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Abstract

:

ZSM-5 zeolite is the synthetic counterpart to mutinaite. After thermal activation of the as-synthesized form, the symmetry of the ZSM-5 zeolite is lowered to the monoclinic P21/n. ZSM-5 then undergoes a polymorphic displacive phase transition from the monoclinic P21/n to the orthorhombic Pnma, Pn21a or P212121 space groups, which occurs upon heating. This phase transition can be influenced by factors such as the type and amount of sorbate molecules present in the zeolite channels. ZSM-5 has many applications, including as a catalyst or sorbent in various industries, where high thermal stability is required. In this study, four ZSM-5 zeolites with different Si/Al ratios were investigated by synchrotron X-ray powder diffraction at both room temperature and high temperature conditions to determine the effects of chemical composition on the structural response of the zeolite lattice. The results showed that the ZSM-5 zeolites retained their crystallinity and structural features throughout the thermal treatment, indicating that they could be used as effective acid catalysts. Distortions in the zeolite framework can occur after TPA+ decomposition and thermal activation, affecting thermal regeneration and efficiency. The charge balance in ZSM-5 is achieved by the formation of Brønsted acid sites, and variations in bonding geometries are influenced by the initial Si/Al ratio.
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1. Introduction


Zeolites are amongst the most widely investigated and topical crystalline inorganic microporous solids due to the variable chemical composition of the framework as well as tunable pore size and architecture. These features make them very suitable for a wide range of applications in adsorption, separation, catalysis, microelectronics as well as in any field where the host–guest chemistry defines the final behaviour of the system [1,2,3]. The pores defined by the peculiar organization of the corner-sharing [TO4] tetrahedra are open to the external surface allowing the mass transfer from the exterior toward the interior of the particle provided that the size of the molecule is smaller than the dimensions of the pores. As a consequence, different pores dimensions with a well-defined structure make zeolites excellent shape selective materials. The presence of extraframework charge-compensating cations and acid sites confer to them enhanced catalytic properties. The possibility to modify both type and location of extraframework cations through ion exchange processes control and influence both their selectivity and catalytic activity [4,5]. Besides, the hydrophobic or hydrophilic nature is fundamental in determining the zeolites sorption properties towards specific organic compounds from gas phase or water solution. Zeolites play an important role in that called sustainable processes, such as the field of renewable energy and environmental remediation [6,7]. In the field of renewable energy, these materials are principally studied for biomass conversion, fuel cells, thermal energy storage, CO2 capture and conversion [8,9,10,11,12]. Additionally, for environmental remediation processes zeolites are mainly used for out-door air quality monitoring, water and wastewater purification from heavy metals and organic compounds of different nature, etc. [13,14,15,16,17]. ZSM-5 zeolite is the synthetic counterpart of the mutinaite mineral, (Na2.76K0.11Mg0.21Ca3.78) (Al11.20Si84.91)·60H2O [18], characterized by a high content of Na and especially Ca extraframework cations. ZSM-5 belongs to the so-called pentasil zeolite class with a MFI framework topology and a 3-dimensional channel system [19,20]. The ideal chemical formula of ZSM-5 is (Na+n) [AlnSi96−nO192]·(H2O)16, n < 27 [21]. Its crystal structure can be rationalized as the intersection of two sets of tubular channels, both defined by a 10-membered ring: the straight channel (SC) parallel to the [010] direction, and the sinusoidal channel (ZZ) parallel to the [100] direction. The opening of SC and ZZ channels, expressed by their free diameter, ranges from 5.4 to 5.6 Å and from 5.1 to 5.5 Å, respectively [22]. The topological symmetry of the as-synthesized ZSM-5 (i.e., with template molecules in the channel system) is the orthorhombic Pnma defined by 12 tetrahedral sites per unit cell and lattice parameters at ambient conditions of a = 20.09(1), b = 19.73(1), and c = 13.14(1) Å [23,24]. After thermal activation of the as-synthesized form, the symmetry of the ZSM-5 zeolite is lowered to the monoclinic P21/n [24]. Thermal activation is a well-known treatment that promotes protonation of as-synthesized ZSM-5 and confers catalytic properties, resulting in ZSM-5c zeolites [24]. ZSM-5c zeolites undergo a polymorphic displacive phase transition from the monoclinic P21/n to the orthorhombic Pnma, Pn21a or P212121 space groups (i.e., m → o) that occurs upon heating [22,25,26,27,28,29]. The m → o phase transition is induced by several factors, such as the type and amount of sorbate molecules when present in the zeolite channels. The nature of this m → o phase transition was recently investigated by [30,31] through the analysis of the spontaneous strain variation on a high-silica ZSM-5 hydrophobic zeolite (Si/Al ratio = 140). ZSM-5c is a ferroelastic material that exhibits a polymorphic phase transition (from the ferroelastic monoclinic to the paraelastic orthorhombic phase) with a tricritical character [30,31]. Analysis of the thermodynamic properties of the m → o phase transition probed that the transition temperature and its thermodynamic features strongly depend on the Si/Al ratio, as well as the different nature of encapsulated organic compounds and host-guest interactions. Due to the unique structural features and physiochemical properties (i.e., solid acidity, shape selectivity, pore size, thermal/mechanical/chemical stability and regenerability), ZSM-5 has widespread applications in petrochemical processing, fine chemical production, liquid and gas separation in oil refinery, petrochemical industry, and environmental catalysis [32,33,34]. Besides, ZSM-5 exhibits excellent catalytic properties in the Fluid Catalytic Cracking (FCC) process to improve gas octane number and the selectivity of light olefins [7,35] as well as in aromatics compounds synthesis due to its shape-selective medium-pore [36,37]. When used in water treatment plants, ZSM-5 has recently shown good performance in the adsorption of organic compounds of different nature, such as DCE (1,2-dichloroethane), BTEX (benzene, toluene, ethyl benzene and xylenes) and methyl tertiary butyl ether (MTBE), pollutants that have harmful effects on human health and ecosystems [38,39,40,41]. Either as a catalyst or in water remediation plants, the main requirement for ZSM-5 is a high thermal stability. Catalytic reactions are usually carried out in a wide temperature range, which can reach 500–600 °C, while the regeneration of zeolites is usually achieved by thermal treatment up to 600–800 °C. It follows that the prediction of the thermally induced structural evolution of ZSM-5 is one of the key issues to characterize these microporous compounds [24,42,43]. Indeed, these studies return to be fundamentals to prevent a possible catalyst deactivation from one side or a possible framework distortion affecting the thermal regeneration and the efficiency of the ZSM-5 zeolite after the treatment. In this work, four ZSM-5c zeolites, belonging to the same synthesis batch and characterized by a different Si/Al ratio are investigated by synchrotron X-ray powder diffraction at high temperature (HT). A whole structural characterization at room temperature (RT) as well as at HT conditions will shed light on the differences and similarities among the four samples to determine the effects of the different chemical composition on the ZSM-5 structural response to the heating process.




