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Abstract: Clinoptilolite is a precious zeolite mineral that has the most comprehensive physicochemi-
cal properties among all the zeolite group minerals. Due to these unique properties, clinoptilolite has
a wide range of applications in many different industries. In Poland, the clinoptilolite occurs only
as an accompanying mineral in the sedimentary rocks nearby Rzeszów. In Europe, the abundant
clinoptilolite-bearing deposits are located in Slovakia and Ukraine, where clinoptilolite mineraliza-
tion occurs in the volcanic tuffs. Due to clinoptilolite’s rare performance, it is extremely crucial to
manage its deposits in a complementary manner. In this paper, the mineralogical and structural
characterization of the clinoptilolite powders obtained by mineral processing of the clinoptilolite-rich
tuffs from Slovakia and Ukraine deposits were discussed. The scope of research covered determi-
nation of the mineral composition of the tuffs, structural analysis of the clinoptilolite crystals, as
well as textural and physical properties of the powders obtained by mineral processing of the tuffs.
In addition, this paper includes the comparative study of the most significant zeolite deposits in
the world and investigated clinoptilolite-rich tuffs. A wide spectrum of methods was used: X-ray
powder diffraction (XRD), thermal analysis (DSC, TG), X-ray fluorescence (XRF), optical microscopy,
Scanning Electron Microscopy (SEM-EDS), the laser diffraction technique, and low-temperature
nitrogen adsorption/desorption. The test results indicated that the major component of the tuffs is
clinoptilolite, which crystallized in the form of very fine-crystalline thin plates. The clinoptilolite
mineralization in the Ukrainian and Slovakian tuffs exhibited a strong resemblance to the clinoptilo-
lite crystals in Yemeni and Turkish tuffs. With respect to the mineral composition, the investigated
tuffs showed excellent conformity with the Miocene white tuffs from Romania. The Ukrainian
and Slovakian tuffs do not reveal the presence of the clay minerals, which is quite common for
naturally occurring zeolite-rich rocks in various deposits in the world. The textural features together
with mineral composition of the investigated samples incline that they are potentially suitable raw
materials for the sorbent of petroleum compounds. Moreover, the obtained results can be useful
indicators with respect to the crushing and compaction susceptibility of the Ukrainian and Slovakian
clinoptilolite-rich tuffs.

Keywords: clinoptilolite; mineral composition; powdered natural zeolite; textural properties

1. Introduction

Zeolites are microporous aluminosilicates with a three-dimensional network com-
posed of SiO4 and AlO4 tetrahedra joined by oxygen atoms. Depending on a certain
zeolite type, the Si/Al ratio in its framework is changeable, but the Si content is always
higher than the Al content. In the crystalline framework of zeolites, the specific system
comprised of the channels and chambers with certain shape and size is observed. In normal
condition, the channels and chambers are occupied by some cations and easily removable
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H2O molecules. The size distribution of the channel system in the zeolite framework is
significantly important when it comes to its sorption and catalytic properties [1–3].

Clinoptilolite is the one of the most widespread zeolites, which belongs to the heulan-
dite group [2–5]. The general formula of clinoptilolite is as follows:

(K, Na, Ca)6[(Si, Al)36O72] nH2O (n = 20-24).

The water content in the clinoptilolite elementary cell is changeable (from 20 to
24 H2O molecules) [6]. Clinoptilolite may occur in high-silica or low-silica form, which
is determined as Ca-clinoptilolite [3]. The interest in clinoptilolite is not only associated
with its abundance in nature but mainly with the most comprehensive physicochemical
properties among all of the zeolite-group minerals [7,8].

The most significant clinoptilolite properties are high sorption and ion exchange
capacity, ion exchange selectivity, molecular sieving properties, catalytic activity, acid
resistance, and thermal stability up to 750 ◦C [7]. The latter one distinguished clinoptilolite
to the isostructural heulandite, which shows thermal stability up to 400 ◦C [5,8–10]. Due
to the very similar crystallographic structure of the clinoptilolite and heulandite, they
were misidentified. Finally, in 1960, the clinoptilolite was marked out as an individual
mineral [3,9]. Clinoptilolite has found particular application in environmental protection,
industry, and agriculture. However, even now, new areas of the clinoptilolite management
are being discovered. Due to this ongoing expansion of the applications, zeolites often
are determined as the raw material of the 21st century [7,11]. It is worth highlighting that
clinoptilolite was used on the large scale as the cesium and strontium absorbent to mitigate
the detrimental effects of the Chernobyl disaster [12].

The location of clinoptilolite-rich deposits is mostly related to the areas of previous
volcanic activity and hydrothermal processes. Moreover, in some regions, the zeolite
crystallization occurs these days as a result of the “zeolitization” of the feldspathic rocks.
Due to the “zeolitization” process, zeolite-bearing rocks are widespread throughout the
earth’s crust and stratigraphically belong to the different geological eras [13]. According to
the U.S. Geological Survey [14], the most abundant deposits in the world are in China, the
Republic of Korea, Indonesia, New Zealand, the United States, and Cuba. Moreover, new
deposits of the zeolite-rich rocks are still being discovered. A good example is the recently
discovered the mordenite–clinoptilolite deposit in eastern Cuba [15]. It proved that even
the areas well known for occurrences of zeolite still have undiscovered deposits. Based on
the data provided by KMI Zeolite Inc. [16], the most valuable mineral commodity because
of the high-purity clinoptilolite zeolite is in the U.S. state of Nevada. KMI reported [16]
that so far, their deposit has exhibited the highest clinoptilolite concentration in Northern
America, maybe even in the world. However, many countries are not willing to distribute
the data on their mine reserves. There are also assumptions that reserves of some deposits
are overestimated because of possible miscalculation. It should be emphasized that what
makes deposits valuable is not the host rock but the zeolite mineralization concentration
in it [14]. In Europe, the clinoptilolite-rich tuffs deposits are manly located in Slovakia,
Ukraine, Turkey, Italy, and Romania [7,13,14,17,18]. However, the first one is reported as
the economically most crucial natural zeolite occurrence in Europe [14,19].

In general, zeolites are not the rock-forming minerals and rarely occur in a pure form.
The zeolite mineral type and its content in the rock depend on the host rock petrography
(chemical and mineralogical composition of volcanic glass as well as the texture and
structure of host rock) and forming conditions such as the pH and temperature of the
water [12].

