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The aim of this study was to investigate the Cs* ions sorption on natural minerals
clinoptilolite. The analysis of clinoptilolite and clinoptilolite with adsorbed Cs* ion was con-
ducted by X-ray diffraction, scanning electron microscopy, X-ray fluorescence, and gamma
spectrometry. The specific activity of naturally occurring radionuclides in clinoptilolite was
determined by gamma spectrometry by using the HPGe semiconductor detector. Obtained
activity concentrations ranged from 49 Bq/kg to 810 Bq/kg for 4°K, 5.7 Bq/kg to 10 Bq/kg
for 238U, 5.8 Bq/kg to 70 Bq/kg for 232Th(??8Ac), and the presence of artificial radionuclides
was not detected (137Cs < 0.02 Bq/kg). The study of the thermal decomposition of raw
clinoptilolite and Cs adsorbed clinoptilolite by differential thermal analysis is presented in
this paper. The activation energy of the reaction phase transformation of raw clinoptilolite is
156.7 kJ/mol, while Cs adsorbed clinoptilolite is 121.7 kJ/mol. The lower value of activation
energy reaction of the phase transformation Cs adsorbed clinoptilolite indicates that Cs
which is adsorbed destabilizes the crystal structure of clinoptilolite and thus facilitates the
transition to the amorphous state.
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thermal analysis

INTRODUCTION

Natural zeolites are important aluminosilicates
in sorption processes [1, 2] because of their low cost
and selectivity arising from their unique structural
characteristics. Zeolites, inorganic polymers consti-
tuting complex and infinite three-dimensional net-
works, are formed from tetrahedral units of (Si,
Al),O,, whose net negative charge is balanced by pos-
itive ions trapped in the cavities of the basket like
framework. The exchangeable cations, located within
the framework, play a crucial role in adsorption and
thermal properties of the zeolites [3].The sorption on
its particles is a complex process because of their po-
rous structure, inner and outer charged surfaces, min-
eralogical heterogeneity, existence of crystal edges,
broken bonds, and other imperfections on the surface.
The cage-like structure of this mineral makes it suit-
able for ion exchange reactions. It is also reported that
the adsorbed cations might be coordinated with the de-
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fined number of water molecules, and located on
specific sites in framework channels [4].

In environmental applications, natural zeolites
have been studied extensively to remove harmful sub-
stances from wastewater by adsorption and ion ex-
change processes [5-8]. The ion exchange property of
zeolites has been widely applied in wastewater treat-
ment, heavy metal uptake and immobilization of
heavy metals in contaminated soils [9]. The fewer
studies have been published on their use in the separa-
tion, immobilization and disposal of radioactive
waste-treatment that include mordenite, erionite,
chabazite, and clinoptilolite [10-12]. Thermodynamic
investigations have indicated an enhanced selectivity
of the zeolites towards monovalent ions and especially
Cs" and NH,*. The selectivity towards bivalent cat-
ions (Sr?*, Pb>") is much lower [13,14].

Clinoptilolite (Na,K);Al(Si;,04,)-20H,0) [15]
is one of the most widely known zeolitic minerals — a
member of the heulandite group [8]. Due to their high
cation-exchange capacities and selectivity for Cs, Ba,
and Sr, as demonstrated first by Ames [16, 17],
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clinoptilolite and mordenite containing rocks can re-
tard the migration of radionuclides occurring in solu-
tion as simple cations and thus are considered as po-
tential hosts for radioactive waste disposal [18, 19].
Moreover, zeolites can be modified by the introduc-
tion of new functional groups in order to improve its
activity and selectivity for the removal of several sub-
stances [20-22]. However, impurities are present in
natural zeolites, and can markedly decrease their ad-
sorption and ion exchange efficiency. For example,
there are impurities like quartz in most of the
clinoptilolite deposits.

