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Abstract 
Acid treatment is a powerful tool for improving the performance of natural zeolites, and the purpose of our work was to study chemical 
composition, structure and properties of acid-treated heulandite from the Tedzami-Dzegvi deposit. Samples of heulandite-containing tuff from 
the Rkoni plot with zeolite phase content up to 90%, consisting of heulandite and chabazite in a ratio of 8:1, and having chemical composition 
described by empirical formula |Na0.25K0.06Ca0.19Mg0.15)|[AlSi3.6O9.2].3H2O were treated with hydrochloric acid solutions with concentration 
up to 2.0 N. It was established that acid treatment leads to significant dealumination (the molar ratio of Si/Al increases from 3.6 to 9.5) and 
decationization (the total charge per aluminium atom decreases from 1 to 0.68), sodium and magnesium are mainly leached, calcium and 
potassium does not take part in the decationization process. Powder X-ray diffraction patterns show that hydrochloric acid solutions with a 
concentration up to 2.0 N do not lead to amorphization of the zeolite microporous crystal structure, but can gradually dissolve it. The 
adsorption of water vapor indicates the availability of micropores for the entry of small polar molecules, benzene adsorption shows a slight 
increase of hydrophobicity of the surface as a result of acid treatment. Nitrogen adsorption-desorption isotherms show acid-mediated sharp 
increase of adsorption in micropores and of the surface area, as well as changes in the mesoporous system, leading to the prevalence of pores 
with a diameter of 3 – 10 nm. The concentration of dilute solutions of hydrochloric acid is determined, which provides availability of 
micropores for large ions and nonpolar molecules, but at which dealumination is insignificant and ion-exchange capacity remains at a 
sufficient level. Materials obtained by acid treatment of heulandite can be used as adsorbents, ion exchangers, and carriers of biologically active 
substances and metal ions. 
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Introduction 

Natural and synthetic zeolites (microporous crystalline aluminosilicates MnSixAlnO2(n+x)
.mH2O (M+ = Na+, K+, … ½Ca2+, 

½Mg2+, …) built from alternating SiO4 and AlO4
– tetrahedrons forming open framework uniform structures with cages and 

channels), are considered the most promising sorbents for decontamination of waste and tap water from various harmful impurities 

due to their molecular-sieve, sorption and ion-exchanging properties [1-4]. In general, synthetic zeolites are more suitable for 

sequestering heavy metals in wastewater treatment due to the high uniformity of pore size distribution and the presence of a single 

compensation cation, while natural varieties, although very attractive from an economic and environmental point of view, show the 

least sorption of heaviest metals [4]. However, to improve the sorption and ion-exchange properties of natural zeolites in order to 

expand their application in relation to various kinds of pollutants, various modification methods are used, including acid treatment, 

which makes it possible to increase the surface area of the adsorbent and the porosity of the original natural zeolites [2-4]. For 

example, exchangeable cations located in the channels and cavities throughout the zeolite structure sometimes block the channel 

system, but they can be removed by acid treatment [5]. Acid treatment of zeolites is also considered as a secondary synthesis method 

[6] for the creation of new materials, although in the case of zeolites with a very aluminum content, such as LTA, it leads to 

structural degradation due to significant dealumination. The process of acid mediated dealumination is proposed to take place 

through the extraction of aluminum atoms from the zeolite framework and the generation of a hydroxyl nest. It has been established 

that hydrochloric and nitric acids are more efficient dealuminating agents than sulfuric and phosphoric acids, not to mention weak 
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organic acids [7]. The most widely used is hydrochloric acid, its effect on the structure and properties of zeolites, as well as 

treatment conditions (concentration, temperature, duration) with its help are well known [8-10]. 

The aim of our work was to study acid mediated changes in structure and properties of heulandite-containing tuff from the 

Tedzami-Dzegvi deposit (Eastern Georgia), intended to create new bactericidal zeolite filter materials for purification and desinfection 

of water from various sources.  