Usually, the various zeolite minerals co-occur in the particular rock. In addition, the ze-
olite mineralization is associated with some minor and accessory minerals such as feldspar,
mica group minerals, chlorite group minerals, opal, cristobalite, zircon, tourmaline, iron,
and sulfur compounds as well as clay minerals. The mentioned constituents are treated as
unwanted impurities in zeolite mineralization [12,20]. The occurrences of secondary and
accessory minerals in zeolite-rich rocks induce many constrains in their applications [20].
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The high demand for zeolite minerals brings about development in synthetic zeolites [11].
For the first time, zeolites were obtained under the laboratory conditions in the 1950s [21].
Today, many methods for the synthesis of zeolites are well known and broadly discussed
in the literature [11,22–25].

It should be emphasized that natural zeolites subjected to the appropriate activation
processes can compete with the properties of the synthetic zeolites or create an even better
tailored product for the specific industrial applications. One of the common performance-
enhancement processes for natural zeolites is the mechanical activation [26–28]. The milling
technology applied in mechanical activation has a significant impact on the processing
properties of natural zeolites, and it is recognized as an up-and-coming and eco-friendly
process in the production of the highly demanding nanozeolites [26,29,30]. In the interest
of nanoscale zeolite production, many studies regarding the zeolite grinding optimiza-
tion were carried out [26,27]. Bohács et al. [26] established the optimal conditions for the
zeolite wet milling in a stirred media mill, whereas Sivashankari et al. [27] determined
the most advantageous parameters for the zeolite dry milling process in a planetary ball
mill. In addition, Şükrü et al. [28] stated that using a planetary ball mill compared to a
conventional ball mill in the zeolite grinding process significantly enhanced the zeolite
absorption capacity for the removal of heavy metals from wastewater solution. Moreover,
Zolzaya et al. [31] reported that the mechanical activation in a vibration mill remarkably
improved the cation exchange capacity of natural zeolites. In [32], the authors optimized
the key parameters associated with the vibratory and planetary centrifugal milling pro-
cesses for enhancement of the Sr2+ and Cu2+ selectivity of natural zeolites. In recent years,
there has been considerable interest in alternative processes of the natural zeolites’ acti-
vation [33–36]. Silva et al. [33] proved that graphene-oxide activation by the spin-coating
method improves the adsorption properties of natural zeolites. Whereas Kang et al. [34]
reported that the fluorinated natural zeolite exhibits significantly better efficiency in the
radon sorption compared to untreated natural zeolite. Other researchers demonstrated
that the aluminum-coated natural zeolites [35] and surfactant-modified zeolites [37] are
promising materials for the defluorination of drinking water. Many studies have been
published on surfactant-modified zeolites as organic [38,39] and inorganic [37,40,41] tox-
icants adsorbents. Several studies [40–43] suggested that among the many surfactants,
the hexadecyl-trimethylammonium bromide (HDTMA) is the most widely applied as an
agent that can enhance the ability of zeolites to adsorb the organic pollutants by increasing
zeolite hydrophobicity. In more recently published studies, Fuss et al. [44] investigated the
chemical (acid, basic) and thermal methods for zeolite activation regarding the capacity
of natural zeolites to adsorb the odors and toxic compounds. Researchers [44] proved
that the thermally activated zeolites exhibit a significantly better performance in terms of
humidity sorption, whereas the acid-activated zeolites are an efficient polycyclic aromatic
hydrocarbons (PAHs) adsorbent.

Although it may seem that zeolite minerals are already well known, the interest in
this group of minerals is not decreasing, and there is still need to investigate them [11].
Moreover, due to the versatility of the zeolite minerals, every particular zeolite commodity
demands individual detailed research [45].

The aim of this work was to investigate and compare the features of clinoptilolite
powders obtained by the mineral processing of Zakarpacki clinoptilolite-rich tuffs from
Ukrainian and Slovakian deposits. In addition, a detailed comparative study of the most
significant zeolite deposits in the world and investigation of the clinoptilolite-rich tuffs
was conducted. The fundamental importance of possessing access to the natural zeolites is
the long-term economic development of Ukraine and Slovakia. Moreover, the naturally
occurring zeolites in the studied countries can be useful in tackling one of the biggest
environmental challenges facing the world, which is climate change. The mineralogical
and structural characterization of Ukrainian and Slovakian clinoptilolite-rich tuffs were ex-
amined by X-ray powder diffraction (XRD), thermal analysis (DSC, TG), X-ray fluorescence
(XRF), optical microscopy, Scanning Electron Microscopy (SEM-EDS), the laser diffraction
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technique, and low-temperature nitrogen adsorption/desorption. Despite huge interest
in zeolite-bearing deposits, no one as far as we know has provided such comprehensive
petrographic characterization and comparative study of Ukrainian and Slovakian zeolite
deposits, in respect to some of the global representative sources of zeolites.

2. Materials and Methods

Studies were carried out on the clinoptilolite powders obtained by mineral processing
of the Miocene volcanic tuffs from two deposits located in Slovakia (Nižný Hrabovec
Mine) and Ukraine (Sokyrnytsya Deposit). In order to carry out a profound analysis of the
fine-grained clinoptilolite, the host rocks from Slovakian and Ukrainian mines were also
examined. Petrogenesis of the studied tuffs is associated with a volcanic ash sedimentation
in a marine environment, whereas occurrence of the clinoptilolite mineralization in tuffs is
the result of the latter hydrothermal processes [46].

2.1. Macroscopic Analysis

At the beginning of the studies, the basic lithological characteristics such as the color
and coherence structure of the clinoptilolite-rich tuffs used for making the zeolite powders
were determined. The rocks’ lithology was defined using the Nikon SMZ1000 stereo zoom
microscope equipped with the zoom range of 0.8–8×. Further mineralogical and structural
characterization of the materials has required conducting different analytical methods,
which are discussed below. All of the equipment except for the ASAP 2020 Micromeritic
instrument (ASAP 2020, Micromeritics, Cracow, Poland) used in tests is in possession of
the Łukasiewicz Research Network ICiMB Cracow.

The nitrogen adsorption/desorption tests with ASAP 2020 from Micromeritic were
conducted in the Organic Technology Laboratory Faculty of Chemistry Jagiellonian Uni-
versity in Cracow.

