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A B S T R A C T

Sepiolite, a hydrated magnesium silicate with tunnel-like structures, contains zeolitic water (H₂O), bound water 
(OH₂), and structural water (OH), which influence its thermal and structural properties. This study investigates 
the dehydration dynamics of sepiolite using in situ variable-temperature infrared (IR) spectroscopy (25–300 →C) 
and classical molecular dynamics (MD) simulations. The IR spectra reveal that most of the zeolitic water mol-
ecules (v3375 cm↑1 and δ1660 cm↑1) are lost at ~100 →C, and the residual zeolitic water molecules are lost at 
~200 →C. Confinement in tunnels makes zeolitic waters more thermodynamically stable than surface-adsorbed 
waters (v3252 cm↑1), which are completely lost by 100 →C. The gradual evacuation of the tunnel results in a 
shift in the stretching vibration of structural waters from 3690 to 3675 cm↑1 due to diminished repulsion from 
the hydrogen atoms of zeolitic waters. The bound waters (v3616, v3565 and δ1625 cm↑1) are stable until 300 →C 
and subsequent loss induced the folding of layers. The MD simulations of a 4a ↓ 2b ↓ 10c supercell (Sep-8H2O to 
Sep-0H2O zeolitic water hydration states) show a ~ 1.2% tunnel height reduction upon dehydration, consistent 
with weakened Si–O–Si ribbons (1210 shifts to 1195 cm↑1). The zeolitic water molecules form 4, 3, and 2 
structured layers in Sep-8H₂O, Sep-4H₂O, and Sep-2H₂O, respectively, with diffusion coefficients increasing from 
5.0 ↓ 10↑10 m2/s to 7.5 ↓ 10↑9 m2/s as hydrogen bonding decreases. These findings elucidate the coordinated 
interplay of water types and structural changes in sepiolite, offering insights into its thermal stability and po-
tential applications in catalysis and adsorption.

1. Introduction

The palygorskite-sepiolite group consists of 2:1 phyllosilicate clay 
minerals that exhibit modulated structures characterized by periodic 
inversion of Si tetrahedra every two pyroxene chains in palygorskite and 
three in sepiolite (Fig. 1a). This modulation forms nanoscale tunnels 
whose width is 10.60 Å (sepiolite), 6.40 Å (palygorskite), and height is 
~3.7 Å for both minerals (Singer, 2002).

The ideal formula per half-unit cell is Si12Mg8O30(OH)4(OH2)4⋅xH2O 
for sepiolite and Si8Mg5O20(OH)2(OH2)4⋅xH2O for palygorskite. The 
formula indicates three types of water associated with the structures of 
both minerals. First is the OH — structural water which represents the 
hydroxyls coordinating with the Mg2↔ in the octahedral sheet (i.e., 
Mg3OH species) like in typical trioctahedral 2:1 layer silicates; second is 
the OH2 — bound or coordination water to the Mg2↔ at the edges/walls 
of the tunnels (i.e., MgOH2 species); and the third type of water is the 

H2O — zeolitic water in the tunnels (Brauner and Preisinger, 1956; Post 
et al., 2007).

Zeolitic water (Zw) molecules in sepiolite/palygorskite can influence 
the partitioning of molecules into the tunnel, often requiring partial 
dehydration to facilitate adsorption (Fois et al., 2003; Kuang et al., 2003; 
Giustetto and Chiari, 2004; Ovarlez et al., 2009; Tilocca and Fois, 2009; 
Dejoie et al., 2011; Karataş et al., 2017; Li et al., 2022). Furthermore, 
research on fluid properties under nanoconfinement indicates that, even 
without cations, confined fluids exhibit distinct properties and reactivity 
compared to their bulk counterparts — a phenomenon known as the 
confinement effect (Wang, 2014; Morikawa et al., 2015; Fumagalli et al., 
2018; Ilgen et al., 2023). Thus, studying the dehydration of sepiolite and 
palygorskite surfaces and tunnels can elucidate the structure, dynamics, 
and reactivity of confined water in these minerals.

There have been several experimental and computational ap-
proaches to study surface and tunnel hydration and dehydration of 
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sepiolite. Thermal and differential thermal approaches have been used 
to provide information on the water types, content, and thermody-
namics, including thermal stability, dehydration/dehydroxylation steps, 
and associated enthalpies (Brauner and Preisinger, 1956; Serna et al., 
1975; Sarikaya et al., 2000; Frost and Ding, 2003; Bukas et al., 2013; 
Hojati and Khademi, 2013; Yılmaz et al., 2013; Ogorodova et al., 2014). 
X-ray diffraction (XRD) has been instrumental in understanding crys-
tallographic transformations, unit cell parameters, and phase changes 
during hydration, dehydration and dehydroxylation (Brauner and 
Preisinger, 1956; Nagata et al., 1974; García-Romero et al., 2007; Post 
et al., 2007; Fashina and Deng, 2022). Being sensitive to specific bond 
vibrations, Fourier transform infrared spectroscopy (FTIR) provides 
molecular-level information complementary to structural (XRD) and 
mass/energy (thermogravimetric analysis, microcalorimetry, etc.) 
changes during the dehydration of sepiolite (Sarikaya et al., 2000; Frost 
and Ding, 2003; Bukas et al., 2013; Tsampodimou et al., 2015). Nuclear 
Magnetic Resonance (NMR) spectroscopy, particularly solid-state NMR, 
provides unique atomic-level insights into the hydration states of sepi-
olite (Weir et al., 2002) and the structural changes associated with the 
hydration and dehydration of sepiolite (Facey et al., 2005; Ogorodova 
et al., 2014). The hydration and dehydration of sepiolite not only cause 
changes to the framework but also to the arrangement and distribution 
of the Zw molecules. Through Rietveld refinement of synchrotron 
powder XRD data and molecular dynamics (MD) simulation, insights 
have been gained into the sites of zeolitic waters in the tunnel of sepi-
olite for fully hydrated and fully dehydrated phases (Post et al., 2007; 
Zhou et al., 2016). Results from near-infrared experiments suggest that 
there is at least one intermediate state during the zeolitic dehydration of 
sepiolite tunnels (Bukas et al., 2013). Hence, the dehydration of the 
tunnel is a step process which involves continuous re-organization and 
re-distribution of zeolitic waters.

