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ABSTRACT

Inhalation of erionite has been proven to be the cause of the extended epidemic of malignant
mesothelioma occurring in Central Anatolia, Turkey and of cases of lung diseases in the USA. Its
carcinogenicity is three orders of magnitude greater than that of regulated asbestos. Here we report
the results of the investigation of the structural and crystal chemical modifications occurring in
erionite leached with artificial lysosomal fluid (ALF) and Gamble’s solution. ALF leaching
produces a migration of Na’ ions from Cal to Ca2 extraframework cationic site, without the
occurrence of any significant modification of the chemical composition of the fibers. Differently,
leaching with Gamble’s solution induces a complex ionic-exchange process resulting in a temporary
partial replacement of Na" by Ca®", coming from the fluid, which is fixed at a third Ca3 cationic
site. Subsequently, the exchange process reverses. In fact, Ca’" is removed from Ca3 and Na'
migrates back to Cal, the structure being indistinguishable from the starting, unleached material.

Such process seems to be accompanied by a progressive amorphization of fibers. Present data are
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expected provide a valuable background for a more detailed comprehension of the

morphostructural/biological activity relationships inducing pathogenicity.

Keywords: Erionite-Na, malignant mesothelioma (MM), simulated lung fluids SLFs, leaching,

Rietveld method

INTRODUCTION

Erionite is a fibrous zeolite belonging to the so-called ABC-6 family (Gottardi and Galli 1985)
usually occurring in volcanic ash altered by weathering processes. It is hexagonal, space group
P6;/mmc, topological code [ERI] (Baerlocher et al. 2007). The framework consists of columns of
double six-rings (D6R) alternating with cancrinite (g) cages, and columns of erionite cages. In total,
a unit-cell contains two D6R, two &, and two erionite cages. An average chemical formula
K>(Na,Cag5)s[Alj¢Si26072] ¢« 30H,O has been proposed for erionite but, owing to a relevant
chemical variability, three different species, erionite-K, erionite-Ca, and erionite-Na are recognized
(Coombs et al. 1997).

In the past few years erionite has been the object of several investigations because of its linking
with malignant mesothelioma (MM). In fact, in vivo studies have unambiguously proved that
erionite is 500-800 times more tumorigenic than chrysotile and crocidolite asbestos (Coffin et al.
1992) accordingly being included by the International Agency for Research on Cancer (IARC) in
the Group 1 Human-Carcinogen list (IARC 1987; 2011). The high rate of MM occurring in several
villages of Central Anatolia, Turkey, has been unequivocally related to erionite fibers inhalation in
the late 1970s by Baris and co-workers (Baris et al. 1978; Artvinli and Baris 1979). For a few years
this environmental problem has been considered as locally circumscribed, until in 1981 the first
North American case of erionite-related lung disease was identified in Utah (Rom et al. 1983) and
several others were subsequently reported (Ilgren et al. 2008a,b). Since 2005, the concern with the
carcinogenic potential of erionite started to capture the interest of the public opinion in the United

States owing to the fact that, since 1980s, gravel pits were excavated in areas within the USA

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4922 10/10

containing erionite (Sheppard 1996), as North Dakota, and the gravel used as building materials.
Epidemiological studies revealed a correlation between occupational exposures to erionite fibers
and lung diseases (US EPA and NDDH 2010; Ryan et al. 2011). Biological activity of erionite
samples from different localities has been demonstrated to be similar (Carbone et al. 2011). Human
mesothelial (HM) cells exposed to erionite release high-mobility group box 1 (HMGB1) and secrete
tumor necrosis factor-o. (TNF-a), similarly to asbestos (Yang et al. 2006; Yang et al. 2010).
Besides, its toxicity has been partly ascribed to the effect of ion-exchanged iron, imbibed after
inhalation, arising from protein injury (Carr and Frei 1999). Therefore, iron may participate to
Fenton chemistry eventually generating reactive oxygen species (ROS) possibly inducing DNA
damage (Hardy and Aust 1995; Eborn and Aust 1995). The chemical analyses of several erionite
samples revealed the presence of iron, although this zeolite is a nominally Fe-free phase (Eberly
1964; Dogan et al. 2006). However, it has been shown that iron was located at the zeolite surface as
iron oxide nanoparticles (Ballirano et al. 2009) or as thin coating of iron-bearing silicates (Cametti
et al. 2013). Five mechanistic hypotheses for asbestos carcinogenicity have been proposed (Kane et
al. 1996): a) generation of free radicals damaging DNA; b) physical interference with mitosis; c)
stimulation of proliferation of target cells; d) provocation of chronic inflammatory reaction
producing prolonged release of ROS, cytokines, and growth factors; e) action as co-carcinogens or
carriers of chemical carcinogens to the target tissue. Besides, erionite has very peculiar features that
are not shared with the six regulated asbestos, five amphiboles and chrysotile (Fubini and Fenoglio
2007) i.e. the very high (external and internal) surface area (Johnson et al. 1992) and the ionic-
exchanger behavior. A significant reduction of surface area has been observed as a result of ionic
exchange involving K" ions (Eberly 1964).

Here we report the results of a multi-analytical crystal-chemical characterization of erionite-Na
fibers from Rome, Oregon (USA) before and after leaching into artificial lysosomal fluid (Moss
1979) (ALF) and Gamble's solution (Marques 2011). ALF is analogous to the fluid with which

inhaled particles would come into contact after phagocytosis by alveolar and interstitial
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macrophages. Gamble's solution simulates the interstitial fluid deep within the lung. Leaching of
asbestos fibers into simulated lung fluids (SLFs) has been routinely performed to date for
exclusively testing bio-solubility and bio-durability of asbestos (De Meringo 1994). The selection of
the two fluids has been performed following the suggestion of NIOSH for solubility assays (Nelson
et al. 2009). The investigation aims at exploring the exchange mechanisms and the corresponding
structural modifications occurring whenever erionite fibers are kept in contact with SLFs as it is
reasonable to hypothesize that bulk effects should play some role in the development of lung
diseases. In fact, zeolites are cation exchangers and their ability to deeply interact with SLFs is
peculiar and is an entirely different property with respect to the essentially surface-driven activity of
asbestos. Therefore, present data provide a sound background for a more detailed comprehension of
the morphostructural/biological activity relationships inducing pathogenicity, the final target being
the identification of an inactivation route. In fact, one of the limits of investigations performed so
far on the subject is the lack of a detailed characterization of the fibers used for testing. This fact
renders virtually impossible to correlate compositional/structural changes of the fibers with the

modifications occurring at the cellular level.