Cesium, Cs, is an alkali element (Z = 55) that has
high solubility in water. It has several radioactive iso-
topes, and the most important are '34Cs (¢, , =2.06 years),
135Cs (#,,, = 2.3-10° years), and '*’Cs (¢, = 30.05 years)
produced during nuclear fission processes [23]. Due to
their long half lives, radionuclides '*3Cs and '3’Cs repre-
sent the main radio contaminants, regarding the cesium
contamination. Radionuclide '3’Cs is a harmful fission
product contained in low-level radioactive liquid waste.
137Cs decays by beta minis emission to 1*’Ba followed by
a strong emission of gamma radiation. '*’Cs has a very
low cross-section for neutron capture and cannot be
feasibly disposed of in this way, but must be allowed to
decay. Another isotope, '**Cs has a potential long-term
adverse impact on environment because of its mobility in
final repository [24]. The Cs™ ion can be highly mobile in
aqueous media due to its low hydration energy (—276
kJ/mol) as compared to elements of larger oxidation state
or smaller size, whose hydration energies can rise up to
several thousands of kJ/mol. This property facilitates its
involvement with the hydrological cycle, which has in-
terfaces with the biological cycle and thus poses a poten-
tial detriment to man and to other living systems.

Due to all that was mentioned above, the object
of'this study was a kinetic characterization of the sorp-
tion of Cs™ ions on natural minerals clinoptilolite.

MATERIALS AND METHODS

Natural zeolite, clinoptilolite, originated from
Igros (Brus), Serbia, was used in this work. The sam-
ples were crushed in an agate mortar and washed with
distilled water in order to remove the surface dust.
Grain size fractions from 0.063 to 0.1 mm were chosen
for the experiment because they were proven to enable
the highest uptake of metal cations [25].

The chemical composition of clinoptilolite was
made by X-ray fluorescence (XRF), type UPA XRF
200 with measurement uncertainties of 0.5%.

Microstructure and morphology of samples
were recorded by X-ray diffraction analysis (XRD)
and scanning electron microscopy (SEM). The crystal
structure of clinoptilolite was examined by X-ray dif-
fract meter Siemens D-500, with CuK,, radiation. The
diffracted X-rays were collected over 26 range

20°-80° using a step width of 0.02°, and measured for
1 second per step.

The investigation of surface properties of the
clinoptilolite was carried out using SEM analysis (JEOL
JSM 6390 LV and Oxford Instrument INCA-X-sight at
25kV).

The clinoptilolite can be used for sorption of cat-
ions-activity carriers. The distribution of naturally oc-
curring radionuclides in the clinoptilolite was deter-
mined by gamma spectrometry measurements. Three
samples were mechanically prepared in accordance
with IAEA recommendations [25], sealed in order to
reach radioactive equilibrium, and measured in 500 ml
Marynelly-beaker geometry. Radiological analysis
was performed by means of semiconductor HPGe
spectrometer (GEM30, Ortec with relative efficiency
0f'37% and resolution of 1.7 keV at 1332.5 keV) asso-
ciated with standard beam supply electronics units.
The standardized solution of the common mixture of
gamma-emitting radionuclides (**'Am, '%°Cd, 3°Ce,
37Co, %%Co, 137Cs, 13Sn, #3Sr, and #Y), traceable to the
Czech Metrological Institute was used to prepare the
standards, in Marynelly-beakers with active carbon
and soil as a matrix, for the energy and efficiency cali-
bration of the spectrometer.

The measurement time ranged from 155 ks to
250 ks. All spectra were recorded and analyzed using
the Canberra's Genie 2000 software; net areas of the
peaks were corrected for the background, dead time
and coincidence summing effects, applying the calcu-
lation method of Debertin and Schotzing [26].

Mass of 1g of raw clinoptilolite were contami-
nated at 298 K with a solution of CsNO; (99.99% Alfa
Aesar) concentration of 10 mg/l. Equilibrium state of
solution was achieved after a sealing and shaking solu-
tion for 24 hour and after that precipitate was sepa-
rated from the solution. The concentrations of Cs ions
in the samples at equilibrium were determined using
ICP method. Immobilization efficiency of Cs™ ions,
(%) was calculated using following equation

c

T](%) _ ccationi ~ “cation | 100 (1)
C

cation

where ¢!, and ¢’ are the initial and equilibrated
cations concentrations [mgl’l].

The content of Cs in solutions was determined
using flame atomic emission spectroscopy (F-AAS
spectrometer, Perkin-Elmer model 5000) with mea-

surement uncertainties of 0.3%-0.8%.