2. Materials and Methods


Zeolites. The samples used in this work are four synthetic protonated ZSM-5c zeolites (i.e., MFI topology, 3-dimensional channels system) characterized by different Si/Al ratio. All samples have been synthesized and provided by the research group of the Department of Chemical and Environmental Engineering of the University of Calabria (Rende, CS) using the synthesis procedure reported by Migliori et al. (2014) [44]. Differences in Si/Al ratio are due to the different amount of Al2O3 used in the molar composition of the starting gel [45]. The sample labels along with the corresponding Si/Al ratio are listed in Table 1.



Synchrotron X-ray Powder Diffraction. In situ high temperature diffraction patterns were collected at the MCX (Material Characterization by X-ray Diffraction) beamline of the Elettra Synchrotron Light Source (Trieste, Italy) on a 4-circle Huber diffractometer with a 3D translation sample stage. The diffractometer was equipped a high-count rate fast scintillator detector, preceded by a pair of slits with vertical apertures of 200 and 300 μm. Powder samples were placed in a spinning quartz capillary (Ø = 0.5 mm) previously mounted on a goniometric head rotating along the axis of the diffractometer. X-ray diffraction patterns were recorded from RT to a maximum temperature of 800 °C according to the following experimental conditions: every 100 °C with a heating rate of 5 °C min−1, fixed wavelength of 0.82700(1) Å (photon energy of 15 keV) in the range 3–45° 2θ, with a step size of 0.005° 2θ and an exposure time of 1 s per step. Figure 1 shows a comparison of the X-ray diffraction patterns collected.



