks   areas   from   standard   sample    × 100  



(1)







Chemical analysis was performed using X-ray fluorescence spectrometry (FRX), where an electron beam emitted through a cathodic source allows the identification of atomic species. This analysis was performed on a Bruker S2 Ranger apparatus (Bruker, Billerica, MA, USA) using Pd or Ag anode max radiation, with a 50 W power, a maximum voltage of 50 kV, a maximum current of 2 mA, and an XFlash® silicon drift detector (Bruker, Billerica, MA, USA). The samples were placed on polypropylene support, and measurements were carried out in a He atmosphere.



Absorbance spectra were obtained in the mid-infrared region from 4000 to 400 cm−1 with a resolution of 4 cm−1 and 64 scans using a Shimadzu IRAffinity-1 Fourier transform infrared spectrophotometer (Shimadzu, Kyoto, Japan). For analysis, samples were prepared using solid KBr as a dispersing agent (1% m/m), homogenized with a mortar and then submitted to compression by applying a pressure of 80 kN for 2 min.



For scanning electron microscopy, a TESCAN MIRA3 FEG-SEM instrument (Tescan, Brun, Czech Republic) was used. First, the samples were placed on a thin carbon strip attached to a stub. Afterward, a thin-layer metallization procedure was used to apply a gold film to make the sample a good electron conductor and to thus produce an image with quality and resolution. Finally, various magnifications were used to obtain the images.





3. Results


3.1. Standard Zeolite Synthesis


LTA and FAU standard zeolites were synthesized, and their X-ray patterns are shown in Figure 1 and Figure 2. To certify the crystal structure of the zeolites obtained, the International Zeolite Association-IZA database [39] was used. The LTA (ICSD-00-039-0222) and FAU (ICSD-00-043-0168) crystalline phases were obtained.



The standard zeolites’ chemical composition and Si/Al ratio are presented in Table 1, Table 2, Table 3 and Table 4 with the synthesized materials for comparison purposes. Additionally, Figures 4 and 7 show the IR spectra of the standard materials.




3.2. FAU Zeolite Synthesis with Clinoptilolite


The samples obtained by the FAU synthesis procedure using clinoptilolite show the GIS phase (ICSD-01-071-0962), as shown in Figure 3.



Figure 2 shows that it was possible to obtain the standard FAU zeolite in 4 and 8 days. These zeolites showed FAU crystalline phases according to the position of their peaks compared to that of the IZA standard [39]. The GIS zeolite structure is obtained when we apply clinoptilolite as raw material in this synthesis methodology (Figure 3). The GIS zeolite has a more stable structure (phase) than the FAU zeolite, and its synthesis times were favorable for transforming clinoptilolite into this phase (more stable material) according to the Ostwald rule of successive transformations [41].



FRX analysis showed that the analyzed samples were aluminosilicates, and silicon and aluminum were the main elements present in these zeolites, as seen from the results in Table 1. Other elements typical of natural zeolites, such as K, Fe, Mg, Ca, and Na, were also observed, with Ca, K, Mg, and Na probably being the structural compensation cations. In the synthesized zeolites (standard and from clinoptilolite), Na exists as a principal compensation cation.



Table 2 shows the Si/Al molar ratio and synthesis yield values for standard zeolites and samples synthesized from clinoptilolite. The Si/Al ratio of FAU zeolites and GIS4d and GIS8d samples decreases compared to that of clinoptilolite, because they are zeolites with different structures with different Si/Al ratios. The lower Si/Al ratios indicate that some silica must remain in solution; consequently, the synthesis yield will not achieve 100%.
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Table 1. Chemical composition (FRX) of standard FAU zeolites and GIS zeolites from clinoptilolite.






Table 1. Chemical composition (FRX) of standard FAU zeolites and GIS zeolites from clinoptilolite.





	Oxide
	Clinoptilolite
	FAUP4d
	FAUP8d
	GISC4d
	GISC8d





	SiO2 (%)
	72.29
	68.06
	68.24
	56.78
	56.36



	Al2O3 (%)
	12.80
	21.45
	20.67
	23.66
	24.11



	K2O (%)
	4.47
	0.02
	n.d.
	3.76
	3.49



	CaO (%)
	4.09
	n.d.
	n.d.
	3.30
	3.13



	SO3 (%)
	0.12
	0.18
	0.18
	0.07
	0.08



	Fe2O3 (%)
	2.30
	0.09
	0.08
	1.86
	1.72



	MgO (%)
	2.10
	1.50
	1.60
	1.60
	1.90



	Na2O (%)
	1.30
	8.40
	9.00
	8.40
	8.70



	Others (%)
	0.53
	0.32
	0.26
	0.55
	0.53







n.d. = non detected.
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Table 2. Si/Al molar ratio values and synthesis yield of standard FAU zeolites and GIS zeolites from clinoptilolite.






