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Modelling of Cs* uptake by natural clinoptilolite from water media
N. Lihareva*, O. Petrov, Y. Tzvetanova

Institute of Mineralogy and Crystallography, Bulgarian Academy of Sciences, Acad. G. Bonchev Street, Block 107,
1113 Sofia, Bulgaria

Received September 2, 2016; Revised February 13, 2017

Natural zeolite clinoptilolite from Beli Plast deposit (Bulgaria) was studied and characterized as ion-exchanger for
cesium removal from waste water. Batch procedure was applied to investigate the influence of pH, time and Cs
concentration on the sorption effectiveness. The studied system was best described by a pseudo-second-order rate
model with a rate constant k; of 37.03 and 0.103 g meq™ min™ for cesium concentrations of 64.9 and 649 mg L7,
respectively. The equilibrium data were fitted to the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm
models. The best correlation was found with the Langmuir model and the estimated maximum exchange capacity was
1.044 meqg/g. The reaction energy, calculated from the D-R model is 13.4 kJ mol.
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INTRODUCTION

Nuclear energetic and other industrial and
medical activities lead to generation and deposition
of radioactive and other wastes. The most abundant
radionuclides in these wastes are the radioactive
isotopes of Cs and Sr. Due to their long half lives
these elements are hazardous nuclear contaminants.
The radioactive forms of cesium Cs!®* and Cs™’
have fission yields of 6.54 and 6.18%, respectively
[1]. The leaching of cesium isotopes in
hydrological cycles, combined with their high
solubility and mobility in water media and chemical
similarity to potassium make them bioavailable and
dangerous for all living systems

The management of radioactive wastes aims to
remove the contaminating cations and to make their
disposal more efficient and safety. It should be
taken into account that the radioactive ions are
presented in very low concentrations (ppm and
lower) in strong acidic or alkaline solutions with
high contents of sodium ions. Different separation
techniques and materials are tested for radionuclide
removal, which must be chosen to conform to the
properties of the liquid phase and the specificity of
the solid phase. One appropriate chemical method
that achieved this aim is ion exchange and natural
zeolites appear to be suitable materials due to their
selectivity for Cs isotopes and radiation and
mechanical stability. In addition, they are found in
nature in high amounts and are relatively cheap.

The ion exchange characteristics of a lot of
natural zeolites have been studied with respect to
their potential utilization in nuclear wastewater
treatment. The research interest is generally
centered on clinoptilolite as a member of this group
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that exhibits good exchange characteristics to metal
cations and is widely distributed in nature [2-12].

The published studies describe different aspects
of clinoptilolite application as ion exchanger.
Cesium removal from aqueous solution by natural
clinoptilolite from different localities and countries
has been reported by Cortes-Martinez et al. [4] and
Rajec and Domianova [5]. Results from
investigation of samples containing clinoptilolite
and mordenite [6] or clinoptilolite, mordenite and
habazite [7] have been reported. Studies of
mixtures of zeolites and other alumosilicate
materials as bentonites [8] or kaolinite [9] are also
presented. Physicochemical characteristics of the
uptake, distribution coefficients and maximal
capacities are compared and discussed with respect
to the mineralogical and chemical composition of
ion exchangers. The effect of zeolite modification
in different cationic forms on its physicochemical
properties for Cs uptake has been discussed as well
[10, 11]. The selectivity of natural clinoptilolite
towards the main radioactive elements Cs, Sr, and
Co in the wastes has been studied by Smiciklas et
al. [12].

In the above cited papers the studies aimed to
describe different characteristics of the Cs* uptake
by clinoptilolite applying a variety of techniques.
The objective was to find effective and reliable
method for removal of cesium from radioactive
wastes.

In the present study we continue the
characterization of Bulgarian clinoptilolite from
Beli Plast deposit as ion exchanger for heavy
metals and ions of radinuclides [13, 14, 15]. The
aim is to study the Cs* behavior as a function of
interaction time, pH, temperature and initial
concentrations under batch conditions and to apply
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the obtained data to different kinetics and
thermodynamic models in order to receive
equations, describing mathematically the run of the
processes. The parameters of models give
possibility to make conclusions about the uptake
mechanism and the rate controlling interactions.

