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SYNOPSIS

Rapid growth in human population, limited renewable energy sources raises the
importance of non-conventional energy sources like nuclear energy. Because of increasing
energy demands many countries around the world are currently going through energy
transition. Many technological limitations hinder the expected contribution of renewable
energy sources like solar, hydro and wind energies. Because of the complexity in designing
an energy supply from renewable energy sources, the nuclear energy is being adopted as an
innovative and efficient source of energy. In light of the closed nuclear fuel cycle adopted by
India, spent nuclear fuel undergoes reprocessing for recovery of the fissile and fertile
nuclides to bring them back to the fuel cycle operation. The spent fuel of a typical PHWR
type reactor contains ~96% U, ~1% Pu, ~3% fission products like *¥'Cs, ®Sr, ®°Ru, **Tc etc.
along with minor actinides *’Np, ?Am, ?*’Cm and variety of rare earths . Separation of
fissile isotopes and long lived isotopes like **'Cs, **Sr reduces the nuclear waste burden on
environment significantly. In order to reduce the nuclear waste volume and cost of nuclear
waste management, separation of fission products with high concentrations and long half
lives such as *'Cs, %Sr, *Tc, Am, '°Ru, **Ce etc. is essential %.

Inorganic ceramic materials have been considered as promising ion exchanging
materials for selective separation of radionuclides from liquid nuclear wastes due to their

higher chemical and radiation stabilities *

. Due to the structural and crystal chemistry
features, inorganic materials show high selectivity during ion exchange process. In view of
this, many framework type phosphates have been studied for the selective separation of

radionuclides from nuclear waste and for immobilization of long lived isotopes. The main

objective of the present thesis is to develop crystalline inorganic ion exchangers for selective
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separation of radionuclides from nuclear waste and to investigate stable host matrices for the
immobilization of long lived radionuclides. Special emphasis is given for the separation of
%3¢ from various nuclear waste streams using crystalline inorganic materials formed by
framework connections of phosphates, titanates, manganates and their ion exchange
properties. The ion exchanged materials were also characterized for possible stable
immobilization matrix with the exchanged ions. This thesis has been divided into ten
chapters elaborating the work carried out under the Ph.D theme crystalline inorganic ion
exchangers for separation of radionuclides from nuclear waste. Brief outlines of the chapters

are as follows.
Chapter 1: Introduction

This chapter deals with the introduction of nuclear energy and its importance to
compensate the increasing energy demands followed by a brief mention on nuclear energy
programme in India. Since India has adopted closed nuclear fuel cycle, spent nuclear fuel
bears huge importance for the separation of fissile isotopes and fission products. This chapter
also elaborates the technological as well as industrial applications of various fission products
generated from a nuclear reactor. Conventional processes which are currently in practice for
nuclear waste management are also discussed along with their advantages and disadvantages.
Phosphates, titanates, silicates and tungstates as potential matrices for radionuclides

separation and for immobilization have been discussed in the final section of this chapter.
Chapter 2: Experimental techniques

A concise description of methods used for the synthesis of various inorganic ion

exchanging materials and characterization techniques used for the identification of the phase
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purity of synthesized materials have been discussed in this chapter. The general procedures
adopted for the preparation of various ion exchange materials like solid state synthesis route
and solution methods like co-precipitation followed by oxidation have been discussed in this
chapter. Characterization of the prepared phosphates, titanates, manganates, silicates etc.
have been carried out mainly by powder X-ray diffraction techniques (PXRD) using lab
source as well as synchrotron sources. Other complimentary techniques like Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray florescence
spectroscopy (XRF) and Thermogravimetry (TG) techniques were also used. Morphologies
of the synthesized materials have been studied by using microscopic techniques like scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). lon exchange
characteristics of the synthesized materials have been investigated by radiometric analysis
using radioactive tracer by investigating the kinetics of ion exchange and ion exchange
capacity of the materials. The kinetics and isotherms of ion exchange have also been studied
by various kinetic models like pseudo first order, first order, pseudo second order models and
isotherm models like Langmuir, Freundlich and Hill adsorption isotherm models. Brief
outline of the experimental methods and the theories of used models have been elaborated in

this chapter.
Chapter 3: K;M(PQOy),; M=Ce, Zr inorganic ion exchangers

This chapter explains the synthesis and ion exchange characteristics of novel
framework phosphates of cerium and zirconium with potassium ions as exchangeable ions.
K,Ce(PO,), and KyZr(PO,), have been synthesized by solid state reactions of KPO3; and
CeO,/ ZrO,. The powder XRD patterns of the synthesized samples indicate that K,Ce(PQO,),

crystallizes in monoclinic lattice with space group P2:/n, whereas K,Zr(PQO,), crystallizes in
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rhombohedral lattice with space group P-3. Differences in the ionic radii of Ce* and zr**
govern the crystal structures. In case of K,Ce(PQO,),, potassium ions are located in the tunnel
generated by the 3-dimensional framework formed by [Ce(PO.),]* complex ions. However,
for K,Zr(PO,), potassium ions are located in between the layers generated by the sheet like
arrangement of [Zr(PO.),]* ions. Both the materials are porous in nature potassium ions are
selectively exchangeable with “°Sr because of their similar ionic sizes and electropositivity.
lon exchange characteristics of the title materials have been investigated using radioactive
gy tracer solution. High Ky ~ 30000 mL/g and 8000 mL/g have been observed for
K2Zr(POy), and K,Ce(PQO,),, respectively. The ion exchange capacity (ge) increases with
increasing Sr** ions concentration for both the materials and the typical values of ge are ~ 521
umol/g for K,Ce(PQO,4), and ~ 603 umol/g for K,Zr(PO,),. Correlation of structure and ion
exchange properties indicated that the layered structure of K,Zr(PO,), is the origin for its
large Ky value. The studies on kinetics and exchange isotherms of both K,Ce(PQO,), and
K2Zr(PO,), suggested pseudo-second order favourable chemisorptions process is the

plausible mechanism *.
Chapter 4: High temperature studies on K,Ce(POy),

In continuation to characterization of the prepared K,Ce(POy),, investigations on
structural stability and phase stability at high temperature are discussed in this chapter. In-
situ and ex-situ temperature dependent XRD studies are carried out to investigate the
possibility of the title material as immobilization lattice. The in-situ and ex-situ high
temperature powder XRD studies on K,Ce(PQO,), indicated its decomposition at and above
900°C via decomposition reaction: 6K,Ce(PO,), = 4K3Ce(P0O,), + 2CePO, + P,0s5 + 1.50..

The in-situ variable temperature XRD studies also revealed that the ambient temperature
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monoclinic (P2:/n) phase reversibly transforms to a tetragonal (14i/amd) structure at higher
temperature. Also from the experimental and theoretical calculations, the high temperature

crystal chemistry of K,Ce(PO,); is explained in this chapter °.
Chapter 5: Synthetic Na and K-birnessite as inorganic ion exchangers

A concise description of *Sr removal from nuclear waste using synthetic birnessite
mineral has been elaborated in this chapter. Birnessite is one of the common minerals of
manganese oxide and has a structure formed by layers of MnOg octahedral units. K, Na-
birnessite type materials have been synthesized by oxidation of Mn(OH), in presence of
NaOH or KOH in an oxygen purge rate of 24L/min ®. Interlayer spacings of the synthesized
materials are ~ 7 A, which can accommodate cations like K*, Na*, Mg®*, Ni** and Sr** etc.
The large inter layer spacing renders sodium/potassium ions to exchange when they are in
contact with other ions of similar size and charge.

lon exchangeability of the title materials have been investigated radiometrically,
using ®Sr tracer solution. Na/K-birnessites have shown high distribution coefficient (Kg) for
the uptake of ®Sr compared to **'Cs. lon exchange studies have revealed stability of these
materials in wide pH range. Maximum distribution coefficient (Kg) ~ 25000 mL/g in case of
Na-birnessite and ~21526 mL/g in case of K-birnessite was observed within 2h of
equilibration time. lon exchange kinetics of both the materials followed pseudo second order
kinetics. Observed ion exchange results could be successfully fitted with Langmuir
adsorption model. The value of obtained ion exchange capacity for Na and K-birnessite
samples are 2.56 mmol/g and 0.96 mmol/g, respectively. From the interferences studies with
other ions like Na*, Ca®*, AI**, it is inferred that these materials are selective for **Sr even in

presence of high concentrations of interfering ions. lon exchange studies have also been
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carried out by equilibrating sample with inactive Sr(NO3), solutions to find variation of
structure after ion exchange. lon exchange characteristics for *°Sr separation by both Na, K-

birnessite materials were explained in detail in the titled chapter.
Chapter 6: Temperature dependent structure properties of K;Gds(PO,)s

This chapter comprises of ion exchange and high temperature studies of complex
phosphate K3Gds(PO,4)s. Title material has an open tunnel containing three dimensional
structure built by periodic arrangements of [Gds(PO4)s]® ions which in turn are formed by
PO, tetrahedra and GdO, (n = 8 and 9) polyhedra. The empty tunnels in the structure are
occupied by K" ions to maintain charge neutrality in the lattice. The XRD patterns in the
temperature range of study 20 K - 1073K indicated no change in the crystal structure which
is also supported by differential thermal analysis and Raman spectroscopy. Evolution of unit
cell parameters with temperature shows systematic increase with temperature. The average
axial thermal expansion coefficients between 20 K and 1073 K are: 0, = 10.6 x 10° K™, ¢ =
5.5 x 10° K™ and a¢ = 16.4 x 10° K™%, Temperature dependent Raman spectroscopic studies
also indicated no change in the coordination number of any ions in the complex .

As seen from the structural features and temperature dependent structural evolutions,
the K" ions provide charge neutrality to the anionic frame of unit cell. Thus it can be
expected that the K* ions in K3Gds(PO,)s can be exchanged by other ions. To observe
possible ion exchange properties in this compound, weighed quantity of the material was
equilibrated with aqueous solution of radioactive Sr** ions (°Sr) and the decrease in activity
of filtered solution was analyzed radiometrically. The distribution constant (Ky) estimated
from the initial and final activity was significantly low (K4 ~ 5). This suggests that the K*

ions are not strictly exchangeable with Sr** ions. lon exchange properties of this compound
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were studied by equilibrating with radioactive and stable Sr** ions, ICP-AES results of the
supernatant solution after ion exchange revealed that though there is exchange between K*
ions and Sr**, the extent of ion exchange is minimum. This might be due to stronger bonding
of the K" ions with the anion frame or the wavy arrangement of K* ions in the tunnels where

the motion of ions are restricted by the adjacent ions.
Chapter 7: Pressure and temperature dependent structure properties of KoFe;TigO1

This chapter elaborates the temperature and pressure dependent structural properties
of hollandite lattice for the nuclear back end applications. Hollandite type materials in
particular, titanates possess significant structural stabilities under geological conditions and
thus hollandite type manganite or titanates are observed in nature. In view of this, tetragonal
hollandite type K;Fe,TigO1 is synthesized by solid state synthesis route using K,COg3, Fe;03
and TiO, and characterized. A tetragonal lattice with space group 14/m is used to explain its
structure. The structure has octahedral MOg (M = Ti/Fe) as building units. The typical inter
atomic distances in the octahedral MOg (where M = 0.75Ti+0.25Fe) units are: M-O1
=1.948(5) A, M-01 = 1.927(3) A x 2, M-02 = 1.993(4) A, M-02 = 2.019(3) A x2. From the
dispersion of bond lengths, the distortion in the octahedral MOg unit is found to be 4.090 x
10 which suggests that a nearly regular octahedral is formed around the M™ ion. The
stability of K;Fe,TigO16 has been investigated with temperature by variable temperature
powder neutron diffraction and XRD as well as with pressure using in situ high pressure
XRD. The tetragonal phase is found to be stable in a wider range of temperature viz. 6 K to
1273 K while it reversibly transforms to a monoclinic (12/m) structure at a moderate
pressure, viz. 3.6 GPa. High temperature stability of the Na analogous composition shows

stability at higher temperature. The pressure induced structural transition and high
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temperature stability of the hollandite type K;Fe,TisO16 have been explained in the titled

8

chapter °. A similar composition with Cs ions (Cs,Fe;TigO16) is found to have an

orthorhombic lattice and remains stable up to 600°C.
Chapter 8: Na-birnessite for separation of clinical-grade Y from *Sr/*°Y mixture

The widespread clinical utilization of Y for preparation of target specific
radiopharmaceuticals stipulates design of superior advanced materials for facile and cost
effective separation of *°Y. Birnessite type phyllomanganates can be used as potential
materials for radiochemical separation of clinical grade Y from *°Sr/*®Y mixture. This
chapter deals with the separation of *Sr from “°Sr/°®Y mixture. lon exchange experiments in
presence of *Sr/*°Y equilibrium mixture confirmed the exceptionally high selectivity of
synthetic sodium birnessite for ion exchange of Sr** ions and the conditions have been
optimized to achieve radiochemically pure Y (> 80 % separation yield) meeting all the
pharmaceutical requirements for its clinical use °. The separated *°Y has been used to prepare
%y radiolabeled 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid coupled dimeric
cyclic RGD peptide derivative [DOTA-E[c(RGDfK)].] and the biological efficacy of the
radiotracer was established in C57/BL6 mice bearing melanoma tumors *°. The results
indicated highly target specific radiotherapy and hence a cost effective mode for

radiochemical separation of Y.
Chapter 9: Thermophysical properties of relevant phosphates

This chapter is comprised of three independent sections describing ion exchange
properties, thermodynamic characteristics and magnetic properties of several other prepared

phosphates for the aim of thesis. First part of the chapter deals with the synthesis and ion
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exchange properties of complex phosphates KLn(POs)s, Ln=Ce, Eu with potassium ions as
an exchangeable ions. lon exchangeability with inactive caesium and strontium ions in
KCe(PO3)4 and KEu(PO3), compounds have been discussed. Second part of the chapter
comprises of thermodynamic properties of two complex phosphate as KsLns(PO,)s, Where Ln
= Eu and Gd. Comparison of measured standard molar enthalpy of formation and molar heat
capacity of these compounds by high temperature calorimeter has been discussed in this
chapter. Measured standard free energy of formation from standard molar enthalpy of
formation and heat capacities are discussed in this section. Third part of this chapter deals
with the preparation, crystal structure and magnetic properties of complex phosphate
Mns(HPO,)2(PO4)2.4H,0. This compound is found to be stable up to 300°C and show a

ferromagnetic like sharp transition at 6K **.
Chapter 10: Summary and future scope

The present thesis gives a brief account of the importance of nuclear waste
management and significance of stable ceramic materials in the back end of nuclear fuel
cycle. It describes the importance of inorganic ion exchangers over organic ion exchangers in
harsh conditions of nuclear waste. Several tunnel and layered structured materials have been
synthesized under the scope of PhD thesis title. lon exchangeability of these materials has
been investigated for separation of *°Sr** in presence of large concentration of several
interfering ions. Among all the synthesized materials, K,Ce(PO,), K,Zr(PQOy),, synthetic
Na/K-birnessite minerals have shown stability in nuclear waste conditions and exhibited ion
exchange properties with ®Sr. Dual properties of crystalline inorganic ion exchangers as

materials for ion exchangers and stable immobilization lattices are useful in nuclear waste
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management. Crystal structures of the materials have been used to explain and to envisage
the ion exchange properties of the synthesized materials.

Based on the results and conclusions from the study, future research scope on the aim
of the nuclear waste management has been mentioned in this chapter. Selective separation of
the radionuclides can be carried out by varying the size of the exchangeable ions and porosity
of the material by incorporating different ligands. The preparation of more porous inorganic
ion exchange materials for better elution of the loaded radionuclides and regeneration of the
ion exchange material need to be explored in future.
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Chapter 1

1.1. Introduction

“Man shapes himself through decisions that shape his environment”
-Rene Dubos.

Enhanced quality of human life relies on high consumption of energy which in turn
has immensely affected the natural fossil energy sources. Due to limited availability and non-
renewable nature, the current rate of usage of natural energy sources poses a serious concern
for future generations. Thus alternates to fossil energy sources and renewable energy sources
are gaining importance. Nuclear energy is considered as a promising alternate energy source
as it is economical and eco-friendly with zero emission of green house gases. Thus varieties
of strategies for utilization of nuclear energy have been adopted all over the world. India has
adopted a three stage nuclear energy program which relies on its closed fuel cycle and
limited resources of uranium . The reprocessing of spent nuclear fuel not only brings back
the materials that did not under gone fission but also recovers additional fissile materials and
useful fission products for a sustainable nuclear energy program . This reduces the nuclear
waste burden over the environment and cost of the nuclear waste management *. However,
the reprocessing of spent nuclear fuel is a challenging task from chemistry, engineering and
safety aspects due to high radioactivity and extreme chemical environment. A variety of
methods are available for separation of ions from solution, among them ion exchange is a
simple, safe and reliable technique. Inorganic ion exchangers owe a great importance in this
regard compared to organic ion exchangers because of their high radiation, thermal and
chemical stabilities *. In this thesis, efforts have been made to synthesize some

crystallographically flexible inorganic ion exchange materials in the aim of nuclear back end

applications and the obtained results are explained in different chapters.
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This chapter deals with the introduction of nuclear energy and its importance to
compensate the increasing energy demands followed by a brief mention on nuclear energy
programme in India. This chapter also elaborates the technological as well as industrial
applications of various fission products generated during the operation of nuclear reactor.
Conventional processes which are currently in practice for nuclear waste management are
discussed along with their advantages and disadvantages. The importance of ion exchange
process and crystalline inorganic ion exchangers in nuclear waste management are mentioned
in brief. Subsequently, various framework type phosphates, titanates, silicotitanates,
manganates and tungstates as potential ion exchangers for radionuclides separation as well as

host matrices for radionuclides immobilization have been discussed in this chapter °.
1.2. Nuclear energy program

Growing energy demands around the world leads to an energy transition, many
policies are mainly aimed to reduce the burden of green house gases and to maintain
sufficient renewable energy resources for future generations owing to regimes °. Until now,
fossil fuels such as coal/peat contributes maximum to the world power generation, followed
by natural gases and petroleum products. Many technological limitations reduces the
contribution of renewable energy sources like solar, hydro, wind energies and still remains

underutilized °.

Nuclear energy is considered as an innovative and efficient source of energy with
zero carbon dioxide emission, more over high burn-up values can be achieved with safe and
inexpensive operation conditions. According to nuclear fission technology, heavy nuclei like

28y, 2y, %y can shatter into lighter nucleus by the bombardment of thermal or fast
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neutrons and releases enormous energy per fission’. Also in the nuclear reactor, fertile heavy
nuclei like 28U and #**Th can be transformed to fissile 2°Pu and ?**U, respectively which can
be further utilized. According to present power scenario in India, ~ 6000MWe power has
been generated by utilizing present operating nuclear power reactors by the fission of heavy
nuclides %. In India, a closed nuclear energy program is designed bearing in mind that
optimum utilization of limited resources of uranium and large reserves of thorium for a

sustainable long term energy source.

URANIUM MINES CONVERSION CONVERSION
& MILLS TO OXIDE TO FUEL ‘

PLUTONIUM

RECOVERED E

URANIUM

REACTOR

|

BY PRODUCTS FOR
USE IN MEDICINE,
AGRICULTURE &
INDUSTRY

REPROCESSING

WASTE STORAGE WASTE MANAGEMENT |

Fig.1.1: Schematic diagram representing closed nuclear fuel cycle

In light of the closed nuclear fuel cycle, spent nuclear fuel undergoes reprocessing for
recovery of fissile and fertile nuclides for further utilization. The first generation nuclear
reactor named Pressurized Heavy Water Reactor (PHWR) is the flagship reactor of the

Indian nuclear energy program. PHWR works by the fission of natural uranium with heavy



Chapter 1

water as coolant and moderator *. Second stage of Indian nuclear energy program is the fast
breeder reactor, where the fission of ?**Pu recovered from PHWR is used as energy source
and also to produce 2**U from #*Th. Huge reserves of thorium in India drives nuclear energy
program towards third generation nuclear reactors like Advanced Heavy Water Reactor
(AHWR) by using ?*®U as nuclear fuel for fission and to produce more 2**U from 2**Th.
Additionally, several innovative reactors like High Temperature Reactor (HTR), Molten Salt
Breeder Reactor (MSBR) etc. are also aimed for future nuclear energy. Although, nuclear
energy is a promising sustainable energy source, the waste generated from nuclear reactors is
a concern and is being addressed worldwide by different policies, various research and

development programs.
1.3. Nuclear waste

Many countries like France, Russia, Japan, India, China, etc. have adopted closed
nuclear fuel cycle, whereas countries like USA, Canada, Finland, Sweden etc. have opted for
direct disposal of spent nuclear fuel 8. In closed nuclear fuel cycle, the spent nuclear fuel is
allowed to cool under water deposits in order to allow the isotopes with short half-life to
decay to permissible radioactive limits. The spent nuclear fuel for a typical PHWR type
reactor contains ~96% U, ~1% Pu, ~3% fission products like **'Cs, %°Sr, Y°Ru, *Tc etc.
along with variety of rare earths and minor actinides >’Np, ***Am, 2*Cm, **Ce. ° Typical
values of half lives of shorter and long lived isotopes present in spent nuclear fuel are given
in Table 1.1. Reprocessing of spent nuclear fuel is carried out by PUREX process for PHWR
type nuclear reactors in order to separate fissile uranium and plutonium elements from rest of

the nuclear waste solution °.
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Table 1.1: Half-lives of radionuclides present in spent nuclear fuel

Short lived isotopes present in HLW Long lived isotopes present in HLW
Isotope Half life(Y) Isotope Half life ()
sy 28.8 *Tc 2x10°
°Ru 1 2 1.7x10’
¥ics 30 “"Np 1.6x10°
MCe 1.3 #py 85.3
W7p, 2.3 29py 24360
#Cm 17.4 %y 6500
“Am 432.2
#2Am 141
“°Cm 8500

According to PUREX process, chopped spent nuclear fuel is dissolved in 3M
concentrated nitric acid, stripping of the fissile uranium and plutonium isotopes has been
carried out by taking advantage of variable oxidation states of uranium and plutonium.
Mixture of 30% tributyl phosphate (TBP) in an organic medium like dodecane solution is
added to the spent fuel acidic mixture in order to strip uranium, plutonium from rest of the
radionuclides present. Uranium and plutonium in VI oxidation state form an organic soluble
stable U/PuO2(NO3),.2TBP complex and this complex migrates to organic phase from the
aqueous phase. Organic phase containing both U®* and Pu®" is further processed to separate

pure plutonium and uranium. Reduction of Pu®* in organic phase to Pu** by uranous nitrate
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stabilized with hydrazine renders the migration of Pu** to aqueous phase and pure U®* is

trapped in organic phase, pure Pu** is isolated in aqueous phase.

Using PUREX process, pure uranium and plutonium can be extracted with high
yields. Such solvent extraction process is not found suitable for separation of fission products
selectively from nuclear waste because of generation of huge secondary waste volume and
thus separation of fission products from nuclear waste using different methods has attracted
huge research interest. Selective separation of long lived fission products from nuclear waste
is carried out in such a way that the chosen process must reduce waste volume without

generating huge secondary waste volume .
1.3.1. Types of nuclear waste

Classification of nuclear waste is crucial in view of reprocessing and for safe disposal
of nuclear waste. Nuclear waste can be classified according to physical state, chemical,
biological, radiological, mechanical properties and finally depending on the nature of waste
origin. Various states of nuclear waste like solid, liquid and gaseous states have been
generated at various stages of nuclear fuel cycle. Among these types of nuclear waste, liquid
nuclear waste treatment needs more attention because of high volume and mobility. Solid
nuclear waste arises from the insoluble spent fuel or clad material left in acid medium.
Gaseous nuclear waste arises by the dust escaped from conveyer belts, crushers and high
temperature reaction processes generating fumes etc. **

Highest volume of nuclear waste generated during reprocessing of spent fuel is in
liquid state because of the dissolution of spent nuclear fuel. Concentration of the radioactivity

in the nuclear waste varies from the source of generation. Depending on the amount of
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radioactivity, liquid nuclear waste can be classified as high level liquid nuclear waste
(HLW), intermediate level liquid nuclear waste (ILW), low level liquid nuclear waste
(LLW). Liquid nuclear waste containing concentration of radioactivity above 3.7x10° Bg/m®
is treated as HLW. In case of ILW radioactivity vary in between 3.7x10’ to 3.7x10° Bg/m®
and for LLW radioactivity is in the range of 37 to 3.7x10* Bg/m®. " *° Classification of the
liquid nuclear waste with respect to radioactivity and the constituents of different categories

of waste are given in Table 1.2.

Table 1.2: Classification of nuclear waste in accordance with radioactivity

Solid o Gaseous
Liquid o
Category Surface Dose o 3 Activity Level
Activity (Bg/m®) 3
(mGy/h) (Bg/ m°)
Extreme Waste® <2 < 3.7x10* <37
Low Level Waste® 2-20 3.7x10*t0 3.7x10" 3.7 to 3.7x10*
Intermediate Level ; 9 .
" >20 3.7x10" to 3.7x10 > 3.7x10
Waste
High Level Waste™ Alpha Bearing 3.7x10° to 3.7x10" > 3.7x10*

1.3.1.1. Constituents of HLW

Major constituents of high level liquid nuclear waste are unprocessed uranium and
neutron captured transuranic series elements, fission products, etc. ' Though HLW
constitutes only 3% of the total nuclear waste generated, it causes 95% of the total

radioactivity of nuclear waste '*. High level waste gives of large amounts of heat and
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radioactivity for several hundred of years due to a, B, and y-decay of the radionuclides
present. HLW with high radioactivity and actinides with long half lives cannot be stored in
liquid form for several years to reduce the radioactivity to permissible limits. List of long
lived radionuclides and their half lives are given in Table 1.1. Thus separation of fission
products from HLW by suitable materials is a tedious process and several ceramic materials
have been investigated for separation of radionuclides and for immobilization * °* **. Process
of immobilization of radionuclides using borosilicate glasses is called as vitrification and the
vitrified waste is buried into the deep geological repositories. Various process and materials
for the reprocessing of the HLW and immobilization lattices have been discussed in the
subsequent sections 2314,
1.3.1.2. Constituents of ILW

Intermediate liquid nuclear waste comprises of radionuclides with long half lives and
low concentration of a-emitting radionuclides along with B, y-emitting radionuclides.
Intermediate level nuclear waste is not stored directly, whereas converted into low level
waste. Long lived radionuclides present in ILW are concentrated in order to convert the ILW
to HLW. In order to separate long lived radioisotopes, many ceramic and polymer based
materials have been reported and much research efforts were dedicated to investigate
materials with high radiation stability and high decontamination factors ** *®. Reprocessing of
ILW using various organic, inorganic resins and polymer based materials has been explained

in the subsequent sections.
1.3.1.3. Constituents of LLW

Low level liquid nuclear waste comprises 95% of the total nuclear waste volume

generated in the nuclear fuel cycle but carries ~1% of total radioactivity of the nuclear waste.
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LLW constitutes are mostly B and y emitting radionuclides with shorter half lives LLwW
arises not only from nuclear power reactors but also from hospitals, laboratories and
industries using radioactive materials. Low level nuclear waste treatment is carried out by
concentrating the waste and contained radionuclides are allowed to decay to the permissible
radioactivity level and discharged into the environment. Indigenously developed materials
like resorcinol formaldehyde resin (RF resin) and iminodiacetic acid (IDA) were used in
industrial scale for selective separation, also can be regenerated for multi cycle applications®.

Large quantity of LLW is being reprocessed using these materials.

1.4. Radionuclides separation and their importance

Currently many countries including India have launched long term program for the
remediation of nuclear waste by separating high concentration fission products with long half
lives such as *¥'Cs, %°Sr, ®Tc, **Am, %Ru, ***Ce etc. ® Separation of these long lived
radionuclides reduces volume of the nuclear waste significantly and hence reduces the
nuclear burden on the environment and cost of nuclear management ** * *’. Investigation of
various materials for separation of radionuclides has been started since late forties; research
in this area is a challenge due to extreme conditions of nuclear waste, safety and security
issues. Besides, many fission products produced during the nuclear fuel cycle have vast
technological, industrial as well as medicinal applications. Technological as well as

medicinal relevances of some of the fission products are as follows.
1.4.1. Importance of *¥'Cs

Among the wide spectrum of fission products generated during nuclear fission, **’Cs

is of great importance because of long half life (30.17y) as well as high energy y-decay
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scheme. **'Cs decays to **"™Ba by emitting p~ of energy 0.512MeV (95%) and the metastable

3"Ba by emitting 0.662 MeV y-ray. “*'Cs directly converts to

137MBa converts to a stable
stable **'Ba by emitting 1.17 MeV (5%) energy B-radiation. Typical radioactive decay
scheme of *’Cs is shown in Fig.1.2. ***Cs and **'Cs are the isotopes of Cs produced during
reactor operation, with 7% combined yield of **Cs and ***Cs. Fission yield of **'Cs is ~6%
of all the fission products generated. Recovered **’Cs from nuclear waste can be used for
sterilization of medical supplies, food items and also has many industrial applications like
generating heat shrink plastic tubing. As a radiation source, **’Cs possess many medicinal

applications like brachytherapy and blood irradiation, etc. as well as hygienisation of sewage

sludges *.

137

5sCs

051 MeV 95%) 3
137m

s¢Ba

0.662 MeV’Y

1.17 MeV (5%) [3_

‘_._._----_.

137
ssBa
Fig.1.2: Decay scheme of **’Cs

1.4.2. Importance of *Sr

%3y s another important long lived radio isotope with high fission yield. *°Sr is a p-
emitter with half life of 28.8y and having specific activity of 1.5x10? Ci/g. Nuclear reactors,
radioactive laboratories, radiopharmaceutical laboratories, industries with radiation sources
are the other sources of “°Sr. Among the various radionuclides present in the nuclear waste,

separation of *°Sr is a major concern because of its high concentration and acidic nature of

10
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the medium. ®°Sr separated from nuclear waste can be utilized in thermoelectric generator in
spacecrafts, works as radioactive tracer in agriculture and also utilized as a bone seeker in
cancer therapy. “°Sr converts to *°Y by emitting a B-particle and *°Y is also a p-emitter with
decay energy of 2.28 MeV and half life of 64h. Typical radioactive decay scheme of *°Sr is

shown in Fig.1.3.

9{|Sr

546 KeV

1761KeV

90Zr

Fig.1.3: Decay scheme of *Sr
Both ®Sr and *°Y generates huge amount of heat in nuclear waste, while *Y plays a
significant role in the treatment of hepatocellular carcinoma (HCC) and other liver cancers *.
Selective separation and immobilization of **Sr thus plays an important role not only in the
nuclear waste management but also for generation of affordable and pure Y. Various
technological as well as conventional approaches have been developed for separation and

immobilization of ®°Sr, which has been discussed in other sections of this thesis.

1.4.3. Importance of *Tc

%Tc is generated during nuclear fission of 2°U with a fission yield ~6%; possess
significantly long half life (~211,000 y). **Tc converts to stable “*Ru isotope by emitting beta

particles. Long half life and high energy beta decay impart significance for the separation of

11
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%9Tc from nuclear waste. **Tc forms a stable anionic complex with *2°l and generally escapes
from the cationic ion exchangers > ?°. Impact of pertechnate on the environment is high
because of its significantly long half life. **"Tc plays a significant role as cancer diagnostic
isotope with half life of 6h and can be generated by the isomeric transition of **Mo, which is

a widely used process for diagnosis of cancer.
1.4.4. Importance of '*°Ru

%8Ry is a fission product of **U with half life of lyear and converts to stable *®Rh
isotope by emitting B~ particles with decay energy of 3.54 MeV. During reprocessing of the
spent fuel, dissolved '®Ru forms a stable ruthenium nitrosyl complex, which can be
separated by oxidation and distillation of RuO, *°. Typical estimation of 1L of nuclear waste
solution after reprocessing contains 500 GBq of '®Ru even after 4 years of cooling 2.
Moreover, removal of isotopes like *®Ru can reduce the nuclear waste burden significantly.
However, chemically pure '®Ru separated from nuclear waste solution is used in

brachytherapy because of its high energy (3.54 MeV) ['decay.
1.4.5. Importance of **Am

#Am is not the direct decay product of **U but is the neutron capture product of
239py generated by neutron capture of 22U. #°Pu decays to **Am by absorbing two neutrons
and emitting one B particle. Though ***Am is not produced in large quantities, separation of
#Am is very tedious and hence expensive. “*Am is utilized as ionizing smoke detector, as a
neutron source and as parent element for generation of many other radioactive elements %.
There are many such fission products with various applications in nuclear medicine and

industries. Table 1.3 describes the uses of various fission products generated during reactor

12
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operation. Details of selective separation of radioisotopes have been described in subsequent

chapters of the present thesis.

Table 1.3: Various applications of some of the fission products

S. No Isotope Relevance

1 1B37cg ¢ Radiation source in brachytherapy
e Blood irradiation
e Food irradiation
¢ Hygienisation of sewage sludge

2 %0g, e %Y generator
e Thermo electric generator in spacecrafts
e Bone pain palliation

3 *Tc e Cancer diagnostic isotope
4 Ru e Used in brachytherapy
5 “1Am o Utilized as ionizing smoke detector

e Neutron source

6 18 e Hyperthyroidism (solution and capsules)
Thyroid carcinoma

7 2 e Used in brachytherapy

8 144Ce . .
o Interstitial and intravascular brachy therapy

9 22Cm e Used in Curium batteries

1.5. Nuclear waste management
India as a developing country lies in the list of selected countries having an elaborated
nuclear energy program. At present, India has experience in all stages of nuclear fuel cycle

and specifically expertise in reprocessing and disposal of waste of heavy water reactor types

13
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2.2 Typical figure indicating the steps involved in nuclear waste management is shown in

Fig.1.4.
Characterization Treatment Conditioning
LLW | Liquid Liquid Waste Gaseous Waste Cementation
Chemical treatment Compaction Scrubbing
Polymerisation
ILW Solid Tonexchange Incineration Adsorption/Absorption
Reverse Osmosis Size Fragmentation Prefiltration Bituminisation
HLW |Gaseous Evaporation Repackaging High efficiency Vitrification
filtration
: Environmental
Interim storage Disposal S
monitoring
a-Contaminated L/ILW (short lived) HLW (Long lived) «Monitoring of soil, water,
waste vegetation near waste disposal
Earth/Stone lined
Wastes requiring trenches *Monitoring of environment
treatment in future Reinforced concrete Deep Geological near nuclear facility
trenches Disposal
Vitrified waste for sInstitutional controlofnear
disposal Tileholes surface disposal for 300y

Fig.1.4: Typical figure indicating the steps involved in nuclear waste management

1.5.1. Management of HLW

Though reprocessing of spent nuclear fuel is the most accepted strategy for attaining

closed nuclear fuel cycle, generation of high level liquid nuclear waste is of major concern ™

148,24 Most of the constituents of HLW are long lived isotopes with high decay energy.

Significant research is being carried out currently to generate wealth form nuclear waste by

investigating materials for selective separation of radionuclides from nuclear waste and for

immobilization. Borosilicate glass is the promising material for immobilization because of its

integrity for a span of thousands of years. Currently synroc based sodium silicate glass

14
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formulations are treated as worldwide acceptable immobilization lattices > & 7+ 14 16, 2L 24

because of wide range of acceptable chemical compositions with minimum leachability and
long durability. Ceramic lattices namely lead iron glass, titanate based glasses are widely
reported as potential immobilization lattices *°. Though vitrification of high level liquid
waste is well developed on industrial scale in India, further reduction and elimination of
radioactive inventory by other suitable means is an ongoing research process. Elimination of
heat generating radionuclides like *¥'Cs, ®*Sr is considered as pretreatment of the nuclear
waste which significantly reduces the radioactive inventory in the waste to be disposed. The
solvent comprising of 0.2M extractant N,N,N’,N’-tetra-2-ethylhexyl diglycolamide
(TEHDGA), 30% TEHDGA+30% Isodecyl alcohol/n-dodecane developed on plant scale and
specific for decontamination of rare earths and minor actinides in simulated high level waste
conditions %. **Am was separated with decontamination factor ~ 3000 using TEHDGA as
an extractant. Calix-[4]-arene-Crown-6 (Calix crown) derivatives in the 1,3-alternative
conformations exhibits high specificity for **’Cs separation from nuclear waste solution and

separated *’Cs is used for irradiation of blood.

1.5.2. Management of ILW

Intermediate level nuclear waste is generated mainly because of chemical decladding
of spent fuel or by the waste evaporation cycle. ILW is mostly alkaline in nature with
dissolved salts in it. Most of the radioactivity of the ILW is generated due to *'Cs, *Sr,
1%Ru and low concentrated elements like 1°Sh, **Cs, ®“Tc * 1™ 2! Major constituents of
ILW and concentration of radionuclides before and after elution are given in Table 1.4. The

earlier process considered for the disposal of ILW is cementization. Preconcentration of ILW

15
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using various inorganic ion exchange materials like ammonium molybdophospahte

> 2 manganese oxides *° has minimized the waste disposal

layered zirconium phosphates
volume with high decontamination factors. Resorcinol-formaldehyde resin is used for the
separation of **’Cs from ILW thus generating two streams of ILW one comprised of rich
137Cs and the other is ion exchange effluent of the ILW. Resorcinol formaldehyde

synthesized in plant scale at BARC, Trombay takes **'Cs with distribution constant K4~7000

mL/g, at an optimum flow rate of 3-4 bed volumes/h. *

Table 1.4: ILW constituents before and after resorcinol-formaldehyde treatment

Parameter ILW (mCi/L) Effluent (mCi/L)
(pH = 11-12) (pH = 8-10)

Gross 3.4-45 1x 107210 3x 1072

Bcs 2.98103.95 1x 1073 to 4x 1073

%sr 1.3x 1072 t01.5x 1072 6x 1073 to 7x 1073

1%sh 1.6x 107310 9.89x 1073 2x 103 to 5x 1073

%Ru 1.5x 107310 9.89x 1073 2x 103 to 7x 1073

1.5.3. Management of LLW

LLW is generated from many sources like hospitals and industries where
radionuclides are used. Most of the low level nuclear waste generated is stored to disintegrate
all the radionuclides to well below the permissible limits and then discharged into the

environment.

16
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1.5.4. Management of gaseous waste

In order to prevent the direct flow of radioactive inventory through air route, all the
nuclear facilities are having an off-gas monitoring system. India has developed very efficient
gas cleaning scrubs like venture, dust, packed bed, cyclone separators and high efficiency
particulate air (HEPA) filters .. Choice of system depends on specific activity, type of
radioactivity, density, size distribution, specific volatile contaminants and their
concentrations. Minimization of radioactive inventory from the intermediate/high level
nuclear waste can be achieved by practicing various chemical methods and by different
inorganic/organic materials. Conventional methods currently in practice for nuclear waste
treatment such as chemical methods, precipitation, evaporation, ion exchange, solvent

extraction etc. are elaborated in the following sections.

1.6. Methods for nuclear waste treatment

In order to concentrate the intermediate and low level liquid waste, there are various

chemical, physical and biological methods for the treatment of liquid nuclear waste.

1.6.1. Chemical methods

Chemical methods involve precipitation and co-precipitation using suitable
precipitating agents, oxidation or reduction of elements using various oxidizing or reducing
agents, absorption, adsorption, ion exchange and other chemical reactions which facilitate the
separation of radionuclides from large quantities of liquid nuclear waste. lon exchange
materials play a major role in selective separation of radionuclides from waste solutions
because of size, charge and ion selectivity. Solvent extraction is a promising process used for

the separation of uranium and plutonium from large quantities of fission products.

17
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Significance of process like solvent extraction, precipitation, ion exchange is explained in the

following sections.

1.6.2. Physical methods

Physical methods for reprocessing of nuclear waste comprises of separation without
any chemical change of nuclear waste constituents. Filtration, stripping, sedimentation,
flotation, reverse osmosis etc. are the methods in use to concentrate the nuclear waste without

changing the chemical state and composition of reprocessing solution.
1.6.3. Biological methods

Biological methods involve microorganisms for decontamination of nuclear waste.
Bioremediation to radioactive nuclear waste offers an inexpensive and in-situ alternative to
the commonly used physical and chemical methods. Bioprecipitaiton especially as metal
phosphates by microbes offers a promising alternative to physicochemical process for
precipitation of low concentrated heavy metals from large volumes of liquid nuclear wastes.

Bacteria such as Citrobacter Spand recombinant Escherichia %

are reported for the
precipitation of heavy metals as metal phosphate from nuclear waste. Many other microbes
also have been known for the biodegradation of radioactive materials into simple molecular
units which can be separated in simpler ways.

Conventional process like chemical treatment, solvent extraction, filtration,
evaporation, membrane filtration and ion exchange process are used for the preconcentration

of nuclear waste. Processes which are currently in use for nuclear waste management with

advantages and limitations were summarized in Table 1.5.
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Table 1.5: Chemical methods for pre-concentration of nuclear waste along with
advantages and disadvantages

Technology

Features

Limitations

Precipitation

lon exchange

Evaporation

Reverse osmoses

Ultrafiltration

Microfiltration

Solvent extraction

Suitable for large volumes and
high salt content waste
Easy non-expensive operations

Good chemical, thermal and
radiation stability

Large choice of products ensuring
high selectivity

DF > 10" to 10°

Well established technology
High volume reduction factor
Suitable for a variety of
radionuclide

Removes dissolved salts
DF 10°-10°

Economical

Established for large scale
operations

Separation of dissolved salts from
particulate and colloidal materials
Good chemical and radiation

stability for inorganic membranes

High recovery (99%)
Low fouling when air backwash

Selectivity enables removal,
recovery or recycle of actinides

Low DF

Efficiency depends on
solid-liquid separation
step

Affected by high salt
content

Regeneration and
recycling often difficult
employed

Process limitations
(scaling, foaming,
corrosion, volatility of
certain radionuclides)
High operation and
capital costs

High pressure system,
limited by osmotic
pressure

Non-back washable,
subject to fouling

Fouling

Organic membranes
subject to radiation
damage

Sensitive to impurities in
waste stream

Generates aqueous and
organic secondary waste
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1.7. Conventional methods for nuclear waste treatment
1.7.1 Precipitation

Chemical precipitation is a well established method for treatment of low/intermediate
level waste and is extensively used in nuclear waste processing plants as well as at fuel
fabrication facilities. Precipitation methods are widely used for softening of water and
current improvement in this process meets the requirement of specific radioactive element
removal from nuclear waste. Precipitation methods are particularly more advantageous where
large volume of waste contains relatively less concentration of radionuclides. High salt
concentrations in nuclear waste solutions do not affect the precipitation of radionuclide and
thus the process is cost effective compared to other alternative techniques. Removal of
radionuclides by precipitation using a precipitating agent comprises of following steps;
a) Addition of suitable reagent
b) Flocculation of radionuclides
¢) Sedimentation

d) Solid-Liquid separation

Efficiency of co-precipitation by chemical treatment is defined by two factors namely
volume reduction factor (VRF) and decontamination factor (DF). Decontamination factor is

the ratio between total activity in feed solution and total activity in effluent. (Equation 1.1)

Total actitvy in feed (afv¢) (1 1)

" Total actitvy in effluent (agve)

Where as and v; are the activity of feed solution and volume of the feed solution respectively,
ae and v, are the activity and volume of the effluent. Higher decontamination factors confirm

the separation efficiency of the material and technique used. Precipitation of radionuclides
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mainly depends on chemical properties of medium like pH, speciation, concentration of
radionuclides present etc. It also depends on physical properties like electrical conductivity,
turbidity, emulsifying ability, density and surface tension of the medium. Presence of organic
liquids in the waste solution adversely effects emulsification and form colloidal suspensions
thereby reducing DF 3.

Majority of the precipitation techniques use metal hydroxides to precipitate the heavy
metal ions from the nuclear waste stream under neutral or alkaline medium. In this process,
most of the radionuclides get hydrolyzed and get suspended either by co-precipitation or by
sorption. Separation of rare earths and actinides by precipitating out actinides using

lanthanide oxalates is achieved in slightly acidic medium **.

Table 1.6: Various precipitating agents in use for separation of fission products

Element Precipitating agent pH

Pu, Am Ferric hydroxide, Oxalates 7-12
Bcs Ferro cyanide, Ammonium molybdophosphate 6-10
%Ru Fe(OH),, Cobalt sulphide 1-8.5
sy BaSO,, MnO, >8.5

Precipitation of alkaline earth metals and transition elements like Ni, Co, Zn, etc. can
be achieved by complexing agents like EDTA (Ethylene diamine tetra acetate). Various
precipitating agents are in use for the separation of various metals, details of the elements and
precipitating agents are listed in Table 1.6. Precipitation allows the nuclear waste stream to
divide into two streams having low and high radioactivity constituents. Disadvantage with

this process is, achieving high decontamination factors in single step is tedious and requires
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high amount of precipitating agents resulting in large amounts of secondary waste volume.
Achieving high decontamination factors in accordance with the disposal limit of nuclear

waste into the environment is difficult to achieve using precipitation method.
1.7.2. Solvent extraction

Solvent extraction plays a major role in extraction of uranium from pitchblende
(U3Og) ore *. Extraction of uranium from highly corrosive sulfuric acid and nitric acid
containing dissolved pitchblende was carried out by di-(2-ethyl hexyl) phosphoric acid
(DEHPA), mixture of trioctyl and tridecyl amines, and tributyl phosphate *®. Partition of
spent nuclear fuel into fissile isotopes, transuranic elements and fission products is carried
out by solvent extraction process. Solvent extraction is widely used because of its simplicity,
large scale applications, ease of separation and wider scope. Solvent extraction can be carried
out with minimum instrumentation and in shorter time. Solvent extraction is the process of
rapid transfer of one or more components of interest from the feed usually solid dispersed in
liquid medium to a physically separable phase which is immiscible with the original solvent
phase *. Removal of radionuclides in this technique is based on the solubilities of the
radionuclides in aqueous stream solution to that of extractant containing organic medium.
Some precious isotopes like **¥'Cs, ®Sr, #?Am, #**Cm etc. can be extracted using various
organic extractants like calixarenes and crown ethers like dicyclohexo-18-crown-6 and
dibenzo-18-crown-8. 3%

Crown ethers are another class of organic compounds containing macro cyclic
polyether compounds. Mc.Dowell et al. have reported that rigid benzo-crown ethers are
having high tendency to extract monovalent ions, whereas cyclohexa-crown-ethers have high

tendency to extract bivalent ions **. Though solvent extraction is well utilized technique to
y g
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extract uranium and plutonium from spent nuclear fuel solution, it has serious limitation in
extraction of fission products from the reprocessing solution because of large volume of

secondary nuclear waste generation.
1.7.3. Solid-liquid extraction

In order to overcome the challenges like incomplete recovery of the radionuclides,
large volume of secondary waste generation, disposal of large quantities of organic solvent
into the environment etc. in the separation processes like precipitation and solvent extraction,
solid-liquid extraction methods are preferred. This technique overcomes the disadvantages
over the conventional separation process. Selective separation of radionuclides can be carried
out by using various sorbents which makes the separation process more economical with
more yields compared to other separation techniques. Solid liquid extraction is used in
nuclear fuel cycle for the treatment of the nuclear waste generated at various stages using

different sorbents and ion exchangers.

1.7.3.1. Sorption

Preconcentration of high level liquid nuclear waste can be carried out by selective
separation of radionuclides using sorption of radionuclides of interest with different
inorganic/organic materials having stability in nuclear waste conditions. Sorption is
accumulation of solutes over a surface because of attraction between the solute particles and
adsorbent surface. Unsaturated surface forces of the adsorbent can be balanced by the
adsorption of the solute particles on its surface thus preferential concentration of the solute
molecules occur near the proximity of the adsorbent. Both short range (repulsive forces) and
long range (attractive forces) forces gets balanced because of accumulation of sorbate

molecules on sorbent. Accumulation of solute concentration occurred only at the surface of
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sorbent is called as adsorption, whereas solute particles dispersed uniformly throughout the
sorption material is called as absorption. Depending on the nature of bonding between
adsorbate (solute molecules) and adsorbent, surface sorption can be divided into
physisorption and chemisorption.

Physisorption: Adsorption is called physisorption if van-der-waal forces of attractions are

responsible for adhering of solute particles over the adsorbent surface.

Chemisorption: Sorption of adsorbate molecules over the surface of adsorbent is called as

chemisorption if it occurs due to formation of chemical bond.

1.7.3.2. lon exchange

lon exchange materials are the insoluble solids in liquid medium having either cations
or anions bound to it in ionic fashion. lon exchange is a charge compensation process, for
every unit charge that migrates into the material, equal amount of charge migrates from the
material to maintain the charge neutrality. lon exchange process is different form
physisorption and chemisorption. In these two processes, charge neutrality has been achieved
by sorbing the ion but without a need to desorb or release of any ion. As no ion is released,
material has to provide bonding at the surface either by physical or weak chemical forces.
Since ion exchange is an equilibrium process, selectivity of an ion over another can be
measured by an equilibrium constant called distribution coefficient (Ky) defined as
distribution of ion of interest between solid and liquid phase at equilibrium and has a unit
mL/g. Many factors like functionality of the active site, pore size, crystal structure of the
material, size, charge and extent of hydration of the ion of interest, concentration and

composition of the solution in contact with the ion exchange play important role on the

24



Chapter 1

values of distribution coefficients. The equilibrium constant can be calculated using

(equation 1.2)

_ A A Xl(m_L>

K
d Af W g

(1.2)

Where A; = counts before equilibration, A; = counts after equilibration, V= volume of
solution in mL, W = mass of the sorbent in gram.

lon exchange is an extensively used process for the separation of radionuclides from
nuclear waste solutions because the process occurs depending on ionic radii and charge of the
ions undergoing the process. Various amorphous and crystalline inorganic materials have
shown potentials to separate radionuclides from nuclear waste conditions. Clearfield et al.
have reported crystalline acid salts of zirconium exhibiting ion exchange with various
radionuclides and successfully correlated the crystal structure with ion exchange property for
the first time *® *°. Wide variety of inorganic ion exchange materials are currently in use,

some of them are discussed in further sections of this chapter.

