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Abstract

Fibrous erionite is classified by the International Agency for Research on Cancer (IARC) as carcinogenic 
substance to humans (Group 1). In the areas where it is present in the bedrock, it may cause environmental 
exposure, and both professional and environmental exposures are possible when the bedrock is used for in-
dustrial applications (e.g., building materials). For health and environment protection, prevention is a priority 
action. In this framework, the recent guidelines of the Consensus Report of the Weinman International Confer-
ence on Mesothelioma suggest identifying locations where potentially hazardous mineral fibers (like erionite) 
are found in the environment, to prevent environmental exposure. The present study will show that one such 
potentially hazardous mineral fiber might be fibrous ferrierite. Here, the mineralogy, chemical-physical prop-
erties, and surface activity of a hydrothermal fibrous ferrierite from Monte Lake British Columbia (Canada) 
and a diagenetic fibrous ferrierite from Lovelock, Nevada (U.S.A.), were investigated using a combination of 
“state of the art” experimental methods including optical microscopy, electron microscopy and microprobe 
analysis, laser ablation-inductively coupled plasma-mass spectrometry (for the trace elements), vibrational 
spectroscopy, electron paramagnetic resonance, and synchrotron powder diffraction. The chemical-physical 
properties of these fibrous ferrierites (morphometric parameters, specific surface area, chemical composition 
with special attention to metals, mainly iron) that prompted adverse effects in vivo were compared to those of 
the positive carcinogenic standard fibrous erionite-Na from Jersey, Nevada (U.S.A.). The results of our study 
have demonstrated that, although there are differences in the crystal chemistry and genetic environment, fer-
rierite samples exhibit outstanding similarities with fibrous erionite samples: both fibrous erionite and fibrous 
ferrierite may occur in large amounts as microcrystalline fibrous–asbestiform phases in diagenetic rocks with 
fibers of breathable sizes. For both zeolites, iron is not structural but is associated with impurities lying at the 
surface of the fibers. Moreover, data useful to understand the surface activity of these fibrous ferrierites were 
collected. As far as hydrothermal sample is concerned, the EPR data indicate the presence of hydrophilic (SiO-, 
AlO-, SiOH) and hydrophobic (Si-O-Si) interacting surface groups able to bind the charged CAT1 probes at 
close sites and attract the probes in the water pools formed into the fiber aggregates. A high percentage of CAT1 
probes weakly interacting with the surface due to competition with metal ions were observed for surface of 
the diagenetic sample. CAT8 probes were less adsorbed by its surface if compared to the diagenetic sample 
but the more charged surface provided a stronger binding strength for the diagenetic sample compared to the 
hydrothermal one. In summary, the results of this study indicate that fibrous ferrierite may represent a poten-
tial health hazard and, applying the precautionary principle, it should undergo a procedure of toxicity testing.

Keywords: Zeolite, ferrierite, erionite, mineral fiber, health hazard; Microporous Materials: Crystal-
chemistry, Properties, and Utilizations

Introduction

The mineral ferrierite was found for the first time by W.F. 
Ferrier in altered basalts of early Miocene age from the north 

shore of Kamloops Lake, British Columbia, Canada, and was 
studied by Graham (1918) who named the mineral. Ferrier-
ite, with chemical formula (Mg0.5,Na,K)6[Al6Si30O72]·20H2O 
(Passaglia and Sheppard 2001), belongs to the mordenite group 
of zeolites (Gottardi and Galli 1985) and displays a framework 
type FER with a two-dimensional channel system and 5-1 sec-
ondary building units assembling 5-, 6-, 8-, 10-membered rings 

American Mineralogist, Volume 103, pages 1044–1055, 2018

0003-004X/18/0007–1044$05.00/DOI: http://doi.org/10.2138/am-2018-6508	       1044 

* E-mail: alessandro.gualtieri@unimore.it
† Special collection papers can be found online at http://www.minsocam.org/MSA/
AmMin/special-collections.html.

Downloaded from https://pubs.geoscienceworld.org/msa/ammin/article-pdf/103/7/1044/4233309/am-2018-6508.pdf
by University of Arizona user
on 20 September 2018

mailto:alessandro.gualtieri@unimore.it


GUALTIERI ET AL.: FIBROUS FERRIERITE AS POTENTIAL HAZARD 1045

(Baerlocher et al. 2007). The mineral is one of the most siliceous 
naturally occurring zeolites. Several zeolites with the FER type 
framework have also been synthesized (Fjellvåg et al. 1989) and 
successfully used as versatile catalysts both in hydrocarbon pro-
cessing and in the petrochemical industry (Pickering et al. 1989).

The crystal structure of natural Mg-dominant ferrierite was 
determined from single-crystal X‑ray data by Vaughan (1966) 
and Kerr (1966) and confirmed later by Gramlich-Meier et al. 
(1984) and Alberti and Sabelli (1987) in space group Immm or 
Pmmm. A monoclinic P21/n variant of Na-dominant ferrierite 
is also known (Gramlich-Meier et al. 1985). The unit-cell pa-
rameters are a = 18.90–19.45 Å, b = 14.12–14.28 Å, and c = 
7.48–7.54 Å (Passaglia and Sheppard 2001). Vaughan (1966) 
found a slight enrichment of Al in the tetrahedra of the 6-mem-
bered rings between the hexagonal sheets parallel to the (100)
planes. The Mg atoms are coordinated to six water molecules, 
whereas the Na cations are found in the main channel parallel to 
the c axis and surrounded by the 10-membered rings.

Ferrierite has mainly been found in voids of volcanic 
rocks (hydrothermal origin) coexisting with other zeolites 
(e.g., heulandite, dachiardite, mordenite, analcime, chabazite, 
harmotome), carbonates, barite, apatite, pyrite, cinnabar, and 
chalcedony (Passaglia and Sheppard 2001). Ferrierite has also 
been found in tuffaceous sediments (diagenetic origin) coexisting 
with mordenite, clinoptilolite, feldspars, and quartz. An example 
of a major occurrence of ferrierite as a diagenetic product of 
volcanic (Tertiary rhyolitic pyroclastic) rocks is at the deposit 
of Lovelock, Nevada, U.S.A. (Rice et al. 1992), where its con-
tent is >50 wt% (zeolite-rich rock) and hence high enough for 
mineral exploitation. This mode of occurrence stimulated stud-
ies in agricultural and industrial applications (see for example 
Townsend and Loizidou 1984). In both hydrothermal and diage-
netic occurrences, ferrierite may exhibit different crystal habits 
(lath-like/lamellar, prismatic, needle-like, acicular, fibrous, and 
asbestiform: see for example Rice et al. 1992). A large amount 
of microscopic ferrierite crystals with fibrous-asbestiform habit 
is observed in diagenetic rocks that can eventually be mined and 
used for industrial applications. This may raise some concerns 
due to the close resemblance with fibrous erionite that is known 
to induce malignant mesothelioma (MM). As a matter of fact, 
diagenetic erionite crystallizes as needle-like fibers with widths 
from nanometric to micrometric. Larger bundles of these crystals 
are also common. Disturbance of the friable host rocks can gener-
ate airborne fibers with physical dimensions similar to asbestos 
fibers (Harper et al. 2017) and like asbestos, such fibers may rep-
resent a severe environmental and health hazard. A paradigmatic 
example of this kind is represented by the “Cappadocia case”: 
the residents of the Turkish villages of Karain, Sarihidir, and 
Tuzkoy, where the fibrous erionite-containing rock was used as 
building stone in home construction, have a remarkably high risk 
for developing MM (Carbone et al. 2011). The concern with the 
carcinogenic potential of erionite has sparked an interest within 
areas of the U.S. where fibrous erionite is found in regional 
bedrock or sediments (Saini-Eidukat and Triplett 2014). These 
areas include formations scattered across western North Dakota, 
South Dakota, and Montana (Goodman and Pierson 2010). There 
is a concern with exposure and transmission of airborne dust 
and particulate, possibly containing erionite fibers, from gravel 

pits, roads, parking lots, playgrounds, feed lots, building and 
construction sites, mining operations, oil extraction operations, 
and farming/ranching (Carbone et al. 2011).

