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INTRODUCTION

Clinoptilolite, a HEU-type zeolite, occurs in various geologi-
cal environments and forms mainly by alteration of volcanic glass, 
biogenic silica, and clay minerals (Hay 1977; Gottardi 1989; Hay 
and Sheppard 2001). The ion exchange properties of clinoptilolite 
have been thoroughly studied in the past by numerous research-
ers (Ames 1960; Loizidou 1982; Loizidou and Townsend 1987; 
Pabalan 1994, among others). The ion-exchange properties of 
zeolites are utilized in environmental applications such as the 
removal of NH4

+ from municipal wastewater, the removal of 
heavy metals mainly from industrial processes (Zamzow et al. 
1990; Inglezakis et al. 2004; Petrus and Warchol et al. 2005; 
Melamed and Benvindo da Luz 2006), or other processes such 
as the removal and recovery of p-phenylenediamines developing 
compounds from photofi nishing lab-wastewater (Vlessidis et al. 
2001). In addition, the nuclear industry has invested time and 
fi nancial resources to solve the problem of nuclear wastewater 
treatment (treatment of low- and high-level effl uents). In the past, 

several workers have demonstrated the ion-exchange selectivity 
of clinoptilolite for the removal of radioactive elements like 137Cs 
from aqueous solutions (Mercer and Ames 1978; Faghihian et 
al. 1999; Elizondo et al. 2000; Abusafa and Yücel 2002). A more 
practical application for nuclear wastewater treatment is the 
Yucca Mountain project in Nevada, U.S.A., which is being inves-
tigated as a site for a high-level waste geologic repository. In this 
example, zeolitized tuffs could act as naturally occurring barriers 
against radionuclide transport (Bodvarsson et al. 1999; Vaniman 
et al. 2001). In the case of nuclear spillage, natural barriers could 
act as natural containment barriers via ion-exchange processes 
and prevent extensive diffusion of harmful elements.

The application of clinoptilolite as a barrier for nuclear waste 
disposal is supported by its assumed resistance to degradation 
after γ-radiation. However, data on this topic is rather limited. 
Fullerton (1961) did not observe changes in the uptake of Na+, 
Cs+, and Ba+ after γ-radiation of clinoptilolite with a dose of 9.6 
Grad, and demonstrated a 42% decrease in the distribution coef-
fi cient of clinoptilolite for Ca2+ ions after exposure to γ-radiation 
of 9.6 Grad. Limited information on the stability after irradiation 
exists also for other zeolites. Pillay and Palau (1982) reported a 
slight decrease of cation-exchange capacity (CEC) by 3% of a * E-mail: moraetis@mred.tuc.gr
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CHA-type zeolite (chabazite) irradiated with a dose of 5 Grad. 
In contrast Komarneni et al. (1983) did not observe any decrease 
of the CEC of CHA-type zeolite after γ-irradiation at a dose of 11 
Grad but found an increase of Cs leaching during γ-irradiation 
while the sample was in contact with water. A decrease in Cs 
uptake has been reported for zeolite 4A after γ-irradiation with a 
dose of 0.12 Mrad per hour, associated with a slight decrease in 
crystallinity and a loss of water content (Daniels and Puri 1986). 
Obviously, the aforementioned experimental results regarding 
different rates and doses of radiation are far from being conclu-
sive about the modifi cations in zeolite structure after irradiation 
and the subsequent changes in ion-exchange properties.

Notwithstanding the assumed resistance of clinoptilolite and 
zeolites in general to γ-radiation, detailed studies on the crystal 
structure of irradiated zeolites are lacking. Moreover, there is 
lack of published work on the infl uence of β-radiation on the 
ion-exchange properties and the structure of zeolites. Important 
parameters of ion-exchange that may be affected include the 
equilibrium constant and selectivity for various cations. This 
lack of information is important because clinoptilolite has been 
proposed repeatedly in the past for encapsulation of nuclear 
waste materials, for treatment of liquid nuclear waste, and for 
remediation of soils contaminated with radionuclides (Smyth 
1982; Misaelides et al. 1995a, 1995b; Valcke et al. 1997a, 1997b; 
Campbell and Davies 1997; Marinin and Brown 2000); however, 
the long-term stability of clinoptilolite is questionable. The com-
plete understanding of the geochemical behavior upon irradiation 
is a prerequisite for utilization of zeolites in environmental ap-
plications such as nuclear wastewater treatment. Therefore, the 
aim of the present study was to investigate the effect of irradia-
tion with β- and γ-radiation on the ion-exchange properties of 
clinoptilolite in systems containing K+ and Cs+. Thermodynamic 
data for ion exchange provide valuable information about ion 
selectivity after irradiation with β- and γ-radiation. In addition, 
crystal refi nement was attempted to identify crystal changes that 
may infl uence ion selectivity.

THEORETICAL CONSIDERATIONS

The exchange reaction between ion Az+
A (counter-ion) and ion 

Bz+
B (co-ion) can be written as: 
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where the subscripts c and s refer to crystal and solution respec-
tively, and zA, zB are the valences for the ions A and B, respec-
tively. The equivalent fractions MA and NA are defi ned by
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where nA, nB are the concentration of ions Az+
A, Bz+

B  in solution 
(mol/dm3), and mA, mB are the concentration of the ions in the 
exchanger (zeolite) (mol/kg) (Dyer et al. 1981). 

The rational thermodynamic equilibrium constant is defi ned 
by
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where Km is the mass-action quotient of the ion-exchange reac-
tion (Kielland 1935), Γ is the solution phase activity coeffi cients 
ratio, (γB

zA/ γA
zB) and fA, fB are the activity coeffi cients of the ions 

in the zeolite.
The activity coeffi cient ratio Γ is calculated from the mean 

activity coeffi cients of the salts AY and BY
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in mixed electrolyte solution (Robinson and Stokes 1970). The 
mean activity coeffi cients γ± are evaluated from the mean molal 
activity coeffi cients of each pure salt at the same ionic strength 
(I) as the mixed electrolyte solution (Glueckauf 1949).

The mass-action quotient is given by
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The preference of a zeolite for one of the two cations is 
expressed by the corrected selectivity coeffi cient Kc (Kielland 
coeffi cient) defi ned by

Kc = Km × Γ. (6)

Plots of lnKc vs. MA are used to evaluate the rational thermo-
dynamic constant Kα and the activity coeffi cients of the ions in 
the zeolite phase f fA

Z
B
ZB A,  (Gaines and Thomas 1953):
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The standard free energy per equivalent of exchange is 
given by 

ΔG T K°= R
z z

ln
A B

α  (10)

where R is the gas constant and T is temperature (K).
The above thermodynamic formulations are valid when salt 

imbibition is negligible, and water activity makes no contribution 
in the zeolite. In the present study, the electrolyte concentrations 
are low (0.025 N) and thus salt imbibition is negligible (Barrer 
and Walker 1964). The water activity is considered negligible in 
electrolyte concentrations less than 1 N for both the solution and 
the exchanger (Barrer and Klinowski 1974). The error introduced 
by not taking into account the water activity is also negligible 
(Barrer et al. 1963).

