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SYNOPSIS

The distribution of radionuclides in the near-surface environment, aquifers etc. from nuclear
weapons testing or from accidental events, such as Fukushima (2011), Chernobyl (1986), etc.
is of potential concern for humanity for now and will be of great concern in the future as well
[1]. Although scientific understanding and efforts are being made in this direction to
understand the associated radiation risks on global scale, the assessment of radiation doses
that the populace might receive, either by exposure from radionuclides in ecosphere or by
internal ingestion (via food), requires a good understanding of the long-term behavior of
radionuclides in the environment [1]. This knowledge forms the basis for the prevention goals
of radiation protection. The other source of radioactive contaminants is from the deep
repository sites used for long-term disposal of high-level radioactive waste (HLW) generated
inform fuel cycle activities. The possibility of radioactive release from accidental events (e.g.
Fukushima, Chernobyl, etc.) can be minimized by best of engineered safety measures applied
at the nuclear facilities. On the other hand, the safety of a repository site used for HLW burial
in vitrified glass blocks is related to its capacity to confine radioactivity and isolate it from
the biosphere. The evaluation of the mobility of radionuclides in groundwater condition, in
contact with the deep geological repository, requires the understanding of aqueous chemistry,
geochemistry, and hydrology of both the radionuclides and the material used for the
engineered barrier system (EBS) in deep geological repositories [1]. There is a need,
therefore, to experimentally determine the sorption coefficients and retardation factors of
different radionuclides on various clays under the different chemical condition and finally to
model the generated data to understand the factors controlling the mobility of the given
radionuclides under a given set of chemical/physical conditions. The influence of the specific
conditions prevailing at a repository site must also be taken into account while estimating the
radionuclide mobility from a repository. The origin of the clay minerals and the chemical

treatment it undergoes has a significant influence on their surface properties. These
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differences can alter the sorption behavior of the radionuclide onto these minerals. Bentonite,
a 2:1 aluminosilicate, was found to be a promising candidate as the backfill material in EBS
due to its favorable chemical and physical properties under deep geological repository
conditions. Bentonites are known to have efficient radionuclide retention capacity, low
hydraulic conductivity, high cation exchange, and adsorption capacities, very low anion
diffusion capacity and low transport capacity of positively charged radionuclides, good
swelling capacity, etc. [2]. The interactions between the radionuclide and bentonite decide its
final fate in the geosphere. In this context, it is necessary to understand different aspects of
radionuclide sorption reactions onto bentonite such as the kinetics, thermodynamics, sorption
mechanisms (e.g., ion exchange, surface complexation/precipitation) of actinides to model
the contribution of these reactions to the sorption in natural environments. This requires a
proper understanding of the sorbed species on natural minerals. Various spectroscopic
techniques, e.g., EXAFS (Extended X-ray Absorption Fine Structure), EPR (Electron
Paramagnetic Resonance) and TRLFS (Time-Resolved Laser Fluorescence Spectroscopy)
have been used to obtain information on the nature of the sorbed species. TRLFS is a useful
means of identifying sorbed species onto clay minerals during different chemical processes.
Different excitation and emission spectra of a luminescent metal ion (viz. Eu(Ill)) and its
decay lifetimes can be used to differentiate between the chemical species in the aqueous
phase and those present at the mineral water interface.

The natural soil contains a variety of natural organic matter (NOM) such as fulvic and
humic acid (HA) in very low concentrations along with other organic acids such as citric acid
(cit), oxalic acid (OA), and inorganic complexing anions i.e. sulphate (SO4), phosphate
(PO42'), carbonate (CO32’), etc due to natural and anthropogenic activities [1,3]. The
complexation of radionuclides with these organic/inorganic anions distributed in soil and
natural waters system plays an important role in the determination of the metal ion

toxicity, bioavailability and its transport of in the biosphere [1]. A large volume of R&D
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work is ongoing to understand the sorption, migration and speciation behavior of different
radionuclides of several contaminated sites, such as the Hanford Site, Nevada Test Site,
Savannah River Site, etc [1]. The sorption reactions at the clay surface play an important role
in the immobilization/retention of radionuclides. The majority of the literature on surface
complexation modeling (SCM) describes the adsorption of metal ions (M™") by different pure
or synthetic mineral phases under well-defined conditions [4-6]. The complexity of natural
soil systems makes it very difficult to apply the concept of any SCM to soil and/or natural
sediments. To simulate sorption onto well-characterized natural samples, two basic modeling
approaches were proposed: (i) the component additivity approach and (ii) the generalized
composite approach. The component additivity approach is based on summing the sorption of
individual components in the complex mixture [7]. To simplify the model, it is important to
determine the mineral components that dominate sorption. However, the identification of
mineral components that dominate sorption in natural sediments is a challenging task. Even if
quantitative and/or qualitative data analysis was performed, further understanding of the
combined behavior towards radionuclide sorption under the given physical or chemical
conditions is quite complicated. Furthermore, the components can be distributed quite
unevenly. For example, iron oxide/hydroxide minerals may coat clay minerals which can
influence the sorption process [7-9].For Radionuclides such as Eu(IIl) and Np(V) sorption
has been previously studied onto pure or pre-treated clay minerals but their sorption onto
natural raw bentonite clays (without treatment) are still scarce or lacking.

In the present thesis work, natural bentonites of different origins and kaolinite
(commercial) were thoroughly characterized by host of physical techniques such as X-ray
Fluorescence (XRF), X-ray diffraction (XRD), Fourier Transform Infrared (FTIR), BET
(surface area), High Resolution Transmission Electron Microscopy (HR-TEM), Scanning
Electron Microscopy (SEM), Mossbauer spectroscopy, etc. The nature of iron phases in

natural bentonite and its relative content was determined, wherever possible, using

iii



Maossbauer spectroscopy. Sorption of actinides (Am(III), Np(V), U(VI)) or their homologs
i.e. Eu(Ill)) and fission product ions viz. Cs(I) and Sr(II) onto bentonite of different origin,
the chemical form has been investigated using batch sorption, thermodynamic modeling, and
spectroscopic studies. The natural bentonite of different origins showed interesting profiles
for Np(V) and Eu(III) sorption and the results are compared with different forms of bentonite
and with other class of clay minerals (i.e. kaolinite). Attempts are made to identify the phases
in the composite natural bentonite responsible for Np(V) and Eu(IIl) sorption using SCM and
by independent experiments. Different ionic forms of bentonite were used to understand the
effect of interlayer cation on Np(V) and Eu(Ill) sorption. The effects of different chemical
conditions such as pH, ionic strength, surface coverage, presence of inorganic/organic
complexants, etc on the sorption of Eu(Ill) and U(VI) onto bentonite and kaolinite (for
Eu(Ill) only) have also been investigated Spectroscopic techniques such as UV-vis, TRFS
and EXAFS revealed the speciation of U(VI)/Eu(Ill) at the clay surfaces in the presence and
absence of the complexing agents. The dissertation has been divided into six Chapters and a

brief description of each Chapter is given as follows.

CHAPTER 1: INTRODUCTION

In this Chapter, the various pathways and mechanisms of radioactivity release into
the environment are discussed. An overview of the interface between nuclear fuel cycle and
environment are given starting from ‘front end’ process of nuclear fuel cycle i.e. uranium
mining to ‘back-end’ process of HLW disposal in deep geological repositories. The major
nuclear accidents and their impact on the environment are mentioned in brief. The worldwide
efforts on the management of land contaminated by nuclear legacy waste such as Rocky Flat
and geological disposal of HLW are highlighted. The possible interaction of released
radionuclides with clay/oxide surfaces are discussed in brief and the techniques to understand
the interaction mechanism are listed. The process and environmental factors such as the

presence of complexing agents in soil that can affect the radionuclide migration are
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discussed. The difficulties and challenges of working with natural clay systems are also
presented. The mechanistic approach for surface complexation modeling (SCM) and a short
account of different approaches used for SCM (i.e. component additivity and generalized
composite) are given. Finally, the literature on the understanding of the sorption and
speciation of radionuclides onto mineral water interface are given along with the motivation

for the present dissertation.

CHAPTER 2: EXPERIMENTAL

The outline of various experimental procedures and instrumentation are discussed in
this Chapter. The reagents used, their source and purities are given. The concentration and the
preparation of stock solutions of various reagents and the metal ions are also given in this
Chapter. The basic principles of radiation detectors are briefly discussed and the methods
used for the radiometric assay of radionuclides such as 241Am, 237,23 ng, 233U, 152’154Eu, 13 7Cs,
%Sr, etc are discussed to ascertain their radiochemical purities. The clay preparation
(different ionic forms, iron deficient clays, etc.) and their characterization by various physical
techniques such as XRF, XRD, FTIR, BET (surface area), HR-TEM, SEM, Mossbauer
spectroscopy are also discussed along with their instrumentation. Methods for achieving
different chemical condition such as varying pH, ionic strength, complexing agents, surface
coverage etc. are also discussed. The basics of SCM and various approaches are given.

The evolution of Chapter is as follows; brief detail of the methods used for the
characterization of different clays and HA used in the experiments, description of various
radionuclides and fission products, their sources, concentration, purities and assaying
methods. For redox active radionuclides such as Np(V), the methods (i.e. solvent extraction,
UV-vis or Eh-pH (Pourbaix diagram) for ascertaining the particular oxidation state are
discussed. Procedures of the batch sorption experiments, % sorption calculation with the

development of surface complexation modeling to model the sorption data are addressed. The



various techniques for surface speciation (EXAFS, TRLFS etc.) are also discussed with

emphasis on their nature and local coordination of the formed surface complexes.

CHAPTER 3: CHARACTERIZATION OF CLAYS OF DIFFERENT ORIGIN

This Chapter lists out the results of various techniques (such as XRD, FTIR, XRF,
HR-TEM, etc) used to get an idea about the elemental composition, phases, Fe(Il)/Fe(III)
speciation, size and structural distribution of clay minerals, which is a must to begin as these
factors influence the interaction between the actinides and the clay minerals. The XRD
pattern and FTIR data of commercial bentonite show the predominance of montmorillonite
and quartz. The measured zeta potential of bentonite suspension showed negative values from
pH ~ 2 to ~ 9 and no isoelectric point (pH at which zeta potential is zero) was observed.
Similar titrations performed on HA samples showed two pk, values suggesting the presence
of carboxylic and phenolic moieties in HA. For kaolinite, the well-resolved and sharp peaks
in the XRD pattern with four well-resolved peaks at 3695, 3669, 3650 and 3619 cm™ and two
peaks at 937 cm™ and 912 cm™ in FTIR suggests the ordered nature of the sample. The
specific surface area (in m2/g) was found to be 23.04 and 38.04 for kaolinite and bentonite
respectively, from BET measurements. The bentonite clays of natural origin i.e. those
originating from Kutch, Rajasthan, Khakassia are enriched with smectite (montmorillonite),
with some admixture of other clay minerals (i.e. chlorite, kaolinite), as well as carbonates,
quartz, different iron oxides/hydroxides and other minerals in relatively small amounts. Na-
form and Ca-form of clay were identified and estimated due to the different position of the
(001) reflection. The presence of iron oxide/hydroxide nanoparticles was confirmed by HR-
TEM. The specific surface area determination shows a higher value for Kutch bentonite (150
m2/g) followed by Rajasthan bentonite (50 mz/g) and lowest for Khakassia bentonite (15

m2/g), from BET measurements.
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CHAPTER 4: SORPTION AND MODELING STUDIES ON COMMERCIAL CLAYS
In this Chapter, the results of sorption and speciation of actinides and fission products
onto clays (bentonite and kaolinite) of commercial origin are discussed. Batch sorption
studies are carried out to understand the interaction of different metal cations such as U(VI]),
Am(III), Eu(IIl), Sr(Il), and Cs(I) with bentonite clay with varying pH in the range, 2-9. The
effects of other experimental parameters such as ionic strength (0.01-1 M NaClQ,), clay to
metal ion concentration ratio and the presence of complexing agents on Eu(Ill) and U(VI)
sorption have also been investigated. The sorption of the metal ions follows the trend,
Am(III) ~ Eu(Il) > Cs(I) > Sr(Il). The higher sorption of Cs(I) compared to Sr(I) may be
due to its lower hydration and affinity towards interlayer space. The sorption of Eu(IIl) and
U(VI) has been found to be invariant with the change in the ionic strength of the medium,
suggesting inner sphere complexation on the bentonite surface. Near quantitative sorption of
Eu(IIT), /Am(III) has been observed in the entire pH range and with the marginal influence of
the presence of OA and COs™ on the sorption profiles. However, the presence of EDTA
suppresses the sorption of Eu(Ill) ion onto the bentonite possibly due to non-interacting
anionic species. Surface complexation modeling shows the predominant formation of Eu(III)
complexes with silanol sites up to pH < 7 beyond which aluminol sites play an important role
for Eu(Ill) sorption. The U(VI) sorption increased with increasing pH up to pH 6 beyond
which a decrease was seen, which could be attributed due to the formation of anionic
uranium-carbonate species. The U(VI)-bentonite suspension in the presence/absence of
different complexing ligands shows bi-exponential luminescence decay profiles. The
luminescence quenching for the U(VI) is seen with carbonate, citrate (cit) and for surface
sorbed U(VI). EXAFS studies are also carried out to understand the local coordination of
Eu(Ill) and U(VI) sorbed onto bentonite under different experimental conditions. Eu(III)

sorption and speciation have been studied on a kaolinite—water interface in the presence of
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different complexing ligands, such as OA, cit, and HA. Eu(Ill) sorption follows anion-
exchange (outer-sphere) mechanism up to pH~6 beyond which, surface complexation (inner-
sphere) is predominantly responsible for the Eu(Ill) sorption. The addition of complexing
ligands modifies the sorption profiles. Fluorescence studies have shown that the nature of the
Eu(Ill) complexes formed onto the kaolinite surface is different in the presence of different

complexing agents.

CHAPTER 5: SORPTION AND MODELING STUDIES ON NATURAL CLAYS

The results of sorption and speciation of actinides (i.e., Np(V) and Eu(Ill) (surrogate
for Am(IIl)) onto clays of natural origin (mainly the bentonite clay) were discussed and
compared with the bentonites of different ionic forms and clays of different class (i.e., 1:1
and 1:2). The batch sorption studies on thoroughly characterized bentonite of different natural
origins (Kutch, Rajasthan (India), Khakassia( Russia), FEBEX (Spain)) and thermodynamic
modeling of sorption data are carried out to understand the role of iron-containing accessory
phases/minerals on the sorption of Np(V) and Eu(Ill) onto these clays. The initial sorption
studies suggested that Np(V) sorption follows an inner-sphere complexation mechanism
whereas for Eu(Ill) its outer-sphere complexation at lower pH followed by inner sphere at
higher pH for all the studied clays. The % sorption of Np(V) was found to be different onto
the bentonites of different origin. The SCM using component additivity approach (with
available surface complexation data from literature) revealed the dominant role of the Fe-
phases (i.e., goethite) accessory phase, which is present as nanoparticles, in Np(V) sorption at
trace concentrations of Np(V) (~10™"* M). This is also supported by the combination of o-
track radiography with SEM-EDX using *’Np(V) sorbed onto the bentonites of different
origin. The role of iron-containing phase for Np(V) sorption is also proven independently by
carrying out Np(V) sorption studies with clays before and after removal of the iron phase.
The effect of interlayer cation was also investigated and the data was modeled using the

component additivity approach of SCM. The effect of interlayer cation onto Np(V) sorption

viii



is also discussed. The Eu(IIl) sorption has also been carried out to illustrate the important role
that accessory minerals can play in Eu(IIl) sorption. The % sorption of Eu (III) has been
found to be similar (except Kutch clay) on clays of different origin at 10" M but are found to
be different at 10° M Eu(III). Thermodynamic modeling has been done to further support the

observations.

CHAPTER 6: SUMMARY AND CONCLUSIONS

This is the final Chapter and summarises the work carried out as part of this thesis. In
brief, the sorption and speciation of actinides (**' Am, **"**Np, and ***U) and fission products
(152’1S4Eu, 13 7Cs, and 9OSr) are discussed on to the bentonites of commercial and natural origin.
The effect of different complexing agents and other chemical conditions are addressed with
respect to Eu(Ill) and U(VI) sorption onto different clays. The Np(V) sorption onto natural
bentonite of different origins is discussed and the role of the accessory Fe-phase present in
natural bentonites towards Np(V) has been highlighted. The results of SCM are supported
with other independent experimental methods, to validate the role of Fe-phases towards
Np(V) sorption. The effect of the ionic form of bentonite towards Np(V) sorption is
discussed. Eu(Ill) sorption results onto bentonites of different origin and onto kaolinite are
discussed. Role of different complexing agents towards Eu(Ill) sorption onto kaolinite and

bentonite has also been discussed.

As can be seen in this dissertation, characterization of clays of natural origin is a
challenging task, but once done, can help one to predict the sorption of the given radionuclide
(i.e., Np(V) in the present case) using component additivity approach of SCM. The present
dissertation highlight that the accessory phase, even in minor concentrations, can play a
decisive role towards the sorption of particular actinides (i.e., Fe-phase for Np(V) sorption in

the present case).
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GENERAL INTRODUCTION

The wide distribution of radionuclide contaminants in the near-surface environment, aquifers,
geosphere etc. aroused from nuclear weapons testing or from accidental events, such as
Fukushima (2011), Chernobyl (1986), etc. is of potential concern for humanity for now and
will be of great concern in the future as well [1-8]. Although scientific understanding and
efforts are being made to evaluate the associated radiation risks and its consequences on
global scale, the assessment of radiation doses that the populace might receive in long-term,
either by exposure from these radionuclides in ecosphere or by internal ingestion (via food),
requires a thorough understanding of the long-term behavior of these radionuclides in the
environment. This knowledge forms the basis for the prevention goals to be adopted for
radiation protection. The overall scheme of electricity generation from nuclear fuel involves
several processes which have direct or indirect interference with the environment [9].

The difference in processes and their interference with environment gives varieties of
wastes starting from uranium and its decay products in the tailings arising from mining and
processing of uranium ore, to a range of nuclear wastes of varying chemical /physical
composition and associated radio activities (Fig 1.1). Most of the actinides isotopes are a-
active with long half-lives (t;;;) and are both radio and chemo-toxic in nature. They can enter
into the food chain through numerous pathways and their presence, even in very small

amounts, can cause serious health hazards [10]. The nuclear weapon tests in the past have



produced global fallouts detectable in different parts of the world. The use of nuclear power
in energy production creates long-lived actinides which might be released into the ecosystem
during the various nuclear fuel cycle-related activities (Fig. 1.1). For example, uranium is
extracted from crushed ores by acid or alkali leaching and then further purified using solvent
extraction and ion exchange processes. The tailings arising from these processes contain most
of the decay product radionuclides (Radium (Ra) and below). Some of the common problems
associated with the tailings are Radon emanation, leaching of contaminants including
radionuclides, heavy metals into groundwater. These contaminants primarily affect the

aquifers bodies, air, and soil quality and later on directly or indirectly affect the human
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Fig. 1.1. Different stages in the nuclear fuel cycle and its associated waste.

population nearby [11]. Other processes such as uranium enrichment; fuel fabrication, etc are
associated with their own waste streams and require safe management. However, the major
sources of radioactive wastes are found in the back end of the nuclear fuel cycle. The

consequences of the accidents such as Chernobyl in the former Soviet Union and more recent



one at Fukushima Daiichi in Japan renewed the interest in understanding the transport

behavior of radionuclides in the environment and their associated hazards.

1.1. NUCLEAR ENERGY
To meet the growing demand for energy, we need reliable, affordable and clean electricity.
To achieve this, nuclear energy capacity must expand and the goal of supplying 25% of the

electricity in 2050 through the construction of 1000 GW of new nuclear capacity was set

Table 1.1. List of long-lived fission products and transuranics in High-level Waste

1 Deca Half-life Deca
Nuclide dii:;’l’fy}lf’zar modZ Nuclide d:day,y: year mod:
Fission products Fission products
PTe 21x10°y B gy 8.8y y
050y 28.5y B 10%Ru-'"Rh 368 d y
S7r 15x10%y B 128h 277y y
107py, 6.5 x 10° y § Transuranics

e 2x10%y B “Np 2.14x 10%y o
Tpm 262y B 238py 87.74y o
51Sm 93y B py 241x 10"y o
By 496y B,y #0py 6.5x10°y o
129 1.57x 10"y B,y #lpy 144y B
Hes 2.06y B,y 1 Am 432x10%y o
Ycs 30.17y B,y B Am 73x10°y o
14Ce-""pr 284 d B,y *Cm 18.11y o
52Ey 1333y y Cm 85x10°y o

[12]. The global electricity demand is rising very fast and the requirements will get doubled
by 2050. To avoid dangerous levels of climate change, we require at least 80% of electricity
to be generated from non-fossil fuel or from low-carbon sources viz. nuclear, wind, hydro,

solar etc., which is only ~34% today. At present, the nuclear energy is used by ~30 countries
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and supplies only ~11% of global electricity consumption. The nuclear energy is generated
by neutron-induced fission of 235 U, 233 U, and 2Py to sustain chain reaction [13]. Due to this

neutron-induced fission of fissile elements such as 2> U, 233 U, 2 9Pu, etc. an enormous amount
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Fig. 1.2. Scheme for the production of transuranic in the uranium-fuelled nuclear reactor by

(n, v) reaction followed by [ decay.

of energy (200 Mev) is released with the simultaneous generation of various fission products
(most of which are highly radioactive) (Table 1.1). Thus, the benefit of nuclear energy
production comes with the inevitable hazards of long-lived radionuclides. Long-lived a-
emitting actinides such as 241Arn, 243Arn, 245Cm, and 237Np are also produced as activation
products and are present in significant quantities in nuclear waste (Fig. 1.2). Due to their long
half-life, there is a long-term radiological risk to the environment from these radionuclides.
The sustainable development of nuclear energy program for future applications largely
depends on the safe management of the radioactive nuclear waste. The source and
composition of radioactive waste generated at various stages of the nuclear fuel cycle were

discussed below.

1.1.1. Nuclear Fuel Cycle
The steps involved in the life of the fissile element such as 3y, starting from milling mining

to radioactive waste management are referred, collectively, to as the nuclear fuel cycle. The



nuclear fuel cycle is broadly classified into two parts, viz. the front end and the back end of
the nuclear fuel cycle. The front end of the nuclear fuel cycle starts with the mining of the
uranium ore, milling, conversion, enrichment, fuel fabrication, reactor operation, etc. whereas
the back end of nuclear fuel cycle starts after the removal of the spent fuel from the reactor,
its temporary storage, and finally its reprocessing to recover the valuables, and treatment and
subsequent disposal of the radioactive waste [14-17]. At each stage of the nuclear fuel cycle,

radioactivity can be released into the environment (Fig.1.1).

1.1.2. Waste from the ‘“Front End”

In general, uranium mining is done in open or in an underground facility. Most of the
available ores are lean sources of uranium (0.1 to 0.2% of uranium) suggesting large
quantities of ore have to be mined to get sufficient natural uranium for fuel fabrication. The
waste pile rock after mining releases radon gas continuously due to the decay of long-lived
2°Ra and the radioactivity can be released into the environment even after shut down of the
mine due to the seepage of water. The ores obtained from the uranium mines are subjected to
various chemical processes to get uranium in the form of yellow cake (U3Os) leaving behind
a large inventory of liquid waste tailings with small amounts of un-extracted uranium and
other decay products of uranium. These tailings emit y-radiations >20 times of the natural
background levels. The decay of **°Ra to the radioactive gas **’Rn is another major concern
for the uranium tailings even after shut down of the mill. The tailing piles are also subjected
to seepage and/or erosion in long-term and can contaminate the ground and surface water.
The conversion of yellow cake to the usable form of the fuel in reactors does not produce
radioactive waste of much significance. A significant quantity of radioactive elements is
produced during the burning of the fuel in the nuclear reactor. More than 99.9% radioactivity
is retained in the uranium fuel rods after burn up and only 0.1% of the total radioactivity is

distributed to other parts of the reactor.



1.1.3. Waste from the “Back End”

Majority of the radioactive wastes arise from various activities in the back end of the nuclear
fuel cycle. The nuclear fuel bundles coming out from the nuclear reactor, after reaching the
desired burn up , are referred to as the “spent fuel”. In natural or enriched uranium-fuelled
reactor, *°U undergoes neutron-induced fission to produce various fission products which are
radioactive in nature and are a major contributor of radiation dose in the waste. The
transuranic elements such as Np, Pu, Am, and Cm are formed by successive neutron capture
reactions involving ***U have long half-lives and contribute significantly to the radiotoxicity
of the nuclear waste. The spent fuel is usually allowed to cool for several years (cooling
period) in the water pool to facilitate the decay of the short-lived fission products and other
radionuclides and also to reduce the heat burden (due to the decay heat) prior to further
processing. The timeline for the radionuclide decay with associated decay heat and
radiotoxicity was shown in Fig. 1.3. In general, 137Cs, 90Sr, and *Pu are the dominant
sources of both heat and radioactivity which last for several hundreds of years after that the
major radioactivity contributors are 238Pu, 239Pu, 24OPu, 241Am, 1SISm, 2 7Np, 99Tc, etc. The
radionuclides of concern after 10* years are 239Pu, 240Pu, 243Am, PT¢ and Z 7Np while the
radioactivity present in the nuclear waste after 10° year is mainly due to some of the long-
lived fission products (99Tc, 135 Cs, 9‘?’Zr, 1291) and actinides (234’235 ’238U, 242Pu, 23’7Np) activity

with the combined activity of their decay products.

1.1.4. Types of Nuclear Fuel Cycle

The nuclear fuel cycle, based on the management of spent fuel, can be categorized into two
types viz. open and closed fuel cycles. The open fuel cycle implies the disposal of highly
active waste without any reprocessing whereas the closed fuel cycle generates a complex
array of radioactive waste depending upon on schemes undertaken for nuclear fuel
reprocessing. The closed nuclear fuel cycle offers an option for recovery of valuables from

the high-level radioactive waste. The management and disposal of radioactive waste add to
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other sources of radioactive contaminants in the geosphere. In a closed fuel cycle, the spent
nuclear fuel is subjected to aqueous reprocessing (PUREX process) to recover the valuables
such as Plutonium, useful fission products, and depleted uranium. The concentration of the

aqueous PUREX raffinate (by vaporization followed by acid killing) results in the high-level
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Fig. 1.3. Timeline for radioactivity remained in the nuclear waste from different radioactive

elements present in the back end of the nuclear fuel cycle.

radioactive waste (HLW). The HLW contains small amount of unrecovered U and Pu during
the PUREX process, minor actinides (i.e. Am, Cm, Np), fission and activation products along
with the structural elements and process chemicals. The HLW is potentially hazardous for
millions of years, due to the presence of long-lived minor actinides and other fission products
in it.The safe disposal of the HLW is a challenging task in the back end of the nuclear fuel
cycle. Apart from this, ion exchange resins, chemical sludge, reactor components,
reprocessing equipments, etc. are other added sources of radioactive waste in the back end of

the nuclear fuel cycle.

1.2. CATEGORIZATION OF NUCLEAR WASTE
Radioactive wastes can be broadly categorized into three categories, based on the

radioactivity content in the waste, namely, low-level waste (LLW), intermediate level waste



(ILW) and high-level waste (HLW) (Fig. 1.4). A very brief description of the different types

of radioactive wastes is given in the following sections.

1.2.1. Low-Level Waste (LLW)

The nuclear waste with radioactivity of less than millicurie/ liter is called low-level waste
(LLW). Some of the predominant sources of LLW are decontamination of equipments,
radioactive laboratories, hospitals (using radiopharmaceuticals), various chemicals used in
the nuclear fuel cycle, etc. The LLW contains small amounts of short-lived radionuclides and
therefore, when stored for a sufficiently long time, most of the radioactive isotopes decay to

their stable daughter products. It is less hazardous compared to other class of radioactive
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Fig. 1.4. Production of nuclear waste from the nuclear reactor and their categorization based

on the radioactivity content.

wastes but must be disposed off carefully as compared to the normal industrial wastes. The
LLW comprises of ~90% of the total volume of the radioactive wastes generated, but has <
1% radioactivity associated with it. In general, the solid LLWs are compressed or incinerated

before their final burial in shallow landfill sites.



1.2.2. Intermediate Level Waste (ILW)

Intermediate level waste (ILW) requires more attention as compared to LLW but significantly
less as compared to HLW (vide infra), as they have radioactivity in the range of millicurie/
liter (mCi/L) to curie/ liter (Ci/L) and may require special shielding. The ILW waste contains
long-lived radionuclides in moderate to large quantities. Chemical sludge, resins, nuclear
reactor parts, reprocessing equipment, contaminated equipment of weapon decommissioning
are part of ILW. It comprises ~7% of the total volume of the radioactive waste with ~4% of
the associated radioactivity. The ILW waste can be solidified in concrete matrices before

final disposal.

1.2.3. High-Level Waste (HLW)

High-level waste (HLW) is defined to contain radioactivity >1 curie/ liter (Ci/L) of the
waste. It makes up 3% of the total radioactive waste volume with >95% of the total
radioactivity produced in nuclear fuel reprocessing. The HLW contains minor actinides (Am,
Cm, Np), uranium, plutonium and fission products. The HLW generates considerable
amounts of decay heat and requires interim cooling before its final disposal. It also requires
special shielding during handling and transportation. The associated radioactivity of the HLW
due to the presence of long-lived minor actinides possesses major challenges in its final
disposal. Efforts are being made worldwide by scientists of various streams to meet the
challenges in both, the development of suitable methods for separation of the minor actinides

from HLW and its safe long term disposal.

1.3. CHEMISTRY OF LANTHANIDES AND ACTINIDES

The work carried out in this present dissertation pertains to the sorption and speciation of
actinides/lanthanides and other fission products onto the mineral-water interface. To
understand the subject of speciation which has a significant role in the sorption and migration

of radionuclides it is essential to understand the chemistry or more specifically aqueous



chemistry of actinides and lanthanides. Hence, a brief survey of the solution chemistry of

actinide/ lanthanide is of considerable relevance.

1.3.1. Solution Chemistry of Actinides/Lanthanides

Any chemical interaction of metal ion, M"™, in the aqueous phase is governed by its
speciation under given chemical/physical conditions. The actinides can exist in multiple
oxidation states which give a challenging but interesting speciation of actinide in the aqueous
media [18]. The trivalent oxidation state is the most stable oxidation state for lanthanides.
However, this is not the case with actinides, at least in the case of the early members of the
series. The 5f electrons of the actinides feel lesser attraction from the nuclear charge
compared to the 4f electrons of the lanthanides. The higher stability of the tetra positive ions
(M**) of the early actinide elements is mainly due to the smaller values of fourth ionization
potential of the 5f electrons compared to those of 4f electrons in the lanthanides. Thus,
Thorium (Th) exists in the aqueous phase only as Th(IV) while the trivalent oxidation state
(M?*) becomes prominent only for the transplutonium elements. All the oxidation states of
actinides are well known except for the 7+ states for Np and Pu which exist in their alkaline
solutions. The higher oxidation state of actinide (M(V), M(VI)) ions exist in acidic solution
as oxygenated cations, viz. MO," and M022+ and known as actinyl ions. Actinides such as
Plutonium are known to exist in various oxidation states simultaneously due to very close
redox potential values of its different oxidation states. The M**/M*" and MO,*/MO,** couples
are reversible, as these involve the transfer of single electron whereas, other couples, such as
the M*/MO,* couple, are irreversible and the equilibrium is attained slowly as they involve

the formation or breaking of the metal oxygen bonds.

1.3.2. The Hydrolysis of Actinides
In view of the large ionic potentials (charge / ionic radius ratio) of actinides, the actinide ions

in different oxidation states exist as strongly hydrated ions in aqueous media in the absence
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of complexing anions. The actinide ions in trivalent and tetravalent oxidation states are
present as M** and M*, respectively, whereas the penta and hexavalent oxidation states are
highly prone to hydrolysis as compared to their lower oxidation states and exist as partially
hydrolyzed oxo ionic species, viz. MO," and MO,™* with the further possibility of hydrolysis
at higher pH values. The oxygen atoms at the axial positions of these actinyl ions are not
basic in nature and hence, do not coordinate with protons. The effective charge on the actinyl
ionis 2.3 +0.2 and 3.3 +0.1 in MO," and M022+ moieties, respectively which is greater than
the ionic charge on the entire molecular entity making the coordinating field in the case of
molecular ion proportionately stronger. The degree of hydrolysis for the actinide ions
decreases with the decrease in their effective charge, i.e., M** > MO,>* > M** > MO,*, which
has similarity with their complex formation properties [18]. The hydrolysis of the actinide

ions can be represented by the following generic equation 1.1,

M™ + aH,0 — M(H,0),"" < M(OH),™™* + aH* (1.1)

The hydrolytic behavior of a particular oxidation state, within the actinide series, is different
for different actinides; for example, Th(IV) is quite different from that of other tetravalent
actinide ions i.e. Pu(IV) and U(IV). For UIV) and Pu(IV), the hydrolysis starts with a simple
monomeric reaction of the type given in Eq. 1.1 followed by slow irreversible polymerization
of the hydrolyzed products. For Th(IV), however, different polymeric species can exist even
in very dilute solutions. The polymer formation of Pu(IV) is irreversible whereas for Th(IV)
is reversible. The hydrolytic behavior of some of the trivalent actinides such as Cm(III),
Cf(Ill) and Am(IIT) are well studied and shows higher hydrolysis constant values for the

actinides when compared to their lanthanides analogs.

