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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℃ 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℃ followed by 
possible formation of zeolite-like mineral wairakite (500℃) and formation of 
anorthite-like feldspar (600℃); the content of the amorphous phase increases with 
increasing temperature, but the zeolite crystalline structure is maintained even after 
annealing at 800℃. The specific porosity of heulandite (0.17 cm3/g) is maintained 
up to a temperature of 700℃, the adsorption capacity of micropores for water vapor 
(>4 mmol/g) does not change up to a temperature of 500℃, 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. 
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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 [AlxSiyO2(x+y)], constructed from alternating 
electrically neutral [SiO4] 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+, Ca2+, Mg2+, 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 20th 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℃. 

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℃. 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 Cl– ions were detected in the washing water by 
using AgNO3 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 ЭКПС-10 muffle furnace (Smolenskoe SKTB SPU, 
Russia) in the temperature range of 200–1100℃ under static conditions for 1 h, then 
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the cups with calcined zeolite samples were placed in desiccators with calcined 
CaCl2 until completely cooled. 
                                                                             

T a b l e  1  
  

Weight loss (%) from acid treatment steps 
 

Step Concentration of HCl solution, N 
0.5 1.0 2.0 

1st  3.45 3.99 6.04 
2nd  3.14 3.42 4.75 
3rd  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 2Θ 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-Kα line 
(λ = 0.154056 nm); scanning was carried out in the 2Θ 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℃/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℃ 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 р/р0 = 0.4 and saturated vapor pressure 
р/р0 = 1.0) and benzene (р/р0 = 1.0), after which samples with absorbate were 
reweighed. Nitrogen adsorption-desorption isotherms were measured at a 
temperature of 77 K (–196℃) 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 (HNaSi2O5·3H2O), 5% of quartz (SiO2), 4% of natrolite 
(crystal chemical data |Na8Cl2| [Al6Si6O24]-SOD [19]) and 3% of sigma-2 zeolite 
(|(C10H17N)4| [Si64O128]-SGT [19]). The presence of sigma-2 zeolite, a purely 
synthetic zeolite-like material with organic template (C10H17N 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 
(Na0.29K0.41Ca2.12Mg0.47) [Al5.88Si30.1O72], 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. 

 
T a b l e  2  

  
Chemical composition of original and acid-treated samples 

 
Concentration of 
HCl solution, N Empirical formula Compensating charge of 

cations per Al atom 
0 Na0.059K0.153Ca0.333Mg0.0605  [AlSi5.12O11.8] 1.00 ± 0.06 

0.5 Na0.077K0.259Ca0.261Mg0.0708  [AlSi6.33O9.82] 1.02 ± 0.06 
1.0 Na0.0945K0.255Ca0.246Mg0.079  [AlSi8.04O7.96] 0.94 ± 0.06 
2.0 Na0.0947K0.248Ca0.255Mg0.0734  [AlSi9.37O6.94] 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℃ 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. 

 
 
 
 
 
 
 
 

 
 
 

Fig. 1. Changes in cationic charges caused  
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℃ 
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 Mg2+ and calcium Ca2+  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 (|Ca4(H2O)24| [Al8Si28O72]-HEU, [15]), which cannot 
be explained only by the presence of an admixture of kanemite (HNaSi2O5·3H2O), 
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℃, the rest of 
the water molecules leave the crystal lattice continuously during the amorphization 
process and after its completion at temperatures above 725℃ [25].  

Structure. Identification of zeolites from powder XRD patterns is based on 
the 2Θ (°) 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° < 2Θ < 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 2Θ are given for CuKα radiation (λ = 1.5418 Å), 
and the intensity of the peak of the (020) reflection is taken as 100% to represent the 
relative intensities (I/I0·100%). 
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Fig. 2. Powder XRD patterns of 
original Nor Kokhb sample (a is a 
numbers in parentheses are Miller 
indices, Q is a peak of quartz) 
compared with simulated pattern 
from [25] (b). 