This study investigates structural changes of sepiolite and zeolitic 
water dynamics through a combination of experimental and computa-
tional approach. In situ heating experiments monitored subtle changes 
to the infrared bands of sepiolite to elucidate the impact of dehydration 
on the structure and thermodynamics of sepiolite. Given the complexity 

of studying confined fluids — due to overlapping electrical double layers 
(EDLs) from opposing surfaces (Mg–OH2 on tunnel sides and Si–O on 
top/bottom; Fig. 1a) — molecular dynamics simulations were employed 
to determine the contribution of each surface to the structure, dynamics, 
and distribution of zeolitic water across hydration states.

2. Materials and methods

2.1. Sample preparation

The sepiolite sample was from the Caba!nas de la Sagra mine located 
in the municipality of Caba!nas de la Sagra, province of Toledo, central 
Spain. It was collected by one of the authors (Y. Deng) on a field trip 
organized at the 2010 SEA-CSSJ-CMS Trilateral Meeting on Clays 
(Seville, Spain). The sepiolite is a Middle Miocene lacustrine–palustrine 
precipitate formed in evaporitic, Mg-rich shallow basins of the central 
Tagus (Tajo) Basin (Delgado et al., 1977; Lomoschitz et al., 1985). This 
sample was used in our earlier study (Fashina and Deng, 2022), the in 
situ XRD pattern during heating and the EDS spectrum of the specimen 
were reported there. It is relatively pure sepiolite sample with minimum 
amount of mica. The sample was also characterized by simultaneous 
thermal analysis (TGA/DSC) on a TA Instruments Discovery SDT 650. 
The TGA/DSC analysis was performed under N2 atmosphere between 25 
and 500 →C at temperature increment of 10 →C/min (See SI). The Scan-
ning Electron Micrograph of the sepiolite sample shows elongated 
fibrous morphology with bundled and intertwined needle-like laths (See 
SI). The Si:Mg ratio of ~1.48, which is very close to the ratio of 1.5 
shown in the ideal formula, and Si:Al ratio of ~19.25 (Fashina and Deng, 
2022) confirmed a rounded structural formula of Si12(Mg7.4,Al0.6) 
O30(OH)4(OH2)4⋅xH2O. This is the formula expected for near-ideal and 
high-purity sepiolite with minimal substitution (Frost et al., 2001; Post 
and Heaney, 2008; García-Romero and Su”arez, 2010). The sepiolite was 
treated with sodium acetate buffer solution to remove carbonates and 
with dithionite-citrate-bicarbonate to remove iron oxide minerals. The 
ω2 μm fraction of sepiolite was separated from the bulk by centrifuga-
tion. The sample was previously characterized by using in situ variable- 
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Fig. 1. (a) Polyhedral (top) and ball and stick (bottom) models of sepiolite (Brauner and Preisinger, 1956) viewed along tunnel direction, and (b) a schematic of the 
Dewar transmission/reflection accessory.
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temperature XRD and thermogravimetric analysis (Tsampodimou et al., 
2015; Fashina and Deng, 2022).

2.2. Variable temperature infrared spectroscopy

About 0.1 mL of sepiolite dispersion (5 mg/mL) was pipetted on a 32 
↓ 2 mm ZnS disc (International Crystal Laboratories, Garfield, New 
Jersey, United States) and left to air-dry for 24 h. The dried film was 
stored for 48 h at 22 →C under an atmosphere of ~100% relative hu-
midity. Infrared spectra were recorded between 4000 and 800 cm↑1 at a 
resolution of 2 cm↑1 as the average of 32 scans on a Perkin Elmer 
Spectrum 100 Fourier-transform infrared spectrometer (FTIR; Perkin 
Elmer, Waltham, Massachusetts, USA). The Dewar transmission/reflec-
tion accessory (Harrick Scientific, New York, USA) was mounted on the 
spectrometer for in situ variable temperature dehydration of sepiolite 
(Fig. 1b). The temperature was monitored with the Harrick ATC-024-2 
temperature controller. The spectra were acquired between 25 and 
300 →C while allowing a dwell time of 5 min at each temperature interval 
before spectra were acquired. The infrared spectra of the supporting ZnS 
disc were recorded at the same temperatures to be used as the blanks at 
the corresponding temperatures. We checked the FTIR pattern of the ZnS 
after 400 →C heating, and observed no new bands compared to the un-
heated ZnS disc, suggesting the changes in the recorded infrared spec-
trum were not due to the oxidation, if any, of the ZnS disc itself.

For post-processing of the infrared spectra, the blank spectrum of the 
ZnS disc was subtracted from the sample spectrum followed by the 
deduction of the empty blank at corresponding temperatures (i.e., the 
spectrum of the ambient surroundings). The former allows the correc-
tion for impurities and artifacts (e.g., background) while the latter 
corrects for the contributions from the environment (e.g., moisture, 
etc.). The difference calculation was performed in the absorbance scale 
because it has a linear relationship with concentration and path length. 
The resulting spectrum is mildly smoothed such that the spectral fea-
tures of interest are not altered. The difference calculation and the 
Savitzky-Golay smoothing algorithm were implemented in the Spectrum 
10 software (Perkin Elmer, Waltham, Massachusetts, USA).

2.3. Classical molecular dynamics

2.3.1. Structural models and force fields
The starting structure was a unit cell of sepiolite with lattice con-

stants a ↗ 13.405 Å, b ↗ 27.016, c ↗ 5.275, and α ↗ β ↗ γ ↗ 90.00→ (Post 
et al., 2007). The formula for an ideal half unit cell of sepiolite is 
Si12Mg8O30(OH)4(OH2)4⋅xH2O, where x can vary between 0 (zeolitically 
dry) and 8 (~ 100% zeolitically hydrated) depending on experimental 
conditions (Post et al., 2007; Bukas et al., 2013). To model the structure 
and organization of the Zw molecules in the tunnels of sepiolite, the 
ideal unit cell of sepiolite was expanded to a 4a ↓ 2b ↓ 10c supercell. 
Each tunnel in a half-unit cell has 8 Zw molecules and 4 Bw molecules 
making a total of 1920 water molecules. The supercell has 15,040 atoms 
(Table 1) and lattice parameters of a ↗ 53.62 Å, b ↗ 53.03 Å, c ↗ 52.75 
Å, and α ↗ β ↗ γ ↗ 90.00→, representing the fully hydrated sepiolite. To 
generate structures at various zeolitic hydration/dehydration states: 
two, four, six, and eight Zw molecules (from each half unit cell) were 
randomly removed from the fully hydrated tunnel. Hence, a total of four 

structures were generated, differing in the number of zeolitic water 
molecules — 8, 4, 2, and 0 per tunnel, and are denoted as Sep-8H2O, Sep- 
4H2O, Sep-2H2O, and Sep-0H2O, respectively (see SI and Table 1.). 
Editing and visualization of the starting models were implemented in 
Material Studio, Ovito, and Vesta (Stukowski, 2009; Momma and Izumi, 
2011; BIOVIA, 2018). A list of abbreviations used within the text is given 
in Table 2.

