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A B S T R A C T

Zeolites are minerals widely distributed in many geological contexts and, due to their unique properties, are cur-
rently used in a multitude of processes. Among them, the fibrous zeolite erionite is carcinogenic to humans via in-
halation, and its interaction with biological systems has been extensively investigated over the past decades.
However, the reasons for its toxicity are still unclear, and other fibrous zeolites are currently being studied by the
scientific community. This study investigated the chemical and structural modifications of three natural fibrous
zeolites (offretite, mordenite, and erionite) in contact with simulated lung fluid (SLF) as a function of interaction
time. The results show that all tested zeolites immersed in SLF behave similarly, exchanging the extra-framework
cation Ca2+ with the Na+ from the solution. Thus, similarly to erionite, mordenite and offretite fibres can also re-
lease calcium in the lung environment. The refined chemical composition of offretite pointed to an unbalanced
formula, with a significant lack of positive charges due to Ca2+-Na+ substitution. Such a lack could be balanced
by protons attached to framework oxygen atoms, originating Brønsted acid sites. This finding is of paramount im-
portance since surface protons and OH groups could modify the acidity of the zeolites, potentially increasing
their chemical reactivity and, consequently, enhancing the carcinogenic response.

1. Introduction

Minerals of the zeolite group are widely distributed in different geo-
logical environments. Owing to their unique properties such as cation
exchange, absorbent capability, dehydration, etc., zeolites are currently
used in a wide range of applications, including the building industry,
gas separation and purification, catalysis and as sorbents for environ-
mental remediation processes [1–2].

The fibrous zeolite erionite is recognized as a human carcinogen [3].
Consequently, there is growing concern regarding the potential health
risks associated with environmental and occupational exposure to eri-
onite in several countries, including Turkey, USA, Mexico, Iran, Italy
and New Zealand [4–9]. Similarly, other fibrous zeolites (e.g. offretite,
mordenite, mesolite and ferrierite) are currently under investigation by
the scientific community to assess their potential effects on human
health [10–13 and references therein]. Mordenite is widely used in in-
dustry (petrochemicals, catalysis, sensors, gas–liquid separation), but
its toxicological properties remain poorly studied despite its similarity
to the fibrous erionite [14–20]. Existing studies are few and often
methodologically weak, leading the IARC to classify mordenite as a

Group 3 carcinogen [3]. Offretite, though rarer, is chemically and struc-
turally similar to erionite and warrants further investigation [12]. A
fundamental point to prevent future epidemics related to the dispersion
of mineral fibres is to understand, in advance, the health effects of in-
haling such particulates resulting from weathering, mining activities,
industrial and/or agricultural applications. Current knowledge of the
biological processes triggered by inhalation of fibrous zeolites remains
extremely scarce. The only exception is erionite, which has been exten-
sively studied over the past decades, although many aspects of its path-
ogenicity are still under debate. The changes/transformations occur-
ring at the lung cell/mineral fibre interface represent a critical stage in
potentially triggering the cascade processes that may lead to the devel-
opment of lung diseases, particularly malignant mesothelioma. Many
aspects have key roles in toxic and carcinogen processes of mineral fi-
bres, such as size and fibre morphology, biodurability, chemical compo-
sition, the presence of iron and other toxic and radioactive elements,
linked impurities and many others [21–27]. One of the most critical as-
pects that remains poorly understood is the effect of cation-exchange
properties of fibrous zeolites on human health. Different studies demon-
strated that erionite fibres are generally too short to induce “frustrated
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phagocytosis” but can alter cellular homeostasis via cation-exchange,
triggering biological effects [28]. Erionite is capable of exchanging
ions, particularly its most abundant extra-framework (EF) cations (K+,
Ca2+, Na+, Mg2+), with extracellular and intracellular K+, Na+, and
Ca2+ present in lung lining fluids and in the cytosol [29–30]. In this
context, several authors have recently focused on the nature of the ex-
change processes between simulated pulmonary solutions and erionite
fibres. Crystal chemical and structural modifications of erionite-Na
leached with simulated lung fluids (SLFs) were firstly investigated by
Ballirano and Cametti [31], showing a migration of Na+ to a different
EF cationic site of erionite or a temporary partial replacement of Na+

by Ca2+, after interaction with artificial lysosomal fluid (ALF) and
Gamble’s solution, respectively. Giordani and coauthors [32] investi-
gated erionite-Ca and offretite during interactions with ALF (pH ≈ 4)
and Gamble’s solution (pH ≈ 8), showing the processes affecting the
surface of the crystals. Real-time imaging by Atomic Force Microscopy
showed particle detachment from the zeolite surfaces, superficial disso-
lution in ALF, and the formation of a thin layer of a new phase in Gam-
ble’s solution. Pacella and coauthors [33] reported the surface and bulk
modifications of erionite-K in contact with a mimicked Gamble’s solu-
tion. Their results demonstrated that erionite is more biodurable than
asbestos and can bind Na from the lung fluid within 24 h of incubation.
Significant release of K+, Ca2+, and Mg2+ was also observed, but the
contribution of accessory minerals like chabazite and nontronite was
included. Di Carlo and coauthors [34] incubated mineral fibres first in
an extracellular environment and then in an intracellular cytosol
medium. Their study showed that erionite primarily uptakes Na+ from
the extracellular fluid and exchanges it with the cytosolic K+. More-
over, the authors suggested that phagocytized erionite cannot reduce
cytosolic Ca2+ levels and alter the endoplasmic reticulum-
mitochondria cross-talk. However, a recent study did not support the
evidence that the engulfed fibres can exchange either Na vs Ca or Na vs
K, even though the same authors observed a significant decrease of cy-
toplasmic Ca2+ and concomitant increase of Na+ [35]. This aspect is
particularly relevant because several biochemical processes are regu-
lated by chemical equilibria between Ca2+ and Na+ across the cellular
membrane [36–39]. More recently, a new study on erionite incubated
in human THP-1 macrophages indicated, after phagocytosis, cations re-
lease counterbalanced by hydronium ions sequestration directly from
lysosomes [40]. The effects included rapid pH dysregulation, hyperacti-
vation of ATP-pumps, mitochondrial stress and chronic inflammation
onset.

