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Abstract: Inhalation of fibrous erionite particles has been linked to malignant mesothelioma.
Accordingly, erionite is considered the most carcinogenic mineral. The reactivity and the nature
of erionite biotoxicity has been the subject of intensive research. Despite very close chemical and
structural relationships between erionite and offretite, the reactivity of offretite in lung fluids remains
unknown. In this paper, the interaction of erionite and offretite surfaces with simulated lung
fluids was investigated by means of in situ atomic force microscope (AFM). To simulate different
environments in the lungs, artificial lysosomal fluid (ALF) and Gamble’s solution were used. In ALF
(4.15 < pH < 4.31) the dissolution of erionite and offretite surfaces was detected, as well as an evident
removal of particles (mainly attributed to impurities) from the crystal faces. Instead, the growth of a
layer of a yet unknown phase on the surface of both zeolites was observed during the interaction
with Gamble’s solution (7.4 < pH < 8.48). The thickness of this layer reached a few tens of nanometers
and covered all the observed areas. The understanding of the observed processes is of paramount
importance, since they could be potentially involved in the mechanisms triggering the toxicological
effects of erionite fibres.
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1. Introduction

Erionite is a natural zeolite, occurring as a diagenetic alteration product of sediments, in cavities
of altered basalts, or as a hydrothermal alteration product of volcanic rocks [1–3]. The idealized
chemical formula of erionite is K2(NaCa0.5)8[Al10Si26O72]·28H2O [4,5]. From a structural point of
view, this zeolite belongs to the ABC-6 family, with space group P63/mmc and unit-cell parameters
a = 13.19–13.34 Å, c = 15.04–15.22 Å. The habit ranges from prismatic to extremely fibrous [6].
The exposure of erionite fibres to humans has been unambiguously linked to malignant mesothelioma,
and in vivo studies have demonstrated that, at present, erionite is the most carcinogenic mineral [7].
Accordingly, a growing concern has developed regarding the potential health risks associated with
environmental and occupational exposures to erionite in different countries, such as Turkey, the USA,
Mexico, Iran and Italy [8–12].

Offretite is another zeolite mineral, closely related to erionite both structurally and chemically.
The space group of offretite is P-6m2. The cell parameters are a = 13.27–13.32 Å, c = 7.56–7.61 Å and
the average chemical formula is KCaMg(Al5Si13O36)·15H2O [4,13]. Offretite typically occurs as fine
microscopic crystals of hydrothermal origin clustered in vugs and veins of basic volcanic rocks, but it
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has also been found in cavities of arenaceous metasiltites or hornfels [14]. Along with commonly
observed prismatic habit, asbestiform offretite has also been found [15]. Due to chemical and structural
similarities and possible intergrowth, the distinction between erionite and offretite can be challenging.
Despite the large number of studies, the relationships between mineralogical features and biological
activity of erionite are not yet fully understood. A potential carcinogenic hazard of offretite fibres
has neither been confirmed nor dismissed so far and it remains unclear whether the mineralogical
distinction between erionite and offretite has any health implications.

Recently, the epidemiological, mineralogical and toxicological effects of erionite have been
intensively investigated [12,16–25]. Studies regarding erionite fibres were conducted on their
interacting capability and the interactions with micelles and model membranes [26,27]. Investigations
using human cell cultures [28,29] and from in-vivo studies [30], demonstrated that erionite is extremely
biopersistent and could spread its cytotoxic action over decades. Moreover, biological activity of
erionite samples from different localities was demonstrated to be similar [8].

Depending on the size and morphology, the inhaled particles can be deposited in various parts
of the respiratory system with very different in situ biochemical conditions (Figure 1). Between the
epithelial tissue of alveoli (the deeper air spaces of the lungs) and the endothelial tissue of blood vessels
(capillary), there is a space called the interstitium. Alveolar macrophages (AM), phagocytic cells in the
alveolar space, are the first line of defense against inhaled particles and organisms. Recruited from
blood monocytes, macrophages could penetrate into the interstitium (interstitial macrophages, IM)
and subsequently migrate to the alveolar space and vice versa [31,32]. Macrophages (size 14–21 µm
in humans) can completely engulf particles smaller than their size. However, big particles and in
particular long fibres are not removed by macrophages, or are partially phagocytized and subsequently
released onto the epithelial surface or in the interstitium. In these cases, macrophages will become
activated and release, for example, reactive oxygen species (ROS) and reactive nitrogen species (RNS),
which are mutagenic [33].

To simulate the diversity of the biochemical environments within the lungs, two artificial solutions
are mainly used: (1) artificial lysosomal fluid (ALF) with pH 4.5–5 is analogous to the fluid with which
inhaled particles would come into contact after phagocytosis by alveolar and interstitial macrophages;
(2) Gamble’s solution pH 7.4 simulates interstitial lung fluid [34]. The structural analysis of erionite
fibres leached with artificial simulated lung fluids (SLFs) highlighted a partial amorphisation and
a slight reduction of the fibre diameter, probably due to partial dissolution during the leaching
processes [25,35,36].

Although these studies were extremely useful in determining the reaction of erionite fibres in
contact with organic matter or with lung fluids, they do not provide information on modifications at
nanometric scale at the fibre surface. Considering that the chemical reactions involved in pathogenesis
mainly take place at the solid-liquid interface [37,38], the information about the mechanisms of surface
reactivity are of paramount importance. This is particularly relevant for zeolites due to their channel
structure and the possible accommodation of several chemical species within the framework. Moreover,
studies focused on the characterization of zeolite surfaces demonstrated that they do not always match
with the bulk structure [39,40]. Thus, results obtained from the investigation of bulk processes can be
significantly different from those extrapolated by analysing the crystal surface (i.e., outer atomic layers).
Previous to our research, direct imaging, i.e., in real-time, of the morphological changes occurring at
mineral fibre surfaces was missing.

In this work the interactions of the zeolites erionite and offretite with SLFs at nanometric scale
were investigated in situ by means of an atomic force microscope (AFM). The results show superficial
dissolution of erionite and offretite crystals and removal of adhered particles during interaction with
acid SLF, while a layer of an unknown phase, likely amorphous, grew on the surface of both zeolites in
neutral-basic pH of SLF. In the first section of the paper we report the characterization of the samples
performed by standard mineralogical techniques. In the second part, the results obtained by AFM
analyses are presented and discussed and finally considerations on health effects are addressed.
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Figure 1. Schematic image of lung environment and, in particular, of the alveolus, reachable by small 
inhaled fibres. Artificial lysosomal fluid (ALF) solution simulates the acid environment inside the 
alveolar and interstitial macrophages (in red), while Gamble’s solution simulates the neutral 
environment of interstitial fluid (blue). 

2. Materials and Methods  

2.1. Samples 

Two different samples, referred to as FF (offretite) and MB2404 (erionite), were investigated. 
The samples were selected on the basis of their relative size and morphology (well-shaped prisms).  

The FF sample is offretite originating from Nogare (VI), in the Lessini Mountains (northern 
Italy), where it occurs as a secondary mineral in vesicles of basalts and basanites [41]. 
Morpho-chemical and mineralogical characteristics of the FF sample were preliminarily studied by 
X-ray powder diffraction and scanning electron microscopy with energy dispersive spectroscopy 
(SEM-EDS) by [15]. However, due to the abundance of other mineralogical phases (mainly chabazite 
and calcite), an accurate structural refinement through X-ray powder diffraction could not be 
obtained. Thus, in order to check the chemical variability of the sample and its crystalline structure, 
new chemical and structural data were acquired in the present study. 