The forcefield parameters for water were in accordance with the 
flexible SPC water model and sepiolite with Clayff, respectively 
(Teleman et al., 1987; Cygan et al., 2004, 2021). Following Clayff, all 
the atoms were non-bonded except for the three waters – H2O (Zw), OH2 
(Bw), and OH (Sw). Similarly to Ockwig et al. (2009), the only modifi-
cation to Clayff was the charge assignment for the Mg2↔ atoms at the 
edge of the tunnel (MgOH2) which were adjusted to ↔1.620 e (where e is 
the elementary charge) to maintain neutral models.

2.3.2. Simulation methods
Structural models were optimized using the conjugate gradient al-

gorithm (Ford, 2015) followed by a microcanonical NVE ensemble 
(constant number of atoms N, constant volume V, and constant Energy 
E) of the models at 300 K for 1 ns using a 1 fs timestep to equilibrate the 
structures. Two canonical NVT ensemble (constant temperature T) runs 
were each conducted at 300 K for 2 ns while damping (relaxing) the 
temperature at 100 timesteps. Finally, two isothermal-isobaric NPT 
ensembles (constant pressure P) were performed at 1 atm and 300 K for 
2 ns each at 1 fs timestep. In both the NVT and NPT runs, the first runs 
were to maintain stable temperature and pressure while the second runs 
were the production runs. Temperature and pressure were controlled 
using a Nos”e-Hoover thermostat and barostat (Shinoda et al., 2004).

From the production runs, the (i) number of H-bonds (NH2O) and the 
H-bond lengths (LH2O) were calculated based on geometric constraints 
— angle and distance (See SI), (ii) one-dimensional self-diffusion coef-
ficient, D, in the z plane (Cygan and Kubicki, 2001), (iii) radial distri-
bution functions (RDF) (Allen and Tildesley, 2017), atomic density 
profiles (ADP) were plotted using Mg atoms on the edge/walls of the 
tunnel and basal oxygen atoms of the tetrahedral sheet of the top/bot-
tom of the tunnel as reference atoms for the ADP along the b- and a-axis, 
respectively.

3. Results and discussion

3.1. Variable temperature infrared spectroscopy

3.1.1. Silanols
The silanol groups (Si–OH) are terminal groups located on the 

tetrahedral sheets terminating the channels. The Si–OH are not observed 
at room temperature because sepiolite retains an abundant amount of 
external surface water which can mask or interfere with the infrared 
signals of silanol groups due to hydrogen bonding with adsorbed or 

Table 1 
The number and types of water molecules for each zeolitic hydration state of the 
4 ↓ 2 ↓ 10 cells.

H2O OH2 Total water Total atoms

Sep-8H2O 1280 640 1920 15,040
Sep-4H2O 640 640 1280 13,120
Sep-2H2O 320 640 960 12,160
Sep-0H2O 0 640 640 11,200

H2O ↗ zeolitic water and OH2 ↗ bound/coordinated water.

Table 2 
Description of the abbreviations in the text.

Abbreviations Description

Sw Structural water (OH)
Bw Bound water (OH)2
Ob Oxygen atom of bound water
Hb Hydrogen atoms of bound water

Hb1 The hydrogen close to the top/bottom of the tunnel
Hb2 The hydrogen in the middle of the tunnel

Oh The oxygen of the structural waters
Zw Zeolitic water
Hz Hydrogen atom of zeolitic water
Oz Oxygen atoms of zeolitic water
O Oxygen at the top/bottom of the tunnel
Hw Hb ↔ Hz
Ow Ob ↔ Oz
Of The oxygen atoms in the octahedral sheet
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zeolitic water molecules present in the channels at room temperature. 
Hence, silanol groups become more distinguishable in infrared spectra 
when sepiolite is heated or degassed to remove surface adsorbed waters 
(Tsampodimou et al., 2015). In this study, the silanol band (v3720 cm↑1) 
appears at ↘50 →C and remains stable up to ω300 →C (Fig. 2a). The band 
split into three bands at about 3730, 3723, and 3716 cm↑1 when the 
sample was heated to ↘250 →C, which was because of the folding of the 
structure that changes the distance of the silanol groups to the surfaces 
they are approaching. Splitting of the silanol overtone band at 7270 
cm↑1 into 7307, 7283, and 7264 cm↑1 has been reported (Tsampodimou 
et al., 2015).

3.1.2. Zeolitic water and external water
The stretching vibrations of Zw and adsorbed water appear at 3375 

cm↑1 and 3252 cm↑1, respectively, with their bending vibrations pro-
ducing a broad band at 1660 cm↑1 (Fig. 2a and Table 3) (Shuali et al., 
1989; Bukas et al., 2013). Between 25 and 100 →C, the v3252 cm↑1 

disappeared indicative of the complete loss of physisorbed waters. Most 
of the zeolitic water molecules were also gone at ≃100 →C but a small 
broad peak (~3400 cm↑1) showed up at ε100 →C. This might be 
indicative of a more stable zeolitic water molecule that is less H-bonded. 
This new band did not completely disappear until ε200 →C. This is 
suggestive that, on average, the physisorbed waters are less stable than 
the zeolitic waters. This is in agreement with earlier calorimetric results 
for sepiolite, which indicate that Zw are more thermodynamically stable 
compared to the physisorbed waters (Frost and Ding, 2003; Ogorodova 
et al., 2014). The TGA data align with the IR observations, showing that 
most adsorbed and zeolitic water is lost by ~100–150 →C, contributing a 
weight loss of approximately 8% in this range (see SI).

