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Abstract: The structural features and the thermal behavior of natural, Na-, Ca-, K-, Mg-, and Cd-
exchanged clinoptilolite from the Beli Plast deposit (Bulgaria) were studied. Purified clinoptilolite sample
was preliminary prepared and ion-exchanged at 100 ◦C for six days. DSC-TG analyses were performed
for all studied forms. The effects in the DSC curves show differences with temperature due to release
of weakly bound H2O molecules and strongly bound ones. The endotherm minima temperatures were
between 78 and 115 ◦C decreasing in the sequence K- < Na- < Natural- < Ca- ≤ Mg- < Cd-clinoptilolite.
The hydrate complexes around the exchanged cations also influenced the DSC curves. The cation-
coordinating H2O molecules and the non-coordinating ones were determined by XRD structural
refinement for all exchanged samples. The H2O molecules of the cation–hydrate complexes are
released at higher temperatures than weakly bound ones and affected the DSC curves differently.
The structural adjustments made by the Rietveld method, as well as the applied EDS analyzes for the
chemical composition of the samples, allowed us to correlate these data to the thermal characteristics
of the studied clinoptilolite samples.
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1. Introduction

Clinoptilolite is defined as the zeolite mineral series with HEU-type framework topol-
ogy and Si/Al ratio > 4 [1,2]. The structure-type code HEU is allocated by the Structure
Commission of the International Zeolite Association (IZA) and listed in Meier et al. [3].
Minerals with the same framework topology but with Si/Al <4.0 are classified as heulan-
dite mineral series, with which clinoptilolite forms a continuous series. Clinoptilolite has
monoclinic symmetry and the space group C2/m is the maximum symmetry which may be
lowered to C2 or Cm [2,4]. The HEU-type topology is characterized by a sheetlike organiza-
tion of the aluminosilicate framework into layers perpendicular to the b axis [5,6]. There is
a two-dimensional system of three types of channels defined by ten- and eight-membered
tetrahedral rings. The large ten-membered A channel and the smaller eight-membered B
channel are parallel to the c axis and both intersect the eight-membered C channel, which is
parallel to the a axis [7,8]. The channels are occupied by exchangeable cations (mainly Na+,
K+, and Ca2+), which are coordinated by H2O molecules in irregular polyhedra and/or by
framework oxygens [9]. Mg2+, Ba2+, and Sr2+ are, in some cases, substantial. Fe2+ and Fe3+

are also possible constituents. The charge balance is achieved by variable Si–Al substitution
in the tetrahedral framework.

Four extra-framework cation positions are recognized in the tetrahedral framework of
the HEU-type zeolite: M(1), M(2), M(3), and M(4). Ca2+ and Na+ cations are located at M(l)
and M(2) positions; M(1) tends to accommodate more Na than M(2). The position M(3) is
specific for K and is located almost at the center of the eight-membered ring of the channel
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parallel to a axis. Mg2+ is located at M(4) position, which is octahedrally coordinated by six
H2O molecules [8,10,11].

The behavior of zeolites at high temperatures is a very important characteristic that is
used in various fields of material sciences ranging from their industrial application to their
identification. Numerous zeolites are used as molecular sieves, in gas adsorption, in drying
of gases, as selective catalysts, in a high-level radioactive waste repository, etc. and the
understanding of their thermal behavior and appropriate activation temperatures is cru-
cial [12]. The thermal behavior has also been suggested as a method to distinguish between
similar zeolites, such as clinoptilolite and heulandite [13]. In addition, the zeolite content
in mixtures or in zeolitic tuffs can be determined through the H2O desorption behavior.
Detailed studies of the structural effects accompanying hydration/dehydration processes
permit evaluation of the conditions that lead to structural modification or breakdown [12].

