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Abstract: Infrared (IR) absorption and luminescence in chemically and radiation-

modified natural Armenian Zeolite (clinoptilolite) samples have been studied. The

luminescence was studied in 390-450 nm and 620-710 nm wavelength bands, and the

IR measurements were carried out in the 400-5400 cm−1 range. It is shown that the

luminescence intensity depends on the content of pure clinoptilolite in the samples and,

probably on the distribution of “passive” luminescence centers over Si and Al sites that

became“active”under radiation or chemical treatment. The samples of electron irradiated

clinoptilolite have higher luminescence intensity than the chemically and thermally treated

ones. A decrease in the intensity of IR absorption bands at 3550 cm−1 and 3650 cm−1

was found after irradiation.
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1 Introduction

Infrared spectroscopy is one of the most important methods for the characterization of

zeolites. It provides information on the range of lattice oscillations by showing shoulder

for bands of deformational intertetrahedral and intratetrahedral oscillations, symmetric

stretches, interaction between cations and the lattice, optical densities, and strength of

electric field [1,2]. The bands at 3637; 3625; 3560 and 3528 cm−1, and a poorly resolved

tail below 3500 cm−1 come out in the FTIR spectrum of natural zeolite-clinoptilolite

[3]. The use of IR absorption for unambiguous and quantitative interpretation of spectra

obtained for natural zeolites is made difficult by the large variation in composition and

in the impurity content of the raw material.

Information on the luminescence properties of zeolites under exposure to UV light of

wavelength 365nm, was reported previously [1,4].

Although the fully hydrated zeolite shows no luminescence, a considerable cathode

luminescence was found in clinoptilolite-heulendite with increasing hydration of the dry

material [5,6]. Several absorption bands, attributed to color centers with different charge

states, were measured in the visible region of the luminescence spectrum for the silver-

exchanged form of zeolite.

The present paper reports the first attempt to apply IR and luminescence spectro-

scopic measurements to the quantitative assessment of the optical properties and changes

in the cage structure of natural Armenian clinoptilolite as a result of electron irradiation

and chemical treatment. Since known reserves of natural clinoptilolite are vast and may

be recovered inexpensively, (for example, resources in Armenia are estimated at close

to 300 million. metric tons) a more detailed and comprehensive investigation of natural

clinoptilolite and its properties seems worthwhile, as it is a material with diverse potential

practical applications.

2 Experimental

Samples of Armenian natural zeolite were used with a molar ratio of SiO2/Al2O3= 9.6,

and with the following composition: clinoptilolite content 85l, feldspar 5%, quartz 5%,

mica 2%, clays 3%. The chemical composition of Armenian clinoptilolite expressed in

terms of the oxides of its constituent elements is given in table 1.

SiO2 TiO Al2O3 Fe2O3 FeO MgO CaO Na2O K2O H2O SO3 Mass loss

67.11 0.20 11.69 1.43 0.36 1.28 4.9 0.79 2.22 3.01 0.10 8.16

Table 1 Chemical Composition of Zeolites from Noyemberyan region of Armenia (in weight %).

The samples used for the IR measurements were pressed into a Table 1.

The luminescence measurements were taken within the red (620-710 nm) and ultravi-

olet (UV – visible, 390-450 nm) regions of the spectrum using a SF–26 spectrophotometer

and a 1 kW xenon lamp, the excitation band being in the 280-400 nm range. The lumi-
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nescence light was monochromatised using a DMR-4 monochromator. All optical devices

such as slits, filters photomultipliers etc. which were utilized during the measurements

are a Russian production. Measurements were carried out at room temperature (295K)

using zeolite samples with a 60-65 %, 83-85 % (raw) and 93-95 % (enriched) clinoptilolite

content. The chemical treatment (acid and alkaline) was performed in a thermostatic-

regulation valve at 85 ◦C for 4 hours with the solid-to-liquid ratio set at 1:5. After this

treatment, the samples were washed in a Bunsen funnel under a vacuum of 10−1 mmHg

using distillated water until pH values of 5.8-6.2 and 7-7.5 were obtained for HCl and

NaOH respectively. After washing the samples, they were dried for 3 hours at 120 ◦C.

