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Abstract: In nature, a huge number of unregulated minerals fibers share the same characteristics as
asbestos and therefore have potential adverse health effects. However, in addition to asbestos minerals,
only fluoro-edenite and erionite are currently classified as toxic/pathogenic agents by the International
Agency for Research on Cancer (IARC). Mordenite is one of the most abundant zeolites in nature
and commonly occurs with a fibrous crystalline habit. The goal of this paper is to highlight how
fibrous mordenite shares several common features with the well-known carcinogenic fibrous erionite.
In particular, this study has shown that the morphology, biodurability, and surface characteristics
of mordenite fibers are similar to those of erionite and asbestos. These properties make fibrous
mordenite potentially toxic and exposure to its fibers can be associated with deadly diseases such
as those associated with regulated mineral fibers. Since the presence of fibrous mordenite concerns
widespread geological formations, this mineral fiber should be considered dangerous for health and
the precautionary approach should be applied when this material is handled. Future in vitro and
in vivo tests are necessary to provide further experimental confirmation of the outcome of this work.
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1. Introduction

Occupational or environmental exposure to mineral dusts is one of the main causes in the
development of pneumoconiosis and lung cancer [1]. Among airborne particles, the most notorious
toxic/carcinogenic agent is asbestos [1,2]. Asbestos is a generic term which refers to six minerals exploited
commercially for their outstanding physical properties, mostly due to their fibrous morphology [3].
Asbestos minerals are chrysotile and amphibole asbestos (i.e., amosite, crocidolite, anthophyllite,
tremolite, and actinolite) [2,3]. It is generally recognized that asbestos is a toxic and carcinogenic
agent associated with the induction of mesothelioma, lung tumours and other lung diseases [2,4].
Hence, chrysotile and amphibole asbestos have been classified by International Agency for Research
on Cancer (IARC) as carcinogenic to humans (Group 1) [2]. Concurrently, starting from the 1980s,
many countries imposed a ban on asbestos [5]. Nowadays, asbestos and asbestos containing materials
(ACM) are gradually being replaced by safe alternatives for human health such as rock wool and
plastic fibers. In recent years, a general concern is growing regarding other mineral fibers that are not
classified (or not regulated) as asbestos, but assumed to show the same potential toxicity [4]. The term
elongate mineral particles (EMPs) has been coined to include all such mineral fibers [5]. In addition
to the six asbestos minerals, the following EMPs have raised global concern: non-regulated fibrous
amphibole (e.g., winchite [6,7], richterite [6,7], fluoro-edenite [8], fibrous glaucophane [9]), fibrous
antigorite [10], balangeroite [11] and fibrous zeolites (e.g., erionite [12], offretite [13] and ferrierite [14]).
Within this context, the case of Turkish fibrous erionite is noteworthy [15]. As provided by long-term
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epidemiological studies and several animal carcinogenicity tests, fibrous erionite is responsible for
epidemics of mesothelioma in Cappadocia (Turkey), where villages were built with erionite-bearing
rocks [2,15]. Recent works highlighted that although there are differences in the crystal chemistry and
genetic environment, several fibrous zeolites possess the same chemical-physical properties that are
deemed to prompt adverse effects in vivo by fibrous erionite [13,14,16]. One of the most common
natural fibrous zeolites is mordenite [17,18]. Mordenite is a zeolite with orthorhombic structure (space
group Cmcm) and ideal chemical formula (Na2,K2,Ca)[Al8Si40O96]·28H2O [19,20]. The crystal structure
of mordenite was determined by Meier [19], while its crystal chemistry was studied extensively by
Passaglia [19]. Mordenite displays a framework characterized by edge-sharing 5-member tetrahedral
rings of tetrahedral (TO4), built up from a combination of 5-1 secondary building units [20–23].
These building units are linked by edge-sharing into chains along c, which are in turn linked together
by 4-rings to form a puckered sheet perforated with 8-ring holes. A unidimensional pore system,
consisting of 12 membered rings of TO4, runs parallel to the [001] direction. The channel wall has side
pockets, in the [010] direction, circumscribed by 8-membered rings. Each side pocket connects the
12-ring channel through 8-membered rings with a distorted 8-ring channel running parallel to the
[001] direction. Mordenite occurs mainly in tuff deposits (diagenetic origin), as well as, is often found
in the voids of volcanic rocks (hydrothermal origin) coexisting with other zeolites (e.g., clinoptilolite,
heulandite, stilbite, and scolecite) [24]. In both hydrothermal and diagenetic occurrences, mordenite
generally shows a fibrous crystal habit [24,25]. Sedimentary deposits of mordenite are present in several
countries (e.g., Italy [26], Greece [27], Japan [28], and the United States [14]) where its content is often
high enough for mineral exploitation. Rocks containing mordenite are known to have a high cation
exchange capacity [24,27]. Consequently, mordenite has been increasingly used in various application
areas such as gas separation processes, sorbent and molecular sieve, animal feed supplements and
catalytic process [24,27]. Because, a large amount of mordenite fiber can eventually be mined and
used for the aforementioned applications, some concerns may raise due to the close resemblance of
mordenite with fibrous erionite which is known to be a carcinogenic agent. Currently, mordenite is
listed by the IARC in the Group 3 (not classifiable as to its carcinogenicity to humans) [29]. However,
as stated in the IARC Monographs Preamble 2019 [30], an evaluation in Group 3 is not a statement
of non-carcinogenicity or overall safety. Moreover, as pointed out by the IARC Working Group in
the Monographs 68, the main cause of difficulties in the classification of mordenite is the lack of
sufficient literature data [29]. Indeed, no data are currently available on the toxicity and pathogenicity
of mordenite in exposed humans. At the same time, the number of in vitro investigations and
animal carcinogenicity studies related to mordenite are very few if compared to those relating to
asbestos or erionite [2,29]. One of the first studies concerning biological activity of mordenite was
done by Suzuki [31] who used two naturally occurring erionite and mordenite samples, to test their
carcinogenic and fibrogenic effects on mice. The results of this study showed that both the erionite-
and mordenite-treated mice developed fibrosis, but the effect was more pronounced in the case of
erionite. In a later study by Suzuki et al. [32], a larger group of animals was subjected to intraperitoneal
and intra-abdominal injection of mordenite and other mineral fibers types. In the mice exposed to
mordenite, no peritoneal tumours were seen at the end of the test (7–23 months after injection), and there
were no tumours in other organs. Peritoneal fibrosis was observed; however, in mordenite-treated mice.
The fibrogenicity of mordenite was confirmed by the works of Tátrai et al. [33] and Adamis et al. [34].
Overall, the few studies on mordenite found in the literature states that fibrous erionite is more
carcinogenic than fibrous mordenite and the health risk associated to this latter is relatively low
or null [29].