A large number of studies report on the properties of natural zeolites and their ion-
exchanged forms after thermal treatments [1,13–15] or on the dehydration behavior and
polymorphism of heulandite-group zeolites [1,16–18]. In a thermal study, Knowlton et al. [19]
distinguished three types of water associated with clinoptilolite—external water, loosely
bound zeolitic water, and tightly bound zeolitic water, at 75◦, 171◦, and 271 ◦C, respectively.
Investigations of the thermal behavior and thermal transformation properties of natural
clinoptilolites and their cation-exchanged forms allows us to obtain information for possible
technological applications [20–24]. The thermal behavior of the clinoptilolite/heulandite
minerals has most often been studied by considering the changes in the intensity of the
020 diffraction peak after heating [1,13,25–29]. Koyama and Takeuchi [8] suggested that
the occupancy of K+ at M(3) position in clinoptilolite structure is one of the controlling
factors of the thermal behavior of the heulandite-group zeolites. K-rich clinoptilolites tend
to be thermally stable through high-temperature structural studies [28,30,31].

The Si/Al ratio, the specific position of the extra-framework cations within the struc-
ture, their coordination by H2O molecules, and interactions with framework oxygens also
influence the thermal behavior of the clinoptilolite [6,8–10,12,32–34].

Single crystal structure refinements of clinoptilolite showed variations in extra-framework
cation sites compared with heulandite as a function of the extent of dehydration [5,10,35].
Cappelletti et al. [11] examined two natural clinoptilolites with different chemical composi-
tion using TG-DTG-DTA analysis and Rietveld refinement based on synchrotron data to
define cationic populations of the exchangeable cation sites. They concluded that the Mg(4)
position, if occupied by Mg2+, gives only a partial contribution to the exchange, whereas
the Mg2+ present in the other sites can be more easily removed.

The aim of the present study was to follow in more detail the dehydration specificity
of natural clinoptilolite from the Beli Plast deposit (Bulgaria) and its Na-, K-, Ca-, Mg-, and
Cd-exchanged forms. Comparative investigations were performed using Rietveld-based
powder X-ray diffraction structural analysis and differential scanning calorimetry and ther-
mogravimetry in order to elucidate the manner of dehydration of the non-coordinating H2O
molecules in the pores (loosely bound H2O molecules) and tightly bound H2O molecules form-
ing the close coordination spheres in relation to specific structural cation–H2O configurations.

2. Materials and Methods

The studied material is a zeolitized tuff from the volcanogenic sedimentary deposit
Beli Plast related to Early Oligocene acid volcanism (Eastern Rhodopes, Bulgaria) [36–38].
The mineral composition of the tuff is: ~80% clinoptilolite associated with feldspars,
montmorillonite, illite, celadonite, calcite, and opal-CT. The associated minerals in the
studied sample were removed by heavy liquid separation and treatment with a NaOH
solution for removal of opal-C [39], yielding almost pure clinoptilolite (cpt) designated as
Natural-cpt in the study, with structural formula Na1.01Ca1.76K1.11Mg0.49Al6.29Si29.61O72
21.05 H2O (Table 1).
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Table 1. Chemical composition (EDS, wt%) and structural formula of clinoptilolite based on 72 O atoms.

Samples
Oxides

Purified
Natural-cpt Na-cpt K-cpt Ca-cpt Mg-cpt Cd-cpt

SiO2 66.21 66.91 66.47 66.03 65.32 62.07
Al2O3 11.94 12.05 12.11 11.81 11.91 11.18
MgO 0.74 0.49 0.49 0.43 2.76 0.30
CaO 3.68 0.66 0.51 5.20 1.81 1.19
Na2O 1.16 5.48 0.24 0.38 0.27 0.24
K2O 1.94 0.59 8.70 0.34 0.96 0.64
CdO – – – – – 9.1
Fe2O3 0.21 0.17 0.15 0.16 0.17 0.18
H2O 13.8 13.3 11.0 15.5 16.6 14.9

Σ 99.68 99.65 99.67 99.85 99.80 99.80

Atoms per formula unit (apfu)

