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ABSTRACT

In the scope of the thesis, the main subject is to investigate the zeolite and clay-
radioisotope interactions by radiotracer method. Either zeolite and clay can be
proposed as a sorption material in order to use in geological barriers against the
leakege and spread of radioactive waste from the repositories. ®°Zinc (t1,,=245
days) , "Barium (t12=10.7 years), ®Cobalt (t2=5.271 vyears), *’Caesium
(t12=30.15 years) and *°Strontium (t,=28.1 years) were used as radioisotope
cause of their most abundance in the radioactive wastes. Sorption experiments
were carried out by natural Bentonite (Cankiri), Zeolite (Balikesir-Bigadi¢) and
Kaolin (Bilecik-Bigadic) at different temperatures and at different concentrations.
Measurement were taken with a Nal crystal gamma counter and end window
Geiger Muller counter. Samples were characterized; chemical compositions were
determined by Induced coupled plasma tecnique, the particle size distribution was
found out by laser sizer, the surface areas of the particles were performed by BET
(Brunauer, Emmett and Teller method) the structure analysis were made by using
X-ray diffraction. According to very high uptake results; clay and zeolite can be
proposed as a good adsorbent to contribute to the waste management. By the
increase of temperature adsorption amount increases at all systems. Desorption of
the sorbed amount does not occur significiantly. Thermodynamic parameters of
adsorption were investigated; for all types of adsorbent-radioisotope systems it
was found highly negative value for Gibbs energy, AG®, indicating that adsorption
process is spontaneous, positive enthalpy of adsorption, AH®, indicating the

process is endothermic, and positive entropy, AS®.
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Tez kapsaminda, esas konu zeolit ve kil ile radyoizotop etkilesimlerini radyotracer
yontemiyle takip etmektir. Hem zeolit hem kil radyoaktif atiklarin depolardan

sizmasi ve yayllmasina karsin jeolojik engellerde kullanmak amaciyla tutulma

malzemesi olarak onerilebilir.

Radyoaktif atiklarda bol miktarda bulunmalari nedeniyle ®°Cinko (t12=245 gin) ,
BBaryum (t1,=10.7 yil), ®Kobalt (t12=5.271 yil), "*’Sezyum (t1,=30.15 yil) and
OStronsyum (t12=28.1 yil) radyoizotop olarak kullanildi. Tutulma deneyleri dogal
bentonit (Cankiri), zeolit (Balikesir-Bigadic) ve kaolen (Bilecik-Bigadic) ile degisik
konsantrasyon ve sicakliklarda gergeklestirildi. Olgimler Nal kristalli gamma
sayicisi ve Geiger Muller sayicisi ile yapildi. Kil numuneleri karakterize edildi;
kimyasal bilesimleri ICP plazma teknigiyle, parcacik boyut dagilimi lazer ile,
partikillerin ylzey alanlari BET (Brunauer, Emmett ve Teller metodu) ile, yapi
analizi X-isinlari difraksiyonu kullanilarak tespit edildi. Yuksek tutulma sonuglarina
gore; kil ve zeolit atiklarin bertarafi igin iyi adsorbent olarak onerilebilir. Butun
sistemlerde adsorpsiyon miktari sicaklik artisiyla artmaktadir. Adsorpsiyon iglemi
temelde iyon-degisimine dayanir. Tutulan miktarlar Onemli oranlarda geri
salinmaz. Adsorpsiyona ait termodinamik buyuklukler takip edildi; tim adsorbent-
radyoizotop turleri igin Gibbs enerjisi, AG®, i¢in adsorpsiyon igleminin kendiliginden
oldugunu gdsteren ylksek negatif degerler, adsorpsiyon entalpisi, AH®, igin islemin
endotermik oldugunu goésteren pozitif degerler, entropi, AS®, icin pozitif degerler

bulunmustur.
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1. INTRODUCTION

The nuclear wastes are one of the most important environmental problems for the
world. A widely used qualitative classification system separates radioactive waste
into three classes: low level waste (LLW), intermediate level waste (ILW) and high
level waste (HLW). Many countries must address the disposal of very large
quantities of waste containing long-lived natural radionuclides. Such waste
typically contains natural radionuclides like uranium, thorium, and radium and is
frequently generated from uranium/thorium mining and milling or similar activities

(Radwass programme of International Atomic Agency, 1994).

After storage of the radioactive waste, clays can be used as a backfilling material
in order to construct a geological barrier against reaching of the waste to the
biosphere with the aid of groundwater, which can damage human being and other
living creatures. To overcome this problem, especially clays are used as good type

backfilling materials due to their high sorption properties.

Impervious
Backfill

One Type of Low-Level Waste Disposal Facility

Figure 1.1. One type of low-level waste disposal facility.

The fact that radionuclides encountered as radioactive wastes have a harmful
impact on the biosphere that pushes investigators to study on the sorption
characteristics of natural clay minerals against radionuclides. In the reprocessing

of nuclear fuels, disposition of the radioactive waste is a serious problem. For the



longterm disposal of nuclear waste, deep geological shafts with multibarrier
protection were engineered in last years (Erten 1988).

Bentonite has recently attracted increasing attention as a backfilling (buffer)
material for high-level nuclear waste due to its ability to expand and completely fill

up openings (Xu et al. 2004).

Tunne

Canister containing highly
T N | radioactive waste
E Depasition
L hoda
- E
L]
- 4— Compacted bantonile

1.5m

Figure 1.2. Cross section of tunnel with deposition hole of the Swedish disposal
program for nuclear waste (Xu et al., 2004).

The main objective of this study is to investigate the adsorption characteristics of
zinc-65, barium-133, cobalt-60, caesium-137 and strontium-90 radioisotopes on
natural bentonite, zeolite and kaolin samples in order to propose a backfill material
for using in natural barriers. The removal of °°Zn (t2=244 days), **Ba (t,=10.7
years), ®°Co (t12=5.271 years), *’Cs (t1,=30.15 years) and *°Sr (t;,=28.1 years)
from aqueous solutions by natural bentonite (Cankiri), zeolite (Balikesir) and
kaolin (Bilecik) at different temperatures and concentrations were investigated by
using the radiotracer method. The sorption data were given as ratios of
radioactivity uptaken by the sorbents and remained in the solution, as distribution
ratio (Rp), which means the ratio of sorbate (radionuclide) concentration on solid
phase to its concentration in liquid phase. The difference of this thesis from the
earlier studies is the experimental temperature. In the literature the experiments
were carried out above the room temperature but in my thesis, we studied at lower

temperatures.



Batch sorption experiments were done; the natural sorbents as a stationary phase
and the synthethic groundwater as a mobile phase. Before performing batch
experiments, the samples were characterized by mainly chemical and x-ray
diffractometer analyses. Other techniques (surface area, size distribution, etc.)
were also used for physico-chemical characterization of the samples. The

desorption experiments were also carried out.

Finally, using the sorption/desorption counts versus time, the kinetic behaviours of
the radioisotope-clay systems were revealed for different temperatures. According
to the experimental results, thermodynamic parameters of sorptions were also

calculated.



2.THEORETICAL BACKGROUND
2.1. Radioactive decays and ionisation rays

Radioactive decay is the process in which an unstable atomic nucleus loses
energy by emitting radiation in the form of particles or electromagnetic waves. The
S| unit of radioactive decay is the becquerel (Bq). One Bq is defined as one
transformation (or decay) per second. Another unit of decay is the curie, which
was originally defined as the radioactivity of one gram of pure radium, and is equal
to 3.7 X 10" Bq.

2.1.1 a decay

The emission of an o particle, or *He nucleus, is a process called « decay. Since o
particles contain two protons and two neutrons, they must come from the nucleus

of an atom.

- Alpha particles are made of 2 protons and 2 neutrons.

This means that they have a charge of +2, and a mass of 4
(the mass is measured in "atomic mass units", where each
proton & neutron=1 amu)

Alpha particle:- |Alpha particles are relatively slow and heavy.

2 protons
and They have a low penetrating power - you can stop them
2 neutrons with just a sheet of paper.

Though the most massive and most energetic of radioactive emissions, the alpha

particle is the shortest in range because of its strong interaction with matter.

2.1.2. B’ decay
Beta particles have a charge of minus 1, that beta particles
are the same as an electron.
-
They are fast, and light.
Beta particles have a medium penetrating power - they
Beta particle:- are stopped by a sheet of aluminium

the same as

an electron Beta particles ionise atoms that they pass, but not as
strongly as alpha particles do.




2.1.3. Gamma rays

The emission of y-radiation generally follows some other nuclear-decay process. It
is not itself a primary nuclear-decay process, but is emitted when a transition
occurs between an excited state of a nucleus and a lower nuclear-energy state.
These excited states are associated with the daughter nucleus formed after o-
particle or B-particle decay processes. Generally, the lifetimes of excited states
are extremely short so that y-ray emission immediately follows the decay process

which led to the production of the excited states (Andrews and Hornsey 1972).

Gamma rays are generally characterized as electromagnetic radiation, (EMR)
having the highest frequency and energy, and also the shortest wavelength, within
the electromagnetic radiation spectrum. Due to their high energy content, they are

able to cause serious damage when absorbed by living cells.

Gamma rays are waves, not particles. This means that they have
no mass and no charge.

Gamma rays have a high penetrating power - it takes a thick sheet
of metal such as lead, or concrete to reduce them significantly.

Gamma rays do not directly ionise other atoms, although they may
Gamma ray:- cause atoms to emit other particles which will then cause ionisation.
not a particle,

h_"-'t a burst of We don't find pure gamma sources - gamma rays are emitted
high-frequency | ajongside alpha or beta particles. Gamma emission isn't 'radioactive

waves decay' because it doesn't change the state of the nucleus, it just
carries away some energy.

2.1.3.1. Shielding

ﬁ
IBo

Gamma rays.


http://en.wikipedia.org/wiki/Image:Gammadecay-1.jpg�

The material used for shielding takes into account that gamma rays are better
absorbed by materials with high atomic number and high density. Also, the higher

the energy of the gamma rays, the thicker the shielding required.

The electromagnetic gamma ray is extremely penetrating, even penetrating

considerable thicknesses of concrete.

Particles that ionise other atoms strongly have a low penetrating power, because

they lose energy each time they ionise an atom.

2.1.4. Some examples of decay processes
2.1.4.1. The radioactive decay of the nuclide *°Sr

Sr-90 undergoes beta decay with a half-life time of 28.74 years. Once the
strontium-90 decays to yttrium-90, a further beta decay occurs immediately and

emits a minimum ionizing particle with energy of 2.283 MeV.
wSr—>0Y + B +0.546MeV

WY 7r+ B +2.283MeV

39 40 :

2.1.4.2. The radioactive decay of the nuclide "*’Cs

137 137 —
5 Cs—> Ba+ f

2.1.4.3. The radioactive decay of the nuclide ®*°Co

The nuclide ®°Co is unstable and decays by the process of B~ emission to astable
isotope of the element ®°Ni. The half-life of ®°Co is 5.27 years. This decay process

can be written as fallows: First ®®Co decays to excited ®*Ni” by beta decay:

“Co—"Ni" + B~



Then the ®Ni’ drops down to the ground state emitting two gamma rays in

succession:
ONi" > Ni+ y, + 7,

Gamma rays of 1.17 MeV and 1.33 MeV are produced.

2.1.5. Origin of radioactive waste

Radioactive waste basically originates from (Warnecke and Brennecke, 2002):

1) the process of light-water reactors and progressive reactors;

N

)
) the operation of spent fuel elements from nuclear power plants;
3)

4) other research centers; universities, industrial research and development or
medical applications of radioisotopes;

investigations at nuclear research centers;

5) uranium enrichment;

6) other waste producers, e.g., the army.

2.1.6. Classification of radioactive waste

In the publication within the radwass programme of the International Atomic

Energy Agency (1994) classification of radioactive waste was made as below:

Low and intermediate level waste (LILW): Low level waste can be defined as
radioactive waste that does not require shielding during handling and
transportation. Radioactive waste which required shielding but needed little or no
provision for heat dissipation was classified as intermediate level. A contact dose
rate of 2 mSv/h was generally used to distinguish between the two classes of
waste. Low and intermediate level may be subdivided into short-lived and long-

lived waste according to their halflife.

The high level waste (HLW): This waste contains large concentrations both of
short and long-lived radionuclides, so that a high degree of isolation from the

biosphere by means of geological disposal is needed to get disposal safety.



