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ABSTRACT

RADIOCHEMICAL AND SPECTROSCOPIC SORPTION STUDIES OF
CESIUM, BARIUM, AND COBALT
ON SOME NATURAL CLAYS

TALAL SHAHWAN
Ph.D. in Chemistry
Supervisor: Prof. Dr. Hasan N. Erten
August 2000

The wide growth in the nuclear activities results in an increasing subsequent
influx of radioactive wastes into the environment. This problem has manifested a
great deal of interest aiming at finding out ways through which those wastes can be
harmlessly isolated from the human environment. Geological disposal is considered
as one of the most promising solutions that ensures a safe storage of radioactive
wastes as long as their activities are above the accepted levels. Clay minerals are
proposed as backfill buffering materials in the geological repositories that can delay
the migration of the radionuclides through sorption and thus decrease the

contamination of underground waters. The extent of retardation of the radionuclide

iii



migration is dependent on factors like time of contact, pH and Eh of groundwater,

concentration, temperature and grain size of the mineral particles.

In this study radiochemical, spectroscopic (ToF-SIMS, XPS), and X-ray
diffraction techniques were applied to examine different aspects of the sorption
behavior of Cs*, Ba?*, and Co?* on three natural clay minerals containing primarily

kaolinite, illite-chlorite, and bentonite.

The elements cesium (Z=55), barium (Z=56), and cobalt (Z=27) have the
radioactive isotopes 3’Cs (t;,= 30.17 years), 14°Ba (t,,,= 12.79 day), and %o
(tip=5.3 y) which are important in radioactive waste management. The first two
radionuclides are produced in high yields in nuclear fission, whereas the third is an
activation product. The natural clay samples that were used in this study originated
from natural mineralogical beds at Sindirgi, Afyon, and Giresun regions in Turkey.
The characterization of these clay samples showed that the primary clay minerals
were kaolinite in Sindirg: clay, chlorite and illite in Afyon clay, and montmorillonite
in Giresun clay. Each of these clays possess different structural properties that result

in different sorption capabilities.

Radiochemical batch experiments were carried out to examine the effects of
time, concentration, and temperature on the sorption of Cs*, Ba?*, and Co?" on clays.
Solutions of these cations spiked with several microliters of the radionuclides *’Cs

(t1,=30.1 y), 133Ba(t1,2=10.7 y), and 6°Co(’c1/2=5.3 y) were monitored using y-ray
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Spectroscopy prior to and after each sorption experiment. These results showed that
equilibrium is achieved within two days in all cases. The sorption data was
adequately described by Freundlich and Dubinin-Radushkevich isotherm models.
Based on the parameters of those isotherm models, it was found that sorption was
nonlinear, and that bentonite showed the highest sorption affinity and sorption
capacity towards the sorbed ions. The thermodynamic parameters indicated that
while sorption of Cs* and Ba®* on the three clays is exothermic that of Co' is
endothermic. The obtained values of Gibbs free energy change, AG®, were generally
in the 8-16 (kJ/mol) energy range that corresponds to ion exchange type sorption

mechanism.

Since sorption is mainly a surface phenomenon, part of our sorption studies
were carried out using the surface sensitive techniques; Time of Flight- Secondary
Ion Mass Spectroscopy (ToF-SIMS) and X-ray Photoelectron Spectroscopy (XPS).
In addition, depth profiling up to 70 A was performed using ToF-SIMS to
investigate Cs*, Ba>*, and Co*" concentrations through the clay surface. ToF-SIMS
and XPS studies were helpful in figuring out the surface composition of different
clays prior to and after sorption. Quantification of the depletion of different alkali
and alkaline-earth metals initially contained within the analyzed clay surface showed
that ion exchange plays a primary role in the sorption process. In addition, X-Ray
Diffraction (XRD) technique was applied to figure out the mineralogical
composition of the clay minerals used and examine any structural change a

accompanying the sorption process. XRD spectra of the clay samples after sorption



showed that -apart from some intensity reductions in some clay features-, no primary
changes were detected in the sorption cases of Cs" and Co®*. In Ba®" sorption ,
however, features belonging BaCO3; were present in the spectra corresponding to

sorption on chlorite-illite and bentonite.