2.2. X-ray Analysis

Mineralogical composition was determined, mainly, via X-ray powder diffraction anal-
ysis using a Philips APD PANalytical X’pert diffractometer with PW 3020 goniometer, Cu
Kα radiation (radiation at 40 kV power and 35 mA current), and graphite monochromator.
The measurements were done in the 5◦ to 55◦ 2θ range with step size of 0.02◦ 2θ. Diffraction
data were processed by X’Pert HighScore Plus, PANalytical B.V software (version 2.2.5)
combined with JCPDS-ICDD database. The Rietveld method was applied to estimate the
clinoptilolite mineral content. Before analysis, the samples were ground to the particle size
of 0.125 mm.

2.3. X-ray Fluorescence

The chemical analysis of the clinoptilolite-rich tuffs was determined by X-ray fluo-
rescence spectroscopy with wavelength dispersive (WDXRF) using a Panalytical Epsilon
3X instrument. The analysis was conducted on the grounded to 0.125 mm whole rocks.
The bulk oxides composition allowed assessing the total alkalis (K2O + Na2O) versus silica
(SiO2) ratio. Based on that, the classification according to the TAS (Total Alkali Silica) of
volcanic rocks chemical classification was carried out [47].

2.4. Thermal Analysis

Thermal analysis has included the thermogravimetric (TG) and differential scanning
calorimetry (DSC) measurements by using a Netzsch Jupiter STA 449 F3 instrument in the
temperature range 30 to 1000 ◦C with a heating rate of 10 ◦C/min in oxide atmosphere
(flow rate 80 mL/min). The thermal analysis enables determining the thermal properties
of the test materials.
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2.5. SEM Analysis

The data obtained from XRD analysis were supported by optical microscopy and
SEM observations. The optical microscopy on a thin section was performed using a Nikon
Eclipse LV 100 POL microscope combined with the digital camera Nikon Digital Sight DS
–Fi1 runs by NIS–Elements BV 2.3. software. The microscope observations were carried out
in polarized transmitted light on the standard thin sections polished with fine abrasives
to a thickness of 0.30 µm. Optical microscopy was useful in the identification of some
minerals in the tuffs and in the determination of structural features of the clinoptilolite-rich
rocks. In order to determine the clinoptilolite texture and its Si/Al ratio as well as the grain
morphology of the clinoptilolite powders, the scanning electron microscopy (SEM) with an
energy-dispersive spectrometry was performed. The observations were conducted using
a Quattro ESEM scanning electron microscope equipped with a field emission gun (FEG)
and EDS detector. The observations were performed on the fragments of clinoptilolite-rich
tuff fresh fractures. The fragments were attached onto aluminum stubs with double-stick
carbon tape. The powder forms of the samples were treated in the same manner.

2.6. Particle Size Distribution

The particle size distribution of the powders was performed using the laser diffrac-
tion technique by the dry dispersion method and grains measurement according to ISO
13320 [48]. Tests were conducted by a Mastersizer 2000 Malvern device.

2.7. Textural and Physical Properties

The textural parameters of the clinoptilolite powders were determined by low-temperature
nitrogen adsorption/desorption using an ASAP 2020 Micromeritic instrument at a relative
vapor pressure from ≈10−3 to ≈0.99. The obtained adsorption data allowed determining such
parameters as the specific surface area and porosity of the materials. Before performing the
test, the samples were outgassed at the temperature of 200 ◦C to achieve a constant mass. The
specific surface area (SBET) was calculated according to the Brunauer–Emmett–Teller (BET)
method. The total pore volume (VTOT

0.99) was evaluated using the t-plot method and Barretta–
Joynera–Halendy (BJH). The area of micropores (Smic) was determined by using the t-plot
method and the average diameter of pores (Ravg) on the basis of the BJH findings. Finally, in
order to determine the macropore volume (Vmac), the following equation was adopted:

Vmac = Vtot
0.99 − (Vmic

T + Vmes
BJH). (1)

3. Results and Discussion
3.1. Macroscopic and Microscopic Analysis

The investigated clinoptilolite-rich tuffs are light-colored with the shade of white for
the Ukrainian tuff and green for the Slovakian (Figures 1 and 2). The rocks are fine-grain
with the massive and compact structure (Figures 1 and 2). The Slovakian tuff can be
marked out by the larger mineral assemblages disseminated through the rock (Figure 2).
The macroscopic examinations have indicated that the most noticeable minerals in the
Ukrainian tuff are quartz (with resinous luster) and iron oxides mineralization (fine orange
spots) followed by feldspars, biotite (fine dark spots), and muscovite flakes (silver flakes).

By contrast, in the Slovakian tuff, the most noticeable mineral components are irone
compounds and dark biotite flakes, which sometimes form the relatively large assemblages.
The quartz mineralization in the Slovakian sample is scattered through the rock and far
less abundant than in the Ukrainian tuff.

Petrographic examination under the polarizing microscope indicated that both stud-
ied tuffs are crystallo-vitroclastic rocks with the compact and slightly oriented structure.
Primarily the major component of the clinoptilolite-rich tuffs was the volcanic glass, which
has undergone a devitrification process. The range of the glass devitrification is distinct
for the tuffs from different deposits. The Slovakian tuff is marked by significant glass
devitrification. The bulk matrix of the rock comprised the mixture of the fine-crystalline
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clinoptilolite and feldspars. In the matrix, the globular vacuoles, which are the leftovers
after the lava blister filled partially with ash and partially with fine-crystalline clinoptilolite,
were identified (Figure 3). In addition, clinoptilolite in the Slovakian tuff is observed as the
pseudomorphs after the glass shards. A bit larger plate-shaped clinoptilolite crystals with
size up to 0.25 mm can be seen as an impregnation of the rock fractures (Figure 4). The
mineral composition of Slovakian tuff based on the thin section examinations indicated
that except for clinoptilolite (major mineral), feldspars, and plagioclases, the secondary
minerals such as sharp-edged quartz, biotite laths, and iron mineralization assemblages
can be found (Figure 3). The plagioclase crystalloclasts are up to 0.300 mm in size, and
some of them show the zonal and polysynthetic twinnings. The quartz crystals are mainly
fine crystalline below 0.100 mm in size, occasionally about a size of 0.200 mm. All of
the quartz minerals are of pyroclastic origin. The crystalloclasts in the Slovakian tuff are
well-maintained without any alternation features.

Figure 1. Ukrainian clinoptilolite-rich tuff (stereoscopic microscope image).

Figure 2. Slovakian clinoptilolite-rich tuff (stereoscopic microscope image).