1.3.3. Complexation of Actinides
The actinide ions (An™") in the aqueous media exhibit a strong tendency to form complexes

with different ligands. This property of the actinides is widely exploited in devising various
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chemical methods for their separation and purification. One of the most important factors that
control the strength of complex formation is the ionic potential (vide supra) of the metal ions
of a given oxidation state. Higher ionic potential allows better electrostatic attraction between
oppositely charges ionic species i.e. between cations and anions and hence can lead to the
stronger complex formation (steric factors are assumed to be absent). The complexing
strength of the actinide ions in different oxidation states is similar to their hydrolytic
behavior, i.e. M*" > MO,>* > M** > MO,". For actinide ions of the same oxidation state, the
complexing ability increases with their atomic number due to a decrease in their effective
ionic size (actinide contraction) resulting in an increase in the ionic potential [19]. The above
generalized approach may be valid in cases where the complexation is primarily ionic in
nature. There are other complexation reactions where hybridization involving 5f orbitals, the
steric effect of ligands and hydration of metal ions also affect the tendency of complexation.
For simple inorganic or organic anionic ligands, the tendency of complex formation with a
given actinide ion generally vary in the same manner as the ability of the ligands to bind with
hydrogen ion [20]. For monovalent ligands, the complexing tendency decreases in the order:
F > CH3COO™ > SCN™ > NO3” > CI' > Br > I > ClO4". The divalent anions form stronger
complexes than the monovalent anions and their complexing ability decreases in the order:
C032' > SO32' > C2042' > SO42'. The complexation ability of some of the commonly used
organic ligands with a tetravalent actinide ion, for example, Th(IV) varies as EDTA > Citrate

> Oxalate > HIBA > Lactate > Acetate [21].

1.4 . IMPACT OF RADIONUCLIDES ON THE ENVIRONMENT

The potential impact of a given radionuclide on the environment is mainly influenced by
several factors such as its quantity, chemical form, and nature of radiation and half-life of the
radionuclide. Long-lived radionuclides pose more risk as they exist for a longer duration as
compared to short-lived radionuclides. Radioactive elements, whether natural or

anthropogenic, are potential sources of radiation exposure to the living population through
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various pathways [21-25]. The mining and processing of uranium and thorium bearing ores
give rise to the production of wastes which possess potential radiological hazards to the
environment [11]. For example, mining of uranium ore leaves residues which contain a
higher concentration of *2Ra compared to that in the original ore and thus, presenting a
source of radon contamination. In the event of a major accident or nuclear explosion, various
radionuclides having very different chemical, physical and radiological characteristics are
released into the environment. The potential impact of long-lived radionuclides, such as
s, *°Sr and minor actinides on the environment can be seen for many years after these
events. Other potential sources of radiation hazard arise from the processes adopted in the
management of spent nuclear fuel in the back end of the nuclear fuel cycle. The raffinate
emanating out of the PUREX process generally contain small amounts of un-extracted U, Pu

3 .
135,1 Cs, %Sr and minor

along with a host of fission products such as 99Tc, 107Pd, 93Zr,
actinides such as Am, Np, Cm with a large volume of lanthanide ions as well as activation
products and is termed as high active waste which upon concentration is termed as the high
level liquid waste (HLLW). Long-lived radionuclides including many minor actinides are of
great environmental concern. Till now, the most accepted conceptual approach for HLLW
management is to vitrify the radioactive waste oxide it in a glass matrix followed by its burial
in a deep geological repository. Since the half-lives of the minor actinides concerned range
between several hundred to millions of years, the surveillance of HLLW for such a long
period is practically impossible from both economical as well as environmental safety point
of view. Moreover, the possibility of decay heat and radiation damage of the vitrified mass of
the HLW due to the beta/gamma emitting fission products such as 7Cs and *°Sr cannot be
ruled out in the first 100-300 years. Therefore, it may create a possible risk of leaching from
the vitrified mass and leads to migration of long-lived alpha-emitting minor actinides from

the repository to the environment.
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1.5. THE SOURCES OF RADIONUCLIDES IN THE ENVIRONMENT

The primary sources of the radionuclides in the environment are nuclear weapons testing and
nuclear energy program-related activities over the past 70 years [10]. The other sources
include the accidental or inadvertent release of radioactive materials from various nuclear
facilities and medical centers using radioactive sources for societal benefit. The use of

depleted uranium in weapons production also adds up as one more source of radionuclides in
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Fig. 1.5. The sources and possible ways of radionuclide’s leaching and their interaction with

the geo-sphere.

the environment [26-27]. The environmental pathways of some of the key processes
controlling radionuclide transporting into the environment are depicted in Fig. 1.5. The
radionuclide transport in the ecosystem is mainly controlled by the atmospheric or aquatic
system, through a surface aquifer or terrestrial systems in groundwater. Although the nuclear
weapons testing is one of the primary sources of low-level global radionuclide contaminant
via the atmosphere, other sources of radionuclide can cause a high level of contamination at
localized sites, and spreading of these contaminations can occur by aquatic pathways and
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represent a potential media for uptake into the food chain. Such uptakes are a real concern for
humanity over a long period of time. Various geochemical factors controlling the migration
of radioactive contaminants into the atmospheres are discussed later in this Thesis. Some of

the potential sources of radioactive contaminants are discussed as follows.

1.5.1. Nuclear Weapons

Nuclear weapons testing accounts for the major (>10° TBq) fraction of the total radioactivity
released into the atmosphere [26-27]. Most of the released radionuclides are short-lived and
decayed, hence, the radioactivity declined sharply from their peak in the 1960s. Further decay
was very slow mainly due to the presence of long-lived 'C (t;: 5730 years) in the
atmosphere. The dry or wet fallout from the atmospheric weapons testing also caused
contamination of surface water and terrestrial environment. The fallout can be local, i.e.
within a few 100 km from the test side; regional i.e. up to several thousand km from the test
side; or global. The level of spread of these fallouts depends primarily on the altitude and
latitude of the explosion site and its yield [26-28]. Though the activity from these fallouts was
often found to be of low level and widely dispersed, a considerable level of activity was
found at certain places. For example, in the USA alone there are over 70 million m’® of
contaminated land and over 1800 million m® of water at Department of energy facilities used
for weapons productions [29]. At Mayak Production Association (Chelyabinsk, Russia) a
significant level of Pu contamination exists at the sites and its nearby area used for weapons-
grade Pu production and accidental discharge [30-32]. Around 10° TBq of radioactive
contaminants were discharged as liquid waste into the Techa River between 1949 to1956.
The major associated activities were 89'908, 137Cs, rare earth isotopes, and %7r - ®Nb and
ruthenium isotopes [31-33]. The same site also has ~7.4 x 10* TBq activity released due to
liquid waste tank explosion causing the contamination in the area of approximately 20 x 10
km® with a concentration of 4000 Bq-m'2 [30,34] Underground testing of weapons caused

contamination of the subsurface geosphere due to *H, fission products and other actinides. At

15



Nevada Test site in the USA ~10" TBq of radioactivity was released into the subsurface
during 828 tests. Some of the radionuclides of concern are 3H, 137Cs, 90Sr, 239’241Pu, 8.
13213y and 'Sm. The inventory changes with time as new isotopes will emerge as daughter
products and others will decay. The remaining activity of the subsurface will be dominated

by long-lived radionuclides such as U, Pu, Np and Am [35-37].

1.5.2. Nuclear Accidents

Accidental release of radioactive contaminants from nuclear facilities are localized sources of
contamination and these sources are, in general, less significant contributors to the
environmental radioactivity as the probability of such occurrences are low but if released can
also lead to long-term effects onto the environment. Some of the largest releases from such
events have been due to Kyshtym, Chernobyl and Fukushima. For example, the 1989 report
of International Atomic Energy Agency (IAEA) suggests that the Kyshtym explosion results
in ~74 TBq of beta and gamma emitting radionuclides (10% of total release) in the wider
environment comprising mainly 95Zr, 106Ru, 106Rh, 9 Nb, 144Ce and 144Pr, and *°Sr. The area
contaminated by PSr was ~23000 km® with 3.7x10° bq m™ of *’Sr contamination density
[38]. At Chernobyl, ~1.76 x 10" Bq of B and ~80 x10° TBq of 137Cs were released into the
environment whereas, at the Fukushima-Daiichi reactor site accident in 2011, ~1.5 x 10"
TBq of Bl and ~1.2 x 10'® Bq of 137Cs were released into the local environment [39]. These
nuclear accidents can be minimized by best of engineered safety measures used in the nuclear

facilities and with better management to minimize the human error.

1.5.3. Nuclear Fuel Cycle

The nuclear fuel cycle is another major source of radioactive contaminants (in the form of
radioactive wastes) leading to the environmental contaminations [29, 40]. By waste volume,
the largest source is from Uranium mining and milling operations in front end of the nuclear

fuel cycle (vide supra) [41]. These activities have produced ~937 x 10° m® of tailings, with
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associated activities ranging from <1 to >100 Bq/g [41, 42]. The waste mainly contains
uranium and its decay products, including the radioactive gas, radon (Rn) [42]. The
radioactive waste arising from the nuclear reprocessing facilities causes high localized level
of contamination. The leakage from the storage facility is also a contributor of radioactive
contaminants to the environment [43-47]. For example at the Hanford site (USA), an
estimated 570 m’ of waste having ~3.7 x 10* TBq of activity has benne released into the
subsurface from leaking underground tanks [29]. The radioactive contaminants released from
the nuclear fuel cycle vary at every stage and need special attention and require specified
waste treatment methodology before final disposal. The depleted uranium, by-product of fuel
enrichment facilities, is another waste that has less activity but has associated health hazards

due to both its radiological and chemical toxicities [48-49].

1.5.4. Naturally Occurring Radioactive Materials

Naturally occurring isotopes are present everywhere and serve a constants background of
dose for humanity since the inception of the earth. The dose received can be either due to
primordial (40K, 28y, 232Th) sources or of cosmic origin (from cosmic ray) [27, 50]. The
decay products of the primordial sources (***U, #’Th) can cause significant problems with
respect to environmental contamination, but their concentration varies with the local geology
[27, 51]. The migration and hence associated risk from these primordial sources can be
significantly enhanced by industrial processes such as mining and milling for uranium or
thorium [52, 53]. The processes such as the production of phosphate, oil production and
combustion of coal also contribute to the radioactive contaminants in the environment [54,
55]. The radioactivity quantity in different types of coal ranges from 21-309 Bq/kg for *°Ra;
12-435 Bg/kg for 2**U; 7.5-56 Bg/kg for >**Th and 6-398 Bqg/kg for “’K [55, 56]. The release
of naturally occurring radioactive isotopes from these industrial activities is a relatively minor

source of contamination compared to other sources.
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1.6. ENVIRONMENTAL BEHAVIOR OF RADIOACTIVE CONTAMINANTS

The waste arising from a different source varies in their physical and chemical forms and also
with respect to their associated radioactivity. The waste contains a range of radioactive
isotopes with a range of half-life from several days to millions of years. The chemistry of
different radioactive elements differs and hence, the remediation strategies. The radioactive
contaminants with long life, higher quantity, high activity, and easy bioavailability are of
great concern to the environment. Table 1.2 lists some of the key environmental
contaminants with their major decay modes and half lives. Most of the contaminants listed in
the table are present in the significant quantities due to the sources discussed earlier. For
example, %Co is used in medial and other industrial processes requiring radiation source
while **U and **Rn are naturally occurring and so on. The bioavailability some of these
radionuclides are of concern as it is the major pathway to be a part of the food chain and
hence, can directly affect the population. *2Rn exists as a gas and can be inhaled and is the
second leading cause of pulmonary cancer in USA [57]. %Sr(IT) resembles the chemical
properties of Ca(Il) and can be accumulated in the bones. 137CS(I) resembles K™ and can be
transported into the living cells by K* transport channels. The **Tc and '®I (as part of T3 or
T4 hormone) can be accumulated in the Thyroid gland [58, 59]. The fate of these
radionuclides in the environment depends on several factors but the oxidation states of the
radionuclides play a significant role. Chemical properties, such as complexation and
hydrolysis, bioavailability, and transport of the radionuclides depend on its oxidation
properties, particularly for redox active elements such as Pu and Np. The existence of
actinides in multiple oxidation states (Table 1.2) complicates its chemical behaviors in the
aqueous media. Uranium generally exists as uranyl ion (UO,*") in the +VI oxidation state but
U(IV) is also stable under reducing conditions [60]. The most stable and dominant oxidation
state for Neptunium is +V (as NpO,") though other oxidation states are also possible. For

plutonium, +IV is the most stable one but as in the case of uranium and neptunium, the other
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oxidation states can also prevail depending upon the local chemical environments. The higher
oxidation states of actinides (An(V, VI)) tend to be more aqueous soluble and are more
mobile in the environment, whereas the actinides in the tetravalent (An(IV)) state are more

prone to hydrolysis and polymerization reactions due to higher ionic potential [18, 22-25].

Table 1.2: Some of the key radio-contaminants to the environment

Radionuclide Prevailing Oxidation state = Half-life Major decay mode

Fission Products

e +IV, +VII 2.15x10° y p

90G - +I1 29.1d p

137+ +1 30.17d Y

1291 +1,0, +V 1.57x10" y By
Actinides

238y +III, +IV, +V, +VI 4.47x10°y a

238py, +IIL, +1V, +V, +VI, +VII 87.7y a

39py +IIL, 41V, +V, +VI, +VII 2.41x10°y a

10py, +III, +1IV, +V, +VI, +VII 6.55x10° y a

U1p, +III, +IV, +V, +VI, +VII 144y p

HiAm +III, +IV, +V, +VI, +VII 432.7y a

2Np +IL, +1V, +V, +VI, +VII 2.14x10° y a

mp. 0 3.8d a

Co +I1, +111 5.27y By

Out of the fission products listed in Table 1.2, cesium (Cs) and strontium (Sr) show stable
oxidation states of +I and +II, respectively but technetium and iodine are redox active. The
stable oxidation states of the Cs and Sr make their chemistry unaffected by the nearby redox

environment but are of potential concern due to their bioavailability [58-61]. Cs being in the
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+1 oxidation state interacts weakly with different ligands and tends to bond via electrostatic
interactions rather than strong covalent bonding. Its high solubility makes it more mobile in
the environment and interaction with the surface of the mineral may serve as a predominant
mechanism for its retardation. Sr(Il) also do not complex very strongly but can be
precipitated with calcium sulfate and carbonate [61-63]. Technetium mainly exists as an
anionic moiety (TcOy) in the +VII oxidation state. The +IV oxidation state of Tc is possible
under reducing conditions. TcOy is soluble and mobile whereas Tc(IV) exists as insoluble
TcO, [40]. Iodine (I) can exist in different oxidation states (i.e., -1, 0, +V) in the environment
[61]. In the aqueous environment, iodine exits mainly as 105 and I', but in soil system, it can
be present as organic species as well. The ®Co chemistry is relatively simple with just +II
and +III oxidation states. Co(II) is most stable and is more aqueous soluble then Co(IIl) and

hence, is more important from the environmental point of view [64-65].

1.7. RADIONUCLIDE TRANSPORT IN ENVIRONMENT

1.7.1. In Atmosphere

The radionuclides can enter the ecosystem in various forms depending upon the origin of
contaminant and the physical or chemical form of the radioisotope. The transport of
suspended radionuclides is mainly governed by its size; larger size particle has more
probability of settling down as compared to a particle of smaller diameter [10]. Once released
into the environment the fate of the radionuclides depends on the prevailing near field
meteorological conditions. For atmospheric releases due to nuclear weapons testing depends
strongly on the height and yield of the explosion. The refractory radionuclides such as »7r,
Pu and ""Ce are released in particulate form and hence, tend to deposit readily with less
distribution than the volatile isotopes such as '*’Cs and "*'I [66-67]. The localized transport
of radioactive contaminants occurs with the use of depleted uranium (DU) weapons and
uranium mining. The mass (10% -35%) of the DU weapons convert into an aerosol (size

<Sum) after hitting the target [11]. The distribution of DU aerosol was controlled by the
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prevailing meteorological condition, with the risk of re-suspension into the atmosphere due to

wind or anthropogenic activities [68-70].

1.7.2. In Aquatic System

The transport behavior of radionuclides depends on its aqueous speciation, which controls the
solubility, bioavailability, and reactivity of given radioactive contaminants [19, 21-25]. The
chemical speciation depends on various factors such as biogeochemical conditions, E,, pH,

the presence of complexants, natures of minerals systems present nearby and interplays
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Fig. 1.6: Some of the key processes governing transport or retardation of the metal

ion in the aquatic media.

between these factors [22-24, 71-72]. The various processes at minerals water
interfaces were depicted in Fig. 1.6. Processes such as sorption, precipitation, or ion
exchange with the interlayer the cation of minerals can retard the migration of
radionuclides in the geosphere [71]. The water in the environment has varying
biogeochemical cycles depending upon the nearby meteorological condition. It can
be fresh water or saline, with neutral pH, low ionic strength, oxidizing conditions etc.
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The water in certain regions can be rich in organic matters or other complexants due
to decomposition of flora or fauna in its vicinity. The chemical condition of water
affects the speciation of metal ions. For examples, the proposed conceptual
management of HLW produced after the spent fuel reprocessing was its vitrification
and storage in deep geological repositories. The safety of a deep geological
repository site, to avoid radioactive contaminants, used for HLW burial in vitrified
glass blocks is related to various long terms factors such as the behavior of buried
radionuclides, including best of engineered barrier system (EBS) designed for its
isolation. The performance of a deep geological repository can be decided by its
capacity to confine radioactivity and isolate it from the biosphere for billions of
years. The evaluation of the migration or mobility of radionuclides in groundwater
conditions, in contact with the deep geological repository, requires the understanding
of the aqueous chemistry, geochemistry, and hydrology of both the present
radionuclides and the material used for the engineered barrier system (EBS) in deep
geological repositories. There is a need, therefore, to experimentally determine the
sorption coefficients/percentage sorption and retardation factors of different
radionuclides on different clays under various chemical/physical conditions of water
and finally to model the generated data with different theoretical approaches/models
to understand the factors controlling the migration of the given radionuclides under a
given sets of chemical/physical conditions. The influence of the specific conditions
prevailing near the repository site must also be taken into consideration while
estimating the radionuclide mobility from a repository site. The origin of the clay
minerals and the chemical treatment it undergoes before it comes into contact with
any radio-contaminant has a significant influence on their surface properties and
hence, on its interaction with the radionuclides. These differences can alter the

sorption behavior of a given radionuclide onto these clay minerals.
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1.7.2.1. Clay Minerals

The interaction of radionuclide with the clay mineral can either enhance or retarded the
mobility of the radionuclides in the aquatic medium.. The sorption property of the clay
minerals is dependent on various factors such as its structure, interlayer cation and charge on
its surface. A number of mechanisms can be responsible for actinide transport or retardation
in the geosphere. The interaction mechanism of the metal ion, a radioactive contaminant in
the present case, with the mineral surfaces can be of ion exchange, chemisorption or
physisorption type. In the ion exchange process, the sorbing metal ions exchange with other
similarly charged ions within the mineral structure or from the interlayer spacing. For
example, Cs(I) undergo cation exchange reaction with mineral surfaces which is the key
controlling factor retarding the Cs(I) transport in the aquifers [62]. The binding of the sorbing
metal ion with covalent bonding to form the inner-sphere complex is termed as chemisorption
reaction [63, 73]. The binding of the metal ion with the mineral surface occurs at specified
sites and the strength of interaction depends on both, the chemical properties of the metal ion
and the mineral surface properties. Uranyl ion (U(VI)) binds with goethite, hydrated ferric
oxide and mica (muscovite, chlorite) surface through the formation of inner-sphere
complexes [73-75]. The weak interaction by Van der Waal’s forces termed as physisorption
and the complex thus formed is called the outer-sphere complex [76]. This interaction is
relatively weak and the desorption of the metal ion from the mineral surface by an alteration
in geochemical properties is readily possible. Sr(I) interacts with many surfaces like
ferrihydrite, bacteriogenic iron oxide, calcite and kaolinite in this manner [73,77-79].

The irregularities at the mineral surface serve more reactive sites for metal ion
sorption, microbially dissolution and other processes at the mineral surface [73]. The steric
environment of the surface site in combination with the chemical and physical nature of
ligand/complexants present near the surface has a direct influence on the affinity of the

surface site for a particular metal ion. For example, montmorillonite, vermiculite and
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micaceous minerals like illite, biotite has a high affinity for Cs(I) on their edge and step sites
[80-82]. Over the period of time, the Cs(I) ion can diffuse into the interlayer of the sheet
silicates making the desorption process irreversible [83]. The sorption process is also
dependent on the acidity and ionic strength of the solution. At higher acidities, the
protonation of the mineral surfaces occur altering their overall charge and hence, can alter the
mechanism and extent of interaction between the mineral surfaces and the sorbing mental
ions [84]. In alkaline conditions, although the surface is preferentially negatively charged, the
interaction of the metal ion with the hydroxide ions (OH") decreases the charge on the metal
ions and hence, can reduce the sorption on the mineral surfaces. Higher ionic strength reduces
the activity of the metal ion and also alters the effective charge onto the mineral surface, in
both the cases decreasing the complexation of the metal ion with the surface of the mineral.
The higher ionic strength can also cause desorption of the metal ions. Desorption of the metal
ions is significant in seawater conditions due to higher pH and ionic strength of seawater. Out
of various classes of clay minerals, the smectite group clay minerals, such as bentonite (a 2:1
aluminosilicate of smectite family) are considered as candidates for buffer material in deep
geological repositories [85]. In general, it consists of a nanometer/micrometer scale of 2:1
clay minerals (mainly Montmorillonite) and micrometer scale of macro-grains (mainly
quartz) [86]. The physical and chemical properties of bentonite are mainly characterized by
its hydrated or water saturated forms. It is a dark-grey to brownish clay-rich mineral
composite consists mainly of montmorillonite, with minor concentrations of cristobalite,
zeolite, and quartz, among others. It has a 2:1 layered phyllosilicate (smectite) structure, in
which one alumina octahedral sheet is sandwiched between two silica tetrahedral sheets. The
layered structure expands in contact with water and both the interlayer sites as well as
ionizable hydroxides surface sites are available for interaction with the metal cation sorption.
Bentonite is known to have efficient radionuclide retention capacity, low hydraulic

conductivity, high cation exchange, and adsorption capacities, low anion diffusion capacity,
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low transport capacity of positively charged radionuclides with good swelling capacity, etc.
Bentonite is very suitable for isolating radioactive waste canisters (having vitrified HLW) due
to its very low anion diffusion capacity and low transport capacity of positively charged
radionuclides [85-88]. Thus, it acts as a good buffer around the waste canisters. With its high
swelling potential, it can help in self-sealing of openings within the EBS system and gaps
between the bentonite with the nearby rocks and with radioactive waste canister. The thermal
conductivity of bentonite is adequate to conduct heat away from the canister and helps in the
cooling of the latter. Further, it has good colloid and microbial filtration capability. Initially,
the bentonite (buffer material) installed around the waste canisters in a deep geological
repository is partially saturated with water. Slowly the heat released from radioactive waste
inside the canister enhances the temperature at the near-field of the bentonite-rock system due
to the decay heat generated from the radionuclides. On the other hand, water is taken up from
the rock-water interface at the outer part of the buffer system which leads to the swelling of
the bentonite in the nearby region. In short, bentonite is known to be promising candidate as
the backfill material for EBS of a deep geological repository due to its favorable chemical
and physical properties under deep geological repository conditions and the knowledge of
interaction of various radionuclides with this backfill material is necessary to assess the
performance of any deep geological nuclear waste disposal site. Bentonite is considered as a
good candidate for EBS in many countries. The interaction mechanism between the
radionuclide and bentonite decide its final fate into the geosphere. In this context, it is
necessary to understand various aspects of radionuclide sorption reactions onto bentonite
such as kinetics, thermodynamics, sorption mechanisms (e.g., ion exchange, surface
complexation/precipitation) of radionuclides to model the contribution of these reactions to
the overall sorption process in the natural environmental conditions. This requires a proper
understanding of the sorbed species, its nature, and form of complex, on the natural minerals.

Various spectroscopic techniques, e.g., EPR (Electron Paramagnetic Resonance), EXAFS
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(Extended X-ray Absorption Fine Structure), and TRLFS (Time-Resolved Laser
Fluorescence Spectroscopy) have been used to obtain information about the nature of the
sorbed species onto clay surfaces [84, 89-96]. TRLEFS is a useful means of identifying sorbed
species onto clay minerals under different chemical/physical conditions. The difference in the
excitation/ emission spectra of a luminescent metal ion (such as Eu(IIl)) and its decay
lifetime can be used to differentiate among the various chemical species present in the
aqueous phase and those present in the mineral water interface [89-90,96]. Besides pure
bentonite, once the EBS systems are left of billions of years, the local wear and tear in EBS
system can cause intermix of more natural sediment/mineral with the buffer material and the
complex interplay between different sorption processes may occur. The radionuclides can
also leach to a sufficient distance to come to the regions where admixtures of bentonite with
other soil component are prevailing. In the event of a nuclear accident, the released
radionuclides can interact with very different kind of soil system with completely different
flora and fauna existing in those regions. With the possibility of all these hypothetical
scenarios and understanding of nuclear accidents and other testing facilities, the effect of
another soil component with bentonite and other clays on sorption and speciation of
radionuclides is of paramount importance. The natural soil contains a variety of natural
organic matter (NOM) such as a fulvic acid (FA) and humic acid (HA) in very low
concentrations along with other decomposition products of plant and animal remains in the
soil [97-99]. The decomposition process and other anthropogenic activities also contribute of
simple organic acids such as citric acid (cit), oxalic acid (OA), and inorganic complexing
anions i.e. sulfate (SO42'), phosphate (PO42’), carbonate (CO32’), etc in the geosphere. The
complexation of a given radionuclide with these organic/inorganic anions distributed in soil
and natural water systems plays an important role in the determination of its radiotoxicity,

bioavailability and transport behavior in the biosphere [97-98].
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1.7.2.2. The Natural Organic Matters (NOMs)

The sorption properties of the mineral surface can be modified by the coating of organics
onto the mineral surface. These coatings can add to more sites for complexation but can also
block the active sites available for sorption. The coating of in organics has also profound
effects on the sorption properties of the mineral surface. For example, the alumina coating
onto kaolinite, illite and montmorillonite surfaces enhances Sr(II) sorption compared to the
respective uncoated mineral surfaces. A biological, as well as natural organic matter (NOM),
coating also modifies the reactivity of the mineral surface. The coating by the NOM depends
on the mineral surface, natures of the NOM, its quantity, etc. The content of NOM in the
natural soils varies widely from one place to the other even can vary at the same place with
time and other natural or anthropogenic activities. The complex nature of NOM and the
amount present in the soil system depend on various factors such as time, flora and fauna,
climate and topography of the nearby ecosystem [99]. Humic substances, one of the
important NOM, represent a complex mixture of molecules with varying size, shape, and
reactivity. Humic substances are in general composed of three different fractions. The
solubility of these fractions with the pH is used to distinguish between them, the humin
fraction is insoluble under all pH conditions, whereas humic acid (HA) are insoluble at or
below pH 2 and fulvic acid (FA) is soluble under all pH conditions [99-101]. HA contains
various types of carboxylic, phenolic, enolic and alcoholic groups with other aromatic and
aliphatic moieties [99,102]. The characterization of HA with respect to different functional
groups can be done by optical or FTIR spectroscopy. In general, the total acidity was
determined by Baryta adsorption method. The estimation of various OH containing groups
requires various chemical transformation reactions. Being a polyprotic acid, the
potentiometric titrations were also used for pKa determination of HA. The interaction of
these HA either with clay minerals or with radionuclides alters the sorption of speciation of

radionuclides. These are the various possibilities in which the clay mineral - metal ion
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systems behave in the presence of HA. Humic acid complexation is affected by the pH of the
solution, as the deprotonation of the functional groups is possible with increasing pH leading
to stronger complexation ability of the ligand. The strength of the humate complex also
depends upon the oxidation state of the metal ion. The stability of the HA metal complex
decreases in the order UIV) > Th(IV) > Am(III) > Eu(Ill) > U(VI) > Co(Il) > Sr(Il) as a
result of electrostatic interaction between the two [60,103]. For redox active actinides such as
Np and Pu, the reduction of the metal ions (i.e., Np(VI) to Np(IV) and Pu(VI) to Pu(IV)) in

the presence of HA are also reported [104].

1.7.2.3. Inorganic Complexants

The redox, co-precipitation and complexation reactions with inorganic anions such as
carbonates also alter the interaction of the metal ions with the mineral surface. The strength
of inorganic ligands complexing to the actinides decrease in the order COs> > OH > HPO,™>
>F > SO42' >NO3;" > CI'T105].The complexation also varies with the charge of the actinide
ion similar to their hydrolytic behavior (vide supra). Carbonate (or bicarbonate) is the most
important inorganic anion present in the natural system and its concentration ranges from 10°
M in surface water to 10 M in groundwater [106]. They can form stable negative complexes
with the actinides, which has a lower affinity for the mineral surface and remains in the
aquatic media, therefore, can increase the mobility of the actinides [63,107-108]. For
example, the uranyl ion (U(VI)) has a very high affinity for the carbonate ion and forms

UOQ(C03)22' or UOQ(CO3)34_ complex as shown in the equation 1.2 and 1.3 [107-108].

U0, (4q) + 2HCO3 > U0(CO3),” (o) + 2H+ (1.2)

U0, (4 + 2HCO3 > UOy(CO3)3 oy + H (1.3)

The Eh-pH diagram of uranium in the presence of inorganic carbon is given in Fig. 1.7.
In the natural media water serves as a dominant transport medium and hence, knowledge of

the predominant actinide oxidation states and actinide speciation under different water
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condition are essential. Pourbaix diagrams (also known as Eh-pH diagram) serve as a useful
tool for addressing the actinide ion speciation as a function of pH and electrochemical
potential of the media [108]. The prerequisite for the Pourbaix diagrams in water media for
any radionuclide is to define the chemical stability area of water. The potential at which
oxygen generation starts on the anode is defined as the upper stability limit of water whereas
the potential at which the hydrogen gas is evolved from the surface of an immersed electrode
defines the lower stability limit of water media. The upper or oxidizing limit and lower or

reducing limits are defined by equation 1.4 and 1.5 respectively.

Y20, + 2H" + 2¢” > H,0 1.4)

H,O+e 2> 2H, + OH 1.5)

By using the Nernst equation, the relationship between potential and pH and pE were derived

(equation 1.6 and 1.7) for the boundary of water as systems

pE =20.75 - pH (1.6)

pE = - pH (1.7)

The above two equations can be compared to equations of a straight line with pE at y-axis
and pH as the x-axis and define the working limit in the aquatic media or the stability field
for water. Thus, water as a medium offers its solutes only a small electro potential window of
stability. Within the stability zone of the aquatic system, the distribution of oxidation states
and speciation of a particular actinide can be obtained by considering all its complexation and
redox and reactions. Fig. 1.7 shows Eh-vs-pH diagram calculated for uranium in water
containing hydroxide and carbonate under an atmospheric condition at 298 K. From the Eh-

pH diagram, the
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Fig. 1.7. The Eh-pH diagram for the U(VI) (10 nM) in the presence of carbonate (1 mM); T:

298K.

presence of negatively charged UOQ(CO3)22' or UOz(C03)34' dominates in oxidizing and mild
reducing condition at pH > 6 [108]. In pH 5-6, less mobile UO,(CO3) dominates and in acidic
pH range (pH<5) the uncomplexed uranyl ion (UO,**) dominates. In the absence of any
complexing anion/ligands, the interaction between mineral surface and the clay are mainly of
two types, inner-sphere complex formation, and outer sphere complex formation. In the inner
sphere complex, the hydrated metal ions shed its primary hydration sphere and attach to the
mineral surface by largely covalent bond, whereas in outer sphere complexation, the metal
ions retain its primary hydration sphere and approach electrostatically to a critical distance
(Fig. 1.6). In the presence of other inorganic or organic complexants such as simple organic
acid, HA or inorganic anions, the interaction mechanism between the radionuclide with the
clay minerals differs. Such alteration in the interaction mechanism can have a profound effect
of the sorption properties of the clay minerals which can lead to entirely different pathways
for the fate of radionuclides under those conditions. Fig. 1.8 shows some of the possible ways

of clay-radionuclides interactions in the presence of any external complexants.
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Fig. 1.8. The possible mode of interaction of metals ion with the clay surface in the presence

of organic or inorganic complexants (shown as Ligand).

A large volume of research work is ongoing to understand the sorption, speciation and
migration behavior of different radionuclides at several contaminated sites, such as the
Hanford Site, Nevada Test Site, Savannah River Site, etc. Many such sites involved in the
production, reprocessing or storage of nuclear materials/wastes have contributed to
environmental radionuclide contaminant in various ways such as spillage, discharge,
accidentals, and testing facilities. To understand the radionuclide migration behavior at these
sites and for efficient remediation methodology, a wide range of disciplines are required with

a lot of financial burdens.