2.1.7. Management of radioactive waste

Geological formations that contain clay minerals are used as depository for the
radioactive wastes as natural barriers against their leakage. The use of clays is
chosen because of their low permeability, good adsorption/ion exchange
characteristics, and wide availability (Shahwan et al., 2000; Missana and Adell
2000; Horseman 1996). Thus, several sorption studies investigating how the
interactions between the clays and the radionuclides are affected by various
factors that control the sorption process became quite important (Gupta and
Harrison, 1980; Erten and Gokmenoglu, 1994; Shahwan et al., 2000; Krumhansl et
al., 2001; Shahwan and Erten, 2002; Akar et al., 2005; Bascetin and Atun, 2006;
Missana 1999). Among such factors the concentration of radionuclides in the
groundwater, the period of contact, the temperature, pH, the size of clay particles,
the liquid-solid ratio, etc. Mishra and Tiwary, 1999 studied on the waste disposal

problem by hydrous ferric hydroxide.

The need for disposal of nuclear wastes is the cause of the investigation in the
adsorption behavior of fission products and some activation product nuclides on
minerals of proposed repositories. The typical repository consists of a chemical
system with a stationary solid phase and a mobile groundwater phase. The
composition of both phases has effect on the transport of radionuclides from their
disposal sites. pH, redox potential and temperature can be shown as other factors.
Adsorption data are required for the estimation of transport rates of these nuclides
in the case of water penetration into the repository (Erten and Gokmenoglu, 1994).
In order to provide the protection for the environment, nuclear wastes could be
disposed of geological repositories in which clay minerals have been proposed as
suitable backfilling materials because of their ability in retarding or delaying the

migration of radionuclides to the biosphere (Jedinakova-Krizova, 1996).

Montes-H et al. (2005) reported that bentonite backfill barrier essentially consists
of compacted clay blocks because of the hydrodynamic and surface properties.
Buffer material, due to swelling characteristics, fills up the spaces between the
canisters containing the waste and the surrounding ground and to construct a

better impermeable zone for the contour of high-level radioactive waste. This event



is called as ‘self-sealing’. If the presence amount of montmorillonite in this clay
mineral is high; in the radioactive waste repository the engineered barrier gains an
perfect performance because of its swelling property. Na/Ca-montmorillonite to Ca-

montmorillonite conversion is from medium-swelling clay to low-swelling clay.

Swedish disposal program for nuclear waste is shown in Fig. 2.1. and 2.2. Komine
(2004) and Xu et al. (2004) mentioned about the reports of the Atomic Energy of
Canada, 1994 and Swedish Nuclear Feel and Waste Management Technical
Report, 1992. The deposition hole is planned to construct to a depth of several
hundred meters, and backfill material, generally compacted bentonite, is projected
to use as buffers in this hole. The function of the buffer material is to create an
impermeable zone around the canister containing the high-level nuclear waste,
since nuclear waste must be kept separate from surrounding environment. The

swelling properties lead to the development of low permeability in the backfill

materials (Figure 2.3.).

Backfill material
{Bentonite content is
bass than that of buffer
material)

Buffer material |
Container nmade of matal

Glass including
radinactive waste water

batwaan buffer
malerial and wall af pit

Figure 2.1. An example of disposal facility and pit for high-level radioactive wastes
(vertical emplacement type) (Komine, 2004).



Figure 2.2. Image of “self-sealing” of buffer material and applied stress to facility
by swelling of buffer and backfill materials after submergence of
ground water (vertical emplacement type) (Komine, 2004).

PATHWAYS DEPENDENT
ON THE GROUNDWATER
RECIFIENT

NEAR FIELD
ENGINEERED BARRIERS

~. s

Figure 2.3. Parts of the deep disposal system and their most important safety
functions (Ericsson, 1999).

¥7Cs and *°Sr are hazardous radionuclides and they should be stored in geologic
formation. When radioactive waste is disposed in a geologic repository, it could be

subjected to groundwater attack, however, while radionuclides are transported
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along migration pathways in underground geologic formation, they may be

adsorbed onto rock surfaces (Jeong, 2001).

2.2. Clay Minerals

Clay minerals are arranged in groups according to the type of silicate layer present
(1:1 or 2:1), the magnitude of layer charge per formula unit and the interlayer
material that compensates the layer charge. Each group is divided into subgroups
on the basis of the octahedral character (dioctahedral or trioctahedral). The

classes of clays which were studied in the thesis are given in Table 2.1.

Table 2.1. Classes of clays used in the study (Martin, 1991).

Layer |Interlayer material (X: Octahedral .
Group Example species
type |layer charge) character
) Trioctahedral Lizardite, amesite, berthierine
. Serpantine- . .. L .
1:1 | None or H2O only (X~0) kaolin Dioctahedral Kaolinite, dickite, nacrite
Di-trioctahedral Odinite
Talc Trioctahedral Talc, willemseite, kerolite
None (X~0) . . . . .
o1 Pyrophyllite | Dioctahedral Pyrophyllite, ferripyrophyllite
' Hydrated exchangeable Smectite Trioctahedral Saponite, hectorite, sauconite
cations (X~0.2-0.6) Dioctahedral Montmorillonite, beidelite, nontronite
2.2.1. Kaolin

Kaolin is a rock term, a clay mineral group and an industrial mineral commodity.
The kaolin group minerals are hydrous aluminum silicates and have the
approximate composition of Al,O3-2Si0,-2H,0. Kaolinite is the most common of
the kaolin group minerals. The structure of kaolinite consists of a single silica
tetrahedral sheet and a single alumina octahedral sheet combined to form the
kaolinite unit layer (Figure 2.4.). These unit layers are stacked on top of each
other. Variations in orientation of the unit layers in stacking cause differences in the
kaolin group mineral itself and lead to the differentiation of nacrite and dickite in

the kaolin group.
Kaolin is used in industry for many applications (paper, paint, ceramics, rubber,

plastics, ink, catalyst and fiberglass). It is a unique industrial mineral because it is

chemically inert over a relatively wide pH range.
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Figure 2.4. The structure of kaolinite (Murray, 2002).

2.2.2. Smectite

Smectite is the name for a group of sodium, calcium, magnesium, iron, lithium
aluminum silicates, which include the individual minerals sodium montmorillonite,
calcium montmorillonite, nontronite, saponite and hectorite. The rock in which
these smectite minerals are usually dominant is bentonite. Smectite is composed
of units consisting of two silica tetrahedral sheets with a central alumina octahedral
sheet. The lattice has an unbalanced charge because of substitution of alumina for
silica in the tetrahedral sheet and iron and magnesium for alumina in the
octahedral sheet. Because of this, cations and polar molecules can enter between
the layers and cause expansion (Figure 2.5.). Fernandez et al. (2004) report that
bentonites contain large quantity of montmorrillonite and Missana and Adell (2000)
also indicate that montmorillonite, which is the main component of bentonite, is a

2:1 layer (2 tetrahedral and 1 octahedral) clay.

The exchangeable cations present between the silica and alumina sheets have a
strong influence on the use and properties of the smectite. The major uses of
bentonites are in drilling muds, foundry sand bond and iron-ore pelletizing. In
addition to these three major uses, bentonite is used for many miscellaneous

products; including filtering agents, water impedance, cosmetics, animal feed,

12



pharmaceuticals, paint, ceramics, slurry trenching, catalysts, and decolorizing
(Murray, 2002).

Telrahedral silica —
sheet

Octahedral sheet Montmorillonite layer
(2.1 layer)

Tetrahedral silica -
negl

Exchangaabla cations

H300 Interlayer water

O Oxygens @ Hydroxyls ® Aluminums, Magnesiums, etc,

2 and # Silicons

Figure 2.5. Structure of montmorillonite mineral (Komine, 2004).

2.2.3. lon exchange properties of clays

One of the fundamental properties of clays is the electrical charge on their unit
particles which means that clays uptake cations and/or anions that neutralize the
layer charge, which are exchangeable. This means that they can readily be
replaced other anions or cations when brought into contact with these ions in
aqueous solution (Grim, 1953; van Olphen, 1977). Except under extremely acidic
conditions, the layer charge is predominantly negative, a fact which may be
verified by investigating the electrochemical properties of dilute, aqueous
dispersions of clay (Swartzen-Allen and Matijevi¢, 1974). This means that clays
tend to sorb cations and are said to have certain cation exchange capacity (CEC)

which is generally expressed as milliequivalents per hundred grams.

13



The main source of negative electrical charge in clay platelets is an amorphous
substitution of cations in the crystal lattice by cations of lower charge, e.g. the
substitution of aluminum for silicon in the tetrahedral sheet, and magnesium and/or
ferrous iron for aluminum, or sometimes lithium for magnesium in the octahedral
layers (Hall, 1987).

Smectites have isomorphous substitution in their structures and their CEC values
are changing between 40-120 meqg/100 g. Kaolinite have much less isomorphous
substitution and correspondingly lower CEC values (3-15 meq/100 g). Especially
for kaolinite broken bonds at clay particle edges may also participate to the
exchange capacity. However, it is considerable evidence to point out that, except
under fairly alkaline conditions, the charges due to edge defects are positive, it
means leading to anion rather than cation adsorption at these sites. Zeolite
minerals, which are occasionally found in some clays, have cation exchange

capacities of the interval of 100 to 300 meq/100 g.

The negatively charged clay surfaces do not show equal affinity for all cations. In
general, cation exchange selectivity increases with cation charge and for a given
charge increases with ionic radius. Thus, the order of increasing affinity for the
alkali metal ions is Li, Na, K, Rb, Cs, and for the alkaline earth ions Mg, Ca, Sr and
Ba (Swartzen-Allen and Matijevi¢, 1974). In both groups, increase in adsorption
selectivity corresponds with decreasing polarizability and energy of hydration in
aqueous solution, i.e. the cations which hold on to their hydration shells most

firmly are the least strongly adsorbed by clays (Hall, 1987).

2.3. Zeolites

Zeolites are crystalline, hydrated aluminosilicates of group 1A and 2A elements
with a framework structure. Their three-dimensional, polyanionic networks are built
of SiO4 and AlO4 tetrahedra linked through oxygen atoms. Depending on the
structure type, they contain regular channels or interlinked voids whose diameters
are in the micropore range. These pores contain water molecules and the cations
necessary to balance the negative charge of the framework. The cations, which

are mobile and can be exchanged, are mainly alkali metal or alkaline earth metal
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ions. There are approximately 40 natural mineral zeolites and over 150 synthetic

types (Garney, 1995).

Zeolites are classified structurally as tectosilicates. The basic elements of their
frameworks are TO, tetrahedra (T: Si and Al) linked through oxygen atoms. The

typical compositions of natural zeolites are given in Table 2.2.

Table 2.2. Structures and compositions of some important natural zeolites (Roland
and Kleinschmit, 2002).

Zeolite SiO,/[Al,03+Fe,03] | Common cations Typical composition of unit cell
Clinoptilolite 8.0- 10.2 K> Na (Na,K)s[(AlO2)6(SiO2)30]-24H,0
Heulandite 5.8- 8.0 Ca, Na Cay[(AlO)s(SiO2)2s]-24H,0
Mordenite 8.6- 10.6 Na > K Nag[(AlO2)s(SiO2)40]-24H,0
Phillipsite 2.6- 6.8 K, Na, Ca (Ca,Kz,Naz)3[(AlO2)s(Si02)10]-12H,0
Chabazite 3.4- 7.6 Ca, Na, K Cag[(AlO2)12(Si02)24]-40H,0

The description of zeolites is based on the larger units known as secondary
building units which consist, for example, of simple rings and prisms of various
sizes. By combining such basic units the zeolite form is generated. The most seen

structural units are sodalite cages (Figure 2.6.).

The most important use of synthetic zeolites based on their ion-exchange
properties is in detergents. In the largest application of zeolites, the removal of
undesired ions from wastewater is mainly carried out with the natural zeolites.
Zeolites do not only have a high adsorption capacity but also show great

selectivity, providing substances to be separated or purified. (Shelef, 1995).
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A. Sodalite cage, B. Framework structure of zeolite A, C. Framework structure of faujasite with supercage

Figure 2.6. The sodalite unit and the framework structures of the zeolites (Roland
and Kleinschmit, 2002).

2.4, Uses of Clays and Zeolites in Radioactive Waste Management

2.4.1. Uses of bentonites

Mellah and Chegrouche (1997) researched the effects of temperature, solid-liquid
ratio, initial zinc concentration, particle size and agitation speed on the adsorption
rate of zinc for 120 minutes onto natural bentonite having BET surface area of
6.43 m?/g.

Adsorption of zinc ion from aqueous solutions by natural and Na-exchanged
bentonite is investigated by Kaya and Oren (2005) at different pH conditions. They
evaluated their 2 days sorption data and found that the sorption fits to both
Langmuir and Freundlich isotherms. They concluded most of zinc ions were
adsorbed by bentonite in the first 6 hours. It is documented that bentonite is an
efficient adsorbent for some heavy metals, especially for lead, Naseem and Tahir,
(2001), for lead and cadmium Barbier et al. (2000), for copper and cadmium
Kapoor and Viraraghavan (1998), for cadmium and zinc Gonzales-Pradas et al.
(1994) are the other studies.