Prompted by the recent guidelines of the Consensus Report 
of the Weinman International Conference on Mesothelioma 
(Carbone et al. 2016) that suggest identifying locations where 
potentially hazardous mineral fibers are found in the environ-
ment, here we have investigated the mineralogy, the chemical-
physical properties, and the surface activity of fibrous ferrierite 
from Monte Lake British Columbia (Canada) of hydrothermal 
origin and fibrous ferrierite from Lovelock Nevada (U.S.A.) of 
diagenetic origin.

The characteristics of these fibrous zeolites were compared 
to those of diagenetic fibrous erionite-Na from Jersey, Nevada 
(U.S.A.), considered a positive carcinogen. The comparison of 
the chemical-physical properties prompting adverse effects in 
vivo with those of the known carcinogen fibrous erionite is piv-
otal to assess if fibrous ferrierite may also represent a potential 
health hazard.

Experimental methods
The fibrous ferrierite selected for the study is from Monte Lake, southeastern 

Kamloops District, British Columbia (Canada). This mineral occurs in the voids of 
basalt flows belonging to the middle Tertiary Kamloops Group (Jones 1959). The 
ferrierite crystals are found in vesicles and calcite-filled nodules in a fine-grained, 
greenish-black basalt composed of microphenocrystals of labradorite and augite set 
in an opaque glass matrix. The basalt is situated in a large road cut east of Monte 
Lake and along railway cuts 1 mile south of the lake (Wise and Tschernich 1976). 
The ferrierite occurs as colorless to salmon-colored thin blades, needles, fibrous ag-
gregates of various size. Ferrierite fibers were manually separated from the matrix 
under a stereoscopic optical microscope. Different samples were used depending on 
the experimental method applied: fibers inside the bulk matrix (e.g., for micro-Raman 
analysis); a representative selection of ferrierite fibers (e.g., for electron microprobe 
analysis, EPMA); bulk powder sample ground into an agate mortar (e.g., for X-ray 
powder diffraction, XRPD, experiments). The code assigned to this sample is BC.

The diagenetic fibrous ferrierite sample is from Lovelock (Nevada). The 
Lovelock deposit occurs in a group of sedimentary and volcanic rocks (rhyolitic 
pyroclastites) of Tertiary age (Miocene or Pliocene) in a small valley within the 
Trinity Range (T. 28 N., R. 30 E.) in Pershing County, northwest Nevada (Rice et 
al. 1992). Ferrierite is accompanied by mordenite, clinoptilolite, and other miner-
als such as orthoclase and cristobalite. Ferrierite has formed with smectite through 
hydration reactions of the rhyolitic pyroclastites from high activities of silica and 
magnesia required simultaneously for the large-scale crystallization of ferrierite in 
these diagenetically altered rocks. Post-depositional addition of Mg coincided with 
ferrierite and smectite formation (Rice et al. 1992). The content of the zeolite phases 
is >50 wt% and hence the pyroclastic rock can be classified as the zeolite-rich raw 
material of mining and commercial interest (Gualtieri et al. 1999). Unfortunately, 
it was not possible to manually separate single fibers under a microscope as was 
done for the BC sample. The crystals were too small in this case. Hence, analyses 
were performed either on fibers inside the bulk matrix or on the bulk powder sample 
ground into an agate mortar. The code assigned to this sample is LN.

The BC and LN raw samples were observed by stereomicroscopy of low resolu-
tion as well as by polarized light optical microscopy (PLOM). The latter provides 
a non-destructive way to verify the crystal habit of a mineral with relatively high 
spatial resolution. The investigation was performed in transmitted light with an 
Olympus BH-2 microscope.

Scanning electron microscopy (SEM) analyses were performed using a FEI Nova 
NanoSEM 450 field emission gun (FEG)-SEM equipped with a energy-dispersive 
X-ray spectroscopy (EDS) Bruker QUANTAX-200 system, with 15 kV accelerating 
voltage and 3.5 μA beam current. BC and LN samples were mounted on a Al stub and 
gold coated (10 nm of thickness). Both backscattered (BSE) and secondary electron 
(SE) images were recorded.

Transmission electron microscopy/scanning transmission electron microscopy 
(TEM/STEM) investigations were conducted using a JEOL-ARM 200 F with a cold 
field-emission gun (CFEG) operating at 80 kV and equipped with a probe spherical 
aberration corrector (Cs), allowing atom-resolved imaging in STEM high-angle 
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annular dark-field (HAADF) mode. The microscope was equipped EDS system 
(Centurio 100 mm2, JEOL) and a Quantum GIF (Gatan, U.S.A.) for electron energy-
loss spectroscopy, with Dual electron energy loss spectroscopy (EELS) capability. 
A Cryo-transfer holder, operating at about –178 °C was used to avoid heating and 
beam damages as well as stabilize the specimen under the electron beam. The use of 
Dual EELS allows to remove the energy shift (using the low-loss spectra as control) 
avoiding the need of subsequently measure the low-loss and high-loss spectra, and 
was used to determine the iron oxidation state down to the atomic scale using three 
different methods (applied on the core-loss region), namely: direct comparison with 
standards reference spectra, modified integral Fe L23 white-line intensity ratio (Tan 
et al. 2012) and ΔE method (Rojac et al. 2017). The spectra were collected using an 
aperture of 5 mm and a dispersion of 0.25 eV/ch. The low-loss spectra were registered 
over a time of 0.005 s and the core-loss spectra over a time of 20 s.

EMPA for quantitative determination of the chemical composition were per-
formed using a JEOL 8200 Super Probe instrument with W hairpin type filament 
and minimum accelerating voltage of 30 kV. Analyses were performed on accurately 
selected fibers (using a stereomicroscope, see above) so that estimates should be 
highly reliable. The final chemical composition is the mean value of 10 spot analyses 
carried out on various fibers. The calculation of the crystal-chemical formula was 
normalized on the basis of 72 O.

For the determination of structural water, a thermo-gravimetric (TG) measure-
ment was performed on the BC sample using a simultaneous differential thermal 
analysis (SDTA) SEIKO SSC/5200 SII instrument. Data were collected in the air with 
a flow rate of 2 μL/min, in the range 25–1150 °C, and with a heating rate of 10 °C/min.

