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Abstract

:

In this work, the chemical structural characterization of the erionite-type zeolite from Agua Prieta, Sonora, México, was performed on both pristine and Na, Ca, and Mg exchanged samples in order to identify the various modifications due to cation exchange. The samples investigated were those that showed the best behaviour of CO2 and CH4 adsorption at zero coverage levels and the higher values of surface area reported in our previous studies. According to the crystal-chemical formula (Na3.44K1.96Mg0.63Ca0.62)[Al8.21Si27.79O71.85]·29.63H2O, the pristine sample has been classified as erionite-Na. Morphological FE-SEM investigation performed on both pristine (ERIN) and Na-exchanged samples (ERINa3) showed a similar range of fiber diameters (27–37 nm). The chemical analyses of the ion-exchanged samples evidenced the upload of Ca and Mg following ion exchange with Na. Rietveld analysis results allowed the identification of the chemical structural modification caused by the ion exchange process, occurring mainly at the Ca1 site.
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1. Introduction


Currently, there are more than 240 zeolite frameworks reported, which are subdivided into 232 synthetic zeolites and 67 mineral species of natural zeolites [1,2]. Natural zeolites have a mainly volcanic origin. They can occur both in crystallized forms found in igneous and metamorphic rocks, as well as in grains of smaller diameters agglomerated in sedimentary rocks [3,4]. Various zeolite species may form by hydrothermal activity associated with different types of igneous rocks. This type of deposit mainly includes alteration in active geothermal fields and alteration associated with ore deposition. Regardless of the formation mechanism, the zeolite deposits are characterized as “sedimentary deposits” and today it is generally accepted that zeolites are widespread minerals, which form in a variety of geological environments [5]. Depending on the geological setting and physical-chemical conditions during mineral formation, natural zeolite deposits generally consist of heterogeneous mixtures of zeolite minerals along with varying amounts of other species such as quartz, feldspars and phyllosilicates [2], where the fraction corresponding to the zeolitic phase is the majority (>50 wt.%) [6]. Mexico has a wide range of zeolite deposits throughout its territory, mainly containing clinoptilolite, mordenite, epistilbite, erionite and chabazite [7]. Specifically, the municipalities of Tierra Blanca de Abajo, in the state of Guanajuato [8,9], and Agua Prieta, in the state of Sonora (Figure 1) [10,11] have abundant deposits of fibrous erionite. Erionite is a relatively widespread zeolite that occurs [12,13] with fibrous morphology in cavities of altered basalts, as a product of the diagenetic alteration of sediments, and as a hydrothermal alteration product [14]. It is hexagonal, space group P63/mmc [15], and according to the most abundant extra-framework cation, three different species are recognized: erionite-K, erionite-Ca, and erionite-Na [16,17,18], the latter being the most abundant [19]. In particular, erionite-Na has been reported from the United States [20,21], Tanzania Campbell, Antarctica [22], Northern Ireland [23], Cairns Bay (Australia) and Tuzkoy, Cappadocia (Turkey) [19]. Besides, fibrous erionite environmental exposure has been unambiguously related to the high rates of malignant mesothelioma cases observed in several villages of Cappadocia [24,25]. Erionite is classified as a low silica zeolite (Si/Al~3) and belongs to the small pore family, with 8-member rings (8MR) (0.36 × 0.51 nm) in its structure [26]. Furthermore, it is a member of the ABC-6 family [4,27], stacked along the c-axis of layers made of hexagonal rings of TO4 (T=Si, Al) tetrahedra, following an ABC scheme. Erionite is characterized by the AABAAC sequence. The resulting framework consists of columns of cancrinite (ε) cages connected along the z direction by double 6-rings (D6R) [28]. In addition, erionite cages (23-hedra) are formed by linking adjacent columns via single 6-rings (S6R) at the level of ε-cages. The cancrinite cage contains a K+ ion at the center of the cavity (site K1), whereas Ca1, Ca2 and Ca3 extra-framework (EF) cation sites, mainly coordinated by water molecules, are located along the axis of the large erionite cavity. Moreover, a further site, labelled K2 and placed at the center of the boat-shaped 8-member rings (8MR) forming the walls of the erionite cage, has been found in erionite-K and attributed to the presence of extra-K+ ions or Ca2+ and Na+ ions [15,16,29].