As a matter of fact, the key factors in toxicity, inflammation and pathogenicity of mineral fibers
are [4,12,35,36]: (a) morphology, (b) surface reactivity, and (c) biopersistence.

The length (L) and width (W) of mineral fibers (i.e., the main parameters of fibers morphology) are
key factors in toxicity, inflammation and pathogenicity of mineral fibres [37–40], while the curvature
of the fibers affects the binding process of proteins and influence cell adhesion [35,41]. According to



Crystals 2020, 10, 769 3 of 15

Stanton et al. [37] the optimal morphological parameters of a fiber to induce lung disease are L > 8 µm
and W < 0.25 µm. The crystal habit of a fiber influences its depositional pathway in the respiratory
tract [35,38,42]. At same time, the density determines its aerodynamic diameter and therefore it affects
the deposition depth of inhaled fibre in the airways [35,43].

Surface reactivity of a mineral fiber is strongly influenced by the iron found at the surface of
mineral fibers and the electric charges surrounding the fibres [35,44–47]. Iron promotes the formation
of the reactive oxygen species (ROS), with cyto- and genotoxic effects through a Fenton-like chain
reaction [35,46–48]. To be active, iron sites must be on the surface of the fiber where they can be in
contact with the extracellular or intracellular environment [35,49]. The electric charges surrounding
the fibers, measured as zeta potential, may correlate with a number of phenomena responsible for
adverse effects [35,50].