The samples were exposed to an electron beam of energy 8 MeV with different ir-

radiation doses from the linear accelerator provided by the Yerevan Physics Institute.

The selection of the irradiation energy range was determined as follows: irradiation by

electrons of energy higher than 10 MeV electrons can cause a residual radioactivity in

samples, while irradiation by electrons at lower energies do not penetrate the sample

uniformly. Moreover, 8 MeV energy electrons create simple point radiation defects such

as Frenkel pairs which do not affect the clinoptilolite lattice significantly, but nonetheless

alter the clinoptilolite properties appreciably.

3 Results and discussion

3.1 Infrared absorption spectra

The IR spectra of Armenian clinoptilolite exposed to different electron irradiation doses

are illustrated in Fig. 1. Spectral bands of 1000 cm−1 and 480 cm−1 are due to intrate-

trahedral oscillations, the first (more intense) one being attributed to bond vibrations of

AlO and SiO, while the 480 cm−1 band is from AlO4, SiO4 deformation vibrations, re-

spectively. It is assumed, that these samples of clinoptilolite exhibit dominant SiO4 (not

Al-O4) tetrahedra because of the strong shift of 1000 cm−1 band to higher frequencies

(to 1250 cm−1). Note that the band structure of IR spectrum of natural clinoptilolite is

rather variable as reported in the literature [1]. It should be mentioned that the wider

band at 3400 cm−1 is attributed to the hydrogen bond of OH-groups and the compar-

atively narrower band at 1620 cm−1 is associated with deformation vibrations of water

molecules.

An interesting feature of the clinoptilolite IR spectra is observed at different doses

of electron irradiation (Fig. 1). First, the total IR absorption spectrum is significantly

affected by the increasing irradiation dose in the frequency range 400-3000 cm−1, causing

a decrease in band intensity at 3000 cm−1. It is assumed that this behavior is due to

the degradation of initial absorption centers and the formation of new ones. The spectra

of irradiated samples have been studied in more detail, particularly approximating the

1100 cm−1 band (Fig. 2) associated with interstitial oxygen. The irradiated samples were

measured in comparison with their non irradiated counterparts to identify small changes

in spectra induced by the radiation.
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Fig.1. IR- absorption spectra of clinoptilolite, irradiated by electrons with 8 MeV energy by 
Fig. 1 IR- absorption spectra of clinoptilolite, irradiated by electrons with 8 MeV energy by
different doses ( Clinoptilolite : KBr = 1:10 ; diameter = 20 mm; thickness – 0,3 mm):
1 – Non irradiated and
2 – Irradiated with 1012 el/cm2 dose;
3 – Irradiated with 1014 el/cm2 dose;
4 – Irradiated with 1015 el/cm2dose.
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Fig. 2 Relative transmission spectra of natural clinoptilolite at frequency range from 700 to
1400 cm−1 (irradiation dose 1015 el/cm2).

3.2 Luminescence properties

3.2.1 Natural clinoptilolite

The luminescence measurement data are shown in Figures 3-8. In Fig. 3 an increase in

luminescence intensity with increasing clinoptilolite content (curves 1-3) is presented at

the UV –Visible (3a) and red (3b) ranges.

The maxima in the UV-Vis region (395, 405, 410, 427 nm) of the luminescence spec-
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Fig. 3 Luminescence spectra in red (a) and UV (b) regions of natural zeolite samples with
different clinoptilolite content:
1 – (60-65%),
2 – (83-85%),
3 – enriched (93-95%).

trum are probably of an excitonic origin, similar to the large radius exciton that is located

near intrinsic structural defects [7,8].

For the first time, a maximum in the luminescence excitation spectra at 285 nm (Fig.

4) was observed. It became possible to deduce the most intense luminescence range

and reveal the excitation mechanism [9]. It was also shown that as a result of thermal

treatment, the excitation intensity decreased, and the luminescence intensity increased

(Fig. 4, curves 2, 3).