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was 
used to measure minor and trace elements with spot resolutions of about 40–50 μm 
on sections with a thickness of about 1 mm of samples embedded in epoxy resin 
constituted by aggregates of selected fibers in the case of the BC sample and fibers 
inside the bulk matrix in the case of the LN sample. Using this technique, micro-
metric compositional variations can be studied. Analyses were carried out using an 
Elan DRCe instrument (Perkin Elmer/SCIEX) connected to a New Wave UP213 
solid-state Nd-YAG laser probe (213 nm). Data collection was possible by using 
the common experimental procedure used in the Mass Spectroscopy Laboratory 
(e.g., Barca and Trua 2012). In detail, samples were ablated by a laser beam in a 
cell, under a moderate flow of pure helium. Behind the cell, the ablated material was 
flushed in a continuous flow of a helium and argon mixture to the ICP system, where 
it was atomized and ionized for quantification in the mass spectrometer. The initial 
alignment of the instrument was performed through nebulization of the solution, 
whereas a second optimization step was obtained using “NIST612-50 mg g 1 glass” 
reference material. In this work, ablation was performed with spots of 40 μm, with 
a constant laser repetition rate of 10 Hz and a flow of 20 J/cm2. In particular, for all 
analyses, a transient signal of intensity vs. time was obtained for each element using 
a 60 s background level (acquisition of gas blanks) followed by 40 s of ablation and 
then 60 s of post-ablation at background levels. Data were processed by the Glitter 
program. In this study, seven spot analyses were performed on each sample. The 
data collection strategy included the “USGS BCR 2G glass” reference material as 
an unknown sample. Element concentrations obtained for the analyses executed 
on control standards were compared with reference values from the literature. The 
accuracy (i.e., the relative difference from reference values) was generally better 
than 12% and most elements plotted in the range 8%. Internal standardization to 
correct instrumental instability and drift was achieved with CaO concentrations 
from microprobe analyses.

XRPD patterns of both BC and LN samples used for the qualitative phase analysis 
were collected at the MCX beamline at ELETTRA (Trieste, Italy) using a Debye-
Scherrer geometry and a wavelength of 1.0324 Å. The sample powders were inserted 
in a borosilicate 0.3 mm diameter capillary that was spun during data collection. The 
structure refinements of the two samples are out of the scope of this paper, but will 
be the subject of further work that includes the analysis of the stacking fault defects. 

Fourier transform infrared (FTIR) analyses were performed on sample powders 
in the spectral range 500–4000 cm–1 using a Bruker Vertex 70 spectrometer equipped 
with a Specac Golden Gate sample holder, operating in reflection geometry. Micro-
Raman spectra in the range 1800–50 cm–1 were collected on single BC and LN 
fibers embedded in the sample matrix using a DXR Raman spectrometer (Thermo-
Scientific) equipped with a 1024 × 256 CCD detector, at laser wavelength 532 nm, 
high-resolution grating (1800 lines mm–1) with nominal resolution (FWHM) of 2 mm–1 
and 50 cm–1 Rayleigh Rejection Filter (Stokes shift). The laser beam (diameter about 
0.6 μm) was focused with a 100× objective (Numerical Aperture = 0.90). The power 
applied on the sample was 10 mW.

X-ray photoelectron spectroscopy (XPS) measurements were conducted using 
a CMA Perkin Elmer, 15-255-G with a XR3 double anode MgKα and AlKα sources, 
energy = 15 kV, current = 18 mA. The spectra were collected using a double step 

cylindrical analyzer, with a step energy of 50 eV for high-resolution spectra and a 
step energy of 100 eV for extended spectra.

To analyze the interacting ability of the zeolite surfaces, computer aided analyses 
of the electron paramagnetic resonance (EPR) spectra using selected spin probes 
were performed. This technique was already demonstrated to be a very useful tool, 
providing unique information about surface and interfacial properties (Mattioli et 
al. 2016). In the present case, this information is also precious because it may be 
related to the eventual carcinogenicity of the fibrous zeolites. The spin probes 4-tri-
methylammonium, 2,2,6,6 tetramethyl-piperidine-1oxyl Bromide (termed CAT1) 
and 4-octyl dimethylammonium, 2,2,6,6 tetramethyl-piperidine-1oxyl Bromide 
(termed CAT8) were selected because they have been successfully employed in 
previous investigations of similar systems. Here, the main goal is to compare the 
results from the ferrierite samples with those previously obtained using the same 
spin probes to analyze the interacting ability of erionite, offretite, and scolecite 
zeolite fibers (Mattioli et al. 2016). The samples for the EPR analyses were prepared 
by equilibrating overnight 200 mg of each zeolite with 0.5 mL of 1 mM aqueous 
(Millipore) solutions of CAT1 (Sigma-Aldrich) and CAT8 (donated by Xuegong 
Lei, Columbia University, New York, U.S.A.). In the next step, the suspensions were 
filtered and the filtrates were loaded in 2 mm tubes and analyzed by EPR under 
controlled and reproducible conditions to allow reliable evaluations of the spectral 
intensities. The stock solutions of CAT1 and CAT8 were also analyzed under the 
same experimental conditions as the filtrates to evaluate the intensity differences in 
the EPR spectra. The solid samples, separated from the probe solutions and directly 
dried on the filter paper, were analyzed as well. The spectra were acquired using an 
EMX-Bruker spectrometer operating at X band (9.5 GHz). The temperature was 
set to 298 K and controlled with a Bruker ST3000 variable-temperature assembly 
cooled with liquid nitrogen. Temperature scans were also performed to verify the 
adsorption conditions. In all cases, repeating the EPR analysis at least three times 
in the same experimental conditions for each sample checked the reproducibility of 
the results. Simulation of the EPR line shape was performed by using the program 
of Budil et al. (1996). The main parameters extracted from computation were: 
(1) the Azz component (accuracy ±0.05 G) of the hyperfine coupling tensor A for the 
coupling between the electron spin (S = 1/2) and the nitrogen nuclear spin (I = 1; 
no. of lines = 2I + 1 = 3). For simplicity, we kept the Axx and Ayy values constant (= 
6G). Azz increases with increasing environmental polarity of the spin probe. (2) The 
correlation time for the rotational diffusion mobility of the spin probe (τ, accuracy 
±0.01 ns). τ increases with the increase of the local microviscosity, corresponding 
to an increase of probe-surface strength of interaction. (3) The line width (LW) (ac-
curacy ±0.01G) increases with increasing spin–spin interactions and with increasing 
number of probes close to each other that interact with surface sites. In several cases, 
the spectra are constituted by different components superimposing each other, due 
to probes distributed in different environments. The components were extracted 
by subtracting experimental and/or computed spectra from each other. Then, each 
component was computed to obtain the above-listed parameters. The subtraction 
procedure allowed us to quantify (in relative percentages, accuracy ±1%) the frac-
tions of probes distributed in the different environments.

The specific surface area (SSA) of the BC and LN samples was determined from 
gas adsorption data recorded by a Gemini-V instrument and with N2 as probe gas. 
Analyses were performed on samples conditioned at 105 °C as well as on samples 
conditioned at 350 °C. The SSA of the natural sample (conditioned at 105 °C) was 
determined with the BET model, whereas the external surface area of the dehydrated 
sample (conditioned at 350 °C) was determined with the t-plot method.

The ξ potential was determined both in distilled water and in organic Gamble’s 
modified solution (Guldberg et al. 1998), the latter reproducing the extracellular and 
intracellular macrophage phago-lysosome environment. The measurements were 
conducted in the pH range 3–10 at 37 °C (body T), using a ZetasizerNano Series 
instrument (Malvern). The pH of the suspensions was monitored using a Criston 
Series 2000 instrument.

Results and discussion

Characterization of fibrous ferrierites
Microscopic characterization. A stereomicroscopic study 

of the two fibrous ferrierite samples selected for the study was 
preliminarily performed. The hydrothermal sample BC displays 
visible aggregates of acicular/fibrous crystals with a light orange 
color (Fig. 1), whereas no crystals of the diagenetic sample LN 
can be observed.