1.7.3.3. Inorganic materials for nuclear waste reprocessing

For the first time large scale nuclear waste treatments were carriedout using zeolites
as inorgnaic ion exchangers, for over 25 years zeolites were in use for the separation of
radionuclides. Owing to the ion exchange abilities of zeolities, many technological as well as
industrial relevances such as water softeners in detergents etc. were observed. Zeolites are
the crystalline aluminosilicates formed by the framework arrangement of tetrahedral [SiO4]*
and [AlO,]" units via oxygen bridges “°. Zeolites form porous structures with cavities and
tunnels thus used as ion seives. Zeolites are commonly mesoporous in nature, large pore size

results relatively lower selectivity thus not suitable for the radionuclides separation in
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presence of high to medium range salt concentrations. In addition to this, dissolution of AI**

from the framework at extreme pH limits their usage to narrow pH range “*.

Ammonium molybdophosphate with chemical formula (NH4)sPMo01,04 has been
extensively used for separation of *¥'Cs from high level liquid nuclear waste. Ammonium
ions present in the structure are exchangeable with **’Cs because of comparable ionic radii
and ease of exchangeability * . Manganese oxide minerals with framework structures
having exchangeable sodium and potassium ions are selective for separation of ®Sr 2 3%
Calixarenes and crown ethers with different functional groups have shown high
decontamination factors for radionuclides separation, for example diglycolamide

functionalized calix [4] arene is used to separate *¥'Cs and *°Sr "%,

A large number of materials with nanostructure, i.e. with larger surface to volume
ratio have been considered as promising materials for such applications. Though the
quantitative separation is excellent in such materials, the stability and reproducibility is yet to
be established. The concepts of structural features have been used to develop new and
efficient materials for separation of radionuclides *2. Ceramic materials with structure similar
to the rocks and minerals are the best host lattice for fixing of nuclear waste for longer
period. These materials will overcome the drawback of the conventional glass compositions
in regard of possible devitrification and following accelerated leaching of the radioactive ions
to the environment. Thus ceramic materials have been considered to be the most promising
due to their structural stability and inertness to harsh chemical and thermal conditions of
nuclear waste. Several compositions in perovskite, zirconolite, pyrochlore, titanate, rutile,
zircon and monazite structures have been considered for fixing different type of

radionuclides %+ *,
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1.8. Inorganic ion exchangers

Materials to be used in nuclear back end applications should have high thermal,
mechanical stability and need to be resistant to ionizing radiation. Although organic ion
exchangers possess vast technological as well as industrial relevances, they lack stability in
harsh nuclear waste conditions and thus more attention is being given to inorganic ion
exchangers. Of these inorganic ion exchangers, framework connected phosphates, silicates,
metal oxides like titanates, tungstates, molybdates, clays, hetero poly acid salts and layered
double hydroxides (anion exchangers) offered superiority in separation of radionuclides from
nuclear waste with advantage of high separation coefficients and selectivity * **. Synthesis of
inorganic ion exchangers began with amorphous materials with variable compositions.
Mechanisms of ion exchange as well as physical and chemical properties of materials were
less explored due to lack of knowledge on their structure. Clearfield et al. have synthesized
crystalline phase of zirconium phosphate as an inorganic ion exchanger and made possible
attempts to explain the mechanisms relating with structure % *. In the subsequent years,
structural knowledge of the inorganic materials provided more in-depth information to
correlate the crystal structure with their properties. From such structure property correlations,
it becomes possible to tailor the property of the material developed through synthetic design

instead of conventionally used “trial and error” synthesis method.

Three dimensional inorganic frameworks are resulted by the stable arrangement of
polyhedra with central metal atom having high charge. Repultions between central metal
atoms lead to the formation of free space around the polyhedra. In real crystals, the effective

packing may restrict not only the nature of the polyhedra but also their angles. Such angled
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features resulting from the tilting of the polyhedra are commonly observed in real crystals.
Growing number of open framework coordination compounds thus give an emphasis on ion
exchange mechanism in frame work connected phosphates, titanates, manganates, tungstates
etc. 5P 43044045 gince the inspection of nuclear energy programme, ion exchange properties
of insoluble framework architectured inorganic materials are known. However, these
materials attract a huge research interest owing to several new effecient inorganic ion
exchangers such as titanates, crystalline silicotitanates and hexacyanoferrate etc. Many
inorganic ion exchangers are capable of separating radionuclides from high salt
concentrations and brought to the market. Crystalline silicotitanates (CST) are the most
promising ion exchange materials till date for the separation of radionuclides in presence of
large interfering ion concentrations over broad pH range. Crystalline silicotitanates are very
effective for the separation of *’Cs and *°Sr from nuclear waste. Among the titanates,
layered sodium titanates such as NasTieO0.nH-O is known for selective separation of “°Sr
from high pH solutions even in presence of interfering sodium ions “°. Exact crystal structure
of NasTigO2.nH,0 is not known due to poor crystalline nature, but the structure comprises of
edge shared TiOg octahedra forming two-dimensional layers and the TiOg layers are
connected with sodium ions located in between the layers by sharing epical oxygens of TiOg

octahedra.

Sodium titanium oxide based ion exchanger, popularly known as Sr-Treat is
commercially available and industrially used for separation of strontium from basic nuclear
waste solutions, but not effective in acidic conditions **. Co-treat and Cs-treat are the other
well known commercially available inorganic ion exchangers currently in use for the

separation of radionuclides. Cs-treat is potassium cobalt hexacyano ferrate, widely used for
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the separation of *¥'Cs from high salt waste concentrations *’. Co-treat is titanium oxide
based inorganic ion exchanger successfully used for the removal of cobalt and other metal
ions from radioactive solutions in optimum pH range. Prior to Co-treat, only activated
charcoals are effective in separating Co®* ions “®. The reason for the complicated uptake of
cobalt ions is due to the existence of these ions as complexes with iron colloids and rarely
exists as divalent ions. The field of crystalline inorganic ion exchangers is vast, inorganic ion
exchangers like zeolites and molecular solids are still attracting huge research interest and
thus the discussion is limited to only some classes of framework connected phosphates,

titanates, silicotitanates, manganates and tungstates.
1.8.1. Framework phosphates

lon exchange properties of insoluble metal phosphates are of interest because of their
structural stability towards ionizing radiations. lon exchange property of these materials
depends more on the crystal structure compared to the nature of the metal ion present. In the
1980’s Edith M. Flanigen of Union Carbide Corp. had introduced a new class of porous
materials based on metal phosphates for the first time. Aluminophospahtes were formed by
sharing corners only; charge neutrality in the molecule was achieved by joining alternative
terminal atoms in aluminate and phosphate polyhedra. For such structures, foreign ions are
not required for the charge balance reasons and generated channels can be evacuated
completely thus results in the formation of ring size greater than 14 ° 449 Clearfield et
al. have reported the ion exchange properties of the layer structured crystalline zirconium
phosphate and explained the structure as pillared hydroxyl groups are responsible for ion

exchange and are promising materials for the separation of radionuclides from nuclear waste.
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Table 1.7: Variation of interlayer distance with extent of hydration

Formula Name of the phase Inter layer distance (A)
Zr(HPO,),.H,0 a-ZrP 7.56
Zr(HPO,), B-ZrP 9.4
Zr(HPO4),.2H,0 y-ZrP 12.2
Zr(HPO,),.1/2H,0 5-ZrP 7.13
Zr(HPO,), e-ZrP 5.59
Zr(HPO,) ¢-ZrP 7.41
Zr(HPO,), n-ZrP 7.37
Zr(HPQy4),.8H,0 0-ZrP 104

Crystalline phosphates other applications have been found in catalysis, proton
conduction, water desalination, fuel cells and sensors etc. *° Initial synthesis of metal
phospahtes was carriedout as materials having readily hydrolysable acid groups. Refluxing of
these amorphous products for long time results in the formation of crystalline phase, which
are having more stability in ionizing radiations and better ion exchange capacities compared
to amorphous phase because of increased order within the structure **. Zirconium phosphates
can be synthesized in various stable phases depending on the extent of hydration and thus
resulting different interlayer distances. Typical classification of zirconium phosphates with
extent of hydration and respective interlayer distance is given in Table 1.7 *2. All these forms
of zirconium phosphates have been synthesized by similar method. Powder neutron
diffraction reveals that orientation of water molecules present between the layers is different

form structure to structure and thus rendering different inter layer spacing .
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Table 1.8: Variation of interlayer spacing with central metal atom

Compound Formula Interlayer Spacing (A) lon exchange
capacity(meq H'/g)

Titanium Phosphate Ti(HPO,),.H,O 7.56 7.76

Zirconium Phosphate Zr(HPQg),.H,0 7.56 6.64

Hafnium Phosphate Hf(HPO,),.H,O 7.56 4.17

Germanium(IV) Ge(HPO,),.H,0 7.60 7.08
phosphate

Tin (IV) phosphate Sn(HPO,),.H,0 7.76 6.08

Lead (V) phosphate Pb(HPQO,),.H,O 7.80 4.79

Table 1.8 describes the variation of interlayer distance with the change in ionic radii
of the central metal element. Germanium phosphates are known to be least stable phosphates
among IV group elements and which possibly explains the less number of studies on them.
lon exchange characteristics of different rare earth phosphate are elaborated in the following
chapters. Titanium phosphates are the second most abundant materials in this category; these
materials are synthesized by refluxing solution of TiCl, in phosphoric acid medium. In a
similar manner, various phosphates like Ti(HPO,)2.H,O, Hf(HPO,),.H,O, Ge(HPO,),.H,0,

Sn(HPO,),.H,0, Pb(HPO,),.H,0 have been reported 52°.
1.8.2. Framework titanates

Titanates are another class of materials having resistance to ionizing radiation, unlike

zeolites, titanate based ion exchange materials are stable in alkaline solutions. Tests
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conducted at Sandia and Hanford showed that amorphous hydrous titanium oxide materials
can be used for separation of *Sr and **°Pu, %"Np from both the acidic and alkaline nuclear
waste solutions “* *®. Amorphous sodium titanates show only 3.7% of the total theoretical
ion exchange capacity in the reprocessing of high level nuclear waste. The reason for such
value may be due to the formation of core-shell type structure formation around the surface
of the material. Glass like interior of the sorption material is not exposed resulting in lower
separation coefficients >*. Many layered crystalline sodium titanates belong to either of the
class of materials Na;Ti,Ozn+1 and NayTinOznsp, Where n=1 to 9. TiOg polyhedra are
connected to each other by sharing edges and results in the formation of two dimensional
sheets separated by sodium ions. These sodium ions are exchangeable with other ions of
similar size and charge. Various reports are available on the ion exchange properties of
amorphous hydrous titanium oxide and crystalline sodium titanates for ®Sr removal from

nuclear waste by exchanging the sodium ions present in between the layers.

1.8.2.1. lon exchange properties of silicotitanates

Initial reports on hydrous silicotitanates indicated that sodium intercalated
silicotitanates are superior to other inorganic and organic ion exchangers for separation of
137Cs, %5y from nuclear waste solutions. Aaron et al. have reported the extraordinary uptake
of ¥'Cs by crystalline silicotitanates (H-CST; H,Ti,SiO7-1.5H,0) in extreme alkaline
conditions ranging from 1 to 7M NaOH containing solutions *. Selectivity for *¥'Cs at
extreme pH conditions and stability in harsh nuclear conditions make these materials capable
for nuclear waste treatment in large scale. Native Na,Ti,SiO7-1.5H,0 (Na-CST) can be ion
exchanged to form H,Ti,SiO7-1.5H,0 (H-CST) and this material shows high selectivity for

the separation of **’Cs, ®Sr from nuclear waste solutions 1 *°. Structural differences in H-
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CST and Cs-CST are only subtle, eight membered elliptical ring openings were converted to
eight membered circular ring openings by conformational changes in the framework and that
plays a major role for selective capture of Cs’ ions. TAM-5 (hydrous crystalline silico
titanate) in this class of material has remarkable efficiency to selectively separate cesium ions
present even in parts per million concentrations and thus becomes a promising material for

the separation of **’Cs from nuclear waste.

Fig.1.5: Crystal structure of silicotitanates >

Crystal structure of these materials is build by the TiO,4 cubane like molecular units
connected by the tetrahedral SiO4 units resulting in the formation of tunnels occupied by the
charge balancing ions, thus making these materials as most promising materials for the
selective separation of the *3'Cs and *°Sr from nuclear waste. Chitra et al. have synthesized
‘Nb’ substituted CST, which has also shown high affinity to ion exchange with *¥'Cs and *Sr
*_In order to develop an efficient ion exchange material for *°Sr separation, Ryu et al. have
reported sodium titanate nanotubes and explained the ion exchange behaviour of Na* in fibre

like titanate nanotubes with *Sr?*

ions from sea water.
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1.8.3. Phyllomanganates

Layers of manganese oxide octahedra formed by sharing edges and these layers are
stacked along one direction which are called as phyllomanganates °’. Manganese oxides are
highly reactive and high surface area particles, plays a major role in separation of trace
elements, also stable in extreme nuclear waste conditions. Amorphous manganese oxides are
well studied for the separation of heavy metal pollutants and for nuclear waste reprocessing
%8 Various hydrous manganese oxides were under investigation for separation of heavy metal
pollutants and radioactive cations from aqueous media because they are cost effective and
able to form a stable inner sphere complex with the foreign ions. Uptake of Co**, Ni**, Cu*",
Zn?* transition metal ions by amorphous 8-Manganese dioxide phase was reported by Bhusan
et al. where the electrostatic interactions between adsorbate and adsorbent govern the
sorption .

Birnessites are another class of crystalline phyllomanganate family extensively
studied for the removal of various radionuclides as well as heavy metal ions. Birnessite is a
natural existing mineral of manganese and its layered structure render capability for ion
exchange. Many reports are available comparing the ion exchange characteristics of
amorphous manganese oxide with crystalline birnessite mineral indicating that birnessite has
shown faster sorption kinetics, higher adsorption capacities and high stability in the aqueous
medium for various metal ions as compared to the amorphous manganese oxide 2*. This may
be due to specific surfaces are not available for adsorbate in amorphous phase compared to
crystalline phases. Crystalline birnessite is stable in wide pH range and sorption capacity is
not altered much with pH variations where as amorphous phase is sensitive with changes in

pH.
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1.8.4. Aluminosilicates

Silicates are known for the formation of long polymeric chains by sharing corners of
SiO,* tetrahedral units leading to the formation of various porous structures. Mica with
AlO,> and SiO,* tetrahedral units as building blocks crystallizes in open framework
structure resulting in the formation of three dimensional structures; hydrous aluminosilicates
are the major components in clay minerals and can be utilized for the nuclear back end
applications because of high resistance in nuclear conditions. Kaolinite group of minerals
having chemical composition Al4(SisO10)(OH)s are major components of clay minerals.
Aluminosilicates have attracted huge research interest because of their molecular and ion
sieving properties. Zeolites have been utilized extensively for gas adsorption and for catalysis
80 Zeolites are the crystalline cross-linked polymeric aluminosilicates with basic units of the
polymeric polyhedra composed of tetrahedral SiO,* and AlO,”". Each tetrahedron containing
aluminum formally bears one unit of negative charge which is compensated by metal cations
such as Na*, K*, Ca**, Mg?*, Sr** etc. present in the tunnels generated by the aluminosilicate
framework. These cations usually are mobile in nature and responsible for their ion exchange
behavior ®. Varieties of zeolites can be synthesized by varying AI** with Ge** and Cr®*, Si**
with Ge**, Be?* and Mn*" respectively. The structure of zeolite framework consists of a
geometrical arrangement of linked ((Si, Al)O,) tetrahedra forming secondary structural units
including 4, 6, 8-membered rings of tetrahedra, double rings of tetrahedra, several types of
chain, sheets and a variety of polyhedra ®. The larger polyhedra have substantial intra
polyhedral free volumes (called cages or cavities) in which guest molecules may reside and

where also the mobile exchangeable cations are usually sited. Though zeolites are capable for
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removal of radionuclides, aluminum from the lattice leaches at lower pH thus minimizing the

efficiency of the material, large pore size of these materials hamper the ion selectivity.
1.8.5. Tungstates

Tungstophosphates are the second most widely studied group of hetero polyacids.
Mixed alkali metal salts of H3PW1,04 such as Cs,NaWP, Cs,KWP, Cs,RbWP, Cs,LiWP,
(NH4)2CsWP, (NH,),RbWP and K,CsWP have been prepared by ion exchange method. Most
of these materials exhibit strong exchange properties in basic medium. Tungstophosphates
are highly specific towards Cs" ion separation in harsh nuclear conditions, selective for the

separation of the monovalent ions compared to bi or trivalent elements .

Aluminotungstates are another class of materials with high radiation stability and
high ion exchange capacity. These materials are well studied for the separation of alkaline
earth metals as well as transition metal elements from nuclear waste and for removal of
heavy metal ion contaminations ®. Ti(1V) tungstates have also been studied for ion exchange
applications because of the resistance of material in lower pH. Trivalent metal ions can be
separated using Ti (IV) tungstates and more promising compared to zirconium tungstates.
Different metal (IV) tungstates like stannic-tungstates, silico-tungstates and zirconium-

tungstates are well studied for their ion exchange aspects.
1.9. Scope of present thesis

Scope of the present thesis with title “Crystalline inorganic ion exchangers for
separation of cations from nuclear waste: Design and mechanistic investigations from

structure-property correlations” is to investigate various crystalline inorganic ion exchange
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materials to correlate the structure with properties for nuclear back end applications. Various
framework architecture phosphates, titanates, manganate systems have been synthesized and
ion exchange characteristics of variety of systems have been studied. Synthesis and ion
exchange characteristics of novel framework type phosphates of Ce(1V), Zr(IV) with
composition KoM(PQO,),; M=Ce, Zr have been investigated and the results are discussed in
chapter 3. Inorganic ion exchangers after elution of the radionuclides can be converted into
stable lattices for the immobilization directly. In view of this, high temperature behaviour of
K,Ce(PQOy,), is studied, monoclinic to tetragonal phase transition at temperature 550°C was
obtained. Phase transition characteristics with theoretical calculations evidences have been
elaborated in chapter 4. Apart from phosphates, layered manganates belonging to
phyllomanganate family called birnessite minerals have been synthesized for selective
separation of radionuclides from nuclear waste. lon exchange characteristics of Na, K-
birnessite minerals are discussed in chapter 5. Tunnel structured KsGds(POs)s with
exchangeable potassium ions has been investigated and its high temperature stability and
potential for use as immobilization matrix has been discussed in chapter 6. Synthesis and
stability of hollandite type titanates with composition K;Fe,TigO16 are explained in chapter 7.
Na-birnessite for separation of clinical-grade Y from *°Sr/*°Y mixture is discussed in
chapter 8. Various other phosphate systems investigated for magnetic and thermodynamic
properties have been explained in chapter 9. Finally ion exchange results obtained and

conclusions made from various synthesized materials have been summarized in chapter 10.
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2.1. Introduction

Variety of inorganic ion exchange materials were synthesized and investigated for
nuclear back end applications such as separation of radionuclides from nuclear waste and
immobilization of radionuclides in stable matrices. This chapter of the thesis has been
elaborated on the basis of theories behind synthesis methods used, followed by theory of
characterization techniques used to confirm the phase purity of the synthesized material.
Prepared materials were characterized by several analytical techniques like powder X-ray
diffraction techniques (PXRD) using lab source as well as synchrotron sources and also other
complimentary techniques like Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, X-ray florescence spectroscopy (XRF) and Thermogravimetry (TG)
techniques. Morphologies of the synthesized materials have been studied by using
microscopic techniques like scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). lon exchange characteristics of materials have been investigated using
various Kkinetic models like pseudo first order model, pseudo second order models.
Mechanism of ion exchange was interpreted using various adsorption isotherm models like
Langmuir adsorption isotherm model, Freundlich adsorption isotherm model and Hill

adsorption isotherm model.
2.2. Synthesis methods

Inorganic ion exchangers with stoichiometric compositions were synthesized
predominantly by solid state synthesis route and co-precipitation method. Preparation method
is often selected on the basis of ease of reaction, nature of the desired product and

functionality of the material. Each synthesis method possesses certain advantages and

41



Chapter 2

disadvantages. Novel synthesis method adopted to obtain required material depends on the
physical and chemical nature of the desired product. Some of the general synthesis methods

followed in this study is elaborated below.
2.2.1. Solid state synthesis route

Solid state synthesis route is the most commonly used economical and conventional
method to synthesize stoichiometric crystalline materials using non-volatile solids. Initially,
uniform mixture of solid reactants is obtained by mechanical mixing of reactants and allowed
to react to form product phase by heating at elevated temperature generally for long duration.
Reaction temperature is determined depending on the melting temperature of the reactants.
Moreover, high temperature melting ceramic oxides are the common starting materials used
in this method and hence solid state reactions at low temperature are extremely slow. Solid
state synthesis proceeds through diffusion of ions, inherently a slow process. Thus solid state
reaction is a diffusion controlled reaction. Rate of the diffusion controlled solid state reaction

is given by Fick’s law ®

J= -D (%) (2.1)

Where *J’ is diffusion flux, ‘D’ is diffusion coefficient, ‘c’ is concentration of the reactant,
‘X’ is the distance travelled by the reactant. Solid state reactions are intrinsically slow
although mixing of reactants at atomic level is achieved by grinding for long time. Reaction
mixture is somewhat inhomogeneous since no solvent medium is present to facilitate the

reactants to expose each other. Solid state reactions proceed with high acceleration at the

initial stage of the reaction and become sluggish with reaction time due to formation of
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product phase as barrier between the reactants. It can be mentioned here that intermittent
grindings of the reaction mixture lead to the formation of uniform product phase by bringing
unreacted reactants into contact. Solid state reactions are well affected by the particle size of
the reacting solids, as the area of contact increases rate of the reaction. As the particle size of
the reacting solids decreases, the surface area increases and hence increases the reactivity of
the reacting solids. Particle size of the reactants can be reduced by crushing the reactants into
fine powder °°. Area of contact between the reactants can be increased by repeated grinding
of the reaction mixture and by pressing into compact circular pellets after each interval of
heat treatment. Repeated grindings, pelletization and heating are essential to complete the
synthesis by bringing fresh reactant surfaces into contact. Though solid state reaction is very
reliable in order to obtain stoichiometric composition products, consumes a lot of time and
energy intensive. Sometimes high temperature reaction conditions even decompose the
formed product phase. Many framework connected phosphates and titanates namely
K2Ce(POy),, KoZr(PO,),, K3Gds(PO4)s, KCe(PO3)4 and KyFe,TigO16 Were synthesized using

solid state synthesis route and details of the synthesis are elaborated in further chapters.
2.2.2. Co-precipitation

The problem of reactant heterogeneity in solid state synthesis can be avoided in co-
precipitation method because perfect atomic level homogeneity can be achieved in solution
state. Co-precipitation employs a solvent medium in which crystalline product phase formed
from the soluble precursors can be separated physically. Crystalline precipitate separating
from the solution are not always pure contains imperfections from the mother liquor with

foreign constituents. However it can be emphasized that three major phenomenon accounts
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for the incorporation of impurities in the precipitate are, formation of mixed crystals,
occlusion and surface adsorption. Mixed crystals are formed by the incorporation of foreign
ions in the crystal structure without changing the regular structure. In case of occlusion,
impurities are not incorporated in the crystal lattice, but they are adsorbed during the growth
of the crystals and give rise to the formation of imperfections in the crystal. Precipitation due
to surface adsorption has practical importance only if the precipitate contains a large surface
area ®’. Precipitation was used for the synthesis of layered birnessite mineral (NagssMn,O4
1.5H,0) and complex phosphate based hureaulite mineral for ion exchange studies. Details

of synthesis procedure are discussed in subsequent chapters .
2.3. Characterization techniques

Characterization of the inorganic ion exchangers was carried out by various
commonly used techniques. Phase purity of the materials was verified by powder X-ray
diffraction using lab source as well as synchrotron source, vibrational spectroscopic methods,
and morphological details were investigated using scanning electron microscopic technique.
Several supporting techniques, like X-ray photoelectron spectroscopy (XPS) and X-ray
absorption near edge structure (XANES) have been used to understand the local structure and
oxidation states of ions in studying systems. In the following sections brief overview of

theory behind the characterization techniques used in this thesis work is explained.
2.3.1. X-ray diffraction

X-ray diffraction is an important non destructive tool to analyze materials ranging
from fluids, powders, polymers and crystals. Identification of polycrystalline phases of

various materials and the quantitative phase composition subsequent to the identification as
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well as elaborated structural elucidation of the material is carriedout by X-ray diffraction
technique. lon exchange property of the synthesized crystalline material depends on the
arrangement of polyhedra of the framework ®. Inter planar distance of the crystalline
material is in the order of 100 pm or 1 A. Wavelength of X-rays is of same order of spacing
of atoms thus X-ray diffraction pattern arise from the material gives information about
atomic arrangement. When the X-rays are incident on the material, they are either coherently
or in-coherently scattered or absorbed. The coherent scattering of X-rays can interfere with
each other giving bright constructive interference and dark destructive interference fringes.
However, the scattered rays will become constructive only at a particular angle when the path
differences between the two rays differ by an integral multiple of incident wavelength. This
phenomenon is broadly termed as X-ray Diffraction. The classical Bragg’s law of diffraction
that relates the possibility of constructive interference to the inter-planar separations is given
by the following equation.
nl = 2d sinf (2.2)

Where ‘A’ is the wavelength of X-rays, ‘8’ is the glancing angle called as Bragg’s
angle, d is inter-planar separations and n is the order of diffraction. Each plane is
characterized by miller indices given by (h,k1). A schematic representation of the X-ray
Diffraction is illustrated in Fig.2.1.

X-rays are produced when high-energy electrons are bombarded at a metal target
which is usually made of copper in a sealed X-ray tube. It should be mentioned here that only
a very small fraction of electron energy is used for the X-rays production and the rest is lost
in heating the target element. During this process, the target element gets heated and hence it

requires a continuous cooling through external water circulation. Since X-rays are emitted in
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all the directions, slightly divergent X-ray beams are allowed to emit in a particular direction
usually through a beryllium window which allows the X-ray beam to pass out with minimum
absorption. X-ray beam is allowed to pass through B filters, usually a thin plate of element
with atomic number one to two units below the target element to minimize the background
and B-radiation. The beam of X-rays is allowed to pass through the soller and divergence slits
and then fall on the powder sample. The fine grains of sample are generally spread uniformly
over a rectangular area of a glass slide. The sample is adhered to the glass slide by using a
binder either collodion or grease or wax. The diffracted X-ray beams from the sample passed
through several slits, like soller and receiving slits and then fall on a monochromator before
detection. The monochromator separates out the fluorescent radiation as well as stray
radiation scattered by the sample and gas molecules in the sample chamber . The details of

the typical X-ray spectra and the X-ray production and are explained in several monographs.

Bragg’s law of diffraction

Incident Scattered
plane wave plane wave
Ahi

B 3” g (hkl)lattice planes
E
= f

i

Fig.2.1: Schematic diagram of X-ray diffraction

A powder X-ray diffractometer is generally based on the reflection geometry, in

which the divergent and diffracted beams are focused at a fixed radius to the sample position
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and is commonly referred to as Bragg-Brentano geometry. Powder X-ray diffraction of the
synthesized samples was mainly carried out by lab source PANalytical Xpert-PRO and
Rigaku instrument based on the Bragg-Brentano reflection geometry diffractometer. The
CuK,, from sealed tube was used as the incident beam. A Ni foil was used as a filter and the
diffracted beam was monochromatised with a curved graphite crystal. The diffractometer has
a proportional counter (Argon filled, commercial name P-10) or Nal (TI) scintillation counter
for the detection of X-rays. The X-ray tube rating was maintained at 40 kV and 30 mA. The

goniometer was calibrated for correct zero position using external silicon standard.
2.3.1.1. Data collection and analysis

X-ray diffraction pattern obtained is a plot of diffracted X-rays (counts) versus
deviation from incident X-ray direction angle 20. The angle where the incident beam meets
the Bragg’s angle 0 for a particular plane, constructive interference among the diffracted X-
rays from that plane occurs, giving a sharp intensity peak. The scan time can be optimized for
getting good intense peaks. The powder XRD data of the samples ware also recorded by
using synchrotron radiation on the ADXRD beamline (on bending magnet port no BL-12) of
the Indus-2 (2.5 GeV, 100 mA) Synchrotron Radiation (SR) source at Raja Ramanna Centre
for Advanced Technology (RRCAT), Indore, India. Synchrotron radiation is a type of
electromagnetic radiations which are produced by synchrotron source where charged
particles like electrons or positrons are accelerated (acceleration normal to velocity) almost to
the speed of light. Ultra-relativistic charged particles when deflected by applied magnetic
field create an extremely bright light. With lab sources the intensity is much lower so the

collection times are long. Synchrotron X-ray source has very high intensity, yields diffraction
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patterns with high signal-to-noise ratio on short time-scales and the beam can be easily
monochromatized. Two dimensional detectors based on image plate are generally used for
the diffracted X-ray data collection. The properties of image plate are different form
conventional X-ray detectors used for lab source like scintillation detectors and ionization
chambers.

An image plate (mar 345) was used for recording the scattered X-ray beam and the
diffraction image was integrated by using FIT2D program. The obtained 2D XRD patterns
were compared with JCPDS (Joint Committee on Powder Diffraction Standards, 1974) files
available for reported crystalline samples. Unit cell parameters were obtained by refining the
obtained diffraction pattern using Fullprof-2K and ab initio structure solutions by simulated

annealing methods.
2.3.1.2. Rietveld refinement

Most of the materials of technical interest cannot be grown large crystals hence
powder diffraction using small crystallites plays major role in drawing the structure
information. Although obtaining structure solution from the powder diffraction pattern is
usually tedious, the structure can be optimized for unknown compound if any iso-structural
compound is available. Development of Rietveld method made the structure refinement from
powder diffraction data possible. In the Rietveld method all reflections for each phase are
included in the fit, then minimizing the problem of overlapped peaks. However, in the
Rietveld method the texture effects can be considered in the fitting process, leading to a more
accurate estimation of relative phase proportions; in addition, the amount of information

required for quantitative analysis in the Rietveld method is small and is related to the crystal
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structure of the phases, precluding the need for a standard. The basic principle of Rietveld
refinement is based on the calculation of intensity of an unknown compound assuming a
model by doing simulations to all the structure and profile parameters. The structure model
assumes the space group; position coordinates of all the atoms and the fairly close unit cell
parameters. The profile is defined with specific function namely Gaussian, Lorentzian or
their combination as, pseudo Voigt function. A smooth varying function is used for

background. Calculated intensity using a model structure as follows
Yoi = Yy + SEL X P X1 X |F*®(260; — 2041;) X Py X A (2.3)

Where, Y. = Calculated intensity at the ith step
Ypi = Background intensity at ith step
L = Lorentz factor

P = Polarization factor

|Fp > = Structure factor for hkl reflections
®(20;, — 204;;) = Profile function

Py, = Preferred orientation function

A = Absorption correction

S = Scale factor

Parameters U, V, W are the FWHM parameters which defines the shape of the peak

profile are in turn depend on the angle diffraction as follows.

HE = Utan?6 + Vtand + W (2.4)
There are several profile functions defined for fitting the Bragg peaks. It is well known that
the X-ray profile shape can be Lorenzian or mixed Gaussian and Lorenzian types. The

mixing can be optimized in the course of refinements. The residual function is given as
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D= > Wi~ i)’ 25)
i=1

Where W; = weighting factor and usually 1/y;,

The quantity D (residual) is minimized in the least square refinements "*. Optimization of the
function to minimize the weighted sum of squared differences between the observed and
computed intensity values is carriedout by Rietveld refinement. The weighted profile R-
factor ‘Ryy’, follows directly from the square root of the quantity minimized, scaled by the
weighted intensities. Statistical concept “chi squared” (5°) defined as

_ Wio — Yic)?
(2=
o [yio]

(2.6)

x2 close to one is considered as model assumed is ideal and the structure parameters drawn
are correct. It can also be defined as square of ratio of Rex, and Ry, describing the goodness
of fit. There are several software packages like DBWS, Fullprof, GSAS, Rietan etc. are

available for Rietveld refinement. Powder X-ray diffraction refinements reported in this

thesis are carried out using Fullprof-2K software.
2.3.2. X-ray fluorescence (XRF)

X-ray fluorescence is an analytical technique used extensively to find the chemical
composition of various states of materials like solid, liquid and gaseous samples. The method
is fast, accurate, non-destructive and usually requires a minimum of the sample preparation.
Both qualitative and quantitative elemental analysis of the sample could be provided by an
emission technique such as XRF. In this technique sample is treated with high energy X-rays,
which result the ejection of electrons in inner shell generally K or L shell. Inner shell

vacancies generated render the atom to be unstable electrons from higher energy levels fill
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the generated electron vaccencies. The excess energy released from this transition is in the
form of photons, characteristic of the element present. Energy of the photon depends on the
difference between energy levels, as depicted in Fig.2.2. The fluorescent radiation can be
sorted based on energies called as energy dispersive analysis (EDXRF) or wavelengths of the
radiation called as wavelength dispersive analysis (WDXRF). EDXRF can be used to analyze
Na to U where as WDXRF has even wider range Be to U. Elements with high atomic

numbers are having high detection limits compared to low atomic number elements 2.

kicked-out ..
electron - -

Fig.2.2: Schematic diagram of X-ray fluorescence process

Single channel wavelength dispersive spectrometers are commonly employed for
typical lab scale characterization. X-ray source is required in order to excite fluorescent
radiation from the material. All conventional X-ray fluorescence spectrometers comprise
three basic parts as the primary source unit, spectrometer itself and measuring electronics.
The primary source consists of X-ray source in a sealed X-ray tube, has an anode of Cr, Rh,
W, Ag, Au or Mo which impinges continuous high intense X-ray beam on analyzing sample.
The fluorescent radiation from the sample is many times weaker than primary source beam

and the fluorescence from lighter elements is of very low energy to measure and attenuate
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highly when the beam passes through air for even short distance. High vacuum is maintained
from the X-ray tube to sample and to detector path for high-performance analysis. Unwanted
signals such as any from the sample holder are cut out by allowing the fluorescent radiation
to passe through a mask. The resolution of the spectra is further improved by employing a
collimator. Gas filled proportional counters and scintillation counters are the commonly used
detectors to measure the fluorescence . XRF studies were carried out to differentiate the
chemical composition of virgin and ion exchanged samples. The XRF spectra presented in
this thesis were recorded on a XRF spectrometer (EX-3600 M, Jordan Valley, Israel) in
wavelength dispersive mode. RhKa was used as excitation source in XRF studies. Analysis

of XRF results of various samples are given in further sections.

2.3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a form of electron spectroscopy and commonly
used analytical technique for the analysis of surface composition semi quantitatively. In this
technique, sample is irradiated with a beam of monochromatic X-rays and the energies of the
resulting photoelectron generated from the sample are measured. The basic components of
XPS are X-Ray source, sample stage and electron analyzer combined with detection system

as shown in the Fig.2.3.

Electron analyser
Photo

X-ray
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Channeltron detector

Fig.2.3: Schematic diagram of XPS unit
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Experiments using XPS require that the analyzing sample to be under vacuum, where
it is bombarded with X-ray photons (200-2000eV) and relies on the photoelectric effect
described by Einstein in 1905 where electrons are ejected from a sample after interacting
with these high energy photons. Every element has a characteristic binding energy associated
with each atomic orbital, in photoemission process, atom absorbs the photon of energy hv
and results the ejection of the core level electron of near surface atom. Binding energy of the
electron is the characteristic parameter. The relation between the energy parameters is given

by Eq.2.7
EB=hV—EK—W (27)

Where, Eg and Ex are the binding and the kinetic energy of the emitted photoelectron
respectively, W is the spectrometer work function and hv is the incident photon energy. The
photoelectrons emitted contain information regarding electronic structure, oxidation state and
local atomic composition. Thus the XPS technique can provide information on the shell
structure. Since electrons emitted from atoms lying in layers, deeper within the material have
lower chance for reaching the surface and being detected. Hence, this technique provides

information about the atoms present within few uppermost atomic layers ",

X-ray photoelectron spectrum (XPS) of the synthesized sample was recorded in order
to confirm the oxidation state of the metal atom present in the specimen. XPS pattern
presented in this thesis was recorded on an ESCA analytical instrument M/s Specs Surface
Nano Analysis, GmBH, Germany, by using a cold pressed pellet adhered to a carbon tape
and Al K, (1486.6 eV) x-ray as excitation source. The observed C 1s photoelectron peak was

used as calibrant for correcting the binding energies.
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2.3.4. X-ray absorption near edge structure (XANES)

X-ray absorption spectroscopy has gained much of its reputation of being a powerful
analytical and research tool mostly due to the use of synchrotron radiation sources. In this
kind of spectrometry, interactions of photons with matter are studied by measuring the
photon absorption cross-section. Exciting an atom using an X-ray source, the electron
configuration of the atom is changed. The X-ray absorption process is the result of an
excitation of an inner level electron to a higher energy level by an incident photon. When the
photon energy is large enough, the photo effect in one of the core shells can occur and the
step like shape of the absorption results in the spectrum. The increased photo absorption
cross-section due to the knocking-out of an electron is called absorption edge representing
different core—electron binding energy. Each core shell has a distinct binding energy and thus
plot of X-ray absorption as a function of energy the spectrum for different atoms is not

similar. Typical schematic of XANES spectrum is shown in Fig.2.4.
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Fig.2.4: Schematic diagram of XANES spectrum
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There are several weak transitions possible below absorption edge and some XANES
spectra show intense narrow transitions on the rising edge. Above the edge, there are a
variety of structures that show generally oscillatory behavior ultimately becoming the
EXAFS oscillations . In the near edge region, the photoelectron has low kinetic energy,
thus giving it a long mean-free path in addition; damping factor is negligible in XANES
region. The absorption edge is not simply a discontinuous increase in absorption, but in fact
shows significant structure both in the immediate vicinity of the edge jump and well above
the edge. These effects together make the XANES region sensitive to longer distance
absorber scatterer interactions which are typically occurred by EXAFS. This generally
complicates the simulation of XANES structure since many interactions and a large number
of multiple scattering pathways need to be included. There are three main ways in which
XANES spectra are used: to determine oxidation state, to deduce three-dimensional structure,
and as a probe of electronic structure. XANES spectra presented in this thesis were recorded
in fluorescence mode at the same ADXRD beamline (BL-12) of Indus-2 synchrotron source,
RRCAT, Indore, India. Powdered sample was placed between two kapton films. The
thickness of the sample was about 0.2 mm. The incident photon flux was measured by an
ionization chamber while the fluorescent photon flux was measured by using a Peltier cooled

energy dispersive detector. Typical energy resolution (E/AE) of the beamline is 8000.
2.3.5. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FT-IR) is one of the techniques used for
measuring the intensity of infrared radiation as a function of frequency or wavelength.

Infrared radiation is invisible electromagnetic radiation just below the visible electromagnetic
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spectrum, with wavelength range from 700 nm to 1 mm. Vibrations of bonds and groups
which involve a change in the dipole moment resulted due to absorption of infrared radiation
forms the basis of IR spectroscopy. Vibrational spectroscopy is the most widely used
technique for characterization of functional group present in the sample and in particular the
local structure around an atom in a material. For the analysis of solids that are crystalline,
microcrystalline, amorphous, or films, this technique is relatively rapid and inexpensive
method. Resonance condition describes the absorption of radiation by the molecule in the
case of vibrational transitions. The specific oscillating frequency of the absorbed radiation
matches the natural frequency of a particular normal mode of the molecular vibration.
Modern IR instruments are based on Fourier transformation method, where the signal
to noise ratio is improved considerably. In the FTIR instrument, all the frequencies are used
simultaneously to excite all the vibrational modes of different types of bonds present in the
sample. The essential piece of hardware in a FT-IR spectrometer is a modified Michelson

interferometer which is shown in Fig.2.5.
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Fig.2.5: Schematic diagram of Michelson interferometer
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Michelson interferometer comprises two perpendicular plane mirrors which can
adjust mutually along the axis. In the middle between the fixed and the movable mirrors there
is a beam splitter. Beam splitter allows 50% of light to pass through the movable mirror
while reflecting the other 50% to the fixed mirror. The beam that travels to the fixed mirror is
reflected there and returns to the beam splitter again, after a total optical path length of 2L.
Same happens in the direction of the movable mirror, the beam that is transmitted by the
beam splitter. The result from the interference of the partial waves depends on their optical
path difference. After the recombination, the whole beam is then again partially transmitted
and partially reflected by the beam splitter. The reflected beam is then passed through a
sample compartment and focused on the detector. The detector measures intensity of the
transmitted infrared radiation over all wavelengths as a function of the optical path difference
between the partial beams. The X-axis of FT-IR spectrum is typically displayed in
“wavenumbers in cm™. This unit is a product of the Fourier transform algorithm operating
on the interferogram and is the reciprocal of the actual wavelength of radiation measured in
centimeters at a point in the infrared spectrum “°. FTIR absorption spectrum reported for the
synthesized samples were recorded from 400 to 4000 cm™ on a JASCO Corp, in transmission

mode. Thin transparent pellets of mixture of sample and KBr were used for FTIR studies.
2.3.6. Raman spectroscopy

When electromagnetic radiation is scattered from a molecule or crystal, most of the
photons are elastically scattered thus energy of the scattered photons is same as that of the
incident radiation. However, frequencies different from incidnet radiation are observed for a
small fraction of scattered light (approximately 1 in 10° photons) and usually lower than the

frequency of the incident photons. Raman Effect is termed as the process leading to inelastic
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scattering of the incident radiation. Change in vibrational, rotational or electronic energy
levels of a molecule can cause Raman scattering. The scattering is called Rayleigh scattering
if the process is elastic and the process is called Raman scattering if it is inelastic. For quick
identification of molecules and in studying molecular structure, Raman spectroscopy is a
very important practical tool also has important scientific applications. When a photon is
incident on a molecule and interacts with the electric dipole of the molecule, Raman Effect
arises. Excitation of photons to a virtual state lower in energy than a real electronic transition
with nearly coincident de-excitation and a change in vibrational energy is described as the
scattering in quantum mechanics. The scattering event occurs in femtoseconds or less. The
virtual state description of the scattering is shown in Fig.2.6. The thermal population of
vibrational excited states is low, although not zero at room temperature. Therefore, the initial
state is called as the ground state and the scattered photon will have lower energy or longer
wavelength than the exciting photon. This Stokes shifted scatter is usually observed in

Raman spectroscopy compared to Anti-stokes shifted scatter .
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Fig.2.6: Schematic presentation of Raman scattering
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A small fraction of the molecules are in vibrational excited states at room
temperature. Raman scattering from vibrationally excited molecules leaves the molecule in
the ground state. The scattered photon appears at higher energy, called as anti-Stokes-shifted
Raman spectrum. At room temperature, Anti-Stokes-shifted Raman spectrum is strong
enough to be useful for vibrational frequencies less than about 1500 cm™ though Anti-
Stokes-shifted Raman spectrum is always weaker than the Stokes-shifted spectrum. Same
frequency information can be obtained form the Stokes and anti-Stokes spectra. Because of
poor detector response at lower frequencies the anti-Stokes spectrum can be used when the
Stokes spectrum is not directly observable. Raman scattering occurs when a molecular
vibration can lead to change in the polarizability of the molecule. The change is described by
the polarizability (o) derivative do/dQ, where Q is the normal coordinate of the vibration.
The selection rule for a Raman-active vibration, that there must be a change in polarizability

of a molecule during the vibration, i.e

a

2 %0
dg

The selection rule for a molecule to be Raman active is analogous to the more
familiar selection rule for an infrared-active vibration, which states that there must be a net
change in permanent dipole moment during the molecular vibration. According to group
theory if a molecule has a center of symmetry, vibrations that are Raman active will be
absent in the infrared and vice versa. Raman scattering intensity is proportional to the square

of the induced dipole moment i.e., to the square of the polarizability derivative .

The energy of a Raman mode depends on the crystallographic location of atoms in the
crystal and their local coordination, cell parameters, bond angle and type of coordination

polyhedra and hence explicitly explains the structure of synthesized material. Raman
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scattering studies of the synthesized materials presented in this thesis was carried out by
smearing fine powder of sample to uniform thick layer on a glass slide. Raman
measurements were performed in backscattering geometry with a Horiba JobinYvon
LabRAM HR UV microspectrometer equipped with an edge filter and thermoelectric-cooled
multichannel CCD detector. The 632.8 nm line of the HeNe laser with a power of 10mW was

used as excitation source for Raman scattering measurements.
2.3.7. Thermogravimetric analysis

Materials sometimes lose their performance due to thermal, chemical, or mechanical
degradation. It has become necessary to understand the temperature impact on stability and
also its effect on material properties. Important information about the temperature dependent
properties of materials and information about thermally induced processes like phase
transition, decomposition, etc. can be obtained using thermal analysis. Thermal Analysis
comprises a group of techniques in which the property of a sample is monitored using a
thermo balance of high sensitivity, against time or temperature. Moreover the heat treatment
of the sample in a specified atmosphere is programmed. In differential thermal analysis
(DTA), difference in the temperatures between the sample under study and an inert reference
material is recorded as a function of temperature, as both are simultaneously heated or cooled
at a predetermined rate. If there is no heat change associated with the sample during the
temperature range of interest, the DTA scan will show a steady base line. On the other hand,
if there is any physical or chemical change (any heat change) taking place in the sample, the
temperature of the sample will either lag behind or increase with respect to that of the

reference and the difference in the temperature is recorded as a peak. The area under the peak
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represents the total heat change. Differential Scanning Calorimetry, (DSC) is a thermal
analysis technique that looks at how a material’s heat capacity (Cp) and enthalpy is changed
by temperature. A sample of known mass is heated or cooled along with a reference material
and the changes in its heat capacity are tracked as changes in the heat flow. Nearly same
temperature should be maintained throughout the experiment for both the sample and
reference. The temperature program for most of the DSC analysis is designed in such a way
that the sample holder temperature increases linearly as a function of time. The ease and
speed with which the transition in materials detected is the biggest advantage of DSC. Only a
few milligrams of material are required to run the analysis, mostly used for quantitative
analysis °. There are two types of DSC commercially available: Heat Flux (HF) Type and
Power Compensation (PC) Type. Fig.2.7 shows the schematic of heat flux and power

compensation type DSC .
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Fig.2.7. Schematic layout of HF type (left) and PC type (right) DSC
TGA experiments present in this thesis were performed, using a SETARAM
simultaneous TG/DTA instrument, Model 92-16.18, on the part of the dried gel precursors in
the flowing air atmosphere with the heating rate of 10°C/min. Precursor (sample) and

reference material (alumina) were placed in two identical platinum crucibles. The weight loss
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of the sample as a function of temperature was monitored with the help of a thermo-balance
whereas difference in temperatures between sample and reference material, as well as sample

temperature was monitored simultaneously using two thermocouples.

2.3.8. Scanning electron microscopy (SEM)

Electron Microscopy can be defined as a specialized field of science that employs the
electron microscope as a tool and uses a beam of electrons to form an image of the specimen.
In contrast to light microscopy, which uses visible light as a source of illumination and
optical (glass) lenses to magnify specimens in the range between approximately 10 to 1,000
times their original size, electron microscope is operated in the vacuum and focuses the
electron beam also magnifies the images with the help of electromagnetic lenses. Electron
microscopy has become an important tool for all types of materials as it can be used to get
the substantial information about the structure-property correlation including morphology,
crystallographic defects, composition of phases and estimation of the crystallite size etc.
Electron microscope takes an advantage of the much shorter wavelength of the electron (A =
0.005nm at an accelerating voltage of 50kV) when compared to the wavelength of visible
light (A = 400nm to 700nm). Scanning electron microscope is used to confirm the porous
morphology of the synthesized ion exchangeable samples. Scanning electron microscopy
(SEM) is a powerful method for the investigation of surface structures of the molecules.
Large depth of field which means the area of the sample that can be viewed in focus is
provided by this technique. The SEM scans a focused beam of electrons across the specimen
and measures any of several signals resulting from the electron beam interaction with the

specimen. As a result of an inelastic collision of a primary electron beam with an electron of
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an atom within the specimen, the most commonly used imaging modes are secondary
electron (SEM), backscattered electron (BS) and X ray (EPMA). Secondary electrons (SE)
are the low-energy electrons produced. Detailed images of surface topography can be
obtained by electrons only those produced near surface and escape from the sample, other
electrons with low energy are readily absorbed with in the sample. The apparent shadowing
in the image is a result of the absorption of the secondary electrons by intermediate parts of
the specimen. Backscattered electrons (BE) are high-energy electrons (typically greater than

50eV) that have undergone multiple elastic scattering events within the specimen.

Larger interaction volume and lower spatial resolution compared to the secondary
electron image results with the greater energy. Amount of back scattered electrons are more
with increase in atomic number of the specimen and thus back scattered electron image
reveals the composition variations of the sample. Types of electrons released due to different

possible interactions of incident electron beam with specimen are shown in Fig.2.8.

