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Abstract—In this work, clinoptilolite hydrogen forms are obtained from the Khonguruu zeolite locality
(Republic of Sakha, Russia) using hydrochloric acid solutions of different concentrations. The chemical
composition is identified via X-ray spectral microprobe analysis and thermogravimetry. IR vibrational spec-
tra of the alumino–silico–oxygen framework are studied in its dealumination and decationization. The effect
of the aluminum content in clinoptilolite hydrogen forms on the intensity change and frequencies of the prin-
cipal vibrational bands of alumino–silico–oxygen framework is established as well.
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INTRODUTION
Chemical modification of natural zeolites (the treat-

ment with an acid, ion exchange and others) allows one
to acquire their new forms with a set of the valuable
properties [1–6]. Acid treatment of many natural zeo-
lites is accompanied by their decomposition and the for-
mation of gel or silica. However, acid exposure on
clinoptilolite (Cl) allows one to obtain their hydrogen
forms (H-forms). The interaction of hydrochloric acid

(HCl) solution with Cl is favored by simultaneous deca-
tionization and dealuminization [7, 8]. According to
Barrer’s notions [2], a release of aluminum from the
alumino–silico–oxygen Cl framework is accompanied
by its substitution by an equal amount of H3O+ which
compensates the negative charges in zeolites treated
with acid, arising at the site of aluminum removed from
the framework, as is shown below:

Despite the fact that the dealumination of zeolites
with acids is poorly understood, and there are some
works reporting other ways of aluminum removal [9,
10], most of authors hang upon the above dealumina-
tion stoichiometry.

IR spectroscopy of zeolites in the frequency range
of 1400–400 cm–1 assigned to vibrations of alumino–
silico–oxygen framework is widely used for structural

characterization of zeolite crystal lattices and quanti-
tative evaluation of the changes therein which are
caused by the external factors [11–19]. The effect of
chemical modification of zeolites on the IR band
intensity in the alumino–silico–oxygen framework is
poorly studied, which is obviously due to the complex-
ity of the selection of sample preparation conditions, a
lack of a standard for natural zeolite and not entirely
correct assumption of additivity of dipole moments.
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According to Nakamoto [20], this can result in dis-
agreement of the results or even their contradiction.

Comparing zeolite tuffs of various localities, many
authors [11, 13–16] call attention to the IR band fre-
quencies in the vibration range of the alumino–sil-
ico–oxygen framework, which depend on the
SiO2/(Al2O3 + Fe2O3) ratio in zeolite, rather than the
intensities of these bands. Here, the S–O–Si(Al) anti-
symmetric valent vibration band with a maximum at
1050–1100 cm–1 is the most sensitive. Its shift toward
the higher frequencies is observed in aluminosilicates
with a decrease in the relative aluminum content. This
phenomenon was first described by Mealkey in [21],
where small deviations from the above law caused by
sensitivity of this band to topology of the zeolite crystal
structure were mentioned as well.

In this work, we study the effect of the chemical
composition of H-form Cls on their IR spectra in
order to clarify the ability to apply IR spectroscopy for
description of structural and chemical modifications
of alumino–silico–oxygen Cl framework during the
treatment of zeolite with HCl hydrochloric acid.

EXPERIMENTAL
The Characteristics of the Precursor

The precursor used in this work was zeolite tuff
from the Khonguruu location (Sakha, Russia). In
accordance with X-ray diffraction (XRD) with a Rit-
weld semiquantitative estimation of phases, the Cl
content in the natural sample was 87 ± 5%, the quartz
content was 13 ± 5%, and no other minerals were
detected from these data, which testifies to their quite
low content (below 5%). With respect to this, the use
of the chosen material for synthesis of H-form Cl is
justified by its high content in tuff and rather low con-
centration of impurity minerals, which are expected to
bring an insignificant error to the experimental results.

The principal component concentrations in the
Khonguruu natural tuff calculated relative to the sam-
ple dried at 378 K are shown in Table 1.

Preparation of Hydrogen Forms of Clinoptilolite
Before treatment, the ground tuff precursors were

subjected to additional grinding in a Pulverisette 7
planetary mill (Fritsch Corp., Germany) with the
agathe balls and were then sieved on vibrational bolt-
ers, allowing the selection of a fraction with grain sizes
of 6 × 10–5–9 × 10–5 m (60–90 μm).