Refinement Strategy. Full profile Rietveld refinements were performed using the GSAS software and the EXPGUI graphical interface [46,47]. The RT diffraction data of ZSM-5c with Si/Al ratio equal to 20, 37, and 69, respectively, were refined in the monoclinic crystal system (space group P21/n), starting from the structural model reported by [24], while the sample with the Si/Al ratio = 15 was refined in the orthorhombic Pnma symmetry, starting from the atomic coordinates of [23]. At higher temperatures (i.e., between 100 and 800 °C), all the structural refinements were carried out in the orthorhombic crystal system (space group Pnma). In all refinements, the peak profiles were modelled by a pseudo-Voigt function with the peak cut-off set to 0.01% of the peak maximum, three Gaussian terms (θ-independent GW, tan2-θ and tan-θ dependent GU and GV, respectively), the Lorentzian cosθ−1-dependent LX coefficient and an asymmetry (asym) contribution. The experimental background was fitted by 28 shifted Chebyshev polynomial coefficients. Refinements also included lattice parameters, framework atomic coordinates, and atomic displacement parameters (ADPs, Uiso). Soft constraints were applied to the tetrahedral T–O and O–O bond distances (1.60 and 2.60 Å, respectively, with σ = 0.04 Å). The restraint weight (F) was progressively reduced in the final refinement cycles until the atomic coordinates were allowed to vary almost freely. In addition, the Uiso parameters of tetrahedral sites and framework oxygen atoms were constrained to have the same value for the same atomic species. The lattice parameters and unit-cell volumes obtained by full profile Rietveld refinements, as well as the R-value agreement indices of the investigated samples, are listed in Table 2.



Framework atomic coordinates, atomic fractions, and ADPs of the samples at room temperature are reported as supplemental information in Tables S1–S4. Framework atomic coordinates, atomic fractions, and ADPs at selected temperatures of 200, 400, 600 and 800 °C are reported as supplemental information in Tables S5–S8, S9–S12, S13–S16, and S17–S20 for samples ZSM-5c_15, ZSM-5c_20, ZSM-5c_37, and ZSM-5c_69, respectively.




3. Results and Discussion


The discussion is conceived in two distinct sections. The first is devoted to the structural characterization of the H+_ZSM-5 samples at RT, while the second is devoted to the determination of the structural evolution at HT (i.e., at temperatures higher than 100 °C, after the occurrence of the monoclinic to orthorhombic phase transition).



3.1. Structural Characterization


3.1.1. Room Temperature


Peak indexing of the collected powder diffraction pattern at RT shows that for sample ZSM-5c_15 the characteristic doublets of the monoclinic polymorph peaks (i.e., [311], [−313], and [313]) are not fully resolved. In fact, the peaks centred at about 8.5 and 13.1° 2θ are broader and more intense than those of the other samples due to a possible convolution of more peaks (Figure 1).



An attempt at structural refinement in the monoclinic P21/n space group gives a β angle very close to 90° with relatively unsatisfactory refinement agreement factors (i.e., Rwp = 18.69%, Rp = 14.43%, RF = 18.70% and RF2 = 23.12%). For these reasons, the Rietveld refinement of the ZSM-5c_15 sample was performed in the orthorhombic Pnma space group at each temperature studied. The refinement agreement indices, as reported in Table 2 for the structure refinement at RT, result improved and comparable to those of the other samples. The structure of ZSM-5c samples with higher Si/Al ratio (ZSM-5c_20, 37 and 69) was successfully resolved by refinement in the monoclinic P21/n space group (Table 2). Considering that the activation procedure is the same for all the samples studied, the structural differences are mainly due to differences in their chemical composition (i.e., different Al content). The Si/Al ratio plays a key role in the formation of defects in the zeolite framework and consequently in its structural properties. As highlighted in the case of ZSM-5c single-crystals [48], high Al contents within the zeolite framework cause internal stresses that mainly affect the orientation of the ZSM-5 twin domains. This is reflected in the variation of the β angle, which changes from 90° (orthorhombic) to higher values as a function of increasing Si/Al ratio, thus determining increasing degrees of “monoclinicity”. Figure 2 shows the variation of the normalized lattice parameters, the β angle, and the unit-cell volume as a function of increasing Si/Al ratio. Both the normalized a and c lattice parameters decrease with a similar rate of variation as a function of the Si/Al ratio, while the unit-cell b-axis is the less affected by the different chemical composition. Indeed, Figure 2b clearly shows a close relationship between the Al content and the degree of monoclinicity of activated ZSM-5 zeolites, with the β angle ranging from 90 to 90.49°.