One of the most relevant characteristics of zeolites is their ability to exchange the cations present in their structure; each zeolite has a distribution of unique cationic sites [30]. The importance of a correct chemical and structural characterization of the zeolites that are applied in the adsorption processes is based on the fact that the distribution, size and number of cations present are strongly associated with the local electric field and the polarization of the adsorbed molecules in the cavities of zeolitic structures [31]. In some small pore zeolites with 8-member rings (8MR) such as erionite and chabazite, the location of certain cations like Na+ plays a role in the blocking or allowing of gaseous molecules that are adsorbed in their cavities [32,33]. In recent years, several studies have been published aimed at describing the crystal chemical characteristics of fibrous erionite samples from the typical localities [34,35,36,37] as well as on cation-exchanged samples. Mexican erionite from Agua Prieta, Sonora has already been characterized from a morphological, thermal and textural point of view [11,38]. In fact, this zeolite has been studied for industrial applications in gas and liquid adsorption processes [39,40,41]. Specifically, the selected erionite samples, both pristine and ionic exchanged, occupied in the present investigation were studied by Hernandez and Quiroz in CO2 [42] and CH4 [38] adsorption processes at zero degrees of coverage where the interactions between cations in the zeolitic cavities and gas molecules are more representative. According to the data reported, the main variations in CO2 adsorption occurred in the ERINa3 (0.155 mmol/g) and EriCa2 (0.11 mmol/g) and ERIMg2 (0.05 mmol/g) samples compared to the pristine ERIN sample (0.08mmol/g) at a temperature of 473 K and 10 mm Hg of pressure.



However, detailed chemical and crystallographic information on this sample is currently unavailable and it would be desirable to fill this gap for comparison purposes with well-characterized samples from other localities. This information is relevant since erionite must be handled safely due to its known carcinogenicity [43].



On this basis, this work aims to investigate, from the structural and crystal chemical point of view, samples from Agua Prieta (Sonora, Mexico), in the form of pristine material and loaded with Ca, Mg and Na by suspension in the corresponding salt solution at different concentrations.




2. Materials and Methods


2.1. Samples Description


The natural erionite studied in this work was collected in Agua Prieta, Sonora (Mexico). The sample was ground and sieved with a 60–80 mesh until about 100 g was obtained. For each treatment, 10 g of zeolite were used, which were packed in an elution column where the exchange treatment was carried out. The cation exchange treatments consisted of the addition of one of the three different salts (NaCl, CaCl2 and MgCl2) and consecutive washes with distilled water. Three samples were obtained for each salt used at one, two and three contact cycles of 250 mL 0.01 N. The total remotion of the Cl− ion was confirmed using AgNO3 as an indicator. Finally, samples were dried at room temperature. It should be noted that the efficacy and use of inorganic salts such as chlorides is well known and has been reported in numerous research works [44,45,46]. The concentration and contact volumes used in this project were selected according to the results obtained in the application of different experimental treatments to different types of natural zeolites in the “Zeolite Research Department” ICUAP, BUAP.



The samples are identified by the following nomenclature: the ERI prefix is used to denote erionite followed by the exchanged cation (Na, Ca, Mg) and the treatment number (1, 2, 3), i.e., ERINa3. Pristine erionite has been labelled ERIN (N = natural). The porosity and the adsorption capacity of CO2, CH4 and H2 from both pristine and ion-exchanged samples were evaluated in previous works [38,42]. Results showed that ERINa3, EriCa2 and EriMg2 samples (see Supplementary Materials) have the best textural properties and adsorption capacity compared to the ion-exchanged analogue ones. Consequently, in this work, these samples were investigated from the chemical and structural point of view. In addition, the pristine sample was studied for comparison purposes.




2.2. High Resolution Scanning Electron Microscopy (HR-SEM)


The fibers morphology was analyzed with a JEOL HR-SEM instrument, model JSM-7800F (JEOL USA, Inc., Peabody, MA, USA) at 5 kV. Erionite samples were mounted on a stub holder and coated with Au. Additionally, fiber diameters were measured using the Image J-1.54u software on micrographs at magnifications of 35,000× and a scale of 100 nm.




2.3. Scanning Electron Microscopy with Energy Dispersive X-ray Analysis (SEM-EDX)


The micro-chemical characterization was performed using a Quanta 400 SEM (FEI, Hillsboro, OR, USA) equipped with an EDX Genesis EDS system following the procedures described in [47]. Operating conditions were: 15 kV accelerating voltage, 11 mm working distance, 0° tilt angle. Chemical data were collected at least at 6 analytical points. The final crystal chemical formula was calculated, after renormalization of the chemical analyses hypothesizing a water content of 18.5 wt.% (corresponding to ca. 30 atoms per formula unit, apfu), on the basis of 36 (Si + Al + Fe(III)) apfu. Both the balance error formula E% [48] and the K content filter [37] were used for the selection of the positive analyses.




