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Abstract: This study aimed at investigating both the surface and bulk modifications occurring on
fibrous erionite during leaching in a mimicked Gamble’s solution (MGS) at pH of 4.5 and T = 37 ◦C,
up to one month of incubation. Samples were characterized by a multi-analytical approach: field-
emission scanning electron microscopy (FE-SEM) was employed to investigate the morphological
changes of both pristine and reacted fibres, inductively coupled plasma optical emission spectrometry
(ICP-OES) was used to measure the concentration of the released cations; X-ray photoelectron
spectroscopy (XPS) was exploited for highlighting possible modifications of surface chemistry; X-ray
powder diffraction (XRPD) and high-resolution transmission electron microscopy (HR-TEM) were
applied aiming to get information on the structural state of the fibres following the incubation.
ICP results integrated with those obtained by both bulk- and surface-chemical characterization
highlighted that erionite binds Na especially in the first 24 h of sample incubation in the MGS,
following ion exchange with the extra framework cations, in particular Ca. Moreover, our new results
show that the Na binding process caused structural modifications with the migration of Na toward
the Ca2 site and redistribution of the cations within the erionite cage. TEM investigation pointed out
that the interaction between erionite and MGS results in the formation of a new surface amorphous
layer with an irregular lobate pattern on an earlier surface weathered layer. However, the silicate
framework is not weakened by incubation in the MGS at acidic pH. In addition, on the basis of the Si
release normalized to the mineral surface area, fibrous erionite resulted significantly more biodurable
than amphibole asbestos. Notably, considering the primary role played by biodurability in inducing
pathogenicity, this result certainly supports in vivo observations showing that erionite is much more
tumorigenic than asbestos. Moreover, the ions released by erionite when immersed in MGS may
trigger biological effects, such as those on lipid packing and membrane permeability. On this basis,
we expect a regulatory definition that would provide protection from this carcinogenic fibre.

Keywords: fibrous erionite; fibre dissolution; cation exchange; Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES); X-ray Photoelectron Spectroscopy (XPS); Transmission Electron
Microscopy (TEM); X-ray Powder Diffraction (XRPD)
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1. Introduction

Erionite is a naturally occurring zeolite often showing fibrous morphology, occurring in
diagenetically or hydrothermally altered volcanic ash, tuffs, and sediments [1–3]. It is hexagonal,
space group P63/mmc [4] and has a general formula K2(Na,Ca0.5)8[Al10Si26O72]·30H2O5. The
large chemical variability, typical of this mineral, has led to the identification of three species,
erionite-Na, erionite-K, and erionite-Ca, depending upon the most abundant extra-framework (EF)
cation [5,6]. The structure of erionite can be described on the basis of the stacking along the z-axis of
layers made of six-membered rings of TO4 tetrahedra (T = Si, Al). By using the same ABC coding
adopted for close-packing, erionite is one of the four ABC-6 family [7] phases, i.e., characterized
by a six-layers sequence (AABAAC erionite [8]; AABBCC chabazite [9]; ABBACC bellbergite [10];
ABABAC liottite [11]). The unit cell of erionite contains two cancrinite (ε) cages, two double-6
rings (D6R), and two erionite (23-hedron) cages. Cancrinite and erionite cages host the extra-
framework (EF) cations (cancrinite: K1; erionite: Ca1, Ca2, Ca3 and K2). Six H2O sites (OW7,
OW8, OW9, OW10, OW11, and OW12) are located around the axis of the cage coordinating the
cations [12].

Similar to asbestos, inhalation of such fibres has been unambiguously correlated to
malignant mesothelioma cases reported, since the 1970s, in several villages of Cappadocia,
Turkey [13–17], and more recently both in the Northwest of the United States and in
Mexico [18–21]. In those villages of Cappadocia erionite is contained in soft volcanic
tuffs that were used as building material, and hence, exposure to erionite fibres is always
possible in the houses and annexes. In United States, environmental concerns related
to erionite exposure emerged since erionite-bearing gravels were mined and used to
surface about 300 miles of unpaved roads in North Dakota [16,20,22]. In addition, deposits
containing erionite encompassing large urban developed areas were discovered in southern
Nevada [23]. In the light of Turkish, US, and Mexican experience, the possible appearance
of many mesothelioma cases was hypothesized in the Kandovan region, Iran, due to
naturally occurring fibrous zeolites including erionite [24].

Erionite is not regulated as an asbestos mineral, and no exposure limits were published
so far. However, in vivo studies proved that erionite is 500–800 times more tumorigenic
than chrysotile and crocidolite asbestos [25–28]. Consequently, the International Agency
for Research on Cancer classified erionite as a Group 1 known Human-Carcinogen [29,30].
Notwithstanding this, many toxicological aspects of erionite fibres determining its high
carcinogenic potency are still not fully understood.

It has been proposed that erionite toxicity is related to Fe ion-exchanged and/or
surface-deposited participating to Fenton chemistry [31–33]. In particular, Fe (III) is
supposed to be mainly fixed at the surface, whereas Fe (II) is ion-exchanged [31,34–36].
Moreover, Carr and Frei [37] proposed that erionite could bind Fe released after protein
injury. Recently, it was shown that erionite can vehiculate Fe in the human body since
Fe-bearing nanoparticles (nano-oxides, sulphates, phyllosilicates) were found on the fibre
surface [38,39]. These nanoparticles (especially phyllosilicates) may then become potential
sources of Fe after dissolution in the intracellular acidic environment (pH 4.5), during alve-
olar macrophage phagocytosis [38,39]. Both in vitro and in vivo studies highlighted that
erionite is extremely bio-persistent and could exert its cytotoxic action over decades [40–42].
High concentrations of erionite fibres were found in lung tissues of several patients from
the Cappadocian villages of Karain, Tuzköy, and Sarihidir due to environmental exposure.
Besides, analysis of erionite fibres found in bronchoalveolar lavage fluid of residents from
Tuzköy compared to that of tremolite asbestos found in Turkish subjects indicated that
erionite has a lower propensity to form ferruginous bodies than tremolite, even if a higher
proportion of erionite fibres were in the length range considered to be critical for the
formation of ferruginous body [14].

Recent dissolution experiments, performed on erionite incubated in artificial simulated
lung fluids (SLF), revealed the occurrence of structural modifications consisting of complex
EF cations exchange processes with the SLF [43,44] and their relocation within the erionite
cage [43]. Moreover, a partial amorphization of the fibre surface due to depletion in
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aluminium and extra-framework cations [45] and the growth of a layer of an unknown
phase on the surface of prismatic erionite [44] were also reported. This neo-formed phase
was supposed to hinder the surface reactivity of the mineral. It is in fact well known
from asbestos studies that both chemical and structural surface alterations of the fibres
may modulate their chemical reactivity [46–51]. On this basis, the effect of physiological
fluids on mineral fibres needs to be deeply investigated to shed new light on the molecular
mechanisms of interaction with their biological surrounding.