Incident high KV beam

Secondary electrons

Back scattered electrons

Characteristic X-rays
Auger electrons
\ / Visible light

X-rays

\\ Bremsstrahlung

Elastically scattered Inelastically scattered

Direct beam
electrons electrons

Fig.2.8: Depiction of different phenomena occurring on interaction of electron beam

with material
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The electron source in an SEM is typically a tungsten filament, acts as an electron
source by thermionic emission, although field emission guns (FEGS) are increasingly being
used for higher resolution. The electrons are accelerated to energy which is usually between
20-30 KeV. Condenser lenses then demagnify the electron beam until it hits the specimen
and it may have a diameter of only 2-10nm. The objective lens is a part of the condenser
system and a separate objective lens is located just below the scan coils, which are
themselves split into two parts. The secondary electrons ejected from the specimen are
detected by a scintillator coated on the tip of the detector and a high voltage of 10KV is
applied to it. The secondary electrons from the specimen are attracted to this high negative
bias voltage and then generate light when they hit the scintillator. An electric signal is
obtained by allowing the light to travel through photo multiplier tube and amplified. Back
scattered electrons travelling in the appropriate direction are also detected by the detector and
thus always a secondary electron signal is comprised of back scattered electron signal. When
the scintillator is given small voltage, secondary electron signal is excluded and only back
scattered electron signal is obtained. However electrons travelling along the direct line of
sight towards the detector will only be collected ®.. Polycrystalline samples of exchanged and
synthesized samples were coated with a thin layer of gold for SEM studies. The SEM images
were recorded using FE-SEM (Zeiss, Model: Auriga, Japan). The EDS spectra were recorded

using HPGe detector oxford technology mounted on the SEM.
2.3.9. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopic technique where by a
beam of electrons is transmitted through an ultra thin specimen and interacts with it as it

passes through. Transmission electron microscope can be used to obtain quantitative
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measurements of the structural, electronic and chemical properties of the material on length
scales down to the sub-A level. Specimen thickness for high-resolution imaging is below
10nm, the typical specimen is most commonly a 3mm disk that is prepared to be extremely
thin at its centre. The specimen holder allows movement of the sample in three spatial
directions and tilting about two axes. Short focal length of 1-2mm having objective lens is
located directly below the specimen. Design and the stability of the power supply are crucial
for the optical performance of the microscope. Magnification of the image is carriedout by
the intermediate and projector lenses in the lower part of the column and has a relatively
small influence on image quality. After passing the projector lens, the electrons can be
observed on a fluorescent screen or recorded on a charge coupled device camera. Selected
area electron diffraction patterns from the sample are obtained when TEM operates in the
diffraction mode. Using an aperture in the image plane, diffraction region from the specimen
is selected. Selected area electron diffraction (SAED) pattern are a projection of the
reciprocal lattice with sharp diffraction spots and they are used to identify inter layer

spacings and then crystal structures " 82,

Electron gun H

|_| Detector

Fig.2.9: Schematic diagram of a TEM instrument
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Morphological characterization of the synthesized and ion exchanged samples were
carried out by using transmission electron microscopy (TEM). The TEM and high resolution
transmission electron microscopic (HRTEM) images were recorded using a Libra 200FE
instrument. The samples for TEM investigations were prepared by dispersing the samples in
water and then depositing a drop of the colloidal solution on a thin carbon-coated copper
grid. The grids loaded with samples were dried under an infrared lamp to get rid of water.

Schematic of TEM instrument is shown in Fig.2.9.
2.3.10. Magnetic measurements

The magnetization behavior of the ion exchange samples in between 2-300 K was
studied using a 9T PPMS based Vibrating Sample Magnetometer (VSM) (Quantum Design)
in zero field cooled (ZFC) and field cooled (FC) conditions with an applied magnetic field of
100 Oe. The hysteresis loops (M vs H curves) were measured up to a maximum field of 90

KOe at several temperatures in between the temperature range 300 and 3K.

The principle of vibrating sample magnetometer is the measurement of electromotive
force induced by magnetic sample when it is vibrating at a constant frequency, in the
presence of a static and uniform magnetic field. The field dependent magnetic measurements
(M vs. H) were carried out on powder samples mounted tightly in the sample holder by
varying the magnetic field. The magnetization vs. temperature (M vs.T) was measured by
vibrating sample magnetometer under a constant applied magnetic field to obtain the Curie or
Neel temperature of the sample. The temperature dependent magnetization in zero-field
cooled (ZFC) and field-cooled (FC) conditions in a constant applied field were measured by

PPMS. In the ZFC measurements, the samples were cooled from 300 to 3K without applying
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an external field 3. After reaching 3K, a field was applied and the magnetic moment was
recorded as the temperature increased. For the FC measurements, the samples were cooled
from 300K to 3K under an applied field and then the magnetic moments were recorded as the
temperature increased.

2.3.11. Flame photometry

Table 2.1: Flame color of studied metals

Element Wavelength (nm) Flame color

Sodium 589 Yellow
Potassium 766 Violet
Strontium 670 Red

In order to characterize the alkaline and alkaline earth metals, flame photometry is the
well known, versatile and simple technique. Flame photometry relies upon the fact that the
compounds of the alkali and alkaline earth metals can be thermally dissociated in a flame and
that some of the atoms produced will be further excited to a higher energy level. When these
atoms return to the ground state they emit radiation which lies mainly in the visible region of
the spectrum. Each element will emit radiation at a wavelength specific for that element. The
Table 2.1 gives details of the measurable atomic flame emissions of the alkali and alkaline
earth metals in terms of the emission wavelength and the color produced.

Light emitted by the element at the characteristic wavelength is isolated by an optical
filter and the intensity of that light is measured by a photo-detector, an electrical signal can

be obtained proportional to concentration of the element present. A flame photo meter
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consists of burner, Nebulizer and mixing chamber, color filters and photo detector 3. The
analysis of Na, K, Li, Sr, Ba and Ca are typically determined at low temperatures, i.e. 1500-

2000°C, therefore suitable fuel mixtures are propane/air, butane/air and natural gas/air.
2.4. Sorption studies

The ion exchange properties of synthesized materials were studied radiometrically
using ®°Sr tracer solutions. ®°Sr tracer (t1, = 64.8 d, specific activity = 2.4 x 10* Ci/g)
supplied by Board of Radiation and Isotope Technology (BRIT), Mumbai, India, was diluted
to get different concentrations of 3°Sr solutions. Initial trial ion exchange batch experiments
were carried out by shaking 0.05g of sample with 5mL of %Sr tracer solution for 3h.
Equilibration time of 3h was found to be sufficient enough to attain equilibrium between
solution and solid sample. Kinetics of ion exchange processes were studied by varying the
equilibration time from 30m to 6h. In order to understand the effect of solution medium on
ion-exchange behaviors, experiments were carried out by changing pH in the range between
2 and 14. Concentrated HNO3; or NaOH solutions were used to adjust the pH of ®Sr
containing solutions. After equilibration, the solution was centrifuged for 3h and then the
clear supernatant liquid was collected in aliquot. The distribution constant (Kq) was
calculated from the difference between counts in solution before and after equilibration by
using relation: Kq (mL/g) = [(Ai - As) / As ] x VIM, where A;j = counts before equilibration, As

= counts after equilibration, V= volume of solution in mL, M = mass of the sorbent in gram.
2.4.1. Sorption kinetics

Sorption kinetics for selective separation of radionuclides is important as it describes

the valuable insights about the reaction pathways and into the mechanism of sorption
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reactions. Details of ion exchange kinetics describe the uptake process with time- evolution
until the equilibrium is reached. Such studies yield information about the different transition
states involved on the way to formation of final equilibrium product. Kinetic studies of ion
exchange help to develop appropriate mathematical models to explain the interactions
between adsorbate and adsorbent. Among many kinetic models, pseudo-first order, pseudo-
second order models are widely utilized models to explain the ion exchange kinetics and

sorption mechanism of several materials.
2.4.1.1. Pseudo-first order model

Lagergren suggested a rate equation for the sorption of solutes from a liquid solution
to solid ion exchanger called as pseudo first order rate equation. Lagergren equation is the
earliest known one, describing the rate of sorption in the liquid-phase systems. The pseudo

first-order equation or the Lagergren rate equation and can be written as

log(qe — qv) = logifg.) — %t (2.8)
Where ¢ and q; are sorption capacities in mg/g at equilibrium and at time t, respectively, k;
is the pseudo first order rate constant. A plot between t and log(q. — q) Yyields a straight line
if the sorption follows pseudo first order kinetics. The values of k; and g, can be determined
from the slope and intercept of the straight line respectively. Determining ion exchange
capacity exactly using pseudo first order model is tedious because in many sorbate-sorbent
interactions, the chemisorption becomes very slow. After the initial fast uptake of sorbate by
the sorbent, it is difficult to ascertain whether equilibrium is reached or not. Therefore, it has

been reported that, many sorption processes follow Lagergren pseudo first-order model only

for the initial 20 to 30 min of contact time ®. The pseudo first order rate constant k; is the
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measure of the fastness of the sorption process i.e. how fast the equilibrium is achieved.
Since pseudo first order model does not describe the interactions between the sorbate and
sorbent for entire range of contact time in many cases, higher order kinetic models are
employed to analyze the experimental results. External mass transfer and intra particle
diffusion will represent the experimental results better where the processes of pore diffusion

and film diffusion are negligible.

2.4.1.2. Pseudo-second order model

Pseudo second order reactions are those for which combination of two species is
taking place to form the final product in presence of medium, where the role of medium is
not considered due to large excess concentration compared to the reacting species. Pseudo
second order kinetics is widely applied to many heavy ion pollutant removal systems where
chemical reaction is responsible for the sorption and controls the overall sorption Kkinetics.

The pseudo second order kinetic model can be described as

t 1 t

= + —
d k92 qe

(2.9)

Where k; is the pseudo second order rate constant. Plot of ‘t” versus t/qg; results a straight line
with slope equal to 1/ge. Pseudo second order rate constant can be obtained from the intercept

of the straight line .

2.4.1.3. Intra particle diffusion model

Transport of adsorbate ions to the ion exchange sites of material is a gradual process

and the mechanism of transport can be explained as follows ’;
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1. Migration of metal ions from bulk to the surface of ion exchangeable material (bulk
diffusion).

2. Diffusion of metal ions through boundary layer towards the ion exchanger surface (film
diffusion).

3. Transport of metal ions from surface to the interior pores of the ion exchanger (intra
particle diffusion.

4. Chemical reaction via ion exchange or sorption at active site.

The overall sorption rate may mainly be governed by any one of these steps, or a
combination of two or more steps. Usually, the sorbate-sorbent system is under rapid
mechanical mixing and hence, the effect of the ion transport in the solution is eliminated
therefore, the involvement of bulk transport step on the overall sorption rate can be
neglected. Thus, the sorption rate is governed by external diffusion or internal diffusion.
Internal diffusion step involves intra particle diffusion or the sorption of solute on the active
sites. It is generally known that ion exchange process involves diffusion as prominent
mechanism. In order to know the probability of intra particle diffusion; experimental kinetic
data was modeled by intra particle diffusion model. The amount of Sr** taken up by the

material is related with intra particle diffusion constant as follows.

q: = KigvVt +C (2.10)

Where kiq is the intra particle diffusion constant and C (mol gm™) is a constant that gives an
idea about the thickness of the boundary layer around ion exchanging material. The plot of q;
vs v/t results in a straight line with slope equal to the intra particle diffusion constant (kiq) and

this model is called as Webber-Morris model.
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2.4.2. Sorption isotherms

The mode and mechanism of interactions between adsorbate and adsorbent can be
obtained by fitting the experimental sorption data with various adsorption isotherm models.
Most commonly, Langmuir and Freundlich isotherm models are used to study the mechanism

of the separation process, due to their simpler and more universal applications.
2.4.2.1. Langmuir adsorption isotherm model

Langmuir isotherm (eqn-2.11) is the simplest isotherm model for sorption of a solute
from a liquid solution. Langmuir isotherm assumes a monolayer adsorption on the surface of
solid where all the active sites have same energy and affinity for the adsorbent. Moreover,
according to this model, adsorption active site can accept maximum one ion. However, the
adsorption energy, role of adsorbed ions over incoming ions and competition between
different ions towards adsorption capacity are not considered . The mathematical
expression of Langmuir isotherm is given by equation

! (2.11)
Je am KLque '

Where ¢ is the ion exchange capacity of the material in (mol.g™), qn is the maximum
capacity at complete monolayer coverage of the material (in mol.g™") and K, is the sorption
coefficient. Variations of 1/q. with 1/C, show a linear relation, maximum ion exchange
capacity qm can be measured from the slope of the straight line and sorption coefficient can
be determined from the intercept of the straight line. The favorability for ion exchange

between sorbate ions and sorbent ions can also be expressed in terms of an expression less
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constant(R|) called separation factor, using the essential features of Langmuir isotherm can
be described as follows;

1

R, = ———
LT 14 KLG

(2.12)

The value of parameter R indicates the nature of the isotherm as given below

R.> 1 unfavourable sorption
0 < R_< 1 favourable sorption
R =0 irreversible sorption

Ry =1 linear sorption
2.4.2.2. Freundlich adsorption isotherm model

Since the Langmuir adsorption isotherm assumes a reversible process and same
probability of adsorption at each site, this model cannot represent a true chemically active
system. However, Freundlich isotherm assumes that the ratio of the concentration of solute
adsorbed on solid that in solution is dependent on solution concentration and time. Hence the
sorption capacity decreases as the concentration of ion in solution decreases and with
progress of time. This model also consider heterogeneous surface and preferential adsorption
sites, i.e. stronger binding sites are occupied first and the binding strength decreases with
increasing concentration of adsorbed ions on them. Thus it represents the realistic situation of
any ion exchanging process % & The mathematical expression of Freundlich isotherm is

given by equation

1
Log(ae) = Log(Ke) + — Log(C. ) 213)
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Where Kk is the Freundlich constant, an indicative for ion exchange capacity and n is the

Freundlich parameter, an indicative of heterogeneity of the ion exchange material.

2.4.2.3. Hill adsorption isotherm model

Hill isotherm model is a three parameter adsorption isotherm model derived by
assuming an ideal gas like behavior of adsorbate and negligible interaction between sorbate
and solvent. Also it considers a possibility of multiple adsorbate ions on one receptor site and
competition of multiple ions for a receptor site *°. Sellaoui et al. have explained the Hill

model by a relation derived by considering the partition function for receptor site as

nN,,
= (2.14)
L+
Where Q is adsorption capacity, n is number of ions adsorbed per receptor site, Nn, is number

of receptor sites available for adsorption, C is the equilibrium concentration of adsorbate, Cy,

is concentration of adsorbate ions at half saturation.

Zye =1+ ePletm) (2.15)
Here, Z is the partition function of a receptor site, B is Boltzmann factor, € is adsorption
energy and p is chemical potential of adsorbed ion. Experimentally obtained Q, C values
were fitted using eqn-2.14 and the obtained values of available receptor sites (Nn), adsorbate
ions per receptor site (n) for the ion exchange material gives the insights about feasibility of

ion exchange and ion exchange capacity of material.
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3.1. Introduction

Owing to high radiation, thermal and mechanical stability of rare earth phosphates,
two framework connected phosphates of Ce and Zr with composition K;M(PO,), (M=Ce, Zr)
were synthesized and investigated for their ion exchange properties. Potassium ions present
in KoM(POy), (M=Ce, Zr) are labile and exchangeable with ions of similar size and charge.
%3¢ having high specific activity is produced in large quantity during nuclear reactor
operations, has several technological as well as medicinal applications like heat source for
thermoelectric generators, generator for carrier free *°Y for cancer therapy and as bone
seeker. However, selective separation of “°Sr from spent nuclear fuel remained as a challenge
due to high activity, extremely low pH and interference from large number of other ions in
HLW. In order to separate *°Sr from nuclear waste, desired materials with high radiation and
chemical stabilities are being explored in both organic resins as well as various framework
type inorganic materials, like phosphates, titanates, molybdates, tungstates, silicates etc. The
flexibility and tenability of the crystal structure and selectivity due to size, charge and
concentration gradient, make the inorganic ion exchangers promising for separation of
desired cations. Framework connected inorganic materials are more selective for separation
of radionuclides and reduces the secondary nuclear waste volume. In addition, these
materials can be directly used as an immobilization matrix. Thus development of suitable
materials for separation of radioactive ions and subsequently transforming them into

immobilization matrix is an important research aspect in nuclear energy sector ® .

Among the framework inorganic ceramics, phosphates with appropriate exchangeable

ions are considered as promising materials for separation of ions from high level nuclear
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waste due to higher separation efficiency and stability in wider range of pH. Several reports
on the ion exchange or sorption behaviors of phosphates of Zr**, Ti**, Sn*" and Ln** (rare-
earth ions), as well as their complexes with alkali or alkaline-earth metal ions are available in

%2 However, most of the studies were carried out with the textured nano or

literature
amorphous phosphates. Studies on ion exchange properties of crystalline hydrated
phosphates indicate that the structures of exchangers have guiding role for their suitability
and selectivity. In order to study the efficacy of the crystalline phosphates and to correlate the
structure with ion exchange properties, two complex phosphates K,Ce(PO,), (KCP) and
K,Zr(PO,4), (KZP) are prepared and evaluated their ion exchange properties for “°Sr
separation. Structural characterization of both materials shows both have exchangeable K*
ions and they are located either in the tunnels or in between layers formed by anionic clusters
of [MP,0g]*, M = Ce*" or Zr*". lon exchange mechanisms and kinetics of ion exchange for
both KCP and KZP were investigated by modeling the experimentally obtained results with
different kinetic models, like pseudo first order, pseudo second order and Weber-Morris
models. The mode and mechanism of interactions between adsorbate and adsorbent were
obtained by fitting the experimental data with various adsorption isotherm models like
Langmuir, Freundlich and Hill models ** %. Details of models and the results obtained from
analysis of kinetic and isotherms are explained in the proceeding sections. The stabilities of
the ion exchangers were studied by post characterization of the exchanged products.
Subsequently, the temperature effects and stabilities of the exchanged materials for possible
immobilization have also been proposed. The results of these studies suggested that these

phosphates are promising materials for separation and immobilization of radioactive Sr*

after separation from nuclear waste.
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3.2. Experimental method

Both the K,Ce(PO,), (KCP) and KyZr(PO,), (KZP) were prepared by high
temperature solid state reaction methods using CeO, or ZrO,, KH,PO,4 or KPO3. KPO3 was
obtained by heating KH,PO, at 350°C on a hot plate prior to use. Crystalline sample of KCP
was prepared from KH,PO, and CeO; by a similar multistep controlled heating procedure as
reported earlier °. For the preparation of KZP, appropriate amounts of ZrO, and KPO3 were
thoroughly homogenized and then pressed into cylindrical pellets. The obtained pre-reacted

samples were again homogenized and pelletized and then heated again at 750°C for 24h.

2KH,PO4 + CeOp— K,Ce(POy), + 2H,0

2KH,PO,4 + ZrO; — KZr(PO4), + 2H,0
The obtained final crystalline products for both samples were characterized by X-ray
diffraction (XRD) for their phase purity and crystal structures. The synthesized samples were
characterized by powder X-ray diffraction, X-ray fluorescence, FT-IR, Raman spectroscopy
and morphology of the material was obtained by scanning electron microscopy. lon exchange

characteristics of the materials were obtained radiometrically using ®°Sr tracer solutions.
3.3. Results and discussion

3.3.1. Structural characterization of KCP and KZP

Phase formation and structure of KCP sample were ascertained by Rietveld
refinement of the XRD data using the earlier reported structural parameters. Presence of trace
amounts of CePQy is detected in the XRD pattern of KCP. The refined unit cell parameters of
KCP are: a = 9.0790(1) A, b = 10.7859(1) A, ¢ = 7.6039(1) A and B = 111.143 (1) °; V =

694.49(2) A® (monoclinic, Space Group: P2:/n) and they are in agreement with the earlier
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reported values. Typical Rietveld refinement plot of the XRD data of KCP is shown in

Fig.3.1a.
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Fig.3.1: Rietveld refinement plots for the XRD data of K,Ce(PO,), (upper panel) and

K2Zr(POy), (lower panel)

In a similar manner, the phase purity and crystal structure of KZP sample was studied
by Rietveld refinement of its powder XRD data. The reported structural parameters for
rhombohedral (Space Group: P-3) K,Zr(PO4), *° was used as the initial structural model for
Rietveld refinements. It can be mentioned here that Doerffel and Liebertz have used an

orientationally disordered PO, group for the structure of K,Zr(PO,), *. However, in the

80



Chapter 3

present case no disordered PO, groups are considered in the model structure and that could
satisfactorily explain both the positions and intensity of the complete XRD pattern. Few
weak reflections observed in its XRD pattern could not be identified. As their contribution in
the XRD pattern is insignificant they were not considered in the refinements. The refined unit
cell parameters of KZP are: a = 5.1965(1) A, ¢ = 9.0422(1) A, V = 211.456(1) A3 Typical
Rietveld refinement plot for the XRD data of KZP is shown in Fig.3.1b. Refined structural

parameters of both KCP and KZP are given in Table 3.1 and Table 3.2 respectively.

Table 3.1: Refined structural parameters of powder X-ray diffraction data of

K»Ce(PO.),

Atoms wyc. X y z B (A)®
CE1 4e 0.2777(2) 0.1397(2) 0.0229(3) 0.091(0)
K1 4e 0.4538(7) 0.1262(8) 0.6030(9) 0.4(2))
K2 de 0.0420(7) 0.1158(7) 0.3772(9) 1.1(2)
P1 de 0.8644(10) 0.1369(12) 0.7980(13) 0.9(2)
o11 de 0.7541(18) 0.2469(22) 0.7853(25) 2.1(2)
012 de 1.0349(18) 0.1351(18) 0.9464(23) 2.1(2))
013 de 0.7591(20) 0.0262(21) 0.7874(28) 2.1(2)
014 de 0.8725(17) 0.1496(19) 0.6007(22) 2.1(2)
P2 de 0.3679(10) 0.8682(L1) 0.8288(13) 0.3(2)
021 de 0.4921(16) 0.8546(18) 1.0178(21) 0.8(2)
022 de 0.2739(16) 0.7441(20) 0.7584(22) 0.8(2)
023 de 0.2414(18) 0.9746(18) 0.8045(26) 0.8(2)
024 4e 0.4860(16) 0.8903(16) 0.7388(22) 0.8(2)
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Table 3.2: Refined structural parameters of powder neutron diffraction data of

KQZF(PO4)2
Atoms Wyc. X y z B (A?
Zrl la 0 0 0 0.13(5)
P1 2d 0.3333 0.6667 0.1942(7) 15(1)
K1 2d 0.3333 0.6667 0.6487(6) 1.7(1)
01 2d 0.3333 0.6667 0.3554(12) 0.33)
03 6g 0.6479(13) 0.9126(14) 0.1329(7) 1.7(2)

Ce(1)0g

Fig.3.2: Crystal structure of K,Ce(PO,), (a. left) and K,Zr(POy), (b. right)

The analysis of crystal structure of KCP indicates that the unit cell has one type of Ce

and two types of P atoms. The Ce atoms are coordinated to eight oxygen atoms forming

distorted cubical CeOg polyhedra and each of the P atoms are coordinated to four oxygen

atoms forming nearly regular PO, tetrahedra. The CeOg polyhedra are linked to two PO,

groups by sharing two edges while four other PO, groups by sharing corners. Such

arrangements of the CeOg and PO, units lead to a complex 3-dimensional anionic frame with
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composition [Ce(PO,),]* and tunnel like 1-dimensional empty spaces. These empty spaces
are occupied by two types of crystallographically distinct K* ions and maintain charge
neutrality in the structure. The K* ions are surrounded by eight (for K1) and ten (for K2)
oxygen atoms. Typical three dimensional structure of KCP depicting the K* ions in the
anionic frame of [Ce(PO4)-]* is shown in Fig.3.2a. Similar analysis of the crystal structure of
KZP indicates that the unit cell has crystallographically distinct one K, one Zr, one P and two
oxygen atoms. The Zr atoms are octahedrally coordinated with oxygen atoms while the P
atoms have tetrahedral coordination. The ZrOg octahedra share the corner atoms with six
different PO, tetrahedra forming two-dimensional sheets with compositions [Zr(PO,)2]*.
These sheets of Zr(PO,), are stacked along the c-direction and they are held together by the
potassium ions present in between them. Typical crystal structure of K,Zr(PO,), is shown in

Fig.3.2b.

The structural differences between KCP and KZP can be attributed to the differences
in ionic radii of tetravalent cations. The larger ionic radius of Ce** favors for the eight
coordinated CeOg polyhedra while due to smaller ionic radius of Zr**, it preferentially form
the octahedral ZrOg. Further due to the formation of larger coordinated polyhedra in the
structure of KCP, the CeOg and PO, polyhedra are connected by sharing both corners as well
as edges while in the structure of KZP, the ZrOg share only corner oxygen atoms with PO,
group. It may be noted here that the K ions are ionically bound in the frame of anionic sub-
lattice of both structures and thus they are likely to be more labile as well as amenable for
exchanging with other cations. According to ionic radii considerations, the exchange of K*

ions with Sr** can be easily expected which are confirmed in the present study.
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3.3.2. lon exchange characteristics

3.3.2.1. Batch experiments with *Sr®*solutions

Initial batch experiments were carried out to observe the stability and solubility of
both KCP and KZP in various media from acidic to basic. For this, weighed quantities of the
solid were treated with various solutions of different pH from 2 to 14. Both KCP and KZP
were found to be stable in the complete range of investigated pH. Subsequent experiments

85 S r2+

were carried out by equilibrating 0.5 g of sample with spiked solutions. The decrease

in activity of the solution after separation of solid phase was used for calculating the
distribution constant (Kg) (eqn-1.2). The concentrations of Sr** in the solutions after ion-

858 r.2+

exchange are normalized with respect to the y activities of ions in the initial solutions.

The variation of Ky with pH for both KCP and KZP are shown in Fig.3.3.
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Fig.3.3: Variation of Ky for uptake of Sr** ions of K,Ce(PO4), and K,Zr(PO.),

with pH of the medium
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It can be seen from figure that the distribution constants of KCP and KZP have
distinct pH dependencies. Distribution constant of KCP show increasing trend with
increasing pH and show maximum value (~ 8000) at pH 14. However, KZP shows maximum
Kg (~ 30,000) in neutral medium and decreases on both increasing as well as decreasing the
pH. The larger Kq in KZP compared to KCP suggests that K* ions are relatively more labile
in former, which can be attributed to its layered structure. In general the pH dependency for
anion or cation exchange strongly depends on the variation of surface properties like charge
and surface area. Usually at lower pH, the surface of adsorbent becomes positively charged
and hence they act as ion exchangers for anions while at higher pH the surface becomes
negatively charged and thus preferentially become cation exchanger due to electrostatic
attraction between surface of adsorbent and cation of solutions. In addition, the proton
exchange due to presence or in situ formation of HPO,4 groups in acidic conditions as in the
case of Zr(HPO4),.H,O governs their pH dependencies *%°. The HPO, groups facilitate cation
exchange at higher pH due to release of H* and exchange with cations present in the solution
28. % since the HPO,4 groups are absent in these compounds, the proton mediated ion
exchanges are ruled out. Also surface contributions for separation are expected to be small as
the samples are crystalline and have larger crystallite sizes. Thus the smaller values of Ky at
lower pH for both samples can be attributed to the involvement of H" ions in the exchange

process.

It can be mentioned here that the separation of Sr** is often observed in moderate
acidic to highly basic solutions . In the present study, the maximum Ky for KCP is
observed in highly basic solution while that for KZP is observed near neutral solution. The

speciation studies of Sr** in different pH suggest for appreciable concentration of Sr(OH)*
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compared to Sr** at higher pH and absence of precipitated neutral Sr(OH), species even at
pH 14 % A comparative studies of Cheong et al. show minimum separation factor with
NaOH solutions even up to pH >12. Thanh and Liu *® suggested that the presence of free
fluorides, carbonates, phosphates, arsenates etc. in the medium facilitate the precipitation of
Sr** as insoluble solid and no precipitation occur in low concentration of Sr**even at pH ~
11. In the present case, even though the precipitation cannot be ruled out, the lower
separation factors for KCP at still higher pH (> 14) and similar observations in the
experiments with KZP suggest that the pH dependency of the exchange behavior of KCP is
intrinsic and is related to the concentration and mobilities of K* and Sr** ions as well as
presence of excess Na* or H* ions. As the concentration of K* and Sr** are constant for an
experiment, the contribution of Na* used for adjustment of pH, is a controlling factor for
their uptake behaviors. Thus the interferences of H* or Na* ions are the main controlling

factors for the pH dependencies of Kq in KCP and KZP.

In order to optimize the minimum weight of sample desired for maximum Kg,
different amounts of powder samples of KCP and KZP were equilibrated with solution
containing Sr** ions at their respective optimized pH. The plots for variations of Ky and %
removal of Sr** ions (defined as (ci-c; /c;)) x 100) with the weight of the exchangers are
shown in Fig.3.4. In both cases, percentage of separation increases to the maximum value
with increasing weight of the sample and then remains almost constant. Thus it is concluded
that the maximum separation is attained with about 0.05g of solid sample. The lower values
of Ky with sample weight lower than 0.05g can be due to insufficient amounts of
exchangeable K* ions compared to the available Sr** ions in solution while the lower values

of Kq at higher mass can be attributed to the excess mass than desired. Such decrease in Kq
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with weight of sorbent higher than the optimum weight is due to inverse relationship between

Kg and weight of the material *.
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Fig.3.4: Variation of Ky and % uptake for Sr** ions with weight of sorbents

Usually the separation of ions by the solid ion exchangers occur via dual mechanisms,
like exchange of ions from the bulk lattice as well as by sorption of Sr** ions on the surface
of the samples and then diffusion of ions into the bulk. Thus the studies on kinetics and
isotherms of exchange process provide information on such mechanisms. In order to
understand the mechanistic aspects of separation process, the kinetics and isotherms of
exchange for both materials have been investigated by using the optimized sample weight

and pH .

3.3.2.1.1 Kinetics studies

In general the sorption capacity (q: (umol/g), defined as [C; — C] x V/M, (where C;
and C; are concentration (umol/mL) of Sr** in solution at time t = 0 and t, respectively; V =
volume of solution in mL and m = mass of sorbent in g) depends on several factors, viz.

concentration and nature of sorbent like surface area, structure and morphology as well as
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temperature of equilibrium, pH of the medium etc. The surface contribution for separation of
Sr®* is likely to be minimum due to larger crystallite sizes and highly crystalline nature of the
samples. Sorption kinetics for both KCP and KZP were studied by equilibrating optimized
weight of sorbent (0.05g) and pH (pH = 14 for KCP and 7 for KZP) with ®Sr** spiked
solution for different equilibration times. The variation of Ky with time for both the materials

are shown in Fig.3.5.
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Fig.3.5: Variation of distribution constant (Ky) of K,Ce(PO,), and K,Zr(PO,), with

contact time

The maximum uptake of Sr** ions by KCP is observed within 1h and then it remains
almost constant. Similarly, maximum uptake in KZP is attained in about 90 min. High
affinity of both materials for Sr** ions can be a reason for faster kinetics. In the initial stage,
both the materials show fast uptake of Sr** ions and this behavior can be attributed to more
availability of exchangeable sites on solid as well as high concentration of Sr** ions in the
solution. As the equilibration time increases, both absorption and desorption phenomena as
well as diffusion of ions from the surface to bulk and vice versa, govern the equilibrium. As a

consequence, the values of Ky remain almost constant with time and hence the rate of
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separation becomes slower. In general, the rate determining factors for exchange are the
consequence of physisorption or chemisorption processes and diffusion of ions through the
medium, surface films and pores in bulk solid, are formulated as different kinetic models **
191 The kinetic data were fitted with various models like pseudo first order, pseudo second

order and Weber-Morris diffusion models to obtain information about the ion transport

mechanism.

The k; (min™) and k; (g pmol™ min™) are pseudo first order and pseudo second order
rate constants, respectively. The kiq in the Weber-Morris model is the intra particle diffusion
constant and C (umol gm™) is a constant that gives information about the thickness of
boundary layer around ion exchanging material. The g and q; are calculated from the
concentration of Sr** ions in solution, volume of solution and mass of sorbent. The typical
plots for pseudo first order and pseudo second order models for KCP and KZP are shown in
Fig.3.6. The parameters like rate constants, equilibrium sorption capacity and the typical

residual (R?) as obtained from different kinetic models are given in Table 3.3.

From Fig.3.6, as well as from Table 3.3, it is evident that the pseudo second order
kinetic model fits the experimental data with correlation factor > 0.99 than other models. The
values of k, and ge for KCP are 0.12 g umol™ min™ and 98.8umol/g, respectively and those
for KZP are 0.0034g pmol™ min™ and 98.52 umol/g respectively. It can be mentioned here
that the pseudo second order kinetic model assumes that the rate determining step is due to
chemisorption which may be by either electrostatic forces or sharing/exchange of electrons
between ion-exchanger and sorbate ions i.e. Sr** ions. Thus the initial concentration of Sr**

ions and amount of Sr** taken up by the sorbent will have a dominating role on pseudo
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second order rate constant. Since the pseudo first order kinetic model is based on assumption
of reversible adsorption and desorption process, the amount sorbed (i.e. ge-0;) should linearly
vary with time. Linear relation between amount sorbed and time is not observed for both
KCP and KZP. This suggests for a predominant contribution of chemisorption process and
hence follow pseudo-second order kinetic model. Thus it can be inferred that the separation

of Sr** is a favorable chemisorptions process and follow pseudo-second order kinetics.

The mechanism of ion transport can be explained by individual or cumulative of
several phenomena like (a) migration of metal ions from bulk to the surface of ion
exchangeable material (bulk diffusion), (b) diffusion of metal ions through boundary layer
towards the ion exchanger surface (film diffusion), (c) transportation of metal ions from
surface to the interior pores of the ion exchangers (intra particle diffusion) and (d) chemical
reaction via ion exchange or sorption at active sites. Since the pseudo-second order rate
relation does not provide much information on the diffusion process, experimental kinetic

data were modeled by Webber-Morris intra particle diffusion model. The variation of g; with

't for KCP and KZP are shown in Fig.3.6 respectively.

For both KCP and KZP, two distinct behaviors are observed in the studied time range.
The steep rise of g; in the initial stage (within 1h), can be attributed to faster accumulation of
Sr®* jons on the surface of the solid exchanger and diffusion of ions through the film formed
by them on their surfaces. The slow variation of g; at higher time can be attributed to the
diffusion of the accumulated Sr** ions from the surface to the bulk of the ion exchangers,
which essentially is the rate controlling step of these ion exchangers. It can be suggested here

that the Sr** ions diffuse faster through the surface film while slowly in to the bulk of
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materials. The intra particle diffusion constants (K;q) were obtained from the slope of straight

lines. Typical values of the Kiy (umol/g/v/min) for KCP and KZP are: -0.0028 and -0.00154,

respectively. The thickness of boundary films on KCP and KZP are obtained from the values

of C and they are 98.86 umol/g and 98.78 umol/g, respectively.
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Table 3.3: Summary of results obtained from different kinetic models for Sr** ion

exchange with K,Ce(PO,), and K,Zr(PO,),

Kinetic
model K2Ce(PO,), K2Zr(PO,),
Pseudo 20710 g.=0.68umol R?=0.7759  g,=7.23umol
it 0 B0 k=0 014mint T O K=5.136 min’
order g g
Pseudo 9
second R?=1 0.=98.8umol K,=0.12g R°=0.9993 @.=98.52umo  K,=0.0034 g
- lg pmol™ min™ 8 /g pmol™ min™

order
Weber R?*=0.947 1=98.86 Ki;=-0.0028 R2=0.4226 1=98.78 Kig=-0.00154
Morris 08 umol/g pmol/g.min®> pmol/g pmol/g.min®®

3.3.2.1.2. lon exchange isotherms

Most commonly, Langmuir and Freundlich isotherm models are used to study the
mechanism of the separation process, due to their simpler and more universal applications .
Freundlich isotherm model assumes a preferential adsorption of sites and consider stronger
binding sites to occupy first. Often such assumptions hold well for chemisorption processes.
Langmuir isotherm model assumes a monolayer reversible physisorption process where each
site accepts a maximum of one molecule or ion of adsorbate. Additionally, the energetics of
adsorption process and preferences of adsorbate for a specific site are explained by later
developed model like Hill model . Adsorption capacities, amounts adsorbed at equilibrium

and equilibrium constants were estimated using these models.

The ion exchange capacities (ge) of both KCP and KZP were measured as a function
of initial concentrations of Sr** ions (from 1mmol/L to 100mmol/L). All these experiments

were carried out at constant temperature (300K) and for constant equilibration time (3h). lon
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exchange capacities (ge) for both materials are found to increase with increasing the
concentration Sr’* ions in the solution. In case of higher initial concentration of Sr**, the
mass transfer is enhanced in the beginning and then slowed down due to minimum

availability of exchangeable sites *.

Typical values of ge are 52umol/g and 60umol/g and for KCP and KZP, respectively.
Uptake of Sr** by KCP and KZP materials fitted by Langmuir, Freundlich and Hill isotherms
and they are shown in Fig.3.7. The typical fitting parameters for different isotherms are
summarized in Table 3.4. Brief details of each model and results obtained from them are

explained in this section.
3.3.2.1.2.1. Langmuir isotherm

Variations of 1/ge with 1/C, show significant deviation from the linear relation which
is also reflected from the correlation coefficient of the fitting (R?) and hence the inadequacy
of Langmuir isotherm model can be concluded. The gm and K, are obtained from the slope
and intercept of the linear fits which are given in Table 3.4. For the KCP sample, the
Langmuir sorption coefficient K., which is related to the apparent energy of ion exchange
between K* and Sr?*, is 1.44 L.mmol™ and the maximum uptake of Sr** is found to be 0.29
mmol/g. The values of K. and g, for the KZP sample are 1.28 L.mmol™ and 0.22 mmol/g,
respectively. The higher values of g suggest for an ease of exchange of K* ions and Sr**
ions. The favorability for ion exchange between K* and Sr®* can be expressed in terms of a

dimension less constant (R.) called as separation factor.

The calculated value of Ry is less than one which indicates favorable Sr** exchange

process for both KCP and KZP. Also, the positive value of K_ for both KCP and KZP
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suggests for an irreversible sorption process % and the irreversibility is expected to be more

with KCP compared to KZP.
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Fig.3.7: Sorption isotherms of K,Ce(PO,), and K,Zr(PO,), fitted with Langmuir,

Freundlich and Hill isotherm models

3.3.2.1.2.2. Freundlich isotherm

The observed uptake data of both KCP and KZP were analyzed using the linear form

of Freundlich isotherm and they are shown in Fig.3.7. Better values of correlation
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coefficients (R%) compared to those observed for Langmuir isotherm suggest the validity of
Freundlich isotherm for the experimental observations. Further the value of Freundlich
parameter (n) indicates a favorable exchange process in KCP (n = 3.4) and KZP (n = 2.89)
(for n < 10, ion exchange is favorable ®°. The values for Freundlich constants (Kg) for KCP
and KZP are 0.11 and 0.078 mmol/g, respectively. Lower exchange capacity of KZP
compared to KCP might be due to possible reversibility of exchanged Sr** ions due to easier

migrations in its layered structure.

Table 3.4: Summary of results obtained from different isotherm models for Sr** ion

exchange with K,Ce(PO,), and K,Zr(POy),

Isotherm K,Ce(PO,), K,Zr(POy),
Qtheo=2.45 mmol/g Qtheo=2.78 mmol/g
Langmuir R2=0.89517 n=029  Ki=LAdp, i eo1sy  Om=0-22 K.=1.28
mmol/g L.mmol mmol/g L.mmol
Freundlich R*=0.91043 Kg=0.11 n=3.4 R’=0.83012  K=0.078 n=2.89
Hill R?=0.7871 n=0.7260 N,=0.9903  R’=0.6203 n=0.9925 N»=0.6506

3.3.2.1.2.3. Hill isotherm model

Experimentally obtained Q, C values were fitted using (eqn-2.16) and the obtained
values of available receptor sites (Nm), adsorbate ions per receptor site (n) for KCP are 0.99
and 0.73 respectively, and those for KZP are: 0.65 and 0.99, respectively. Typical fitting of
the experimental results with Hill model is shown in Fig.3.7. Concentration of adsorbate ions

at half saturation (C,;) for both the systems is considered as 50 mmol/L. Number of
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adsorbate ions per receptor site is greater for KZP compared to KCP which is in agreement

with the higher distribution coefficient (Ky) of KZP compared to KCP.

The results obtained from all the three isotherms (summarized in Table.3.4) suggest
that KCP has better separation capacity than KZP, even though the latter show higher Kj.
This can be due to competing reversible desorption probability of the latter. Since KZP has a
layered structure, the ion migrations are relatively easier and hence sorption and desorption
may occur depending on concentration. From the correlation coefficients (R?) Langmuir and
Freundlich isotherms fits well with experimental data. In both cases the separation of Sr**
ions occurs by chemisorption process. The fittings with Hill model provided additional
parameters on exchange site, maximum exchange sites and their energetics of exchange. The
Hill isotherm model further indicate that KCP has more accessible receptor sites compared to
KZP while less number of adsorbate ions per available receptor site. Also the Hill model

indicated that the number of adsorbate ions per site (n) is close to 1.
3.3.2.1.3. Interferences studies

In order to study the interference of other additional ions in the medium to the
separation of Sr**, studies were also carried out by adding various inferring ions (all as their
nitrates), viz. Ca’* and Na* ions in case of KCP, AI** and Na* ions in case of KZP. As
mentioned earlier, both materials show interferences with Na* and H* ions significantly, but
differently and hence show high distribution constant only in particular range of pH. The
variation of Ky with different concentration of interfering ions are shown in Fig.3.8.

The distribution constant (Kq) for Sr** uptake by KCP decreases with increase in

I3

concentration of AI** or Na* ions. Effect of interfering ions is significant in case of KZP.
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This can be expected from the structural differences of KCP and KZP. As the structure of
KZP has a layered structure, the selectivity is expected to be lower due to lesser preferences
of ionic size or charge. Any available counter ions can balance the net charge of the negative
frame of the structure and thus appreciable interference from Ca®*, Na* and H* ions are
observed in KZP. In the structure of KCP, only specific ions with suitable charge and ionic
radii are expected to occupy the tunnels and thus likely to be governing factor for Sr** uptake

due to similar ionic radius with K* ions.
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3.3.2.1.4. Exchanged products transformation to stable phases

Additionally, to transform ®°Sr loaded matrix directly to possible waste form for
immobilization, solid state reactions with different amounts of SrCl, and temperatures were
carried out. The evolutions of XRD patterns under different experimental conditions with

stoichiometry as well as with temperature are shown in Fig.3.9.
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Fig.3.9: XRD patterns of the interaction products of (a) K,Ce(PO,), and (b)

K,Zr(POg), with Sr¥* salts

It has been explained earlier no significant change in structure or morphology of both
KCP and KZP occurs by exchanging the Sr** ion from dilute solution. However, the
reactions carried out at higher temperature revealed change in structure in both the samples.

The analysis of phases formed in different conditions is given in Table 3.5.
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Table 3.5: Phases formed by the interaction of K,Ce(PO.), and K,Zr(PO,), with Sr**

salts in different conditions

Elil(gt' Reactions Identified Phases

I Untreated sample K,Zr(PO,),

1 KZP+ 10 mol SrCl; solution, equilibrated K,Zr(PO,), KZrH(PO,),
for 1h and then washed

Il KZP + SrCl, heated at 300°C and then K,Z,(PQOy),
washed

v KZP + SrCl, (1:1) heated at 500°C and Sr7Zr(POy)n
then washed

Vv KZP + SrCl, (1:10) heated at 500°C and K,Zr(PO,),
washed

VI KZP + SrCl, (1:1) heated at 700°C and Srs(POy)sCl KZr(PO,)s
washed

VII KZP + SrCl, (1:10) heated at 700°C and Srs(POy)sClI KZr(PO,)s
washed

| Untreated sample K,Ce(POy),

I KCP+ 10 mol SrCl, solution, equilibrated K,Ce(PO,),
for 1h and then washed

Il KCP + SrCl, (1:1) solution dried and K,Ce(PO,), CeO,
heated at 300°C and then washed

v KCP + SrCl, (1:1) heated at 500°C and CePO,
then washed

Vv KCP + SrCl, (1:1) heated at 700°C and Sr5(POy)sCI CeO,
washed
VI KCP + SrCl, (1:10) heated at 500°C and CePO, Sr5(PO,)sCI CeO,

then washed

VIl KCP + SrCl, (1:10) heated at 700°C and Sr5(PO,)sCI CeO,
then washed
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It is observed that at higher temperature both the compounds transform to apatite type
phases. Besides, KZP transforms to NZP type phase. The peaks due to CePO, could be
observed with KCP due to transformation of Ce*to Ce** at higher temperature. This suggests
that the Sr**adsorbed ion exchangers can be transformed to stable immobilization matrices
like apatite, monazite or NZP type materials with the adsorbent. These results are comparable
to those reported with other phosphates where the direct transformation of exchangers to

apatite or NZP type lattices is demonstrated 2.

3.4. Batch experiments with stable Sr**solutions

Weighed quantities (0.1 g) of KCP and KZP were equilibrated with a solutions of
Sr(NO3), (1 molar) for a period of 24h. The solid mass was separated by filtration and
thoroughly washed with nano pure water to remove any loosely attached Sr** ion on them.
The filtrate was studied by atomic adsorption spectroscopy and confirmed for the presence of
K" ions. The solid masses were dried in air and then investigated by XRD, IR, XRF and

electron microscopy.
3.4.1. X-ray diffraction studies

It can be seen that the powder XRD patterns remains almost unchanged except a
small variation in intensity distribution. The observed unit cell parameters of the exchanged
and virgin samples are closely similar but slightly higher unit cell volume is observed in
exchanged samples compared to the virgin samples. Rietveld refinement plots of the KCP
and KZP materials after ion exchange are shown in Fig.3.10. The observed unit cell
parameters are obtained by fitting the profile of diffraction patterns and they are as: KCP: a =

9.1024(3) A, b=10.8131(4) A, ¢ = 7.6241(3) A, p = 111.151(3)°, V = 699.84(4) A3 KCP-
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Sr: a=9.1070(4) A, b= 10.8197(4) A, ¢ = 7.6291(3) A, p = 111.169(3) °, V = 701.00(5) A>;
KZP: a = 5.1770(1) A, ¢ = 9.0080(3) A, V = 209.08(1) A% KZP-Sr: a = 5.1809(2) A, ¢ =
9.0043(5) A, V = 209.31(2) A3. The variation of unit cell parameters is only marginal and
hence any drastic change of strain in the structure cannot be concluded. The differences in
intensity variation are related to the preferred orientation of grains in the samples. Thus it can
be suggested that both KCP and KZP retain their original structure and crystallinity by

exchange of Sr**ions.
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Fig.3.10: Rietveld refinement plots for powder XRD patterns of K,Ce(PO,), (KCP) and

K2Zr(PQOy), (KZP) Sr ion exchanged Sr-KCP, Sr-KZP samples (CuKa X-ray)
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3.4.2. Infrared spectroscopy studies

Comparisons of IR Spectra of the KCP and KZP sample before and after ion
exchange (Fig.3.11) suggest that no appreciable change occur in the structure. No
absorptions near 1600 and 3600 cm™ in the FTIR spectra of both KCP and KZP confirm the

absence of any OH and H,0 in the samples % 10%1%3,
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Fig.3.11: FTIR spectra of K,Ce(PO,), and K,Zr(PO,), samples before (K,Ce(PO,). and

K,Zr(PO,),) and after exchanging Sr** ions

Thus the equilibration process does not introduce any water of hydration in the ion
exchanged samples as well as confirms any hydroxides precipitation. Similarly, the absence
of band around 1250 cm™ in the IR spectra confirms the absence of HPO,* groups in them **
193 The stretching modes associated with PO,* observed as band in between 1000 and 1100
cm™ remains almost unchanged and hence it can be concluded that the PO,* groups do not
have any influence on ion exchange process. The asymmetric bending modes observed at
around 548 and 615 cm™ in both KCP and KZP are also similar in their respective exchanged

samples. Vibrations from the bending motion of PO,> in KZP are also unaffected by the
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exchange process. The low frequency lattice modes of both KCP and Sr** exchanged KCP

are also closely similar %%,

3.4.3. X-ray fluorescence studies
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Fig.3.12: XRF spectra of K,Ce(PO,), and K,Zr(PO,), and after (Sr-K,Ce(PO,), and Sr-

K,Zr(PO4),) exchanging Sr** ions

In order to further support the Sr** incorporation in the KCP and KZP samples, the

exchanged samples were investigated by X-ray florescence spectroscopy. The XRF spectra

of Sr** exchanged KCP, KZP and their corresponding virgin samples are shown in Fig.3.12.

Significant amounts of Sr** presence was confirmed from the Sr Ko (13.8 keV) X-ray from

the exchanged sample which is otherwise absent in the parent samples. Additionally, the
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XRF spectra also confirm the absence of any elements other than those expected in the

corresponding composition.

3.4.4. Scanning electron microscope studies

Fig.3.13: SEM images of K,Ce(PO,), and K,Zr(PO,), before (KCP and KZP) and after
(KCP-Sr and KZP-Sr) exchanging Sr** ions

The variation of morphology and distribution of Sr** in the samples were investigated
by SEM and mapping of the X-ray by EDS. The SEM images of the samples before and after
exchange are compared in Fig.3.13. The SEM images show crystalline and well developed
grains for both KCP and KZP samples. The larger grain sizes observed in the samples are
due to the adopted high temperature processing procedures. The crystallinity and morphology
of both samples remains almost similar after exchange (Fig.3.13). The elemental distributions
in samples were studied in area scan mode and the distributions of X-rays are shown in

Fig.3.14.
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K,Ce(PO,),

Sr-K,Ce(PO,),

K,Zr(PO,),

Sr-K,Zr(PO,),

Fig.3.14: EDS spectra of K,Ce(PO,), and K,Zr(PO,), before (KCP and KZP) and after
(KCP-Sr and KZP-Sr) exchanging Sr?* ions
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Uniform distribution of Sr?* over all the grains of the samples indicates all the grains
have participated in the ion exchange process. From the characterization of batch experiment
samples, it can be concluded that both KCP and KZP can efficiently separate Sr** ions from
solution. Also no structural and morphological changes occur in the exchange process and
exchange occurs uniformly over all the grains of the samples. These results are closely
similar to crystalline inorganic ion exchangers, like phosphates, silicotitanites and titanites
etc. 97 9 19 However, the change in crystal structure at higher temperature or at higher
concentration of Sr?* cannot be ruled out. In this study we have indicated that at higher

temperature these phases transform to more stable phases containing Sr** ions.