EXPERIMENTAL METHODS

Enrichment procedure

Erionite from Rome, Oregon has been used in the present investigation because it has been
reported to occur as nearly pure samples. However, a preliminary X-ray powder diffraction pattern
indicated a content of erionite of ca. 85 wt.%, the impurities consisting of quartz, feldspar and clay
minerals. Therefore, an enrichment procedure was tailored to increase the erionite content to > 95
wt.%. The raw material was ground in an agate mortar and subsequently placed in about 600 ml of
distilled water in an 800 ml plastic beaker. The slurry was disaggregated in an ultrasonic processor
operating at 200 W for approximately 10 min. At the end of the process the beaker was removed,
covered, and placed onto a vibration-insulated surface, to allow the suspension settling for ca. 60 s.

The sedimented fraction consisted of the coarse fraction, mainly feldspar, quartz, and larger

4
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aggregates that were not crushed to component mineral size. Such fraction was removed and the
supernatant was let to decant into a second beaker for ca. 1 h, allowing the 20-3 um size fraction to
settle down. In zeolite-rich samples, this will generally be a fairly pure zeolite fraction. The
remaining supernatant was decanted in a third beaker and allowed to rest for 20 h to obtain the 3-1
um size fraction. The small residual fraction was put in a fourth beaker and let to decant for 32 h. In
Fig. 1a we report the diffraction patterns, collected with a Bruker AXS D8 Focus equipped with a
Si(Li) solid state SolX detector, of the separated fraction at different decanting time. At the end of
the first step of the process (I 60s), a relevant fraction of quartz and feldspar was removed. At the
end of the third step (III 20h) the sample was almost completely enriched in erionite (ca. 95 wt.%).
No additional improvement was achieved at 32 h of sedimentation. However, a careful inspection of
the powder pattern pointed out that the enrichment obtained during the second cycle does not
further improved any more. As a consequence the last separated fraction obtained at the end of the
first cycle (I1I-20h) and those obtained during the second cycle of separation were merged and used
for the investigation. The particle size distribution (um) of the material used for the present study,
measured by dynamic light scattering using a Malvern Zetasizer 2000, has the following relevant
parameters DX10 = 1.59(2), Dx50 = 4.78(5), Dx90 = 149(56). Besides, in order to confirm the
assignment of iron to contaminants, we monitored, exploiting the capabilities of the solid-state
detector, the FeKow and the FeKf fluorescence lines as a function of the settling time (Fig. 1b). It is
apparent the proportionality existing between the clay minerals content, either admixed or adhering

to the fibers surface, and the intensity of the iron fluorescence lines.

L eaching procedure

ALF and Gamble’s solution were prepared according to standard formulation (Marques et al.
2011). ALF solution has an acidic pH of 4.5, lower than that of Gamble's solution (7.4), and a much
higher organic content. A small aliquot (ca. 10 mg) of the enriched erionite sample was dispersed in
closed vials filled with the appropriate SLFs. Nevertheless, it is worth noting that, in principle,
present experimental conditions show a relevant difference with respect to those existing in vivo. In

5
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fact, SLFs are continuously renewing within the lung, this fact assuring a fairly constant
composition of the fluid in contact with the fibers. However, the solid/fluid ratio of those leaching
experiments is very small and the overall compositional change of the fluid in contact with the
fibers is expected to be irrelevant. The fibers were kept in contact at room temperature (RT) with
the solutions for 48 h and 4 months (ALF: ALF-48h, ALF-4m), and for 48 h, 15 d, and 4 months
(Gamble’s solution: G-48h, G-15d, G-4m), respectively. Each sample was then recovered by
filtering, using a nitrocellulose filter membrane with a pore size of 0.22 um, and dried at RT.
Besides, a qualitative chemical analysis of the ALF solution recovered from filtering of the leaching
experiment for 48 h, was carried out by Inductive Coupled Plasma Atomic Emission Spectroscopy

(ICP-AES), using a Varian Vista RL CCD simultaneous spectrometer.

Scanning electron microscopy (SEM)

The micro-chemical characterization was performed with a FEI Quanta 400 SEM equipped with
an EDX Genesis EDS system. Operating conditions were: 15 kV accelerating voltage, 11 mm
working distance, 0° tilt angle. Chemical analyses were collected by dispersing a small aliquot of
fibers in distilled water in a beaker and subsequently pipetting and depositing a few droplets of the
dispersion onto a stub (Cametti et al. 2013). This procedure was carried out to avoid the
contribution to the chemical data of impurities still persisting despite the enrichment procedure
(Cametti et al. 2013). Final crystal chemical formulae were calculated, after renormalization of the
chemical analyses hypothesizing a water content of 18.5 wt.% (corresponding to ca. 30 water
molecules per formula unit pfu), on the basis of 36(Si+Al) atoms per formula unit (apfu) (Table 1).
Chemical formulae have been calculated from the average of the chemical analyses of each sample
passing both the balance error (E%) (Passaglia 1970) and the Mg-content tests (Dogan and Dogan
2008). In addition, two further discriminating factors were imposed. The first one is represented by
the potassium content. In fact, potassium should fully occupy the two cancrinite-cages occurring
within the erionite structure fixing a lower limit of 2 K apfu. Therefore, only those analyses

reporting a content of K > 1.9 apfu were considered as positive. The total EF cation site scattering
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represents the second factor. An analysis of the large data set of reference electron microprobe
analyses (EMPA) of prismatic erionite crystals (Passaglia et al. 1998) revealed a total EF cation S.S.
in the 94-143 e range. Those analyses are expected to be reliable as they are relatively immune to
the analytical problems occurring during the analysis of fibrous materials by both SEM-EDX and
EMPA. As a result, only those analyses exceeding a calculated s.S. for EF cations of 90 ¢ were
considered as positive in the present investigation. It is worth noting that a large fraction of

reference chemical analyses of erionite fibers do not pass those extra discriminating factors.