In this work the dissolution, surface chemical modifications of a fibrous erionite
sample incubated from 1 to 720 h (one month) in a mimicked Gamble’s solution (MGS)
at pH 4.5, at 37 ◦C, are investigated. Both pristine and leached fibres were characterized
by a multi-analytical approach. Far from mimicking a real cellular environment, such
conditions were chosen to promote the dissolution that may occur in vivo in a reasonable
experimental time. The morphological investigation of both pristine and reacted fibres
was performed by field-emission scanning electron microscopy (FE-SEM), the ion release
into the leaching solution was monitored by inductively coupled plasma optical emission
spectroscopy (ICP-OES); modification of bulk and surface chemistry were investigated
by SEM equipped with an energy dispersive spectroscopy (EDS) system and by X-ray
photoelectron spectroscopy (XPS), respectively; structural state of the fibres before and
after dissolution experiments was investigated by both X-ray powder diffraction (XRPD)
and High-resolution transmission electron microscopy (HR-TEM).

2. Materials and Methods
2.1. Materials

The sample investigated in this work was fibrous erionite present in tuffs outcropping
in Rome, Oregon, OR, USA. The raw material was enriched in erionite content (95 wt.%)
following the procedure reported by Ballirano and Cametti [43]. It is worth noting that
relevant chemical variability was reported for the hand specimen, spanning from erionite-
K [35] to erionite-Na [52]. Preliminary SEM-EDS data indicated that the analysed sample is
erionite-K. Its specific surface area, measured by Brunauer–Emmett–Teller (BET) method,
resulted 252(5) m2 g−1 and the external surface area 10.1(5) m2 g−1 [35].

2.2. Dissolution Experiments

For the preparation of the leaching solution “ultrapure” deionised water (18.2 MΩ cm at
25 ◦C) obtained from a MilliQ Element system (Millipore, France) and the following reagents
and materials were used: NaCl RPE-ACS (Carlo Erba Reagents, DASIT Group, Italy),
Na2SO4·10H2O (Carlo Erba Reagents, DASIT Group, Milan, Italy), 70% HNO3 Hyperpure
(Panreac), ultrapure 37% HCl Ultrex (J.T. Baker, City, Canada). Polypropylene Falcon Tubes
(BD Falcon™) were used during sample handling, syringes BD Plastipack TM and 0.22 µm
GSWP nitrocellulose membrane filters (Merck Millipore, Tullagreen, Cork, Ireland) were
adopted for sample filtration. Measurements of pH were performed using a Portable 250A
Orion pH Instrument (Thermo Electronic corp., Cambridge, UK) equipped with an Orion
gel-filled combination pH-semi-microelectrode (Thermo Electronic corp., Cambridge, UK).

Dissolution experiments were carried out in the MGS based on the formulation
reported by Rozalen et al. [53] (NaCl 112.3 mmol L−1 and Na2SO4 0.556 mmol L−1). In
particular, saline solutions have the same molar composition of the so-called Gamble’s
solution mimicking the fluids found in the human lung, except for Mg and Ca salts that
were substituted by Na salts to avoid further interferences with the extra framework
cations of erionite. Phosphate salts were also avoided because of possible interference
with Si during ICP-OES analysis. The solution pH was adjusted at 4.5 (i.e., that typical of
macrophages) by proper addition of HCl. We remark that, even being far from mimicking
a real cellular environment, such conditions were chosen to gain experimental evidence of
possible erionite modifications taking place in vivo in a reasonable experimental time.

An amount of 20 mg of sample was placed in a Falcon™ (Corning, Mexico) polypropy-
lene tube, suspended and then stirred in 40 mL of MGS. The tube was fully immersed in
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a thermostatic water-bath and held at a constant temperature of 37 ± 1 ◦C for the entire
duration of the dissolution tests. Samples were incubated for 1 h, 24 h, 1 week, and 1 month
(labelled as E-1h, E-24h, E-1W and E-1M, respectively). For each experiment, dissolution
tests were performed in triplicate, and a method blank sample, consisting in MGS with no
solid inside, was always analysed.

At the end of each experiment, the solution was sampled from the tube with a syringe
and filtered using a nitrocellulose membrane filter of 0.22 µm. Fibres recovered on filters
were rinsed with ultrapure deionized water to exclude residues of the solution and then
stored under argon prior to the XPS, TEM, and XRPD measurements.

2.3. SEM Investigation

SEM images were collected on both pristine and incubated fibres (E-1M) using a Field
Emission (FE) SEM Zeiss Gemini 500. Each sample was mounted on the stub with conduc-
tive carbon tape and a thin film (5 nm) of chromium was deposited on the sample surface us-
ing a Quorum Q 150T ES sputter in order to make it conductive for measurement purposes.

The chemical composition of the fibres was determined using a SEM ZEISS DSM
940A equipped with a standardized LINK EDS system (Oxford Instruments, Oxfordshire,
UK). Analytical conditions were: 15 kV accelerating voltage and 3.4 µA beam current.
The following standards were used: wollastonite (Si Kα, Ca Kα), corundum (Al Kα),
magnetite (Fe Kα), periclase (Mg Kα), orthoclase (K Kα), and jadeite (Na Kα). The final
crystal chemical formulae were calculated, after renormalization of the chemical analyses
assuming a water content of 18.5 wt.% (corresponding to ca. 30 atoms per formula unit,
apfu), on the basis of 36 (Si + Al) apfu. Both the balance error formula E% [54] and the
K content test [55] were used for selecting the positive analyses.

2.4. HR-TEM Investigation

TEM analyses were performed on a JEOL JEM-2010 microscope at the University of
Siena, Siena, Italy. The TEM was operated at 200 kV with a LaB6 source and ultra-high-
resolution pole pieces, resulting in a point-to-point resolution of 0.19 nm. The TEM is
equipped with an energy dispersive spectrometer (EDS) Oxford ISIS and with an Olympus
Tengra CCD camera (2k × 2k × 14 bit) for image acquisition. Pristine and incubated fibres
(erionite E-1M) were dispersed on 200 mesh Cu-grids with holey carbon support film (two
grids for each of the four samples) and subsequently carbon-coated. TEM images were col-
lected using very low electron dose (i.e., low brightness and large spot size) and maximum
one-second exposure time for avoiding possible beam damage. Before image recording,
erionite fibres were only focused, without tilting in specific crystallographic orientation.