The sample MB2404 is erionite from Bog Hill Quarry, Northern Ireland, where it occurs in 
amygdales in various rhyolitic and basaltic lavas [42]. Due to the lack of chemical and structural data 
on erionite from this locality, a preliminary characterization was performed by means of single 
crystal X-ray diffraction (SC-XRD, Bruker AXS, Karlsruhe, Germany) and SEM-EDS (Zeiss, Jena, 
Germany).  

2.2. Simulated Lung Fluids (SLFs) 

Two simulated lung solutions were used: artificial lysosomal fluid (ALF) and Gamble’s 
solution, prepared according to standard formulation by [34]. The choice of the two fluids followed 
the suggestion of the National Institute for Occupational Safety and Health (NIOSH) for solubility 
assays [43]. The components of Gamble's solution were added in the order presented by [44] to avoid 

Figure 1. Schematic image of lung environment and, in particular, of the alveolus, reachable by
small inhaled fibres. Artificial lysosomal fluid (ALF) solution simulates the acid environment inside
the alveolar and interstitial macrophages (in red), while Gamble’s solution simulates the neutral
environment of interstitial fluid (blue).

2. Materials and Methods

2.1. Samples

Two different samples, referred to as FF (offretite) and MB2404 (erionite), were investigated.
The samples were selected on the basis of their relative size and morphology (well-shaped prisms).

The FF sample is offretite originating from Nogare (VI), in the Lessini Mountains (northern Italy),
where it occurs as a secondary mineral in vesicles of basalts and basanites [41]. Morpho-chemical and
mineralogical characteristics of the FF sample were preliminarily studied by X-ray powder diffraction
and scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) by [15]. However,
due to the abundance of other mineralogical phases (mainly chabazite and calcite), an accurate
structural refinement through X-ray powder diffraction could not be obtained. Thus, in order to check
the chemical variability of the sample and its crystalline structure, new chemical and structural data
were acquired in the present study.

The sample MB2404 is erionite from Bog Hill Quarry, Northern Ireland, where it occurs in
amygdales in various rhyolitic and basaltic lavas [42]. Due to the lack of chemical and structural data
on erionite from this locality, a preliminary characterization was performed by means of single crystal
X-ray diffraction (SC-XRD, Bruker AXS, Karlsruhe, Germany) and SEM-EDS (Zeiss, Jena, Germany).

2.2. Simulated Lung Fluids (SLFs)

Two simulated lung solutions were used: artificial lysosomal fluid (ALF) and Gamble’s solution,
prepared according to standard formulation by [34]. The choice of the two fluids followed the
suggestion of the National Institute for Occupational Safety and Health (NIOSH) for solubility
assays [43]. The components of Gamble’s solution were added in the order presented by [44] to
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avoid salt precipitation. However, the Gamble’s solution appeared turbid and was filtered with a
0.45 µm syringe filter to avoid the deposition of eventual particles on the crystals during the AFM scans.

In order to use fresh solutions during the whole period of the experiments, both ALF and Gamble
were prepared twice. The pH of the solutions was measured at 25 ◦C and at 37 ◦C to simulate the body
temperature. As described by [25], buffer reagents could be added to the solution to stabilize the pH.
Thus, HCl was added to Gamble’s solution to obtain a pH value of ~7.4 [34]. The measured pH values
are reported in Table 1.

Table 1. Measured pH values of the prepared lung fluid solutions.

SLFs Preparation Day Weeks Later 37 ◦C Corrected by HCl

1◦ALF 4.15
1◦Gamble’s 7.91 8.17

2◦ALF 4.31 4.34
2◦Gamble 8.12 8.51 8.48 7.4

2.3. Single Crystal X-ray Diffraction

Diffraction data were collected at room temperature on a BRUKER APEX II diffractometer
equipped with a MoKα radiation (λ = 0.71073 Å) and a CCD area detector. The selected crystals of
erionite with a dimension of 0.17 × 0.08 × 0.08 mm and of offretite of 0.17 × 0.06 × 0.09 mm were
glued on the tip of a glass fibre and mounted on a goniometer head.

The reflection intensities were integrated and corrected for absorption using an Apex 2v. 2011.4-1
software package (Bruker AXS, Karlsruhe, Germany). Structures were solved using Shelxtl-2008 [45]
and structural refinements were carried out by SHELXL-2014 [46] using neutral atomic scattering
factors. Crystal data and refinement parameters are reported in Table 2. Structural data in cif-format
have been deposited as Supplementary Material.

Table 2. Crystal data and refinement parameters of MB2404 erionite and FF offretite samples.

Crystal Data MB2404 FF

Crystal size (mm) 0.17 × 0.08 × 0.08 0.17 × 0.06 × 0.09
a-axis (Å) 13.2949(5) 13.2890(4)
c-axis (Å) 15.0768(11) 7.5788(2)

Cell volume (Å3) 2307.9(2) 1159.09(8)
Z 2 1

Space group P63/mmc P-6m2
Refined chemical formula Ca3.73K2(Si,Al)36O72·31H2O Ca1.96K0.98Mg0.87(Si,Al)18O36·13.67H2O

Data Collection
Diffractometer Bruker APEX II SMART Bruker APEX II SMART
X-ray radiation MoKα λ = 0.71073 Å MoKα λ = 0.71073 Å

X-ray power 50 kV, 30 mA 50 kV, 30 mA
Monochromator Graphite Graphite

Temperature (◦C) 25 25
Time per frame (s) 10 10

Max. 2θ 51.70 65.39
Index ranges −15 < h < 16 −20 < h < 20

−16 < k < 16 −17 < k < 19
−18 < l < 11 −11 < l < 11

No. of measured reflections 13,200 19,142
No. of unique reflections 879 1669

No. of observed reflections I > 2σ (I) 610 1466
Structure Refinement

No. of parameters used in the refinement 75 88
R(int) 0.0640 0.0415
R(σ) 0.0329 0.0218
GooF 1.044 1.094

R1, I>2σ (I) 0.0602 0.0440
R1, all data 0.0915 0.0508
wR2 (on F2) 0.1947 0.1248

∆ρmin (−eÅ−3) close to 0.80 W4 1.11 W3
∆ρmax (−eÅ−3) close to −0.72 W1 −0.60 Mg
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2.4. SEM-EDX

The chemical compositions as well as the morphology of both samples were checked before and
after the treatment with simulated lung fluids SLFs by SEM-EDX using a Zeiss EVO50 instrument
(Zeiss, Jena, Germany) coupled with an EDAX TEAM system (4.0, EDAX, Draper, UT, USA). Operating
conditions were: 20 kV accelerating voltage, 10 mm working distance, 0◦ tilt angle. Chemical data
were collected on at least three analytical points on five different crystals. After the interaction with
SLFs, the chemical composition was retrieved on the same crystals used for AFM images.

The final crystal-chemical formula were calculated by normalizing the chemical composition with
an assumed water content of 18 wt % (corresponding to ca. 30 water molecules per formula unit (pfu))
and on the basis of 36 (Si + Al) atoms per formula unit (apfu) for both samples. To minimize the alkali
migration, as suggested by [47], chemical data were acquired using a low counting time, up to 30 s
for each measurement. The reliability of the chemical analyses of both offretite and erionite crystals
were evaluated by using the charge balance error formula E%, [48], the K-content test [15,49], and the
Mg-content test [50].