1.8. THERMODYNAMIC MODELING OF SORPTION DATA

The experimentally obtained sorption or Kp data for a given radionuclide under the given
experimental condition can be used for surface complexation modeling studies. These kinds
of studies are essential for the prediction of long-term behavior and for understanding the
transport of radioactive contaminants in the ecosystem [109]. Any surface complexation
modeling (SCM) is started with the conceptualization of a mineral surface with chemical
functional groups, mainly —OH, which can interact with the contaminants in the aqueous
phase (a radioactive contaminant in the present case) with different modes such as inner or
outer sphere complexation. The minerals (i.e. clay) can also have ion exchange sites for ion
exchange reactions. The mineral surface can possess either variable charge or fixed charge
density or both. The variable charge on these surfaces arises from the acid-base properties of

the surface hydroxyl groups or from the surface complexation reaction, mainly by the inner
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sphere complexation. Most of the oxides, including the iron oxides which are ubiquitous in
many environmental systems, exhibit variable charged surfaces, and can also have several
distinct sites on different surface planes. The permanent charge on the surface is a feature of
many clay systems. The clay minerals are comprised of composite sheets with alumina
octahedra and silica tetrahedra attached in different ways such as one alumina octahedron for
one silica tetrahedron (1:1) or as described in the previous section systems containing one
alumina octahedron sandwiched in between two silica tetrahedra (2:1). Substitution by any
lower valent cation such as trivalent (Fe** or AI*") with Si in silica tetrahedral or any divalent
with AI** in octahedral, gives rise to the fixed structural charge that is compensated by
binding of external cations in cavities between the or on the outer planes. These cationic sites
are suitable for cation exchange reactions with the aqueous phase cations. The ion exchange
interactions are predominantly electrostatic in nature with relatively weak bonds without
much change in the total surface charge. Many a time, a single mineral exhibits different site
types on its surface such as ion exchange interlayer sites, surface complexation edge sites and
planar face sites. The identification of surface site types and their estimation are very
important for the development of SCM [110]. For both simple and complex assemblages, the
number of surface sites can be estimated from the specific surface area of the solid phase.
The cation exchange capacity or CEC is the number of ion exchange sites (can be estimated
by different chemical methods) which involve replacing all exchangeable ions in clay with a
particular index cation. All SCM is based on some basic chemistry principles, many of which
are widely accepted equilibrium models for solution chemistry. These models are based on
mass action laws representing chemical reactions.
The fundamental concepts for an SCM are as follows [110]:
e Selection of simple chemical components, which acts as building blocks to form all
the chemical species needed under the given chemical condition. Simple ions or

chemical elements are often selected as components for SCM. Other choices for
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components are also possible as long as they meet the requirement that no component
can be expressed as a combination of other already present components in the system.

e The spectroscopic or conceptual understanding is used to form the chemical species
which can be formed by combining one or more components of the system.

¢ The basic definition of each species depends on the selected set of components.

e The charge neutrality and the mass balance requirement are a must, by which the
combined concentrations of all species having a given component are governed by the
fixed total quantity of that component in the system.

e The mass action equation for each species is derived, in which the activities of all
chemical species and components involved in a chemical reaction are related by a log
K value (thermodynamic stability constant).

¢ An underlying thermodynamic database is required for the stability constants of all
relevant dissolved (and solid) species.

The SCM approach is based on a set of chemical reactions on the mineral surfaces; each has
an equilibrium constant value. The surface sites are visualized as taking part in reactions in a
similar way to any other entity present in the system. In the most commonly applied types of
SCMs, some of the surface atoms (=S) react with water to form surface hydroxyl groups with
zero charges (ESOH). These surface hydroxyl groups undergo acid-base reactions similar to
ligands in solution chemistry forming either positively charged, i.e., =SOH," or negatively
charged, i.e., =SO surface moieties. The sites can also interact with metal ions in aqueous
electrolyte solutions. The various reactions between the metal ions and the mineral surface
are discussed in the modeling section of the experimental part (Chapter 2, Section 2.9).

The uptake of metal ions or protons at a mineral surface changes the surface charge; hence,
an electrostatic interface layer model is often a component for the SCM to correct for the
effects of varying surface charge on equilibrium constants. A number of electrostatic models

for the interface have been proposed and applied to model the sorption data, such as the
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diffuse layer model (DLM), triple layer model (TLM), and constant capacitance models
(CCM) [110,111]. The two main differences between the various electrostatic models are the
number of adsorption planes and how the relationships between the surface charge density
and the electrostatic potential at these surfaces are defined. So the overall free energy of
metal ion sorption process can be assumed as the sum of free energies of non-electrostatic

(NES) or chemical contribution and electrostatic contribution (ES), equation 1.8 [110].

AG Sorption = AGgs + AC’NES (1-8)

where AG sorpiion represents the free energy change for the overall sorption process and AGgs
and AGngs are contributions from the electrostatic and non-electrostatic interaction to the
overall sorption process. In cases where the chemical or non-electrostatic contribution to the
free energy of adsorption (AG) dominates over the electrostatic contribution, a non-
electrostatic model (NEM) can be used. These kinds of models often find their application in
modeling natural materials where the electrostatic effects are difficult to quantify and the
electrostatic terms become incorporated within equilibrium constants for various surface
sorption reactions.

One of the key issues is how to describe and model these surface reactions. While a
number of interactions of radionuclides with surface groups are possible, a distinction is often
made between ‘inner-sphere’ and ‘outer-sphere’ surface complexes. When forming an inner-
sphere complex, there is a direct bond between the surface and the adsorbed species. In
contrast, a species forming an outer-sphere complex retains its shell of coordinated water
molecules and therefore lies at a greater distance from the surface (Fig. 1.6). As a result, this
species is associated with the surface mainly by electrostatic forces, which are weaker than
the inner-sphere type bonds. There are several important types of radionuclide sorption
reactions, including simple adsorption reactions, reactions involving simultaneous ligand

sorption (to form ternary surface complexes), and reactions involving multiple surface sites
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(multidentate sorption). Multiple sorbing species may attach to each site (polynuclear
adsorption) at relatively high dissolved radionuclide concentrations (this is analogous to the
formation of polynuclear solution complexes). Cations, such as uranyl (UO,™), are known to
bind to two or more surface oxygens, which can be represented as a bidentate binding [110].
In an SCM, an equilibrium constant (log K value) is associated with each type of the reaction,
typically defined analogously to equilibrium constants in the aqueous chemistry although
some surface reactions (like multidentate adsorption) require more specific formulation of the
associated equilibrium constants. The details of the modeling are described elsewhere, but the
key feature of any SCM approach is the incorporation of a range of realistic and relevant
surface reactions. In recent years, more emphasis was given on the identification of the
surface species by advanced techniques, particularly the synchrotron-based technique of
extended X-ray absorption fine structure (EXAFS) spectroscopy, have provided very useful
information about the local structure of the surface sorbed species. The EXAFS spectroscopy
probes the local coordination environment (i.e., the type of neighboring atoms, coordination
number, and bond lengths) of the adsorbed species. EXAFS spectroscopy has been used to
distinguish between sorption by ion exchange and binding to the edge sites. Similarly,
EXAFS can be used to differentiate between various forms of adsorbed or precipitated
species. A recent EXAFS study of Zn(I) sorption on montmorillonite surface demonstrated
distinct crystallographic differences between sorption complexes formed at strong and weak
sites [112].

The majority of the literature data on SCM describes the adsorption of metal ions by
individually pure or synthetic mineral phases under well-defined chemical/physical
conditions, whereas complexity of the natural soil systems makes it very difficult to apply the
concept of any SCM to these systems. Two basic modeling approaches were proposed: (i) the
component additivity approach and (ii) the generalized composite approach for the SCM of

the natural system [113-114]. The generalized approach assumes the generic sites on the
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mineral surface and iteratively fits the sorption data to get the best-fit parameters for log K
value, whereas the component additivity approach is based on summing the sorption of
individual components in the complex mixture. To use this approach, it is essential to
determine the composition of the natural mineral. The model can be simplified if the
components that dominate the sorption of the given metal ions known by other means.
However, the identification of the mineral components that dominate the sorption of a given
radioactive contaminant in natural sediments is a challenging task. Even if qualitative or
quantitative data analysis of pure phases were made available, further understanding of the
combined behavior of those components towards radionuclide sorption under the given
physical or chemical conditions is quite complicated. Furthermore, the components can be
distributed quite unevenly in size, a coating of other NOM or oxides, surface inhomogeneity,
etc. For example, the coating of iron oxide/hydroxide minerals onto clay minerals influences
the sorption of U(VI).

The inherent inhomogeneity of the natural sorbents with respect to their mineral
composition and complexity due to the presence of natural organic matters makes the
sorption and speciation studies of actinides in natural media a challenging task (vide supra).
An attempt was made through this thesis to understand some of the underlying factors that
play an important role in deciding the sorption and speciation of radionuclides in the natural
environments. The compositional analysis for natural clay minerals are also a tedious task but
essential for understanding of the radionuclide clay interactions. The objective of present
dissertation, broadly, is to understand the sorption and speciation of radionuclides in the
natural media, for which thorough characterization of clay minerals is extremely important.
After characterization of clay minerals, emphasis was devoted to understand the role of
different accessories phase present in the clay minerals towards the sorption of radionuclide
(in the present case Np(V)). The individual experimental protocols were designed to get the

information of most reactive phases responsible for Np(V) sorption. The effect of other

36



structural parameters of clay such as form of clay (1:1 or 1:2) and nature of interlayer cation
onto radionuclide sorption was also studied. The presence of NOMs adds additional
complexity to natural system and hence simple clay systems were chosen for better
understanding of the radionuclide sorption onto clay-NOMs binary systems. Sorption studies
were also done to understand the role of clay mineral structure and role of interlayer cation
onto radionuclide sorption. Finally the experimental data were analysed using CA approach
of SCM to get better insight into the sorption mechanism and to further support experimental

observations.

1.9. SCOPE OF THE PRESENT THESIS

There is an ongoing risk of environmental contamination with radioactive ions such as
actinides (U(VI), Th(IV), Pu(IV) and Am(III)), fission (Cs(I), Sr(II)) and activation (Np, Pu
etc) products etc. due to increasing nuclear fuel cycle activity associated with the ever-
increasing energy demand in the world. To meet these growing demands, we need reliable,
affordable and clean electricity. Hence, there is always a need to study and access the level of
contaminants in the environment, to find out better ways to retard their migration etc. In the
present work the sorption of actinides (Am(III), Np(V), U(VI)) or their homologs i.e. Eu(IIl)
and Gd(III)) and fission product ions viz. Cs(I) and Sr(II) onto bentonite of different origin,
of different chemical form, have been investigated using batch sorption, thermodynamic
modeling, and spectroscopic studies. The natural bentonites of different origins (e.g. India,
Russia and Spain) and kaolinite (commercial) were thoroughly characterized by host of
physical techniques such as X-ray Fluorescence (XRF), X-ray diffraction (XRD), Fourier
Transform Infrared (FTIR), BET (surface area), High Resolution Transmission Electron
Microscopy (HR-TEM), Scanning Electron Microscopy (SEM), Mossbauer spectroscopy,
etc. The clays used in the present work are of variable composition both, with respect to their
mineralogy and Fe containing phase and Fe speciation. It is of interest to see the effect of

such variation in the mineralogy and Fe content of the clay onto the sorption and speciation
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of radionuclides. The batch sorption experiments were carried out to understand the role of
different aqueous condition onto the sorption behavior of given radionuclide on selected clay
mineral. Some of the clays were chemically modified with respect to their interlayer cation
form, or Fe- containing minerals. The sorption on these modified clays gives an indication
that, these modification, if occur (change in cationic form) or if such kind of mineral is found,
(or mineral with different Fe-phases and Fe-speciation), in nature can either increase or
decrease the sorption and even sometimes the sorption does not change much. These studies
help in predicting the migration of radio contaminants under a variety of experimental
conditions. The effect of complexing agents on sorption onto clay surface was also studied,
with small organic molecules such oxalic acid to complex humic acid, the effect of carbonate,
an ambiguous inorganic complexants present in aqueous media, was also seen. The
spectroscopic techniques such as EPR, EXAFS, and TRLFS studies were undertaken to probe
the local structure of surface sorbed complexes. To further understand the sorption
mechanism, surface speciation and the role of individual phases present in complex mineral
assemblages toward metal sorption of the natural system, Thermodynamic modeling using
SCM was done. To further support the results of theoretical modeling, certain experimental
procedure was undertaken. The combinations of both theoretical modeling with the
experimental finding were used to arrive at a suitable conclusion especially when working

with a complex mineral system such as natural clays.
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EXPERIMENTAL

2.1. INTRODUCTION

The present studies are mainly focused on understanding the sorption of radionuclides onto
natural clay minerals vis-a-vis that onto others clays of commercial origins. Before going for
the speciation and sorption studies at the mineral water interface it’s very important to
understand the clay system. The natural clays may contain other minor but important
constituents, which can modify or affect the sorption of the given radionuclides to a great
extent. In the present Chapter, a brief description of the clay sample has been given along
with their characterization and speciation using techniques such as, X-ray diffraction (XRD),
X-ray fluorescence (XRF), Scanning Electron Microscopy (SEM), High Resolution
Transmission Electron Microscopy (HR-TEM), zeta potential measurement, BET surface
area analysis, Electron Paramagnetic Resonance (EPR), UV-visible spectroscopy,
Luminescence spectroscopy (LS), Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES), Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS),
Mossbauer spectroscopy, radiometry, etc. Additionally, radiotracer preparation and
techniques used for their assay have been discussed along with the relevant data analysis. In
addition, the aqueous speciation of radionuclides, and different SCM used for modeling of

sorption data have been discussed in brief.

39



2.2. PREPARATION AND PURIFICATION OF RADIOTRACERS
Caution: working with the radiotracers requires a specialized facility like the

glove box, fume hoods, dust mark etc. Utmost care must be taken when
working with the radioactive elements.

The environmental concentration of the radioactive contaminants can vary from place to
place but in general, their concentration in the environment is very small and hence, the
studies were carried out with respective radiotracers. The application of tracers also offers
rapid quantification using radiometric analysis. The procurement, preparation and subsequent

purification of various radiotracers used in the present studies are given below.

2.2.1. Uranium-233 **’U)

U (2 = 1.59 x 10° y) tracer was produced by the neutron activation of **Th followed by
its purification using a reported methods [115].*°U was separated from the bulk of the
unconverted ***Th using an anion exchange resin (Dowex 1X8 in CI" form) from 6 M HCl
solution, to get rid of major decay products such as 28Th (daughter product of »2U) and
others [116]. It is well known that uranium (VI) forms anionic complexes (UOZCIH(“’z)'; where
n =3 or 4) in 6 M HCI solution which is held onto the column containing the resin, whereas
thorium and its daughter products will pass through the column. The uranium loaded column
was washed with an excess of 6 M HCI to remove any adsorbed impurities. Finally, the
loaded uranium was eluted with pH 2 solution (0.01 M HNO3) and the eluted fraction was
evaporated to dryness and one to two drops of concentrated HCl1O4 was added and evaporated
to dryness in succession for three times to destroy the organic impurities from the column and
also to convert to uranium perchlorate. The final pH of the resultant solution was adjusted to

23U stock solution thus

2 using very dilute HClO4. The concentration of uranium in the
obtained was ~ 10~ M. The radiochemical purity of *BU tracer was confirmed by a-

spectrometry.
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2.2.2. Americium-241 (**'Am)

*MAm (ty, = 431y) was purified from its daughter product (i.e. 5 "Np) by first reducing Np to
its +IV oxidation state using hydroxylamine hydrochloride (NH,OH.HCI) in 1 M HNO3 and
subsequently extracting the converted Np4+ ion using 0.5 M theonyl trifluoroacetate (TTA) in
xylene. The aqueous phase after phase separation was devoid of any Np and contained the
bulk of Am and hence, was evaporated to dryness and few drops of a mixture of concentrated
HNO; and HCIOy4 (5:1 ratio) was added to destroy any organic impurities. HCIO4 was added
dropwise and evaporated to convert it to the perchlorate (ClO4) form and the final pH of the
stock solution was adjusted to 2 using very dilute HC1O,. The concentration **'Am in the
stock solution was maintained at ~ 10~ M. The radiochemical purity of the product was

ascertained by a-spectrometry.

2.2.3. Neptunium tracer (237Np and 239Np)

Both 239Np, (tip = 2.35 days) and 237Np (tip = 2.1x10° y) were used as the radiotracers for
neptunium sorption studies. 2’Np was obtained from the decay of **Am by liquid-liquid
extraction using 5% TOA (tri-n-octylamine) in toluene from HCI containing feed solution.
The extraction cycle was repeated twice with fresh organic phases to maximize the uptake of
239Np, followed by its stripping in Millipore water [117]. The resulting strip solution was
evaporated to dryness and few drops of a mixture of concentrated HNO3; and HClIO, was
added to remove traces of organic impurities. The concentration of 239Np in the stock solution
was maintained at ~ 107 M at pH 2 using dilutes HCIO,4. The radiochemical purity of the
product was ascertained by gamma-ray spectroscopy using a HPGe detector and also by
alpha spectrometry. 237Np was used from laboratory stock solution at pH 1 HNO;. The 5 7Np
solution was dried and dilute HC1O, was added to get Np in the perchlorate form. The final

stock solution was prepared and kept at pH 2 (HC1Oy).
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2.2.4. Europium tracer (152’154Eu)

The '"*'**Eu tracer was produced by neutron irradiation of EuyO3 powder sealed in quartz for
sufficient time. After a cooling period of 2-3 days, the irradiated Eu,O3; was dissolved in
diluted HC1O,4. The concentration of Eu(IIl) in the stock solution was 1 x 10° M. ®?Eu and

was used as the laboratory stock.

2.2.5. Other radiotracers
Other radiochemical tracers such as 137Cs, 90Sr, etc were procured from BRIT (Board of
Radiation and Isotope Technology), Mumbai and their radiochemical purity were ascertained

by gamma-ray spectrometry.

2.3. ASSAY OF THE RADIONUCLIDES

The radionuclides used in the present study were quantified by different radiometric assay
techniques. The o and/or B emitting radionuclides e.g. *°U, **'Np, **’Np, and *’Sr were be
assayed in the sorption experiments by liquid scintillation counting whereas Nal(TI)
scintillation counter and HPGe detector were used for the estimation and checking the

. . . L . . 152,154 152 241
radionuclide purity of gamma-emitting radionuclides such as = ""Eu, ““Eu ,” Am, and

137CS

2.3.1. Liquid Scintillation Counter (LSC)

The LSC was widely used for the quantitative analysis of alpha-emitting radionuclides used
in the present study. The inherent advantage of this type of detector is their detection
efficiency (~100%) which allows assay of low amounts of radioactivity with good precision.
The LSC works on the principle that, when an ionizing radiation interacts with a scintillator
material, a material that luminescence in a suitable wavelength region when interacted by
charged particles, it emits photons which are collected by the photomultiplier tube (PMT) and
produces a signal representative of the intensity of the photons falling on it. In the case, when

a scintillator material emits photons in UV region, a wavelength shifter (to shift to visible
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region) is added to the scintillator cocktail which has intermediate energy levels. This shifted
wavelengths photons are subsequently recorded in the PMT (as photocathodes of most PMTs
are compatible with visible light). The LSC is widely used for gross alpha activity and cannot

be used for alpha spectrometry as they can’t differentiate among alpha particles of different

Fig. 2.1. The LSC system used in the present studies.

energies. Many organic molecules are versatile scintillators for radiation measurements [118-
119]. For gross a-counting using LSC, the a-emitting radionuclide was mixed with a liquid
scintillation cocktail. The liquid scintillation cocktail comprises of three components in
general, first a solvent like a dioxane or toluene, second, a scintillator like PPO (2,5-diphenyl
oxazole) and third, a wavelength shifter such as POPOP [1,4-bis-2-(5-phenyl oxazolyl)-
benzene]. The solvent acts as the main stopping medium and must be chosen in such a way to
give efficient energy transfer from the radionuclide to the scintillating solute. In the present
case, the concentration of the radiotracers was kept very low to mimic the natural conditions

and hence, generally large volumes of aqueous aliquots (up to 1 mL) could be added to the
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liquid scintillation cocktail. The Ultima Gold scintillation cocktail was employed for liquid
scintillation counting. Each sample was counted at low background liquid scintillation
counting Quantulus-1220, Perkin Elmer for sufficient time to minimize the statistical

counting error (Fig.2.1).

2.3.2. Nal(T1) Inorganic Scintillation Counter

Sodium iodide activated with thallium (0.1- 0.2%), Nal(Tl), is one of the most widely used
inorganic scintillators for the assay of the gamma-ray emitting radionuclides. The interaction
of Nal with the gamma-ray causes the excitation of the electrons from the valence band (VB)
to the conduction band (CB) or for the ionization of atom. The de-excitation of the electrons
from the CB to the VB leads to the emission of photons. The band gap in Nal crystal is of the
order of 5-6 eV and hence the wavelength of the emitted photons lies in the UV range for
which the PMT is not very sensitive and hence, Thallium is doped as a wavelength shifter.

The relation between the energy and wavelength is given below:

E(ev) = 1239.84 / \(nm) 2.1)

where E is energy in eV and A is the corresponding wavelength in nm. The addition of

thallium in the Nal crystal not only shifts the wavelength to higher values i.e., to the visible

Fig. 2.2. The Nal(T1) detector assembly used in the present studies.
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region by creating intermediate levels in conduction bands but also increases the fluorescence
yield of the detector. The efficiency of Nal(Tl) detectors is very good with an energy
resolution of ~7% only at 662 keV. In the present work, a 3" x 3" well type Nal(Tl) detector
coupled with a multi-channel analyzer (MCA) has been used for y-counting. A suitable
aliquot (generally ~1 mL) of the desired radioactive solution was taken in flat bottom glass
tubes (y tubes) for counting. Each sample was counted for sufficient time to get >10,000
counts to reduce the counting statistics error. Fig. 2.2 shows the Nal(T1) detector used in the

present studies.

2.3.3. High Purity Germanium Detectors (HPGe)
To ascertain the radiochemical purity of the gamma emitting radionuclides used in the
present work, HPGe (high purity germanium) detector coupled to a multi-channel analyzer

(MCA) was used (Fig. 2.3). The HPGe detector was made up of exceptionally pure

Fig. 2.3. (a) Top view, (b) front view with (c) data acquisition system of the HPGe detector

used for present studies.

germanium (Ge) with an impurity level of < 10" atoms/cm®. HPGe is the most commonly
used semiconductor detector for y ray spectrometry. The high energy resolution (typically 1.9
keV at 1332 keV) of HPGe is the key in ascertaining the radiochemical purity of the given
radionuclides, due to its low band gap energy (0.7 eV). The other advantage of an HPGe

detector is that it can be stored at room temperature and only require cooling to liquid
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nitrogen temperature during counting operations. In the present work, radiochemical purity of

23 9Np, 241Am, 152.15%E1 and ' Bu was ascertained by an HPGe detector.

2.3.4. Solid State Nuclear Track Detector (SSNTD)

The SSNTDs were used for the detection of high energy charged particle such as a-particles.
The two main steps in the SSNTD are the formation of latent tracks and their subsequent
development by chemical leaching or other means. The high energy charged particles passing
through a dielectric material (crystals, inorganic glasses & plastics) produce submicroscopic
trails of continuous damage along their path. These trails consist of radiation damaged
material and called as latent tracks as they are too small to be seen with the help of a
microscope. Under certain favorable circumstances, such as after alkali leaching (6 M NaOH)
at elevated temperature (~70°C); they can be viewed under a microscope. In the present
studies, a-track radiography and SEM-EDX studies were conducted to identify the local
distribution of a-emitting radionuclides on bentonite samples at the micrometer scale. The
CR-39 type polycarbonate film (TASTRAK PADC) was used for a-radiography. The tracks
were developed using alkaline leaching at 75 + 1 °C for 6 h. The a-track images along with
the corresponding areas of the solid samples were observed using an Olympus BX-51 optical

microscope.

2.4. CLAY CHARACTERIZATION/MINERALOGICAL DETERMINATION

2.4.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is one the most widely used non-destructive techniques for
characterization of solid materials of varying crystallinity and lattice systems. The non-
destructive nature, ease of sample preparation and fast operation with high accuracy in
determination of d-spacing made XRD, a versatile tool in the field of material chemistry. The
XRD pattern varies from sharp peaks in crystalline materials to broad humps in amorphous

systems. The Bragg’s equation is given as follows,

46



nA = 2dsinf 2.2)

where n is the order of reflection, d is inter-planar distance while 4 and 6 are wavelength and
incident angle of the X-rays, respectively. The XRD pattern of any materials is based on the
scattering of X-rays by the parallel planes, an array of atoms, ions or molecules. Since the
parallel arrays of atoms of the crystal lattice are analogous to the parallel lines of a diffraction

grating, the inter-planar spacing between the planes could be successfully determined from

Fig. 2.4. Schematic representation of the Bragg’s equation for X-ray diffraction.

the separations of bright fringes of the X-ray diffraction pattern (Fig. 2.4). The X-rays
wavelength of (0.5 to 2 A) has the same magnitude as the inter-planar spacing in the crystal
lattice system. Therefore, crystal planes act like diffraction gratings for the impinging X-ray
radiation. The electron cloud of the atoms act as scattering centers for X-rays and the
scattered X-rays from two scattering centers may undergo constructive or destructive
interference. The constructive interference occurs only at a set of particular angles defined by
Bragg‘s Law (equation 2.2), which results in sharp peaks in the XRD pattern and are
characteristic of a given material. In the present study, XRD was used to get the information
about the composition of different clay samples, as well as other colloidal clay fractions (<0.5
mm), which were selected from a water suspension according to Stokes' law (without using
of chemical dispersants).The -ray diffraction patterns were recorded with an Ultima-IV x-ray

diffractometer (Rigaku) and the scans were recorded with the following conditions: Cu-K,

47



radiation source, D/Tex- Ultra 1D-detector, scan range: 3.6- 65 26, scan speed: 5°/min, step:
0.02° 2 6, intensity (max): ~2.5 x 10" counts. The identification of the mineral composition
was done with the textural (oriented) samples prepared from clay suspension in the air-dried
and ethylene glycol (EG) solvated states. The quantitative analysis was done using the

Rietveld method in the BGMN program.

2.4.2. X-ray fluorescence (XRF)

The X-ray fluorescence (XRF) spectrometry is used for the elemental analysis of various clay
samples used in the present study. The XRF is based on the principle that when the individual
atoms were excited by an external energy source, they emit X-ray photons of characteristic
wavelength or energy. Simply by counting the number of photons of a given energy emitted
from the sample, the elemental composition of the sample can be identified and quantified.
The identification of different elements by X-ray methods is possible due to the characteristic
radiations emitted from the inner electronic shells of the atoms. When an electron beam of
sufficient energy strikes a material, several processes were possible. The interaction may
results in the emission of photons with a broad continuum of energies called, bremsstrahlung,
or “braking radiation”, due to the deceleration of the electrons inside the material. Another
consequence of the interaction between the electron- beam and the material is the ejection of
photoelectrons (photoelectric effect) from the inner shells of the atoms making up the
material. These photoelectrons have the kinetic energy, E-@, which is the difference in energy
between the incident particle energy (E) and the binding energy (¢) of the atomic electron.
The ejected electron leaves a “hole” in the inner shell and after a brief period, the atomic
electron rearranges rearrange and fill hole” position from a higher levels. By this way of
relaxation, the atom undergoes fluorescence, or emission of X-ray photons whose energy is
equal to the difference in energies of the initial and final states. The detection of this photon
and by measuring its energy one can determine the specific element and its electronic

transition from which the photons are originated. This gives the basis for XRF spectrometry,
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where elements may be specified and quantified based on the emission of their characteristic
x-rays from a sample that is being excited. The Fluorescence emission, however, is not the
only process by which an excited atom can relax. It competes with the “Auger effect”, which
results in the emission on of a second photoelectron to regain the stability. The relative
numbers of excited atoms that fluoresce are described by the fluorescence yield, which
increases with increasing atomic number of the analyte element [120]. In the present studies,
the chemical analysis was performed using XRF in accordance with the standard procedure
using an Axiom AX spectrometer (PANalytical, Netherlands). The clay samples were dried at
110 °C and were prepared by fusion with lithium borate at 1200 °C. The iron (Fe) content in
the clay samples was determined in the form of total Fe,O;, regardless of its actual valence

state.

2.4.3. Mossbauer Spectroscopy

Mossbauer spectroscopy is a versatile tool that can be used to provide information about the
local structure around the probe atom (i.e. °'Fe in the present case). The key to the success of
this technique is the discovery of recoil-less y ray emission and absorption, referred to as the
'Mossbauer Effect', after its discoverer Rudolph Mossbauer, who first observed the effect in
1957 and received the Nobel Prize in Physics in 1961 for this work [121]. The Mossbauer
spectroscopy is based on the magnetic behavior of iron in its crystal structure, but it operates
on different dimensional scales. Whereas this technique gives information about the charge
and coordination, the magnetometric methods are more sensitive to get the information about
the type of magnetic coupling and to the magnetic domain status of Fe in different particles.
The Mossbauer effect involves resonant absorption of y-radiation between I = 1/2 and 3/2
nuclear energy from *’Fe nuclei source to the samples containing iron oxides (Fig. 2.5). The
Mossbauer spectra consist of a plot of the counts/transmission of y-rays versus the velocity of
the source. The horizontal movement of the source (*’Co for iron compounds) is required to

match the nuclear environments of the absorber and the source and hence, absorption can
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take place. In the absence of any magnetite field, the Mossbauer spectrum consists of one (if
the absorbing atom, such as TFe, is at a site of cubic symmetry) or two (other symmetry
distorted from cubic) absorption maxima. But when a static magnetic field acts on the
resonant nuclei (5 "Fe), it splits the nuclear spin of the ground state (I = %2) into two and those
of the excited state (I= 3/2) into four. This gives rise to six allowed transitions that can
produce a 6-line spectrum (Fig. 2.5). The number and the position of the absorption maxima
are determined by the hyperfine interactions between the resonant nuclei and their electrons
surroundings. There can be three types of hyperfine interactions. Firstly, the electric

+3/2
+1/2

1:3/2 -1/2

-3/2

-1/2
1: 1£ ‘ ‘ i

+1/2

—
|

R

Doppler velocity, mm/s —»

Fig. 2.5. Top: The shift in the nuclear energy levels of 57Fe as shifted by electrical monopole
(left), as split by electrical quadrupole (center) or by magnetic dipole interaction (right),
Bottom: The corresponding Mdssbauer spectra involving transitions from different energy

levels.

monopole interaction (3 parameter) is a function of the ‘s’ orbital electron densities at the
probe nucleus. This results in a displacement of the Mdssbauer spectrum and is expressed as
the the velocity of the source (mm/s) needed to counteract the displacement. This isomer shift
(or chemical shift), 8, provides information about the coordination number (CN), valency and

spin state of the Fe in the given sample. Secondly, the electric quadrupole interaction is
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governed by the electric field gradient acting on the target nucleus. This quadrupole
interaction or splitting, AEq, provides information about the site distortion, e.g., it increases
with increasing distortion. Finally, the magnetic hyperfine field, Bys , provides information
about the valence and magnetic properties of the sample. Since the latter depends on
temperature, the Mossbauer spectra are often recorded at variable temperatures, especially at
liquid N, (78K) and liquid He (4.2K) which induces magnetic ordering in those oxides which
have a Néel temperature (TN) below room temperature (RT) or are super paramagnetic at
RT. The absorption data are usually fitted with one or more doublets and/or sextets each with
its own set of parameters to get the information about the local environment around *'Fe.