Table 2. Si/Al molar ratio values and synthesis yield of standard FAU zeolites and GIS zeolites from clinoptilolite.





	Sample
	Si/Al Ratio
	Synthesis Yield *

% (m/m)





	Clinoptilolite
	4.79
	-



	FAUP4d
	2.69
	-



	FAUP8d
	2.80
	-



	GISC4d
	2.03
	66.30



	GISC8d
	1.98
	61.95







* calculated by dry basis only for GIS zeolites obtained from Clinoptilolite. 











Infrared vibrational spectroscopy provided additional information to confirm the synthesis of zeolites. The FTIR spectra of clinoptilolite and samples FAUP4d and GISC4d are shown in Figure 4.



The band at ~1630–1640 cm−1 is attributed to the bending vibration of OH groups in the adsorbed water and occurs for all materials. The band near 1000 cm−1 refers to an internal tetrahedral group insensible to structure. The bands in the region of 450 to 1000 cm−1 refer to the zeolite structure [40]. It was possible to observe some changes in these bands for the GIS4d and FAUP4d samples compared to the spectrum of clinoptilolite.



Scanning electron microscopy (SEM) images of clinoptilolite and GIS 4 d samples are shown in Figure 5. Figure 5A–C show that clinoptilolite has particles with a cluster morphology in the shape of irregular flakes (lamellar texture with a slightly amorphous appearance). On the other hand, the GIS 4 d sample (Figure 5D–F) shows a well-defined morphology of crystal clusters forming pseudo symmetrical structures (rounded octahedra with concave faces). These micrographs clearly show that this sample is very crystalline, as it is impossible to observe clinoptilolite particles or amorphous phases. This result follows the XRD results (Figure 3) (Table 2), where it was possible to observe the complete transformation of clinoptilolite into the GIS zeolite.




3.3. LTA Zeolite Synthesis Using Clinoptilolite


The diffractograms of the standard LTA zeolite (Figure 1) and the materials obtained with the synthesis using clinoptilolite (Figure 6) show that it was possible to obtain the LTA zeolite from clinoptilolite in 1 to 6 h. The clinoptilolite phase is indicated by C, and Miller indices mark the LTA zeolite phase. The materials exhibit crystalline phases relative to the LTA zeolite, with narrow peaks and high intensity. The LTAC6h sample presented more defined peaks, with more phases belonging to LTA. In Figure 6, the 2θ peak at 8.8° (marked with *) is an unidentified peak present in the clinoptilolite sample and synthesized materials.



Table 3 presents the FRX results from LTA-obtained materials and the clinoptilolite material. The materials are mainly aluminosilicates and contain other elements that are typical of natural zeolites, such as K, Fe, Mg, Ca, and Na, with Ca and Na probably being the structure compensation cations. LTA standards have a high Na content and a Si/Al ratio of ~1.0. Sodium is a principal compensation cation in the framework due to the Al content.
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Table 3. Chemical composition (FRX) of standard LTA zeolites and LTA zeolites from clinoptilolite.






Table 3. Chemical composition (FRX) of standard LTA zeolites and LTA zeolites from clinoptilolite.





	Oxide
	Clinoptilolite
	LTA P3h
	LTA P6h
	LTA C1h
	LTA C2h
	LTA C3h
	LTA C4h
	LTA C5h
	LTA C6h





	SiO2 (%)
	72.29
	48.39
	48.05
	69.84
	59.32
	56.18
	52.80
	53.35
	53.52



	Al2O3 (%)
	12.80
	34.93
	35.36
	13.49
	20.59
	23.67
	27.71
	26.02
	24.32



	K2O (%)
	4.47
	0.05
	n.d.
	3.53
	3.09
	2.80
	2.57
	2.43
	2.54



	CaO (%)
	4.09
	n.d.
	n.d.
	4.26
	3.69
	3.53
	3.35
	3.44
	3.61



	SO3 (%)
	0.12
	0.15
	0.19
	0.15
	0.12
	-
	0.13
	0.19
	0.25



	Fe2O3 (%)
	2.30
	0.05
	0.04
	2.15
	1.98
	1.93
	1.82
	1.78
	1.85



	MgO (%)
	2.10
	1.30
	1.40
	2.00
	2.30
	1.70
	2.20
	1.70
	1.90



	Na2O (%)
	1.30
	14.90
	14.70
	4.00
	8.40
	9.60
	10.80
	10.60
	11.40



	Others (%)
	0.53
	0.21
	0.21
	0.58
	0.53
	0.54
	0.55
	0.54
	0.62







n.d. = not detected.