2.5. ICP-OES Investigation

One mL of each filtered solution was diluted (1:20) with a 1% nitric acid solution and
analysed by ICP-OES to measure the concentration of leached Si, Mg, Ca, K, and Fe from the
fibres. All measurements were performed using a Perkin–Elmer Optima 2000 DV ICP-OES
spectrometer (Perkin-Elmer, Norwalk, CT, USA) equipped with a cross flow nebulizer
placed inside a Scott spray chamber. Notably, it was no possible to measure the Na release
due to its high content in the MGS used for the experiments. ICP Aristar (BDH) standard
solutions in nitric acid for Si (10,000 mg L−1), Mg, Ca, K, Fe (1000 mg L−1) were used to
make up the calibrating solutions for ICP-OES analyses. The standard solutions used for
the calibration curves were made up as the samples using the MGS, diluted 1:20 with a 1%
nitric acid solution. To ensure adequate quality assurance, the measures of the standard
solutions were regularly repeated after the measurements of each single experiment. Data
reported are the average values of triplicate measurements (corrected for the blank).

2.6. X-ray Powder Diffraction

X-ray Powder Diffraction (XRPD) data for samples E-1h, E-24h, E-1W, and E-1M,
as well as the pristine one, were collected on a Bruker AXS D8 Advance (Bruker AXS,
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Karlsruhe, Germany) operating in θ/θ geometry in transmission mode. The instrument is
fitted with incident-beam focussing X-ray (Göbel) mirrors and a position sensitive detector
VÅntec-1 (Bruker AXS, Karlsruhe, Germany). Powders were loaded into 0.7 mm diameter
borosilicate glass capillaries. Data were measured in the 7–145◦ 2θ range, 0.022◦ 2θ step size,
8 s counting time using Cu Kα1,2 radiation. Preliminary scrutiny of the patterns revealed
the occurrence of minor chabazite and traces of quartz plus nontronite. In addition, the very
small amount of nontronite, as well as its relevant peak broadening, hinder the inclusion of
this phase into the Rietveld refinement. In the case of E-1W, a small broad peak located at
ca. 18◦ 2θ (Figure S1) has been attributed to the occurrence of the very broad most intense
reflection which is common to several hydrated sulphates of Mg and Fe (i.e., pentahydrite:
MgSO4·5H2O; butlerite: Fe3+(OH)SO4·2H2O; melanterite, (FeSO4·7H2O), similarly to the
experiments performed on riebeckite and tremolite [56]. Structure refinements were per-
formed with the same mixed Pawley–Rietveld approach described by Pacella et al. [35]
using Topas V6 [57]. Absorption effects were modelled using the equation of Sabine
et al. [58] for a cylindrical sample. Correlation existing between displacement parameters
and absorption was handled using the procedure described by Ballirano and Maras [59].
Spherical harmonics were applied to correct for minor preferred orientation effects, choos-
ing the number of appropriate terms (8th-order, six refinable parameters) according to
Ballirano [60]. As expected for capillary mounts, only very marginal improvements of the
fit of the various patterns were observed as a result of nearly absence of texture. Refined
structural parameters were fractional coordinates, site occupancy fraction (sof) of EF cations
and H2O sites, and isotropic displacement parameters constrained as follow: BT1 = BT2;
BO1 = BO2 = BO3 = BO4 = BO5 = BO6; BK1 = BK2; BCa1 = BCa2 = BCa3 = BOw8 = BOw9 = BOw10 =
BOw11 = BOw12 = 2 × BOw7 to reduce correlations. Starting structural parameters of erionite,
chabazite, and quartz were taken from Pacella et al. [35], Yakubovich et al. [61], and Le
Page and Donnay [62], respectively. Owing to the occurrence of a single broad reflections
of the hydrated sulphates, the Rietveld refinement was performed adding a single peak,
not related to any structure, whose position, intensity, and breadth were optimized during
the least-squares procedure following the same approach described in [56]. An example
of conventional Rietveld plots for E-24h is reported in Figure 1. Miscellaneous data of the
refinements are listed in Table 1, relevant structural information in Table 2.
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Table 1. Miscellaneous data of the mixed Pawley–Rietveld refinements. a Reference data of Pacella et al. [35]. - refers to 
data not calculated. 

Rietveld Data Pristine a Pristine E-1h E-24h E-1W E-1M Avg. 
Rwp 1.690 1.441 1.792 1.531 1.514 1.601 - 
Rp 1.258 1.089 1.340 1.150 1.137 1.180 - 

DWd 0.364 0.385 0.238 0.326 0.293 0.281 - 
GoF 3.179 2.716 4.067 3.256 3.336 3.497 - 
RBragg 0.487 0.423 0.575 0.485 0.498 0.529 - 

Erionite (wt%) 96.51(10) 94.92(17) 94.9(2) 94.69(18) 94.61(17) 94.55(17) 94.73(16) 
Chabazite (wt%) 3.28(10) 4.87(17) 4.9(2) 5.11(18) 5.19(17) 5.27(17) 5.08(17) 

Quartz (wt%) 0.21(1) 0.21(1) 0.18(1) 0.20(1) 0.20(1) 0.18(1) 0.19(1) 
a (Å) 13.23097(9) 13.23009(8) 13.22715(7) 13.22669(7) 13.22808(7) 13.22744(7) - 
c (Å) 15.06475(11) 15.06460(8) 15.07581(9) 15.07603(9) 15.07650(8) 15.07469(8) - 
c/a 1.13860 1.13866 1.13976(1) 1.13982(1) 1.13973(1) 1.13965(1) - 

Vol. (Å3) 2283.89(3) 2283.57(3) 2284.25(3) 2284.13(3) 2284.68(3) 2284.18(3) 2284.2(4) 

Table 2. Relevant structural data of the mixed Pawley–Rietveld refinements. Al population at T1 [Al(1)] and T2 [Al(2)] 
tetrahedral sites as calculated from the Jones’ determinative curves: Alpop = 6.4116 × < T–O > −10.282. Tabulated values were 
multiplied by the site multiplicity (T1 = 24; T2 = 12). Avg. refers to average values calculated for the 5 refinements (pristine 
plus incubated samples). a Reference data of Pacella et al. [35]. - refers to data not calculated. 

Structural data  Pristine a Pristine E-1h E-24h E-1W E-1M Avg. 
Ca1 s.s. (e-) 15.8(7) 23.2(4) 7.6(7) 6.4(7) 5.9(7) 6.3(7) - 
Ca2 s.s. (e-) 27.3(5) 29.9(3) 34.2(3) 33.8(3) 34.9(3) 33.8(3) - 
Ca3 s.s. (e-) 12.6(7) 6.8(4) 2.2(4) 1.5(4) 0.0(4) 0.2(4) - 
K1 s.s. (e-) 38(0) 38(0) 38(0) 38(0) 38(0) 38(0) - 
K2 s.s. (e-) 13.1(6) 14.3(5) 9.9(5) 9.6(5) 10.5(5) 9.5(5) - 

EF cat. s.s. (e-) 107(2) 112.2(15) 92.0(19) 89.3(19) 89.3(19) 87.8(19) - 
EF cat. s.s. (e-) EDS 92.3 92.7 89.5 - - 90.9 - 

OW7 s.s. (e-) 22.2(18) 22.8(16) 34.9(7) 35.2(7) 37.2(7) 37.8(7) - 
OW8 s.s. (e-) 43.2(6) 41.7(5) 33.4(5) 33.1(5) 33.9(5) 34.3(5) - 

Figure 1. Conventional Rietveld plots of the sample incubated for 24 h. Blue: experimental, red: calculated, gray: difference.
Vertical bars refer to the calculated positions of the Bragg reflections of (from above to below) quartz, chabazite and erionite.
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Table 1. Miscellaneous data of the mixed Pawley–Rietveld refinements. a Reference data of Pacella et al. [35]. - refers to
data not calculated.