The Mossbauer spectra are used for the identification and characterization of Fe
oxides phases in clay samples. This follows primarily from the fact that the different oxides
of Fe order magnetically over a wide range of temperatures (78 K - 950 K). The M&ssbauer
parameters of the different magnetically ordered Fe oxides differ considerably and hence,
allow unequivocal identification and sometime quantification in mixtures to be made.
Mossbauer spectroscopy is insensitive to all isotopes except *"Fe in the sample and it makes
this technique very useful for natural systems where the iron oxides may be too low in
concentration or in crystallinity to be detected by XRD. The Mdssbauer spectroscopy can
also give information about the particle size and isomorphous substitution. In addition, by
applying an external magnetic field tone can distinguish ferrimagnetic phases from
antiferromagnetic ones and may separate the two basic magnetic sub lattices in poorly
crystalline and Al-substituted goethite [122]. In the present study, Mdssbauer spectra at the
’Fe nuclei were obtained by a MS-1104 Em-type spectrometer operating at constant
acceleration mode. The spectra were recorded using a JANIS closed-cycle cryostat and the
results were analyzed using the SpectrRelax program [123]. All the isomer shifts were given

relative to the Mossbauer spectra of a-Fe at room temperature.
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2.4.4. Zeta Potential Measurements

The surface of the various oxides and colloidal particles suspended in the aqueous phase has
a small amount of charge, which may be strongly affected by the pH of the surrounding
media. The solid particles in the aqueous solution can develop surface charge primarily in
two ways. Firstly, the surface charge is developed due to the chemical reactions at the
mineral surface, e.g., the surface hydroxyl groups (i.e. for oxides) varies with the pH of the
solution and for most of the oxide surfaces a point of zero net proton charge (pZyp) can be
obtained by varying the pH [111]. The second way of development of surface charge is due
to lattice imperfections and/or an isomorphous substitution at the phase boundary or other
planes. The charge generations by isomorphous substitution are common in clay minerals.
For example, if some of the tetravalent Si atoms of the SiO; tetrahedra in the SiO, sheet of
clay mineral are replaced by trivalent Al atom a negatively charged framework is developed.
Similarly, the substitution by any divalent (i.e., Mg2+) cation in the trivalent Al-octahedral
gives a negatively charged lattice. This developed surface charge at the particle surface
affects the distribution of its counterions close to the surface which ultimately leads to the
formation of the electric double layer around each particle. There exists a notional boundary

within the diffusion layer inside which the ions and particles from a stable entity move
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Fig. 2.6. Basics of the double layer (a) and actual instrument (b) used for present studies.
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together, but any ions beyond this boundary do not travel with the particle. This boundary is
often termed as a shear plane and the potential at this plane is called as the Zeta potential as
shown in Fig. 2.6. The stability of any colloidal system is generally ascertained in terms of
the magnitude of the zeta potential. Large negative or positive zeta potential values (>+ 30
mV) of the colloidal system generate mutual repulsion among particles and thus stabilize the
colloidal solution, whereas low zeta potential values (< +30 mV) offer less electrostatic
repulsion hence, results in flocculation, so the system gets destabilized. The point where zeta
potential becomes zero is called the iso-electric point or PZC (point of zero charge) and is
one of the very important parameters used for characterizing the colloidal systems. The
surface potential is not directly accessible by experimental measurements and can only be
calculated from the experimentally determined surface charge. The zeta potential calculated
for the electrophoretic mobility, which is defined as the velocity of a particle in an electric
field, is typically lower than the surface potential calculated from the diffusion double layer
theory. In true sense, the zeta potential reflects the potential difference between the shear
plane and the bulk phase. The zeta potential can be computed from the electrophoretic
mobility and other electrokinetic measurements.

The charged particles, suspended in an electrolyte solution, are attracted towards the
electrode of opposite charge on the application of an electric field, but at the same time, their
movement is opposed by the viscous forces acting on it. The particles start moving with a
constant velocity when equilibrium is attained between the two opposing forces, The velocity
i.e., electrophoretic mobility of the particle is dependent on several factors such as the
strength of the electric field, the dielectric constant (g), the viscosity (1) of the medium and
the Zeta potential of the particle ({). The electrophoretic mobility (Ug) and zeta potential ()
are related by the Helmholtz Smoluchowski equation given below:

Ug = 2&(f (Ka)

31 (2.3)
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where f(Ka) is known as Henry‘s function and generally have two values either 1.5 or 1.0.
f(Ka) equal to 1.5 is used for electrophoretic determinations of zeta potential in aqueous
media at moderate electrolyte concentrations which is referred to as the Smoluchowski
approximation. For smaller particles in low dielectric constant media f(Ka) becomes 1.0
(Huckel approximation) and allows simple calculation. In the present studies, the zeta
potential of bentonite samples was determined with varying chemical conditions using

Malvern, Zetasizer Nano ZS.

2.4.5. BET for Specific Surface Area Determination

BET surface area analysis was used for the measurement of the gross surface area of the clay
material. This technique uses the BET theory, proposed by Brunauer-Emmett-Teller (BET),
which explains the physisorption of gas molecules onto the solid surface. The BET theory
corresponds to multilayer adsorption under the following hypotheses: (a) the gas molecules
are physically adsorbed onto a solid in infinite layers at saturation pressure; (b) there is no
interaction between each adsorption layer; and (c) the Langmuir theory can be applied to each

layer. The resulting BET equation is given as:

1 c—-1 1
——= &) +
v( /po_l) Umc Po Umc

(2.4)

where p and pyare the equilibrium and the saturation pressure of gas at the temperature of
adsorption, v is the volume of adsorbed gas, and vmc is the volume of adsorbed gas for

monolayer formation, c is the BET constant as given below.

c = eE1EL) 2.5)
where, E; and E}, are the heat of adsorption for the first and the L® layers, respectively while

Ep is the heat of liquification. The BET adsorption isotherm can be plotted as a straight line

with 1/v[(py/p)-1] on the y-axis and (py/p) on the x-axis (equation 2.5). The slope and the
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intercept of the resulting plots are used to calculate the monolayer adsorbed gas quantity

(vmc), the BET constant (c) and the surface area of the material using the following equation:

UmeNs

A= (2.6)

va

where N is the Avogadro's number,v is the molar volume of gas; s is the adsorption cross
section of the adsorbing species, and a is the mass of the adsorbent (in g). In the present
work, the surface area of the mineral oxides was determined using BET surface area analyzer

(Sorptomatic 1990, CE Instruments, UK).

2.4.6. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

ICP-AES is one of the most commonly used techniques for elemental analysis of analytes.
The inherent advantages such as multi-element capability, high specificity, and low detection
limits make this technique suitable for analysis of various samples. In this technique, a
plasma source is used for the dissociation of the analyte into its constituent atoms or ions
followed by their excitation to a higher energy level. They de-excitation of the constituent
atoms to their ground state emits photons of a particular wavelength which is characteristic of
the concerned element present in the analyte. In this work, we have used ICP-AES to access

the extent of clay dissolution under specified experimental conditions.

2.4.7. Scanning Electron Microscopy-Energy Dispersive X-Ray Analyzer (SEM-EDX)

Scanning Electron Microscopy (SEM) gives high-resolution images of the sample surface by
rastering a focused electron beam across the surface by detecting the secondary or
backscattered electron signal whereas an Energy Dispersive X-Ray Analyzer (EDX or EDA)
is used to provide elemental identification and quantitative compositional information. The
combination of the two, SEM and EDX, serves as a unique tool for analyzing the multi-
compositional natural samples. SEM is basically a high magnification microscope, which

scans the sample with a focused electron beam to produce images of the sample. The primary
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electron beam can interact with the sample in a number of ways, i.e., (a) can generate low
energy secondary electrons, which tend to emphasize about the topographical nature of the
specimen under study; (b) can be backscattered to produce images with a high degree of
atomic number (Z) contrast, and (c) can excite or ionize the atoms which emit x-rays or
undergo Auger electron ejection during relaxation leading to shell-to-shell transitions. The
emitted x-rays are characteristic of the elements in the top few pm of the sample and are
measured by the EDX detector to get the elemental composition of the sample. In the present
study, the elemental composition of the solid phase was determined by SEM-EDX (JEOL

JSM-6380 LA with a JED 2300 analyzer).

2.4.8. High Resolution —Transmission Electron microscopy (HR-TEM)
Transmission Electron Microscopy (TEM) is a technique that uses the interaction of a beam

of focused and energetic electrons with the sample which subsequently provides

ﬁ.

Fig. 2.7. The HR-TEM facility used in the present studies

compositional, morphological, and crystallographic information. The emitted electrons from

the filament pass through multiple electromagnetic lenses and make contact with the screen
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where the electrons are converted into the light to obtain the image. The speed or wavelength
of electrons determines the image resolution. The high-resolution transmission electron
microscopy (HR-TEM) uses both the scattered and transmitted beams to create an
interference image. It is basically a phase contrast image and can be as small as the unit cell
of a crystal. In these cases, the outgoing modulated electron waves at very low angles
interfere with itself during their propagation through the objective lens. All the electrons
emerging from the specimen are combined at a point in the image plane. The HR-TEM has
been extensively and successfully used for analyzing lattice imperfections and crystal
structures in a variety of materials on an atomic resolution scale. In the present studies, the
HR-TEM images of the clay samples were obtained with an aberration-corrected JEOL 2100

F operated at 200 kV (Fig. 2.7).

2.5. SOME TECHNIQUES FOR SPECIATION ANALYSIS

2.5.1. Ultraviolet-Visible (UV-visible) Spectrophotometry

The UV-Visible spectroscopy refers to an absorption spectroscopy in the ultraviolet-visible
spectral region of electromagnetic spectrum. This can be used for both qualitative and

quantitative determinations of the given species as the spectra obtained are characteristic of a
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Fig. 2.8. The schematic layout of (a) UV-vis spectrophotometer instrument and (b) the

instrument used for the present studies.
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particular species. The UV-Visible spectrophotometry is based on the Lambert-Beer law
which states that “Equal fractions of the incident monochromatic light are absorbed by
successive layers of equal thickness and with an equal concentration of absorbing medium”.

Mathematically, it can be defined by equation 2.7:

a=1og (/) = ect 2.7)

where, I, and [ are the intensities of the incident and the transmitted lights, A is the
absorbance, € is the molar extinction coefficient which is the characteristic of the absorbing
species, c is the concentration of the absorbing species and / is the path length or thickness of
the absorbing medium.

The absorption spectra of the samples can be used to get information about the
structural changes in the species (i.e., uranyl ions) before and after any chemical treatment. It
can also be used to get information about the functional groups or conjugation in organic
molecules (i.e., humic acid) as well as oxidation state of a metal ion in a particular species
(i.e., Np(V) oxidation or reduction). A schematic diagram of a standard spectrophotometer is
given in Fig. 2.8. In the present studies, UV-Visible absorption spectra of the HA and
uranium samples were recorded, using a Jasco V-350 UV/Vis spectrophotometer under
different chemical conditions. The cation exchanged capacity (CEC) of some of the clay
samples were also determined using the differences in the absorption of Cohex (cobalt
hexaamine trichloride) before and after the equilibration with the respective clay mineral. The

instrument has a resolution of 1 nm with a wavelength accuracy of + 0.5 nm.

2.5.2. Electron Paramagnetic Resonance (EPR)
The Electron paramagnetic resonance (EPR) shares most of the theoretical description and
other experimental concepts with the Nuclear Magnetic Resonance (NMR) spectroscopy.

Some of the important characteristics of the EPR include its higher sensitivity at a given spin
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concentration, its ability to observe long-range spin-spin interactions and its sensitivity to
molecular motion at short time scales. The application of EPR is restricted to elements/ions
those contain unpaired electrons. From the EPR technique, one can obtain information on the
binding strength and structure of target metal complexes onto the clay from the analysis of
spectral line shape and other EPR parameters. The modifications in the coordination
environments induce changes in the line width and intensity. In the present studies, Gd(III)
was used as the EPR probe to get information about the nature of coordination complexes at
clay surface. The EPR spectra were recorded using a Bruker EMM 1843 spectrometer
operating at the X-band frequency of 9.5 GHz equipped with 100 kHz field modulation and

phase sensitive detection to obtain the first derivative signals (Fig. 2.9).

AR L

T

Fig. 2.9. The EPR instrument used in the present studies

2.5.3. Fluorescence Spectroscopy (FS)

The Fluorescence spectroscopy was used to understand the interaction mechanisms between
luminescent metal ions with the chosen minerals and complexing ligands. FS is one of the
most sensitive, non-invasive and widely used spectroscopic methods for speciation studies. In

the FS studies, one can record the excitation spectra at a specified emission wavelength and
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emission spectra at the specified excitation wavelength and a combination of specific
excitation-emission wavelengths were used for the lifetime measurements.

The measured spectra with the lifetime analysis were used for the assignment of the
complex stoichiometry and structure in both sorptions as well as complexation studies. The
different species show the appreciable difference in any of the three parameters (or more)
measured in the FS. In general, the emission spectra are characteristic of a given species and
the selective excitation helps in the reduction of interferences from others species. Thus, the
spectral characteristics and lifetime of species provide information about some of the
important properties like oxidation states of metal ions, coordination numbers, the degree of
hydration, covalence, etc. Fig. 2.10 shows the typical layout of an FS instrument with the
emission lines of Eu(Ill) ion. Some of the f-elements when excited at a suitable wavelength
relax through intense emission in aqueous media. Some of the lanthanide and actinide
fluorophores are Eu(IIl), Gd(III), Tb(II), U(VI), Am(II), Cm(I), BkI), Cf(III), and
Pa(IV), etc. The characteristic emission or excitation spectra of these f-elements originate
from f-f transitions (Fig. 2.10). Though the f-f transitions are not very much affected by the
ligand field, valuable information can be extracted from the emission or excitation spectra

and lifetimes measurement of these ions in a given chemical environment.
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Fig. 2.10. The schematic layout for (a) FS instrument and (b) Eu(Ill) energy levels with

representative emission spectra.
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In the present studies, speciation of Eu(IIl) and U(VI) in aqueous solution and onto
minerals water interface were analyzed using the FS. An Edinburgh CD-920 spectrometer
equipped with an Ekspla-made tunable Nd: YAG NL310 laser as an excitation source was

used for the fluorescence studies.

2.5.4. X-ray Absorption Fine Structure Spectroscopy (XAFS)

The X-ray Absorption Fine Structure (XAFS) spectroscopy gives an opportunity for studying,
at the atomic and molecular scale, the local structure around a selected element that is
contained within a material. The XAFS is unique in the sense that, it can be applied not only
to crystals, but also to materials that possess little or no long-range ordering, amorphous
systems, quasi-crystals, glasses, films, membranes, liquid, or even to the molecular gases.
This versatility allows it to be used in a variety of disciplines including physics, chemistry,
biology, environmental science, materials science, and geology. This XAFS spectroscopy
covers both Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) and X-ray
Absorption Near Edge Spectroscopy (XANES), which have their origin in quantum
interference effects. The XAFS spectral region up to ~30 eV above the absorption edge is

defined for XANES while beyond this limit the data is used for EXAFS analysis. Fig. 2.11
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Fig. 2.11. The representative XAFS spectra showing various regions of XAFS (XANES,

EXAFS etc.) and information obtained from them.
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depicts a typical spectrum obtained in an XAFS experiment. The basic principle of XAFS lies
in the fact that, when X-rays of sufficient energy impinge on a probe atom, electrons are
ejected from the inner atomic orbital (e.g. 1s) due to the photoelectric effect. The
“photoelectron” wave got scattered from the atoms surrounding the probe atom or X-ray
absorbing atom and creates interference between the outgoing and the scattered parts of the
photoelectron wave function. Basically, these quantum interference effects cause an energy-
dependent fluctuation in the X-ray absorption probability, which is proportional to a
measurable quantity, e.g. X-ray absorption coefficient (u(E)). When properly decoded, these
modulations in X-ray absorption coefficient provide crucial information about the local
environment e.g., atomic number, structural disorder, and thermal motions of neighboring
atoms around the probe element. In the present study, the XAFS data for sorbed Eu(IIl) and
U(VI) complexes onto clay surfaces were collected under varying chemical conditions. The
beamline parameters, experimental condition, and data analysis are discussed in brief here.
The EXAFS measurements in fluorescence mode have been carried out at the scanning
EXAFS beamline (BL-09) of the INDUS-2 Synchrotron Source (2.5 GeV, 125 mA) at Raja
Ramanna Centre for Advanced Technology (RRCAT), Indore, India. Its operational energy
range is from 4 to 25 KeV with 200 mA current. The optical setup of beamline consist of an
Rh/Pt coated collimating meridional cylindrical mirror followed by a Si(111) (2d = 6.2709 A)
based double crystal monochromator. The second crystal of DCM is a sagittal cylindrical
crystal used for horizontal focusing. The metal ion sorbed clay samples on the glass plate is
placed at 45" to the incident X-ray beam, and a fluorescence detector is placed at right angle
to the incident X-ray beam for collection fluorescence intensity (If). One ionization chamber
(IC) is placed prior to the sample to measure the incident flux (Iy). The absorbance of the
sample as a function of energy was derived from these measurements. The energy-dependent
absorption coefficient u(E) has been converted to absorption function y(E) defined by

equation 2.8 to take care of the oscillations in the absorption spectra :
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where E is the energy at absorption edge eneergy, represents the bare atom background and
UoEy is the step in the value at the respective metal absorption edge. The energy scale was

converted to the photoelectron wave number scale (k) by using the following equation

L [PmE=E)
h2
2.9

The goodness of fit of model data with experimental spectra has been determined by the value

of the R defined by equation 2.10:

factor

UMY 4 (1) = X (1 )+ [Re( ¥ 4 (1) = X0 (1 ))*
Rfacmr = z

5 5 (2.10)
[Im(y,, (r)]" +[Re( ¥, (r:)]

where, x,, and j,, refer to the experimental and theoretical y(r) values respectively and Re
and Im referring to the real and imaginary parts of the respective quantities. The x(E)
(energy dependent absorption coefficient) has been converted to the x(k) (wave number
dependent absorption coefficient) where m is the mass of the electron. Finally, the x(k) is

weighted by k3 to amplify the oscillation at higher k value and the functions x(k)k are

Fourier transformed in real or R space to generate the x(R) versus R (or FT-EXAFS) spectra
in terms of the actual distances from the center of the absorbing atom. Set of EXAFS data
analysis program available within the IFEFFIT software package have been used for EXAFS
data analysis. The ATHENA software was used for data reduction & Fourier transform to
derive the x(R) versus R spectra from the absorption spectra. ARTEMIS sotware was used

for generation of the theoretical EXAFS spectra starting from an appropriate crystallographic
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structure and finally fitting of the experimental data with the theoretical spectra using the

FEFF 6.0 code.

2.6. MEASUREMENT OF DISTRIBUTION COEFFICIENT (Kp) OR % UPTAKE

Sorption of radionuclides at the mineral water interface plays an important role in deciding
their fate in the natural systems. The most common way of ascertaining the performance of a
solid phase toward radionuclide sorption is the determination of distribution coefficient (Kp)
of the given radionuclide under a given set of conditions. The Kp, value reflects the affinity of
the solid surface for the metal ion of interest. Higher Kp value means better affinity. The Kp

value for a given system can be calculated from the following equation (equation 2.11).

C
Kp==
D C

(2.11)

where, C is the concentration of the metal ion (radionuclides in the present case) per gram of
solid (i.e., clay mineral) and C; is the concentration of metal ion per mL of aqueous phase
after attainment of the sorption equilibrium. Various species for a particular radionuclide can
exist simultaneously for a given set of experimental conditions and hence, the Kp represents
the gross distribution of the radionuclide at solid/solution interface without considering the
nature of the exact species. The other very common parameter, which is commonly used in
for sorption studies is to evaluate the distribution of radionuclide at solid /solution interface in

% term (with respect to initial radionuclide concentration in the aqueous phase). The %

sorption can be determined using the following equation.
. Ci—Cy
Sorption (%) = — %100 (2.12)
where, C; and Cf are the initial and final concentration of the radionuclide in the aqueous

phase after sorption onto the solid surface. The relationship between K, and Sorption (%) is

given as

Sorption (%) = —2— x 100 (2.13)
D

Kp+1
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2.7. BATCH SORPTION STUDIES

The batch sorption experiments were performed under ambient conditions. After several
hours of preconditioning of the clay with the aqueous medium, an aliquot of radiotracer was
added to clay suspension of known composition in predefined ionic strength maintained by
NaClOy. The pH values, in the desired range, were adjusted by the addition of dilute solutions
of HCIO4 (Sigma-Aldrich) or NaOH (stock standard solution). The samples were agitated
continuously using wrist hand shaker (Burrell, USA) to attain the sorption equilibrium; it may
take days for some radionuclides. The final pH of the solution was measured and defined as,
equilibrium pH, which was used for further data analysis. In ternary systems, involving
complexing ions as well, suspensions were equilibrated with complexing anions, in a similar
manner as mentioned above, with the difference that the complexing anions were added prior
to radionuclide addition. The pH was measured using a pH electrode (Mettler Toledo or Lab
India) calibrated against standard pH solutions (Merck). For studies involving higher ionic
strength (1 M) solutions, the measured pH was corrected by using a suitable correction factor
[124]. The correction factor was determined by measuring a series of known pH samples at
different ionic strengths, and the difference in the measured pH values was taken as the
correction factor for further experiments. A known volume of the suspensions was
centrifuged using a high-speed centrifuge (Allegra 64R, Beckman Coulter or 3-30K sigma)
for 15-20 minutes to remove the clay particles. This condition was sufficient to remove most
of the clay particles. If required, dynamic light scattering measurements were used to confirm
the absence of the floating particles after centrifugation. Aliquots of the supernatant solutions
were mixed with scintillation cocktail (Ultima gold) for a or B-emitting radionuclides for the
LSC assay (liquid scintillation counting using a Quantulus-1220, Perkin Elmer). For y-
emitting radionuclides, a well-type Nal(Tl) counting system was used. The % sorption was

calculated as defined in equation 2.12. A blank experiment (without clay) was also performed
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under the identical experimental conditions to account for the losses, if any, due to sorption

of radionuclides onto the walls of the container used for the sorption experiments.

2.8. CLAY PREPARATION

In these studies, we have used clays of both natural as well as the commercial origin for
sorption studies as indicated in Table 2.1. The majority of these studies were performed with
natural bentonite samples from the Rajasthan and Kutch deposit (India) and 10 Hutor
deposits (Khakassia, Russia), and a commercially available sample of FEBEX bentonite
(Spain), bentonite (Aldrich) and kaolinite (Aldrich). The clay samples such as Kutch and
FEBEX clay were treated for specific purposes and used for sorption studies. The FEBX clay
was converted to Na and Ca-forms by shaking the clay suspension with 1M solution of NaCl
or CaCl,, respectively for 24 h, the procedure was repeated thrice, followed by washing with
water. The solid phase thus obtained was separated from the liquids using high-speed
centrifugation (20000 rpm for 20 minutes) (Fig. 2.12). The solid samples were kept overnight
at 70°C for drying. To convert the original FEBEX clay into the Li-form, the clay was treated
by a 1 M solution of LiCl for 24 h twice, washed with water and separated by centrifugation
at 20000 rpm for 20 minutes. The solid mass was then heated at 250°C for 12 h. The original
Kutch bentonite was also treated with 1 M NaClO4 for 20 h, thrice, washed with water and
separated by centrifugation at 20000 rpm for 20 minutes. The resultant solid was dried at
70°C for overnight. To remove iron oxides from the Kutch bentonite, the Kutch bentonite
sample was treated with mixture of citrate buffer (composition: 0.13 M sodium citrate
(C¢H50Na3), 77 0.4 M sodium bicarbonate (NaHCO3), and 0.53 M sodium chloride (NaCl)
with reducing agent (sodium dithionite (Na;S,04)) at 80°C for ~2h (Fig. 2.13). The ratio of
reagents used for the iron oxide removal was 30 ml of buffer and 0.3 g of Na,;S,04 per gram
of Kutch bentonite. After this treatment, the obtained sample was washed with hydrochloric
acid (pH 1) and converted to the Na-form (as for other clays). The fixations of interlayer

cations in different bentonite samples were confirmed by XRD studies.
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2.9. SURFACE COMPLEXATION MODELING (SCM) OF SORPTION DATA

The application of SCM provides a better understanding of the interaction between the
radionuclide and the clay minerals. The scientific basis for the SCM is taken from aqueous
complexation chemistry, assuming surface as a coordinating site with the surface hydroxyl
group =SOH. An equilibrium constant (log K value) is defined for each type of the surface
reaction, analogous to equilibrium constants in the aqueous chemistry although some surface
reactions (like multidentate adsorption and ion exchange) require more specific formulation
of the associated equilibrium constants (Table 2.1). The surface itself can undergo
protonation or deprotonation reactions depending upon the pH of the system, like organic
acids. Some of the common surface complexation reactions in the presence of metal ion and
other complexants are given in Table 2.2. The key feature of any SCM approach is the

incorporation of a range of realistic and relevant surface reactions.

Table 2.1: Source and treatment of studied clays

Name Origin Treatment

Kutch The Kutch deposit, Crushed in a ball mill and sieved to size fractions < 75 pm; No
India chemical treatment

Purified Fe-phase removal, see section 2.8

Kutch

Rajasthan Rajasthan, India No chemical treatment

FEBEX The Cortijo de Commercially Available, No additional treatment
Archidona deposit,
Almeria,
Spain

Na-FEBEX Conversion to Na-Form, see Section 2.8

Ca-FEBEX Conversion to Ca-Form, see Section 2.8

Li-FEBEX Conversion to Li-Form, see Section 2.8

Khakassia The 10 Hutor deposits, Commercially Available, Na,COs3 treatment for Na-Form

Khakassia, Russia

Kaolinite Aldrich Commercially Available, No additional treatment

Bentonite Aldrich Commercially Available, No additional treatment
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The complexity of natural systems makes it impossible to experimentally determine the
radionuclide sorption systematically for all conceivable sets of experimental conditions. For
modeling the sorption data in mineral assemblages, two major alternative approaches have
emerged over the time. These are the component additivity (CA) and generalized composite
approaches (GCA) [113-114]. The CA approach the mineral assemblage is considered as a

substrate that is composed of a mixture of different identifiable minerals. In this case, surface
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chemical reactions are known from independent studies of each mineral component of the

complex mineral assemblage [113]. These single-mineral component SCMs were combined

Table 2.2. The Surface complexation reactions (typical of oxide surfaces) used for SCM of

sorption data

Reaction type Representative reaction

For pure oxide surface

Surface hydroxyl protonation . =SOH + H"> =SOH,"

Surface hydroxyl deprotonation . =SOH - =SO +H"

In presence of ‘n’ valent metal cation (M™)

Absorption of metal ion . =SOH + M™ > =SOM™" + H*
Absorption accompanied by )
. =SOH + M"™ + H,0> =SOM(OH)™? + 2H*
hydrolysis
Formation of binuclear complex =SOH + 2M™ + H,0> =SOM,*"" + H*
2 (=SOH) + 2M™ + H,0~> (=S0),M"? +
2H"

Surface acts in bidentate mode

Ton exchange reaction X'Na+M"™ > XM"' +Na"

In presence of ligands / inorganic anions (L)

Ligand attachment =SOH + L* - =SOHL"

Ligand exchange =SOH +L* + H"> =SL'* + H,0

In presence of both ‘n’ valent metal cation (M"") and ligands / inorganic anions (L*)

Ternary complexation =SOH + L* + M™ > =SML"*' + H*

in an additive fashion, taking care of the relative amounts of surface area of each mineral
(i.e., site concentration of each component) present in the substrate hence, called as CA
modeling approach. Using this approach the adsorption by the mixture of mineral

components can then be predicted in an equilibrium calculation, without any fitting of
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experimental data for the mixture. However, it is generally very difficult to identify all
(sorbing) solids in real natural systems or to ascertain whether their surface chemical property
remains the same, as in their pure form, in the mineral assemblage. This gives rise to the GC
approach wherein the surface of the composite mineral assemblage is considered to be too
complex to be quantified in terms of the contributions of individual solid phases to adsorption
and/or that the contribution of individual solid components is not simply additive [110]. In
such cases, the metal ion sorption on the whole substrate can often be described by mass laws
written in terms of some generic surface sites. The number of surface groups may be
estimated from the specific surface area of the mineral assemblage or by other means. The
stoichiometry and formation constants for each mass law equation are then determined by
fitting experimental sorption data (pH edge under relevant conditions) for the mineral
assemblage as a whole [110,125]. The GCA has generally been applied using a Non-
Electrostatic Model (NEM) [126]. While the fitted mass action equations may not provide
very accurate representations of the stoichiometry of the reactions at the molecular scale it
can still be coupled with aqueous complexation reactions to provide SCM simulations of
macroscopic sorption data as athe function of aqueous chemical conditions. In the present
study, both approaches were used and the outcomes were explained based on the principles of
aqueous complexation chemistry. The sorption data were modeled using the geochemical
speciation software PHREEQC USGS, 179 2015) or FITEQL 4.0. The thermodynamic
constants for aqueous speciation of actinides were taken from the NEA thermodynamic

database [127].
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CHARACTERIZATION OF CLAYS
OF DIFFERENT ORIGIN

3.1. INTRODUCTION
The understanding of material/surface properties is essential before one can understand the
sorption and speciation behaviors of the radionuclide at mineral-water interfaces. The
identification and quantification of the mineralogical composition in natural sediments is a
challenging task but has great relevance in understanding the mechanism of sorption and
migration. For such complex systems, even if the quantitative and/or qualitative data of
mineralogical composition were made, further understanding of their combined behavior
under the given physical or chemical conditions is rather tough. In the present Chapter, the
clays from both natural and commercial origin were thoroughly characterized by one or more
physical techniques such as X-ray fluorescence (XRF), X-ray diffraction (XRD), Fourier
Transform Infrared (FTIR), BET (surface area), High Resolution Transmission Electron
Microscopy (HR-TEM), Scanning Electron Microscopy (SEM), Mdssbauer spectroscopy,
etc. The surface properties of bentonite were determined using the Gran plot. The cation
exchange capacity and surface charge etc were also determined. The interaction of clay
minerals with the humic acid was also studied.

This Chapter lists the results of the characterization of the clay materials using various

techniques such as XRD, FTIR, XRF, HR-TEM, etc. to get an idea about the elemental
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composition, phases, Fe(Il)/Fe(Ill) speciation, size and structural distribution of the clay
minerals, etc. This information is a pre-requisite for understanding the mechanism of sorption
as these factors influence the interaction between the actinides and the clay minerals and

hence governs their fate in the environmental system.

3.2. X-RAY DIFFRACTION (XRD)

The identification and quantification of clay minerals in soils are delicate issues due to the
inherent complexity of the clay mineralogy encountered in the environmental system. This
complexity occurs due to the important chemical and structural heterogeneity of clay
minerals found in soils. Indeed, several different types of clay minerals (kaolinite, chlorite,
smectite, illite, mica, etc.) can coexist within a wide range of particle sizes distribution (from
nm to few pm). In order to improve the identification of the soil clay minerals, an approach
having both sequential particle size fractionation and XRD profile modeling has been
proposed. In the present case, XRD was used to investigate the mineral composition of clay
samples, as well as colloidal clay fractions (<0.5 mm), that was separated from a water
suspension according to Stokes' law, without using any chemical dispersants. The
identification of the mineral composition was done with the textural (oriented) samples
prepared from a bentonite suspension in the air-dried and ethylene glycol solvated states
[128]. The final quantitative mineral composition was calculated using the Rietveld method

using the BGMN program [129].

3.2.1. Clay Minerals without any Chemical Modification

The XRD data show that all the studied clay minerals consist of montmorillonite (main
reflections — 15.2, 4.5, 2.55, 1.70, 1.501 A) with a small admixture of quartz (3.34 A), calcite
(3.05 A), goethite (4.17, 2.45, 2.28 A) and hematite (2.69, 2.49 A). The X-ray diffraction
patterns for all the studied bentonite samples have a (001) reflection in the range of 12 Ato

15 A. For Rajasthan, FEBEX and Kutch clay samples, the (001) reflection occurs at d =
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128A,15.0 Aand d =152 A respectively mainly due to the presence of admixture of Na*
and Ca™, Mg2+ forms of montmorillonite in these clays., whereas for Khakassia clay its d =
12.6 A which indicates the predominant presence of Na* form montmorillonite . The non-
basal reflection at d = 4.47 A, 2.56 A, 1.69 A as well as some other small non-basal

reflections have the same values for all the studied clay systems. The values of the (060)
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Fig. 3.1 X-Ray diffraction patterns collected for the non-oriented natural clays of (a)
Rajasthan, (b) Kutch and (c) Khakassia bentonite clays. M: montmorillonite, K: kaolinite, Q:

quartz, C: calcite, D: dolomite, At: anatase, G: gypsum, Gt: goethite, H: hematite, F: feldspar.

reflection of the Kutch and Rajasthan clays are higher than that of the Khakassia and FEBEX
clays, which indicates the presence of iron in the 2:1 layer of montmorillonite. The strongest
reflections of the admixed clay and non-clay minerals are shown in Fig. 3.1. The
compositions of colloidal fractions <0.5 um for Kutch, Rajasthan and Khakassia clay samples
are found to be enriched in Na- montmorillonite (Fig.3.2), with basal reflections at d o) =
12.5 A, doozy = 6.11-6.23 A, d(go4)= 3.12-3.13 A and dos) = 2.07 A. The presence of kaolinite

in the Rajasthan clay was identified by a series of basal reflections at doy=7.16 A,
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Fig. 3.2. X-Ray diffraction patterns collected for the oriented samples of colloidal fraction
<0.5 um separated from (a) Rajasthan, (b) Kutch and (c) Khakassia bentonite clays. M:
montmorillonite, K: kaolinite, G: gypsum, Gt: goethite, (001) - basal reflections of clay

minerals.

Kutch bentonite

Bentonite (Aldrich)

0 30 40 50 60 70
CuKa2Theta

Fig. 3.3. XRD pattern of the Kutch bentonite and bentonite of commercial origin (Aldrich).

doo2) = 3.57 A, d(oo3) = 2.38 10\, and dosy = 1.79 A. The sign of iron-containing minerals (e.g.,

goethite) in the Rajasthan and Kutch clays was identified by the small reflection at d = 4.19
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A, and an admixture of gypsum in the Kutch clay sample was identified based on the small
reflection at d = 7.62 A. The XRD spectrum of Kutch bentonite is very similar to that of the
bentonite procured from Aldrich (Fig.3.3). The FEBEX spectrum is free from admixture,
except quartz (Fig 3.4). The spectrum is kaolinite clay sample (Fig. 3.4) mainly consist of
kaolinite (7.19, 4.47, 3.58, 2.57, 2.34, 1.99, 1.67, 1.490 A) with an admixture of quartz (3.35

A), illite (10.0 A) and smectite (12.6 A). The mineral compositions are given in Table 3.1.