2.5. AFM

Mineral surfaces were examined in situ using a Cypher ES© Atomic Force Microscope (AFM,
Oxford Instruments, Abingdon, UK). Crystals were extracted from the natural bulk samples, using a
binocular microscope. At least 6 well shaped hexagonal or pseudo-hexagonal crystals with compact
aspect and size of about 200 × 80 × 80 µm were selected for each sample. The crystals were then
attached to a sample holder by carbon tapes, cleaned with compressed air and washed in Milli-Q water
to remove fragments and impurities without any chemical treatment.

The topography scans were performed in tapping mode with a NanoWorld ArrowUHFAuD
cantilever under different experimental conditions: preliminarily in Milli-Q water, then in ALF and
Gamble’s solution at 25 ◦C and 37 ◦C to simulate the body temperature [25,51]. Moreover, an additional
measurement was carried out using the corrected Gamble’s solution (pH 7.4) at 37 ◦C. Default zero
order flattening was applied to all collected images.

In order to select a well-exposed surface, preliminary imaging of crystal surfaces was acquired in
Milli-Q water. Afterwards, SLFs were injected directly on crystal surfaces through a capillary system.
Real-time acquisitions were performed starting from the introduction of the lung fluid, in-continuo for
about 1 h, and successively by alternating scans and pauses, for several hours. The in-situ experimental
time, for each sample in SLF, was on average 72 h. The imaging time was from ~5 h to ~53 h on
the same surfaces. To assess whether the observed processes were due to lever-surface interactions
during scanning, the tip was disengaged from the surface for several minutes, many times during
the experiments [52], and attention was paid to minimize the lever-surface interaction forces during
scanning to avoid scan artefacts [53,54].

To better discriminate the role of the tip from the actual fluid-surface interaction, additional
measurements were performed in air and in water in contact mode using an Al-coated NanoWorld
Arrow-Contr cantilever.

2.6. Thermodynamic Stability Model

To evaluate the thermodynamic stability of erionite and offretite in comparison with nontronite
(see discussion section), their solubility was estimated using the geochemical software PHREEQC
(3.4.0, USGS, Denver, CO, USA) [55]. The Gibbs free energy of formation (∆G◦f) of erionite was taken
from [56]. The thermodynamic parameters for Na, K and Ca-nontronite are available in the standard
PHREEQC (minteq.dat). ∆G◦f and thermodynamic parameters of Ca-bearing zeolite (laumontite) were
taken from [56] and PHREEQC (minteq.dat), respectively, and both used to test the reliability of the
proposed modelling. The agreement between these two values gives us confidence in the consistency
of the data reported in two databases and the definition of the aqueous species. To the best of our
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knowledge, (∆G◦f) for offretite has never been reported. We assume that the thermodynamic properties
of offretite should be similar to the ones of erionite, due to their similarities in structure and chemical
composition. The values for erionite and laumontite corresponding to vugs were selected from [56].
For erionite we used the formula unit (K1.6Na1.2Ca3.1)Al9Si27O72·30H2O (∆G◦f = −40,778.0 kJ/mol)
and for laumontite (K0.6Na0.6Ca5.4)Al12Si24O72·24H2O (∆G◦f = −40,293.6 kJ/mol). Starting from these
formula units we derived the dissolution equations for erionite and laumontite, respectively:

(K1.6Na1.2Ca3.1)Al9Si27O72·30H2O + 36H+ + 6H2O = 1.6K+ + 1.2Na+ + 3.1Ca2+ + 9Al3+ + 27H4SiO4 (1)

(K0.6Na0.6Ca5.4)Al12Si24O72·24H2O + 48H+ = 0.6K+ + 0.6Na+ + 5.4Ca2+ + 12Al3+ + 24H4SiO4. (2)

The Gibbs free energies of formation for all the ions involved in the reactions were taken
from [57], with the exception of the values corresponding to Na+ and K+ that were obtained from [58].
The solubility constant calculated for erionite (according to reaction 1) was pKs = 41.48.

3. Results

3.1. Samples Characterization

3.1.1. Morphology and Morphometry

The FF sample is composed of prismatic crystals of offretite with different sizes, as described
in [15], with compact well-shaped hexagonal or pseudo-hexagonal individuals, while others show a
complex network of fractures. The crystal size ranges from ~50 µm to ~150 µm in diameter and from
~100 µm to ~300 µm in length. The crystal surfaces are covered by particles of rounded or irregular
shape, with a size between ~0.3 µm to ~4 µm.

The erionite crystals of the sample MB2404 are prisms of different size, with a diameter of
~250–600 µm and length of ~600–800 µm. Under optical microscope the high fragmentation of these
prisms (cleavage fragments) was evident. Fibrils ranging from ~50 µm to <3 µm in diameter and
from ~100 µm to less than ~10 µm in length, were observed using SEM. For this sample, the smaller
fraction is definitively below the limit of breathability that is, for elongated particles, length >5 µm
and diameter <3 µm, and diameter-length ratio >1:3 [59]. The erionite surface is cleaner than that of
offretite, and only rare particles are present in the range size from ~0.3 µm to ~5 µm.

3.1.2. Crystal Chemistry

The average chemical compositions and related range of values (min–max) obtained from the
investigated natural zeolites and for the crystals after interaction with lung fluids are reported in
Table 3. The average chemical composition of the natural offretite sample (FF), based on 7 points
analysis, is (K1.85Mg1.55Ca2.03)·(Al8.99Si27.01O72]·28.57H2O. Our new data acquired on the FF sample
are consistent with the data reported by [15] for the same sample. The point analyses performed on
visible particles (at SEM images) on the surface of natural crystals showed the presence of Fe, P and Cl.

The average chemical composition of the natural MB2404 erionite sample, based on 7
points analysis, is (Ca3.49K1.78Mg0.67Na0.3)·(Al10.81Si25.29O72]·29.08H2O, and is therefore classified
as erionite-Ca. Furthermore, in this case iron was detected on visible particles (at SEM images)
occurring as impurities on the crystal surface.

The structural data obtained for both samples were consistent overall with those reported in
literature [60,61]. Four extraframework cations and six H2O were located within the structural channels
of erionite (Table S1). Residual electron density at (−0.09, 0.33, 1/4) was modelled by an additional
site (T2S) refined with Si scattering factor (Occ. = 0.045(5)). This site forms an additional 6-ring stacked
along the c-axis which was interpreted as stacking faults of offretite [62]. Due to low occupancy,
only one oxygen bridge (at OS site) between two adjacent T2S sites could be detected.
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Structural data of the offretite sample FF are reported in Table S2. In agreement with previous
structural refinements, the K is found in the cancrinite cage, Mg together with H2O occupied the
gmelinite cage and Ca with residual H2O is disordered along the three-fold axis in the centre of the
wide channel parallel to c.

Table 3. Chemical composition of the investigated samples: average values (N is the number of point
analyses), minimum and maximum values. ΣT is the sum of cations in tetrahedral sites; E%, measure
of charge balance: E% = 100 × [Al − Alkth]/Alkth where Alkth = Na + K + 2 × (Ca + Mg); R = Si/(Si +
Al) ratio. Crystal chemical formula calculated on the basis of 36 (Si + Al) apfu. Assumed water content
of 18 wt %.