 

Materials and Methods 

Samples of heulandite-clinoptilolite-containing tuff were collected in the southern section of the Tedzami-Dzegvi deposit, 

Eastern Georgia. According to the results of recent study [6], the sample contains up to ≈90% of zeolite phase with chemical 

composition described by empirical formula of dehydrated sample (Na1.96K0.47Ca1.49Mg1.17)[Al7.8Si28.2O72], and is a high-silica 

heulandite (crystal chemical data |Ca4(H2O)24|[Al8Si28O72]-HEU [11, pp. 156-157]) mixed with chabazite (|Ca6(H2O)40|[Al12Si24O72]-

CHA [11, pp. 96-97]) in a ratio of 8:1. Zeolitic tuff was crushed on a standard crusher, fractionated to a particle size of 1-1.4 mm or 

14-16 mesh, washed with distilled water to remove clay impurities, and dried at a temperature of 95-100 °C.  

Acid treatment of samples was carried out by mixing 10 g of original zeolitic tuff with 100 mL of 0.5, 1.0, and 2.0 N HCl 

solutions in a shaking water bath (OLS26 Aqua Pro, Grant Instruments, US) operating in linear mode at 75 oC. This temperature was 

chosen as optimal for reasons of reproducibility of the results (control of temperature constancy throughout the acid treatment), as 

well as for comparison with the results of published works [9-10]. To achieve maximum effect, acid treatment was carried out in 

three steps: the first lasted 1 hour, the second – 2 hours, and the third – 3 hours, each step was followed by washing with distilled 

water until no Cl– ions were detected in the washing water by using AgNO3 solution. Acid treatment with dilute solutions (0.016-

0.32 N) was carried out in one step at room temperature 

Chemical composition of collected and modified samples was calculated from the X-ray energy dispersive (XR-ED) spectra obtained 

from scanning electron microscope JSM-6490LV (Jeol, Japan) equipped with INCA Energy 350 XRED analyzer (Oxford, UK). Powder X-

ray diffraction (XRD) patterns were obtained from D8 Endeavor diffractometer (Bruker, Germany) employing the Cu-Kα line (λ = 0.154056 

nm); the samples were scanned in the 2Θ range of 5o to 100o with a 0.02o step at a scanning speed of 1o/min. The adsorption capacity for 

water and benzene vapors was measured under static conditions at room temperature; the samples weighed on an electronic analytical 

balance (FA 2204N, JOAN LAB, China) were placed in a desiccator and kept for 96 hours at a constant pressure of water vapor (relative 

pressure р/ро=0.4 and saturated vapor pressure р/ро=1.0) and benzene (р/ро=1.0) and then the samples that absorbed the vapors were 

weighed again. Nitrogen adsorption/desorption isotherms were measured at 77 K using ASAP 2020 Plus analyzer (Micromeritics, USA) 

using Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda (BJH) models for data analysis. 

 

Results and Discussions  

Changes in the chemical composition of the acid-treated samples indicate their dealumination and decationization; structural 

changes are fixed by powder X-ray diffraction (XRD) patterns; sorption properties carry information about micro- and mesoporous 

systems. 

 

Chemical Composition 

According to the data of XR-ED spectral analysis, the first acid treatment step, which lasted 1 hour, leads to dealumination by 

≈90% of the final value obtained in the second treatment step (2 hours); after the third step (3 hours) the chemical composition of the 

obtained product has not changed. All results below refer to samples obtained from a three-stage procedure. 

The results for chemical composition of the studied samples, calculated from XR-ED-spectra for 72 oxygen atoms in the unit 

cell, are given in Table 1 in terms of averaged empirical formulas of dehydrated zeolites; the Si/Al molar ratio shows the degree of 

dealumination. The degree of decationization is shown in Figure 1 by a decrease in the total charge of all compensating ions, as well 

as by a change in the proportion of Na+, K+, Ca2+ and Mg2+ cations in compensating for the negative charge of the zeolite framework 

as these cations are leached and replaced in the framework by H+.  