Sorption and diffusion behaviors of *’Cs and ®Sr ions on compacted bentonite

were examined by Tsai et al. (2001) using batch sorption experiments with contact

16



time of 24 hours. Sorption and diffusion are important processes for the transport
of radionuclides through buffer materials such as bentonite. These experiments

give information in evaluating the retardation factor (Ry).

Shahwan et al. (2006) have a research on the adsorption of Co?* ions on natural
bentonite clay. The experiments were done at 25°C and 55°C using ®°Co as a
radiotracer and HPGe detector with a multichannel PGT analyzer. The positive

value of AH® marks the endothermic nature of sorption.

In the article of Khan et al. (1995), the sorption of Cr(lll), Cr(VI) and Ag(l) from
aqueous solutions on bentonite has been studied by a batch technique using
multichannel y-spectrometer for gamma counting. Their results show that sorptions
of Ag* and Cr®* on bentonite are exothermic processes, whereas the sorption of
chromate (VI) ions on bentonite is an endothermic process. The values of AG® for
the processes of Ag* and Cr** become less negative with increasing temperature;
but the values of AG° become more negative with increasing temperature for

chromate (VI) showing the sorption is favoured at high temperatures.

Bors et al. (1999) used organophilic bentonite which had been modified with
hexadecylpyridinium cations for sorption of iodide ('?°l), technetium (**"Tc). They
concluded that the iodide and pertechnetate sorption increase, while caesium and
strontium sorption decrease with increasing HDPy" saturation. They considerably
found higher Ry values for Cs™ in comparison to the bivalent Sr*, They explained

this result by the lower hydration energy (larger ionic diameter) of Cs”.

Tahir and Naseem (2003) have the thermodynamic studies of Ni(ll) adsorption
onto bentonite from aqueous solution. Analysis of the results of adsorption studies
performed at 298, 303, 313, and 323 K show at higher temperatures AG°
decreases. The adsorption process is spontaneous because of positive entropy
change (AS°). Their other study, Tahir and Naseem (2001) it was studied on the
removal of Pb(ll) from aqueous/acidic solutions by using bentonite as the

adsorbent.
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In the paper of Reyes et al. (1999), the relationship between the diffusion
coefficients and temperature was examined. They pointed out that the diffusion
coefficients correctly exhibit the T"? dependence. The other researchers, Liu et al.,
(2003) searched the effect of microstructure of montmorillonite/silica sand mixture

on the diffusion of strontium ions.

Borgesson et al. (2003), Kaya and Durukan (2004), Komine (2004) and Xu et al.
(2004) did swelling tests on compacted bentonite for determining the swelling
pressure, swelling deformation and strain, compaction characteristics, volumetric
shrinkage, hydraulic conductivity of compacted bentonite. Sodium-type and a-type

bentonite have different properties.

Plecas et al. (2004) investigated leaching behavior and diffusivities of *’Cs and
®Co at different leach rates. They found that by adding 1-5% bentonite into
cement-based formulations, only 1-2% of initial radionuclides leach into the
environment after 245 days. They can predict percentage of leaching during next
300 years (10 halflives of "*’Cs).

Khan et al. (1995) investigated the sorption of Sr ion on bentonite. They also
pointed out that the negative value of the free energy of sorption, at 298 K,
showing the spontaneity. AG° becomes more negative with increasing
temperature, which means sorption process is more favourable at higher
temperatures. The positive value of heat of sorption, AH®, indicates that the
sorption of strontium on bentonite is endothermic. In the desorption studies with
groundwater denoted about 90% of Sr ion is irreversibly sorbed onto the bentonite.
Shahwan and Erten (2002) researched the thermodynamic parameters of Cs”
sorption on natural clays such as kaolinite and bentonite. All of the adsorption
processes are spontanenous (AG°<0) and exothermic (AH°<0) in character. The
negative AS° values corresponding to the sorption on kaolinite and bentonite

indicate a stable arrangement of Cs™ on the clay surface.

Ebina et al. (1999) studied the sorption behavior of caesium ions into the

smectites. They concluded that there are two distinguishable adsorption sites.
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They found that montmorillonite samples fixed approximately 50% of adsorbed Cs

ions.

Sheta et al. (2003) have experiments about Zn®* sorption on zeolite and bentonite
sorbents. They performed batch adsorption tests for 2 hours. They researched the
surface areas of two type of zeolites (clinoptilolite) and bentonite. Although the
clinoptilolite-(1) including quartz, feldspar, mica as impurities has a surface area of
407.9 m?/g and the clinoptilolite-(2) having quartz and mordenite as impurities has
a surface area of 428.3 m?/g, the bentonite sample including quartz and mica as

impurities has a surface area of 1009.0 m?/g.

Bascetin and Atun (2006) have a paper on the adsorption behavior of strontium on
binary mineral mixtures of montmorillonite and kaolinite. They indicate that
strontium has two important isotopes, Sr which emits B-radiation with a half life of
28 years and %°Sr which is a y-emitter with a half life of 64.8 days. *Sr, with its
long half life is considered to be the more critical strontium isotope, having a
tendency of strong retaining within the living organisms, mainly in the bones, being

a source of long-term radiation of bone marrow.

2.4.2. Uses of zeolites

During the Chernobyl disaster thirty or fourty times the radioactivity of the atomic
bombs dropped on Hiroshima and Nagasaki were released. The main radioactive
isotopes from the accident were "*’Cs, **Cs, ®°Sr and %°Sr. The details of zeolite
applications at Chernobyl remain rather obscure because of secrecy problem still
remaining after disintegration of the former Soviet Union. About 500000 tons of
zeolite rocks, mainly including clinoptilolite, were processed for use at Chernobyl
as protective barriers and as agricultural material in polluted areas. In addition,
filters of clinoptilolite tuffs were suggested to extract radionuclides from the
drainage water of the encapsulated Chernobyl nuclear power plant. Filtration
reduced "*’Cs by 95% and *’Sr by 50-60% (Armbruster, 2001).

Ersoy and Celik (2002) mentioned using the zeta potential measurements that
clinoptilolite has a negative charge in water at natural pH. This negative charge

results from substitutions of AI** for Si** within the clinoptilolite lattice. The cation
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exchange capacity of clinoptilolite results from the unbalanced charges. The
isomorphic substitutions of AI** for Si** leading to some ion exchangeable cations
entering into the clinoptilolite channels to supply the positive charge deficiencies of

the clinoptilolite lattice.

Singh (1999) modified the surface of the zeolite using n-octadecyltrichlorosilane
for extraction of Cs* and Sr** from aqueous to organic phase. Kaya and Durukan
(2004) utilized bentonite-embedded zeolite as clay liner. Chmielewska-Horvatova
(1998) studied on the removal of *’Cs and "**Ba radionuclides from synthetic
aqueous solutions by means of natural clinoptilolite and mordenite. They found
that both Freundlich and Langmuir isotherms describe satisfactorily the caesium
and barium adsorption on zeolite. They also showed that although barium can be
eluted completely from loaded zeolite with the use of ammonium chloride, sodium
chloride or calcium chloride solutions, caesium can not be eluted completely under

the same experimental conditions.

Elizondo et al. (2000) studied the effects of solution pH and particle size on the
removal of "*'Cs and *°Sr by natural zeolite (clinoptilolite) from liquid radioactive
wastes and observed that natural zeolite having particle size range between 0.25-
1.00 mm is an effective filter for the radionuclides mentioned above form a liquid

radioactive waste solution having a pH value of 8.

Nilchi et al. (2006) used series of different natural zeolites (clinoptilolite, analsime,
mesolite) for the sorption of ™*'I, ®Mo, '**Sm, "°La and "*'Nd radionuclides from
stimulated waste solutions. They showed that in addition to the type of zeolite,
formation of complexes, nature of chemical bond and solvent are responsible for
the wide variation in the distribution coefficients for different radionuclides. They
also found that the zeolites having larger pores have more efficient uptake of

radioactive species from the waste solutions.
Marinin and Brown (2000) studied on the radioactive strontium removal from low-

level liquid radioactive wastes by different natural (clinoptilolite) and synthetic (IE-

96) zeolites.
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Oren and Kaya (2006) calculated the parameters of the Langmuir and Freundlich
isotherms for Zn?** adsorption on two zeolites from Gérdes and Bigadic (Turkey).
They investigated also the effect of grain size on the metal uptake. They reported
that decrease in grain size does not increase the adsorption capacity of zeolite
from Gordes, yet it increases that of zeolite from Bigadi¢ about 23%. According to
their results, uptake of zinc was very fast in the first 6 hours, then the exchange
equilibrium was established within 2 days for both materials. Negatively charged
surface of zeolites can be used for adsorption of alkali earth metals, such as zinc.
They researched the factors affecting adsorption characteristics of Zn** on
zeolites. Their comment about the lower adsorption rates of zeolites with respect
to bentonites is as the difficulty in the penetration of hydrated zinc ions into the
zeolite channels. Hence, adsorption may take place at the zeolite surfaces. The
lower adsorption rates for zeolites with respect to bentonites may be due to the

difficulty in the penetration of hydrated zinc ions into the zeolite channels.

2.4.3. Uses of kaolins

Jeong (2001) investigated adsorption characteristics of the *’Cs and *°Sr onto
kaolinite by batch experiments under various pH conditions (4.5 to 10.5) and
concentrations of groundwater cations (Ca®*, Mg?*, K* and Na*) and anions
(HCO3, COs* and SO4?) ranging from 10 to 10" M. They showed that adsorption
removal of "*’Cs and ®°Sr by kaolinite greatly increased as the concentrations of
groundwater cations increased 10 to 10" M and in most of the experiments Cs*

is preferentially adsorbed onto kaolinite in comparison to Sr*.

Eylem et al. (1989) studied on the sorption characteristics of barium ion on
kaolinite. Atun and Bascetin (2003) studied with '**Ba by means of a tracer
technique in batch experiments. The sorption behavior of Ba®" at different ionic
strengths of solutions formed from BaCl,-NaCl on montmorillonite, kaolinite and
illite was investigated. lonic strengths are ranging from 1x10>M to 1x10"'"M. They
reported the exchange capacity Ba®* ions for all three clay minerals increased with

decreasing ionic strength.
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Erten et al. (1988) pointed out that for kaolinite, the Caesium-137 uptake is
reversible process. In other research of Erten and Gokmenoglu (1994) the sorption
behavior of ®Cobalt, ®*Zinc and "**Barium on alumina, kaolinite and magnesite is
presented. They examined the effect of liquid to solid ratio on sorption process of
'33Ba?* on alumina. In the experiments they also used mixture of kaolinite-

magnesite as adsorbing solid species.

Akar et al. (2005) examined the retention of strontium ions by natural kaolinite and
clinoptilolite minerals with respect to kinetic and thermodynamic results. They
evaluated thermodynamically the sorption process of this ion on both kaolinite and

clinoptilolite was spontaneous and endothermic.

Bascetin et al. (2006) used *°Sr as a radiotracer and individual and binary mineral
mixtures of montmorillonite and kaolinite as a clay. B-radioactivity was measured
with G-M tube. Tsai and Juyang (2000) and Rafferty (1981) studied the *Sr

uptake onto montmorillonite (Cole et al. (2000)).

In the research of Yavuz et al. (2003), the kinetic and thermodynamic parameters
such as enthalpy, free energy and entropy were calculated for the removal of
Mn(Il), Co(ll), Ni(ll) and Cu(ll) from aqueous solutions using kaolinite. Their values
show that adsorption of heavy metal on kaolinite was an endothermic process and
it was favoured at high temperatures. According to their results the affinity order is
Cu(ID>Ni(1)>Co(I)>Mn(ll).

Ikhsan et al. (1999) did a comparative study of the adsorption of transition metals
on kaolinite at 25°C in the presence of 5 mM KNOs;. They evaluated that
Zn(I1)>>Co(Il)zMn(ll).

The interaction of strontium ions in aqueous solution with the surfaces of calcite

and kaolinite investigated by Parkman et al. (1998) using scanning electron

microscopy, X-ray absorption spectroscopy.
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3. EXPERIMENTAL STUDIES
3.1. Characterization of the Samples

Inorganic sorbents used in the experimental studies are kaolin from Bozhoyuk
(Bilecik), bentonite from Cankiri and zeolite from Bigadi¢ (Balikesir). Before using
in sorption experiments, the samples are reduced in size using jaw crusher, roll
crusher and grinded by ring mill then finer fractions in the samples are separated
by an air separator (Alpin). The size distributions of the samples determined by

Sympatec laser sizer are given below.
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Figure 3.1. Particle size distribution curves of the samples used in the sorption
experiments.