3.1.3. Bound water
The bound water (OH2) produced bands at 3616 cm↑1 and 3565 

cm↑1 (O–H stretching modes of Mg–OH2) and 1625 cm↑1 (O–H 
bending mode) (Fig. 2 and Table 3). The two stretching bands arise from 
differing H-bonding strengths within a single Bw molecule: O-Hb1, the 
strongly H-bonded to the basal surfaces of the tunnel (top/bottom), 
produces the 3565 cm↑1 band, while O-Hb2, with weaker H-bonding, 
corresponds to 3616 cm↑1 (Fig. 3a) (Frost et al., 2001; Madejov”a, 2003). 
Hence, the 3616 cm↑1 is from less-perturbed O-Hb2 and 3565 cm↑1 the 
strongly perturbed H-bonded O-Hb1, respectively. The variation of the 

O-Hb2 band between 3616 and ~ 3640 cm↑1 among sepiolite specimens 
(Ahlrichs et al., 1975; Serna and Vanscoyoc, 1979; Shuali et al., 1989; 
Post and Crawford, 2007; Mora et al., 2010; Hojati and Khademi, 2013) 
has led to the assignment of the band as the O–H vibration of 
dioctahedral-like Mg3OH species (Frost et al., 2001; Mora et al., 2010). 
Indeed, the 3616 cm↑1 band is characteristic of Al2OH of dioctahedral 
systems like palygorskite (Russell and Fraser, 1994; Gionis et al., 2006). 
Other dioctahedral minerals like kaolinite and montmorillonite have 
this band around 3620 cm↑1 as well. However, in situ deuteration at 
ambient conditions confirms the 3616 cm↑1 band is the O–H vibration 
of Bw (Bukas et al., 2013). Also, the earlier acquired energy dispersive 
spectrum of this sample did not suggest a strong dioctahedral character 
(Fashina and Deng, 2022).

Despite the loss of most of the Zw molecules, the 3616 cm↑1 (O-Hb2) 
peak positions were maintained except for peak broadening. This sug-
gests that most of the Zw molecules are not strongly associated with Bw 
because the loss of Zw should shift the O-H stretching band of the Bw to 
higher wavenumbers. At ↘200 →C, the peak gradually became more 
intense, and the position shifted to 3600 cm↑1. Between 75 and 275 →C, 
the 3565 cm↑1 peak became broader and shifted to 3520 cm↑1 and 
another shift at 300 →C to a sharp peak at 3520 cm↑1. This indicates a 
stronger H-bond interaction between the Hb1 and the O atoms at the top/ 
bottom of the tunnel. Stronger interaction is made possible because the 
height of the tunnel slightly collapsed on evacuating most of the zeolitic 
waters. Post et al. (2007) observed about 1.2% shrinkage in the height of 
sepiolite tunnel after complete loss of zeolitic water.

At 300 →C, the intensity of the bending vibration of water reduced by 
almost half because of the loss of half of the Bw per edge Mg. The TGA 
data also indicate an additional ~3.5–4% weight loss between 250 and 
300 →C, which is consistent with the theoretical mass loss of approxi-
mately 3.3% expected for the removal of half the bound water molecules 
from the formula Si12(Mg7.4,Al0.6)O30(OH)4(OH2)4⋅xH2O (see SI). The 
loss of half of the Bw induces the Mg to form a bond with the basal 
oxygen so as to complete octahedral coordination (Lokanatha and 
Bhattacheijee, 1985; Post et al., 2007). This in turn drives the structure 
of sepiolite to fold (Fig. 3b). Similar to the unfolded and zeolitically 
hydrated structure (Fig. 3a), the residual Bw has two O–H stretching 
modes. The bands manifest at 3598 and 3530 cm↑1, which correspond to 
the stretching vibrations of O-Hb1 and O-Hb2 that are H-bonded to the 
basal oxygens of the folded sepiolite structure at different distances 
(Fig. 3b). It is worth noting that the loss of the two Bw at different 
temperatures does not imply differences in the thermodynamic stability 
of both waters. An explanation for the difference might be that the Bw 
that is first lost depends on the direction of fold (i.e., top or bottom). If 
the fold is from the top layer, the top Bw is destabilized by the basal 
surfaces while the bottom Bw is less impacted (Fig. 3b).

3.1.4. Structural OH
The assignment of the 3690 cm↑1 band to O–H stretching vibration 

to Mg3OH species is well accepted (Hayashi et al., 1969; Bukas et al., 
2013). This band position is considerably higher than the 3676–3678 
cm↑1 for fully trioctahedral clay minerals such as hectorite, talc, and 
saponite (Farmer and Russell, 1964; Petit et al., 2004; Wu et al., 2022). 
The band linearly (with temperature increase) shifts to 3678 cm↑1 

(Fig. 2b and Fig. 4a). The linearity occurs up to about 100 →C, after which 
the band remained constant up to 200 →C. To the best of our knowledge, 
this is the first time such a systematic shift (as a function of temperature) 
has been reported. After 200 →C, the band dropped to 3675 cm↑1 and 
remained constant up to 275 →C. Above 275 →C, the intensity of the 
~3675 cm↑1 band reduced by about 50% while two new peaks emerged 
at about 3685 and 3670 cm↑1 (Fig. 2b). This suggests that at 300 →C, 
there are three components all corresponding to the O–H stretching 
vibration of the octahedral sheet (i.e., Mg3OH species): (i) 3675 cm↑1 – 
from unfolded sepiolite layers, (ii) 3685 cm↑1 – from the folded sepiolite 
layers where half of the Mg3O–H in the folded layer is perturbed by the 
Hb1 of the residual Bw (i.e., Hb1–OH1 repulsion in Fig. 3b) similar to the 
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repulsive effect by the zeolitic water leading to a band at 3690 cm↑1 and 
(iii) 3670 cm↑1 – from the folded sepiolite layers where half of the 
Mg3O–H in the folded layer not impacted by the residual Bw (i.e., OH2 in 
Fig. 3b).