The thin section examinations of the Ukrainian tuff indicated that the range of the
glass devitrification in the rock is significantly lower in contrast to the Slovakian tuff. The
existing volcanic glass remains mainly are observed as the diversiform grains. In some
parts of the rock, glass is shaping some kind of the undulatory laminars in the matrix,
which is attributed to the glassy structure of the tuff (Figure 5). Moreover, in the Ukrainian
tuff, the faunal remains filled partially with opal and partially with fine clinoptilolite plates
in the range of 0.030–0.080 mm, and volcanic glass was identified as well (Figure 6). The
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remaining part of the Ukrainian tuff matrix includes very fine-crystalline clinoptilolite and
feldspars with widespread pyroclastic edged-shape quartz crystalloclasts and polysynthetic
plagioclases. The secondary mineral components are muscovite and biotite laths (Figure 7).
The quartz crystalloclasts are fine crystalline and widespread in the rock matrix. Some of
the quartz crystals can reach up to 0.300 mm. The plagioclases minerals are up to 0.200 mm
in size, and some of them express polysynthetic twinnings. The mica laths can reach up to
0.150 mm. All of the crystalloclasts in the rock are well-maintained without any alteration
features. The clinoptilolite mineralization in the tuffs is very fine crystalline, and it forms
the rock matrix and the pseudomorphs after glass shards.

Figure 3. Slovakian clinoptilolite-rich tuff. Spherical vacuoles (green arrows) and scattered crystalloclasts (Q—quartz,
Plg—plagioclase) in the rock matrix. Optical microscope, polarized transmitted light–PPL image (a). Optical microscope,
polarized transmitted light–XPL image (b).

Figure 4. Slovakian clinoptilolite-rich tuff. The larger clinoptilolite (Cpt) crystals in fine-crystalline rock matrix (M), quartz
(Qtz). Optical microscope, polarized transmitted light–PPL image (a). Optical microscope, polarized transmitted light–XPL
image (b).

The obtained results correspond to the previous research of the Slovakian [19] and
Ukrainian [49,50] clinoptilolite-rich tuffs. Moreover, the investigated tuffs exhibit strong
similarity to the Miocene white tuffs from Romania [18] in respect to the macroscopic
features and mineralogical composition, but they differ slightly in SiO2 and Al2O3 con-
centrations (Table 2). All of that can be attributed to the comparable formation conditions.
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In addition, macroscopically and geochemically, the Ukrainian and Slovakian tuffs show
similarity to the Cenozoic tuffs from Central Sardinia, which were investigated by Mor-
mone and Piochi [17] and the Neogenic tuffs from Western Turkey [51]. However, the
petrographic examination under a polarizing microscope provided by researchers [17,51]
indicated quite sharp distinctions in their mineral composition. In the Sardinian tuff, the
main zeolite phase is mordenite accompanied by some smectite and glauconite, while in
Turkish tuffs, the clinoptilolite mineralization is followed by some trace of the mordenite
and smectite [17,51]. The above data proved that Slovakian and Ukrainian clinoptilolite-
rich tuffs appear quite pure, contrary to the Sardinian and Turkish tuffs.

Figure 5. Ukrainian clinoptilolite-rich tuff. The remains of the volcanic glass in the form of a wavy laminated matrix
(green arrows). Optical microscope, polarized transmitted light–PPL image (a). Optical microscope, polarized transmitted
light–XPL image (b).

Figure 6. Ukrainian clinoptilolite-rich tuff. Faunal remains (green arrows) filled partially with clinoptilolite mineralization
(Clp) and partially with volcanic glass (sz); in the background, the rock matrix (M). Optical microscope, polarized transmitted
light–PPL images (a,b).
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Figure 7. Ukrainian clinoptilolite-rich tuff. Crystalloclasts (Q—quartz, Plg—plagioclase, Mu—muscovite, Bt—biotite)
scattered in the fine-crystalline rock matrix. Optical microscope, polarized transmitted light–PPL image (a). Optical
microscope, polarized transmitted light–XPL image (b).

It is important to highlight that the comparative studies provided above apply to
zeolite-rich tuffs belonging to the same stratigraphic period, which is Neogene. By contrast,
the latest discovery of the new zeolitic deposit in Cuba derived from the Cretaceous and
contains two zeolitic phases: mordenite and clinoptilolite [15].

3.2. XRD Analysis

The XRD analysis (Figure 8) indicated that in both studied tuffs, the main mineral
phase is well-crystalized clinoptilolite identified based on the first major peak at 9.85◦ 2Θ
and second major peak at 22.45◦ 2Θ. However, there is a quite sharp distinction in the
clinoptilolite peaks intensities between Slovakian and Ukrainian rocks. The estimated
clinoptilolite phase content for the Slovakian tuff was about 85 wt %, whereas for the
Ukrainian one, it was about 70 wt %. It is in good agreement with the previous XRD
analysis of the Slovakian tuff provided by Chmielewská et al. [52] and other researchers [21],
whereas the XRD pattern of the sample from Ukraine correlates quite well with results
demonstrated by Muir et al. [53]. Comparatively, the estimation of clinoptilolite phase
content in investigated tuffs is close to some of the high-value global clinoptilolite-rich tuff
deposits, as shown in Table 1. The results reported in Table 1 indicate that the U.S. state
Nevada zeolite deposit contains the highest concentration of the clinoptilolite. However,
according to the XRD analysis provided by KMI zeolite Inc. [16], the U.S. clinoptilolite is
accompanied by trace amounts of montmorillonite, phlogopite, and Ca-stilbite, but it still it
is of the highest level of purity in comparison to other naturally occurring zeolites (Table 1).
In the case of Slovakian tuff, the clinoptilolite occurs in association with the trace amount
of the cristobalite identified based on a major peak at 21.87◦ 2Θ and the K-feldspars with a
major peak at 27.64◦ 2Θ. Other minor phases recognized in the Slovakian rock are mica
group minerals (main peak at 8.82◦ 2Θ), quartz (main peak at 26.58◦ 2Θ), and plagioclases
(main peak at 27.7◦ 2Θ).
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Figure 8. XRD patterns of clinoptilolite-rich tuffs from Slovakia and Ukraine. (Cpt—clinoptilolite,
Mic—mica group minerals, Qtz—quartz, Fsp—K-feldspar, Plg—plagioclase, Crs—cristobalite).

Table 1. The clinoptilolite content based on the Rietveld estimation in various zeolite deposits in the world.