3.2.2 Chemically modified clinoptilolite

It is reported that the chemical modification of clinoptilolite depends on cage charge

density, selectivity to cations and accessibility of atomic positions around the cage [4].

The luminescence is observed for all chemically modified samples with a 85 % clinop-

tilolite content. This is attributed both to the cation exchange process and to the change

in the concentration of the luminescence centers around Si and Al sites after chemical

processing.

The effect of thermal treatment at different temperatures on the luminescence was



628 H. Yeritsyan at al. / Central European Journal of Physics 3(4) 2005 623–635

Fig. 4 Excitation spectra of clinoptilolite (85 %, luminescence max.705 nm):
1 – non-treated,
2 – Chemically modified by 3N NaOH and 4 N HCl,
3 – Thermally treated at 130 ◦C, 4 - Thermally treated at 230 ◦C.

Fig. 5 Luminescence spectra of chemically and thermally treated natural clinoptilolite:
1 – Treated in 3 N NaOH and 4 N HCl;
Thermal treatments:
2 – at 130 ◦C for 1.5 hours;
3 – at 230 ◦C for 2.5 hours;
4 – at 350 ◦C for 3 hours;
5 – Hydration by water vapor for 20 hours after thermal treatment at 350 ◦C.

studied. It is noteworthy that after thermal treatment at 130 ◦C (1.5 hours), the loss in

sample weight was 3.1 %; after 230 ◦C (2. 5 hours), the weight loss was 4.6 % with a the

maximal loss of 11 %.

Figures 5 and 6 show how the decationation (chemical treatment by NaOH – Exchange
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for Na+) and dealumination (chemical treatment by HCl) contribute to the increase of

luminescence intensity (compare with Fig. 3), i.e., how new luminescence centers are

created.

                  

Luminescence spectra of clinoptilolite in UV-Vis region: 
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Fig. 6 Luminescence spectra of clinoptilolite in UV-Vis region:
1- chemically modified, pretreated at 400 ◦C 1,5 hours;
2- chemically modified, treated at 400 ◦C 2,5 hours.

For samples chemically processed (2N-NaOH and 4N-HCl) and thermally treated at

400 ◦C, an increase of relative luminescence was observed at the spectrum range of 390-440

nm (Fig. 6).

As shown in Fig. 4 the luminescence spectra have maxima at wavelengths of 398, 405,

416, 425 nm. The spectral band at 398 nm was thoroughly investigated because it has

the highest intensity. After repeated treatment at 400 ◦C (2.5 hours), the luminescence

intensity decreased mainly in the short-wave region of the spectrum due to the annealing

of some luminescence centers. Generally, the modified samples show that the observed

luminescence intensity is 1.5 times higher than in natural clinoptilolite (Fig. 3, curve 2).

The spectral-kinetics characteristics have been investigated in the chemically modified

samples. It was shown that after 14 days of sample storage, luminescence intensity

increases by a factor of three (Fig. 7 a) as compared with the non-excited sample (the

lowest point for the value of relative intensity is 20 on the Y axis). After repeated

treatment of the samples at 400 ◦C (2.5 hours), a reduction in luminescence intensity was

observed.

The data provided on the dehydration and excitation processes shows that the relative

quantum yield of luminescence depends on the water quantity in the bulk samples [1,10].

It was established that after repeated treatment of the samples at 400 ◦C, the intensity

of the luminescence spectra trends toward saturation (luminescence maxima 398 nm, 662

nm, Fig. 7b). This means that the sample cage comes to a thermodynamic equilibrium,

i.e. some stable condition is achieved for certain lattice arrangements of cage-cation-water

[1,7,8,10].

The thermal treatment leads to an increase in luminescence intensity in chemically
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Fig. 7 Kinetic changes of luminescence intensity of natural clinoptilolite:
a) Chemically modified and pretreated at 400 ◦C (storage behavior of 398 nm band);
b) 1 – (398 nm band maximum) chemically modified, additionally treated at 400 ◦C (2,5 hours);
2 – (662 nm band maximum) chemically modified, additionally treated at 400 ◦C.

modified samples [9,11] because in chemically modified clinoptilolite, it is mainly cation

vacancies with a low recombination probability that are created.