X-ray powder diffraction (XRPD)

The starting material and the leached samples were loaded into 0.5 mm diameter borosilicate
capillaries. XRPD data were collected in transmission mode, up to a (sin®/A)max of 0.619 A™, using
a parallel-beam Bruker AXS D8 Advance diffractometer operating in 6-6 geometry, equipped with
Gobel mirrors on the incident beam, Soller slits on both incident and (radial) diffracted beams, and
a PSD VANTEC-1 detector. Such experimental set-up has been proven to produce data of excellent
quality almost free from texture (Ballirano 2011a,c). Experimental details of the XRPD data
collection are reported in Table 2. Despite of the applied enrichment procedure, a mixed
Rietveld/Pawley method was adopted to take into account the small contributions of impurities i.e.
phyllosilicates and quartz incompletely removed from the sample. The Pawley method consists of a
least square refinement of the diffraction profile in the absence of a structural model, by varying the
unit cell parameters and the peak profile parameters. The present diffraction data were fitted by this
mixed approach, by inserting a starting structure for erionite and quartz (le Page and Donnay 1976)
(ca. 0.2 wt.%), and by applying the Pawley method, adding one additional phase without a reference
structural model for clay minerals, approximated by a nontronite-type lattice. The reference
nontronite lattice was that reported in Powder Diffraction File 34-0842 i.e. space group P3, a=15.26
A and ¢ = 14.92 A (Eggleton 1977). The structural refinement was carried out using TOPAS v.4.2
(Bruker AXS 2009). Peak shape was modeled through FPA (Fundamental Parameters Approach),

imposing the following full axial parameters: divergence slit: 0.3°, source length 12 mm, sample
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length and receiving slit length 11 mm. The starting structural model consists, a part of the
framework atoms, of five extra-framework (EF) cationic sites, K1, K2, Cal, Ca2, and Ca3; and six
water molecules sites (OW7, OWSE, OW9, OW10, OW11, and OW12) (Alberti et al. 1997; Cametti
et al. 2013). Both the occupancy of all EF cationic and water molecules sites and the isotropic
displacement parameters of all sites were refined. However, because of the occurrence of
correlations, displacement parameters of the sites were constrained as follow: By = Bry; Boy = Bo
= Bos; Bos = Bos = Bos; Bki = Bka; Beal = Beaz = Beas = Bows = Bowo = Bowio = Bowi1 = Bowi2 =
2*Bow7. Refinements revealed that only sample G-48h had non-zero electron density at Ca3.
Absorption was modeled following the Sabine model for cylindrical samples (Sabine et al. 1998)
and the background was fitted by a Chebychev polynomial of the first kind. The occurrence of
preferred orientation was tested by means of spherical harmonics (four refinable parameters up to
the 6™ order). The choice of the number of terms to be used has been performed following the
procedure described by Ballirano (2003). As expected for capillary mounts, only marginal
improvement of the fit were observed as a result of the nearly absence of texture. Careful scrutiny
of diffraction patterns of G-15d and G-4m samples indicates the occurrence of a broad hump
located at the high-angle side of the strong 100 reflection of erionite. This hump has been related to
a progressive amorphization of erionite and has been fitted including a peak phase at a 20 position
of ca. 8.3° and a crystallite size of 5.7 nm. Final Rietveld plots are shown in Fig. 2, miscellaneous
data of the refinements in Table 2. Full structural data of erionite of the various samples have been

deposited under the form of CIF files.
RESULTSAND DISCUSSION

Mor phological and microchemical characterization
Fibers, generally shorter than 30 um and having a diameter ranging from ca. 0.5 to ca. 2.5 um,
are actually composed of fibrils with individual diameters of ca. 0.1 pm (Fig. 3). The permanence of

the fibers in contact with SLFs does not alter their morphology suggesting that only a minor, regular
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digestion occurs in the case of the leaching with the acidic ALF solution, at least within the period
of time investigated. In fact, qualitative ICP-AES analyses of the filtered leaching fluid indicate that
Si and Al have been partly solubilized.

According to the chemical data the investigated sample has been classified as erionite-Na.
Microanalyses rule out the presence of iron and calcium into both untreated erionite fibers and those
leached with ALF. On the contrary, in the case of G-48h a significant amount of Ca*" has been
detected by SEM-EDX analysis. As will be shown below, the structural refinement disclosed the
attribution of Ca®" as EF cation located within the erionite cage. The calculated R = Si/(Al+Si) ratio
of 0.794(11) is smaller than 0.807 reported for erionite-K from the same locality (Ballirano et al.
2009). The potassium content exceeds 2 K apfu. As far as the exchange mechanism is referred to,
the chemical data reveal that after leaching with the ALF solution the composition suffers only very
marginal modifications with respect to the starting material. On the contrary, leaching with
Gamble’s solution induces in G-48h an ionic-exchange process consisting in a partial replacement
of Na* by Ca®", originally absent into the untreated fibers, which is progressively (G-15d and G-
4m) replaced back by Na'. Besides, a very limited increase of the potassium content has been
observed in G-48h, G-15d, and G-4m coherently with the presence of K' ions into Gamble’s
solution, differently from ALF. This behavior agrees with the reported strong preference of erionite
for K" and a good preference of Ca®", at low levels of divalent cations (Sherry 1979). The R =
Si/(Al+Si) ratio does not significantly modify during the leaching process as indicated by an

average value of 0.793(4).