The samples were exposed in 0.1, 0.5, 1.0, 2.0, and
5.0 M/L HCl hydrochloric acid high-purity solutions
at constant intensive stirring. The tuff : solution weight
ratio was 1 : 25, the contact time with solutions was
24 h, and the temperature was 353 K.

After this time, zeolites were separated from solu-
tions via decantation and were washed with distillated
water on a vacuum filter until a negative qualitative

reaction for Cl– chloride ions with AgNO3 silver
nitrate solution. They were then dried in air to achieve
the air-dry state.

In accordance with the described technique, the
following H-forms were obtained: 0.1, 0.2, 0.5, 1.0,
2.0, and 5.0 Cl (here and hereinafter, we use designa-
tions of Cl, where a coefficient corresponds to the
molar concentration of HCl solution used in their syn-
thesis).

Methods of Characterization
Pretreatment. To remove hygroscopic water, Cl

and its modifications were heated for 2 h at 383 K and

Table 1. Chemical composition of natural Cl and its modi-
fications

SM—silicate modulus (SiO2/[Al2O3 + Fe2O3] ratio).

Form
Chemical composition, %

Na2O K2O MgO CaO
Natural 4.03 3.00 1.13 0.45
0.1 Cl 0.59 1.24 0.80 0.37
0.5 Cl 0.16 1.05 0.50 0.27
1.0 Cl 0.05 0.95 0.28 0.22
2.0 Cl 0 0.68 0.15 0.14
5.0 Cl 0 0.07 0.07 0.07

SiO2 Al2O3 Fe2O3 H2O SM
Natural 67.72 15.61 1.07 6.99 4.06
0.1 Cl 76.89 10.36 0.70 9.05 6.95
0.5 Cl 86.27 3.46 0.56 7.73 21.46
1.0 Cl 88.79 2.61 0 7.10 34.02
2.0 Cl 90.35 2.34 0 6.34 38.61
5.0 Cl 93.42 0.91 0 5.46 102.66

Fig. 1. Clinoptilolite particle after grinding of Khonguruu
tuff (1000× magnification).
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then were exposed in an excicator until cooling.
Because of the expected natural inhomogeneity of the
tuff precursor and its modifications with respect to the
phase composition, the samples were selected via
quartering.

Analysis of Chemical Composition. The chemical
composition of Cl samples was determined via X-ray
microprobing analysis. The Cl samples were applied
on a conductive carbon tape fixed on a brass substrate.
N2 was purged to remove the particles firmly fixed on
the tape. The samples were afterward put into the
chamber of a JSM-7800F raster electron microscopy
(JEOL Corp., Japan) and were subjected to vacuum
up to a residual pressure of 9.6 × 10–5 Pa. The element
analysis was implemented via a X-MAX-20 X-ray
spectral console (Oxford Corp., United Kingdom) on
an area of 2 × 106 μm2 at an accelerating voltage of 20
kV and emission current of the absorbed electrons of
70 μA. The reference samples were natural and syn-
thesized materials that were used in the analysis of the
following minerals tested for homogeneity: albite
(detection of Na), MgO (analysis for Mg), Al2O3
(detection of Al), SiO2 (detection of Si), feldspar
(detection of K), wollastonite (detection of Ca), and
Fe (detection of Fe). Quantitative analysis was done in
the Energy software via calculation of the peak inten-
sities, determining the best match of the reference
peaks on the basis of the least squares method with
background suppression. The numerical content of
each element was evaluated via averaging the data from
the analysis of five independent samples.

The losses in the samples during ignition were esti-
mated via thermal gravimetry on an STA 449C Jupiter
device (Netzsch Corp., Germany). The samples were
heated with a rate of 10°C/min in an argon environ-
ment at a standard pressure of 298–1173 K in Pt/Rh
bowls with an Al2O3 substrate. The weight losses in Cl
samples over the range of 383–1173 K were calculated
from the obtained thermogravigrams on Proteus Anal-
ysis software (Netzsch Corp.).