Si 29.61 29.66 29.62 29.73 29.59 29.65
Al 6.29 6.29 6.36 6.27 6.37 6.29
Mg 0.49 0.32 0.33 0.29 1.87 0.21
Ca 1.76 0.31 0.24 2.51 0.88 0.61
Na 1.01 4.71 0.21 0.33 0.24 0.22
K 1.11 0.33 4.95 0.20 0.56 0.39
Cd – – – – – 2.03
Fe 0.04 0.10 0.05 0.05 0.06 0.06
H2O 21.05 20.19 16.83 23.49 25.40 24.02

Ion exchange procedures were performed at 100 ◦C in 1 M solutions of Na, K, Ca, Mg,
and Cd nitrates (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) for 6 days. The
solutions (20 mL) and the Natural-cpt sample (0.4 g) were placed in Teflon autoclaves. The
autoclaves were shaken several times per day and the solutions were renewed two times.
Before renewal pH values were checked and the values were >4.7–4.9. The ion-exchanged
samples were filtered, washed with distilled water, and dried at room temperature. The
obtained ion-exchanged forms were labelled as Na-, K-, Ca-, Mg-, and Cd-cpt.

Powder X-ray diffraction (PXRD) patterns were collected at room temperature on a
PANanalytical EMPYREAN Diffractometer system with a goniometer radius of 240 mm,
operating at 40 kV and 30 mA, theta–theta geometry, with CuKα radiation, equipped with
3D-pixel detector. PXRD measurements were recorded in Bragg–Brentano geometry from
3 to 100◦ in 2theta with a scanning rate of 0.013◦/80 s. Standard sample holders with 0.5 mm
depth were used. The Rietveld method [40] was applied for structural refinement of all
samples. The atomic coordinates and occupancy of extra-framework cations were refined
using the Bruker AXS Topas v. 4.0 suite of programs [41]. The refinements of the studied
clinoptilolite forms were conducted with the structural model of Koyama & Takeuchi [8]
at room temperature.

SEM EDS analyses were performed on a JSM 6390 electron microscope (Japan) in
conjunction with energy dispersive X-ray spectroscopy (EDS, Oxford INCA Energy 350,
HighWycombe, Buckinghamshire, UK) equipped with ultrahigh resolution scanning sys-
tem (ASID-3D) at the following conditions: 20 kV accelerating voltage, I ~ 75 mA, vacuum
medium in the range of 10−4 Pa, spot size 1 µm. The powders of the clinoptilolite forms
were pressed into pellets and coated with carbon to determine chemical composition with
SEM-EDS, using appropriate standards. The reported concentrations for each sample are
average values from the ten measurements carried out on the pellet.

Thermal analyses: Differential scanning calorimetry (DSC) and thermogravimetry
(TG) were carried out on apparatus SETSYS2400 Evolution, SETARAM at the following
conditions: temperature range from 20 to 700 ◦C in a static air atmosphere with a heating
rate of 10 ◦C min−1, and 10–15 mg sample mass in corundum crucibles.
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3. Results and Discussion
3.1. PXRD Analysis

Powder XRD patterns of the starting and the exchanged clinoptilolite samples are
presented in Figure 1. Heavy cations such as Rb+, Sr2+, Ba2+, and Cs+ exchanged in
clinoptilolite pores decreased the peak 020 markedly [42]. In our case only Cd2+ influenced
the intensity of 020 reflection decreasing it. Intensity changes of peaks 201, 001, 311, and
111 are observed in Mg- and Cd-exchanged clinoptilolite because these cations occupy one
and the same position (M4, according [8]), preferred by smaller divalent ions. For both
clinoptilolite forms peaks 201 and 311 increase their intensities while 001 and 111 reduce
theirs. The peak 220 is observed only in the pattern of the monovalent K-, Na-exchanged
forms and in the Natural-cpt, while the peak 310 is characteristic for bivalent Ca2+- and
Cd2+-ones.
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3.2. EDS SEM

The performed EDS elemental analyses of the initial (purified) and exchanged clinop-
tilolite allowed calculations of the crystal chemical formulae of the different clinoptilolite
forms (Table 1).