The contrasting results in the literature highlight that the involved
mechanisms are more complex than expected and therefore need fur-
ther investigation. Moreover, it is possible that different erionite
species, classified based on of their dominant EF cation (K-, Ca-, or Na-
erionite), show significant variations in toxic and carcinogen responses,
as might other fibrous zeolites. To the best of our knowledge, the erion-
ite samples investigated so far were Na- [28,31,34,35,40] or K-rich eri-
onite [33,41], even though the fibres related to epidemic malignant
mesothelioma are Ca-rich [42–43]. In this respect, the chemical compo-
sition of the pristine material is decisive for the reactions within the
lungs. Based on these considerations, erionite-Ca was selected as testing
material for the first time in this study. The present work aims to inves-
tigate, in real-time and at significant time intervals, erionite’s chemical
and structural modifications. Additionally, this study presents a novel
comparative investigation involving two other fibrous zeolites — of-
fretite and mordenite — aimed at elucidating differences and similari-
ties in their behaviour with respect to erionite. Notably, exchange-data
for offretite and mordenite in the lung environment is lacking, despite
their potential dangerousness [10–12]. Most published studies charac-
terize the structure of the fibres after incubation with pulmonary fluids
using powder X-ray diffraction. However, in most cases, the powder
material contains impurities such as clay minerals, oxides and other ze-
olites, which may interfere with the results. To avoid this, our experi-

ments are performed on zeolite single crystals, which are used here for
the first time to rule out possible interferences. Well-shaped crystals
were selected and analysed before, during, and after interaction in
Gamble’s solution using Single-Crystal X-ray Diffraction (SC-XRD). The
accurate chemical compositions of erionite, offretite, and mordenite
samples were obtained by X-ray Energy Dispersive Scanning Electron
Microscopy (SEM-EDX) and Electron Microprobe Analysis (EMPA).

2. Materials and methods

2.1. Zeolite samples and simulated lung fluid (SLF)

Three different zeolites were tested in the present study: erionite, of-
fretite, and mordenite. The erionite sample (MB2404) is from Northern
Ireland and has been previously investigated by Giordani and coauthors
[32]. Offretite (MTS) comes from Mount Semiol, Loire, France, while
the mordenite sample (labelled MOL1) is from Sardinia, Italy, and it
was investigated from a mineralogical and toxicological point of view
by Giordani and coauthors [44]. All natural samples were newly char-
acterized in the present work using X-ray Energy Dispersive Scanning
Electron Microscopy (SEM-EDX), Electron Microprobe Analysis
(EMPA), and Single-Crystal X-ray Diffraction (SC-XRD). Chemical com-
positions and crystal structures of each sample were investigated after
immersion in SLF, at different interaction times, with SEM-EDX and SC-
XRD.

The SLF used for the experiments is the Gamble’s solution, prepared
following the method described by Rozalen and coauthors [45]. To sim-
plify the system and avoid further interferences with the extra frame-
work of zeolites, we prepared the solution with only two salts: NaCl
(112.3 mmol/L, Sigma-Aldrich, ≥99.0%) and Na2SO4 (0.556 mmol/L,
Sigma-Aldrich, ≥ 99%), maintaining the original salt concentration, as
suggested by Pacella and coauthors [33]. HCl was added to reach a pH
value of 4.5, which simulates the acidic environment of macrophage
cells, as previously described [33] to enhance a process that occurs very
slowly in vivo, in order to obtain experimental evidence of any changes
within a reasonable experimental time. Furthermore, using the same
conditions reported in previous studies, we were able to compare pub-
lished results with those obtained in this work.

One crystal from each sample was glued on the tip of a glass fibre.
The fibres were fixed on the vial’s cap and immersed in the vial contain-
ing the SLF solution. The vials were kept at 37 °C throughout the experi-
ments to simulate the body temperature. Each crystal was immersed in
a separate vial with 10 ml of Gamble’s solution, and the solution was
replaced with fresh solution every 7 days. For the chemical characteri-
zation, several crystals of each sample were immersed in separated vials
containing Gamble’s solution and extracted at the selected interaction
times. The extracted crystals were mounted on carbon tape holders for
SEM-EDX investigation. Also for these samples, the solution was re-
freshed every 7 days. The selected interaction times were: 6 days (Time
1), 13 days (Time 2), 20 days (Time 3), 26 days (Time 4), 33 days (Time
5).

2.2. Chemical characterization of zeolite samples

Chemical analyses were performed using a Zeiss Gemini Sigma 560
VP scanning electron microscope (SEM) coupled with an EDX detector
(Oxford Instruments Ultim-Max 170). Operating conditions were
10 keV accelerating voltage, 10 mm working distance, and 0° tilt angle.
Chemical compositions represent average values obtained from at least
11 point analyses conducted on a minimum of three different crystals.
In addition, the single crystals used for XRD measurements were also in-
vestigated by SEM-EDX after the end of the experiment (i.e. after one
month of interaction). In the latter case, the measurements were per-
formed for each zeolite at different crystal points.
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In order to minimize the alkali metal migration during measure-
ments, a low counting time (10 s) and raster scan mode (to reduce the
temperature increase) were adopted, as previously suggested [46,47].
Final crystal-chemical formulas were calculated by normalizing the
chemical composition using an assumed water content of 18 wt% for
erionite and offretite and 13 wt% for mordenite. The reliability of the
chemical analyses was evaluated by using the charge balance error for-
mula E% [48], along with the K-content test [12,49], and the Mg-
content test [50].

For comparison, the natural samples (MB2404, MTS, MOL1) were
also investigated by Electron Probe Microanalyser (EPMA) using a Jeol
JXA-8200 WD/ED instrument. Crystals were embedded in epoxy resin,
and chemical analyses were performed according to the recommended
protocol by Campbell and coauthors [51]. Chemical data were collected
on different crystals to assess homogeneity. The final chemical formulas
were calculated as averages based on several analytical points across
different crystals. Average compositions and details are reported re-
spectively in Tables 1 and S1 for offretite, Tables 2 and S2 for morden-
ite, and Tables 3 and S3 for offretite. Representative SEM-EDX spectra
of the samples (natural and at time 5) are reported in Fig. S1. Data’s re-
liability was evaluated using the same tests used for SEM-EDX: charge
balance error formula E%, K-content test, and Mg-content test. The
crystal chemical formulas were calculated, after renormalization of
chemical analyses based on oxygen counts of O = 72 for erionite,
O = 36 for offretite, and O = 96 for mordenite.

2.3. X-Ray diffraction

Diffraction data of natural and interacted samples in Gamble’s solu-
tion (from Time 1 to Time 5) were collected using a XtaLAB Synergy-R
diffractometer, Rigaku Oxford Diffraction, equipped with a rotating an-
ode (MoKα λ = 0.71073 Å) and a curved detector HyPix-Arc 100° A
single crystal of each natural zeolite was glued on the top of a glass fibre

Table 1
Average chemical compositions of the offretite (MTS) sample.

EMPA SEM-EDX

MTS Natural Natural Time 1 Time 2 Time 3 Time 4 Time 5 Time 5sc

Si 13.01 13.30 12.78 12.88 12.77 12.92 12.88 12.85
Al 5.00 4.69 5.24 5.10 5.18 5.10 5.13 5.20
Fe2+ 0.00 0.00 0 0 0 0 0 0
Mg 0.98 0.88 0.73 0.70 0.82 0.75 0.52 0.87
Ca 0.95 0.95 0.47 0.67 0.41 0.43 0.16 0.52
Ba 0.00 0 0 0 0 0 0
Na 0.01 0.00 1.79 1.23 1.93 1.68 2.60 1.29
K 1.10 1.08 0.98 1.20 0.97 0.98 1.14 0.87
H2O 15.37 14.35 14.53 14.56 14.54 14.49 14.62 14.44

E% 0.01 −0.73 1.43 −1.17 −3.35 1.67 0.59 4.26

Table 2
Average chemical compositions of the mordenite (MOL) sample.