IR Studies. To perform IR studies, pellets were pre-
pared via pressing at 20 MPa of a Cl + pure KBr (1 :
500) mixture carefully rubbed in the agate mortar for
10 min. IR spectra were recorded at room temperature
on a Varian 7000 FT-IR spectrometer in the frequency
range of 4000–300 cm–1 with a resolution of 8 cm–1.
The number of scans for each sample was 16. The
spectra were processed in the range of 1400–400 cm–1

with subsequent calculation of the peak intensities and
frequencies by means of the built-in fitting functions
in the Varian Resolutions Pro™ software.

RESULTS AND DISCUSSION

Element Analysis

The quantitative chemical composition of natural
Cl and its modifications, evaluated via the element
analysis, is shown in Table 1.

The following formulas (calculated per a unit cell)
were obtained for these modifications:

Na3.26K1.60Mg0.71Ca0.20(Fe0.33Al7.68Si28.32O72) · 12.24H2O—for natural form;
Na0.46K0.64Mg0.49Ca0.16(Fe0.22Al4.99Si31.49O72) · 14.10H2O —for 0.1 Cl form;
Na0.13K0.53Mg0.30Ca0.12(Fe0.17Al1.62Si34.29O72) · 10.81H2O—for 0.5 Cl form;

Na0.04K0.48Mg0.17Ca0.09(Al1.21Si34.84O72) · 9.63H2O—for 1.0 Cl form;
K0.33Mg0.09Ca0.06(Al1.07Si35.04O72) · 8.46H2O—for 2.0 Cl form;
K0.04Mg0.04Ca0.03(Al0.41Si35.65O72) · 7.02H2O—for 5.0 Cl form.

In synthesis of 0.1 Cl, tuff was taken in excess, and
hydrochloric acid was thus completely consumed.
This is indicated by the decreasing amount of Al2O3
during production of 0.1 Cl from natural Cl, which is
equimolar to the quantity of HCl in its initial 0.1 M/L
solution. For preparing other H-form Cl, hydrochlo-
ric acid was taken in excess.

According to the analysis, the treatment of Cl with
HCl hydrochloric acid leads to decationization and
dealuminization. Using 5 M/L acid solution washes
away completely Na+ and Fe3+ and almost completely
(until 94 wt %) washes away the framework Al, leaving
a small amount of K+, Mg2+, and Ca2+ ions (0.07 wt %
for each ion type).

To calculate the degree of substitution, let us
express the cationic composition of Cl modifications

through the nominal formulas, where the indices indi-
cate the equimolar fraction of the corresponding cat-
ion in the unit cell, assuming that complete removal of
cations will provide a pure H-form of Cl. In this case,
the nominal formulas of the obtained Cl modifica-
tions can be expressed as follows:

These nominal formulas are widely used in the lit-
erature dedicated to H-forms of zeolites, and we think

0.49 Na 0.24 K 0.21 Mg 0.06 Ca – Cl Natural Cl
0.63 H 0.07 Na 0.10 K 0.15 Mg 0.05 Ca – Cl 0.1 Cl
0.77 H 0.02 Na 0.08 K 0.09 Mg 0.04 Ca – Cl 0.5 Cl
0.84 H 0.01 Na 0.07 K 0.05 Mg 0.03 Ca – Cl 1.0 Cl
0.90 H 0.05 K 0.03 Mg 0.02 Ca – Cl 2.0 Cl
0.97 H 0.01 K 0.01 Mg 0.01 Ca – Cl 5.0 Cl
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they best express the degree of cation substitution (in
our case, Na+, K+, Mg2+, and Ca2+ by H+).

Analysis of IR Spectra

Figure 2 displays IR spectra of Cl precursor and its
H-forms in the range of 1400–400 cm–1. The general
profiles of IR spectra of Khonguruu Cl match those of Cl
from other locations described in [1, 2, 11, 13, 14, 18, 19].

As is seen, an increased degree of dealumination of
Cl leads to blurring of the bands assigned to the alu-
mino–silico–oxygen framework, i.e., to a decrease in
their intensity, which indicates amorphization of zeo-
lite structure.