Structural modifications

The basic structural features of the erionite framework are known in reasonable detail (Galli and
Gottardi 1985; Baerlocher et al. 2007). Extra-framework cations are located as follow: each
cancrinite cage hosts a potassium ion (site K1) whereas up to a maximum of three Cal, Ca2, and
Ca3 EF cations sites are situated along the axis of each erionite cage (Fig. 4). Besides, a further K2

site, located at the center of the boat-shaped 8-member rings (8MR) forming the walls of the
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erionite cage, has been found in erionite-K and assigned to extra potassium ions (Ballirano et al.
2009).

In spite of the different EF cations content of the two samples, cell parameters of the starting
material are similar to those of erionite-K from Rome (Ballirano et al. 2009). The effect of leaching
is a volume contraction arising from the a-parameter shortening partly counterbalanced by a smaller
C-parameter expansion (Table 3). Prolonged leaching with Gamble’s solution, after an initial
volume contraction, produces a convergence of the cell parameters toward those of the starting
material. In the case of leaching with ALF, the behavior follows a similar trend albeit extremely
slowed down. Volume-weighted mean column height Lyq and € micro-strain (lattice strain) were
obtained from evaluation of the integral breadths [; of the individual reflections (Ballirano and
Sadun 2009). The refined L value (corresponding to the coherency domain) compares favorably
with the diameter of a single fibril as observed by SEM. In the case of fibers kept in contact with
ALF, Lyq irregularly reduces as a function of the leaching time whereas €, is unchanged at the 1c
level. Differently, in the case of leaching with Gamble’s solution, both Lo reduction and €, increase
follows a regular path.

The mean T-O bond distances of erionite-Na, <T1-O> = 1.630 A and <T2-O> = 1.652 A,
indicate a partly disordered Si/Al distribution (<T1-O> - <T2-O> = -0.022 A) consisting in a
preferential partition of Al at the T2 site (Table 4). This result agrees with our previous structure
refinements of fibrous erionite samples (Ballirano et al. 2009; Cametti et al. 2013). The R ratio,
calculated from different methods, based on both evaluation of individual T-O bond distances
(Jones 1968; Alberti et al. 1990) and cell volume (Passaglia et al. 1998), takes values in the 0.783-
0.804 range, reasonably close to 0.794(11) from chemical data. In particular, the population of the
T1 (Als.99Sin0,01) and T2 (Al; g3Sig 17) sites, consistent with an R-value of 0.783(19), was determined
using the Jones’ determinative curve (Jones 1968). The value between brackets indicates the
estimated standard deviation calculated, from error propagation, taking into account the average

standard deviation of the individual T-O bond distances of 0.003 A (T1-O) and 0.004 A (T2-O). It
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should be pointed out that a difference of <T-O> of 0.001 A corresponds to a difference of R of ca.
0.004.

The effect of the prolonged contact with both SLFs does not induce significant modification of
the R value, whose average is of 0.793(10), incidentally in perfect agreement with 0.793(4) from
SEM-EDX data. In the case of the leaching with ALF, a possible marginal de-aluminification
process could be expected as a result of the acidic pH of the solution (Piguzova et al. 1965).
However, this hypothesis is supported neither by chemical nor by structural data. Besides, T-O-T
bond angles show very marginal modifications, generally smaller than 1° (Table 5), indicating the
occurrence of extremely limited framework rearrangements.

Chemical data indicate a total site scattering of 96.4 e for the EF cations of the untreated
material. This value is in reasonable agreement with the S.S. of 115(2) e” obtained from the Rietveld
refinement (Table 6). The relatively low S.S. from chemical data may be attributed to the effect of
alkalis volatilization. Similarly, a total of 32(2) water molecules pfu has been obtained from the
refinement, in good agreement with reference data (Coombs et al. 1997; Ballirano et al. 2009). The
structure of erionite-Na strongly resembles that of erionite-K from the same locality. Differences
are restricted to a different EF cations partition between Cal and Ca2 sites, and the corresponding
different population scheme of the water molecules sites (Table 6). Besides, in the case of erionite-
Na both EF cations sites are located at (1/3, 2/3, z), along the three-fold axis, instead of being
slightly displaced off-axis as in erionite-K. Electron density was detected at the K2 site and,
consistently with the chemical analysis, attributed to K exceeding 2 apfu (Table 7). Bond valence
analysis (Breese and O’Keeffe 1991) confirms that this site can be filled exclusively by K" ions. We
note that the refined site scattering is in excess with respect to the potassium content quantified by
SEM-EDX. According to the large coordination number and the corresponding weak K-O bonds it
is possible to hypothesize a K mobilization, from the K2 site, occurring during the micro-chemical
analysis. This fact justifies the presence in literature of several chemical analyses pointing out to a

K content < 2 apfu, which is unsupported by structural requirements (Cametti et al. 2013). Both Cal
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and Ca2 sites have S.S. of ca. 30 ¢". Following reference data (Ballirano et al. 2009; Cametti et al.
2013) all available Mg2+ was located at Cal and the exceeding site scattering was attributed to Na'.
The remaining Na" was assigned to Ca2. As it is expected that Na and Mg are occupying very close
sites, not resolvable with the present data quality, the corresponding coordination-types are fairly
distorted. The occurrence of Mg”" ions at Cal and that of K2 site are mutually excluding. In fact,
the presence of the OW9 water molecule site, required to provide six-fold coordination to Mg?", is
incompatible with that of K2 owing to a very short K2-OW9 distance of 1.93(4) A (Fig. 5). An
independent confirmation of this restraint was obtained from a check of reference EMPA data
(Passaglia et al. 1998), which reveals that potassium contents significantly exceeding 2 K apfu
consistently correlate with low Mg contents. Furthermore, we deduce that the occurrence of Mg2+ at
Cal and that of the Ca2 site are mutually excluding due to the short OW8-OW9 contact of 2.14(3)
A. In fact, OWS is fundamental to provide nine-fold coordination for Na" at Ca2.