(a)

111.70 =

Cu K, 2Theta (*)

Fig. 3.4. XRD pattern of (a) FEBEX bentonite and (b) kaolinite clay of commercial origin

(Aldrich).

3.2.2. Clay Minerals after Chemical Modification

As already discussed in Chapter 2, modifications in the clays were done to understand the
role of these modifications onto radionuclide sorption. Before going for the sorption studies
the modified clays were characterized using XRD and other relevant techniques. The
different mono cationic form of the clay minerals can be characterized by the (001) basal
reflections. The size (or hydration) of monocations in the interlayer of the clay minerals
decide the width of interlayer spacing (d) and hence, according to Bragg law (see XRD in
experimental techniques; Chapter 2, Section 2.4.1) the variation in the d causes variation in
20 value, a measurable quantity in the XRD studies. The modification of the Kutch bentonite
to its Na-form can be seen from the shift of basal plane reflection, do1), from 15.2 Ain pure

to don = 12.6 A for the modified sample. Similarly, for the FEBEX clay, the quality of the
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Table 3.1. Composition and related properties of the studied bentonite

Purified
Kutch Khakassia FEBEX

Sample Kutch Rajasthan  Kaolinite

Clay Clay Clay

Clay
Composition, mass (%)

Na*-

23.6 83.4 65 59.5 32.8 4.5
Montmorillonite
Ca,Mg**-

66.4 12.9 27.3 14.4 -
Montmorillonite
Illite - - 4.5 - 7.1
Kaolinite - - 1.3 - 26.4 76.2
Chlorite - - 2.2 - -
Quartz 3.5 0.9 15.9 1.9 1.9 4.2
Albite - - 6.3 5.3 1.5
Microcline - - - 3.2 6.5
Calcite 1.6 1.6 3.8 2 3.9 -
Dolomite - - 0.5 11.9 -
Anatase 1.1 1.2 - - 2.9 -
Goethite 3 - - - 4.5 -
Hematite 0.7 - - - 0.7 -
Sylvite - - - 0.8 -

Specific surface area, m*/g

115 150 15 60 50 6

Average coherent scattering domain size along c-axis, nm

5 4 12 6 - 46
Average coherent scattering domain size along b-axis, nm
11 10 16 17 - 38
CEC (mmol/kg)
950" 1009* 698" 1331° 421° -

INH, Ac method, °Cohex method

76



monocation forms were interpreted from the XRD data (Fig.3.5). The interplanar spacing of
the basal reflections do1) were equal to 15.0 A for the original FEBEX clay(without

treatment) which reduced to dor) = 13.5 A for the Ca-form of the clay and to do1)=12.2 A

Natural form Ca?*form Na*form Li* form
15A 135A 12.2A 9.2A
.
I: ]
. e T,
T T | 1 1 1 T 1 L 13 1 1
4 & ] 10 4 [ £ 1 4 & 8 10 4 & ] Q

Fig. 3.5. The XRD pattern of the FEBEX clay with modified cation form
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Fig. 3.6. The XRD pattern of modified Kutch clay (a) Kutch and Na-form of Kutch; (b)

Kutch original (Red) and Kutch purified (after Fe-phase removal) (blue).

for the Na-form and doi) = 9.2 A for the Li-form. The do;y = 9.2 A for the Li-form of
FEBEX can be explained as the lithium cation has a small ionic radius and hence, is capable
of going to the vacant positions in the octahedral sheet of smectite (e.g. montmorillonite) to

compensate the excess negative charge upon prolonged heating (Chapter 2, Section 2.8). As a
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result, the Li-form of the FEBEX clay loses its ability to swell under ethylene glycol
solvation and resulting in smaller interplanar spacing. The XRD spectrum of the Kutch
sample was also recorded after iron removal by chemical treatment. The d-spacing of the
non-basal reflection did not change after the chemical treatment, suggesting that the structure
of the montmorillonite was not altered and Fe-containing octahedral were not damaged (Fig.
3.6). The decrease in the interplanar distances of the basal reflection d() from 15.2 to 12.9
A occurred as a result of the substitution of Ca** and Mg”* cations by Na® ion in the
interlayer spacing.

In short, all the studied bentonite clays were found to be enriched in smectite
(montmorillonite), with some admixture of other clay minerals (chlorite, kaolinite), as well as
carbonates, quartz, different iron oxides and hydroxides and other minerals in relatively small

amounts. Due to the different position of the basal reflection dor reflections, the Na* and

Ca’* forms were identified and estimated.

3.3. IRON SPECIATION IN CLAY MINERALS

The XRD data suggest the presence of Fe in the studies clay minerals. Iron being a redox-
sensitive element can affect the sorption and speciation of redox active radionuclides such as
U, Np, and Pu. Iron can be present is different mineralogical forms, and different forms may
have different sorption behavior. Iron can also be present as either ferrous of ferric ions in its
minerals. In view of different mineralogy and redox behaviors of iron, it's very important to
have knowledge of iron speciation in the given system to better understand the behavior of

the clay system.

3.3.1 Mossbauer Spectroscopy
The Mossbauer spectroscopy was used for iron (Fe) speciation in the bentonite clay samples.
The Mdssbauer spectra of the *’Fe nuclei were measured at different temperatures for the

bentonite clay samples. The Mossbauer spectra presented a superposition of broadened
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quadrupole doublet and broadened magnetic component, which was attributed to a
magnetically ordered Fe-phase. The minor components of the Khakassia clay sample are
presented in the Fig. 3.7. The best fit hyperfine parameters of the de-convoluted spectra at
various temperatures are shown in Table 3.2. From these studies, one can conclude that all
the bentonite clay samples consist of ferric atoms in the high-spin state within an octahedral
oxygen environment in accordance with the isomer shift values, which can be attributed to
iron atoms within nonmagnetic minerals [130]. In addition, the Khakassia and FEBEX clay
samples consisted of two nonmagnetic quadrupole doublets with large isomer shifts and
quadrupole splitting (Table 3.2) indicating the presence of Fe® sites. The hyperfine
parameters are also similar to those for Si and Al minerals but cannot be attributed to a
specific source [122]. The hyperfine parameter analysis shows non-significant changes in the
sub-spectra areas versus temperature. One may conclude that the Fe®* atoms within all clay
samples are separated into two essentially different states. The first can be presented as a
distribution of quadrupole doublets, but it is impossible to fit it correctly with several
quadrupole doublets of natural line width (Fig. 3.7). The average isomer shift of this
distribution is indicative of high-spin ferric atoms within an octahedral oxygen environment.
The wide distribution of quadrupole splitting values (Fig. 3.9 (a, c, e)) is related to different
forms of ferric hydroxides, surface atoms, and solid solutions of nonmagnetic Al and Si
phases [122]. It can be observed that the profiles of the quadrupole splitting distribution are
similar for all samples and do not change significantly with temperature. The second part is a
broadened Zeeman component that is present in all samples, which could appear due to the
size effects of nanocrystalline particles [131]. This hypothesis is logical as the magnetic
component becomes more “classic” as the temperature decreases (Fig. 3.7 and Fig. 3.8).
These components were fitted (Fig. 3.9 (b, d, f)) as a distribution of Zeeman sextets with
different frequencies of slow super-paramagnetic relaxation, which is a manifestation of the

particle size effect [131]. The hyperfine parameters of these distributions (Table 3.2)
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Table 3.2. >'Fe hyperfine parameters of clay samples at different temperatures

Sample Temp., Phase <0>, <e>or  <Hpp, A, <Q>,
K mm/s A2, mm/s kOe %o GHz
205  Feminerals 0.35(2) -0.042) 5300  58Q2)  12.0(25)
Rajasthan Fe'*-para  0.36(1)  0.33(1) - 42(2) -
clay 77 Fe minerals ~ 0.48(1)  -0.11(1)  530*  61(2)  6.9(27)
Fe'-para  0.47(1)  0.35(1) - 39(2) -
205  Feminerals 0.34(2) -0.02(2) 530%  44(2)  700(200)
Fe’-para  0.35(1)  0.31(1) - 56(2) -
Kutch 77 Fe minerals  0.48(1)  -0.13(1)  530*%  44(2)  18.5(40)
clay Fe'*-para  0.47(1)  0.30(1) - 56(2) -
15 Fe minerals  0.48(1)  -0.13(1)  530*%  442)  7.7(25)
Fe’*-para  0.47(1)  0.31(1) - 56(2) -
295  Feminerals 0.36(12) -0.15(13) 530% 21(10)  100(60)
Fe'-para  0.33(1)  0.36(1) - 59(8) -
Fe®*-I 1.17(4)  1.04(4) - 5(2) -
Khakassia Fe’*-I1 1.15(1)  1.33(1) - 13(3) -
clay 77 Fe minerals  0.39(1)  -0.15(5)  530*  29(6)  35(20)
Fe’*-para  0.39(1)  0.40(1) - 57(5) -
Fe™*-1 1.342)  1.09(2) - 6(2) -
Fe™*-II 1.31(1)  1.44(1) - 8(2) -
FEBEX 295 Fe'*-para  0.36(1)  0.28(3) - 89(2) -
original Fe®* 1.18(2)  1.25(2) - 11(1) -
Kutch clay 295 Fe3+—para 0.35(1) 0.36(3) - 100 -
Purified 15 Fe**-para  0.47(1)  0.36(3) - 100 -
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Fig. 3.7. Mossbauer spectra of (a) Rajasthan, (b) Kutch and (c) Khakassia clays measured at

77 K.

correspond to the goethite nanocrystalline phase for which the absolute value of the
quadrupole shift € is slightly higher than for the a-Fe,O; hematite phase 132]. Thus, the

Kutch and Rajasthan samples contain only a small amount (~3-6%) of “bulk” a-Fe,O3. The
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weak changes in the quadrupole shift average values (Table 3.2) are related to the Morin
transition (Ty ~260 K) of the hematite phase [133].The Mossbauer spectra of the Kutch clay,
after Fe-phase removal, were recorded at 295 K and 15 K (Fig.3.10) and showed a

quadrupole doublet with isomer shift (3) and quadrupole splitting (A) (Table 3.2),
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Fig. 3.8. Mossbauer spectra of (a) Rajasthan, (b) Kutch (c) Khakassia and (d) FEBEX

clays measured at 295 K.
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Fig. 3.9. Distributions (a, c, e) of the quadrupole splitting and (b, d, f) relaxation frequencies

for Mossbauer spectra measured at 77 K of the Rajasthan, Kutch, and Khakassia clays.
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Fig. 3.10. Mossbauer spectra of the original (a,c) and modified (b,d) Kutch clays measured at

15 K (c, d) and 295 K (a,b).

corresponding to the high-spin Fe’* ions in octahedral oxygen surroundings. Both the spectra
have doublets which are "static" due to either the broad size distribution of fine particles or a
mixed environment of Fe®*. The mixed environment is caused by the presence of Si and Al
atoms in the local environment and is not related, for example, by the super-paramagnetic
relaxation effects of nanocrystalline particles. It was of interest to compare the observed
spectra of purified Kutch clay with the original Kutch samples (Fig. 3.10). In addition to the
quadrupole doublet, the spectra consist of a very diffuse Zeeman pattern indicative of the
significantly inhomogeneous magnetic state of iron cations. For the analysis of this
component, the distribution of hyperfine magnetic broadened components (W), which

indicate the non-uniform crystal environment of Fe atoms within this mineral. The width of
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the quadrupole doublet components does not change with temperature. Thus, the observed
broadening of the quadrupole fields at "Fe nuclei (Hy) was obtained. The average value of
Hyy, is noticeably lower than the hyperfine magnetic fields for large particles, which could be
due to the size effects of the nanocrystalline particles. The lack of this magnetically split sub-
spectrum in the spectra of the purified sample recorded over a wide temperature range
suggests that the treatment of the Kutch samples with citric acid solution completely washes
out the goethite particles. Briefly, Kutch clay contains only Fe(Ill) in different forms: as
structural iron (56%) and intrinsic iron phases (44%) (hematite and goethite). Khakassia clay
contains both Fe(II) and Fe(III) out of which the latter is in the form of structural iron (57%)
and iron oxides (29%). The remaining iron is structural divalent iron. The FEBEX original
contains both Fe(Ill) (89%) and Fe(Il) (11%). The modified Kutch (after iron phase’s
removal) contains only structural iron and addition phases were absent. The present studies
show how Modssbauer spectroscopy is the most reliable and sensitive method of phase
analysis in complex natural clay systems, since the fine goethite particles, due to their small

size and low abundance, could not be detected by XRD analysis of clay minerals.

3.4. SURFACE PROPERTIES OF CLAY MINERALS

3.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the studied clay samples in the ranges 3900-3000 cm™ and 1800-500 cm™
! (recorded in the ATR mode) was shown in Fig.3.11. The correlation of the absorption
bands’ wave numbers with different types of vibrations was carried out in accordance with
134-136]. Based on the FTIR spectral data all the clays are mainly composed of dioctahedral
Al-smectite, as evident by the position and profile of characteristic bands at 3623, 998, 916,
and 525 cm'[135-138]. All the samples show broad maxima in the range 995 cm™ to 1000
cm™ for Si-O stretching vibrations. Small modulations at 916 and 844 cm™ belong to the
deformation vibrations of Al-OH-Al and Al-OH-Mg, respectively [136]. However, some

difference can be seen depending on the present admixture in the clay samples. For example,
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bentonite (Aldrich) shows broad maxima at 998 cm-1 Si-O stretching vibrations. In addition
to the quartz (799 and 781 cm™) and carbonate (1431 and 877 cm™), kaolinite is easily
identifiable in the clay minerals among the impurities on the strip at 3695 cm™. In the region
of 600 to 1800 cm™, most of the bentonite clay samples were similar, except Rajasthan due to
predominant peaks at 937 and 1025 cm™. The presence of quartz in the Khakassia can be
seen from the presence of peaks at 797 and 776 cm™ . The Si-O (longitudinal mode) stretching
and OH deformation of water at 1116 cm™ and 1630 cm™ was found in all clays. In the
region of the OH stretching vibrations, Khakassian and bentonite (Aldrich) look similar. The
spectra of Kutch clay was dominated by broad spectrum at the 3000 to 3500 cm™ region and

a peak at 3616 cm™. More details about the origin of above wave number and the state of

Absorbance
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Fig. 3. 11. FTIR spectra (a) 500-1800 cm™ region and (b) 3000 to 3900 cm™ region, of

studied clays using ATR-FTIR.

water in smectite in the interlayer can be found elsewhere. The FTIR of Rajasthan bentonite
clay is dominated by OH stretching vibration characteristics of the kaolinite clay. The
stretching vibrations of the OH groups, in addition to the wide bandwidth ~3418 cm™ related
to the vibrations of absorbed water, another broad intensive band is observed with the
maximum absorption at 3624 cm™. This band is a superposition of the individual absorption

bands of the cation-cation (Al-OH-Al, Al-OH-Mg, Mg-OH-Fe, Al-OH-Fe, Fe-OH-Fe, etc.)
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[138]. Among the impurities in the FEBEX clay, a small amount of quartz (796 cm’l) was
found. Fig. 3.12 shows the FTIR spectra of FEBEX, modified Kutch (after Fe-removal),
Kutch and kaolinite in transmittance mode (using KBr pellets).

The FTIR spectra of the FEBEX clay also corresponded to that of the dioctahedral Al-
smectite [135-138] where the most intense and relatively symmetrical absorption band at
1035 cm™ belongs to the stretching vibrations of Si-O. Deformation vibrations of Si-O appear
on the FTIR spectrum at 521 (Al-O-Si) and 468 (Si-O-Si), and as a shoulder at 622 cm’! (Al-
O-Si, Si-O-Si). Small modulations at 916 and 844 cm™ belong to the deformation vibrations
of Al-OH-Al and Al-OH-Mg, respectively [136]. In the region of the stretching vibrations of

the OH groups, in addition to the wide bandwidth ~3418 cm’ related to the vibrations of
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Fig. 3.12. FTIR spectra of studied clays: (a) kaolinite clay, (b) FEBEX clay, (c) Kutch clay
(black line: original clay, red line: purified clay).v stretching vibrations, & deformation
vibrations, * - valence vibrations of hydroxyl groups on the surface of the kaolinite layer, ** -

valence vibrations of the hydroxyl groups.

87



absorbed water, another broad intense band was observed with the maximum absorption at
3628 cm™. Among the impurities in the FEBEX clay, a small amount of quartz (796 cm™)
was found. The FTIR spectrum of the modified Kutch clay was very similar to the original

Kutch clay.

The position and profile of the absorption bands of the FTIR spectrum of the kaolinite
sample are typical for kaolin group. The region of stretching vibrations of the Si-O
tetrahedral layer consists of two clear bands and the most intense bands of the FTIR spectra
are those with the wave numbers of 1033 and 1009 cm™, while the more high frequency
relatively wide band is at 1113 cm™. A less intense triplet of sharp bands at 538, 470 and 430
cm™ corresponds to the deformation vibrations of Al-O-Si and Si-O-Si. In the region of the
stretching vibrations of OH groups, the well-resolved diagnostic four narrow absorption
bands were distinguished: common (3698 cm’) and antiphase (3671, 3654 cm'l) on the
surface of the kaolinite layer and 3620 cm™ within the layer of kaolinite. The ratio of the
intensities of the bands at 3671 and 3654 cm™ and those at 3698 and 3620 cm™ can give
information about the degree of disorder of the kaolinite structure [139,140]. Bands at 936
and 913 cm™ belong to the deformation vibrations of the hydroxyl groups on the kaolinite
surface and inner layer, respectively. The four clearly resolved bands and the observed
intensity distribution of the studied sample indicate its ordered structure located inside the
kaolinite layer. The absorption band at 1384 cm™ corresponds to an admixture of KNOj3 in

KBr that was used during sample preparation.

3.5. MORPHOLOGY AND PARTICLE SIZE DISTRIBUTION

3.5.1. Electron Microscopy Studies

The Scanning and Transmission Microscopic studies were conducted to get an idea about the
morphology and particle size distribution of different admixture phases present in the clay

minerals. The preliminary studies with the clays in the suspension showed two fractions of
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clays to be present in the clays. The two fractions were carefully separated from aqueous
suspension based on density difference of the fraction and by the color of the individual

fraction. The fraction with higher density and dark color was called as “dark fraction” while

18 &8 EEC

Kutch “dark fraction” Kutch “dark fraction”

18 &8 BEC 18rm 18 &8 BEC

Kutch “light fraction” Kutch “light fraction”

Fig. 3.13. SEM images of the light and dark fraction of Kutch and Khakassia clays.
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Fig. 3.15. (a), (b) HR-TEM images of goethite nanoparticles from Kutch clay samples.

Selected area electron diffraction (SAED) are presented on the insert, white lines

correspond to the position of the goethite reflexes.

the lighter part with relatively light color was called as “Light fraction”. The most plausible
reason for the differentiation in color and density may be due to the presence of
heterogeneous Fe-phase in the clay minerals. Fig. 3.13 shows the typical SEM profile of light
and a dark fraction of the studied clays. The SEM profile of the dark fraction shows the

presence of bright spots due to the relatively high Z-elements, in this case, the Fe-minerals.

90



The light phase shows the presence of aluminosilicates without any bright spots. The typical
SEM with EDX of Rajasthan clay samples clearly shows the presence of Fe-mineral, as
expected, phases in the dark fraction (Fig.3.14). The presence of iron oxide/hydroxide
nanoparticles was confirmed by HR-TEM. Fig. 3.15 shows typical HR-TEM images of
goethite nanoparticles in the Kutch clay samples with particle size distribution in the range of

2 to 10 nm.

3.6. SPECIFIC SURFACE AREA AND CATION EXCHANGE CAPACITY

The specific surface area (SSA) of and the cation exchange capacity (CEC) of the clay
minerals were determined by BET and Cohex method or NH4Ac methods (, respectively and
the results are listed in Table 3.1 [141,142]. As can be seen from the Table 2.1, the SSA
values of Na- and Li-forms of FEBEX did not change much as compared to the original
FEBEX clay and equals 63 and 59 m?%g respectively, while the SSA of the Ca-form of
FEBEX decreased to 45 m*/g. This may be caused by the different microstructures of the
samples as discussed in the literature by other authors [143, 144]. The increase in the SSA of
the Kutch clay after iron removal may also be due to several reasons viz. i) on chemical
treatment the impurities such as quartz and calcite that usually exist as large particles with
small surface (Table 3.1) are removed, and hence help in an SSA increase, ii) during the
purification step, montmorillonite was converted to the Na-form which has a higher surface
area compared to the Ca-form because of a different microstructure [143,144] and iii)possible
surface leaching or removal of Fe-oxide coating from the clay surface leading to exposure of
more active surface area. The coherent scattering domain size (CSDS) that was calculated
from XRD data is in good agreement with the SSA of the sample (Table 3.1). For example,
purified Kutch clay with a minimal CSDS has a very high SSA (150 m*/g). FEBEX clay has
a relatively high total layer charge with a value of 0.79 per formula unit which may be the
reason for the increase in particle size and decreasing surface area [145]. In contrast,

montmorillonite from Kutch clay has a low total layer charge (0.56 per formula unit) that
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may cause a smaller size of the clay particles and thus, a higher surface area value. The value
of the total layer charge for montmorillonite from Khakassia clay is 0.61 per formula unit.
Relatively high values of domain sizes are probably caused by the presence of vermiculite
and beidellite layers in montmorillonite. The CEC of the clays used in this thesis work is

presented in Table 3.1.

3.7. OTHER PROPERTIES

The elemental composition, the number of active surface site and charge onto the surface
were determined by XRF, potentiometric titration and zeta potential measurements,
respectively. An automatic titration system (Titrando 905, Metrohm) was employed for
studies carried out at constant temperature (25 £ 1°C). For the potentiometric titrations, about
40 ml volume of the clay suspension was taken in a conical flask of 100-mL volume (reactor
vessel) with a particle concentration of 1 g/L. at 0.01 M NaClO,. The reactor vessel, equipped
with a combined glass electrode, was agitated by a magnetic stirrer and purged with pure N,
during the titration. After equilibration for about 1 h, the suspension was acidified using the
standard HC1O4 to a pH of approximately 3.0 (acidimetric titration) and then divided into two
equal parts, the first part was used for potentiometric titration while the second part was
centrifuged at 10,000 rpm for 30 min, and the supernatant was utilized as the system
blank[146]. This blank was subjected to a hydroxide titration identical to that of the first part.
The titration curves of the clay samples were corrected with respect to the system blank. To
subtract the influence of solid dissolution on the estimation of proton or hydroxide ion
consumption by the clay itself, it was reasonable to use the supernatant produced under
identical condition as the system blank. The Gran plot method was used to determine the
specific volume of titrant added at the equivalent point (Ve) and to derive the total
concentration of the reacting H" ions at each titration point (TOTH) [146]. The values of the

Gran function (G) were calculated from the equations given below.
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On the acidic side: G, =(Vy + Ve + Vi) - 10777 - 100 3.1)

On the alkaline side: G, =(Vy +Vy + V) - 10713875 . 100 (3.2)

where, V) is the initial volume of the clay suspension, and V, and V}, are the total volumes of
acid solution and those of hydroxide ions (OH") added at the different titration points,
respectively. As the clay suspension was acidified before the alkalimetric titration, the OH™
added to the suspensions were consumed in the following three steps reflected in the Gran
plot; (i) the neutralization of excess H' in the suspension (before Ve, see Fig. 3.16), (ii) the
reaction with various surfaces active groups (between V¢ and Ve, see Fig. 3.16), and (iii)
the contribution to the system pH (after Vey,).

The specific volumes, Ve,; and Vepy, were obtained from the linear regression analysis
of the Gran plots. The Vebl was considered as the point the zero titration (The point before
which there were no surface reactions consuming OH™ except simple acid—base neutralization
of extra added protons to achieve acidic pH). The ‘TOTH’, as defined above, was calculated

using the following equation:

TOTH = —(V}, - Vebj)XCb /(Vo + Vi, + V},) (mol/L), (3.3)

where Cy is the concentration of the standard NaOH solution used for the titration. The data
points from the hydroxide (OH) titration curve commencing after the point of zero charge
calibration, were utilized in FITEQL 4.0 (a nonlinear least-squares optimization program) to
estimate the surface acidity constants. The surface site concentration (Hg) was calculated

from two equivalent points in the Gran plot, as given by the following equation

Hs = (Vev2 = Veb)sample XCb = (Veb2 = Veb1)blank X Cp Vo (mol/L) 3.4

Fig.3.16 shows the Gran plot for the bentonite (Aldrich) system at 0.01 M NaClOy. The total

number of active sites was found to be 5.4 (£0.1) x10™ mol/ g of bentonite (Aldrich) clay and
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was higher than the reported range. This value was imported into the FITEQL 4.0 program

for the calculation of the surface acidity constants of the bentonite (Aldrich) samples used in
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Fig. 3.16. Gran plot of the blank and bentonite suspension (5 g/L); I: 0.01 M NaClOy;

T: 298 K.

this work [147]. The XRF results are given in Table 3.3. The high Al and Si contents are due

to the clay minerals present in the tetrahedral and octahedral sheets of montmorillonite, as

Table 3.3. The elemental composition of the studied clays

Sample Composition, %

LOI* Na,O MgO ALO; SiO, K,O CaO TiO, MnO Fe,O3 P,0s
Rajasthan 20.06 1.15 4.64 1628 35.12 030 6.67 3.09 0.16 12.27 0.11
Kutch 21.43 072 2.02 1233 4252 0.11 277 142 0.19 1558 0.27
Aldrich 11.76 191 224 1896 59.07 038 149 0.16 0.02 3.79 0.04
Khakassia 1274 298 248 15.19 5836 097 3.05 0.63 0.09 342 0.11
FEBEX 16.03 1.15 4.13 17.18 54.19 1.01 194 021 0.04 299 0.04
Kutch- 18.60 285 1.70 1503 51.44 0.08 0.12 1.02 0.01 799 0.03
purified
*Loss of ignition (LOI)
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well, as due to the admixture of kaolinite and chlorite. The higher amount of Si in the
Khakassia clay compared to the other samples is due to the higher quartz content, which was
supported by the FTIR and XRD results (Figs. 3.1 to 3.6). The presence of a relatively high
concentration of Ca and Mg can be partly attributed to the presence of carbonate minerals
(calcite and dolomite), as indicated by FTIR and XRD data. The Rajasthan and Kutch clays
were found to have high iron and titanium contents. Titanium was linked to the presence of
anatase, which was identified by XRD. Iron can be included in the octahedral sheets of clay
minerals, mostly smectites, and can also be found as separated accessory iron phases. The
zeta potential measurements of the bentonite (Aldrich) done with varying pH values were

found to be negative in the studied pH range (Fig.3.17).

3.8. CLAY AFFINITY FOR HUMIC ACID

Before going to do the experiments to understand the role of humic acid (HA) onto the
radionuclide sorption, the pH-dependent interaction between bentonite and HA needs to be
understood. HA being chromophoric, UV-vis spectrophotometry was used for the estimation
of HA sorption onto bentonite as a function of pH. A calibration plot was generated from
UV-vis spectrophotometric absorbance measurements to quantify the sorption of HA (Fig.
3.17) on the suspended bentonite (Aldrich). The absorbance of HA at the A p,x: 400 nm was
also measured with increasing pH. The absorbance was found to be increasing with the pH,
which may be due to the changes in the HA structural properties, such as the degree of
dissociation of COOH and phenolic OH groups [99]. The sorption of HA on bentonite
(Aldrich) was found to be decreasing with increasing pH values from 2 to 8. This behavior
was attributed to the increased electrostatic repulsion between the negatively charged surface
of bentonite (Aldrich) surface and anionic form of HA at higher pH values (Fig. 3.17). The
measured Zeta potential of the bentonite suspension was found to be negative even in the

acidic pH range and hence the PZC in the case of the bentonite is not seen in the present case.
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Fig. 3.17. (a) Calibration plot for estimation of HA at given pH; (b) Variation of humic acid
(HA) absorbance with pH in the presence and absence of bentonite. [HA]: 50 mg/L;

[bentonite]: 5 g/L; I: 0.01 M NaClOy; Amax: 400 nm; T: 298 K.

To summarise, we have used a host of physicochemical techniques to understand the
composition of the natural and commercially available clay minerals used in the present
study. The studied samples range from simple bi-layer clay systems, e.g., kaolinite, to trilayer
systems, e.g. bentonite of both commercial (from Aldrich) and natural origins. These studies
indicated that the present clays differ in their mineralogical compositions, Fe-speciation, have
particle size inhomogeneity (e.g., TEM studies) and varying specific surface area. It would be
interesting to see the effect of these variations on the sorption properties of these minerals

toward a given radionuclide under different experimental conditions.
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SORPTION AND MODELING
STUDIES ON COMMERCIAL CLAY

4.1. INTRODUCTION

The sorption of actinides and fission products such as U(VI), Am(IIl) ((Eu(IIl) and Gd (III)
were used as surrogates), Cs(I) and Sr(II) was studied onto commercially available bentonite
clay. The sorption studies with kaolinite were also done to compare the behavior of the two
classes of clay minerals (1:1 or bilayer and 1:2 or tri-layer) towards the sorption of trivalent
actinides. As already discussed in Chapter 1, the presence of organic and inorganic
complexants can modify the sorption behavior of the clay minerals. In this Chapter, the effect
of organic acids starting from oxalic and citric acid to the relatively complex
ethylenediaminetetraacetic acid (EDTA) and that of natural organic matters (NOM) such as
humic acid are evaluated. The nature of the complexes formed at the aqueous-minerals
interface is determined either by using spectroscopic techniques (which give direct
information) such as EXAFS, EPR and fluorescence studies, or by indirect means such as
SCMs. The batch sorption studies are carried out to understand the effects of various
chemical parameters such as pH, ionic strength, etc on the sorption of radionuclides onto
minerals surface. The experiments carried out at varying ionic strength help in identifying the

nature of the complex formed, e.g., inner sphere or outer sphere, onto the clay minerals
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surface. Speciation calculations of different complexed species are done to explain the
experimental observations. An attempt has been made to fit the data, on the sorption of
trivalent metal ions onto the bentonite clay to the well-known models viz. Freundlich,
Langmuir, and Dubinin-Radushkevich (D-R) isotherms, to calculate the sorption capacity of
bentonite and the mean energy of sorption. This Chapter starts with the uranium sorption
studies, which is essential as these involve a radioactive contaminant from the very beginning
or the front end of the nuclear fuel cycle. Starting from the mining to fuel fabrication,
uranium can leach out either in large quantities, e.g. in trailing ponds or in very small
quantity, from fuel fabrication facilities. The latter part of this Chapter deals with the sorption
of fission products (Cs(I), Sr(Il), and Am(IIl)) which are generated after the neutron
irradiation of uranium fuel in the reactor for sufficient time and are of concern to the

environment in the long term.

4.2. THE SORPTION OF URANIUM

Caution: Being an a-emitter, working with the uranium requires glove box,

Jume hoods. The long half-life of this makes it relatively less hazardous

when compared to other a-emitter with a shorter half-life. Care must be

taken when working with this radioactive element.
The preview about the uranium trailing and the associated risk were already discussed in
Chapter 1. The comprehensive discussion about the uranium mining, management of waste
generated and recent advances can be found on the world nuclear association websites.The
uranium sorption experiments were performed in aerobic condition, with bentonite

h U radiotracer (natural 281 solution was used for EXAFS

suspension (1 g/L), spiked wit
and TRLFS studies) at the required pH, and ionic strength. The kinetics of the uranium
sorption onto bentonite was studied at pH 4 and 0.01 M NaClOy4 and the studies show that
equilibrium could be achieved in ~ 2 h (Fig. 4.1). However, for the sorption experiments,

samples were placed in polypropylene tubes and shaken mechanically at room temperature

for ~ 24 h to ensure equilibrium. Suitable samples (100-200 pl) were taken out after
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centrifugation and were assayed by liquid scintillation counting for % sorption calculation.