The Kielland coeffi cient and activity coeffi cients in zeolite 
are calculated from normalized values of MCs,K and NCs,K. Nor-
malization is made by dividing all MCs,K,Na and NCs,K,Na values 
with the maximum value (MCs,K,Na max and NCs,K,Na max) calculated 
by best-fi t equation in experimental isotherm points (Loizidou 
1982). Superscript N refers to normalized values. Normalization 
is performed to attain MA and NA equal to 1, which are the stan-
dard states for both exchanger and solution (Sherry 1966; Dyer 



MORAETIS ET AL.: INDUCED STRUCTURAL CHANGES IN CLINOPTILOLITE1716

et al. 1981, among many others). In the present study, normal-
ized values were calculated for all data even in cases when MA 
equals 1 and NA does not. Isotherm lines were presented before 
normalization to facilitate comparison between exchange reac-
tions in different samples.

MATERIALS AND METHODS

Materials characterization and pretreatment
The HEU-type zeolite-rich material was collected from the Republic of Arme-

nia (Nor Kohb deposit in the Noyemberian region). It is a fi ne-grained, felsic tuff 
containing 56% HEU-type zeolite, 14% quartz, 7% plagioclase, 7% muscovite, 16% 
amorphous matter, and traces of smectite (Table 1). Part of the original material 
(sample N0) was treated with β- and γ-radiation at the Yerevan Institute of Physics 
in Armenia and the Institute of Nuclear Chemistry in Italy, respectively. Batches 
of irradiated material were prepared using three different doses of β-radiation 
[1012 e/cm2 (sample N1), 1015 e/cm2 (sample N2), 3 × 1016 e/cm2 (sample N3)] and 
γ-radiation of 70 Mrad (sample N4). The quantity of sample N3 was limited and 
only few isotherm points were obtained. The materials were dried at 105 °C, ground 
in a ball mill and subsequently with a pestle and mortar so as to pass through 125 
μm sieves, and stored at room temperature in desiccators. Bulk mineralogy of the 
original and the irradiated zeolitic materials was determined by X-ray diffraction 
(XRD) using a Siemens D500 XRD operating at 35 kV and 35 mA, with a graphite 
monochromator, and CuKα radiation. A 0.02/°2θ scan step and 1 s scan time per 
step was used at the Technical University of Crete.

HEU-type zeolite chemistry was determined by electron microprobe analysis 
(EPMA) of carbon-coated polished thin sections, using a JEOL JSM-5600 Scan-
ning Electron Microscope (SEM) equipped with an Oxford Link energy dispersive 
spectrometer (EDS) at the Institute of Geology and Mineral Exploration of Greece. 
Analyses were carried out using 90 s livetime, 20 kV acceleration current potential, 
and 2 nA sample current. In each analysis, the activated area had a diameter of ca. 
9 μm. The areas for analysis were selected carefully using back-scattered electron 
(BSE) images to avoid possible contamination by Ti and Fe oxides and sulfi des, 
and to distinguish coarse-grained minerals (quartz, feldspars) from zeolites. Struc-
tural formulae were calculated on the basis of 72 O atoms, making the following 
assumptions: Si and Al were assigned to tetrahedral sites, and Ca, Mg, Ba, Sr, K, 
and Na are exchangeable cations. The quality of analyses was evaluated from the 
charge-balance equation, E = 100% × [Al + Fe – (2Ca + 2Mg + 2Ba + 2Sr + K + 
Na)]/[2(Ca + Mg + Ba  + Sr) + K + Na] (Gottardi and Galli 1985; Passaglia and 
Sheppard 2001). Only those analyses with E < ±10% were considered reliable. 
The characterization of HEU-type zeolites was based on their Si:Al ratio (Meier 
and Olson 1992) and on thermal stability tests after successive heating at 550 °C 
for 16 h (Boles 1972; Alietti 1972).

Bulk chemical analysis of the zeolitic tuff was determined by Energy Dispersive 
X-ray Fluorescence Sprectroscopy (EDS-XRF), using a Bruker S2 Ranger XRF 
instrument at the Technical University of Crete. The material was dried at 105 °C, 
ground in a Tema mill, and passed through a 75 μm sieve. Major elements (Si, Al, 
Ti, Fe, Mn, Mg, Ca, Na, K, and P) were determined from fused-glass disks. The 
sample was fused using a mixture of 80% Li-tetraborate and 20% Li-metaborate 
as fl ux. The measurements were obtained at 40 kV with an Al fi lter (500 μm) for 
the heavier elements (Fe, Mn, Ti, Ca, and K) and at 20 kV for the lighter elements 
(P, Si, Al, Mg, and Na). 

Homoionic Na-HEU-type zeolite was obtained by saturation of the zeolitic 
material with 1 M NaCl solution into polypropylene bottles using a solid mass/solu-
tion volume ratio of 1/15 g/mL. The bottles were kept in water bath at 70 °C and 
the solution was changed daily for eight days (Loizidou 1982). Subsequently the 
zeolitic material was washed thoroughly until chloride free (electrical conductivity 
of the supernatant solution was less than 40 μS), dried at 80 °C, and stored in a 

desiccator. The zeolitic water content was determined for the Na-saturated original 
zeolite (N0) and the irradiated samples N2 and N4 with thermogravimetric analysis 
(TGA) in the temperature range 50–400 °C using a heating rate of 10 °/min and 
an air atmosphere (Perkin Elmer TGA 6).

The cation-exchange capacity (CEC) of the non-irradiated HEU-type zeolite 
(N0) was determined with three different methods: (1) Saturation with 1 M KCl 
solution, which was changed daily, for eight days at 25 °C, followed by replace-
ment of K+ with Cs+ using 1 M CsCl (Ming and Dixon 1986; Ming and Boettinger 
2001) and measurement of the K+ index cations. CEC was determined in triplicate 
(denoted as method I); (2) Saturation with 1 N ammonium acetate solution for 
10 days at 25 °C followed by distillation in a Kjeldahl microsteam distillation 
apparatus. During NH4

+-saturation, the supernatant solution was replaced daily. 
CEC also was determined in triplicate (denoted as method II); and (3) Microprobe 
analysis of HEU-type zeolite crystals, which permitted calculation of the structural 
formulae. CEC was calculated from the CaO, MgO, SrO, BaO, Na2O, and K2O 
concentrations determined by the EPMA analysis (denoted as method III). The 
CEC obtained with this method will be defi ned as “apparent CEC” of the HEU-
type crystals. The term “theoretical CEC” adopted by Inglezakis (2005) for the 
CEC determined by EPMA is not considered appropriate, because microanalyses 
of zeolites are often affected by the presence of other minerals due to analytical 
constraints, such as the use of a defocused electron beam during analysis and the 
size of the zeolite crystals, which is often smaller than the excited area. The preci-
sion of methods I and II is ±1.2%.

Ion exchange experiments
The ion-exchange experiments were conducted at 25 °C. Initially 1 N NaCl, 

KCl, and CsCl stock solutions were prepared from which batch solutions were 
produced. Several isotherm points were obtained by equilibrating aqueous binary 
mixed solutions of different K+/Na+ and Cs+/Na+ ratios with 0.2 g of Na-homoionic 
zeolitic material in polyethylene bottles. The normality of all solutions was 0.025 
N. The suspensions were agitated and left to equilibrate for 8 days under periodic 
stirring. Kinetic experiments by Pabalan and Bertetti (1994) have shown that ion-
exchange equilibrium is approached essentially in 2–3 days. After equilibration, 
the suspensions were centrifuged and the supernatant solutions were removed to 
obtain the forward points of the isotherms.