Thermal analysis

The thermal behavior of raw clinoptilolite and
clinoptilolite with adsorbed Cs ions were investigated
in the temperature range 20-1100 °C using a
SHIMADZU DTA-50 with a linear heating rate of 10,



S. S. Nenadovié, ef al.: Cesium Removal from Aqueous Solution by Natural ...

Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, No. 2, pp. 135-141

137

15, and 20 °C/min. The analysis was conducted in ni-
trogen atmosphere (rate flow 20 ml/min) and employ-
ing Al,0; as areference standard. The mass of all sam-
ple was 20.00 £ 0.01 mg. The measurement
uncertainties were 5%.

RESULTS AND DISCUSSION

The results of the XRF analysis of the zeolitic
tuff sample are presented in tab. 1. The alteration of
volanic to zeolite is associated with reduction of SiO,,
K,O, and Na,O contents with a proportional increas-
ing of the Al,O5, MgO, CaO, and H,O contents. For-
mation of zeolite appears to occur when the ration
Si0,/Al,0; is between 4.27 and 6.48 and the ratio
(K,0+Na,0)/(MgO + CaO) ranges from 1.53 t0 0.76.
The high overall nSi/nAl > 4 ratio in the tuff samples
can be attributed the existence of significant propor-
tion of feldspars, quartz, smectite and unaltered glass
in the samples.

The results of XRPD analysis of the raw materi-
als are shown in fig. 1. The characteristic peaks of
clinoptilolite (JCPD No 25-1349) at 20 values 0£9.92,

22.43,25.8,30.05, and 32° were observed in the X-ray
diagrams of the samples in fig.1.

The XRD of the Cs-loaded clinoptilolite sam-
plesrevealed no meaningful change in the shape or po-
sitions of the features given in fig. 1(a) and 1(b). Some
minor intensity variations were, however, obtained
stemming primarily from grain size orientation of the
powder samples. This problem is usually surmounted
by multiple preparation and measurement of each
sample. These findings indicate no change in the lat-
tices of the minerals upon uptake of Cs* ions.

Structural stability of clinoptilolite is not ex-
pected to be affected by uptake of cations [27].

The obtained specific activities of the clinoptilolite
[Bgkg '] of dry clinoptilolite mass, of U-series, Th-se-
ries, 23U, 137Cs, and “°K obtained by gamma spectrome-
try, are given in tab. 2. Quoted uncertainties (the confi-
dence level of 10) were calculated by error propagation
calculation. The combined standard uncertainties in-
cluded the efficiency calibration uncertainty and the sta-
tistical uncertainties of the recorded peaks. Results show
that radioactive equilibrium in the entire uranium series
is preserved in the first sample, and that it is somewhat
disturbed in second an the third one; that activity ratio of
uranium isotopes 2**U/?38U is natural within the limits of

1000 quoted uncertainties, and that artificial radionuclides
= 1 were not detected in the sample. The minimum detect-
% 800 L I able activity concentrations of '3’Cs, for performed mea-
g ) Mw"i 1 . L \ l S surem@nts were of or.der 102 Bg/kg. The radiological
SN \ m‘mw | ]r\ A } i i w f) ’ | @ analysis of clinoptilolite confirmed that it does not con-

Wit W b tain '37Cs, what is the main recommendation for its usage
as a potential material for the removal of '3’Cs isotopes
400 1= 3 from radioactive effluents.
a ” The results of the SEM analysis of clinoptilolite
200 |- AA: o o 05 i} & and clinoptilolite incorporated Cs™ ions are presented
L m ww in fig. 2.
oL W‘W WWMW . ‘l t""**“*w SEM images indicated that almost in all samples,
zeolite powder with particles size less than 100 nm
0 5 10 15 20 25 30 35 40 may be recognized as separated particles or in the
20 form of larger agglomerates. Moreover, most particles
Figure 1. XRD patterns of clinoptilolite () and have lost their initial octahedral shape and converted
XRD patterns of Cs* adsorbed clinoptilolite into spherical, elliptical or irregular shapes. By careful
(O - clinoptilolite) (b) considerations of SEM images, some crystals with
Table 1. Chemical composition of raw clinoptilolite
Constituents SiO, TiO, | ALO; | Fe;Os | MnO | MgO | CaO | Na,O K,O P,0O5 Lol Total
Concglvtf;g%fl (4 | 704 | 064 | 127 | 465 | 005 | 312|363 | 018 | 348 | 016 | 036 | 100
Table 2. Radionuclide content in measured clinoptilolite samples [Bqkg ™|
No. 2]0Pb 214Bi 2]4Pb 226Ra 238U 235U 228Ac ZIZBi 2]2Pb ZOSTI 40K 137CS
1 6.2+£1.3]9.6+0.7|102+0.7/9.9+0.7| 10£3 |0.47£0.10] 50+4 | 49+4 | 51+4 [162+1.1) 23617 | <0.01
44+£9 | 31+2 | 33+£2 | 324+2 |56£12| 1.9+04 | 70£5 | 69+2 | 72+5 | 22+2 |810+60 | <0.02
2.5+0.5/4.0+0.3]|4.1£0.3|4.1+0.3(5.7+0.7/0.12+0.03/5.8+£0.5|5.7+0.6(59+£0.5|1.8+0.249.2£0.5] <0.01
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Figure 2. SEM micrographs of clinoptilolite (a) and Cs*
adsorbed clinoptilolite (b)