EMPA SEM-EDX

MOL1 Natural Natural Time 1 Time 2 Time 3 Time 4 Time 5 Time 5sc

Si 40.21 38.94 38.97 39.17 39.25 38.81 38.96 39.17
Al 7.86 9.17 9.12 8.86 8.83 9.26 9.16 8.86
Fe2+ 0.01 0 0 0 0 0 0
Mg 0.01 0 0 0 0 0 0
Ca 2.04 2.33 1.83 1.54 1.81 1.88 1.73 1.04
Ba 0 0 0 0 0 0 0
Na 3.35 3.96 5.10 5.64 4.88 5.19 5.26 6.69
K 0.13 0.12 0 0 0 0 0 0
H2O 25.23 25.43 25.44 25.44 25.39 25.47 25.44 25.47

E% 0.04 4.98 4.17 1.61 4.05 3.49 5.14 1.23

Table 3
Average chemical compositions of the erionite (MB2404) sample.

EMPA SEM-EDX

MB2404 Natural Natural Time 1 Time 2 Time 3 Time 4 Time 5 Time 5sc*

Si 26.47 25.99 25.70 25.91 26.24 26.38 25.97 25.38
Al 9.48 10.12 10.39 10.12 9.89 9.68 9.93 10.48
Fe2+ 0.05 0.00 0 0 0 0 0 0
Mg 0.31 0.04 0 0 0 0.03 0 0
Ca 3.39 3.70 0 0 0 0 0 0.53
Ba 0.00 0.00 0 0 0 0 0 0
Na 0.08 0.18 8.04 8.03 7.41 7.53 8.3 8.45
K 2.05 2.00 2.00 1.99 1.98 1.86 2.06 1.52
H2O 28.10 29.08 29.45 29.43 29.29 29.25 29.49 29.25

E% −0.10 4.78 3.60 1.13 5.40 2.43 −3.96 −4.82
⁎ Calculated by 5 point analyses.

and mounted onto a goniometer head. Additional crystals from each
sample were glued on glass fibres and inserted in the vials with the SLF.
These fibres with single crystals were extracted from the vials at se-
lected interaction times and directly mounted on the goniometer head
for XRD experiments. After each measurement, the samples were re-
turned to the vials containing the SLF. In this way, the same single crys-
tal could be monitored at the selected interaction time.

X-ray data were integrated and corrected for absorption using the
software CrysAlisPro 1.171.43.144a [52]. Structures were solved by di-
rect methods by Shelxt 2014 [53] and refined by Shelxl 2015 [54], us-
ing the software package WingX [55]. Cations were assigned based on
the electron density peaks, bond-distances with oxygen of the frame-
work and comparison with previous reported models in literature
[56–58]. All structural drawings were produced by the software VESTA
2011 [59]. Crystal data, collection and refinement parameters are re-
ported in Tables 4, 5, and 6, for offretite, mordenite, and erionite, re-
spectively. The occupancy values are reported in Tables 7–9. Represen-
tative precession images of XRD measurements (natural and at time 5)
are reported in Figs. S2, S3, and S4, respectively for offretite, morden-
ite, and erionite. CIF files of the investigated samples are available for
download at the journal site.

3. Results and discussion

3.1. Pristine materials

The three samples were newly characterized by SC-XRD, SEM, and
EMPA. The crystal structures of the three minerals were generally con-
sistent with previous studies [56–58]. The chemical compositions of of-
fretite (Table 1), mordenite (Table 2), and erionite (Table 3), deter-
mined by SEM, were found to be consistent with those obtained by
EMPA.

In offretite (MTS) (K1.08Mg0.88Ca0.95)(Al4.69Si13.30O36)·14·35H2O
(Table 1), Ca atoms are positioned at the C1 site, located along the 12-
membered ring channels parallel to [001] (Fig. 1a). C1 lies in a split po-
sition above and below the mirror plane perpendicular to [001] with
maximum occupancy equal to 0.5 (Table 7). It coordinates to 3 H2O at
W1 and 3 H2O at W3 site (Fig. 1a). Mg atoms are located in the centre of
the gmelinite cavity (gme) coordinated by H2O, which are disorderly dis-
tributed in the ab-plane at W2 and W2A sites, and at the W4 site located
on the 3-fold axis. K atoms are found inside the cancrinite cage (can),
coordinated to framework oxygen atoms. Atom coordinates, atomic dis-
placement parameters, and occupancy factors are reported in Table S4.

The natural mordenite (MOL1) has chemical composition
(Na2.96Ca2.33K0.12)[Al9.17Si38.94O96]·25·43H2O (Table 2). Na atoms fully
occupy the C1 site, located along the 8-membered ring channel running
parallel to [001]. Ca atoms are disorderly distributed across partially
occupied sites (C2, C22, and C2A) located in the middle of the big 12-

3



UNCORRECTED PROOFTable 4
Crystal data, collection and refinement parameters of offretite (MTS) at different interaction times.
Crystal data Offretite time 1 Offretite time 2 Offretite time 3 Offretite time 4 Offretite time 5

a (Å) 13.2333(2) 13.2421(3) 13.2685(4) 13.2679(3) 13.225305(18)
c (Å) 7.57405(14) 7.57108(13) 7.5777(2) 7.57802(14) 7.57598(12)
V (Å3) 1148.67(5) 1149.74(5) 1155.34(7) 1155.28(6) 1152.39(4)
Z 1 1 1 1 1
Space group P-6m2 P-6m2 P-6m2 P-6m2 P-6m2
Refined

chemical
formula

K1Mg1Na0.82Ca0.18(Si13.14Al4.86O36)·12.78H2O K1Mg1Na0.66Ca0.34(Si13.14Al4.86O36)·12.99H2O K1Mg1Na0.37Ca0.63(Si13.14Al4.86O36)·14.46H2O K1Mg1Na0.4Ca0.60(Si13.14Al4.86O36)·13.99H2O K1Mg1Na0.73Ca0.27(Si13.14Al4.86O36)·1

Crystal size
(mm)

0.340 × 0.130 × 0.100 0.340 × 0.130 × 0.100 0.340 × 0.130 × 0.100 0.340 × 0.130 × 0.100 0.340 × 0.130 × 0.100

Data collection
Diffractometer XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100
X-ray

radiation
MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å

Temperature
(°C)

299(2) 299(2) 299(2) 293(2) 293(2)