Rietveld Data Pristine a Pristine E-1h E-24h E-1W E-1M Avg.

Rwp 1.690 1.441 1.792 1.531 1.514 1.601 -
Rp 1.258 1.089 1.340 1.150 1.137 1.180 -

DWd 0.364 0.385 0.238 0.326 0.293 0.281 -
GoF 3.179 2.716 4.067 3.256 3.336 3.497 -

RBragg 0.487 0.423 0.575 0.485 0.498 0.529 -
Erionite (wt.%) 96.51 (10) 94.92 (17) 94.9 (2) 94.69 (18) 94.61 (17) 94.55 (17) 94.73 (16)

Chabazite (wt.%) 3.28 (10) 4.87 (17) 4.9 (2) 5.11 (18) 5.19 (17) 5.27 (17) 5.08 (17)
Quartz (wt.%) 0.21 (1) 0.21 (1) 0.18 (1) 0.20 (1) 0.20 (1) 0.18 (1) 0.19 (1)

a (Å) 13.23097 (9) 13.23009 (8) 13.22715 (7) 13.22669 (7) 13.22808 (7) 13.22744 (7) -

c (Å)
15.06475

(11) 15.06460 (8) 15.07581 (9) 15.07603 (9) 15.07650 (8) 15.07469 (8) -

c/a 1.13860 1.13866 1.13976 (1) 1.13982 (1) 1.13973 (1) 1.13965 (1) -
Vol. (Å3) 2283.89 (3) 2283.57 (3) 2284.25 (3) 2284.13 (3) 2284.68 (3) 2284.18 (3) 2284.2 (4)

Table 2. Relevant structural data of the mixed Pawley–Rietveld refinements. Al population at T1 [Al(1)] and T2 [Al(2)]
tetrahedral sites as calculated from the Jones’ determinative curves: Alpop = 6.4116 × < T–O > −10.282. Tabulated values
were multiplied by the site multiplicity (T1 = 24; T2 = 12). Avg. refers to average values calculated for the 5 refinements
(pristine plus incubated samples). a Reference data of Pacella et al. [35]. - refers to data not calculated.

Structural Data Pristine a Pristine E-1h E-24h E-1W E-1M Avg.

Ca1 s.s. (e-) 15.8 (7) 23.2 (4) 7.6 (7) 6.4 (7) 5.9 (7) 6.3 (7) -
Ca2 s.s. (e-) 27.3 (5) 29.9 (3) 34.2 (3) 33.8 (3) 34.9 (3) 33.8 (3) -
Ca3 s.s. (e-) 12.6 (7) 6.8 (4) 2.2 (4) 1.5 (4) 0.0 (4) 0.2 (4) -
K1 s.s. (e-) 38 (0) 38 (0) 38 (0) 38 (0) 38 (0) 38 (0) -
K2 s.s. (e-) 13.1 (6) 14.3 (5) 9.9 (5) 9.6 (5) 10.5 (5) 9.5 (5) -

EF cat. s.s. (e-) 107 (2) 112.2 (15) 92.0 (19) 89.3 (19) 89.3 (19) 87.8 (19) -
EF cat. s.s. (e-) EDS 92.3 92.7 89.5 - - 90.9 -

OW7 s.s. (e-) 22.2 (18) 22.8 (16) 34.9 (7) 35.2 (7) 37.2 (7) 37.8 (7) -
OW8 s.s. (e-) 43.2 (6) 41.7 (5) 33.4 (5) 33.1 (5) 33.9 (5) 34.3 (5) -
OW9 s.s. (e-) 52.1 (14) 46.3 (12) 43.7 (14) 43.6 (13) 45.1 (13) 44.3 (12) -

OW10 s.s. (e-) 37.4 (18) 37.7 (13) 45.2 (12) 43.4 (12) 45.0 (12) 44.2 (12) -
OW11 s.s. (e-) 46.2 (20) 46.4 (17) 47.4 (11) 48.3 (11) 46.8 (10) 45.8 (11) -
OW12 s.s. (e-) 59.7 (12) 55.6 (12) 63.2 (18) 65.4 (16) 63.3 (16) 66.2 (14) -
H2O s.s. (e-) 261 (9) 251 (7) 268 (7) 269 (6) 271 (6) 272 (6) -

EF cat. + H2O s.s. (e-) 368 (11) 363 (9) 360 (9) 358 (8) 361 (8) 360 (8) 360.3 (16)
Biso Si (Å2) 0.628 (19) 0.661 (17) 0.449 (16) 0.458 (16) 0.435 (14) 0.449 (15) -

Biso O1,2,4 (Å2) 0.73 (5) 1.04 (4) 0.91 (4) 0.95 (4) 0.95 (4) 0.94 (4) -
Biso O3,5,6 (Å2) 2.15 (7) 2.39 (7) 2.18 (7) 2.15 (7) 2.11 (6) 2.09 (7) -
Biso Ca1,2 (Å2) 13.0 (6) 15.2 (2) 15.6 (2) 15.8 (2) 15.9 (2) 16.4 (2) -
Biso K1,2 (Å2) 2.37 (10) 1.90 (8) 2.32 (8) 2.26 (8) 2.27 (7) 2.10 (7) -

Biso OW7-12 (Å2) 17.0 (3) 15.2 (2) 15.6 (2) 15.8 (2) 15.9 (2) 16.4 (2) -
< T1–O > (Å) 1.6265 1.6316 1.6342 1.6345 1.6339 1.6334 1.6335 (12)
< T2–O > (Å) 1.6539 1.6435 1.6403 1.6388 1.6423 1.6415 1.6413 (18)
Al apfu @ T1 3.52 4.29 4.70 4.74 4.65 4.58 4.59 (18)
Al apfu @ T2 3.87 3.07 2.82 2.70 2.97 2.91 2.89 (14)

Altot apfu 7.39 7.36 7.51 7.44 7.62 7.49 7.49 (10)
R = Si/(Si + Al) 0.795 0.796 0.791 0.793 0.788 0.792 0.792 (3)

2.7. XPS Investigation

Erionite samples were analysed by a Theta Probe spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) as fibres deposited on nitrocellulose membrane filters, mounted
on a standard sample platen for XPS analysis. On each sample, three different areas (re-
gions) were analysed, and the data provided in the following sections are the average
values with the standard deviation in parentheses. The spectra were collected using a
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monochromatic Al Kα1,2 source (hν = 1486.6 eV) selecting a 400 µm spot size. A flood
gun neutralizer was used for charge compensation. All the spectra were acquired in the
fixed analyser transmission (FAT) mode, and the pass energy (PE) was set at 200 eV for the
survey spectra and at 120 eV for the high-resolution ones. A periodic calibration following
ISO 15472:2010 was performed to verify the linearity of the binding energy scale. The
binding energy scale was referenced to the adventitious aliphatic carbon component at
285.0. Further details on the spectra processing are provided in Ballirano et al. [34] and
Pacella et al. [35]. The composition of the fibres is given in atomic percentages, and it
was calculated using the first principles approach: peak intensities were corrected by the
elemental sensitivity factors calculated using Scofield’s photoionization cross-sections,
Reilmann’s asymmetry parameter, and the transmission function correction together with
the electron inelastic mean free path [63].