3.2.3 The influence of electron irradiation on natural clinoptilolite luminescence

The influence of ionizing irradiation on the sorption and optical properties of clinoptilolite

has been reported previously [1,3,5,6].

In the present work clinoptilolite samples were irradiated by 8 MeV energy electrons

with doses ranging from 1012 to 1015 el/cm2 (Fig. 8a, Fig. 8b,).

It is evident that new luminescence centers are formed in both cases as a result of

enrichment and irradiation. The formation of these centers in the first case is due to the

self-trapping excitation of clinoptilolite. Those in the second case are connected with the

radiation induced centers. In fact, based on the SiO2/Al2O3 = 9.6 ratio [12,13], one can

suggest that the new luminescence centers are connected with Si atoms, either with their

vacancies or interstitial.

The high intensity of luminescence spectra in irradiated samples may be due to the for-

mation of emission active centers (defects) which is owed to the decay of water molecules,
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the variation of cation (Na, Ca, K) charge state, and the oxygen-cation vacancy associa-

tion or V-centers [10] in the bulk samples.

The luminescence spectra of clinoptilolite samples irradiated for different doses are

shown in Fig. 8a. Here the increase of luminescence intensity according to the irradiation

dose is clear, particularly in the red region, although the intensity change is not in direct

proportion to the dose.

In
te

n
si

ty
, 

a
.u

.

1

2

3

4

//
      380           440                                                         620              680               740    

                                                                                                                           ,nm

   

2

1,5 

   

  1 

0,5 

  0 

Fig. 8 Luminescence spectra of irradiated natural clinoptilolite:
1 – non-irradiated; irradiated by electrons with energy 8 MeV, doses: 2 – 1013el/cm2;
3 – 1014 el/cm2 ; 4-1014 el/cm2 and annealing at 400 ◦C (3 hours).
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Fig. 9 Electron irradiation dose dependence of the band maxima: 1 – 398 nm, 2 – 705nm, 3 –
662 nm.

The behavior of dose dependence of some luminescence bands is shown in Fig. 8b.

This important fact of a substantial increase in all bands at low doses may be explained

by the low dose effect [14] or as follows: at the onset of irradiation, the holes are captured

by the radiation defects that act as luminescence centers. As the radiation dose increases,

the concentration of free carriers may grow [7] and cause the quenching of luminescence.

The observed high intensity bands can be also attributed to the redistribution of titanium

oxide over the tetrahedral and octahedral positions, i.e., with the substitution for Si or
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Al atoms [7,8,15]. The study of post-irradiation luminescence kinetics showed that after

low dose irradiation, the state of dynamic equilibrium is achieved sooner than in high

dose irradiation.

4 Assessment of radiation defect formation

Following an irradiation dose of 1015 e/cm2 , the 1000 cm−1 band intensity increased and

a new absorption band of 830 cm−1 appeared. Presumably, this can be attributed to the

change in the oxygen state from the interstitial to the lattice site because the irradiation

created many more vacancies of Si and Al atoms and released new sites for mobile oxygen

atoms. This instance resembles the so-called“A-center”in silicon crystals after irradiation,

where interstitial oxygen atoms move to silicon atom vacancies generated at irradiation;

they then form oxygen + vacancy complexes which have an IR absorption band at 12 µm

[4] (which is equivalent to 833 cm-1). We assume that in the clinoptilolite crystal sample

there is a dominantly high concentration of oxygen atoms (more than 1019 cm−3, but in

fact it is about 1021 cm−3) which can form bonds with vacancies (V) or interstitial atoms

(I) and form capturing centers:

A = (OV )B = (OI) (1)

where V, I are Si and Al vacancy interstitials, respectively, O is the oxygen atom.