Fig. 4.2 shows the sorption behavior of U(VI)(~ 107 M) onto bentonite as a function of pH

under aerobic conditions at [ = 0.01 M (NaClOy). The sorption of U(VI) onto bentonite (1

g/L) was not quantitative and was found to be increasing initially with increasing pH up to

Fig. 4.1. Kinetics of U(VI) sorption onto bentonite (1g/L) pH : 4.0; 1

298 K.
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Fig. 4.2. Sorption of U(VI) (10" M) onto bentonite (1 g/L) in the absence and presence of

different ligands; [Ligand]: 107 M; [Humic acid]: 100 mg/L; I: 0.01 M NaClOyg; T: 298 K.
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pH 6. Any further increase in the system pH decreased the % sorption of U(VI) onto
bentonite. While the initial increase in the U(VI) sorption was attributed to the surface
complexation of U0, (uranyl cation) with the deprotonated surface hydroxyl groups, the
formation of anionic uranyl-carbonate species at higher pH (Fig. 4.2) was suggested to be

responsible for the decrease in the % U(VI) sorption because of their electrostatic repulsive
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Fig. 4.3. U(VI) (10 M) sorption onto bentonite ( 0.5 and 1 g/L) with varying ionic strength;

pH:~5.0; T:298 K

interactions with the negatively charged bentonite surface at higher pH values. Similar
observations were reported elsewhere for the sorption of U(VI) [149-151]. To further
investigate the nature of the sorbed complexes of U(VI) onto the bentonite (inner-/outer-
sphere), the sorption experiments were carried out as a function of ionic strength (I = 0.01-
1.0 M NaClQOy) at pH ~5. The sorption was found to be varying at lower ionic strengths, (<
0.1 M of NaClO4 at pH 5), and remained almost constant beyond that (Fig. 4.3). This
suggests that the sorption of U(VI) take place by the formation of inner-sphere complexes of

U(V]) onto the bentonite surface.

The influence of different complexants (inorganic or organic) such as citrate (cit),

HA, carbonate (CO32_), oxalate (ox) on the sorption of U(VI) onto the bentonite clay (1 g/L)
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was further investigated as a function of pH (2—8) at an ionic strength of 0.01 M (NaClOy).
There was a decrease in the U(VI) sorption onto bentonite in the presence of 107" M cit and
ox which was attributed to the aqueous complexation of U(VI) with theses organic
complexants in the pH range of 4-8 whereas the sorption of U(VI) onto bentonite was not
affected significantly in the presence of 10 M of carbonate ions (Fig. 4.2). These
observations suggest that the amount of carbonate in the aqueous media due to the dissolved
COx(g) is sufficient for deciding the U(VI) sorption onto bentonite and the addition of the

extra carbonate does not induce any more effect.

4.2.1. Spectroscopic Studies

4.2.1.1. Fluorescence Studies

The U(VI) aqueous complexation studies with different complexants were carried out to
understand the changes in the aqueous speciation of the metal ion with/without complexing
ligands/anion before/after contacting with the bentonite suspension (1 g/L) at pH ~ 5(0.05)

and / = 0.01M (NaClOy). The emission intensity of U(VI) in the aqueous complexation
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Fig. 4.4. Luminescence spectra for aqueous complexation of U(VI) with cit, HA and CO32';

pH: 5.00 = 0.05; I: 0.01 M NaClOs,.
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studies with COs>", HA, cit (Fig. 4.4) followed the order: U(VDnydaroxy > U(VDpa >
U(VDcarbonate > U(VDcirate- The lower luminescence yield of U(VI)carbonate cOmplex compared
to others (except citrate) can be attributed to the strong dynamic quenching by the carbonate
anion at room temperature[ 152]. The U(VI).jyae complex does not show any luminescence at
room temperature[153]. Hence, the observed luminescence in the emission spectra of
U(VDcarbonate and U(VI)ciyrae System can be attributed to the small amount of uncomplexed

uranyl ion present in the hydroxo complexes of the uranyl ion. To gather more information

1.0
—uw,,
—— U(VI) + cit
0.8- —— U(VI) + HA
——U(vl) + CO52

0.6

0.44

Counts (Normalised)

0.2

450 500 55 600 650
Wavelength(nm)
Fig. 4.5. Normalised fluorescence spectra for aqueous solutions of U(VI) containing cit, HA

and CO;”; pH: 5.00 + 0.05; 7 : 0.01 M NaClOy; T: 298 K.

about the nature of the luminescent U(VI) species formed with varying ligands at pH ~
5(20.05) and 7 = 0.01 M (NaClQO,), the luminescence spectra were normalized, as the shift in
the peak position or variation in peak ratio in emission spectra can be related to the formation
of different U(VI) species in the aqueous phase. However, the observed normalized spectra
don’t show any appreciable shift in the emission lines suggesting similar nature of the
luminescent U(VI) species or absence of any noticeable change in its emission spectra

without such a possibility (Fig. 4.5). As can be seen from the normalized luminescence
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spectra, the emission profile of U(VI),, with and without HA are super-imposable,
suggesting, either the concentration of U(VI)-HA complex formed was very small and the
emission spectra were dominated by aqueous U(VI)-hydroxo species present in the medium
or the U(VI)-HA has spectra similar to that of U(VI),. To confirm this, the lifetime of
different U(VI) complexes were determined by luminescence decay at Aex: 230 nm and Aep:
514 nm,

Table 4.1. Details of the samples used for the luminescence studies; [U(IV)]:IO_4 M,

[Ligand]: 107 M; [HA]: 10 mg/L; pH: 5.00 £ 0.05; I: 0.01M NaClOs.

S.No. Sample T1(us) T (US)
1 U(VI) 19 -

2 U(VI) + cit 20 -

3 U(VI) + HA 23 5

4 U(VI) +CO5> 27 5

5 U(V]) + bentonite 19 5

6 U(V]) +cit+ bentonite 7 25

7 U(VI) +HA+ bentonite 19 100
8 U(VI) + CO5*+ bentonite 21 100

owing to the fact that complexation with HA may give additional pathways for non-radiative
decay to U(VI) causing if not substantial but significant decrease in the lifetime of U(VI) -
HA complex as compared to that of U(VI),q. The lifetime of different complexes (Table 4.1)
of the value of 23 + 4 us suggested the same luminescent U(VI) species. Higher lifetime
value for U(VI)-carbonate and U(VI)-cit case is mainly due to higher uncertainties in the
fitted data due to poor signal to noise ratio in the two cases (vide supra). From the analysis of
the luminescence decay time (lifetime T ~ 19 ps) and prominent emission peak maxima at

498, 514, 534, and 557 nm, the most probable luminescence species can be ascribed to the
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(UO»)3(OH)s" complex [154]. Both life-time and peak position suggest the dominance of
U(VD)- hydroxo species, possibly (UO,);(OH)s" complex, even in the case of uranyl-humate
and uranyl-carbonate system, whereas the formation of ternary U(VI)-humate (UO, (OH)HA)
complex at pH ~5 has been reported by others [155]. The ternary U(VI) humate complex, if
formed in solution, either does not contribute to the luminescence signal or have similar

lifetime and emission lines as U(VI),q, under present experimental conditions.

4.2.1.2. U(VI)-bentonite Suspension with/without Complexing Ligands

The emission spectra and lifetime profiles of U(VI),q, and U(VI)-bentonite suspension in the
presence/absence of complexing ligands was also recorded under identical conditions and
compared. The intensity of the emission lines followed the order: U(VIDnuydroxy > U(VDgentonite
> U(VDBgentonite-Humic Acid > U(VDBentonite-carbonate >> U(VDBentoniteitrate at pH 5.00 (£0.05) and [ =
0.01 M (NaClOy) (Fig.4.6(a)). The observed trend can be explained with the help of the
sorption profiles of U(VI) with bentonite in the presence/absence of different complexing
ligands/anions.

The order of the luminescence intensity decrease in the emission spectra suggests that
the residual U(VID)nydroxo species, after U(VI) sorption onto bentonite, are responsible for the
observed luminescence spectra. The luminescence from that of the U(VI) or U(VI)
complexes sorbed onto the bentonite is either quenched due to complexation (Fig. 4.4) or its
intensity is very poor due to other associated non-radiative decay pathways as compared to
that of the U(VI)nyaroxo species. To confirm this hypothesis, the U(VI)-bentonite suspension
was centrifuged to 16000 rpm for 30 min, and the solid residue was separated, air-dried and
subjected to luminescence measurements. The U(VI) sorbed onto bentonite had very poor
luminescence intensity (Fig. 4.6(b)) as compared to U(VI)-bentonite suspension. The poor
emission spectra in the presence of citrate are due to the quenching of U(VI) luminescence
upon citrate ion complexation[153]. The analysis of the luminescence decay curves for

U(VID)-bentonite and U(VI)-cit-bentonite complexes shows one prominent luminescence
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species with mean luminescence lifetime of 22 + 3.0 us (Table 4.1). This further supports the

argument that only the U(VI)-hydroxo species in the supernatant is responsible for the

observed emission. The higher lifetimes of the U(VI)-HA-bentonite and U(VI)-carbonate-

bentonite samples along with 20 + 1.0 ps (Table 4.1) suggest the presence of some different
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Fig. 4.6. (a) Luminescence spectra of U(VI)-bentonite suspension with and without

complexing ligands; (b) Luminescence spectra of U(VD)uydroxo» U(VDbentonite suspension and

U(VDsorbed onto bentonite; PH: 5.00 £ 0.05; I: 0.01 M NaClOy.

species, although no spectral shift was observed in the emission lines; this could be due to the

formation of the surface sorbed mixed uranium-hydroxo complex as seen in the case of U(VI)

105



sorption onto alumina having a lifetime of ~ 120 ps [149]. The HA addition in the presence
of bentonite is apparently not affecting the emission profile owing to the same reason, as

discussed previously in the case of the emission spectra of U(VI) with/without HA.

4.2.1.3. UV-visible Spectroscopic Studies
The UV-Visible spectra of all the samples were recorded as complementary to the
luminescence data. This study helps in assigning different species onto the bentonite, if

present, which are non-fluorescent in nature or have very weak luminescence due to the
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Fig. 4.7. UV-vis spectra of U(VI) species present in aqueous CO5™* (107 M) and cit (10~ M)

media; pH: 5.00 + 0.05; I: 0.01 M NaClQs.

quenching by the ligands or by any other means. The UV-vis absorption spectra were
recorded for the liquid samples (the suspension and slurry were having very poor signal to
noise ratio). The UV-vis spectra of different complexes of U(VI) shown in (Fig. 4.7) follow
the order: U(VI)—CO32_ > U(VID),yq > U(VI)-cit (the UV-vis spectra for HA complexes of

U(VI) were not shown as the high absorbance of HA mask the spectra of the U(VI)-HA
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Fig. 4.8. UV-vis spectra of U(VI) species in the supernatant after centrifugation; pH: 5.00 +
0.05; I: 0.01 M NaClOa.

complex). The higher absorbance of the U(VD)-CO5* complex compared to that of the
U(VI),g, suggests the higher optical density value for U(VD)-CO5> complex as compared to

that of the pure U(VI),q species under the present set of experimental conditions. The UV-vis

Table 4.2. U(VI) sorption onto bentonite with/without ligands from UV data (Ay.x: 424 nm).

Absorbance (x10)

sample Without bentonite Supernatant Sorption
(after equilibration with bentonite) (%)
U(VD)yq 0.0675 0.0386 42.8
U(VI)-carbonate 0.0819 0.0504 38.5
U(VI)-citrate 0.0433 0.0343 20.8

spectra of the supernatant, of the binary and ternary system of U(VI)-bentonite and ligands,
were also recorded. The recorded UV-vis spectra show (Fig.4.8) a reduction in the
absorbance value which was attributed to the U(VI) sorption onto bentonite in line with the
results obtained from the radiometric studies (vide supra). The % sorption of U(VI) onto the

bentonite clay was also calculated from the UV-vis absorbance data (Table 4.2). The lower
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% sorption of U(VI) onto the bentonite in all the cases are expected due to a higher
concentration of U(VI) employed (107" M) for the UV-vis spectrophotometric studies as
compared to the radiometric studies (~ 1075 M). The presence of U(VI)-cit complexes can be
easily seen in the UV-vis spectrophotometric spectra, for both the aqueous complexation
systems and supernatant of ternary system. Whereas we could not get any luminescence
signal for similar systems, which clearly indicate luminescence quenching of U(VI) emission

on citrate complexation.

4.2.1.4. EXAFS Studies on U(VI) Species Sorbed onto Bentonite

The Upsz-edge normalized EXAFS spectra for the U(VI) sorbed onto the bentonite surface
(samples 2—4, Table 4.1) was shown in Fig. 4.9. The k; - (k) vs. k was plotted for samples 1
to 6. The XANES spectra of all the samples (2-5) are plotted along with those for U3;Og (used
as standard) and UO,** in pH 5 (pH adjusted using dilute perchloric acid; sample 1), and
shows small shift towards higher energy side in the absorption edge indicating a higher
positive charge on uranium, which could be attributed to a decrease in the electron density at
uranium due to surface or ligand complexation. The guess structural parameters used for the
simulation of theoretical EXAFS spectra of the samples have been taken from the crystal
structure of Soddyite and uranyl acetate [156,157]. In the fitting process, though initial
structure for the samples was taken as Soddyite, extra carbon atoms are included from the
uranyl acetate structure for samples 3, 4 and 5. The (R) versus R spectra (Fig. 4.10) have
been generated for all the samples from the (E) versus E spectra (Fig.4.9) data following the
the methodology described above. The local structure parameters such as bond distances,
coordination numbers (including scattering amplitudes) and disorder (Debye-Waller) factors
(6%), which give the mean square fluctuations in the distances, have been used for the data
fitting. for the U(VI)-Ls edge measurements along with the paths taken from the initial guess

structures, e.g. Soddyite, and uranyl acetate structure to carry out the fitting. The first Fourier
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transform peak is the contribution of two oxygen shells, where Uranium is bonded to the two

axial (U-O,y) and six equatorial oxygen atoms (U-O,q) in sample 2 sample 3, sample 4 and
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Fig. 4.9. Normalized EXAFS spectra of U(VI) species sorbed onto bentonite (samples 2-5)
along with reference uranium oxide, U3Og. The inset shows an enlarged portion of the edge

(with sample 1, e.g. U022+aq).The best fit results are summarized in Table 4.3.

sample 5. For samples 3 and 4, the peak intensities are relatively smaller than those seen in
the other two samples (2 and 5) suggesting higher disorder for sample 3 and 4. As the sample
1 was pure UO,*" in aqueous solution, it showed two prominent peaks (as expected) at 1.77A
and 2.27A due to the back scattering of the two U-O, and five U-O,q oxygen atoms which is
in line with the literature values [158]. There were spectral features for U-U scattering,
characteristics of oligomeric species in the recorded data, suggesting multinuclear species
formation onto the surface of the bentonite. The U-Ocq distance varied from 2.31A to 2.35A
in different samples and are lower than the values (2.41- 2.46 A) for the mononuclear outer-
sphere U(VI) complexes reported at lower pH values [159]. The shorter value of U-Ogq
distances indicates inner sphere complexation under the present experimental conditions
which was supported by the ionic strength variation experiments. These experiments

suggested that the sorption of the metal ion changed marginally at higher pH values with
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varying ionic strength, an indirect evidence for the inner-sphere complexation. As the
montmorillonite is the major component of bentonite, different types of UO,*" ion bindings to

the amphoteric surface sites (viz., aluminol and silanol) e.g., edge sharing, corner sharing in
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Fig. 4.10. Fourier transformed EXAFS spectra of U(VI) species sorbed onto bentonite
(sample 2 to 5) at U Ls-edge (Scatter points) and theoretical fit (Solid line); (a) sample 2, (b)

sample 3, (c) sample 4, and (d) sample 5.

mono-/bi-dentate manner can take place. However, exact sites and/or their proportion for
UO,* surface bindings is difficult to be judged from the EXAFS data in view of the similar
scattering amplitudes of Si and Al. However, owing to structural differences in the silica
tetrahedra and the alumina octahedra, the mode of binding of the U022+ ion with surface
could be predicted with great deal of accuracy using references like Soddyite, ((UO
2)2(S104)-H>O) which can serve as a reference for different binding types between[UO,Ocq]
and [SiO4] polyhedra. In the Soddyite structure, the uranyl unit is connected to the
[SiOy4]tetrahedra in a bi-dentate fashion (edge sharing) with a U-Si distance of 3.16A and is
bound via mono-dentate coordination (corner-sharing) with a U-Si distance of 3.81A. It
should be mentioned that the U-Si distance of around 3.08A is considered as the uranyl ion

bonded onto the silica in a bi-dentate manner [160-162]. Samples 2, 4 and 5 showed peaks at
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3.11 A, 3.19 A and 3.22 A due to the scattering of two Si atoms, which was in agreement
with the bi-dentate bonding of U022+ with the silica tetrahedron, On the other hand, the U-Si

distance of 3.38 A (expected rather large value of distance or 2 Si atoms from Soddyite

Table 4.3. The bond length, coordination number and disorder factor obtained by EXAFS

fitting of U(VI),q and U(VI) sorbed samples onto montmorillonite in the presence/absence of

complexing agents

Paths Parameters Soddyite® UO,(acetate),® Sample 2" Sample 3° Sample 4° Sample 5°
U-O0 R (A) 1.66 1.75 1.81 1.79 1.83 1.83

N 2.0 2.0 2 2.0 2.0 2.0

o 0.001 0.0042 0.0077 0.0016
U-0 R(A) 2.31 2.39 2.31 2.33 2.35 2.32

N 5.0 5.0 6.0 6 6 6.2

o 0.001 0.0179 0.0188 0.001
U-C R (10\) 3.46 3.08 3.43 2.76

N 2.0 7.02 4.16 2.29

o’ 0.001 0.0021 0.001
U-Si R (10\) 3.17 3.11 3.38 3.19 3.22

N 1 2.1 3.37 1 2.0

o 0.0012 0.001 0.0012 0.0013
U-U R (10\) 3.79 3.86 3.84 3.83 4.08

N 2.0 2 2.22 2.22 2.0

o 0.003 0.027 0.0097 0.001

? Theoretical values; °1 x10* M U(VI) + 1 g/L bentonite suspension; “1 x 10° M

U(VI) + 1 x10™ M cit + 1 g/L bentonite suspension; 1 x10™ M U(VI) + 10 mg/L

HA + 1 g/L bentonite suspension; and °1 x10* M U(VI) + 1 x10™ M carbonate +

1 g/L bentonite suspension.
structure) in Sample 3, with one scattering silicon atom can be attributed to mono-dentate
corner sharing bonding of UO,** with the silica tetrahedron. The U-U distance was varying
in these samples (from 3.80 At04.08 A) showing the formation of inner-sphere multinuclear
complexes at the montmorillonite surface [162]. It should be noted that there is a wide

variation in the U-C bond lengths and carbon co-ordinations around uranium in samples 3 to
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5 due to the presence of different types of coordinating modes of the ligands in this samples.
In short, U(VI) binds to the bentonite surface by the formation of bi-dentate inner-sphere
multinuclear complex. The complex of U(VI) in the presence of HA, showed a peak at 3.19
A due to the scattering of a single Si atom, suggests edge sharing between Si tetrahedra and
U(VI) whereas the U(VI) sorbed species onto the bentonite with or without carbonate shows
similar EXAFS features, except for some U-C scattering, which may be due to the formation
of mixed uranylhydroxocarbonates, [(UOQ(OH)X(C03)y]2""2y, owing to the higher
concentration of carbonate in sample 5. The U(VI)-cit showed higher U-Si coordination
number (>3) with higher U-Si distance, suggesting U(VI)-silicate formation at the surface
while the varying U-U distance in the studies samples (3.80A to 4.08 A) indicated the

formation of inner-sphere multinuclear complexes at the surface [160-162].

4.3. SORPTION OF TRIVALENT ACTINIDES

The nuclear fuel, after achieving the required burn up, comes out of the nuclear reactor with a
host of fission and activation products. After the required cooling period and reprocessing of
the spent fuel, one is left with the “high-level liquid waste” whose safe management is a
challenging task. The trivalent actinides in the waste, such as Am(III), are of concern, not
only due to their short half-life (hence, higher dose) but also due to their decay leading to
high energy a particles. The interactions of the trivalent metal ions such as Am(III), Eu(III)
and Gd(III) with different backfill materials have been studied over the past years. Various
aspects such as the presence of different complexing anions, the source, and form of the clay
mineral, the presence of exchangeable cations, pre-treatment of the clay etc., require better
insights to explain the sorption behavior of metal ion and also to predict the nature of the
sorbed species onto mineral water interface. Different spectroscopic techniques, e.g., EXAFS
(Extended X-ray Absorption Fine Structure), EPR (Electron Paramagnetic Resonance) and

TRLFS (Time-Resolved Laser Fluorescence Spectroscopy) have been used to extract
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information on the nature of the sorbed species onto mineral surface using suitable probe

metal ion such as Gd(III) (EPR probe) and Eu(III) (fluorescence probe).

4.3.1. Effect of Complexing Agents on Eu(IIl) Sorption

The preliminary sorption experiments with Am(III), Eu(Ill) and Gd(III) showed similar
sorption profiles as a function of pH. Therefore, detailed experiments were performed either
using Eu(IIl) or Gd(IIT) (an EPR probe) to get a better insight into the metal ion sorption
process under different experimental conditions. The complexation of Eu(IIl) (a surrogate of

Am(IID)) in natural waters with any naturally occurring ligand or those of anthropogenic
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Fig. 4.11. Effect of different complexing ligands on Eu(IIl) sorption onto bentonite (1g/L) as

a function of pH; I: 0.01 M NaClOy; T:298 K.

origin, can affect its sorption onto bentonite clay. In this context, it was of interest to study
the influence of different organic or inorganic complexing agents on Eu(IIl) sorption. The
Eu(IIl) sorption studies onto bentonite were conducted with organic complexants such as, HA
(10 and 50 mg/L), oxalate (10* M), citrate (10 to 10* M), EDTA (10° M) and carbonate
(one of the more abundant inorganic complexants in natural media) with varying pH (2-8) at
a constant ionic strength of 0.01 M (NaClO,). The sorption of Eu(III) (10° M) onto the

bentonite (1 g/L) surface was near quantitative (>95%) over the studied pH range in the
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absence of any externally added complexant (Fig. 4.11) as seen by others [90,149]. There
was a significant decrease in the Eu(IIl) sorption in the presence of 10 M EDTA which was
attributed to the aqueous complexation of Eu(Ill) with EDTA in the pH range of 4-8 (Fig.
4.11). On the other hand, the sorption of U(VI) changes differently in the presence of HA (10
and 50 mg/L). The presence of 10 mg/LL HA has a negligible effect on Eu(IIl) sorption in the
lower pH range (2—4) beyond which a decrease was observed, whereas, for 50 mg/L, the
sorption was almost invariant up to pH 5.5 and later decreases sharply. The sorption of
Eu(IIl) onto bentonite was found not to be affected by the addition of carbonate ions. On the
other hand, the sorption of Eu(IIl) decreased slightly (15-20%) in the presence of oxalic acid,
The combined effect of HA (10 mg/Ll) and EDTA (10_5 M) on the Eu(Ill) sorption onto
bentonite was also investigated. The drop in the % sorption was seen in the lower pH range
where it appeared that complexation with EDTA and HA had a combined effect thereby
reducing the sorption onto the bentonite clay. The presence of citric acid showed even sharer
change in the % Eu(III) sorption which was attributed to the low pKa value of the complexant
combined with its higher concentration used in these experiments and also to its the

multidenticity.

4.3.2. Nature of the Sorbed Complex

The EPR and EXAFS studies were conducted to understand the nature of the sorbed complex
at the clay surface. The Gd(III) sorption studies onto the bentonite clay were carried out at
different pH conditions (4, 6 and 8) and also in the presence of 10 mg/L HA and 1 x10* M
cit at I = 0.01 M (NaClO4). There was an enhancement in the sorption of Gd(III) onto
bentonite in the presence of HA, while an opposite trend was seen in the presence of cit (Fig.

4.12). This observation is in line with the Eu(Ill) sorption data (vide supra).
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4.3.2.1 EPR Studies

Gd(II) being an EPR active element, samples containing Gd(III) sorbed bentonite and
aqueous Gd(III) solution was subjected to EPR spectral analysis. The g parameter gives
information about unpaired electrons and their neighborhood and plays a role as a radical
structure indicator. The EPR spectra of Gd(III) solution (10’4 M) in 0.01 M NaClOy at pH 4
(Fig. 4.13) was found to be different from that in the presence of 1 g/L. bentonite suggesting
immobilized metal ion at the bentonite surface. This is evident from the spectral parameters
(g and width values) suggesting contrasting differences between the species at the surface and

the hydrated Gd(III) ion and evidenced inner-sphere complex formation at the clay surface.
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Fig. 4.12. Sorption of Gd(III) onto bentonite in the presence and absence of HA and cit at pH

~4, ~6 and ~8, I: 0.01 M NaClOy, T: 298K

The results were further confirmed with the ionic strength variation experiments as the
marginal change was seen in the % Eu(IIl) sorption with varying ionic strength at pH 4 and 8
(Fig. 4.14). The EPR signal observed at g = 1.98 with a line width of 175 G for the Gd(III)
was attributed to the sorbed Gd>* species [163]. Whereas the signal in the absence of
bentonite at g = 1.98 with a line width of 80 G only was attributed to the metal ion

coordinated with water molecules, three additional peaks were observed in the Gd(III)
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solutions containing bentonite at g = 5.85, 4.20 and 2.78 (Fig. 4.13). The peak corresponding
to g = 4.20 was attributed to the presence of ferric ions (Fe’) in the bentonite clay, which

was also seen in Mossbauer spectra of clays [93-95]. On the other hand, the peaks at g = 5.85
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Fig. 4.13. EPR spectra of Gd(III) (10* M) under different experimental conditions. [I]: (a) at
pH 4 (no bentonite), in the presence of bentonite (1 g/L), (b) at pH 4, (c) 10* M cit at pH 4,
(d) 10* M cit at pH 6, and (e) 10* M cit at pH 8.; [II]: (a) at pH 4, in the presence of
bentonite (1 g/L) (b) at pH 4, (c) 10 mg/L HA at pH 4, (d) 10 mg/L. HA at pH 6, and (e) 10

mg/ L HA at pH 8§; I: 0.01 M NaClO,.

and 2.78 refer to the sorbed/coupled Gd(III) ions and a change in their chemical environment.
The value of g = 5.85 indicated that the Gd(III) occupied a distorted tetrahedral environment
when sorbed onto the bentonite surface, its rather difficult to say but g = 5.85 suggests that

the Gd(III) ion are in rigidly bound state, which can only possible if it occupies the interlayer
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space [163]. The presence of ligands such as citrate and HA led to the broadening of the EPR
signals which was attributed to the anisotropy due to the change in the environment around
the Gd(III) ions possibly due to its dehydration and sorption onto the bentonite clay.
Typically, the bandwidth of the Gd(III) ions increased from 175 G at pH 4 in the absence of
HA to 800 G at pH 8 in the presence of 10 mg/ L. HA. On the other hand, the bandwidth
increased to 650 G at pH 8 in the presence of 10 M cit. In the case of cit as the complexant,
the EPR spectra changed from pH 4 to pH 6 but remained constant thereafter up to pH 8. This
suggested that the species sorbed onto the bentonite surface may be changing when the pH
was changed from 4 to 6 probably due to stronger complexing by cit at higher pH. However,

no change in the nature of the sorbed species was seen beyond pH 6. The continuous increase
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Fig. 4.14. Sorption of Eu(IIl) with varying ionic strength, pH ~4 and ~8, T:298 K

in the bandwidth with pH in the case of HA was attributed to the very complex nature of HA.
The increase in the bandwidth at higher pH may be due to the deprotonation of the weak
acidic functional groups of HA which cause progressive complexation with Gd(III) at higher
pH values. The overall structure of HA can get modified at higher pH and may lead to the
formation of complexed species. The relative value of the bandwidth at a given pH was found
to be higher for HA as compared to cit which was attributed to the bulkier HA complex

compared to the cit complex bound to the bentonite surface. The difference in the sizes shows

117



different rates of relaxation and hence, can have different bandwidths in EPR. These studies
clearly demonstrate that the EPR spectral changes can be used to understand the changes in

the chemical environment around the Gd(III) ions during the sorption process.

4.3.2.2. XAFS Studies

The XAFS studies of Eu(IIl) sorbed species on bentonite were carried out to get an insight
into the speciation of sorbed Eu(IIl) species. The XAS measurements were performed for a
representative set of differently prepared bentonite samples. The experiments were performed
at the Eu L,- edge as the presence of Fe in the clay caused interference during the EXFAS
studies at the Eu L3- edge. The XANES spectra are shown in Fig. 4.15. The positions of the
X-ray absorption edges at ca. 7617 eV are very close to those expected for trivalent Eu ion,

and no spectral evidence of the reduction of Eu to its divalent state was found. The XAS data
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Fig. 4.15. Eu L,-edge XANES spectra for representative Eu-sorbed bentonite samples.

revealed a dependence of Eu(IIl) sorption behavior on the equilibrium pH value. Firstly, the
concentration of Eu(IIl) adsorbed onto the bentonite increased with increasing pH which was
evidenced by the absolute intensity of the X-ray fluorescence signal from the similarly
prepared samples. For the bentonite sample treated at pH 8, the XANES spectrum was
characterized by noticeably attenuated “white line” intensity (see a panel of Fig. 4.15), which

indicated a change in the chemical nature of the adsorbed species compared to the other two
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samples. Additional information on the local structure of the adsorbed Eu(IIl) species were
obtained from a quantitative analysis of the full EXAFS spectra (Fig. 4.16).Fourier
transforms (FTs) for all the studies samples were dominated by the first coordination sphere
contribution, which is unambiguously attributed to Eu—O interactions. No strong interaction

in the second coordination sphere was observed, which indicated that the adsorbed

Eu-O Eu-O
§ %R /4' %
5 H8 U %
§ lg £ ot P Py
ﬁ/\/\;‘/’ﬁﬁ i \\? Q\\‘:{\\/\/ } '\!(
% i bt
= £ Y = I i pH4+HA
= oo = \ A
< ; 3 = & b/ \ /0 A\
Nt 3 -\ = f:/" fhera U\',,‘ \ v’f \/\\
S g e S Bye -
? A&’%" XQ\ ~ pH 5 r_’ /—\/‘\/\j “ N
L /\/\/‘\“&: & LAY \/ \/\ w £
) % FooA
¢ Y P 1
FoA oA
g 9 g T oA .
& ! el < +
&~ 3 }f%\ ’f\ \ //\\ pH 3 rfjw 3 1;2 \:\ ,"/\\\ gH 4 + cit
o A, W Loy >R s
G V% g / ¥V A\~
f T | E— T —_—
0 1 2 3 4 5 0 1 2 3 4 5
R, A R, A

Fig. 4.16. Fourier transforms of the Eu L,-edge EXAFS spectra for representative Eu-sorbed
bentonite samples: experimental data (solid lines) and best fits (open circles). The local

structure parameters corresponding to the fits are summarized in Table 4.4.

Eu(Ill) ions could not form any ordered clusters, structurally similar to either Eu(OH); or
Eu,03. On the other hand, the Eu(Ill) ions remained as mononuclear species coordinated to
the surface hydroxyl/ion-exchange sites of the clay [90]. The irregular shapes of the Eu—O
dominant maxima observed for all FTs indicated non-equivalent distances within the
coordination environment of the Eu(Ill) ions. The structural model refined against
experimental EXAFS data included two different Eu—O interactions with variable inter-
atomic distances and coordination numbers (CN). The parameters corresponding to the best-
fit models are listed in Table 4.4. For the samples prepared at pH 3 and 5, the structural
parameters are found to be comparable; the total Eu—O CN is close to 9, and the interatomic

distances span the range 2.30 — 2.48 A. In contrast, the sample prepared at higher pH, (pH 8)
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was distinctly different; the total CN being smaller (7.8) with shorter the Eu—O distances.

Such differences could be attributed to the fact that at lower pH the possibility of the outer-

Table 4.4. Bond length, coordination number and disorder factor obtained by EXAFS fitting.

Sample Coordination sphere N R, A R¢

pH 3 Eu-O 4.3 2.30 0.033
4.7 2.48

pH 5 Eu-O 3.9 2.30 0.032
5.1 2.48

pH 8 Eu-O 3.6 2.24 0.020
4.2 2.45

pH 4 + cit Eu-O 3.8 2.30 0.017
4.8 2.48

pH4 + HA Eu-O 4.0 2.31 0.041
4.7 2.47

sphere ion exchange behavior of Eu(IIl) in the bentonite suspension was possible, while its
sorption was dominated by surface complexation/ inner-sphere with aluminol (EAIOH) or
silanol (=SiOH) groups at higher pH values [84]. Since the information about the second
shell atoms is difficult to get from the above recorded data, the distinction between the outer
and inner sphere complexation is not very clear. On the other hand, the EPR studies on the
Gd(III) complexes and ionic strength variation studies suggest the inner sphere complexation
mechanism being the most prominent one for the Eu(IIl) sorption even at a low pH (ca. 4).

In addition to the pH variations studies, the effects of two sorption modifiers, viz. cit
and HA, were also investigated. According to the XAFS results, the introduction of citric acid
mimics to some extent the effects of the pH increase on the surface, the absolute intensity of
the X-ray fluorescence (proportional to Eu concentration) is being strongly enhanced and the
white line in the XANES spectrum being attenuated. This behavior can be attributed to the

poor sorption of cit on the clay mineral [164]. Interestingly, the spectral characteristics and
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structural parameters of Eu (III) species in the presence of HA are essentially the same as in

the samples obtained at similar pH values without any modifiers.