3. Results and Discussion
3.1. Erionite Dissolution and Chemical Characterization

Low magnification FE-SEM images indicated that erionite fibres are rigid and gen-
erally straight, with length and diameter in the range of ca. 10–40 µm and 0.8–2.5 µm,
respectively (Figure 2a). Moreover, the SEM investigations revealed the presence of rhom-
bohedral chabazite crystals and nontronite clay plates as accessory phases in the hand
sample (Figure 2c,d), as evidenced by XRPD results. At high magnification, many fibres
appear composed by small fibrils of about 100–200 nm of diameter (inset in Figure 2a). In
addition, the high magnification images coupled with EDS spectra collected on the erion-
ite fibres highlighted the occurrence of nanometric to micrometric Fe-bearing nontronite
particles [general formula (Ca0.5,Na)0.33Fe3+

2(Si3.67Al0.33)O10(OH)2·nH2O] on their surface
(Figure 2d), as reported in previous works [38,39]. Notably, after immersion in MGS for
one month, no effects of the dissolution process on the fibre morphology (Figure 2b) were
highlighted by SEM investigation.

Results of ICP-OES analyses after sample incubation in MGS are provided in Figure 3
and Table S1. The release of K, Ca, and Mg extra-framework cation mainly occurred in the
first 24 h of sample incubation (18,465(878) mg/kg, 16,327(785) mg/kg, and 1961(61) mg/kg,
respectively). For longer incubation times Mg leaching is almost constant, whereas both
K and Ca release decrease (Figure 3, Table S1), suggesting their possible surface adsorp-
tion and/or incorporation into neo-formed precipitated (possibly hydrates sulphates, as
revealed by XRPD results). It is worth noting that the relatively high standard deviation of
the values of the release of the extra-framework cations (up to ca. 14%, see Table S1) points
out to some inhomogeneity of the hand samples.

On the basis of the averaged total content of K, Ca, and Mg quantified by ICP-OES
in the hand samples (Table S1), it was estimated that roughly all Ca is leached out during
sample incubation in MGS, whereas the percentages of dissolved K and Mg are about 48
and 27%, respectively. The preferential release of both Ca and K with respect to Mg was
already observed by some of the authors during incubation of fibrous erionite samples in
FeCl2 solution [64], and this finding is in agreement with their lower bond valences. In
addition, the limited content of leached K compared to that of Ca is likely due to steric
hindrance, as each cancrinite cavity contains one K ion that can be removed only after
structure breakdown [63]. It is worth noting that the observed quantity of leached cations
includes the contribution from the accessory phases (i.e., chabazite and nontronite, as
indicated by coupled SEM and XRPD investigations). In particular, SEM-EDS investigation
clearly highlighted that almost all Ca present in pristine chabazite crystals was removed
after sample incubation in MGS (Figure S2). Moreover, K, Ca, and Mg might also be easily
released from the interlayer sites of nontronite, where ions are involved in weaker bonds
than those present in both tetrahedral and octahedral sites [65]. Notably, no Fe release
was observed for any incubation time, as expected in the adopted experimental conditions
(pH of 4.5 and in the presence of air). It must be pointed out that Fe could potentially
arise from leaching of Fe-bearing nontronite particles adhering at the fibre surface [35]
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(Figure 2d,e) and might eventually be incorporated into the neo-formed hydrated sulphates
detected by XRPD. In addition, previous work showed that the structure of this clay is very
stable under acidic condition [65], even more than the zeolite framework [44,66].
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The leaching of Si and Al framework cations increased with incubation time (up to
1170 (311) mg/kg and 130 (1) mg/kg, respectively). In particular, a preferential Al leaching
occurred in the first hour of incubation (Table S1), being the Si/Al ratio in the solution
lower than that of the bulk (ca. 2.8 vs. 3.9, respectively). Moreover, for longer incubation
time, Si release was significantly favoured with respect to Al, with the Si/Al ratio in the
solution ranging from 6.5 to 9.0. Previous studies showed that the dissolution of zeolites at
acidic pH is driven by selective leaching of Al in the outer layers, leading to stoichiometric
framework degradation, silicate precipitation, partially dissolved silicate framework, or
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intact silicate framework dependent upon the initial Si/Al ratio [67]. On this basis, the
preferential release of Si observed in our experiments for incubation times longer than
one hour might be due to previous de-alumination of the erionite surface by weathering
processes that weakened the silicate framework. In addition, for zeolites like erionite,
where Si/Al ratio is higher than 3.0, it was reported that the selective Al removal leads to
the formation of un-dissolvable amorphous silicate framework [44,45,67]. Accordingly, our
HR-TEM investigation revealed the occurrence of an amorphous rim on the fibre surface
of pristine erionite (see below), similarly to what observed in many regulated asbestos
amphiboles [56,68]. In addition, the very low amount of released Si (up to ca. 0.4% of the
total content) further confirms that the erionite structure is not weakened by incubation
in MGS at acidic pH of 4.5. Notably, incubation of erionite in pure water at the same pH
caused a higher Si leaching (up to 3331(421) mg/kg, corresponding to 1.2% of the total Si),
likely due to ion exchange of extra-framework cations by protons, leading to hydrolysis of
the framework and following formation of silicic acid.
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The chemical composition of pristine erionite fibres obtained by standardised SEM-
EDS analysis (Table 3) is in very good agreement with our previous investigation [35].
On the basis of the most abundant EF cation the sample was classified as erionite-K.
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The chemical analyses of the fibres suspended in the solution (Table 3) highlighted an
increased Na2O content, reaching the maximum value of ca. 4 wt.% (corresponding to
3.75 apfu Na) for the sample E-1M. Coherently with ICP data, a reduction of the extra
framework cation content is also evidenced: K from 2.86(27) to 2.08(18) apfu, Ca from
0.56(7) to 0.13(13) apfu, and Mg content and from 0.79(8) to 0.42(9) apfu (Table 3). Moreover,
no significant changes were observed in Si and Al content, confirming the stability of
the framework in MGS. The final average crystal-chemical formula of (Na3.75K2.21Mg0.42)
[Al7.38Si28.62O71.85]·29.55H2O allows a sample classification as erionite-Na, highlighting
that extra framework cations are exchanged by Na during fibre incubation in MGS. It must
be pointed out that, despite the substantial release observed for K (up to 18,465(878) mg/kg,
corresponding to 472(22) nmol/mg), the difference observed in the K2O content between
the pristine and E1-M samples was only greater than one standard deviation (Table 3). This
is reasonable if we take into account the contribution of the accessory phases to the amount
of leached K and that 2 apfu of K cannot be ion exchanged due to steric hindrance.

