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Acid treatment of natural zeolites is often used to “improve” their porous
structure and properties, which are also affected by thermal treatment. The influ-
ence of hydrochloric acid solutions with concentrations up to 2 N and calcination at
temperatures up to 800°C on the structure and properties of clinoptilolite-containing
tuff from the Armenian Nor-Kohb deposit, selected for the creation of new
bactericidal zeolite filter materials for purification and disinfection of water from
various sources, was studied by the chemical analysis, powder X-ray diffraction
patterns, adsorption of water, benzene and nitrogen. It was found that an acidic
environment leads to significant dealumination (Si/Al atomic ratio increases from
~5 to =9.4) and changes in cationic composition without decationization leading to
a decrease in the adsorption capacity for water vapor; acidic solutions do not lead
to amorphization of the zeolite microporous crystal structure, but gradually dissolve
it. Acid treatment also “opens” micropores for large non-polar nitrogen molecules,
increases the adsorbing surface area and causes changes in the mesopore system,
leading to an increase in their size. Heating leads to the transformation of partially
dehydrated zeolite into the metastable phase of heulandite B at 457°C followed by
possible formation of zeolite-like mineral wairakite (500°C) and formation of
anorthite-like feldspar (600°C); the content of the amorphous phase increases with
increasing temperature, but the zeolite crystalline structure is maintained even after
annealing at 800°C. The specific porosity of heulandite (0.17 cm®/g) is maintained
up to a temperature of 700°C, the adsorption capacity of micropores for water vapor
(>4 mmol/g) does not change up to a temperature of 500°C, at higher calcination
temperatures, the volume of micropores available for nitrogen molecules and the
surface area also decrease, and the average diameter of nano-sized pores increases.

https://doi.org/10.46991/PYSUB.2024.58.3.147

Keywords: clinoptilolite, dealumination, decationization, dehydration,
amorphization.

Fekkkdk

E-mail: miss.tangamyan@mail.ru
E-mail: khachik.nazaretyan@mail.ru
E-mail: hakobplus@gmail.com
E-mail: alla-man@mail.ru

E-mail: I.harutyunyan@anau.am

E-mail: v.tsitsishvili@googlemail.com
E-mail: nato.mirdzveli@gmail.com
E-mail: nanuli.dolaberidze@tsu.ge
E-mail: manana.nijaradze@tsu.ge
E-mail: zurab.amiridze@tsu.ge
E-mail: bela.khutsishvili@tsu.ge

*k Fkk Kk hhK

HkKk Fokk Kk kA K
Fkkk Fekk Kk k kKKK
Fekkkk Fekk KK dkh K KA

Fekk KKk


https://doi.org/10.46991/PYSUB.2024.58.3.147
mailto:v.tsitsishvili@googlemail.com
mailto:miss.tangamyan@mail.ru
mailto:nato.mirdzveli@gmail.com
mailto:khachik.nazaretyan@mail.ru
mailto:nanuli.dolaberidze@tsu.ge
mailto:hakobplus@gmail.com
mailto:manana.nijaradze@tsu.ge
mailto:alla-man@mail.ru
mailto:zurab.amiridze@tsu.ge
mailto:l.harutyunyan@anau.am
mailto:bela.khutsishvili@tsu.ge

148 ACID AND HEAT TREATMENT OF ARMENIAN CLINOPTILOLITE.

Introduction. Zeolite-containing tuff from the Nor Kokhb deposit was chosen
as one of the main materials for creating new bactericidal zeolite filter materials for
purification-decontamination of water from various sources [1]. In general, zeolites
consist of an aluminosilicate lattice [AlSiyO2x+y)], constructed from alternating
electrically neutral [SiO.] tetrahedra and negatively charged [AlO4]" tetrahedra,
forming an open one-, two- or three-dimensional framework with cages and
channels. The cavities and channels form a system of micropores, due to which
zeolites have molecular sieve and sorption properties, and are very widely used [2].
In addition, zeolites contain labile cations (Na*, K*, Ca?*, Mg?*, etc.) that compensate
for the negative charge of the framework, and water molecules associated with the
framework and cations, which determines the ion-exchange properties of zeolites,
allowing them to absorb heavy metal cations [3]. Today, the Database of Zeolite
Structures [4] of the International Zeolite Association includes 256 different types
of frameworks of natural and synthetic zeolites, but the greatest application, mainly
in agriculture and the production of building materials, is found in natural heulandite-
clinoptilolites, deposits of which have been found in many countries.

Studies of the zeolite-containing tuff of the Nor Kokhb deposit, constituted of
four interbedded layers up to 100 m thick and containing about 65-80% clinoptilolite
(Cpt) [5], began in the 20" century [6]. Later, the adsorption properties of this natural
zeolite [7-9], as well as its chemical and thermal modification [10-13], were studied.
The physical properties such as dielectric permittivity, specific conductivity,
luminescence and infrared absorption of natural zeolite from the Nor Kokhb deposit
were also carried out [14].

The purpose of this paper is to consider changes in the structure and properties
of Cpt-containing tuff from the Nor Kokhb deposit under the influence of acid and
thermal treatment based on new and previously published data on characterization,
dehydration and structural transformations.

Experimental Part.

Materials and Methods. All the reagents were used from commercial sources
without further purification with the exception of zeolite. Zeolitic tuff samples were
collected at the Nor Kokhb deposit, located in Noyemberyan Region of Armenia.
Preparation of zeolite samples included crushing the tuff in a standard crusher,
fractionation to a particle size of 1.0-1.4 mm (14-16 mesh), washing with distilled
water to remove clay impurities, and drying at a temperature of 95-100°C.