The chemical composition and the structural formulae of clinoptilolite are based
on 72 O atoms Among the exchanged samples predominant exchange was obtained for
the Na+, K+, and Ca2+ forms, followed by Cd2+, while the Mg2+ form was relatively
less exchanged.

3.3. Thermal Analyses

DSC–TG (DTG) curves of natural and cation-exchanged forms of clinoptilolite from Beli
Plast are presented on Figure 2. The endotherm minima temperatures are between 78 and
115 ◦C decreasing in the sequence K-cpt < Na-cpt < Natural-cpt < Ca- ≤ Mg-Cpt < Cd-Cpt
(Figure 2, Table 2). This sequence well corresponds to the size of the ionic radii of the
exchangeable cations (Table 3), namely, the larger ionic radii of K+ favors the faster de-
hydration of its corresponding exchanged-form compared to the others, while both the
smaller ionic radii and the larger values for ionization potential of Cd2+ and Mg2+ in their
respective forms affect the shift of dehydration to higher temperatures. Similar thermal
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behavior has been observed by other authors in their studies of natural clinoptilolite and
its K-, Na-, Ca-, and Mg-exchanged forms [22,34] and Cd-modified form [23].
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Table 2. Thermal analyses data of the natural and ion-exchanged forms of clinoptilolite.

Sample Total Mass Loss, % Total H2O
Molecules

Evolved H2O Molecules in
Low-Temperature Region

Endotherm Minima
Temperature, ◦C

Natural-cpt 13.8 20.6 12.4 up to 230 ◦C 100.8
K-cpt 11.0 16.4 8.8 up to 210 ◦C 77.9

Na-cpt 13.3 19.6 11.0 up to 220 ◦C 85.8
Ca-cpt 15.5 23.3 14.5 up to 250 ◦C 96.1; 103.2
Mg-cpt 16.6 25.0 16.8 up to 230 ◦C 80.5; 104.0
Cd-cpt 14.9 23.7 13.1 up to 230 ◦C 115.0

Table 3. Ionic radii and ionization potentials of exchangeable cations (after Lide [43]).

Cations Ionic Radii
(Å)

Ionization Potential
(eV)

K+ 1.37 5.13
Na+ 0.99 4.34
Ca2+ 1.00 6.11
Mg2+ 0.57 7.64
Cd2+ 0.78 8.99

The TG total mass loss data reveals decreasing of the total H2O molecule content in
the sequence K-cpt < Na-cpt < Natural-cpt < Ca-cpt < Cd-cpt < Mg-cpt which is again in
agreement with the size of ionic radii of exchangeable cations and their structural hydration
characteristics (Figure 2, Table 3). Some peculiarities can be noted in the TG and DTG
curves of the investigated clinoptilolite samples: (i) The dehydration process is completely
finished up to 500 ◦C for the K- and up to 600 ◦C for the Na-exchanged clinoptilolite, while
for the bivalent cation forms of clinoptilolite this process is not completed even at 700 ◦C.
(ii) The dehydration process is rather complicated including several stages depending
on the dominant exchangeable cations: two for the initial and Cd-form, three for K- and
Na-forms, and more than three for Mg- and Ca-forms. (iii) The steepest slope of the TG
curves reflected in the well-defined effects on the DTG curves is observed for all samples in
the temperature interval 20–300 ◦C. In this temperature interval the dehydration process is
one-stage for the natural- and Cd-clinoptilolite and two for the K-, Na-, Ca- and Mg-forms.
(iv) The natural and modified clinoptilolite structure remains stable up to 700 ◦C.