One of the key parameters in the mineral fiber toxicity is the biopersistence as it influences the
capability to induce chronic inflammation and pathogenicity in the lungs [35,36,38,51,52]. Biopersistence
is the ability of an exogenous particle (such as a mineral fiber) to persist in the human body regardless of
chemical dissolution (biodurability) and physical clearance mechanisms [35,36,38,51,52]. Mineral fibers
carried by the air can pass the upper respiratory system (the first defence mechanism of the body against
alien particles) and settle in the alveolar space where they promote the recruitment of phagocytic cells
(e.g., macrophages) in charge of dissolution and clearance of the fibers [35,51,52]. This second defence
mechanism of the body against respirable particles is effective for small spherical objects but fails for
longer and thinner fibers [37,38]. When macrophages fail to completely internalize the longer fibers
(i.e., frustrated phagocytosis), an inflammatory activity is prompted [36]. This inflammatory activity
become chronic, because fibers can be biopersistent and resist reiterated attempts of phagocytosis [35–40].
Generally, if a mineral fibre rapidly dissolves in the lung (i.e., low biodurability), it is assumed that it
has a low biopersistence and is less toxic than a mineral fiber with high biodurability [36,51,52].

The main aim of this study is to verify if fibrous mordenite possesses the above-mentioned
“toxicity kay factors”. Moreover, to objectively evaluate the hazard associated to the fibrous mordenite
respect to the fibrous erionite, these two mineral fibers were compared from the morphological and
chemical-physical point of view. Fibrous mordenite from Poona, India, was used as a representative
member of fibrous mordenite zeolites. The studied mordenite sample was characterized using a suite
of experimental techniques, and its characteristics were compared to those of fibrous erionite described
in literature.

2. Materials and Methods

2.1. Mordenite Sample

The mordenite sample taken into consideration comes from the zeolite collection of the Chemical
and Geological Sciences Department of the University of Modena and Reggio Emilia, Italy. This sample
was recovered in the suburb of Pashan in the Poona district, Maharashtra, India. It is a hydrothermal
origin mordenite and is an orthorhombic silica-rich zeolite. Crystal structure and crystal chemistry
of this zeolite were identified and described by Passaglia. [19]. Cell parameters of this mordenite
are a = 18.094(4) Å; b = 20.477(4) Å; c = 7.520(2) Å; V = 2786 Å3 [19]. Generally, this mineral occurs
in the voids of basalt flows belonging to the Deccan Traps. Mordenite crystals are extremely thin,
almost capillary size, and either form radiating tufts or tangled woolly adhering to the walls of
cavities [53]. Figure 1 shows an image of the sample. The specimen is approximately 3 cm long
and approximately 1 cm wide. The mordenite fibers form radial fibrous tufts or cotton-like material.
Small quartz crystals are perched on the fibers or hidden between them.
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Figure 1. A stereomicroscopic image of the mordenite from Poona district, Maharashtra, India. 

2.2. Electron Microscopy 

Morphological observations were performed using an environmental scanning electron 
microscope (ESEM) FEI Quanta-200 equipped with energy-dispersive X-ray (EDX) spectrometer 
Oxford INCA-350 for microchemical analyses. Operating conditions were 15 kV accelerating voltage, 
3.5 µA beam current 11 mm working distance and 0° tilt angle. Small amounts of powder from 
samples were mixed with 1 mL of ethanol. A drop of the suspension was laid on a carbon tape 
mounted on an Al stub and gold coated (10 nm thick). Images were collected using the signal of 
secondary electrons. The surface of the samples was investigated, working at different magnification 
levels, from 1000× up to 20,000×. The fiber size and morphometric parameters were determined on ∼100 individual fibers, using 15 scanning electron microscope (SEM) images. Lengths and diameters 
were calculated using ImageJ image analysis software, version 1.52a [54].  