FF Natural N = 7 In ALF 2 Days N = 7 In Gamble’s 2 Days N = 10
Average Min Max Average Min Max Average Min Max

SiO2 56.76 54.89 58.23 53.70 51.27 58.65 52.46 50.40 63.30
Al2O3 16.03 14.89 17.54 18.19 14.30 20.56 20.19 19.43 22.99
MgO 2.19 1.46 3.14 2.58 1.71 2.94 2.68 1.88 3.21
CaO 3.98 3.50 4.68 3.21 2.57 3.93 3.41 2.70 4.93

Na2O 0.00 0.00 0.00 1.56 0.61 2.60 1.53 0.00 3.00
K2O 3.05 2.66 4.03 2.88 2.69 3.09 3.53 2.85 4.90
H2O 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00
Total 82.00 81.99 82.01 82.00 81.99 82.01 82.00 81.99 82.01

Si 27.01 26.15 27.59 25.74 24.54 27.85 24.84 24.57 25.15
Al 8.99 8.32 9.85 10.28 8.00 11.60 11.28 10.76 11.56
ΣT 35.99 35.84 36.19 36.02 35.74 36.18 36.12 35.91 36.26
Mg 1.55 1.05 2.23 1.85 1.21 2.11 1.90 1.37 2.31
Ca 2.03 1.77 2.41 1.65 1.32 2.03 1.74 1.40 2.58
Na 0.00 0.00 0.00 1.45 0.57 2.44 1.38 0.00 2.61
K 1.85 1.60 2.47 1.76 1.64 1.90 2.14 1.76 3.05

H2O 28.57 28.38 28.85 28.78 28.51 29.04 29.06 28.88 29.36
R 0.75 0.73 0.77 0.71 0.68 0.78 0.69 0.68 0.70

E% −0.08 −6.73 8.78 0.64 −9.57 6.66 4.71 −3.21 9.97
Mg/(Ca + Na) 0.78 0.43 1.21 0.61 0.44 0.81 0.62 0.46 0.80

MB2404 Natural N = 7 In ALF 2 Days N = 9 In Gamble’s 2 Days N = 12
Average Min Max Average Min Max Average Min Max

SiO2 52.22 50.45 52.69 51.11 49.92 52.34 50.08 48.13 51.52
Al2O3 18.93 18.15 19.88 18.38 17.70 19.43 19.19 17.99 20.11
MgO 0.93 0.00 1.30 0.08 0.00 0.71 0.38 0.00 0.93
CaO 6.72 5.80 8.70 0.00 0.00 0.00 0.84 0.00 2.10

Na2O 0.32 0.00 0.98 9.61 7.95 10.72 7.30 5.13 9.87
K2O 2.88 2.72 3.01 2.82 2.61 3.30 4.21 3.90 4.65
H2O 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00
Total 82.00 81.99 82.01 82.00 81.99 82.01 82.00 82.00 82.00

Si 25.29 24.67 25.53 25.21 24.69 25.62 24.81 24.14 25.39
Al 10.81 10.37 11.45 10.69 10.28 11.32 11.21 10.48 11.81
ΣT 36.10 35.90 36.21 35.90 35.71 36.13 36.02 35.75 36.23
Mg 0.67 0.00 0.93 0.06 0.00 0.52 0.28 0.00 0.68
Ca 3.49 3.00 4.56 0.00 0.00 0.00 0.44 0.00 1.11
Na 0.30 0.00 0.91 9.20 7.56 10.31 7.02 4.89 9.60
K 1.78 1.68 1.86 1.77 1.65 2.06 2.66 2.45 2.94

H2O 29.08 28.95 29.35 29.62 29.38 29.81 29.75 29.43 30.10
R 0.70 0.68 0.71 0.70 0.69 0.71 0.69 0.67 0.71

E% 4.07 −3.54 8.51 −3.39 −9.84 5.41 1.10 −8.10 8.39
Mg/(Ca + Na) 0.19 0.00 0.29 0.01 0.00 0.07 0.04 0.00 0.11

3.1.3. Surface Morphology and Topography of the Natural Samples

The initial imaging of both FF and MB2404 samples was performed in Milli-Q water.
A representative number of different areas at different scales of various crystals of both samples
were observed to preliminarily check the eventual variability of the superficial features, which are
known to be sensitive to surface reactivity, especially for zeolites [63,64]. Based on the morphology of
offretite and erionite crystals, the examined surface was indexed approximately as {110}.
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No variation in the reactivity of the surface was observed in the range of pH 4.15–4.31 employed
for ALF solution (Table 1). In a similar way, surface reactivity in Gamble’s solution with pH varying
from 7.4 to 8.48 was the same (Table 1). However, the behaviour of the system in Gamble’s and ALF
solutions are clearly different.

Offretite (FF)

The surface of offretite is characterized by a widespread presence of small particles attached to
the mineral faces. Clean surfaces were rarely observed. The typical particle sizes ranged from less than
40 nm in diameter and ~1 nm in height, to ~2 µm in diameter and ~250 nm in height (Figure 2a,d).
As described by [65], the inaccuracy in estimating the size, shape and sharpness of very small particles
due to the tip characteristics must be taken into account. Due to this effect, features appear more
rounded and width measurements may be erroneous.
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After few minutes of scanning in water, a small fraction of the particles disappeared, probably
due to the mechanical interaction with the tip, while most of them remained uninfluenced after several
hours of scan (Figure S1), indicating strong bonding to the offretite surface. Due to their small size,
these particles were not observable at SEM, but were clearly detectable by AFM.

Steps parallel to c-direction were also appreciable, especially in the cleaner portions: the width of
these elongated terraces ranges from less than ~100 nm to 2 µm, while the height ranges from ~20 nm
to 250 nm (Figure 2b,c).

Erionite (MB2404)

The surface of MB2404 erionite sample is in general cleaner than that of the offretite sample
(Figure 3a) and very few particles could be detected on the surface (Figure 3b). The particle sizes range
from less than 30 nm in diameter and ~2 nm in height, to ~400 nm in diameter and ~80 nm in height
(Figure 3b,c). Similar to offretite, a small fraction of the particles disappeared after scanning frames in
H2O while most of them remained unchanged after about 2 h of scanning. It is worth noting that also
in this case, most of the particles are not visible using SEM due to the small size.

Steps parallel to the c-axis were more evident than in offretite. The size of elongated singular steps
ranges from less than ~30 nm to 4 µm in width and from ~1 nm to 900 nm in height (Figure 3a,d–f).
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3.2. Interaction with SLFs

3.2.1. Changes in Chemical Compositions

In contrast to the pristine material, the chemical compositions of both samples after the interactions
with the SLFs were not homogenous as indicated by the variability of the extraframework cations
content (Table 3). This is not surprising considering (i) the limited interaction time (approximately 3
days per each sample) and (ii) that the crystals were not immersed in the solutions but only partially in
contact with them (as required for AFM experiments). Despite the variability of the data, modifications
in chemical composition were observed for both samples, indicating that cation exchange occurred
during the AFM experiments.

The most important chemical changes, with respect to the pristine materials, can be summarized
as following: (a) the amount of silicon in offretite crystals after contact with Gamble’s solution, clearly
decreased from 27.01 apfu, in natural offretite, to 24.84 apfu; (b) overall, both in ALF and Gamble
fluids, the uptake of Na+ at the expense of Ca2+ was observed.