 
 

T a b l e  3  
 

X-ray data of intense peaks (I/Io>10%) of natural and acid-treated clinoptilolites 
 

hkl d, Å 
Natural After 0.5 N After 1.0 N After 2.0 N 

2Θ I/I0, % 2Θ I/I0, % 2Θ I/I0, % 2Θ I/I0, % 
020 8.955 9.90 100 9.84 100 9.89 100 9.89 100 
200 7.91 11.22 32.9 11.17 30.2 11.20 29.6 11.21 30.8 

–201 6.78 13.09 21.9 13.05 30.7 13.10 16.2 13.08 38.9 
–311 
111 

5.243 
5.110 17.38 46.2 17.32 28.8 17.39 34.7 17.37 37.2 

–131 4.648 19.07 31.3 19.00 21.8 19.06 22.8 19.07 27.3 
131 
400 
330 

–421 
240 

3.976 
3.955 
3.952 
3.916 
3.897 

22.39 
22.75 

245 
104.3 

22.37 
22.72 

262 
54.4 

22.42 
22.77 

248 
51.4 

22.41 
22.77 

280 
62.6 

–222 3.421 26.03 38.3 25.98 31.9 26.05 47.2 26.03 37.6 
151 2.973 30.06 115.3 29.97 123 30.03 111 30.09 130 
530 2.796 31.99 44.2 31.97 36.1 32.00 34.5 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° < 2Θ < 22.5° remains high and increases, the intensity of the peaks 
in the range 22.5° < 2Θ < 22.8° decreases. Apparently, the observed effects are 
associated with the redistribution of cations. 

In addition, after treatment with a HCl solution with a concentration of  
0.5 N, the value of the angle 2Θ of the (020) reflection, sensitive to compression and 
expansion along the b axis (Fig. 2), decreases, indicating an increase in the d020-spacing 
by ≈0.06 Å. 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 Å (see Fig. 3). 

 
 

 
 
 
 
 
 
 
 
 
 
Fig. 3. Change in the position        of 
observed peaks of the (020)          
and (200) reflections after acid 
treatment (the size of the circles 
corresponds to the accuracy of 
measuring  angles  2Θ).  

 
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℃, 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℃, 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℃ and ≈210℃, reflecting 
two stages of the dehydration process, as well as high-temperature endothermic 
peaks at ≈600℃, ≈690℃  (DTG) and 725℃ (DTA), corresponding to the destruction 
of the crystal structure; a weak endo-effect at a temperature of 457℃, 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℃, 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° < 2Θ < 28.5° are clearly visible in the  
X-ray diffraction pattern of the sample calcined at 600℃ (Fig. 4).  

The intense XRD peaks at 2Θ ≈ 28° are typical of plagioclase feldspar mineral 
series, the endmember of which are sodium albite (NaAlSi3O8), calcium anorthite 
(CaA2lSi2O8) and potassium orthoclase (KAlSi3O8). The formation of albite at higher 
temperatures (700–800℃) 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. 

 
 

The powder XRD pattern of albite (https://rruff.info/Albite/R100169) is also 
characterized by a strong peak at 2Θ = 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 2Θ = 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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Powder XRD patterns of Nor Kokhb samples calcined at 700℃ and 800℃ (numbers in 
parentheses are Miller indices; * – peaks of (131), (400), (330), (–421) and (240) reflections, Q – peaks 

of quartz, A – peak of anorthite). 

https://rruff.info/Albite/R100169
https://rruff.info/Anorthite/R040059
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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℃ (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. 
 

T a b l e  4  
 

X-ray data of intense peaks (I/I0>10%) of calcined clinoptilolites 
 

hkl d, Å 
200℃ 300℃ 400℃ 500℃ 600℃ 700℃ 800℃ 

2Θ I/I0 2Θ I/I0 2Θ I/I0 2Θ I/I0 2Θ I/I0 2Θ I/I0 2Θ I/I0 

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 11.19 35.1 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 
–311 
111 