Total time 14 m 2s 12 m 37s 4 m 1s 12 m 18s 16 m 36s
Max. 2θ (°) 75.83 75.64 75.35 71.03 70.88
Index ranges −20 ≤ h ≤ 22 −22 ≤ h ≤ 20 −16 ≤ h ≤ 20 −17 ≤ h ≤ 21 −21 ≤ h ≤ 21

−17 ≤ k ≤ 22 −22 ≤ k ≤ 21 −20 ≤ k ≤ 20 −21 ≤ k ≤ 20 −20 ≤ k ≤ 21
−13 ≤ l ≤ 10 −12 ≤ l ≤ 12 −10 ≤ l ≤ 11 −11 ≤ l ≤ 12 −12 ≤ l ≤ 12

No. of
measured
reflections

18,252 15,865 12,455 15,558 37,189

No. of unique
reflections

2345 2310 1836 1873 2010

No. of
observed
reflections
I > 2σ (I)

2214 2161 1664 1791 1925

Structure refinement
No. of

parameters
used in the
refinement

87 87 82 82 84

R(int) 0.0247 0.0297 0.0324 0.0266 0.0292
R(σ) 0.0156 0.0193 0.0235 0.0159 0.0109
GooF 1.081 1.296 1.061 1.062 1.107
R1, I > 2σ (I) 0.0339 0.0374 0.0370 0.0334 0.0339
R1, all data 0.0360 0.0399 0.0414 0.0349 0.0354
wR2 (on F2) 0.1011 0.1156 0.1065 0.0999 0.0999
Δρmin (-eÅ−3)

close to
−0.90 Mg −0.86 Mg −0.79 Mg −0.76 Mg −0.99 Mg

Δρmax (eÅ−3)
close to

0.64 W1 0.65 W1 0.58 W4 0.60 W1 0.69 W1

M
.Giordanietal.
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Table 5
Crystal data, collection and refinement parameters of mordenite (MOL) at different interaction times.
Crystal data Mordenite time 1 Mordenite time 2 Mordenite time 3 Mordenite time 4 Mordenite time 5

a (Å) 18.0816(5) 18.0538(5) 18.0625(6) 18.0690(5) 18.0722(5)
b (Å) 20.4344(5) 20.4110(5) 20.4252(6) 20.4286(5) 20.4102(6)
c (Å) 7.5228(2) 7.51706(16) 7.5220(2) 7.51987(18) 7.51752(19)
V (Å3) 2779.58(12) 2770.00(12) 2775.11(14) 2775.77(13) 2772.88(13)
Z 1 1 1 1 1
Space group Cmcm Cmcm Cmcm Cmcm Cmcm
Refined chemical formula Na6.50Ca1.02(Si38.4Al9.6O96)·27.6H2O Na6.24Ca0.72(Si38.4Al9.6O96)·26.24H2O Na6.4Ca0.85(Si38.4Al9.6O96)·26.24H2O Na6.34Ca0.92(Si38.4Al9.6O96)·25.96H2O Na6.67Ca0.61(Si40.8Al7.2O96)·25.88H2O
Crystal size (mm) 0.383 × 0.050 × 0.020 0.383 × 0.050 × 0.020 0.383 × 0.050 × 0.020 0.383 × 0.050 × 0.020 0.383 × 0.050 × 0.020
Data collection
Diffractometer XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100
X-ray radiation MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å
Temperature (°C) 299(2) 299(2) 299(2) 299(2) 299(2)
Total time 25 m 21s 18 m 12s 17 m 0s 21 m 59s 15 m 27s
Max. 2θ (°) 75.73 75.86 70.73 70.85 70.73
Index ranges −30 ≤ h ≤ 30 −30 ≤ h ≤ 29 −29 ≤ h ≤ 21 −28 ≤ h ≤ 16 −24 ≤ h ≤ 28

−34 ≤ k ≤ 34 −34 ≤ k ≤ 34 −19 ≤ k ≤ 32 −31 ≤ k ≤ 31 −32 ≤ k ≤ 31
−7 ≤ l ≤ 12 −12 ≤ l ≤ 12 −10 ≤ l ≤ 11 −11 ≤ l ≤ 11 −11 ≤ l ≤ 11

No. of measured reflections 19,727 19,629 15,547 15,600 12,423
No. of unique reflections 3881 3895 3144 3163 3166
No. of observed reflections I > 2σ (I) 3128 3111 2657 2654 2616
Structure refinement
No. of parameters used in the refinement 141 130 130 131 126
R(int) 0.0245 0.0243 0.0202 0.0194 0.0230
R(σ) 0.0205 0.0210 0.0175 0.0181 0.0232
GooF 1.068 1.065 1.056 1.095 1.075
R1, I > 2σ (I) 0.0455 0.0502 0.0489 0.0487 0.0499
R1, all data 0.0553 0.0605 0.0564 0.0565 0.0580
wR2 (on F2) 0.1579 0.1772 0.1652 0.1689 0.1721
Δρmin (-eÅ−3) close to −0.77 W2 −1.16 W3A −1.05 W2 −1.12 W2 −1.03 W2
Δρmax (eÅ−3) close to 1.06 W1 0.95 O5 0.88 W4 0.92 O5 0.96 C3

M
.Giordanietal.
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Table 6
Crystal data, collection and refinement parameters of erionite (MB2404) at different interaction times.
Crystal data Erionite time 1 Erionite time 2 Erionite time 3 Erionite time 4 Erionite time 5

a (Å) 13.2551(3) 13.2338(4) 13.2421(4) 13.2404(4) 13.2460(5)
c (Å) 15.2174(3) 15.1900(4) 15.2073(4) 15.1949(4) 15.2188(4)
V (Å3) 2315.47(13) 2303.86(15) 2309.38(14) 2306.93(15) 2312.5(2)
Z 1 1 1 1 1
Space group P63/mmc P63/mmc P63/mmc P63/mmc P63/mmc
Refined chemical formula Na7.74K2.02(Si25.80Al10.2)O72·11.13H2O Na7.50K2.01(Si25.80Al10.2)O72·11.23H2O Na7.48K2.01(Si25.80Al10.2)O72·11.20H2O Na7.67K2(Si25.80Al10.2)O72·11.38H2O Na7.42K2(Si25.80Al10.2)O72·11.27H2O
Crystal size (mm) 0.170 × 0.045 × 0.030 0.170 × 0.045 × 0.030 0.170 × 0.045 × 0.030 0.170 × 0.045 × 0.030 0.170 × 0.045 × 0.030
Data collection
Diffractometer XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100 XtaLAB Synergy R, HyPix-Arc 100
X-ray radiation MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å MoKα, λ = 0.71073 Å
Temperature (°C) 299(2) 299(2) 297(2) 297(2) 297(2)
Total time 2 h 9 m 17s 2 h 51 m 15s 2 h 51 m 5s 2 h 40 m 34s 2 h 53 m 54s
Max. 2θ (°) 61.01 61.01 61.00 61.01 60.99
Index ranges −18 ≤ h ≤ 15 −12 ≤ h ≤ 18 −14 ≤ h ≤ 18 −18 ≤ h ≤ 14 −18 ≤ h ≤ 18