Table 3. Chemical analyses, by SEM-EDX, of both pristine and incubated erionite fibres for one hour (E-1H) and one month
(E-1M) in the mimicked Gamble’s solution. In addition, data of pristine chabazite are reported. Chemical formulae were not
calculated in the case of analyses characterized by E% exceeding 10%. Standard deviations are reported in parenthesis.

Oxides (wt.%) Pristine a Pristine E-1h E-1M Chabazite

SiO2 59.80 (32) 59.47 (77) 59.40 (81) 59.90 (63) 53.95 (43)
Al2O3 13.18 (35) 13.41 (63) 13.62 (25) 13.08 (17) 15.06 (25)
Na2O 1.56 (31) 1.73 (41) 3.31 (74) 4.04 (71) 3.49 (47)
K2O 4.89 (35) 4.69 (43) 3.41 (27) 3.62 (32) 2.24 (39)
MgO 0.88 (13) 1.10 (11) 1.02 (18) 0.59 (13) 1.25 (13)
CaO 1.19 (19) 1.09 (14) 0.74 (24) 0.26 (7) 2.01 (32)
H2O 18.50 18.50 18.50 18.50 22.00
Total 100 100.00 100.00 100.00 100.00

Atoms

Si 28.58 (18) 28.43 (35) 28.33 (17) 28.62 (14) 9.03 (5)
Al 7.42 (18) 7.57 (35) 7.67 (17) 7.38 (14) 2.97 (5)
Na 1.45 (29) 1.61 (39) 3.06 (72) 3.75 (68) 1.13 (16)
K 2.98 (22) 2.86 (27) 2.08 (18) 2.21 (18) 0.48 (9)

Mg 0.63 (12) 0.79 (8) 0.73 (13) 0.42 (9) 0.31 (3)
Ca 0.61 (8) 0.56 (7) 0.38 (12) 0.13 (13) 0.36 (6)
O 71.74 (23) 71.80 (17) 71.84 (27) 71.85 (24) 24.61 (16)

H2O 29.49 (14) 29.56 (15) 29.49 (27) 29.55 (17) 12.30 (8)

R 0.794 0.790 0.787 0.795 0.753
M/(M + D) 0.782 0.768 0.823 0.914 0.706

E% 7.6 5.5 4.3 4.3 0.5

E% = (Al − [(Na + K) + 2(Mg + Ca + Sr + Ba + Fe2+)]/[(Na + K) + 2(Mg + Ca + Sr + Ba + Fe2+)]; R = Si/(Si + Al); M = Na + K;
D = ΣCa + Mg + Mn. a Reference data of Pacella et al. [35].

The XPS survey spectra of erionite samples after incubation in MGS showed the
presence of silicon, oxygen, iron, sodium, calcium, and potassium, together with some
carbon due to the organic contamination layer (Figure S3). The absence of signals of
chlorine and sulphur ruled out the presence of sodium chloride and sodium sulphate and
excluded the precipitation of S-bearing phases in concentration higher than the detection
limit of the technique, which could be estimated to be 0.5 at% for S in erionite matrix,
under the adopted conditions. The surface quantitative compositions of the investigated
samples are reported in Table 4. Notably, a significant increase in Na content coupled with
a reduction of K, Ca, and Mg content were evidenced in the samples incubated in MGS
with respect to the pristine one, in perfect agreement with the ICP results. Moreover, Ca
was not detected in all incubated samples in MGS, and Mg was only detected in samples
incubated for 1 and 24 h.
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Table 4. Surface quantitative composition (at%) of erionite samples incubated in the simplified Gamble’s solution. Average
values and standard deviation (in parentheses) over three measurements are reported. a Reference data of Pacella et al. [35].
“n.d. means not detected”.

Sample O Si Al Fe Na K Ca Mg

Pristine a 61.6 (1) 26.4 (4) 6.0 (2) 0.9 (2) 1.8 (3) 2.1 (2) 0.9 (1) 0.30 (0.04)

E-1h 60.3 (6) 27.0 (9) 5.8 (4) 0.7 (1) 4.6 (6) 1.4 (1) n.d. 0.16 (0.08)

E-24h 59.8 (1) 27.3 (9) 5.8 (1) 0.5 (1) 4.9 (2) 1.5 (1) n.d. 0.2 (0.1)

E-1W 60 (3) 27 (2) 5.6 (8) 0.7 (2) 5.4 (1) 1.4 (1) n.d. n.d.

E-1M 59.7 (6) 27.1 (5) 4.8 (2) 0.7 (1) 6.1 (2) 1.6 (1) n.d. n.d.

The high-resolution spectra were processed in order to obtain information on the
chemical state of the elements. The binding energy of the main photoelectron lines of Si,
Al, O, Fe, Na, and K are listed in Table S2. In particular, Si 2p peaks were fitted with a
doublet due to spin orbit coupling with energy separation between the 2p3/2 and 2p1/2
components of 0.8 eV and an area ratio of 2:1. No significant shifts are observed in Si 2p
binding energy upon incubation. The Fe 2p3/2 high-resolution spectra of the samples
are shown in Figure S4. The signals were resolved in three components for the samples
immersed in the Gamble solution for 1 and 24 h, due to Fe (II) bound to oxygen, Fe (III)
bound to oxygen and Fe-OOH species [35]. The samples incubated for one week and one
month did not exhibited the presence of Fe(II), due to iron oxidation. The percentage of
each component is reported in the supporting material (Table S3). Oxygen O1s peak is
multicomponent with a signal due to no bridging oxygen in silicates and -OH at about
531.5 eV, a component due to bridging oxygen at 532.2 (0.1) eV, and a component at about
533.5 eV assigned to crystallization water [35,63].