3.5. Conclusions

In summary, this study revealed ion exchange properties of two complex phosphates
for Sr** ions and in particular a novel complex phosphate of Ce** ion. Quantitative uptake of
Sr®* by KCP and KZP from solution indicated their potential for the separation of Sr** ions
from nuclear waste. It is also inferred that the structure of the phosphate lattice plays an
important role in the separation efficiency and selectivity. The study also revealed that KZP
is an efficient lattice for separation of Sr** but has low selectivity due to its layered structure,
while the KCP is more selective due to its tunnel like structure. Both lattices show low
exchange in acidic and highly alkaline conditions due to strong inference of H" and Na" ions,
respectively. The studies on kinetics and exchange isotherm revealed that they follow
pseudo-second order rate law and exchange is mainly by favorable chemisorption process. It
is proposed that these lattices can also be directly converted to stable apatite or NZP type

host matrices with the separated Sr** ions.
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4.1. Introduction

K2Ce(POy4), has been further characterized to investigate the high temperature
stability of the material owing to its immobilization capabilities with left over *°Sr in the
lattice after elution of radionuclides. Crystalline inorganic phosphates have been considered
as an important class of materials due to their diversified crystal chemistry depending on
composition, preparation condition as well as external parameters like temperature and
pressure. In addition they possess interesting physical properties amenable for varieties of
technological applications >* '®. Several of such materials like apatite, zircon, monazite,
cheralite etc. as well as nasicon type and zirconium phosphate have been considered as
potential host matrices for immobilization of radioactive elements. Radionuclides separated
from the high level nuclear waste (HLW) can be directly immobilized using such lattices due
to their rock analogous properties viz. high thermal and chemical stability, high radiation
resistance and insignificant leachability by water. Rich crystal chemistry of phosphates with
the variation of nature and ionic radius of cations has been explored in several reports 102 16,
In particular, such phosphates with tetravalent ions form densely packed structure and which
make them amenable for immobilization of various actinides like uranium, neptunium and
plutonium. Besides the complex phosphates with layer and tunnel structures having
appropriate exchangeable ions have been considered as promising materials for selective
separation of ions from high level nuclear waste or heavy metal ion pollutants from
environment °* 1% A large numbers of studies have demonstrated efficient exchange or
sorption properties for separation of various ions from aqueous solution in a wider range of
pH % In particular, orthophosphates of Zr**, Ti**, Sn*" and rare-earth ions along with alkali

or alkaline-earth metal ions are being considered for such applications due to their ion-
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exchangeability with various radioactive elements *

. Also, studies on such complex
phosphates with suitable luminescent ions bear significant interest in the fundamental
understanding of optical properties as well as technological relevant optical materials **.
Among the complex phosphates of tetravalent cations, studies with Ce** are limited due to its
structural complexity as well as instability of the tetravalent Ce*" ions in phosphate matrix.
Though the structural chemistry of Ce*" has been extensively studied in oxide matrix, the
studies are limited with acidic groups like phosphates, vanadates etc. as cerium ion easily
transform from Ce** to Ce** state **°. However, analogous phosphates with U**, Th**, pu**
are widely observed in phosphate matrix, which can be attributed to their higher stability in
wider chemical environment. Existence of Ce** in CeP,0; lattice is known and has been
explored for negative thermal expansion, mixed ionic and electronic conduction as well as
catalytic properties. For the latter two applications, the presence of mixed oxidation states
and easier variation of oxidation states are the key features possessed by them. However at
higher temperature, the Ce** reduces to Ce** and thus the structure of CeP,0- collapses due
to formation of Ce>* 1.

Xu et al. have reported a complex hydrated phosphate as (NH4).Ce(PO,)..H,O with
Ce(IV) by hydrothermal reaction of CeO,-NH3-P,0s-H,0 system *2. Later Xu et al. have
also reported a similar hydrated phosphate K,Ce(PQO,),.H20, by hydrothermal reactions and
assigned an orthorhombic lattice from powder X-rays diffraction (XRD) studies **3. Salvado
et al. 1% have reported a series of such hydrated phosphates with K*, Rb*, Cs* and NH,"
ions and investigated detailed crystal structure from powder XRD studies ***. Crystal

structures of these hydrated phosphates have been explained by either an orthorhombic

(Imma) or tetragonal (14:/amd) lattices where the distorted cubic CeOg and tetrahedral PO,
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units form the building blocks, H,O and M™ ions are occupied in the tunnels formed by these
units 1241 Differential thermal analysis studies of Xu et al. ** on hydrothermally prepared
K,Ce(PO,),.H20 indicated a dehydrated phase at higher temperature (HT) which undergoes a
phase transition before its decomposition. However, no details on structure of hydrated,
dehydrated or transformed phases have been reported by them. Ogorodnyk et al **°. have
prepared a complex phosphate with mixed tetravalent cations having composition
K4CeZr(POy)4, by high temperature molten flux method. K,CeZr(PO,), crystallizes in a
tetragonal (14;/amd) structure with orientationally disordered PO,> ions and random
distribution of Ce** and Zr** ions. The orientation disorder of the PO,> ions in this structure
has been attributed to the local variation of coordination number around the tetravalent ions
i.e. due to a random distribution of ZrOg and CeOsg polyhedra. Popa et al. *'® ¢ studied a
number of complex phosphates of tetravalent cations and concluded that such complexes
with Ce** are non-existent due to transformation of Ce*" to Ce®" during preparation
procedure. The anhydrous phase of K,Ce(PO,), was prepared and characterized, tetravalent
Ce*" is confirmed from both X-ray photoelectron and X-ray absorption spectroscopic studies
and a monoclinic (P2;/n) structure with distorted cubic CeOg and tetrahedral PO, units as
structural building units is revealed. Differential scanning calorimetry (DSC) and preliminary
HTXRD studies on this anhydrous phase indicated a phase transition at temperature similar
to that reported by Xu et al. ** while the details of the high temperature phase still remained
unsolved due to limitation of high temperature XRD data as well as decomposition of the
sample at higher temperature *.

Complex phosphates of tetravalent cerium are ideal to simulate the thermophysical

properties of tetravalent Pu and other minor actinides as well as for materials with mixed
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ionic and electronic conduction and redox catalyst. Due to the easy fluctuation of oxidation
state of cerium, their structural and high temperature properties bear significant importance.
In order to understand the temperature dependent structural properties as well as stability of
K,Ce(PQy,),, detailed structure of high temperature phase from in situ HTXRD data using
synchrotron radiation was investigated and established that the ambient monoclinic phase
reversibly transforms to a tetragonal phase. Also this study revealed a significant disorder in
the K* ions located along the tunnels compared to the PO,* ions. The HT phase shows
appreciably lower expansion compared to the ambient temperature phase. The structure of
HT phase and phase transition are also supported by ab initio density functional theoretical
calculations and in situ temperature dependent Raman spectroscopic studies. Also electronic
properties of the phases from both experimental studies as well as electronic structure

calculations were elaborated in the preceding sections **°.
4.2. Experimental methods

The ambient temperature monoclinic phase of K,Ce(PO,), was prepared by synthesis
method as mentioned in the earlier chapter using KH,PO, and CeO, as precursors **. The
yellow product was characterized by powder XRD, Raman, combined thermogravimetric and
differential thermal analysis (TG-DTA) prior to further temperature dependent structural
studies. The powder XRD data of the sample were recorded by using synchrotron radiation.
XRD patterns at low temperature (up to 60 K) were recorded in transmission mode by using
image plate (mar 345) while the data above ambient temperature were recorded in reflection
mode using scintillation counter or a Mythen strip detector. For low temperature studies, well
ground sample was placed in between two Kapton films and placed in between two copper

blocks connected to a liquid helium cryostat. The sample was cooled to 60 K and allowed to
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equilibrate for about 1h. The XRD pattern at several temperatures in between 60 and 300 K
were recorded by heating sample to the desired temperature. For high temperature XRD
studies, a small amount of sample was spread over a thin quartz plate placed on a custom
made resistive heater and data were recorded while heating the sample from ambient
temperature to a specified temperature. Data were also recorded while cooling the sample
from high temperature. The temperature of heater was controlled by Eurotherm temperature
controller and a stability of £ 1K is ensured prior to the measurement of diffraction data. The
diffraction data collected on image plate were integrated by using FIT2D software to obtain

1D diffraction patterns .

4.2.1. Theoretical calculations

The calculations were performed using ab initio density functional theory (DFT) '8

method implemented in Vienna ab initio simulation package (VASP) ***12° All the possible
structures inferred from the XRD studies and reported structures for similar compositions
were relaxed using conjugate gradient algorithm. The band structure and electronic density of
states were calculated using very fine mesh. The zone centre phonon frequencies were

calculated using density functional perturbation method *# 122,

4.3. Results and discussion
4.3.1. X-ray diffraction studies

In order to further characterize the synthesized phase, two more compositions with
different K:P ratio were prepared under similar conditions. In both of these additional
compositions, Ce*" of CeO, transformed to Ce®** and thus they crystallize in structures

analogous to the trivalent rare-earth ions. Further, the powder XRD data reported for the
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K»Ce(PO4)2.H,0 M2 and K4Ce,P4015 ** were also compared. The phase purity and structure
of prepared K,Ce(PO,), sample were confirmed by Rietveld refinement of the XRD data
recorded at 300 K. The ambient temperature XRD patterns recorded on heating stage as well
as on cooling assembly were used for the correction of the instrumental parameters of the
respective experimental run. Earlier mentioned structural details for K,Ce(PO,), * were used
as initial parameters for model structure. The background of the diffraction patterns recorded
on image plate (low T) was refined by linear interpolation of selected points to create a
smoothly varying background profile. Data collected by scintillation counter or strip detector
(high T) was modeled by using 5™ order polynomial functions. The Bragg peaks of the XRD
patterns were modeled by a split-Pearson profile or pseudo-Voigt profile function with an
angle dependent mixing parameters (1) defined as: 1 = ng + X x 20, where ng and X are
refinable parameters. Further, the scale, unit cell parameters and position coordinates
followed by isotropic thermal parameters were refined. Some of the weak peaks attributable
to monazite type CePO, were observed in some XRD patterns. The complete diffraction
pattern recorded at 300 K could be explained by this considered model and the refined
structural parameters are in agreement with those reported earlier by us **.

The refined unit cell parameters and residuals of refinement of the ambient
temperature phase are given in Table 4.1. The final Rietveld refinement plot for the XRD
data of K,Ce(PO,), at 300 K is shown in Fig.4.1. In an analogous manner, the XRD pattern
recorded at 60 K could be satisfactorily refined by using the observed structural parameters at
300 K. It is observed that the unit cell parameters decrease only marginally with decreasing
temperature up to 60 K, the lowest temperature of the present XRD studies. Typical Rietveld

refinement plot for the XRD data recorded at 60 K is included in Fig.4.1. No significant
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changes or splitting of any peaks are observed in the low temperature data which suggests for
absence of any structural change at lower temperature. Low temperature neutron diffraction
studies up to 6 K were also carried out using CCR based cryostat on 5-Linear PSD based
powder neutron diffractometer at Dhruva nuclear reactor, BARC, Mumbai. The analysis of

powder neutron diffraction data also suggest for the absence of structural change up to 6 K.
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Fig.4.1: Rietveld refinement plots of K,Ce(PO,), recorded at 300 K and 60K
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Table 4.1: Experimental and theoretical unit cell parameters of different structural

models of K,Ce(PO,),. DFT calculated unit cell parameters are at 0 K

Str-1: Monoclinic Str-111: Tetragonal  Str-11: Orthorhombic
P2,/n (No. 14) 14;/amd (No. 141) Imma (No. 74)
DFT Expt. DFT Expt. DFT Expt.
Temp 0K 60 K 300 K 885 K 0K 885 K 0K 885 K

a(h) 92889 9.0755(1) 9.1020(1) 9.1761(2) 6.9184 6.83658(3) 6.9181  6.8363(3)
b(A)  11.0347 10.7823(2) 10.8132(1) 10.8571(2) 6.9184 6.83658(3) 6.9187  6.8369(3)
c(A)  7.7894 7.5994(1) 7.6231(1) 7.7096(2) 17.9441 17.5091(1) 17.9440 17.5090(1)

B(°) 110767 111.142(1) 111.14(1) 111.2892) 90 90 90 90

V(A 746549 693.58(2) 699.78(2) 715.66(3) 858.882 818.35(1) 858.881  818.35(5)

Rp, RWp 508 6.88 987,127 920 118 9.20,11.8 9.33,12.0
(%) 2.81 5.34 6.22 6.22 6.41
%2
Re, Re 391 325 858450 117,868 742, 4.77 7.79. 4.26
E -92.30 92.31 92,31
(ev/iF.U))

The details of structural arrangement in monoclinic K,Ce(PO,), have been explained
in Chapter 3 and various reports.** For the convenient and completeness of this section, it is
mentioned here that the structure of monoclinic phase has distorted eight coordinated CeOsg

polyhedra and nearly regular PO, tetrahedra as structure building units. The CeQOg units are
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connected to two PO, units by sharing its two nearby edges while to four other PO, units by
sharing other corner oxygen atoms. The anionic clusters formed by such arrangement are
linked together forming a three dimensional structure containing tunnel like open space. The
K" ions are occupied in these open tunnels of the structure. It can be mentioned here that the
structure of analogous complex phosphates of thorium, like Na;Th(X0O4), (X = P and As)
have been reported with closely similar monoclinic lattices but with different unit cell
parameters *2* %, The lowering of symmetry and doubling of unit cell in the latter structures
are not only due to the splitting of the sites of tetravalent ions but also due to the differences
in the linkages of the ThOg and PO, units. In the present case, none of the XRD patterns
recorded at lower temperature down to 60K or powder neutron diffraction data at 6K,
indicate any feature attributable to lowering of symmetry. Thus it can be concluded that the

ambient temperature monoclinic phase remains unchanged at lower temperature *2°,

4.3.2. Structural description

Fig.4.2: Crystal structure of K,Ce(PQO,), in <100> projection
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Analysis of the refined structural parameters of K,Ce(PQO,), indicates two distinct and
nearly regular tetrahedral phosphate groups (P(1)O, and P(2)O,) and one Ce in eight
coordinated polyhedra with oxygen atoms. The typical P-O bond lengths in both PO,
tetrahedra are in range of 1.55 to 1.56 A as observed in regular orthophosphate groups. The
typical Ce-O bond lengths are in the range of 2.20- to 2.54 A. The bond valence sum
calculations for CeOg polyhedra indicates the total valence of Ce is 4.17 (R, = 2.096, B =
0.37) ™ which is in agreement for the Ce** ion in the structure. This is further confirmed by
the XPS results explained subsequently. The P(1)O4 and P(2)O, tetrahedra share one edge
and two corners oxygen atoms with CeOg polyhedra and form a three dimensional lattice
with tunnel like empty space along the <100> direction. The empty channels are occupied by
two K* ions which balance the net charge in the structure. The observed K-O bond lengths
are in the range of 2.52 to 3.05 A and the separation between two K" ions is 3.35 to 3.44 A
(viz. K1-K1 = 3.436, K2-K2 = 3.353 and K1-K2 = 3.421 A) which is similar to that reported
by Ogorodnyk et al. for KsCeZr(PO4), **°. Within the bond distance limit of 3.1 A, both K(1)
and K(2) can be considered as distorted and asymmetric eight coordinated polyhedra. The
typical three dimensional structure of the K,Ce(PO,), is shown in Fig.4.2. Typical local

surrounding around the CeOg showing PO, tetrahedra is shown in Fig.4.4.

Studies on Na,Th(PO.), by Galesic et al. *** indicated two closely related lattices with
symmetry C2/c and P24/n for its structure. In both the polymorphs of Na, Th(PO4),, Th** ions
form eight coordinated polyhedra within the Th-O bond length limit of 2.7 A and P** ions
from nearly regular tetrahedra. The reported unit cell parameters of both the phases of
Na,Th(PO,), are closely similar. The unit cell parameters of the presently studied

K,Ce(POy), can be related to those reported for Na; Th(PO,), by unit cell relations as: a’ = a,
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b’ = 2b, ¢’ = c, where the prime indicates the parameters of Galesic et al. ***. The
preliminary inspection of the powder XRD pattern calculated from a model generated from
Na,Th(PO,4), with the corresponding unit cell parameters for K,CeP,Og shows significant
differences in the intensity distribution. Further refinements of the powder XRD pattern with
this model lead to no success. Thus it can be concluded that the observed phase of

111b or

K,Ce(PQO,), has distinct structural features compared to earlier reported Na;Th(PQO,),
K,CeZr(POy4), ™. Further comparison of these three structure types indicates distinct

structural arrangements of MOg (M = Th, Ce or Ce/Zr) and PO, polyhedra.

(b)

I47 d
(d) (141/amd)

(P21/n)

Fig.4.3: Typical connections of distorted cubic AOg polyhedra and tetrahedral PO, in
different A,B(PO,), structures. (a.) (NH4).Ce(PO4),H,0 %), (b) and (c) for

Na,Th(PO4), ", (d) K,Ce(PO.), of present study
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In the reported structures of K,CeZr(POy,), or (NH4).Ce(PO,),, the PO, tetrahedra are
connected to MOg distorted bisdisphenoid by sharing two trans edges of latter while in the
present structure of K,Ce(PO,),, the PO, tetrahedra share two cis edges of CeOg polyhedra.
This arrangement is similar to that observed for A;Th(AsO4),, where A = K* and Rb* *%.
Interestingly the structure reported for Na,Th(PO,), shows both kinds of connections with
two crystallographically distinct Th** ions *°. Typical structures depicting the differences in

the polyhedral arrangements in these three compounds are shown in Fig.4.3.

It can be mentioned here that the PO, groups in K,CeZr(PO,), has orientational
disorder due to the differences in the size of Ce** and zr**, while no such disorder is
observed in Na;Th(POy),. However, two different symmetries are formed in Na,Th(PO,),
compounds due to ordering and disordering of Th** sites. Similar comparison with the
reported structures for Na,Zr(PO,), or KyZr(PO,), indicates a clear differences in them. In
these Zr** analogous compositions, the Zr forms octahedral units and they are connected to
PO, by sharing its corner oxygen atoms only. Thus it is reasonable to say that the inter-cation
(M* and P°*) repulsion favor for such corner connected polyhedral structure with such
smaller tetravalent cations. It can be expected that the structural differences between
K,Ce(PO,), and Na, Th(PO4), may arise from the difference in the ionic radii of Ce** (0.97 A
in coordination number 8) and Th** (1.05 A, in coordination number 8). However, smaller
size of CeOg compared to ThOg should destabilize the cis connected MOg and PO, structure
of the K,;Ce(POy),. The preliminary analysis of the structure of K,Ce(PO,), at high
temperature indicates a trans connected MOg and PO, structure and has a significantly larger
volume compared to the structure of ambient temperature phase. In addition, the observation

of a similar structure in K,Th(AsQ,), as in the ambient temperature structure of K,Ce(PQOy,),,
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suggests nature of charge balancing counter cations like Na* (radius 1.02 A) or K* (ionic
radius 1.38 A) as well as preparation conditions might be the structure directing factors in the
crystal chemistry of the phosphates of tetravalent ions. Thus the formation of structure
A;M*(PO,), is not only sensitive to the nature of tetravalent (M**) cation but also to the
ionic radii of A" ions. Also, it appears that the structure of such mixed phosphates of alkali
and tetravalent cations are mainly controlled by the ionic radii and local structure around the

tetravalent cation.
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Fig.4.4: XPS spectra of K,Ce(POy);

The presence of Ce** as concluded from the valence calculations is further confirmed
from the XPS spectrum of the sample. The observed XPS spectrum of the sample is shown in
Fig.4.4. The characteristic 3d photoelectron spectra of the sample are closely similar to that
reported for Ce** in CeO,. The presence of 3ds, satellite peak (u'"") around 917 eV clearly

indicates the +IV oxidation state of cerium in the sample. It needs to mention here that the
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composition K4Ce,P4015 studied by Szczygiel et al. **® does have the characteristic u’”’
suggesting that composition with major Ce®*". Popa et al. *'° have compared the 3d
photoelectron spectra of Ce** and Ce** and suggested a significant difference in line shapes
of the peaks and noticeable differences in the intensity of the u (3ds) and v'"’ (3ds,2) peaks.
The present observed line shape and intensities of u and v'"" peaks of K,Ce(PQO,), further

support the presence of Ce*".

Further support for the oxidation state of cerium was obtained by comparing the L-I1I
adsorption edge of K,Ce(PO,), and CeO,. The normalized absorption for both XANES
spectra for K,Ce(PQO,4), and CeO, were shown in Fig.4.5. The L-Il edge of CeO; is in
agreement with that reported earlier in literature *°>. The characteristic absorption at L-II
edge of Ce are closely similar in both the studied materials and thus supports for Ce** in
K,Ce(PQO,),. Hence it could be unequivocally concluded that the present studied composition

is formed with Ce*".
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Fig.4.5: XANES spectra of K,Ce(PO,), and CeO; at the L-11 edge
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4.3.3. Thermal studies

Thermogravimetric plots of the prepared composition are recorded while heating
from ambient to 900°C and shown in Fig.4.6a. It can be seen that weight loss in sample
occurs in two steps. The first step of weight loss is sharp, with an onset temperature of about
850°C. However, the second weight loss step overlaps with the first one at around 880°C.
The initial weight loss amounting to 1.8 % can be accounted to a loss of one oxygen atom

and subsequent loss can be accounted to the loss of P,Os molecules.
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Fig.4.6: Typical thermogravimetric curves of K,Ce(PO,), in heating cycle (a) and the

DSC plots indicating the phase transition are shown in (b)
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Szczygiel et al. ' have reported a similar two step weight loss for the K,Ce,P4O15
sample, but attributed for the loss of P,Os. The analysis of initial weight loss suggests the
composition as K;Ce,P4015 with all cerium in 4+ oxidation state. Around 880°C, the
composition decomposes peritectically to CePO4, K3Ce(PO.), and P,0s. Xu et al. *** have
reported the decomposition behavior of K,Ce(PO,),.H,O and suggested three weight losses,
namely loss of water molecules to an anhydrous phase around 175°C, decomposition
accompanied by reduction of Ce*" to Ce*" around 850°C and subsequently a peritectic
decomposition to K3Ce(PO,),, CePO,4 and P,0Os around 880°C. The DSC traces of the sample
shown in Fig.4.6 show an endothermic peak around 525°C attributable to a structural

transition.

A similar endothermic peak has been reported by Szcygiel et al. for K;Ce,P4O15
sample '2°. Xu et al. ** have also reported a structural transition at around 500°C for the
anhydrous product obtained from K,Ce(PO4),.H,0. Comparing results of Xu et al. **3. with
the present observation, it can be concluded that the dehydration K,Ce(PQO,),.H,O leads to an
anhydrous phases which is similar to that observed in present study as well as that of
Szcygiel et al. 2. However, in both the earlier studies, structure of hydrated or anhydrous
products was not investigated to confirm the composition. It can also be seen from the DSC
trace that the endothermic peak observed in heating cycle reverts back while cooling but with
a large hysteresis in temperature. Thus the phase transition might be a reconstructive type
with significant change in structure. The enthalpy of phase transition as obtained from the
area of the DSC peak in heating cycle is 69.5 J/g. The observed enthalpy change is also close
to that reported by Szcygiel et al. ', Thus it is convincing that the composition studied by

Szcygiel et al. is K4Ce,P4016 and similar to the presently studied phase as well as the
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anhydrous phase of Xu et al. ***. Since the composition undergoes irreversible decomposition
at higher temperature no single crystal could be obtained for further study. Hence the
structural studies from powder diffraction were carried out **’.

In order to understand the temperature induced structural changes, the XRD patterns
recorded at different temperatures were analyzed. The unit cell parameters and structure of
monoclinic phase could be successfully accounted in all the high temperature XRD patterns.
The complete structural analysis of high temperature phase was carried out from the XRD
data recorded at 885 K in the heating cycle due to its higher resolution and they were used as
initial structural parameters for refinement of all other temperatures. Excluding the peaks
attributable to monoclinic phase, all other peaks observed in the XRD pattern recorded at 885
K are attributed to the high temperature phase and can be accounted by a tetragonal as well
as a feebly distorted pseudo-orthorhombic lattice. The observed unit cell parameters are close
to the reported tetragonal lattices for (NH.),Ce(PO.)2.H,0 2, KiCeZr(PO4)s *° and

orthorhombic lattice for (NH,),Ce(PO4)..H,0 **2. The reported structural details of these

materials were used as initial models for refinement of the XRD data.

| 114

Rietveld refinements with model structures based on tetragona and orthorhombic

1102 of (NH,4),Ce(PO,),H-0 can successfully explain the reflections as well as peak intensities
of the high temperature phase of K,Ce(POy).. It is also revealed that about 33 wt % of
monoclinic phase coexist at this temperature. In the tetragonal model structure, one cerium
(Cel), one K (K1), and one P (P1) are respectively occupied in 4a, 8d and 8e sites of the
space group l4;/amd, while two oxygen atoms (O1 and O2) are occupied in 16h sites.

Similarly, in the orthorhombic (space group: Imma) model, one Ce at 4c, two K (K1 and K2

at 4a and 4d, respectively), two P (P1 and P2 at 4e and 4e, respectively) and four oxygen
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(01, Ola, 02, O2a at 8h, 8i, 8h, 8i, respectively) are considered. The refined unit cell
parameters and residuals of refinement of these two models are: (tetragonal, 14;/amd), a = b
= 6.83658(3) A, ¢ = 17.5091(1) A, v = 818.35(1) A>, R, = 9.20 %, Ryp = 11.8 %, y° = 6.22,
Re = 7.42, Re = 4.77 %; (orthorhombic, Imma), a = 6.8363(3) A, b =6.8369(3) A, ¢ =
17.5090(1) A, V = 818.35(5) A%, R, = 9.33 %, Ryp = 12.0 %, x> = 6.41, Rg = 7.79 %, Re=

4.26 %.
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Fig.4.7: Rietveld refinement plot of the XRD pattern K,Ce(POy), refined with

tetragonal (14,/amd) symmetry

The typical observed orthorhombicity (|b — al/|b + al) is estimated as 4.3 x 107,
which is almost zero and thus the lattice can be treated as a tetragonal lattice. In addition, the
residuals obtained for tetragonal lattice are relatively lower as compared to those observed
for orthorhombic lattice. From the point of view of higher symmetric lattice and relatively

better residuals, it is logical to accept the tetragonal structure as the structure of high
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temperature phase. Typical Rietveld refinement plot of the XRD pattern of K,Ce(POy,),

refined with tetragonal symmetry is shown in Fig.4.7.

It can be mentioned here that the tetragonal (I14;/amd) and orthorhombic (Imma)
lattices are related by group-subgroup transformation where the K1, P1, O1, and O2 sites
split into two distinguishable sets. Further it is noticed that the shifting of the potassium (K1)
atoms from the special positions 8c to 16h in 14;/amd structure reduces the amplitudes of
thermal parameters of K atoms significantly, which indicate the K* ions are disordered in the
lattice and have % occupancy in 16h site. This also suggests the K* ions are of dynamic
nature, and in particular at higher temperature. Typical crystal structure of orthorhombic
K,Ce(POy), is shown in Fig.4.8, crystal structure of tetragonal K,Ce(PO,), is shown in

Fig.4.9.

A KA
P(1)Og

Fig.4.8: Crystal structure of K,Ce(PO,), in orthorhombic structure
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Similar structural analysis for a possible disorder of tetrahedral PO, group in the
structure were also carried out using the model structure based on parameters reported by
Ogorodnyk et al. *°. It has been mentioned earlier that the tetragonal structure reported by
Ogorodnyk et al. for K,CeZr(PO,), differed from the tetragonal structure reported by
Salvado et al. for (NH,),Ce(PO.),.H,0 . The present tetragonal structure is different from
these reported structures in the linkages of PO, units with the polyhedra around tetravalent
cation. In case of tetragonal structure of (NH.),Ce(PO.),H,0O, the Ce*" ions have distorted
eight coordinated CeOg polyhedra; while in K,CeZr(PQO,)s, due to the larger difference in
ionic radii of Ce*" and Zr*" ions they form CeOs and ZrOs polyhedra respectively. The
statistical distribution of these CeOg and ZrOg polyhedra resulted in an orientationally
disordered PO, sub-lattice. Although such scenario is not expected in the present case due to
the presence of only one type tetravalent ion, attempts were made to refine the XRD pattern
expecting orientational disorder due to temperature effect. In this model, Ce and K are
occupied in 4b and 8c sites of space group 14:/amd, while P atoms are occupied statistically
in 8e and 16h sites in the ratio of 1:1. The oxygen atoms are distributed over four different
sites namely 16h, 16h, 8e, and 16h with occupancies 1, 0.5, 0.5, and 0.25, respectively. A
good match between the experimental and calculated diffraction data is observed in this case
also. However, despite having larger number of free parameters, the residuals are not better
than those obtained for the ordered tetragonal structure. Thus the structure of present high

temperature phase does not have disorder in PO,4 group rather it has disorder in K™ sites.

The analysis of the structural parameters of K,Ce(PO,), in the tetragonal structure
indicate that the phosphorous atoms have a tetrahedral PO, configuration with two O1 and

two O2, while Ce atoms have eight coordinated distorted cubic CeOg configuration with four
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O1 and four O2. The CeOg units are linked to two PO, units by sharing the edges along the c-
axis while to four other PO, units by sharing corners along the ab plane forming a cluster
with composition [Ce(PO4),]*. The structural arrangement of CeOg and PO, units forms
tunnel like empty space along the <100> direction which are occupied by the K* ions and
they balance the net negative charge of [Ce(PO.),]* in the lattice. The typical crystal
structure of monoclinic and HT tetragonal K,Ce(PO,). showing linkages of CeOg and PO,

units of [Ce(PO.),]* are depicted in Fig.4.9.

(P2,4/n) (14,/amd)

Fig.4.9: Crystal structure of K,Ce(PO,), in monoclinic and tetragonal structure

Similar structural analysis on orthorhombic studies indicated that the K and P atomic
sites are split into two sets of different sites and the oxygen atoms are occupied in four
different sites, whereas the Ce and P atoms have similar CeOg and PO, polyhedra and their
connections are also closely similar to that observed in the tetragonal structure. As mentioned

earlier, the tetragonal (14;/amd) and orthorhombic (Imma) structures are related and they
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differ only in ordering of K, anions and hence one can expect that the dynamic disorder of
K™ ions of the former structure may segregate or relax to ordered equilibrium sites either by
long annealing or by cooling under certain procedure. However, this could not be concluded
in this study as the XRD patterns recorded while heating or cooling do not show any
significant differences. Also it can be mentioned here that the local surrounding of the CeOg
as well as PO, units are more distorted in orthorhombic structure compared to that in
tetragonal structure. However, in both the cases the distortions are found to be lower than the

ambient monoclinic structure.
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Fig.4.10: Polyhedral connections of K,;Ce(PO,), in monoclinic (P2:/n), tetragonal
(141/amd) and orthorhombic (Imma) structures. (Digits are typical bond

lengths)

4.3.4. Theoretical calculations

Further to understand the crystal structure and phase transition in K,Ce(PQO,),, ab

initio density functional theory (DFT) calculations were performed. The equilibrium
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structure of K,Ce(PQ,), for different structural models, namely monoclinic (P2;/n, P2;/c and
C2/c), orthorhombic (Imma) and tetragonal (I4;/amd) structures were calculated. The
calculated unit cell parameters and the energy per formula units are given in Table 4.1. As
explained earlier, the structural parameters calculated on symmetry P2;/c and C2/c
equivalent to Na,Th(PQO,), structures cannot explain the experimentally observed data either
at lower or higher temperature and thus are excluded from further considerations. As
expected the equilibrium volume of monoclinic (P2:/n) lattice for ambient temperature phase
is overestimated by about 7.6 % due to the underestimation of the cohesion energy in GGA
formalism. The calculated position coordinates for the ambient temperature monoclinic phase
are in close agreement with the experimental results. A comparison of equilibrium lattice
energy for different structures suggests that the monoclinic (P2:/n) lattice is the stable lattice
for K,Ce(PO,4), compared to all other considered lattices. From the pressure dependent
equilibrium volume of the equilibrium monoclinic (P2:/n), tetragonal and orthorhombic
structures, the bulk modulus were obtained by using the 3" order Birch Murnaghan (BM-111)
equation of state. The calculated bulk moduli for the P2;/n, 14;/amd and Imma structures are
45.18, 64.98 and 64.98 GPa, respectively. The pressure derivatives (K') Band reference
volumes (Vo) of the phases are: 5.10, 747.04 A3 (for P24/n), 5.04, 847.32 A3 (for 14,/amd)
and 5.62, 856.36 A® (for Imma). The calculated bulk moduli are closely similar to those
experimentally observed bulk modulus of complex phosphates containing alkali metal ions

128 In addition they are appreciably lower compared to the zircon or monazite type

phosphates ¥

. Despite lower packing of the high temperature structures, they show
relatively higher bulk modulus compared to the ambient temperature phases. This can be

attributed to the zircon type connections of polyhedra in the latter structures compared to that
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in monoclinic P2;/n structure. However, the calculations indicated that the orthorhombic and
tetragonal structures have almost similar energy and both are relatively more stable compared
to Na,Th(PO,), type monoclinic lattices *®. It can be mentioned here that in the present
material, the Na,Th(PO,), type monoclinic P2;/c structure is expected only at larger volume,
and hence that may crystallize with larger tetravalent cations. However, the transition may
not occur due to the intervening stable orthorhombic or tetragonal structures as well as

instability of the structure due to reduction of Ce*" ions at higher temperature as concluded

earlier.
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Fig.4.11: The variation of lattice energy with unit cell volume of K,Ce(PO,), for
monoclinic (P2:/n) phase and tetragonal (14;/amd) and orthorhombic

(Imma) structures

The formation of Na,Th(PO,), can thus be related to the larger ionic radii of Th*"
ions compared to Ce**. Though the equilibrium molar volume of monoclinic C2/c structure is

comparable to that in monoclinic P2;/n structure, the structure is not experimentally observed
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in K,Ce(POy), down to 60 K by XRD and down to 6 K by PND. Essentially the Na,Th(PO,).
type structures have two different types of [Th(PO,),]* clusters, one equivalent to that in
monoclinic phase while the other equivalent to that in high temperature tetragonal or
orthorhombic phases. Thus these Na,Th(PQO,), type monoclinic structures can be considered
as intermediate structures in between the high temperature and ambient temperature
structures of K,Ce(PO,),. The variations of lattice energy with molar volume for different
structures are shown in Fig.4.11. From this figure, it can be seen that the expansion of molar
volume of monoclinic (P2:/n) phase of K,Ce(PO,), by about 8% will destabilize the lattice
and will transform to orthorhombic or tetragonal structure. From the calculations, it can be
suggested that the tetragonal structure has marginally higher stability compared to
orthorhombic structure. Thus it can be inferred that the temperature has an important role for
stabilization of these structures. No significant improvement in residuals in Rietveld
refinements and no additional reflections due to lowering of symmetry in the present
experimental studies are in favor of tetragonal structure. The orthorhombic structure, if at all

exists, will transform to tetragonal structure at higher temperature.

Further comparison of the ambient monoclinic (P2:/n) phase and high temperature
tetragonal (14,/amd) phase (Fig.4.9) indicates that even though both have CeOg and PO,
polyhedra they have different topology in their linkages. It can be mentioned here that in the
monoclinic phase, two of the PO, tetrahedra are connected to CeOg by sharing two nearby
edges and thus lead to a distorted and compact lattice, while in the latter case they are
connected by sharing two opposite edges of CeOg. The arrangement of CeOg and PO,
polyhedra in tetragonal phase is similar to that in zircon type structures. In zircon type

structures, the infinite chains of edge shared MOg and PO, units propagate along the c-
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direction which is equivalent to the c-axis of the present tetragonal phase. However, the unit
cell is doubled in the c-axis of tetragonal K,Ce(PO,), structure due to the variation of
periodicity arising from the disruption of chains at every clustered unit of two tetrahedra and
one CeOg bisdisphenoid, i.e. every alternate CeOg unit. Moreover this structural
transformation does not change the net tunnel type structure of ambient monoclinic phase. In
both the cases the empty tunnels are occupied by K ions, which are along the <100> and
<101> in the monoclinic phase while along the <100> and <010> direction in the tetragonal
phase. The restructuring of the local arrangement around the CeQOg cannot be explained by a
simple rotation of polyhedra while they are restructured by reconstruction of the PO, and
CeOg polyhedra. The expansion of the CeOg polyhedra thus relaxes the structure to a higher
symmetric structure, while at temperature above 1123 K the sample is found to decompose

due to unstable nature of Ce** in phosphate matrix.

In order to compare the expansion behaviors of K,Ce(PQO,),, the unit cell parameters
of monoclinic and tetragonal phase at different temperature are obtained and they are shown
in Fig.4.12. It can be seen from this figure that, the unit cell parameters of monoclinic phase
smoothly increases from lowest temperature and can be explained by second order
polynomial relations. However, the temperature dependent unit cell parameters of tetragonal
phase show anomalous behavior, viz. expansion along a- and b-axes while a contraction
along the c-axis. The coefficients of average thermal expansion of monoclinic phases in the
temperature range 60 to 885 K are: oy = 13.71 x 10 K'l, op = 8.46 x 10 K'l, oc = 19.28 x
10° K™, a5 = 2.04 x 10° K™, and av = 41.30 x 10°® K™, while those of tetragonal phase in

between 400 to 900 K are: o, = 9.61 x 10° K, o = -15.3 x 10° K* and ay = 3.83 x 10°K™.
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The large negative thermal expansion along the c-axis resulted in significantly lower volume

thermal expansion in the tetragonal structure.
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Fig.4.12: Variation of unit cell parameters of monoclinic (P2:/n) and tetragonal

(14,/amd) phases of K,Ce(PO,), with temperature

As seen from the variation of unit cell volume with temperature (Fig.4.12), the
transition from monoclinic P2;/n to tetragonal 14;/amd structure is accompanied by about
14.4 % rise in volume, which is also in accordance with the volume difference calculated by
DFT. The resulted open structure of high temperature phase is more prone to exhibit either
lower or negative thermal expansion. Phase transitions accompanied by such larger volume
discontinuity exhibiting lower or negative thermal expansion have been reported earlier on

several systems *°. However, as mentioned earlier the bulk modulus of tetragonal phase is
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relatively higher compared to the monoclinic phase of K,Ce(POg,),. This can be due to the
zircon type arrangements where the CeOg polyhedra share two opposite edges by

incompressible and rotationally hindered PO, tetrahedra.

4.3.5. Raman studies

Further accounts on structural changes are obtained from the in situ variable
temperature Raman spectroscopic studies. Since, the phosphates of tetravalent Ce** are
relatively unknown and metastable, the spectroscopic details and in particular; their
vibrational properties are mostly obscure in literature. In order to study the temperature
induced change in local structures and phase transition, Raman spectroscopic investigations
are carried out as they are often reflected in their phonon behaviors. Raman spectroscopy is
often used as a complementary technique to XRD for studying the thermodynamic and
structural properties as it probes in the microscopic length scale compared to macroscopic
probing of the XRD. The phase transition or structural distortions occur due to change in
symmetry or movement of ions at microscopic length scale can thus be obtained from the
Raman spectroscopic studies more accurately. In order to complement the observed
spectroscopic finding, the Raman and IR modes for all the considered structures such as
monoclinic (P21/n), tetragonal (14,/amd) and orthorhombic (Imma) phases were calculated

using computation **.

As mentioned earlier, the structure of ambient temperature monoclinic K,Ce(PQO,).
(Space group P21/n) has four formula units per primitive unit cell (Z = 4). Therefore, one can
expect a total of 156 vibrational degrees of freedoms which are distributed as optical and

acoustic phonon modes at Brillouin zone centre (g = 0). From factor group analysis, the total
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irreducible representation can be obtained as I' = 39A4 + 39A, + 39By + 39B,. Out of which
the total irreducible representation for optical phonon is I'optic = 39Ag + 38A, + 39Bg + 37B,
and that for acoustic is I'acoustic = Ay + 2By. Therefore, 78 Raman active modes (39A4 + 39B)
and 75 infrared active modes (38A, + 37B,) are expected. Fig.4.13 shows a Raman spectrum

recorded at ambient temperature (300 K).
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Fig.4.13: Raman spectra of K,Ce(PQO,), at ambient temperatures. Solid curves are the

Lorentzian least-square fits to the data including a suitable background

At ambient temperature, the major Raman bands are located at 199, 269, 397, 624,
982, 1127 cm™. A total of 26 peaks are precisely obtained using peak fitting. The total
simulated pattern along with the experimental data and the individual Raman band positions
are shown in Fig.4.13. These mode frequencies are close to our earlier reported frequencies
32 Due to an increase in phonon life-time at lower temperature, the Raman modes generally
become narrow and hence the overlapping modes are often resolved at lower temperature.

Thus the initial analysis of Raman modes were carried out from the spectrum recorded at
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83K. The deconvolution of peaks of this spectrum using multi-Lorentzian profile shape
yields 35 modes. These mode frequencies and the location of mode position are marked in
Fig.4.14. There are no modes observed in the spectral range 660-920 cm™ in the Raman
spectra. The less number of observed modes than that expected from group theoretical
analysis may be either due to weak intensity arising from the small polarizability of several
modes or accidental degeneracy related overlapping ***. Assignments of the observed modes
are carried out by using the computed eigen vectors obtained from our DFT calculations. The
observed band frequencies close to those obtained from calculation for zone centre phonons
are assigned to the corresponding eigen vector symmetry. The observed and calculated mode
frequencies along with their assignment are presented in Table.4.2. Most of the observed and
calculated Raman frequencies show good matching with each other within a maximum of ~4
% mismatch, which can be due to the difference between the experimental and the relaxed

unit cell volume obtained from first-principle calculations.

Since the PO, units are tightly bound, they can be treated as rigid units and hence one
can expect internal modes resulting from the vibration of oxygen ion against the central
phosphate ion in the oxygen cage. On the other hand, the comparatively loosely bound CeOsg
polyhedra contributes only lattice modes associated with the Ce** ion translational vibration
in the potential well formed by the surrounding oxygen cage. Similarly, the K ions can
contribute only lattice translation modes. Therefore, in the present Raman spectra of
K,Ce(PO,),, the lattice modes involving Ce** and K* ions can be seen in the low frequency
region whereas the vibration involving PO, units are expected in the high frequency region.
Using the assignments reported earlier for K,Ce(PQ,),, the observed modes are assigned in

Table 4.2. The internal modes are assigned in the range 390-1130 cm™. Raman modes
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observed in high frequency range 940-1130 cm™ are attributed to the stretching mode of the
PO, units, while the bending modes are in the frequency range 390-627 cm™. Lattice
translational mode related to K* and Ce*" ions and librational modes involving PO, rigid
units are observed in the low frequency range 80-313 cm™. In order to examine the changes
in phonon behaviors at elevated temperature, in situ Raman spectra of K,Ce(PO,), was
measured using a Linkam stage up to 853 K. Fig.4.15 shows representative Raman spectra
between 83 and 853 K. Upon increasing temperature, most of the Raman bands soften
continuously and their intensities decrease. A few Raman bands located at 81, 396 and 446

cm™* show abnormal hardening.
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Fig.4.14: Raman spectra of K,Ce(PO,), at different temperatures (a) low frequency
region (b) high frequency region showing the stretching modes of PO, ion.

Blue tick marks indicate the Raman bands at 83 K
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Table 4.2: Observed Raman mode frequencies in monoclinic K,Ce(PO,), at 83 K

mode @ (cm™) Oobs do/dT 1/0y(de/dT) x YT
(cm™) (cm™Y/K) 10°
(80 K) (K™
Ag 44.02
Ag 71.04
Bg 72.52
Ag 82.57 80.8 0.00709(4) 8.77 2.12464
Bg 84.28
Ag 89.00
Bg 92.20
Bg 98.805 97 0.0001(4) 0.010 0.02496
Ag 101.10
Ag 109.98 110.7 -0.00464(5) -4.19 -1.01489
Bg 111.72
Ag 114.90
Bg 117.46 118.2 0.0004(4) 0.34 0.08194
Bg 125.21 123.9 0.0003(8) 0.24 0.05863 Lattice and
Ag 126.21 External modes
Bg 135.11
Ag 135.75
Bg 137.85
Ag 140.79
Bg 141.68
Ag 147.25
Bg 147.75 151.8 -0.01927(6) -12.69 -3.07369
Ag 156.37 156.5 -0.00513(9) -3.28 -0.79369
Ag 166.47
Bg 167.48
Bg 172.76
Ag 176.90 178.1 -0.01527(4) -8.57 -2.07599
Bg 180.52
Ag 184.38
Bg 186.69
Bg 191.06
Ag 195.12 201.2 -0.01251(9) -6.22 -1.50549
Ag 198.52
Bg 199.51
Ag 209.78
Bg 210.04 213 -0.03570(5) -16.76 -4.05825
Ag 218.85
Ag 220.57
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Under the influence of temperature, mode frequencies are normally expected to
decrease due to expansion of bonds. Sometimes a few bands may show opposite behavior
which can be attributed to the stiffening of bonds resulting from steepening of potential well
associated with their atomic vibration. The hardening behaviors of vibrational modes have
been reported in several systems. With increasing temperature, the line-width of several
Raman bands of K,Ce(PQO,), are broadened which is normally due to enhanced phonon
scattering processes. Fig.4.14 shows the significant broadening of internal modes at 853 K,
which appears like only 4 Raman bands. The modes at 446 and 457cm™, 1024 and 1039 cm™
were merged at 783 K and they appeared as broad bands centered at 453 and 1138cm™,
respectively. These new bands continue to appear above this temperature. Raman bands
centered at 81, 110, 562 and 999 cm™ have disappeared at 783 K. Some of the bands are
disappeared even below 783 K. At the highest temperature, 853 K, only 11 bands were
observed. The merging of modes and disappearance of several modes at ~ 783 K suggest the
transition is accompanied by increase in symmetry. As the ambient monoclinic phase
transforms to the HT phase, the temperature dependency of internal modes of PO, units show
change in slope, which is clearly observed at around 783 K Fig.4.14. In addition, between
783 and 853 K, phonon modes of both the monoclinic and high symmetric phase are
observed in the spectra, suggesting a coexistence of the phases in this temperature range,

which is consistent with the findings, from the present T-dependent XRD studies.

Group theoretical analysis for the structure of high temperature tetragonal (14,/amd; Z
= 4) predict 78 vibrational degrees of freedom. Excluding the acoustic phonons, factor group
analysis of tetragonal structure (without considerations of disorder in K* atoms) indicates the

total irreducible representations of optical phonons are: I'optics = 5A1g + 3A1y + 2Az5 + TAy +
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6B1g + 3By, + 2Byy + 7By + 11E, (doubly degenerate) + 9E4 (doubly degenerate). Thus there
are distinct 18 IR modes with irreducible representation I'gpiic ry = 7Ay + 11E, and 22
distinct Raman modes with irreducible representation I'optic (r) = DA1g + 6Bg + 2Bog + 9E, are
expected. Similar analysis for the structure of orthorhombic (Imma; Z = 4) phases indicates
total 75 optical phonons with representations: I'optic = 11Ag + 6Ay + 4B1g + 14B1y + 9By +
11Byy + 9B3q + 11B3y, Out of these representations, there are 36 modes IR active (I'optic (1r) =
14By, + 11By, + 11B3,) and 33 modes Raman active (Ioptic (r) = 11Ag + 4B1g + 9Byg + 9B3).
The calculated Raman modes for both tetragonal and orthorhombic structures are listed in
Table 4.2. The less number of observed modes at higher temperature is an indication of
higher symmetry of the high temperature phase and most favourably a tetragonal structure.
Fig.4.15 shows the temperature dependences of band frequencies. Several bands of the
monoclinic phase have disappeared and a few merged together because of the transformation
to tetragonal phase. It can be seen that several of the IR mode frequencies of the considered
high temperature phases of K,Ce(PO.), have negative frequencies (Bs,, -42.87 cm™ in
orthorhombic (Imma) and E,, -42.87 cm™ in tetragonal (14,/amd)), which suggest all these
structures are dynamically unstable with respect to the ambient temperature monoclinic
(P21/n) structure. These modes are essentially the rotational motion of PO, tetrahedra and
largely by translational motion of the K™ ions. This is in accordance with the unstable nature
of all these phases at lower temperature and hence they revert back to ambient phase on
cooling. The temperature coefficient (y) of Raman bands in the monoclinic phase are
obtained by fitting the w vs. T plot (Fig.4.15) using linear equation o(T) = wg + % T, where wg
mode frequencies at absolute zero temperature. To avoid contribution from higher order

temperature coefficients, the data was fitted in the low temperature range (83-500 K).
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Similarly, the reduced slopes of the identified modes of transformed high temperature phases

are obtained by linear fitting and they are included in Table 4.2.
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Fig.4.15: Raman mode frequencies of K,Ce(PO,), as a function of temperature

Reduced slope essentially represents the total anharmonicity of phonon modes and

are contributed by two effects ***

, viz. (a) pure temperature effect related to phonon-phonon
interaction (explicit contribution) and (b) due to change in volume of lattice (implicit
contribution). Furthermore, a comparison of magnitude of total anharmonicity of phonon
modes indicates the low frequency lattice and external modes such as 81, 152, 178, 213, 234,
272 and 313 cm™ indeed have large anharmonicities. These large values indicate large
contribution to thermal expansion and indicating that these modes are flexible and sensitive
to temperature. On the other hand, the high frequency internal modes of phosphate ions are
not strongly anharmonic. These results indicate that the internal modes involving PO, unit

are less sensitive to temperature suggesting the strong bonding in PO, tetrahedral unit, as

observed in our XRD analysis and thus implying its covalent bonding character. It is

143



Chapter 4

observed that the low frequency modes are mainly contributing to the thermal expansion and

differences in the magnitude of thermal expansion of both ambient and high temperature

phases.
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As mentioned earlier, the change in mode frequencies with temperature is a

consequence of anharmonicity. In fact, the cubic, quartic and even higher order term present

in the expansion of interatomic interaction potential that arise from atomic displacement from

their mean equilibrium position contribute to the shift in mode frequencies ***. Due to the

cubic and quartic anharmonicity, a phonon of frequency ®o decays into two phonons of

frequency ®o/2, or three phonons of frequency wo/3, respectively. Therefore, the resulting

contribution to the shift in mode frequencies can be analyzed by using cubic and quartic

anharmonicity formalism: using relation:
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2
exp (x)—1

w=wpt A1+ |+B[1+ =+ ——] (4.1)

exp(¥)—-1 = (exp (y)—1)2

Where wy is the frequency at absolute zero temperature; x = Amy/kg T and A is the
coefficient of cubic anahramonicity; y= hw,/3kg T and B is the coefficient of quartic

anharmonicity.
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Some of the observed mode frequencies (lattice and external modes) obtained in this
analysis, which are highly anharmonic are fitted using the above expression. The fitted

parameters, w,, A and B are given in Fig.4.16.