In each isotherm, several reverse points were obtained by replacing 20 cm3 
of the initial suspensions with solutions having a different proportion of the ion in 
question. The proportions of ions were selected so as to transfer a forward point 
with low MA and NA to a reverse point with high MA and NA value and vice versa. 
This procedure ensured that the isotherm was reversible over the whole range of 
solution compositions (Loizidou 1982). The suspensions were left 8 days to re-
equilibrate, centrifuged, and then the supernatant solutions were analyzed (Fletcher 
and Townsend 1981).

The exchange level was determined by the difference between the initial and 
fi nal concentration of the different cations. Determination of Cs+, K+, and the index 
cation (Na+) was carried out with atomic absorption spectrometry (AAS) using 
a Perkin-Elmer AAnalyst 100 atomic absorption spectrometer at the Technical 
University of Crete. The uncertainty in the determination of Cs+, K+, and Na+ was 
1, 3, and 1%, respectively, based on the reproducibility of the measurements (3 
replicates per measure). All reagents were of analytical grade (Merck).

Crystal-structure refi nement 
Crystal-structure refi nement was applied to all samples (Ν0, Ν1, Ν2, Ν3, Ν4) 

exchanged with Cs+ and in samples (Ν0, Ν1, Ν2, Ν4) exchanged with Na+. Due to 
an insuffi cient amount of sample, N3 was refi ned only in the Cs-form. The X-ray 
data were collected in the angular range 5–80 °2θ using a 0.03° step and counting 
time of 10 s per step using the same diffractometer as for the bulk mineralogical 
analysis. All samples (Ν0, Ν1, Ν2, Ν3, Ν4) were previously dried at 105 °C and 
were refi ned as polycrystalline materials without using any separation technique. 
The Rietveld method was applied for refi nement of the polycrystalline samples, 
and four mineral phases (clinoptilolite, quartz, albite, muscovite) were attributed 
to each sample for the refi nement procedure (Finger 1989). Data collection was 
carried out in a chamber with a controlled relative humidity of 50%. Before crystal-
structure refi nement, quantitative analysis was applied for the determination of the 
crystalline phases and the amorphous material present in the samples. Especially 
for the amorphous determination, a known amount of corundum was added (Hill 
and Howard 1987; Bish and Howard 1988). The refi nement progress was checked 
by the statistical parameters Rp and Rpw.

The HEU-type zeolite was refi ned in the C2/m space group. The atomic 
coordinates were adopted from the structures presented by Petrov et al. (1991, 

TABLE 1.  Quantitative mineralogical analysis including amorphous 
determination by Rietveld method (relative standard devia-
tion 5%)

 N0 N1 N2 N3 N4

Clinoptilolite 56 55 55 42 56
Quartz 14 13 10 13 10
Albite 7 10 12 8 9
Mica 7 6 8 6 6
Amorphous 16 16 15 31 19
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Inorganic Crystal Structure Database No. 72712) for the Cs+-exchanged forms 
and by Cappelletti et al. (1999, Inorganic Crystal Structure Database No. 87846) 
for the Na+ exchanged forms. Tetrahedral coordinates were kept constant whereas 
the scale factor and lattice parameters were refi ned in each cycle. Cation coordi-
nates and site occupancy for extra framework positions also were refi ned. The 
associated crystalline phases were refi ned using fi xed models of albite, quartz and 
muscovite, whereas cell parameters were refi ned for each phase. The precision of 
the quantitative analyses is ±5%.

RESULTS

Material characterization 
The average chemical composition (mean of 8 analyses), 

maximum and minimum values, and standard deviation and 
structural formulae on the basis of 72 O atoms obtained by EPMA 
for HEU-type crystals are listed in Table 2. The Si4+/Al3+ ratio is 
greater than 4 (Fig. 1) indicating that that the HEU-type zeolite 
is clinoptilolite (Coombs et al. 1998). This result is in accord-
ance with the results from heating experiments at 550 °C for 16 
h, (data not shown), which yielded a negligible decrease of the 
(020) diffraction maximum, suggesting that the HEU-type zeolite 
present is type 3 heulandite, i.e., clinoptilolite (Alietti 1972; Boles 
1972). The mean CEC calculated from microanalyses (method 
III) is 2.29 meq/g, varying between 2.14 and 2.40 meq/g. The 
main exchangeable cations are Ca and K. β- and γ-irradiation 
did not affect the XRD pattern of the zeolites, except for sample 
N3 as is indicated from the relative abundance of clinoptilolite 
and amorphous matter (Table 1). In contrast, sample N3 that was 
irradiated with the highest β-radiation dose (3 × 1016 e/cm2), has 
considerably higher amorphous matter content (31%) and lower 
clinoptilolite content (42%) than the original tuff. Moreover, it 
is characterized by a decrease in the intensity of the clinoptilo-
lite diffraction maxima and a hump at 20–30 °2θ, indicative of 
amorphous material.

The CEC of the original and irradiated HEU-type materials 
determined by methods I, II, and III is listed in Table 3 in addi-
tion to the CEC values normalized to 100% clinoptilolite. The 
normalized CEC of the original material is 2.43 meq/g, i.e., 
6.1% higher than the apparent CEC value obtained from method 
III. The observed difference is attributed to the limited number 

of analyses and the errors introduced by such measurements. 
Relative error for chemical analysis (EDS-SEM) is ±7.67% 
(mean of 8 analyses), which converts to a CEC standard error 
of 2.29 ± 0.18 meq/g. The XRD method used for quantitative 
analyses of the zeolite samples may introduce relative errors of 
up to ±5%, hence the relative error of method I and II is 1.2%. 
Overall relative uncertainty for method I and II is 5.14%, which 
yields standard errors 2.43 ± 0.12 and 2.41 ± 0.12 meq/g (Table 
3). The differences in CEC determined by methods I, II, and III 
can thus be explained by the aforementioned standard errors. For 
all samples except N3, irradiation did not affect CEC, since the 
observed difference (decrease by 1.5%) is similar to the precision 
of the method (±1.2%). Sample N3 irradiated with 3 × 1016 e/cm2 
exhibited a remarkable decrease in CEC by 26%. However after 
normalization of the CEC values to 100% clinoptilolite, of the 
HEU-type material, an essentially constant CEC for all samples 
(including sample N3 is observed) (Table 3). 

In sample N3, the decrease of CEC is associated with a de-
crease of clinoptilolite content due to amorphization. Hence, the 
onset of amorphization is between a dose of 1015 e/cm2 (sample 
N2) and 3 × 1016 e/cm2. Wang et al. (2000) detected amorphiza-
tion in three different zeolites (analcime, natrolite, and zeolite-Y) 
by applying β-radiation with doses of 7 × 1019, 1.8 × 1020, 3.4 × 
1020 e/cm2, respectively. Gu et al. (2000) compared amorphiza-
tion of zeolite-NaY due to irradiation (using a dose 2.5 × 1021 
e/cm2) with structural collapse due to heating in the same type 
of zeolite. Note that these doses of β-radiation are considerably 
higher than those applied in the present work. In a similar study, 
Nilchi et al. (2003) did not report CEC changes in clinoptilolite 
treated with γ-radiation at a dose of 20 kGy (=20 Mrad). In the 
present study, neither amorphization nor a decrease of CEC was 
observed with γ-irradiation at a dose of 70 Mrad. An important 
reduction in sorption of Cs followed by increased diffusivity was 
reported by Daniels and Puri (1986), who irradiated zeolite 4A 
with a γ-radiation of 100 Mrad. 