Regarding erionite, no significant changes after the interaction with the SLFs were observed in Si
and Al contents. Instead, also in this case, the decrease of Ca2+ both in ALF and Gamble was evident.
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The shift amounted from 3.49 apfu in the natural sample to 0.0 apfu and 0.44 apfu after interaction,
respectively. The increase of Na+ was also significant from 0.3 apfu to 9.2 and 7.02 apfu after being in
contact with ALF and Gamble’s fluid respectively. After interaction with Gamble, also K+ increased
from 1.78 to 2.66 apfu.

It is worth noting that in previous dissolution experiments on erionite in contact with SLFs [25,30]
the pristine sample had a different chemical composition (erionite-Na) compared to the one used in
the present study (erionite-Ca), and as a consequence a different exchange process was reported.

3.2.2. SLFs Interaction with Offretite (FF)

The interaction between the offretite sample (FF) and ALF at 25 ◦C led to superficial changes,
especially concerning the attached particles. In water, apart from the initial removal of loosely bound
particles from the surface during the first scans, the detachment basically stopped. In contrast, in ALF
solution this behaviour was significantly different. After about 30 min, particles started disappearing
from one scan to the next. The particles removal became obvious after about one hour with disengaged
tip, followed by a short-period (t ~10 min) of scan. Performing quick individual scans with long
intervals in between was very useful to assess whether the dissolution process was solely induced by
the mechanical interaction with the tip or was controlled by interaction with the solution [52]. Surface
changes were evident after longer intervals between scans. The same 3 × 3 µm area of the offretite
surface after ~18 h(a), ~25 h(b), ~50 h(c) of interaction times in ALF solution is shown in Figure 4a–c.
The number of small particles attached to the surface (Figure 4a) progressively decreased during the
interaction with the fluid. The green circles highlight the bigger particles that disappeared from 4(a) to
4(b) images, while the yellow ones are related to the particles that appeared, although only temporarily
(Figure 4c). At the end of the scanning session (~50 h), the surface was almost completely free of
particles and appeared very different with respect to the starting image (4c). Terraces parallel to the
c-axis became well defined and clearly visible.Minerals 2019, 9, 83 11 of 24 
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Figure 4. Sequence of amplitude retrace AFM images of the same area of FF in ALF solution at 25 ◦C
(pH 4.15), at different time of interaction: (a) 18 h; (b) 25 h; (c) 50 h. The particles movement and
removal (yellow and green circle in (a,b)) and the surface dissolution in sections (d,e) is appreciable.

In the profiles reported in Figure 4d,e the height of adjacent reliefs, as a function of interaction
time, decreased. This observation indicated general dissolution that was not uniform but proceeded
with different rates reflecting local structural and chemical variability of the surface. The detachment
of the particles can also be explained by this dissolution process: the particles do not dissolve (their
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dimensions did not vary significantly with time) but adhesion with the zeolite surface is minimized by
the dissolution mechanism.

The results obtained in ALF solution at 37 ◦C are similar to those obtained at 25 ◦C. Furthermore,
in this case, the particles density at the surfaces of offretite crystals decreased with the observation
time and the surface became particles free after 8 h of scanning (Figure 5a–e).
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Figure 5. Sequence of amplitude retrace AFM images of the same surface area of FF surface at 37 ◦C
(a) in water and at different time of interaction in ALF solution (pH 4.34): (b) 1 h; (c) 8 h. From the
images and related sections (d,e) the surface dissolution and particles removal is notable.

To evaluate potential artefacts due to the scanning mode, the measurements in contact mode were
also performed. The behaviour of the system in contact and in tapping mode was found to be similar.
Based on these observations we conclude that the observed changes of the surface are not scanning
artefacts but reflect the chemical interaction with the solution.

Gamble’s experiments on FF sample were also conducted at two different temperatures, 37 ◦C
and 25 ◦C.

The area (2 × 2 µm) of an FF crystal at different interaction times with Gamble’s solution at 25 ◦C
is shown in Figure 6a. This area was observed for approximately 51 h. During the observation the
entire offretite surface was progressively covered by a thin layer of a neo-formed phase of unknown
chemical composition. The nucleation started from terraces and irregularities present on the surface.
The original surface was fully masked by the thin layer after 4 h of interaction. The profiles in Figure 6b
demonstrate the growth of the new phase in lateral and vertical directions. The width of the growing
phase forming on the offretite surface was approximately 490 nm, and about 1 h later increased to
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590 nm, suggesting that the substance grew especially at the edge of the steps. The final height of the
layer was in the range of a few tens of nanometers (Figure 6).
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Figure 6. Sequence of amplitude retrace AFM images of the same surface area (a) and related sections
(b) of offretite surface at 25 ◦C, at different time of interaction in Gamble’s solution (pH 8.17). A new
growing phase on the surface is recognizable.

The same behaviour (e.g., neo formation of the surface layer) was also observed in the experiments
at 37 ◦C where an equivalent surface area of (2 × 2 µm) was covered within 5 h.
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3.2.3. SLFs Interaction with Erionite (MB2404)

The erionite MB2404 was also investigated in ALF and Gamble’s solution, both at body
temperature of 37 ◦C and at 25 ◦C. The behaviour of the system was found to be similar at both
temperature conditions. The scans were performed periodically, alternating periods with disengaged
tip, and the surface was continuously exposed to the solution.

Profiles orthogonal to the elongation of erionite crystals, obtained after 7 h of interaction with
ALF at 25 ◦C, highlighted a dissolution process that is clearly not uniform on the crystal surfaces
(Figure 7a–d). The same kind of analysis was done on several areas, always obtaining similar results.
This indicated a general dissolution of the erionite surface but with a strong dependence on the
local topography. The same behaviour was observed during the experiments performed at 37 ◦C
(Figure 8a–d). In addition, in this case the surface underwent a gradual but anisotropic dissolution.
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Figure 8. AFM images in amplitude retrace of same area of erionite surface at 37 ◦C, (a) in water and
(b) after 4 h of interaction in ALF (pH 4.34). Corresponding profiles of AB section (c) and A’B’ section
(d). A differential dissolution of surface and particles removal is appreciable.

The observation time per each surface area was approximately 9 h. Figure 9a–g shows the images
acquired on erionite surface in contact with Gamble’s solution at 25 ◦C. The growth of an additional
phase on the surface of erionite was observed, in a similar fashion to offretite. However, the process
was significantly slower compared to offretite. After 270 min the maximum extension of the growing
phase reached only ~180 nm (Figure 9). Apart from this growth, the heights of the elongated steps
parallel to the c-axis varied as a function of the interaction time, demonstrating that overall the surface
was subject to a dissolution occurring at different rates, probably depending on the local characteristics
of the surface itself.
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Figure 9. AFM images in amplitude retrace of same area on erionite surface at 25 ◦C, (a) in water and at
different interaction times in Gamble’s solution (pH 8.51): (b) after 150 min; (c) after 270 min. Sections
of growing phase (d,e) and steps on surface (f,g) are shown.

Interestingly, the results obtained by measurements at 37 ◦C indicated that a few minutes after the
injection of the Gamble’s solution the second phase started growing very fast (Figure 10a–d), and this
process continued during the whole time of the experiment. The resulting layer was always very thin,
in the order of a few tens of nanometers.