−18 ≤ k ≤ 16 −18 ≤ k ≤ 12 −15 ≤ k ≤ 18 −18 ≤ k ≤ 18 −18 ≤ k ≤ 17
−21 ≤ l ≤ 21 −21 ≤ l ≤ 21 −21 ≤ l ≤ 18 −20 ≤ l ≤ 21 −21 ≤ l ≤ 13

No. of measured reflections 18,742 18,639 13,994 18,536 16,444
No. of unique reflections 1369 1361 1366 1364 1367
No. of observed reflections I > 2σ (I) 1219 1243 1088 1230 1169
Structure refinement
No. of parameters used in the refinement 86 85 86 84 82
R(int) 0.0612 0.0510 0.0691 0.0559 0.0689
R(σ) 0.0286 0.0253 0.0376 0.0290 0.0369
GooF 1.325 1.321 1.203 1.309 1.338
R1, I > 2σ (I) 0.0929 0.0802 0.0821 0.0849 0.1004
R1, all data 0.1051 0.1051 0.1075 0.0958 0.1167
wR2 (on F2) 0.1854 0.1726 0.1777 0.1816 0.2167
Δρmin (-eÅ−3) close to −0.87 C1 −0.57 C1 −0.60 C1 −0.59 C1 −0.87 C1B
Δρmax (eÅ−3) close to 0.82 C3 0.73 W1 0.78 W1 0.72 W1 0.84 C3
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Table 7
Site occupancy of offretite (MTS).
Occupancy OFF NAT time 1 time 2 time 3 time 4 time 5

Si1 0.73 0.73 0.73 0.73 0.73 0.73
Al1 0.27 0.27 0.27 0.27 0.27 0.27
Si2 0.73 0.73 0.73 0.73 0.73 0.73
Al2 0.27 0.27 0.27 0.27 0.27 0.27
O1 1 1 1 1 1 1
O2 1 1 1 1 1 1
O3 1 1 1 1 1 1
O4 1 1 1 1 1 1
O5 1 1 1 1 1 1
O6 1 1 1 1 1 1
C1 Na 0.42(2) 0.33(2) 0.18(3) 0.20(3) 0.37(3)

Ca 0.5 0.08(2) 0.17(2) 0.32(3) 0.30(3) 0.13(3)
K 1 1 1 1 1 1
Mg 1 1 1 1 1 1
W1 1 0.64(4) 0.65(4) 1 1 1
W1A 0.22(3) 0.17(3)
W2 0.36(3) 0.42(2) 0.41(3) 0.49(3) 0.45(2) 0.39(2)
W2A 0.33(2) 0.348(19) 0.35(2) 0.35(2) 0.331(19) 0.321(19)
W2B 0.30(4) 0.23(3) 0.30(4) 0.26(4) 0.32(4) 0.23(4)
W3 0.73(4) 0.69(4) 0.73(5) 0.82(5) 0.80(4) 0.81(4)
W4 0.95(3) 0.94(2) 0.92(2) 0.96(3) 0.96(3) 0.95(3)
W4A 0.07(3) 0.11(3) 0.08(3) 0.10(3)

Table 8
Site occupancy of mordenite (MOL).
Occupancy MOL NAT time 1 time 2 time 3 time 4 time 5

Si1 0.8 1 1 1 1 0.8
Al1 0.2 0.2
Si2 0.8 0.7 0.7 0.7 0.7 0.8
Al2 0.2 0.3 0.3 0.3 0.3 0.2
Si3 0.5 0.4 0.4 0.4 0.4 0.5
Al3 0.5 0.6 0.6 0.6 0.6 0.5
Si4 1 1 1 1 1 1
O1 1 1 1 1 1 1
O2 1 1 1 1 1 1
O3 1 1 1 1 1 1
O4 1 1 1 1 1 1
O5 1 1 1 1 1 1
O6 1 1 1 1 1 1
O7 1 1 1 1 1 1
O8 1 1 1 1 1 1
O9 1 1 1 1 1 1
O10 1 1 1 1 1 1
C1 0.986(8) 0.988(9) 0.983(10) 0.986(11) 0.989(11) 1
C2 0.029(13) 0.044(15) 0.043(12) 0.034(13) 0.033(11)
C22 0.035(6)
C2A 0.200(6) 0.637(11) 0.577(10) 0.613(18) 0.597(11) 0.655(11)
C3 0.124(9) 0.106(8) 0.068(7) 0.09(9) 0.098(10) 0.075(8)
W1 1 1 1 1 1 1
W2 1 1 1 1 1 1
W2A 0.169(10) 0.149(10) 0.166(10) 0.136(10) 0.160(11) 0.156(11)
W2B 0.092(7) 0.090(8)
W3 0.42(6) 0.53(7) 0.27(3) 0.31(6) 0.29(5) 0.73(8)
W3A 0.51(2) 0.44(3) 0.594(17) 0.53(3) 0.56(2) 0.36(3)
W4 0.23(3) 0.25(3) 0.78(4) 0.75(4) 0.76(4) 0.72(4)
W4A 0.335(16) 0.292(16)

membered ring channel, and in the adjacent t-mor* cavity at the C3 site
(Table 8; Fig. 2a). H2O are distributed at four main sites (W1, W2, W3,
W4), which are affected by positional disorder. Atom coordinates,
atomic displacement parameters, and occupancy factors are reported in
Table S5.

The SEM analyses of the erionite sample (MB2404) were consistent
with those obtained by EMPA, leading to the calculated chemical for-
mula: (Ca3.70K2.00Mg0.04Na0.18)[Al10.12Si25.99O72]·29·08H2O (Table 3).
Structural refinement on data sets from different crystal fragments con-
sistently showed that the EF cations distribution within the eri cavity
differs from that of our previous study, where Ca atoms were mostly lo-

Table 9
Site occupancy of erionite (MB2404).
occupancy ERI NAT time 1 time 2 time 3 time 4 time 5