The chemical composition of the original tuff is (in wt%): 
SiO2 65.97, TiO2 0.29, Al2O3 11.44, Fe2O3 1.56, CaO 4.19, 
MgO 0.92, Na2O 0.62, K2O 2.11, and LOI 12.53. The chemical 

TABLE 2.  Average chemical composition and structural formulae of 
the Armenian clinoptilolite 

Oxide% (n = 8)
 SiO2 63.88
 Al2O3 12.61
 CaO 4.31
 MgO 0.59
 BaO –*
 SrO –
 Na2O 1.02
 K2O 0.59
      Total 83.00

Structural formulae based on 72 oxygen atoms
 Si 29.32
 Al 6.82
 Ca 2.12
 Mg 0.41
 Ba 0.0
 Sr 0.0
 Na 0.93
 K 0.34
 E% 7.67
 Si4+/Al3+ 4.30
 CEC meq/g (method III) 2.29
* Not detected.

FIGURE 1. Plot of Si4+/Al3+ vs. (Ca + Mg + Ba)/(Na + K) showing 
results for eight (EPMA) analyses of different crystals in the same 
sample (N0).
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composition is in accordance with the felsic affi nities of the tuffs 
(Petrosov and Sadoyan 1998; Petrosov and Jarbashian 1999). 
The tuffs are enriched in CaO and K2O. The large CaO content 
explains the predominance of Ca as an exchangeable cation in 
clinoptilolite and the presence of plagioclase, whereas the abun-
dance of K2O is compatible with the presence of muscovite. The 
loss of water in the temperature range 50–400 °C for samples 
N0, N2, and N4 is shown in Figure 2. Samples N2 and N0 display 
identical behavior during heating and lose 8.4 wt% water at 300 
°C. Sample N4 lost 0.45 wt% less water loss than samples N0 
and N2 at 300 ºC (0.6 wt% at 400 ºC). 

Ion-exchange isotherms and thermodynamic parameters
The ion-exchange isotherms for the binary systems K+ ↔ Na+ 

and Cs+ ↔ Na+ containing forward and reverse points are shown 
in Figures 3 and 4, respectively. The ion-exchange isotherms are 
plots of the equilibrium equivalent mole fraction of an exchang-
ing ion in solution vs. the equilibrium equivalent mole fraction 
of the same ion in clinoptilolite. The best-fi t curve was applied to 
isotherm points by regression analysis. The isotherm curves for 
both binary systems were fi t best by logarithmic equations. The 
null hypothesis that the fi tted line was not randomly selected was 
examined through ANOVA by F-test (theoretical F/calculated F: 
4.3/493 approximately in all cases for signifi cance level 5%). The 
equilibrium concentrations of each cation in clinoptilolite, X(c), 
and the solution, X(s), were calculated from the concentrations of 
both cations involved in each ion-exchange system namely, K+ ↔ 
Na+, and Cs+ ↔ Na+. Also, sample weight, solution volume, and 
CEC were involved in the calculation of cationic mole fractions. 
The equations used to calculate the cationic mole fraction of an 
ion in the zeolite and solution are the following:

X
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where, Xi, Xf are the initial and fi nal concentration, respectively, 
of the cation in question in solution (K+ or Cs+), and Nai and Naf 
are the initial and fi nal concentrations, respectively, of Na+ in 
solution. CEC is the cation-exchange capacity for each sample 
(cf. Table 3). W and V are the sample weight (g) and the solution 
volume (mL), respectively. 

Equations 11 and 12 are estimated by taking into consideration 
the concentrations of both the counter-ion and co-ion. Pabalan 

(1994) mentioned the importance of calculating isotherm points 
from both the incoming and outgoing concentration because large 
errors may be introduced especially at the extrema of the isotherm 
curve. In contrast to the study of Pabalan (1994), in the present 
case, both concentrations of the counter and co-ion are included 
in the calculation of one isotherm point (Eqs. 11 and 12). 

The observed errors are lower than those estimated by Pabalan 
(1994). Reversibility is confi rmed along the isotherm curves for 
all the binary systems and all samples. The isotherm lines were 
well fi tted by the logarithmic equation y = αln(x) + β, which 
was transformed to its linear form y = aχ + β. The resultant cor-
relation coeffi cients, r, range between 0.97 and 0.99, and the 
coeffi cients of determination, R, vary between 0.95 and 0.97 for 
the various samples. This indicates good fi tting of the theoretical 
line calculated by regression analysis. The maximum values for 
MK and MCs (MKmax and MCsmax, respectively) were predicted 
from the best fi t line for the thermodynamic calculations and not 
experimentally, because large errors are involved at the extrema 

TABLE 3.  CEC values obtained, method of determination, clinoptilolite content and normalization of CEC values to clinoptilolite content
Sample CEC value meq/g (±st. error) Method Clinoptilolite content  Normalized values to 100% clinoptilolite
N0 1.36 (±0.016) K+ ↔ Cs+ (method I) 56% CLN 2.43 (±0.124)
N0 1.35 (±0.016) NH4

+ ↔ e.c.† (method II) 56% CLN 2.41 (±0.123)
N0  Chem. anal.‡–EPMA (method III) 100% CLN 2.29 (±0.175)
N1 1.34 (±0.016) method I 56% CLN 2.39
N1 1.34 (±0.016) method II 56% CLN *
N2 1.34 (±0.016) method I 56% CLN  2.39
N2 1.27 (±0.016) method II 56% CLN  *
N3 1.01 (±0.012) method I 42% CLN 2.40
N3 0.98 (±0.011) method II 42% CLN  *
N4 1.34 (±0.016) method I 56% CLN  2.39
N4 1.27 (±0.016) method II 56% CLN  *
* No normalization to 100% clinoptilolite since the CEC is the same or lower with this in method I.
† e.c.: exchangeable cations (Na+, K+, Mg2+, Ca2+).
‡ Chem. anal.: chemical analysis upon clinoptilolite crystal.

FIGURE 2. Thermal curves of N0, N2, N4 in air heating rate 10 
°C/min (TGA).
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of the isotherms lines (Pabalan 1994).
The isotherm lines for the binary system K+ ↔ Na+ and 

samples N0, N1, and N2 (Figs. 3a, 3b, and 3c), are classifi ed as 
type 1 according to Colella (1996) or type a according to Breck 
(1974). All samples exhibit a clear preference for K+ over Na+ 
in accordance with other workers (Ames 1960; Jama and Yücel 
1990; Pabalan 1994). The exchange isotherm line for sample N4 
(Fig. 3d) is different from the other samples because it is shifted 
toward higher MK as NK increases. Moreover the maximum load 
of K+ was attained much earlier in the isotherm for sample N4 
compared to the other samples. These results suggest a greater 
preference for K+ over Na+ in sample N4 compared to samples 
N0, N1, and N2. 

The isotherms for the binary systems Cs+↔ Na+ for samples 
N0 and N1, (Figs. 4a and 4b) are similar to those of the K+ ↔ 
Na+ system for the same samples. In contrast, the isotherms 
for samples N2, N3, and N4 (Figs. 4c, 4d, and 4e) are similar 
to sample N4 for the binary system K+ ↔ Na+. Thus, there is a 

greater preference for Cs+ in samples N2, N3, and N4 compared to 
samples N0, and N1, and the maximum load of Cs+ was attained 
earlier, similar to sample N4 in the K+ ↔ Na+ system. 