Treatment. Acid treatment was carried out by processing 10 g of prepared
(crushed, sieved, washed and dried) zeolitic tuff with 100 mL of 0.5, 1.0, and 2.0 N
solutions of hydrochloric acid in a shaker (MSH-20A, Daihan Scientific Group,)
operating in a linear mode at 75°C. The first step of acid treatment lasted 1 h, the
second — 2 h, and the third — 3 h, each step was followed by washing with distilled
water at room temperature until no CI- ions were detected in the washing water by
using AgNQOs solution. The washed and dried samples were weighed to determine
the weight loss, the results are given in Tab. 1.

Calcination of the prepared samples, placed in heat-resistant round-bottomed
cups, was carried out in a DKIIC-10 muffle furnace (Smolenskoe SKTB SPU,
Russia) in the temperature range of 200-1100°C under static conditions for 1 h, then
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the cups with calcined zeolite samples were placed in desiccators with calcined
CaCl; until completely cooled.

Table 1
Weight loss (%) from acid treatment steps
Ste Concentration of HCI solution, N
P 0.5 1.0 2.0
1%t 3.45 3.99 6.04
2nd 3.14 3.42 475
3d 1.14 1.28 1.46

Characterization. Crystallographic analysis was carried out using X’Pert
HighScore X-ray diffractometer and software (Malvern Panalytical, UK), continuous
scanning was carried out in the 2@ range from 5°-90° in steps of 0.013° at a scanning
speed of 0.09°/min. Chemical composition of the original and modified samples
was carried out using AAS240FS flame atomic absorption instrument (“Agilent”,
USA) and standard methods [15-18]. Powder X-ray diffraction (XRD) patterns
were obtained on a MiniFlex 600 Rigaku Smart Lab Se diffractometer (Rigaku
Corporation, Tokyo, Japan) with a D/teX Ultra 250 1D detector and with Cu-K, line
(4 =0.154056 nm); scanning was carried out in the 2@ range from 3°-100° in steps
of 0.01° at a scanning speed of 2°/min. Weight loss, difference thermal analysis
(DTA) and difference thermogravimetric (DTG) curves were recorded on a STA
2500 Regulus thermal analyzer (NETZSCH group) at a heating rate of 10°C/min.

The adsorption capacity of water vapor and benzene was measured under
static conditions at room temperature as follows: the samples were calcined at
260-280°C for an hour, then weighed on an electronic analytical balance
FA 2204 N (JOAN LAB, China), placed in a desiccator and kept 96 h at a constant
pressure of water vapor (relative pressure p/po = 0.4 and saturated vapor pressure
plpo = 1.0) and benzene (p/po = 1.0), after which samples with absorbate were
reweighed. Nitrogen adsorption-desorption isotherms were measured at a
temperature of 77 K (-196°C) on an ASAP 2020 Plus analyzer (Micromeritics, USA)
and a NOVAe 2200 analyzer (Quantochrom, USA).

Results and Discussion.

Mineralogical and Chemical Composition of Initial Sample. According
to the analysis of X’Pert powder XRD patterns using Malvern PANalytical
database, tuff from the Nor Kokhb deposit contains 58% of calcium Cpt, 25% of
sodium Cpt, 7% of kanemite (HNaSi,Os-3H,0), 5% of quartz (Si0O-), 4% of natrolite
(crystal chemical data |[NasCly| [AlsSisO24]-SOD [19]) and 3% of sigma-2 zeolite
(J(C10H17N)4| [SieaO126]-SGT [19]). The presence of sigma-2 zeolite, a purely
synthetic zeolite-like material with organic template (CioHi7N is 1-amino-
adamantane), in the sedimentary rock is questionable; most likely, the impurity in
question is a type of silicon dioxide.

The results of chemical analysis are expressed by the empirical formula
(Nao.29Ko0.41Ca2.12M¢o.47) [AlsgsSiz0.1072], atomic ratio Si/Al = 5.12, rather than for
Cpt with Si/Al > 5, which are characterized as high silica clinoptilolites [20].
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Chemical Composition of Acid-treated Samples. The results of determining
the chemical composition of the acid-treated samples are given in Tab. 2 in the form
of averaged empirical formulas of dehydrated zeolites in terms of one aluminum
atom to demonstrate changes in the Si/Al atomic ratio, reflecting the degree of
dealumination; the sum of the positive charges of sodium, potassium, calcium and
magnesium cations per aluminum atom shows the degree of decationization.

Table 2

Chemical composition of original and acid-treated samples

Concentration of Empirical formula Compensating charge of
HCI solution, N cations per Al atom
0 Nao.0590K0.153Ca0.333Mgo.0605 [AlSis.12011.8] 1.00 + 0.06
0.5 Nao.077Ko.250Ca0.261Mgo.0708 [AlSie.3309.82] 1.02 +0.06
1.0 Nao.0945K0.255Ca0.246Mgo.079 [AlSis.0407.96] 0.94 £ 0.06
2.0 Na0.0947K0.248Ca0.255Mg0.0734 [AlSi9.3706.94] 0.96 £ 0.06

As can be seen from the data in Tab. 2, the zeolite undergoes dealumination,
and this result is comparable with the data of work [21], in which the treatment of
Cpt from the Nor Kokhb deposit was carried out in a solution of hydrochloric acid
with a concentration of 1 mol/L, at a ratio of liquid and solid phases of 2:1 and a
temperature of 95°C for 1.5 h, as a result of which the Si/Al atomic ratio increased
from 4.3 to 5.46 and to 5.73 under microwave irradiation at a frequency of 2.45 GHz.