4.3.3. Thermodynamic Modeling Studies

The double layer model (DLM) was used to model the surface characteristics (e.g.
protonation and deprotonation) of bentonite. The data points from the acid-base titration
curve commencing after the point of zero charge (PZC) calibration were utilized in a non-
linear least-squares optimization program (FITEQL 4.0) to estimate the surface acidity
constants. The quality of fit was evaluated by using the values WSOS/DF, where WSOS is
defined as the weighted sum of squares and DF stands for the degree of freedom. Values of
WSOS/DF of < 20 suggest a good match of theoretically predicted data with those obtained
experimentally. The log K, value of protonation for aluminol sites (=XOH) (log K,;: 4.06) is
higher than that of deprotonation (log Ky: -2.93). On the other hand, the deprotonation
constant of silanol sites is (log Ky3:-4.3). This suggests that the aluminol sites (EXOH) are
more prone towards protonation and deprotonation as compared to the silanol sites (YOH)
(Table 4.5). The calculated surface protonation constants were used for the modeling of the
data on the Eu(Ill) sorption onto the bentonite surface. During the optimization process, the
values of Ky, Ka, and K,z were fixed and the values of =YOEu?**, =YOEu(OH)*, =XOEu**
and =XOEu(OH)" were allowed to vary for optimization purposes. The surface complexation

equations for the formation of different surface species can be shown as follows:

=YOH + Eu" = =YOEu** + H* K4 4.1)
=YOH + Eu"™ + H,0> =YOEu(OH)" + 2H" K.s 4.2)
=XOH + Eu" >=XOEu*" + H' Ko 4.3)
=XOH + Eu* + H,0> =XOEu(OH)"* + 2H" Ka7 4.4)

121



1004

80+

S 604 —=— XOEu™ J
g ] —O— YOEu(OH)"
S 404 —~A— Simulated total i
0\2 —— Experimental data

204 4

10

=Y
N
-
'S
a
. 4
~
00 -
©O-

Fig. 4.17. Modeled profiles of Eu(Ill) sorption onto the bentonite clay, /: 0.01 M NaClQOy;

T:298 K.

Table 4.5: Optimized and used values for the modeling studies

Species log K WSOS/DF

Eu(OH)*™ 7.9
Eu(OH),"! -14.9*
Eu(OH); 24.9°

=YOH," 4.06 175
=YO 2.93°
=XO" -4.30°
=YOEu** 2.90°
=YOEu(OH)" 1.03°
=XOEu** 4.45°

“ 2035
=XOEu(OH)" 5.21°

d ref [165], bp.w.

The optimized values of the variables, e.g. the surface constants (protonation and
deprotonation) and the corresponding WSOS/DF, along with the Eu(Ill) aqueous
complexation thermodynamic database used in the present modeling studies, are listed in

Table 4.5. The various Eu(Ill) surface species considered in the present modeling studies are
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=XOEu™ and =YOEu(OH)* while species such as =XOEu(OH),, =YOEu(OH),,
EXOEu(OH)gj1 , and EYOEu(OH)j1 were neglected as the contribution of these species was

negligible in the pH range studied. The optimized log K values for different species were

used for the construction of the speciation plots to get the probable species distribution onto
the bentonite surface. The modeling results show the predominant formation of =XOEu** up
to pH < 7 beyond which =YOEu(OH)" is dominating and decide the sorption of Eu(IIl) onto

bentonite in the studied pH range (Fig. 4.17).

4.3.4. Sorption Isotherms

The retention or release of any compound/contaminant onto a solid controls its mobility in
the environment and has been quantified in terms of the ‘‘sorption isotherm’’. Among all
phenomena governing the mobility of substances in aqueous media and aquatic
environments, the transfer of substances from a mobile phase (a radioactive contaminant in
the present case) to a solid phase (clay surface here) is a key phenomenon. That is the reason
why the ‘‘isotherm’’, a curve describing the retention of a solute on a solid at its various
concentrations, is a major tool to describe and predict the mobility of this substance in the
environment. These retention or release phenomena are sometimes strongly kinetically

controlled so that time-dependence of the sorption isotherm must be specified.

4.3.4.1. Eu(III) Sorption Isotherm onto Bentonite

To gain an insight into the sorption phenomena, viz. monolayer, multi-layer formation,
physisorption, chemisorptions, etc, the sorption data are generally fitted into different models
showing the relationship between the bulk activity of sorbate and the amount sorbed at a
given temperature. The sorption of Eu(Ill) (10 S _107? M) onto bentonite (1 g/L) was
studied at pH ~ 4.00(20.05) and I = 0.01 M (NaClOy). The experimental data was fitted with

different isotherms such as Langmuir, Freundlich and D-R isotherms.
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4.3.4.2. Langmuir Isotherm
The Langmuir sorption isotherm in the liquid phase can be represented by the following

equation:

C 1 C
—=—4 = (4.5)
de Qb Qo

where C, (mol/L) is the equilibrium concentration of metal ions in the aqueous phase, g,
(mol/g) is the amount of metal ions sorbed (mol) , on the solid phase (g) , at equilibrium, q
(mol/g) and b (L/mole) are the Langmuir constants related to sorption capacity and sorption

25 ] 1 1 i | 1 L

R =0.995
204 Slops = 2272.96+101.35 L

0 2x10° 4x10” 6x10° 8x10” 1x10”
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Fig. 4.18. The Langmuir isotherm of Eu(Ill) sorption onto the bentonite clay; pH: 4.00 +

0.10; I: 0.01 M NaClOy, T: 298K.

equilibrium constant respectively. The best fit to the linear plot of Ce /. g VS Ce suggested that
the adsorption of Eu(IIl) on bentonite obeys the Langmuir adsorption model (Fig. 4.18). The
correlation coefficient for the linear fit of the plot was found to be >0.99. The Langmuir
constant, gy, determined from the slope of the above plot were found to be 4.4(+0.3) x 107
mol/g of bentonite. Similarly, the value of ‘b’ was calculated from the intercept as 9.09 x 10°

L/mole. The maximum sorption capacity (qq) represents the monolayer coverage of Eu(IIl)
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on the bentonite and ‘b’ represents the equilibrium constant for sorption of Eu(IIl) onto the

bentonite.

4.3.4.3. Freundlich Isotherm

The Freundlich sorption isotherm was also applied to the present binary system, which
assumes that the enthalpy of sorption varies logarithmically with the initial concentration of
metal ion, e.g., Eu(Ill), in the liquid phase. The Freundlich isotherm can be expressed by the

equation 4.6

X 1
log; = logk¢ + ;log Ce 4.6)
where C. is the concentration of metal ions in the aqueous phase at equilibrium, x/m is the

concentration of metal ions sorbed onto sorbent per unit mass of the sorbent, k¢ and n is the
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log C,
Fig. 4.19. The Freundlich isotherm of Eu(Ill) sorption onto the bentonite clay; pH: 4.00 +
0.10; I: 0.01 M NaClQy, T: 298K.
constants related to the sorption capacity and sorption intensity, respectively. The plot of
log(x/m) vs. log C. which is the linear form of the Freundlich sorption isotherm, for the
sorption of Eu(IIl) onto bentonite shows that the points do not fit to a straight line (Fig. 4.19)

suggesting the non-applicability of the Freundlich isotherm for this system. This suggested
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the absence of multi-layer adsorption of Eu(Ill) on the bentonite surface under present

experimental conditions.

4.3.4.4. Dubinin-Radushkevich (D-R) Isotherm
To have a better insight into the sorption mechanism, the following linear form of the D-R

equation was used to fit the data on the sorption of Eu(IIl) onto bentonite:
Inq, = InX,, — f&? 4.7)

where ge is the amount of Eu(Ill) sorbed onto the bentonite at equilibrium, X, is the
maximum sorption capacity, 8 is the activity coefficient which is related to the mean sorption

energy, and ¢ is Polanyi potential and expressed as equation 4.8:
— 1
e=RT.In(1+ /Ce) 4.8)

where Ce is the equilibrium concentration of Eu(Ill) in the aqueous phase, R is the gas

constant (kJ/mole) and T is the absolute temperature. The saturation limit (X,,) may represent

Slope - 0.00212 + 3.05E-04
7 R -0.96 + 0.02 -

-10-
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Fig. 4.20. Linearized form of the Freundlich isotherm of Eu(IIl) sorption onto the bentonite

clay; pH: 4.00 £ 0.10; I: 0.01M (NaClQy), T:298 K

the total specific active sites on the sorbent. The plot of In Ce vs. e?isa straight line (Fig.
4.20) and from the slope of the plot the value of § was calculated as — 2.12 (£0.3) x 107, The
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sorption energy (E), which is the measure of the free energy required for the transfer of one
mole of metal ion from infinity to the sorbent surface, was calculated using the following

relation:

1

E= ———
/—2[3

4.9)

The value of E for the present system was estimated to be 15.3 (£0.2) kJ/mol suggesting that
the Eu(IIl) sorption on bentonite followed mainly an ion exchange mechanism or surface
complexation which was in line with our earlier studies (vide supra) [166,167]. The sorption
capacity of bentonite clay was determined to be 3.8 (20.1) x 107 moles/g (average value)

using both, the Langmuir and the D-R isotherm models.

4.3.5. Eu(III) De-sorption Studies

Batch studies were carried out to understand the role of aqueous phase acidities on the
desorption of Eu(Ill) already sorbed onto the bentonite clay. It was expected that increasing
hydrogen ion concentration in the aqueous phase should facilitate the desorption of Eu(III)
sorbed by two ways, (a) either by ion exchange between Eu(Ill) and H' or (b) by the

protonation of the bentonite surface leading to the release of the bound Eu(III). Desorption
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Fig. 4.21. Desorption of the loaded Eu(Ill) from the bentonite as a function of HCIO4

concentration; / 0.01 M NaClOy; T: 298 K.
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studies were performed on 152154 By sorbed onto bentonite clay (1 g/L) samples (prepared at
pH 6.00(£0.05), I = 0.01 M (NaClO4 )) employing varying HCIO4 concentrations (0.01 M—
1.0 M). The desorption of the sorbed Eu(IIl) from bentonite increased with acid concentration
from ca. 2% (0.01 M HCIOy) to > 94% (1 M HCI10,) (Fig. 4.21). The data suggests that if the
clay mineral loaded with Eu(IIl) ions comes in contact with an acidic effluent, it is quite

probable that the radionuclide may be desorbed and start moving with the flow of water.

4.4. SORPTION OF FISSION PRODUCTS (FP)
It was of interest to compare the relative sorption behavior of trivalent [[Am(III)] ~10710Mm,
[EudID)] ~107° M)], divalent [[Sr(I)] ~ 107° M], and monovalent [[Cs(I)] ~ 107° M] ions onto

bentonite as a function of pH. Fig. 4.22 shows that the % sorption of these metal ion shows
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Fig. 4.22. Sorption profile of different metal ions (tracer concentrations) onto bentonite

(1g/L) as a function of pH; I: 0.01 M NaClOy; T: 298 K.

the following order: Am(III) > Eu(Ill) > Cs(I) > Sr(Il). It is important to mention that the
sorption studies were performed using a comparable count rate (cpm) for each of the
radionuclides to have reproducible sorption data. Under this condition, it was difficult to
perform the experiments with nearly the same concentrations of the metal ions. However, it

was worth noting that despite having two order higher concentration of Eu(IIl) in solution, its
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sorption onto bentonite was comparable to that of Am(III). The higher % sorption of trivalent
metal ions was due to their higher charge which led to better electrostatic attraction and
stronger complexation with the bentonite surface. However, the same argument should hold
for the sorption of a divalent ion like Sr(II) as compared to that of a monovalent ion such as
Cs(D). In contrast, a reverse order of sorption was observed under the present experimental
conditions. This could be explained in terms of their hydration sizes. The reported hydration
diameters of Cs(I) and Sr(Il) are ~ 250 pm and 500 pm, respectively [168]. Therefore, the
resulting electrostatic attraction between Cs(I) and the negatively charged bentonite surface is
expected to be more as compared to that of Sr(Il). This may lead to an enhanced sorption of
Cs(I) as compared to that of Sr(Il). Similar observations have been reported elsewhere during
the sorption of Sr(I) and Cs(I) on smectite rich clay [169-173]. It is also probable that
swelling characteristics of the bentonite might be helping in the creation of ion exchange
sites, which prefer a less hydrated metal ion like Cs(I) with smaller size over the highly

hydrated metal ions such as Sr(II) with a larger size.

4.5. Eu(IIT) SORPTION ONTO KAOLINITE: A BI-LAYER SYSTEM

Kaolinite come under another class of clay minerals having bi-layer system, 1:1 (silica:
alumina), which are also used by several researchers for the sorption of trivalent
lanthanide/actinides under a variety of experimental conditions. In the present work, the
sorption of Eu(IIl) onto kaolinite was investigated in the presence/absence complexing agents

such as cit and HA. The data were compared with that of bentonite in different conditions.

4.5.1. Kinetics and Sorption Edge
The kinetics of Eu(Ill) sorption onto kaolinite was investigated at different pH (3.0, 5.5, and
~7.5) and ionic strengths (0.01, 0.1 and 1 M NaClOy) (Fig. 4.23). The sorption equilibrium

was reached in about 1 h under the present experimental conditions. The % sorption of
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Eu(Ill) varied with ionic strength in acidic pH, e.g., pH 3.0 and 5.5, whereas comparable

sorption data were obtained with varying ionic strengths at pH 7.5. The difference in the %
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Fig. 4.23. Kinetics of Eu(III) (10° M) sorption onto kaolinite (1 g/L) at different pH and

ionic strengths.
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Fig. 4.24. pH edge for the Eu(IIT) (10 M) sorption onto kaolinite (1 g /L) at different ionic

strengths (I: 0.01 and 1 M NaClQO,).

sorption data with the ionic strength at different pH values suggest the prevalence of different
mechanisms of Eu(IIl) sorption at different pH values. These data suggest that the Eu(III)
sorption follows an ion-exchange mechanism of sorption in acidic pH range, while

complexation reactions with the surface hydroxyl groups are seen to be dominating at higher
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pH values (pH > 6.0), (Fig. 4.24). In order to obtain the range of pH values where the
sorption mechanism changes from ion-exchange to surface complexation, pH edge for Eu(II)
sorption was determined at different ionic strengths. From the sorption profiles at different
ionic strengths, one can say that,the Eu(Ill) sorption follows an outer-sphere complexation
mechanism at the kaolinite surface up to pH <6, beyond which, surface complexation (inner-
sphere) is predominantly responsible for its sorption onto kaolinite [111]. The lower %
sorption at the higher ionic strength and at low pH, can be attributed to competition between
Na* and Eu’* for the binding sites available on the kaolinite surface, whereas at higher pH,

the nature of the interaction changes and the % sorption becomes similar in both the cases.

4.5.2. Effect of Complexing Agents

As discussed previously, the presence of different complexing agents in the geosphere can
affect the interaction mechanism between the clay and the metal ions of interest. The organic
complexants such as oxalic acid ( 10* M), citric acid (10* M), and natural organic matters
(NOM) e.g., humic acid (10 mg/L) were used as representatives of the organic complexants

found in the ecosphere, as these molecules owe their complexing ability due to the presence
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Fig. 4.25.: Effects of oxalic acid (10'4 M), citric acid (104 M), and humic acid (10 mg/ L) on

the Eu(IlI) (10'6 M) sorption onto kaolinite (1 g/ L).

131



of carboxylate (-COQO) and/or hydroxyl (-OH) groups, which are the most common functional
groups found in naturally occurring organic molecules. For the sorption experiments, organic
complexants and Eu(IIl) tracer were added simultaneously to 1 g/LL Kaolinite suspension and
the mixture was equilibrated overnight. The sorption of Eu(Ill) in the presence of oxalic acid
initially decreased up to 30% from pH 3.0 to 5.5 and subsequently increased to yield
quantitative sorption (pH >8.0). The initial decrease in the % sorption values is due to the
aqueous complexation of Eu(Ill) with oxalic acid up to pH 5.5, beyond which the formation
of neutral species (Fig. 4.25) reduces the complexing ability of the metal ion resulting in a
rise in the Eu(Ill) sorption. In sharp contrast, the addition of citric acid does not change
Eu(III) sorption as compared to the bare Eu(Ill) sorption. The difference in the nature of the
Eu(IlI) sorption profile in the two cases is still not understood. For studies involving HA, the
sorption of Eu(Ill) followed a trend similar to that in the case of oxalic acid and hence, a
similar explanation can be made. Fluorescence studies were carried out to further investigate

the interactions of Eu(Ill) with kaolinite at the molecular level.

4.5.2.1. Fluorescence Studies

The nature of the complexes (inner or outer sphere) of Eu(Ill) with kaolinite in the
presence/absence of the complexing anions was studied with fluorescence spectroscopy (FS).
The FS experiments were performed for oxalic acid and HA. The emission spectra of
Eu(II)yq, Eu(Il) — kaolinite, and Eu(IlI) — oxalic acid/HA were recorded and compared with
those obtained for the ternary systems, e.g., Eu/kaolinite—oxalic acid/ HA to correlate the
luminescence spectral data with the speciation of Eu(Ill) in the different systems. The
fluorescence studies for the ternary systems were carried out using 10 M Eu(III) for better
signal to noise (S/N) ratio. The fluorescence spectra of the suspensions were recorded for
both the systems. In the case of oxalic acid, the fluorescence spectra of the suspensions were
recorded with varying pH at a higher kaolinite concentration of 2.5 g/ L (Fig. 4.26). The

fluorescence spectra of the Eu(Ill)-kaolinite—oxalic acid ternary system was found to be
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similar to that of the Eu(IlI)-oxalic acid complex (binary system) obtained in aqueous media.

This suggests the presence of a Eu(Ill)-oxalate complex on the surface of kaolinite, even in
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Fig. 4.26. Comparison of luminescence spectra of Eu(IIl) (10'4 M) sorbed onto kaolinite (2.5
g/L) (a) solid smeared onto glass slide; (b) suspension in the presence and absence of oxalic

acid (10™ M); T: 298 K.

the ternary system. The lifetime data conformed to a mono-exponential decay pattern with a
calculated lifetime of 232 +10 us, which was close to the lifetime of the Eu(Ill)-oxalate
complex (within the limits of experimental error). Since the suspension was directly used for
fluorescence studies, the emission may arise from Eu(Ill)-oxalate complex present as an

aqueous soluble species or may be sorbed onto the kaolinite surface. To confirm this, the
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suspension was centrifuged at 20,000 rpm and the supernatant and the solid residue were
separated and individually used for the fluorescence studies. The fluorescence spectra of the

supernatant showed no emission lines for Eu(Ill)—oxalate complex (either no Eu—oxalate

Fig. 4.27. Fluorescence under UV lamp (a) Eu-Kaolinite-oxalate, (b) Eu(Ill)-oxalate spot, (c)

blank (only kaolinite)) (Aex: 254 nm), of Eu(III) (10* M) sorbed onto kaolinite (2.5 g/L).

complex present or the emission is below the detection limit of the instrument). A thin layer
of the slurry (residue) was kept on a glass plate, air-dried at room temperature and used for
the luminescence spectral analysis. The recorded emission spectra were very similar to those
of the aqueous Eu(Ill)-oxalic acid complex (Fig. 4.27). The peak ratio values and lifetime
data are in close agreement (within the experimental uncertainties) with those of the Eu(IIl)-
oxalic acid complex. The glass plate with deposited solid residue was also seen under a UV
lamp at 254 nm excitation and it emits red luminescence from the surface, confirming the
presence of Eu(IIl) as the Eu(Ill)-Ox complex on the kaolinite surface. The addition of 10
mg/L. HA did not change either the lifetime or the emission spectra of Eu(IIl). On the other
hand, increasing the HA concentration to 100 mg/L resulted in a change in the peak ratio
(5 Do>'F, to *Dy>'F transition) from 0.59 for Eu(Ill),q to 1.24 for Eu(lll)-HA,, onto

kaolinite surface keeping the lifetime as 1113 ps.
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To summarise, the sorption profile of the studied radionuclides have quite different
affinities for any given clay. For example, the sorption of various radionuclides onto
bentonite follows the order Am(III) ~ Eu(IIl) > Cs(I) > Sr(II), which can be explained either
on the basis of the difference in their hydration radius or their ionic potential values. The
presence of complexing agents behave differently for different radionuclides, for example,
the presence of humic acid decreases the sorption of Eu(Ill) at circumneutral pH conditions
but for U(VI) the decrease is marginal. EXAFS and fluorescence are important tools to
understand the mechanism of sorption. In general, the presence of the complexing agents
modifies the sorption profiles of a radionuclide onto the mineral surface and hence, serves as
an additional and important parameter to ascertain the migration of radionuclides in the
geosphere and metal ion binding to the surface for ternary (radionuclide+ clay +

complexants) systems.
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SORPTION AND MODELING
STUDIES ON NATURAL CLAYS

5.1. INTRODUCTION

Though **'Np has a very long half-life (2.14x10° y), primordial Np no longer exists as it must
have decayed since the age of the Earth is considerably larger (4.5 X 10° y). Holleman and
Wiberg instead give an abundance of 4 x 10" % for * "Np in the earth’s crust which equals
2.4 x10° kg [174]. The natural background of most radioactive isotopes has been increased
significantly by anthropogenic activities, particularly by the atmospheric and underground
nuclear weapon tests and mid-air explosion of satellites containing ***Pu as a power source
[174.] The resulting total global fallout is estimated at 2500 kg of **’Np [175]. By far the
largest amount of Np released into the environment can be attributed to the operation of
nuclear power plants. The total amount of 237Np produced by the nuclear industry was
estimated to be 5.4 x 10" kg by the end of 2003, and increasing by about 3000 kg each year
[176].

Neptunium, a by-product during the fission reaction involving U fuelled nuclear

reactors, is also present in all stages of the nuclear fuel cycle. = "Np is the daughter product of
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' Am (by a-decay) and the granddaughter of *Ipy (beta decay followed by alpha decay), is
also formed through the radioactive decay in vitrified nuclear waste blocks containing these
isotopes. Np, due to its comparably poor sorption properties, can escape from the repository
more easily than its parent elements. In a considerably large timescale, it is possible that
water may infiltrate the repository and can corrode the containers, releasing radiotoxic long-
lived radionuclides like *’'Np into the geosphere. For such a scenario, the natural water
concentration of actinides in general and of *'Np, in particular, is anticipated to be very low
[106].

The actinides behave differently depending on the site-specific chemical conditions
determined by the mineral composition of the repository. The two key natural barriers to the
spreading of such radionuclides buried underground are their solubility in water and their
sorption onto clay minerals. The present Chapter will concentrate on the latter aspect. On the
basis of availability, decay properties, and distribution, only 6 of the 14 actinide elements are
of long-term environmental concern, namely Th, U, Np, Pu, Am, and Cm [177]. Resulting
from the effective charges of the ions (e.g., ionic potential) and considering hydrolysis and
polymerization of the +IV oxidation state, the ionic species like M>* form the strongest while
MO," form the weakest complexes [106]. Np can exist in the oxidation states from III to VII,
most of which are formed under rather unusual conditions such as extreme redox potentials,
radiolysis, or elevated temperatures [177]. Np(V) is stable under ambient conditions; Np(I'V)
is only present in the absence of oxygen, whereas Np(IlI) and Np(VI) can exist under
extremely reducing or oxidizing conditions or under the influence of radiation [19]. Hence,
the redox reactions encountered in far-field conditions (away from the nuclear repositories) as
well as in most groundwater environments do not induce considerable changes in the
neptunium speciation. Under a wide range of environmental conditions, Np speciation is
dominated by its pentavalent state as the NpO+2 cation [63]. In aqueous media, Np(V) and

Np(VI) exist as linear trans-dioxo cations NpO," and Np02+2, which are linear and
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symmetric[106,178]. Np(VI) is stable in acidic solutions predominating at pH 3-5 but is
rather easily reduced to Np(V) [179]. At high Np concentration and acidity, the two species
are additionally connected via the disproportionation reaction given below for which the

reaction rate is extremely slow [19].

2NpO,* + 4H" > Np** + 2Np0,** + 2H,0 (5.1

The simple pentavalent aquo ion comprises about 95% of the total soluble neptunium,
again suggesting that Np(V) is the most stable oxidation state in aqueous solutions. All
actinides, except the pentavalent ions, are significantly vulnerable to hydrolysis at pH-values
encountered in the natural water. The fifth oxidation state is the most stable oxidation state in
water and does not hydrolyze significantly at pH < 7 [179]. The products of hydrolysis can be
monomeric, polynuclear, or colloidal Neptunium hydroxides [180]. Np(V) forms the
hydrolyzed products such as NpO(OH) and NpO,(OH) , only at high pH values [177].
Under such conditions, Np(V), similar to Np(VI), exist as hydroxides and hydrated oxides

[181]. The amphoteric character of Np(V) is shown as follows:

NpO,(OH),” + OH «+> NpO,(OH) £ H" «» NpO," + H,0 (5.2)

Regarding the reaction chemistry, actinide ions in all common solution oxidation
states are hard Lewis acids. The pentavalent actinyl ions (AnO,") behave like large singly
charged alkali metal cations without any noteworthy tendency for precipitation and
complexation reactions [174]. Consequently, the stability constants of Np(V) complexes are

relatively low compared to those of Np(IIl), Np(IV), and Np(VI) [182].

The exact character of the bonding in actinides, however, is determined by the
oxidation state of the actinide and the hard or soft properties of the ligand(s). Neptunium is
perhaps the only actinide favoring the fifth oxidation state under a wide range of
environmental conditions. Therefore, it is predicted to be the most easily soluble and mobile
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actinide in the environment, considering similarly the repository surroundings as well as most
natural waters [106]. For example, the apparent diffusivity for Np(V) in compacted bentonite
is ten to 100 times higher compared to lower oxidation state actinide species like Am(III) or
Pu(IV) [183]. Np(V) also forms the weakest complexes among the actinides. At rather low
neptunium concentrations, which can be expected after a possible release from a repository,
sorption onto particulates or clay minerals is the main factor influencing the environmental
fate of neptunium and, thus, is the most vital geochemical mechanism for limiting its

migration.

5.2. Np(V) SORPTION STUDIES ONTO CLAYS

Clay minerals are the major part of many argillaceous formations proposed as host rocks for
deep geological repositories. Some of these are the Opalinus clay in Switzerland, Callovo-
Oxfordian, Toarcian clays in France, Boom and Ypresian clays in Belgium and Horonobe
sediments in Japan, etc. The bentonite based backfill barrier materials are considered in most
disposal concepts worldwide [184]. Together with iron oxides, clay minerals are the major
constituent of soils and sediments, which represent the interface between geo-, atmo-, bio-,
and hydrosphere. They also serve as the most important sink for metals once introduced into

the environment.

5.2.1 Np(V) Sorption Kinetics and pH Edge

The Np(V) uptake studies were performed as described in the experimental part. The kinetics
of Np(V) uptake onto bentonites of different origins viz. Kutch, Rajasthan, and Khakassia
were studied at 0.01 M and 1 M NaClO, at pH ~8.0 (Fig. 5.1(a) and 5.1(b)). The sorption
equilibrium for Np(V) sorption was reached in ~ 24 h for all the studied bentonite samples at
different ionic strengths (Fig. 5.1(a) and 5.1(b)). Although there were mineralogical
differences in the bentonite from different origins, the sorption kinetics of Np(V) on these

samples were similar. The lower Np(V) sorption onto Khakassia bentonite is attributed to the
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difference in its mineralogy when compared to other clays and will be discussed later. The %

sorption of “Np(V) (4 x10™* M) onto different bentonite samples was studied at varying pH
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Fig. 5.1. Kinetics of Np(V) sorption onto natural bentonite of different origins at (a) I: 0.01 M

and (b) I: 1.0 M NaClOy4 (pHipigia :8.5, [solid phase]: 0.5 g/L).

values in 0.01 M and 1 M NaClO;4 (Fig. 5.2). For all the studied clay systems, %sorption of
Np(V) increased with increasing pH at a given ionic strength. The shape and position of the
pH sorption edge differ for the different bentonite samples discussed above. The Khakassia
bentonite has the lowest sorption efficiency in all the studied clays. The experimental
conditions for the Np(V) sorption experiments correspond to a high excess of the solid phase
(0.5g/L)) compared to the Np(V) concentration (4 x10™* M), with a constant solid to liquid

ratio of 0.5 g/L.. However, the specific surface area of the studied bentonite samples differs
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and therefore the changes in pH-edges from sample to sample can be affected by this
difference in the specific surface area (vide infra). The sorption of Np(V) may also depend
strongly on the mineral composition of the studied clay systems. The changes in radionuclide
sorption at different ionic strengths are indicative of their sorption mechanism onto the clay

surface (vide infra) [185]. For the present system, the Np(V) sorption onto Rajasthan and
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Fig. 5.2. The pH-dependent Np(V) sorption onto natural bentonite of different origins;

1:0.01 M, [Np(V)] : 4 x10™"* M; [solid phase]: 0.5 g/L; T: 298 K.

Khakassia bentonite clays at different ionic strength, e.g., 0.01 M and 1 M ionic strengths, are
similar, suggesting inner-sphere complexation of Np(V) under the studied pH range. In
earlier reports, it was shown that the Np(V) sorption onto clay minerals depends on the pH of
the medium. At lower pH, ion-exchange is dominant whereas, at higher pH, surface
complexation of Np(V) is the major mechanism of metal ion uptake by the clay [186-187]. In
the present experiments, Np(V) sorption at pH values < 6 was low and barely changes with
increasing ionic strength. This may be partially due to the hindered exchange of Np(V) with
interlayer cations e.g. Ca®* and Mg2+ (especially in the case of Kutch and Rajasthan clays) as
well as due to the competition with these cations for sorption sites. These cations may be

present in solution due to the partial dissolution of accessory minerals such as calcite,
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dolomite, and others and their presence may affect the ion-exchange of Np(V) with the

interlayer cations of clay minerals. In the case of Kutch clay, the Np(V) sorption changes
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Fig. 5.3. The pH-dependent Np(V) sorption onto (a) Khakassia; (b) Rajasthan and (c) Kutch

bentonites at different ionic strengths, [Np(V)] : 4 x10™* M; [solid phase]:0.5 g/L; T: 298 K.
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with varying ionic strengths though the trend is opposite to the expected results. The
experimental results demonstrate higher sorption of Np(V) onto the Kutch clay at higher
ionic strength values. To understand this, some more experiments were carried out to arrive at
logical conclusions. The Kutch clay contains Mg” and Ca®* substituted smectite may
influence the Np(V) sorption. Consistent with previously published data, Np(V) sorption was
found to be higher onto Na-smectite than onto Ca-smectite, which could explain the lower
Np(V) sorption onto Kutch clay at lower ionic strength [186,188]. To determine the impact of

the changes, the following experimental approach was undertaken. The natural Kutch
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bentonite was treated with 1 M NaClOy to convert the Ca/Mg”*-smectite form of Kutch to the
Na- form. This treated Kutch bentonite (Na-smectite form), now called as the Na-form Kutch
clay, was characterized by XRD (see Chapter 3, Section 3.2.1). The XRD pattern confirms
the smectite modification to Na-form Kutch bentonite as showed two visible basal reflections
with dor) =12.6 A and doo2) = 6.3 A, which indicated interlayer cation exchange to convert
to the Na* form. The sorption kinetics and pH-edge for Np(V) sorption onto the Kutch clay
and the Na-form of Kutch clay were compared (Fig. 5.4(a & b)). From the comparison of the
pH edges of Np(V) sorption (Fig. 5.4(b)), it is clear that the sorption of Np(V) onto the Na-
form Kutch clay is higher than that onto the natural bentonite at lower ionic strength values.
The Np(V) sorption pH edge onto the Na-form Kutch bentonite is similar at different ionic
strengths and is comparable to the sorption data for the pristine Kutch clay at a higher ionic
strength (1 M NaClOy). This suggests that even the preliminary treatments such as washing
can also alter the Np(V) sorption onto the clay minerals. It may be seen from the above
experiment that the change of smectite from the Mg/Ca form to the Na-form may have
increased the Np(V) uptake at a higher pH range. Other factors contributing to the enhanced
Np sorption onto Kutch and Rajasthan bentonite when compared with those of the Khakassia
clay suggested those due to the presence of other minor components or accessory minerals
phases present in it. Experimental and theoretical protocols were planned to understand the
two aspects, i.e., 1) the role of interlayer cation and ii) the effect of the presence of accessory

minerals, on the Np(V) sorption.

5.2.2 Role of Accessory Minerals onto Np(V) Sorption

To understand the role of the accessory minerals and to probe the specific phases responsible
for the Np(V) sorption, a combination of two techniques, viz. SSNTD (for a-radiography)
and SEM-EDX were used. The local distribution of Np(V) on the studied clays was studied at
higher surface loading with 23’7Np compared to the batch experiments where 23’9Np was used.