Figure 3.1. shows that kaolin has the finest, zeolite and the bentonite have nearly
same particle size distribution. The whole rock x-ray diffraction patterns of the air-
classified samples (Figure 3.2.) are obtained using Rigaku Dmax-2200 x-ray
diffractometer operated at 40 kV and 36 mA using CuKa radiation. Figure 3.2.
showed that all the samples are not in pure state when considering their main
minerals, i.e. kaolinite in kaolin, montmorillonite in bentonite and clinoptilolite in
zeolite. The type of main minerals in the samples, which is one of the most
important parameter in sorption studies, are determined by xrd analyses of clay
fractions separated from air-classified samples. The normal, ethylene glycolated
and heated xrd patterns of the clay fractions are given in Figures 3.3., 3.4., and
3.5. These figures showed that tha main mineral phases in the air classified

samples are kaolinite, montmorillonite and zeolite.
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Figure 3.2. X-ray diffractograms of the samples used in sorption studies.
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Figure 3.3. X-Ray Diffraction Patterns of the Clay Fraction of Bentonite Sample

Following Different Treatments (N:Normal, G:Ethylene glycolated,
H:Heated).

Sample of bentonite is purely montmorillonite mineral (Fig.3.3). The writtens on
the peaks are the distance of interlayers of clay.

25



7.22 A

3.59 A

—— Kao-N

2 theta (°)

Figure 3.4. X-Ray Diffraction Patterns of the Clay Fraction of Kaolin Sample
Following Different Treatments (N:Normal, G:Ethylene glycolated,
H:Heated).

In the experiments the used adsorbents are not pure mineral. They are natural
clay in their rock form. X-ray diffraction experiments are helping to understand
whether the sample is a mixture or nearly pure. In kaolin clay, the composition is
mainly kaolinite mineral which is seen in the left-hand side high peak (Fig. 3.4.).
Before the high peak (7.22A), there is a small peak which demonstrates mika
(illite). Its amount in the structure is at low ratio. The writtens on the peaks are the
thicknesses of the layers of clay. Because, in kaolin structure there is no interlayer

space, its structure is continous.
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Figure 3.5. X-Ray Diffraction Patterns of the Clay Fraction of Zeolite Sample
Following Different Treatments (N:Normal, G:Ethylene glycolated,
H:Heated).

At the left-hand side in Figure 3.5. the peak (9.06A) is showing that the sample is
mainly composed of zeolite. In the composition of the sample there is also a little

amount of mika.
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Table 3.1. The chemical analyses of the samples used in the sortion studies.

SAMPLE | SiO; | AlbO3 | Fe;O3 | MgO | CaO | NaxO | K;O | TiO2 | P20s | MNO | Cry03

% % % % % % % % % % %

Bentonite | 60.47 | 17.08 | 3.39 | 211 | 2.29 | 2.36 | 0.68 | 0.30 | 0.11 | 0.07 | <0.001
Zeolite |67.22|11.00| 0.80 | 119 | 3.32 | 0.17 | 1.51 | 0.07 | 0.03 | 0.01 | 0.001
Kaolin 49.81 (3123 | 1.56 | 0.65 | 0.21 | 0.10 | 1.04 | 1.02 | 0.09 | 0.01 | 0.018

SAMPLE Ba |ICu [Zn |Ni |Co |[Sr Zr [Ce |Y Nb |Sc |[Ta [LOI [TOT/C [TOT/S
ppm [ppm jppm [ppm jppm [ppm  [ppm jppm [ppm ppm [ppm [ppm (% (% %

Bentonite 393 9 65 [9 <5 724 211 |76 (18 [13 4 11 [10.910.56 [0.02

Zeolite 331 |7 22 8 <5 507178 34 M1 [16 |2 <5 |14.0(0.05 [<0.01

Kaolin 233 31 (120 45 |10 231 |130 63 (17 20 |16 |11 [14.2(1.08 [0.03




The chemical compositions of the solid samples were also determined using
ICAP-OE spectrometer and the related results are given in Table 3.1. The samples
are not pure mineral, they are in their natural rock forms. According to the
reference of Chmielewska (1998) mass percent of SiO; is 67.16 % in clinoptilolite
type zeolite. In the table 3.1. our result is 67.22% SiO,. Therefore it is closer to the

type of clinoptilolite. Our samples are in their natural rock forms.
The BET surface area (Quantachrome, Monosorb) of the samples used in the

sorption studies were determined as (28.85, 26.10), (40.16, 39.8), (25.23, 27.7)

m?/g. for kaolin, bentonite and zeolite, respectively.
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3.2. Radioisotopes

In the sorption experiments, zinc-65, strontium-90, cobalt-60, caesium-137 and
barium-133 radionuclides were used. They are generated by Radioisotope Centre
POLATOM in POLAND. The properties of the nuclides are given in Table 3.2.

Table 3.2. Properties of the radionuclide containing compounds used in the study.

Name and chemical | Half life of the Form of the Radionuclidic

Specific activit
formula of the compound radionuclide compound puridity pectiic activity
Zinc chloride, ZnCl, 245 days 0.1 M HCI solution >99.0% >5 MBqg/mg Zn
Barium chloride, BaCl, 10.7 years 1.0 M HCI solution >99.0% >1 MBg/mg Ba

Cobalt (Il) chloride, CoCl, 5.271 years 0.1 M HCI solution >99.0% >250 MBg/mg Co

Caesium chloride, CsCl 30.15 years 0.1 M HCI solution >99.5% No carrier added

>100 MBg/mg Sr,

Strontium chloride, SrCl, 28.1 years 1.0 M HCI solution >99.5% .
no carrier added

3.2.1. Preparation of radioisotope solutions

Radionuclides were diluted to 5 mL with pure water to form stock solutions. Then,
0.5 mL was taken from stock solutions and evaporated over a water bath to
dryness in polypropylene beakers. In order to change the radionuclides to nitrous
form, 17 mL of 0.1 M nitric acid solution added to dried solids and re-evaporated
on the water bath. After that dry forms of radioisotopes were diluted to 100 mL
(named as 1% solution) with 26.7 mL of 0.1 M HNOj3 solution and 73.3 mL of pure

water.

All other experimental solutions were prepared from the 1% solution; i.e. to 3.8 mL
of 1% solution, calculated amounts of Zn(NOs),-6H,0, Ba(NO3), Co(NO3),-6H20,
Sr(NOs),, and CsNOs; salts (Merck grade) are added and diluted to final volume of
500 mL with ground water (for composition see Table 3.5.) to obtain molarities
between 10% to 10° M for Zn?*, Sr**, Co**, Cs* and 10™* to 10® M for Ba*. All of

the used materials (tubes, caps, pipette, etc.) used during solution preparation and
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adsorption studies are made of propylene. They are used once and stored in order
to send to TAEK (Turkish Atomic Energy Authority).

3.2.2. Preparation of synthetic groundwater

The synthetic grounwater prepared using Merck grade salts were used. The anion

and cation concentrations in the synthetic groundwater are given in Table 3.3.

Table 3.3. The chemical composition of the ground water*.

Anion Concentration Cation | Concentration (meg/mL)
(meg/mL)
HCOg3 0.50 Na* 0.50
NO3 4.20 K" 0.05
Cr 0.26 Ca** 0.26
S04 0.79 Mg®* 4.94

*Total equivalent values of cations and anions is equal to 5.75 meqg/L and is equal to each other. For prepare
the ground water NaHCOj3;, KNOs;, CaCl;, MgSO4-7H2,0, MgNO3-6H,0 salts used. For Ba** sorption
experiments NaHCO3; and MgSQ4-7H,0 did not used cause of precipitation.

3.3. Radiotracer method

Inorganic adsorbents were weighed at about 0.0300 g (30 mg) in polypropylene
centrifuge tubes and covered with their caps. For every t time different tubes were
prepared. 3 mL of groundwater was added onto sample and the suspension is
ultrasonicated for 5 minutes against to the agglomeration in Bandalin sonicator
and sonicated samples were equilibrated in ground water for one day at

sorption/desorption temperature in Ajtator D-3 (Model 500).

After equilibration, the phases separated by centrifugation (Sigma centrifuge) at
13500 rpm for 10 minutes. The clear liquid is decanted and wet solid at the bottom
of the tubes is weighed. The difference in the weights, AWy, is the amount of liquid
remaining in the tube after centrifugation. The 3 mL of radioisotope solution added

to each centrifuge tube. Sorption experiments were carried out in these
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polypropylene tubes. Batch method was used; clay as solid phase and radioactive

solution as mobile phase.

The tubes were taken out of the shaker after certain sorption times (i.e. 30
minutes), were centrifuged at a rate of 13500 rpm for 10 minutes. 1 mL was taken
from clear supernatant by automatic pipette and transferred into 12 mm diameter
polypropylene counting tubes. For each “t” time one centrifuge tube and also one
counting polypropylene tubes used. For *Sr, instead of 1mL of counting tube, the
aluminum planchets were used. 1 mL of strontium-90 solutions were dried at room
temperature on these planchets, counted for 1 minute. ®°Zn, "**Ba, ®°Co and *'Cs
are gamma emitters. We used a y-counting system with Nal(Tl) crystal for the
counting of gamma radiation from these radioisotopes. For the calculations, only
photo-peak counts were used. Being a B-emitter, we used a sample counting

system with a window type Geiger Muller counter for %0Sr experiments.

Before starting experiments with y-emitter isotopes, we have obtained the energy
spectrums of the gammas from the ®°Zn, '**Ba, ®°Co and "*’Cs to make sure that

there is no contamination in these isotopes.

3.4. The Distribution Ratio

The experimental data in sorption are expressed in terms of the distribution ratio,
Rp, defined as the ratio of sorbate concentration on solid phase to its

concentration in liquid phase. Rp can be expressed in terms of activity.

The distribution ratio is defined by

[Cs]s.ad = concentration of Cs™ in the solid phase after sorption,

[Cs]aq = concentration of Cs™ in the solution after sorption.
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Since at the beginning of sorption V mL of solution with an initial caesium
concentration [Cs]° was added and at the end of sorption step (V+AW,) mL of

solution with concentration [Cs].q Was present.

Here AW, is the amount of liquid remaining in the tube after pretreatment and

decantation (after pretreatment, before sorption).

The concentration of Cs” in the solid after sorption is given by

V.[Cs]® -[Cs].q - (V+AW,,)
saad — W

and Rp can be expressed in terms of activity.

[Cs]

S

The adsorption distribution ratio, Rp a4, Was calculated from the measured activities

before and after shaking using the following relations;

A
[Cs]., = lad OS]0 oo (3)

o)
Substituting equations (2) and (3) into equation (1) leads to;
(o}
VA A (VAW

R —_had N 4)
Dad A lad Ws

where;

A’ = initial count rate, used radioisotope activity of 1 mL,
A a4 = count rate of 1 mL of solution after sorption,

W;s = weight of solid material (g),

V = volume of solution (mL),

AW, = amount of liquid remaining in the tube after pretreatment, before sorption.

For the desorption studies the experimental procedure used is: following the
adsorption step, after 72 hours which means reaching equilibrium, 3 mL of
groundwater was added to the sample tube, shaken for the desired time,

centrifuged and decanted. 1 mL of the liquid phase was counted.
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The distribution ratio of desorption, Rye,

R — Cs] S8 e (5)
de
[Cs]de
[Cs]s.4e = concentration of Cs™ in the solid phase after desorption,
[Cs]qe = concentration of Cs” in the solution after desorption.
A
1d
[Cs]de _ e . [CS]O .................................................................... (6)
AO

The distribution ratio of desorption, Rqe, was calculated from the following relation;

3 V-A° _Al,ad '(V+AWpt _AWad)_AI,de '(V+AWad) ............. (7)

I?Dd -
i Al,de'Ws

where,
AW,4= the amount of liquid remaining in the tube after adsorption and decantation,
A 4= count rate of 1 mL of solution after desorption.

The rest of the terms in equation (7) have been defined earlier.

3.5. The Experiments

The adsorption experiments were carried out at 5, 10, 15, 20 and 25°C for zinc-65,
strontium-90, cobalt-60, caesium-137 and barium-133 by using bentonite, zeolite
and kaolin according to the flowsheet given in the Figure 3.4. Counting system

was shown in Figure 3.5. Rpresults calculated for every system.

All adsorption studies which were performed at 5°C, the concentrations were
chosen from 1:102 to 1-10° M for Zn?*, Sr**, Co?*, Cs" cations and from 1-10* to
110® M for Ba®*. For the other temperatures (10, 15, 20, 25°C) 1:10° M cation

concentration were chosen to study.
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Figure 3.6. Schematic presentation of the experimental procedure.
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Figure 3.7. Schematic diagram of counting system.

After performing sorption studies, some of the thermodynamic and kinetic results

related with adsorption of each system were evaluated.

Freundlich expression can be linearized as:

log (mol rad./gs) =10g K+ N 10g [CJi «.onvninieii e (6)
mol rad./gs= no. of moles of radioisotope adsorbed per gram of solid,
[C]) = concentration of cation remained in the solution

Plotting log(mol rad./gs) vs log[C], yields n as the slope and log k as the intercept.