Si1 0.66 0.66 0.66 0.66 0.66 0.66
Al1 0.34 0.34 0.34 0.34 0.34 0.34
Si2 0.83 0.83 0.83 0.83 0.83 0.83
Al2 0.17 0.17 0.17 0.17 0.17 0.17
O1 1 1 1 1 1 1
O2 1 1 1 1 1 1
O3 1 1 1 1 1 1
O4 1 1 1 1 1 1
O5 1 1 1 1 1 1
O6 1 1 1 1 1 1
K 1 0.985(18) 0.988(17) 0.990(17) 0.9799 1
K1A 0.014(8) 0.009(7) 0.010(7) 0.0049
C1 0.109(8) 0.277(19) 0.288(17) 0.261(16) 0.277(18) 0.27(2)
C1A 0.085(6) 0.106(15) 0.103(13) 0.080(12) 0.106(14) 0.086(16)
C1B 0.102(6) 0.068(19) 0.062(17) 0.063(17) 0.066(19) 0.06(2)
C1C 0.173(16) 0.162(14) 0.158(14) 0.173(15) 0.173(19)
C2 0.273(15) 0.36(4) 0.34(4) 0.33(4) 0.35(4) 0.35(5)
C3 0.444(10) 0.76(3) 0.74(3) 0.76(3) 0.74(3) 0.75(4)
W1 0.29(4) 0.32(3) 0.26(3) 0.28(4) 0.17(4)
W1A 0.22(4) 0.16(3) 0.16(3) 0.22(3) 0.34(4)
W2 0.259(15)
W3 0.280(16) 0.43(3) 0.46(3) 0.47(3) 0.45(3) 0.43(4)
W3A 0.39(4)
W4 0.375(16)
W4A 0.27(2)

cated at the C1 and C2 sites [32]. In contrast, the new data highlight
that the most occupied sites are C3 occ. = 0.444(10) and C2
occ. = 0.273 (15), while the residual Ca is disorderly distributed at C1,
C1A, and C1B (total occ. = 0.296) (Fig. 3a; Table 9). These latter sites
are located in the middle of the eri cavity, in the proximity of the W5
site, which, in our previous refinement, was occupied by H2O. The dis-
tribution of different EF cations obviously affects the location of the
H2O sites. W2, W3, and W3A bond to the C1 sites, additional water is lo-
cated at W4, and W4A is in the middle of the 8mr window of the eri cav-
ity (Fig. 3a). Atom coordinates, atomic displacement parameters, and
occupancy factors are reported in Table S6.

The observed structural differences, and the lower amount of Mg
content reported by the chemical analyses compared to our previous in-
vestigation are ascribed to the presence of offretite stacking-faults in
the crystal measured by [32]. In the present study, none of the analysed
crystals showed electron density that could be associated with residual
Si or O from offretite faults, effectively ruling out their presence.

3.2. Interaction with simulated lung fluid

Offretite (MTS). Chemical analyses of offretite at different interac-
tion times show a general decrease in Ca content and an increase in Na
(Table 1, Table S1, Fig. S1). The Na uptake rises from 1.79 to 2.6 apfu,
from times 1 and 5, respectively. Some fluctuations in the Ca/Na trend
are partially ascribed to the chemical variability among the analysed
crystals, although structural refinements consistently confirm the same
compositional trend. The Na content at different interaction times
varies inversely with Ca, confirming that Na substitutes Ca during the
exchange process. In contrast, Mg and K contents remain unaffected by
the fluid interaction. At time 1, a pronounced decrease in the site scat-
tering (ss) of C1, along with a reduction in unit-cell volume, points to
the incorporation of a lighter and smaller cation (Table 7). In agree-
ment with the chemical analyses, the C1 site (i.e., the only site hosting
Ca atoms) is affected by significant changes in the site scattering.
Therefore, C1 occupancy was refined using mixed Ca and Na scattering
curves. The refinement converged to a total occupancy of 0.5 apfu cor-
responding to 0.08 Ca and 0.42 Na apfu (Fig. 1b, Table 7). Although
the good quality of the structural refinement, this leads to an unbal-
anced refined chemical composition, with a defect of positive charges
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Fig. 1. Perspective view of the crystal structure of offretite (MTS) projected along [001] and [110]. The silicoaluminate framework is represented by blue (Si/Al)
and red spheres (O). (a) Crystal structure of natural offretite showing the gmelinite and cancrinite cavities, as well as the 12-memebred ring channel. The extra
framework cations are labeled according to sites name: Ca is represented in dark cyan, Mg in orange, K in purple, and Na in yellow. Partial occupancy of the refined
sites is shown by partially colored spheres. Structure of offretite after 1 week (b) and five weeks (c) of interactions with SLF.

Fig. 2. Crystal structure of mordenite (MOL1) projected along [001], at natural conditions (a), time 1 (b), and time 5 (c) of interaction with SLF. Color code as in Fig.
1. The dashed blue circle highlights the 12-membered ring channel parallel to [001], where most of the Na replaces Ca during the interaction with SLF.

Fig. 3. Perspective view of the crystal structure of erionite (MB2404) projected along [110], at natural conditions (a), time 1 (b), and time 5 (c) of interaction with
SLF. The extra framework cations are labeled according to sites name. Color code as in Fig. 1.

8
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due to the Ca2+-> Na+ substitution. In addition, no evidence was
found for: i) peaks in difference Fourier maps, suggesting the presence
of additional EF sites, which might be potentially occupied by residual
Na; ii) variations in the occupancy or coordination of the H2O sites,
which might host additional Na.

The same scenario was observed in the structure obtained at subse-
quent interaction times (Fig. 1c, Tables S). Overall, i) refinements con-
sidering only Ca at C1 site resulted in a net decrease of the site scatter-
ing factor; ii) refinements carried out by using mixed scattering curves
(i.e. Ca vs Na) lead to an unbalanced chemical formula, with an excess
of negative charges; iii) the chemical variations observed throughout
the incubation period (from time 1 to time 5) were consistently repro-
duced by the refined chemical composition (Fig. 4). At present, it re-
mains unclear whether additional Na is located at surface sites or
whether the lack of positive charges is compensated by the presence of
protons attached to framework oxygen atoms.

Mordenite (MOL1). The observed trend in mordenite is in line with
the other samples, albeit with differences. A significant increase of Na
content (from 3.96 to 5.10 apfu), and a corresponding decrease of Ca
(from 2.33 to 1.83 apfu) occur already at time 1. Similar to what was
observed in offretite, although to a lesser extent, the trend of the chem-
ical composition is characterized by slight oscillations during the inter-
action time. However, Ca is never fully replaced by Na. At time 5, the
total Ca and Na contents are 1.73 and 5.26 apfu, respectively (Table 2;
Table S2, Fig. S1).

Structural refinements showed that, among the EF cation sites, the
most affected is C2A, whose occupancy factor varies significantly over
time. Ca at C2A (sof = 0.200(6)) in the pristine material is replaced by
Na (sof = 0.637(11)) at time 1 (Table 8). This refined value remains
approximately constant up to the end of the experiment. The H2O
slightly rearranged its distribution over the partially occupied sites, as
demonstrated by minor variations in the sof values of the W4, W3 and
W4A sites.