The chemical composition of the mordenite was obtained by SEM-EDX following the procedure 
described by Mattioli et al. [13]. SEM-EDX chemical data were acquired using a low counting time to 
avoid an increase in temperature on the fiber’s surface and minimize the migration of alkaline metals 
[13]. 

2.3. Fiber Density and Aerodynamic Diameter 

Theoretical density of the mordenite fibers was obtained using the following formula: 
(molecular weight x number of molecules per unit cell)/(volume of unit cell × Avogadro’s number). 
The density of zeolite it is a fundamental parameter for the calculation of the aerodynamic diameter 
(Dae) of its fibers [55]. Dae influences the deposition depth of inhaled particles in the airways [55]. 
Particles with Dae > 5 µm are deposited in the nasal respiratory tract, whereas particle with 3 ≤ Dae ≤ 
15 µm are deposited in the lower respiratory tract that extends from the trachea to the lungs [43,55,56], 
which is the main focus of respiratory diseases [57]. Particles with Dae ≈ 2–3 and <0.2 can easily settle 
in the alveolar space [55]. Dae can be calculate using the equation by Gonda and Abd El Khalik [58]: 
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Figure 1. A stereomicroscopic image of the mordenite from Poona district, Maharashtra, India.

2.2. Electron Microscopy

Morphological observations were performed using an environmental scanning electron microscope
(ESEM) FEI Quanta-200 equipped with energy-dispersive X-ray (EDX) spectrometer Oxford INCA-350
for microchemical analyses. Operating conditions were 15 kV accelerating voltage, 3.5 µA beam current
11 mm working distance and 0◦ tilt angle. Small amounts of powder from samples were mixed with
1 mL of ethanol. A drop of the suspension was laid on a carbon tape mounted on an Al stub and gold
coated (10 nm thick). Images were collected using the signal of secondary electrons. The surface of
the samples was investigated, working at different magnification levels, from 1000× up to 20,000×.
The fiber size and morphometric parameters were determined on ∼100 individual fibers, using 15
scanning electron microscope (SEM) images. Lengths and diameters were calculated using ImageJ
image analysis software, version 1.52a [54].

The chemical composition of the mordenite was obtained by SEM-EDX following the procedure
described by Mattioli et al. [13]. SEM-EDX chemical data were acquired using a low counting time
to avoid an increase in temperature on the fiber’s surface and minimize the migration of alkaline
metals [13].

2.3. Fiber Density and Aerodynamic Diameter

Theoretical density of the mordenite fibers was obtained using the following formula: (molecular
weight × number of molecules per unit cell)/(volume of unit cell × Avogadro’s number). The density
of zeolite it is a fundamental parameter for the calculation of the aerodynamic diameter (Dae) of its
fibers [55]. Dae influences the deposition depth of inhaled particles in the airways [55]. Particles with
Dae > 5 µm are deposited in the nasal respiratory tract, whereas particle with 3 ≤ Dae ≤ 15 µm are
deposited in the lower respiratory tract that extends from the trachea to the lungs [43,55,56], which is
the main focus of respiratory diseases [57]. Particles with Dae ≈ 2–3 and <0.2 can easily settle in the
alveolar space [55]. Dae can be calculate using the equation by Gonda and Abd El Khalik [58]:

Dae = d
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where d = fiber diameter; β = fiber length/d (aspect ratio); ρ = density; ρ0 = unit density (1 g/cm3).