4.4. Conclusions

The in-situ variable temperature XRD studies on K;Ce(PQOy), in a wider range of
temperature revealed that the ambient temperature monoclinic phase remains unchanged at
lower temperature while it transforms to a tetragonal structure with large (~ 14.4 %)
expansion of unit cell volume at higher temperature. The high temperature phase reverts back
to ambient phase with a larger hysteresis in temperature and also coexists with monoclinic
phase in a wider range of temperature. The detailed structural analysis of the ambient and
high temperature phases suggests a reconstructive 1% order type phase transition. Highly
open and loosely packed structure of HT tetragonal phase shows anisotropic thermal
expansion with larger negative thermal expansion along c-axis (-15.3 x 10°® K™) and that in
turn resulted in an appreciable low volume thermal expansion (3.83 x 10° K™) as compared
to that observed in ambient temperature monoclinic phase (41.30 x 10° K™). Temperature
dependent Raman spectroscopic studies indicate the on-set of structural transition from
monoclinic to a high symmetry tetragonal phase at 783 K. The phonon frequencies in the
monoclinic phase which are highly anharmonic are identified. Several mode frequencies in
this compound are dominated by three-phonon contributions. Abnormal hardening of 81 cm™
lattice mode arises from quartic anharmonicity. In addition to lattice modes at 81 cm™,
several other librational modes of PO, tetrahedral units are observed to be strongly
anharmonic. The optical absorption studies on monoclinic phase of K,Ce(PO,), indicates a

direct band-to-band transition with band gap of 2.46 eV.
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Synthetic Na and K-birnessites as inorganic ion
exchangers
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5.1. Introduction

Layered manganese oxides are well studied porous materials and behave as ion sieves
due to their compositionally flexible and layered crystal structure. Owing to various
medicinal as well as technological importances of ®°Sr, separation of this radionuclide
attracts huge research interest. In view of this, inorganic framework materials like
phosphates, molybdates, titanates, silicates have been extensively explored for “Sr
separation from nuclear waste. > % % |norganic ion exchangers like aluminosilicates have
shown high distribution coefficients for “°Sr separation but aluminum leaches out of the
lattice in acidic pH conditions and also lacks in selectivity because of large pore sizes * %,
Though layered materials like titanates, silicotitanates possess stability in nuclear waste
conditions, effective use of these materials are limited for *°Sr separation in acidic pH
because of proton inhibition **’. In order to develop an efficient ion exchange material for
%5y separation, Ryu et al. ** have studied sodium titanate nanotubes and explained the ion

905r2* jons from sea water.

exchange behaviour of Na* in fiber like titanate nanotubes with
These studies have revealed that, though the material is stable in wide pH range, Sr** uptake

was hindered significantly in presence of Ca®* ions.

Zhang et al.'®® have reported series of antimonites like antimony silicate, tin
antimonite and manganese antimonite for Sr** uptake from acidic waste waters and which
have shown stability and tenability of antimony lattices for “°Sr uptake. Doping of tetravalent
Mn**, Sn**, Si*" ions into the stable pyrochlore structured Sb,Os lattice results different
structures with respect to extent of doping. Pyrochlore structured SnSbOs is selective for

separation of “°Sr, whereas higher concentration of Sn results in the formation of rutile phase
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and selective for separation of °°Co. Practical usage of antimonates is limited due to the
release of toxic SbCls vapours during their synthesis and also leaching of antimony into the

drain solutions 8%,

Considerable research efforts have been invested in exploring various hydrous metal
oxides for separation of heavy metal pollutants and radioactive cations from aqueous media
selectively because they are cost effective and able to form stable inner sphere complexes
with foreign ions and thus ion selective *°. Uptake of transition metal ions such as Co?*,
Ni?*, Cu®*, Zn** by amorphous 5-Manganese dioxide phase was reported by Bhusan et al. **
It is mentioned that electrostatic interactions between adsorbate and adsorbent are
responsible for sorption. Comparison of sorption behaviors of amorphous manganese metal
oxides with birnessite reveals that birnessite has shown faster sorption kinetics, higher
adsorption capacities and high stability in aqueous medium for transition metal ions
compared to the amorphous manganese oxide. Crystalline birnessite is stable in wide pH
range and sorption capacity is not altered much with pH variations, where as amorphous
phase is sensitive with changes in pH, which may be due to specific surface being not

available for adsorbate in amorphous phase compared to birnessite %% 9 ¢ 142

In view of this, synthetic crystalline birnessite mineral with Na* and K" ions as
exchangeable ions have been studied for ®°Sr separation from simulated nuclear waste
conditions. The separation efficacy and immobilization compatibility have also been
explored with these low cost materials. Birnessite belongs to phyllomanganate family and
exists naturally along with different transition, alkaline and alkaline earth metals intercalated

in between the layers. Na-birnessite (NMO), K-birnessite (KMO) were synthesized by
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vigorous oxidation of Mn(OH), and layers of MnOg octahedra in these are connected to each
other in lamellar fashion. Large inter layer distance renders the exchange of monovalent ions
with other ions of similar size and charge. lon exchangeability of these materials with Sr**
ions was studied radiometrically using ®°Sr tracer solutions (t;,=64d, y-emitter, 512KeV).
Both NMO, KMO have shown high affinity for **Sr separation with distribution coefficient
(Kg) ~ 28000 mL/g for NMO and Ky~ 26000 mL/g for KMO. Characterization of samples
before and after ion exchange confirmed the ion exchange mechanism and flexibility of the
structure to incorporate Sr** ions. Details of the ion exchange process are discussed in further

sections %,

5.2. Experimental methods

Birnessite can be synthesized either by oxidation of Mn?* containing solutions in high
basic medium or by reduction of MnO, ions in acidic solutions and also redox reactions
between Mn?* and MnO, results birnessite formation. Reduction of permanganates and
redox reaction methods requires more time for synthesis and aging process. Oxidation of
Mn** salts can be achieved by using various oxidizing agents such as S,Og, H,O or by O,
flow 3. Desired samples were synthesized by oxidation of Mn(OH), in presence of excess
NaOH for NMO and KOH for KMO. Oxygen flow at a rate 24L/m was purged for 6h in
order to oxidize Mn(OH), to form MnO; layers. Clear solution of MnCl, was made by
dissolving 11.25 g of MnCl;, in 75 mL of water, NaOH/KOH solution was prepared by
dissolving 30 g of NaOH/KOH in 125 mL of water. To the saturated solution of MnCl,,
NaOH/KOH solution was added drop wise in presence of oxygen flow. Addition of
NaOH/KOH results in the formation of black color precipitate and the reaction mixture was

stirred for 6h at high oxygen flow rate which results in the formation of desired birnessite
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phase. Reaction time of 6h is required to avoid presence of unnecessary phase like B-
MnOOH as reported by Cai et al. *** The obtained final crystalline products of both samples
were characterized by X-ray diffraction (XRD), X-ray fluorescence and TG-DTA for their
phase purity and crystal structures. lon exchange characteristics of these materials were
carried out by equilibrating the weighed amount of sample with tracer solutions of ®°Sr (ty, =
64.8 d, specific activity = 2.4 x 10* Ci/g). Morphology of the materials before and after ion

exchange was investigated using transmission electron microscopy.

5.3. Results and discussion

5.3.1. Structural characterization of NMO and KMO
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Fig.5.1: Rietveld refinement plot of Na-birnessite and K-birnessite
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The powder XRD pattern of the NMO sample is closely similar to that reported
earlier for the hydrated Na-birnessite (NagssMn,04.1.5H,0) reported by Cai et al. *** The
KMO sample also show similar XRD pattern as that of NMO but the peaks are broader and
less intense compared to NMO. However, all the peaks of NMO and KMO could be assigned
to monoclinic (C2/m) lattices. The XRD patterns were fitted with structural details of Na-
birnessite reported by Cai et al. to obtain unit cell parameters. The refined unit cell
parameters of NMO and KMO samples are: a = 5.147(7) A, b = 2.851(4) A, ¢ = 7.309(6) A,
B =102.9(2)°, V = 104.6(2) A® (for NMO); a = 5.045(9), b = 2.883(6), ¢ = 7.268(5), =
100.7(2), V = 103.9(3) (for KMO). The typical Rietveld refinement plots of powder XRD
data of NMO and KMO are shown in Fig.5.1. It can be seen from the powder XRD data that
both the materials show intense reflection attributable to (001) reflection of layered birnessite
structure, which corresponds to the spacing between MnOg octahedral layers of birnessite.
Typical crystal structure of Na/K birnessite showing the octahedral layer and interlayer

species, Na*/K* and H,0 are shown in Fig.5.2.

MnOs 5

(NaIK)+Hz‘(; D B G *\. e

VA

a ° ° e ° °

b LX)

Fig.5.2: Layered arrangement of Na/K-birnessite
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The net negative charge in the octahedral MnOg layer is governed by the amount of
Mn* and Mn* in it and they are balanced by the interlayer Na* and K* ions. From the
adopted preparation procedure, only a partial filling of Na™ or K* is observed. The net water
content in the interlayer spacing was determined from thermogravimetric analysis, which is
explained in subsequent sections. Considering the water contents as observed in TG, the
composition of synthesized Na/K-birnessite was obtained. Composition of Na* and K* ions
in the interlayer were obtained from the present XRD and from literatures of similar
preparation conditions . Considering the thermogravimetric and XRD results, the tentative
composition of the prepared birnessite samples are assigned as: NagsMn,0,4.0.96H,0 and
KosMn,04.0.57H,0. The presence of water molecules in both lattices are evidenced from the
broad absorption at 3500 cm™ in the FTIR spectra of the samples. The details of
thermogravimetry and IR spectra are explained in subsequent sections explaining
characterization of ion exchanged samples of the batch experiment studies. It also can be
mentioned here that, the ordering of Na*/K" and water molecules are usually not observed
and also cannot be easily deciphered from XRD studies ***. Thus in the structural model,
both the water and Na*/K" ions are distributed over same crystallographic sites. It can be
mentioned here that the Na* or K™ ions should be separated by water molecules due to
electrostatic reasons. Thus the Na'/K" and water molecules form a hexagonal net with each

Na*/K" ions surrounded by water molecules.

It can be mentioned here that birnessite type phylomangantes can crystallize in a
variety of unit cell symmetry like triclinic, orthorhombic and hexagonal etc. while retaining
the similar stacking of MnOg octahedra layers. The variation of such phyllomangates

structure arise from the disorder in the stacking sequence which are generally due to the
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water contents and nature of cations in the interlayer spacing as well as preparation
conditions. Florence et al. * have reported that the natural birnessite sample exists in
triclinic lattice while the synthetic birnessite crystallizes in hexagonal or monoclinic lattices.
Also the authors have mentioned that the triclinic phase transforms to the hexagonal form on
protonation **°. Most commonly encountered polytypes of birnessite are monoclinic, triclinic
and hexagonal types. The triclinic and monoclinic polytypes are closely related with almost
similar XRD pattern, while the hexagonal polytype is differentiated from the relative
intensity of (110) reflections. In the present studies, the relative intensity of (110) reflection
of KMO is suggestive from the coexistence of hexagonal polytype along with monoclinic
birnessite (Fig.5.1). Thus the coexistence of hexagonal phase cannot be completely ruled out
for KMO sample. Since all the polytypes are closely related and the present interest of ion

exchange are not expected to be significantly affected.

(KMO)

(NMO)

Fig.5.3: TEM and HRTEM images and SAED patterns of birnessite samples
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Further characterization of structure and morphology of birnessite samples were
carried out by TEM studies. The high resolution TEM images recorded on both NMO and
KMO samples indicate their sheet type morphologies. The crystalline natures of the samples
are also reflected in their clear fringes in HRTEM images and distinct spots in the SAED
patterns of both samples. Typical TEM images and SAED patterns of both NMO and KMO
are shown in Fig.5.3. A comparison of HRTEM images and SAED patterns of NMO and
KMO samples shows that the fringes are well defined in case of NMO compared to the
KMO. This is also confirmed in well defined peaks of XRD peaks in NMO compared to
KMO. Also the presence of disorder as suggested from the XRD can be reason for the
observed broad spots in SAED patterns of KMO sample. Also it can be mentioned here that
the prepared KMO samples have smaller crystallites compared to NMO as evident from
broader XRD peaks of latter. The dynamic light scattering studies on both NMO and KMO
confirmed smaller size of KMO sample (average particle size ~ 500nm) compared to NMO

(average particle size ~ 1um).

5.3.2. lon exchange characteristics
5.3.2.1. Batch experiments with ®Sr®*solutions

The material to be used as ion exchanger for nuclear waste treatment needs to be
chemically and mechanically stable in harsh chemical conditions, like very low pH and ionic
strength as well as in high radiation field. Thus the initial experiments for understanding the
ion exchange characteristics of NMO and KMO were carried out in various pH media using
radioactive Sr?* ions. Chemical and mechanical stabilities of NMO and KMO were

investigated by equilibrating them in different pH media starting from 2 to 14. Both the
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materials did not show any dissolution in the studied pH range. Further experiments were
carried out to measure distribution constant (Kg) (eqn-1.2) for Sr** uptake in different pH. In
order to observe the pH dependency of Ky, about 0.05g of KMO and NMO samples were
equilibrated with 5mL of ®Sr tracer containing solution maintained at different pH. Variation

of K for uptake of Sr** ions by NMO and KMO at different pH are shown in Fig.5.4.
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Fig.5.4: Distribution constant (Ky) variation with pH of medium

Effect of contact time on amount of ®Sr uptake by title materials was studied by
equilibrating 0.05g of material in 5mL of ®Sr tracer solution at pH = 2 from a time range 30
min to 4 h. Maximum time required to achieve highest distribution constant for both the
materials is ~ 120 min, which indicates the tendency of material for uptake of Sr**, flexibility
of the materials and availability of the Na’, K* ions located in between the ions for ion
exchange with Sr** ions. Variation of ion exchange capacity with contact time for both NMO
and KMO is shown in Fig.5.5. It can be seen from this figure that, the distribution constants

of NMO is higher (Kq~ 27000mL/qg) in neutral medium while it decreases on both increasing
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and decreasing pH. However, the Ky did not show appreciable variation in between pH 2 to
14. The maximum Kgq by KMO (Ky4 ~ 26000 mL/g) was observed at pH = 2. The small
difference in Ky can be related to the difference in the particle size and crystallinity of NMO
and KMO samples. The uptake becomes almost negligible at pH < 2 for both materials,
which was due to the dissolution of the lattice at this pH. The dissolution of the lattices in

highly acidic solutions like concentrated acid region (pH<2) resulted in a brown solution ***,
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Fig.5.5: Variation of ion exchange capacity with time

It can be mentioned here that the pH dependency of Ky of a sorbent is related to the
surface character as well as the nature of exchangeable ions. Since the surface charge of the
sorbent depends strongly on the pH, the nature of the ion exchanger changes with varying
pH. Wide range of materials behaves as sorbent for cations at higher pH because of large
accumulation of OH" ions and hence the surface becomes negatively charged. Similarly, at
lower pH they become sorbent for anions due to formation of positively charged surface
because of accumulation of H" ions on the surface. Also the presence of large excess of H* or

Na’ ions in the solution alter the ion exchange characteristics and K4 due to the competitions
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of these ions with the ions of interest. Such strong pH dependency has been reported earlier
in the several complex phosphates, silicates, as well as various nanocrystalline and
amorphous materials **’. In the present studied materials, only NMO shows noticeable pH
dependency compared to KMO in the range of pH between 2 and 14. The decrease of K4 at
higher pH in NMO indicates appreciable interference of Na ions with the uptake of Sr**
ions. Almost similar Ky with KMO in this pH range suggested no appreciable interference of
H* or Na* ions for exchange of Sr?* ions. However, it is required to mention here that the Na*
or K™ ions can be exchanged well with the H* ions, which will be further explained in
subsequent sections dealing with interference and batch experiments on NMO and KMO
samples. Earlier studies of Ghaly et al. on cobalt and strontium uptake by crystalline
hexagonal K-birnessite indicated chemical stability at pH > 5, while the dissolution of lattice
below pH = 5 and above pH = 14 **3. About 100 % of Co and Sr separation as CoCI* and Sr**
is reported under acidic (pH = 5) and separation efficiency decreases on both increasing and
decreasing pH. The authors have also indicated the separation of CoCI* and Sr** occurs via
single or two step chemical reactions. Puppa et al. **® have compared the sorption behaviour
of K-birnessite and amorphous hydrous MnO, for various metal ions like Cu*, Cd**, zZn*,
Pb* and indicated almost similar separation efficiency for both while pH sensitivity is more

for the latter than the former >’
5.3.2.2. Batch experiments with stable Sr**solutions

In order to study the mechanism and structural variation in ion exchange process,
studies were also carried out with inactive Sr** ions. 0.1g of title materials were equilibrated
with 10mL of 1M Sr(NO3); solution for 24 h. Similarly 0.1 g of sample was equilibrated with

10mL of 1M HNOs; solution for 24 h to prepare protonated birnessites (H-NMO and H-
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KMO). The Sr** loaded and the protonated samples were filtered out and washed several
times with nano pure water and then dried at room temperature. For Sr loaded samples,
filtrate was analyzed by flame photometry for the presence of exchanged Na* and K™ ions.
The yellow and violet color flames confirmed the presence of exchanged Na* and K* ions in
the filtrate respectively with amounts proportional to the amount of the Sr?* ions loaded in
the lattice of birnessite. Thus the exchange of Na“ and K* with Sr** in the lattice is
confirmed. The incorporation of Sr** in the NMO and KMO sample in ion exchange are

confirmed by X-ray florescence (XRF) spectroscopic studies on the exchanged samples.
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Fig.5.6: X-ray fluorescence spectra of birnessite samples before and after ion exchange

The X-ray fluorescence spectra of the Sr-NMO and Sr-KMO samples are shown in

Fig.5.6 and compared with their corresponding virgin samples, which are also included in the
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figure. Sr Ka (13.8 keV) X-ray from the exchanged sample confirms the presence of Sr** in
the exchanged samples. Structural changes of the Sr loaded (Sr-NMO and Sr-KMO) and
protonated (H-NMO and H-KMO) samples were investigated using XRD, FTIR, TG and
electron microscopy. A comparison of the XRD patterns of Sr** loaded and protonated NMO

and KMO with their corresponding virgin samples are shown in Fig.5.7.
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Fig.5.7: X-ray diffraction plot of birnessite samples before and after ion exchange

The presence or absence of any new peaks in the XRD patterns of Sr** loaded and
protonated samples compared with the original sample indicate the retention of structure in
the exchanged process. However, the peaks corresponding to (001) and (002) planes show
noticeable shifts in the exchanged samples. Interlayer spacing of the Sr-NMO and Sr-KMO
samples are reduced compared to the parent samples while protonated birnessite samples H-
NMO and H-KMO interlayer spacings are enlarged with respect to the parent samples. The

variations of interlayer distances can be attributed to the ionic radii of the exchanged ions as

161



Chapter 5

well as water content in the exchanged sample. Earlier Manos et al. have reported an increase
in the interlayer distances of K,Mn,Sns.Ss (KMS) lattice on exchange of K* ions by Sr**
ions **. Also the authors have indicated the Sr®* ion exchanged KMS formed as hydrated
products, due to larger hydration tendency of the Sr** ions. It can be mentioned here that ion
exchange of the two K* ions are required for one Sr** ions to neutralize the lattice charge.
Thus the variation of the ionic radii of the interlayer cation solely cannot govern the
interlayer spacing; rather the water of hydrations plays a key role for this. This is also
supported from the larger value of unit cell volume and c-axis of NMO compared to KMO
(donynmo = 7.128 A digonymo = 7.118 A). In the present cases, the interlayer distances (do))
of Sr-NMO and Sr-KMO are 6.996 A and 7.035 A, respectively. However, in the case of
protonated (H-NMO and H-KMO) samples, the (001) peaks shifts to lower angle indicating
expansion in the interlayer spacing ((do1n-nmo = 7.228 A dionyn-kmo = 7.177 A). The H” ion
in the aqueous medium enters the lattice as H3O" ions, incorporation of water molecules
results in the larger interlayer spacing. Also it is interesting to note here that the (002) peak in
the XRD patterns of Sr** or H" exchanged samples show distinct feature. The (002) peak is
smeared in the H* and Sr** exchanged KMO samples. This might be due to disordering of the
cations and water molecule in the interlayer spacing. Due to larger X-ray scattering contrast
of 0 and K*, compared to O* and Na* they are seen clearly in the KMO samples.
Incorporation of H" ions in between the layers also effects in a similar manner. The net water
molecules in the Sr** and H* exchanged samples were obtained from the thermogravimetric
studies.

Thermogravimetric and differential thermal analysis (TG-DTA) traces of NMO and

KMO and their corresponding Sr** exchanged samples are shown in Fig.5.8. It can be seen
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from the TG curves that all the samples have two distinct steps for weight loss. The weight
loss at lower temperature (below 300°C) are due to the adsorbed water molecules in inter
layer spacing, while the weight loss occur at higher temperature is related to loss from the
plane of MnOg octahedra due to the conversion of Mn** to Mn** and Mn** **°. From the TG
traces, losses due to water molecules from NMO and KMO are 8.5% and 5.0% respectively.
These are in accordance with the stoichiometry NagsMn,0,4.0.96H,0 and K 5Mn;0,4.0.6H,0

for NMO and KMO, respectively.
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Fig.5.8: TG analysis of birnessite samples before and after ion exchange

In case of Sr-NMO, a sharp loss in weight (8.2 %) occurs within 200°C and then a

gradual loss (~ 1.7 %) occurs over a wide range of temperature (200-550°C). In the
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corresponding temperature range, NMO shows a gradual gain in weight. This behaviour can
be due to the oxidation or reduction of Mn** and Mn** of MnOs octahedral layers. In case of
Sr-KMO, the net water content is significantly higher (9.3 %) than the pristine KMO (5.0 %).
This indicates that the Sr** ions in the KMO lattice is more hydrated than the NMO. The two
counter effects like decreasing contribution from the average ionic radii of interlayer cations
by the replacement of two K* ions by one Sr?* ion and increasing contribution from interlayer
water are reflected only a smaller variation in the interlayer spacing compared to NMO. At
higher temperature (> 550°C) all the materials show another sharp weight loss where the
Mn** are reduced to Mn® by loss of oxygen atoms. TG curves of the protonated samples (H-
NMO and K-MNO) are also closely similar to the other samples. TG-DTA plot for

protonated birnessite samples were shown in Fig.5.9.
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Fig.5.9: Thermogravimetric analysis of H-birnessite samples

In case of protonated samples, the net water contents in the lattice are larger (8.71%
in H-NMO and 11.5%. in H-KMO) than the pristine and Sr** loaded samples. From the XRD
and TG studies, it can be concluded that the H" exchanged KMO and NMO are formed with

larger water of hydration and swelling of interlayer spacing. While hydration behaviour of
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Sr** exchanged KMO and NMO samples are different, but both resulted in contraction in the
interlayer spacing. Thus the larger interlayer distance in the birnessite samples can easily
accommodate various ions without significant alteration of the basic structural arrangements.
Additional analysis of TG residue of exchanged samples indicates formation of MnzO, (in
case of H™-exchanged samples) and Mn3O4, SrMnO, and SrMnz;Og like phases in Sr-
exchanged samples. The formation of such products indicates H* and Sr** are incorporated in
the lattices of NMO and KMO and also suggests that materials can be transformed to solid

immobilization matrix with the separated Sr** ions %2,

H-Na-Birnessite ] H-K-Birnessite

z\f\’““\’w

_ o
= = ]

-E ] _E' E 7/ T T

3 Sr-Na- Blrnessne = 1 Sr-K-Birnessite
ol —_— | g ]

g ] ¥ ] T AT
g £ ]
£ £
=4

E b E _- T .’/ T T T T
= @ ]

s g KBlrnessne
& _V/\\ Na-Blrne55|te T
faf

_ w z —_—

! ) i i T ] T T T —7/ T T T

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm’ ) Wavenumber (cm™)

Fig.5.10: FTIR spectra of birnessite samples before and after ion exchange

The pristine as well as the Sr** and H" exchanged NMO and KMO samples were also
characterized by FTIR spectroscopy. The FTIR spectra of these samples are shown in
Fig.5.10. All the exchanged samples are closely similar to their corresponding virgin
samples. NMO and its exchanged derivatives show clear broad absorption bands at 3500,
1530 cm™ due to stretching of O-H bond and bending vibration of H-O-H respectively. This

IS in consistent with the presence of water molecules. However, these modes in the KMO and
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its derivative samples are not clearly observed. This might be due to the greater broadening
of these modes. The bands observed at around 416, 480 and 512 cm™ in NMO are the
characteristic modes due to Mn-O stretching vibrations resulted in MnOg octahedra. In KMO
sample, the characteristic Mn-O stretching modes are observed at around 408, 480, 517 cm™,
while the stretching vibrations of O-H bond and bending mode of H-O-H bonds are observed
at 3290 cm™ and 1530 cm™ respectively ***. Thus the vibration frequencies of both NMO and
KMO are almost similar which are due to identical structural features. The differences in
FTIR spectrum are expected only at Na-O and K-O vibration modes, which could not be
accessed in the present experimental facility. Similarly all the modes due to MnOg and H,0
are almost similar in Sr** or H* exchanged samples. The small differences and excessively
broadened modes could not be used to extract information on minor variations in hydrogen
boding. Absorption mode at 2300 cm™ correspond to stretching vibration of CO, is observed

in all samples which can be attributed to atmospheric CO; in sample chamber.

The morphology and structural variation of NMO and KMO as well as their Sr**
exchanged derivatives were investigated by transmission electron microscopy and typical
TEM images are shown in Fig.5.11. The low resolution TEM images of NMO and KMO
(Fig.5.3) indicated their thin platelet type morphology and clear platy habits are retained in
the exchanged samples. The high resolution transmission electron microscopy (HRTEM)
images and SAED pattern of NMO shown in Fig.5.11 suggested their crystalline nature and
clear lattice fringes. However, the clarity of the lattice fringes are deteriorated in KMO
samples suggesting a possible disorder or deformed structure. This is in accordance with the
conclusions inferred from XRD and DLS studies. The FFT transformation of the HRTEM

images was used to find the spacing between the fringes and they are around 3.59 A for both
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NMO and KMO. The distances and periodicity of fringes of NMO and KMO also support for
the better structural periodicity of NMO compared to KMO. Also it can be seen that the
lattice fringes and SAED patterns of exchanged samples becomes deformed and extended
indicating disorder and distortion in the lattice. Inter planar distances measured from the
lattice fringes indicate a small but noticeable decrease which supports the conclusions

obtained from XRD studies.

Fig.5.11: TEM and HRTEM images and SAED patterns of Sr-birnessite samples

5.3.2.3. Kinetics studies

In order to gain the insights of ion exchange mechanism, nature of the sorption
process, ion exchange capacity (q;) (defined as [Ci — C] % V/M, (where C; and C; are
concentration (mmol/L) of Sr** in solution at time t = 0 and t, respectively; V = volume of

85Sr2+

solution in mL and m = mass of sorbent in g) of the materials for the uptake of was
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measured with time. All the measurements were carried out at pH = 2 and in between the
time scale of 30 min to 4 h. The variation of ion exchange capacities of NMO and KMO with
contact time are shown in Fig.5.5. From this figure, it can be seen that the ion exchange
capacity of both NMO and KMO increases sharply and reaches to saturation level within 2h.
The fast uptake in the initial one 1 h suggest the high affinity of the materials for Sr** ions as
well as large concentration gradient of Sr’* in between the solid and solution. As the
concentration of Sr** ions in solution as well as number of available sites on the solid for
uptake decreases, the kinetics of exchange becomes sluggish and finally saturates.

Also it is observed that the ion exchange capacity of NMO (~10mmol/g) is higher
than that of KMO (~1mmol/g), while the variation of g; with time is only marginal in case of
NMO compared to KMO. The higher values of ion exchange capacity of NMO can be due to
crystalline nature of NMO and larger interlayer spacing where ease migration of Na* ions to
exchange with Sr** is facilitated. The poor crystallinity, lower water of hydration and small
particle size induced agglomeration of KMO are also likely to hinder the facile migration of
K* ions to exchange with Sr** ions. But quantitatively both NMO and KMO have affinity for
the uptake of Sr** ions. The rate of ion exchange process, mechanism of the Sr’* ions uptake
and dynamic ion exchange behaviour of the NMO and KMO were investigated by modeling
the experimentally obtained kinetics data with pseudo first order model and pseudo second
order model. The ge and q; are calculated from the concentration of Sr** ions in solution,
volume of solution and mass of sorbent. The typical plots for pseudo first order and pseudo

second order models for NMO and KMO are shown in Fig.5.12.
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Fig.5.12: Kinetic fittings of ion exchange results

The parameters like rate constants, equilibrium sorption capacity and the typical
residual (R?) as obtained from different kinetic models are given in Table 5.1. From the
Fig.5.12 it is clear that for both NMO and KMO, the plot between log(ge-q;) and time shows
large deviation at high contact times. Also the obtained rate constant, ion exchange capacities
are not in agreement with the experimental results. The larger deviation from experimental
observations, poor correlation factors suggests that the ion exchange process of NMO and
KMO is not physisoprtion type pseudo first order process *** **2. Experimentally obtained
Kinetic results are fitted by using pseudo second order kinetic model by plotting g/t with time.
By this kinetic model, the experimental data could be fitted well and the calculated ion
exchange capacities of both NMO and KMO are comparable with experimental values. The

correlation factors (goodness of the fit, R?) for pseudo second order model fits are 0.999 and
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0.984 for NMO and KMO, respectively. This suggests that the Na*/K* and Sr** exchange
kinetics in NMO and KMO follow pseudo second order rate process. According to pseudo
second order model, the ion exchange process is a chemisorption process and the
accumulation of Sr** ijons over the adsorbate surface is the rate determining step ®. The
calculated pseudo second order rate constants (K») for NMO and KMO are 0.25g mmol™
min™ and 0.036 g mmol™ min™, respectively. Also, the maximum ion exchange capacity (qe)
for NMO and KMO are 9.64 mmol/g and 1.09 mmol/g, respectively. The higher value of rate
constant (K;) and higher ion exchange capacity (ge) of NMO compared to KMO suggests
that NMO is more efficient for Sr** removal. This can be attributed to the poor crystallinity

and more disorder in KMO which hinder the facile migration of K* ions in the bulk **.

Table 5.1: Summary of results obtained from different kinetic models for Sr** ions

exchange with NMO and KMO

NaMnO KMnO
Pseudo
First R?=-0.063 qe=0.|1/8 K=0.02  R°=0.76267 qe=0.44 K=0.019
order mmotig min™ mmol/g min™
Pseudo -9.64 K,=0.25 qe:]__og K,=0.036
second  R?=0.99984 ?ne%ol / gmmol™  R?=0.9836 g mmol™*
order g min™* mmol/g min™

5.3.2.4. lon exchange isotherms

In order to further investigate the mechanism of ion exchange and nature of
interactions between adsorbate and adsorbent, the ion exchange capacity of the NMO and
KMO were measured at different initial concentrations of ®°Sr spiked Sr(NOs), solutions.

Weighed quantities of exchangers are equilibrated for 3 h with solutions containing different
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concentration of Sr** ions (1 mmol/L to 100 mmol/L). The ion exchange capacities (ge) of

both samples observed with different initial concentration of Sr** ions are shown in Fig.5.13.
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Fig.5.13: Variation of ion exchange capacity with initial concentration of Sr**

Initially, the ion exchange capacity of both samples show rapid increasing trend with
increasing the concentration of Sr** ions and then becomes almost invariant. The large
variation of q. at lower initial concentration of Sr** ions can be attributed to greater
availability of exchangeable sites and higher available concentrations of Sr’* ions. As the
concentration of Sr’* ions in the solution increases, hindrance caused by already occupied
Sr®* jons in the available exchangeable sites dominates for further uptake 3. For both the
samples, the maximum ion exchange capacity was observed at concentration of Sr** ions 100
mmol/L and the maximum ion exchange capacities of NMO and KMO are ~ 2.7mmol/g, and
~1 mmol/g respectively. Experimentally obtained adsorption isotherm results were simulated
with most widely used Langmuir, Freundlich and Hill isotherm models because of their

simplicity in application, explanation of the theoretical results obtained. Typical fittings of
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the experimental data with Langmuir, Freundlich and Hill adsorption models are shown in
Fig.5.14. The details of analysis of different isotherm models are explained below. As shown
in Fig.5.14, experimentally obtained isotherm results are fitted well with Hill adsorption
isotherm model compared to Langmuir and Freundlich isotherm models. The explanation of

the isotherm modeling results are as follows:

5.3.2.4.1. Langmuir adsorption isotherm

Langmuir adsorption isotherm model is the universal model, applicable to large
varieties of adsorption systems, originally designed to explain gas adsorption on activated
charcoal 1", Typical fitting parameters for both the materials are given in Table.5.2. In case
of KMO, gn=0.78 mmol/g, K =3.32 L/mmol. Moreover the dimensionless quantity (R.)
called as separation constant for NMO is 0.18 and for KMO R_ is 0.23. Adsorption is
favorable if 0<R <1. Typical Langmuir fittings for NMO and KMO are shown in Fig.5.14,
obtained g, and K. values from Langmuir fit for NMO are 2.26 mmol/g and 4.69 L/mmol,

respectively.

5.3.2.4.2. Freundlich adsorption isotherm

Obtained Kg values for NMO and KMO are 0.93mmol/g and 0.42mmol/g
respectively; whereas calculated Freundlich parameter ‘n” for NMO is 34.81 and for KMO
(n) is 5.36. From the isotherm fitting figure it is clear that goodness of fit is better in case of
Langmuir isotherm model compared to Freundlich isotherm model and Langmuir model
explains the results better compared to Freundlich model. Typical Fraundlich fitted plot of

both NMO, KMO materials is shown in Fig.5.14, fitting parameters are given in Table 5.2.
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Fig.5.14: Sorption isotherms of Na-birnessite and K-birnessite fitted with Langmuir,

Freundlich and Hill isotherm models

5.3.2.4.3. Hill adsorption isotherm

Hill adsorption isotherm model is a three parameter model developed in order to

investigate the actual interactions between the adsorbate and the adsorbent. Adsorption fitting

parameters are better with Hill adsorption isotherm model compared to Langmuir and

Freundlich isotherm models, typical isotherm fittings for both NMO and KMO, fitting
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parameters are shown in Fig.5.14 and Table 5.2, respectively. Obtained n, N, values for
NMO are 0.28, 17.42 respectively and for KMO, n=0.22, N,=7.5. It is clearly indicating that
number of available adsorptions sites and number of ions anchored per site are more in case

of NMO compared to KMO thus behaving as a better sorbent material compared to KMO.

Table 5.2: Fit parameters of isotherm models for Sr** ion exchange with NMO and KMO

NaMnO KMnO

ch60:1'28 ch60:1'24

mmol/g mmol/g
Langmuir R®=0.90047 ,=2.26 b=4.69 R?=0.83547  ,,=0.78 b=3.32
mmol/g L.mmol™* mmol/g L.mmol™*
Freundlich R?=0.81059  Ky=0.93 n=34.81  R’=0.94604  Kg=0.42 n=5.36

Hill model R*=0.97386  n=0.28 N=17.42 R?=0.94684 n=0.21801 N=7.51487

5.3.3. Interference studies

Reprocessing of nuclear waste is a tedious task due to presence of high concentrations
of sodium, calcium, aluminum in their nitrate forms along with minor concentrations of rare
earth elements. Hence role of interfering ions over Sr** ions uptake by the title materials has
been investigated by measuring their Sr?* ion exchange capacities in presence of high
concentrations of Na*, Ca** and AI**. To the mixture of Sr(NOs),, solution of interfering ions
in their nitrate form with concentration ranging from 1 mM/L to 100 M/L ®Sr solution has
been spiked, distribution coefficients were measured at different concentration of interfering

ion solutions for both KMO and NMO.
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Chapter 5

Fig.5.15: Interference of different ions on Sr** uptake behaviour of NMO and KMO

Interfering ions presence has affected the uptake of Sr**, jon exchange capacity is

found to be decreased with increase in concentration of interfering ions. Distribution

constants for Sr** ions uptake by both the materials was most affected in presence of AI**

compared to Ca**and Na* ions. Effect of interfering ions for NMO is AI**>Ca*>Na* whereas

for KMO effect of interfering ions followed the trend AI**>Na*>Ca®*. Typical figure

showing the effect of interfering ions over ion exchange capacity of title materials is shown

in Fig.5.15. Role of Na* ions upon the uptake of Sr** ions is very important because of high
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concentrations of Na® in the nuclear waste. From the Fig.5.15 it is clear that though the
presence of Na™ ions reduced the ion exchange capacity of both NMO and KMO, distribution
constant value is reasonably high even in the presence of large concentrations of interfering

ions which indicates that selectivity of the studied materials towards the uptake of Sr** ions.
5.4. Conclusions

In summary, this study revealed ion exchange properties of two manganese oxides
namely Na-birnessite and K-birnessite for Sr** ions separation from nuclear waste.
Quantitative uptake of Sr** by NMO and KMO from solution indicated their potential for the
separation of Sr’* ions from nuclear waste. It is also inferred that the structure of the
materials plays an important role in the separation efficiency and selectivity. The study also
revealed that NMO is an efficient lattice for separation compared to KMO due to favorable
exchange conditions. Both the lattices show low exchange in strong acidic medium and
highly alkaline conditions due to instability of the manganates at low pH and strong inference
of Na™ ions at alkaline pH. The studies on kinetics and exchange isotherm revealed that they
follow pseudo-second order rate law and exchange is mainly by favorable chemisorption
process. It is proposed that these lattices can be directly used for separation of *°Sr from

nuclear waste solutions and also compatible for immobilization.
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Chapter 6

6.1. Introduction

Complex inorganic phosphates attract huge research interest due to their composition
and preparation condition dependent physical properties as well as their diversified crystal
chemistry as a function of temperature and pressure. They also exhibit interesting physical
properties amenable for varieties of technological applications. In particular, the complex

phosphates of rare earth ions along with mono and divalent cations are well utilized as ionic

153 154

conductors ~°, photocatalysts and host lattices for luminescent ions for optical
applications '®. Such complex phosphates containing mono or divalent cations are also
considered as promising materials for selective separation of ions from high level nuclear
waste and heavy metal ion pollutants from environment. Efficient exchange or adsorption
possibilities for separation of various ions from aqueous solution in a wide range of pH by
phosphates of Zr**, Ti** and Sn** as well as rare-earth ions or alkali and alkaline-earth metals
have been reported in literature % 3 155 Apatite, zircon, monazite, cheralite and nasicon
type phosphates are also being considered as potential host matrices for immobilization of
radioactive elements separated from the high level nuclear waste (HLW) due to their rock
analogous properties viz. high thermal and chemical stability, high radiation resistance and
insignificant leachability by water. It may be mentioned here that the phosphates of lighter
trivalent lanthanide ions crystallize primarily in monazite type structures. Monazite-type
lattices can accommodate a wider variety of actinides or radioactive lanthanides and hence
are considered to be promising host matrices for immobilization of minor actinides. Higher
waste loading capacity in particular for lower rare earths and actinides as well as higher

stability of monazite type phosphates are the favorable features making them promising

matrices for immobilization of actinides. Rich crystal chemistry of mixed phosphates with
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monovalent alkali (M*) and rare-earth (Ln**) ions is a consequence of difference in the ionic
radii of M* and Ln*" ions and their stoichiometry. Often such phosphates crystallize in layer
or tunnel type structures, where the basic structural frame is built by PO,* and Ln* ions,
while the M™ ions are accommodated inside the tunnels or layers for maintaining the charge
neutrality. Thus the M" ions are in general exchangeable with other ions and hence they are
considered as promising materials for selective separation of ions from high level nuclear
waste or heavy metal ion pollutants from environment **°,

Among the mixed cation double phosphates in M*-Ln**-P-O system, the commonly
encountered phases are MLn(PO3), and MsLn(POy),, which have distinct crystal structures
namely infinite chains of tetrahedral PO, units in the former while isolated tetrahedral PO,
units in the latter structures **”. In the MLn(POs), type structures, the rare-earth ions have
eight coordinated polyhedra which are connected by chains of PO, units while in the
MsLn(PO,), types, the rare-earth ions have eight or six coordinated polyhedra depending on
the radius of Ln*" ions and preparation temperature, which are connected to isolated PO,
tetrahedra. In addition to these two compositions, another compound with composition
K3Gds(PO.)s has been reported by Zhu et al. **® which has a distinct structure type with
chains of condensed [Gds(PO)]* units made from GdO, (n = 8 and 9) polyhedra and PO,
tetrahedra. Detailed structural analysis of this compound at ambient temperature indicated
that the GdOg and GdOg polyhedra are connected in three dimensions forming tunnel like
empty spaces along c-direction and these tunnels are occupied by K* ions. The phosphate
groups are connected to the GdO, polyhedra by sharing edge or corners. Optical absorption
studies on this compound suggested absorption is mainly due to Gd*" ions and the

corresponding emission in the UV region ™. Besides these studies, not many reports on
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thermophysical or structural properties are available for this material or analogous of such
complex phosphates. The second isostructural material K3Bis(PO4)s in K-Bi-P-O system has
been isolated by Terebilenko et al. **° and Hizhnyi et al. **° from the K,0-Bi,03-M0O3/WO;
molten flux. The structural analysis of K3Bis(PO,4)s revealed almost similar coordination
polyhedra around Bi** despite having lone pair electrons in it. Subsequently, rare-earth ion

. %1 where the authors have revealed

doped K3Gds(PO,)s has been investigated by Meng et a
only a partial substitution of Gd** by Ce®* whereas an appreciable substitution by Eu**. The
authors have also mentioned about the existence of an isostructural Eu®** analogous
K3Eus(PO4)s materials. Existence of the K3Eus(POg4)s is confirmed in this study and its
properties are explained in other chapters. Since such complex phosphates are of significant
interest in the aspect of optical properties such as X-rays scintillation, luminescent materials
for plasma display panel as well as for lighting and stimulated emission applications, these
materials need more detailed investigations with respect to their structural behaviour and

vibrational properties with temperature % 2,

To investigate the influence of temperature on its structural and vibrational properties,
the stoichiometric compound K3Gds(PO,)s was prepared and investigated its crystal structure
in a wide range of temperature from 20 to 1073 K by variable temperature XRD using a lab
source and synchrotron X- rays as well as Raman spectroscopy in the temperature range of
77 to 873 K. The structure is found to be stable in the entire range of temperature and shows
anisotropic thermal expansion with minimum expansion along the b-axis as compared to the
other two axes. In addition the magnetic and ion exchange properties of K3Gds(PO4)s Were

also studied.
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6.2. Experimental details

The title sample was prepared by solid state reactions of KH,PO,4, NH;H,PO, and
Gd,0s. Stoichiometric amounts of reactants were ground thoroughly and melted in a
platinum crucible at 573 K for 4 h. Solidified molten mass was rehomogenized and pressed
into a pellet. The pellet was heated at 773 K for 24 h and then rehomogenized and
repelletized. The pellet was finally heated at 1123 K for 24 h. The powder XRD pattern of
the final product was recorded on a rotating anode based powder X-ray diffractometer using
Cu Ka radiation. The observed XRD pattern agrees well with that reported by Zhu et al. **°.
Absence of any additional unaccounted reflections confirms the phase purity of the sample.
For detailed temperature dependent structural study above ambient temperature, high
temperature X-ray diffraction of the synthesized sample was carried out. The XRD patterns
were recorded in the two theta range of 10-90° in steps of 0.02° with step time 1.5s. The
sample was heated to a desired temperature and then held for about 10 min to obtain
temperature equilibrium prior to collection of diffraction data. The XRD data below ambient
temperature were recorded by using synchrotron radiation (wavelength: 0.6621 A). The low
temperature X-ray diffraction studies were carried out by placing sample in between two
kapton films and placed in between two copper blocks with a small opening for the X-ray
beam which are connected to a liquid helium cryostat. The sample was cooled to 20 K and
allowed to equilibrate for about 1 h and then diffraction data were collected. The sample was
then heated to a desired temperature and again held for about 10 min before collection of
XRD data. The diffracted radiations were recorded on an image plate (mar 345). Typical time
for recording the each diffraction pattern was 6 min. The recorded images were integrated by

using FIT2D software. The recorded XRD patterns in both low and high temperature regions
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were analyzed by Rietveld method by using Fullprof-2K . Raman spectra were recorded in
the back scattering geometry which cover the wave number range 30-1250 cm™. Thermal
stability of the sample was studied by simultaneous thermogravimetric (TG) and differential
thermal analysis (DTA) technique. The magnetization behavior of the sample in between 2-
300 K was studied using a 9T PPMS based Vibrating Sample Magnetometer. The ion
exchange property of the sample was studied by equilibrating a weighed quantity of solid

material with an aqueous solution of radioactive Sr** (as ®*Sr(NOs),).

6.3. Results and discussion

6.3.1. XRD studies

T T T T T T T T T T T T T T

. ‘ 300 K
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Fig.6.1: Rietveld refinement plot of the powder XRD pattern of K3Gds(POy)s
Formation of the desired K;Gds(PO,)s phase from the components was monitored by
recording the powder XRD pattern after each stage of high temperature reaction. The XRD
pattern of the product obtained after heating at 773 K showed the formation of GdPO4 which
further reacted at higher temperature to the desired product. The reaction is found to proceed

sluggishly and predominantly through monazite type GdPO, formed as an initial reaction
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product. After heating this preheated sample at 1023 K for 24 h, monophasic K3;Gds(PO4)s
could be obtained. Detailed characterization of the phase was carried out by Rietveld
refinement of the powder XRD pattern recorded at ambient temperature (300 K) by using
synchrotron radiation source.

The reported position coordinates of K3;Gds(PO4)s by Zhu et al. were used as the
initial structural model for refinement. Only one thermal parameters (Boy) is considered for
initial analysis of the data. The background of the diffraction pattern was simulated by linear
interpolation of selected points for a smoothly varying background profile. The Bragg peaks
of the XRD pattern were fitted to a pseudo-Voigt profile function with an angle dependent
mixing parameters (1) defined as: 1 =no+ X x 20, where np and X are refineable parameters.
The scale and unit cell parameters were initially refined for appropriate matching of the peak
positions and intensity. All the observed peaks could be accounted by the assumed model
which further confirms the absence of any other secondary phase in the sample. Micro
absorption corrections were applied for all the powder XRD data recorded in synchrotron
source. Subsequently, the position coordinates of all the atoms along with B,, parameter
were refined in the later cycles of refinement. Finally the B,, was assigned to individual
atoms and refined along with all other parameters. The refinements of thermal parameters of
the individual atoms were carried out by constraining them as per their mass. Appreciably
good refinement was concluded from the difference plots between the observed and
calculated diffraction pattern as well as from the residual of the refinement. The residuals
factors of refinement of the ambient temperature XRD data are: Rp: 3.25, Rup: 4.50, x2: 3.50,
Rg: 2.57 and Rg = 1.90. The refined unit cell parameters of K3Gds(PO4)s at 300 K are: a =

17.4717(4) A, b = 6.9345(2) A, c = 18.1088(4) A and B = 114.409(2)°, V = 1997.92(8) A>.
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These observed unit cell parameters as well as position coordinates are in close

agreement with those reported earlier by Zhu et al. *°®. The final Rietveld refinement plot for

the XRD data of K3Gds(POy)s at 300 K is shown in Fig.6.1. The position coordinates of

K3Gds(PO4)s at 300K are given in Table 6.1.

Table 6.1: Refined position coordinates of K3Gds(PO,)s at 300 K

Atom

Gd1
Gd2
Gd3
K1
K2
P1
P2
P3
o1
02
03
04
05
06
o7
08
09
010
011
012

Wyc.

