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Synopsis

SYNOPSIS

The demand for energy has been increasing to meet social and economic development. The
fossil fuels used for energy supply have increased greenhouse gas concentrations in the
atmosphere and seriously affecting the environment. Thus, a search for an alternative clean and
sustainable energy source is required to mitigate the environmental changes. Among others,
nuclear power is the most effective non-greenhouse gas emitting energy source that can replace
fossil fuels and satisfy global demand. However, nuclear power is associated with production
of radioactive wastes during nuclear power plant operations and other nuclear applications. The
majority of nuclear radioactive wastes are produced in the front end and in back-end of the
nuclear fuel cycle. The front-end nuclear waste is usually alpha-emitting radium and its decay
products generated during the extraction of uranium, whereas the back end of the nuclear fuel
cycle consists of mostly radioactive fission products such as *°Sr, ®Tc, 1*’Cs and actinides such
as >*Th, 2"Np, 24U, 2*8Pu, *'Am, 2**Cm etc. As radioactive nuclear waste is deleterious to
human life as well as to the environment, it is strictly regulated by government agencies for the
protection of ecosystem. At present, high level waste (HLW) is disposed by vitrification in
sodium borosilicate glass matrix to provide protection against environmental dispersion. In the
long term, the vitrified nuclear waste is stored in geological disposal. In geological repository
the vitrified waste package will be subjected to harsh environments such as high temperature,
radiation, oxygen, water and other aggressive minerals. These factors can cause crystallization
of the glass matrix which in turn can lead to release of radioactive waste into the biosphere.

These glasses also have low solubility limit for actinides.

Therefore, it is necessary that the immobilization matrix should have prerequisite
properties like good mechanical strength, slow crystallization kinetics, low diffusivity of trace
elements, chemical durability and thermodynamic stability in hostile environment. For higher

loading of minor actinides in future, suitable matrix for waste disposal needs to develop.
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Ceramic matrices with mineral structures: monazite, thorite, britholite, pyrochlore, zircon,
zirconolite or perovskite are being proposed for the immobilization of long-lived radionuclides
[1, 2]. Among these the phosphate-based minerals such as monazite are considered as the most
promising waste matrix. They have high melting temperature, high resistance to aqueous
corrosion, high radiation resistance and capacity to incorporate large amounts of

uranium/thorium along with various elements of different ionic radii/oxidation state.

Phosphate-based ceramic matrix such as rare earth phosphates (monazite), monazite-
cheralite solid solutions and thorium phosphate diphosphate are being extensively investigated
worldwide for the disposal of long-lived radionuclides. Monazite is a natural light rare earth
phosphate (REPOa4, P21/n), where RE-site is occupied by large cations, having nine-fold
coordination with trivalent rare earth elements (RE*") and other cations similar in size
(Ca?*, U**, Th*") while the smaller cation i.e. P>* has tetrahedral coordination. The monazite
structure is highly flexible and can accommodate large number of cations of different ionic
sizes. The radiation damage in monazite is very low due to its structural flexibility and low
annealing temperature. India has high reserves of monazite i.e. 11.93 million tons in the beach
sand along its east and west coastal tracts. The structural, discrete thermodynamic data and

leaching studies of synthetic monazite REPO4 have been reported in the literature [3-5].

In natural systems, monazite can incorporate tetravalent actinide (RE3*-Th*") by two
major mechanisms: substitution on tetrahedral sites, RE3" + P>* = Th*"+ Si**and at large cation
position: 2 RE** = Th* + Ca?". Several studies have been made to synthesized monazite-based
ceramics incorporating actinides [6, 7]. Of these, the latter (cheralite) type substitution has been
extensively studied. The full substitution of di- and tetra-valent actinides leads to the formation
of the cheralite end-members, formerly known as brabantite, CaosTho.sPO4. The monazite-
cheralite solid solutions viz. (Lai-xCax2Thx2)POs (0 <x < 1) is a unique waste form which can

accommodate divalent fission products, trivalent rare earths and tetravalent actinides,
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simultaneously in a single matrix, which mimics the actual nuclear waste form. The
investigations on thermodynamic and leaching properties of monazite-cheralite solid solutions
have not been reported in the literature.

Thorium phosphate diphosphate (Tha(PO4)sP207, TPD), is a potential actinide-bearing
phase in which Th*" is replaced with large amount of smaller tetravalent actinides U**, Np**
and Pu*". The replacement is up to 75 mol. % by U*, up to 52 mol.% by Np*" and up to
41 mole % by Pu*" leading to the formation of solid solutions of TPD (ThixMx)4(PO4)4P207
(M = U, Np, Pu) as a potential actinide-bearing phase. The resistance of this solid solution to
aqueous corrosion has been reported [8, 9]. However, the most fundamental property i.e. Gibbs
energy of formation has not been reported. The self-irradiation of Th4(PO4)4P207 by a-decays
due to actinides loading could modify its thermodynamic stability, hence, the knowledge of
thermodynamic functions of TPD is essential.