The activity ratio Γ was calculated for all binary systems, and 
it was close to unity with no variation with solution composi-
tion. This is due to (1) the uni-univalent exchange reaction, and 
(2) the Extended Debye and Hückel equation (1923) simplifi ed 
by Güntelberg (1926), which was used for the estimation of the 
electrolyte mean activity coeffi cient for each salt in the pure 
state (Nordstrom and Munoz 1994). The Güntelberg equation 
(1926) 

log ±AX=
A zAzX

1+
γ

I

I

⎛

⎝
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⎞
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is applicable to electrolyte solutions with ionic strengths I < 
0.1 at a temperature 25 °C, as is the case in the present study. 
In the Güntelberg equation, A is a solvent parameter given in 

FIGURE 3. Isotherms for K+ ↔ Na+ ion exchange at 25 °C with constant normality 0.025 N. Open circles correspond to forward points and 
fi lled circles to reverse points (a) sample N0, (b) sample N1, (c) sample N2, (d) sample N4. Error bars are presented.
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FIGURE 4. Isotherms for Cs+ ↔ Na+ ion exchange at 25 °C with constant normality 0.025 N. Open circles correspond to forward points and 
fi lled circles to reverse points (a) sample N0, (b) sample N1, (c) sample N2, (d) sample N3, (e) sample N4. Error bars are presented.
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tables (e.g., Nordstrom and Munoz 1994). The Pitzer model 
(Pitzer 1991) was not used for simplicity since the Güntelberg 
modifi cation is well fi tted to dilute solutions.

The Kielland plots for all samples in the two binary systems 
are shown in Figure 5 (K+ ↔ Na+) and Figure 6 (Cs+ ↔ Na+). 
With one exception (Fig. 6e), the plots have been modeled by 
quadratic equations. In the system Cs+ ↔ Na+, the Kielland plot 
of sample N4 (Fig. 6e) is modeled by a linear equation. Some 
points do not fi t well to the theoretical equations, especially at 
the extrema of the curves, due to the limited accuracy in deter-
mination of K+, Cs+, and Na+ concentration when MK or MCs are 
close to 0 and 1. These observations are in accordance with the 
results of other workers (Rees 1980; Franklin and Townsend 
1985a, 1985b; Jama and Yücel 1990; Pabalan 1994). 

In the K+ ↔ Na+ exchange, samples N0, N1, and N2 have 
similar selectivity coeffi cient plots, which is expected from 
the similar coeffi cients of the theoretical quadratic equations 
(Fig. 5). In contrast, the selectivity coeffi cient of sample N4 is 

clearly different and this is expressed also in the coeffi cients of 
the theoretical equation (Fig. 5d). Selectivity for K+ is greater 
in sample N4 compared to the other samples. Hence, in the K+ 
↔ Na+ system, γ-radiation affected selectivity for K+, whereas 
β-radiation did not have a signifi cant infl uence. In the Cs+ ↔ Na+ 
exchange, irradiation affects selectivity for Cs+ in all samples as 
can be observed in the Kielland plots (Fig. 6). Sample N4 shows 
a linear Kielland plot. Samples N2, N3, and N4 seem to have a 
greater selectivity for Cs compared to N0 and N1, suggesting that 
irradiation with β- and γ-radiation had a more profound infl uence 
on the Cs+ ↔ Na+ system, compared to the K+ ↔ Na+ system. 
For both exchange systems, selectivity for the incoming ion 
decreases as the equivalent fraction in the crystal is increased, 
which corresponds to exchange site fi lling with incoming ions 
(i.e., Cs+, K+).

The rational equilibrium constant (Kα) and the Gibbs free 
energy of exchange at standard state (∆G°) for all samples in 
both systems were calculated by integration of the equations 

FIGURE 5. Normalized Kielland plots for K+ ↔ Na+ exchange against equivalent fraction of K+ in the original and irradiated clinoptilolite (a) 
N0, (b) N1, (c) N2, (d) N4. Best-fi t curve and curve equation was determined by regression analysis. 
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FIGURE 6. Normalized Kielland plot for Cs+ ↔ Na+ exchange against the normalized equivalent fraction of Cs+ in the original and irradiated 
clinoptilolite (a) N0, (b) N1, (c) N2, (d) N3, (e) N4. Best-fi t curve and curve equation was determined by regression analysis.
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that model the Kielland plots. The results are listed in Table 4. 
The results confi rm that, in the K+ ↔ Na+ system, clinoptilolite 
irradiated with γ-radiation (sample N4) exhibits higher selectivity 
for K+ compared with the other samples. Moreover, irradiation 
with β-radiation (samples N1 and N2) does not affect selectivity 
for K+, because ∆G° is essentially constant and similar to that of 
the untreated clinoptilolite (sample N0). In contrast, selectivity 
for Cs+ clearly increases with a gradual increase in the dose of 
β-radiation compared to the original clinoptilolite (cf. samples 
N1, N2 compared to sample N0). A further increase of irradiation 
dose (sample N3) is not followed by an increase in the selectiv-
ity for Cs+. The thermodynamic parameters obtained for the K+ 
↔ Na+ exchange in the untreated clinoptilolite (sample N0) are 
similar to those reported by Ames (1964) (lnKα = 2.54, ∆G° = 
–6.29 kJ/mol). The apparent difference with the results of Pabalan 
(1994) is explained by the different activity coeffi cient model 
used in that study. In the system Cs+ ↔ Na+, the thermodynamic 
parameters for original clinoptilolite N0 are different from those 
reported by Ames (1964). Since Ames (1964) used the same ma-
terial for both exchange reactions, and his results are similar to 
our results only for the K+ ↔ Na+ system, it is suggested that the 
normalization procedure probably affected the thermodynamic 
results for the Cs+ ↔ Na+ exchange (Dyer et al. 1981; Franklin 
and Townsend 1985a, 1985b). Despite the observed difference 
with the results of Ames (1964), the well-known selectivity order 
of Cs > K > Na is obvious for the untreated clinoptilolite (Ames 
1960; Chelishchev et al. 1973).

The activity coeffi cients for K and Cs for the K+ ↔ Na+ and 
Cs+ ↔ Na+ exchange are presented in Figures 7 and 8, respec-
tively. K+ ↔ Na+ exchange is characterized by similar activity 
coeffi cient plots in all samples. The activity coeffi cient plots 
for Cs+ ↔ Na+ exchange are more sigmoidal compared to the 
K+ ↔ Na+ plots. As expected, when the activity coeffi cients of 
K+ or Cs+ are maximized, the Na+ ion activity coeffi cients are 
minimized. 