To check if the growing layer was a unique characteristic of offretite and erionite, we performed
identical AFM experiments using Gamble’s solution with natrolite, a Na-rich zeolite with ideal
chemical formula Na16[Al16Si24O80]·16H2O, scolecite, a Ca-rich zeolite with chemical composition
Ca8[Al16Si24O80]·24H2O [4] and a freshly cleaved muscovite. The formation of precipitate layer was
not detected in any of these control experiments (Figures S2 and S3), suggesting that the neo-formation
of surface layer is characteristic to offretite and erionite.
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different interaction time in Gamble’s solution (pH 8.48): (b) after 30 min; (c) after 270 min. A layer
growth is recognizable, and the height of this new phase is showed in the related section (d).

4. Discussion

4.1. Surface Dissolution

Our results show different evolution of erionite and offretite surfaces depending on the SLF.
ALF and Gamble’s solution (4.15 < pH < 4.31 and 7.4 < pH < 8.48, respectively) represent very
different chemical environments that control the surface reactivity. In contact with Gamble’s solution,
the precipitation of a thin layer, a few tens of nanometers thick, of an unknown phase was observed
for both zeolites, whereas the same process did not take place during surface interaction with ALF.
We could show that the observations do not depend on the imaging conditions and are not related
to the colloid formation in the bulk SLF solutions. The observed surface modifications are therefore
related to the dissolution precipitation at the fluid-surface interface.

The surface reactivity of aluminosilicates depends on the protonation state of surface >Si–OH and
>Al–OH groups [66]. The dissolution process at intermediate and high pH is mainly controlled by the
detachment of silicon, whereas at low pH aluminol groups are preferentially dissolved [58,67]. Thus,
the Si/Al ratio plays a crucial role in determining the dissolution mechanism and as a consequence
influences the nature of the dissolution products. In particular, [68] hypothesized that dissolution
processes of zeolites are controlled by the selective removal of aluminium leading to different results
depending on the initial Si/Al ratio. In our case, the investigated samples are Si-rich (2.5 and 2.6
for erionite and offretite, respectively) and little or no silicon dissolution is expected under acidic
environment [68].

Interestingly, previous studies on erionite dissolution at pH 4, and in general on zeolites under
acidic environment [69,70], reported the formation of a surface layer consisting of amorphous silica as
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result of de-cationization and de-alumination of bulk structure in the near surface layer [25]. In our
experiments, a minor dissolution took place when both zeolites were in contact with ALF solution
(pH ca. 4) but the formation of a residual surface layer was not observed. This observation is in
agreement with previous experimental studies that demonstrated that for Si-rich zeolites (Y-zeolite) the
Al removal is not sufficient to weaken the structure and promote Si detachment and re-precipitation of
undissolved silicate framework [68]. A slow initial dissolution rate was also reported for heulandite
(Si/Al = 3.2) under low pH (<4) [66]. Furthermore, fibrous erionite-Na showed only minor signs of
amorphisation even after 9–12 months of interaction with SLF at pH 4 [25].

Under intermediate to high pH values the dissolution rate of aluminosilicates is controlled by the
detachment of Si, the amount of which is proportional to the concentration of the Si surface sites [67].
Therefore, in the experiments carried out in Gamble’s solution (pH 7.4–8.48) the dissolution mechanism
is mainly controlled by >Si–O- species removal. Thus, the formation of the thin superficial layer could
be explained (similarly to what occurs in Al-rich zeolites at low pH) [68] as an initial dissolution of
Si-species followed by subsequent re-precipitation of silicate phases.

Although we could not determine whether the precipitated layer was amorphous or crystalline,
on the basis of previous studies [35,36] the formation of an amorphous phase is also plausible. Indeed,
amorphisation of erionite fibres in contact with Gamble’s solution was also reported by [35,36].

The observed behaviour could be explained by combined effect of pH, which controls the
dissolution mechanism, and the ionic composition of Gamble’s solution. The solution mainly contains
sodium bicarbonate and sodium chloride [34]. In our experiments, we had evidence that cation
exchange (Na uptake at Ca expenses) occurred in both zeolites during AFM analyses (Table 3);
the release of Ca2+ ions into the solution could lead to the formation, and subsequent precipitation on
crystal surface, of a new mineral phase. The nature of the grown layer yet remains unknown.

4.2. Consideration on Health Effects

In this study we used prismatic crystals of offretite and erionite, with the aim of having large
and flat surfaces for AFM analysis. We implicitly assumed that the surface properties of prismatic
and fibrous crystals are similar. SEM images of the erionite sample clearly show the presence of small
fibres of inhalable size, whereas, in agreement with [15], no inhalable fibres were detected in the
offretite sample.

In our study, for the first time, the removal of micro/nanoparticles from the erionite and offretite
surface in SLFs and in particular in acidic environment (ALF solution) was observed. These particles
were not involved in dissolution processes because their sizes didn’t significantly change during the
interaction with SLFs. Such release may obviously have a direct implication on the mechanisms that
trigger carcinogenic reactions.

Although we could not determine the chemical composition of the particles, we may speculate
that they represent binding iron particles. Indeed, it is well-known that erionite fibres, due to their
negative surface charge, have a strong tendency to be coated by nano/microcrystalline iron-bearing
materials [71]. Theoretically, Fe2+ and Fe3+ could also be present in the framework as replacement
of Si4+ and Al3+ or in extraframework cavities [23], but up to now these models are not supported
by data. In contrast, particles and nanoparticles containing iron such as oxides (e.g., goethite and
hematite), hydrate sulphate (jarosite), clays (nontronite) and thin coating of iron-bearing silicates, were
detected using SEM, micro-Raman spectroscopy and transmission electron microscopy [23,36,49,71,72].
Similarly, iron-rich clay minerals were also reported in association with offretite [73], as well as iron-rich
nanoparticles on other fibrous zeolites [25]. In our case, this hypothesis is further supported by the
small amount of Fe detected in the EDX-spectra of both offretite and erionite (Figure S4). Therefore,
we may attribute iron presence to impurities occurring at crystal surfaces.

The presence of iron nanoparticles is considered as one of the key factors for explaining fibres
toxicity [74]. In particular, erionite toxicity has been partially ascribed to ion-exchanged and/or surface
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deposited Fe participating in Fenton chemistry [75,76]. Moreover, a strong tendency of Fe2+ to bind to
the erionite structure (in the erionite cage), through an ion exchange process, was provided in [77].

The difference between structural and impurity-related iron is important to consider, with regard
to a different bioavailability, and then, potential carcinogenicity. For example [78], in their study on
synthetic stoichiometric chrysotile, demonstrated that chrysotile nanofibres devoid of iron did not
exert genotoxic and cytotoxic effects, contrary to those with an iron-loaded structure. Similarly, erionite
could be a passive carrier of vehiculating iron within the respiratory system via iron-bearing materials
(or ion exchange mechanism occurring within the lungs) [35].

It is well established that Fe2+ is the most active, dangerous and toxic species [79,80]. Although
the detected Fe on the erionite surface was attributed mainly to Fe3+-bearing, superparamagnetic,
oxide-like nanoparticles and hematite particles [71], within the human body several metabolites can
act as reductant species leading to the formation of Fe2+ [81]. Theoretically, sub-spherical or nano
particles, eventually released in the lung environment, will not be active (and hence toxic) because
they are phagocytized by macrophages [23]. In this case iron should not be involved in the toxicity
mechanism of erionite fibres. However, ref. [80] suggested an alternative model in which iron-rich
nanoparticles and nontronite dissolve in the intracellular acidic environment (during phagocytosis),
leaving a residue of active iron atoms (Fe2+) at specific surface sites anchored to the windows of the
zeolite channels [80]. Interestingly, the release of flaky aggregates of nontronite was also reported for
erionite fibres leached 4 months in Gamble’s solution (pH 7.4) [36].