2.4. X-ray Powder Diffraction (XRPD)


X-ray powder diffraction data were collected in transmission mode, θ/θ geometry, using a Bruker AXS D8 Advance (Bruker AXS, Karlsruhe, Germany). Samples were charged in 0.7 mm diameter borosilicate glass capillaries and mounted on a goniometer head. The instrument was fitted with incident beam focusing Göbel mirrors and a position sensitive detector (PSD) VÅntec-1. Diffraction patterns were measured in the 6°–145° 2θ/angular range, 0.022° 2θ step-size and 10 s counting time. Preliminary analysis of the data indicated that the samples consisted of mixtures of erionite, chabazite, clinoptilolite, albite and quartz plus minor clay minerals (possibly montmorillonite). Before performing X-ray powder diffraction (XRPD) analysis, pristine erionite was subjected to a gravimetric enrichment treatment following the procedure indicated in reference [36]. Analysis of pristine erionite sample was performed not only for the as-is material but also for the fraction sedimented after 60 s and 1 h in order to find the best experimental conditions. The maximum, albeit minor, enrichment was found in the case of the fraction sedimented after 1h and therefore only those data will be presented in this work. Quantitative phase analysis (QPA) and erionite structure refinements were performed by the Rietveld method using Topas V6 [49] and the Fundamental Parameters Approach [50] to describe the peak shape. Starting structural data of the various minerals were: erionite-Na [37], chabazite [51], clinoptilolite [52], albite [53], quartz [54]. Owing to the absence of a proper structural model for montmorillonite, its minor contribution to the pattern was modelled using single peaks located at the relevant 2θ values (ca. 19.7°, 21.7°, 35.0°, 51.5°, 61.5°, 67.7°, 76.5° 2θ) consistent with a hexagonal a = 5.16 Å c = 14.43 Å lattice. Therefore, quantification of clay minerals was not performed but a rough estimate, based on relative peak intensities, points to a content <5 wt.%. In the case of erionite, fractional coordinates and site occupancies of both EF cation and H2O molecule sites were refined. Cell parameters were refined for erionite and chabazite, the most abundant phases in the mixture. Coherently with the morphology of the samples, as disclosed by HR-SEM, an anisotropic broadening model was used to describe the peak shape of erionite. Absorption correction was modelled using the formalism of Sabine et al. [55] and the preferred orientation was modelled using spherical harmonics (8th-order, six refinable parameters) by selecting the number of appropriate terms as suggested in reference [56]. CIF files of the pristine and cation-exchanged samples are available for download at the journal site.





3. Results


3.1. Morphology Characterization


HR-SEM images of the pristine and Na-exchanged erionite zeolites are shown in Figure 2, in which a morphology of compacted elongated prisms is observed. The histograms presented in Figure 2b,d show no differences in the single fibril diameter, which mainly range between 27 and 37 nm. In addition, the presence of chabazite can be observed as a secondary phase (inset of Figure 2c). The morphology and chemical composition are different from that reported for the zeolitic material from Tierra Blanca de Abajo, Mexico [8], which is characterized by isolated fibers with diameters ranging from 200 to 500 nm and clinoptilolite as an accessory phase.




3.2. Chemical Structural Characterization of both Pristine and Ion-Exchanged Samples


The chemical compositions of both pristine and ion-exchanged fibers are shown in Figure 3, where the presence of Na, Ca, K, and Mg as extraframework cations is notable. Notably, no Fe was detected in the fibers, in agreement with previous results obtained on erionite fibers from Oregon, USA [36,37]. On this basis, the presence of Fe previously detected in the sample by X-ray fluorescence spectroscopy may be attributed to impurity phases [38], possibly clays.



The pristine sample can be classified as erionite-Na from the crystal-chemical formula (Na3.44K1.96Mg0.63Ca0.62)[Al8.21Si27.79O71.85]·29.63H2O. It must be pointed out that this sample has a different chemical composition with respect to the well-characterized erionite-Na samples from Oregon (Durkee and Rome localities), the main difference being the presence of some Ca as EF cation in the Mexican sample, resulting in a smaller M/(M + D) (where M = Na + K; D = Ca + Mg) ratio (Table 1). Moreover, erionite from Agua Prieta has a chemical composition different from that of erionite from the other reported occurrence in Mexico, Tierra Blanca (state of Guanajuato), where erionite-K occurs as a diagenetic product in altered Oligocene-Miocene rhyolitic tuffs [8].