Structure refi nement of the Na- and Cs-exchanged samples
The lattice parameters of the refi ned samples are listed in 

Table 5 and results from extraframework cation position and 
occupancy refi nement are shown in Table 6. The Cs+-exchanged 
original clinoptilolite (N0) has a larger bo lattice parameter (aver-
age increase 0.110 Å) compared to its Na+-exchanged counter-
part. Yang and Armbruster (1996) observed an increase in lattice 
parameters of 0.164 Å for the Cs+-exchanged clinoptilolite, and 
similar observations were made by Petrov et al. (1991). A volume 

increase is related to cation radii. In contrast, the crystallographic 
parameters of Na+-exchanged sample N0 are essentially the same 
as those of the initial structural model (87864). The Na-saturated 
irradiated samples (N1, N2, and N4) display a slight increase in 
volume compared to the original sample N0. In contrast, changes 
in extraframework positions for the irradiated samples N1, N2, N4, 
and occupancy were not observed. The statistical values Rp and 
Rwp in Rietveld refi nement indicate a good agreement between 
the theoretical and calculated intensity values. Observed dif-
ferences for Rp and Rwp between the theoretical models (87864, 
72712) and present refi nement results are mainly due to lower 
accuracy observed in polycrystalline crystal refi nements. The 
extraframework sites Na1, Na2, Na3, and Na4, are correlated 
with sites M1, M2, M3, and M4 of Koyama and Takeuchi 
(1977). Position Na4 is not occupied in the present study and 
this was also observed by Smyth et al. (1990) and Cappelletti 
et al. (1999). The Na4 (M4) position can be occupied by Mg2+, 
which can be distributed over other extraframework positions 
(Cappelletti et al. 1999).

The lattice parameters were not affected for N0, N2, N3, and 
N4 Cs-saturated clinoptilolite. The statistical values Rp and Rwp 
are similar to those obtained for refi nement of Na-exchanged 
clinoptilolite. The exchangeable sites occupied by Cs+ deter-
mined in the present study (Cs1, -Cs2, -Cs3, and -Cs4) coincide 
with those determined by Smyth et al. (1990) (M3, M4, M1, 
M2, respectively), and by Yang and Armbruster (1996) (C3, A2, 
A'2, B4, respectively). The fi fth Cs+ position (M5) observed by 
Smyth et al. (1990) was not refi ned in this study following the 
crystal structure model of Petrov et al. (1991). Refi nement of 
Cs positions for samples N2, N3, and N4 showed shifts in x and z 
coordinates for the cation site Cs2 and a concomitant decrease of 
occupancy. In particular, sample N3 displays a maximum decrease 
in occupancy of cation site Cs2 (20%), which is not in accordance 
with the CEC measurements for the pure clinoptilolite in the same 
sample. Normalized CEC determined by method I for sample 
N3 (Table 3) is essentially identical to the original sample (N0). 
The fact that the decrease in occupancy of a cation site in sample 
N3 was not accompanied by a CEC decrease is attributed either 
to cation sites, that were not determined, like M5 (Smyth et al. 
1990), or to additional exchange sites formed during irradiation. 
Cappelletti et al. (1999) observed discrepancies between the 
CEC determined experimentally and that determined by crystal 
structure refi nement. Cation site Cs3 exhibited changes in x and 
z coordinates for the irradiated samples N2 and N3 but not for 
sample N4. In a similar study, Daniels and Puri (1986) related 
the decrease of Cs+ sorption by irradiated zeolite 4A (dose 120 
Mrad) to the collapse of cation exchange sites due to amor-
phization. Although we did not trace signifi cant modifi cations 
in Cs+-exchange sites after γ-irradiation with 70 Mrad, a higher 
dose of γ-radiation (e.g., 120 Mrad) may affect the exchange 
sites of clinoptilolite.

DISCUSSION

Cation exchange capacity of clinoptilolite
Determination of CEC is of major importance for thermo-

dynamic calculations because it corresponds to the maximum 
exchange that can be attained by the zeolite, and it is used for 

TABLE 4.  Thermodynamic results for exchange K+ ↔ Na+, Cs+ ↔ Na+ 
for the samples N0, N1, N2, N3, N4

Samples lnKα at 298 K ∆G° (kJ/equiv)
K+ ↔ Na+

N0 2.58 –6.37
N1 2.61 –6.47
N2 2.56 –6.34
N4 3.18 –7.88

Cs+ ↔ Na+

N0 2.96 –7.33
N1 2.99 –7.41
N2 3.57 –8.83
N3 3.47 –8.60
N4 3.33 –8.25
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normalization of isotherm data. Therefore, reliability of CEC 
results is important for the credibility of the thermodynamic 
study of ion exchange. Several workers (Lehto et al. 1995; 
Inglezakis 2005, among others) have discussed the different 
types of capacity used in the literature and different methods of 
CEC determination. Two points must be clearly stated during 
CEC determination. First, the percentage and type of impurities 
present in the sample, if any, and second, the method of CEC 
determination. When comparing CEC values, it is useful to 

compare clinoptilolite content and the method of determination, 
and then the Si4+/Al3+ ratio (Gottardi and Galli 1985) and the 
physical state of zeolitic material (Jastrezbski 1987; Inglezakis 
et al. 1999). Faghihian et al. (1999) obtained CEC values of 1.42, 
1.24, and 1.44 meq/g for three zeolitic tuffs with a clinoptilolite 
content of 90–95% using NH4

+ as the index cation. However, 
the CEC calculated from the sum of the exchangeable cations 
(chemical analyses, method not mentioned) was 2.335, 2.096, 
and 2.357 meq/g, respectively, for the same clinoptilolites. It 

TABLE 5. Lattice refi nement parameters for Na+, Cs+-loaded samples
Samples ao (Å) bo (Å) co (Å) β (ο) V (Å3) Rwp* Rp†
Na+-exchanged samples
Th. model (87864) 17.674(3) 17.957(3) 7.409(1) 116.30(4) 2108.11(6) 7.1 5.6
Ν0 17.654(4) 17.965(4) 7.409(1) 116.29(1) 2107.03(77) 17.47 13.60
Ν1 17.667(4) 17.976(4) 7.412(1) 116.33(2) 2110.06(81) 17.43 13.84
Ν2 17.668(4) 17.977(4) 7.412(1) 116.31(2) 2110.49(80) 17.17 13.74
Ν4 17.670(4) 17.976(4) 7.413(2) 116.30(2) 2110.79(84) 16.40 12.87
Cs+-exchanged samples
Th. model (72712) 17.744(6) 17.987(5) 7.426(2) 116.01(2) 2130(1) 0.052 0.031
Ν0 17.761(7) 18.073(8) 7.430(3) 115.740(1) 2152.5(17) 16.59 13.36
Ν2 17.751(78) 18.074(7) 7.439(1) 116.65(16) 2151.4 (18) 16.53 13.23
Ν3 17.781(3) 18.090(4) 7.466(1) 116.15(2) 2156.49(80) 13.3 10.35
Ν4 17.756(7) 18.072(4) 7.436(2) 115.94(2) 2145.7(16) 16.08 12.84
Notes: Yio and Yic are the experimental and the calculated intensity for each diff raction peak. wi is the relative standard deviation for each refi ned peak. 
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FIGURE 7. Activity coeffi cients of K+ (closed circles) and Na+ (open circles) in the zeolite phase vs. equivalent fraction (normalized) of K+ in 
the original and irradiated clinoptilolite (a) N0, (b) N1, (c) N2, (d) N4. Gaines and Thomas (1953) equations applied.
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is obvious that even after normalization to 100% clinoptilolite 
content, the calculated CEC (~1.4–1.6 meq/g) is substantially 
lower than the CEC determined by chemical analysis. This 
is a typical example in which the CEC obtained by chemical 
analysis (apparent exchange capacity as explained previously) 
does not coincide with the CEC obtained using index cations. 
In other reports, the discrepancy between apparent CEC and the 
CEC determined by the use of index cations is smaller but still 
exists (Cerri et al. 2002; Inglezakis et al. 2003). The differences 
observed in the aforementioned studies between apparent CEC 

and CEC determined by index cations has been attributed to 
incomplete exchange of Na with cations (K+ Ca2+, Mg2+) occupy-
ing sites such as M2 or M3 (after Koyama and Takeuchi 1977) 
(e.g., Inglezakis et al. 2003). 