Keywords: Sorption, Cesium, Barium, Cobalt, Kaolinite, Chlorite-Illite, Bentonite,
Batch Operation, Radiotracer Method, Time of Flight-Secondary Ion Mass
Spectroscopy, X-ray Photoelectron Spectroscopy, X-ray Diffraction, Distribution
Ratio, Depletion Factor, Percentage Contribution to Depletion, Isotherm Models,

Enthalpy Change, Entropy Change, Gibbs Free Energy Change.
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OZET

SEZYUM, BARYUM, VE COBALT iYONLARININ
BAZI KiL. MINERALLERCE TUTULMASININ
RADYOKIMYASAL VE SPEKTROSKOPIK
YONTEMLERI ILE INCELENMESI

TALAL SHAHWAN
Doktora Tezi, Kimya Boliimii
Tez Yoneticisi : Prof. Dr. Hasan N. Erten

Agustus 2000

Radyoaktif maddelerin kullanmijindan meydana gelen artis sonucunda olugan
radyoaktif atiklar biolojik ¢evre agisindan giin gectikge biiyiiyen bir sorun olarak
ortaya ¢ikmaktadir. Bu atiklarin yaratabilecekleri zararlardan korunmak igin,
jeolojik olusumlara depolanmasi konusunda gesitli projeler gelistirilmektedir. Bu
olusumlarda kullamlmasi planlanan kil mineralleri, radyoaktif izotoplarin dagilimim

sorpsiyon yoluyla azaltmaktadir. Bunun sonucunda, bu izotoplarin yeralti sularina
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ulasmalari ve meydana getirebilecekleri radyoaktif kirlenme Onemli O&lgiide
onlenebilmektedir. Radyoaktif maddelerin killer {izerine tutulma davramslan cesitli
faktérlerce etkilenmektedir. Bunlarin arasinda temas siiresi, yeraltisularinin pH" ve
Eh'i, iyon konsantrasyonu, 1s1, ve mineral taneciklerinin biiyiiklii§ii sayilabilir.
Radyoaktif atiklarin depolanmasi ile ilgili giivenlik c¢aligmalan, radyoaktif
izotoplarin jeolojik ortamdaki davramglarinin ayrintili bir sekilde anlagilmasim

gerektirmektedir.

Bu galigmada sezyum, baryum, ve kobalt iyonlarmin Tiirkiye’de bulanan iig
tane kil gesiti iizerindeki farkl1 sorpsiyon ydnleri incelenmistir. = Cs (t = 30.1 ),
*“*Ba (t = 12.8 d), ve “Co (t = 5.3 y) izotoplan radyoaktif atiklar bakimundan

o6nemli olan radyoizotoplardur. . "Cs ve Ba niikleer fizyon neticesinde yiiksek
verimle meydana gelen izotoplardir. “Co ise, niikleer aktivasyon yoluyla ortaya
¢ikmaktadir. Incelenen kil 6mekleri Sindirgi, Afyon, ve Giresun bélgelerinden
alinmigtir, X-igim  Kirmmm (XRD) ve Fourier Doéniisiimli Kizil Otesi
Spektroskopisi (FTIR) verilerine gore, Sindirg: kili biiyiik 6lgiide kaolinit, Afyon
kili klorit ve illit, ve Giresun kili bentonit (montmorrilonit) tipi kil gesitlerinden

olugmaktadur.

Yapilan biitin deneylerde bag metodu kullamlmugtir. Sorpsiyon

¢aligmalarinda radyokimyasal yontemle beraber giiglii birer yiizeysel teknik olan
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Time of Flight-Kiitle Spektoskopisi (ToF-SIMS) ve X-isimm Fotoelektron

Spektroskopisi (XPS) de kullaniimugtir.

Radyokimyasal yontemle yiiriitiilen ¢aliyjmada temas siiresi, ¢dzeltinin
derisimi, ve 1s1 etkenlerinin, sezyum, baryum, ve kobalt iyonlarimn killer {izerine
sorpsiyonunu nasil etkiledigi aragtinlmigtir. Sorpsiyon kinetigi ¢aligmalar: dengeye
iki giin iginde ulagildifimi gostermistir. Elde edilen sorpsiyon verilerine degisik
izoterm modelleri uygulanmustir. Sorpsiyon verileri Freundlich ve Dubinin-
Radushkevich izoterm modellerine iyi uydugu goériilmiistiir. Degigik sicakliklarda
elde edilen deneysel verileri kullanarak sorpsiyonda entalpi degisimi, AH®, entropi
degisimi, AS° ve Gibbs serbest enerjisi degisimi, AG®, hesaplanmistir. Killerin
i¢iinde de sezyum ve baryum iyonlarimin sorpsiyonu ekzotermik oldugunu
g6zlenirken, kobalt iyonun sorpsiyonu endotermik oldugu tesbit edilmistir. Degisik
sicakliklarda yapilan AG® hesaplamalarinda negatif degerler elde edilmistir. Bunlar
ise, sorpsiyonun kendiliginden olustuunu gostermektedir. Hesaplanan AG°
degerlerinin tiimii, 8-16 kJ/moL degerleri arasinda bulunmaktadir. Bu diizeyedeki
enerjiler, sorpsiyonun daha ¢ok iyon degisimi yoluyla meydana geldigini