2.4. Determination of the Zeta Potential

When a solid particle is suspended in a liquid medium, its charged surface is surrounded by
ions of opposite sign from the liquid phase [40,49,50]. The arrangement of the mobile ions at the
solid–liquid interface is called the electrical double layer (EDL). According to the Gouy–Chapman–Stern
model [50,59–61], EDL is a thin film of ions with nonzero net charge composed of two layers: the first
one is a compact and relatively immobile layer of ions adsorbed to the solid surface (Stern layer);
the second is a diffuse layer of mobile ions outside the Stern layer, which penetrates to a certain extent
in the liquid phase. The zeta potential is the electrostatic potential at the boundary dividing the two
layers [50,59–61]. Knowing the zeta potential of mineral fibers is an important tool for understanding
the reactions that may occur at the fiber-living matter interface [35,55]. The zeta potential of the
mordenite sample was determined using a Zetasizer Nano Series instrument (Malvern, Worcestershire,
UK). Analysis were performed using double-distilled water (resistivity of 18.2 MΩ.cm) as dispersants.
Measurements were conducted at pH 4.5 and 7, a temperature of 37 ◦C and equilibration time of
120 s. A solution having pH 7 was chosen to reproduce the extracellular environment [35,60,61].
Subsequently, the solution was adjusted to pH 4.5 using diluted HCl, to replicate the intracellular
chemical environment of the macrophage [35,60,61].

2.5. Biodurability

Biodurability of mineral fibers is their ability to resist to the chemical/biochemical alteration [41,44].
Biodurability of the mordenite fibers was determined by dissolutions batch test at 37 ◦C. Test was
conducted by leaching 6 samples (10 mg) of sample into a batch reactor with a water and HCl solution
(100 mL) at pH = 4. The degree of dissolution is determined by measuring the change of the sample
mass after different times: 24 h, 48 h, 1 week, 2 weeks, 1 month, 2 months, and 3 months. The dissolved
mass fraction (Dmf) of the mordenite was calculated using the following equation [62]:

Dm f = 1− (mt/m0) (2)

The dissolved mass fraction of the mineral fibers can be used as a useful parameter to identify the
relatively biodurability of a fiber. According to the results of the tests carried out by Gualtieri et al. [51,62],
during the 90 days of the dissolution test, the Dfm of biodurable fibers (i.e., erionite and amphibole
asbestos) never exceeds the threshold of 0.4. In contrast, chrysotile, commonly recognized as a
modest biodegradable mineral fiber, shows Dfm values above 0.4, just two weeks after the start of the
dissolution test [51,62].

3. Results

A gallery of acquired SEM images of the sample is reported in Figure 2. Mordenite from Poona
occurs as very elongated and prismatic crystals with average width ~7 µm and length up to 600 µm.
Furthermore, in the sample, acicular and fibrous mordenite crystals with diameters <1 µm are also
present, sometimes grouped in bundles of large size. SEM images also showed that mordenite fibers
have flat surface, roughly prismatic morphology and a low flexibility. The summary statistics of
the geometry of the fibers not grouped in bundles are reported in Table 1. The data display a wide
range of length (L) values which ranging from 2.09 to 118 µm (average 20.8 µm), but the longer
fibers predominate in the population. In fact, more than 75% of the fibers are longer than 11 µm.
The widths of the fibers range overall between 0.11 and 3.34 µm, 50% of the fibers show a width of
higher than 0.59 µm.
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Figure 2. Selected examples of SEM microphotographs of the mordenite samples: (a,b) general
overview of the sample; (c,d) close-up of very elongated and narrow mordenite crystals.

Table 1. Summary statistic of mordenite fibers geometry. L (length); W (width); Min (minimum);
Max (maximum); σ (standard deviation). * Percentile is a value below which a given percentage of
values in a dataset fall. Example: given a group of observations, the 25th percentile is the value that is
greater or equal to 25% of the observations, i.e., the 25% of fibers have L ≤ 11.2 µm and W ≤ 0.61 µm.

Percentiles *

Min 5th 25th 50th 75th 95th Max σ

L (µm) 2.09 3.52 11.2 20.8 36.7 56.1 118 20.5
W (µm) 0.11 0.18 0.61 0.95 1.24 1.80 3.34 0.58

According to the World Health Organization (WHO) guidelines, mineral fibers of respirable size
with relevant biological activity (so-called “critical” fibers) are those equal to or longer than 5 µm
and having diameters up to 3 µm, with a length/width ratio (aspect ratio) ≥ 3:1 [63]. 75% of the 200
observed fibers fit the WHO counting criteria concerning width and only 10% of the fibers are shorter
than the length value set by the WHO. All of the investigated fibers showed an aspect ratio > 3.