3.4. Rietveld Analysis

The conducted Rietveld structural analyses on the studied clinoptilolite forms con-
verged at acceptable reliability (R) factors. Their values and the refined unit-cell parameters
are given in Table 4. The quality of the fit between the calculated and observed diffraction
profiles obtained in a Rietveld refinement is usually given with the standard agreement
indices Rp, Rwp, and Rexp and the goodness of fit index (GoF), defined by Young [44].

The performed chemical (EDS) and XRD structural analyses show that there are
residues of the initial cations (Ca2+, K+, Na+, and Mg2+) after the ion exchange procedures,
which is confirmed by the refined occupancies of the cationic sites in the structure as well
as by the EDS analyses (calculated as apfu). This means that in the pores of the exchanged
clinoptilolites there are preserved residual cation–H2O complexes among the dominating
complexes of the incoming exchangeable cations, which influence some of the intensities of
the clinoptilolite peaks (Figure 1).

It is important to note that after the structural refinements the incoming exchangeable
cations predominantly occupy the positions that are typical for them in the natural clinop-
tilolite but do not fill these positions fully and some of them spread into other positions
in the pores of the structure. One reason for this is the specific Al-distribution in the
clinoptilolite framework, which controls the possible existing of potential cationic sites for
best charge compensation. This results in differently configured cationic hydration shells
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around one and the same cation depending on its positioning. The hydration shells of the
residual and newly exchanged cations are varying and create local asymmetry on the level
of the unit cell, which influences, in a different way, the thermal effects during dehydration
of the samples (DSC/TG results).

Table 4. Reliability factors and unit-cell parameters of Natural-cpt and exchanged clinoptilolite forms.

Natural-cpt Na-cpt Ca-cpt K-cpt Mg-cpt Cd-cpt

Rexp 8.75 6.39 6.44 4.97 6.10 4.99
Rwp 7.33 9.45 8.84 6.16 9.20 6.14
Rp 6.69 7.45 6.94 4.62 7.17 4.80

GoF 1.78 1.48 1.37 1.24 1.51 1.22
RB 3.21 2.27 2.30 1.03 2.86 1.41

a (Å) 17.6777 (8) 17.6912 (7) 17.6706 (9) 17.6838 (9) 17.6991 (7) 17.6807 (8)
b (Å) 17.9485 (1) 17.9453 (6) 17.9374 (8) 17.9898 (8) 17.9957 (8) 17.9919 (8)
c (Å) 7.4146 (4) 7.4217 (3) 7.4128 (4) 7.4151 (4) 7.4342 (3) 7.4155 (4)
β (◦) 116.377 (2) 116.260 (2) 116.370 (3) 116.272 (3) 116.274 (3) 116.263 (3)

V (Å3) 2108.4 (2) 2113.04 (2) 2105.12 (23) 2115.3 (2) 2123.22 (3) 2115.4 (3)

Note: Rwp—weighted profile R-factor; Rexp—expected R-factor; Rp—profile R-factor; GoF—goodness of
fit = Rwp/Rexp; RB—R-Bragg factor.

The XRD structural data about the positions and populations of the sites of extra-
framework cations and H2O molecules are presented in Table 5, while the values of bond
distances are given in Table 6. The values marked with (*) in Table 6 are the closest distances
between the cations and H2O molecules, indicating the number of the strongly bound H2O
molecules, which leave the structure at higher temperatures (>~300 ◦C). The number of
these H2O molecules was subtracted from the total number of H2O molecules calculated
by TG (Table 2) for the natural and each exchanged clinoptilolite sample. In this way, the
obtained values are for the non-coordinating H2O molecules (weakly bound). According
to the data from the TG analyses these molecules are released in the range from 20 ◦C to
200–250 ◦C. The comparison of the data obtained by Rietveld refinement and DSC-TG(DTG)
shows similarity between these values.

Table 5. Extra-framework sites, H2O molecules sites, and their occupancies per unit cell.