The chemical analysis of the fibers suspended in the NaCl, CaCl2 and MgCl2 solutions highlighted that the ion-exchange process was successfully performed only for Ca and Mg cations. Notably, the unchanged chemistry of the NaCl-treated fibers was expected, since the lowest selectivity of Na among all the more common alkali or alkali–earth metal elements found in erionite [44]. Moreover, the two K+ ions per unit cell allocated within the cancrinite cages of erionite (Table 1) cannot be replaced by ion exchange due to steric hindrance [35,44].



The CaO and MgO content of the CaCl2- and MgCl2-treated samples increased, with respect to the pristine sample, from 1.21 to 2.58 wt.% (corresponding to 0.62 and 1.32 apfu) and from 0.88 to 1.48 wt.% (corresponding to 0.63 and 1.05 apfu), respectively. For both samples, a marked reduction in Na2O content was observed (from 3.44 apfu to 1.89 and 2.30 apfu, respectively), confirming that Na was the cation exchanged during fiber incubation in salt solutions. As a matter of curiosity, the Ca-exchanged sample should be more precisely classified as erionite-K. However, it must be pointed out that the difference between the most abundant K and Na EF cations are only within one standard deviation (Table 1). Notably, the small amount of loaded Mg is in agreement, within one standard deviation, with the maximum observed value of 0.8 apfu Mg ions hosted within the erionite cage in natural ERI samples [16]. Differently, the Ca content was more than double after sample incubation in the CaCl2 solution.



The experimental diffraction patterns of natural and exchanged erionites are shown in Figure 4, where the presence of erionite, accompanied with secondary phases as chabazite, clinoptilolite, quartz and albite, is visible. The obtained patterns of the exchanged erionites do not show significant variations in their characteristic signals with respect to the pristine sample.



Quantitative phase analysis (QPA) by the Rietveld method of the various samples is reported in Table 2 and an example of the conventional Rietveld plots is shown in Figure 5. This figure shows that relevant CHA reflections are independent, and they are not superimposed to those of ERI at low angles. Reflections at ca. 9° and 21° 2θ are part of doublets whose contribution to both phases are clearly assigned. As can be seen in Table 2, samples are characterized by compositional variability, as common in natural samples, in particular the erionite/chabazite ratio ranges from ca. 10 (ERIN) to ca. 2.5 (ERIMg2). This fact may be able to modulate the adsorption properties shown by the various samples.



Structural data are fully consistent with the chemical data arising from SEM-EDX analysis. In particular, the sample immersed in NaCl solution shows minimal differences in cell parameters, EF cations and H2O sites’ population with respect to the pristine material. No electron density was observed at K2, coherently with a K content close to 2 apfu, and at Ca3 (Table 3). The latter feature is not unusual as it has also been observed in erionite-K from Rome (USA) [15]. The average R = Si/(Si + Al) of 0.779(5) (Table 1) is consistent with a cell volume of 2292.5 Å3 according to the regression equation R = 0.0021 × Volume + 5.593 reported in [51]. The reported cell volumes of all analyzed samples are reasonably close to that value, indicating its minor dependence from the cation content. As far as the framework is referred to, average <T–O> bond distances were used to calculate the Al population at the two T1 and T2 tetrahedral sites using the Jones’ determinative curves [58] (Table 4). Although some variability is observed, caused by the extreme sensitivity of this parameter to very minor variations of <T–O>, the average values, which are more significant as obviously no modification of the Si/Al ratio has occurred as a result of the ionic-exchange process, return a R = Si/(Si + Al) of 0.774, which is in very good agreement with 0.779 from SEM-EDX chemical data. Similarly to the sample of acicular to fibrous erionite-Ca MB170 from Berici Hills, Northern Italy [59], aluminum is preferentially allocated at T1.