Erionite (MB2404). Chemical analyses performed on erionite inter-
acted at different times with the SLF showed a complete release of Ca
(from 3.70 to 0 apfu) already at time 1 (i.e., after one week). No Ca was
detected up to the end of the experiment (time 5). Accordingly, Na con-
tent strongly increases at time 1, from 0.18 in the natural sample to
8.04 apfu (Table 3; Table S3, Fig. S1). Slight variations of K and Na
content observed in the immersed crystals from time 1 to time 5 are

within 1σ and are not significant. Notably, a Ca content of 0.53 apfu
was determined in the single crystal used for the XRD measurements.
This finding is quite surprising, since no Ca was detected in any of the
other crystal fragments immersed in the solution during the entire ex-
periment. We hypothesize that the incomplete Na-exchange, observed
only on the single crystal used for SC-XRD, might be caused by the dif-
ferent type of crystal-solution exposure. In the multi-crystals/solution
setup, fragments are fully immersed and in contact with the liquid, fa-
cilitating cation exchange. By contrast, the single crystal was glued on
one side to the glass fibre, which might hinder or slow down the cation
diffusion during the exchange process. Additionally, the chemical
analyses obtained on the single crystal are all affected by a low K con-
tent (on average 1.52 apfu), indicating that the chemical data in this
case are less reliable than those obtained from the crystal fragments
[26]. The structural refinements indicated that the entering Na atoms
locate at the same EF sites (i.e. C3, C2 and C1) occupied by Ca in the
pristine material, without significant differences in terms of atomic co-
ordinates. The H2O slightly rearranges at W1, W1A and W3. These sites
are closely spaced, pointing to the disorder of the water molecules,
which link C2 and C1 sites between two eri cavities (Fig. 3). Potassium
remains unaffected by the exchange process, as expected and usually
reported for this large cation residing in the cancrinite cage [49]. Nev-
ertheless, at interaction times 1,2,3, and 4, residual electron density
was observed near the K site (Table 9). This was modelled by inserting
an additional site (K1A), refined with K scattering factors occ.= 0.014
(8). No significant differences are observed in EF cations-position at
time 2, 3, 4, and 5, indicating that, under these experimental condi-
tions, the exchange process can be considered “equilibrated” after one
week of interaction.

The interaction experiments showed that the three fibrous zeolites
behave similarly when in contact with the simulated lung-fluid. Over-
all, the zeolites uptake most of the Na from the solution within the first
week of interaction, and prolonging the time has no significant addi-
tional effects. Moreover, in all investigated samples, the R value (R=Si/
Si+Al) remained constant throughout the experiment (Tables S1–S3),
meaning that little to no dealumination process took place, as also ob-
served in a previous study performed on erionite powder [31].

In the three investigated zeolites, cation exchange occurs via Ca re-
placement by Na ions in the solution. As observed in erionite, offretite
does not release Mg or K, because these two cations are located inside

Fig. 4. Ca and Na apfu of offretite obtained from structural refinement (XRD) and from chemical analyses (SEM-EDX). Red curve shows the apfu content obtained by
refining C1 site using only Ca (a) or Na (b) scattering factors. Green curve reports the Ca (a) and Na (b) amounts by refining the C1 site by using mixed scattering
curves.
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the gmelinite and cancrinite cage, respectively, which are more difficult
to access (Fig. 1). Thus, fibrous offretite would similarly release Ca in-
side the lung environment if inhaled. The same applies to mordenite,
which releases all available Ca, i.e., the one located in the large 12-
membered ring channels, within 5 weeks of interaction.

This exchange process is consistent with what expected for erionite
and mordenite, based on structural factors (i.e., interconnectivity of
their pores and channels) and previous studies on their cation exchange
capacity [31,60]. More intriguing is the case of offretite, for which the
exchange capacity in aqueous solutions has been reported so far only
for offretite synthesized with TMA template [61]. Under the applied ex-
perimental conditions, cations at C1 (i.e. in the centre of the big 12-
membered ring channels) are those affected by the exchange process.
However, the exact substitution mechanism remains unclear. Despite
the high quality of the data and structural refinements, the resulting
chemical formula remains unbalanced, exhibiting a deficiency in posi-
tive charges. As we stated before, it is unclear how the offretite struc-
ture compensates for this charge imbalance (i.e., additional Na at the
surface, or presence of H+). This issue is particularly significant be-
cause proton incorporation increases the acidity of the zeolite, thereby
enhancing its chemical reactivity. In the lung environment, increased
reactivity of the inhaled particles can be a critical factor in triggering
carcinogenic reactions [38,62]. Some authors addressed to a small
charge unbalance, resulted from minor EF cation release in SLF, the
contribution of protonation of oxygen atoms of the framework, result-
ing in OH groups having the potential to act as a Brønsted acid sites
[41]. However, this mechanism is unlikely in the presence of a large
charge mismatch without loss of crystallinity, as suggested by Ballirano
and coauthors [40].

Despite the general trend, the substitution mechanism in offretite
could be more complex than initially hypothesized. The slight varia-
tions in the cation content observed as a function of time (Table 2)
could, in principle, be related to chemical variability and inhomogene-
ity of the different fragments investigated by SEM-EDX. On the other
hand, a comparable trend is confirmed by XRD data, which were col-
lected on the exact same single crystal for the entire study. Fig. 4 com-
pares the amount of Ca (Fig. 4a) and Na (Fig. 4b) obtained from struc-
tural refinements as a function of time with those estimated by the
SEM-EDX analyses. The following cases were considered in each graph:
i) C1 sof refined by using either Ca- or Na-scattering curves; ii) C1 re-
fined by mixed scattering curves, i.e., Ca vs Na. Interestingly, a similar
process was also observed on erionite after 48 h of leaching in SLF,
where a transient Ca uptake was followed by Na reacquisition [31]. In
this case, the authors attributed this behaviour to unwanted pH devia-
tions from 7.4 after long-term CO2 diffusion, the appearance of amor-
phous material and minor precipitation of calcium carbonate. The in-
terpretation of such behaviour should consider that cation exchange is
actually a dynamic process, rather than a simple unidirectional substi-
tution of ions. In this context, the exchange should be viewed as a con-
tinuous equilibrium between the ions in solution and those within the
zeolite structure. This dynamic nature suggests that cations could be
mutually replaced through repeated cycles of adsorption and desorp-
tion during the interaction period, rather than in a single event.

This behaviour could also be related to retention or precipitation
mechanisms, in which cations temporarily accumulate near or within
the zeolite cages. These ions can form loosely bound or partially hy-
drated complexes at surface sites, which can subsequently be resorbed
or replaced depending on changes in concentration, ionic strength, or
local structural rearrangements. Consequently, the overall exchange
process represents a balance between kinetic and thermodynamic fac-
tors, in which ionic mobility, hydration energy, and structure flexibility
all play essential roles in determining the efficiency and selectivity of
cation adsorption.

3.3. Comparison with previous experiments on erionite

Cation exchange processes occurring in erionite upon contact with
simulated lung fluids have been investigated by several authors
[31–34]. To the best of our knowledge, the chemical composition of all
erionite fibres previously examined in studies on lung-fluid interactions
differs from that of the Ca-rich erionite found in Tuzköy, Turkey
[42,43], a locality where lung diseases have been unequivocally associ-
ated with this mineral. The only exception is the erionite sample ana-
lyzed by Giordani and coauthors [32], who, however, focused primarily
on the chemical modifications at the mineral surface. In this context, it
is worth emphasizing that the present experiments were conducted on
erionite-Ca, which more accurately represents the composition of fibres
implicated in the onset of pulmonary diseases such as malignant
mesothelioma [63,64].