Table 4 shows the Si/Al molar ratio, relative crystallinity, and synthesis yield values for standard LTA zeolites and samples synthesized from clinoptilolite. The Si/Al ratio and the relative crystallinity percentage decrease, and the synthesis yield increases as the synthesis time increases, which indicates that with the increase in the synthesis time, expansion of the LTA phase occurs, yielding more of the LTA zeolite. A decrease in the Si/Al ratio was already expected because the LTA zeolite has a Si/Al ratio = 1.0. Comparing the relative crystallinity values taking LTAP3h as the standard of 100%, the synthesized materials exhibit lower crystallinity (above 32%) and an increase in crystallinity with synthesis time. Thus, with increasing time, more of the LTA zeolite phase forms. These results are in line with the XRD results (Figure 6).



LTA materials obtained from clinoptilolite show that with increasing synthesis time, more of the LTA zeolite forms; consequently, the Si/Al ratio is close to 1.0, and the Na content increases. Other elements from clinoptilolite probably remain in the materials as compensating cations.
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Table 4. Si/Al molar ratio values, relative crystallinity percentage, and synthesis yield of standard LTA zeolites and LTA zeolites from clinoptilolite.






Table 4. Si/Al molar ratio values, relative crystallinity percentage, and synthesis yield of standard LTA zeolites and LTA zeolites from clinoptilolite.





	Sample
	Ratio Si/Al
	% Relative Crystallinity
	Synthesis Yield % (m/m)





	Clinoptilolite
	4.79
	-
	-



	LTAP3h
	1.17
	100
	64.79



	LTAP6h
	1.15
	n.c.
	61.46



	LTAC1h
	4.40
	9.7
	38.66



	LTAC2h
	2.45
	20.1
	38.67



	LTAC3h
	2.01
	26.1
	32.98



	LTAC4h
	1.61
	32.0
	41.19



	LTAC5h
	1.74
	24.7
	58.90



	LTAC6h
	1.86
	27.3
	63.73







n.c. = not calculated.











The FTIR spectra of clinoptilolite and zeolite samples LTAP6h and LTA6h are shown in Figure 7. Comparison of these spectra shows that the synthesis of the LTA6h sample from clinoptilolite only slightly decreased peak intensities and slightly displaced bands compared to the LTAP6h zeolite. The 976, 661, and 444 cm−1 bands of the LTAC6h sample are very close to the 964, 666, and 459 cm−1 bands of the LTAP6h zeolite and are attributed to the asymmetric elongation vibration of the internal tetrahedra, symmetric elongation vibrations, and the flexural vibration modes of TO bonds in TO4 tetrahedra (where T = Si or Al), respectively [40]. The band close to 551 cm−1 is due to D4R, which is the main secondary construction unit in the LTA zeolite [42], and the band at 1637 cm−1 is attributed to the bending vibration of the OH group in the adsorbed water [40]. The bands in the region of 450 to 1000 cm−1 from the LTA materials occur in different positions and with different intensities than the bands of clinoptilolite, indicating a change in structure.



The LTAC6h sample (Figure 8A–C) presents a cubic particle morphology characteristic of LTA-type zeolites. This sample also exhibits a particle morphology similar to that of the clinoptilolite zeolite, which agrees with the XRD results (Figure 6) and the crystallinity (Table 4), indicating a longer synthesis time is needed to obtain pure LTA.





4. Discussion


In this work, we propose the interzeolitic transformation of clinoptilolite into LTA and GIS zeolites. Intezeolitic transformation is possible because zeolites are metastable phases controlled kinetically by the transformation of silicates. Therefore, according to the Ostwald rule, it is possible to convert one phase into another more densely [41]. However, in the literature, some cases of the transformation of the zeolitic dense phase are less dense [43].



From the results of this work, FAU standard synthesis gives the FAU structure, as proved by XRD analysis; however, when the clinoptilolite was used as Si and Al sources, the structure obtained was GIS, which XRD also confirmed. It is well known that the GIS phase is a more stable phase than FAU, and it can be obtained from FAU (see Figure 9 from the work of Maldonado et al., 2013 [44], which represents this transformation).