Figure 2 reports a selection of SEM pictures and relative EDS 
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spot analyses of both BC and LN samples. The BC sample con-
tains ferrierite crystals with both prismatic (Fig. 2a) and fibrous 
asbestiform shape (Fig. 2b, see the dashed line indicating flexible 

asbestiform fibers). BC ferrierite contains breathable (regulated) 
fibers according to the WHO (1997) counting criteria (particles 
with length ≥ 5 μm, width ≤ 3 μm, length/width ratio ≥ 3:1). 
Figure 2c shows that microparticles enriched in iron (see the 
EDS spectrum in Fig. 2e compared to that collected for the bulk 
in Fig. 2f) are present on the surface of the fibers. Such particles 
are likely iron-oxides/hydroxides. The LN sample also contains 
ferrierite crystals with fibrous asbestiform shape (Fig. 2d with the 
dashed line indicating flexible asbestiform fibers) and breathable 
fibers (WHO 1997).

The presence of iron-rich (presumably iron-oxides/hydrox-
ides) nanophasic clusters or single nanophasic particles at the 
surface of the BC ferrierite fibers was revealed by high-resolution 
TEM investigations. (See Figs. 3a and 3b with the relative EDS 
spectra in Figs. 3c and 3d. Note that the spectra relative to the 
iron-rich particles are identical). STEM–high-angle annular dark-
field (HAADF) technique combined with Dual-EELS was also 
applied to the BC sample. Figure 3e represents a HAADF picture 
of a ferrierite fiber with a lighter region and spread clusters, wit-
nessing the presence of iron-rich nanoparticles. The EELS low-
loss spectra analysis (Malis et al. 1988) performed in this region 
showed that the right side of the fiber is slightly thicker (≈26 
nm) if compared to the left part (≈20 nm). Figure 3f represents 
the same area with a higher magnification, showing two brighter 
spots in the top right of the field with a radius comparable to that 
of a single atom (≈123 pm). To identify the nature of these clus-
ters, STEM_HAADF combined with Dual-EELS was performed 
to collect low-loss and core-loss region spectra simultaneously, 
thus allowing to determine the iron oxidation state at this scale 
(Fig. 3g). The iron valence state was determined by comparison 
with standards (FeTiO3 for Fe2+, Co0.6Fe2.4O4 for Fe2.7+, and Fe2O3 
for Fe3+), using three different approaches, applied on the mean 
of five analysis points.

(1) Comparison of the Fe2p1/2 satellites and Fep3/2 peak 
positions with an iron-rich reference. The values for the Fe2p1/2 
satellite and the Fep3/2 peak are similar to the standard spectrum 
collected (on the same instrument) for Co0.6Fe2.4O4 correspond-
ing to a mean oxidation number of 2.7+. Notwithstanding, our 
specimen shows a slightly more pronounced satellite peak at 
715.57 eV in respect to the spectrum of reference.

(2) Comparison of the modified integral Fe L23 white-line in-
tensity ratio (double arc tangents method) with reference standard 
values. Applying the second approach, a Fe-L3/L2 intensity ratio 
of 4.45 (σ = 0.41) that corresponds to a mean iron oxidation state 
of 2.7+ was found. (The standard reference value for the same 
oxidation number is: 4.10 σ = 0.30.)

(3) Comparison of the energy onset difference (ΔE) between 
the O-K and Fe-L3 edges. The mean Fe-L3 O-K onset difference 
for our specimen corresponds to 177.68 (σ = 0.45) eV compatible 
with the energy onset difference of the standard Co0.6Fe2.4O4 (ΔE 
= 177.50 σ = 0.45; Fe valence state of 2.7+).

All the three applied methods yield a resulting mean oxida-
tion state of the iron clusters at the surface of ferrierite fibers 
that corresponds to Fe2.7+.

These methods give the same result and are in accordance 
with the XPS outputs (which on the other hand provides a better 
statistics), but the higher spatial resolution of Dual-EELS allowed 
us to localize precisely the clusters on the fiber surfaces and their 

Figure 1. A stereomicroscopic image of the hydrothermal sample 
from Monte Lake, British Columbia (BC) showing aggregates of acicular/
fibrous crystals with a light orange color. (Color online.)

Figure 2. Gallery of SEM pictures and relative EDS spot analysis 
of the ferrierite samples. (a) BC sample with prismatic ferrierite 
crystals. (b) BC sample with fibrous asbestiform shape ferrierite crystals. 
(c) BC sample with microparticles enriched in iron present at the surface 
of the fibers. (d) LN sample that also displays ferrierite crystals with 
fibrous asbestiform shape. (e) EDS spectrum of the microparticles present 
at the surface of the fibers witnessing an enrichment in iron. (f) EDS 
spectrum of the surface of the fibers away from the microparticles with 
no iron. (Color online.)
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Figure 3. Gallery of high-resolution TEM images and relative EELS 
spot analyses of the BC sample. (a) Cluster of iron-rich nanoparticles 
found at the surface of the zeolite fibers. (b) Iron-rich nanoparticles at 
the surface of the zeolite fibers. (c) Relative EDS spectrum of the cluster 
(a) and individual nanoparticle (b), identical for the two cases. (d) EDS 
spectrum of the zeolite fibers where no iron peaks are seen. (e) HAADF 
image with a lighter region where iron rich nanoparticles occur with a 
magnification in f. (g) Dual-EELS core-loss region spectrum collected 
to determine the iron oxidation state of iron. The detail of a cluster was 
digitally magnified (2×) and the presence of single atoms was shown 
using a band pass filter with exponential decay. (Color online.)

morphology, which made this technique an important contribu-
tion in the detailed description of potentially toxic mechanisms. 
The direct comparison of spectra, due to the possible presence of 
background disruptions, could lead to misinterpretation of satel-
lite peak presence and height. In our case, the presence of the 
satellite peak let us suspect a possible deviation of the oxidation 
state from the discrete value of 2.7+ given by the direct compari-
son with the standard. Evaluating this aspect and the fact that the 
ΔE method is particularly suitable for the determination of iron 
oxidation state up to 4+, the modified integral Fe L23 white-line 
intensity ratio seems to be the most suitable approach in this 
case. The only limit of this last approach is that it can depend 
on thickness, a limitation that does not occur when determining 
oxidation states of clusters/atoms lying on the surface of a fiber. 
The contemporaneous application of all of these methods is usu-
ally feasible, and it is thus convenient to compare all of them. 

Chemical characterization. The chemical formulas of the 
two fibrous ferrierites, as determined from EMPA analyses are: 
Fe3+

0.16(K1.21Mg2.11Ca0.43Na0.27)4.02[Si29.20Al6.89O72]·22.9H2O [E% = 
+5.03, as defined in Gottardi and Galli 1985, with R = Si/(Si+Al) 
= 0.80] for the BC sample and Fe3+

0.19(K2.41Mg1.05Ca0.28Na0.06)3.80 

[Si30.75Al5.10O72]·20.0H2O (E% = –0.58, with R = 0.86) for the LN 
sample. The water content of the BC sample determined from 
the TG analysis (deposited as Supplementary Material1) was 
15.38 wt% and in agreement with the literature data (Wise and 
Tschernich 1976). Because it cannot be experimentally measured, 
the water content of the LN ferrierite is a theoretical value for 
the zeolite ferrierite species taken from the literature (Gottardi 
and Galli 1985; Rice et al. 1992). The diagenetic sample LN is 
more acidic (R = 0.86) than the hydrothermal sample BC (R = 
0.80) with K as a dominant extraframework cation (DEC). As 
already found by Wise and Tschernich (1976), Mg is the DEC in 
the BC sample. Both samples display low Ca and Na contents. 
The chemistry is in agreement with the parameters reported by 
Passaglia and Sheppard (2001) for the ferrierite family.