The total cationic charge in terms of one aluminum atom remains within the
measurement error (Tab. 2), although there is a change in the cationic composition
shown in Fig. 1, from which it is clear that calcium is washed out along with the
leaching of aluminum, while the relative content of relatively large potassium cation
increases significantly, and the content of sodium and magnesium increases slightly.
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0 0.5 1.0 2.0 Fig. 1. Changes in cationic charges caused

Concentration of HCI solution (N) by acid treatment.

A study of the effect of acid treatment on the adsorption properties of high-
silica clinoptilolite (Si/Al = 6.22) showed that the removal of monovalent sodium
and potassium cations is insignificant over the entire temperature range of 25-100°C
and depends little on the acid concentration [22], which corresponds to the results
obtained. On the contrary, treatment of aluminum-rich clinoptilolite [23] and
heulandite [24] with hydrochloric acid solutions leads to decationization, expressed
mainly in the loss of sodium ions Na*; magnesium Mg?" and calcium Ca?* ions are
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washed out to a lesser extent, while relatively large potassium ions K* are practically
not involved in decationization.

Heat treatment of Nor Kokhb Cpt to certain temperatures only leads to the
reversible loss of water molecules. Thermogravimetric analysis [11] showed that the
studied Cpt contains approximately one-third more water molecules than follows
from the crystal chemical data (|Cas(H20)24| [AlsSi2sO72]-HEU, [15]), which cannot
be explained only by the presence of an admixture of kanemite (HNaSi.Os-3H,0),
containing a relatively large number of water molecules. The largest portion of water
(70% of the total content) is lost before reaching a temperature of 460°C, the rest of
the water molecules leave the crystal lattice continuously during the amorphization
process and after its completion at temperatures above 725°C [25].

Structure. Identification of zeolites from powder XRD patterns is based on
the 20 (°) values of the three most pronounced low-angle reflections [26]. According
to simulated patterns, for HEU type zeolites these three reflections are 9.85°, 11.07°,
and 22.22° with relative intensities 100%, 64%, and 60%, respectively for heulandite
(Si/Al = 2.88), and 9.88°, 11.19°, and 22.49° with relative intensities 100%, 40%,
and 49%, respectively for clinoptilolite (Si/Al = 4.84). However, if the first two low-
angle peaks are associated with reflections (020) and (200), respectively, then the third
peak, observed for Cpt in the range of 22.35°< 20 < 22.81°, is a superposition of
reflections (131), (400), (330), (-421), and (240), which have relative intensities of
49,2%, 18.1%, 37.2%, 21.0%, and 24.4%, respectively. The angular distance
between these peaks is very small, and even when scanning speed is less than usual
1°/min, the recorded intensity can increase. On the other side, in the XRD patterns
of natural heulandite-clinoptilolites with a different Si/Al molar ratio and cation
composition, the relative peak intensities may differ from those indicated for
simulated patterns. For Georgian heulandite it was noted, that peaks of (020) and
(131, 400, etc.) reflections observed at 9.9° and 22.4°, respectively, have high
intensities, but the peak from the (200) reflection (11.2°) is rather weak [27].

The assignment of the main intense peaks to the Miller indices for the powder
XRD pattern of the original Nor Kokhb Cpt is shown in Fig. 2. As a comparison of
the experimental pattern with the simulated one [26] shows, the peak positions are
almost identical, but the intensities are significantly different. It is obvious that these
differences are associated with differences in cationic composition, since the
simulation was carried out for a sample with a similar atomic ratio Si/Al = 4.84,
but with a cationic composition of Na ~ K > Ca > Mg.

As a result of acid treatment, the position of the peaks does not change and
their broadening is not observed (XRD patterns of samples treated with hydrochloric
acid of different concentrations are given in our work [12]). Thus, the acidic
environment does not cause amorphization of Cpt, and the weight loss (Tab. 1) is
due to the leaching of Al and the formation of “hydroxyl nests” [28]. However, acid
treatment leads to a change in peak intensity (Tab. 3), which is likely due to changes
in cationic composition and Al content. In Tab. 3, the hkl Miller indices and
d-spacings are given in accordance with the simulated spectrum [26], the
experimentally determined angles 26 are given for CuK, radiation (1 = 1.5418 A),
and the intensity of the peak of the (020) reflection is taken as 100% to represent the
relative intensities (1/1o- 100%).
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Table 3
X-ray data of intense peaks (1/1:>10%) of natural and acid-treated clinoptilolites
b A Natural After 0.5N After 1.0N After2.0N
' 20 1/1o, % 20 1/lo, % 20 /o, % | 206 1/lo, %
020 8.955 9.90 100 9.84 100 9.89 100 9.89 100
200 7.91 11.22 329 11.17 30.2 1120 | 296 | 11.21 30.8
—201 6.78 13.09 21.9 13.05 30.7 13.10 16.2 | 13.08 38.9
=311 5.243
111 5110 17.38 | 46.2 17.32 28.8 17.39 347 | 17.37 37.2
-131 4.648 19.07 313 19.00 21.8 19.06 22.8 | 19.07 27.3
131 3.976
ggg gggg 22.39 245 22.37 262 22.42 248 | 2241 280
_a1 3.916 2275 | 1043 | 22.72 54.4 22.77 51.4 | 22.77 62.6
240 3.897
—222 3.421 26.03 38.3 25.98 31.9 26.05 | 47.2 | 26.03 37.6
151 2.973 30.06 | 1153 | 29.97 123 30.03 111 | 30.09 130
530 2.796 3199 | 442 31.97 36.1 32.00 | 345 | 31.96 38.6

As can be seen from Tab. 3, the intensity of peak (200) remains approximately
constant (31.25 + 1.65%), the intensity of peaks (151) and (530) changes slightly
(120 + 10% and 39.4 + 4.8%, respectively) and non-monotonically, the intensity of
the remaining peaks also changes non-monotonically; the intensity of the peaks in
the range 22.35° < 20 < 22.5° remains high and increases, the intensity of the peaks
in the range 22.5°< 20 < 22.8° decreases. Apparently, the observed effects are

associated with the redistribution of cations.