A general framework of the ZSM-5c chemical dependence is shown in Figure 2c, where a volumetric decrease occurs with increasing Si/Al ratio. This volumetric change is mainly due to the substitution of Si+4 for Al+3 at the tetrahedral site of the zeolite framework (the ionic radius of Al+3 and Si+4 in tetrahedral coordination is equal to 0.39 Å and 0.26 Å, respectively, [49]).



All the ZSM-5c samples investigated here are characterized by a regular framework geometry, with mean tetrahedral bond distances ranging from 1.591 to 1.593 Å.



Regarding the shape and dimension of the channels, the values obtained from the calculation of the ellipticity (ε) and the crystallographic free area (CFA) parameters (Table 3) indicate that the Si/Al ratio also affects the channels opening. In fact, the presence of slight differences in both straight and sinusoidal channels among the four samples suggests that their geometry is already slightly distorted under ambient conditions.




3.1.2. High Temperature


Examination of the powder diffraction patterns collected at high temperature (i.e., from 100 to 800 °C, each 100 °C) shows that the samples with the higher Si/Al ratio (ZSM-5c_20, 37, and 69) underwent a monoclinic to orthorhombic phase transition for temperatures below 100 °C. All the characteristic peak doublets identified for the monoclinic polymorphs merged into single peaks (Figure 3) and consequently all Rietveld refinements at temperature ≥ 100 °C were performed in the orthorhombic Pnma space group.



The evolution of the powder patterns upon heating is shown in Figure 4 (i.e., details of the high temperature patterns in the 3–10° 2θ and 10–20° of 2θ ranges, respectively). No evidence of crystallinity loss is observed within the investigated temperature range, confirming the high thermal stability typically exhibited by ZSM-5 zeolites.



A comparison of the high temperature evolution of the normalized lattice parameters for the ZSM-5c samples is shown in Figure 5. Despite a remarkable difference in their crystal chemistry (with a Si ↔ Al substitution varying from 1.4 to 6.2 apfu, Table 1), all the investigated zeolite samples show a common evolution of the lattice parameters with temperature. In fact, after a minimal variation of the lattice parameters between 100 and 200 °C, a common lattice shortening along the crystallographic unit-cell axes is observed.



Up to the maximum investigated temperature, the average lattice shortening for all the ZSM-5c under comparison is equal to 0.3, 0.1, and 0.15% for the unit-cell parameters a, b, and c, respectively, indicating an anisotropic response to the thermal treatment. Noteworthy is the behaviour of the ZSM-5c_69 between 400 and 500 °C along all directions, where no changes in lattice parameters are observed. In addition to reproducing all the features previously described for the lattice parameters, the contraction of the unit-cell volume upon heating (Figure 6) is ascribable to the so-called negative thermal expansion (NTE) phenomenon, which results from the cooperative or supramolecular structural mechanisms prevailing over the positive thermal expansion of interatomic bonds [50].



The mean volumetric reduction (δV) calculated on the normalized values is equal to 0.5%, with the exception of sample ZSM-5c_20, which shows a slightly higher variation (i.e., δV = 0.6%).



To describe the observed NTE phenomenon in a thermodynamic way, the variation of the lattice parameters was rationalized by the Fei polynomial function [51], as implemented in EosFit7c [52], Equation (1):


α = α0 + α1T + α2T−2 (T = Kelvin)



(1)




where the mean thermal expansion coefficient α is expressed in K−1, while the constants α0, α1, and α2, are expressed in K−1, K−2, and K, respectively. The values obtained by applying Equation (1) to each ZSM-5 sample are listed in Table 4.



Although the mean volumetric thermal expansion coefficients calculated between 200 and 800 °C for the investigated samples are quite similar, they are higher than those reported for other zeolites with MFI framework topology. In particular, an αV(150–600) of –6.43 × 10−6 K−1 has been reported for a ZSM-5c with a Si/Al ratio of 140 [30], while an αV(150–600) of –7.60 × 10−6 K−1 for a sample of silicalite (i.e., Al → 0, [53]).