Table 1 reports the mean values of the content of trace ele-
ments measured by spot analyses using LA-ICP-MS in the BC 
and LN samples with relative standard deviation. Data for fibrous 
erionite-Na is also reported (after Bloise et al. 2016), together 
with the concentrations commonly found in the human lungs 
(Vanoeteren et al. 1986). For some elements (e.g., Li, Be, Gd, 
Cs), concentrations were below the detection limits; whereas for 
others, the concentration (e.g., Sr and Ba) was higher than 1000 
ppm and should, therefore, be considered as a minor element in 
the calculation of the chemical formula of the sample. None of 
the metals considered as ecological and health risks (As, Co, Cr, 
Cu, Pb, Ni, Zn, V) are present in concentrations exceeding the 
threshold limits (Tóth et al. 2016). The major concentrations of 
metals relevant for the ecological and health risk are reported in 
Figure 4. Data for erionite-Na are also reported for comparison.

XRPD. The qualitative XRPD study showed that the BC 
sample is pure, whereas the LN sample contains sanidine, mor-
denite, tridymite, and smectite. Rice et al. (1992) also found 
feldspar, mordenite, and opal-CT as impurities in the sample. 
For the pure BC sample, the best indexing of the pattern was 
accomplished using the monoclinic model (space group P21/n), 
while the attempts using the orthorhombic models (e.g., Immm) 
failed in fitting all the peaks of the powder pattern. This was 
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Table 1.	 Trace elements concentration (in ppm) of various asbestos 
samples

Element	 Elements in	 BC	 S.D.	 LN	 S.D.	 Erionite-Na 
	 human lungsa					     Jerseyb

Li	 n.d.	 n.d.	 n.d.	 5.61	 1.06	 4.45
Be	 0.03	 n.d.	 n.d.	 n.d.	 n.d.	 1.22
V	 0.50	 2.91	 1.87	 39.5	 5.07	 36.34
Cr	 0.50	 4.09	 0.4	 20.4	 1.14	 1.70
Mn	 3.00	 47.1	 11.4	 117	 31	 45.30
Co	 0.10	 0.40	 0.23	 0.84	 0.16	 0.78
Ni	 1.00	 2.42	 1.21	 2.32	 0.81	 1.72
Cu	 5.00	 0.36	 0.13	 3.74	 1.59	 1.90
Zn	 30.00	 8.62	 5.69	 114	 13.06	 9.66
As	 0.10	 2.45	 0.92	 3.65	 1.6	 44.50
Rb	 10.00	 64.1	 11.50	 173	 34.70	 39.51
Sr	 1.00	 1841	 1044	 429	 70.90	 222.00
Ba	 >1.10	 1251	 730	 74.9	 14	 393.00
Pb	 0.50	 0.48	 0.14	 18.9	 3.81	 25.22
U	 0.01	 0.05	 0.01	 7.39	 2.32	 1.10
Sc	 n.d.	 1.48	 0.49	 4.92	 0.68	 1.58
Y	 n.d.	 0.48	 0.10	 32	 7.98	 18.21
La	 n.d.	 n.d	 n.d	 35.9	 10.08	 65.60
Ce	 n.d.	 0.04	 0.01	 84	 26.14	 192.90
Pr	 n.d.	 n.d	 n.d.	 13.93	 4.11	 15.00
Nd	 n.d.	 0.33	 0.26	 36.9	 11.09	 33.30
Sm	 n.d.	 0.13	 0.04	 9.7	 2.67	 10.15
Eu	 n.d.	 0.16	 0.04	 0.26	 0.02	 1.30
Gd	 n.d.	 n.d.	 n.d.	 8.38	 2.10	 9.02
Tb	 n.d.	 0.02	 0.01	 1.44	 0.29	 1.15
Dy	 n.d.	 0.27	 0.07	 13.13	 2.38	 6.16
Ho	 n.d.	 0.12	 0.09	 1.45	 0.39	 1.13
Er	 n.d.	 0.13	 0.02	 4.13	 0.95	 3.30
Tm	 n.d.	 0.02	 0.01	 0.53	 0.13	 0.44
Yb	 n.d.	 0.11	 0.01	 2.23	 0.52	 2.45
Lu	 n.d.	 0.05	 0.02	 0.57	 0.10	 0.32
Th	 n.d.	 0.12	 0.01	 19.3	 3.50	 6.91
Sb	 0.10	 0.12	 0.01	 0.85	 0.54	 1.15
Cs	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 2.00
Notes: The data of BC and LN samples are mean values of seven spot analyses 
executed by LA-ICP-MS. S.D. = standard deviation; n.d. = not detected.
a Indicative baseline data for some trace elements in normal human lung tissues 
(Vanoeteren et al. 1986). 
b From Bloise et al. (2016). 

particularly evident for the doublets at ca. 4.00 Å (14.76 °2θ) and 
at ca. 2.95 Å (20.05 °2θ) that could only be correctly fitted with 
the monoclinic model (Fig. 5). Peak overlap with the impurity 
phases present in the LN sample prevented an accurate peak 
indexing analysis but the indications from the literature point 
to an orthorhombic structure model with space group Immm 
(Rice et al. 1994).

Vibrational spectroscopy. Micro-Raman spectrum of fi-
brous BC ferrierite (Fig. 6a) shows the typical bands displayed 
by massive ferrierite samples present in the RRUFF database 
(Lafuente et al. 2015). The most intense intra-tetrahedral band 
at 431 cm–1 is sensitive to the T-O-T angle and is found in the 
range 368–480  cm–1 for the zeolites with 5-membered rings 
like ferrierite (Dutta and Del Barco 1988). The other major 
bands (Lercher and Jentys 2007) are at 330 cm–1 (pore opening 
inter-tetrahedral mode), 543 cm–1 (double ring inter-tetrahedral), 
780 cm–1 (inter-tetrahedral symmetric stretching), and 1137 cm–1 
(inter-tetrahedral asymmetric stretching). The FTIR spectrum 
(Fig. 6b) shows the typical T-O-T antisymmetric and symmetric 
modes in the regions 1350–850  and 850–620 cm–1, respectively 
(Jacobs et al. 1993).

The modes of vibration of the water molecules present 
in the channels of the zeolite phase are visible in the region 
3400–3000 cm–1 (stretching modes) and 1600–1630 cm–1 (bend-
ing modes) (Farmer 1974). The spectrum is nearly identical to 
that reported for massive ferrierite-Mg from Kamloops Lake, 
British Columbia, present in the RRUFF database (Lafuente 
et al. 2015).

XPS. The XPS spectra of the BC and LN samples are plot-
ted in Figure 7. With the aim to reveal the Fe2+/Fe3+ ratio at the 
surface of the fibers, XPS spectra were collected with a better 
resolution (1 eV) in the region 704–736 eV. Unfortunately, the 
Fe signal from the BC was too low to be detected, whereas the 
signal from the LN sample allowed a quantitative analysis. Fe 
displays a complex assemblage with a prominent peak located 
approximately at 712 eV (inset in Fig. 7). The presence of satel-
lite peaks indicates a higher content of Fe3+ with respect to Fe2+. 
The calculated Fe3+/Fe2+ ratio present at the surface of the LN 

Figure 4. Concentration of metals (V, Cr, Mn, Co, Ni, Cu, Zn, As, 
Pb) relevant for the environmental and health risks for the BC (black) 
and LN (gray) ferrierites. Erionite-Na (dark gray) is also reported for 
comparison.

Figure 5. Selected regions of the powder pattern of the BC ferrierite 
showing the two doublets at ca. 14.76 and 20.05 °2θ) indexed correctly with 
the monoclinic P21/n model and not with the orthorhombic Immm model.