EXPERIMENTAL

The used clinoptilolite rich tuff is from the Beli
Plast deposit (East Rhodopes, Bulgaria). After
grinding and sieving a portion with a grain size <75
pm was separated for the experiments. The
mineralogical composition of the sample was
determined by powder XRD analysis and revealed
that the zeolitized tuff consists mainly of about 85
wt.% clinoptilolite and minor content of opal-CT
~15 wt.%. The chemical analysis of the adsorbent is
described in [15].

The clinoptilolite sample was used in the ion
exchange experiments without any pretreatment.
All used chemicals were of analytical grade. The
cesium stock solution was prepared from CsClI
(Merck). The working solutions were prepared by
appropriate dilution. Cesium uptake was studied by
agitated batch experiments. In general, the
procedure for kinetic, equilibrium and pH studies
was as follows: to an amount of 0.1 g of material in
a screw capped polypropylene bottles there were
added 20 ml of cesium solution with pH, adjusted
by addition of diluted HCI or NaOH. The bottles
were placed on a horizontal shaker, shaken during
necessary contact time and the suspensions were
separated by centrifugation at 4000 rpm. The
recovered supernatant solutions were appropriately
diluted if necessary and cesium concentration was
determined by atomic absorption spectrometry
(Perkin-Elmer 30-30 spectrophotometer). The
cesium content in the solid phase was calculated
using the equation:

q. = M @
m

where, ge (Mg g™) is the concentration of cesium
in the solid phase, Coand C. (mg L) are the initial
and equilibrium concentrations of the cesium
solutions, respectively, V (L) is the volume, and m
(g) is the natural clinoptilolite mass. The
experiments were carried out in duplicate.

RESULTS AND DISCUSSION
Effect of pH on the Cs uptake

The effect of the initial pH of the solution on the
cesium uptake onto clinoptilolite was investigated
by the batch procedure as described above using Cs
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solution with concentration of 664.5 mg L7,
contact time 450 min and pH range from 0.7 to
10.8. As an alkaline element cesium is in the form
of monovalent cation in the entire pH interval. The
relationships between the initial pH and the final
pH and the amount of the retained Cs are presented
in Figure 1. It can be seen from the graph that the
changes in pH are small for the initial pH <4.0 and
pHsin increases in acidic solutions and decreases for
pHin in the alkaline range. This fact demonstrates
that clinoptilolite has amphoteric properties — it
accepts protons at low pH and is deprotonated at
high pH. The uptake of Cs is effective even at low
pHin = 2 (effectiveness E = 64.48%) and then
increases and remains nearly constant (E ~ 69%) at
the range of pHi, 3 up to 10.8. The corresponding
capacities g. of Cs* uptake for these conditions of
the pH experiment at equilibrium are q about 0.7
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Fig. 1. Effect of pHi, on cesium uptake by natural
clinoptilolite (0.1 g + 20 ml 664.5 mg L™ Cs, contact
time 450 min)

These changes in pHsin and the extent of Cs
removal with pH might be explained as follows: at
low pHi, the H* ions are in high concentration and
compete with the Cs* ions in the interaction with
clinoptilolite making ion-exchange with the extra-
framework cations This results in low cesium
uptake and in increasing of pH. At higher pH more
cesium ions can be exchanged and q increases.

Kinetic studies

The kinetic of the Cs* uptake by clinoptilolite
was studied by bath procedure as described above,
using a set of solutions for two concentrations of
649 and 64.9 mg L™ Cs* at pHinit of 5.4 and contact
times of 15, 18. 60, 120, 360, 600, 850 and 1490
min. The rate and extent of removal of Cs* are
shown on Fig. 2 a.

As seen from the run of the plot of the lower
concentration 64.9 mg L and the calculated value
of ge, the loaded amount of cesium increases very
quickly, reaches equilibrium in the first 25 min and
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then remains constant. The removal efficiency
(E%) of clinoptilolite for Cs* changes from 91.3 to
99.5%, i.e. almost all of the Cs* ions were removed
within 25 min of reaction. The initial pH of the
solutions rose slowly from 5.4 to near neutral value
of 6.7 within 120 min and remained at this value to
the end of the interaction. For the higher studied
concentration the results indicate that ge increase
quickly in the first 25 min then the changes are
small until equilibrium is reached after 360-600
min. By this time the removal efficiency increases
from 52.1 to 80.8% and pHsn increases to 6.8.
These changes of pH are result of exchange of extra
framework cations from the clinoptilolite structure
for Cs* cations from solution.
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Fig. 2. a) Cesium ion-exchange Kkinetic for two
different concentrations as a function of interaction time
(0.1 g material, 20 ml Cs* 649 and 64.9 mg L™, pHinit

5.4); b) Pseudo-second-order kinetic model fitted to
experimental data for the Cs-uptake by clinoptilolite

To investigate the mechanism and to determine
the process that governs the rate of the reaction,
three different models describing the kinetics have
been applied. They were pseudo-first-order,
pseudo-second-order, and intraparticle diffusion
models.