The cation exchange procedure does not significantly modify the position of the EF cation sites that experience only minor displacement along the c-axis, as testified by nearly constant z coordinates (Table 4). On the contrary, according to the miscellaneous data of the refinements presented in Table 3, the EF cation sites’ population is affected by the Mg and Ca exchange process and, in both cases, an increase in site scattering (s.s.) at Ca1 has been observed. It is not possible to easily define which is the site where Mg and Ca enter because no relevant modification of bond distances between cations and neighboring oxygen atoms or H2O has been observed. Mg has been consistently allocated at Ca1 [15,29,34,35,36], whereas Ca has been allocated at Ca1, Ca2 and Ca3. It is worth noting that the total EF cation site s.s. derived from the Rietveld refinements show different behaviors in comparison to that obtained from SEM-EDX. In fact, both ERIN and ERINa3 show a lower s.s. from Rietveld refinement, whereas the opposite is true for ERIMg2 and ERICa2. It is worth noting that the Mg2+ → 2 Na+ substitution scheme should ideally result in a reduction in s.s. (12 e− vs 22 e−), whereas the Ca2+ → 2 Na+ substitution scheme does not significantly modify the s.s. (20 e− vs 22 e−). There is no simple and univocal answer to this apparently strange behavior. Various concurring processes may be invoked to explain it. Alkali migration/volatilization has been reported to occur during SEM-EDX (and EMPA) analysis [50]; cations may be partly allocated at sites normally attributed to H2O [61] and correlation between displacement parameters and site population may modulate the observed EF s.s. In the present case, the total s.s. observed at H2O sites is in the 275–280 e− range corresponding to ca. 34.5–35 H2O apfu that it is a little higher than the grand average calculated from reliable chemical data of 30 H2O apfu [18], albeit similar values have been reported [23]. Therefore, it could be hypothesized that a minor amount of cations could be hosted at OW sites. In the case of the Mg- and Ca-exchanged samples, it is worth noting that the content of erionite in mixture is significantly lower than that in ERIN and ERINa3. This fact, in turn, could be (partly) responsible for the higher s.s. at EF cationic sites, owing to correlations among parameters.



As a final remark, the cell parameters of the admixed chabazite (Table 3) show minor variation in the various samples and the cell volume increases from 812.33(15) Å3 in the case of ERIN to 812.83(11) Å3 for ERINa3, to 813.08(8) Å3 for ERIMg2, and to 814.05(10) Å3 for ERICa2. This behavior suggests the onset of some ion exchange in admixed chabazite too.





4. Conclusions


The detailed structure characterization, by the Rietveld method, of the pristine erionite-Na ERIN sample from Agua Prieta, Sonora, México indicated differences in terms of extra framework site population with respect to samples from classic localities. QPA testified an inhomogeneity of the material as the content of accessory phases (mainly chabazite) ranged from ca. 20 to 40 wt.%, albeit the content of zeolite was consistently close to 90 wt.%. The morphology observed is different from that found in known localities, while, regarding its chemical composition and structural modifications, the effectiveness of the exchange treatments was confirmed in the treatments carried out with calcium and magnesium, with sodium being consistently the cation exchanged. This fact is in agreement with the variation of the EF cation sites’ population, where an increase in the s.s. at Ca1 and of the a cell parameter was observed for ERIMg2 and ERICa2. Furthermore, the absence of iron inside the erionite structures is an important point since its role in the toxicity of these fibrous zeolites is well known. In addition, the data obtained will serve to correlate the structural modifications induced by ion exchange processes in future investigations of selective volumetric adsorption of CO2/CH4.
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Figure 1. Mexican erionite zeolite framework. 
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Figure 2. HR-SEM images of erionite fibers: (a) ERIN—5000×, (b) Histogram of ERIN diameter, (c) ERINa3—5000×, (d) Histogram of ERINa3 diameter. 
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Figure 3. SEM-EDX spectrums of erionite fiber samples: (a) ERIN (b) ERINa3, (c) ERICa2 and (d) ERIMg2. 
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Figure 4. Experimental diffraction pattern of the various samples. Coloured vertical bars mark the position of the Bragg reflection of the various minerals. 
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Figure 5. Magnified view (6°–60° 2θ) of the conventional Rietveld plots of the ERIN sample. Blue dots: Experimental pattern; red continuous: Calculated pattern; gray continuous: difference plot; vertical lines: position of the relevant reflections of clays. 
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Table 1. SEM-EDX chemical analyses of the both pristine and ion-exchanged erionite fibers. Reference data: (C2013) [37] and (B2015) [57] for erionite-Na are reported for comparison purposes.
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	Oxides (wt.%)
	ERIN
	ERINa3
	ERICa2
	ERIMg2
	Average
	C2013
	B2015





	SiO2
	58.00 (74)
	58.28 (102)
	59.04 (86)
	59.11 (98)
	
	58.74 (84)
	60.06 (47)



	Al2O3
	14.51 (36)
	14.15 (51)
	13.83 (55)
	13.88 (86)
	
	13.46 (45)
	12.81 (19)



	Na2O
	3.70 (67)
	3.87 (64)
	2.04 (39)
	2.49 (35)
	
	5.75 (1.15)
	4.03 (27)



	K2O
	3.20 (37)
	3.24 (35)
	3.23 (25)
	3.41 (28)
	
	3.22 (69)
	4.01 (42)



	MgO
	0.88 (22)
	1.00 (18)
	0.78 (24)
	1.48 (32)
	
	0.33 (28)
	0.59 (24)



	CaO
	1.21 (34)
	1.04 (11)
	2.58 (39)
	1.13 (36)
	
	-
	-



	FeO
	n.d.
	n.d.
	n.d.
	n.d.
	