At equilibrium no change in Gibbs free energy occurs and the above equation

reduces to:

AG® = —RTINRY ..o ————— (7)
So, using Eq. (7), it is possible to determine AG® of sorption directly from the Rp
values at different temperatures. Gibbs free energy change can also be written in
terms of enthalpy change, AH®, and the entropy change, AS°, as given below:

AG® = AHO=TAS® ..o, (8)

Combining Eqgs (7) and (8) the following expression result is obtained:
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By plotting In Rp versus 1/T, it is possible to determine the value of AH® of sorption

from the slope and AS° of sorption from the intercept of the linear fits.

The uncertainties in the measurements stemmed principally from those of counting

statistics. Other error sources of less importance were those originating from

weight and volume measurements.
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4. RESULTS AND DISCUSSION

(In activity graphs, the background activity is included in the activity data; it is
4750/5 min. for Ba-133, 780/5min., 540/5min. for Co-60, 1740/5min. for Cs-137,
715/5 min. for Zn-65. The total activity-time plots were drawn. In the other hand, in
distribution ratios versus time (Rp-time plots) in the calculations, the background

activity is substracted from the total activity measurements).

4.1. The results of %zinc ion adsorption behaviours on bentonite, kaolin and

zeolite
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Figure 4.1. Counted activity-time plot of ®®Zn?* uptake on bentonite. The effect of
cation concentration on sorption was investigated at 5°C.

38



[a)
4

1600

1200

800 +

400 -

—u—10”M
—e— 10°M
10™*M
—v—10"M
10°M
T T T T T T T T T T T T
10 20 30 40 50 60 70 80

time (hour)

Figure 4.2. %Zn?" uptake on bentonite. The effect of cation concentration on
sorption was investigated at 5°C.

In all studies which the concentration effect was investigated it was seen a general

behavior; as the concentration increases the distribution ratios decrease cause of

the reaching to maximum capacity of the sites on which sorption takes place. After

the sites are occupied further adsorption can not occur. Two days duration is

sufficient in order to reach equilibrium at 5°C.
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Figure 4.3. Counted activity-time plot of ®°Zn?" uptake on zeolite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.4. ®Zn?" uptake on zeolite. The effect of cation concentration on sorption
was investigated at 5°C.

In Fig.s 4.2 and 4.4, it is clearly seen that, Zn** is highly adsorbed on bentonite
than zeolite. Montmorillonite is a clay mineral type which can swell so the
distances between TOT layers can increase in pretreatment step. So Zn?* can
diffuse easily. In Zeolite there are cavities, pores and channels in the structure. It
is not easy to penetrate in the cavities. The cation exchange on the channels and
the placement of cation in the hole of the structure in zeolite is difficult comparing
with bentonite structure. For this reason adsorption capacity of bentonite is higher

than that of zeolite.

There are one more than one pathway of uptake of cation on montmorillonite
mineral in bentonite. Between the layers and also surface bonding by means of
oxygen atom in silanole groups. In the reference of Abidin Kaya et al. (2005) The

interaction between the zinc ion and bentonite can be given by the equilibrium:

iy - 4 e
mz"iﬂ +mi_lrj —r 77 ) .1.1% .................... (1)

where m is the exchangeable cation valence, M (Na, K, Ca, Mg) and subscripts (s)

and (b) denote solution and bentonite phases, respectively.
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Figure 4.5. Counted activity- time plot of ®°Zn?* uptake on kaolin. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.6. °°Zn?" uptake on kaolin. The effect of cation concentration on sorption
was investigated at 5°C.

The adsorption of zinc ion on kaolin is quite less than that on bentonite because of

there is no any opportunity of cation exchange between the layers in kaolinite

structure (see in Figs. 4.6. and 4.2.). They bonded together very tightly. But

montmorillonite layers are bonded to each other weakly; by means of van der
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Waals bonds. On kaolinite, cation bonding occurs on surface. On montmorillonite

exchange achieves mainly between layers rather than on surface.

4.2. The results of *’caesium ion adsorption behaviours on bentonite, kaolin

and zeolite
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Figure 4.7. Counted activity- time plot of *’Cs* uptake on bentonite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.8. "*'Cs* uptake on bentonite. The effect of cation concentration on
sorption was investigated at 5°C.
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Figure 4.9. Counted activity- time plot of *’Cs* uptake on zeolite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.10. "Cs* uptake on zeolite. The effect of cation concentration on
sorption was investigated at 5°C.

Enthalphy of hydration, AHnyq4, of an ion is the amount of energy released when a
mole of the ion dissolves in a large amount of water forming an infinite dilute

solution in the process, M**,q) represents ions surrounded by water molecules and
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dispersed in the solution. The hydration energies of cations are listed here. The
table illustrates the point that as the numbers increases this means the ionic size
increses in the same group of a periodic table, leading to a decrease in absolute

values of enthalphy of hydration.

Table 4.a. lon radius and hydration energy of studied cations.

lon Fion (A) | AHnya (kJ/mol)
Cs" (IA) group 1.67 -276

Ba®* (IlA) group 1.35 -1305

Sr** (11A) group 1.12 -1443

Co?* (Transition metal) | 0.745 |-1996

Zn** (Trantion metal) 0.74 -2046

In the results of the experiments which were shown at Figs. 4.4. and 4.10., it is
obvious that the adsorptions of Cs* and Zn** on zeolite are very different from
each other; that of Cs" is higher than that of Zn®*. Cs" ion has larger ionic size, its
hydration energy is low. Cs™ ion behaves likely to be adsorbed rather than be
hydrated. On the other hand, Zn?* ions have higher hydration energy which means
that so much heat evolves during the hydration. Zn®* prefers be hydrated by water
molecules which are around itself. There is a sphere which made of H,O
molecules at radius 4.30 A. (hydrated ionic radius value was taken from thesis of
Guray 1997). Alkali cation-exchange selectivity is controlled by selectivity of the

solution phase for the more strongly hydrated cation.

“effective” radius of the cation (i.e., the hydrated radius): A larger hydrated radius
means that the cationic center of charge is farther from the clay surface so the
clay-cation electrostatic interaction is weaker. The selectivity rule based on the
smallest hydrated radius means that the cation with the “least negative heat of
hydration” is preferred, because the more weakly hydrated ions are easier to
dehydrate and therefore more likely to be specifically adsorbed to the surface
(Brian and Miller 2006).
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Figure 4.11. Counted activity- time plot of '*’Cs* uptake on kaolin. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.12. "’Cs* uptake on kaolin. The effect of cation concentration on sorption
was investigated at 5°C.

In Figs. 4.12. and 4.6., high distribution ratio were obtained by using caesium ion

on kaolin, rather than zinc cause of low hydration energy of Cs®. Surface

45



adsorption of Cs” ions on kaolin occurs. In Fig. 4.11. it is seen rapid decrease in

activity, so Cs" ions adsorbed in short time.

According to the Figs. 4.8., 4.10. and 4.12 the order of adsorption capacity, in the
respect of used adsorbents, is on zeolite > bentonite > kaolin. Cs” ions tend to
sorbed on zeolite rather than be surrounded by water molecules. They can move

in the channels and vacancies in the structure.

In this part in order to discuss the adsortion differences lets remember the
structures: Silicon, which is 4-fold coordinated with oxygen, forms sheets. When
combined with similar flat sheets of a 6-fold coordinated aluminium with oxygen
and hydroxyl groups, mixed layers of silicate tetrahedra and aluminate octahedra

are obtained.

Phyllosilicates constitute the principal family of clays. Their structure consists of
sandwiches of layered compounds and in ideal cases they have one perfect plane
of cleavage. Therefore phyllosilicates are built by arrangements of tetrahedra (T)
and octahedra (O), in order to obtain infinite layers, and clays can be described by
stacking of T and O sheets. As a clay layer is a combination of sheets, there is an
interlayer space between two layers. The presence of ions in the interlayer space
depends on the composition of the sheets (Fig.4.a). Nevertheless this presentation
of phyllosilicates is idealistic and many atoms are substituted in actual solids.
Some cations of octahedral or tetrahedral sheets can be replaced by others
carrying a different charge. Therefore, usually the layers are charged and cations
have to be present in the interlayer space to counterbalance this charge, in order

to constitute a neutral compound.

Charge-imbalanced substitutions in the inorganic crystalline network (e.g., AI** for
Si*" in tetrahedral coordination, or Mg?* for AI** in octahedral coordination, result in
net negative charges, the amount of which is directly related to the amount of
substitutions. The structural charges of clay are called permanent charges
because they are independent of the physico-chemical conditions in the

surrounding medium.
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The CEC (cation exchange capacity) of kaolinite is very low, since the layers are
neutral and the interlayer space does not contain cations. As for kaolinite, there
are no cations in the interlayer space (Konan et al. 2007 and Salles et al. 2006),
(Fig. 4.a.).

Tetrahedral sheet Si 3 Inner OH

s AA A }‘L{

Inner surface OH

Octahedral sheet H
(a)

Tetrahedral sheet
Octahedral sheet

Tetrahedral sheet

ib)

Figure 4.a. Structure of 1:1 clay mineral (a) and 2:1 clay mineral (b).(Konan et al.
2007).

On kaolinite, only surface bondings of cations occur, layers are not distinct from

each other. But in montmorillonite, the layers are not close to each other. There
are space that cation which comes from solution takes place. It displace here.
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Surface properties of kaolinite, the water film adsorbed on the surface, can be
modified by introducing various exchangeable cations, which affect these
properties by changing the hydration state of the surface. The degree of the
surface hydration should be related to the hydration energy of the cations. The
mechanisms of water adsorption on clay minerals are (1) the hydration of
exchangeable cations, (2) hydrogen bond formation with surface hydroxyls, (3) the
surface dipole water dipole interactions, and (4) the dispersion forces, interactions
(Janczuk 1989).

. @ L) OH NC-T TN

TR rcmor = IS Gagon <
" = on {'J/f ~d
;| ..IIF"'- JI il

Figure 4.b. A qualitative description of the binding mechanism of hydrated metal
onto clay minerals surfaces (Konan et al. 2007).

The surface interaction is formed by hydrogen bondings which were formed by the
hydrogen of the water molecules present at surroundings of hydrated cations over
the oxygen atom bonded to aluminium atom. This is carried out in the octahedral
sheet of the clay (Fig.4.b.).

or ; in tetrahedra sheets the hydrogen bondings occurs by the hydrated cation

(Figure 4.c.).

Si Si 51
Figure 4.c. Schematic representation of possible interactions between silica faces
and hydrated ions. (Konan et al. 2007).
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4.3. The results of ®cobalt ion adsorption behaviours on bentonite, kaolin

and zeolite
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Figure 4.13. Counted activity- time plot of ®°Co®" uptake on bentonite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.14. ®°Co®" uptake on bentonite. The effect of cation concentration on
sorption was investigated at 5°C.

Given two cations of equal valence, the more weakly hydrated will tend to partition

into the “subaqueous” smectite interlayer phase (Brian and Miller 2006).
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Figure 4.15. Counted activity- time plot of ®°Co®" uptake on zeolite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.16. °°Co*" uptake on zeolite. The effect of cation concentration on
sorption was investigated at 5°C.

Cobalt ions have high hydration energy, see Table 4.a., so tend to be hydrated.

Values of the ratios of sorbed cation on the adsorbent to remained in the solution,

Rp, are quite low comparing to that of other cations (see at figures 4.4., 4.10. and

4.16.). Especially on zeolite, Fig. 4.16., cobalt ions can not be move freely and
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easily in the cavities and channels cause of water molecules around it. Its big
spherical form is due to the high hydration energy (Table 4.a.) and surrounded

water molecules. The adsorption order is Co?'<Zn®’<Cs* on zeolite.
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Figure 4.17. Counted activity- time plot of ®°Co*" uptake on kaolin. The effect of

cation concentration on sorption was investigated at 5°C.
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Figure 4.18. °°Co®" uptake on kaolin. The effect of cation concentration on sorption
was investigated at 5°C.
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Especially, Co®* and Zn** have same behaviours on kaolin (Figs. 4.18. and 4.6.).
Theirs radii are nearly same, and hydration energies are very close to each other.
Surface adsorption occurs, but sorption rate is higher by Zn?* than Co®" on kaolin
(Figs. 4.17. and 4.5.). Counted radioactivity reached rapidly to the constant value.

Erten and Gékmenoglu (1994) found the value of Rp for adsorption of ®°Co®* on

kaolinite as 129 mL/g.