There is a requirement for R&D on phosphate-based compounds to bridge the existed
gap in the literature. The objective of the thesis is to measure thermodynamic properties and
compute important thermodynamic functions for REPOs (RE = La, Nd, Sm and Gd),
(La1xMxn2Thy2)POs (0 <x < 1) (M = Ca, Sr and Ba), Th4(PO4)4P207 (TPD) and leaching studies

of monazite-cheralite solid solutions.

Scope of the study:

It involves the synthesis, characterization, heat capacity, enthalpy of formation of
LaPOs, SmPO4, NdPOs4, GdPOs, (Lai+Cax2Thx2)POs (0 < x < 1), (LaixSrx2Thx2)PO4
(0 <x <1), (LaixBax2Thx2)PO4 (0 <x < 1), Tha(PO4)4P207 and leaching studies of monazite-
cheralite solid solutions. These phosphate phases were synthesized using different solid state

and solutions methods, characterized primarily by XRD and elemental analysis by ICP-AES

techniques. The hydrated phases Th2(PO4)2(HPO4)-H20 and Tha(PO4)2(HPO4) were
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characterized using fourier transform infra-red (FT-IR) spectroscopy and thermogravimetry
(TG) methods. The heat capacities, which signifies the energy requirement to increase the
temperature of a substance, have been determined for Th2(PO4)2(HPO4)-H20,
Th2(PO4)2(HPO4), a-Tha(PO4)4P207, B-Tha(PO4)4aP207 and (Lai-xMx2Ths2)POs (0 < x < 1)
(M = Ca, Sr and Ba) using Differential Scanning Calorimeter (DSC) technique. The enthalpy
of formation has been measured for LaPOs4, SmPO4 NdPOs, GdPO4 and their hydrated
rhabdophane forms viz. LaPO40.8H20, NdPO40.75H20, SmPO40.65H20 and
GdPO4-0.55H20 using a room temperature solution calorimetry. Whereas the enthalpy of
formation of monazite-cheralite solid solution (Lai-xMx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and
Ba) and Tha(PO4)4P207 have been determined employing a high temperature Calvet oxide melt
solution calorimeter. From the measured data the thermodynamic properties of monazite-
cheralite solid solutions: (Lai-xMx2Thx2)PO4(0 <x < 1) (M = Ca, Sr and Ba) and Th4(PO4)4P207
have been computed.

The enthalpy of formation with respect to the component oxides i.e.
0.5-RE203 + 0.5-P205= REPOs; plotted against ionic radii of RE3" (RE = La, Sm, Nd and Gd)
reveals that with decrease in ionic radii of RE**, the values of enthalpy of formation becomes
less negative (exothermic). X-ray diffraction analysis of the charge-coupled (M?*, Th*")
substitution in place of La** showed that LaPOs forms regular solid solutions with
(M?*, Th*)PO4 in composition range (Lai-xMx2Thx2)POs (0 <x < 1) where M = Ca and Sr. On
the other hand, the solubility limits for (LaixBax2Thx2)POs solid solution was found to be
x = 0.3. The enthalpy of formation data for the compounds indicate that there is negative
deviation from ideal solid solution behavior with minima at x = 0.25 for (Lai-xCax2Thx2)PO4
(0<x<1),x=03 for (LaixSrx2Thx2)PO4 (0 <x < 1) and x = 0.2 for (Lai«Bax2Thx2)PO4
(0 <x < 1). which suggests that the substitution of charge couple M?* and Th*" at lattice site of

La*", results in formation of thermodynamically stable intermediate phases. Further it was also
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observed that the substituted (LaixMx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) systems are
isentropic in nature and stabilized mainly by enthalpy. The measured heat capacities of
(LaixMx2Thx2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) deviated from Neumann-Kopp rule could
be attributed to the dissimilarity in co-ordination number of metal cations.

The chemical durability studies of (LaixMx2Thx2)POs (0 <x < 1) (M = Ca, Sr and Ba)
were performed using ASTM-Product Consistency Test (PCT) method. The elemental analysis
of leachate solution was carried out employing ICP-AES technique and normalized leach rate
was determined. The observed normalized leach rate for the elements was found to be lower

than 10-1°g-cm2-d-!.