The concentration of V or I is defined by the irradiation dose:

NI,V = σN0φ (2)

where σ is the probability (cross section) of defect production (cm2), N0is the concen-

tration of Si or Al atoms (cm−3) in clinoptilolite, φ is the irradiation dose (cm−2). Since

the ratio of SiO2/Al2O3= 9. 6, in the clinoptilolite samples, with some approximations,

one can apply here the results obtained for silicon crystals [16], i. e. σSi
∼= 10−23 cm2;

N0= 6·1023 cm−3. For the φ = 1013 e/cm2 dose one can derive from (2): NI,V = 10−23

cm2·6·1023 cm−3·1013 cm−2 ∼= 6·1013 e/cm−3. This result may be also obtained using the

energy conversation law [5]:

EAmax = 2E(E + 2mc2)/Mc2 = 2 · 8(8 + 1)MeV /2, 5 · 104 = 6 · 103eV (3)

EAis the maximum energy transfer from relativistic electron with E =8 MeV; mc2 ∼=

0,5MeV is the rest energy of the electron; Mc2 = 2,5·104 MeV is the rest energy of the

silicon atom. The number of silicon atoms (or vacancies) displaced by one electron is

ν = EAmax/2Ed = 6·103 eV/2·400 eV∼=7,5, where Ed=400 eV is the energy threshold

for silicon atom displacement in the region from simple defect creation to the cluster

formation. In the first range (merely the simple defect production), Ed is smaller by one

order of magnitude. Hence, it can be concluded that one fast electron (8 MeV) produces

about 7-8 vacancies and displaced atoms which can interact with impurities (in this case

O atoms) or other crystal defects. As was initially assumed, only O impurity atoms are
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dominant, and the creation of O+V (complex A-centers) is preferable. The concentration

of these centers NA is estimated as follows: on one hand NA< NI,V , and, on the other,

because the oxygen atoms only partially move to vacancies and not all vacancies can

capture O, the average statistic equilibrium [17] is NA ≈ NI,V /2 ≈ 3·1013 cm−3.

5 Conclusions

The FTIR measurements provide evidence of essential changes in the infrared absorption

spectra of natural Armenian clinoptilolite following irradiation by fast electrons with

energy 8 MeV. Using previous results for irradiated silicon, one can estimate the maximum

energy transfer to Si atoms (∼7 KeV), the number of vacancies per incident electron

(about 6-8) and the density of newly formed centers as a function of the irradiation dose.

It was found that the number of A-centers (oxygen + vacancy) in clinoptilolite increases

under electron irradiation. The results obtained, agree with those of previous similar

studies [10,18] whereby the influence of γ-irradiation on the IR absorption of zeolites

showed dehydroxylation of the Zeolite surface and that the formation of water molecules

increased with the γ-radiation dose.

This process is followed by infrared tracking of isolated OH-groups (3550, 3650 cm−1).

The decreasing intensity of 3550 and 3650 cm−1 bands reported in this paper caused

by electron irradiation, particularly 1015 e/cm2irradiation dose, indicates that a similar

effect occurs. The proportion of water and surface hydroxyl groups was estimated. It

was found that by heating the samples from room temperature to 300 ◦C the adsorbed

water deformation vibrations near the 1640 cm−1 band is shifted. The bond vibrations

are located at the 3390 cm−1 band. The bands with maxima of 3632 cm−1 and 3700 cm−1

correspond to hydroxyl groups, which are thermally stable up to 500 ◦C. The assessment

of the total amount of hydroxyl groups on the basis intensities of their absorption bands

gives about 0.5 mmol/g.

Considering the wide potential application of clinoptilolites, including fabricating

electro-optical devices from them, the influence of thermal, chemical and/or radiation

treatments on their luminescence behavior has been studied with the goal of enhancing

their overall properties.

Based on luminescence measurements, the following conclusions may be drawn:

Significant luminescence has been observed at 665 nm, 705 nm and 395, 405, 410,

427 nm bands, which are characteristic of the clinoptilolite. It was shown that the lu-

minescence intensity increases with the enrichment of clinoptilolite. The intensity of

luminescence also increases when the samples are irradiated by low doses of accelerated

electrons, which is explained in terms of radiation induced change of initial charge states

of the lattice ions.

The clinoptilolite hydration leads to a reduction in luminescence intensity. As the

hydration level increases, the luminescence trends toward a minimum, and finally disap-

pears.
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