5.243 
5.110 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 
400 
330 

–421 
240 

3.976 
3.955 
3.952 
3.916 
3.897 

22.43 
22.77 

273 
72.8 

22.44 
22.71 

133 
216 

22.49 
22.78 

121 
205 

22.48 
22.74 

84.0 
183 

22.34 
22.74 

69.1 
– 

22.56 
22.74 

340 
– 

22.51 
22.74 

398 
– 

–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 2Θ ≈ 13° 
reaches a maximum after calcination at 200℃, then a minimum after heating to 
400℃, and then increases and remains high even after annealing at 800℃. The 
intensity of the peaks in the range 22.35° < 2Θ < 22.5° first increases slightly, and 
after treatment at 300℃ it begins to decrease and reaches a minimum after annealing 
at 600℃, and then sharply increases, which may indicate the formation of feldspar 
structure. As for the peaks in the range 22.5o < 2Θ < 22.8o, their intensity changes 
insignificantly, after heating at 300℃ begins to decrease monotonically and 
disappears after annealing at 600℃ and higher temperatures, as well as the peak of 
reflection (222) that disappears at 700℃ 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℃, indicating 
expansion and subsequent compression along the a and b axes by approximately 
0.12 Å. 

It is believed that in clinoptilolites the transition to the metastable heulandite 
B phase occurs at higher temperatures than in heulandites – at 600–700℃ and 340℃, 
respectively; in Cpt the transition leads to compression along the b axis and a 
decrease in d020-spacing by 0.7–0.8 Å [20]. 
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Fig. 6. Change in the position of observed 
peaks of the (020) and (200) reflections 
after thermal treatment (the size of the 
circles corresponds to the accuracy of 
measuring angles 2Θ). 

 
The effect observed for the studied Nor Kokhb Cpt is much weaker, but the 

DTG curve shows endothermic effect at a temperature of 457℃ that may be 
associated with the formation of heulandite B phase. In high-silica heulandite, the 
metastable phase formed at 340℃ at temperatures above 500℃ 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 2Θ = 20.8° and a strong peak at 2Θ = 26.6°, their relative intensity does 
not change as a result of calcination of samples at temperatures up to 500℃, 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℃ 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/p0 = 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/p0 ≈ 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/p0 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 (H2O) and benzene (C6H6) 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/p0 = 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 cm3/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℃ (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 0.46×0.36 nm), whereas 10-membered ring  
(0.75×0.31 nm) and the second 8-membered ring (0.47×0.28 nm) cannot 
accommodate N2 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/p0 < 0.4) 
reflecting the filling of micropores, and showing a hysteresis loop that is a 
combination of the H3 loop in the region medium pressures (0.4 < p/p0 < 0.9), 
characteristic of filling and emptying of slit-shaped pores, and loop H1 in the  
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region of high relative pressures (0.9 < p/p0 < 1.0, filling and emptying of cylindrical 
channels) [34]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. N2 adsorption-
desorption isotherms on 
initial sample of Nor Kokhb 
clinoptilolite. 

 
Isotherms make it possible to calculate the total volume of pores Vp filled  

by nitrogen molecules from the maximum amount of adsorbed nitrogen gas Q1.0, 
measured at saturated pressure (Q1.0 = 60.6 cm3/g for initial sample) (Fig. 6), and  
also from the amount of nitrogen Q0.4 adsorbed at a relative pressure p/p0 = 0.4  
(Q0.4 = 5.975 cm3/g for initial sample) to estimate micropore volume Vm available  
for nitrogen molecules. 

Experimental data in the range of relative pressures up to p/p0 ≈ 0.2 are well 
described by the Brunauer–Emmett–Teller (BET [35]) equation  

({W[(p/p0) – 1]}–1 = (WmC)–1 + {[(C – 1)/WmC)] (p/p0)}, 

where W is the adsorption at pressure p; Wm 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 

{W[(p/p0) – 1]}–1 = [(p/p0)/Wm]. 

The monolayer volume Wm can be determined with high accuracy  
(±0.1 – 0.25%) from the slope of the BET surface area plot, and the surface area  
SBET can be calculated from the formula  

SBET = WmNAAx/M, 
where NA is the Avogadro constant (6.023‧1023 mol–1); Ax is the effective cross-
sectional area of N2 molecule (0.162 nm2); V is the molar volume (22.414 L/mol). 
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Fig. 9. BET isotherm plot (a, solid line – 
calculation according to the BET equation, 
crosses – measured values of adsorption) 
and BET surface area plot (b). 