In addition, after treatment with a HCI solution with a concentration of
0.5 N, the value of the angle 2@ of the (020) reflection, sensitive to compression and
expansion along the b axis (Fig. 2), decreases, indicating an increase in the doxo-spacing
by ~0.06 A. However, treatment with more concentrated solutions results in less
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expansion. Changes in the position of the peak of the (200) reflection indicate a
similar expansion along the a axis, but on a smaller scale, up to ~0.05 A (see Fig. 3).
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Thermal Stability. It is believed that typical heulandites and clinoptilolites are
clearly distinguished by DTA curves [20] and in generally in terms of their thermal
stability: according to Mumpton, no transitions or reactions occur in Cpt up to
approximately 750°C, while heulandite is much less resistant to thermal treatment
[29]. Under the influence of heat, HEU-type zeolites transform into a metastable
phase called heulandite B, and in the DTA curve of high-silica heulandite this
transition is expressed in a sharp endothermic peak at ~340°C, but in the DTA curves
of clinoptilolite this peak is absent since the transition to the metastable phase occurs
at higher temperatures [20].

According to previously obtained thermogravimetric analysis data [11], on the
DTG and DTA curves, endo-effects are observed at ~105°C and ~210°C, reflecting
two stages of the dehydration process, as well as high-temperature endothermic
peaks at ~600°C, =690°C (DTG) and 725°C (DTA), corresponding to the destruction
of the crystal structure; a weak endo-effect at a temperature of 457°C, probably
associated with the formation of a new phase, is recorded only on the DTG curve.
Thus, Nor Kokhb clinoptilolite is structurally stable at least up to a temperature of
600°C, which is consistent with the results of a recent study [25].

In powder XRD patterns of calcined samples, as well as for acid-treated
samples, a change in the intensity of the peaks is observed, and also, with increasing
calcination temperature, the zeolite peaks broaden, a wide “hump” of the amorphous
phase and additional peaks appear.

Additional peaks in the range 27.5°< 20 < 28.5° are clearly visible in the
X-ray diffraction pattern of the sample calcined at 600°C (Fig. 4).

The intense XRD peaks at 2@ ~ 28° are typical of plagioclase feldspar mineral
series, the endmember of which are sodium albite (NaAlSizOg), calcium anorthite
(CaA:ISi,0s) and potassium orthoclase (KAISisOg). The formation of albite at higher
temperatures (700-800°C) has been established in sodium-rich heulandite from
the Dzegvi-Tedzami deposit, Georgia, and in a calcium-rich mixture of heulandite
and chabazite from the Chankanay deposit, Kazakhstan.
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Fig. 4. Powder XRD pattern of
Nor Kokhb sample calcined at
600 °C (numbers in parentheses are
Miller indices, * — peaks of (131),
(400), (330), (-421) and (240)
reflections, Q — peaks of quartz)
compared with patterns  of
anorthite and albite from the
¥ RRUFF database.
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The powder XRD pattern of albite (https://rruff.info/Albite/R100169) is also
characterized by a strong peak at 2@ = 22.0°, which is not visible in the XRD
patterns of Nor Kokhb clinoptilolite calcined at high temperatures. In the XRD
pattern of anorthite (https://rruff.info/Anorthite/R040059) the peak at 20 = 22.0° is
quite weak, and a comparison of the XRD patterns suggests that in the calcium-rich
Nor Kokhb clinoptilolite at high temperatures anorthite-type feldspar is formed.
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Fig. 5. Powder XRD patterns of Nor Kokhb samples calcined at 700°C and 800°C (numbers in
parentheses are Miller indices; * — peaks of (131), (400), (330), (—421) and (240) reflections, Q — peaks
of quartz, A — peak of anorthite).
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As the calcination temperature increases, the intensity of the feldspar peaks
increases, and the “hump” of the amorphous phase also increases due to a general
decrease in the intensity of the peaks, however, the “zeolite” peaks of clinoptilolite
remain even after annealing the sample at 800°C (Fig. 5). X-ray data of intense peaks
of calcined clinoptilolites are given in Tab. 4 in the same format as in Tab. 3 for the
acid-treated samples.