4e
8f
8f
8f
4e
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f

X

0
0.14295(14)
0.21939(13)

0.0759(2)
0
0.1382(2)
0.2098(3)
-0.0759(3)
0.2022(4)
-0.0970(4)
0.2348(4)
0.1238(7)
0.2477(4)
-0.1468(4)
0.0021(3)
0.1004(4)
-0.0455(5)
0.2725(4)
0.1183(3)
0.0871(4)

y

0.3660(5)
-0.4145(2)
0.1249(3)
0.9029(5)
0.8236(7)
0.0897(6)
0.6253(6)
0.4044(6)
0.7813(8)
0.2445(8)
0.072(2)
0.2349(9)
0.6719(13)
0.5309(9)
0.5201(8)
-0.1001(7)
0.3160(10)
0.4652(8)
0.5463(11)
0.1312(10)

z

1/4
0.48045(14)
0.29181(12)

0.0756(2)
1/4
0.4133(2)
0.3403(2)
0.3788(3)
0.2752(4)
0.3115(3)
0.4250(5)
0.4689(6)
0.4326(3)
0.3862(4)
0.3799(4)
0.4328(4)
0.4658(3)
0.3432(4)
0.3288(4)
0.3226(3)

U(ea) (A)?

0.0042(2)
0.0042(2)
0.0042(2)
0.014(2)
0.014(2)
0.0011(9)
0.0011(9)
0.0011(9)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)
0.0234(15)

The analysis of structural

data (Table.6.1) of K3Gds(POs)s

indicate three

crystallographically distinct Gd atoms (Gd1, Gd2 and Gd3), two K atoms (K1 and K2), three

P atoms (P1, P2 and P3) and twelve O atoms (O1-012) in the unit cell. All atoms except Gd1

and K2 are occupied in 8f sites while the Gd1 and K2 are occupied in 4e sites of space group

C2/c. The estimated inter-atomic distances indicated that all the P atoms have nearly regular
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tetrahedral coordination with typical P-O bond lengths in the range between 1.50 A and 1.62
A as commonly observed in various orthophosphates **°. Similarly the examination of Gd-O
bonds in K3Gds(PO,)s indicate that the Gd1 and Gd3 have eight coordinated GdOg polyhedra

while Gd2 has nine coordinated GdOg polyhedra.

Typical Gd-O bond lengths in KsGds(PO4)s are in the range of 2.23 to 2.76 A.
Besides, all the GdO, polyhedra are distorted and the dispersions in bond lengths are
appreciably larger in the Gd10g and Gd30g polyhedra compared to the Gd20Og polyhedra.
The polyhedral distortions were calculated from the dispersion of bond lengths (Distt.=
L,y (|d; — d|/d), where, d; is the bond length of the i'" bond and d is the average bond

length in the coordination polyhedra).

Fig.6.2: Crystal structure of K;Gds(PO4)s. The Gd10g (pink), Gd20g (red) and Gd30g

(blue) polyhedra and PO, units are shown. K1 and K2 are shown as spheres
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For Gd10g, Gd20y and Gd30s, the polyhedra distortions are 33.39 x 10, 10.79 x 10
*and 31.86 x 10, respectively. The PO, tetrahedra are connected to the GdO, polyhedra by
sharing corners as well as edges forming a complex [Gds(PO)s]* ion which are eventually
connected periodically forming an open tunnel containing three dimension structure. The
tunnels formed in the arrangements of [Gds(PO)s]> are occupied by K* ions (K1 and K2) to
maintain the charge neutrality. Typical three dimensional structure indicating the GdO, and
PO, polyhedra and K* ions is shown in Fig.6.2, further analysis of the linkages of the GdO,

and PO, polyhedra in K3Gds(PO,)s indicate that the GdO, polyhedra are linked together by

sharing their edges (Fig.6.3).

Fig.6.3: Typical connections of GdO, polyhedra in K3;Gds(PO,)s

The typical connections of these polyhedra are closely similar to those observed in
zircon type orthophosphates of rare-earths *°2. It can be mentioned here that the zircon type
orthophosphates are observed with only smaller rare-earth ions i.e. ions smaller than Gd**
ions, while all other ions including Gd** ions form monazite type phosphates *°. The
coordination number around the rare-earth ions in zircon and monazite type orthophosphates

are 8 and 9 respectively. The GdO, polyhedra observed in the present K3Gds(PO,)s Structure
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are similar to these polyhedra. However in zircon type structures, each of the LnOg polyhedra
are linked to four others symmetrically with 4m2 site symmetry at the Ln®" ions. In the
present case the Gd1Og and Gd3Og polyhedra are linked to four other GdO, polyhedra
(Fig.6.3) while the Gd20Qy is linked only to three other GdO, polyhedra.

Similar analysis on the linkages of PO, to GdO, polyhedra in K3Gds(PO4)s also
indicate a close similarity with zircon type structures where the GdO, polyhedra are
connected to two PO, units by sharing edges while four (five in case of Gd2) other PO, units
by sharing corners. The typical connection of GdO, polyhedra and PO, tetrahedra of the
present structure is shown in Fig.6.4. Thus in the present structure, the Gd1 and Gd3 are
linked to POy like zircon while Gd2 is connected to five PO, units like monazite structure.
The formation of nine coordinated polyhedra around the rare-earth ions in monazite type
structure is observed due to the shift of the PO, ions towards the regular LnOg polyhedra *%°.
Ideally the local surroundings around the Gd** ions of the present structure are closer to those
of the rare-earth phosphates. Hence it is expected that the response of K3Gds(POy)s to the
non-ambient conditions might be controlled by the coordination polyhedra around the Gd®*
and K* ions as usually observed in ABO, type rare-earth orthophosphate '°*. Since the
presence of K* ions in the structure is just for charge neutrality reasons, the structural
parameters as well as elastic properties are expected mainly from the GdO, arrangements.
Later in this chapter it has been explained that the three dimensional frame made from GdO,
polyhedra of the K3Gds(PO,4)s governs its thermal properties. In order to study the thermo-
elastic and thermo-physical properties of K3Gds(PO,)s, structural analysis below and above

ambient conditions were carried out and they are explained below.
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Fig.6.4: Typical connections of GdO,, and PO, polyhedra in K;Gds(PO,)s

Table 6.2: Refined positional parameters of K3Gds(PO4)s at 20 K

Atom

Gd1
Gd2
Gd3
K1
K2
P1
P2
P3
01
02
03
04
05
06
o7
08
09
010
011
012

Wyc.

4e
8f
8f
8f
4e
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f

X

0
0.14206(12)
0.21910(11)
0.0761(2)

0

0.1354(2)
0.2094(2)
-0.0726(3)
0.2027(4)
-0.0962(3)
0.2325(3)
0.1216(7)
0.2476(3)
-0.1443(3)
0.0014(3)
0.0991(4)
-0.0421(4)
0.2726(3)
0.1173(3)
0.0862(3)

y
0.3656(4)
-0.4151(2)
0.1247(3)
0.9044(5)
0.8249(7)
0.0888(6)
0.6252(6)
0.4031(6)
0.7801(6)
0.2465(7)
0.069(2)
0.2361(7)
0.6712(11)
0.5312(9)
0.5240(8)
-0.1020(6)
0.3170(9)
0.4664(6)
0.5469(10)
0.1313(8)

z

1/4
0.48074(11)
0.29200(11)
0.0763(2)
1/4
0.4138(2)
0.3415(2)
0.3816(2)
0.2761(3)
0.3129(3)
0.4256(4)
0.4687(6)
0.4339(3)
0.3861(3)
0.3794(3)
0.4332(3)
0.4683(3)
0.3440(3)
0.3286(3)
0.3231(3)

U(eq) (A’
0.0028(2)
0.0028(2)
0.0028(2)
0.0003
0.0003
0.0007(9)
0.0007(9)
0.0007(9)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
0.0156(15)
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The powder XRD patterns recorded below the ambient temperature were analyzed by
Rietveld refinement using the refined structural parameters of ambient temperature phase as
the initial model. As in the case of ambient temperature data, the background and peak
profile of the low temperature XRD data were modeled. Initially the unit cell parameters
were refined along with scale factors. The complete diffraction pattern could be fitted with
the assumed structural model which indicates no structural transition down to 20K. The
position coordinates of all the atoms and isotropic thermal parameters were refined in the

final cycles and the refined structural parameters at 20 K are given in Table 6.2.

A comparison of the position coordinates of various atoms at 20K with those for the
structure at 300K indicated no significant variation, which further support for the absence of
any structural transition. The refined unit cell parameters of K3Gds(PO,4)s at 20 K are: a =
17.4267(4) A, b = 6.9243(2) A, ¢ = 18.0410(3) A, p = 114.388(2)° and V = 1982.70(7) A3,
Final Rietveld refinement plot for the XRD data at 20K is shown in Fig.6.5. Only a subtle
decrease in unit cell parameter due to the temperature effect is noticed down to lowest
temperature. In a similar manner, all the XRD patterns recorded in between 20 and 300 K
were refined. The XRD patterns of K3Gds(PO,4)s above ambient temperatures were recorded
by rotating Cu anode based X-ray diffractometer. The data recorded at 294 K was refined
using the refined unit cell parameters and structural parameters obtained from our refinement
of synchrotron XRD data recorded at 300 K. The diffractometer zero correction was carried
out prior to the refinement of the unit cell parameters. The background profiles of the high
temperature XRD data were modeled by using 5™ order polynomial function while the

profiles of the Bragg peaks were generated by using pseudo-Voigt peak shape function.
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Fig.6.5: Rietveld refinement plot of K3Gds(PO4)s at 20K

6.3.3. High temperature studies
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Fig.6.6: Rietveld refinement plot of K3Gds(PO,)s at 1073 K

The unit cell parameters and position coordinates of K3Gds(POg4)s at successive

temperatures were obtained by Rietveld refinement of the XRD data using an initial model
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based on the refined structural parameters at previous temperature. Similar to the low
temperature XRD data, upon increasing temperature up to 1073 K, no drastic change in XRD
patterns except a shift in peak positions towards lower angle (26) due to thermal expansion is
noticed. This suggests no structural transition in K3Gds(PO,4)s even at higher temperature.
Furthermore the structural stability was corroborated by recording simultaneous TG-DTA

patterns up to 1273 K. The refined structural parameters at 1073 K are given in Table.6.3 and

the final Rietveld refinement plot for the corresponding XRD data is shown in Fig.6.6.

In order to find the effect of temperature on the crystal structure, refined structural

parameters at various temperatures are compared. Fig.6.7 shows the temperature variation of

the unit cell parameters.
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Fig.6.7: Variation of unit cell parameters of K3Gds(PO,4)s with temperature
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It can be seen that the unit cell parameters increase smoothly from 20 to 1073 K.
However close to 20 K a deviation from the linearity is noticed but cannot be accounted for
any phase transition. Also the monoclinic angle () has a tendency to saturate or decreasing
trend at higher temperature. Further it is observed that the increases in unit cell parameters
are anisotropic with larger expansion along the a- and c-axes compared to the b-axis. The
average axial thermal expansion coefficients between 20 and 1073 K are: oz = 10.6 X 10° K
1

, ap = 5.5 x 10° K* and o = 16.4 x 10° K. The temperature dependencies of unit cell

parameters were fitted by using 2" order polynomial functions.

Table 6.3: Refined positional parameters of K3Gds(PO4)s at 1073 K

Atom Wyc. X y z U(eq) (A)?
Gd1 4e 0 0.3669(7) 1/4 0.0268(10)
Gd2 8f 0.1446(2) -0.4132(4) 0.48124(19) 0.0268(10)
Gd3 8f 0.2206(2) 0.1245(5) 0.29128(18) 0.0268(10)
K1 8f 0.0739(2) 0.9071(5) 0.0748(3) 0.060(5)
K2 4e 0 0.8269(8) 1/4 0.060(5)
P1 8f 0.1376(3) 0.0897(7) 0.4132(2) 0.022(2)
P2 8f 0.2086(3) 0.6238(7) 0.3387(2) 0.022(2)
P3 8f -0.0717(3) 0.3952(6) 0.3808(3) 0.022(2)
01 8f 0.1993(4) 0.7831(8) 0.2739(4) 0.075(4)
02 8f -0.0957(4) 0.2443(8) 0.3116(3) 0.075(4)
03 8f 0.2307(5) 0.069(3) 0.4223(6) 0.075(4)
04 8f 0.1277(8) 0.2311(10) 0.4723(6) 0.075(4)
05 8f 0.2483(4) 0.6605(14) 0.4307(3) 0.075(4)
06 8f -0.1385(4) 0.5392(9) 0.3841(4) 0.075(4)
o7 8f -0.0015(4) 0.5242(8) 0.3790(4) 0.075(4)
08 8f 0.0997(4) -0.0970(7) 0.4325(4) 0.075(4)
09 8f -0.0444(5) 0.3116(10) 0.4677(3) 0.075(4)
010 8f 0.2722(4) 0.4655(8) 0.3435(5) 0.075(4)
011 8f 0.1187(3) 0.5509(12) 0.3261(4) 0.075(4)
012 8f 0.0893(4) 0.1257(10) 0.3222(3) 0.075(4)
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The anisotropy in expansion of K3Gds(PO4)s can be related to the polyhedral
connections along the <101> which is mainly formed by the edge shared GdO, (Fig.6.8). It
can be recalled that the thermal expansion coefficients of zircon type orthophosphates are
also anisotropic where larger expansion along the directions (a-axis) of the edge shared LnOg
polyhedra is observed compared to that along the directions with intervening PO, tetrahedra.
Due to the rigid nature of the PO, polyhedra, the lower thermal expansion along this
direction is often observed in zircon type rare-earth phosphates. The average coefficient of
volume thermal expansion in the studied temperature range is 32.5 x 10° K™. The
temperature dependent unit cell volume could be fitted with Einstein relation V=Vg+ &/(e”"-
1) where Vo, &, 0 are fitting parameters. The typical fitting parameters are: Vo = 1984.0(4) A3,
e = 12.5(1.7) and 0g = 187(24) K. The observed value of Einstein temperature (0g) is

comparable for soft ceramic materials ***.

Fig.6.8: Arrangement of GdO, polyhedra in the structure of K3Gds(PO4)s. The Gd10g

(pink), Gd20y (red) and Gd30Og (blue) units are shown
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For a better insight into the origin of thermal expansion and the anisotropic expansion
behavior, the derived structural parameters are compared. Typical variation of average Gd-O
bonds in GdO, polyhedra and P-O bonds in PO, tetrahedra with temperature are shown in
Fig.6.9. It can be noticed from the Fig.6.9, that the P-O bonds do not vary appreciably in the
studied temperature range as expected from the rigid nature of the PO, unit, while the Gd-O
bonds, in particular; the Gd1-O and Gd2-O ones expand significantly with temperature. The
rigid nature of PO, polyhedra unit is further confirmed by Raman results discussed
subsequently. This suggests the high temperature structural evolution is mainly controlled by

the Gd-O bond length which is due to their soft and ionic natures.
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Fig.6.9: Variation of average Gd-O and P-O distances in the structure of K3Gds(POy)s

with temperature
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The temperature evolutions of polyhedral volumes of PO, and GdO, are shown in
Fig.6.10, which also infer similar conclusions on thermal expansions. The temperature
evolution of distortion indices of the polyhedra indicates a gradual decreasing trend with
increasing temperature, while those of Gd20g and K20Og polyhedra show increasing trend
with temperature (Fig.6.11). The increasing distortion in Gd20g unit suggests a possible
instability in structure at higher temperature. Although, decomposition of this phase at higher
temperature can be expected as evidenced in the studies on various reported phases in K-Gd-
P-O system '°°, TG-DTA studies up to 1273 K and subsequent XRD analysis of the residue
indicate no significant change in the phase. Thus it can be concluded that the decomposition

temperature may be higher than 1273 K *®.
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K3Gds(PO4)s With temperature
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As mentioned earlier, the K* ions are occupied within the tunnels for charge balance
reason and thus they are likely to be affected more with temperature. From the structural
details, it can be indicated that the K atoms (K1 and K2) are arranged as a wavy chain along
the b-direction. The analysis of K-O bond lengths indicate that the K1 atoms are coordinated
to 9 oxygen atoms while the K2 atoms are coordinated to 8 oxygen atoms within the bond
length limit of 2.47 to 3.24 A. A larger bond dispersion but smaller average bond length is
observed around the K1 atoms than K2 atoms. Effectively with increasing temperature, the
average K-O bond lengths increase systematically, while only the distortion around the K1

atoms decreases. Similarly, the analysis of bond lengths and distortions around K2 indicate

197



Chapter 6

an increasing trend with temperature. However from the variation of bond lengths around K
atoms indicates that their coordination polyhedra are relatively stable and maintain the same
coordination up to 1000K.

To understand further on the structural variations in K3Gds(PO,)s with temperature
analogous studies by Raman spectroscopy were carried out. It can be mentioned here that for
probing structural change in a materials with respect to any thermodynamic parameters like
temperature and pressure, XRD and Raman spectroscopy are often used as complementary
techniques *®. Since Raman spectroscopy is a local probe, it provides information on a
microscopic scale and in particular changes in microscopic structures like coordination

polyhedral or ionic movement with temperature or pressure.

6.3.4. Raman studies

As mentioned earlier, K3Gds(PO,)s crystallizes in a monoclinic structure with space
group C2/c (C£,) with two formula units in the primitive unit cell. Therefore, 228 degrees of
freedom arise from the 76 atoms in the primitive monoclinic unit cell, out of which 225 are
optical degrees of freedom. The Gd1 and K2 occupy the 4e sites; all other Gd, K, P and O
atoms occupy the 8f-sites. Factor group analysis was carried out using correlation method
using their site symmetries **’. Group theory predicts the total irreducible representation of
optical phonon to be I'px = 56A; + 58By + 55A, + 56B, and all 225 modes are non-
degenerate. Out of these, 114 Raman active (56Ay + 58B) and 111 IR-active (55A,+56By)
modes are expected. As mentioned earlier, the bonds in PO, group are strong and the PO,
group acts as rigid molecular unit. The 180 degrees of freedom corresponding to this rigid

molecular unit (PO,4) can be sub-divided into 108 internal (27Ay+27By+27A,+27B,), 36 rigid
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translations (9Ag+9B4+9A,+9By) and 36 rigid rotational (librational) (9A;+9B¢+9A,+9By)

degrees of freedom. Raman spectrum of K3Gds(PO,)s at 80 K is shown in Fig.6.12.
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Fig.6.12: Raman spectra of K3Gds(PO,)s at different temperatures

A total of 58 distinct Raman modes could be identified in the wavenumber range 50-

1200 cm™. In addition to these modes, a few weak peaks/shoulders can also be seen;

however, these weak modes/shoulders do not evolve systematically with temperature. The

observation of less number of Raman modes than group theoretical prediction could be due

to insufficient intensities resulting from small polarizabilities of several modes ®.The

observed mode frequencies of K;Gds(PO,)s are assigned by comparison with earlier reported

phosphates. The observed spectral features of K;Gds(PO4)s are similar to K,Ce(POu), *,

K,4CesP4015 %8 and exhibit no Raman modes between 650-950 cm™. Unlike K,Ce(PO,),, in

the present system the modes at low frequencies are expected below 100 cm™ since Gd is

heavier than Ce. As pointed earlier, KsGds(PO4)s consists of an edge/corner-shared network
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of PO, tetrahedra and GdO, (n = 8, 9) polyhedra, PO, tetrahedra are more strongly bound
units compared to GdO,.. Therefore, in the Raman spectra of K3Gds(PO,)s, the internal modes
of PO, tetrahedral can be identified while those of GdO, could not be identified. One can
expect only the lattice modes associated with Gd translation in the potential well of the
surrounding oxygen polyhedra. The internal modes of PO, are assigned in the wave number
range 380-1200 cm™. These modes are associated with the vibrations of oxygen ion against
the central phosphate ion in the oxygen cage. Several prominent modes observed in the high
wavenumber region 940-1150 cm™ are assigned to the stretching mode of PO, while the
bending modes are observed in 380-640 cm™. These modes often exhibit merging due to its
higher site symmetry and reduction in correlation splitting. Lattice, rigid translation and

librational modes of phosphate ion appear in the low wavenumber range 50-380 cm™.

Raman spectra of K3Gds(PO4)s recorded in the complete range of phonon
wavenumbers at different temperatures are included in Fig.6.12. On increasing temperature,
intensities and wavenumber of most of the Raman modes decreases continuously except the
modes at 387, 540 and 1121 cm™ which show abnormal hardening. As expected, several
modes show broadening with increasing temperature due to decrease in phonon life time in
scattering processes. The nearby modes at 73 and 80 cm™, 219 and 229 cm™, 1081 and 1089
cm™ are merge into single broad band around 75, 216 and 1070 cm™, respectively. Several
modes could not survive up to 873 K, which is the highest temperature of the present studies.
At 873 K, only 26 Raman modes could be identified. The less number of Raman modes at
high temperature is due to insufficient intensity of weak modes. Several modes as mentioned
above soften continuously with temperature and no discontinuities in the slope of @ vs T plot

are observed Fig.6.13. Furthermore, no signature of appearance of any new Raman mode is

200



Chapter 6

noticed in the entire temperature range. It may be mentioned here that any change in crystal
symmetry could in principle change the crystal spectral selection rule and they are reflected
in spectral features. Such a change in Raman spectral feature is not noticed in this present
system. This suggests that the system is stable and does not undergo any structural transition

in the studied temperature range as inferred also from the XRD studies. The temperature

coefficients i—‘; were obtained by linear fits to the w vs T curve (Fig.6.13).
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Fig.6.13: Raman mode frequencies of K3Gds(PO,)s as a function of temperature

This exercise was performed by using the linear equation ®(T) = 0o+ ®'T, where wg
is the mode wavenumber at absolute zero temperature, ®’ is the first order temperature

coefficient of vibrational mode, to fit the data in lower temperature region (< 500 K). The
slope of the fitted curves (®') represents the temperature coefficients (Z—;’) of the

corresponding mode. The contributions of higher order temperature coefficients are
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dw

neglected since they are significant only at higher temperatures. The normalized slopes, %dT

9

which essentially represent the total anharmonicity '*° are calculated for all 58 modes

observed at 80 K. The variation of Raman mode wavenumber with temperature at constant
pressure %Z—“T) arises from two effects: one is the contribution from the volume effect or

thermal expansion of lattice, (quasi-harmonic) and the other is due to pure temperature effect
known as true-anharmonic contribution *°. Hence, it can be expressed in the form of these
Ldog| _ 1 dog

two terms: — | = — v;a, where y; is the mode Griuneisen parameter and a is the

volume thermal expansion coefficient. Here the first term on the right hand side is the true-
anharmonic contribution and the second is the pure volume effect. Hence pure temperature
effect (true-anharmonicity) on phonon mode can be separated out from the total
anharmonicity from the knowledge of y; and «. It can be noticed that most of the phonons
have negative anharmonicity implying softening of phonons at high temperature. The
hardening of those modes at 387, 540 and 1121 cm™ is due to the stiffening of force constant
which can occur due to steepening of potential well resulting from their respective ionic

1 It can be noticed that the magnitude of

vibrations as observed in other systems
anharmonicity is larger for several low frequency modes (lattice, rigid translation and
librational modes), viz., 57, 61, 103, 112, 129, 156, 123, 236, 158, 267, 286 and 303 cm™ in
comparison to high frequency internal modes of PO, units which suggests they have larger
contribution towards thermal expansion. The smaller magnitude of anharmonicity of

stretching modes of PO, units suggest stronger bonding within the PO, tetrahedral units,

which are insensitive to temperature compared to flexible low frequency modes. This
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observation also indicates its covalent nature of bonding and supports the findings of XRD

studies.
6.3.5. Magnetic studies

In order to see other physical properties of the materials, the temperature dependent
magnetization of K3Gds(PO4)s was investigated from ambient to 2 K. Due to clustered
arrangements of Gd*" ions, higher and coupled magnetic moment can be expected in this
material. However, the typical paramagnetic like magnetization is observed in M vs T and no

hysteresis loop at lowest temperature confirms its paramagnetic nature (Fig.6.14a and b).
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Fig.6.14: (a) Temperature and (b) field dependent magnetization in K3Gds(PO4)s

The magnetic susceptibility could be fitted well with typical Curie-Weiss relation and
the obtained effective magnetic moment per Gd** ion is 7.91 pg and Weiss constant is 0.38
K. The observed effective moment is similar to free ion moment of Gd** which suggests no
magnetic interaction among the Gd*" ions. It may be mentioned here that the monoclinic

monazite type GdPO, has an antiferromagnetic interaction below 0.8 K. From the structural
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analysis it is observed that the typical shortest inter-atomic distances of Gd** ions in
K3Gds(PO4)s are in the range of 3.96 A (Gd1-Gd3) and 4.19 A (Gd2-Gd2) while the inter-
atomic separation between the Gd** ions in GdPO, are about 4.00 A *"2. Thus the inter-
atomic separation and the network connection of GdO, polyhedra in GdPO, and
K3Gds(PO4)s suggest a closely similar magnetic properties in both of them. A comparison of
typical distances between Gd** ions of the present studied material and that reported in
GdPO, suggests that such interaction in K3Gds(PO4)¢ may be observed at still lower
temperature. However, the observed positive Weiss constant suggests that the interaction is

ferromagnetic instead of antiferromagnetic as in GdPO, '

. Almost similar magnetic
behavior as free ion magnetic moment with positive Weiss constant is reported in GdFs.
From the magnetic hysteresis loops, it can also be noticed that at lower temperature
magnetization increases sharply as a case of superparamagnetic materials and tends to
saturate at field above 20 kOe. However almost no coercive field and remanent
magnetization are observed at any temperature down to 3 K which suggests for a
superparamagnetic behavior of K3Gds(PO,)s. The larger saturation magnetization at
relatively lower applied field is in contrast to GdPO, may be due to clustered units of GdO,
polyhedra. The superparamagnetic like behavior and positive Weiss constant may be
attributed to the possible ferromagnetic like ground state of K3;Gds(POg)s at lower
temperature.

As seen from the structural features and temperature dependent structural evolutions,
the K* ions provide charge neutrality to the anionic frame of unit cell. Thus it can be

expected that the K™ ions in K3Gds(PO,)s can be exchanged by other ions. In order to observe

any possible ion exchange properties in this, weighed quantity of the material is equilibrated
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with aqueous solution of radioactive Sr** ions (®°Sr) and the decrease in activity of filtered
solution were analyzed radiometrically. The distribution constant (Kg4) estimated from the
initial and final activity is significantly low (Kd ~ 5). This suggests that the K* ions are not
strictly exchangeable with Sr®* ions. An analogous study is carried out by using non-
radioactive Sr** solution. The solid residue isolated from this solution was analyzed by ICP
for detection of strontium in it. The presence of Sr** ion in the solid residue confirms
incorporation of only feeble amount of Sr** ion. Thus it could be concluded that only a small
amount of K* ions are exchanged by Sr?* ions. This might be due to stronger bonding of the
K" ions with the anion frame or the wavy arrangement of K* ions in the tunnels where the
motion of the ions are restricted by the adjacent ions. From the present structural
investigation, an increasing trend for amplitudes of vibration parameters of K* is observed.
Although anisotropic displacement parameters could be of some help to understand the
possible motion of K* ions, due to the limitation of the powder XRD they could not be
obtained. To understand the motion of K* ions more detailed study on diffusion aspects is
required.
6.4. Conclusions

A complex phosphate, K3Gds(PO4)s, is prepared by solid state reaction and
characterized in detail by X-ray diffraction in a wide temperature range from 20 to 1073K
and by Raman spectroscopy in the temperature range of 77 to 873 K. The material is found to
be stable in the studied temperature range. The temperature evolution of the unit cell
parameters is anisotropic with larger expansion along the a- and c-axes compared to the b-
axis. The temperature evolution of distortion indices of the polyhedra except Gd204 and

K20s polyhedra indicates a gradual decreasing trend with increasing temperature suggesting
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symmetrization in the coordination polyhedra. Both thermal expansion and its anisotropy are
largely controlled by the temperature effect on the GdO, polyhedra and their linkages. The
temperature dependent Raman spectroscopic studies also indicated no structural change. The
intensities of most of the Raman modes decrease and their line widths increase at elevated
temperature due to enhanced phonon scattering. Several mode positions show softening with
increasing temperature whereas a few Raman modes at 387, 540 and 1121 cm™ show
abnormal hardening with temperature. In addition to the lattice modes, several external
modes of PO, rigid unit are found to be strongly anharmonic. The temperature and field
dependent magnetic measurements indicated no long range ordering down to 2K. The field
dependent magnetization and saturation at lower temperature suggests the superparamagnetic
nature of the sample. The compound does not show appreciable exchange of K* ions with
Sr** indicating the K* ions are held tightly in the structure. Thermal stability of the material
in a wide range of temperature signifies that K3Gds(PO,)s is a promising lattice for

immobilization of nuclear waste.

206



Chapter 7

Pressure and temperature dependent structure

properties of K,Fe, TigOqp




Chapter 7

208



Chapter 7

7.1. Introduction

Hollandite type materials, in particular manganite or titanates are observed in nature
and they possess significant structural stabilities under geological conditions. Silicates with
hollandite type structure are also known to occur in lower mantle region of earth or in similar
conditions. Weathering of the hollandite type minerals under geological condition often
resulted in wide varieties of compositions with diversified monovalent cations like alkali and
divalent cations like alkaline earth and Pb** cations *. Thus hollandite (AxBsO1s Where B
are cations suitable for octahedral coordination and A are larger cations, like Cs, Ba etc.) type
materials are considered as a component phase in the Synroc ensemble to immobilize
radioactive Cs* and Ba** produced in nuclear reactor. Besides, hollandite type materials show
promising interest for various physical and chemical properties. Spin transition and Mott-
Peierls transitions have been reported in several transition metal containing hollandites.
Hollandite type materials with smaller cations exhibit fast cation conduction due to the free
motion of ions in the channels *"> 7.

Ideally the hollandite type structures are formed by rutile like edge and corner sharing
of octahedral BOg units. The typical connections of BOg octahedra lead to 1-D tunnel like
empty spaces and the larger A cations are filled in these empty spaces. In Hollandite
structure, the walls of the channels are formed by two octahedra (2 x 2) while other closely
related structures are formed with higher number of octahedra in the walls *®. In particular
the titanate hollandites are observed with a wider range of compositions A,(Ti,B)sO16, Where
A = Na', K*, Rb*, Cs*, Sr**, Ba*" and B =Mg**, AI**, Ga®*, etc. and transition metal ions.
Thermophysical properties and structural transitions of some of the hollandite and related

177

materials have been reported in literature ~'". It has been observed that the structure of
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Hollandite is sensitive to the concentration as well as ionic radii of the A" ions as well as
oxygen stoichiometry. Most commonly for A = K*, Rb* and Cs”, tetragonal (14/m) structure
with 2 x 2 channels is observed while for smaller ions like Na™ and Li* other low symmetric

structures like tetragonal super structures, orthorhombic, monoclinic etc. are observed " *"®,

As mentioned the ionic radii of the interstitial cations play significant role in
governing the structure and smaller the size of cations low symmetric structures are formed.
Incorporation of smaller cations in the channel of tetragonal hollandites displace the
octahedral units and then transform it to lower symmetric structures by destroying the four
fold symmetry of the original lattice. Such structural differences are clearly observed in Na*
and K" containing hollandite type ferrotitanates and aluminotitanate compositions *"®. Ba®*
substituted Cs* hollandites also show transition from tetragonal to monoclinic structure
beyond certain concentration of Cs" ions. BayTigO16+x also show structural transition with the
variation of Ba?* ion concentrations. The distorted structures formed due to the chemical
pressure induced displacement of cations of the octahedral units are relaxed with increasing
temperature *’’. Low temperature studies on Fe containing titanates, like AFe,TigO16, A =
K* show specific heat anomaly at around 50 K, which the authors have attributed to a
possible structural transition. However, due to lack of structural information at lower
temperature, this transition remains as unexplained. Electronic or magnetic transitions at
lower temperature have been reported in transition metal ion containing tetragonal as well as
orthorhombic hollandites. However, no low temperature structural transition or specific heat
anomaly has been observed in hollandite type KAISisOg *”. It can be mentioned here that the

external thermodynamic parameters like pressure and temperature plays opposite roles on the

structure. Effect of pressure and temperature on such materials is useful to understand their
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crystal chemistry than the studies by chemical substitutions. It can be expected that pressure
can introduce strain and distortion similar to those caused by the chemical substitution.
Besides, pressure can lead to structural transition, decomposition or amorphization in
materials depending on the crystal structure and composition of the system. Several studies
indicating pressure induced structural transition due to the anisotropic elastic properties or
collapsing of loosely packed structure to denser or amorphous phases have been reported in
literatures **. Thus loosely packed and framework type materials are expected to show
structural transition or amorphization under compression. As the unit cell of tetragonal
hollandite type KyFe,TigO16 has large fractions of empty spaces (about 46 %), diversified

crystal chemistry can be expected under pressure or temperature.

In order to understand the structural stabilities of K;Fe,TigO1s with pressure and
temperature, in situ high pressure XRD studies in DAC and variable temperature X-ray and
neutron diffraction studies were carried out. It is observed that at moderate pressure (~ 3
GPa), the tetragonal structure reversibly transforms to a monoclinic structure with large
increase in structural distortions. Evolutions of crystal structures and compressibility
behaviors have also been investigated. Temperature dependent studies indicated no structural
transition in a wider range of temperatures (6 - 1273 K) and nearly isotropic expansion in the
tetragonal K;Fe,TigO16. The evolutions of structure and pressure-volume equation of states

are explained in the following sections.
7.2. Experimental methods

Polycrystalline sample of K;Fe,TigO16 Was prepared by solid state reaction of K,COs,

Fe,O3 and TiO,. In order to remove any adsorbed moisture or OH groups, Fe;O3 and TiO,
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were preheated overnight at around 300°C and 800°C, respectively. K,CO3; was heated at
around 200°C just before weighing. Weighed quantities of K,COgs, Fe,O3 and TiO, (molar
ratio 1.1:1:6) were thoroughly mixed in an acetone medium and then dried in air. The dry
mixture of reactants was pelletized and heated at progressively increasing temperature viz.
500°C/12h, 800/12h and 1250°C/12h with intermittent grindings. The products obtained after

heating at 1250°C for 12h was characterized by powder XRD and used in this study.
K>CO3 + Fe,03 + 6TiIO,—» KyFe,TigO16+ CO-

Regular and nearly spherical grain of the powder along with few particles of gold
(pressure marker) were loaded into a 100 um hole of a pre-indented tungsten gasket of
thickness ~ 40 um in a modified Mao-Bell kind of diamond anvil cell. The tungsten gasket
transmit the scattered X-ray only through the sample hole and hence effectively reduce the
background and significantly improve signal to noise ratio. Methanol:ethanol (4:1) mixture
was used as pressure transmitting medium (PTM) and the pressure was determined from the
equation of state of gold. To ensure that the sample experiences hydrostatic or quasi
hydrostatic pressure conditions at higher pressure, very little amount of sample was filled
into the gasket hole. These experiments were carried out at the BL11 beamline of the
INDUS-2 synchrotron source using the X-rays of wavelength 0.5026 A up to pressures 31
GPa with increasing and decreasing pressure. The data was collected with the help of a two
dimensional imaging plate detector MAR345. CeO, was used to determine the sample to
detector distance (230 mm) and also to calibrate the imaging plate detector. The two
dimensional diffraction images were converted to one dimensional diffraction patterns using

the FIT2D software 8,
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About 4g of powder sample was filled in a thin platinum tube and sealed for high
temperature neutron diffraction studies. The neutron diffraction data were collected with a
linear 5-PSD based Debye-Scherrer type powder diffractometer (PD-2) at 100 MW Dhruva
Research Reactor, BARC, Mumbai using beams of monochromatic (A = 1.2443 A) neutrons.
The sealed platinum tube was placed inside a vanadium tube under high vacuum. This
vanadium container was placed inside ILL type high-temperature furnace with a dynamic

vacuum better than 10 mbar.

Eight cylindrical vanadium foils were used as heating element and heat shield to
maintain uniformity of the temperature across the sample. The sample temperature is raised
to a desired temperature and equilibrated for 1h and then the diffraction data were collected.
The diffraction data at each temperature were accumulated over a period of 8h. The scattered
signals were corrected for the contribution of platinum and empty furnace background.
About 6 g of finely ground sample of K,Fe,TigO16 was filled in a vanadium can and capped
for low temperature neutron diffraction studies. For low temperature study, the vanadium can
filled with sample was placed inside a CCR based cryostat. The sample was cooled to lowest
temperature, i.e. 6K and allowed to equilibrate for 6 h before data collection. The sample was
heated inside the cryostat to a desired temperature and again equilibrated for 1 h prior to the
collection of diffraction data. High temperature XRD data were collected by using CuKa
radiation on a rotating anode based X-ray diffractometer (Rigaku, Japan). The structural
analysis and refinements of all the temperature and pressure dependent diffraction data were

performed by using Fullprof-2000 package *°.
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7.3. Results and discussion

7.3.1. X-ray diffraction studies

The powder XRD pattern of the dark brown color product shows intense reflections
attributable to tetragonal hollandite type KFe,TigOss reported earlier in literature 7%
However few weak additional reflections at two-theta around 11.3, 24.0, 29.0, 34.2, 38.9°
etc. observed in the XRD pattern could not be accounted by the tetragonal hollandite type
phase. The analysis of these peak positions suggest that they belong to a layered
lepidocrocite type phase '®2. The formation of such layered phase has been investigated in
several studies and they indicate that the composition as well as temperature of reaction have
significant role on their formation. The K rich compositions are primarily formed at lower
temperature and on decomposition they transforms to piredite or hollandite type
Kx(Fe/Ti)sO16 compositions at higher temperature. A slight K-excess lepidocrocite type
phase observed as secondary phase in the sample is found to be stable up to 1250°C, the
maximum temperature of preparation. The composition of such lepidocrocite (FeEOOH type)
or a or o’ phases have needle or plate type habits and crystallize in either body centered or C-

centred lattices *®3. All the extra reflections could be assigned to the reported C-centered

orthorhombic phase of KyFez+yTig.xO1s.

The ambient temperature XRD pattern was analyzed by Rietveld refinement using the

structural data of tetragonal (I4/m) hollandite type phase and Cmcm (a-phase, KiFe;TigO16

183 phase as model parameters. The complete powder XRD pattern could be successfully

refined by considering these two phases and the refined unit cell parameters are: a

10.1258(1) A, ¢ = 2.9778(1) A, V = 305.31(1) A3, for tetragonal K,Fe,TigO16 phase and a
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3.8051(8) A, b = 15.771(3) A, ¢ = 2.9688(8) A, V = 178.16(7) A3 for orthorhombic (Cmcm)
KxFe,TigO15 With x ~ 1.2 phase. Typical Rietveld refinement plot for the ambient condition

powder XRD data is shown in Fig.7.1.
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Fig.7.1: Rietveld refinement of XRD data of K;Fe,TisO6 at 298 K

| ™ I ¥ 1 ¥ 1 . 1 ¥ 1
| K:Fe;TisO1s -

J00K
1=1.2443 A

Intensity (arb. units)

Ll GEE o i |
o P PR (LY e, W \n\u""u""” LW N L.

1 .I : |:I | I:I|IL| M.IIL“ HIHIH:EII .Jlllmwlﬂlllill'“llulllllmmlllll.ll!ﬂl

Rl el S ..'.-..A..e'r',l._r__.,.;-;*;u-_-w-.-.q.,.'.a.-_,. -'\.-..,1.. PPN Y Sy g SR S T

T T T T T T T
20 40 60 80 100 120
Two theta (°)

Fig.7.2: Rietveld refinement plot of powder neutron diffraction data of K;Fe;TigO4

Further characterization of the structure has been carried out from the powder neutron
diffraction data recorded at 300 K. The powder neutron diffraction data was refined by
considering the identified phase in a similar manner as in the case of XRD data. The refined

unit cell parameters of the hollandite type phase are a = 10.1241(5) A, ¢ = 2.9791(2) A, V =
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305.35(3) A® and they are in good agreement with those observed from XRD studies. The
final Rietveld refinement plot of the powder neutron diffraction data recorded at 300 K is

shown in Fig.7.2.

7.3.2. Neutron diffraction studies

The refined structural parameters of tetragonal KyFe,TigO16 phase as observed from

powder neutron diffraction data are given in Table 7.1.

Table 7.1: Refined structural parameters of K,Fe,TigO16 at 300K

Atom wyc X y z Occ.
K1 2a 0.0000 0.0000 0.0000 1
Til:Fel 8h 0.3376(4) 0.1500(3) 0.0000 0.75:25
01 8h 0.0424(2) 0.3371(4) 0.0000 1
02 8h 0.2968(3) 0.3426(3) 0.0000 1

The quantitative estimation of the hollandite type phase as observed from the Rietveld
refinement is about 85(1) wt %. Both Ti and Fe are statistically occupied in 8c sites and the
K" ions are considered in 2a sites. The typical inter-atomic distances in the octahedral BOg
(where B = 0.75Ti+0.25Fe) units are: B-O1 =1.948(5) A, B-01 = 1.927(3) A x 2, B-02 =
1.993(4) A, B-02 = 2.019(3) A x 2. From the dispersion of bond lengths, the distortion in the
octahedral BOg unit is found to be 4.090 x 10 This suggests that a nearly regular
octahedron is formed around the B"" ions. The temperature and pressure dependent structural
studies were carried out by using the refined structural parameters from powder neutron

diffraction data as model structure. As mentioned earlier, the habits of the hollandite and a-
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phase are different, hollandite phase can be discriminated easily under microscope and tiny
grains of hollandite phase was separated and used for studying under high pressure while the
bulk sample containing both phases were used for temperature dependent studies and they

are explained below.

7.3.3. High pressure studies

Typical XRD patterns of the sample recorded in DAC at different pressures in both
up and down stroke are shown in Fig.7.3. The data recorded at the lowest pressure in DAC
show only reflections due to the tetragonal hollandite type phases. However no reflections
due to the layered a-phase indicate that the selected grains belong to tetragonal hollandite
type phase. Additional reflections due to ‘Au’ which is used as pressure marker and W, used
as gaskets are observed in the diffractions data. The analysis of the XRD data was carried out
by considering all these three phases. The Rietveld refinements were carried out by
considering the unit cell and structural parameters observed in ambient condition. It may be
noted here that only one thermal parameter (overall thermal parameters) was used in the
refinement. The background was modeled by linear interpolation of selected points to create
a smoothly varying profile for background. The peak profile was generated by pseudo-Voigt
profile function. The refined unit cell and position coordinates observed at 0.4 GPa are
summarized in Table 7.2. The final Rietveld refinement plot for the corresponding XRD data
is shown in Fig. 7.4a. A comparison of the XRD patterns recorded at different pressure (Fig.
7.3) shows a distinct difference in the pattern recorded at pressure 3.8 GPa compared to that

recorded at 1.6 GPa.
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Fig.7.3: Powder XRD pattern of K,Fe,TisO16 at different pressures, A is 0.5026 A

Table 7.2: Structural parameters of tetragonal K;Fe,TigO46 at 0.4 GPa

Atom wyc X y z Occ.
K1 2a 0.0000 0.0000 0.0000 1
Til/Fel 8h 0.341(7) 0.158(7) 0.0000 0.75:0.25
o1 8h 0.038(11) 0.343(5) 0.0000 1
02 8h 0.296(9) 0.334(10) 0.0000 1

The typical features like splitting of peaks, broadening of some peaks as well as
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pressure. Further it can be seen that all the intense peaks are observed at almost similar
positions as those observed in the ambient pressure tetragonal phase. This indicates that the
transition is displacive-type and occurs without much alteration in the original structure. Well
defined peaks of the transformed phase could be observed at higher pressure (~ 8.7 GPa).
Further comparison of the evolution of the peaks shows the separation of splitting of peaks
increases with pressure and positions of some of the peaks shift faster to higher angles
compared to others which suggests appreciable anisotropy in the compression behavior and
this aspect is further discussed in subsequent sections. In order to deduce the structure of the
transformed phases, analysis of the XRD pattern recorded at 8.7 GPa pressure was carried
out. A comparison of the splitting and relative intensity of the peaks indicates a monoclinic
hollandite type structure for the high pressure phases. Further all the observed peaks of the
transformed phase could be indexed on a monoclinic (12/m) lattice similar to those reported
for Ba,.xMngOss type phases '**. The unit cell parameters of the monoclinic (12/m) structure
are closely related to those of original tetragonal (14/m) structure and they can be related as
am ~ ay, by ~ ¢t and ¢y ~ by and B ~ 90°. The refinement of the observed XRD data was
carried out in a similar manner as that of the lower pressure. The position coordinates of Ba,.

xMngO16 Were used as initial model parameters.

The position for K atoms in hollandite structure is sensitive to the external
thermodynamic conditions, like pressure as well as temperature and is often displaced from
the special position. The structural analysis of monoclinic hollandite structure suggests for
anisotropic displacement of K atoms and displaces predominantly along the c-axis of
tetragonal lattice. The complete XRD pattern could be refined considering this monoclinic

phase, Au and W. The final Rietveld refinement plot for the XRD data recorded at 8.7 GPa is
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shown in Fig. 7.4. The refined position coordinates for the high pressure monoclinic structure

are given in Table 7.3.
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Fig.7.4: Rietveld refinement plots of K,Fe,TigO46 at 0.4 GPa and 8.7 GPa

Table 7.3: Structure parameters of high pressure monoclinic K;Fe,TigO46 at 8.7 GPa

Atoms Wyc X y z Occ
K 49 0.00000 0.43(7) 0.0000 0.5
Fel:Til 4i 0.161(6) 0.0000 0.341(8) 0.25:0.75
Fe2:Ti2 4i 0.357(8) 0.0000 -0.167(6) 0.25:0.75
01 4i 0.214(16) 0.0000 0.142(16) 1
02 4i 0.164(17) 0.0000 -0.203(17) 1
03 4i 0.135(14) 0.0000 0.524(16) 1
04 4i 0.530(14) 0.0000 -0.204(17) 1

The analyses of the structures of ambient and high pressure phases indicate that both

structures are closely similar to each other and occur through a feeble distortion in the
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octahedral walls. The B™ cation sites split into two sets of sites and thus the four fold
rotation axis of 14/m structure is transformed to a 2-fold rotation axis with the monoclinic
angle (B) ~ 90°. Such structural transition in hollandite type structures is of ferroelastic
nature and observed earlier with temperature, pressure as well as compositions *%°. Typical
crystal structures showing the octahedral frame of BOg in the ambient and high pressure

phases are shown in Fig.7.5.

(14/m) (12/m)

Fig.7.5: Crystal structures of tetragonal and monoclinic K;Fe;TigO16

The basic arrangements of the octahedral units in 2 x 2 hollandite tunnel as well as 1
x 1 rutile tunnels are also closely similar. The shift in the positions of B™ cations and the
distortion in the octahedral units deform the regular tunnels and thus lower the symmetry. In
general, the deformation of the hollandite structures can be observed from the diameter of the
tunnels, or by comparing the shortest distance of the oxygen atoms in the tunnels. It is
observed that the deformation distort the tunnels which can be noticed from the original bond

distances of cubical KOg (01-01 (7.01 A) and 02-02 (5.32 A) of ambient pressure phase
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and those of high pressure phase (viz. 01-01 (5.03 A), 02-02 (5.21 A), 03-03 (7.51 A) and
04-04 (5.60 A)) (Fig.7.6). This dispersion is originated from the rotations and deformations
of octahedral BOg units. The typical distortion (D) in the octahedral units at 0.4 GPa are
12.53 x 10™ and average B-O bond lengths are 1.96 A, while those in the monoclinic phase
at 8.7 GPa are <B1-0> 1.95 A and <B2-O> 1.94 A and D = 20.28 x 10 and 10.29 x 10™.
The decreases in octahedral bond lengths are only noticeable in both the octahedra. The
deformation is also reflected in increasing coordination around the K* ions, i.e. the regular
cubes (KOg) of tetragonal phase transform to ten coordinated (bi-capped cube, KOjp)

polyhedra in monoclinic phase.

02

l_:_.rch B1

o . anmnenes --{3.25
28d 1o T 5p 01

(12/m) 8.7 GPa

(4/m) 0.4 GPa

Fig.7.6: Typical 2 x 2 and 1 x 1 tunnel formed by BOg octahedra in the tetragonal and

monoclinic structures of K,Fe,TigO15 are shown

In the tetragonal phase, the K atoms are surrounded by O2 atoms of BOg octahedra
forming a regular cube. The typical K-O2 distances in the KOg of tetragonal phase are
3.08(8) A (at 0.4 GPa). As the structural distortion occurs, the KOg becomes distorted and

two additional oxygen atoms from the octahedral MOg become closer to K and thus form
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KOy polyhedra in monoclinic phase. Typical K-O bonds in the monoclinic phase are K-O1 =
2.82(17) A x2, K-01 =3.02(17) A x2, K-02 = 2.90(18) A x2, K-04 = 2.81(16) A x2, K-O4

=3.10(18) A x2, and K-O3 = 3.76(15) A x2.