Sites Nat-cpt K-cpt Na-cpt Ca-cpt Mg-cpt Cd-cpt

Na1 1.01 0.22 2.79 0.32 0.32 0.28
Na2 1.82
K1 0.39
K2 0.68
K3 1.11 3.17 0.35 0.24 0.41 0.36
Ca1 0.65
Ca2 1.77 0.78 0.28 1.86 1.00 0.68
Mg 0.46 0.26 0.29 0.31 1.82
Cd 0.80

Cd1 0.18
Cd2 0.89
Cd3 0.26

Total Cd 2.13
O11 2.08 1.66 3.21 3.02 2.51 1.52
O12 1.59 1.32 2.24 2.00 2.80 0.66
O13 7.12 5.77 5.28 6.55 4.60 4.58
O14 2 2 2 2 2 1.0
O15 2.75 1.49 2.82 1.94 2.12 1.80
O16 2.56 3.16 2.00 1.95 1.05 2.16
O17 0.09 1.64 0.24 - 1.64 2.70
O18 1.09 2.07 2.96
O19 0.72

Total H2O 18.19 17.01 17.80 18.55 19.90 16.85
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Table 6. Distance between cations and H2O molecules (values marked with (*) are the closest
distances between the cations and H2O molecules).

Samples
Cation

Positions
Distance between Cations and H2O Molecules Å

O11 O12 O13×4 O14 O15×2 O16 O17 O18 O19

Natural-cpt Na 2.63 2.40 * 2.96 2.65
Ca 2.38 */2.63 2.55 *
K 2.93

Mg 1.97 *
K-cpt K1 2.81 *

K2 2.82 *
K3 2.94 * 3.06 *
Ca
Mg

Na-cpt Na1 2.62 2.40 * 2.57 2.65
Na2 2.43 */2.66 2.52 *
Ca2 2.38 */2.63 2.55 *
K 2.93

Mg 1.94 2.15 *
Ca-cpt Ca1 2.61 2.44 * 2.56 2.60

Ca2 2.39 */2.64 2.55 *
Na 2.48 * 2.58 2.60
K 2.97

Mg 1.94 2.15 *
Mg-cpt Mg 2.32 * 1.96 * 1.75 2.15 * 2.38

Ca 2.39 */2.64 2.55 *
Na 2.61 2.79 2.99 2.51 *

Cd-cpt CdM4 2.12 * 2.16 * 2.30 *
Cd2 2.24 * 2.06 *
Cd3 2.17 * 2.34 * 2.39 *
Cd1 2.25 * 2.30 * 2.33 *
Na 2.51
Ca 2.46 */2.51 * 2.72 *

For example, in the initial natural sample, the structural refinement (Figure 3, Natural-
cpt) shows five H2O (O11, O12, O15×2, and O16) molecules around Na+ and another
five around Ca2+ (O13×4 and O14) (Table 6). Around the Mg2+ a doubled H2O position
(O15×2) is localized at appropriate distance of 1.97 Å. The nearest H2O molecules (up to
2.63 Å distance) around Na+ and Ca2+ positions are situated in sites O11, O12, O13, and
O14. Thus, 1Na+, 1.77Ca2+, and 0.46Mg2+ are coordinated by about 8.2 H2O molecules
per unit cell in the porous structure. Calculations based on the data from TG analysis
(Table 2) show a total of 20.6 H2O molecules. The difference between this number and the
number (8.2) of H2O molecules near the cations (XRD data) is about 12.3. This value is very
close to the number (12.4) of H2O molecules calculated from the mass loss measured by
TG analysis in the stage up to 230 ◦C, where both physisorbed and weakly bound water
molecules are released.