Using thermodynamic data derived from this study, the co-existence of different phases
in the Th-P-O system, the stability domain of oxygen and the phosphorous potentials for
Tha(PO4)aP207 have been computed. En—pH diagram for finding the chemical stability of

Th-P-H20 system has also been determined employing the measured data.

Organization of thesis:

The thesis has been divided into seven chapters.

Chapter-1: This chapter gives a brief introduction about the research problem and a short

description about the philosophy of radioactive wastes management. The overview of waste
form with focus on radiation resistance phosphates-based matrix and criteria for their selections
for immobilization of high-level waste have been discussed. The chapter also provides detailed
literature survey on the thermophysical and thermochemical properties of phosphate-based
compounds. It offers the frame to the thesis and provides motivation for the present

dissertation.
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Chapter-2: The chapter outlines the principles of various experimental techniques and

instrumentations. The methods of synthesis of phosphate samples and their solid solutions by
solid state and solution route are discussed. Details of the characterization techniques like
powder X-ray diffraction technique, thermogravimetry and differential thermal analysis
(TG-DTA), Fourier-transform infrared (FT-IR) spectroscopy and inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) are discussed. Details of measurements of
thermodynamic properties of phosphate-based compounds are described. Principles and
operation of calorimetric techniques such as Differential Scanning Calorimeter (DSC), room
temperature isoperibol solution calorimeter and high temperature solution calorimeters used to
measure heat capacity and enthalpy of formation are given. The relevant relations used for the
computations of thermodynamic functions are also mentioned. The methodology and set-up of

the chemical durability study are described.

Chapter-3: This chapter describes thermodynamic studies of light rare earth
orthophosphates, REPO4 (RE = La, Nd, Sm and Gd) employing room temperature solution
calorimetry technique. It delivers the method of synthesis and characterization of these
compounds employing different techniques. The measurements of extent of hydration of the
rhabdophane compounds and enthalpy of reaction (AH:) corresponds to the precipitation of
each rhabdophane compound using solution calorimetry technique are given. The calculation
of enthalpy of formation for each compound using appropriate thermochemical cycles are also
provided. It also compares the observed enthalpy of formation data for each phase with that of

the reported data in the literature.

Chapter-4: This chapter is devoted to thermodynamic investigations of charge-coupled

substituted monazite solid solutions (Lai«Mx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and Ba). The

Vi
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solid state synthesis, characterization and enthalpy of formation of Th*" and M** (M = Ca, Sr
and Ba) substituted monazite i.e. (Lai-xMx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) solid
solutions are reported. The Rietveld refinement of X-ray diffraction data, heat capacity data of
solid solutions and enthalpy of dissolution (AHus) of each solid solution and their constituents
by a high temperature Calvet oxide melt solution calorimeter are incorporated. The standard

molar enthalpy of formation of solid solutions from the oxides (AHf.) and that from

constituting elements (AHY) are also provided and thoroughly discussed.

Chapter-5: This chapter provides the results of chemical durability studies carried out on

selected compositions of (Lai-xMx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) solid solutions
using ASTM-Product Consistency Test (PCT) method. The analysis of leachate solution was
carried out using I[CP-AES technique. It also gives the normalized leach rate values determined
for different samples. The normalized leach rate results are correlated with the thermodynamic

properties of the solid solutions.

Chapter-6: The chapter describes detail literature survey on Th-P-O and Th-P-H2O systems

and characterization of various phases of these systems. It also provides measured heat
capacities data employing DSC technique and room temperature enthalpy of precipitation data
from isoperibol solution calorimeter. Using these data with formulation of thermo-chemical
cycles based on Hess’s law, enthalpy of formation of Th2(PO4)2(HPO4) -H20,
Th2(PO4)2(HPO4), 0a-Tha(PO4)aP207 and B-Tha(PO4)sP207 (B-TPD) were determined and
incorporated. The phase diagram, chemical potential diagram of Th-P-O system and En-pH
diagram of Th-P-H20 to establish the stability of B-TPD in the ground water are also reported

in this chapter.

vii
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Chapter-7: The summary and conclusions deduced from the present thesis are given in this

chapter. It also provides recommendations and directions for the future work.
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he global warming due to burning of the fossil fuels can be minimized with alternate
Tnon—polluting power production methods utilizing hydro, nuclear, solar and wind
energy. The production of nuclear power is considered as one of the best technologies since it
does not emit greenhouse gases and could be considered as a solution for mitigating climate
change. Nuclear waste arises during nuclear fuel cycle (NFC) involved mining, processing,
enrichment, fabrication of fuel, transportation, installation of fuel in nuclear reactors,
production of electrical energy by controlled nuclear fission and reprocessing of spent nuclear
fuel. Though, nuclear waste is generated at various steps of NFC, the highly radioactive waste
called High-Level Waste (HLW) is produced from the reprocessing of spent nuclear fuel. The
highly radioactive HLW contains long-lived radionuclides and thus requires great attention for
their safe immobilization. The safe disposal of nuclear waste is considered as a serious
challenge in nuclear energy production [1]. Proper principles and techniques need to be
followed during disposal of nuclear waste. The main goal of nuclear waste immobilization

includes protection of human health, environment and the future generations [2].