The pseudo-first-order rate model was applied in
its linear integrated form [16]:

In (0e — ) = In ge — kat (2),

where ge and g: in meq g are the concentrations
of Cs* in the studied natural clinoptilolite sample at
equilibrium and at any time t (min), k; in min? is
the pseudo-first-order rate constant.

When the relationship between In (. — ¢;) and t
is linear, ki is estimated from the gradient of the
plot.

The pseudo-second-order kinetics is represented
by the linear equation [17]:

t__1t +it (3)

d ko G

where k; (in g meq min-?) is the apparent
pseudo-second-order rate constant. The values of k;
and ge may be calculated from the gradient and the
intercept of the linear plot, respectively.

The data from the kinetic measurements were
interpreted by the method of regression analysis.
The relationship between the experimental results
and the theoretically fitted lines for the pseudo-
second-order model is shown in Fig. 2b. The
obtained equations for the two models with the
corresponding squares of regression coefficients R?
and the apparent pseudo-rate constants ki and k. are
listed in Table 1.

The high values of correlation coefficients R2
(0.9999) for the fitting of pseudo-second-order
kinetic model and experimental data are indicative
for the validity of this model for both studied
concentrations.  In  addition, the calculated
equilibrium values of uptake capacities g. are very
close to the experimentally observed data. The R?
values obtained by fitting the Cs* uptake data to the
pseudo-first-order model are also statistically
significant (about 0.9) but lower and indicate that
this model is less adequate. Moreover, the ge values
obtained from the first—order kinetic model and the
experimental ge values differ from 39.83% to
73.87%. A similar result for kinetics modeling was
described previously in [4, 9, 12].

Table 1. Parameters of model kinetics equations for the removal of Cs* by natural clinoptilolite.

Cs* First-order-rate model

Second-order-rate model

. (e, exps

concentration, 2 . g Qe calc 2 ko e calc 'y

mg L © M) (meqgy @meq’min?) (meqg?) ("4
64.9 0.9054 0.0014 0.0583 0.9999 37.03 0.097 0.097+0.0001
649 0.8986 0.0039 0.202 0.9999 0.103 0.774 0.773+0.014
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As it is known, the simple kinetic models and
the calculated equations are mathematical
expressions and description of the kinetic process
and give only a possibility to predict the results of
interaction between the sample and the cations and
to compare different systems. The actual chemical
reactions and processes that represent the
mechanism and determine the rate of uptake
include interaction phenomena that are fast and
transport phenomena as film diffusion and diffusion
of the solute cations into the interior of the pores.

The estimation of the film and the intraparticle
diffusion by applying the model equations and a
discussion of their role in the uptake is presented in
[18]. Our attempt to apply these equations for
treating the experimental results gives plots that
involve two phases and did not have a zero
intercept, i.e. do not correspond to the requirements
of the models and do not give exact answer for the
rate controlling process. Both mechanisms
contribute to the rate of uptake, but no one
determines the overall rate.

Isotherms studies

The equilibrium isotherms give a possibility to
describe and to design the uptake systems. The
equilibrium data for cesium uptake by natural
clinoptilolite was collected from agitated batch
experiment, varying Cs* concentration in the
interval 64.9-2596 mg L™, at pHini ~5.40 and time
of interaction of 24 h.

Several isotherm models are known and applied
for characterization of uptake equilibrium as
relation between the equilibrium concentration of
exchanged cation in the liquid and solid phases.
Three most often used ones are selected in this
study — those of Langmuir [19] and Freundlich [20]
and Dubinin-Radushkevich (D-R) [21].