Deposit Type of Clinoptilolite-Bearing Rock Clinoptilolite Content (wt %)

Ukraine-investigated sample Volcanic tuff ≈70
Slovakia-investigated sample Volcanic tuff ≈85

Slovakia [52] Volcanic tuff 70 to 85
Ukraine [53] Volcanic tuff ≈75

The U.S. Nevada [16] Volcanic tuff 97
Cuba [54] Volcanic tuff 65

Turkey [55] Volcanic tuff 79
Yemen [45] Volcanic tuff 68 to 72
Serbia [56] Volcanic tuff >80

North Sardinia [57] Volcanic tuff 63

Determination of the particular mica minerals based on XRD data is really difficult
or even impossible because of the overlapping peaks. In order to provide the proper
identification of the particular mica minerals, microscopy analysis is required. The XRD
data and microscope observations enabled determining the presence of biotite in the
Slovakian sample.

The XRD pattern of the Ukrainian tuff proved that except for the main phase, which is
clinoptilolite, the sample includes minor phases such as quartz, K-feldspars, plagioclases,
and mica group minerals. The microscopy observations indicated that minerals among
the mica group are muscovite and biotite. The recorded data are in excellent conformity
with mineralogical composition (XRD) of the Romanian white tuff [56], which implies the
similar conditions of the clinoptilolite-rich tuffs crystallization.

The XRD patterns of Slovakian and Ukrainian clinoptilolite-rich tuffs (Figure 8)
showed that the clinoptilolite content in Slovakian sample is about 15 wt % higher than in
the Ukrainian one. In addition, there is no XRD evidence for cristobalite in the Ukrainian
tuff compared to the Slovakian one. There is also the huge gap between Slovakian and
Ukrainian tuffs with respect to the quartz content. It is clearly noticeable on the XRD
patterns (Figure 8) that the quartz reflection (main peak at 26.58◦ 2Θ) is far more intense for
the Ukrainian tuff compared to the quartz peak on the XRD spectrum of the Slovakian one.
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The slight enhancement of the background signal between 20◦ and 30◦ 2Θ in both Slovakian
and Ukrainian tuffs indicates a trace of the amorphous phases associated with the remains
of volcanic glass in the samples. The microscopy examination proved that phenomenon.

3.3. X-ray Fluorescence

Table 2 includes the chemical composition (XRF) of the investigated clinoptilolite-
rich tuffs from Ukraine and Slovakia and, for the sake of comparison, an analysis of the
various clinoptilolite-rich tuff deposits in the world. The Si/Al ratios listed in Table 2
were calculated on the basis of the bulk rocks XRF analysis. Due to this, the Si/Al ratios
included Si and Al derived from many other rock minerals than clinoptilolite. Other Si
and Al-bearing minerals are quartz, feldspars, plagioclases, mica group minerals, and clay
minerals. The accurate data of the Si/Al ratio in the clinoptilolite structure can be provided
by the EDS microanalysis, and it will be discussed later in the paper.

Table 2. The chemical composition of the various clinoptilolite-rich tuff deposits in the world.

Deposit
Chemical Composition (wt %) Si/Al

Ratio 2SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 LOI 1

Ukraine-
investigated

sample
68.57 11.77 1.95 2.52 0.74 3.32 1.16 0.15 9.67 5.10

Slovakia-
investigated

sample
67.15 12.39 1.43 3.36 0.56 3.63 0.95 0.17 10.27 4.90

Ukraine [58] 65.24 12.58 1.85 3.24 0.78 2.88 0.64 0.18 12.23 - 3

Slovakia [52] 67.16 12.30 2.30 2.91 1.10 2.28 0.66 0.17 10.90 - 3

The U.S. Nevada
[16] 66.70 11.48 0.90 1.33 0.27 3.42 1.80 0.13 13.95 5.80

The U.S Texas [59] 68.07 13.59 2.43 7.97 1.12 2.69 3.30 - 3 - 3 5.01
The U.S. Idaho [59] 75.04 12.85 2.38 3.48 0.80 4.86 0.50 - 3 - 3 5.84

China [60] 69.14 12.82 - 3 3.70 0.05 1.94 1.58 - 3 - 3 4.58
Cuba [54] 65.30 11.20 1.60 2.60 1.10 1.06 1.50 0.20 14.70 - 3

Cuba (Discover in
2021) [15] 64.69 12.61 1.62 2.59 0.55 2.01 0.82 - 3 13.16 4.62

Turkey [55] 69.71 11.74 1.21 2.30 0.31 4.41 0.76 - 3 12.80 - 3

Romania (white
tuff) [18] 70.72 10.17 - 3 4.26 0.67 2.14 0.82 0.18 11.47 - 3

Yemen [45] 67.20 11.69 2.77 2.12 0.41 3.67 0.90 - 3 10.23 - 3

Central Sardinia
[17] 67.27 11.66 1.97 2.82 0.97 2.91 0.93 0.39 10.90 - 3

North Sardinia [57] 63.36 12.90 - 3 3.10 1.29 2.16 1.390 - 3 15.71 4.17
1 LOI: loss of ignition; 2 Si/Al ratio is the molar ratio of Si to Al based on the bulk rocks XRF analysis; 3 data not available.

The obtained results show that the oxide composition of the Slovakian and Ukrainian
samples is comparable. The SiO2 and Al2O3 are the main components, which is character-
istic for zeolites. The exchangeable cations are Ca+2, Mg+2, Na+, and K+ with a prevalence
of the last one. The Ukrainian clinoptilolite-rich tuff exhibits a bit higher Si/Al ratio in
comparison to Slovakian clinoptilolite-rich tuff, which can impact the catalytic performance
of zeolites. Taking into account that higher alumina content provides higher adsorption
capacity [52], the Slovakian clinoptilolite-rich tuff will exhibit better adsorption proper-
ties than the Ukrainian one. Compared to the Ukrainian clinoptilolite-rich tuff studied
by Ciężkowska et al. [58], the investigated Ukrainian one has a higher concentration of
SiO2 and lower concentration of Al2O3. In addition, a decrease in the LOI value of the
studied sample in comparison to the previous results [58] can be observed. Whereas the
chemical data of the investigated Slovakian tuff are in coherence with the results provided
by Chmielewská et al. [52].

Based on the collected data (Table 2), it can be concluded that there is no significant
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distinction in the chemical composition between various clinoptilolite-rich tuff deposits in
the world and the studied samples. However, the clinoptilolite-rich tuff from the Idaho
deposit has the highest SiO2 and quite high Al2O3 concentrations, which is in line with
the highest Si/Al ratio in comparison to other reported clinoptilolite-rich tuff deposits
(Table 2).