	-
	-



	H2O *
	18.50
	18.50
	18.50
	18.50
	
	18.50
	18.50



	Total
	100.00
	100.00
	100.00
	100.00
	
	100.00
	100.00



	Si
	27.79 (23)
	27.98 (32)
	28.20 (33)
	28.19 (47)
	28.04 (17)
	28.34 (14)
	28.76 (11)



	Al
	8.21 (23)
	8.02 (32)
	7.80 (33)
	7.81 (47)
	7.96 (17)
	7.66 (14)
	7.24 (11)



	Na
	3.44 (64)
	3.61 (62)
	1.89 (36)
	2.30 (33)
	
	5.38 (1.17)
	3.75 (27)



	K
	1.96 (24)
	1.99 (22)
	1.97 (15)
	2.08 (17)
	
	1.99 (45)
	2.45 (27)



	Mg
	0.63 (16)
	0.71 (14)
	0.55 (17)
	1.05 (23)
	
	0.24 (20)
	0.42 (17)



	Ca
	0.62 (18)
	0.54 (05)
	1.32 (20)
	0.58 (19)
	
	-
	-



	Fe
	-
	-
	-
	-
	
	-
	-



	O
	71.85 (15)
	72.04 (25)
	71.91 (06)
	71.92 (32)
	
	72.09 (49)
	72.10 (14)



	H2O
	29.63 (17)
	29.69 (26)
	29.54 (04)
	29.49 (19)
	
	29.77
	29.60 (17)



	E%
	3.8
	−0.9
	2.3
	2.2
	
	−2.3
	3.1



	R
	0.772 (6)
	0.777 (9)
	0.783 (9)
	0.783 (13)
	0.779 (5)
	0.787
	0.799 (3)



	M/(M + D)
	0.809 (46)
	0.817 (12)
	0.673 (41)
	0.728 (37)
	
	0.969
	0.936 (27)







* Ideal content based on ca. 30H2O apfu. E% = (Al − [Na + K) + 2(Mg + Ca + Sr + Ba + Fe2+)]/[(Na + K) + 2(Mg + Ca + Sr + Ba + Fe2+)] [23]; R = Si/(Si + Al); M = Na + K; D = ƩCa + Mg + Mn. n.d. = not determined.
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Table 2. QPA of the various samples. Clays were observed in all samples but were not quantified owing to the absence of an adequate structural model (see text). The content has been estimated to be similar in all samples and <5 wt.% from visual evaluation of the intensity of the relevant reflections.
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	Phases
	ERIN
	σ
	ERINa3
	σ
	ERIMg2
	σ
	ERICa2
	σ





	Erionite
	85.7
	0.3
	83.0
	0.3
	66.4
	0.4
	68.1
	0.4



	Chabazite
	8.8
	0.3
	11.8
	0.3
	27.9
	0.4
	26.8
	0.4



	Albite
	3.31
	0.09
	2.89
	0.09
	2.60
	0.09
	2.30
	0.10



	Clinoptilolite
	1.40
	0.09
	1.62
	0.09
	2.63
	0.10
	2.37
	0.11



	Quartz
	0.74
	0.03
	0.62
	0.02
	0.35
	0.03
	0.44
	0.03



	Clays
	>
	
	>
	
	>
	
	>
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Table 3. Miscellaneous data of the Rietveld refinements including agreement indices, cell parameters of erionite and coexisting chabazite, site scattering (s.s.) at both extra framework (EF) and H2O sites. Statistical indicators as defined in Young (1993) [60].
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	Statistical Indicators
	ERIN
	σ
	ERINa3
	σ
	ERIMg2
	σ
	ERICa2
	σ





	Rwp
	2.38
	
	2.10
	
	2.13
	
	1.94
	



	Rp
	1.67
	
	1.53
	
	1.56
	
	1.42
	



	χ2
	3.08
	
	2.43
	
	2.54
	
	2.23
	



	DWd
	0.30
	
	0.41
	
	0.43
	
	0.48
	



	RBragg erionite
	0.95
	
	0.70
	
	0.56
	
	0.62
	



	Cell parameters erionite
	
	
	