In the present study, the apparent CEC determined by method 
III is slightly lower than the real CEC determined by method 
I and/or method II after normalization to 100% clinoptilolite 
content (Table 3). As noted above, this difference is attributed 
to the small number of microanalyses and the small size of 
clinoptilolite crystals (in fact often smaller than the electron 

FIGURE 8. Activity coeffi cients of Cs+ (closed circles) and Na+ (open circles) in the zeolite phase vs. equivalent fraction (normalized) of K+ in 
the original and irradiated clinoptilolite (a) N0, (b) N1, (c) N2, (d) N3, (e) N4. Gaines and Thomas (1953) equations applied.
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beam), because of the scarcity of pure clinoptilolite crystals 
of suitable size. Note that the use of index cations with lower 
selectivity than Cs+ or K+, such as Na+, often yields lower CEC 
than the apparent CEC (Langela et al. 2000). In fact, the use of 
Cs+ as an index cation after saturation with K+ (Ming and Dixon 
1986) overcomes possible selectivity drawbacks (Ames 1960; 
Chelishchev et al. 1973). Since the CEC determined by index 
cations for which clinoptilolite shows high selectivity (Cs+, NH4

+) 
is similar to the apparent CEC, it is likely that the CEC values 
obtained for pure Armenian clinoptilolite is the real CEC of the 
mineral. Therefore, the thermodynamic calculations, which were 
based on a certain maximum cation occupancy calculated from 
the CEC are sound. 

Methods I and II yielded identical CEC values for sample N0, 
suggesting that both methods are suffi cient for CEC determina-
tion of clinoptilolite (Table 3). Similar results were obtained also 
for sample N1. The lower CEC obtained with NH4

+-exchange in 
samples N2, N3, and N4 refl ects probable changes in NH4

+ selec-
tivity after irradiation, which either hindered NH4

+ accessing 
exchangeable sites, thus causing slower kinetics or rendered 
certain sites inaccessible for NH4

+ but not for K+. Such changes 
are discussed below. In sample N3 the lower CEC is due to 
amorphization of clinoptilolite as noted above. 

Correlation of crystallographic and thermodynamic results 
The observed changes in thermodynamic parameters of ion 

exchange in the irradiated samples are related to modifi cations 
in the clinoptilolite structure. The additional mineralogical 
phases present in minor or trace amounts (quartz, muscovite, 
plagioclase) do not affect ion exchange. The main modifi ca-
tions in crystal structure observed during Rietveld refi nement of 
the Cs-saturated samples include decrease of the occupancy of 
the Cs2 site and shift of the extraframework Cs2 and Cs3 sites 
toward channel walls as indicated by their coordinates. Another 
modifi cation observed at more intense irradiation conditions is 
partial amorphization of clinoptilolite observed in sample N3.

The cation sites Cs2 and Cs3 are identical to sites A2, A'2 of 
Yang and Armbruster (1996) and both sites are coordinated by 
four O atoms of the framework. Also, according to the afore-
mentioned authors, Cs1 resembles cation site C3 in the C-ring 
and it is coordinated by six framework O atoms. Consequently, 
site Cs1 is more preferable compared to site Cs2, and it is ideal 
to compensate the negative charge on the ring walls since it is 
situated near the framework tetrahedral T2 site, which exhibits 
greater possibility of Al3+ for Si4+ substitution (Fig. 9a). The ob-
served population decrease in site Cs2 suggests that the fraction 
of the more preferable sites (like Cs1) to the total available sites 
may have increased, because CEC does not decrease signifi cantly 
so as to explain the observed decrease in occupancy of site Cs2, 
and so may have the selectivity for Cs+. The occupancy of Cs1 
did not change, indicating either that new sites may have formed 
or that Cs resides in site M5 (Smyth et al. 1990). However, we 
were not able to refi ne such sites with the Rietveld method.

An alternative explanation for the increase of Cs+ selectivity 
is that cation sites Cs2 and Cs3 shift toward the channel walls, as 
indicated by changes in site coordinates after irradiation (Table 
6, Fig. 9b). Such changes are expected to cause stronger interac-
tion between the tetrahedral O atoms in the channel walls and 
extraframework cations, and/or structure bends and deformities 
near Cs2 and Cs3 and thus increase selectivity for Cs. Previous 
studies on the effects of irradiation on the structure of different 
zeolites and clays have considered the role of products of radi-
olysis of water in the crystal structure of these minerals or the 
role of Compton scattering, mainly in structural oxygen (Liu and 
Thomas 1995; Zhang et al. 1998). Irradiation products due to 
water radiolysis include H2O+, H3O+, H2O2, electrons, hydroxyl, 
and hydrogen radicals that readily offer electrons due to their 
excited state from irradiation (Spinks and Woods 1990).

Published data on electrons nesting inside the zeolite structure 
(Liu et al. 1995) show that long-lived electrons may be trapped 
into extraframework cation clusters or into water molecules (Liu 
and Thomas 1995; Zhang et al. 1998). The trapped electrons 
counterbalance part of the positive charge in exchangeable cat-
ions with concomitant decrease of interaction between cations 
and structure. Had it been the case in our samples, they would 
have been replaced during Na-saturation because the incoming 
Na is expected to replace cations with trapped electrons. Gournis 
et al. (2001) suggested the possibility for the existence of positive 
charge holes created in framework O atoms in smectite clays due 
to Compton scattering. Such positive charge holes could have 
been formed within clinoptilolite, but then the total structural 
charge would have been lower. This, in turn, would have yielded 
a lower CEC and weaker attractive forces and hence a lower 
cation selectivity. However, the CEC of the irradiated samples 
is essentially the same as that of N0. Also, the selectivity for 
Cs+ is higher for the irradiated clinoptilolite crystals (samples 
N2, N3, N4) compared to the untreated clinoptilolite (N0). Thus, 
change of structural charge is not considered to be a main effect 
of irradiation that would infl uence Cs+-selectivity.

Daniels and Puri (1986) suggested that free radicals (like OH–, 
O2

–) cause displacement of Na+ and a partial breakup of several 
structure bonds in synthetic zeolite-4A, thereby increasing spe-
cifi c surface area and causing structure deformities. Moreover, 
redistribution of hydroxyl radicals with concomitant formation 

TABLE 6.  Refi nement results for the cation exchange positions and 
occupancy (standard deviations in parentheses)