Tab. 1. Chemical composition of original and acid-treated samples 

[HCl] a (N) Empirical formula Si/Al 

0 (Na1.96K0.47Ca1.49Mg1.17)[Al7.8Si28.2O72] 3.6 

0.5 (Na0.62K0.67Ca0.71Mg0.47)[Al4.59Si31.4O72] 6.85 

1.0 (Na0.47K0.40Ca0.65Mg0.46)[Al4.26Si31.7O72] 7.45 

2.0 (Na0.096K0.50Ca0.61Mg0.26)[Al3.43Si32.6O72] 9.5 
a [HCl] – concentration of hydrochloric acid solution. 

 

Fig. 1. Charge of cations compensating negative charge of one Al atom in native (0) and acid-treated samples 
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A decrease in the specific aluminum content and an increase in the Si/Al molar ratio indicates a rather high degree of acid-

mediated dealumination; the total charge of metal cations per one aluminum atom monotonically decreases from ≈1 to ≈0.68 with 

increasing acid concentration. Sodium cations Na+ ions are washed out to the greatest extent, the content of other cations varies 

nonmonotonically, but it can be concluded that calcium cations Ca2+ are washed out to a lesser extent than magnesium cations Mg2+, 

while potassium cations K+ practically do not take part in the decationization process. This conclusion is consistent with the results 

of the study of decationization and dealumination of Croatian clinoptilolite tuff [9], but do not correspond to the data that the 

removal of monovalent Na+ and K+ cations from Turkish clinoptilolite is insignificant for temperatures of 25-100 oC and changed 

little with acid concentration [10].  

Structure 

Powder XRD patterns do not change after treatment of heulandite with dilute HCl solutions with a concentration up to 0.5 N; at 

a higher concentration, a change in the intensity of some peaks is observed (see Figure 2). In particular, the intensity of the low-

angle peak characteristic of heulandite (2Θ = 9.85o, Miller indices hkl 020; d-spacing 8.98 Å) decreases, while the intensity of the 

peaks observed at 2Θ≈22° (hkl 131, 400, 330; ≈4 Å) first increases (at 1.0 N), and then decreases (2.0 N), while the intensity of the 

weak peak at 2Θ≈28° (hkl -422 and/or -441; ≈3.15 Å) first decreased, and then sharply increases with increasing acid concentration 

up to 2N; peaks at 2Θ = 13o (hkl -201; 6.8 Å), 15 o (hkl 220; ≈6 Å) and ≈33° (hkl -261 and/or 061; ≈2.8 Å) decrease with increasing 

acid concentration and then disappear from XRD patterns. 

 

 
Fig. 2. Powder XRD patterns of original (bottom left) and acid treated samples (numbers in parenthesis are Miller indices hkl). 

 

The overall intensity of the XRD pattern decreases slightly with increasing acid concentration, but there is no peak broadening 

due to sample amorphization, although acid treatment causes significant dissolution of the sample, which continues in the third 

stage of treatment, when the amorphization process stops and the chemical composition of the sample ceases to change (see 

Table 2). 

Tab. 2. Weight loss (%) from acid treatment. 

 From 0.5 N From 1.0 N From 2.0 N 

Steps 1-2-3 9.75-7.05-4.5 12.8-7.8-6.1 15.4-7.95-5.25 

Total 21.3 26.7 28.6 

 

The result obtained does not contradict the known ones, since in a recent work [7], the amorphization of clinoptilolite recorded 

using XRD patterns was noted only after treatment of the zeolite with solutions with a high concentration of hydrochloric acid (5 and 

10 N). 

 

Sorption of water, benzene and nitrogen 

The kinetic diameter of water molecule H2O is 0.266 nm, and it freely passes through the entrance windows of chabazite and 

heulandite (see Figure 3). 
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Fig. 3. The entrance windows in heulandite-clinoptilolite according to [11]: 10-membered ring (a) and 8-membered ring (b) viewed along [001], 

and 8-membered ring (c) viewed along [100]; dimensions are given in nanometers. 