The linear forms of Langmuir and Freundlich
isotherm models can be represented by equations
(4) and (5), respectively:

C_ 1 .C
d. 4.0 d,

logq, =log K. +1Iog C. (5
n

where C. (meq L™) and g (meq g?) are
respectively the equilibrium cesium concentrations
in the aqueous phase and in the solid phase, gm
(meq g) represents the maximum uptake capacity,
b (L meq™?) is the site energy factor, connecting to
the equilibrium constant (affinity term). Ke (meq g~
H/(meg L)Y and n (dimensionless) are Freundlich
parameters.

The nature of the sorption process was
investigated by the application of the D-R isotherm
model equation (6):

INge=Ingm—pe* (6)

where, ge gmand Ce (in eq g2) are as described
above, § is a constant related to the sorption energy,
R is the gas constant (kJ mol? K1), T is the
absolute temperature (K), and & is a Polanyi
potential:

e=RT In(1+iJ @)
C.

The constant £ is related to the energy of
interaction E by:

E=(-28)" (8)

The isotherm of Cs uptake by natural
clinoptilolite is plotted as a function of
concentration of cesium onto clinoptilolite versus
the corresponding equilibrium concentration in the
solution (Fig. 3a). The initial pH of the solutions
increased from the values of 5.4 to between 6.6 and
6.7 units for all concentrations of experiment. The
experimental data were fitted by the method of least
squares regression analysis to the three models. The
corresponding linear fits are presented on Fig. 3b, c,
d and the parameters of the three models are
presented in Table 2.

Table 2. Langmuir, Freundlich, and D-R isotherm parameters for Cs* uptake by natural clinoptilolite

Model Linear form of equation R2 b (L meq? Omaic (MG Gmcae « (Mmeq gt
g (L meq™) o) (mgg?) Gmew (MeqgT)
Langmuir | Ce/ge = 0.957C. + 0.129  0.9996 7,384 1.044 138,75 1,031 +0.006
) ; 5 Kr
Model Linear form of equation R (megi-n L3 1) 1/n n
Freundlich | 109 9= 0:27910gCet g 9414 0,672 0.172 357
0.172
Model Linear form of equation R? Omeatc (Meq g™)  B(eg? kI ?) E (kI mol?)
Dubinin —
Radush- | In ge =-6.405 + 0.0028 £2 0.9850 1.650 0.1726 13.4
kevich
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Fig. 3. Isotherm of Cs* uptake by natural clinoptilolite (a); Isotherm models fitted to experimental data — Langmuir

(b); Freundlich (c); D-R (d)

According to the square regression coefficients
R? the best correlation is obtained with the
Langmuir isotherm model. The Freundlich and D-R
models were found to correlate a little less although
there is a good correlation for the lower initial
concentrations in the initial part of the plots. The
calculated equilibrium uptake of Cs* by the
Langmuir isotherm model was 1.044 meq g¢*
(138.75 mg g¢') and is quite close to the
experimentally found value of 1.031 meq g — the
difference being 1.27%. The results, obtained for
equilibrium  modeling of Cs* uptake by
clinoptilolite differ in different studies. Cortés-
Martinéz et al [4] observed that the Langmuir-
Freundlich model describes the isotherms, Shahwan
et al [9] found that isotherm data for Cs™ uptake by
clinoptilolite can be fitted by both Freundlich and
D-R models, while in [12] the Langmuir model is
in good agreement with the experimental data as
are our observations. This result indicates the
monolayer uptake and assumes structurally
homogeneous material with the energetically
identical exchange sites.

The D-R isotherm model gives information
about the nature of interaction between
clinoptilolite and the cesium cations. The parameter
S was applied to calculate the mean energy of
interaction, E (eq. 8), related to the mechanism of
the uptake reaction [22]. The obtained value of E =

13.4 kJ mol is in the range 8-16 kJ mol* and
indicates an ion exchange mechanism.

A lot of papers were found in the literature
concerning the study of Cs* uptake by clinoptilolite
and determination of maximum exchange capacity.
In order to make a reasonable comparison, we
present only the results obtained using non
modified clinoptilolite, the same technique of
interaction and similar conditions with those in our
investigation. Smiciklas et al. [12] reported for
natural clinoptilolite from Serbia a maximal
capacity of 45.53 mg g*. Cortes-Martinez et al [4]
have found for two natural clinoptilolite tuffs from
Mexico values of gm 170.35 and 236.31 mg g7,
respectively. Close to them are the results obtained
from Boraj et al. [7] for natural clinoptilolite from
Japan, Futatsui deposit — 169.8 mg g, whereas
Schahwan et al. [9] found 7.72 Cs* mg g for
clinoptilolite rich tuffs from Anatolia, Turkey.