In Figure 4, the variation of the surface cations/silicon ratios upon incubation time,
determined by XPS analyses, is shown for the erionite samples. Our results indicate a
marked increase in Na/Si ratio upon incubation time, coupled with the decrease of Ca/Si,
Mg/Si and K/Si ratios, thus confirming that the extra framework cations are exchanged
by Na coming from MGS, in agreement with SEM-EDS investigation. The observed trend
further confirms that the ion exchange process is pronounced in the first 24 h of incubation.
Notably, the ions released by erionite when immersed in MGS may trigger biological effects,
because it was shown that Ca ions are able to induce opening of the permeability transition
pore of the inner membrane leading to a possible cytotoxic effect due to the release of
apoptotic factors normally localized in the mitochondrial intermembrane space, whereas
Mg ions may have different effects on lipid packing and membrane permeability [69,70].
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3.2. Structural Modifications

X-ray powder diffraction permitted a full structural characterization of the samples.
Quantitative Phase Analysis (QPA) indicates that the erionite, chabazite and quartz content
is remarkably constant in the various samples (Table 1) testifying the compositional ho-
mogeneity of the material. Calculated <T1-O> and <T2-O> were constant (average values
of 1.6335(12) Å and 1.6413(18) Å, respectively) indicating a preferential partition of Al
at T2 site. The R = Si/(Si + Al) ratio, calculated from different methods, based on both
evaluation of individual T–O bond distances [71,72] and cell volume [73], takes values in
the 0.791–0.797 range, reasonably close to 0.790 from chemical data. In particular, the popu-
lation of the T1 (Al4.59(18)Si19.41) and T2 (Al2.89(14)Si9.11) sites, consistent with an R value of
0.792(3), was determined using the Jones’ determinative curve [71] for the average <T1-O>
and <T2-O> of the five refinements (pristine plus incubated samples) (Table 2). Interesting
trends were observed for the EF cations and H2O. First of all, minor site scattering (s.s.)
was consistently observed at Ca3, differently from the sample from the same area described
by Ballirano et al. [74]. Moreover, the pristine sample is similarly characterized to reference
data [35], by a significantly higher refined s.s. at the EF sites as compared to SEM-EDS
data (112.2 e- vs. 92.7 e-). The relatively low s.s. from chemical data could be attributed
to the effect of alkali ions volatilization, mainly Na [75]. K atoms were found at the K2
site, located near the walls of the erionite cage, as expected in the case of K > 2 apfu. It is
worth noting that the sum of s.s. at EF cation and H2O sites is of 363(9) e-. Incubation of
the sample for 1 h induces plainly visible structural modifications. The unit cell volume
slightly expands, and the c/a ratio increases as well (Table 1). More interesting, we observe
a significant decrease of s.s. at Ca1, and subordinately at Ca3, coupled to an increase at
Ca2. A reduction of s.s. at K2 was also observed. The total s.s. of EF cations dropped to
92.0(19) e- from ca. 112 e- of the pristine sample. This behaviour is coupled to a significant
redistribution of s.s. at H2O sites. This is not unexpected as a modification of the overall
H2O population is required owing to the observed modification of the distribution of EF
cation to which H2O molecules are bonded. It is interesting to notice that the sum of s.s. at
EF cation and H2O sites is substantially unchanged being of 360(9) e-. This fact suggests
that part of the cation population is redistributed in correspondence of positions previously
occupied by H2O within the erionite cage. The onset of this process has been observed in
both experiments of incubation in SLF [43] and of dehydration of erionite [75–77]. Follow-
ing reference data [35,55,74] in the pristine sample all available Mg was located at Ca1 and
the exceeding site scattering was attributed to Na. The small amount of Ca was prevalently
allotted at Ca3 whereas Ca2 was considered to host Na. The modification of the s.s. at the
various EF cations sites might be smoothly interpreted as arising from:

(a) Migration of Na toward Ca2 and redistribution within the erionite cage (s.s. de-
crease at Ca1);

(b) Release of Ca (decrease of s.s. at Ca3);
(c) Release of K (decrease of s.s. at K2).
This behaviour is confirmed by ICP-OES data that indicate that Ca and K release

mainly occurs in the first hour of sample incubation. In fact, s.s. at Ca1 and Ca3 only
slightly decrease in the following month coherently with the slow release of Mg and
Ca observed in the same time span. The release of those divalent ions is prevalently
compensated by the uptake of a corresponding double amount, in terms of apfu of Na,
which is monovalent. This process, owing to the limited quantity of Ca and Mg within the
structure, should increase, albeit only marginally the total s.s. of EF cations (Mg→ 2Na:
12 e-→ 22 e-; Ca→ 2Na: 20 e-→ 22 e-). This prediction is apparently contradicted by the
refinements (and possibly by SEM-EDS) that show a progressive reduction from 92.0(19) e-
for E-1h to 87.8(19) e- for E-1M (Table 2). However, the sum of s.s. at EF cation and H2O
sites is remarkably unchanged throughout the incubation process, the average being of
360.3(16) e-, suggesting the continuing of the process of partial redistribution of the EF
cations at alternative sites within the erionite cage. Some protonation at specific oxygen
sites of the framework could potentially concur to the overall charge balance, especially in
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the case of the experiments carried out for longer times of incubation [35]. However, the
minimal modification of both T-O and <T-O> bond distances among the various samples
does not clearly support the occurrence to an appreciable extent of such process. The
fast release of K from K2 is justified by its very weak bonding system consisting of six
distances > 3 Å with oxygen atoms of the framework (O1 and O4) plus additional long
bond distances with OW8 and OW11 whose mutual occurrence cannot univocally be
defined owing to the partial occupancy of the various sites involved.

Consistently with very small structural modifications occurring during the first 24 h,
the three incubated samples show a marginal increase of the c/a ratio. In the case of E-1W
and E-1M, the almost complete depletion of Ca3 and the more relevant redistribution of s.s.
at the H2O sites produce a minor progressive reduction of the c/a ratio.

No evidence of the presence of detectable amounts of amorphous material was ob-
served in E-1M albeit this information might be masked by the capillary-glass contribution.

The structural modifications observed in the present work are in reasonable agreement
with reference data [43,44] albeit differences are apparent. The combined uptake of Na
and release of Ca has been observed consistently, regardless of pH and simulated lung
fluid formulation in the case of prismatic erionite-Ca [44]. However, no structural data of
the incubated samples were reported to date for describing the on-going process at the
atomic level. In the case of fibrous erionite-Na [43], the same Na migration process from
Ca1 to Ca2 and toward sites occupied by H2O in the pristine sample detected in the present
work were observed upon incubation in ALF at pH 4.5. However, no reduction of s.s. at
K2 was observed apparently pointing out to the absence of K release. No release of K
was observed also in the case of erionite-Ca [44] owing to the absence of s.s. at K2, being
all the K allocated at the centre of the cancrinite cage whose very small openings do not
allow an easy cation exchange at RT (see e.g., Ballirano and Pacella [52]). Trickier is the
comparison of our findings with the experiments carried out with Gamble’s solution by
Ballirano and Cametti [43]. In fact, a transient uptake of Ca from the solution was observed
after 48 h. However, an almost perfect recovery of the initial structural state, coupled with
the appearance of amorphous material (subsequently confirmed from HR-TEM images
by Matassa et al. [38]) and the precipitation of calcite, was noticed after four months of
incubation. Recently, the uptake of Ca by a sample of erionite-Na incubated in a CaCl2
solution has been reported by Quiroz-Estrada et al. [78].