ALF-48h and ALF-4m share similar structural features. The main difference with respect to the
untreated material (Fig. 6a) is the relevant reduction of electron density at Cal partly
counterbalanced by its increase at Ca2. Besides, a corresponding redistribution of the population of
the water molecules sites occurs without significant atomic motion. The final EF cations/water
molecules distribution pattern is very similar to that of erionite-K (Ballirano et al. 2009). The
depletion of the Cal site may be interpreted as arising from Na" migration toward Ca2 without any
detectable overall compositional variation (Fig. 6b, c¢). ALF-4m has a Cal s.s. of 5.4(12) ¢
corresponding to 0.45(10) Mg apfu in excellent agreement with 0.47 Mg apfu from chemical data.
In effect, the total EF cations S.S., as obtained from the Rietveld refinement, decreases from ca. 115
e of the starting material to ca. 92 ¢. However, such reduction is partly counterbalanced by the
increase of the total water molecules sites S.S. from ca. 260 to ca. 270 e'. This result is consistent
with the partial migration of EF cations toward alternative sites close to the water molecules

observed during the thermally induced dehydration of erionite (Ballirano and Cametti 2012).
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Instead, G-48h and G-15d show peculiar structural features. In fact, G-48h experiences a
reduction of S.S. at Cal, which is counterbalanced by the appearance of electron density at Ca3. The
occurrence of this site has been reported in erionite-Ca from Nizhnyaya Tunguska, Siberia (Alberti
et al. 1997). Therefore, we propose that this structural modification is induced by the Ca>" — Na”
ionic-exchange process, which was firstly disclosed from the micro-chemical data (Fig. 6d). In fact,
the refined S.S. at Ca3 is in reasonable agreement with the Ca apfu from SEM-EDX. Nevertheless,
bond distances analysis indicates, similarly to erionite-Ca (Alberti et al. 1997), an anomalous
coordination of Ca2. In fact, reference data indicate a six-fold coordination to 3 x OWS at 2.41(3) A
and 3 x O5 at 3.07(2) A which is incompatible with the available Mg2+, Ca’’, Na', and K" EF
cations (Alberti et al. 1997). However, the corresponding very large anisotropic displacement
parameters, both in the Xy plane and along the z direction, could be related to the occurrence of
static disorder. We hypothesize that the same reasoning applies for the present refinement.

The occurrence of the three Cal, Ca2, and Ca3 sites imposes restraints due to short cation-cation
contacts. In the case of the exclusive presence of Cal and Ca2, no restraints are imposed due to
Cal-Cal, Cal-Ca2, and Ca2-Ca2 contacts exceeding 2.9 A. Therefore, a maximum of 8 non-K EF
cations can be in principle hosted by the two erionite cages occurring in the erionite unit-cell.
Nevertheless, we have pointed out that the occurrence of Mg®" at Cal is incompatible with that of
Ca2 site due to short OW8-OW9 contacts. We suppose that this constraint is the reason for Mg
contents never exceeding 0.85 apfu reported in literature and the corresponding maximum total of
non-K EF cations barely exceeding 6 apfu reported in reference data for erionite-Na samples
(Passaglia et al. 1998). Besides, those samples show potassium contents significantly exceeding 2
apfu. The latter feature seems to be typical of erionite-Na.

In the case of the occurrence of all three EF cations sites, Ca3 content is restrained by the
maximum site occupancy of 0.5 imposed by Ca3-Ca3 short contacts. Similarly, adjacent Cal and
Ca2 sites are mutually excluding. Approximately the same EF cations sites filling rules can be

devised from analysis of the structural data of erionite-Ca (Alberti et al. 1997). The existence of
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those restraints is consistent with the observation that erionite-Ca samples generally do not exceed a
maximum of 5 non-K EF cations (Alberti et al. 1997; Passaglia et al. 1998). Interestingly, G-15d
and G-4m progressively undergo a new exchange process that lead to a refilling of Cal and a
complete removal of Ca®* from Ca3 (Fig. 6e, f), which is confirmed by SEM-EDX data, and its
corresponding replacement by Na'. In particular, Ca®" removal is followed by precipitation of
calcite CaCOs, which is clearly evident in Fig. 7, for G-4m. It is worth remarking that this process is
subsequent to the full removal of Ca from the erionite structure, which is already completed in G-
15d. As a final result, both structure and chemical composition of G-4m are insignificantly different
from those of the starting material. The only minor difference is represented by a moderate increase
of the potassium content at K2. Besides, Fig. 7 clearly provides evidence of the onset of erionite
amorphization as leaching time with Gamble’s solution increases. This phenomenon is testified by
the growing of a bump located near the high-angle tail of the strong 100 reflection of erionite. We
speculate that amorphization proceeds from the outer surface of fibers therefore inducing the
reduction of their coherency domain evidenced by the progressively decreasing Lyg.
Simultaneously, the volumetric expansion of the amorphous shell induces a growing lattice strain

consistent with the €y dependence from leaching time observed from XRPD.

IMPLICATIONS

According to present results, leaching of erionite-Na fibers with SLFs induces either ionic
mobility or complex ionic-exchange processes. As far as leaching with ALF is referred to, the
acidic pH produces a partial digestion of fibers whereas the saline charge of the solution does not
produce any significant modification of the chemical composition of erionite. Instead, an internal
EF cation motion occurs, leading to a progressive Na" migration from Cal to Ca2 and to alternative
sites close to water molecules. The final result is an almost perfect segregation of Mg at Cal and
of Na" at Ca2. As it is known that fibers can suffer repeated cycles of phagocytosis by alveolar