In Figures 4.14., 4.16., the difference between the Co?* ions sorptions on
bentonite and zeolite is seen. The advance of the Co®" ions in the channels of the
structure of zeolite is difficult. Because cobalt ions have higher hydration energy;
so ions are surrounded by water molecules, the hydrated ions become larger
sized. But in bentonite structure, the main mineral is montmorillonite, the layer
consist of three sheets (tetrahedra-octahedra-tetrahedra). The layers are hold by
weak van der Waals forces to each other, so there are not so close. Between the
layers there are spaces for ion exchange. The ions can pass in these regions
easily. By this reason, for bentonite obtained sorption results were higher than that
of zeolite. In kaolin, the main mineral is kaolinite, the layer consist of two
(tetrahedra-octahedra) sheets. The layers are hold continously by hydrogen
bonds; no any space between them. So layers are closer, without vacancy.
Sorption occurs on the surface of kaolin by means of interactions, hydrogen
bonding of silica layers and hydrated ions (Fig. 4.c) or in octahedra layers (Fig.
4.b.) by oxygen bonding of alumina groups. For bentonite, either surface bonding
and ion-exchange occur, whereas for kaolin sorption takes place only on surface.

For Co?*, the order of uptake capacity is bentonite > kaolin > zeolite.
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4.4. The results of **parium ion adsorption behaviours on bentonite, kaolin

and zeolite
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Figure 4.19. Counted activity- time plot of **Ba®" uptake on bentonite. The effect
of cation concentration on sorption was investigated at 5°C.
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Figure 4.20. '*Ba*" uptake on bentonite. The effect of cation concentration on
sorption was investigated at 5°C.
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Figure 4.21. Counted activity- time plot of '**Ba®* uptake on zeolite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.22. '*Ba®" uptake on zeolite. The effect of cation concentration on
sorption was investigated at 5°C.

In Barium ion experiments, as different from the other cations, studied
concentration interval is 1x10™* M -1x10® M. For all of the other cations this interval

is 1x102 M-1x10° M. There is an other experimental difference for barium ion: the
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ground water composition is also different from that of the others. NaHCO3; and
MgSO,-7H,O were not be used. The causes of these changes are due to the
precipitation. At high concentrations; 1x102 M, 1x10° M, Ba*" ions combine with
the HCO3 and SO4* anions which present in the solution and form precipitates.
For the other cations, in general, for the others for 1x102 M there are no any
considerably drop in activity from initial and equilibrium solutions (Figs. 4.1., 4.3.,
45., 411., 413., 4.15. and 4.17.), for 1x102 M the equilibrium adsorption is
obtained earlier. But for 1x10° M there are a big activity drops between the initial
solution and after equilibrium. There are considerably big difference in adsorption
between studied concentrations. Counted activities depend on the concentration
change too much. For barium ions, the initial concentrated solution is for 1x10 M,
equilibrium activity is quite lower than initial activity; so between the for 1x10™*M
and for 1x10°M there is no huge difference as in the other cations in activity
drops. The equilibrium activities are close to each other. Because 1x10™* M is quite
diluted molarity. Sites on adsorbent materials are completed with ions either with
radioactive or nonradioactive at higher molarity; but at diluted molarities the
amount of the radioactive ions besides the amount of nonradioactive ions are
greater than that of radioactive ions besides nonradioactive ions at concentrated
molarities. So the possibilty of adsorbing of radioactive cation is high counts of
sorbed radioactivity is low at lower concentrations. For 1x10* M also equilibrium
activity is rather low (Figs. 4.19., 4.21. and 4.23.).

In Figs. 4.22. and 4.20., Ba** uptake on zeolite is higher than that on bentonite.
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Figure 4.23. Counted activity- time plot of '**Ba®* uptake on kaolin. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.24. "**Ba®* uptake on kaolin. The effect of cation concentration on
sorption was investigated at 5°C.

In Fig. 4.23., the lowest equilibrium activity was obtained on kaolin for Ba",
compared with bentonite and kaolin, Figs. 4.19. and 4.21. the differences are

obviously seen. The sorption order of barium ion is: on zeolite>bentonite>kaolin.
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In Figs. 4.24., 4.18, and 4.6, on kaolin for Ba®*, Co?*, Zn** radioisotopes have
nearly same behavior according to their adsorbing quantity. In kaolinite, ion
exchange between layers can not occur because of tightly arranged layers
structure. lon could not be take place between TO layers, so cation radius is not
so important for kaolinite as much as for bentonite and zeolite. Surface bonding
occurs by oxygen bonding and hydrogen bonding (Figs. 4.b., 4.c.) or electrostatic
interactions. The strength of interactions depends on the distance between the
atom of surface and cation; so length of radius is one of the reason of the
greatness of these forces. If the cation has higher hydration energy it needs to
consider the size of hydrated form. The higher hydration energy means longer
radius of hydrated spherical form. But this is not important as much as in bentonite
and kaolin. In montmorillonite, in addition of surface bonding, the deficiency of
positive charge is supplied by taking place between the layers, which are distant
from each other, and in zeolite there are pores and cavities in the structure so
cation radius is becoming very important. When the cation can move ahead in the
pores the cation exchange can happen. But in kaolin the Rp values are closer to
each other, Only Sr** uptake on Kaolin is quite less than the other. The cation
adsorption can take place by means of silanol groups on the surface of kaolinite.
There is no cation exchange opportunity between the TO layers in kaolinite, nor
specific emptiness or cavities as in zeolite for cation displaying occur. On surface
cation bonding occurs by oxygen bonding of alumina octahedra layer, hydrogen
bonding of silica tetrahedra layer or electrostrostatic forces. In respect of dipole
moment, the length of radius becomes important; the strength of the bonding force
depends on the distance between the center of hydrated cation and the surface of

adsorbent material. Degrees of interactions are related to the distance.
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4.5. The results of ““strontium ion adsorption behaviours on bentonite,

kaolin and zeolite
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Figure 4.25. Counted activity- time plot of **Sr?* uptake on bentonite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.26. °Sr** uptake on bentonite. The effect of cation concentration on
sorption was investigated at 5°C.
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According to (Brian and Miller 2006) Alkaline Earth Cation Selectivity: Divalent
alkaline earth cations tend to be selected by smectites in the sequence Ba**> Sr?*.
This sequence is consistent with the main hypothesis of Brian and Miller in that the
more strongly hydrated cation is always favored in the solution phase as in our
results Figs. 4.20 and 4.26. In part 2.2.3., it was mentioned about the information
of Swartzen-Allen and Matijevi¢ (1974): “Cation exchange selectivity increases
with cation charge and for a given charge increases with ionic radius. Thus, the
order of increasing affinity for the alkaline earth ions Mg?*, Ca®*, Sr** and Ba**.”

This statement is showing a good agreement with our experimental results.
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Figure 4.27. Counted activity- time plot of *Sr** uptake on zeolite. The effect of
cation concentration on sorption was investigated at 5°C.
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Figure 4.28.%°Sr?* uptake on zeolite. The effect of cation concentration on sorption
was investigated at 5°C .

Strontium activity was counted by B-counter (Geiger Mdller), activities taken per

minute. The average of countings were taken. On kaolin and bentonite, the lowest

adsorption capacities were obtained by strontium ions. The equilibrium were

reached quite late than the other cations too. Comparing 8 and y countings with

each other is not exactly true also.
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Figure 4.29. Counted activity- time plot of *°Sr** uptake on kaolin. The effect of
cation concentration on sorption was investigated at 5°C .
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Figure 4.30. °Sr** uptake on kaolin. The effect of cation concentration on sorption
was investigated at 5°C.

In figures 4.26. and 4.30. it is clear that the strontium sorption on bentonite is
higher than that of kaolin as in Bascetin et al.’s studies. Bascetin et al. (2006) used
0Sr as a radiotracer and montmorillonite and kaolinite as minerals. They studied in
the concentration range 1-10°-1:10 M. They found the distribution coefficients for
strontium in montmorillonite are higher than those found in kaolinite. The values of
Ky for montmorillonite changed from 823 to 239 mL/g in the increased
concentration range of 10 to 10 M SrCl,, while for kaolinite results decreased
from 203 to 72 mL/g in the same range. In our results for 1:10°-1:-102 M Sr** on
bentonite Rp decreases from 393.5 to 74.5 and on kaolin 116 to 41mL/g at 5°C.
Our adsorbents are not pure minerals; instead of montmorillonite mineral we used
bentonite as a rock form and instead of kaolinite mineral kaolin was used. Beside
this, our experimental temperature was 5°C, theirs was 25°C. By these reasons,
directly comparing the results with each other is not exactly true. According to our
results, zeolite showed a higher strontium ion sorption capacity than kaolin
(Figures 4.28. and 4.30). Akar et al. (2005) also have thermodynamic and kinetic
investigations of strontium ions retention by natural kaolinite which is a main
mineral of kaolin clay and clinoptilolite mineral of zeolite. They concluded that

clinoptilolite has higher strontium ion sorption capacity than kaolin.
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The synthetic groundwater’'s pH is 7 and it is 6 whom is prepared for Ba-133
experiments. Zinc, cobalt, strontium and caesium ions adsorptions on zeolite and
kaolin pH were 7, that of on bentonite were 8. In barium ion adsorption

experiments on zeolite and kaolin pH were 6 and on bentonite it was 7.

4.6. The effect of temperature on %zinc ion adsorption behaviours on

bentonite, kaolin and zeolite
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Figure 4.31. Counted activity- time plot of ®°Zn?* uptake on bentonite at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.32. %°Zn*" uptake on bentonite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

In Fig. 4.32. zinc cation uptake of bentonite is very changed with temperature,
adsorption is increased to 10.7 times by a change of temperature from 5 to 25°C.
This is because of the energy needed in order to overcome the weak van der
Waals forces which bond the TOT layers is supported by temperature increase.
The forces become weaken. The highest temperature dependency of the
adsorption on bentonite and kaolin was seen in zinc ion adsorption. Its adsorptions
on bentonite (Fig 4.32.) and kaolin (Fig. 4.36.) increase approximately to 10.7

times and 13 times respectively by an increase from 5 to 25°C.

AG® = -RTInRp
AG® = AH°-TAS®

By plotting In Ry versus 1/T, it is possible to determine the value of AH® of sorption

from the slope and AS° of sorption from the intercept of the linear fits.
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Table 4.1. Thermodynamic parameters of ®°Zinc-Bentonite system.

®5Zinc-Bentonite

T(K) AG°(kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -16.78

283 -22.30

288 2274 67.22 309

293 -23.25

298 -23.85

Zinc ion sorption on bentonite, calculated AG° decreases more sharply than that
on kaolin and zeolite as temperature increases (Tables 4.1., 4.2., 4.3.), means that
sorption increases at high temperatures. It is also in accordance in the adsorption
plots at different temperatures.

According to our results; Zn®* uptake on bentonite, among all of cations: Zn**, Cs*,
Co?*, Ba** and Sr**; has highest (negative) AG® (i.e. at 5°C -16.78 kJ/mol) (Tables
41.,44.,4.7.,410., 4.13. respectively) at all temperatures studied; which means
highest spontaneity; its high adsorption capacity is seen in the graph (Fig. 4.32.).
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Figure 4.33. Counted actmtg t|me plot of ®Zn?* uptake on zeolite at constant
cation concentration (1x10°M). The effect of temperature on sorption was
investigated.
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Figure 4.34. ®°Zn?* uptake on zeolite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

Table 4.2. Thermodynamic parameters of ®°Zinc-Zeolite system.

85Zinc-Zeolite

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -13.67

283 -15.21

288 -15.86 59.96 265

293 -17.50

298 -19.16

There is a ordered increase in AG° values as temperature increases. AG° values
for Zn**-zeolite are less negative than that of Zn?*-bentonite. On bentonite the
sorption process is more spontenous than on zeolite cause of the difficulties in the

structure of zeolite.

65



20000

16000 —

12000 +

8000

Activity/5 min.

4000

—n—5°C

—e—10°C
15°C

—v—20°C
25°C

time (hour)

Figure 4.35. Counted actmtg/ tlme plot of %°Zn?*
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Figure 4.36. °°Zn?" uptake on kaolin at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

In kaolinite the bond of oxygen atom of silanole groups are broken with increasing

temperature. As a result adsorption increases by these broken bonds at the

surface with temperature. Surface bonding of cation over oxygen atom of silanole

groups became easily.
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Table 4.3. Thermodynamic parameters of ®°Zinc-Kaolin system

55Zinc-Kaolin

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (JImolK)
278 -14.07

283 -17.64

288 18.72 79.53 340

293 19.77

298 2143

According to the AG® values, the order of spontaneity of Zn?** on adsorbents is
zeolite<kaolin<bentonite. AG° results obtained with bentonite are the highest ones
comparing the results with kaolin and zeolite obtained at the same temperatures
(Tables 4.1., 4.2.,4.3.). Comparing all of the cations sorptions on kaolin, it is zinc
ion uptake which is the most effected one by change in temperature (Tables 4.3.,
46.,4.9.,4.12.,4.15).