Table 4

X-ray data of intense peaks (1/10c>10%) of calcined clinoptilolites

200°C 300°C 400°C 500°C 600°C 700°C 800°C
20 (WMo | 20 | WMo | 20 |0 | 20 |l | 20 |1l | 20 |l/lo | 20 |/l

020{8.955|9.89 | 100 (9.89 | 100 [9.94 | 100 {9.94 |100 | 9.82 |100 |9.97 | 100 |9.96 | 100
200| 7.91 {11.1935.1 |11.21 |34.4 |11.26 |30.2 [11.27 |29.1 |11.14 |38.1 |11.29 |36.0 (11.22 |44.0

—201| 6.78 |13.10 (32.7 (13.08 |22.4 |13.12|18.3 |13.13 |25.9 |12.97 |20.4 |13.13 |43.1 |13.03 |60.5

hkl | d, A

_131111 gﬁg 17.37|71.9 |17.34 |53.8 [17.41|31.1 |17.41 |58.8 {17.30 |56.5 [17.32 |61.6 |17.35 |56.7

—131|4.648 [19.06 | 35.3 |19.00 |24.0 [19.13 |28.9 |19.14 |23.1 |19.04 |15.6 [19.16 |23.0 |19.18 |21.6

131 3.976

400 |3.955

330 13.952 22431273 |22.44 133 (22.49 | 121 |22.48 |84.0 |22.34|169.1 |22.56 | 340 |22.51|398
' 22.77|72.8 |22.71|216 (22.78 | 205 |22.74 | 183 |22.74| - [22.74| - |22.74| -

—421|3.916

240 |3.897

—222|3.421|26.13 | 132 (26.04 |51.4 |26.11 |66.4 [26.09 |36.2 |26.15|129 |26.39 | — |26.39| —

151 |2.973/30.09 | 158 |30.08 | 124 (30.14 | 113 |30.05 |82.7 |30.07 | 130 |30.23 | 148 |30.30 | 109
530 |2.796 [32.02 |56.6 |31.98 |46.8 [32.05 |39.6 |32.09 |39.1 [31.95 |35.7 (32.11 |48.9 |32.09 |40.3

With increasing calcination temperature, the intensity of the peaks changes
non-monotonically. Thus, the intensity of peaks (-311) and (111) at 20~ 13°
reaches a maximum after calcination at 200°C, then a minimum after heating to
400°C, and then increases and remains high even after annealing at 800°C. The
intensity of the peaks in the range 22.35° < 20 < 22.5° first increases slightly, and
after treatment at 300°C it begins to decrease and reaches a minimum after annealing
at 600°C, and then sharply increases, which may indicate the formation of feldspar
structure. As for the peaks in the range 22.5°< 2@ < 22.8°, their intensity changes
insignificantly, after heating at 300°C begins to decrease monotonically and
disappears after annealing at 600°C and higher temperatures, as well as the peak of
reflection (222) that disappears at 700°C and higher temperature.

The changes in the position of the peaks (020) and (200) are non-monotonic
(Fig. 6) and demonstrate a jump in the temperature range of 500-700°C, indicating
expar)&sion and subsequent compression along the a and b axes by approximately
0.12 A.

It is believed that in clinoptilolites the transition to the metastable heulandite
B phase occurs at higher temperatures than in heulandites —at 600—700°C and 340°C,
respectively; in Cpt the transition leads to compression along the b axis and a
decrease in doo-spacing by 0.7-0.8 A [20].
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The effect observed for the studied Nor Kokhb Cpt is much weaker, but the
DTG curve shows endothermic effect at a temperature of 457°C that may be
associated with the formation of heulandite B phase. In high-silica heulandite, the
metastable phase formed at 340°C at temperatures above 500°C forms quartz and the
9.GB.05 group mineral wairakite containing “zeolitic” water, which is shown for a
sample of natural heulandite that does not initially contain quartz [30]. Nor Kokhb
Cpt contains 7% of quartz and the X-ray diffraction pattern clearly distinguishes a
weak peak at 2@ = 20.8° and a strong peak at 20 = 26.6°, their relative intensity does
not change as a result of calcination of samples at temperatures up to 500°C, but at
higher temperatures increases sharply. Although peak broadening is observed in the
same temperature range, it can be assumed that the quartz content in annealed
samples increases, which may be accompanied by the formation of wairakite, and at
higher annealing temperatures, anorthite. Be that as it may, the visible expansion
along the a and b axes after annealing at 600°C indicates a change in the structure of
clinoptilolite that does not lead to the collapse of the zeolite crystal structure, as
follows from the XRD patterns of samples calcined at high temperatures.

Adsorption of Water and Benzene. The water molecule has a small kinetic
diameter of 0.266 nm and freely passes through the clinoptilolite entrance windows
with a diameter of over 0.3 nm. Adsorption of water vapor at a relative pressure
p/po = 0.4 corresponds to almost complete filling of zeolite micropores, therefore,
this value is a measure of the volume of micropores available for small polar
molecules [31], while adsorption at a pressure of saturated water vapor (p/po~ 1)
is used as a measure of total pore volume. Benzene is a nonpolar and large (kinetic
diameter 0.585 nm) molecule that does not penetrate clinoptilolite cages and
channels, and can only be adsorbed on the outer surface of the zeolite, so the
adsorption capacity of benzene is a relative measure of surface area and its
hydrophobicity. The adsorption capacity for water vapor (relative pressure p/po of
0.4 and 1.0) and benzene (relative pressure of 1.0) of the acid and heat treated
Armenian clinoptilolite is shown in Fig. 7.
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Fig. 7. Water vapor (H20) and benzene (CsHs) adsorption capacity of acid-treated (left) and
calcined (right) samples of Nor Kokhb clinoptilolite.