macrophages (AM), this investigation indicates that such fibers are characterized by significant bio-
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persistence under those conditions. In the absence of detailed data for erionite, estimated clearance
half-times of amosite and crocidolite asbestos have been measured in years to decades, whereas for
chrysotile the available data suggest that the vast majority of fibers are cleared within months
(Churg and Wright 1994). Besides, the structural modifications are reached under a relatively short
time-scale, possibly during the first engulfment, without any significant ionic exchange with ALF.
Under such premises, the effect of those fibers, at this stage of their inhalation, may be only the
release, from died AMs, of oxidants, cytokines, and growth factors. That release causes a sustained
inflammation lasting as long as the fibers resides in the lung (Fubini and Fenoglio 2007).
Differently, leaching with Gamble’s solution temporarily produces significant structural
modification induced by a larger Ca®* content of the SLF as compared to ALF. In this case, release
of Na" from Cal is counterbalanced by adsorption from Gamble’s solution of Ca®*, which is
entrapped at Ca3. This phenomenon is confined to a relatively short leaching time (< 2 weeks) and
produces a significant ionic exchange between fibers and the interstitial fluid deep within the lung,
simulated by the Gamble’s solution. However, for a longer leaching time the structure releases back
Ca®" ions to the SLF, reacquiring Na* ions. Owing to this final exchange process, fibers return
approximately to the starting composition and structure. This process is followed by precipitation of
minor calcium carbonate, possibly occurring because of small, unwanted pH deviations from the
original value of 7.4 due to long-term CO, diffusion. Differently from ALF leaching, a significant
amorphization of erionite is evident from XRPD. This fact could possibly affect the number of sites
available for fixing iron ions at the surface as well as the biopersistence of the fibers within the
human body. A detailed investigation of the surface of the leached fibers by HRTEM, the aim being
to confirm and quantify the kinetics of the amorphization process, is planned. Despite it has been
reported as the most mobile among the EF cations throughout heating of erionite-K (Ballirano and
Cametti 2012), there is no convincing evidence that Mg®" is released by the fibers to SLFs during
leaching. Unfortunately such information would be of paramount importance to confirm/rule out the

occurrence of the effects on lipid packing, membrane permeability, as well as counteraction of Ca*"
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uptake attributed to Mg”*" release from amphibole asbestos reported from in Vitro experiments
(Bergamini et al. 2004; Pacella et al. 2012).

As a further result of this investigation, it has been confirmed the absence of Fe for erionite
samples from Rome (Ballirano et al. 2009). Such absence is of relevant interest because Fe has been
proposed as one of the causes of carcinogenesis via Fenton chemistry and production of free
radicals (Kane et al. 1996; Fubini and Aréan Otero 1999; Kamp and Weitzman 1999; Robledo and
Mossman 1999). Therefore, it is clear that the only role played by erionite could be that of a passive
carrier for vehiculating iron within the respiratory system via iron-bearing materials or ion
exchange mechanism occurring within the lung (Eborn and Aust 1995; Carr and Frei 1999). The
strong tendency of erionite fibers to be coated by nano/microcrystalline iron-bearing materials
(Ballirano et al. 2009) may be related, besides macroporosity, to surface charge. Preliminary results
of zeta potential measurements indicate that the heteropolar surface of these fibers is negatively
charged (ca. -10 mV) whenever immersed in SLFs and therefore cations are attracted and possibly
fixed at the surface, especially those, as iron, characterized by high ionic potential. A negatively
charged surface is typical of crocidolite (Light and Wei 1977), amphibole asbestos characterized by
a relatively low short-term cytotoxicity to macrophages and hemolyticity, as compared to
chrysotile. However, it has been reported a strong positive correlation between zeta potential and
hemolytic activity and, in particular for crocidolite, a decrease of the zeta potential (becoming more
negative) coupled with an increase of the hemolytic activity as a function of time (Light and Wei
1977). As it is expected that EF cation motion and/or cation exchange may significantly influence
the magnitude of zeta potential, we are planning to investigate its dependence from time, of the

same erionite-Na fibers analyzed in the present work.
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TABLE 1. Results of quantitative SEM-EDX microanalyses of erionite from Rome, Oregon.

ALF Gamble’s
Start 2 days ALF-48h 4 months ALF-4m 2 days G-48h 15 days G-15d 4 months G-4m
Si0, 59.43 (57.38-60.71) 59.40 (58.65-60.15) 59.75 (59.20-60.40) 59.25 (58.31-59.71) 59.02 (58.07-60.68) 58.55 (57.88-59.14)

AlLO; 13.06 (12.31-14.03) 12.92 (12.42-13.38) 13.07 (12.84-13.37) 13.08 (12.80-13.37) 12.92(12.38-13.76) 13.69 (13.13-14.22)

Ca0 - - - 1.37 (1.07-1.66) - -
MgO 0.73(0.57-1.15) 059 (0.48-0.66) 043 (0.30-0.59)  0.65(0.55-0.80)  0.46 (0.34-0.63)  0.55 (0.42-0.68)
Na,0 465(3.59-577) 480 (421-531)  433(3.80-5.00)  3.03(2.24-356)  3.83 (2.97-4.92)  4.84 (4.47-5.40)
K;0 3.63(3.17-429)  3.79(3.30-4.05)  3.91(3.71-4.16)  4.12(3.87-451) 527 (4.69-624)  3.87(3.36-4.34)
H,0 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

Unit-cell content

Si 28.60 (27.94-29.05) 28.65 (28.37-28.96) 28.55 (28.43-28.63) 28.57 (28.38-28.84) 28.61 (28.17-28.90) 28.22 (27.99-28.53)
Al 7.40 (6.95-8.06)  7.35(7.04-7.63)  745(7.37-157)  743(7.15-7.62)  7.39(7.10-7.83)  7.78 (7.47-8.01)
Ca - - - 0.71 (0.53-1.03) - -

Mg 0.53(0.41-0.81)  0.42(0.34-048)  029(0.22-043)  047(0.31-0.74) 033 (0.25-0.45)  0.40 (0.30-0.49)
Na 434(332-472)  449(3.53-501)  422(4.02-467)  283(1.51-335)  3.60 (2.94-4.66)  4.56(4.17-5.09)
K 223(1.942.62)  2.33(2.03-248)  240(2.26-2.55)  2.53(2.00-2.80)  3.26 (2.88-3.90)  2.40 (2.05-2.68)
0 72.11 (71.68-72.34) 72.16 (71.74-72.34) 71.88 (71.72-72.25) 72.14 (71.64-72.40) 72.07 (71.76-72.39) 71.96 (71.65-72.21)
H,0 29.69 29.77 29.65 29.75 29.97 29.74