In accordance with IR spectroscopic data, degra-
dation of the alumino–silico–oxygen framework
strongly increases with the increasing HCl content
starting from 2 M/L (“2.0 Cl” in Fig. 2). This is con-
firmed by the disappearance of the bands in the fre-
quency range of 610–600 and 680–670 cm–1, which
are attributed to the vibrations of double rings between
tetrahedra and symmetric valent vibrations inside tet-
rahedra. Moreover, a band at 959 cm–1 assigned to
(Si–O) strain vibrations of Si–OH silanol group is
amplified in the IR spectrum of Cl treated with 5 M/L
HCl solution (“5.0 Cl” in Fig. 2), while its intensity
was low in the previous spectra, this being caused by
the growing defects in the nests between tetrahedra
instead of aluminum removed from the framework.

Table 2 shows the assignment of the bands from
IR spectra of Khonguruu Cl over the range of 1400–
400 cm–1 in comparison with the IR spectroscopy
data for natural zeolite from the Kaimanes location
(Cuba) [14], where the Cl content is also 87%. There
are also some differences in the frequencies between
zeolites from both locations. A lack of data on the line
at 680–670 cm–1 in the IR spectrum of Cl from Cuba,
which seems to be overlapped by more intense neigh-
boring components, calls attention to itself. The effect

of the chemical treatment on the band intensity in the
IR spectra of Cl was not analyzed in [14].

Statistical IR Data Processing

In zeolites, SM (silicate modulus) is considered to
be a [SiO2/(Al2O3 + Fe2O3)] ratio that is expressed
through the weight fractions of the appropriate oxides

Fig. 2. IR spectra of natural Cl (1) and its modifications:
(2) 0.1, (3) 0.5, (4) 1.0, (5) 2.0, and (6) 5.0 Cl.
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Table 2. Assignment of IR bands of Cl from Kaimanes and
Khonguruu, and its modifications

Т–О strain 
vibrations

Intertetra-
hedral 

vibrations 
of double 

rings

Intratetra-
hedral 

symmetri-
cal valent 
vibrations

Kaimanes (Cuba) [14] 459 608 ?
Khonguruu 
(Russia)

ν, cm–1 462 604 671

I, % 38 4 3
0.1 Cl ν, cm–1 460 603 673

I, % 37 4 2
0.5 Cl ν, cm–1 464 606 674

I, % 36 3 1
1.0 Cl ν, cm–1 463 607 677

I, % 22 1 <1
2.0 Cl ν, cm–1 463 – –

I, % 19 – –
5.0 Cl ν, cm–1 464 – –

I, % 17 – –
Intertetra-

hedral 
symmetri-
cal valent 
vibrations

Si–O 
strain 

vibrations

Intratetra-
hedral 

antisym-
metrical 

valent 
vibrations

Kaimanes (Cuba) [14] 795 – 1062
Khonguruu 
(Russia)

ν, cm–1 794 – 1070

I, % 10 – 55
0.1 Cl ν, cm–1 788 – 1072

I, % 9 – 46
0.5 Cl ν, cm–1 795 – 1085

I, % 5 – 32
1.0 Cl ν, cm–1 795 – 1086

I, % 3 – 21
2.0 Cl ν, cm–1 793 – 1087

I, % 2 – 11
5.0 Cl ν, cm–1 797 959 1091

I, % 2 1 11
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in the zeolite composition. As a rule, the SM magni-
tude is comparable with the main properties (chemi-
cal, catalytic, sorption, and others) of natural and syn-
thetic zeolites [4, 7, 9–11, 15].

In our opinion, a statistical relationship between
the chemical composition and IR data for zeolites over
the vibration range of alumino–silico–oxygen frame-
work can be established via its comparison with SM
value.

Figures 3–6 display the dependences of SM on the
frequency of a characteristic band at 1010–1070 cm–1

(Fig. 3) and the intensity of the characteristic bands at

470–460, 680–670, and 800–780 cm–1 (Figs. 4–6)
with indication of the standard construction error. A
correlation analysis via calculation based on a method
described in [22] revealed a correlation between the
compared magnitudes (at a confidence probability of
P = 0.95).