(8.7 GPa)

(0.4 GPa)

(14/m) (12/m)

Fig.7.7: Typical surroundings of K* ions in tetragonal (at 0.4 GPa) and high pressure

monoclinic phase (at 8.7 GPa)

The typical surroundings of K™ ions in KO, (n = 8 and 10, within the limit of 3.1 A)
polyhedra in the 2 x 2 tunnel of tetragonal and monoclinic phases are shown in Fig.7.7 and
Table 7.4. From the bond length dispersions, the distortions (D) around the K in KOg of the
tetragonal (0.4 GPa) and monoclinic (8.7 GPa) phases are 0.002 x 10 and 8.96 x 10
respectively. The average K-O bond lengths in KOg decreases from 3.05 A to 2.89 A on
increasing pressure from 0.4 to 8.7 GPa. Considering the additional two K-O4 bonds, the
distortion in the KOy, (average bond length 2.93(5) A) of the high pressure phase is 15.33 x
10™. This suggests that the tunnel formed in the 2 x 2 hollandite distorts appreciably with

increasing pressure.
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Table 7.4: Typical atomic distances (A) in tetragonal (at 0.4 GPa) and monoclinic (at 8.7

GPa) of KzFezTi5016

0.4 GPa 8.7 GPa
K1-02 3.0502(832) K1-01 2.8156(1682)
K1-02 3.0502(832) K1-01 3.0221(1736)
K1-02 3.0502(850) K1-01 2.8156(1682)
K1-02 3.0502(850) K1-01 3.0221(1736)
K1-02 3.0502(832) K1-02 2.8957(1776)
K1-02: 3.0502(832) K1-02 2.8957(1776)
K1-02 3.0502(850) K1-04 2.8070(1602)
K1-02: 3.0502(850) K1-04 2.8070(1602)
Average distance 3.0502(297) Average distance 2.8851(601)
Distortion 0.002 xE-04 Distortion 8.955 XE-04
K1-02 3.0969(1813)
K1-02 3.0969(1813)
Average distance 2.9274(545)
Distortion 15.327 XE-04
Ti1-01 1.9846(871) Til-01 1.9805(1718)
Ti1-01 1.9340(843) Til-01 1.9490(1146)
Til-01 1.9340(843) Til-01 1.9490(1146)
Til-02 1.8366(1231) Til-03 1.7613(1698)
Til-02 2.0290(785) Til-O4 2.0203(1070)
Til-02 2.0290(785) Til-O4 2.0203(1070)
Average distance 1.9579(370) Average distance 1.9468( 547)
Distortion: 11.603 xE-04 Distortion: 20.385 xE-04
Ti2-03 1.9937(1091)
Ti2-03 1.9937(1091)
Ti2-02 1.9902(1908)
Ti2-02 1.9193(1093)
Ti2-02 1.9193(1093)
Ti2-04 1.8214(1670)
Average distance : 1.9396( 558)
Distortion: 10.287 xE-04

Further to understand the pressure evolution of structure, the unit cell parameters of
both ambient and high pressure phases observed at different pressures are compared. The

evolutions of unit cell parameters with pressure are shown in Fig.7.8.
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Fig.7.8: Pressure evolution of unit cell parameters of K;Fe,;TigO16
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It can be seen that the unit cell parameters decrease monotonically in tetragonal

phase. However, the unit cell parameters disperse at the phase transition pressure, viz.

expansion along one axis (an) in the transformed monoclinic phases. The variation of a-axis

of monoclinic phase is observed to be almost invariant up to about 25 GPa and then it shows

only a marginal decrease with increasing pressure. The other two axes (b, and cy,) of the unit

cell decrease continuously with increasing pressure. The anisotropic variation is related to the

monoclinic distortions (B) which show continuous but non linear increasing trend with

pressure. From the linear fits, the axial compressibilities of the ambient and high pressure

phases are obtained and they are given in Table 7.5.

225



Chapter 7

Table 7.5: Compressibility EOS parameters and thermal expansion parameters

Tetragonal Monoclinic

Ba (GPa™) 3.33x10° Ba (GPa™) 0.27 x 10°
Bb (GPa™) 1.11x 10°
Bc (GPa™Y) 1.54x 107 Bc (GPa™) 3.8x10°
Bv (GPa™) 8.16 x 107 Bv (GPa™) 5.15x 107
V, (A)® 306.1(0.3) V, (A)? 303.4(1.8)

B, (GPa) 122(12) B, (GPa) 127(8)

Bo’ 4 B, 4
__0Olnx
A comparison of axial compressibilities ( " oP " where x = unit cell

parameters), indicates that the ratio Ba: Bp: B¢ is 2.17:2.17:1.00 for tetragonal phase, while the
same for monoclinic phase is 1.00:3.99:13.97. Thus the compression behaviors of the
ambient and HP phase are different, which can be accounted by the variation of the
coordination of K™ ions in the 2 x 2 tunnel. It may be suggested that the strain introduced in
compression of KOs is relieved by distorting the lattice and deviating the angle from 90°.
The pressure evolution of unit cell volume of K;Fe,TigO1 (shown in Fig.7.8) indicates an
almost smooth variation in unit cell volume with pressure in the complete studied range of
pressure. It can be noticed that the decrease in unit cell volume of tetragonal phases is
relatively faster compared to the monoclinic phase. However no noticeable volume
discontinuity is observed at the transition, which is in accordance with a displacive type

phase transition which occurs without much variation in the overall arrangements of ions. In
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addition on decreasing pressure, the monoclinic phase completely reverts back to tetragonal
phase near about the same pressure as in upstroke data. Complete reversal of tetragonal phase
is observed in the pressure released sample. The structural data of the pressure released phase

is included in Table 7.2.

310
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Fig.7.9: Pressure evolutions of unit cell volume of K;Fe;TigO16

The pressure-volume data was fitted with the 2" order Birch-Murnaghan (BM)
equation of state (EOS) *#. The obtained EOS parameters for high pressure monoclinic phase
are Vo = 303.4(1.5) A3 By = 127 (8) GPa and By’ = 4.0. Similarly, from the 2" order BM
EOS, the obtained V, and By for the ambient pressure phase are found to be 306.1(0.3) A®
and 122(12) GPa, respectively. The increase in bulk modulus is marginal (~ 4 %), which can
be attributed to almost similar structural arrangements in both ambient and high pressure
phases. Similar marginal increase in bulk modulus in pressure induced displacive phase
transitions in Sr,ZnGe,O- (tetragonal, By = 83 GPa to monoclinic, By = 85 GPa *%) and

BaTe,Og (orthorhombic, By =123.2 GPa to monoclinic, By =129.3 GPa) have been reported
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in literature ¥, Also the changes in unit cell volume at the transition in such materials are
only marginal. The change in volume as well as bulk modulus can be attributed to the
variation of free volume in the unit cell. The increase in packing is resulted by the
displacements of the octahedral units and the increase in coordination number around the K*
ions. High pressure studies on lead alumino silicate (PbggAl;6Si»40g) prepared at HP-HT
conditions (16.5GPa and 1450°C) shows a tetragonal (I14) structure while no monoclinic
phase has been observed, which may be attributed to the simultaneous effects of pressure and

temperature .

Ballaran et al. have reported ferroelectric 14/m to 12/m phase transition at around 19
GPa in hollandite type KogNap2AlSizOg, prepared under similar HP-HT conditions (20 GPa
and 1700°C) **°. The equation of state of the tetragonal and high pressure monoclinic phase
obtained by similar BM-II EOS indicates lower bulk modulus for the tetragonal phase (174
GPa) compared to monoclinic phase (198 GPa). It can be mentioned here that the bulk
modulus of hollandite type KAISi3Og is about 208 GPa and the tetragonal to monoclinic
phase transition occurs at significantly higher pressure, like ~ 23 GPa. It can be mentioned
here that the crystal chemistry of hollandite type materials are related to ionic radii of the
octahedral (B) and tunnel cation (A). Post et al. have proposed the tetragonal to monoclinic
structural transition occurs at the limit rg/ra ~ 0.48. The rg/ra (~ 0.41) for KyFe, TigOq6 is
close to the limiting value compared to the silicates (~ 0.35) **®°. For NayFe,TigOxs, this ratio
is ~ 0.52 and thus forms only stable monoclinic lattice. Lower tetragonal to monoclinic
transition pressure reported by Ballaran et al. for KogNag2AlSizOg may be related to the
incorporation of smaller cation like Na" in the sites of K* ions. In a similar analogy,

NayFe,TigO16 should reversibly transform to tetragonal K;Fe,TigO16 type structure at higher
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temperature. Since the octahedral units of such ferrotitanates are relatively rigid, the increase
or decrease in the ionic radius of A-site should govern the transition pressure. Since the rg/ra
of K;Fe,TigOy6 is close to the limiting value and thus a feeble compression in the KOg
polyhedra reduces the symmetry. Thus it is expected that with increasing pressure, the
cations become less labile inside the tunnels and becomes more incompressible. This aspect

is further explained while discussing the temperature dependent studies.

7.3.4. Temperature dependent studies
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Fig.7.10: Evolution of powder neutron diffraction patterns (A: 1.2443 A) and XRD
patterns (A = Cu K,) with temperature

Thermal stability of K,Fe,TigO15 with temperature has been investigated by both

variable temperature powder neutron diffraction (in between 6K to 975 K) and XRD (in
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between 298 K to 1273 K). Typical diffraction patterns recorded at different temperature are

shown in Fig.7.10.
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Fig.7.11: Rietveld refinement plots of tetragonal K;Fe,TigO16 at some representative
(a) at 6 K (PND), (b) at 975 K (PND), and (c) at 1273 K (XRD)

temperatures.

It can be seen that the PND or XRD patterns recorded at different temperature are

closely similar to their respective ambient temperature data, which suggests for absence of
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any structural transition in the complete range of studies (6 K to 1273 K). The analysis of the
PND and XRD data recorded at different temperatures are carried out in a closely similar
manner as mentioned earlier. Refined position coordinates and unit cell parameters at 6 K; a

= 10.1021(5) A, ¢ = 2.9728(2) A, vV = 303.38(3) A% at 975 K: a = 10.1976(6) A, ¢

3.0030(2) A, V: 312.29(4) A3 and at 1273 K; a = 10.2315(2) A, ¢ = 3.0134(1) A, V
315.46(1) A3. Typical Rietveld refinements plots for these temperatures are shown in
Fig.7.11.

The analysis of the refined structural parameters observed at low and high
temperature indicates that the octahedral BOg remains almost similar and average B-O bonds
increases marginally (~ 1.5 %) with temperature. The average M-O bonds of the MOg
octahedra at 6 and 1273 K are: 1.970(2) and 2.008(3) A, respectively. Similarly, the
distortion in the BOs octahedron also does not show appreciable variation (4.15 x 10 at 6 K,
3.81 x 10 at 975 K (from PND) data and they are significantly lower compared to the
distortion introduced by pressure. The variations of unit cell parameters with temperature are
shown in Fig.7.12. It is observed that unit cell parameters systematically decreases with
decreasing temperature and becomes almost invariant at lower temperature, below 150K. The
coefficients of average axial and volume expansion are calculated from the observed unit cell
parameters at 6 K and 1273 K. Obtained values are: a; = 10.11 % 10 K'l, o = 10.79 x 10
K? and ay = 31.42 x 10°® K™. The variation of unit cell parameters and volume could be
fitted by considering the Einstein model, X; = X, + e(eﬁE/T — 1)71; where x is unit cell
parameter, € and 9. are Einstein constant and Einstein temperature, respectively **** 1% The
slightly larger expansion along the c-axis compared to a-axis can be attributed to the packed

configuration octahedral units along the c-direction.
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Fig.7.12: Evolutions of unit cell

A comparison of the pressure and temperature dependent studies indicates, the a-axis
iIs more compressible compared to the c-axis in tetragonal hollandite (fa/fpc = 2.17) while a-
axis has smaller expansion compared to c-axis (aa/ac = 0.94). This fact corroborates with the
close packing of octahedral MOg units along the c-axis, where the expansion and
compression are mainly controlled by the expansion of chemical bonds and inter-cation
repulsions. In addition it can be mentioned here that the variation of K-O bond lengths with
temperature are appreciably higher compared to the (Fe/Ti)-O bond lengths. The average K-
O bond lengths at 6 K and 975 K are 2.974 and 3.040 A, respectively. The (Fe/Ti)-O bond

lengths at 6 K and 975 K are 1.970 A and 1.981 A, respectively. Thus the coefficients of
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average thermal expansion of K-O and (Fe/Ti)-O bonds are 22.90 x 10°® K™ and 5.76 x 10®
K™, respectively. This is consistent with the weak nature of the K-O bonds. Thus the larger
expansion of K-O bond reduces the ratio of ionic radii of octahedral and tunnel cations and
hence favor for tetragonal structure at higher temperature. It also can be noted here that the
differences in expansion of bonds is accommodated by the deformation of octahedra. It can
also be suggested that the expansion or compressibility of KjFe,TigO1s is essentially
controlled by the bonding in octahedral in 2 x oo sheets. Since the inter-cation distance (B""-
B™) is lower along the c-axis compared to the a-axis of the tetragonal phase (Fig.7.6), the
latter shows larger compression compared to the former. The channels containing the K* ions
can easily shrink with pressure. However, the expansion of the channel with increasing
temperature is restricted by the octahedral units.

Further analysis of the variation of unit cell volume with pressure or temperature
indicates that unit cell volume decreases only by 0.6 % by decreasing temperature down to 6
K while the volume drops to about 1.1 % by increasing pressure to 1.6 GPa. The reduction of
unit cell volume to about 2.2 % (at around 3.6 GPa) leads to structural instability and hence
leads to a phase transition from tetragonal to monoclinic structure. Thus it can be anticipated
that the tetragonal structure remains unaffected by lowering temperature. Similar comparison
of temperature dependent unit cell parameters indicates that the unit cell volume expand to
about 3.3 % up to 1273 K. Earlier thermal expansion studies on tetragonal hollandite type
AZAl;TigO16 (A = monovalent alkali ions) indicated that the anisotropy in axial expansion is
sensitive to the nature of cation in the 2 x 2 tunnel, viz. oy < o for K,Al,TigO16 while g > o
for A = Rb and Cs. Also the coefficients of volume expansion vary non-monotonously with

increasing radii of A" ions, viz. ayv (K™) are 30.4 x 10 ( for K,Al,TigO16), 32.8 x 10°® (for
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Rb,Al,TigO16) and 31.6 x 10 (for Cs,Al,TigO1). The anomalous behavior can be due to the
larger expansion of A-O bonds in Cs and Rb hollandite.

Knyazev et al. have summarized the systematic of thermal expansion with ionic radii
of A" ions and suggested lower expansion with Na* hollandite compared to others
(NaxAl,TigO1s: 24.8 x 10° K™ NayFe,TigO16: 27.01 x 10 K™*) 178 187 However, the results
indicate no systematic in ay for tetragonal AzFe;TigO16, A = K* (32.85 x 10 K'l), Rb*
(29.37 x 10® K1) and Cs" (34.06 x 10° K™) hollandites, but can be suggested that
compounds with A;B,TisO16 type hollandites have larger expansion and they are in the range
between 30-34 x 10° K™ Xu et al. have prepared series of alkali and alkaline earth
containing hollandite type materials and indicated that the lowering of unit cell volume to
about 1.3 % retains the tetragonal structure. However, the change in symmetry from
tetragonal to monoclinic due to lowering of average ionic radius of A site cation has been
reported in literature. Carter has pointed out that the stoichiometry of BaxMgO1¢ IS governing
factor of tetragonal to monoclinic transitions, where the lower concentration of Ba** favor for
tetragonal while at higher concentrations monoclinic structure is favored *””. Thus the
decreases in volume is not the sole criteria for the transition, rather it can be explained by the
internal strain in the lattice and in particular in 2 x 2 hollandite type tunnels. Larger distortion
favors for monoclinic structure while lower distortion is in favor for tetragonal structure.
From the temperature and pressure dependent studies, it can be suggested that the transition
from tetragonal to monoclinic phase is related to distortion around the K* ions. The spherical
surrounding or regular cubical polyhedra around K™ stabilizes the tetragonal phase. However,
the distorted polyhedra around the ions in the tunnel is either due to displacement of

octahedral units or local strain arising from smaller ionic radius of the cation, leads to
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transformation of tetragonal structure to monoclinic structure. Thus the structure transforms
to monoclinic structure at appreciably lower pressure. The distorted monoclinic phase is
retained up to very high pressure. However, the post hollandite phase cannot be ruled out at
higher pressure, but no other transition is expected with temperature. The observed specific
heat anomaly at lower temperature observed earlier might be related to electronic transition
which may be attributed to change of electronic structure as observed in hollandite type
manganese and titanate. Further detailed studies on electronic properties may be able to

unravel the electronic structure aspects in hollandite type ferrotitanates.

7.4. Development of ceramic lattice for Cs* immobilization

(FelTi)O; _.a CS

Fig.7.13: Crystal structure of Cs;Fe;TigO15

In the aim to find suitable host lattice for immobilization of Cs*, a systematic studies
on stabilities of hollandite type titanates with compositions as A,;TisFe,O16 (A = Cs") were

carried out. A,TisFe,016 (A = Cs") composition was prepared by solid state reaction. The
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structural characterization of material at ambient temperature indicted that the structure
varies with nature of alkali cation, viz. monoclinic, tetragonal and orthorhombic for Na*, K*
and Cs” ions, respectively. Analysis of the products obtained after heating at different
temperatures indicated that the compositions with K™ and Na™ are stable up to 1100°C. The
composition with Cs* was prepared at 600 to 800°C and found to have an orthorhombic
lattice which is retained up to 1000°C. These hollandite type host materials are promising

materials for immobilization of Cs" ions.

7.5. Conclusions

In summary detailed structural stability of tetragonal hollandite type KjFe;TigO1s6
have been investigated in a wide range of temperature and pressure. These studies indicated
high thermal stability of the lattice while an instability of the tetragonal lattice at a moderate
pressure (~ 3.6 GPa). Under the influence of pressure, the tetragonal lattice distorts and
transforms to a monoclinic lattice with marginal alteration in the structural arrangements.
The compressibility and equation of states of both ambient and high pressure phases is only
about 4% increase in bulk modulus by the phase transition. The tetragonal hollandite
structure of KyFe,TigO16 Structure shows almost isotropic expansion at higher temperature
and almost no change in the unit cell parameters below 150 K. No structural transition is
observed in the low temperature diffraction data which suggests that the earlier reported
specific heat anomaly is related to possible electronic phenomena in K Fe, TigO16. This study
supports for the high stability of the hollandite type ferrotitanates at higher pressure and
temperature and can account for their existence in lower mantle. Also their stabilities support

them as promising materials for usage in geological repository of nuclear wastes.
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8.1. Introduction

lon exchange is regarded as a robust technology of great practical importance with
many applications for societal benefits °* *®. |dentification and synthesis of efficient and
economical ion exchange materials have been extensively conducted especially, in
radiochemical separations of several medically important radioisotopes from their precursors
for use in nuclear medicine '®°. Until recently, conventional organic resins were the most
widely used ion-exchangers for these applications. Owing to the stringent clinical
requirements like extremely high purity and adequate radioactive concentration several
inorganic ion exchangers such as nano-structured metal oxides, functionalized silica, etc. **%*
1% have now emerged as an increasingly important replacement or a complement for
separation of radioisotopes from their precursors. These advanced ion exchangers often have
the advantages of much greater selectivity for target radioactive metal ions and higher
radiation stability compared to conventional organic resins leading to efficient large-scale
radiochemical separations for clinical use ***.

Among the radiochemical separations studied thus far, *°Sr/*®Y separation holds
paramount importance in the context of nuclear medicine *2. The *Sr/*®Y system is one of
the typical examples of a secular equilibrium with a very long-lived parent (*°Sr, t,, = 28.8 y)
radioisotope and a short-lived daughter (*°Y, t, = 64.1 h) radioisotope. By adopting a suitable
separation methodology, the daughter radioisotope can be repeatedly separated in a suitable
medium for radiopharmaceutical preparation. Radiopharmaceuticals based on *°Y, a pure B-
emitter (Emax = 2.28 MeV), are clinically well-established and are used for the treatment of

193

cancer as well as in radiation synovectomy ~°. Ideally, there is an unlimited potential

availability of *°Y, as its parent *°Sr is one of the major fission products and the annual world
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production of “Sr in the nuclear reactors amounts to 600 MCi *%* **  The possible
widespread availability of ®°Y at a reasonable cost would make it an economical choice for
therapeutic use in nuclear medicine clinics world over.

Despite the possibility for abundant availability of Y, presently its cost is very high
in the international market which makes *°Y-based therapy unaffordable especially in
developing countries %%, This is primarily because a simple, efficient and inexpensive
radiochemical separation methodology has not yet been developed which can routinely be
used for large-scale production of *°Y in centralized radiopharmacies for commercial use.
Most of the present generation technologies employed for “°Sr/°°Y separation involve
multiple steps of solvent extraction, ion exchange or extraction chromatography either alone
or in combination which makes the overall process very cumbersome '%%%. In view of the

192d it is essential to

radiation and toxicological hazards associated with *°Sr handling
execute such complicated procedures in specifically designed hot cells equipped with
remotely operable and fully automated radiochemical separation modules. Such sophisticated
settings have high operational costs which increase the overall production cost of *°Y for
clinical use. Presently, “°Y is separated in few leading industrial setups in the developed
countries and supplied as a radiochemical in inorganic form to the radiopharmacies *°%.
Additionally, the relatively short half-life of this radioisotope provides logistic challenges for
its supply to distant user sites. In view of the versatility and robustness of ion-exchange
technology, it is highly desirable to identify advanced ion-exchange materials for simple,

efficient and cost-effective separation of *°Y, which could easily be carried out in centralized

radiopharmacies to meet the regional demands of this radioisotope.
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Over the past few years, several ‘new generation’ inorganic ion-exchangers having
layered structures with exchangeable interlayer cations have emerged as a promising choice
in the nuclear industry **°. However, most of these materials have been used in radionuclide

1992, 195¢€ and their utility in radiochemical

sequestration and radioactive waste remediation
separation for nuclear medicine applications is yet to be explored. Among these materials,
synthetic birnessite has attracted huge research interest due to their high functionality,
stability, environment compatibility, and feasibility for large-scale synthesis at a low cost **.
Birnessite is a kind of hydrous layered manganese oxide (phyllomanganate) with stacks of
MnOg octahedral units with large interlayer spacing (~7 A), which could incorporate many
elements like Na, K, Mg, Ni, etc. in cationic form. MnOg octahedral units present in the
structure are connected to each other by sharing edges, resulting in a uniform MnO, layer
196b.¢.197 The jons present in between the layers are labile in nature, can move into or out of
the interlayer region without much structural rearrangements due to the hydrous layered
structure of birnessite. Therefore, such materials can be used as promising ion-exchangers for
selective separation of radioactive metal ions. In view of similar ionic radii of Sr** and Na*,
synthetic sodium birnessite was viewed as an ideal choice for effective *Sr/*°Y
radiochemical separation.

Herein, synthesis and structural characterization of sodium birnessite for use as an
ion-exchanger in *°Sr/*®Y separation is elaborated. The parameters for the radiochemical
separation were optimized to obtain *°Y with high purity for preparation of

radiopharmaceuticals. The reproducibility of the process was demonstrated by performing

the radiochemical separation in several batches. As a proof of concept, °Y obtained after the
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separation process was utilized in preparation of “°Y-labeled dimeric cyclic RGD peptide

derivative, DOTA-E[c(RGDfK)], and evaluated in preclinical settings **.

8.2. Experimental methods

Layered hydrated sodium birnessite was prepared by adopting the synthesis procedure
described in earlier sections of the thesis, using oxidation of MnCl,.4H,O (99.99 % trace

metal basis, Sigma-Aldrich) in presence of excess of NaOH **.
8.3. Structural characterization

Structural characterization of the material was carried out by X-ray diffraction (XRD)
and small-angle X-ray scattering (SAXS) experiment on powder sample. SAXS study has
been performed using a laboratory based SAXS facility at Bhabha Atomic Research Centre
with Cu-K, X-ray radiation. Thermogravimetric analysis and FTIR absorption study on the
sample were carried out to confirm the stoichiometry of the material followed by

morphological studies by using transmission electron microscopy.

8.4. lon exchange characteristics of synthetic sodium birnessite

In pH—dependent experiments, the pH of the solution was adjusted either by HCI
(Suprapur, Merck) solution or NaOH solution. The pH value was measured by a PHS-3C pH
meter at the beginning of the ion exchange experiments. All measurements were carried out
at 25 "C in triplicate. The distribution ratios (Kg) of Sr** and Y** ions for the birnessite matrix
were measured at different pH, using 2°Sr+%Sr and *°Y as radiotracers. In each experiment,
20 mg of sorbent was suspended in 10 mL solution containing the radioactive metal ions, in a

20 mL vial. The vials were shaken in a wrist arm mechanical shaker for 2 h at 25 "C and then
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filtered. An aliquot of the solution before and after equilibration were measured in a well
type Nal(TI) counter using appropriate window ranges (400-600 keV for %°Sr+%*Sr and 0-500
keV for ®°Y). In order to study the time dependence of the sorption of Sr** ions onto synthetic
sodium birnessite, the Ky of Sr+®Sr in solution at pH 4 was determined at different time
intervals. The attainment of equilibrium was indicated by the constant Ky value after a certain
period of time.

The sorption capacity of synthetic sodium birnessite for Sr** was determined by batch
equilibration method. An accurately weighed amount of sorbent (20 mg) was taken in a
stoppered glass conical flask and equilibrated with 10 mL of the Sr** solution of varying
concentration (0.025-1 mg of Sr per mL) spiked with ~ 370 kBq (10 pCi) of *Sr+*Sr for 2 h
at pH 4. Subsequently, the contents were filtered and the activity of the filtrate was compared
with that of the standard solution taken from the equilibrium mixture before equilibration
with birnessite. The ion exchange capacity (ge) was calculated using the expression, Qe =

(Co—Ce)V
m

where C, and C, represent the initial and equilibrium concentrations of Sr**

respectively in terms of mg/mL calculated from activity per mL values, V is the volume (in
mL) of solution and m is the mass (in g) of the sorbent. The Sr** sorption isotherm was
analyzed by Langmuir, Freundlich and Dubinin-Radushkevich (D-R) Isotherm models.
Dubinin-Radushkevich (D-R) Isotherm model is;

In e = In Xy - P& (8.1)
where, X, is the maximum sorption capacity, B is the activity coefficient related to the mean

sorption energy and ¢ is the Polanyi potential, which can be written as

_ 1
e=RTIn(1+ ) (8.2)

243



Chapter 8

where, R is the universal gas constant [expressed in units of kJ/(mol.K)] and T is the
temperature (in K). In all these models, ge is the amount of Sr** ions adsorbed on birnessite at
equilibrium (expressed in terms of mg/g), C. is the equilibrium concentration of metal ions
(expressed in terms of mg/L). The kinetics for the Sr** sorption by birnessite, as a function of
time at equilibrium has been analyzed by pseudo first order and pseudo second order kinetic

models.

8.4.1. Separation of *°Y from ®Sr using synthetic sodium birnessite as ion exchanger

The Sr/®Y separation was carried out by batch equilibration method. The *°Sr/*®Y
equilibrium mixture (in 1 mL solution containing 185 MBq of **Sr at pH 4) was spiked with
~ 370 kBq (10 pCi) of ®Sr+®°Sr. This solution was carefully transferred in a centrifuge tube
containing 100 mg of birnessite and the contents were equilibrated under constant shaking in
a mechanical shaker operating at room temperature for 2 h. Subsequently, the reaction
mixture was centrifuged and the supernatant containing *°Y was carefully withdrawn and
passed through 0.22 pm filter and collected in a sterile vial. In order to retrieve *°Sr from
synthetic sodium birnessite, 1 mL of 0.1 M HCI was added to the centrifuge tube containing
the ion exchanger, vortexed for 15 min and centrifuged. The supernatant containing *°Sr and
835r+895r was separated and used for separation studies after re-growth of Y. The activity of
%0y was measured using a pre-calibrated ‘PTW Curiementor 3 dose calibrator.

8.5. Quality control of °°Y after radiochemical separation
8.5.1. Radionuclidic purity
The presence of radiostrontium impurities (in the form of #Sr) in *°Y solution could

be determined from the y-spectrum of *°Y recorded using HPGe detector (Canberra Eurisys,
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France) coupled to a 4K multichannel analyzer (MCA) system. A Eu reference source,
obtained from Amersham Inc., USA, was used for energy and efficiency calibration of the
HPGe detector. For this purpose, a small aliquot of *°Y solution was withdrawn and the y-
spectrum was recorded after appropriate dilution of the radioactivity so that the dead time of
the detector was < 5 %. The characteristic y-peak (513 keV) corresponding to %°Sr was
monitored for determination of the level of radiostrontium impurities. The level of *Sr
impurity in *°Y solution was further validated by extraction paper chromatography (EPC)

technique as reported earlier ',
8.5.2. Radiochemical purity

The radiochemical purity of *°Y solution (in the form of Y** ions) was determined by
paper chromatography assay, as per the reported procedure ‘%8, For this purpose, 5 pL of
radioactive solution was spotted on a paper chromatography strip at 1.5 cm from the bottom.
The chromatogram was developed in acetic acid in water (1:1 v/v) medium. Subsequently,
the paper chromatography strip was dried and cut into 1 cm pieces and activity of each piece

was determined using a Nal (TI) counter.
8.5.3. Chemical purity

In order to determine the presence of chemical impurities (in the form of Cu, Zn, Co,
Ni, Fe, Pb, and Mn ions) in the °Y solution after radiochemical separation, the samples were
allowed to decay for 2 months. The trace levels of the metal ion contamination in the
decayed samples were determined by inductively coupled plasma-atomic emission

spectroscopy analysis (using ICP-AES JY-238 spectrometer, Emission Horiba Group,
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France). The calibration curves for these ions were obtained by using standard solutions
having known concentration of these ions.
8.5.4. Biological purity

Sterility of the *°Y solution was tested in tryptic soya broth media and fluid
thioglycollate media using Himedia Labs sterility test kits **°. Pyrogenicity of the preparation

was checked by point-of-use test system (PTS).

8.6. Simulated study for radiochemical separation of *°Y from Sr carrier added

solution, equivalent to 37 GBq of *°Sr

The effects of macroscopic amounts of Sr** jons on the radiochemical separation of
%0y was investigated by conducting the experiments using a Sr/Y mixture prepared with
inactive Sr and Y carrier, spiking it with an equilibrium mixture of **Sr/*®Y containing 37
MBq (1 mCi) of ®Sr as well as 3.7 MBq (100 pCi) of °Sr+%Sr. The simulated solution was
prepared by dissolving 22.5 mg of anhydrous strontium carbonate and 2.32 pg of yttrium
oxide in 2 M HCI. After adjusting the pH of the resultant solution to ~ 4, radiochemical
separation of *°Y was carried out as per the method described above. The activity content of
the recovered *°Y was measured and the level of radioactive strontium impurities present in it
was estimated.

8.6.1. Preparation of *°Y-labeled DOTA-E[c(RGDfK)],

After radiochemical separation of *°Y, it was used for radiolabeling with DOTA-
E[c(RGDfK)], (> 99% chemically pure, ABX Advanced Biochemical Compounds,
Germany) as per the reported procedure 2°. Briefly, a stock solution of the peptide conjugate

was prepared in deionized water with a concentration of 1 mg/mL. A 25 uL aliquot of this
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solution containing 25 pg (14.7 nM) of DOTA-E[c(RGDfK)], was taken and 475 uL of 0.1
M ammonium acetate buffer of pH 5.5 and 500 pL aliquot of *°Y solution (74 MBq) was
added. The reaction mixture was incubated at 90 °C for 30 min after adjusting the pH to ~ 4.
After the completion of the reaction, the mixture was allowed to cool till it reached room
temperature, a small aliquot was withdrawn and complexation yield was determined by high
performance liquid chromatography (HPLC) technique. The HPLC instrument (JASCO PU
1580, Japan) was equipped with a Nal (TI) detector. HPLC was carried out using a dual-
pump HPLC unit with a C-18 reversed phase HiQ-Sil (5 um, 25 x 0.46 cm) column. The
elution was monitored both by detecting UV signals at 270 nm as well as by radioactivity
signal using Nal(TI) detector. The mobile phase consisted of water (A) and acetonitrile (B)
mixtures with 0.1% trifluoroacetic acid and following gradient elution technique was adopted
for the separation: 0-4 min 95% A, 4-15 min 95% to 5% A, 15-20 min 5% A, 20-25 min 5%
A to 95% A, 25-30 min 95% A. The flow rate was maintained at 1 mL/min. The
complexation yield of *°Y-DOTA-E[c(RGDfK)], was also rapidly determined by paper
chromatography as per the reported procedure using acetonitrile in water (1:1 v/v) as the

eluting solvent **%,

8.6.2. Bio-distribution studies

All animal studies were performed under a protocol approved by the Bhabha Atomic
Research Centre Institutional Animal Ethics Committee. The biological behavior of *°Y-
DOTA-E[c(RGDfK)], was studied in C57BL/6 mice bearing melanoma tumors. Melanoma
tumors were developed by injecting ~ 1x 10° melanoma cells (ATCC-CRL-6475) suspended
in 200 pL of phosphate buffered saline (PBS) subcutaneously into the right thigh of each

C57/BL6 mouse weighing 20 - 25 g. The animals were observed for visibility of tumors and
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allowed to grow for about 2 weeks. Animals bearing tumors with a mean diameter of ~ 8 mm
(range, 6-9 mm) were used in the bio-distribution experiments.

The *°Y-DOTA-E[c(RGDfK)], radiotracer was diluted in PBS medium and 100 pL
(3.7 MBq) solution was injected into each animal through a lateral tail vein. The animals
were sacrificed by cardiac puncture post-anaesthesia at different times of post-injection (p.i.).
Four animals were used at each time point. VVarious organs, tissues and tumors were excised
after sacrifice, washed with PBS, dried and the radioactivity associated with each organ and
tissue was determined using a flat-type Nal (T1) counter. The weight of each organ and tumor
was also determined by using an analytical balance. The percentage injected dose (%ID) in
various organs, tissues and tumor was calculated from the above data and expressed as

percentage injected dose per gram (%ID/g) of organ/tissue.

8.7. Results and discussion

The radiochemical separation of *°Y from Sr/®®Y secular equilibrium mixture is a
convenient method to obtain high specific activity *°Y in a no-carrier-added (NCA) form for
preparation of radiopharmaceuticals for targeted therapy %, Over the last 5 decades, there
have been enormous research efforts from all over the world toward development of
methodologies for radiochemical separation of *°Y from Sr/*®Y equilibrium mixture %,
However, the radiochemical separation of NCA Y suitable for clinical use is still a
challenging task and the feasibility of adopting a separation methodology suitable for
operation in a centralized radiopharmacy has remained an unrealistic proposition. Aim of this

study is to develop a facile separation technology amenable for adoption in a centralized

radiopharmacy set-up for obtaining clinical-grade NCA Y. Attempts were made to explore
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the possibility of using synthetic sodium birnessite as the ion exchanger for the
radiochemical separation and optimized the various process parameters in order to achieve
this objective. Yttrium-90 obtained after radiochemical separation was utilized for
preparation of *°Y-DOTA-E[c(RGDfK)],, the biological efficacy of which was evaluated in
C57BL/6 mice bearing melanoma tumors. The overall process of radiochemical separation of

%0y and its utilization in preclinical settings is schematically illustrated in Fig.8.1.
8.7.1. Synthesis and structural characterization of sodium birnessite

Naturally occurring birnessite is one of the most common manganese dioxides in the

clay size (< 2 um) fraction of soils *°’%. However, naturally occurring birnessite structures are

197b

poor crystalline in nature, due to fine particle sizes and poor ordering

%0zy | 9Zr | 927y

Birnessite
Mixing Incubation Centrifugation Separation HOOC.'\_'~~COCH
90Y-DOTA-E[c(RGDfK)],

Fig.8.1: Schematic illustration of radiochemical separation of Y from *Sr

In order to achieve rapid, selective and reproducible ion-exchange separation, highly
crystalline synthetic sodium birnessite was used in the present study. Sodium birnessite could

be easily be synthesized on a multi-gram scale and with high purity by oxidation of
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MnClI,.4H,0 in presence of excess of NaOH. Phase purity and crystalline nature of the
synthesized sodium birnessite was confirmed by the XRD studies (Fig.8.2A). Diffraction
pattern of the final dried sample is similar to the XRD pattern reported by Cai et al. **®
Structure model with composition NagssMn,04-1.5H,0 was used as the initial structural
model to refine the XRD pattern. The obtained XRD pattern was fitted well with this model,
unit cell parameters obtained are a = 5.1896(7) A, b = 2.8649(4) A, ¢ = 7.3578(7) A, B =
103.101(2)°, V = 106.55(2), the sample crystallizes in monoclinic lattice with space group
C2/m. Typical Rietveld refinement plot of the synthesized sodium birnessite is shown in
Fig.8.2A 1%,
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Fig.8.2: (A) Powder XRD pattern of synthetic sodium birnessite. (B) View of the three

dimensional crystal structure of synthetic sodium birnessite

Atom coordinates obtained from Rietveld refinement were used to draw the crystal
structure of synthetic sodium birnessite as shown in Fig.8.2B. From the crystal structure it is

clear that manganese coordinates to six oxygen atoms to form an octahedron, which in turn
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connected to another manganese octahedron by sharing edge which leads to the formation of
sheet along ab-plane leaving two epical oxygen atoms along the c-direction. Charge of these
MnO, layers is compensated by the presence of Na* ions between the MnO, layers. Sodium
ions between the layers are surrounded by H,O molecules. Manganese in synthetic birnessite
possess both + 3 and + 4 oxidation states, average oxidation state of the synthetic material is

3.5 as reported by Cai et al. **®

SAXS

Intensity (arb. unit)
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=
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Fig.8.3: The SAXS profile of synthetic sodium birnessite sample

SAXS on synthetic sodium birnessite sample was carried out using a laboratory based

SAXS facility. The experimental SAXS profile is shown in Fig.8.3. The scattering wave

vector g and the real space dimension in scattering experiment are inversely related, i.e. D =

2n/q, where D is the typical real space dimension. Thus, the length scale probed in the

present experiment is 2-50 nm. It is found that experimental profile follows power law

behaviour with an exponent value of -4.

I(q) =Cq™*+ bkg (8.3)
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Where, C is the scale factor and bkg is the g-independent background scattering. The power
law behaviour of the scattering intensity as represented in equation (8.3) is called Porod’s
law . The scattering from a smooth surface gives rise to such power law scattering. The
fitting of the experimental data to equation (8.3) is quite good (Fig.8.3). This indicates that
the pore/particle size in the synthetic sodium birnessite sample is larger than 50 nm and
hence only surface scattering was observed in the present g-range of the SAXS
measurements. This was further confirmed by light scattering study wherein broad particle

size distribution in the range of 0.5-3 um was observed (Fig.8.4).

16+

DLS

1000 2000 3000 4000 500C
Diameter (nm)

Fig.8.4: Particle size distribution for synthetic Na-birnessite determined by DLS study

The FTIR spectrum of synthetic sodium birnessite is shown in Fig.8.5. The IR bands
at 420, 482 and 514 cm™ are due to Mn-O stretching vibrations and are the characteristic
bands for birnessite mineral. 2°? Bands at 3445 cm™ and 1537, 1645 cm™ are due to stretching
and bending vibrations of water molecules present in between the layers of manganese

octahedra.
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Fig.8.5: Typical IR spectrum of synthetic Na-birnessite
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Fig.8.6: Typical thermogravimetric curves of synthetic Na-birnessite in heating cycle
Thermogravimetric plot of the prepared composition recorded while heating from
ambient to 350°C is shown in Fig.8.6. From the figure it is prominent that sharp weight loss
of the sample is in accordance with presence of water between MnO; layers. Cai et al. have
also reported similar thermogravimetric plot showing weight loss due removal of water ***.

Layered morphology of synthetic sodium birnessite is shown by the TEM images (Fig.8.7
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A). The HRTEM image confirms crystalline nature of layers in sodium birnessite structure

(Fig.8.7 B). The calculated interlayer distance from the electron diffraction pattern is ~3 A.

Fig.8.7: (A) TEM image showing the layered morphology of synthetic Na-birnessite. (B)

HRTEM image showing the array of MnO; layers in synthetic Na-birnessite
8.7.2. lon exchange characteristics of synthetic sodium birnessite

The Ky value is an important parameter signifying the affinity and selectivity of
synthetic sodium birnessite for Sr** and Y*" ions and helps to arrive at the optimum
conditions for their radiochemical separation. The Ky values for Sr** and Y*' ions were
determined at various pH values (Fig.8.8A). The Ky values for both Sr** and Y** ions
increased with increase in pH and maximum affinity was observed under near neutral
conditions. However, the K4 values for Sr** ions was much higher than that of Y** ions in the
entire pH range studied, indicating higher selectivity and affinity of synthetic sodium
birnessite towards Sr** ions. At pH 4, maximum separation factor (defined by the ratio of Kg
values of Sr** and Y** ions) of > 2500 could be achieved and therefore this pH was chosen in

subsequent studies for quantitative removal of *°Sr from *°Y. After the radiochemical
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separation process, *°Sr sorbed in synthetic sodium birnessite could be recovered in acidic

solution (pH < 2) and preserved for re-growth of *°Y.

B
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Fig. 8.8: (A) Variation in K values of Sr** and Y*" ions in synthetic sodium birnessite as
a function of pH. (B) Variation in Ky values of Sr** ions in synthetic sodium
birnessite at pH 4 as a function of time

In order to determine an optimum contact time required for the complete sorption of
the *°Sr** ions in synthetic sodium birnessite, the time course of the sorption process was
studied by following the Kq values at different time intervals at room temperature which is an
indication of the progress of the sorption process (Fig.8.8 B). The Kq values for Sr** ions
increased rapidly with time at the beginning and remained almost constant after 90 min,
indicating that the sorption equilibrium was attained reasonably fast. In all subsequent batch
experiments, a contact time of > 90 min was maintained in order to ensure quantitative
uptake of “°Sr in synthetic sodium birnessite. A qualitative mechanism of selective Sr**

uptake in synthetic sodium birnessite has been proposed by the analysis of the above XRD,

TEM and Kg data (Fig.8.9). Layered sodium birnessite has exchangeable Na* ions located in
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the interlayer. Owing to similar ionic radii and electropositivity of hydrated Na* and Sr**
ions, 2 the ®Sr?* ions easily migrate and are bound tightly in the interlayers of the layered
structure of synthetic sodium birnessite by exchange with Na* ions. The less electropositive
hydrated Y*" ions are more sluggish in diffusion to the interlayer of sodium birnessite
structure and therefore selective uptake of Sr®* ions could be achieved to aid toward *Sr/*°Y

radiochemical separation.

Sr2*selective 90Sr/90Y mixture
ion-exchange @ ’{

oH,0
C oNa
@Sr2+

Y3+

a

Fig.8.9: Schematic illustrating qualitative mechanism of Sr** selective ion exchange in

synthetic Na-birnessite

To determine the affinity and maximum exchange capacity of synthetic sodium
birnessite, equilibrium studies were conducted with various initial concentrations of Sr** ions
(from 0.025-1 mg Sr per mL). The removal capacity q plotted against the initial Sr** ions
concentration is graphed in Fig.8.10. The amount of Sr** adsorbed increases from 12.6 + 1.3
mg/g to 99 + 2 mg/g with the increase in initial concentration from 0.025-1 mg/mL. The Sr**

ion adsorbed is higher when the initial metal ions concentration is high. This is because of
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the efficient use of the adsorptive capacity of synthetic sodium birnessite due to greater

driving force by a higher concentration gradient pressure 2%,

100+

5. 8 8

Amount adsorbed (mg/g)

2

Contacttime =90 min

00 02 04 06 08 10
Initial concentration of Sr (mg/mL)

0

Fig.8.10: Plot of the initial concentration of Sr** versus the amount adsorbed in
synthetic sodium birnessite

Selective uptake of Sr?* ions in synthetic sodium birnessite results from a mass
transfer process that occurs at the interface between solid and liquid phases. Equilibrium
relationships between the sorbent and the sorbate are described by sorption isotherms,
usually as the ratio between the quantity sorbed and that which remains in the solution at a
fixed temperature. The selective uptake of metal ions from aqueous solution is influenced by
several factors e.g., the type and amount of ion exchange material, pH, time and temperature
204 Any sorption isotherm is valid for a particular temperature, pH and ionic strength. The
Langmuir, Freundlich and D-R isotherms are used to describe the interaction of the synthetic
sodium birnessite particles and Sr** ions (Fig.8.11, Fig.8.12) *** 2% The Langmuir isotherm
model assumes that monolayer adsorption takes place on a homogenous surface with uniform

energies of adsorption on the surface .
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It was found that the equilibrium data could be fitted well with Langmuir model with
R? = 0.99, which implied that the adsorption sites in synthetic sodium birnessite were
equivalent with each site only adsorbing one Sr** and the adsorbed Sr** are localized without
transmigration. This indirectly established the observation from the SAXS study where the
experimental profile followed power law behaviour implying that x-ray scattering occurred

from a smooth and homogenous surface (Fig.8.11).

0.09

Langmuir isotherm
T T

0 1 2 3 4
1/Cq

0.00

Fig.8.11: Langmuir isotherm plot for the uptake of Sr** by Na- birnessite at pH 4

The Freundlich model assumes that multilayer adsorption occurs on a heterogeneous
surface °®°. However, the equilibrium data could not be fitted well with Freundlich model (R?
= 0.72) indicating that this model is not appropriate for understanding the sorption behavior
of synthetic sodium birnessite (Fig.8.12). The sorption data have also been analyzed using
the D-R model, to distinguish between physical and chemical adsorption, ?** based on the

characteristics of synthetic sodium birnessite.
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Fig.8.12: Freundlich isotherm and D-R isotherm plot for the uptake of Sr?* by Na-

birnessite at pH 4

The plot of In g versus € (Fig.8.12) gives a straight line (R? = 0.94) and the values of
Xm and B evaluated from the intercept and slope of the graph were determined to be 4.38 £+
0.12 mol/g and 1.45 x 107 J%/mol?, respectively. The mean sorption energy (E) is a critical

parameter for distinguishing between physical and chemical adsorption, ?** and it is given by:

E=(+28)" (8.4)

The magnitude of E (1.86 kJ/mol) obtained in the present study indicates that physical
adsorption of Sr** ions takes place in synthetic sodium birnessite 2**. It is due to this fact that
%3¢ adsorbed in synthetic sodium birnessite could be retrieved in acidic medium after the
radiochemical separation process and reused for subsequent studies after allowing in-growth

of *°Y. Thus, the same feed solution of “°Sr could be used multiple times for obtaining *°Y.
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Fig.8.13: Pseudo first-order and Pseudo second-order reaction rate kinetics for the

uptake of Sr** on synthetic sodium birnessite at pH 4

In order to understand the kinetics for the sorption of Sr** ions by synthetic sodium
birnessite under equilibrium conditions at room temperature, two different kinetic models
(pseudo-first-order and pseudo-second-order reaction models) were evaluated (Fig.8.13) 2°
2% The correlation coefficient for the linear plot of log (qe- q) versus time from the pseudo-
first-order rate expression was 0.99, which was much greater than the R? value (0.73) for the

pseudo-second-order kinetics. Hence, the best-fit model for the uptake of Sr** by synthetic

sodium birnessite was pseudo-first-order *°*.
8.7.3. Separation of *°Y from ®Sr using synthetic sodium birnessite as ion exchanger

In order to translate the laboratory findings into real conditions, process
demonstration runs were carried out using synthetic sodium birnessite as the ion exchanger in
10 different batches and the results are summarized in Table 8.1. In all these batches, same

feed solution of ®°Sr was used after allowing 15 days time interval for in-growth of *°Y. The
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overall yield of *°Y after the radiochemical separation was > 80 % and the results are quite

reproducible in all the batches.
8.7.4. Quality control of °Y after radiochemical separation

Since *Y obtained after radiochemical separation is intended to be used for human
clinical investigations, stringent quality control measures are essential. The results of detailed

quality control of *°Y are explained below.

Table 8.1: Performance evaluation of the radiochemical separation process in 10

different batches

Batch Activity Activity Level of Radiochemical Level of Radiolabeleing

No. of¥sr  of®y %Srin  purity of Y chemical yield of Y-
(MBq) separated *°Y (%) inthe form of impurities DOTA-
(MBq) Y3 (%) in Yy E[c(RGDfK)],
(ug.mL™) (%)
1 185.0 153.6 8 x 10° 99.7 +0.2 97.6+1.2
2 184.8 158.9 7 x 10° 99.6 + 0.1 98.1+15
Cu, Zn,
3 184.6 151.4 6 x 10° 99.8+0.1 98.7+1.4
Co, Ni, Fe,
4 184.4 154.8 8 x 10° 99.6 + 0.2 96.9+ 0.8
Pb, Mn
5 184.2 152.2 9x10° 99.9+0.1 98.4+0.8
individual
6 184.0 153.1 4x10° 99.5+ 0.3 98.1+1.7
impurities
7 183.8 151.9 5x 107° 99.4 +0.3 97.7+1.4
<0.1
8 183.6 154.5 7 x 10° 99.7+0.1 97.1+1.6
pg/mL
9 183.4 155.7 8 x 107 99.8+0.2 98.3+0.5
10 183.2 152.6 6 x 10° 99.5+0.2 96.5+ 0.9
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8.7.4.1. Radionuclidic purity

Yttrium-90 used for preparation of radiopharmaceuticals should be of very high
radionuclidic purity (> 99.999 %), as the most probable contaminant *°Sr, is a bone seeker.
The maximum permissible body burden of **Sr in the entire lifetime of an individual is only
74 kBq Y. This translates the limits of *Sr to 74 kBq in 37 GBq of *°Y, assuming that a
patient may be administered with a maximum of 37 GBq of ®Y in his lifespan %,
According to United States Pharmacopeia, *°Sr/*®Y activity ratio should not exceed 2 x 10
parts (or 2 x 107 %) at the time of injection of any “*Y-based radiopharmaceutical ** **%4, In
view of such a demanding situation, the activity of **Sr in the Y solution should be
carefully analyzed to ensure that it is well within the acceptable limits. Radionuclidic purity
estimation by making use of the y-spectrometric analysis showed that the level of *Sr
impurity in *°Y after radiochemical separation was < 1 x 10™ % in all the batches, which was
within the acceptable limits as per the United States Pharmacopeia (Table 8.1, Fig.8.14). The

results were further corroborated by extraction paper chromatography assay adopting the

reported procedure (Fig.8.15).
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Fig.8.14: Typical y-spectra of (A) *Sr/*®Y equilibrium mixture spiked with #Sr+¥sr,

(B) °Y after radiochemical separation
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Fig.8.15: Extraction paper chromatography pattern of *°Y obtained after radiochemical

separation (left), Paper chromatographic pattern of Y developed in acetic

acid in water (1:1 v/v) medium (right)

8.7.4.2. Radiochemical purity

The radiochemical purity of *°Y (in the form of Y*' ions) was > 99 % in all the

batches (Table 8.1, Fig.8.15), indicating the suitability of *°Y obtained after radiochemical

separation process for preparation of radiopharmaceuticals.