The observed response of the structural water (i.e., OH) to tempera-
ture/moisture conditions is unusual considering that other trioctahedral 
clay minerals do not show this response. The only exception is when the 
O–H is perturbed by a cation closely adsorbed in the ditrigonal hole of 
saponite or due to octahedral substitution in talc (Pelletier et al., 2003; 
Petit et al., 2004). As earlier mentioned, the energy dispersive spectrum of 
the specimen does not suggest octahedral substitution or the presence of 
counter ions in the tunnel (Fashina and Deng, 2022). Given the observed 
red shift, H-bonding of the structural waters to surface water cannot be the 
reason for the observed response to temperature. Instead, the red shift is 
likely due to the loss of zeolitic waters in the tunnel of sepiolite. As will be 
shown later by computational methods, the waters in the tunnel have their 
hydrogen atoms pointing towards the basal surfaces, which will in turn 
repel the hydrogen atoms of the structural water allowing the O ↑ H bond 
to be less perpendicular (i.e., more parallel) to the surface. Being neutral, 
the basal surfaces do not screen the charges. Hence, the O ↑ H stretching 
vibration of the Mg3OH registers at 3690 cm↑1. The repulsion reduces as 
zeolitic waters are lost, making the peak shift from 3690 cm↑1 (25 →C) to 
3685 cm↑1 (50 →C) and then 3678 cm↑1 (100 and 200 →C). Also, Fig. 4a of 
our study is similar to Fig. 7 in Post et al. (2007) (plot of total number of 
zeolitic water molecules vs temperature), indicative of a direct correlation 
between the Mg3O–H stretching vibration and the number of zeolitic 
waters in the tunnel.

3.1.5. Siloxane linkages
The stretching vibration of the Si-O-Si linkages (Fig. 4b) between the 

ribbons of the modulated 2:1 layer is observed at 1210 cm↑1 (Russell 
and Fraser, 1994; Perraki and Orfanoudaki, 2008; Bukas et al., 2013; 
Hojati and Khademi, 2013). The position and the sharpness of the peak 
also suggests high crystallinity of this sepiolite sample (Frost et al., 
2001). This band is stable up to 50 →C but begins to shift to a lower 
wavenumber (1195 cm↑1) (Fig. 4b). This agrees with in situ variable 
temperature XRD experiments where the 110 reflection of sepiolite 
shifted from 12.05 Å (ambient condition) to 11.95 Å (~300 →C) con-
firming the shrinking of the crystal lattice (Fashina and Deng, 2022). 
Similar magnitude of shrinkage was observed for palygorskite (shift 
from 10.50 Å to 10.30 Å between 30 →C and 250 →C). Herein, the shift to 
the lower wavenumber indicates the weakening/elongation of the Si-O- 
Si, which leads to a reduced tunnel height as the modulated tetrahedral- 
octahedral-tetrahedral structure begins to collapse into the tunnel as 

zeolitic waters are lost causing a strain (weakening) of the Si-O-Si 
linkages.

3.1.6. Other Si–O bonds
A Si–O stretching vibration is observed at 1080 cm↑1. From 200 →C, 

the intensity of the absorbance band begins to reduce until 300 →C where 
it fully disappears. A new absorbance band emerges at 1107 cm↑1. This 
is consistent with Bukas et al. (2013) where a 1082 cm↑1 absorbance 
band was observed at ambient conditions but shifted to 1108 cm↑1 when 
the sample was dried. Other Si–O modes include a ~ 1005 cm↑1 which 
shifted to 1030 cm↑1 upon heating which is assigned to the Si–O–Si 
antisymmetric stretching vibration primarily associated with the tetra-
hedral sheet (Frost et al., 2001). In the unheated sample, the Si–O bond 
in the tetrahedral sheets is weakened by hydrogen bonding interactions 
with the abundant zeolitic water while heating removes the zeolitic 
water molecules which strengthens the Si–O bonds. Another Si–O 
mode is at 980 cm↑1 which gradually lost intensity during heating to 
finally disappear at 300 →C. This agrees with the extrapolations of Bukas 
et al. (2013) that estimated these absorbance bands to be at 1018 and 
975 cm↑1 at ambient conditions and 1023 and 977 cm↑1, respectively, 
upon drying.

3.2. Computational data

3.2.1. Lattice constants
Snapshots of structural models resulting from the NPT MD simula-

tions (Fig. 5 and SI). The crystallographic parameters (Table 4) agree 
with previous experimental and computational studies (Post et al., 2007; 
Ockwig et al., 2009). There was no change in the b- or c- axis during 
simulation of zeolitic dehydration. There is a minor change in the a-axis 
as the model was zeolitically dehydrated. Between Sep-8H2O and Sep- 
0H2O the a-axis shrank by ~1.2% which is in perfect agreement with 
Post et al. (2007) observation of a shrinkage of ~1.2% along the height 
of the tunnel. As indicated by the results of the in situ infrared (ε 50 →C), 
the reduction in the height of the tunnel is due to the weakening of the 
Si-O-Si linkages (Fig. 2a and Fig. 4b) as the tunnel is evacuated.

3.2.2. Structure and arrangement of zeolitic water, bound water, and 
structural OH

The ADP of each zeolitic water molecules was monitored along the 
height and width of the tunnel to elucidate the structure and distribution 
of zeolitic waters in either direction for the equilibrated simulation. 
Overall, the structure of the zeolitic water was more defined along the 
width of the tunnel compared to the height of the tunnel (Figs. 6 and 7).

Table 3 
Peak assignment for the observed bands during the in situ heating of sepiolite assignment for the observed bands during the in situ heating of sepiolite.

Temp 
(→C)

Band assignment in response to temperature 
(cm↑1)

v(SiO ↑ H) v(Mg3O ↑ H) v(MgO ↑ H2) v(MgO ↑ H2) v(O ↑ H) δ(O ↑ H) δ(MgO ↑ H2) v(Si ↑ O ↑ Si) vas(Si ↑ O)

Zw Sw Zw Sw

25 – 3690 3616 3565 3375 3250 1660 1660 1625 1210 1080
50 3720 3686 3616 3565 3375 3250 1660 1660 1625 1210 1080
75 3720 3680 3616 3545 3375 3250 1660 1660 1625 1195 1080
100 3720 3679 3616 3545 3375 3250 – – 1625 1195 1195
125 3720 3678 3615 3545 3375 3250 – 1625 1210 1195
150 3720 3678 3615 3545 3375 3250 1625 1210 1195
175 3720 3678 3613 3545 3375 3250 1625 1208 1195
200 3716 3678 3612 3545 3375 3250 1625 1206 1195
225 3716, 3723 3675 3607 3545 3375 3250 1625 1202 1195
250 3716, 3723, 3730 3675 3607 3545 3375 – 1625 1198 1195
275 3716, 3723, 3730 3675 3598 3520 3375 – 1625 1196 1195
300 3716, 3723, 3730 3685, 3675, 3670 3598 3520 3375 – 1625 1194 1195

v: Stretching vibration; δ: Bending vibration; vas: Antisymmetric stretching vibration; ↑: Band not observed or absent.
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3.2.2.1. Bound water. For the hydrated states (i.e., n ↗ 8–2), in contrast 
to the common pictorial depictions in the literature, the Ob is asym-
metric along the height of the tunnel (i.e., between the two Hb) but 
closer to the Hb2 (Fig. 6) because of electrostatic attraction of Hb1 to the 
basal oxygens lining the top/bottom of the tunnel. The difference in 

distance leads to two types of O ↑ H stretching vibration by bound 
water, which is consistent with the experimental data that the stretching 
vibration of bound water is found to have two band positions — 3616 
and 3565 cm↑1. Comparing Sep-8H2O and Sep-2H2O, the structure of 
the bound water was not significantly perturbed. This agrees with the IR 