4.7. The effect of temperature on '*"caesium ion adsorption behaviours on

bentonite, kaolin and zeolite
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Figure 4.37. Counted activity- time plot of '*’Cs* uptake on bentonite at constant
cation concentration (1x10°M). The effect of temperature on sorption was
investigated.
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Figure 4.38. "*’Cs" uptake on bentonite at constant cation concentration
(1x10°M). The effect of temperature on sorption was investigated.

Table 4.4. Thermodynamic parameters of '*’Caesium-Bentonite system

B7Caesium-Bentonite

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -15.98

283 -16.56

288 -17.48 15.33 113

293 -17.45

298 -18.35

The temperature dependence of Cs* on bentonite is not high as Zn®* on bentonite

(Tables 4.4. and 4.1.). AG® values are closer to each other for Cs*-bentonite.
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Figure 4.39. Counted activit

gtl

me plot of "*'Cs* uptake on zeolite at constant

cation concentration (1x10°M). The effect of temperature on sorption was
investigated.
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Figure 4.40. "¥'Cs* uptake on zeolite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.
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Table 4.5. Thermodynamic parameters of '*’Caesium-Zeolite system

BTCaesium-Zeolite

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -17.32

283 -18.39

288 -19.42 31.79 177

293 -20.16

298 -20.85

Comparing the other cations, at 5°C, Cs” has highest (negative) AG° on zeolite,
(Table 4.5.) (-17.32 kJ/mol at 5°C) which means highest spontaneity. But as
temperature increases, caesium does not show high temperature dependence on
zeolite. Because Cs"* has low hydration energy and does not hydrated so much, its

radius is suitable for channels of zeolite.

In Fig. 4.40., it is obsiously seen that on zeolite Cs" ion is highly adsorbed,
because Cs' has ionic size almostly fits for placing to this empty hole in Zeolite.
So it is adsorbed tightly in this specific region. The lowest dependence of
temperature is observed with cesium uptake. Only a little change occurs by
increase in temperature. At 5, 10, 15, 20 and 25°C the adsorptions slightly differs
from each other. Because Cs” ionic radius is already suitable for the emptiness of
the structure of zeolite. It takes the place there at lower temperature; 5°C.
Therefore adsorption is high and rapid even at 5°C, so increase in temperature
does not influence the spontanieity so much. Cesium ion is for this special uptake
region. So the cesium cation uptake change only to 2 times by an increase from 5
to 25°C.
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Figure 4.41. Counted actmtg t|me plot of "¥'Cs* uptake on kaolin at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.42. "*Cs* uptake on kaolin at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.
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Table 4.6. Thermodynamic parameters of '*’Caesium-Kaolin system

B’Caesium-Kaolin

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -16.24

283 -16.62

288 1716 17.71 122

293 -17.67

298 -18.77

Spontaneity of Cs* on kaolin increases as the temperature increases.

4.8. The effect of temperature on *cobalt ion adsorption behaviours on

bentonite, kaolin and zeolite
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Figure 4.43. Counted activity- time plot of ®°°Co®" uptake on bentonite at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.44.°°Co*" uptake on bentonite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

Table 4.7. Thermodynamic parameters of ®°Cobalt-Bentonite system

%Cobalt-Bentonite

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -15.81

283 -18.10

298 -18.52 84.42 361

293 -21.83

298 -22.97

For cobalt ions and zinc ions sorption on Bentonite, calculated AG° decreases
more sharply as temperature increases (Tables 4.7. and 4.1), it is also in
accordance in the adsorption plots at different temperatures. Shahwan et al.
(2006) have the experiments at 25°C and 55°C using ®°Co as a radiotracer in the
adsorption of Co?* ions on natural bentonite clay. They found out for the averages
of 1000 and 2500 mg/L [C], values AH°=13.0 kd/mol, at 298 K AG°=-16.8 kJ/mol,
AS°=99.7 J/molK at 328 K AG°=-13.8 kd/mol, AS°=81.6 J/molK. But in my thesis

the Co?* molarity was 1:10°M.
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Figure 4.45. Counted activity- time plot of ®°Co?* uptake on zeolite at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.46. ®°Co?* uptake on zeolite at constant cation concentration (1x10°M).

The effect of temperature on sorption was investigated.
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Table 4.8. Thermodynamic parameters of ®°Cobalt-Zeolite system

80Cobalt-Zeolite

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -10.60

283 12.21

288 1248 37.61 174

293 -12.99

298 -14.56

Comparing the cations Zn**, Cs*, Co?+, Ba** and Sr**,

45, 48., 411. and 4.14,,

it is clearly seen that Co

on zeolite, Tables 4.2.,

2* is less spontaneous at all

temperatures due to the its least negative, in the Table 4.8., AG° (i.e. -10.60

kJ/mol at 5°C); it is in accordance with the plots of sorption of cobalt ion (Fig.

4.46.).
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Figure 4.48. ®°Co®* uptake on kaolin at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

The adsorption of cobalt ion on bentonite Fig. 4.44. and kaolin Fig. 4.48. increases

to 11 times and 7 times respectively by an increase from 5 to 25°C.

Table 4.9. Thermodynamic parameters of ®°Cobalt-Kaolin system

®0Cobalt-Kaolin
T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -14.01
283 -15.36
288 16.23 62.90 276
293 -17.82
298 -19.72

The order of spontaneity of Co?* on adsorbents is Zeolite<Kaolin<Bentonite

according to the AG® values.

Yavuz et al. (2003), found that for Co(ll)-kaolinite system; mean AH° as 21.52
kJ/mol between at 25°C and 40°C.
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4.9. The effect of temperature on **barium ion adsorption behaviours on

bentonite, kaolin and zeolite
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Figure 4.49. Counted activity- time plot of '**Ba®* uptake on bentonite at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.50 "**Ba®" uptake on bentonite at constant cation concentration
(1x10°M). The effect of temperature on sorption was investigated.
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Table 4.10. Thermodynamic parameters of "**Barium-Bentonite system

33Barium-Bentonite
T(K) AG® (kJ/mol) AH° (kJ/mol) AS° (J/molK)
278 -16.73
283 21.29
288 2144 59.36 279
293 -22.41
298 -23.02
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Figure 4.51. Counted activity- time plot of **Ba?* uptake on zeolite at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.52. **Ba?* uptake on zeolite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

Table 4.11. Thermodynamic parameters of "**Barium-Zeolite system

33Barium-Zeolite

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -16.14

283 -18.97

288 2058 105.31 438

293 -23.33

298 -24.88

In the case of zeolite-cation systems, Ba** is the cation which shows the maximum

change in AG® by rise in temperature.

79




—n—5C
25000 —e—10°C
15°C
- —v—20°C
£ 20000
£ 25°C
n
<
2>
S 15000
©
<C
10000
5000 S A
-10 0 10 20 30 40 50 60 70 80

time (hour)

Figure 4.53. Counted activity- time plot of '**Ba®" uptake on kaolin at constant
cation concentration (1x10°M). The effect of temperature on sorption was
investigated.
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Figure 4.54. Ba®" uptake on kaolin at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

The layers are held together tigthly in kaolinite. Surface bondings of cations are

over oxygen atom of silanole groups of kaolinite. Breaking of O-H bond occurs
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easily at high temperatures. On surface of kaolinite there is no any significiant
increase in adsorptions of Cs*, Ba** and Sr** by the increase of temperature fom
5°C to 25°C; approximately 1.6, 1.7, 2 times respectively (Figs. 4.42., 4.54., 4.60.).
By increase in temperature, weakening of van der Waals forces between the
layers of montmorillonite structure are much easier than weakening of O-H bonds
in Si tetrahedra and Al octahedra groups. The transition metals, Co?* and zZn*
adsortion effected much more than the others; in Figs. 4.48., and 4.32,
approximately 7 times and 10.7 times respectively. The metal which shows the
greatest temperature effect on adsorption on bentonite and kaolin is zinc ion. After
zinc ion, cobalt is coming secondly which shows a significiant increase on

adsorption.

Table 4.12. Thermodynamic parameters of "**Barium-Kaolin system

33Barium-Kaolin

T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -13.17

283 -14.30

288 -14.66 15.82 105

293 -15.07

298 -15.39

The order of spontaneity of Ba®* ions on adsorbent is kaolin< bentonite <zeolite
(Tables 4.10, 4.11., 4.12). (At higher temperatures bentonite and zeolite change

their places).
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4.10. The effect of temperature on *’strontium ion adsorption behaviours on

bentonite, kaolin and zeolite
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Figure 4.55. Counted activity- time plot of °Sr** uptake on bentonite at constant
cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.56. °°Sr** uptake on bentonite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.
Table 4.13. Thermodynamic parameters of *Strontium-Bentonite system

*Strontium-Bentonite
T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -13.83
283 -15.48
288 1545 33.09 170
293 -16.67
298 -17.46

According to the Tables 4.1.,4.4.,4.7., 4.10. and 4.13 among all cations strontium
ion has the lowest spontaneity on bentonite (i.e. at 5°C -13.83 kd/mol) means that
less negative AG® values at all temperatures. Khan et al. (1995) investigated the
sorption of Sr on bentonite at different experimental conditions. They also pointed
out that the negative value of the free energy of sorption, AG°=-10.69 kJ/mol at
298 K, showing the spontaneity. AG° becomes more negative with increasing
temperature. They determined the heat of sorption as 30.62 kJ/mol at 298 K. They
found out the positive sign for AS°; which means increase of disorder, as in our
results. They explain the increase in entropy on the basis of an ion-exchange
process of the ions that displace to the places of each other. In this process more
translational entropy is gained by the ions that are transferred from the sorbent
surface to the solution comparing with the decrease in entropy due to removal of

ions from solution and their sorption on the sorbent.
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Figure 4.57. Counted activity- time plot of *°Sr** uptake on zeolite at constant

cation concentration (1x10°M). The effect of temperature on sorption was

investigated.
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Figure 4.58. *°Sr** uptake on zeolite at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.
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Table 4.14. Thermodynamic parameters of **Strontium-Zeolite system

%Strontium-Zeolite
T(K) AG® (kJ/mol) AH° (kJ/mol) AS® (J/molK)
278 -13.76
283 -15.55
288 16.17 38.48 189
293 -16.54
298 -17.97

Sr?* uptakes on zeolite and bentonite have nearly same spontainety (Tables 4.13.

and 4.14.).
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Figure 4.60. *°Sr** uptake on kaolin at constant cation concentration (1x10°M).
The effect of temperature on sorption was investigated.

Table 4.15. Thermodynamic parameters of **Strontium-Kaolin system

Pstrontium-Kaolin
T(K) AG® (kJ/mol) AH® (kJ/mol) AS° (J/ImolK)
278 -10.99
283
288 -12.53 27.05 137
293
298 -13.72

The order of spontaneity of Sr** on Kaolin is the lowest in the adsorbents (Table
4.15.). Sr** ions show approximately same behavior on zeolite and on bentonite
(Tables 4.14. and 4.13.).

In the Table 4.15., comparing to the AG°® values of the other cations on kaolin in
the Tables 4.3., 4.6., 4.9., 4.12. Sr** uptake has highest AG® (for kaolin -10.99
kJ/mol at 5°C) which means lowest spontaneity. Its low adsorption capacity is
seen also in the plots of Ry-time (Fig. 4.60.). According to the results of Akar et al.

(2005) the sorption process on both kaolinite which is the mineral of kaolin clay
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and clinoptilolite which is the mineral of zeolite was spontaneous and endothermic.
This conclusion shows the accordance with our results (Table 4.14. and 4.15.). But
comparing the numerical values is not true cause of our samples are in their

natural form, not pure mineral.

The calculated thermodynamic parameters are presented in the tables for sorption
of Zn?*, Ba®*, Co?*, Sr** and Cs* on bentonite, zeolite and kaolin. For the

* Bentonite- Zn?*, Bentonite- Ba®*, Bentonite- Co?*, Bentonite- Sr?*, Bentonite- Cs*
* Zeolite- Zn?*, Zeolite- Ba®*, Zeolite- Co?*, Zeolite- Sr**, Zeolite- Cs”,
* Kaolin- Zn?*, Kaolin- Ba®*, Kaolin- Co?*, Kaolin- Sr**, Kaolin- Cs* systems:

Table 4.16. The evaluation of the thermodynamic results which are obtained.

AG°<0; indicates the spontaneity of the process, adsorptions are
spontaneous over the range 278-298K.

AG° becomes more negative | as temperature 1; shows that sorption is

favoured at high temperatures,

AH®>0; shows that the adsorption process is endothermic,

AS°>0; more disorder is generated in the system upon adsorption.