 
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 DBJH = 2(rk + t), where the 
critical radius rk (Å) = 4.15/[log(p0/p)] for nitrogen desorption at 77 K, and the 
statistical thickness t (Å) = 3.54[5/log(p0/p)]0.333, according to the Halsey equation 
[37] and Faass correction [38]. Porosity parameters including total pore volume  
Vp and micropore volume Vm filled with nitrogen molecules, surface area SBET  
and average pore diameter DBJH 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.  

 
T a b l e  5  

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

 

Parameter Initial Concentration of HCl, N Calcination temperature, ℃ 
0.5 1.0 2.0 300 400 500 600 700 

Vp, cm3/g 0.0938 0.102 0.116 0.132 0.0939 0.107 0.0925 0.0940 0.0952 
Vm, mm3/g 9.24 25.5 33.5 42.5 8.61 8.84 4.82 3.34 2.35 
SBET, m2/g 17.7 21.4 36.2 37.7 16.9 16.7 14.7 10.3 8.5 
DBJH, nm 15.3 21.7 26.7 35.4 16.1 16.7 9.9 12.0 10.6 

 
In contrast to the results for water vapor adsorption, the total pore volume Vp 

and micropore volume Vm 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 SBET, 
and an increase in the diameter of nano-sized pores DBJH reflects changes in the 
mesopore system. 

 

 
 

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℃ and higher. As evidenced by the results obtained, heat 
treatment has little effect on the total pore volume; Vp after calcination at 400℃ has 
the greatest value, and with increasing annealing temperature it decreases slightly. 
The volume of micropores and surface area SBET begin to decrease after calcination 
at 500℃, and it is obvious that this is due to the amorphization process. The average 
pore diameter DBJH has a minimum value after calcination at 500℃, 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. 

• 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.  

• Under the influence of heat, clinoptilolite at 457℃ transforms into the 
metastable phase of heulandite B, at 500℃ the formation of quartz and mineral 
wairakite is possible, at 600℃ 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℃. Heat treatment reduces the specific porosity of clinoptilolite 
(0.17 cm3/g) only at fairly high temperatures (≥ 700℃), and a relatively high 
adsorption capacity for water vapor (> 4 mmol/g) is maintained after heat treatment 
at temperatures below 500℃; at higher annealing temperatures, the volume of 
micropores accessible to nitrogen molecules and the surface area SBET also decrease, 
while the average diameter of nano-sized pores DBJH increases. 

• 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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ՆՈՐ  ԿՈՂԲ  ՀԱՆՔԱՎԱՅՐԻ  ԿԼԻՆՈՊՏԻԼՈԼԻՏԻ  ԹԹՎԱՅԻՆ  
ԵՎ ՋԵՐՄԱՅԻՆ ՄՇԱԿՈՒՄԸ 