The samples were divided into “light” and “dark™ fractions by centrifugation (for details see
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Chapter 3, Section 3.5.1). Both the fractions were placed on glass slides and covered with
CR-39 polycarbonate films for a-radiography. The exposed (for 17 h) CR-39 film was etched
with 6 M NaOH at 75 + 1 °C for 6 h and the a-track images along with the corresponding
areas of the solid samples were observed using an optical microscope. (See Chapter 2,
Section2.3.4). Fig. 5.5 shows optical microscope and corresponding a-track analysis images

for Np(V) sorbed onto different clays. In the case of the “light” bentonite fraction, Np(V) was
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Fig. 5.5. Optical microscope images (a) Dark-Rajasthan; (c) light-Rajasthan; (e,g) Dark-
Kutch; (i) light-Kutch; (k) light-Khakassia and corresponding o-track analysis (b) Dark-
Rajasthan; (d) light-Rajasthan; (f,h) Dark-Kutch; (j) light-Kutch; (D)light-Khakassia images
for Np(V) sorbed onto different clays. The two fractions were separated by centrifugation and

were given name based on relative appearance.

found to be evenly distributed, whereas the “dark™ fraction showed hot-spots where 237Np
was concentrated. The SEM-EDX of the same samples showed that the “dark” bentonite

fraction contained mainly the Fe- and Fe/Ti containing oxides and hydroxides (Fig. 5.6),
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whereas the “light” fraction was predominantly rich in clay minerals. Thus, even under high
surface loading conditions, the presence of accessory minerals, such as iron
oxides/hydroxides, in clays can greatly influence the Np(V) sorption. To further support the
argument that the Fe containing phases present in the clay minerals play an important role in
deciding the Np(V) sorption, another set of sorption experiments was carried out under
identical conditions with the Fe-mineral-free Kutch clay (Fe-phases were removed by
chemical treatments; (see Chapter 2, Section 2.8 for details). The characterization of the Fe-
mineral-free Kutch clay was given in Chapter 3, Section 3.2.2. In short, it contains
montmorillonite (> 96 mass %) with the relatively high amount of structural iron
(approximately 6 wt%) compared to other studied montmorillonites. Fig. 5.7 shows the

sorption of Np(V) onto raw and purified Kutch clay in 0.01 M NaClOy. A decreased Np(V)
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Fig. 5.6. Representative optical microscope images (a,d) and corresponding a-track analysis
images (b,e) for Np(V) sorbed onto different clays (a,d); The SEM-EDX profile of the dark

and light phase (c,f).
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sorption onto the Fe-mineral- free Kutch clay was observed as compared to the pristine Kutch
clay (without any chemical treatment). This behavior of the Fe-mineral- free Kutch clay
supported the explanation given on the basis of the presence of small amounts of Fe- phases
which dramatically affected the Np(V) sorption behavior. The other factor, i.e., the nature of
the interlayer cations and the nature of clay e.g., bi-layer or tri-layer can also affect the Np(V)

sorption.

5.2.3 Effect of Interlayer Cation onto Np(V) Sorption

To examine the impact of interlayer cations on the Np(V) sorption, Na-, Ca- and Li-forms of
montmorillonite were used. The FEBEX bentonite (from Spain) was chosen for this study as
the starting material. Fig. 5.8 demonstrates the pH dependence of Np(V) sorption onto homo
ionic montmorillonite forms containing different interlayer cations. The Np(V) pH edges for
all the studied bentonites, clearly show that the ionic form of the montmorillonite has no or
negligible influence on the Np(V) sorption (within experimental error limits) onto them. In
acidic range, e.g., at pH values < 6, ion-exchange is the dominant Np(V) sorption mechanism

onto the clay minerals, whereas at higher pH values, surface complexation with different
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edge surface sites dominates [186,187]. The effect of interlayer cations on the cation
exchange of Np(V) was studied by Kozai et al. who reported a strong dependence of Np(V)
sorption on the natural cation exchange of the clay minerals at pH < 4.5 [188]. On the other
hand, Np(V) sorption is studied in the present work over an extended pH range (up to
pHI11.5) and did not show much dependence on the interlayer cation. Under the present
experimental conditions, surface complexation with an edge surface site may be the main
mechanism of interaction of Np(V) with clay. The Li-form of FEBEX clay, where the
interlayer space contains Li" ions, loses its ability to swell suggesting no possible interaction
of Np(V) with the interlayer space. The observed sorption of Np(V) onto the Na-form and Li-
form of FEBEX is very similar in the studied pH region of 5.0-10, suggesting that the
interlayer spaces do not participate in the Np(V) interaction and supports our assumption that

the metal ion interacts with an edge surface site. At pH > 10, sorption of Np(V) onto the Ca-

100
® Na-form FEBEX o0
® Ca-form FEBEX *
804| @ Li-form FEBEX o o

Sorption, %
S & 3
)_'_‘I 1 1
N
%
® 00
°
*q
o Py
w*

¥

Fig. 5.8.. The pH-dependent Np(V) sorption onto Na-, Ca- and Li-forms of FEBEX clay.

[Np(V)]: 4 x107 M, [solid phase] :0.5 g/L, I: 0.01 M NaClOs.

form FEBEX increases compared to that onto the respective Na- and Li-forms of FEBEX
clay. Two possible reasons may be given for this observation. Rabung et al. proposed a

hypothesis on the co-precipitation of Cm(Ill) with Ca-silicate hydrate or Ca-hydroxide
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phases, that increased the metal ion sorption in that region [189] Most likely, an analogous
co-precipitation was present in our system. At the same time, the interlayer distances for this
clay decreased in the order: Ca-form > Na-form > Li-form. The Ca-form of FEBEX clay
contains two water layers in the interlayer space, and the Na-form has only one water layer,
while the Li-form contains almost no molecular water in the interlayer space suggesting that
the Np(V) uptake is also decreased in the same order. This may be an indication that the
interlayer distance is playing a role in the Np(V) sorption in some other ways in this pH
region as the interlayer exchange is not possible (vide supra). However, a further

investigation in this direction is needed to strengthen the hypothesis.

5.2.4 Effect of Clay Internal Structure onto Np(V) Sorption

The sorption behavior of Np(V) onto Na-FEBEX (tri-layer clay mineral) and kaolinite (bi-
layer clay mineral) was compared and the results are discussed here. Kaolinite, 1:1 clay, is
the main mineral component of many natural clays and an important component of various

soils and fracture filling materials of crystalline hard rock.
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The kaolinite minerals are known for having poor cation exchange capacity but despite
the absence of an exchangeable interlayer cation, kaolinite has edge surfaces site that can
interact with Np(V). The experimental results (Fig. 5.9) for Np(V) sorption onto kaolinite and
Na-FEBEX agree with our previous assessment that the metal ion sorption is not influenced
substantially by ion exchange and that surface complexation is the dominating mechanism.
The similarity in the Np(V) sorption onto kaolinite and the Na-form of FEBEX clay, despite
kaolinite having a low cation exchange capacity and poor specific surface area ([Jone-tenth
of Na-FEBEX) compared to Na-FEBEX, suggests the predominant role of edge sites for

Np(V) uptake.

5.3 THERMODYNAMIC MODELING OF SORPTION DATA
The thermodynamic modeling was done to further strengthen the conclusions drawn earlier
about the role of accessory phase, the effect of interlayer cation and clay internal structure for

Np(V) sorption.

5.3.1. Role of Accessory Minerals onto Np(V) Sorption

Among the vast literature devoted to thermodynamic modeling of Np(V) sorption onto
bentonite clays, the papers by Bradbury and Baeyens (1997) and Tachi et al. (2014) were
chosen for getting the surface complexation constants for the bentonite surface [190,191]. In
both, the manuscripts SCM of Np(V) sorption onto purified montmorillonite was performed,
and the findings were fitted using a linear free-energy relationship (LFER). The notable
difference in the above two papers is that while Bradbury and Baeyens studied the sorption of
Np(V) at very low concentrations (<10™® M) and used two-site protolysis nonelectrostatic
surface complexation (2SPNE SC/CE) model for SCM, Tachi et al. performed their
experiments at comparatively higher Np(V) concentrations (1 X 10°® M) and used one-site
protolysis non-electrostatic surface complexation modeling (1SPNE SC/CE). These two

models and the corresponding surface complexation constants (Table 5.1) were used to
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model our experimental data using the component additivity approach of SCM. The
concentration of smectite in different bentonites samples was determined from the
characterization experiments as detailed before (see Chapter 3, Section 3.2; Table 3.1). In
view of the lack of equilibrium constant data for Np(V) sorption onto the Ca®'/ Mg2+ forms of
smectite, the surface complexation modeling was done only for Np(V) sorption onto Na*-
smectite. This is based on the assumption that at 1 M NaClO, all smectite forms are
converted to the Na*-form. Two modeling curves for Np(V) sorption onto montmorillonite
are presented for the Indian clays. In Fig. 5.10, the values of concentration of each proposed
phase in the legend correspond to the values given in Table 5.1. Since in 1 M NaClO,
smectite is completely converted to the Na‘'-form (see discussion below), two modeling
curves for Np(V) sorption onto montmorillonite are presented for Indian clays e for initial
sample and after complete conversion to Na*-form. For the Kutch clay, the black and red
lines in Fig. 5.10 were calculated for 23% of the mass fraction of montmorillonite in the
sample (at 0.01 M NaClO4) and 90% of the mass fraction for montmorillonite in the sample
(at 1 M NaClQy). Increased Np(V) sorption with the mass fraction of montmorillonite was
observed by modeling which correlates well with experimental data on Np(V) sorption onto
the Kutch clay with an increase in the ionic strength. However, modeling of Np(V) sorption
onto pure montmorillonite (100% of the mass fraction) did not result in any agreement with
the experimental data in the case of the Kutch clay. Np(V) sorption onto the Rajasthan clay
also did not converge well with the models of Np(V) sorption onto pure montmorillonite,
whereas that onto the Khakassia bentonite was satisfactorily fitted by the model of Bradbury
and Baeyens[192]. On the other hand, the modeling of sorption data with equilibrium
constants from Tachi et al. did not fit in all cases (shown only for Khakassia clay). This
suggests that the admixture phases (e.g. anatase, titania etc ) present in the presently studied
bentonites clearly have an influence on the Np(V) sorption onto these clays. The candidates

contributing to the Np(V) sorption are suggested to be goethite, hematite, and anatase. For the
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present modeling case, sorption onto goethite was taken into account because of two reasons;
firstly, its higher concentration than another accessory phases in the Kutch and Rajasthan clay
samples and secondly, its higher Np(V) sorption constant than hematite and anatase 193-
196]. Both of these factors suggest strong competition for Np(V) by goethite compared to the
Table 5.1: The surface complexation constants and other parameters of modeling that were

used in the present work.

Surface site
Reaction log K concentration, Reference

sites/nm>

Montmorillonite (NEM)

=S*OH + H*©=S*OH," 4.5
[192]
=S*OH¢=S°0 + H* 7.9
0.034
=S*OH + NpO,"©=S°*ONpO, + H" 2.0
=S*OH + NpO,*+ H,0 & 120
=S*ONpO,OH” + 2H" '
=S*OH + H*¢=S"OH," 5.75
[191]
=S*OH®=S'0"+ H* -8.30
=SOH + NpO,"<=SOHNpO, 2.8
=SOH + NpO,"<=SONpO, + H* -4.45
=SOH + NpO,*+ H,0¢ 4
=SONpO,OH" + 2H" '
Goethite (DDL)
=S*OH + H*©=S"OH," 7.9
[193]
—S'OHS=S'0 + H' 9.9 2.31
=FeOH + NpO,"<=FeONpO, + H* -1.57
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Fig. 5.10. Thermodynamic modeling and experimental data of the pH dependence of Np(V)
sorption onto (a) Kutch, (b) Rajasthan and (c) Khakassia clay at different ionic strengths.
Black and red lines: sorption profiles of Np(V) onto Na*-form of montmorillonite using the
constants from ref [192] Blue lines: sorption profiles of Np(V) onto goethite using the
constants from ref [193]; Magenta line: sorption profile of Np(V) onto Na*-form of
montmorillonite using the constants from ref [191]; ([Np(V)]: 4 x107 M, [solid phase]: 0.5

g/L).
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other components. The sorption of Np(V) onto goethite phase was modeled using its total
mass fraction obtained from XRD studies and by assuming that the specific surface area of
goethite, i.e., the surface area per unit mass of goethite, is identical with the specific surface
area of the sample as a whole, namely 115 mz/g for the Kutch clay, 50 mz/g for the Rajasthan
clay, 15 m2/g for the Khakassia clay (Fig. 5.10). The surface area of each mineral phase
within the sample is made proportional to its mass fraction. The modeling studies were also
used to understand the role of interlayer cations on Np(V) sorption and to compare the
sorption of the metal ion onto the different class of clays.

The experimental determination of the surface area of the individual phases in a
complex mineral mixture is a challenging task. The sorption of Np(V) onto Kutch and
Rajasthan bentonites fit well by the addition of goethite contribution to the Np(V) sorption
(blue line in Fig. 5.10), indicating that the presence of even a relatively small amount of iron
hydroxide/oxide into the natural clays have higher influence on the Np(V) uptake. This
observation is also supported by our individual experiments using a-radiography coupled

with SEM-EDX and sorption experiments with the Fe-phase free Kutch clay.

5.3.2 Effects of Interlayer Cation and Clay Structure

The pH-profiles of Np(V) sorption onto the bentonites of different cationic forms together
with onto the kaolinite clay was shown in Fig. 5.11. The CA approach of the SCM was used
to simulate the Np(V) sorption data with two-site protolysis non-electrostatic surface
complexation (2SPNESC) model with the sorption constants. At present, we didn’t find any
thermodynamic data for Np(V) sorption onto different ionic forms of montmorillonite, and
hence, it is not very clear how these interlayer cations influence Np(V) sorption onto edge
sites. All of our experimental data for the sorption of Np(V) on different clays (with different
interlayer cations and different structures) matched well with the simple modeling curve

using the reported data (Bradbury and Baeyens) for Na*-form of montmorillonite [192].
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Fig. 5.11. The pH-dependent Np(V) sorption onto different clays. The black line is the
thermodynamic modeling of Np(V) sorption onto a strong site of Na-montmorillonite;
[Np(W)]: 4x107'* M, [solid phase]: 0.5 g/L, I: 0.01 M NaClO4 (sorption constants and

concentration of sorption site are taken from ref [192].

The improvement in the modeling of the sorption profiles for individual clay can be done
separately by varying different parameters such as the binding site concentration, surface
protonation constants, etc. The surface areas of the studied samples also differed significantly
from 6 m?/g for the kaolinite sample to 150 m*/g for the purified Kutch clay. We did not
optimize the fitting by varying the SCM parameters as we preferred to use the CA approach.
Reasonably good fitting of the experimental data was seen with the theoretical line. From the
experimental data, the effect of specific surface areas on the Np(V) sorption onto different
clays is not very clear. In view of the fact that changing the specific surface area can cause a
shift in the sorption edge (Fig. 5.12), one can propose the following. Either the surface area
of 6 m?/ g (the lowest one) may be enough for the Np(V) sorption under the present conditions
or the edge sites with similar properties and concentration much higher than Np(V)
concentration exists on the surfaces of all the studied clay minerals under present
experimental conditions. This makes the sorption profiles of Np(V) at trace concentration

(10_14 M) looks similar.

156



100

~
o
~

||[——SsA=115mqg
—— SA=50 m/g
80| —— sA=15 m%qg

Sorption, %
5

20+
O 1 T T T T T
3 4 5 6 7 8 9 10
pH
100
(b) —— SA=115m%g
—— SA=50 m/g
80| ——sA=15 m?g

Sorption, %
5

20+

pH
Fig. 5.12. Modeling of sorption onto (A) — montmorillonite (constants from ref [192]) and

(B) goethite (constants from ref [193]), [montmorillonite] = 0.5 g/L, [goethite] = 0.025 g/L.
from Bradbury and Baeyens [192]. The concentration of the strong surface site was taken as

2x107° mol/kg. Bradbury and Baeyens reported the data for the sorption onto the Na-form of

montmorillonite [192].

The Np(V) sorption onto the Khakassia clay, which has a relatively high quartz content,
compares well with the other studied clays. This suggests that the presence of quartz does not
influence Np(V) sorption to any significant extent. Frohlich has tried to compare the Np(V)
sorption onto different clays using normalized distribution coefficients with respect to the
specific surface area (K,), which could be more appropriate than comparing the Ky values
[197]. However, from our results, it seemed that such a comparison was not very helpful in
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the case of sorption of radionuclides at trace concentrations onto different clay minerals (Fig.
5.13). A better understanding of the relation between specific surface area and concentration
of the edge sorption sites for clay minerals is needed for further understanding. The shape of
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Fig. 5.13. Sorption of Np(V) onto studied clays expressed in (a) K, and (b) K, units. K;is the
distribution coefficient and equals the Np(V) concentration sorbed on the mineral is divided

by concentration remaining in solution (mol/g). K, is coefficient normalizing t to the specific

surface area of clay minerals (mol/m?).

pH-edges shows two distinct maxima or have curvatures caused by sorption of different

hydrolyzed species of Np(V), e.g., NpO, © and neutral NpO,OH (Fig. 5.14) as predicted by

equation 5.3 and 5.4.
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=SOH + NpO,*& =SONpO, + H, logK = -2.0 (5.3)
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Fig. 5.14. Sorption data together with thermodynamic modeling, sorption constants and
concentration of sorption site are taken from ref [192]; [Np(V)] = 4 x 10 M, [solid phase] =

0.5 g/L, I =0.01 M NaClOs.

5.4. THE pE-pH DIAGRAM

Previous reports have suggested that the presence of Fe(Il) in the clay minerals may
cause Np(V) reduction to Np(IV) which would result in a higher Np sorption onto the given
clay minerals due to higher ionic potential of Np(IV) compared to Np(V)[188]. We have not
observed any reduction of Np(V) to Np(IV) under the experimental conditions used in the
present studies even for clay minerals containing the structural Fe(II). The sorption of Np was
evaluated on to different clays for 8 days, assuming slower kinetics of Np(V) reduction to
Np(IV), but even after such a long time interval we have not observed any enhancement in
the Np sorption, hence reduction of Np(V) to Np(IV) is negated. The Eh-Ph diagram was also
plotted to further confirm the existence of the Np as NpO," under the present experimental

conditions (Fig.5.15). The comparison of the slopes in the two graphs Fig 5.15 (a) and Fig
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5.15 (b) suggests the presence of Np as NpO,* (all the data points would lie in the light

orange shaded region) under the present experimental conditions.
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Fig. 5.15. (a) The pE-pH diagram for the studied clay systems; (b) the pE-pH diagram for

Np; T: 298K.

5.5. SORPTION OF TRIVALENT ACTINIDES

The preliminary studies on sorption of Eu(Ill) (as a surrogate for Am(III)) (2 X 10" M) onto
bentonite (0.5 g/L) clays of different origin were initiated. The sorption of Eu(Ill) was studied
as a function of time to arrive at the steady state equilibrium for Eu(IIl) sorption. The kinetic
studies indicated that < 6 hrs was required to attain the sorption equilibrium onto the studied
clay systems (Fig. 5.16). To further understand the variation of Eu(III) (2 x 10™"' M) sorption

onto different clay systems (0.5 g/L), pH edge for Eu(Ill) sorption was also studied at 0.01 M
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NaClOy4. The sorption of Eu(IIl) was near quantitative for all the studied clays at lower ionic

strength values. This showed that the sorption of Eu(IIl) was neither dependent on the form
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Fig. 5.16. The kinetics of Eu(III) ( 2 X 10" M) sorption onto different clays with varying

ionic strength; pH: 4.00 = 0.05.

nor the presence of any accessory minerals as seen in the case of Np(V) sorption at low ionic
strength solution. The subsequent studies at higher ionic strength showed that the sorption
followed an outer sphere complexation at the mineral surface at pH values < 6 and later
dominated by inner-sphere complexation. This pH edge at higher ionic strength values also

showed slight variation for different clay systems.
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Fig. 5.17. The pH edge for Eu(IIl) sorption onto different clays, I: 0.01 M NaClO4

161



100__ iﬁﬁ 3

(0]
o
t

e
¥
e o

Sorption, %

Kutch original
Kutch Purified
Na-form FEBEX
Kaolinite

no
(S

-
>

-
1'%
%
| e

® buE R

Fig. 5.18. The pH edge for Eu(IIl) sorption onto different clays, I: 1 M NaClO4

The original Kutch bentonite clay showed pH edge at lower pH values when compared to
other clays. This could be due to the presence of additional Fe-phases in the pristine Kutch
clay as the purified Kutch bentonite showed sorption profiles similar to the other clays. The
two forms of clays e.g., bi-layer (kaolinite) and tri-layer (bentonite) also showed similar
trends for Eu(Ill) sorption. Further studies are needed to conclude about the role of accessory
minerals and other factors governing the sorption of trivalent actinides onto natural
sediments.

To summarise, the present Chapter deals with the sorption of Np (V) onto the natural
clays varying in their mineralogical composition and accessory Fe-mineral. The Np(V)
sorption data showed that the presence of Fe-phases (e.g. goethite in the present case), even at
very low concentrations (few percents) plays an important role in deciding Np(V) sorption
and speciation onto natural sediments. The surface complexation modeling alone with a set of
different experiments such as a-radiography and SEM-EDX independently support the role of
Fe-phases towards Np (V) sorption. The interlayer cation and the form had no influence on

the Np (V) sorption for pH > 5.
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SUMMARY AND CONCLUSIONS

The present Thesis deals with the characterization of natural/commercial clays from different
origins and effect of clay composition on the sorption of different radionuclides onto these
clays are discussed using various experimental and theoretical approaches. Various physio-
chemical methods were used in this Thesis work for the characterization of clay minerals and
these obtained data, in turn, were used for understanding the interactions of radionuclides
with these clay minerals. The Thesis can be broadly divided into two parts. The first part
deals with the characterization of natural sediments of different origins for accessory minerals
phases, Fe-speciation, etc. This analysis is one of the most important parts before any
radioactive land decontamination process or for choosing a suitable remediation strategy. It
not only provides the information about the most abundant phases present in soil but also
assists in the prediction of the behavior of the contaminants (e.g., speciation) in the presence
of these minerals phases. This analysis will help in understanding the sorption behavior of the
given radioactive contaminants onto these sediments. The second part deals with the studies
on the sorption of different radionuclides, under different chemical conditions, onto these

previously characterized sediments. The sorption results were modeled, wherever required, to
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further understand the role of different components of the sediments in deciding the sorption
of the radioactive contaminants.

A host of physicochemical techniques were used to understand the composition of
the clay mineral used in the present study. The studied clay samples range from simple bi-
layer clay system such as kaolinite to a more complex tri-layer system such as bentonite of
both commercial (from Aldrich) as well as natural origins. Briefly, the XRD studies showed
that all the clay samples used in this study were enriched in smectite (montmorillonite), with
some admixture of other clay minerals (chlorite, kaolinite), as well as carbonates, quartz,
different iron oxides and hydroxides and other minerals in relatively small amounts. The
difference in the ionic form of the clays was identified and estimated due to the different
positions of the basal (001) reflections. The elemental composition, determined by ICP-AES,
of the studied clays, supported the XRD data. The Fe speciation was done using Mossbauer
spectroscopy and the results indicated that the Kutch clay contains iron, as a ferric ion (Fe
(II)) only. However, the Fe speciation in the clay minerals suggested its presence as: as
structural iron in 56% sites and as intrinsic iron phases at 44% sites (hematite and goethite).
The Khakassia clay contained both Ferrous (Fe(Il)) and Fe(IIl) out of which the latter was
present in the form of structural iron (57%) and iron oxides (29%) while the remaining iron
was as the structural divalent iron. On the other hand, the FEBEX original contained both
Fe(IIT) (89%) and Fe(Il) (11%). The modified Kutch (after the removal of the Fe containing
phases) contained only structural iron and as expected the addition Fe-phases were absent.
The present studies used Mossbauer spectroscopy as the most reliable and sensitive technique
for Fe-phase analysis in complex natural clay systems. This was due to the fact that many Fe-
phases (such as the fine goethite particles) were difficult to characterize or even difficult to
get detected due to their small size and low abundance in the clay minerals. The FTIR studies
showed that the investigated clay samples were composite of different phases and the nature

of clay, ordered or not, were detected. Other characterization studies such as SEM-EDX,
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TEM, BET etc. indicated that the clays studied in the present. The studied clays differed in
their mineralogical compositions and had inherent particle size inhomogeneity with varying
specific surface area. It would be interesting to see the effect of these variations on the
sorption properties of these minerals toward a given radionuclide.

The sorption of radionuclides of different oxidation states e.g., monovalent (Cs(I))
divalent (Sr(Il)), Trivalent (Am(III)/Eu(IIl)/Gd(IIl)), pentavalent (Np(V)) and hexavalent
(U(VI)) was studied onto the previously characterized clays. The sorption behavior of
different metal cations viz. Am(III) (~10'10 M, carrier free), Eu(IIl) (10'6 M, with carrier),
divalent Sr(Il) (~ 10 = M, with carrier), and monovalent Cs(I) (~ 10~° M, carrier free), onto
bentonite followed the order: Am(III) ~ Eu(IIl) > Cs(I) > Sr(II). Whereas higher sorption in
the case of trivalent metal ions was due to their higher charge, higher sorption of Cs (I)
compared to Sr (II) was attributed to the higher hydrated radius of the latter. Sorption of
Eu(IIl) onto bentonite was invariant with the ionic strength (I = 0.01 to 1.0 M (NaClO,)) at
pH 4 and 8 suggesting inner-sphere nature of the sorbed species. The presence of different
complexing ligands such as EDTA, HA and their combination suppressed the sorption of Eu
(IIT) which was attributed to the aqueous complexation. On the other hand, the presences of
ligands like oxalate and carbonate (10~ M) had an only marginal influence on the sorption
profiles which was due to poor aqueous complexation by these ligands. This was supported
by speciation calculation of the metal ions in the presence of these ligands. Eu (III) sorption
increased with bentonite concentration in the sample solutions which was attributed to the
availability of the surface sites for the sorption process.

The isotherm studies showed that the sorption of Eu(IIl) onto bentonite followed the
Langmuir model and not the Freundlich model suggesting a monolayer sorption process. The
D-R isotherm was used for the calculation of sorption energy (E) as 15.3(%0.2) kJ/mol which
suggested ion exchange mechanism was operative during the sorption of Eu (II) onto the

bentonite clay. The sorption capacity of bentonite clay was determined to be 3.8(£0.1) x 107
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moles/g using Langmuir and D-R isotherms. Desorption of Eu(IIl) could be achieved using
0.5-1 M HCIO; solutions.

These batch sorption studies showed that the sorption of U(VI) increased with
increasing pH up to a value < 6 beyond which a decrease was seen which was attributed to
the formation of anionic carbonate species. Marginal variation in the U(VI) sorption with
ionic strength at higher pH suggested inner-sphere complexation. The addition of complexing
ligands modified the sorption behavior of U(VI) onto the bentonite clay. While humic acid
showed an increase in the metal ion sorption followed by a plateau and finally a decrease
thereafter, as a function of the aqueous phase pH, which was attributed to the formation of
aqueous U(VI)-humate complexes, low sorption (max. 20%) in the entire pH range was
noticed in the case of oxalate and citrate due to dominating complexation reactions. The
presence of carbonate did not have any significant influence on the sorption profile of the
uranyl ion. The intensity in the emission spectra of the aqueous complexes of U (VI) with
OH, COs*, HA, and cit followed the order: U(VID)-hydroxyl > U(VI)-humate > U(VI)-
carbonate > U(VI)-citrate. The lower luminescence yield of U(VI) carbonate complex can be
attributed to the strong dynamic quenching by the carbonate ion at room temperature.
Similarly, the U(VI) citrate complex did not emit any luminescence at room temperature. The
residual luminescence observed in the emission spectra was contributed by the small amount
of uncomplexed uranyl ion present in the form of the uranyl hydroxo complexes. On the other
hand, the luminescence yield of UO,**-HA complex and UOZZJZlq were comparable,
suggesting the dominance of the aqueous U(VI)-hydroxo species even in U(VI)-HA system.
The normalization of spectra did not show any appreciable shift in the emission spectra
suggesting similar nature of the complexed U022+species in different samples. This was
further confirmed by the luminescence lifetime spectra which ranged between 19-27 ps.
Similarly, the Iuminescence intensities in the emission spectra for U(VI)-bentonite

suspensions in the presence, as well as in the absence, of complexing ligands followed the
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order: U(VI)-hydroxy > U(VI)-bentonite > U(VI)-bentonite-humate > U(VI)-bentonite-
carbonate > U(VI)-bentonite-citrate. The observed trend followed the sorption profiles of
U(VI) onto bentonite in the presence or absence of different complexing ligands. In addition,
no peak shift was observed in the luminescence lines, which was also supported by the
lifetime data (19-27 ps) and by the UV-vis spectrophotometry. The XANES spectra of the
U(VI) sorbed onto bentonite showed a shift in absorbance edge, which could be attributed to
the decrease in the electron density at the uranium center due to the surface or ligand
complexation. The Fourier transformed EXAFS spectra in the R space were mainly
dominated by the back-scattering from the two axial oxygen atoms in the first shell. On the
other hand, the second shell or higher R value fittings suggested predominantly bi-dentate
inner sphere multinuclear complex formation during the sorption of U(VI) onto the bentonite
surface.

The sorption of Np(V) onto the natural clays varying in their mineralogical
compositions and accessory Fe-mineral content was investigated. The sorption data showed
that the presence of Fe oxides/hydroxide phases (e.g., goethite in the present case), even at
very low concentrations (<5%) plays an important role in deciding Np(V) sorption and
speciation onto the natural sediments. This could influence both the kinetics of sorption
(especially the pH sorption edges at the steady state) and possibly on the reversibility of the
metal ion sorption. It is important to conclude that the surface complexation data are highly
important to the modeling of such complex heterogenic systems as soils or bottom sediments.
The effect of interlayer cation and the form of the clay (1:1) was also investigated. The
sorption behavior of Np(V) at trace concentrations onto different clays and clay minerals
were compared. At pH > 5, the interlayer cations in montmorillonite clays had no influence
on the metal ion sorption. The dominant mechanism in this pH range was complexation with
edge surface sites. As a result, clay minerals with 2:1 type and different interlayer cations and

1:1 type clay minerals demonstrated similar sorption profiles. The most important
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characteristic of the clay that changed the Np(V) sorption dramatically was the presence of
iron oxyhydroxide as an accessory mineral. The sorption studies of Eu(Ill) onto natural
sediments were attempted and shows that the Eu(IlI) sorption was not very much dependent
on the presence of accessory mineral phases in clays as seen in the case of Np(V) sorption.

The present Thesis makes an important addition towards the understanding of the role
of the different constituents of the natural clay minerals towards the sorption and migration
behavior of actinides and long-lived fission products in the geosphere. With the advancement
in the synchrotron source based experimental techniques and laser-based spectroscopic
instruments, molecular level speciation of actinides at very low concentrations at mineral
water interface can be obtained, which in turn would help in better understanding of the
chemistry of interaction between the two and also help in validating the models proposed for
the prediction of the migration pathways of different radionuclides in the geosphere upon
their accidental release from the deep geological repositories.

The knowledge from the present Thesis can be extended to understand the sorption
behavior of the radionuclides onto the natural sediments. The importance and role of
accessory phases present in the natural sediment onto the sorption of radionuclides are
highlighted in the present Thesis but need more understanding and further research.
Although, the natural sediments used in the present Thesis were of different origin with
variable composition and Fe-content, still the majority of the minerals phases fall in smectite
form of clay. These studies can be taken as guide for understanding of other types of natural
sediments rich in different forms of clays to better understand the actinide sorption and
speciation in natural media. The presence of NOMs and thin oxide layer of accessory mineral
phase onto the natural sediments can change the way of radionuclide interaction with the
natural sediments and requires detailed investigation. In the present Thesis, we have tried to
characterize the natural sediments with respect to its mineral composition, elemental analysis

and Fe-speciation using host of techniques. But still lots of challenges are remaining such as,
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the presences of amorphous phase of minerals are invisible to most of the characterization
techniques, the role of biotic or abiotic layers onto the minerals towards radionuclides
sorption are still wage, etc. The thorough characterization of naturals sediments, as done in
the present Thesis, will not only help in better understanding of the sorption results but also
helps in designing the remediation strategies for radioactive contaminant removal from
environments.

The nature believe in change and hence, the geochemistry, hydrochemistry,
biochemistry, etc. of the natural systems keeps on changing, not only from one point to other
point but also variable in time at a given place. It is very difficult to get sorption
characteristics of a soil system by studying only its pure analogues or from studies of soil
system at different regions but these studies can definitely help, at least to some extent, to
predict the radionuclides retention using suitable modelling approach such as CA-SCM.
Further studies are also needed for the better understanding of, how the intrinsic properties of
actinides combined with site-specific conditions (e.g., temperature, ionic strength,
complexing agents etc.) and control reaction kinetics and pathways of migration and thus, the
ultimate environmental fate of the radioactive contaminants.

It is very difficult at this point to that which clay can be chosen for effective retardation of
radionuclide mobility in to the environment as different clay minerals may act differently
toward the sorption of a given radionuclide. Besides that, the redox behavior, redox reaction
and speciation of actinides at the mineral-water interface require more detailed investigations
under different chemical conditions before arriving at any conclusion. The overall outcome
from these studies would help to understand of the role of accessory minerals, interlayer
cation, clay form, NOMs etc. towards the sequestration of actinides in the environment. The
information obtained will be also useful in design and planning of suitable methods for

remediation of actinides and/or others long-lived radioactive contaminated land or aquifer.
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