It is well established that the chemical composition of the pristine
material can be a decisive factor in determining the reactions occurring
within the lungs. Chemical composition, for example, is strongly linked
to fibre bio-persistence and carcinogenic mechanisms, in which iron
and trace elements play a significant role [65–67]. In the case of erion-
ite fibres, the extent to which the dominant EF cation contributes to the
development of lung disease mechanisms remain uncertain. Therefore,
even limited variability in chemical and physical features, such as local
compositional differences, may be relevant and should be taken into ac-
count.

In a previous study on erionite-Na in contact with ALF solution (Na-
rich, pH = 4.5), the authors reported progressive Na+ migration from
Ca1 to Ca2 and to alternative sites associated with water molecules, ul-
timately leading to a Mg2+ segregation at Ca1 and Na+ at Ca2 [31].
Similarly, in erionite-K, a marked replacement of Ca by Na was ob-
served after one hour of interaction with the lung fluid (pH = 4.5)
[33], followed by a complete Ca/Na exchange after one month. Struc-
tural investigations in the same study suggested a partial redistribution
of cations toward positions previously occupied by H2O within the eri-
onite cage [33]. The observed decrease of s.s. at Ca1 (containing Mg
and Na) and Ca3 (Ca), coupled with an increase at Ca2 (Na), was inter-
preted as evidence of Na migration toward Ca2, cation redistribution
within the erionite cage (s.s. decrease at Ca1), and Ca release (s.s. de-
crease at Ca3). In the present study, cation redistribution at water sites
was not observed. The incoming Na mainly locates at the same crystal-
lographic positions (C1, C2, C3) previously occupied by Ca. The C2 site
identified in this work corresponds approximately to the Ca2 position
reported by Pacella and coauthors [33], whereas the C3 site (this work),
positioned at the 6-membered ring window of the erionite cage, is
empty in their sample. Furthermore, the K1 site described by Pacella
and coauthors [33], which reflects the higher K content of their mater-
ial, is occupied by H2O in our sample. Table 10 presents a comparative
summary of the principal observations reported in the literature and
those derived from the present investigation.

A further important improvement of the present study lies in the
ability to exclude the influence of minor phases and impurities on the
cation exchange mechanism in SLF. Accessory phases are commonly as-
sociated with natural zeolites and are difficult to eliminate in powder
samples, whereas single-crystal XRD provides superior data quality.

However, the crystals investigated here (elongated prisms rather
than thin fibrils) are not respirable, representing a simplification of the
system that nevertheless allowed the investigation of pure mineral
phases. Other aspects are thus only approximated; for instance, the rate
of cation exchange in thin fibrils, which have a higher specific surface
area, would likely be greater. Finally, given the different chemical com-
position of the erionite examined in this work (Ca-rich), it is notewor-
thy that Ca ions are rapidly exchanged with Na from Gamble’s solution,
quickly converting the material to erionite-Na. Therefore, while the EF
composition of natural erionite may influence its activity, this effect is
probably limited to the early stages of interaction.
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Table 10
Summary of the main results obtained on erionite-exchange processes, as re-
ported in literature and in the present study.

Erionite pH rate of
exchange

final Na
content

cation site
redistribution

[31]
Ballirano
and
Cametti

eri-Na 4,5 Marginal
modifications
after 48 h and 4
months

4.49 apfu
after
48 h,
4.22 apfu
after 4
months

Segregation of Mg2+ at
Ca1, migration of Na+
from Ca1 to Ca2 and
toward sites located
near the water molecule
sites

[33]
Pacella et
al., 2021

eri-K 4,5 Significant
replacement of
Ca by Na in 1 h,
full replacement
in 1 month

3.06 apfu
after 1 h,
3.75 apfu
after 1
month

Increase of Na+ at Ca2,
redistribution of Mg2+
and Na+ at Ca1,
decrease of Ca2+ at
Ca3. Partial
redistribution of cations
to position previously
occupied by H2O in
erionite cage

Present
work

eri-Ca 4,5 Full
replacement of
Ca by Na in 1
week

8.04 apfu
after 1
week,
8.30 apfu
afte 5
weeks

entering Na mainly at
the same
crystallographic
positions C1,C2,C3
previously occupied by
Ca.

4. Conclusion

This study provides direct, atomic-scale insight into the chemical
and structural transformations of fibrous zeolites (offretite, mordenite
and erionite-Ca) interacting with simulated lung fluid (SLF). Using SC-
XRD and SEM, the cation exchange mechanisms and framework modifi-
cations were monitored in real time on the same individual crystals, ef-
fectively eliminating the influence of impurities and phase heterogene-
ity that have limited previous investigations. For the carcinogenic eri-
onite, it has been recently hypothesized that cation exchange in the
lung environment may play a crucial role in developing lung diseases.
In contrast, background knowledge on other fibrous zeolites is limited,
and the present study represents a first step toward filling this gap, sup-
ported by the comparison of the well-studied erionite case.

Significant Ca-to-Na exchange was observed in all tested zeolites,
with erionite exhibiting the fastest kinetics. Offretite and mordenite
showed slower but still substantial exchange, and for the first time,
structural modifications of fully exchanged offretite were directly ob-
served, potentially having significant relevance to the field of material
sciences and related applications. The refined chemical composition of
offretite indicated complex charge compensation mechanisms, high-
lighting the intricate nature of cation substitution in these materials.

These findings advance the understanding of how interfacial
processes, including ion migration, protonation, and cation substitu-
tion, modify surface chemistry, acidity, and reactivity in fibrous zeo-
lites, with potential implications for their bioreactivity and toxicity.
The continuous monitoring of individual single crystals throughout the
interaction represents a methodological novelty, providing reliable,
time-resolved data.

Overall, this work establishes a robust foundation for future studies
investigating more complex systems, including sequential interactions
with simulated extracellular and intracellular lung fluids, and con-
tributes to the broader understanding of zeolite behavior at min-
eral–biological interfaces.

Environmental implication

Erionite is a fibrous zeolite classified as a Group 1 human carcino-
gen by the International Agency for Research on Cancer. While many
aspects of its toxicity mechanisms remain unclear, other fibrous zeolites
are under investigation. This study examined the chemical and struc-

tural changes of erionite, offretite, and mordenite in contact with simu-
lated lung fluid. For the first time, single crystal X-ray diffraction was
used to monitor these changes, eliminating the influence of accessory
phases and impurities. A key innovation was the continuous observa-
tion of the same single crystal throughout the experiment, providing
new insights into ion exchange and structural evolution.
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