As reported by Mattioli et al. [64], erionite fibers can exhibit two main morphologies. Fibrous
erionite may occur with the typical “woolly” aspect, i.e., a thin and flexible fibrous habit that looks
the same as wool. The fiber length may exceed 200 µm and the width ranging from 0.5 to 3 µm [64].
The fibers of the second type are acicular with diameter of 2–5 µm and lengths up to 30 µm [64].
They are generally grouped together in bundles up to 100 µm in length and variable width. As is the
case for the mordenite, even the erionite bundles have great tendency to separate into straight and
quite rigid thin fibrils (average diameter 0.5 µm) [64].
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Applying the Equation (1) to a representative Poona mordenite fiber with theoretical density
ρ = 2.11/cm3, mean length 20.8 µm and average diameter (d) = 0.95 µm, the obtained Dae is 2.63 µm.
Accordingly, it can be assumed that the mordenite fibers of the studied sample can easily penetrate
through the respiratory tract and settle in the alveolar space [55]. Data concerning the aerodynamic
diameter of erionite fibers are not available in the literature. However, since erionite is considered a
positive carcinogen, its fibers are assumed to be classified as breathable/inhalable.

The results of the EDX analyses expressed as a percentage by weight with standard deviations
are shown in Table 2. The data were obtained by averaging several point-analyses carried out on ten
distinct mordenite crystals. Because EDX analyses of fibrous zeolite may be subject to critical errors,
two criteria were adopted to assess the reliability of the data. Sum of the Si + Al atoms (47.79) close to
the half of the oxygen atoms (48); total balance errors E = [(Al − Altheor.)/Altheor.] × 100 lower than 10%,
where Altheor. = (Na + K) + 2(Ca + Mg).

Table 2. Elemental composition of Poona mordenite and erionite from Nevada and Karain [64].
* Chemical data are renormalized using a theoretical water content of 14.0 wt%. Standard deviation
in brackets.

wt% Mordenite
Poona (India)

Erionite
Nevada (USA)

Erionite
Karain (Turkey)

SiO2 68.82(1.57) 58.47(0.35) 56.66(0.32)
Al2O3 10.35(0.92) 14.30(0.21) 13.63(0.27)
Fe2O3 0.20(0.03) 0.13(0.05) 0.07(0.04)
MgO 0.08(0.01) 0.48(0.12) 0.02(0.10)
CaO 2.95(0.59) 3.35(0.23) 1.85(0.10)

Na2O 3.17(0.98) 0.80(0.10) 2.48(0.16)
K2O 0.21(0.09) 4.17(0.29) 5.49(0.45)
H2O 14.0 * 18.46(0.45) 19.60(0.42)
Tot 99.98(1.84) 81.54 80.40

The chemical formula of mordenite from Poona, as determined from EDX spot analyses is:

(Na3.63K0.16Ca1.87Mg0.07)[Al7.21Si40.67O96]28 H2O

The unit formula was calculated on the basis of 96 oxygens. The Fe2O3 content was considered
not incorporated in the zeolite. In Table 2, the chemical composition of fibrous erionite from Nevada
(USA) and Karain (Turkey) is reported for comparison [64]. The mordenite has a content of tetrahedral
atoms [Si/(Si + Al) = 0.85] within the known range of this mineral species (0.80–0.85). The Si/Al ratio of
Poona mordenite (5.64) is significantly higher that the erionite from Nevada and Karain (3.47 and 3.52,
respectively). The non-framework cation composition of mordenite is mostly Na-dominant, whereas,
K is the dominant extra-framework cation in the structure of erionite samples.

The total Fe content is one of the most important factors for the fiber-induced patho-biological
activity [35,48]. As far as erionite is concerned, several studies confirming the absence of iron in
the structure of erionite [65–68]. Generally, iron is associated with iron-rich impurities (oxides,
hydroxides or sulphates) present as particles or nanoparticles coating the surface of the erionite
fibers [66]. Regarding mordenite, our investigations supporting the hypothesis that the Fe2O3 content
as incorporated in the extra-zeolite phases. SEM micrographs and relative EDX analysis on the Poona
mordenite sample revealing the presence of iron-rich particles at the surface of the fibers. Figure 3
displays a close-up of the fibers surface. On fibers surface, small particles and clusters, were observed.
Relative EDX analysis showed that such particles are enriched in iron with respect to the bulk (Figure 4).
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surface (maybe hematite or goethite [65]). Some particles are pointed out with red arrows.