Downloaded from https://pubs.geoscienceworld.org/msa/ammin/article-pdf/103/7/1044/4233309/am-2018-6508.pdf
by University of Arizona user
on 20 September 2018



GUALTIERI ET AL.: FIBROUS FERRIERITE AS POTENTIAL HAZARD1050

ferrierite particles is 247/98 with 75 wt% represented by Fe3+ and 
25 wt% by Fe2+. This ratio is in concert with the data reported 
in Pollastri et al. (2015) for fibrous erionite, showing 84 wt% 
Fe3+ and 16 wt% Fe2+.

EPR study. As far as the EPR analysis is concerned, a situ-
ation similar to that described in previous studies (Mattioli et 
al. 2016) was found. The positively charged CAT1 and CAT8 
spin probes readily interact with the zeolite surface whose po-
tential is negative due to the presence of the charged Si-O- and 
Al-O-sites and the polar Si-OH groups. However, CAT8 also 
bears a C8 hydrophobic chain and therefore shows surfactant 
properties. This spin probe is thus able to monitor by EPR the 
presence of low-polarity sites (mainly Si-O-Si sites) and mim-
ics the zeolite-surface interactions with components of the cell 
membranes. The EPR analysis was performed to evaluate the 
interactions occurring at the solid surface by analyzing the EPR 
spectra of the solid particles following exposure to the probe 
molecules in solution. In this case, micro-pools of probe solutions 
were trapped in the porosities, mainly those formed within fiber 
aggregates. The EPR spectra of these probes provided informa-
tion about the interactions at the liquid/solid interfaces. Ad-
ditional information was obtained by evaluating the percentage 

of adsorbed probe determined from the difference in intensities 
between the spectra obtained from stock solutions and the ones 
obtained from the filtered solution following equilibration with 
the zeolite fibers. Figure 8 shows the EPR spectra of the solid 
particles after adsorption of CAT1 and CAT8 probes: A = BC + 
CAT1; B = BC + CAT8; C = LN + CAT1; D = LN + CAT8. As 
indicated with arrows in Figures 8a and 8b, the spectra of CAT1 
are constituted by two components. One is composed of three 
relatively narrow lines arising from CAT1 probes quite free to 
move in the solution pools in the zeolite-fibers interstices. The 
other component is termed “interacting,” because the probes 
are slowly moving due to interactions with the zeolite surface 
at differently polar sites. This determines the resolution of the 
anisotropies of the magnetic parameters. Spin-spin interactions 
between CAT1 probes adsorbed on sites close to each other in 
the BC sample provoke a line broadening and the interacting 
component appears as a broad single line. Figures 8a and 8b 
also report the computations that fit the interacting components. 
The calculated parameters (the percentages of the spectral com-
ponents, the polarity parameter Azz, the interaction parameter τ, 
and the spin-spin parameter line width, LW) are listed in Table 2, 
together with the percentages of adsorbed probes. The parameters 
of both the interacting and the free components are reported. For 
CAT8 probes, the spectra are constituted by a single component 
due to interacting probes, and the fit lines in Figures 8c and 8d 
are the corresponding computations. The parameters in Table 2 
provide the useful information described below.

The percentage of adsorbed probes was very high for both 
zeolites regardless of probe type, but the highest value (95%) 
was found for CAT8 adsorbed on BC. This result suggests a pref-

Figure 6. Characterization of the BC sample using vibrational 
spectroscopy. (a) Micro-Raman spectrum showing the typical bands 
displayed by massive ferrierite samples present in the RRUFF database 
(see text for details); (b) FTIR spectrum showing the typical T-O-T 
antisymmetric and symmetric modes in the regions 1350–850 and 
850–620 cm–1, respectively (see text for details). (Color online.)

a

b

Figure 7. XPS spectra of BC and LN fibrous ferrierites. The Fe2p 
region is plotted in the box with a complex pattern showing the major 
peak at 712 eV. Satellite peaks indicate a higher content of Fe3+ with 
respect to Fe2+. (Color online.)
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erential interaction of this surfactant probe with the BC surface, 
due to the occurrence of both hydrophilic and hydrophobic sites. 
Therefore, BC presents an overall less-charged surface with more 
Si-O-Si groups if compared to LN.

In agreement with the above finding, the calculated parameters 
of CAT8-containing samples are the same for BC and LN, except 
for the interaction parameter τ, which is higher for LN with respect 
to BC. For the latter sample, the interactions with hydrophobic 
sites decreased the interaction strength at the polar sites.

For CAT1, the relative percentage of the interacting compo-
nent was higher for LN (91%) with respect to BC (85%), due to 
a more charged surface of the former. Furthermore, the presence 

of both hydrophilic and hydrophobic groups on the BC surface 
allowed a synergy between hydrophilic and hydrophobic inter-
actions for CAT1 which increased the interaction parameter τ, 
but also increased the spin-spin parameter LW (24.5 G), due to 
interactions of CAT1 molecules adsorbed on adjacent surface 
groups, using both the more and less polar portions of the probe. 
For LN, both τ and LW were lower with respect to BC. These 
results are explained by the presence of a relatively high amount 
of positively charged ions, like Fe3+ ions, at the LN surface that 
partially hampered the interactions of the positively charged 
CAT1 group with the zeolite surface. The presence of these 
paramagnetic metal ions was proven by their characteristic EPR 
traces observed in the spectra recorded from the zeolite fibers 
(results not shown). Indeed, it was necessary to subtract these 
signals from the EPR spectra to extract information related to the 
interactions between the probe molecules and the LN surface.

In line with the above findings, the free component in the EPR 
spectra of CAT1 at the LN surface is almost the same as the EPR 
spectrum of CAT1 in water. This indicates that the free probes 
trapped in the water pools in the interstices of the zeolite fiber 
aggregates were not interacting with the zeolite surface; in other 
words, they are poorly affected by the zeolite surface due to the 

Table 2.	 Main parameters of computation: Percentages of the spectral 
components, polarity parameter Azz, interaction parameter 
t, spin-spin parameter line width (LW), and percentages of 
adsorbed probes

Sample	 Probe	 Adsorbed%	 Component%	 Azz (G)	 t (ns)	 LW (G)
BC	 CAT1	 85	 85	 37.5	 5.5	 24.5
			   15	 38.7	 1.75	 1.8
	 CAT8	 95	 100	 39	 4.7	 10
LN	 CAT1	 85	 91	 37.5	 2.45	 4.5
			   9	 39.2	 0.07	 0.4
	 CAT8	 87	 100	 39	 5.9	 10

Figure 8. EPR spectra of the solid particles after adsorption of CAT1 and CAT8 probes: (a) BC + CAT1; (b) BC + CAT8; (c) LN + CAT1;  
(d) LN + CAT8. The fit is obtained from the computed interacting components. The main parameters of computation are listed in Table 2. (Color online.)

a b

c d
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Figure 9. Curves of the ξ potential of the BC and LN ferrierites 
in both distilled water and organic Gamble’s modified solution (SLF). 
Legend: white points are the measurements in distilled water at 37 °C; 
gray points are the measurements in SLF at 37 °C; circles refer to the 
BC sample; and triangles refer to the LN sample.

repulsion of the positively charged ions onto CAT1. Conversely, 
the free component of CAT1 in the inter-fiber voids showed 
slower mobility (τ = 1.75 ns) in the BC aggregates with respect 
to the LN aggregates (τ = 0.07 ns). This observation is in agree-
ment with the assumption that free probe molecules inside the BC 
aggregates are affected by a negative zeolite-surface potential.