8.7.4.3. Chemical purity

The chemical impurities in the form of other metal ions in the *°Y solution obtained

after radiochemical separation would compete with Y** in the complexation process for the

preparation of radiopharmaceuticals. ICP-AES analysis of the decayed **Y samples showed

that Cu, Zn, Co, Ni, Fe, Pb, Mn ion impurities were present in the *°Y solution after

radiochemical separation (Table 8.1). However the level of each of these metal ion impurities
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was < 0.1 pg/mL and is not expected to pose any serious issue in the radiopharmaceutical

preparation process.
8.7.4.4. Biological purity

After passing through 0.22 pm filter, *°Y solution was found to be sterile. The
endotoxins in all the decayed *°Y samples tested were found to be < 5 endotoxin unit

(EU)/mL, which is within the permissible limits for clinical use .

8.7.5. Simulated study for radiochemical separation of Y from Sr carrier added

solution, equivalent to 37 GBq of *°Sr

The recovery of *°Y from Sr/Y mixture simulated to represent 37 GBq of *Sr, was
also equally good as in when lower amounts of *°Sr, were used. The overall yields of *Y in
the simulated experiments were 83+4 % and the level of *°Sr impurity present in *°Y was (5

+3) x 10 % (n = 3).
8.7.5.1. Preparation of *°Y-labeled DOTA-E[c(RGDfK)],

Yitrium-90 labeled dimeric cyclic RGD peptide derivative, DOTA-E[c(RGDfK)],, is
an established radiopharmaceutical for targeted therapy of tumors over expressing integrin-

200 The suitability of *°Y obtained after radiochemical separation for

oyPs receptors
biomedical applications could be demonstrated by labeling DOTA-E[c(RGDfK)], (in nano-
molar concentrations) with °Y. The radiolabeling of DOTA-E[c(RGDfK)], with Y is also

an indirect test to ascertain the chemical purity of *°Y as very high chemical purity is

essential to achieve a good complexation yield of the radiolabeled agent. The radiolabeling
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yield of *Y-DOTA-E[c(RGDfK)], was determined by paper chromatography using 50%

acetonitrile in water as eluent (Fig.8.16).
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Fig.8.16: Paper chromatographic pattern of *Y-DOTA-E[c(RGDfK)], developed in

acetonitrile in water (1:1 v/v) medium

90Y-DOTA-E[c(RGDfK)],

2,00 CPs #1000

)

[a

L

2>

= 1.00

5}

<

Uncomplexed 0¥
D.DD r T T T T T T T T T T T T T T T T T T T T T T T T T T
0,00 5,00 10.00 15,00 20,00 25,00

Retention time (min)

Fig.8.17: Typical HPLC pattern of **Y-DOTA-E[c(RGDfK)];

It was observed that *°Y-DOTA-E[c(RGDfK)], moved towards the solvent front (R¢ =
0.8-0.9), whereas under identical conditions, unlabeled Y remained at the point of

application (Rs = 0). The radiolabeling yield of *Y-DOTA-E[c(RGDfK)], was also validated
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by HPLC studies, wherein, the radiolabeled agent demonstrated retention time of 16.8 min
while uncomplexed Y was eluted out within 3-4 min (Fig.8.17). By both the studies, the
radiolabeling yield of *°Y-DOTA-E[c(RGDfK)], was determined to be > 95 % and it

remained consistent in all the batches (Table 8.1) ***.

8.7.6. Bio-distribution studies

The results of the biodistribution studies revealed significant tumor uptake (5.1 + 0.6
%ID/g) within 30 min p.i. Accumulation of activity was also observed in various non-target
organs such as liver, intestine kidney etc. at 30 min p.i. However, with the progress of time,
the accumulated activity in the non-target organs gradually cleared through renal route. The
tumor-to-blood and tumor-to-muscle ratios of *Y-DOTA-E[c(RGDfK)], at different time

points p.i. are shown in Fig.8.18.

10

90Y-DOTA-E[c(RGDfK)], [ 30 min

Fig.8.18: Bio-distribution study in C57BL/6 mice bearing melanoma tumors after the
administration of **Y-DOTA-E[c(RGDfK)],
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Fig.8.19: The tumor-to-blood and tumor-to-muscle ratios of **Y-DOTA-E[c(RGDfK)];

at different time points p.i. of the radiotracer

The tumor-to-blood ratio was observed to increase from 2.5 £ 0.3 at 30 min p.i. to
64.3 £ 5.1 at 72 h p.i. Between the same time points, the tumor-to-muscle ratios increased
from 13.9 + 2.1 to 32.2 + 2.4 (Fig.8.19). It is evident that *Y-DOTA-E[c(RGDfK)],
exhibited favourable tumor to background ratio for used as a radiopharmaceutical for
targeted therapy. The bio-distribution pattern *Y-DOTA-E[c(RGDfK)], prepared with Y
obtained after radiochemical separation using synthetic sodium birnessite as ion exchanger is
comparable with the data when the radiotracer was prepared using Y separated by

conventional methods 2%.

8.8. Conclusions
In conclusion, synthetic sodium birnessite has been synthesized and an efficient ion-

exchange strategy for radiochemical separation of Y from *°Sr/*®Y equilibrium mixture is

267



Chapter 8

successfully realized. Synthetic sodium birnessite could rapidly capture Sr** with excellent
selectivity, high capacity, and *Y could be separated with appreciable yield in a form
suitable for preparation of radiopharmaceuticals. The reliability and reproducibility of the
approach have been amply demonstrated in several batch experiments. The overall process is
simple and easily executable in a hot cell facility for large-scale separation and is therefore
adaptable for practical use in a centralized radiopharmacy set-up. Wide scale implementation
of this facile radiochemical separation strategy would greatly enhance the global availability
of °Y for preparation of a variety of *°Y-based target specific radiopharmaceuticals for use
in nuclear medicine. These findings also offer important experimental basis for the
understanding and searching of new ion exchangers for radiochemical separation of other

medically important radioisotopes.
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9.1. Introduction

This chapter is comprised of three independent sections describing ion exchange
properties, thermodynamic characteristics and magnetic properties of some other prepared
phosphates for aim of the thesis. First part of the chapter deals with synthesis and ion
exchange properties of tunnel structured complex phosphates KLn(PO3),, Ln=Ce, Eu with
potassium ions as exchangeable ions. KCe(POs), and KEu(PO3)4 have been synthesized by
solid state synthesis process, ion exchangeabilities of the title materials have been
investigated by using inactive cesium and strontium. Details of crystal structure and ion
exchange properties of these are described in this section. Second part of the chapter
comprises of thermodynamic properties of two complex phosphates as KsLns(PO,)s, Where
Ln = Gd and Eu. Synthesis of these materials along with crystal structure is elaborated.
Comparison of measured standard molar enthalpy of formation and molar heat capacity of
these compounds by high temperature calorimetry has been discussed. Measured standard
free energy of formation of the synthesized materials from standard molar enthalpy of
formation and heat capacities are useful for predicting the usage of these matrices in the
nuclear fuel cycle. Thermodynamic results of the synthesized materials are elaborated in this
part. The third part of this chapter deals with the preparation, crystal structure and magnetic
properties of complex phosphate Mns(HPO,)2(PO,)2.4H,0O (synthetic Hureaulite mineral).
This compound is found to be stable up to 300°C and showed a ferromagnetic like sharp
transition at 6K. Synthesis and magnetic properties of this synthetic mineral are elaborated in

this part.
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9.2. lon exchange properties of KLn(PO3),4: Ln = Ce and Eu

9.2.1. Introduction

In the aim to study the potentials of complex phosphates as ion exchangers, two
stoichiometric compositions as KLn(POz3), with Ln = Ce and Eu were prepared by solid state
reactions and characterized by powder X-ray diffraction method. The Cs* and Sr** exchange
properties of both materials were investigated by using standard solutions of Sr** or Cs* in

low acidic medium & 2,

9.2.2. Experimental techniques

Both the studied compositions have almost similar XRD patterns which suggest their
iso-structural nature. All the observed reflections in the powder XRD pattern of both
compositions could be assigned to the monoclinic (P2;) phases. The refined unit cell
parameters of the KCe(POs), are: a = 7.2958(1) A, b = 8.4938(2) A, ¢ = 8.0525(2) A, p =
92.066(2) °. V = 498.68(2) A® and those of KEu(POs), are : a = 7.2593(4) A, b = 8.3655(5)
A, ¢ =79365(4) A, p=91.831(5)°, V = 481.71(5) A3, The smaller unit cell parameters of

KEu(POs), are in accordance with the smaller ionic radii of Eu** compared to Ce**.

The crystal structure of KLn(PO3)4 has infinite chains of PO, tetrahedra formed by
linking two oxygen atoms of PO,. These chains are linked by Ln®*" containing polyhedra by
sharing free oxygen atoms of (POs). chains. The Ln®*" ions have nearly regular square
antiprismatic coordination polyhedra. The typical arrangements of the (POg3), chains and
Ln** ions form one dimensional channels along the long b-axis, which are filled by K* ions to
maintain the charge neutrality. Though the structure is ionic, the rigid framework like

arrangement makes it insoluble in aqueous medium. Since the K* ions are ionically bonded
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to the network of [Ce(POs)4] ions, they are likely to have higher mobility along the channel

direction. Typical crystal structure of KLn(POg3)4 is shown in Fig.9.1.

(PO,) chains 4 o4 94

a:

Fig.9.1: Typical crystal structure of KLn(PO3), (Ln=Ce, Eu)

9.2.3. Results and discussion

lon exchange behavior of KCe(PO3), and KEu(PO3), were investigated for Cs* and
Sr** in low acidic medium. Weighed quantity of sample was equilibrated with Sr** and Cs*
for 2 h and the solution was analyzed for quantification of K*, Sr** and Cs*. lon
exchangeability of these materials was evaluated by equilibrating the sample with standard
concentration of Cs*, Sr** solutions separately. After certain equilibration time, supernatant
liquid was analyzed using ICP-AES, which showed the decrease in concentration of Cs*, Sr**
from the feed solution. It is observed that 63% of Cs*, 77% of Sr** were exchanged by
KCe(POs3)s and 73% of Cs*, 40% of Sr** were exchanged by KEu(PO3),. Typical percentage

of ion exchange is shown in Table 9.1.
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Table 9.1: Comparison of ion uptake of KCe(PO3), and KEU(PO3),4

Percentage of exchange Cs' Sr* Cs' Sr*
(10mg) (10mg) (100mg) (100mg)

KCe(PO,), 63 71 59 75

KEu(PO,), 73 5 72,5 40

The presence of K* ions in the equilibrated solution confirmed the exchange of Sr** or Cs*

with K* ions. Comparison of uptake of Cs*, Sr** by both KCe(POs), and KEu(PO3), materials

is shown in Fig.9.2.

HmCs mSr
KCe(PO;), KEu(PO,),

80
60
40 -
20

10 mg 100 mg 10 mg 100 mg

Amt. taken up (%)

Fig.9.2: Comparison of ion uptake of KCe(PO3), and KEuU(POs3),
9.3. Thermodynamic investigations on KsLns(POg)s LN = Eu, Gd compounds

9.3.1. Introduction

Thermodynamic properties of two complex phosphates KsLns(PO,)s, Where Ln = Eu
and Gd were investigated in order to verify the suitability of the materials towards

immobilization of radionuclides. Both the materials are iso-structural and have monoclinic
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(C2/c) lattice. Obtained unit cell volumes of K;Gds(PO4)s and KsEus(PO4)s are in accordance
with the lanthanide contraction. The standard molar enthalpy of formation and molar heat
capacity of these compounds has been measured using high temperature calorimeter. The
average enthalpy of dissolution of K3Gds(PO4)s (s) and K3zEus(POy)s (S) at 298K are 555.5 +
9.2 K.J.mol™ and 613.3+2.8 K.J.mol™ respectively. Standard molar enthalpy of formation
(AsH,9g) has been obatined using thermochemical cycle and the obtained values are -12234.8
+ 61.5 K.Jmolt and -11790.9 + 58.2 K.J.mol* for K3;Gds(POs)s and KsEus(POas,
respectively. From the enthalpy increment, obtained heat capacities for K3Gds(PO4)s and
K3Eus(PO4)s at 298 K are 675.9 J K mol™ and 722.35 J K™ mol™, respectively. Further the
standard free energy of formation (Ang) and their temperature dependencies were obtained
from enthalpy increments. The obtained thermodynamic functions and stabilities of the
compounds can be useful for predicting their usage as matrix for nuclear waste

immobilization as well as for other high temperature applications 2%,
9.3.2. Experimental techniques

The title samples were synthesized by solid state reaction between KH,PO,,
NH4H,PO, and Ln,O3; (Ln=Gd and Eu) by the procedure reported earlier for the synthesis of
K3Gds(PO4)s 2. The final sintered KsLns(POs)s (Ln= Eu and Gd) samples were

characterized by powder X-ray diffraction.
9.3.3 High temperature calorimetry studies

A high temperature Calvet calorimeter (Model HT-1000, M/s. Setaram, France) was
employed for all the calorimetric experiments. The standard molar enthalpies of dissolution

of KsLns(PO4)s (Lh = Gd and Eu) compounds and their binary constituent oxides viz.,
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Gd,03(s), Eux03(s), K,O(s) and P,Os(s) in liquid Na,O + MoOs (3:4 molar ratio) solvent at
985 K were investigated. The enthalpy calibration was carried out by comparing measured
enthalpy increments of synthetic sapphire [NIST SRM-720] with its literature values 2. The
details of the calorimeter and experimental procedure have been described in literature 2%,
The synthesis and characterization of Na,O + MoOj3 (3:4 molar ratio) solvent were carried
out as per the reported literature ?°. The Na,O + MoOj; (3:4 molar ratio) solvent was
characterized by SEM chemical analysis and XRD techniques. The atom % of Mo, Na and O
obtained from the chemical analysis of the solvent were found to be 15.9 + 0.2, 24.3 £ 0.3
and 59.8 + 0.4, respectively which are in agreement with the expected values 16, 24 and 60
atom percent. No other chemical impurity was observed in the elemental analysis of the

solvent. Sample powder from the same lot was used for all the enthalpy measurements.

About 6g of Na,O + MoO;3 solvent was taken in two identical platinum tubes
(protective liner) having outer diameter matching exactly with the alumina reaction cell and
this ensured proper thermal contact with the reaction cell. The reaction cell assembly was
slowly introduced into the calorimeter maintained at 985 = 0.05 K. The alumina reaction
tubes were equilibrated with the calorimeter till a steady heat flux signal was obtained. Heat
effects due to loss of any volatile components was same in the sample and reference cells
hence got nullified in the resulting signal, a steady base line of the differential heat flow
signal (slope nearly zero) is obtained. Reactants in the form of tiny pellets (about few
milligrams) were dropped from room temperature to the reaction cell containing liquid
solvent maintained at 985 K and the corresponding enthalpy change was determined by
integrating the heat flow signal with respect to time. For each dissolution experiment,

reaction time was determined by recording the heat flow signal (J/g) for different time
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intervals. Steady base line in the heat flow signal was observed after 3600 seconds of sample
dropping beyond which no significant change in the heat flow values could be noticed.

The heat flow signals were recorded for same time period for all the experiments. For
each experiment, fresh solvent was loaded in order to maintain similar dilution condition.
Amount of the sample dropped into solvent was chosen in such a manner that the condition
of infinite dilution is always maintained. After each measurement, the sample was slowly
withdrawn from the calorimeter chamber and allowed to cool to room temperature. The
SEM-EDS analysis of the dissolved samples was carried out in order to confirm uniform

distribution of solute particles in the solvent 2%,

9.3.4. Heat capacity measurements

The enthalpy increments (Hr—Hzgg) of the K3Lns(PO4)s (LN = Gd and Eu) compounds
were measured in between the temperature range 325 K to 936 K using a high temperature
Calvet calorimeter following the drop technique. The sample pellets were first annealed in air
at 1173 K for 24 h and brought into room temperature under the flow of argon gas. Tiny
pellets were maintained at 298 K and dropped into the sample cell equilibrated at constant
desired temperature. The heat flow signal accompanying the sample drop was recorded under
isothermal condition and calculated to obtain its enthalpy increments.

9.3.5. Results and discussion

9.3.5.1. Ambient temperature structural studies

Observed XRD patterns of K3Gds(PO4)s and KsEus(PO,)s are found to agree well
with that of X-ray diffraction pattern reported earlier for KsGds(PO.)s™>°. The powder XRD

patterns of both were analyzed with the model structures based on the structural data reported
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earlier for K3Gds(PO4)s (monoclinic, Space Group: C2/c)

207 The observed unit cell

parameters for KsGds(PO,)s are: a = 17.4686(9) A, b = 6.9283(4) A, ¢ = 18.1087(1) A and B

= 114.415(4)°, V = 1995.68(2) A3 and those for KsEus(POy)s are: a = 17.4978(1) A, b =

6.9482(5) A, ¢ = 18.1489(1) A and B = 114.483(5)°, V = 2008.10(2) A3. Typical Rietveld

refinement plots for K3Gds(PO4)s and K3Eus(PO,)g, are shown in Fig.9.3.

all_a

KsGds{PDI‘}B
3=CuKua

| T

Intensity (arb. units)

~ _k:_»-ﬁ

Intensity (arb. units)

K,Eu,(PO,),
& E 1=Cuka
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Fig.9.3: Rietveld refinement plot of the K;Gds(PO,)s and K3Eus(PO4)s

The crystal structure of K3Lns(PO4)s (Ln = Gd and Eu) can be envisaged as three

dimensional array of Lns(PO.)s> clusters and K* ions. The LnOg and LnOg polyhedra in the

present structure are similar to those in zircon and monazite type structures respectively. The

three dimensional arrangement of arrangement of LnOg, LnOg and PO, units in the structure

of K3Lns(POy)s is shown in Fig. 9.5.
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K3Eug(PO,)e
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Fig.9.4: Arrangement of LnO, and PO, polyhedra and XRD pattern of KsLns(PO,)s

9.3.5.2. Standard molar enthalpy of formation of K3Lns(PO4)s (LN = Gd and Eu)

The standard molar enthalpies of formation of Ks3Lns(PO4)s (Ln = Gd and Eu)
compounds were determined from their heat of dissolution data and molar heat of dissolution
values of constituent binary compounds Gd,Os3(s), Eu203(s), K.COs(s) and P,0s(s) in liquid
Na,O + MoOs (3:4 molar ratio) solvent at 985 K. As KO is difficult to handle in air,

K>CO3(s) was chosen instead of K,O to determine the heat of dissolution of K,CO3(s).

Heat flow signals for the dissolution of KsLns(PO4)s (Lh = Gd and Eu), Gd,Os3(s),
Eu,03(s) and K,COs3(s) in Na,O + MoOs solvent (3:4 molar mixture) at 985 K are presented
in Fig.9.5. Dissolution of K3Lns(PO4)s (LN = Gd and Eu) and K,COs3(s) compounds resulted
in endothermic signals, whereas for Gd,O3(s) and Eu,O3(s) net exothermic signals were
observed. The observed heat flow signals could be attributed to the sum of the heat effects

due to (i) heating of sample from 298 to 985 K (ii) lattice dissociation (iii) enthalpy change
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due to chemical interactions. The signals due to chemical interactions are generally
exothermic in nature, whereas first two effects are endothermic in nature. Depending upon
the magnitude of these heat effects the net heat flow signal can be exothermic or

endothermic.

_\/' (€)K3Gd (PO,), m=11.0mg AH=565.2 k] mol
—\/X (d) Gd, O, m=24.1mg AH=-236.3 k] mol "
\-/)F;mmg AH=-204.7 kJ mol -

(c

-1
(b) K3E115(1304)6 m=25.1mg AH=611.1 k] mol

(2) K,CO3 m=9.0mg AH=80.1 K] mol-1

Heat Flow/mW

¥ Endothermic

0 500 1000 1500 2000 2500 3000
Time/sec
Fig.9.5: Typical heat flow signal after dropping the sample into Na,O-MoO3; melt with

time

The endothermic signals for Ks;Lns(PO4)s (Ln = Gd and Eu) indicate that the lattice
dissociation energy predominates over the heat effects due to chemical interactions. The net
exothermic heat effect observed in case of Gd,Os3(s), Eu,03(s) could be due to the interaction
of these oxides with the solvent (solute-solvent interaction) resulting in the formation of
some intermediate products. The overall heat effect for dissolution was calculated employing

the SETSOFT software supplied along with the instrument #*.

280



Chapter 9

DTA analysis of the sample containing 100 mg of solvent and 20 mg of the
KsLns(PO4)s (LN = Gd and Eu) recorded from room temperature to 1273 K (Fig.9.6) results
several endothermic/exothermic  peaks below 950 K. The appearance of
endothermic/exothermic peaks after melting of solvent (812 K) is indicative of multi stage
solvent solute interactions which are not observed beyond 950 K. XRD analysis of DTA

residue did not show any peak due K3Gds(PO4)s or KsEus(PO4)s.

DTA plot

(i) Solvent + K3Gd5(PO4)6

=
g
S~
g (i) Solvent
&
g
T
}Endo
800 80 900 950 1000

Temperature/K
Fig.9.6: DTA plot of (i) solvent (ii) solvent + K3Gds(PO,4)s compound

The uniform distribution of elements and complete disintegration of the compounds
in the solvent were further confirmed by the SEM-EDS analysis. About 50 mg sample was
equilibrated with 1 g of solvent at 973 K for 2 h and solidified products were characterized
by SEM-EDS. Uniform distribution of elements in the solvent matrix is concluded by
mapping the emitted X-rays in EDS studies (Fig.9.7). Presence of K3Lns(PO4)s (LN = Gd and
Eu) phase was not observed in the solvent after equilibration and hence complete interaction

of solute with solvent forming different products is concluded 2%,
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P Kol _. K Kol ) Gd Lal

10pm

10pm

Fig.9.7: Elemental X-ray map of the samples equilibrated in the solvent at 985K

showing uniform distribution of K, Gd and P ions

The molar heat of dissolution for K3Lns(PO4)s (M = Gd and Eu), Gd,03(s), Eu,03(s)
and K,CO4(s) at T = 985 K plotted against their respective molar concentration resulted in a
constant enthalpy value. In the present study, the average of four measurements for each
sample was considered. The average enthalpy of dissolution for K3Gds(PO,)s and
K3Eus(PO4)s are 555.5 + 9.2 kJ mol™ and 613.3 + 2.8 kJ mol™ respectively. For Gd,Os(s),
Eu,05(s) and K,COs(s) enthalpy of dissolution were found to be -238.0 + 2.0 kJ mol™, -201.5
+ 3.3 kJ mol™ and 80.0 + 0.3 kJ mol™, respectively. Since P,Os(s) is a highly hygroscopic
and reactive material, the value of molar enthalpy of dissolution of P,Os(s) was therefore
obtained from the heat of dissolution of Caz(PO,)2(s) and CaO(s) measured under exactly
similar conditions. The average enthalpy of dissolution for CaO(s) and Caz(POg)2(s) were
found to be -92.88 + 0.27 kJ.mol™ and 262.97 + 3.33 kJ.mol™, respectively. The details of the
experimental measurements are similar to the that reported in literature 22, The thermo-
chemical cycle for derivation of standard molar enthalpies of dissolution of P,Os (s, 298K) is

given in Table 9.2.
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Table 9.2: Thermo-chemical cycles for derivation of standard molar enthalpies of
dissolution of P,0Os(s, 298K) MOy(sIln) = dilute solution of species MOy in 6g liquid
Na,O+MO3 (3:4 molar ratio) solvent maintained at T = 985 K and P = 101.325 kPa,

where, AH is the molar enthalpy. AgsH%gg(P20s5)= AH1 + AH; - 3AH3-3AH;-AHs

Reactions AH; AH
kJ-mol*

Ca3(P0,),(s,298K) + (sIn) = 3CaO(sIn) + P,0s(sIn) AH; 358.9+0.8
3Ca(s,298K) + 2P(s,298K) + 40,(g, 298K) = Cay(PO,),(s,298K) AH, -4120.8+11.6

Ca0(s,298K) + (sIn) = CaO(sIn) AH3 -8.35+0.06
Ca(s,298K) + 0.50,(g,298K) = CaO(s,298K) AH, -634.29+1.67
2P(5,298K) + 2.50,(g,298K) = P,0s(s,298K) AHs -1504.9+0.5
P,05(s,298K) + (sIn) = P,0Os(sIn) AgsH g8 -329.1+11.8

The standard molar enthalpies of formation of K3Lns(PO4)s (Ln = Gd and Eu) were
derived using the thermo chemical cycles given in Table 9.3. The values for molar enthalpies
of dissolution (AHgisso) Of K3Lns(PO4)s (LN = Gd and Eu), Gd,0s3(s), Eu,03(s), Ko,CO3(s),
P,0Os(s) were combined together with other auxiliary data such as standard molar enthalpies
of formation of Gd,0s(s), Eu,0s(s), K,COs(s) and P,Os(s) from the literature®*® to derive
standard molar enthalpy of formation of KsLns(PO4)s (Lh = Gd and Eu) at 298K. The
standard molar enthalpy of formation of K3Lns(PO,)s (LN = Gd and Eu) at 298K are found to

be -11754.4, -11310.5 kJ mol™, respectively. AfHC g k of KsLns(POu)s (Ln = Gd, Eu) = -
AHipm + %AHZ + ; AHz + 3 AH4 - %AH5 + %AHG + g AH7 + 3AHs. Where AH1m is standard

molar enthalpy of dissolution of K3Ms(PO4)s at 298 K, AH7y is standard molar enthalpy of
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formation of M,03 at 298 K, AfH%9s km is standard molar enthalpy of formation of

K3M5(PO4)6 at 298 K

Table 9.3: Thermo chemical cycle for derivation of standard molar enthalpies of
formation of K3sMs(PO4)s (M = Gd and Eu) compounds; MOy(sIn) = dilute solution of

species MOy in 6g Na,O + MoO3 3:4 molar solvent maintained at 985 K

. AH
Reactions AH; (kJ mol—l)
KsMs(POL)s (s, 298K) + (sIn) = 2 K,0(sIn) + > MOs(sln) + 3 AHigq 555.5+9.2
P,05(sIn) AHqg, 613.3+2.8
K,COs(s, 298K) + (sIn) = K,O(sIn) + CO, (g, 298 K) AH, 80.0+0.3
MzOg(S, 298K) + (Sln) = M203(S|n) AHsgq -238.0+£2.0
AHzg, -201.5+3.3
P,0s(s, 298K) + (sIn) = P,Os(sIn) AH, -320.1+11.8
C (s, 298 K) + 0,(g, 298 K) = CO, (g, 298 K) AHs -3935+3.9
2K (5,298 K) + C (s, 298 K) +§ 0,(g, 298 K) = K,CO; (s, AHs -1150.2£11.5
298K)
2 M (s, 298K) + ; 0,(g, 298 K) = M,04(s, 298 K) AH7cq -1826.9+18.3
AHqg, -1662.7 + 16.6
2P (s, 298K) + g 0,(g, 298 K) = P,0s(s, 298 K) AHg -1504.9 +0.5

3K (s, 298K) +5 (5, 298K) + 6 P (5, 298K) + 12 0, (9, 298 K)  AH%skcs  -12234.8 £61.5
= K3Ms(PO,)s (s, 298K) AH e kes  -11790.9 +58.2

9.3.5.3. Enthalpy increment and heat capacity

The enthalpy increment (Ht—Hagg) values for KsLns(PO4)s(s) (Lh= Gd and Eu)
obtained at different temperatures are given in Table 9.4. The values of enthalpy increment
were found to be reproducible within £ 0.05%. The measured enthalpy increment values
were fitted into a 4-term polynomial function of temperature using Shomate’s method %,

The expressions of Hr—Hagg for K3Gds(PO4)s(s) and KzEus(PO4)s(S) can be given as:
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(9.1)

(9.2)

Table 9.4: Enthalpy increment (Ht—Hygg) values for K;Gds(PO4)s(s) and KsEus(PO4)s(S)

T/IK

324.9

350.2

375.5

400.1

426.5

477.2

528.2

579.4

630.2

681.3

732

783.3

834.3

885.3

935.9

K3Gds(POy)s K3Eus(PO4)s
Hr-Heg Hr-Haog % Error Hr-Haog Hr-Hjeg % Error
(Measured Value) (Fit (Measured (Fit Value)
Value) Value)
(J.mol™) (J.mol™)
(J.mol™) (J.mol™?)

19448.5 18113.0 6.87 19570.3 19573.2 -0.01
37128.9 35410.9 4.63 41665.3 38516.7 7.56
573141 52711.7 8.03 64450.5 57922.9 10.13
73521.2 70391.8 4.26 82725.4 77614.4 6.18
96653.1 88271.3 8.67 108770.7 97807.9 10.08
135255.4 124484.5 7.96 152130.5 139017.0 8.62
162954.7 161890.5 0.65 183405.2 181635.2 0.97
194484.8 200503.1 -3.09 219794.9 2254475 -2.57
238980.6 239833.5 -0.36 268880.2 270505.7 -0.60
276698.9 280610.9 -1.41 311260.4 316515.7 -1.69
319131.9 322387.8 -1.02 359050.3 363539.2 -1.25
365985.1 365596.2 0.11 411720.5 412034.7 -0.08
413132.9 409831.7 0.80 464780.4 461527.7 0.70
452913.9 455180.9 -0.50 509540.5 512103.6 -0.50
503745.2 501552.3 0.44 566754.2 563143.4 0.64
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The heat capacities of KsLns(PO4)s(s) (Lh= Gd and Eu) at 298 K (Cglzgg) were

estimated from the values of C 5 0f KsPO (s) and LnPO, () (Ln= Gd and Eu) 2% 2% by

applying Neuman-Kopp’s molar additive rule. The standard molar heat capacity (Cp°) values
of these compounds derived by differentiating the above enthalpy increment expressions with
respect to temperature and the obtained values for K3Gds(PO4)s(s) and K3Gds(PO,)s(s) are

675.9 J.mol™*.K*and 722.3 J.mol™. K respectively %®.
9.3.5.4. Construction of thermodynamic tables for KsMs(PO4)s(s) (M= Gd and Eu)

The standard molar enthalpy of formation (A¢HYg) of K3Gds(POs)e(s) and
K3Gds(PO4)s(s) are determined using high temperature calorimeter. The standard molar heat
capacity Cp° of the compounds was derived from the measured enthalpy increment data. The
standard molar entropy (S9g) of K3sGds(PO4)s(s) and K3Gds(PO4)s(s) have been estimated by
adding the standard molar entropies (Sg) of component phosphates in their respective
molar ratio from the literature >**. The values of the standard molar enthalpy and entropy for
KsLns(PO4)s(s) (Ln= Gd and Eu) as a function of temperature are listed in Tables 9.5 and
Table 9.6. The Gibbs energy of the compound at any temperature T was calculated from the
combined values of standard molar enthalpy and standard molar entropy for the compound

using the relation:
9.3.5.5. Standard Gibbs energy of formation of KzLns(PO4)s(s) (Ln= Gd and Eu)

Gibbs energy of formation of K3Lns(PO4)s(s) (Ln= Gd and Eu) were derived using

the standard enthalpies of formation data of the compound together with their respective
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standard heat capacity change ACp° and estimated entropy change ASJqg for the formation

reaction using the relation:

AfGY = AfHog +f

T

298

A¢ Cp®dT — T X IAfsggg + f
2

T

98

A¢Cp

0
ar|

9.3)

A¢Cp°® for KsLns(PO4)s(s) (Ln= Gd and Eu) were estimated considering the formation

reactions 3K (s) + 5Ln(s) + 6P(s,l) + 120, (g) = K3Lns(PO4)s(s) (Ln= Gd and Eu)

Table 9.5: Thermodynamic data for K;Gds(PO4)s

i CPm S; Hr -G —(G°TT— Hase) _apj.  —ASa  —AGa

(@mol*KY)  @moltK?)  (kJ.mol)  (kJ.mol?) moli K (k3.mol™) (3.mol™®) (kJ.mol%)
300 675.9 838.7 12233.5 12485.2 834.6 12235.0 2407.9 11512.6
400 696.6 1035.5 12165.1 12579.3 861.3 12242.7 2430.2 11270.6
500 732.1 1194.6 12093.8 12691.0 9125 12247.5 2441.3 11026.9
600 773.4 1331.6 12018.5 128175 971.1 12249.4 24448 10782.6
700 817.4 14541 11939.0 12956.9 1031.5 12248.2 2443.0 10538.1
800 862.9 1566.2 11855.0 13108.0 1091.5 12243.9 2437.2 10294.1
900 909.3 1670.6 11766.4  13269.9 1150.1 12236.4 2428.4 10050.8
1000 956.2 1768.8 11673.1 134419 1207.1 12225.7 2417.2 9808.5

The heat capacity of KsLns(PO4)s(s) (Ln= Gd and Eu) have been measured in this

work by drop calorimetric method, whereas the heat capacities of the constituent elements

have been taken from the literature %% #2, Similarly the A¢Sg 0f KsLns(PO4)s(s) (Ln= Gd

and Eu) were calculated from the estimated S%gvalues for the compound together with

S9ygValues for the constituent elements. The estimated standard molar entropy of formation
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A¢S950f (KsLns(PO4)e(s) (Ln= Gd and Eu) were found to be -2407.4 J.mol 1.K!, -
2493.6 J.mol~'.K~! respectively. The standard molar free energy of formation (AG%) of
KsLns(PO4)s(s) (Ln= Gd and Eu) calculated using standard molar enthalpy of formation
(AfHYg), estimated standard molar entropy of formation (A;S9g) and the calculated
standard molar heat capacity change for the formation (A;Cp®) of compounds are listed in
Table 9.5 and Table 9.6 %,

Table 9.6: Thermodynamic data for KsEus(POg)e

K Cpm St -H°t -G°1 w —A¢H,, —A¢Sy —AsGry

@.moltK?Y)  (@d.moltK?)  (kd.molt)  (kJ.mol?) OmolLKY (kJ.mol ™) (3.mol%) (kJ.mol ™)
300 723.7 8022  11789.6  12030.2 797.7 11790.8 24932 110428
400 784.7 1019.2 117140 121217 826.9 11780.6 24738  10791.1
500 834.4 1199.7  11633.0 122328 883.9 11764.8 24558  10536.9
600 879.7 13559 115472 12360.8 949.8 11743.8 24376 102813
700 922.9 14948  11457.1 12503.5 1017.9 11717.8  2419.0  10024.5
800 964.9 1620.8  11362.7 12659.3 1085.5 11686.9  2400.0 9766.9
900  1006.3 17368  11264.1 12827.3 11515 11651.2  2380.6 9508.7
1000  1047.3 18450 111615 13006.4 12155 11610.7  2360.8 9249.9

9.3.6. Conclusions

Structural and thermodynamic properties of two complex phosphates (viz.,
K3Gds(PO4)s(s) and KszEus(PO4)s(s)), have been determined from X-ray diffraction and
calorimetric investigations. The standard molar heat capacity of these compounds derived

from enthalpy increment data could be expressed as:

5.645%10°

Com (K3Gds(P0Oy)s,s) = 468.5 + 0.482T + —z—and
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4.330 * 10°
T2 '

Cpm (K3Eus(P04)s,s) = 651.9 + 0.400T +

The standard molar enthalpies of formation of K3Lns(PO4)e(s) (Ln= Gd and Eu) at
298 K were found to be -12234.8 + 61.5 and -11790.9 + 58.2 kJ mol-1, respectively. The
information on thermodynamic properties of KsLns(PO4)s(s) (Ln= Gd and Eu) will be useful
for optimization of conditions and predicting their behavior during nuclear waste
immobilization as well as in usage of these materials at higher temperature.
9.4. Preparation, thermal and magnetic properties of Mns(HPO,)2(PO4), 4H,0
9.4.1. Introduction

Framework metal phosphates, in particular open framework materials of transition
metal ions have been of research interest due to their wide spectrum of technological
applications, like absorbents, ion exchangers, and catalysts as well as basic crystal-chemistry
and fundamental molecular magnetic materials 2*°. In view of this, a number of framework
materials, metal oxide framework and organic-inorganic hybrid materials are being
investigated due to their tunable structural features. Often the properties of such materials are
governed by the clusters of the magnetic ions. Depending on the nature of magnetic ions and
interaction of intra and inter-cluster interactions, the magnetic property are diversified and
varies with the strength of external parameters, like electrical or magnetic field as well as
electromagnetic radiations. Often the magnetic properties of such materials are governed by
the clusters of the magnetic ions. Mns(HPO,4)2(PO4), 4H,0 [here after named as MnHPO] is
one such phosphate mineral which occurs in nature with a wide varieties magnetic and
nonmagnetic divalent cations #*’. Though the mineral has been investigated for its crystal
structure, the magnetic properties have been explored recently by Li et al. #® A complex

antiferromagnetic behavior with non-vanishing magnetic moment has been reported for this
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material. In order to understand the fundamental properties of complex phosphates, the title
complex phosphate (MnHPQO) was prepared and investigated its stability and magnetic
properties and they are explained in the following sections.
9.4.2. Experimental

An appropriate amount of ammonium dihydrogen phosphate was added slowly to the
saturate solution of MnCl,.4H,O at 60°C while stirring the solution constantly. The
precipitate was filtered out and washed several times with distilled water and then dried at
ambient temperature followed by heating at 100°C in air. The obtained product was
characterized by powder X-ray diffraction data recorded on a powder X-ray diffractometer
(Rigaku, Japan) using monochromatic Cu Ko radiation. Thermal stability of the sample was
studied by thermogravimetry using Setaram thermobalance by heating the sample from
ambient to 600°C in air. Magnetic properties of the samples were investigated (between 1 to

300K) by using physical property measurement system (9T PPMS; Quantum Design).

9.4.3. Result and discussion

T v T ) T L T % T ¥ T L T L] T

Intensity (a. u.)

Two theta (°)

Fig.9.8: Powder XRD pattern of Mns(HPO,),(PO4,), 4H,0
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The typical powder XRD pattern of the light pink colored precipitate is shown in
Fig.9.8. Rietveld analysis of the powder XRD pattern was carried and the refined unit cell
parameters are a = 17.6093(7) A, b = 9.1376(4) A, ¢ = 9.4999(4) A, B = 96.605(4)°; V =
1518.4(1) A3, Monoclinic, space group C2/c. These values are in good agreement with those

reported in literature *'.

[POA4]

Fig.9.9: Crystal structure of Mns(HPO,4)2(PO,), 4H,0

The crystal structure of the MnHPO is formed by a complex arrangement of five edge
shared MnOg octahedra. The clusters of these octahedra are linked with each other by
phosphate groups through corner sharing of one of the octahedra. In such arrangements, all
the Mn** ions have strong interactions due shorter Mn*-Mn®* distances (3.35-3.80A).
However the square and tetrahedral sub-lattices of Mn?* ions are likely to have a unique

feature in their magnetic properties. Typical crystal structure of MnHPO is shown in fig.9.9.
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Thermo gravimetry analysis

2
- 60
0
9 ) L 40 _
3 g
B . L 20 N
S 3
- L
=
S 6+ 0§
[}
g I
-8 v Endothermic | o0
}  Exothermic
10 -
L 40
-12 T T T T T T T T
100 200 300 400 500 600

Temperature (°C)

Fig.9.10: TG-DTA traces of MNnHPO

Typical TG-DTA traces recorded from ambient temperature to 600°C are shown in
Fig.9.10. A total mass loss of about 12.0 % is observed in three steps equivalent for the loss
of 5 water molecules in the sample (12.3 %). The XRD analysis of the TG residue indicate
the formation of Mn,P,07 and Mn3(PO,)3 along with small amounts of an unidentified phase.
It can be seen from the DTA traces, three weight loss steps of the sample are accompanied as
endothermic peaks in DTA. However, a weak exothermic peak around 580°C without any
appreciable weight change might be due to a partial oxidation of the Mn**.

The temperature dependent magnetization in between 2 to 300 K measured in field
cooled (FC) and zero field cooled (ZFC) conditions are shown in Fig.9.11. A sharp increase
in magnetization in both FC and ZFC is observed around 6.0 K, while no visual anomaly in
between 6 to 300 K is noticed in both the curves. The observed transition is slightly lower

than that reported by Li et al. (~ 7.4 K) 28, The observed magnetic behavior is not exactly
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similar to that observed by Li et al. They have not observed saturations in the magnetization

and rather observed sharp decrease in ZFC and FC magnetization at lower temperature.

Mn (HPO,),(PO,),4H,0

H =100 Oe

M (emu/gm)
F-9

12 14 16 18 20

Fig.9.11: Magnetization variation with temperature of MnHPO

The effective magnetic moment (uer) of the Mn?* and Weiss constant (0) obtained are
2.62 ug and -26.5K, respectively. The observed 6/Tc (~ 4.2) is similar to non-frustrated
ferromagnetic type ordering #*°. Thus the system is likely to have coexisting ferromagnetic
and antiferromagnetic interactions. The negative value of Weiss constant and appreciably
lower values of magnetic moment suggests dominating antiferromagnetic interaction among
the Mn®" ions. From the structural analysis of the studied compounds shorter Mn-Mn
separation can lead to such antiferromagnetic interactions. However, the inter cluster
(through the apex oxygen) interaction can be ferromagnetic due to larger separations. Thus
the magnetic properties are expected to be governed by these two competing anti-ferro and

ferromagnetic interactions.
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Fig.9.12: Magnetization variation of MnHPO with magnetic field
The field dependent magnetizations at several temperatures have been recorded and they
are shown in Fig. 9.12. No hysteresis loop is observed at 15 K, which is similar to any
paramagnetic materials. However, at lower temperature the magnetization increases sharply
with a small field and tends to saturate within field of 2T. Beyond 2T, the magnetization rises
linearly due to the antiferromagnetic interactions. A small coercive fields of ~ 40 Oe arises
from ferromagnetic ordering in the clusters. Once the FM saturation occurs, the signature of

AFM is clearly observed in this complex magnetically ordered system.

9.4.4. Conclusions

A complex phosphate Mns(HPQO,4)2(PO,4), 4H,0O was prepared and thermal stability,
crystal structure have been concluded. A ferromagnetic like transition with low coercive field
is observed in Mns(HPQO,4)2(PO4), 4H,O around 6 K. Interplay of ferromagnetic and

antiferromagnetic interactions govern its magnetic behavior.

294



Chapter 10

Summary and future scope




Chapter 10

296



Chapter 10

10.1. Summary of the present thesis

Aim of the present thesis is to design various inorganic framework materials for
selective separation of radionuclides from nuclear waste and lattices for immobilization of
radionuclides. Crystal structure of a material plays an important role in designing materials in
achieving desired property. In view of this, framework connected phosphates with different
structures and properties, titanates with flexible structure and porous manganates were
synthesized. Aim of synthesizing varieties of inorganic materials was solely for the nuclear

back end applications.

K2Ce(POy), is a novel framework compound with cerium in +1V oxidation state. +1V
oxidation state of cerium is not common in phosphate matrix and very few reports are
available in literature. Potassium ions present along the tunnels get exchanged in presence of
Sr®* in solution. Characterization of Sr loaded samples revealed that Sr** ions are uniformly
distributed throughout the lattice thus supporting the ion exchange mechanism. K,Zr(PO,),
belong to similar class of framework connected phosphates with layered structure. lon
exchange properties of this material are better than that of K,Ce(PO,), because of layered
structure of the material. K,Ce(PO,), and K,Zr(PO,), are promising materials for separation
of ®°Sr from nuclear waste solutions and also convert into stable apatite or NZP type lattices
by generating minimum secondary waste volume. To follow the high temperature stability of
K2Ce(POy),, in-situ variable temperature XRD studies have been carried out, which revealed
that ambient temperature monoclinic phase remains unchanged at lower temperature while it
transforms to a tetragonal structure at higher temperature. Observed phase transition is also

confirmed by Raman spectroscopy as well as ab initio density functional theory (DFT)
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calculations. The high temperature tetragonal phase reverts to ambient monoclinic phase on
cooling. Detailed structural analyses of the ambient and high temperature phases suggest a
reconstructive 1% order type phase transition. Highly open and loosely packed structure of
HT tetragonal phase shows anisotropic thermal expansion. High temperature behaviour of
virgin K,Ce(PQO,); and Sr- K,Ce(PO,), samples are different. The observed ion exchange
characteristics and high temperature results reveal that K,Ce(PO,), could be a promising

material for separation and immobilization of **Sr from nuclear waste.

Manganese oxide minerals have been explored for separation of fission products from
nuclear waste. Birnessite minerals with sodium and potassium ions as exchangeable ions
have shown selectivity for separation of ®°Sr in presence of various other metal ions.
Birnessite minerals are known for separation of heavy metal pollutants, but no reports are
available for their stability in nuclear waste conditions. Na, K-birnessite minerals were
characterized before and after ion exchange, which revealed that uniform distribution of Sr**
ions throughout the lattice. Na-birnessite has shown high distribution constants compared to
K-birnessite because of well defined crystal structure along with easy exchange of Na* ions
in presence of Sr** jons. Na-birnessite mineral is further studied for separation of *°Y from
%510y equilibrium mixture to use as a radiopharmaceutical. Detailed ion-exchange
experiments with *°Sr/*Y equilibrium mixture confirmed the high selectivity of synthetic
sodium birnessite for Sr** ions. The conditions were optimized for efficient Sr/®Y
radiochemical separation and Y could be obtained with > 80 % separation yield. The
quality of *°Y obtained after the radiochemical separation met all the pharmaceutical
requirements for clinical use. As a proof of concept, *°Y-labeled dimeric cyclic RGD peptide

derivative, DOTA-E[c(RGDfK)], was formulated and its biological efficacy was established
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in C57/BL6 mice bearing melanoma tumors. This strategy may well be extended for

radiochemical separation of other medically important radioisotopes.

Complex K3Gds(PO4)s has been synthesized expecting better ion exchangeability
compared to K,Ce(PO,), owing to high potassium content in the material. Potassium ions
present in K3Gds(POy4)s are labile in nature, present for charge neutrality of the lattice.
K3Gds(PO4)s but did not show appreciable exchange of K* ions with Sr** because movement
of ions is not favorable due to helical arrangement K* ions in the tunnels. KzGds(POy)s is
further investigated for its high temperature stability by in-situ variable temperature XRD
studies in a wider temperature range from 20 to 1073K. The material is found to be stable in
the studied temperature range and evolution of the unit cell parameters is anisotropic in
nature. Thermal expansion and its anisotropy are largely controlled by the temperature effect
on the GdO, polyhedra and their linkages, temperature dependent Raman spectroscopic
studies also indicated no structural change in the studied temperature range. The temperature
and field dependent magnetic measurements indicated no long range magnetic ordering down
to 2K. The field dependent magnetization and saturation at lower temperature suggests the
superparamagnetic nature of the sample. Hollandite type K;Fe,TisO16 has been synthesized
for nuclear back end applications, this lattice is found to be stable at high temperatures and
pressures and a promising material for immobilization of nuclear waste. Several hollandite
type titanates with composition A;TigFe2015 (A = Na, K and Cs) have been prepared and
characterized. The structural characterization of materials at ambient temperature indicted
that the structure varies with nature of alkali cation. High temperature stability of the Na and
K analogous composition shows stability at higher temperature. Under high pressure the

tetragonal K, TigFe,O16 undergoes a phase transition at relatively lower pressure (~ 3.6 GPa).
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The orthorhombic Cs,TigFe,015 is found to be stable up to 1000°C. These are the promising
materials for immobilization of **'Cs.

Many other phosphates like KLn(PO3)s, Ln=Ce, Eu have been investigated for their
ion exchange characteristics in low acidic medium. Though the initial results were promising
for the uptake of Cs* and Sr**, phosphate group leaches out into the solution and thus further
studies were not carried out. Thermodynamic properties of K3Gds(PO4)s and its europium
analogue K3Eus(PO4)s were investigated and the standard molar heat capacity have been
derived from enthalpy increment data. The standard molar enthalpies of formation of
Ks3Lns(PO4)s(s) (Ln= Gd and Eu) at 298 K were found to be -12234.8 + 61.5 and -11790.9 +
58.2 kJ mol™ respectively. Thermodynamic properties of KsLns(PO4)s(s) (Ln= Gd and Eu)
will be useful for optimization of conditions during nuclear waste immobilization. A
complex phosphate, Mns(HPO,)2(PO,4), 4H,O (Hureaulite mineral) was prepared and its
thermal stability, crystal structure and magnetic properties were investigated. A
ferromagnetic like transition with low coercive field is observed in Mns(HPO,),(PO,), 4H,0
around 6 K. Due to complex crystal structure of the synthesized material, sorption behavior

of this synthetic mineral was not observed.

10.2. Future scope of the thesis

Though several interesting conclusions as mentioned above have been inferred from the
present study, more explorations are still required to further understand the mechanism of the
title study and to bring these materials into real large scale practice. The scope for the
extension of this thesis work can be based on the two aspects like selective separation of

radionuclides and reusability of the synthesized material.
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Radionuclides separated from nuclear waste are used as radiopharmaceuticals of high
radiochemical purity. Presence of many interfering ions in the nuclear waste inhibits the
selective uptake of radionuclides and thus a multistep separation procedure or newer
exchangers should be explored.

Further improvements in the design of framework inorganic material can be carried out
with organic ligands where the functionality can be controlled by controlling the
properties of organic ligands.

Elution of radionuclides from inorganic ion exchangers after reprocessing of nuclear
waste is a difficult task. Metal organic framework materials are the upcoming materials
with tailored crystal structure and they can be explored for better elution.

Silicotitanates, tungstates, silicates are promising materials for nuclear backend
applications, and these systems can also be investigated for such applications.

More explorations should be made to improve performance of the Na-birnessite minerals

by making polymer beads.
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