The zeta potential of fibrous zeolites was studied in depth by Pollastri et al. [50] and
Gualtieri et al [16]. When double distilled water is chosen as the dispersion medium, the zeolite
fibers show negative values of the zeta potential. According to the zeta potential model applied to
zeolites [50], the presence of extra-framework cations determines a positive charge of the Stern layer,
and a resulting attraction of negatively charged molecules to form the diffused corona. Consequently,
the zeta potential will have negative values. The zeta potential of mordenite fibres under intracellular
conditions (i.e., at pH 4.5) displays values in the range −10 to −20 mV; while in extracellular conditions
(i.e., at pH 7.0) the values are in the range between −25 and −35 mV. These values are in agreement
with those measured for erionite [50].

The raw dissolution curve of the investigated fibrous mordenite is reported in Figure 5.
For comparison, the dissolution curves of UICC standard chrysotile and of fibrous erionite-Na
from Jersey (Nevada, USA) is reported [62]. Chrysotile asbestos can be considered a representative
member of mineral fibers with low biodurability [51,52,62], while erionite is considered a mineral
fiber with high biodurability [51,62]. As showed in the Figure 5, the difference in the dissolution time
of fibrous mordenite and erionite with respect to chrysotile asbestos is striking. After about 4000 h,
the UICC chrysotile is completely dissolved and its Dmf value is greater than 0.8. Otherwise, after the
same time interval, the Dmf of mordenite and erionite is lower than the threshold values of 0.4.
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Figure 4. Gallery of SEM pictures and relative EDX spot analyses of the Poona sample. (a) Poona
sample with acicular mordenite crystals: (b) Poona mordenite with microparticles enriched in iron
present at the surface of the fibers. (c) Typical EDX spectrum recorded on mordenite surface free from
the particles. No iron was found. (d) Representative EDX spectrum of the microparticles present in the
fibers surface. A peak produced by iron is observed.
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and fibrous erionite were reported for comparison [62].
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4. Discussion

Despite the considerable efforts of the scientific community in the last decades, to date, a conclusive
model explaining the toxicity mechanisms of asbestos has not been provided. Nevertheless, currently
investigations based on in vitro and in vivo models suggested that a crucial role in the pathogenesis
asbestos-related is played by the morphology of the fibers [35–38]. Chrysotile, asbestos amphibole,
and fibrous erionite are known to possess the well-known “asbestos-like” habit, i.e., these minerals
grow in a fibrous aggregate of curled, flexible, cylindrical, long, and thin crystals that readily separate.
On the contrary, most of the Poona mordenite crystals have a stocky shape or acicular habit and
null or low flexibility. However, in this context it is important to underline that natural mordenite
zeolite group show a wide range of crystal habit. In particular, the diagenetic mordenite often has a
morphology that resembles asbestos. Figure 6 shown a gallery of SEM image of mordenite from Ponza
Island (Italy) [26] and Lovelock (Nevada, USA) [14]. Both mordenite samples occur in diagenetically
altered rhyolitic rocks. Ponza mordenite occurs as an aggregate of very thin fibers that forms a “brush”
texture (Figure 6a,b). Individual fibers have a slight degree of flexibility, W less than 0.5 µm and L in
the range of 10–15 µm. Lovelock mordenite fibers appear with a fibrous crystal habit and its fibers
have L ≈ 9 µm and W below 0.6 µm (Figure 6c,d).
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Fibers show a typical asbestiform habit. (c,d) Mordenite from Lovelock (Nevada, USA). The fibers
bundles tend to separate into thin and quite rigid fibrils.