gostermektedir.

Sorpsiyon olay1 daha ¢ok yiizeyde yer aldig: igin, ToF-SIMS ve XPS gibi
etkili yiizeysel teknikler kullamlmigtir. Ayrica, ToF-SIMS kullanilarak 70A’ a varan

derinlik analizi de yapilmistir. Bu ¢aligmalarin sonucunda, sorpsiyon deneylerinin



oncesi ve sonrasinda kilin yapisinda bulunan degisik elementlerin oranlan
belirlenmigtir  Sorpsiyon esnasinda killerden saliverilen iyonlarn miktarlarnin,
killerce tutulan sezyum, baryum, ve kobalt iyonlarin miktarlan ile karsilagtirilmasi
sonucunda iyon degisiminin sorpsiyon mekanizmasinda etkin bir rol oynadif

gbzlenmistir.

XRD teknigi kullanlarak killerin yapilarinda sorpsiyonla birlikte meydana
gelen degisimler incelenmistir. XRD verilerine gore, sezyum ve kobalt iyonlarinin
sorpsiyonu sonucunda Snemli bir degisiklik olmazken, baryumun klomt-illit ve
bentonit killerince sorpsiyonu sonucunda BaCO, ¢okelti seklinde olustugu tesbit

edilmistir.

Anahtar Kelimeler: Sorpsiyon, Sezyum, Baryum, Kobalt, Kaolinit, Klorit-illit,
Bentonit, Bag Metodu, Iyon Degisimi, Radyokimya, ToF-SIMS, XPS, XRD
Dagilim Orani, Izoterm Modelleri, Sorpsiyon Entalpisi, Sorpsiyon Entropisi, Gibbs

Serbest Enerjisi.
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1. INTRODUCTION

1.1- Radioactive Waste Management

The ongoing increase in the nuclear activities around the world necessitates
finding out adequate ways to protect the biosphere against the threat of the resulting
radioactive wastes. A wide range of radioactive elements are being introduced into
the environment from the nuclear power plants, weapons testing, and applications in
medicine, industry, and research. Table 1.1 gives a list of some important fission

and activation-products that have potential threat to the environment [1].

The term waste management refers to the complete spectrum of background
policy and actual practices which define the classification, control, movement,
conditioning, storage, and disposal of wastes. The overall objective of radioactive
waste management is to isolate the wastes in a manner that ensures there is no

unacceptable detriment to man and to the biological environment, as a whole at



present and in the future. The two fundamental options available for disposal of any
material are either to endeavor to keep it in the same place for as long as necessary ,
or to allow natural processes to mobilize and disperse it, harmiessly. The first
concept is known as containment, whereas the second is commonly referred to as
dilution and dispersion. From radioactive waste view point, there is an increasingly
widespread move towards adopting both concepts in any single waste disposal
system. The way this is usually envisaged is that short lived radionuclides are
contained until a sufficient number of half-lives have passed that their concentration
in the waste is extremely low. Since containment of very much longer-lived
radionuclides for any equivalent number of half-lives is impossible to achieve, the
system is also designed to allow for their eventual slow mobilization and dispersal.
The definition of how long the initial containment period should last depends very
much on the waste type and the predicted behavior of the environment chosen for

disposal [2] .

1.1.1- Categories of Radioactive Waste

Radioactive wastes can be divided into three main categories each having
different characteristics. The radioactivity levels for different categories are given in
Table 1.2 [3]. Unreprocessed spent fuel contains fissile actinides and fission
products that are extremely hazardous and must be kept under strictly controlled

conditions.