In K-exchanged clinoptilolite (Figure 3, K-cpt) the K+ ions are localized predominantly
in position K3 (corresponding to position M3—typical for clinoptilolite [8]) but also in
positions K1 and K2 (Table 5). The H2O molecules in positions O12, O13 coordinate K+ in
position K3 and in O14 are around position K2, while K1 is coordinated by H2O in position
O16. The total number of the nearest H2O molecules around K1, K2, and K3 positions
is 8.0. The potassium-exchanged clinoptilolite shows total loss of 16.4 H2O molecules
on the TG curve (Figure 2), from which 8.8 H2O molecules leave up to 210 ◦C (weakly
bound). The remaining 7.6 H2O molecules (strongly bound) are close to 8.0 H2O from the
structural study.
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In the structure of Na-exchanged clinoptilolite the Na+ ions are distributed in two
positions: Na1 (preferred by Na+ in natural clinoptilolite—position M1) and Na2 (preferred
by Ca2+ in natural clinoptilolites—position M2). The closely coordinating H2O molecules
around cationic position Na1 are concentrated in positions O11, O12, O13, O15, and O16.
In the case of position Na2 the closely coordinating H2O molecules are in O13 and O14.
Based on the XRD structural results the total number of the strongly bound (up to 2.65 Å)
H2O in the above positions is 8.7. The calculations from the TG analyses give total number
of 19.6 H2O molecules (Table 2). The difference of 11.0 H2O molecules (weakly bound and
leaving the structure up to 220 ◦C) well corresponds to the value of 10.9 obtained by XRD
structural refinement.

In the Ca-exchanged clinoptilolite, two calcium positions are structurally refined,
namely Ca1 and Ca2, preferred, respectively, by sodium (in position M1) and calcium (in
M2) in the natural sample (Table 5). The number of H2O molecules closely located around
these two calcium positions (in sites O11, O12, O13, O14, O15, and O 16) and also around
Na1 (in sites O11, O12, and O15) at a distance of up to 2.60 Å (Tables 5 and 6) is about
8.8 per unit cell. According to TG data, the calculated total number of H2O molecules is
about 23.3. The difference between the total (TG) and the closely coordinating (XRD) H2O
molecules is 14.4, which is almost equal to the calculated value of 14.5 from TG data.

In the Mg-exchanged clinoptilolite there was one refined Mg2+ position in the original
site M4 occupied by 1.82 ions. This position is closely coordinated with H2O positions O12,
O15, and O18 occupied by 5.5 H2O molecules (strongly bound). However, in this sample 1
Ca2+ was refined as residue in its original position M2 surrounded by 3 H2O molecules
in positions O13 and O14. Thus, the number of strongly bound H2O in this sample is 8.5.
The difference between 25.0 H2O molecules (the total number of H2O molecules calculated
by TG analysis) and the 8.5 H2O molecules around the cations (X-ray data) is 16.6 H2O
molecules, which is close to the number of weakly bound water molecules calculated by
TG and released in the range up to 250 ◦C.



Minerals 2022, 12, 1576 10 of 13

In the Cd-exchanged clinoptilolite four Cd2+ positions were structurally determined,
namely Cd, Cd1, Cd2, and Cd3 in which the total number of refined cations is 2.13 Cd2+

but mostly occupied are Cd (magnesium position M4 in the original structure [8]) and Cd2
(original calcium position M2) (Table 5). The positions Cd1 and Cd3 are also occupied
but in lesser amounts. The number of the nearest H2O molecules around all cadmium
positions as well as around the residual Na+ and Ca2+ cations after the exchange process is
10.7. The difference between the total number of 23.7 H2O molecules (calculated from TG
data) and the number 10.7 of strongly bound H2O (obtained by XRD structural refinement)
is 13.0 H2O molecules. Again, this value is close to the TG results for weakly bound H2O
molecules (13.1).

In all the exchanged clinoptilolite samples there remained small amounts of the
original cations—Na+, K+, Ca2+, Mg2+ found in the natural clinoptilolite. The coordinating
H2O molecules around these residues, although small in quantity exert some additional
influence on the DSC-TG(DTG) curves and also it is difficult to refine them structurally by
PXRD because of their low occupation of the sites.

In the performed investigations we paid attention mainly to both loosely and tightly
bound water, which is an important structural fragment in clinoptilolite combined with the
specific exchangeable cation arrangements, especially when we consider mono (Na+, K+)-
and divalent (Ca2+, Mg2+) ones, typical for clinoptilolite.