Assuming that also in our case the particles observed on erionite and offretite surfaces are
nontronite, we compared the thermodynamic stability of erionite and nontronite in aqueous solution.
In Figure 11a,b the equilibrium [Al]aq, [Si]aq concentrations as a function of pH are reported for
erionite, Na-, Ca-, and K-nontronite and laumontite. The latter was chosen as a reference to test the
validity of our model.Minerals 2019, 9, 83 19 of 24 
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Data in Figure 11 demonstrate that equilibrium [Al]aq, [Si]aq concentrations are much higher
for zeolites than for nontronite. Therefore, we can argue that nontronite should not dissolve as
much as a zeolite in pure water. The calculations support our hypothesis that the observed particles
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detachment from erionite and offretite surfaces was mainly due to the dissolution of the zeolite in
combination with the stress generated by the tip. If particles are nontronite, their dissolution would
be lower than underlying zeolites and they will be mechanically removed by the AFM tip during the
measurements. This process is also supported by literature results, reporting that under several pH
conditions, the dissolution of zeolites compared to clay minerals and, in particular, to nontronite (one
of the most stable clay minerals) is faster [82,83].

5. Conclusions

This work presents a comparative analysis of the morphological changes taking place at the
surface of zeolites erionite and offretite in contact with SLFs under room and body temperature
conditions. Two lung fluids (ALF and Gamble’s) were tested to simulate different environments in the
lungs. Direct imaging was performed by means of an in situ atomic force microscope (AFM).

Our results showed that (i) in contact with ALF solution (4.15 < pH < 4.31) an evident removal of
particles adhering at zeolite surfaces accompanied by superficial dissolution takes place; (ii) during
the interaction with Gamble’s solution (7.4 < pH < 8.48) the surface of both zeolites is progressively
covered by a thin layer (a few tens of nanometers) of a new phase.

These outcomes represent an important step in understanding the complex processes occurring
at the surfaces of mineral fibres that could be involved in the toxicological pathway. For the first
time we could observe in situ the detachment of mineral particles adhering at erionite surface in
contact with SLFs. As discussed above, one of the possible roles of erionite fibres is to carry Fe-bearing
phases within the lungs [35,71]. In the acid environment of alveolar and interstitial macrophages,
such particles will be released, eventually triggering the carcinogenic mechanism [23].

The fact that under the effect of Gamble’s solution the zeolites surface is covered by a superficial
layer (after few hours of interaction) leads to an important consideration: the neo-formed phase
could hamper or somehow limit the reactivity of the mineral fibre. Hence, in the interstitial fluid the
fibres may trigger different biological processes compared to what occurs within the macrophages.
According to our results, we hypothesize that the new layer may be either an amorphous silicon phase
or a crystalline phase precipitating as a consequence of the interaction between the cations released by
the zeolite with the Gamble’s solution.

With a view to better understanding what the consequences of the formation of the new layer
are, further research is needed in order to ascertain (i) whether it is an amorphous or crystalline phase
and (ii) its chemical composition. Interestingly, our test measurements performed on two additional
zeolites (scolecite and natrolite) showed that in both cases the surfaces were not covered by any layer
under the effect of Gamble’s solution. Although further research is needed to exploit the process in a
systematic way, these preliminary results suggested that the observed surface layer precipitation is
peculiar to the interaction of erionite and offretite with Gamble’s solution.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/2/83/s1,
Figure S1: Offretite in water, Figure S2: Natrolite in Gamble, Figure S3: Scolecite in Gamble, Figure S4: EDX of
detected iron, Table S1: Structural data of erionite, Table S2: Structural data of offretite.

Author Contributions: M.G. and G.C. conceived the research, analysed the results, wrote and revised the
manuscript; F.D.L. produced and analysed the thermodynamic model; M.G. performed the AFM experiments;
F.D.L. and S.V.C. analysed the data and revised the manuscript.

Funding: R’EQUIP grant 164017 from Swiss National Science Foundation is acknowledged. “Società Italiana di
Mineralogia e Petrologia” is acknowledged for the grant “Borsa di studio all’estero” awarded to M.G.

Acknowledgments: Thanks are due to Thomas Armbruster, Michele Mattioli and Michele Betti for their important
suggestions. The authors would like to thank Franco Filippi and Matteo Boscardin for kindly providing the
FF102 and MB2404 samples, respectively. We also acknowledge two anonymous reviewers for their very helpful
comments and suggestions which improved the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

http://www.mdpi.com/2075-163X/9/2/83/s1


Minerals 2019, 9, 83 20 of 23

References

1. Sheppard, R.A.; Gude, A.J. Zeolites and Associated Authigenic Silicate Minerals in Tuffaceous Rocks of the Big
Sandy Formation; US Govt. Print. Off: Mohave County, AZ, USA, 1973.

2. Tschernich, R.W. Zeolites of the World; Geoscience Press Inc.: Phoenix, AZ, USA, 1992.
3. Bargar, K.E.; Keith, T.E. Calcium zeolites in rhyolitic drill cores from Yellowstone National Park, Wyoming.

Nat. Zeolites 1995, 93, 69–86.
4. Gottardi, G.; Galli, E. Natural Zeolites; Springer: Heidelberg, Germany, 1985.
5. Armbruster, T.; Gunter, M.E. Crystal structures of natural zeolites. In Natural Zeolites: Occuerrence, Properties,

Applications; Bish, D.L., Ming, D.W., Eds.; Reviews in Mineralogy and Geochemistry; Mineralogical Society
of America: Washington, DC, USA, 2001; Volume 45, pp. 1–67.

6. Dogan, A.U.; Dogan, M.; Hoskins, J.A. Erionite series minerals: Mineralogical and carcinogenic properties.
Environ. Geochem. Health 2008, 30, 367–381. [CrossRef] [PubMed]

7. International Agency for Research on Cancer (IARC). IARC Monographs on the Evaluation of the Carcinogenic
Risk to Humans; Overall Eval. Carcinog. Updating IARC Monographs Vol. 1 to 42; IARC: Lyon, France, 1987.

8. Carbone, M.; Baris, Y.I.; Bertino, P.; Brass, B.; Comertpay, S.; Dogan, A.U.; Gaudino, G.; Jube, S.; Kanodia, S.;
Petridge, C.R.; et al. Erionite exposure in North Dakota and Turkish villages with mesothelioma. Proc. Natl.
Acad. Sci. USA 2011, 108, 13623–13628. [CrossRef] [PubMed]

9. Saini-Eidukat, B.; Triplet, J.W. Erionite and offretite from the Killdeer Mountains, Dunn County, North
Dakota, USA. Am. Mineral. 2014, 99, 8–15. [CrossRef]

10. Ortega-Guerrero, M.A.; Carrasco-Núñez, G. Environmental occurrence, origin, physical and geochemical
properties, and carcinogenic potential of erionite near San Miguel de Allende, Mexico. Environ. Geochem.
Health 2014, 36, 517–529. [CrossRef] [PubMed]

11. Ilgren, E.B.; Kazemian, H.; Hoskins, J.A. Kandovan the next ‘Capadoccia’? A potential public health issue
for erionite related mesothelioma risk. Epidemiol. Biostat. Public Health 2015, 12, 1–12. [CrossRef]