Table 1.1: Some radionuclides of importance in radioactive waste considerations

Radionuclide Half Life Source Fission Yield (%)
135Cg 3.0x10%y Nuclear Fission 6.54
P1Cs 300y Nuclear Fission 6.18
®Sr 50.5d Nuclear Fission 4.82
*Sr 285y Nuclear Fission 5.77
1Ba 12.75d Nuclear Fission 6.21
B2Te 3.62d Nuclear Fission 431
Xe 5.24d Nuclear Fission 6.70
21 1.57x10"y Nuclear Fission 0.76
La 1.68d Nuclear Fission 6.21
#Ce 284.9d Nuclear Fission 5.49
“pr 13.58d Nuclear Fission 5.96
Nd 10.98d Nuclear Fission 2.27
“’Pm 2.623y Nuclear Fission 2.27
PZr 1.5x10%y Fission+Activation | 6.38
*Mo 2.748d Nuclear Fission 6.07
*Te 2.13x10°y Nuclear Fission 6.07
*Fe 273y Activation -
%Co 5271y Activation -
¥Ni 7.5x10%y Activation -




The spent fuel after being converted into a dry stable solid is referred to as

‘high level waste’. As an alternative to disposal, this material may be stored under

controlled conditions for a period of several decades until the activity and heat

production have sufficiently decayed. At the end of this period, the term

‘intermediate level waste’ is applied. The term ‘low level waste’ is used to

encompass a range of materials which are contaminated with radionuclides from

various sources.

In the nuclear industry, low level wastes comprise filters, ion exchange

resins, laboratory wastes, etc. Other sources include hospitals and industry. The

disposal of low level wastes is generally by shallow burial. High and intermediate

level wastes, however, require special disposal considerations.

Table 1.2: Classification of radioactive wastes

Category Gas (Bg/L) Liquid (Bg/L) | Solid (Bq/m®)
Low Level a <3.7x10* <3.7x10’ <10"
B, photon <3.7x10° <3.7x10’ <10%
Intermediate Level o >3.7x10%-3.7 | 3.7x107-3.7x10%° 10'°- 10"
B, photon | 3.7x10%-37x10° | 3.7x10-3.7x10° |  10°- 107
High Level o >3.7 >3.7x10'° > 101
B, photon >3.7x10° >3.7x10" > 10"




1.1.2- Disposal Options of Radioactive Waste

According to the International Atomic Energy Agency, IAEA, [4] the major

options valid for geological underground disposal of radioactive wastes are:

1- Disposal in shallow ground
2- Disposal in deep geological formations

3- Disposal in rock cavities

In general safe disposal of radioactive wastes is achieved by:

1- Confinement of the waste in one or more natural or man-made barriers
and thus its adequate isolation from the human environment, in particular from

ground water.

2- Retardation of radionuclide migration if the waste is, or will be, in contact

with ground water or subject to other migration mechanisms.

3- Disposal of the waste at a depth or location where future natural or man

made disruptive events are extremely unlikely [5].



1.1.3- Nuclear Waste Repository

The nuclear waste repository refers to a system of engineered structures
placed within a well characterized natural setting that will provide safe isolation and
permanent disposal of nuclear waste. The uncertainty inherent in the properties and
performance of natural systems makes it necessary to design a repository with
multiple retardation barriers formed of both engineered and natural ones. Each of

these barriers by itself should be capable of ensuring safe isolation of nuclear waste.

A conceptual set of multiple barriers for a repository is given in Figure 1.1.
Starting from the innermost set of barriers, these include the solidified waste form or
matrix, a container or canister, a backfill or buffer and finally the encompassing

geological formation as a host rock [6].

For practical purposes, the repository system is thought to be composed of |
two main zones; the near-field and the far-field zones. The near-field includes all
engineered barriers (i.e. solid matrix, buffering material, canister) plus a region of
the surrounding rock which is significantly altered by heat (for HLW) or chemical
releases from the waste package. The far-field zone, however, is the undisturbed
natural geological system. It is very much larger physically and may have quite
complex geological structure, but compared with the near-field, it is in a relatively

steady state with regard to chemistry, hydrology and temperature. Overall, this



region controls the rate at which water can enter the near-field and also retards the
transport and dilutes the concentration of radionuclides released from the near field.
The output from the far field goes into the biosphere and is the source for

calculation of radiation doses to man [2].

and transport
m to far field)

vel waste

Fig. 1.1: Diagram of a radioactive waste repository (engineered barrier system)



1.2- Clay Minerals

1.2.1- General Description

Clay minerals are essentially hydrous aluminum silicates of very small
particle size (< 2 um). In some, Mg and Fe substitute in part for aluminum and
alkali or alkaline earths may be present as essential constituents. The structure of a
pure clay mineral is made up of two basic blocks. The first is the sheet formed of
silicon terahedral units and the second is another sheet composed of aluminum
octahedral units. The stacking of these sheets into layers, the bonding between
layers, and the substiution of other ions for Al and Si determines the type of the clay
minerals. Among the properties of clay minerals are their plasticity, when mixed
with a small amount of water, their low permeability, thermal stability, and wide
availability. Although a clay may be made up of a single clay mineral, there are
usually several mixed with other minerals such as feldspars, quartz, carbonates and

micas [7].