Figure 7 shows the evolution of the atomic displacements parameters for the cations hosted at the tetrahedral sites between 100 and 800 °C for all the ZSM-5c samples. As reported in the refinement strategy section, the ADPs were constrained to be isotropic and to change equally for the 12 tetrahedral sites in the unit-cell. The ADPs increase continuously up to the maximum temperature. Since no extraframework species are present in the zeolite pore system, the evolution of ADPs with temperature must be attributed exclusively to atomic thermal motion.



Although it might be reasonable to attribute the increase in ADPs to an increase in structural disorder, no direct experimental evidence can be inferred from X-ray powder diffraction for the breaking of T–O–T bonds and the formation of Lewis acid sites. [54] Indeed, the refined T-O bond distances and T-O-T angles at high temperature (reported as supplementary material at 200, 400, 600 and 800 °C for each sample; Tables S23–S26 for ZSM-5c_15, ZSM-5c_20, ZSM-5c_37 and ZSM-5c_69, respectively) confirm the high stability and flexibility of the selected catalysts.



No significant variations were observed in the evolution of the ellipticity parameter. In fact, both sinusoidal (ZZ-A and ZZ-B) and straight channels (Figure 8) do not show any evident variation in shape and geometry between 100 and 800 °C, thus proving that the zeolitic framework does not undergo any relevant distortions until the end of the thermal treatment. More specifically, the evolution of the sinusoidal channels (i.e., for both entrance and exit) appears more regular than that of the straight one. Moreover, the ellipticity increases progressively from 100 to 800 °C for all the analyzed samples, although at a low rate. The samples with the lowest Si/Al ratio are characterized by straight channels that follow similar trends: the ellipticity increases progressively (i.e., the point at 500 °C point is not taken into account) up to 800 °C, unlike the samples with the highest Si/Al ratio.



The density of the structures, on the other hand, presents a different behavior with respect to the SAR. Looking at samples with SAR 15 and 20, their structures show a sub-linear trend of increasing density, going from 1.775 to 1.785 g/cm3 and from 1.777 to 1.791 g/cm3. ZSM-5C_37 shows a decrease in density from 1.784 g/cm3 at RT to 1.779 g/cm3 at 100 °C, with a subsequent linear increase from 200 °C to 800 °C when the density reaches 1.788 g/cm3. ZSM-5C_69 shows a similar trend to ZSM-5C_37, with an initial density of 1.784 g/cm3 dropping to 1.781 g/cm3 at 100 °C and then reaching 1.790 g/cm3 at the end of the heating ramp. The trends for each sample are shown in Figure 9.






4. Conclusions


The in situ synchrotron X-ray powder diffraction performed on ZSM-5 zeolites in their protonated form allowed to obtain important structural information of the most commonly exploited acid catalysts. Indeed, the knowledge of the structural response of the catalysts under operating conditions is a fundamental task to prevent and avoid unexpected phenomena limiting the catalytic activity. The results reported here confirm that the ZSM-5 zeolites maintain unchanged their crystallinity until the end of the thermal treatment, without significantly modifying their initial structural features, thus allowing to guarantee their full efficiency whether employed as acid catalysts. After TPA+ decomposition and thermal activation, possible framework distortions occur, affecting the thermal regeneration and the efficiency of the ZSM-5 zeolite. The charge balance in ZSM-5 is achieved by the formation of Brønsted acid sites, which are responsible for the variation of the unit cell dimensions, mainly addressed by the T-O-T angle changes. Moreover, these variations reveal that the achieved bonding geometries are influenced by the initial Si/Al ratio. Furthermore, the T-O-T angles and the pore size geometries suggest a direct effect on the active site distribution within the pores/cavities. This information allows a better understanding of the catalytic activities and selectivities for specific chemical processes.
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Figure 1. Comparison of the powder diffraction patterns of all ZSM-5 samples in the entire angle range investigated (left) and in the angle range 8.0–14.0° 2θ (right). The characteristic doublet of monoclinic phase peaks at room temperature becomes a broad single peak for the sample ZSM-5c_15, characteristic of the orthorhombic polymorph. 
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Figure 2. Lattice parameters (a), β angle (b) and unit-cell volume (c) of the four investigated ZSM-5c zeolite samples as a function of the Si/Al ratio at room temperature. Dashed lines are a reader’s guide. Error bars are within the symbol size. 
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Figure 3. Example of peak merging (the characteristic doublet of monoclinic phase peaks at room temperature becomes a single peak at high temperature, characteristic of the orthorhombic polymorph) for the samples 20 (a), 37 (b) and 69 (c) in the 12.90–13.25° 2θ regions, while the sample ZSM-5c_15 (d) retains the orthorhombic symmetry throughout the investigated thermal range. 
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Figure 4. X-ray powder diffraction patterns collected at high temperature (details of low and high 2θ angles) for samples ZSM-5c_15 (a,b), ZSM-5c_20 (c,d), ZSM-5c_37 (e,f) and ZSM-5c_69 (g,h). 
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Figure 5. Temperature dependence evolution of the normalized lattice parameters ((a) a/a0, (b) b/b0 and (c) c/c0) for the investigated ZSM-5c samples. 