In the tables of thermodynamic parameters it is seen that Gibbs energy, AG®, is
negative for all adsorbent-cation systems that means that sorptions of all cations
on adsorbent surfaces are spontaneous. An other common behaviour; as
temperature increases negative value of AG° increases that means that sorption
process favors high temperatures. AG° has more negative values at higher
temperatures for all investigated systems that indicates the spontaneity of the
sorptions. The other common properties are positive enthalphy of sorption, AH,
which means that all of sorptions are endothermic and positive entropy change,
AS°®, gaining more mobility during the sorption for all systems.

In general, for all systems high temperatures are more favorable for sorption.
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4.11. Freundlich isotherms of zinc adsorption at 5°C.
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Figure 4.61. °Zn?"-Bentonite system: n=0.7236, k=0.0172.
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Figure 4.62. ®°Zn?*-Zeolite system: n=0.6524, k=0.0025.
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Figure 4.63. °Zn?"-Kaolin system: n=0.6867, k=0.0055.
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4.12. Freundlich isotherms of barium adsorption at 5°C.
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Figure 4.64. **Ba®*-Bentonite system: n=0.9551, k=0.381.
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Figure 4.65. "**Ba?*-Zeolite system: n=0.8493, k=0.072.
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Figure 4.66. '**Ba®*-Kaolin system: n=0.8477, k=0.02215.



4.13. Freundlich isotherms of cobalt adsorption at 5°C.
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Figure 4.67. ®°Co®*-Bentonite system: n=0.7238, k=0.0151.
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Figure 4.68. °°Co?*-Zeolite system: n=0.7727, k=0.00442.
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Figure 4.69. ®°Co®*-Kaolin system: n=0.6883, k=0.00464.



4.14. Freundlich isotherms of caesium adsorption at 5°C.
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Figure 4.70. *’Cs*-Bentonite system: n=0.8285, k=0.0802.
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Figure 4.71. "¥'Cs*-Zeolite system: n=0.7911, k=0.07867.
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Figure 4.72. "' Cs*-Kaolin system: n=0.7104, k=0.00916.



4.15. Freundlich isotherms of strontium adsorption at 5°C.
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Figure 4.73. *°Sr?*-Bentonite system: n=0.8499, k=0.049.
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Figure 4.74. °Sr**-Zeolite system: n=0.7841, k=0.0159.
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Figure 4.75. *°Sr**Kaolin system: n=0.88, k=0.0214.



It was found that the sorption isotherms fitted to Freundlich model. All of the

sorption isotherms can be considered to be linear. The minumum R? is 0.9793.

Table 4.17. Freundlich parameters.

Bentonite

Zn-65 Ba-133 | Co-60 Cs-137 | Sr-90
0.7236 | 0.9551 0.7238 0.8285 0.8499
0.0172 | 0.381 0.0151 0.08019 | 0.049
Zeolite

Zn-65 Ba-133 | Co-60 Cs-137 | Sr-90
0.6524 | 0.8493 0.7727 0.7911 0.7841
0.0025 | 0.072 0.00442 | 0.07867 | 0.0159
Kaolin

Zn-65 Ba-133 | Co-60 Cs-137 | Sr-90
0.6867 | 0.8477 0.6883 0.7104 0.88
0.0055 |0.02215 | 0.00464 | 0.00916 | 0.0214
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4.16. Desorption behaviours of zinc ion 5°C, 25°C on bentonite, kaolin and

zeolite
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Figure 4.76. ®Zn?* desorption behaviours at 5°C (constant cation concentration
1x10°°M).
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Figurg 4.77. ®°Zn*" desorption behaviours at 25°C (constant cation concentration
1x10™°M).

After sorption for 72 hours, the adsorbents were put into grounwater. Desorption
ratio was defined as the amount of cation sorbed on clay / released cation from the

solid to the groundwater. The higher Rqe value is the lower desorption. For
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example, in Figure 4.76 distribution ratio for desorption of zinc ion on kaolin is
about 2900; it means the amount of cation on kaolin is 2900 times of the released
amount to the groundwater. In Figures 4.76. and 4.77. as the temperature
increases especially on kaolin desorption decreases, means that desorption ratio,
Rge, increases, 2900 increase to about 17000, desorption decreases. In other
words, kaolin doesn’t release the amount of Zn** sorbed on it. It was evaluated in
the sorption experiments, Zn?* is the most effected by the temperature changes on
kaolin (part 4.1). This is true also for the desorption results (Figures 4.76. and
4.77.). At 25°C desorption is lower than that of 5°C. The ratio of zinc ion on kaolin

to the released amount is very higher at 25°C than that of 5°C.

4.17. Desorption behaviours of barium ion at 5°C, 25°C on bentonite, kaolin

and zeolite
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Figure 4.78. 33Ba?" desorption behaviours at 5°C (constant cation concentration
1x10°°M).
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Figure 4.79. '**Ba®" desorption behaviours at 25°C (constant cation concentration
1x10°M).

Solid adsorbent were put into pure groundwater after 72 hours sorption time. At
different time intervals samples were taken from groundwater in order to check
whether solid release sorbed cation to the solution or not. Ry is the ratio of cation
remained on the solid / cation passed ino the solution. In desorption behaviours
Ba* does not be desorbed. The sorption order was Zeolite>Bentonite>Kaolin, it is
the same for opposit to the desorption: Zeolite does not release Ba®" ions at all.
The lowest desorption is on zeolite. As temperature increases, desorption
decreases considerably, the ratio of cation on solid / cation passed to the solution

increases.
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4.18. Desorption behaviours of cobalt ion at 5°C, 25°C on bentonite, kaolin

and zeolite
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Figure 4.80. ®0Co?* desorption behaviours at 5°C (constant cation concentration
1x10°°M).
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Figure 4.81. ®9Co?* desorption behaviours at 25°C (constant cation concentration
1x10°°M).

Graetest R4e means that; solid does not relaese the sorbed amount of cation. Rye :

cation sorbed on solid / cation relaesed to the solution.
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For cobalt ion, there is a common property of sorption and desorption behaviours;
the resistance to desorption order is the same of sorption order either 5 and 25°C;
on Bentonite>Kaolin>Zeolite. Desorption results of cobalt ion are closer to each
other at 5°C in Figure 4.80 as in sorption results (Figures 4.14., 4.16. and 4.18.).
But at 25°C; desorption results are quite different from each other in Figure 4.81.
as in sorption results in Figures 4.44, 4.46. and 4.48. Besides this, at 5°C, in
Figure 4.80., there is a decrease in the distribution ratios of desorptions: activity
sorbed by the adsorbent / activity of solution. The decrease of this ratio means
activity passes from solid to the solution medium. In the other words, adsorbent
realeses the uptaken cation on it. But at 25°C, sorption capacity increases as
temperature increases, sorption is quite high. At 25°C desorption conditions are
the groundwater at 25°C. So the adsorbed amount of cation does not be realesed
from the solid to the liquid. The desorption amount does not change with time at
25°C we see this linearity. As temperature increases desorption decreases. Rge
indicates cation uptaken / cation released to the solution. The higher Rq4e the lower

desorption, means good uptake.

4.19. Desorption behaviours of strontium ion bentonite, kaolin and zeolite
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Figurtg 4.82. 9°Sr** desorption behaviours at 5°C (constant cation concentration
1x10°M).
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The desorption behaviour of Sr** is seen in Figure 4.82. Sr** was desorbed in the

first 24 hours but after this period adsorbents stopped to release the cation.

4.20. Desorption behaviours of caesium ion at 5°C on bentonite, kaolin and

zeolite
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Figure 4.83. 37Cs* desorption behaviours at 5°C (constant cation concentration
1x10°°M).

In sorption studies zeolite showed maximum distribution ratio value for Cs* uptake
(part 4.2.). The same behaviour was observed in desorption results. Zeolite
showed good and strong uptake capacity to caesium; higher Rge means it does not
release. The amount on solid is 6000 times greater than the amount passed into
the groundwater at 10. hour. The cause of the increase in the Ry values of Cs” is

that zeolite readsorbed the realesed cation.
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5. CONCLUSION

— According to the results of the experiments, as the hydration energy increases
adsorption decreases. Cs” ion behaves likely to be adsorbed rather than be
hydrated by water molecules cause of its lower hydration energy. It can move in
the channels and vacancies in the structure. But cobalt ion adsorption on zeolite is
lowest one due to the very high hydration energy. The more hydrated ion is the
largest one; it means that difficult to penetrate and to interact with surface and very
hard to displace. For Co?*, the order of uptake capacity is bentonite > kaolin >
zeolite. The difference between the radiuses reflects in adsorption. For Cs”, the
order of uptake capacity, in the respect of used adsorbents, is on zeolite >
bentonite > kaolin. On zeolite, Cs™ has greteast AG° (-17.32 kJ/mol at 5°C) which
means highest spontaneity, between the cations, Co?" is less spontaneous due to
the its least negative AG° (-10.60 kJ/mol at 5°C); it is in accordance with the plots
of sorptions.

— The adsorption of all cations on kaolin is quite less than that on bentonite
because of there is no any opportunity of cation exchange between the layers in
kaolinite structure. They bonded together very tightly. But montmorillonite layers
are bonded to each other weakly; by means of van der Waals bonds. On kaolinite,
cation bonding occurs on surface. On montmorillonite exchange achieves mainly

between layers rather than on surface. This is valid for all cations.

— On kaolin and bentonite, the lowest adsorption capacities were obtained by
strontium ions. The equilibrium were reached quite late than the other cations too.

Comparing B and y countings with each other is not exactly true also.
— Caesium does not show high temperature dependence as temperature

increases, Cs* takes the place in the channels and holes in the structure of zeolite

even at 5°C due to the low hydration energy.
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According to th thermodynamic parameters:
Zn?'- Bentonite, Ba®*-Bentonite, Co?* -Bentonite, Sr?*- Bentonite, Cs*- Bentonite
Zn?*- Zeolite, Ba®*- Zeolite, Co?*- Zeolite, Sr**- Zeolite, Cs*- Zeolite

Zn?'- Kaolin, Ba?'- Kaolin, Co?*-Kaolin, Sr**-Kaolin, Cs*-Kaolin.

AG<0; indicates the spontaneity of the process, adsorptions
are spontaneous over the range
278-298K,

AG| as temp.1; shows that sorption is favoured at high

temperatures,

AH>0; shows that the adsorption process is endothermic,

AS>0; fixation cation by clay comes out as positive indicating
that more disorder is generated in the system upon. More
translational entropy is gained by the ions that are transfered
from the sorbent surface to the solution comparing with the
decrease in entropy due to removal of ions from solution and

their sorption on the sorbent.

— In general, for all systems high temperatures are more favorable for sorption.

— In the tables of thermodynamic parameters it is seen that Gibbs enthalphy,
AG°®, is negative for all adsorbent-cation systems that means that sorptions of all

cations on adsorbent surface are spontaneous.

— An other common behavior; as temperature increases AG° decreases that
means that sorption process favors high temperatures. AG° has more negative
values at higher temperatures for all investigated systems that indicates the

spontaneity of the sorptions.

— Comparing all of the cations sorptions on kaolin, it is zinc ion uptake which is
the most effected one by change in temperature. Its adsorption on bentonite and
kaolin increases approximately to 11 times and 13 times respectively by an

increase from 5 to 25°C. After zinc, cobalt is coming secondly which shows a
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significiant increase of adsorption on bentonite. Their hydration energies are very
high. This is because of the energy needed in order to overcome the weak van der
Waals forces which hold the TOT layers in bentonite is supported by temperature

increases. The forces become weaken.

— The order of spontaneity of Sr** on adsorbent is kaolin<zeolite<bentonite,
(at higher temperatures bentonite and zeolite change theirs places),

that of Ba®" is kaolin<zeolite<bentonite,
(at higher temperatures bentonite and zeolite change theirs places),

that of Co?* is zeolite<kaolin<bentonite,

that of Cs” is bentonite<kaolin<zeolite,

that of Zn?* is zeolite<kaolin<bentonite according to the AG® values.

— The other common properties are positive enthalphy of sorption, AH°, which
means that all of sorptions are endothermic and positive entropy change, AS°,
gaining more mobility during the sorption for all systems. In this process more
translational entropy is gained by the ions that are transfered from the sorbent
surface to the solution comparing with the decrease in entropy due to removal of
ions from solution and their sorption on the sorbent. It can be concluded that the
sorptions are chemically, spontaneous (highly negative Gibbs energy), which
means sorptions prefer high temperatures and the sorption process are

endothermic (positive enthalphy of sorption).

— The higher Rge value indicates that the lower desorption, which means it does
not release. As the temperature increases especially on kaolin desorption
decreases, means that desorption ratio, Rqe, increases, for zinc ion especially,
2900 to about 17000. In other words, kaolin doesn’t release the amount of Zn?*
sorbed on it at high temperatures. Both sorption and desorption experiments zinc
ion results show the maximum temperature dependence on kaolin and barium ion

results show the maximum temperature dependence on zeolite.
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