 
Բնական ցեոլիտի թթվային մշակումը հաճախ կիրառվում է ցեոլիտի 

ծակոտկեն կառուցվածքը և հատկությունները “բարելավելու” համար, որոնք 
փոփոխվում են նաև ջերմային մշակման արդյունքում։ Քիմիական անալիզի, 
ռենտգենկառուցվածքային հետազոտության մեթոդներով, ջրի, բենզոլի և 
ազոտի ադսորբցիայի որոշմամբ ուսումնասիրվել է մինչև 2 N կոնցենտրա-
ցիայով աղաթթվի լուծույթների և մինչև 800℃ ջերմային մշակման ազդեցու-
թյունը Հայաստանի Նոր Կողբ հանքավայրի կլինոպտիլոլիտ պարունակող 
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տուֆի կառուցվածքի և հատկությունների վրա, որն ընտրվել է նոր հակա-
բակտերիալ ֆիլտրող նյութեր ստեղծելու համար, որոնք պետք է կիրառվեն 
տարբեր ծագման ջրերի մաքրման և վարակազերծման համար։ Հաստատված 
է, որ թթվային միջավայրը բերում է զգալի դեալյումինացման (Si/Al ատոմների 
հարաբերությունը մեծանում է ≈5-ից մինչև ≈9,4), իսկ կատիոնային բաղա-
դրության փոփոխությունները առանց դեկատիոնիզացիայի բերում են ջրի 
գոլորշիները ադսորբելու ունակության նվազման․ թթվային լուծույթները չեն 
նպաստում ցեոլիտի միկրոծակոտկեն բյուրեղային կառուցվածքի ամորֆի-
զացմանը, սակայն աստիճանաբար լուծում են այն։ Թթվային մշակումը նաև 
“բացում” է միկրոծակոտիները ազոտի մեծ ոչ բևեռային մոլեկուլների համար, 
մեծացնում է ադսորբցիայի մակերևույթը և առաջացնում է փոփոխություններ 
մեզոծակոտկեն համակարգում, նպաստում դրանց չափսերի մեծացմանը։ 
Ջերմային մշակումը 450℃-ում ձևափոխում է մասնակի դեհիդրատացված 
ցեոլիտը հեյլանդիտ B-ի մետաստաբիլ ֆազի, որին հաջորդում է ցեոլիտանման 
հանքանյութ վայրակիթի առաջացումը (500℃) և անորթիտանման դաշտային 
սպաթի առաջացումը (600℃); ամորֆ ֆազի պարունակությունը մեծանում է 
ջերմաստիճանի բարձրացմամբ, սակայն ցեոլիտի բնուրեղային կառուցվածքը 
պահպանվում է նույնիսկ 800℃-ում թրծելիս։ Հեյլանդիտին բնորոշ ծակոտ-
կենությունը (0,17 սմ3/գ) պահպանվում է մինչև 700℃ ջերմաստիճաններում 
մշակելիս, միկրոծակոտիների ադսորբցիայի տարողունակությունը ջրի 
գոլորշիների համար (>4 մմոլ/գ) չի փոփոխվում մինչև 500℃, ավելի բարձր 
ջերմաստիճաններում ազոտի մոլեկուլների համար մատչելի միկրոծակոտի-
ների ծավալը և ադսորբցիայի մակերևույթը փոքրանում են, իսկ նանոչափի 
ծակոտիների միջին տրամագիծը մեծանում է։   
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КИСЛОТНАЯ  И  ТЕРМИЧЕСКАЯ  ОБРАБОТКА  
АРМЯНСКОГО  КЛИНОПТИЛОЛИТА 

 
Кислотная обработка природного цеолита часто применяется для “улуч-

шения” структуры и свойств, которые также подвержены влиянию термической 
обработки. Методами химического анализа, рентгеноструктурного анализа, 
адсорбции воды, бензола и азота изучено влияние растворов соляной кислоты 
до 2 N концентрации и температуры до 800℃ на структуру и свойства туфа, 
содержащего клиноптилолит, из месторождения Нор Кохб (Армения), 
который выбран для создания новых бактерицидных цеолитовых фильт-
рующих материалов для очистки и дезинфекции вод из разных источников. 
Установлено, что кислотная среда приводит к значительному деалюминиро-
ванию (соотношение атомов Si/Al растет ≈ от 5 до 9,4), а изменение катионного 
состава без декатионирования приводит к снижению адсорбционной емкости 
пара воды; кислотные растворы не приводят к аморфизации микропористой 
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кристаллической структуры, но постепенно растворяют ее. Также кислотная 
обработка “открывает” микропоры для больших неполярных молекул азота, 
увеличивает площадь адсорбции и приводит к изменениям системы мезопор, 
увеличивая их размеры. Термическая обработка при 457℃ приводит к 
трансформации частично дегидратированного цеолита в метастабильную фазу 
гейландита B, с последующим возможным образованием цеолитоподобного 
минерала ваиракита (500℃) и анортит-подобного полевого шпата (600℃); 
содержание аморфной фазы увеличивается с ростом температуры, но 
кристаллическая структура цеолита остается без изменений даже после обжига 
при 800℃. Удельная пористость гейландита B (0,17 см3/г) не меняется даже до 
700℃, адсорбционная емкость микропор для пара воды (>4 ммоль/г) не 
меняется до 500℃, а при более высоких температурах объем микропор, 
доступных для молекул азота и площадь адсорбции уменьшаются, а средний 
диаметр наноразмерных пор увеличивается.         

 
      

 