Specific surface area and ξ potential analysis. The specific 
surface areas (SSA) of the BC and LN samples were 11(1) and 
7(1) m2/g, respectively while the external surface area (ESA) of 
the BC and LN samples conditioned at 350 °C was 35(1) and 
26(1) m2/g, respectively.

The ξ potential as a function of pH of the BC and LN samples 
are plotted in Figure 9. The curves obtained in both distilled water 
and organic Gamble’s modified solution SLF (Guldberg et al. 
1998) are shown. In agreement with the literature data (Pollastri 
et al. 2014), the observed values of the ξ potential are all negative 
according to the model applied to zeolites (Pollastri et al. 2014). 
The trends are comparable to those observed for fibrous erionite 
(Pollastri et al. 2014) with a further decrease in the high pH 
range. As already observed in Pollastri et al. (2014) for fibrous 
erionite, the observed values of the ξ potential are less negative 
when the FER fibers are suspended in SLF.

Hydrothermal vs. diagenetic fibrous ferrierite
The two fibrous ferrierites investigated in this study represent 

samples of hydrothermal and diagenetic origin. Hydrothermal 
crystallization in voids of volcanic rocks is by far the most rep-
resentative mode of occurrence. Instead, only a few examples 
of diagenetic occurrences of notable importance are described 
worldwide: tertiary rhyolitic pyroclastic rocks in Lovelock, 
Nevada, U.S.A. (Rice et al. 1992), pyroclastic units of the 
Tadami-machi Fukushima Japan (Hayakawa and Suzuki 1970), 
and tertiary tuffs in Yeongil Area Korea (Noh and Kim 1986). 
Besides the famous occurrences in the U.S.A. and Canada (Rice 
et al. 1992; Passaglia and Sheppard 2001), many other examples 

of fibrous radiating crystals of hydrothermal origin are described 
in the literature. A far from exhaustive list includes Hokkaido, 
Japan (Yajima et al. 1971); Monbetsu, Hokkaido, Japan (Mat-
subara et al. 1996); Nový Jičín, Western Carpathians (Urubek and 
Dolníček 2012). Although hydrothermal occurrences of fibrous 
ferrierites are widespread worldwide, they do not represent a 
health hazard as mass/volume concentration of the zeolite phase 
in the host rock is too low to justify industrial exploitation. On 
the other hand, in diagenetic occurrences, microcrystalline fer-
rierite is often the prevailing mineral phase in the rock making 
the zeolite-rich deposit viable for mining activity. If the rock 
is mined and used for agricultural and industrial applications 
(e.g., Townsend and Loizidou 1984), exposure for the workers 
and the population to fibrous ferrierite may eventually occur. To 
the best of the authors’ knowledge, the investigated LN sample 
is the only example of diagenetic fibrous ferrierite mined and 
industrially used today.

Despite the same crystal habit, the hydrothermal BC and the 
diagenetic LN fibrous ferrierites display some differences. First 
of all, as zeolites, they show different chemistry. BC is a ferri-
erite-Mg with R = 0.80 (Si/Al = 4.2) while LN is a ferrierite-K 
with R = 0.86 (Si/Al = 6.0). The acidity of the zeolite species 
influences its biopersistence in vivo and, in turn, its toxicity. In 
fact, one of the key parameters of the fibers’ toxicity paradigm 
(Pott et al. 1994) is the biopersistence, defined as the ability of 
a fiber (or particle in general) to be biodurable (to persist in the 
human body to physico-chemical processes such as dissolution, 
leaching, breaking, and splitting) and to survive physiological 
clearance (Utembe et al. 2015). Si/Al framework ratio plays a 
key role in the dissolution mechanism in an acid environment 
(Hartman and Fogler 2007), with the dissolution rate decreasing 
with increasing Si/Al ratio. Zeolite dissolution via dealumina-
tion can result in stoichiometric framework degradation, silicate 
precipitation, partial dissolution of the silicate framework, or 
also in an intact silicate framework, in dependence of the initial 
Si/Al ratio (Hartman and Fogler 2007). In fact, acid zeolites like 
erionite with Si/Al ratio > 2.5, show little to null dissolution in 
an acid environment, because dealumination does not eventually 
cause the collapse of the framework. LN is more acidic than BC 
and hence more biodurable and potentially more toxic/pathogenic 
than the hydrothermal counterpart.

The differences in the concentration of trace elements in the 
BC and LN samples (illustrated in Fig. 4), reflects their different 
origin. In general, the BC sample is poorer in trace elements but 
shows values of Sr and Ba >1000 ppm, which are much higher 
than the corresponding amounts found in the LN sample. On 
the other hand, the LN diagenetic sample is richer in V, Cr, Mn, 
Co, Cu, Zn, As, Rb, and Pb with respect to the hydrothermal 
BC sample.

The different chemistry (namely, the content of extraframe-
work cations) is in agreement with their different crystal struc-
tures (not reported here) with the BC ferrierite-Mg showing a 
monoclinic P21/n symmetry (this study) and the LN ferrierite-K 
an orthorhombic Immm symmetry (Rice et al. 1994).

Although both BC and LN samples contain ferrierite crystals 
with fibrous asbestiform crystals (Fig. 2) of breathable size 
(regulated fibers), their concentration is obviously higher in the 
LN sample where ferrierite is the prevailing mineral phase in the 
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rock, and all of the crystals showing micrometric length. In the 
BC sample, most of the crystals exhibit sub-millimeter length, 
but the mass concentration of fibers is lower.

Similarly to fibrous erionite (Gualtieri et al. 2016), our results 
show that iron is not part of the zeolite structure but is associ-
ated with impurities, mostly concentrated at the surface of the 
fibers. In fact, in both samples, iron-rich (likely iron-oxides/
hydroxides) nanophasic clusters, or microparticles, are found 
at the surface of the fibers (Fig. 3). As explained in Gualtieri 
et al. (2016), iron should not be found in the crystal lattice of 
natural zeolites because they are secondary products formed in 
open hydrologic systems or hydrothermal environments (see for 
example Sheppard and Hay 2001) where ferrous iron present in 
the host rock is leached, oxidized, and possibly re-precipitated as 
secondary iron-bearing phases (namely oxides/hydroxides). Even 
the hydrothermal synthesis in laboratory aimed at reproducing 
the natural systems shows that the majority of Fe3+ ions is not 
structural but belongs to precipitated impurities (Bart et al. 1983).

The measured ξ potential values indicate that the overall sur-
face charge of the BC and LN samples in both distilled water and 
organic Gamble’s modified solution SLF (Guldberg et al. 1998) 
are comparable and negative (Fig. 9). Notwithstanding, the EPR 
study showed that the surface characteristics of the two samples 
exhibited distinctive features, with the BC sample presenting a 
less charged surface (richer in Si-O-Si groups) if compared to 
LN. The presence of both hydrophilic and hydrophobic surface 
groups at the surface of BC allowed a close synergy between 
hydrophilic and hydrophobic interactions for CAT1. For LN, the 
presence of a slightly higher concentration of positively charged 
ions (namely Fe3+) at the surface reduced the interaction of the 
positively charged CAT1 group with the zeolite surface.

The SSA of both the BC ferrierite samples conditioned at 
105 and 350 °C is greater than the corresponding samples of LN 
ferrierite because the BC sample is pure, whereas the LN sample 
contains impurities with low SSA, such as sanidine.