Cation position x y z occ
  N0, N1, N2, N4  
Na1 0.1380 0.0000 0.6920 0.34
Na2 0.0470 0.5000 0.1960 0.48
Na3 0.2420 0.5000 0.0410 0.48
Na4 0.0000 0.0000 0.5000 0.00
  N0  
Cs1 0.2252(13) 0.5000 –0.005(29) 0.600(19)
Cs2 0.0625(19) 0.0000 0.7684(49) 0.400(18)
Cs3 0.0494(15) 0.0000 0.1798(43) 0.400(20)
Cs4 0.0000 0.5000 0.5000 0.600(26)
  N2  
Cs1 0.2238(13) 0.5000 0.9944(35) 0.600(16)
Cs2 0.0233(19) 0.0000 0.7888(48) 0.373(19)
Cs3 0.0673(21) 0.0000 0.1944(52) 0.400(18)
Cs4 0.0000 0.5000 0.5000 0.600(23)
  N3  
Cs1 0.2264(14) 0.5000 0.9971(34) 0.599(20)
Cs2 0.0444(26) 0.0000 0.8116(62) 0.323(19)
Cs3 0.0673(21) 0.0000 0.1859(50) 0.400(18)
Cs4 0.0000 0.5000 0.5000 0.600(23)
  N4  
Cs1 0.2232(12) 0.5000 1.0000(27) 0.599(20)
Cs2 0.0513(25) 0.0000 0.8264(62) 0.282(16)
Cs3 0.0412(16) 0.0000 0.1805(41) 0.400(17)
Cs4 0.0000 0.5000 0.5000 0.600(24)
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of water and hydrogen during irradiation could infl uence Al 
coordination and structural deformities may appear (Ermatov et 
al. 1980; Zhang et al. 1998). Irradiation with γ-radiation has been 
found to increase the intensity of the vibrations of the outer Al-O 
and Si-O bonds in infrared spectra of zeolite-NaA, suggesting 
a greater bond distance, and hence a more loose structure (Er-
matov et al. 1980). Such effects probably favor the shift of Cs2 
and Cs3 sites toward channel walls and the observed increase of 
Cs+-selectivity, and/or also could cause structure deformations, 
which bend channel walls toward Cs2 and Cs3. 

It has already been mentioned that amorphization is com-
monly observed during irradiation of zeolites. Acosta et al. 
(1993) detected lower CEC in zeolite CaA after irradiation with 
β-radiation, which was attributed to the collapse of the channel 
opening due to amorphization and “locked-in” exchangeable 
cations. This is not considered probable in the present study 
since the blocked channel entrances would have impaired Cs+ 
exchange and CEC would have been lower for the irradiated 
samples, which was not the case. A more plausible mechanism 
for amorphization is the production of hydrogen ions and highly 
energetic radicals, such as OH– (Wang et al. 2000), during radi-
olysis of water. This may facilitate zeolite dissolution through 
attack on Al-O-Si bonds with possible removal of exchangeable 
cations (Fig. 10). Such a mechanism can be considered as the next 
step in the formation of longer Si-O and Al-O bonds mentioned 
before, and is similar to the role of H ions in acid solutions, which 
also cause amorphization (Casey et al. 1988; Ragnarsdόttir et al. 
1993; Yamamoto et al. 1996). Extraframework cation mobility 
due to free radicals resembles heat-collapsed structures studied 
by Alberti and Vezzalini (1983). The Cs2 and Cs3 sites involve 
weaker attraction forces between exchangeable cations and 
structure walls and probably the cations hosted there are more 
prone to mobility due to shift of free radicals. A similar behavior 
has been observed by several researchers during dehydration 
of clinoptilolite, in which the cations situated in sites like Na1 
and Ca2 slowly shifted as dehydration proceeded, whereas K3 

remained intact to preserve the channels (Koyama and Takeuchi 
1977; Armbruster and Gunter 1991).

An alternative possibility for the observed differences in the 
thermodynamic parameters of clinoptilolite during ion exchange 
may be related to variations in the water content of the various 
types of clinoptilolite studied. Sample N4 has slightly lower 
zeolitic water content than samples N0 and N2 (Fig. 2). A lower 
water content in the zeolite channels would increase free space, 
hence facilitating diffusion of incoming cations in the exchange-
able sites, and thus might explain the observed decrease of ∆G° 
of ion exchange in the irradiated samples. However, the lower 
zeolitic water content of sample N4 (by 0.45 wt%, correspond-
ing to 5% relative decrease compared to the original sample) is 
not enough to account for the observed decrease in ∆G° (24% 
compared to the original sample). Most important is the fact 
that in the Cs+ ↔ Na+ exchange, sample N2 displays a maximum 
decrease in ∆G° although it has a water loss identical to that of 
the original clinoptilolite. The small differences in water content 
between N0 and N4 can be attributed to inhomogeneity in the 
zeolitic tuff. This suggests that the differences in zeolitic water 
content are not decisive for the observed differences in ∆G° 
and ion selectivity. Refi nement of water positions could yield 
interesting results in the role of water in such systems but this 
was not possible in the present study, given sample purity and 
other physical characteristics.

We cannot discuss possible structural changes in K-ex-
changed samples after irradiation with β- and γ-radiation since 
there are no Rietveld refi nement results for the irradiated samples. 
An increase in K+ selectivity was observed after irradiation with 
γ-radiation similar to Cs+. The changes in ion exchange induced 
by β-radiation are probably related also to the cation involved 
in the reaction, since β-irradiation affected only the Cs+ ↔ Na+ 
reaction and not K+ ↔ Na+. Probably the cation sites that pref-
erably host K have not been seriously affected by β-radiation. 
According to our results, the Cs2 site seems to bear the most 
extensive changes after irradiation of clinoptilolite. The same 

FIGURE 9. (a) Schematic representation of the clinoptilolite channels with the location of the various exchange sites and the T2 site. Projection 
along (001), (b) schematic representation of the shift of Cs2 site toward the channel walls of clinoptilolite after irradiation with β- and γ-radiation. 
S1 and S2 represent shift along c and a axes respectively. Projection along (010).

a b



MORAETIS ET AL.: INDUCED STRUCTURAL CHANGES IN CLINOPTILOLITE1728

site resembles A2, which is not preferred by K+ (Yang and Arm-
bruster 1996). In contrast, irradiation with γ-radiation seems to 
introduce changes for both ion-exchange reactions, suggesting 
that the changes imposed are not sensitive to the type of cation 
involved in the reaction.

Cation-exchange capacity is not the only parameter to be 
considered when assessing the infl uence of irradiation on the 
clinoptilolite structure. An increase of selectivity for Cs+ and 
K+ after irradiation with γ-radiation and/or β-radiation without 
remarkable changes in CEC capacity was observed. Although 
clinoptilolite is considered, in general, a resistant material during 
irradiation, this does not seem to be the case when investigat-
ing the thermodynamics of ion-exchange reactions. Structure 
deformation and fi nally collapse with increasing intensity of 
β-radiation occurs with concomitant increase of the amount 
of amorphous material. Clinoptilolite structure modifi cations 
are centered in the vicinity of Cs2 and Cs3 sites, which hold 
exchangeable cations with weaker forces. The mobility of 
the weakly held cations increased due to water radiolysis and 
induced structural changes, which increased selectivity for 
cations like Cs+.

A combination of Rietveld refi nement results and thermo-
dynamic calculations may assist in understanding the infl uence 
of irradiation on solids. The results of the present study are 
important for projects on nuclear waste treatment because they 
can allow an assessment of environmental risk for long- and inter-
mediate-lived radionuclides storage. For instance, the infl uence 
of the decay products of radionuclides adsorbed by the zeolites 
in radioactive waste-water treatment (these involve β- and γ-ra-
diation) can be assessed, especially when considering that this 
infl uence is additive. By taking into account storage time spans 

of zeolites loaded with radionuclides, an assessment of irradiation 
dose would predict possible changes in the clinoptilolite structure 
and the ion-exchange properties. An interesting aspect would 
be the investigation of the state of adsorbed radionuclides after 
amorphization of clinoptilolite. Sorption behavior and diffusion 
of radionuclides through irradiated clinoptilolites needs further 
consideration in view of the present results.
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