When clinoptilolite was used as the raw material for FAU synthesis, the accelerated transformation to more stable phases occurred, leading to the GIS phase. If clinoptilolite dissolves in basic media, forming TO4 units, these units can be rearranged, leading to a new topology such as FAU and its transformation to the GIS phase. On the other hand, if the clinoptilolite (HEU topology) phase did not dissolve completely and C4 units (RBUs) remained, transformation into the GIS topology was possible without passing through the FAU phase. However, initial synthesis times did not give the FAU phase, so the second mechanism is probably occurring.



LTA synthesis can occur in two ways: by dissolving clinoptilolite and forming the LTA structure by TO4 rearrangement and by intracrystalline transformation using the C4 RBUs from clinoptilolite (HEU).



This mechanistic route for intracrystalline zeolites was proposed by Itabashi et al. in 2012 [45]. In this way, crystallization of the zeolite occurs when the materials have the same CBU (Composite Building Unit) from the pristine zeolite [46]. This is in accordance with some transformations, such as FAU, LTA, and SOD [44], because these topologies have the same CBU (sod) in their frameworks. Nonetheless, FAU to GIS transformation does not have the same CBUs, indicating that, for this transformation, this factor is not as important. Suhendar et al. 2018 [47] studied the influence of framework density and the CBU (Composite Building Unit), SBU (Secondary Building Unit), and RBU (Ring Building Unit). In this study, the authors show that zeolitic fragments or dissolved silica rarely match CBUs. The CBUs have many T atoms. Thus, the significant influence will be from SBUs and RBUs. The authors propose the RBUs as the approach that is more adequate to understand the interzeolitic transformation.



In this work, the RBU approaches are more adequate because HEU, GIS, and LTA have C4 RBUs. Figure 10 shows the material structures with CBU, SBU, RBU, and framework density. The HEU topology is a denser structure than other material structures. Usually, it is expected that transformation leads to more stable and dense structures. This occurs with the transformation of the FAU topology to GIS. However, it is possible to undergo interzeolite transformation to phases that are less dense; one example is transforming the FAU topology into HEU [48]. The LTA and FAU topologies have the same CBUs and SBUs; however, for HEU and LTA or GIS, their CBUs and SBUs are different. On the other hand, all materials have at least four RBUs, with some having six.



A priori, both paths (total dissolution forming TO4 or partial dissolution forming SBUs and RBUs) can occur for this interzeolitic transformation. Still, considering the clinoptilolite material, which has a great variety of cations on its structure, more than one zeolitic phase can appear in the total dissolution pathway. Furthermore, it is well known that cations with water solvation act as SDA-forming zeolite structures. Thus, the mechanism of intracrystalline zeolite transformation using RBUs is more adequate to explain our results.




5. Conclusions


The interzeolitic transformation of clinoptilolite into GIS and LTA zeolites occurred under the studied conditions. The results reveal that a synthesis reaction time of 4 days was enough to obtain the structure of the GIS zeolite, and more than 4 h could be used to obtain the LTA zeolite.



The mechanism of interzeolitic transformation has not yet been elucidated, but the results point to the approach of intracrystalline transformation using the C4 RBUs from clinoptilolite (HEU).



The use of clinoptilolite as an alternative source of silicon and aluminum in the synthesis of zeolites is an innovative, economically viable, and environmentally correct process that exploits a material that exists in large quantities and is still little explored industry.
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Figure 1. Standard LTA zeolite diffractograms. 
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Figure 2. Standard FAU zeolite diffractograms. 
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Figure 3. Diffractograms of GIS zeolites from clinoptilolite (* is an unidentified phase). 
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Figure 4. FTIR spectra of clinoptilolite, FAUP4d and GISC4d samples. 
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Figure 5. Micrographs of the clinoptilolite samples: (A) 5 µm scale, (B) 2 µm scale, and (C) 1 µm scale. Micrographs of GISC4d: (D) 5 µm scale, (E) 2 µm scale, and (F) 1 µm scale. 
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Figure 6. Diffractograms of LTA zeolites from clinoptilolite (* is an unidentified peak). 
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Figure 7. FTIR spectra of clinoptilolite and the LTAP6h and LTAC6h zeolite samples. 
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Figure 8. Micrograph of the LTA C 6 h samples: (A) 5 µm scale, (B) 2 µm scale, and (C) 1 µm scale. 
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Figure 9. Stages of Na-zeolite phase transformation with increasing synthesis temperature and time. (adapted from [44]). 
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Figure 10. Zeolite HEU, FAU, LTA, and GIS structures with RBU, SBU, CBU, and framework density (data from IZA [39]). 
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