R 0.794 (0.776-0.807) 0.796 (0.788-0.804) 0.793 (0.790-0.795) 0.794 (0.789-0.798) 0.795 (0.782-0.803) 0.784 (0.777-0.792)

M/(M+D) 0.926 (0.881-0.945) 0.941 (0.929-0.954) 0.958 (0.942-0.968) 0.820 (0.771-0.853) 0.954 (0.932-0.968) 0.946 (0.930-0.958)

Na/M 0.661 (0.559-0.702)  0.653(0.608-0.672) 0.637 (0.612-0.666) 0.528 (0.494-0.583) 0.525 (0.454-0.610) 0.655 (0.634-0.679)

E% -2.8(-8.7/9.3) -4.2 (-8.4/8.0) 3.8 (-6.0/8.0) -3.7(-9.9/4.5) -1.9 (-9.7/6.5) 1.09 (-4.9/9.5)
Zea 8.8. (€) 96.4 98.8 95.5 99.1 105.5 100.6
species -Na -Na -Na -Na -Na -Na
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534  TABLE 2. Miscellaneous data of the Rietveld refinements. Statistical parameters as defined in

535  Young (1993).

536
Start ALF-48h ALF-4m G-48h G-15d G-4m
20 range (°) 5-145
Step size (°20) 0.022
Counting time (s) 30
Rpragg (%0) 0.356 0.324 0.388 0.414 0.443 0.461
R, (%) 0.976 0.951 1.244 1.228 0.980 1.081
Ry (%) 1.270 1.239 1.634 1.580 1.287 1.416
GoF 1.731 1.456 1.649 1.578 1.650 1.814
537
538
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539  TaABLE 3. Cell parameters and microstructural parameters of erionite-Na before and after leaching.

540
a(A) c(A) c/a volume (A%) Ly (nm) £

Start 13.23146(10)  15.06142(16)  1.13831(1) _ 2283.56(4) 473(16) 0.0745(14)

ALF-48h  1321883(11)  15.08126(14)  1.14089(1)  2282.20(4) 318(8) 0.0752(17)

ALF-4m  13.2200009)  15.07885(12)  1.14060(1)  2282.24(4) 374(9) 0.0734(13)

G-48h 13.22027(9)  15.07648(12)  1.14041(1)  2281.98(4) 436(13) 0.0713(13)

G-15d  1322161(12)  15.07014(16)  1.13981(1)  2281.48(5) 337(11) 0.0774(19)

G-4m 13.23126(17)  15.0649921)  1.13859(1)  2284.03(7) 239(8) 0.0864(22)
541
542
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543  TABLE 4. Mean <T-O> bond distances, Si/Al distribution, and R value from: 1) SEM EDX

10/10

544  microanalyses; 2) Jones’ determinative curves (Jones 1968); 3) Alberti’s procedure (Alberti et al.

545 1990); 4) regression equation from cell volume data (Passaglia et al. 1998).

546
R = Si/(Sit+Al)
<T1-0> <T2-0> T1 T2 TI+T2 1 2 3 4
Start  1.6303)  1.652(4) Aly1»Siioss AbgsSisss  AlgoSia  0.794(11)  0.783(19)  0.804  0.788
ALF-48h  1.629(4)  1.650(5) AligoSir10 AlssoSigar  AlyaSigsi  0.796(6)  0.792(22)  0.815  0.790
ALF-4m  1.631(3)  1.644(4) Aly1oSijs; AlygSiger  AlsSing  0.793(2)  0.798(19)  0.818  0.790
G-48h  1.6293) 1.641(3) AlseSizgo  AbgiSio;s  Alg7sSinn;  0.794(3)  0.812(19)  0.836  0.791
G-15d  1.630(4) 1.650(5) Aly;Sioss AlsoSissr  AlSi  0.7953)  0.786(22) 0813  0.791
G-4m  1.627(4) 1.656(5) AlsseSizoss AlosSize; Al eSiss  0.784(3)  0.788(22)  0.810  0.787
average  1.629(1) 1.649(6) Alyo;Sirnoos AlyasSigsy  AlyasSirss  0793@)  0.793(10) 0.816(10) -
547
548
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549  TABLES. T-O-T bond angles (°).

550
T-O-T (°) Start ALF-48h  ALF-4m G-48h G-15d G-4m average
Sil-01-Si2  141.83)  142.0(4)  1422(3) 143.2(3) 143.1(4) 141.6(4) 142.3(6)
Si1-02-Sil ~ 139.6(4)  139.9(5)  141.0(3) 140.4(3) 137.7(5) 139.5(5) 139.7(10)
Sil-03-Sil  141.9(4)  142.7(5)  142.2(4) 144.1(3) 142.5(5) 144.8(6) 143.0(10)
Sil-04-Sil  148.9(3)  148.6(4)  149.6(3) 149.0(3) 148.4(4) 148.8(4) 148.9(4)
Si2-05-Si2  145.7(5)  145.7(7)  146.8(5) 148.2(5) 147.0(7) 142.2(7) 145.9(19)
Si2-06-Si2  171.0(5)  170.3(6)  170.4(5) 169.5(5) 169.6(7) 172.6(7) 170.6(10)