Figure 9 shows the chemical classification of the volcanic rocks (TAS diagram) with the
clinoptilolite-rich tuffs from the most representative deposits in the world and investigated
tuffs as well. According to the TAS diagram (Figure 9), all of the zeolitic tuffs except the
tuff from the Idaho deposit are assigned to the dacite plot. The clinoptilolite-rich tuff from
Idaho belongs to the rhyolitic one, displaying the most SiO2-enriched tuff.

3.4. Thermal Analysis

In Figure 10, the TG-DSC curves of the clinoptilolite-rich tuffs from the Ukrainian and
Slovakian deposits are showed. The thermal analysis indicated in both cases the presence
of a single, small but broad endothermal peak with the maximum at 120 ◦C and 140 ◦C for
Slovakian and Ukrainian sample, respectively. The endothermal effects ended at 680 ◦C
and 800 ◦C with mass loss of 9.48% and 9.87%. The fastest mass loss in samples can be
observed from 65 to 300 ◦C, and it is associated with mass losses of about 6.84 wt % for
the Slovakian and 6.97 wt % for the Ukrainian tuff. The endothermal effects visible for
both tuffs are attributed to the dehydration of the zeolite minerals. It is compelling that
the DSC curves for both studied zeolitic tuffs have not revealed any drastic transition in
heat flow up to 1000 ◦C. It implies that the total structural decomposition of the examined
clinoptilolite zeolites occurs at temperature over 1000 ◦C. However, it needs to be verified
by the thermal analysis at temperature higher than 1000 ◦C and requires XRD analysis to
detect any structural changes in clinoptilolite as the result of an amorphization.

Figure 9. The chemical classification of the clinoptilolite-rich tuffs from the most representative
deposits in the world and the investigated tuffs according to the TAS diagram [47].

The shape of the DSC curves indicates that the zeolite water in the studied samples
is released step by step in the wide range of the temperature, which corresponds to the
literature [59]. According to Franus et al. [61], that phenomenon can be associated with
the mesoporous volume in the framework of the zeolite minerals. Korkuna et al. [62] state
that the bond between the zeolitic water and the mineral framework is weaker. Due to the
weaker zeolitic water bonding in the mineral framework, the water release temperature is
relatively low: about 100 ◦C and from 100 to 200 ◦C. In addition, an endothermal effect
with the maxima at 140 ◦C is visible on the Ukrainian tuff DSC curve, which corresponds
to the literature data [63]. Breck [2] has proved that above 360 ◦C, the zeolite minerals
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undergo dihydroxylation. The dihydroxylation process in zeolite minerals is related to
releasing the water, which exhibits a stronger bond in the zeolitic crystal framework.

Figure 10. Thermal analysis (TG-DSC) of the clinoptilolite-rich tuffs from Ukraine and Slovakia.

The thermal behavior of the clinoptilolite-rich tuff from the Ukrainian deposit corre-
lates quite well when compared to the previous study of the zeolitic tuff from the same
source [50]. Chmielewská et al. [64] proved that the Slovakian clinoptilolite-rich tuff from
the same deposit as the studied Slovakian sample begins to undergo a structural phase
transition at the temperature around 900 ◦C.

Table 3 comprises data on the previous studies on the thermal stability of the clinop-
tilolite minerals from various deposits in the world as well as properties of the investigated
samples. The thermal behavior of the zeolite minerals can be generalized, but the data
presented in Table 3 have shown that depending on the source locations, a distinction
in the temperature of the profound destabilization of the clinoptilolite crystal structure
can appear. Based on the reported data (Table 3), the clinoptilolite structural decompo-
sition temperature ranges from 450 to above 1000 ◦C. However, the collected data are
just indicative because the evaluation methods used for determining the clinoptilolite
structural decomposition in reported studies are different. The results in Table 3 show
that the clinoptilolite-rich tuffs from Ukraine and Slovakia have a high and comparable to
Cuban and Italian clinoptilolites thermal stability properties.

Table 3. The thermal behavior of the clinoptilolite minerals from various deposits around the world.

Clinoptilolite Source Locations Estimated *
Clinoptilolite Structural Decomposition Temperature (◦C)

Ukraine-investigated sample >1000
Slovakia-investigated sample >1000

The U.S. Nevada [16] 700
The U.S. Texas [59] 965
The U.S. Idaho [59] 965

Cuba [8] >1000
The U.K. [59] >920
Turkey [65] 800
Austria [66] 720

North Sardinia [57] 450–500
Italy (Modena) [67] >1100

* Based on the different evaluation methods.
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3.5. SEM Analysis

The SEM observations and EDS microanalysis enable determining a morphology of
the clinoptilolite minerals in the studied samples and allow precisely defining the Si/Al
ratios in the clinoptilolite minerals.

The clinoptilolite in both tuffs occurs in the form of thin plate-shaped (flaky) crystals,
of sizes usually not exceeding 0.010 mm, which formed a tight mass (Figures 11 and 12).
The thinness of the clinoptilolite crystals is significantly noticeable in the Ukrainian tuff.
The clinoptilolites thin plates create the close fit of the lamellar aggregates; rarely, they
occur as individual plates. Moreover, the appearance of clinoptilolite crystals splitting is
in agreement with the previous studies [50]. Sometimes, the clinoptilolite crystals in the
Ukrainian tuff exhibit the distinct hexagonal shape (Figure 11a), which is consistent with
the observation provided by Woszuk et al. [68]. The SEM images confirmed the previous
statement reported by Sprynsky [50] on the hydrothermal origin of the clinoptilolite crystals
in Ukrainian tuffs. The SEM observations of the Ukrainian and Slovakian clinoptilolite-rich
tuffs imply a strong resemblance to the clinoptilolite crystals in Yemeni [45] and in Turkish
tuffs [69].

The average of the Si/Al ratios determined from the particular microareas by means
of EDS microanalysis indicated that the Si/Al ratio is 4.9 for the Ukrainian clinoptilolite
and 4.0 for the Slovakian one. The obtained results are not compatible with the Si/Al ratios
evaluated based on the bulk rocks XRF analysis (see Table 2). Moreover, Holub et al. [70]
reported that the average Si/Al ratio for Slovakian clinoptilolite from the same deposit
is 5.0. This can be explained by the natural variability in the clinoptilolite crystals within
the deposit.