As a result of acid treatment, water adsorption in the micropores of Armenian
clinoptilolite decreases from 4.4 to 2.5 mmol/g, and this cannot be explained by a
decrease in the content of framework aluminum, since the adsorption of water in
acid-treated samples is 2.50 + 0.06 mmol/g and is practically independent of the acid
concentration. This effect can be explained by the redistribution of the cationic
composition shown in Fig. 1, as a result of which the role of the relatively large
potassium K* cation increases and it occupies a larger part of the adsorption
space.The water absorption index at saturated vapor pressure p/po = 1.0 retains its
value 9.5 =+ 0.15 mmol/g even after acid treatment, this corresponds to the data
obtained using complete isotherms of water vapor adsorption [32] on high-silica Cpt
with a different cationic composition (Si/Al =6.22, (Na+K) > Ca). Thus, the specific
porosity of Nor Kokhb clinoptilolite can be estimated as =0.17 + 0.003 cm®/g.

The values of adsorption of water vapor in micropores and benzene molecules
on the surface of the Nor Kokhb Cpt when the calcination temperature of the samples
increases to 400°C (see Fig. 3 right) change within the measurement error; the
adsorption of water at saturated vapor pressure also changes insignificantly. At
higher temperatures of calcination of samples, adsorption in micropores sharply
decreases and becomes irreproducible, while the total adsorption capacity for water
vapor decreases by no more than 12%, which indicates an insignificant effect of heat
treatment on the specific volume of mesopores.

Adsorption of Nitrogen. A nitrogen molecule with a kinetic diameter of
0.364 nm can pass only into one entrance window of clinoptilolite micropores
(8-membered ring with sizes of 0.46x0.36 nm), whereas 10-membered ring
(0.75%0.31 nm) and the second 8-membered ring (0.47x0.28 nm) cannot
accommodate N, molecule.

According to the Brunauer—-Deming—Deming—Teller classification adopted by
IUPAC [33], low-temperature isotherms of nitrogen adsorption-desorption on initial
(Fig. 8), acid-treated and calcined samples of Nor Kokhb Cpt belong to type IV,
which describes the complete filling of pores: at low relative pressures (p/po < 0.4)
reflecting the filling of micropores, and showing a hysteresis loop that is a
combination of the Hs loop in the region medium pressures (0.4 < p/po < 0.9),
characteristic of filling and emptying of slit-shaped pores, and loop Hi in the
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region of high relative pressures (0.9 < p/po< 1.0, filling and emptying of cylindrical
channels) [34].
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Isotherms make it possible to calculate the total volume of pores V, filled
by nitrogen molecules from the maximum amount of adsorbed nitrogen gas Qu.,
measured at saturated pressure (Qio= 60.6 cm®g for initial sample) (Fig. 6), and
also from the amount of nitrogen Qo4 adsorbed at a relative pressure p/po = 0.4
(Qo.4 = 5.975 cm¥/g for initial sample) to estimate micropore volume Vi, available
for nitrogen molecules.

Experimental data in the range of relative pressures up to p/po~ 0.2 are well
described by the Brunauer-Emmett—Teller (BET [35]) equation

{WI(P/po) - 11} = (WnC)™ + {[(C = 1)/WnC)] (p/po)},

where W is the adsorption at pressure p; Wn, is the monolayer volume on the
adsorbent surface; C is the ratio of the adsorption equilibrium constant in the first
layer and the condensation constant. The BET isotherm plot and surface area plot

are shown in Fig. 9.
For an untreated sample, constant C is 292 + 18, for modified samples it

decreases slightly, but still remains C > 1 and the BET equation is simplified to

{WI(p/po) - 11} = [(p/po)/Wn].

The monolayer volume W, can be determined with high accuracy
(0.1 — 0.25%) from the slope of the BET surface area plot, and the surface area
Sget can be calculated from the formula

SeeT = WinNAAYM,

where N, is the Avogadro constant (6.023-:10% mol2); Ay is the effective cross-
sectional area of N, molecule (0.162 nm?); V is the molar volume (22.414 L/mol).
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Estimation of the mesopore size and calculation of the pore size distribution
was carried out by the Barrett—Joyner—Halenda (BJH) method [36]. The average pore
diameter was calculated from desorption isotherms as Dgj = 2(r« + t), where the
critical radius rc (A) = 4.15/[log(po/p)] for nitrogen desorption at 77 K, and the
statistical thickness t (A) = 3.54[5/log(po/p)]°>3%, according to the Halsey equation
[37] and Faass correction [38]. Porosity parameters including total pore volume
V, and micropore volume Vy filled with nitrogen molecules, surface area Sger
and average pore diameter Dg;n calculated on the basis of experimental adsorption-
desorption isotherms on initial, acid-treated and calcined samples are given in
Tab. 5, the pore size distribution, curves are shown in Fig. 10.

Table 5

Porosity parameters of initial, acid treated and calcined samples of Nor Kokhb clinoptilolite

- Concentration of HCI, N Calcination temperature, °C
Parameter Initial
0.5 1.0 2.0 300 400 500 600 700
Vp, cm¥/g 0.0938 | 0.102 | 0.116 | 0.132 | 0.0939 | 0.107 | 0.0925| 0.0940| 0.0952
Vi, mm3/g 9.24 25.5 335 425 8.61 8.84 | 482 | 3.34 2.35
Seet, m?/g 17.7 21.4 36.2 37.7 16.9 16.7 14.7 10.3 8.5
DsH, NM 15.3 21.7 26.7 354 16.1 16.7 9.9 12.0 10.6

In contrast to the results for water vapor adsorption, the total pore volume V,
and micropore volume Vi, filled with nitrogen molecules increase as a result of acid
treatment and with increasing acid concentration. As for the micropores, this is due
to the fact that the volume of micropores accessible to nitrogen molecules in the
untreated Nor Kokhb clinoptilolite sample is =10% of the total pore volume, which
is less than the relative volume of micropores accessible to water molecules (=45%).
Taking into account the specific porosity of Nor Kokhb Cpt estimated from the
adsorption of water vapor (0.17 g/g), for the initial sample, nitrogen molecules fill
only 55% of the volume of all pores; acid treatment leads to an increase in the degree
of filling of all pores with non-polar nitrogen molecules to 78%. Such an “opening”
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of micropores and mesopores correlates with an increase in the surface area Sger,
and an increase in the diameter of nano-sized pores Dg;n reflects changes in the
mesopore system.
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Fig. 10. Pore size distribution volume V vs. pore diameter D (left) and differential dv/dD vs. pore
diameter (right) curves calculated by BJH model for initial Nor Kokhb clinoptilolite.