1.2.2- Structural Features of Some Clay Minerals

The main structural features of the clays used in this study; kaolinite, illite,

chlorite, and montmorillonite are summarized in Table 1.3 and are discussed as



Table 1.3: Summary of properties of clay minerals of interest in this work

Clay Mineral Type Interlayer bond Surface Basal
Strength Area (m%/g) | Spacing(A)
Kaolinite 1:1 strong 5-20 7
Ilite 2:1 strong 50-200 10
Chlorite 2:1:1 moderate-strong 14
Montmorillonite 2:1 weak 700-800 9.8-18

- Kaolinite: 1t consists of an octahedrally coordinated sheet of aluminum ions and a
tetrahedrally coordinated sheet of silicon ions (Fig. 1.2). The silicon ion is so small
relative to oxygen and hydroxyl ions that it fits in the tetrahedral sites. Oxygen and
hydroxyl ions have essentially the same size so that interchanging them makes no
difference to the geometry provided that the electric charges are balanced in the
structure as a whole. The ideal formula of kaolinite is Al,Si,O,(OH), and most
minerals of the kaolinite group appear to be close to ideal in composition. Because
each structural unit contains one octahedral and one tetrahedral sheet, kaolinite is
referred to as a 1:1 clay. When these sheets stack, the OH ions on one sheet lie next
to and in close contact to the O layer of its neighbour sheet. As a result the
structure becomes tightly bound via hydrogen bonding. Kaolinite is a non-
expanding clay, hence it is unable to absorb water into the interlayer position. The
nonexpanding nature of kaolinite explains the failure of soils high in this clay to

swell or shrink much on wetting or drying. The unit layer of kaolinite is about 7A



thick which gives rise to a characteristic x-ray diffraction peak corresponding to

about 7A.

Fig. 1.2: Structure of Kaolinite

- lllite: Tt is a member of the mica family and is generally known as hydrous
mica. It is a (2:1) type mineral, i.e. two tetrahedral, one octahedral sheets involved
per structural unit (Fig. 1.3). The layers in the micas are held together by relatively
strong electrostatic forces between the negatively charged silicate layers and the K*
ions between them, Thus, no water is present in the entire layer space, and the K*
ions are not exchangeable under normal conditions. When the K* content in hydrous

mica is not enough to neutralize the negative charge on the layers, other cations may

10



be adsorbed in the interlayer position to counter this. The basal spacing of the micas
is about 10 A and the term illite is used to cover all clay-sized minerals belonging to
the mica group, that is, clay minerals that show a 10 A basal spacing in x-ray

diffraction.

- Chlorite: The chlorite structure have a basic 2:1 layer structure which is
nonexpanding. Chlorite differ from other 2:1 layer minerals in one unique respect;
i.e. it contains a stable positively charged octahedral sheet rather than adsorbed
cations in the interlayer space. The octahedral sheet consists of two layers of OH
ions that enclose either Mg?, Fe**, or AI** as the central cations and leads to a
positive charge on the sheet (Fig. 1.4). By virtue of the positive charge, the
interlayer sheet neutralize the negative charge of the 2:1 sheets. Because of its
unique structure, chlorite is sometimes called a 2:1:1 layer mineral. Occasionally,
the interlayer octahedral sheet neither fill the interlayer space nor completely
neutralize the negative charge of the 2:1 sheets. The unsatisfied charge is then
neutralized by various adsorbed cations. The basal spacing is about 14 A. Natural
chlorites have variable amounts of Al, Fe*, and Fe** substituting for Mg, and Al

substituting for Si. The ideal formula is (Mg, Fe, Al), (Si, Al), O,, (OH),.

11
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Fig. 1.3: Structure of Hydeous Mica (1llite)
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Fig. 1.4: Structure of Chlorite
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