Fig. 3. Ball and stick model of sepiolite representing (a) unfolded and (b) folded layers. The zeolitic waters in the unfolded model are not shown for clarity.
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b
Si--O--Si

a
Mg3O--H

Fig. 4. Plots of the stretching vibration of the (a) O–H and (b) Si-O-Si linkers in response to temperature.

Fig. 5. Snapshot of the distribution of zeolitic water in the tunnel of sepiolite for models (a) Sep-8H2O, (b) Sep-4H2O, (c) Sep-2H2O, and (d) Sep-0H2O.

Table 4 
Unit cell parameters of sepiolite, number of hydrogen bonds per zeolitic water (NH2O), and hydrogen bond length (LH2O) between zeolitic waters in sepiolite at different 
zeolitic hydration states.

Unit cell parameters H-bonds

a (Å) b (Å) c (Å) α, β, γ NH2O LH2O((Å)

Start 13.405 27.016 5.275 90
Sep-8H2O 13.24 ⇐ 0.06 26.87 ⇐ 0.03 5.23 ⇐ 0.02 90 1.02 2.82
Sep-4H2O 13.06 ⇐ 0.06 26.90 ⇐ 0.02 5.23 ⇐ 0.02 90 0.66 2.86
Sep-2H2O 13.04 ⇐ 0.07 26.92 ⇐ 0.02 5.23 ⇐ 0.02 90 0.43 2.87
Sep-0H2O 13.08 ⇐ 0.07 26.93 ⇐ 0.02 5.23 ⇐ 0.02 90 0 –
Expt 13.405 27.016 5.275 90

The a, b, and c dimensions are per unit cell; NH2O is the average of H-bonds normalized to the number of zeolitic waters (i.e., total number of H-bonds/Number of 
zeolitic water); LH2O is the average length of H-bonds; Expt. ↗ experimentally (Post et al., 2007). Note: The standard deviation of LH2O ranged between 5 and 6% of the 
mean values.

B.T. Fashina et al.                                                                                                                                                                                                                              Applied�Clay�Science�291��������108274�

7�



data where the stretching and bending vibration of the bound water is 
invariant until 300 →C (Fig. 2). However, at Sep-0H2O, the bound water 
assumes a different structure from the earlier zeolitic states. The dif-
ference is that Hb2 now has shorter distances along and across the tun-
nel. The Hb2 now almost coincides with Ob both along and across the 
tunnel. Perhaps, this structure allows for the bound water in one tunnel 
to form an H-bond with the bound water of the next tunnel. Overall, 
there seem to be two possible structures of bound water: Type 1 is 
characteristic of the first three zeolitic states (i.e. Sep-8H2O, Sep-4H2O, 
and Sep-2H2O) while Sep-0H2O has Type 2 (Fig. 5).

3.2.2.2. Zeolitic water. The structure of the zeolitic water is less defined 
across the tunnel compared to along the tunnel (Figs. 6 and 7). Along the 
tunnel, in the Sep-8H2O model, the only structured layer of water is the 
water close to the top/base of the tunnel while the water in the middle of 
the tunnel is less structured and resembles bulk water. On losing two and 
four zeolitic waters per half unit cell, the middle region becomes more 
structured while the structured zeolitic water close to the basal surfaces 
becomes more organized and moves closer to the middle of the tunnel. 
Across the tunnel, the structure of water is more defined. To determine 
the number of zeolitic states and their distribution, we extracted and 
averaged the x and y positions of the atoms of zeolitic waters in the 

tunnels. There are 4, 3, and 2 zeolitic layers of water on each side of the 
tunnel for Sep-8H2O, Sep-4H2O, and Sep-2H2O, respectively (Fig. 8). But 
the number of H-bonds decreased while the length increased per zeolitic 
water molecule, resulting in a linear correlation of 99% (Table 4). 

1. Sep-8H2O — The occurrence of four sites in the fully hydrated state 
(Fig. 8a) agrees with the synchrotron and Rietveld data (Post et al., 
2007) and the computational results of Zhou et al. (2016) but 
different from the earlier proposed three-site model (Brauner and 
Preisinger, 1956). Also, the distribution of these sites in the tunnel is 
different from what was earlier observed in MD calculations (Zhou 
et al., 2016) or Rietveld analysis (Post et al., 2007). The difference 
between our results and earlier MD calculations is understandable 
since the former authors computed (i) the distribution of zeolitic sites 
from ADF along the width of the tunnel only and (ii) zeolitic sites 
from a histogram of all oxygen atoms in the tunnel making it difficult 
to ascertain the positions of the bound and zeolitic states especially 
in the fully zeolitically hydrated states. In the current study, both 
pitfalls were avoided. In addition to the four zeolitic sites along the 
tunnel, there are also two zeolitic sites across the tunnel for Sep- 
8H2O (Fig. 8a). Both are needed to determine zeolitic sites within the 
tunnel. The first zeolitic site (Zw1) is coordinated with Hb2 while the 
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Fig. 6. The atomic density a-profile of (a) Sep-8H2O, (b) Sep-4H2O, (c) Sep-2H2O, and (d) Sep-0H2O. See Table 2 for the description of the abbreviations.
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Hb1 mostly interacts with the basal surfaces of the tetrahedral sheets 
(i.e., top and bottom of the tunnel) (Fig. 5 and Fig. 8). The Zw1 
mainly interacts with the Hb2 at a distance of 1.12 Å (see Table S4) 
which is suggestive of a covalent interaction rather than H-bonding. 
This is likely the most stable Zw that has a weak band at ~3400 cm↑1 

and as persistent up to 200 →C (Fig. 2a). 
The second (Zw2) and third (Zw3) zeolitic sites are 2.8–3.6 Å, 

respectively, from the bound water. The 0.8 Å O–O distance be-
tween these two waters suggests that both are in constant exchange. 
Even after long simulation times, both sites never converge to having 
full occupancy. The fourth zeolitic site (Zw4) is 5.20 Å from the 
bound water and represents the farthest zeolitic site from the bound 
water. At this state, the Zw4 at each side of the tunnel is bridged by H. 
The NH2O and LH2O at this zeolitic hydration state are 1.0 and 2.82 Å, 
respectively (Table 4).