	
	
	
	
	



	a (Å)
	13.2469
	0.0002
	13.2470
	0.0002
	13.2446
	0.0003
	13.2553
	0.0003



	C (Å)
	15.0895
	0.0004
	15.0881
	0.0004
	15.0905
	0.0005
	15.0803
	0.0005



	V (Å3)
	2293.17
	0.10
	2292.97
	0.10
	2292.53
	0.13
	2294.66
	0.13



	Cell parameters chabazite
	
	
	
	
	
	
	
	



	a (Å)
	9.3604
	0.0006
	9.3624
	0.0004
	9.3636
	0.0003
	9.3665
	0.0004



	α(°)
	94.441
	0.006
	94.446
	0.005
	94.464
	0.003
	94.414
	0.004



	V (Å3)
	812.33
	0.15
	812.83
	0.11
	813.08
	0.08
	814.04
	0.10



	EF site scattering s.s. (e−)
	
	
	
	
	
	
	
	



	Ca1
	19.7
	0.7
	21.3
	0.7
	27.3
	1.0
	35.1
	0.9



	Ca2
	32.2
	0.7
	31.8
	0.7
	32.0
	1.0
	27.1
	1.0



	Ca3
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0



	K1
	38.0
	0.0
	38.0
	0.0
	38.0
	0.0
	38.0
	0.0



	K2
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0,0
	0.0



	Total cat. s.s. refinement
	89.9
	1.4
	91.0
	1.4
	97.3
	1.9
	100.2
	1.9



	Total cat. s.s. from SEM-EDX
	95.1
	
	96.8
	
	89.0
	
	91.4
	



	H2O sites s.s. (e−)
	
	
	
	
	
	
	
	



	OW7
	6.3
	1.3
	8.5
	2.2
	7.6
	1.5
	5.9
	2.1



	OW8
	38.6
	1.1
	38.3
	1.2
	36.1
	1.6
	55.8
	1.7



	OW9
	61.9
	1.8
	59.3
	2.1
	79.1
	4.9
	60.4
	2.9



	OW10
	71.9
	2.0
	72.8
	2.1
	49.7
	5.4
	78.3
	2.5



	OW11
	75.2
	1.8
	74.0
	2.5
	78.2
	2.1
	62.4
	2.8



	OW12
	22.3
	2.0
	24.2
	2.3
	27.3
	2.7
	17.7
	3.2



	Total s.s. H2O sites
	276.1
	10.0
	277.1
	12.4
	277.9
	18.3
	280.5
	15.2



	H2O apfu
	34.5
	1.3
	34.6
	1.6
	34.7
	2.3
	35.1
	1.9
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Table 4. z coordinates of Ca1 and Ca2 cation sites; individual and average T–O bond distances; Al population at T1 [Al(1)] and T2 [Al(2)] tetrahedral sites as calculated from the Jones’ determinative curves [58] Alpop = 6.4116 x <T–O>-10.282. Tabulated values were multiplied by the site multiplicity (T1 = 24; T2 = 12).
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	Fractional Coordinates
	ERIN
	σ
	ERINa3
	σ
	ERIMg2
	σ
	ERICa2
	σ
	Average





	z Ca1
	0.814
	0.004
	0.823
	0.004
	0.825
	0.004
	0.824
	0.003
	



	z Ca2
	0.1059
	0.0019
	0.106
	0.002
	0.110
	0.003
	0.111
	0.003
	



	Bond distances
	
	
	
	
	
	
	
	
	



	T1–O2
	1.643
	0.004
	1.642
	0.004
	1.636
	0.006
	1.649
	0.006
	



	T1–O4
	1.626
	0.004
	1.624
	0.004
	1.633
	0.005
	1.632
	0.005
	



	T1–O1
	1.629
	0.008
	1.657
	0.008
	1.650
	0.010
	1.613
	0.012
	



	T1–O3
	1.675
	0.007
	1.697
	0.007
	1.693
	0.009
	1.660
	0.010
	



	<T1–O>
	1.643
	
	1.655
	
	1.653
	
	1.639
	
	1.647



	T2–O6
	1.611
	0.008
	1.611
	0.007
	1.622
	0.010
	1.631
	0.011
	



	T2–O1
	1.628
	0.007
	1.623
	0.008
	1.625
	0.010
	1.620
	0.010
	



	T2–O1
	1.628
	0.007
	1.623
	0.008
	1.625
	0.010
	1.620
	0.010
	



	T2–O5
	1.624
	0.007
	1.615
	0.007
	1.611
	0.010
	1.632
	0.011
	



	<T2–O>
	1.623
	
	1.618
	
	1.621
	
	1.626
	
	1.622



	Si/Al partition
	
	
	