551

552
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TABLE 6. Refined site scattering S.S. (¢") for both EF cation and water molecule sites.
S.S. Start ALF-48h ALF-4m G-48h G-15d G-4m
Cal () 30.9(6) 5.1(17) 54(12) 10.5(10) 13.3(18) 28.5(10)
Ca2 (¢) 30.1(5) 35.7(7) 33.0(6) 292(8) 33.5(6) 30.4(6)
Ca3 (&) - - - 11.4(11) - -
K2 (¢) 15.8(9) 12.9(9) 15.4(9) 13.5(9) 19.4(12) 19.7(11)
S (€) 114.8(20) 92(3) 92(3) 103(4) 104(3) 117(3)
OW7 (¢) 193) 37.4(17) 36.6(15) 41.1(16) 41.5(16) 21.3(37)
OWS (¢) 47.5(7) 32.4(13) 31.0(9) 34.7(11) 39.2(9) 47.8(9)
OW9 (¢) 50(3) 5105) 38.4(25) 3003) 34(4) 52.7(29)
OW10 () 36(3) 56(3) 54(3) 69(3) 54(4) 30.035)
OW11 () 533) 46.5(19) 41.5(16) 29.9(19) 41.7(19) 50.5(36)
OW12 (¢) 54.1(21) 54(6) 69.6(24) 66.6(24) 64(3) 56.2(31)
S (€)/apiu  259(17)/324(21)  277(19)/346(24)  271(12)/338(15)  272(13)/34.0(16)  275(15)/34.4(19)  259(18)/32.4(21)
28
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557  TABLE 7. Proposed site partition from combined SEM-EDX data (1) and structure refinements (2).

558  lons population expressed as Ca, Mg, Na, and K apfu. Site scattering (S.S.) in e".

559
Sample Sites Ca Mg Na K 1(ss) 2(ss)
Cal - 0.53 1.60 - 24.0 30.9(6)
Ca2 - - 2.74 - 30.1 30.1(5)
Ca3 - - - - - -
Start Kl - - - 2.00 38.0 38.0
K2 - - - 0.23 4.4 15.8(9)
Teat 96.5 115Q2)
H,0 259(17)
Cal - 0.42 - 5.0 5.1(17)
Ca2 - - 3.25 - 35.7 35.7(7)
Ca3 - - - - - -
K1 - - - 2.00 38.0 38.0
ALF-48h
K2 - - - 0.33 6.3 12.9(9)
diffuse 1.24 13.6
Teal 98.7 92(3)
H,0 277(19)
Cal - 0.29 - 35 5.4(12)
Ca2 - - 3.00 - 33.0  33.0(6)
Ca3 - - - - - -
K1 - - - 2.00 38.0 38.0
ALF-4m
K2 - - - 0.40 7.6 15.4(9)
diffuse 1.22 13.4
Zeat 95.5 92(3)
H,0 271(12)
Cal - 0.47 0.18 - 7.6 10.5(10)
G-48h Ca2 - - 2.65 - 29.2 29.2(8)
Ca3 0.71 - - - 142 11.4(11)
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K1 - - - 2.00 38.0 38.0
K2 - - - 0.53 10.1 13.5(9)
et 99.1 103(4)
H,O 272(13)
Cal - 0.33 0.55 - 10.0 13.3(18)
Ca2 - - 3.05 - 33.6 33.5(6)
Ca3 - - - - - -
G-15d K1 - - - 2.00 38.0 38.0
K2 - - - 1.26 23.9 19.4(12)
Xat 105.5 104(3)
H,O 275(15)
Cal - 0.40 1.80 - 24.6 28.5(10)
Ca2 - - 2.76 - 304 30.4(6)
Ca3 - - - - - -
G-4m K1 - - - 2.00 38.0 38.0
K2 - - - 0.40 7.6 19.7(11)
at 100.6 117(2)
H,O 259(18)
560
561
562
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Figure captions

FIGURE 1. (a) Diffraction patterns collected on material recovered after different settling times.
Relevant reflections of impurities are labeled as follow: Cl: clay minerals; Q: quartz; F: feldspars;
(b) Dependence of the intensity of the iron fluorescence lines from settling time, as collected at the
multichannel analyzer of the solid-state detector. Data were rescaled on the basis of the common
CuKo fluorescence line. The absence of the CuKp fluorescence line is due to its removal by the
incident beam multilayer (Gobel) mirrors.

FIGURE 2. Rietveld plots of (@) starting erionite-Na; erionite after leaching for 4 months with ALF
(b) and Gamble’s solution (C).

FIGURE 3. SEM image of erionite-Na fibers. Inbox: magnified view showing the fibrils constituting
the fiber.

FIGURE 4. Location of the EF cation sites within the erionite framework. Water molecules sites
removed for clarity.

FIGURE 5. Ortep-3 (Farrugia 1997) plot illustrating the coordination of Cal, Ca2, and K2 sites in
erionite-Na. On the left side: possible mutual distribution of EF cations and oxygen atoms,
pertaining to both framework or water molecules, occurring in the case of Na located at Cal. This
pattern is compatible with the occurrence of K2. On the right side: presence of Mg at Cal is
incompatible with the occurrence of both K2 and Ca2 due to short K2-OW9 and OW8-OW9
contacts, respectively.

FIGURE 6. Schematic representation of the various cations motion/exchange processes occurring
during leaching of erionite-Na with ALF and Gamble’s solutions; () START: untreated erionite-
Na; (b) ALF-48h and (c) ALF-4m: segregation of all available Mg®" at Cal site and corresponding
migration of Na’ from Cal to Ca2 and towards alternative sites located near water molecule sites
(dotted ellipse); (d) G-48h: Ca’" — Na' exchange occurring via release of Na" from Cal and fixing
of Ca™" at Ca3; (€) G-15d: Na" — Ca®" exchange occurring via removal of Ca*" from Ca3 and

fixing of Na' at both Cal and Ca2; (f) G-4m: restoring of the starting EF cations population with
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migration of Na" from Ca2 to Cal. Minor difference represented by an increase of the K™ content at
K2 site (not shown) located at the center of the boat-shaped 8MR.

FIGURE 7. Comparison of the diffraction patterns of the starting material and of the Gamble’s
leached samples. Patterns are vertically displaced for clarity. Grey areas located at approximately 8-

9 °20 are caused by the presence of amorphized erionite. The relevant reflection of calcite at ca.

29.5 °20, precipitated from the solution, is arrowed.
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