The adsorption of small water molecules is a measure of the pore volume of hydrophilic high-aluminum zeolites. Since the 

filling of micropores occurs at low water vapor pressure, adsorption at a relative pressure of p/po=0.4 reflects the micropore volume, 

and the adsorption capacity at saturated water vapor pressure (p/po=1.0) reflects the total volume of all pores [12]. 

The kinetic diameter of the benzene molecule C6H6 (0.585 nm) significantly exceeds the sizes of entrance windows, so that this 

non-polar molecule can be adsorbed only on the zeolite surface developed due to the presence of meso- and macropores; benzene 

adsorption capacity also is a relative measure of surface area and its hydrophobicity. 

The two entrance windows in the structure of heulandite, 10- and 8-membered rings, are too “narrow” to accommodate a 

nitrogen molecule N2 with a kinetic diameter of 0.364 nm, this molecule can hardly pass through only one window, an 8-membered 

ring with dimensions of 0.46 x 0.36 nm, and this is due to considerable flexibility of heulandite framework [11, pp. 156-157]. 

 

Sorption of water and benzene 

Results of measurements are shown in Figure 4. 

 

Fig. 4. Adsorption of water vapor (H2O) and benzene (C6H6) on original (0) and acid-treated samples. 

The volume of micropores accessible for water molecules for untreated heulandite sample is about 60% of the total pore volume 

and practically does not change as a result of acid treatment. The adsorption of water vapor in micropores is in no way related to the 

aluminum content, which is characteristic of high-silica synthetic zeolites [13-15]. The total adsorption in all pores increases 

nonmonotonically as a result of an increase in the volume of large pores. 

Benzene adsorption changes insignificantly, but the results obtained indicate an increase in the hydrophobicity of the surface 

after acid treatment. More detailed information about surface and mesopores was obtained by analyzing nitrogen adsorption-

desorption isotherms. 

 

Nitrogen adsorption 

Nitrogen adsorption-desorption isotherms on untreated (0) and acid-treated forms of heulandite are shown in Figure 5, 

corresponding porosity parameters are given in Table 3. 
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Fig. 5. N2 adsorption-desorption isotherms on native heulandite (0) and its acid-treated forms. 

Tab. 3. Porosity parameters of initial and acid-treated samples. 

Concentration of HCl solution (N) 0 0.5 1.0 2.0 

BET surface area (m2/g) 12.8 126.7 154.7 175.0 

Total volume of pores (mm3/g) 89.5 109.0 112.9 125.6 

Volume of micropores (mm3/g) 6.47 78.2 85.6 88.9 

BET average pore diameter (nm) 28.0 3.44 2.92 2.87 

BJH adsorption/desorption average pore 

diameter (nm) 

38.0 12.1 9.84 9.13 

17.2 13.1 11.6 11.1 

 

The measured isotherms correspond to the filling of micropores (Langmuir plot) at low relative pressures, the BET model well 

describes the experimental data in the range of relative pressures of 0.01<p/po<0.3 for initial sample and 0.01<p/po<0.1 for acid-

treated forms; for all samples a hysteresis loop with a jump at p/p0= 0.4-0.5 is observed. The initial sample has a low surface area 

(12.8 m2/g), and the fraction of micropores accessible to nitrogen molecules is only 7% of the total porosity. Under the influence of 

acid, the surface area and the volume of micropores accessible to nitrogen molecules increase sharply and continue to increase with 

increasing acid concentration in the treatment solution. A similar effect was noted in [7] for acid-treated clinoptilolite. 

The total pore volume increases monotonically with increasing acid concentration, while the diameters of nanosized pores 

calculated using the BET and BJH models sharply decrease, indicating that acid treatment affects not only the heulandite micropore 

system, but also the mesopores existing in its sample. Pore size distribution curve volume vs pore diameter V(D) and differential 

dV/dD curve calculated by BJH model for initial heulandite and its acid-treated forms are shown in Figure 6. 