According to the dV/dD differential curve, Nor Kokhb Cpt is characterized by
a wide distribution of mesopore sizes, which has two maxima, one corresponding to
nano-sized pores with a diameter of less than 4 nm, and the second to pores with a
diameter of up to 50 nm (see Fig. 10, right). As a result of acid treatment, the first
maximum increases slightly, indicating an increase in the number of nano-sized
pores, and the second maximum “blurs”, indicating the appearance of larger
mesopores.

To measure nitrogen adsorption-desorption isotherms, the samples are
subjected to degassing at a relatively high temperature; the process can take several
hours, so adequate data can only be obtained for samples that were calcined at
temperatures of 300°C and higher. As evidenced by the results obtained, heat
treatment has little effect on the total pore volume; V, after calcination at 400°C has
the greatest value, and with increasing annealing temperature it decreases slightly.
The volume of micropores and surface area Sger begin to decrease after calcination
at 500°C, and it is obvious that this is due to the amorphization process. The average
pore diameter Dg;n has a minimum value after calcination at 500°C, but at higher
annealing temperatures it increases slightly, although the form of the pore size
distribution curves V(D) and even dV(D)/dD is practically not affected by heat
treatment.

Conclusion. Taking into account the results of the study, the effect of acid
and heat treatment on the structure and properties of clinoptilolite-containing tuff of
the Nor Kokhb, the following conclusions can be drawn.

o Treatment of tuff with hydrochloric acid solutions leads to significant
dealumination and changes in cationic composition without decationization. A
change in the cationic composition of samples treated with acid leads to a decrease
in the adsorption capacity for water vapor. Solutions of hydrochloric acid with a
concentration of up to 2.0 N do not lead to amorphization of the microporous
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crystalline structure of zeolite, but are capable of gradually dissolving it. Acid
treatment “opens” micropores for large non-polar nitrogen molecules, increases the
adsorbing surface area and causes changes in the mesopore system, leading to an
increase in their size.

o Under the influence of heat, clinoptilolite at 457°C transforms into the
metastable phase of heulandite B, at 500°C the formation of quartz and mineral
wairakite is possible, at 600°C anorthite-like feldspar and an amorphous phase are
formed, but the zeolite crystalline structure is not destroyed, it is preserved even after
annealing at 800°C. Heat treatment reduces the specific porosity of clinoptilolite
(0.17 cm®¥g) only at fairly high temperatures (> 700°C), and a relatively high
adsorption capacity for water vapor (> 4 mmol/g) is maintained after heat treatment
at temperatures below 500°C; at higher annealing temperatures, the volume of
micropores accessible to nitrogen molecules and the surface area Sger also decrease,
while the average diameter of nano-sized pores DgjH increases.

o The results obtained show the possibilities to change structure and
properties of Nor Kokhb clinoptilolite-containing tuff and obtain new molecular
sieves, adsorbents and ion exchangers.
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unrbh Junnigwoph b hwnlnmpnibbbtph Ypw, npb phnpygt) E onp hwyu-
pwlntiphwy $hpupnn nipbp untindtnt hwdwp, npnbp whwp £ Jhpunyth
wmuwpplip Swquwb optinh dwppiwd b Jupujugtinddiwd huiwp: <uunwunyud
E, np pryuyht dhpwyuwypp ptipnid £ qquih phupgnidhtwgdwi (Si/Al mnndttiph
hwpuptipnipmiip dkdwbnid £ =5-hg dhtsle =9,4), hul] Juuunhntughtt punu-
npnipjul thnthnjuniggnibitipp wnwbg nEjunhnithqughuwyh ptipnid G oph
gnnpphbipp wnunppbyne nLbwynipub tfuqiwb. prYuyhb nuonyphtpp sko
tyuwumnid gtinjhmph dhjpndwynnjtit pniptinuyhtt junniggudph wdnpdh-
quguiwin, uwluyl wunhwbwpwp nuomd Gb wyh: (Fpyuyhl Yyuwlnudp bule
“pugnid” t dhypndwynnhtitipp wgnunp ko ny pbitinughtt dnjtiyndtiph hwdwn,
dtowginid £ wmunppghuwyh dwjtiplinyep b wnwgwginid E thnihnpunipynitioitin
dtigndwnnjti hwiwljupgniy, tyuumnd g suthutiph Whdwgdwin:
Qtipdughtt Wuwlnudp 450°C-nid dbwthnpunid £ dwubtwyh nthhnpumwgyud
gtinjhup htjutnhwn B-h dbnwumwphy $wgh, nphtt hwenpmnid k gtinjhnwiniwb
hwbpwiynipe Juypulhph wnwewgniip (500°C) b whnpphwnwbdwl npupwwyht
uuweh wnwewgniip (600°C); wdnpd pwgh wupnibwynipynip dedwbnid £
stipdwuwmhbtwbh pupdpugdudp, uuluyd gtinjhnh piniptinuyhtt junnigdudpn
wwhwwiynid k£ tnybhuly 800°C-nid ppotijhu: <tjubtinhwnpb phinpny dwljnun-
Ytbnipynitp (0,17 wiflg) wwhuwiynd E dhisle 700°C gbpiwumhGubbbipnid
dwuwltihu, Jdhypndwlnunhtiph wnunppghuyh  wmwpnnibwlniggnip  oph
gnpphttiph hwdwp (>4 ddnglg) sh thnthnpagnid dhtsle 500°C, wiybjh pupan
stipdwumhbwbbtipnid wgnunh Ungtinytiph hwiwnp dwwnstih Uhjpndwjnnh-
ttiph dwjwp W wnunppghuyh dwyjtiplingep thnppuwbnid Go, hull dwimsuwthh
ownunhtitiph dhohtt mpudwghop dhdwbnid t:

B.I'. ITMIAINBWIIN, H. A. MUP3BEJIN, H. M. JOJIABEPUJI3E, M. O. HUJKAPAI3E,
3. C. AMUPUZE, b. T. XYIUIIBWIIN, JI. 1. TAHI'AMSIH, X. T. HABAPETSIH,
A. O. CAPT'CHH, A. B. MAHVYKJIH, JI. P. APYTIOHSH

KHUCJIIOTHAA U TEPMHUYECKAS OBPABOTKA
APMSAHCKOI'O KJIIMHOIITUJIOJINTA

KucnorHas 06paboTka MPUPOIHOTO IIEOIUTA YaCTO MIPUMEHSAETCS IS “yIyd-
HIeHHUs” CTPYKTYPBI M CBOMCTB, KOTOPBIE TAKXKe ITOJIBEPIKEHBI BIUSHHIO TEPMIUYECKOM
00paboTku. MeTtogaMu XUMHUYECKOTO aHalli3a, PEHTTCHOCTPYKTYPHOTO aHaIW3a,
aJIcopOIIMU BOJIBI, OEH30JIa M a30Ta U3yUYCHO BIUSHHE PACTBOPOB COJISTHOM KHCIIOTHI
10 2 N xonuentpanuu u TemrepaTypsl 10 800°C Ha CTpyKTYypy M CBOMCTBa Tyda,
coiepKallero KIMHONTHIONUT, u3 MectopoxaeHus Hop Kox0 (Apmenws),
KOTOPBIIl BBIOpAaH ISl CO3/JaHHS HOBBIX OAKTEPUIMIHBIX IIEOJUTOBBIX (DHIIBT-
PYIOIIMX MaTEpUANIOB JUIsl OYMCTKH M JIe3UH(EKIIMU BOJ U3 Pa3HBIX HCTOYHHKOB.
YCTaHOBIICHO, YTO KUCIIOTHAS Cpela MPUBOAMUT K 3HAUUTEILHOMY JICaTFOMHHHUPO-
BaHUIO (CooTHOIIEeHHE aTOMOB Si/Al pacter ~ o1 5 10 9,4), a ©3BMEHEHHE KATHOHHOTO
cocraBa 0e3 IEKaTHOHUPOBAHHS TPUBOJIUT K CHIKEHHIO aJICOPOIMOHHON €MKOCTH
napa BOJIbl; KUCIIOTHBIE PACTBOPHI HE MPUBOJAT K aMOpGU3AIMA MUKPOIIOPUCTOM
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KPUCTAJUTMYECKOW CTPYKTYPHI, HO MTOCTETIEHHO PacTBOPSIOT ee. Taxke KUCIOTHAs
00paboTKka “OTKpbIBaeT’ MHUKPOIOPHI AJIsi OOJBIINX HEMOJISIPHBIX MOJEKYJ a30Ta,
YBEIUYMBACT IJIOMIAAb aJCOPOLINU U MPUBOIUT K U3MEHEHHUSIM CUCTEMBI ME30II0P,
yBeIMYMBas WX pasMmepbl. Tepmudeckass oOpadorka mpu 457°C mpuBOAUT K
TpaHchOpMaLUN YACTHYHO JCTHAPATUPOBAHHOTO 1IEOJIMTA B METACTa0MIbHYIO (hazy
reitmangura B, ¢ mocienyomyM BO3MOKHBIM 00pa30BaHUEM ICOIHUTONOJOOHOTO
muHepana Baupakura (500°C) u amoprur-mogobHOro mojesoro mmara (600°C);
coJiepkanue aMopHOi (a3bl YBENWYMBAETCSI C POCTOM TEMIIEpaTypbl, HO
KpHCTaIUTMYEeCKast CTPYKTYpa LIE0JINTa ocTaeTcs 0e3 M3SMEHEHHH Jake 1ocie 00Kura
npu 800°C. YV nenbHas nopuctocts reinanaura B (0,17 car’/z) ne mensercs naxe 1o
700°C, amcopOumoHHass €MKOCTh MHKPOIOp IS mapa Boabl (>4 mmonsle) He
mensietcss 10 500°C, a mpu Oojee BBICOKHUX TeMIlepaTypax 00bEM MHUKPOIIOp,
JOCTYIHBIX ISl MOJIEKYJI a30Ta ¥ IUIOIIAb aJcoOpOIMM YMEHBIIAIOTCS, a CPeIHUM
JIUaMeTp HAaHOPa3MEPHBIX MOP YBETNINBACTCS.