sharp edges and clean surfaces were observed; with
approximately 200 nm in size.

Natural clinoptilolite has a limited crystallinity
thus indicating a certain degree of contamination of the
structure with other minerals or amorphous glassy mate-
rials. The incorporation of Cs* ions into clinoptilolite
was performed using cesium nitrate Cs* ions immobi-
lized into the clinoptilolite by process of adsorption in
different sites of the clinoptilolite networks. The immo-
bilization efficiency of adsorbed Cs* on the raw
clinoptilolite was calculated by eq. (1). The time neces-
sary to reach equilibrium conditions is confirmed by
achieving high value of immobilization efficiency of Cs*
ions, i. e., 97%.

Differential thermal analysis

Figure 3 presents the clinoptilolite thermogram ob-
tained from the differential thermal analysis (DTA) anal-
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Figure 3. DTA thermogram of raw and Cs" adsorbed
clinoptilolite (heating rate 15 °C/min)

ysis of raw and Cs adsorbed clinoptilolite (15 °C/min
heating rate).

The first endothermic peak which appears in the
temperature range of 50-120 °C is attributed to the loss
of water located in the clinoptilolite or other volatile
species that may be present. A second endothermic
peak (about 200-250 °C) characteristically broad and
not well-defined, has been usually related to the loss of
the hydroxyl groups that compose the clinoptilolite
structure. At450-850 °C, the DTA curve of the raw ze-
olite and zeolite with adsorbed Cs™ ion showed almost
linear relationship beside one not well defined peak at
temperature around 500 °C. Kurkuna et al., [28] re-
ported two forms of water — intact molecules and OH
groups existing in the structure of silicate minerals
(as clinoptilolite). Intact water is eliminated at below
100 °C, where as hydroxyl groups are removed at 7>
400 °C. According to Breck, 1974 study [29], the
structural water (OH groups) is eliminated from
clinoptilolite after exceeding 360 °C. Dehydration is
completed above 600 °C for natural zeolite.

In differential thermal analysis, the temperature
at which the peak deflection occurs for a given heating
rate, is determined by both the pre-exponential factor
(4) and energy activation (Ea)

Ae_RT"‘ax = Ea d—T
RTS, dt

2)

If the heating rate is changed, the peak tempera-
ture is changed. The variation of peak temperature
with heating rate is governed only by the activation en-
ergy, Ea (eq. 3). Plotting In8/T?,,, vs. 1/T,,,, as indi-

cated by eq. (3), should give a straight line of slope

—FEa/R [30].
d lni
TI%‘LS.X _ Ea

o)
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The exothermic peak at high temperature was
caused by the collapse of the clinoptilolite structure or
transformation zeolite crystal structure into the amor-
phous structures and re-crystallization into a new
phase, and was taken as a measure of thermal stability
of clinoptilolite [31].

The parts of DTA thermograms which include
temperature interval from 600 °C to 1000 °C of raw
clinoptilolite and Cs™ adsorbed clinoptiloite ions are
presented in fig. 4.