Figure 5. Temperature dependence evolution of the normalized lattice parameters ((a) a/a0, (b) b/b0 and (c) c/c0) for the investigated ZSM-5c samples.



[image: Crystals 13 00979 g005a][image: Crystals 13 00979 g005b]







[image: Crystals 13 00979 g006 550] 





Figure 6. Evolution of the unit cell volume upon heating of the investigated ZSM-5c samples. 






Figure 6. Evolution of the unit cell volume upon heating of the investigated ZSM-5c samples.



[image: Crystals 13 00979 g006]







[image: Crystals 13 00979 g007 550] 





Figure 7. Evolution of ADPs parameters during heating. 
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Figure 8. Evolution of the ellipticity parameter with temperature for the four ZSM-5c samples. (a) ZSM5C_15; (b) ZSM5C_20, (c) ZSM5C_37 and (d) ZSM5C_69. 
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Figure 9. Evolution of the density parameter with temperature for the four ZSM-5c samples. 
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Table 1. Label, bulk Si/Al ratio, and Al+3 content of each ZSM-5 sample.
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	Sample Label
	Bulk Si/Al Ratio [mol/mol]
	Al Content (apfu)





	ZSM-5c_15
	15
	6.19



	ZSM-5c_20
	20
	4.57



	ZSM-5c_37
	37
	2.53



	ZSM-5c_69
	69
	1.37
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Table 2. Lattice parameters, data collection details, and R-value agreement indices at room temperature.
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Parameter

	
ZSM-5c_15

	
ZSM-5c_20

	
ZSM-5c_37

	
ZSM-5c_69






	
Space Group

	
Pnma

	
P21/n

	
P21/n

	
P21/n




	
a (Å)

	
20.1464(11)

	
19.9413(9)

	
19.9119(11)

	
19.9108(5)




	
b (Å)

	
19.9434(10)

	
20.1503(8)

	
20.1321(11)

	
20.1319(4)




	
c (Å)

	
13.4168(9)

	
13.4167(6)

	
13.3952(8)

	
13.3943(4)




	
V (Å3)

	
5390.7(5)

	
5391.0(4)

	
5369.5(5)

	
5368.7(2)




	
β (°)

	
90

	
90.354(4)

	
90.477(2)

	
90.499(1)




	
Wavelength (Å)

	
0.82700(1)

	
0.82700(1)

	
0.82700(1)

	
0.82700(1)




	
2θ (°) range

	
3–45

	
3–45

	
3–45

	
3–45




	
Ndata

	
8400

	
8400

	
8400

	
8400




	
Nvar

	
117

	
256

	
256

	
256




	
Rwp (%)

	
12.88

	
13.23

	
13.84

	
9.45




	
Rp (%)

	
9.28

	
9.98

	
10.99

	
7.36




	
RF (%)

	
9.48

	
8.08

	
8.2

	
4.72




	
RF2 (%)

	
10.58

	
13.00

	
12.01

	
7.23




	
Rp = ∑[Yio − Yic]/∑Y_io; Rwp = [∑wi(Yio − Yic)^2/∑wiYio2]^0.5; RF2 = ∑|Fo2 − Fc2|/|Fo2|











[image: Table] 





Table 3. O-O distances and CFA of SC, ZZ-A and ZZ-B channels for the four ZSM-5c samples.
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Free Diameter (Å)

	

	

	

	






	
ZZA

	
O28-O1

	
O27-O2

	
O20-O15

	
O24-O26

	
O41-46

	
Mean

O-O (Å)

	
Radius

(Å)

	
CFA

(Å2)