Although Poona mordenite does not show an asbestos-like habit and its morphology differs from
that of fibrous erionite as described by Mattioli [64], its airborne fibers can be deposited in the alveolar
space, where they high aspect ratio and biodurability may lead to the “frustrate phagocytosis” [38].
Since macrophages range in diameter from ∼10 to 20 µm [37,39], they cannot completely engulf the long
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mordenite fibers (average length >20 µm). This leads to incomplete (frustrated) phagocytosis, which is
characterized by the activation of the respiratory burst and the production of ROS and cytokines
responsible for adverse effects at the cellular and subcellular levels. [4,35–39,48].

The zeta potential of mordenite fibres, as well as erionite, displays values in the range −10 to
−35 mV. Such zeta potential values may affect several molecular and cellular biomechanics such as
cross-talk and apoptosis mechanisms, fiber encapsulation by collagen and redox-activated iron-rich
proteins, and the ROS generation [48,50].

As demonstrated by dissolution tests, mordenite possesses a high biodurability similar to that of
erionite. According to Gualtieri et al. [16] the biodurability of zeolites is strictly related to the Si/Al
framework ratio. In particular, the zeolite framework dissolution rate decreasing with increasing Si/Al
ratio and zeolites such as erionite and mordenite with Si/Al ratio > 3, show little to null dissolution in an
acid environment [69]. Given the close link between biodurability and biopersistence, mordenite fibers
are expected to persist and accumulate in the lower respiratory tract after being inhaled. As reported
by several studies, biopersistent fibers with a morphology similar to that of mordenite (L > 8 µm and
W < 0.25 µm) are able to trigger a chronic inflammatory process and related adverse effects [36–38].

For both fibrous erionite and mordenite, iron is not structural but associated with mineral particles
at the surface of the fibers. According to the model described for fibrous erionite in Gualtieri et al. [66],
iron-rich particles may dissolve during phagocytosis when the zeolite fibers are engulfed in the
phago-lysosome sacks at pH = 4–4.5. Dissolution may leave a residue of iron atoms at specific
sites anchored to the surface windows of the zeolite channels. These surface sites can be potential
catalysts for ROS generation. Therefore, as with erionite, mordenite has the potential to induce
oxidative stress [36,70,71].

5. Conclusions

Among airborne pollutants, asbestos fibers have undoubtedly the worst reputation. However,
recently, a new source of concern has arisen around fibrous zeolites and their potential health effect.
Up to now, erionite is the only zeolite classified as carcinogen for humans by the IARC. In the present
study we pointed out that, the fibrous mordenite has the same chemical-physical properties that are
deemed to prompt adverse health effects. In particular, our investigations showed that mordenite,
as with erionite, can display an asbestos-like shape and its fibers can be released as airborne particulate
of breathable size. As demonstrated by the zeta potential analyses, the surface activity of mordenite
is similar to erionite. Moreover, iron of mordenite is not structural but associated with secondary
phases at the zeolite surface. The surface properties of fibrous mordenite, during fiber phagocytosis,
may indirectly induce the formation of ROS with cyto-genotoxic effects. Based on the results of our
dissolution tests is expected that mordenite is biodurable similar to erionite in the intracellular and
extracellular environment. From this point of view, fibrous mordenite can be considered as a potential
health hazard similar to fibrous erionite.

Currently, one of the main deposits of mordenite-rich exploded for industrial applications is the
St. Cloud’s Rome mordenite (a zeolite mineral) deposit in Rome, Oregon, in Malheur County (USA).
Furthermore, mordenite occurs as the main phase in the zeolitized rocks of several countries such as
Italy, Greece, Japan, and India. In this context, the implementation of a national/international policy for
the elimination of potential exposure to dust containing mordenite fibers generated during extraction
and grinding, as well as production and the use of material contains mordenite, should be taken into
consideration by public authorities.

For a definitive and complete understanding of the potential toxicity of fibrous mordenite, in vitro
toxicity test and animal carcinogenicity studies should be performed and compared to the outcome of
our study to stimulate a critical evaluation and a possible reclassification of mordenite by the IARC.
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