Fibrous ferrierite vs. fibrous erionite
Based on mineralogical and physical-chemical data, we here 

discuss if fibrous ferrierite can be considered a potential health 
hazard. To do so, the chemical-physical characters known to 
prompt adverse effects in vivo were compared to those of fibrous 
erionite taken as positive carcinogenic standard.

Both fibrous erionite and fibrous ferrierite can be found as 
major microcrystalline phase in diagenetic products (zeolite-rich 
rocks) that can be mined and exploited for various industrial ap-
plications (namely building materials) exposing both workers and 
population to airborne fibers during mining operations, mineral 
processing, storage, and later use of the market product, especially 
if it is sold as gravel or fine powder.

The two fibrous erionite and ferrierite can display asbestiform 
shape and can be released as airborne particulate fibers of breath-
able size, acting as regulated fibers according to the WHO (1997) 
counting criteria.

The values of the specific surface area (SSA) of the inves-
tigated fibrous ferrierites (see above) are comparable to those 
displayed by fibrous erionite [12.7(9) m2/g for the sample 
conditioned at 105 °C and 39(2) m2/g for the sample condi-
tioned at 350 °C].

For both fibrous erionite and ferrierite, iron is not structural but 
associated with impurities at the surface of the fibers. According to 
the model described for fibrous erionite in Gualtieri et al. (2016), 
iron-rich impurities may dissolve during alveolar macrophage 
phagocytosis when the 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 erionite 
channels. Specifically, one of these candidate active sites is located 
at the windows of the 6-membered rings (Fig. 10, right, showing 
the erionite framework along the c axis). These surface sites can 
be activated as iron low nuclearity groups prompting the H2O2-
mediated release of free cyto- and genotoxic hydroxyl radicals 
responsible for adverse effects. Like for erionite, the ferrierite 
framework (Gottardi and Galli 1985) also possesses a candidate 
active site at the windows of the 6-membered rings (Fig. 10, left, 
showing the ferrierite framework along the b axis) and hence the 
model above can also be applied to this zeolite species.

As we have seen above, one of the key parameters of the fibers’ 
toxicity paradigm is biopersistence. In vitro acellular studies of 
Gualtieri et al. (2018) showed that erionite-Na from Jersey is 
highly biodurable in contact with an alveolar macrophage phago-
lysosome simulated lung fluid at pH = 4 and this can be one of the 
key factors in determining its high toxicity/pathogenicity potential. 
Because the Si/Al ratio of erionite-Na from Jersey is 2.8 (Gualtieri 
et al. 2016) and that of fibrous ferrierite samples is 4.2 for BC and 
6.0 for LN, respectively, it is expected that ferrierite is even more 
biodurable than erionite in the intracellular environment.

The content of trace metals is another chemical-physical 
character that may contribute to prompt adverse effects in vivo 
of mineral fibers and should be considered in a model of toxicity/

Figure 10. The position of low nuclearity iron atoms at the surface 
of the erionite (right) and ferrierite (left) channels. In both zeolite 
species, the sites are located at the windows of 6-membered rings. 
These secondary building units are found along the c axis in the erionite 
framework (right) and along the b axis in the ferrierite framework (left). 
(Color online.)
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pathogenicity (Gualtieri et al. 2017). If we focus on the major 
metals considered of ecological and health risk: As, Co, Cr, Cu, 
Pb, Ni, Zn, V (Tóth et al. 2016), their concentration in the ferrier-
ite and erionite-Na samples evidences some differences (Table 1 
and Fig. 4). The BC ferrierite displays low concentrations that are 
comparable or lower to those of the LN ferrierite and erionite-Na. 
Hence, as far as the concentration of trace metals as potentially 
inducing toxicity/pathogenicity factor, the BC sample does not 
represent a hazard. The diagenetic LN ferrierite has a chemical 
trace that is more similar to diagenetic erionite-Na, but it shows 
a concentration of As and Pb lower than that of erionite-Na, Cr 
and Zn greater than erionite-Na, and comparable content of V.

It is very interesting to compare the interaction ability of the 
studied ferrierite samples, as inferred by the EPR analysis, with 
that of other fibrous zeolites such as erionite and offretite (Mat-
tioli et al. 2016). The adsorbed percentage of probes was high 
for CAT1 (85%) and very high for CAT8 (87–95%) for the fer-
rierite samples. These values are significantly higher than those 
obtained for the other fibrous zeolites using CAT1 (~50–54% for 
erionite, 43.5% for offretite), while they are comparable using 
CAT8 (~85–99% for erionite, 96% for offretite). The greater 
interacting ability of ferrierite with respect the other fibrous 
zeolites is also confirmed, for CAT1, by the relative percentage 
of the interacting component, which is higher for both samples 
(Fer3 91%, Fer2 85%). The interacting strength measured by 
the correlation time for motion (the interaction parameter τ) is 
comparable for ferrierite and erionite fibers regarding the polar 
sites, but the less polar sites (Si-O-Si) are better distributed at the 
ferrierite surface if compared to the erionite surface.

Implications

One of the most important implications of this work is that 
fibrous ferrierite may be considered a potential health hazard, 
just like fibrous erionite. This claim is based on the experimental 
evidence that fibrous ferrierite and erionite share several common 
features: they can occur as major microcrystalline phase in min-
able diagenetic rocks; they may display asbestiform shapes and 
disperse fibers of breathable size in the air; for both minerals, iron 
is not structural but is associated with impurities at the surface 
of the fibers that may eventually lead to the formation of surface 
active iron atoms at the window of 6-membered rings; and being 
acid zeolites, the biodurability and hence the toxicity/pathogenic-
ity potential of these fibrous minerals is potentially high.

We have seen that there are differences in the nature, crystal 
chemistry, and surface activity of the hydrothermal and diage-
netic ferrierite samples with consequent differences in potential 
risk levels. For example, EPR data for the BC sample indicate 
the presence of hydrophilic (SiO-, AlO-, SiOH) and hydrophobic 
(Si-O-Si) interacting surface groups able to bind the charged 
CAT1 probes at close sites and attract the probes in the water 
pools formed into the fiber aggregates. The interacting surfaces 
also offer a synergy between hydrophilic and hydrophobic in-
teractions for CAT8 probes. A high percentage of CAT1 probes 
weakly interacting with the surface due to competition with 
metal ions was observed for LN surface. CAT8 probes were 
less adsorbed by LN surface if compared to BC, but the more 
highly charged surface provided a stronger binding strength for 
LN compared to BC.

It must be underlined that hydrothermal fibrous ferrierites 
are widespread worldwide, but do not represent a health hazard 
as their occurrence in the host rocks represents just a beautiful 
singularity for mineral collectors with little to no exposure risk. 
On the contrary, deposits of diagenetic fibrous ferrierite are not 
widespread, but they may host microcrystalline ferrierite in min-
able amounts. If the rock is mined and used for agricultural and 
industrial applications (e.g., Townsend and Loizidou 1984), the 
risk of exposure to fibrous ferrierite may be relevant for both 
workers and the population. To the knowledge of the authors, the 
LN sample is the only example of diagenetic fibrous ferrierite 
that is mined and industrially used today.

Another important implication of this work is that, based on 
the precautionary principle, fibrous ferrierite should undergo 
toxicity tests. To this aim, in vitro 2D and 3D toxicology screen-
ing (Linde et al. 2012) are in progress. The preliminary screening 
should later be integrated with in vivo acute and chronic tests if 
the toxicity screening is positive. This road map for the assess-
ment of the toxicity/cancerogenicity potential of fibrous natural 
ferrierite may also be applied to synthetic fibrous counterparts 
that are commonly produced in laboratories or in industries 
(Göǧebakan et al. 2007).
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