It is worth noting that the recovery of the pre-existing structural configuration reported
by Ballirano and Cametti [43] occurred via a counter migration of Na, from the disordered
distribution within the erionite cage, back to Ca1. In the present work, the absence of
Ca from the simplified Gamble’s solution (as well as the different pH) prevented the
investigation of this very specific aspect. Differently, combined ICP-OES and structural
refinements clearly point out to the relatively slow release of Mg from the structure whose
occurrence was not convincingly found by Ballirano and Cametti [43]. Moreover, the fast
and efficient release of K allocated at K2 explains the inability of this site to prevent, despite
its position approximately at the centre of the 8-membered ring (8MR) of the erionite
cage, the uptake of Fe(II) as experimentally observed by Pacella et al. [36]. Such release is
expected to proportionally increase the BET surface area of the sample that has been shown
to depend on the degree of occlusion of the 8MR [36]. Therefore, not only the long-term
chemistry of the samples residing in the human body is expected to be equalized toward a
Na-rich composition, owing to the prevailing sodium composition of body fluids, but also
the surface area might also increase, to some extent, in the case of samples having >2 apfu
of K.

3.3. TEM Observations: Nanomorphology of Pristine and E-1M Erionite Fibres

TEM investigation allowed a nano-morphological comparison between pristine and
1M erionite fibres, broadly confirming previous SEM observations. At relatively low
magnification, overall fibre size and habit appear to be unchanged (Figure 5a,b). Fibres
exhibit variable aspect ratio, up to tens of microns long and down to 100 nm in diameter.
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Fibre boundaries appear straight and sharp in both samples (Figure 5c,d), but they are
always characterized by an ultrathin (~20 nm), amorphous outer layer (e.g., Figure 6a,
pristine erionite). We remark that the occurrence of an amorphous material could be
related to TEM beam damage, especially in beam-sensitive materials such as zeolites.
However, the adopted experimental procedure (i.e., the extremely low electron dose and
the ultrafast image recording), together with its systematic occurrence in all fibres, supports
the hypothesis that the amorphous envelope is not an artefact. The sharpness and the
planar pattern of the crystalline/amorphous boundary (e.g., the dashed line in Figure 6a)
further substantiate this idea.
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Figure 6. Bright-field TEM images, comparing the edge nanomorphology of pristine and E-1M
erionite fibres: (a) Pristine erionite fibre edge; dashed line separates the crystalline portion of erionite
(characterized by regularly spaced lattice fringes) and the amorphous outer envelope, ~20 nm think.
(b) Ultrathin flakes, consisting of two-three irregular lattice fringes (white arrow), hosted within the
outer amorphous envelope. (c) E-1M erionite fibres; the amorphous envelope appears to be wider
and with a more irregular and lobate pattern. (d) Termination of an E-1M erionite fibre, showing
lobate crystal edges (enlarged view in the inset). The outer envelope is amorphous, but it appears
associated with a further inner damaged layer (double-terminated white arrows).
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The amorphous outer envelope may host ultrathin flakes, a few lattice fringes wide,
characterized by interplanar spacings larger than to those of erionite and by an irregular,
sometime wavy pattern (e.g., Figure 6b). Due to their extremely thin size, the flakes were
not accurately identified by SAED and EDS, but overall, characteristics suggest that they
reasonably correspond to nanometric phyllosilicate, in agreement with previous data
indicating the possible occurrence of Fe-bearing nontronite.

Figure 6c,d shows the outer edges of erionite E-1M (lateral edge and fibre termination,
respectively), with characteristics like those of pristine fibres. However, we observe that
the amorphous outer envelope is slightly wider, it exhibits a more irregular lobate pattern,
and it may be associated to a further damaged inner envelope (e.g., the double-terminated
arrows in Figure 6d). The inset in Figure 6d highlights the lobate boundary between the
amorphous envelope and crystalline erionite, showing regularly spaced lattice fringes.

4. Conclusions

In this study, we investigated the chemical structural modifications occurring on
fibrous erionite during incubation in MGS at pH of 4.5 and T = 37 ◦C, up to 1 month of
incubation. Our results showed that the leaching of erionite-K fibres induces an ionic-
exchange process of the extra-framework cations by Na+ ions present in the solution,
leading to a significant modification of the chemical composition of erionite (from erionite-
K to erionite-Na). Moreover, we observed an internal redistribution of the extra-framework
cations within the erionite cage, such as the migration of Na toward the Ca2 site. Our
study showed that the interaction between erionite and MGS produces the formation of a
surface amorphous layer with an irregular lobate pattern on an earlier surface weathered
layer, although the overall erionite framework is well preserved. Accordingly, the Si release
normalized to the mineral surface area is about 0.19 nmol × mg−1 × m−2, significantly
lower than that obtained during the dissolution of amphibole asbestos under the same
experimental conditions (ca. 7 nmol × mg−1 × m−2 and 45 nmol × mg−1 × m−2 for
tremolite and crocidolite, respectively). This result unequivocally confirms that erionite
is markedly more biodurable than asbestos and, considering the primary role played by
biodurability in inducing pathogenicity, certainly supports in vivo observations showing
that erionite is much more tumorigenic than asbestos. On this basis, a regulatory definition
that would provide protection from this carcinogenic fibre is necessary.

However, the mechanism of fibrous erionite toxicity is not yet fully elucidated. No-
tably, the detailed knowledge of the mineral bulk and surface modifications occurring at
physiological pH is a fundamental step to highlight possible correlations between physical
chemical features of erionite and its toxicity. On this basis, the biological effects hypoth-
esized for the released cations (such as Mg and Ca) may be investigated comparing the
in vitro toxicity of both pristine and modified samples after immersion in MGS. In addition,
considering the strong stability of the Fe-bearing nontronite particles adhering at the fibre
surface under acidic condition, their role in the potential pathogenicity should be also
well assessed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11090914/s1. Figure S1: Magnified view of the XRPD patterns of the incubated samples.
The arrow indicates the peak assigned to hydrated sulphates of Mg and Fe. Patterns are vertically
displaced for clarity. Figure S2: SEM-EDS spectra of chabazite: (a) pristine sample; (b) sample
incubated in the MGS for 1 month. Figure S3: Survey spectra of erionite samples. X-ray source: Al
Kα. Figure S4: Fe 2p3/2 peaks of the incubated samples. Table S1: Results of ICP-OES analyses of
erionite fibres after incubation in the MGS at pH 4.5. Results of ICP-OES analyses of the pristine
hand sample are also reported. Standard deviations (in parentheses) were calculated over three
independent measurements. Table S2: Binding energy values (eV) of the main photoelectron lines in
erionite samples. Average values and standard deviation (in parentheses) over three measurements
are provided. Table S3: Relative intensities of Fe 2p3/2 components (area %) in the investigated
samples from XPS data. Results from Pacella et al., 2017a, are reported as a comparison.
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