An other parameter that characterize the
selectivity, capacity and affinity of ion exchange
and allows to compare different systems, is the
distribution coefficient Ky (in mL g™), defined by
the following equation:

K, = 1000q, ©)
C.

Kq is determined using 132.91 mg L* Cs*
(1x107 M) in the above described conditions and
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its value is 17 000+1600. This value is very close to
distribution coefficient Kq = 15 360 for cesium
uptake by sodium titanosilicates [23].

CONCLUSIONS

The natural clinoptilolite from Beli Plast deposit
was studied as a potential material for removing
Cs* from contaminated solutions.

The wused clinoptilolite removes Cs* with
relatively high effectiveness E = 41,3% even from
strong acidic solutions with pH = 0.7. At low
concentration about 69 mg L™ the cesium retention
is about 97-98%. For the studied Cs*
concentrations >500 mg L™ the effectiveness E
reaches 69%.

The exchange Kkinetics of the process is
relatively fast for low cation concentrations. The
obtained pseudo-second-order model equations
provide a necessary tool for prediction and
comparison when such process is carried out.

The modeling of the equilibrium of the process
and the respective Langmuir model equations could
be used for calculation and estimation of the degree
of Cs removal.

On the basis of the obtained results the used
natural zeolite material could serve as well-
performing and economically effective material for
treatment of Cs* contaminated wastes.
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MOJIEJIMPAHE HA MIOHEH OEMEH HA Cs* C IIPUPOJIEH KJIMHOITTUJIOJIUT
BBHB BOJIHU PA3TBOPU

H. JImxapesa, O. Iletpos, f1. I[BeTanosa

Hucmumym no munepanoeusi u kpucmanozpagus, bvieaperka axkademus na nayxume,
ya. ,,Axao. I'eopeu bonues ™, 6n. 107, Cogpus 1113, Bvreapus

IMocrbnuna Ha 2 centemBp, 2016 r.; kopurupana Ha 13 despyapu, 2017 r.
(Pestome)

B Ta3u cratus ce mpeAcTaBAT PEe3yNATATUTE OT M3YYaBaHETO HA MPHUPOJCH 3COJHUT KIWHONTHIIONUT OT HAXOMHIIC
Benu [Tnacr (bparapus) kaTo HOHOOOMEHEH MaTepHuall 3a OTCTPaHIBAHE HA IIE3H OT 3aMbpCeHH BOJIU. M3cienBaneTo e
MIPOBEJICHO M0 METOJIa Ha COPOIHS B ChJ] C pa30bpKBaHE 32 YCTAHOBSBAHE HA BIMSHHUETO HA PH, BpeMeTo Ha KOHTaKT U
KoHIeHTparusaTa Ha CS BbpXy epeKTHBHOCTTA Ha M3BIMYaHETO My. KMHeTHKaTa Ha Ta3W CHCTeMa Ce OIHCBA C Haii-
BHCOKa CTENCH Ha KOpealus Ha eKCIIepUMEHTATHUTE JaHHU C YPaBHEHHUETO Ha MOJIeTa Ha PEaKIns OT BTOPH TOPSIIBK
ChC CKOpocTHA KoHcTaHTa Kz 37.03 u 0.103 g meq™ min~ 3a neere xonuentpauuu Ha Cs — pecrnekTuBHO 64.9 1 649 mg
L

ExcniepuMeHTaNHNTE JaHHH OT W3CJIEIBaHE HAa PaBHOBECHETO OsiXxa CHIIOCTaBEHH C MOJENUTE Ha HM30TEPMH Ha
Jlaarmronp, @poitrmmx u Jyourna—PamymkeBnda. Haii-moOpa xopenmamnus Gemre HamepeHa ¢ Mozena Ha Jlanrmioup
KaTO M3YUCIICHUAT MaKcuMalieH oOMeHeH kamarureT Oere 1.044 meq/g. EHeprusita Ha peakiusTa Oellie H3UUCIICHa 110
mozena Ha J[younua—Panymxesuy ¢ £ = 13.4 kJ mol=.
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