In order to investigate the energy activation of
process phase transformation of clinoptilolite and Cs
adsorbed clinoptilolite, Kissinger's method [32] and
eqs. (2) and (3) were used. The activation energy of the
reaction phase transformation of raw clinoptilolite is
156.7 kJ/mol, while Cs adsorbed clinoptilolite is 121.7
kJ/mol. The lower value of Ea reaction of the phase
transformation Cs adsorbed clinoptilolite indicates
that Cs which is adsorbed destabilizes the crystal
structure of clinoptilolite and thus facilitates the transi-
tion to the amorphous state. The lower value of Ea is
also an indication that Cs is physically adsorbed in
clinoptilolite structure.
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Figure 4. DTA thermogram of raw clinoptilolite (a) and
Cs" adsorbed clinoptilolite (b) at different heating rate

CONCLUSIONS

The radiological analysis of clinoptilolite con-
firmed that it does not contain '3’Cs, what is the main
recommendation for its usage as a potential material
for the removal of '3’Cs isotope from radioactive
effluents. But, the presence of the 3’Cs in
clinoptilolite is possible due to the resuspension from
the ground, and therefore radiological analysis should
be performed prior to other analysis. The immobiliza-
tion efficiency of adsorbed Cs® on the raw
clinoptilolite is 97%. The broad exothermic peak for
both raw and Cs adsorbed clinoptiolite which ap-
peared in temperature range above 600 °C to 1000 °C
was caused by the transformation of the clinoptilolite
crystal structure into the amorphous structures. In or-
der to investigate the energy activation of process
phase transformation Kissinger's method was used.
The lower value of Ea reaction of the phase transfor-
mation Cs adsorbed clinoptilolite indicates that Cs
which is adsorbed destabilize the crystal structure of
clinoptilolite and thus facilitates the transition to the
amorphous state.
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YKITAILAIBE HE3UJYMA U3 BOJEHUX PACTBOPA KOPUIINKEILEM
MNPUPOJHOI MUHEPAJIA KINHOIITUTOJNUTA

Lwm papa je ucnutuBame afcopriuje Cs™ joHa TPUPOIHUM MHUHEPAIOM KIWHONTHIOIUTOM.
MeTomama peHAreHcKe Ampakiyje, CKeHupajyhe eNeKTPOHCKE MHKPOCKOINHWje, PEHATCHCKE
(hIyopecHeHTHE CIIEKTPOMETPHjE U TaMa CIIEKTPOMETPHjE UCIUTAHY CY KITMHONTIIIONUT U KIIMHOITAIOIUT
ca afgcop6oBannM Cs* jornma. 'ama ciektpoMeTtap ca HPGe nonynpoBogHIIKIM IeTEKTOPOM KOpHIITheH je
3a onpebmBame cnenuuIHEe AaKTHBHOCTH NPHPOAHMX PAJUMOHYKINAA Y KIMHONTIIIONATY. BpegHocTn
cnenmduuHuX akTHBHOCTH Cy y orcery 49 Bg/kg no 810 Bg/kg 3a “K, 5,7 Bq/kg o 10 Bg/kg 322U, u 5,8 Bg/kg
no 70 Bg/kg 3a **Th(***Ac). Huje nerekToBano npucycTBo Bemtaukux paauonyknuma (13’Cs < 0.02 Bg/kg).
HcnutuBame TepMUUKE pasrpajitbe CUPOBOr KIMHONTUIIONNATA U KJIMHONTUIONUTA ca afcopOoBaHuM Cs*
joHnMa ynotpe6om auepeHijarHe TepMAUYKe aHaln3e Takobe je npukas3ano y pafy. Bpennoctu enepruje
akTuBanyje daszne TpaHcopManyje KIMHONTIWIIONNTA U KIMHONITHIIONNTA ca afcopboBanumM Cs* joHnma cy
156,7 kJ/mol u 121,7 kJ/mol, pecnextuBHo. Hirka BpefHOCT aKTHBAallMOHE €HEpPruje peakuuje asHe
TpaHcopMalrje KIMHONTUIONUTA ca aficopboBannM Cs* joHnMa yKasyje fja ce aicopIIjoM AecTabuimnsyje
KpHUCTaJIHA CTPYKTYPa KIMHONTHIONNTA 1 CAMIM TUM OJIaKIIIaBa Ipeja3ak y aMOp(HO cTame.

Kmwyune pequ: KAuHOUMUAOAUTH, A0COPTUUU]A, Ue3U]YM, UPUPOOHA PAOUOAKTHUBHOCIH,
¢haswna twiparncgopmavuja, OugepeHyUjaiHa HepmMaiHa aHalU3d