	
ε




	
ZSM-5c_20

	
5.426

	
5.447

	
5.688

	
5.341

	
5.794

	
5.5392

	
2.7696

	
24.09

	
1.08




	
ZSM-5c_37

	
5.453

	
5.443

	
5.688

	
5.313

	
5.808

	
5.541

	
2.7705

	
24.10

	
1.09




	
ZSM-5c_69

	
5.405

	
5.476

	
5.651

	
5.301

	
5.835

	
5.5336

	
2.7668

	
24.04

	
1.1




	
ZSM-5c_15

	
O18-O17

	
O18-O17

	
O4-O5

	
O4-O5

	
O25-O23

	
Mean

O-O (Å)

	
Radius

(Å)

	
CFA

(Å2)

	
ε




	
5.272

	
5.272

	
5.325

	
5.325

	
5.864

	
5.411

	
2.705

	
22.98

	
1.11




	
ZZB

	
O31-O4

	
O30-O5

	
O44-O43

	
O25-O23

	
O18-O17

	
Mean

O-O (Å)

	
Radius

(Å)

	
CFA

(Å2)

	
ε




	
ZSM-5c_20

	
5.233

	
5.491

	
5.44

	
5.853

	
5.146

	
5.4326

	
2.7163

	
23.17

	
1.13




	
ZSM-5c_37

	
5.163

	
5.549

	
5.498

	
5.498

	
5.061

	
5.3538

	
2.6769

	
22.50

	
1.09




	
ZSM-5c_69

	
5.145

	
5.587

	
5.483

	
5.822

	
5.071

	
5.4216

	
2.7108

	
23.07

	
1.14




	
ZSM-5c_15

	
O1-O2

	
O1-O2

	
O15-O20

	
O15-O20

	
O24-O26

	
Mean

O-O (Å)

	
Radius

(Å)

	
CFA

(Å2)

	
ε




	
5.451

	
5.451

	
5.746

	
5.746

	
5.368

	
5.552

	
2.776

	
24.20

	
1.07




	
SC

	
O47-O48

	
O31-O37

	
O44-O46

	
O8-O2

	
O7-O1

	
Mean

O-O (Å)

	
Radius

(Å)

	
CFA

(Å2)

	
ε




	
ZSM-5c_20

	
5.425

	
5.512

	
5.561

	
5.399

	
5.491

	
5.477

	
2.738

	
23.55

	
1.03




	
ZSM-5c_37

	
5.438

	
5.517

	
5.929

	
5.379

	
5.436

	
5.539

	
2.769

	
24.09

	
1.10




	
ZSM-5c_69

	
5.444

	
5.554

	
5.629

	
5.407

	
5.409

	
5.488

	
2.744

	
23.65

	
1.04




	

	
O1-O7

	
O2-O8

	
O5-O11

	
O18-O20

	
O21-O22

	
Mean

O-O (Å)

	
Radius

(Å)

	
CFA

(Å2)

	
ε




	
ZSM-5c_15

	
5.642

	
5.440

	
5.621

	
5.839

	
5.518

	
5.511

	
2.755

	
23.84

	
1.07
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Table 4. Values of constants in Equation (1) (with α0 × 10−5, α1 × 10−8, and α2 in K−1, K−2, and K, respectively) obtained from Fei polynomial fits. α(200–800) (×10−6 in K−1) is the mean coefficient of thermal expansion between 200 and 800 °C.






Table 4. Values of constants in Equation (1) (with α0 × 10−5, α1 × 10−8, and α2 in K−1, K−2, and K, respectively) obtained from Fei polynomial fits. α(200–800) (×10−6 in K−1) is the mean coefficient of thermal expansion between 200 and 800 °C.












	
	ZSM-5c_15
	ZSM-5c_20
	ZSM-5c_37
	ZSM-5c_69 *





	V0
	5373.46(25)
	5370.76(34)
	5373.46(25)
	5368.52(19)



	α0
	−2.1(6)
	−6.1(9)
	−2.1(6)
	−4.08(5)



	α1
	1.3(5)
	4.5(9)
	1.3(5)
	3.30(4)



	α2
	1.4(9)
	7.9(9)
	1.40(9)
	3.35(7)



	αV(200–800)
	−8.21
	−10.08
	−8.21
	−8.67







Note. * The data at 500 °C was considered an outlier and was not included in the calculation of the polynomial regression.
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