2. Sep-4H2O — In this zeolitic state, there are three zeolitic water sites 
in the tunnel of sepiolite (Fig. 8b). These sites are 1.30, 4.37 and 6.10 
Å from the Hb (see Table S4). The primary difference between this 

state and Sep-8H2O is that (i) the Zw2 is not observed suggesting that 
this site is the least stable, (ii) the Zw4 moves to the middle of the 
tunnel to bridge both Zw at each side of the tunnel and slightly shifts 
towards Zw3 to compensate for the loss of the Zw2. The Zw4 slightly 
shifts downwards in response to the slight collapse in the height of 
the tunnel (Fig. 8b). The structure of bound water remains mostly the 
same as in Sep-8H2O. The Zw1 still interacts with the Hb2 at a dis-
tance of 1.10 Å. The NH2O and LH2O values at this zeolitic hydration 
state are 0.66 and 2.86 Å, respectively (see Table S4).

3. Sep-2H2O — In this zeolitic state, there are two zeolitic water sites in 
the tunnel of sepiolite. The previously observed zeolitic water in the 
middle of the tunnel does not exist at this stage (Fig. 8c). The zeolitic 
waters are 1.30 and 3.60 Å from the Hb. The structure of bound water 
remains the same as in Sep-8H2O. The Zw1 still interacts with the Hb2 
at a distance of 1.10 Å. The NH2O and LH2O at this zeolitic hydration 
state are 0.43 and 2.86 Å, respectively (see Table S4). The loss of 
water after this state has the most profound effect on the structure of 
the bound water.
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Fig. 7. The atomic density b-profile of (a) Sep-8H2O, (b) Sep-4H2O, (c) Sep-2H2O, and (d) Sep-0H2O. See Table 2 for the description of the abbreviations. See Table 2
for the description of the abbreviations.
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4. Sep-0H2O — In the absence of zeolitic waters, the structure of the 
bound water changes significantly (Fig. 8d). The primary change in 
the structure results from the Hb2 which is now perpendicular to Ob. 
This further suggests the importance of the Zw1 and perhaps explains 
why it is often necessary to evacuate the tunnel of sepiolite and 
palygorskite to favor the incorporation of organic molecules into the 
tunnel.

3.2.3. Diffusion coefficient of water in the tunnels
A plot of the mean square displacement of atom types as a function of 

timestep is shown in Fig. 9. The diffusion coefficient was estimated using 
the 0 to 1000 ps region of the simulation (R2 ↗ 0.996–0.999). To avoid 
underestimation of the diffusion coefficient, we considered the diffusion 
to be 1-D. Indeed, decomposing the diffusion along three axes reveals 

that over 90% of diffusion occurs along the c-axis (see the SI). The 1-D 
diffusion for water in the tunnel of sepiolite was 5.0 ↓ 10↑10 m2/s for 
Sep-8H2O, 3.5 ↓ 10↑9 m2/s for Sep-4 H2O, and 7.5 ↓ 10↑9 m2/s Sep-2 
H2O, respectively. Previous computational and experimental studies 
estimate the diffusion coefficient of water in the interlayer of montmo-
rillonite to be between 10↑9 to 10↑10 m2/s depending on the type of 
interlayer cation and degree of hydration (Flury and Gimmi, 2002; 
Bourg and Sposito, 2010; Holmboe and Bourg, 2013; Greathouse et al., 
2015). The increase in the diffusion coefficient with a decrease in 
number of zeolitic water molecules is understandable since the higher 
density in liquids often correlates with higher viscosity, which reduces 
diffusion of molecules (i.e., Stokes-Einstein relation). Also, the number 
of H-bonds is reduced as the amount of zeolitic water (Table 4) which 
facilitates the transport of water within the tunnel.

a

b

c

d

Fig. 8. The idealized sites obtained from MD simulations for zeolitic waters in (a) Sep-8H2O, (b) Sep-4H2O, (c) Sep-2H2O, and (d) Sep-0H2O.
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4. Conclusion

This study provides a comprehensive understanding of the dehy-
dration behavior of sepiolite using a combination of in situ variable- 
temperature infrared (IR) spectroscopy and classical molecular dy-
namics (MD) simulations. The IR spectroscopy revealed the distinct 
thermal stabilities of sepiolite water types: adsorbed water (3252 cm↑1) 
are lost by 100 →C, most zeolitic waters (H₂O, 3375 cm↑1) are lost by 100 
→C, the residual (most thermally stable) zeolitic waters are lost at ε200 
→C, and bound water (OH₂, 3616 and 3565 cm↑1) remain was mostly 
impacted at 300 →C, with its subsequent loss driving layer folding. 
Structural waters (OH, 3690–3674 cm↑1) exhibit a systematic red shift, 
attributed to reduced repulsion from hydrogen atoms of zeolitic water as 
dehydration progresses, a novel observation correlating with tunnel 
water content. The MD simulations confirm these findings, showing a ~ 
1.2% a-axis shrinkage and weakened Si–O–Si bonds (1210 to 1195 
cm↑1) during dehydration. Zeolitic water organized into 4, 3, and 2 
layers in Sep-8H₂O, Sep-4H₂O, and Sep-2H₂O, respectively, with diffu-
sion coefficients increasing (5.0 ↓ 10↑10 to 7.5 ↓ 10↑9 m2/s) due to 
reduced hydrogen bonding (NH₂O decreasing from 1.02 to 0.43). These 
results highlight the critical role of zeolitic and bound water in the 
structural dynamics of sepiolite, with the unique red shift distinguishing 
it from other trioctahedral clays. These findings advance the under-
standing of the thermal behavior of sepiolite and provide insights into 
the stability and removal sequences of different water types provide 
information to guide the tuning of sepiolite for application in catalysis 
and adsorption through controlled thermal treatment. By understanding 
how dehydration influences tunnel structure and water mobility, sepi-
olite can be better engineered for uses such as molecular sieves, gas 
storage, or as a support for catalysts in environmentally relevant 
reactions.
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Figure S 1: TGA/DSC of the sepiolite sample 
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Figure S 2: Scanning Electron Micrograph of sepiolite 