Figure 11. SEM image of the clinoptilolite in Ukrainian tuff (EDS spots—red forks) (a) its EDS microanalysis (b).

Figure 12. SEM image of the clinoptilolite in Slovakian tuff (EDS spots—red forks) (a) and its EDS microanalysis (b).
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Taking into account that the maximum Si/Al ratio in natural zeolites is between
5 and 6, it can be pointed out that the clinoptilolite in the Ukrainian tuff shows relatively
high value [3]. Chen et al. [60] state that the adsorption capacity of natural zeolites mainly
depends on the Si/Al ratio and the specific surface area (SSA). Due to this fact, it is expected
that Ukrainian zeolitic tuff will exhibit higher adsorption capacity than the Slovakian one.

For comparison, in Table 4, the previous Si/Al ratios (EDS analysis) of clinoptilolite
crystals from various deposits in the world are presented. The data given in Table 4 prove
that the Si/Al ratio for clinoptilolite crystals can vary considerably with respect to the
deposit or even within it. The variability in Si/Al ratios is closely related to the different
crystallization and hydrothermal conditions during crystals’ growth.

Table 4. The Si/Al ratios (EDS analysis) of clinoptilolite crystals from different deposits in the world.

Deposit Molar Si/Al Ratio

Ukraine-investigated sample 4.90 *
Slovakia-investigated sample 4.00 *

Slovakia [70]
The U.S. Nevada [16]

5.00 *
5.80–6.40

China [60] 2.19–5.73
Turkey [69] 5.25–6.08

Central Sardinia [17] 4.13–5.42
Serbia [56] 5.03 *

* average ratio.

3.6. Particle Size Distribution

The analysis of particle size distribution (Figures 13 and 14) of the studied samples
showed that the clinoptilolite powder obtained from the Slovakian tuff has a grain size from
about 0.2 to about 400 µm, while the clinoptilolite powder from the Ukrainian tuff is from
about 0.2 to about 150 µm. However, the Slovakian clinoptilolite powder is significantly
finer and more homogeneous in comparison to the Ukrainian one. The greater degree of
the fragmentation of the Slovakian powder is indicated by the content of the grains size
below 5 µm, which is about 35%, while in the Ukrainian clinoptilolite powder, the content
of this fraction is just about 10%.

The Slovakian clinoptilolite particles are distributed tri-modally with the following
peaks: from 0.6 to 1 µm, from 2 to 6 µm, and from 40 to 100 µm. The Ukrainian clinoptilolite
powder shows the monomodal population curve with peaks from 10 to 20 µm; however,
the grains from 10 to 30 µm dominated. The SEM observations of the powders obtained by
mineral processing of the Slovakian and Ukrainian clinoptilolite tuffs confirmed the results
of the grain distribution analysis by the laser method (Figures 13b and 14b).

Figure 13. Particle size distribution of the clinoptilolite powder obtained by mineral processing of the Ukrainian tuff (a);
SEM images of the particles morphology (b).
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Figure 14. Particle size distribution of the clinoptilolite powder obtained by mineral processing of the Slovakian tuff (a);
SEM images of the particles morphology (b).

Moreover, the microarea observations of the Ukrainian clinoptilolite powder showed
that regular particles with sharp edges dominated (Figure 13b), while in the Slovakian
powder, the rounded particles are abundant (Figure 14b). In addition, the size distribution
of the Slovakian powder is conducive to agglomerate, as seen in Figure 14b.

The mineral composition of the Ukrainian and Slovakian volcanic tuffs has a huge
impact on the morphology of the studied clinoptilolite powders. The analysis of the mineral
composition of the investigated tuffs indicated a significantly higher quartz content in the
Ukrainian tuff compared to the Slovakian one. The silica impregnation in the Ukrainian tuff
aggravates the disintegration during the mineral processing of the raw materials, causing
greater wear of the working elements of the machines.

It is worth underlining that dusty materials are problematic when it comes to their
management, and in most of the cases, such raw materials need to be compacted into
larger grains. This also concerns the clinoptilolite powder, which is especially problematic
when it comes to consolidation. Difficulty in the zeolite powder compaction is mainly
related to its unique physicochemical properties, such as high alkaline pH, moisture
swelling, and decreasing of sorption properties due to compaction processes with the
binder application [71]. One of the factors influencing the material susceptibility to the
compaction processes is its grain size [72–74]. The conducted studies of the morphology
and particle size distribution of powders by means of laser diffraction indicated that
Slovakian clinoptilolite powder will probably exhibit better susceptibility to consolidation
processes due to the higher fine fractions content [73].

3.7. Textural and Physical Properties

The analysis of textural parameters (obtained by N2 adsorption/desorption analysis—
Table 5) revealed that clinoptilolite powder obtained by mineral processing of the Slovakian
clinoptilolite tuff has a better developed specific surface area and larger porosity in contrary
to the clinoptilolite powder from Ukraine. The specific surface area (SBET) and total pore
volume (Vtot

0.99) are about two times higher than for the Slovakian clinoptilolite powder.
The average pores size for the samples is quite similar, and it is about 10 nm.

Table 5. Textural parameters of the clinoptilolite powders from Ukraine and Slovakia.

Sample
Textural Properties

SBET
(m2/g)

VTOT
0.99

(cm3/g)
Vmic

T

(cm3/g)
Smic

(m2/g)
Vmes

BJH

(cm3/g)
Smes

(m2/g)
Vmac

(cm3/g)
Ravg
(µm)

Ukrainian
powder 12.58 0.059 0.002 3.18 0.029 9.939 0.029 0.012

Slovakian
powder 29.91 0.122 0.003 5.68 0.064 23.815 0.055 0.011
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With respect to the pore size distribution, both zeolitic powders can be classified as
meso- and microporous, which make them the prospective raw materials for the organic
and petroleum compounds adsorption [75]. The textural analysis showed relatively low
micropore volume in the studied samples. It is about 3.4% and 2.5% for the Ukrainian
and Slovakian materials, respectively. The samples exhibit a similar type of isotherm
(Figures 15 and 16), which is type II with some minimal features of type IV, and the hys-
teresis loop of type H3 according to the IUPAC classification [76]. The observed hysteresis
loop corresponds to disordered slit-shaped pores, and it is typical for the aluminosilicates.

Figure 15. N2 adsorption/desorption isotherms for the Ukrainian clinoptilolite powder.

Figure 16. N2 adsorption/desorption isotherms for Slovakian clinoptilolite powder.