As the pore size distribution curves V(D) show, the volume of mesopores up to 100 nm in   diameter decreases sharply as a result 

of acid treatment; the concentration of the acid in the treatment solution is not that important. According to the differential curve 

dV/dD, the maximum at ≈12 nm disappears, but a sharp maximum appears at ≈4 nm. Taking into account, albeit small, but still an 

increase in the total pore volume with increasing acid concentration, it can be concluded that after acid treatment, small in size, up to 

4 nm, pores become predominant in the mesopore system of acid-treated samples. 
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Fig. 6. Pore size distribution V(D) (left) and dV/dD (right) curves calculated by BJH model from desorption isotherms measured on native 

heulandite (0) and its acid-treated forms. 

Ion exchange capacity 

The strong dealumination of acid-treated samples limits their use as ion exchangers. Thus, the cation-exchange capacity (CEC), 

calculated from XR-ED spectral data as the number of milliequivalents of ionogenic groups per gram of the ion exchanger entirely 

converted to the H+ form, decreases from 3.03 to 1.9 mEq/g after treatment with a hydrochloric acid solution with a concentration of 

0.5 N. However, the “opening” of micropores and the increase in the surface area of the adsorbent occurs abruptly, and a sufficient 

improvement in the properties of natural zeolite can also be achieved when it is treated with very dilute acid solutions. Table 4 shows 

the results of measurements (XR-ED) and calculations for samples treated with dilute hydrochloric acid solutions in one step. 

Tab. 4. Characteristics and porosity parameters of samples treated witnh diluted HCl solutions. 

Concentration of HCl solution (N) 0 0.016 0.032 0.064 0.16 0.32 

Si/Al 3.6 3.7 3.7 3.85 4.2 4.8 

CEC (mEq/g) 3.03 3.00 2.95 2.90 2.75 2.50 

BET surface area (m2/g) 12.8 15.6 19.6 33.4 49.8 87.5 

Total volume of pores (mm3/g) 89.5 90.0 90.0 92.0 94.0 104 

Volume of micropores (mm3/g) 6.47 10.3 53.2 56.7 63.5 78.2 

BET average pore diameter (nm) 28.0 27.0 25.0 22.3 18.6 7.9 

BJH adsorption/desorption average pore 

diameter (nm) 

38.0 36.2 30.0 28.4 27.1 16.2 

17.2 17.1 17.0 16.6 16.2 15.4 

 

As the obtained data show, the Si/Al molar ratio as a result of the treatment of heulandite with hydrochloric acid solutions with a 

concentration of less than 0.1 N changes slightly, and, accordingly, the cation-exchange capacity remains at a fairly high level. The 

BET surface area and total volume of pores increase, while the average mesopore diameters calculated from the BET and BJH 

models decrease monotonically with increasing acid concentration, only the micropore volume changes abruptly, increasing sharply 

after treatment with solutions with a concentration greater than 0.01 N.  

Thus, when heulandite is treated with hydrochloric acid solutions with a concentration of 0.01 to 0.1 N, the micropores of the 

zeolite are “opened” for such large ions as radium Ra2+ (diameter 0.324 nm), cesium Cs+ (0.334 nm), etc. and the zeolite framework 

still contains a sufficient number of aluminum atoms and, consequently, exchangeable cations.  

 

Conclusion 

The effect of acid environment on the heulandite-containing tuff from the Tedzami-Dzegvi deposit leads to significant 

dealumination and decationization; solutions of hydrochloric acid do not lead to amorphization of the zeolite microporous crystal 

structure, but gradually dissolve it. The acid treatment also leads to a slight increase in surface hydrophobicity and sharp increase of 

adsorption in micropores and of the BET surface area, as well as changes in the mesoporous system, leading to the prevalence of 

pores with a diameter up to 4 nm. Treatment of heulandite with a dilute solution of hydrochloric acid (0.01 – 0.1 N) provides access 

of large metal ions to the micropores of the zeolite, while maintaining a high ion-exchange capacity.  
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