12. Giordani, M.; Mattioli, M.; Ballirano, P.; Pacella, P.; Cenni, M.; Boscardin, M.; Valentini, L. Geological
occurrence, mineralogical characterization and risk assessment of potentially carcinogenic erionite in Italy.
J. Toxicol. Environ. Health B 2017, 20, 81–103. [CrossRef] [PubMed]

13. Gualtieri, A.; Artioli, G.; Passaglia, E.; Bigi, S.; Viani, A.; Hanson, J.C. Crystal structure-crystal chemistry
relationships in the zeolites erionite and offretite. Am. Mineral. 1998, 83, 590–606. [CrossRef]

14. Passaglia, E.; Tagliavini, A. Chabazite-offretite epitaxial overgrowths in cornubianite from Passo Forcel
Rosso, Adamello, Italy. Eur. J. Mineral. 1994, 6, 379–405. [CrossRef]

15. Mattioli, M.; Giordani, M.; Arcangeli, P.; Valentini, L.; Boscardin, M.; Pacella, A.; Ballirano, P. Prismatic
to Asbestiform Offretite from Northern Italy: Occurrence, Morphology and Crystal-Chemistry of a New
Potentially Hazardous Zeolite. Minerals 2018, 8, 69. [CrossRef]

16. Ballirano, P.; Pacella, A.; Cremisini, C.; Nardi, E.; Fantauzzi, M.; Atzei, D.; Rossi, A.; Cametti, G. Fe (II)
segregation at a specific crystallographic site of fibrous erionite: A first step toward the understanding of the
mechanisms inducing its carcinogenicity. Microporous Mesoporous Mater. 2015, 211, 49–63. [CrossRef]

17. Ortega-Guerrero, M.A.; Carrasco-Núñez, G.; Barragán-Campos, H.; Ortega, M.R. High incidence of lung
cancer and malignant mesothelioma linked to erionite fibre exposure in a rural community in Central Mexico.
Occup. Environ. Med. 2015, 72, 216–218. [CrossRef] [PubMed]

18. Pollastri, S.; D’Acapito, F.; Trapananti, A.; Colantoni, I.; Andreozzi, G.B.; Gualtieri, A.F. The chemical
environment of iron in mineral fibres. A combined X-ray absorption and Mössbauer spectroscopic study.
J. Hazard. Mater. 2015, 298, 282–293. [CrossRef]

19. Ballirano, P.; Pacella, A. Erionite-Na upon heating: Dehydration dynamics and exchangeable cations mobility.
Sci. Rep. 2016, 6, 22786. [CrossRef] [PubMed]

20. Bloise, A.; Barca, D.; Gualtieri, A.F.; Pollastri, S.; Belluso, E. Trace elements in hazardous mineral fibres.
Environ. Pollut. 2016, 216, 314–323. [CrossRef] [PubMed]

21. Bursi Gandolfi, N.; Gualtieri, A.F.; Pollastri, S.; Tibaldi, E.; Belpoggi, F. Assessment of asbestos body formation
by high resolution FEG-SEM after exposure of Sprague Dawley rats to chrysotile, crocidolite, or erionite.
J. Hazard. Mater. 2016, 306, 95–104. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10653-008-9165-x
http://www.ncbi.nlm.nih.gov/pubmed/18347916
http://dx.doi.org/10.1073/pnas.1105887108
http://www.ncbi.nlm.nih.gov/pubmed/21788493
http://dx.doi.org/10.2138/am.2014.4567
http://dx.doi.org/10.1007/s10653-013-9578-z
http://www.ncbi.nlm.nih.gov/pubmed/24271499
http://dx.doi.org/10.2427/10106
http://dx.doi.org/10.1080/10937404.2016.1263586
http://www.ncbi.nlm.nih.gov/pubmed/28339348
http://dx.doi.org/10.2138/am-1998-5-619
http://dx.doi.org/10.1127/ejm/6/3/0397
http://dx.doi.org/10.3390/min8020069
http://dx.doi.org/10.1016/j.micromeso.2015.02.046
http://dx.doi.org/10.1136/oemed-2013-101957
http://www.ncbi.nlm.nih.gov/pubmed/25231672
http://dx.doi.org/10.1016/j.jhazmat.2015.05.010
http://dx.doi.org/10.1038/srep22786
http://www.ncbi.nlm.nih.gov/pubmed/26948139
http://dx.doi.org/10.1016/j.envpol.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27289526
http://dx.doi.org/10.1016/j.jhazmat.2015.11.050
http://www.ncbi.nlm.nih.gov/pubmed/26705886


Minerals 2019, 9, 83 21 of 23

22. Giordani, M.; Mattioli, M.; Dogan, M.; Dogan, A.U. Potential carcinogenic erionite from Lessini Mounts,
NE Italy: Morphological, mineralogical and chemical characterization. J. Toxicol. Environ. Health A 2016, 79,
808–824. [CrossRef]

23. Gualtieri, A.F.; Gandolfi, N.B.; Pollastri, S.; Pollok, K.; Langenhorst, F. Where is iron in erionite?
A multidisciplinary study on fibrous erionite-Na from Jersey (Nevada, USA). Sci. Rep. 2016, 6, 37981.
[CrossRef] [PubMed]

24. Pacella, A.; Fantauzzi, M.; Atzei, D.; Cremisini, C.; Nardi, E.; Montereali, M.R.; Rossi, A.; Ballirano, P. Iron
within the erionite cavity and its potential role in inducing its toxicity: Evidences of Fe (III) segregation as
extra-framework cation. Microporous Mesoporous Mater. 2017, 237, 168–179. [CrossRef]

25. Gualtieri, A.F.; Pollastri, S.; Gandolfi, N.B.; Gualtieri, M.L. In vitro acellular dissolution of mineral fibres:
A comparative study. Sci. Rep. 2018, 8, 7071. [CrossRef] [PubMed]

26. Mattioli, M.; Giordani, M.; Dogan, M.; Cangiotti, M.; Avella, G.; Giorgi, R.; Dogan, A.U.; Ottaviani, M.F.
Morpho-chemical characterization and surface properties of carcinogenic zeolite fibers. J. Hazard. Mater.
2016, 306, 140–148. [CrossRef] [PubMed]

27. Cangiotti, M.; Battistelli, M.; Salucci, S.; Falcieri, E.; Mattioli, M.; Giordani, M.; Ottaviani, M.F. Electron
paramagnetic resonance and transmission electron microscopy study of the interactions between asbestiform
zeolite fibers and model membranes. J. Toxicol. Environ. Health A 2017, 80, 171–187. [CrossRef] [PubMed]

28. Pollastri, S.; Gualtieri, A.F.; Vigliaturo, R.; Ignatyev, K.; Strafella, E.; Pugnaloni, A.; Croce, A. Stability of
mineral fibres in contact with human cell cultures. An in situ µXANES, µXRD and XRF iron mapping study.
Chemosphere 2016, 164, 547–557. [CrossRef] [PubMed]

29. Cangiotti, M.; Salucci, S.; Battistelli, M.; Falcieri, E.; Mattioli, M.; Giordani, M.; Ottaviani, M.F. EPR, TEM and
cell viability study of asbestiform zeolite fibers in cell media. Colloids Surf. B Biointerfaces 2018, 161, 147–155.
[CrossRef] [PubMed]

30. Gualtieri, A.F.; Gandolfi, N.B.; Pollastri, S.; Burghammer, M.; Tibaldi, E.; Belpoggi, F.; Dražić, G. New insights
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