The functional dependences between the com-
pared value pairs were plotted by means of the Micro-
soft Office software, and their equations were obtained
as follows (1)–(4):

 (1)0.0071059SM ;ν =

Fig. 3. The frequency of the band assigned to antisym-
metrical valent vibrations inside an alumino–silico–oxy-
gen tetrahedron as a function of silicate modulus of the
studied Cl samples. 
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Fig. 4. The intensity of the band assigned to antisymmet-
rical valent vibrations inside alumino–silico–oxygen tet-
rahedron as a function of silicate modulus of the studied
Cl samples.
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 (2)

 (3)

 (4)
where ν is the frequency of a band assigned to asymmet-
ric valent vibrations inside tetrahedra, cm–1; I1 is the
intensity of assigned to asymmetric valent vibrations
inside tetrahedra, %; I2 is the intensity of assigned to
symmetric valent vibrations between tetrahedra, %; I3 is
the intensity of a band attributed to T–O strain vibra-
tions, %; and SM is the silicate modulus (SiO2/Al2O3 +
Fe2O3).

The SM values calculated from IR spectroscopic
data using formulas (1)–(4) and those determined
via the element analysis are shown in Table 3; the
error relative to the element analysis results is given in
parentheses (%). The last line displays the average
error of the SM values evaluated from IR spectros-
copy data.

In accordance with the calculations, the lowest
average relative error (20%) is obtained in the calcula-
tion of SM from the frequency of a band assigned to
antisymmetric valent vibrations inside alumino–sil-
ico–oxygen tetrahedron.

The higher average relative errors of the SM calcu-
lations are obtained, when using the intensities of the
bands attributed to antisymmetrical valent vibrations
inside alumino–silico–oxygen tetrahedron (I1), sym-
metric valent vibrations between alumino–silico–
oxygen tetrahedra (I2), and T–O strain vibrations (I3),
to be 35, 29, and 32%, respectively.

The calculation of the silicate modulus from the
intensities of the bands that are attributed to intertetra-
hedral vibrations of the double rings and intratetrahe-
dral symmetric valent vibrations is not possible because
of the low values of the considered magnitudes.

CONCLUSIONS
In accordance with the element analysis, the treat-

ment of Cl clinoptilolite with hydrochloric acid
removes a significant (in the case of K+, Mg2+, and

= –0.6
1 135SM ;I

0.6
2 26SM ;I −=

0.3
3 61SM ,I −=

Ca2+) or complete amount (for Na+) of cations, as well
as Al3+ and Fe3+ from the alumino–silico–oxygen
framework, which results in decreasing intensities of
all IR bands over the range of 1400–400 cm–1.

With increasing HCl concentration and, corre-
spondingly, degree of dealumination and decationiza-
tion, there is observed pronounced amorphization of
Cl. This is indicated by the emergence of a band
assigned to (Si–O) vibrations of the Si–OH group in
the IR spectrum of 5.0 Cl and indirectly by a decrease
in the mole quantity of H2O per a unit cell, as follows:
0.1 Cl, 14.10; 0.5 Cl, 10.81; 1.0 Cl, 9.63; 2.0 Cl, 8.46;
and 5.0 Cl, 7.02 M. This is, first, due to the accumula-
tion of defects in the alumino–silico–oxygen frame-
work and, consequently, its partial destruction. The
degradation therein can be adequately determined via
X-ray diffraction.

The plotted curves of SM as the functions of the
intensities of the bands at 470–460, 680–670, and
800–780 cm–1 and the frequency of the component at
1100–1070 cm–1 enabled us to highlight their power
behavior, which was proven via the correlation analy-
sis, as well as to obtain its mathematical model.

The results of the inversely calculated SM give the
ability to roughly determine the silicate modulus from
formula (1). Formulas (2)–(4) ensure the calculation
of the silicate modulus with a higher error.

The ability to use IR spectroscopy for quantitative
description of structural and chemical transforma-
tions in the alumino–silico–oxygen Cl framework
during the treatment of zeolite with HCl is thus con-
firmed in this work.

This work was supported by the Ministry of Educa-
tion and Science of the Russian Federation within the
State Task no. 11.512.2014/K of July 18th, 2014.
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