 

 

Table S 1. Bond Parameters 

 

 

 

 

 

 

Harmonic bond strength k1 ro 

Forcefield Species i Species j (kcal/mol Å) (Å) 

SPC o* h* 553.9350 1.0000 

Harmonic bond-angle bend k2 θo 

 Species i Species j Species k   

SPC h* o* h* 45.7696 109.47 
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Figure S 3: Cropped snapshots of the models at NPT stage of the MD simulation for (a) Sep-8H2O, 
(b) Sep-4H2O, (c) Sep-2H2O, and (d) Sep-0H2O, 
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1. Post-processing to estimate structural and dynamic properties 

The H-bonding between zeolitic waters were at every 100 timesteps by imposing geometric 

constrains of 1.2 Å cut-off for maximum O-H covalent bond, 3.5 Å cut-off for maximum O···O 

distance, an angle cutoff of 130⁰ for minimum O-H···O angle (degrees) and a 2.5 Å maximum 

H···O distance (Å) for stricter H-bond. 

The mean square displacements (MSD, as average of every 100 fs), bond lengths, and bond angles, 

were computed (as average of every 100 fs) during the second NVT run. The two-dimensional self-

diffusion coefficient, D, in the yz plane, was calculated as the slope of the graph of the MSD with 

time (Cygan and Kubicki, 2001):  

〈"#$〉! = 2$( + *                                                                                                                           3 

where 2 is due to two-dimensional diffusion conferred by the geometry of the tunnel. As will be 

shown later, the diffusion of water in the tunnels of sepiolite is 1-dimensional because the a- and 

b-axis are confined.  

The trajectories, d-spacings (every 100 fs) and radial distribution functions (RDF, as an average 

of every 100 fs) were computed during the second NPT run (Allen and Tildesley, 2017): 

+(-) = 	#$!		
%&'"#!∗	)

                                                                                                                             4         

Where ρ is the density and dnr is a function that computes the number of atoms within a shell of 

thickness dr. Pairwise distances were computed for magnesium and oxygen atoms of water 

(Mg―OZ), magnesium and the hydroxyl oxygen (Mg―Oh), magnesium and the oxygen atoms in 

the octahedral sheet (Mg―Of), and basal oxygens of the tunnels and hydrogen atoms of water 

(O―Hw). The RDF was calculated from a histogram obtained by binning the pairwise distances 

in 300 bins from 0.0 to 8 Å. 

The atomic density profiles (ADP) were computed from the atomic trajectories and 400 bins to 

compute histograms. The ADP across (i.e., a-axis) and along the length (i.e., b-axis) of the tunnel 

was computed as the distance between an atom i and a reference atom j. The reference atoms for 

the ADP across the tunnel are basal oxygen atoms of the tetrahedral sheet of the tunnel while the 

Mg atoms on the edge/walls of the tunnel are the reference atoms for the ADP along the b-axis.  
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Table S 2. Distance of each atom from the top/bottom of the tunnel 

Element Distance from the top of tunnel (Å) 

 n 

 8 4 2 0 

Ob 1.05 1.00 1.02 1.03 

Hb1 0.70 0.66 0.70 0.75 

Hb2 1.25 1.20 1.20 1.08 

Hz1 0.80 0.85 0.92 - 

Hz2  1.62 1.64 - 

Oz 1.28 1.36 1.38 - 

Hz (bulk-like) 0.47 - - - 

Oz (bulk-like) 0.42 - - - 

 

Table S 3. Distance of each atom from the sides (terminal Mg) of the tunnel 

Element Distance from the side of tunnel (Å) 

 n 

 8 4 2 0 

Ob 1.45 1.45 1.45 1.45 

Hb 2.21 2.19 2.19 1.45/2.19 

Oz1 3.33 3.47 3.47  

Oz2 4.92 5.83 5.80  

Oz3 5.70 8.21   

Oz4 7.30    

Hz1 3.99 3.95 3.95  

Hz2 5.68 5.83 6.64  

Hz3 6.53 6.61   

Hz4 8.18 8.21   
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2. Radial distribution functions and coordination numbers (CN) 

The distance between the magnesium at the edge of the tunnel and the zeolitic/bound water (i.e., 

Ow) is 2.13 Å (i.e., Mg―OW) and the CN is 0.5 irrespective of the degree of zeolitic hydration. 

The value across the four regimes suggests that irrespective of the content of the zeolitic water, 

the Mg−O bond distance of bound water is not significantly perturbed by the zeolitic water. The 

distance between the Mg and framework oxygen (i.e., Mg―OF) is 2.05 Å while the CN is 4. The 

distance between the Mg and structural water (i.e., Mg―OH) is 2.12 Å while the CN is 4. As 

expected, the degree of zeolitic hydration did not influence these distances. These values are in 

agreement with previous experimental and computational data (Post et al., 2007; Ockwig et al., 

2009). 

Table S 4. Bonding length and coordination number  
 

 

 

 

 

 

 

 

 

 

 

 Mg―OW Mg―OF Mg―OH 

 BL CN BL CN BL CN 

Sep-8H2O 2.11 0.5 2.05 4 2.11 1.5 

Sep-4H2O 2.13 0.5 2.05 4 2.11 1.5 

Sep-2H2O 2.13 0.5 2.05 4 2.11 1.5 

Sep-0H2O 2.13 0.5 2.06 4 2.11 1.5 

Experiment a 2.06 0.5 2.08 4 2.07 1.5 
a(Post et al., 2007);  Mg―OW  = edge Mg and bound water ;   

Mg―OF = Mg and oxygen in framework;  Mg―OH = Mg and 

structural OH ; BL = bonding length ; CN = coordination number 
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Figure S 4: One dimensional mean square displacement of zeolitic waters in sepiolite with varying 

hydration levels (a) along x and (b) along y 
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Figure S 5: Radial distribution function of (a) Mg and Ow, (b) Mg and Of, (c) Mg and OH, and (d) 

Ob and Hw. Where Ow is both the oxygen atoms of bound and zeolitic waters, Of is the oxygen 

atoms in the octahedral sheet, OH is the oxygen atoms of the structural waters, Ob is oxygen atoms 

of the bound waters, and Hw is both the hydrogen atoms of bound and zeolitic waters 
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