4. Conclusions

The XRD and petrographic analysis indicate that clinoptilolite is the only zeolite
mineral in the studied rocks. Clinoptilolite crystallized mainly in the form of very fine-
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crystalline thin plates up to 0.010 mm in size; occasionally in the material from Slovakia,
slightly larger crystals about 0.250 mm were observed.

The clinoptilolite tuffs have an oxide composition corresponding to the dacite plot,
according to the TAS diagram. The Slovakian tuff is more abundant in clinoptilolite
mineralization (about 15% higher clinoptilolite concentration in contrary to the Ukrainian
tuff) and shows a higher degree of the volcanic glass devitrification and contains less
impurities such as quartz minerals and no evidence of the faunal remains compared to
the Ukrainian tuff. The above-mentioned differences in the mineral composition indicate
different conditions of the petrogenetic processes of these rocks. The Ukrainian and
Slovakian clinoptilolite-rich tuffs differ in terms of the Si/Al ratio and specific surface area.
Compared the Slovakian one, Ukrainian clinoptilolite exhibits a higher value of the Si/Al.
This implies the better adsorption capacity of Ukrainian zeolite. In contrast, the specific
surface area obtained for both clinoptilolite-rich tuffs indicates the opposite.

The textural analysis of the clinoptilolite powders obtained by mineral processing of
the studied tuffs showed that they are the meso-macropore materials. The morphology
analysis together with the particle size distribution indicate that the Slovakian clinoptilolite
powder probably will show a better susceptibility to compaction processes, due to its
higher fine particle fractions content.

Based on the conducted comparative study of the most significant zeolite deposits
in the world and examined clinoptilolite-rich tuffs, we can conclude that Ukrainian and
Slovakian zeolites are comparable with many European zeolitic deposits, especially with
the Romanian white tuff and the Turkish one. In addition, the estimation of clinoptilolite
phase content in investigated tuffs is close to some high-value world clinoptilolite-rich tuff
deposits such as the Cuban zeolitic commodity. Moreover, the thermal analysis results
indicated that the clinoptilolite-rich tuffs from Ukraine and Slovakia have high thermal
stability properties that are comparable to the Cuban and Italian clinoptilolites, which is
crucial in many industrial applications.

We can see then that conducting the detailed mineralogical and structural character-
ization of zeolitic-bearing rocks is significantly important in order to assess the material
behavior in the future technological processes. The results obtained in this study can be a
useful indicator with respect to the crushing and compaction susceptibility of the Ukrainian
and Slovakian clinoptilolite-rich tuffs.

Author Contributions: Conceptualization, E.P.-M. and T.G.; methodology, E.P.-M.; investigation,
E.P.-M.; T.G. writing—original draft preparation, E.P.-M.; writing—review and editing, A.S.; vi-
sualization, A.S.; supervision, P.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is the result of the Implementation Doctorate Program IV edition for the
years 2020–2024 financed by MEiN on the basis of the collaboration agreement no. DWD/4/28/2020
between AGH University of Science and Technology and Łukasiewicz Research Network Institute of
Ceramics and Building Materials.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Auerbach, S.M.; Carrado, K.A.; Dutta, P.K. Handbook of Zeolite Science and Technology Copyright Year 2003; CRC Press: Boca Raton,

FL, USA, 2003; ISBN 9780824740207.
2. Breck, D.W. Zeolite Molecular Sieves: Structure, Chemistry and Use; John Wiley & Sons Inc.: New York, NY, USA, 1974.
3. Ciciszwili, G.W.; Andronikaszwili, T.G.; Kirow, G.N.; Filizowa, D.Ł. Zeolity Naturalne; Wydawnictwa Naukowo-Techniczne:

Warszawa, Poland, 1990.
4. Mozgawa, W. Spektroskopia Oscylacyjna Zeolitów; Uczelniane Wydawnictwa Naukowo-Dydaktyczne AGH: Kraków, Poland, 2007.
5. Mansouri, N.; Rikhtegar, N.; Panahi, S.H.; Atabi, F.; Shahraki, B.K. Porosity, characterization and structural properties of natural

zeolite—Clinoptilolite—As a sorbent. Environ. Prot. Eng. 2013, 39, 139–152.



Minerals 2021, 11, 1030 19 of 21

6. Földvári, M. Handbook of Thermogravimetric System of Minerals and Its Use in Geological Practice; Geological Institute of Hungary:
Budapest, Hungary, 2011; ISBN 978-963-671-288-4.

7. Wieser, T. Zeolity—Kopaliny XXI wieku. Przegląd Geol. 1994, 9, 477–482.
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Kraków, Poland, 2010.

73. Kłassiena, P.W.; Griszajew, I.G. Podstawy Techniki Granulacji; Wydawnictwa Naukowo-Techniczne: Warszawa, Poland, 1989.
74. Izak, P. Reologia w Ceramice, Wydanie Drugie Uzupełnione; Wydawnictwo AGH: Kraków, Poland, 2017.
75. Muir, B.; Bajda, T. Organically modified zeolites in petroleum compounds spill cleanup—Production, efficiency, utilization. Fuel

Process. Technol. 2016, 149, 153–162. [CrossRef]
76. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Sing Physisorption of

gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl.
Chem. 2015, 87, 1051–1069. [CrossRef]

http://doi.org/10.1016/j.ceramint.2006.01.003
http://doi.org/10.1007/s00501-017-0596-5
http://doi.org/10.1016/j.jhazmat.2015.02.048
http://www.ncbi.nlm.nih.gov/pubmed/25710818
http://doi.org/10.3390/ma12142265
http://www.ncbi.nlm.nih.gov/pubmed/31311078
http://doi.org/10.1016/j.cscm.2021.e00576
http://doi.org/10.7862/rb.2016.192
http://doi.org/10.1180/clm.2020.3
http://doi.org/10.1016/j.fuproc.2016.04.010
http://doi.org/10.1515/pac-2014-1117

	Introduction 
	Materials and Methods 
	Macroscopic Analysis 
	X-ray Analysis 
	X-ray Fluorescence 
	Thermal Analysis 
	SEM Analysis 
	Particle Size Distribution 
	Textural and Physical Properties 

	Results and Discussion 
	Macroscopic and Microscopic Analysis 
	XRD Analysis 
	X-ray Fluorescence 
	Thermal Analysis 
	SEM Analysis 
	Particle Size Distribution 
	Textural and Physical Properties 

	Conclusions 
	References