	
	
	
	
	
	



	Al(1) apfu
	6.09
	
	7.90
	
	7.59
	
	5.36
	
	6.74



	Al(2) apfu
	1.47
	
	1.10
	
	1.32
	
	1.70
	
	1.40



	Altot apfu
	7.56
	
	9.00
	
	8.91
	
	7.06
	
	8.13



	Sitot apfu
	28.44
	
	27.00
	
	27.09
	
	28.94
	
	27.87



	R = Si/(Si + Al)
	0.790
	
	0.750
	
	0.753
	
	0.804
	
	0.774



	R from SEM-EDX
	0.772(6)
	
	0.777(9)
	
	0.783(9)
	
	0.783(13)
	
	0.779(5)











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
ERINa3

25 30 35
Fibers Diameter (nm)

I
40 45





nav.xhtml


  minerals-10-00772


  
    		
      minerals-10-00772
    


  




  





media/file2.png
ERIONITE ZEOLITE FRAMEWORK

._.
-3
I “
-
I..
ol

' %.‘.%

%

< W EEE
;".#-n & B Bt L= ealt]
A3

AGUA PRIETA,
SoNora, MEXICO

< @x2 Poa@ca@cas





media/file5.jpg
si st

* BrIN b ERINag
ay Al
Na Na N
S ¥
oo im0 e 4 [T e arra——
. st
o Ericas @ EriMga

o K ca

0% 180 270 360 450  kev 0% 180 270 360 450 kev





media/file3.jpg
meter (im)

Ol
ivers Glameter (7m)

¢
2
&






media/file1.jpg
ERIONITE ZEOLITE FRAMEWORK






media/file7.jpg
TP 301570 KNGCa{STTAAIOSS TSHIO Eronte
1 PDF 340137 CapAl4S8024 12420 Chabazie

| PDF 36-1383 KNa2Ca2(S25AT)OT2 24H20 Clnoptiote
| PDF 200572 NaWISi308 A, disorderd

1_PDF 46.1045 502 Quarz, sy






media/file10.png
Counts

ERIN

120.000/
110.000-
100.000-
90.000-
80.000-
70.000-

60.000

50.000

40.000

30.000

20.000;

10.000-

.l | \ (4 ra a " . p
A . | A harts o e, L PTTAET Lh T SR L " TS LY - " - e S "
— |.h‘ [ ey | Il" st 'r*_'_, e PN U g LR o W] L WL LN l f I.,..__.-« XI g0y I,l | b ‘J\,-\I T N B A T i B Il WL WL L_, L SRSV R S
L N v W W . o

o | 1' "

| | I| | | || II "l: I I III | II |IIII | |II | | || i Ihll IIII | |II Illll II |"|II II|I I |||'|Ill ”||| IllI 'IIII i I!IlI |I lHlIIH Ihlll1 II”I II I’L“li J rl IIlr| II:IIIIIIIII':!IIIHI III Illlllml"illll rlll ll“ll'l ’ll‘llll”llll Iqllilllllilllql):ll‘q!li?'l'h!l*h IHfIIIIII? {I'Ihl il 7‘4,:51|’|w:{1lllql+llill|‘::!lr

10 15 20 25 30 35 40 45 50 60
2theta (°)






media/file9.jpg
, o 4‘ ‘u;\i;w‘xw Lo LhaVA
R

Ztheta (')






media/file0.png





media/file8.png
Counts

120.

110.

100.

a0.

80.

70.

60.

50,

40.

30.

20.

- aCal(si . rionite

I

| PDF 34-0137 Ca2Al4Si8024-12H20 Chabazite

| PDF 39-1383 KNa2Ca2(Si29Al7)072-24H20 Clinoptilolite
| PDF 20-0572 NaAISi308 Albite, disordered

I PDF 46-1045 SiO2 Quartz, syn

2theta (°)

Ca-exchanged






media/file6.png
a) ERIN b) ERINa3
Al
Al
Na
K
.
0.90 1.80 2.70 3.60 4.50 keV 0.90 1.80 2.70 3.60 4.50 keV
si o
c) ERICa2 d) ERIMg2

keV