The calculations in our study based on DSC-TG(DTG) confirm that the total water
content of the clinoptilolite forms is closely related to the content of monovalent to divalent
cations. Clinoptilolites with a sum of divalent cations in the unit cell greater than 1.87 may
contract after heating [1]. Higher temperatures are required to contract samples with higher
Si/Al ratios, which is the case of clinoptilolite.

Our investigations confirm the dependence of the thermal behavior of clinoptilolite to
its structural features (type of the exchangeable cations, their specific positioning within
the structural channels, their coordination to H2O molecules, and their interactions with
framework oxygen atoms [9,10,12,32,33]. Much of the obtained data in the present study
has shown that H2O molecules in the clinoptilolite forms structurally are held with a more
or less continuous range of energies, which plays an important role upon dehydration
with temperature. In addition, there is a continuous rearrangement of extra-framework
exchangeable cations and H2O molecules with concomitant structural relaxation as dehy-
dration proceeds [9,10,45]. The H2O molecules that evolve at lower temperatures (loosely
bound) are not as closely associated with the extra-framework cations and the high-energy
frameworks sites as are the remaining H2O molecules (tightly bound).

The comparison of the data obtained from Rietveld structural analyses and DSC-
TG(DTG) thermal study helped to assess, which H2O–cation bond distances are responsible
for the effects in the corresponding curves: indicating weakly bound H2O molecules up to
200–250 ◦C or strongly bound H2O molecules above 250 ◦C.

The results for the monovalent clinoptilolite forms show fewer H2O molecules and
lesser occupation of the corresponding coordination H2O spheres. Such forms may have
application for processes at higher temperatures. In the case of bivalent cations such
clinoptilolite forms possess both fewer cations and more H2O molecules, which make them
perspective for specific applications.

4. Conclusions

The crystal structural specificity and the thermal characteristics of the studied cation-
exchanged clinoptilolite forms display similarities, but there are certain differences in some
cases, which can be related to chemical content of the ion exchanged modifications. The
performed detailed study of the dehydration specificity of natural clinoptilolite and its
Na-, K-, Ca-, Mg-, and Cd-exchanged forms was based on comparative studies using
DSC—TG(DTG), EDS, and Rietveld-based XRD structural analysis in order to elucidate
the manner of dehydration of the H2O molecules—loosely and tightly bound in relation to
specific structural cation–H2O configurations.
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The obtained results show that the cation coordinating H2O molecules determined
by XRD structural refinement and the non-coordinating ones (given by DSC and TG(DTG)
analyses) are released at different temperatures and in the thermogravimetric curves reflect
the influence of the dominant exchangeable cation in the clinoptilolite structure.

Both methods are complementary in terms of elucidating the role of water in the
zeolite structure—cation-coordinated H2O is released at temperatures above 230–250 ◦C.

The structural position of Cd2+ has been clarified as it is distributed in the four cationic
positions and this contributes to the similarity in thermal behavior with the natural form.
The place of the Cd-form in the orders of both the hydration of the studied forms and the
endotherm minima temperatures was determined.

In the case of bivalent cations (Mg2+, Cd2+, and Ca2+) which have higher ionization
potential than the monovalent ones (Na+, K+) the total number of the H2O molecules coor-
dinating their sites is bigger—namely 23–25 compared to 16–20 for the monovalent cations.
In addition, the larger ionic radii of K+ favors the faster dehydration of its corresponding
exchanged-form compared to the others, while the smaller ionic radii of Cd2+ and Mg2+ in
their respective forms affect the shift of dehydration to higher temperatures. As a whole,
the dehydration process is completely finished up to 500 ◦C for the K- and up to 600 ◦C for
the Na-exchanged clinoptilolite, while for the bivalent cation forms of clinoptilolite this
process is not completed even at 700 ◦C.
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