1.1. Nuclear energy

Global electricity demand is expanding nearly twice as fast as the overall requirement for
energy and this demand will continue to grow in the future [3]. To meet this ever-growing
global demand for sustainable energy, the nuclear power must provide at least 25% of
electricity by 2050, at present nuclear energy provides about 11% of the world's electricity
from about 450 power reactors [4]. Nuclear power technology is the world's second largest
source of low-carbon power after hydropower. Since its commercialization in 1970s, more than
60 Gt of CO2 emissions have been avoided globally, equivalent to five years’ worth of CO2
emissions from the electricity sector [5]. Hence, to meet global demand for sustainable energy

and saving our planet from climate change, nuclear power is inevitable.
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Nuclear energy is produced by neutron-induced fission of fissile atoms viz. 23U, 233U
and ?*’Pu to sustain the nuclear chain reaction [6]. Large amount of energy is released during
nuclear fission reaction. For instance, one fission event results in the release of about 200 MeV
of energy. The nuclear energy comes with simultaneous generation of radioactive waste
consisting of different fission products and transuranic elements. Long-lived transuranic
elements such as >*’Np, 2*'Am, >Am and ?*Cm are formed in significant quantities as
activation products in the uranium fueled nuclear reactor by (n, y) reaction followed by f-decay

as given in Fig. 1.1.

[ | I I I I I
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Fig.1.1: Production of transuranic radionuclides in the uranium fueled nuclear reactor.

1.2. Indian nuclear power programme

Nuclear power is the fifth-largest source of electricity in India. At present, India has 22 nuclear
reactors in operation in 7 nuclear power plants with total installed capacity of 6,780 MW [7].

India follows a three-stage nuclear power programme which is represented in Fig. 1.2.

Thl Thl

- Pu 233
Natural Fressunsed fleauys) Fast Breeder —>| Advanced Thorium .
u Waldhraas o ——| Reactors (FBRs) Fuelled Reactors |
(PHWRs) Depleted Pu
u

Fig. 1.2: Schematic diagram of Indian nuclear power program.
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First stage reactors, Pressurized Heavy Water Reactors (PHWRs) use natural uranium as fuel
and produce electricity while generating >3°Pu which is recovered as mixed oxide of **U and
239Py fuel for the second stage- Fast Breeder Reactors (FBRs). Thorium is used as a blanket
material around the fuel in FBRs in the second stage to produce fissile element 2*3U which will
be the fuel for the next stage. In the third stage, 2**U will be used in thermal or fast breeder
reactors to produce electricity as well as for further breeding of 2**U from naturally occurring
thorium [8].

The radioactive waste is a byproduct of operating nuclear reactor for the power
generation. When the irradiated nuclear fuel is no longer useful in sustaining a nuclear chain
reaction [9, 10], it is discharged from the reactors, which is highly radioactive and consists of
fission products, fissile elements and transuranic elements, formed by the absorption of
neutrons along with un-burnt fuel. Based on the management of this spent fuel, the nuclear fuel
cycle can be classified into two types viz. open and closed fuel cycles. The open nuclear fuel
cycle involves the disposal of highly radioactive waste without any reprocessing and the closed
fuel cycle allows the recovery of valuables such as plutonium, useful fission products, and
depleted uranium from the high-level radioactive waste using aqueous reprocessing (PUREX).
India has chosen to follow a closed fuel cycle strategy to ensure long term energy security. A
schematic plan of closed nuclear fuel cycle is showed in Fig. 1.3. Irrespective of open and

closed fuel cycle, both policies demand for an efficient and safe waste management strategies.

1.3. Classification of nuclear waste

Based on the amount and type of radioactivity, nuclear waste can be classified under three
categories viz. Low-Level Waste (LLW), Intermediate-Level Waste (ILW) and High-Level

Waste (HLW).
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Spent Fuel Storage

Fig.1.3: A schematic diagram of closed nuclear fuel cycle.

1.3.1. Low-Level Waste (LLW)

The nuclear waste containing radioactivity ranging from 37 to 3.7x10% Bq-L"! is called low-
level waste (LLW). It comprises about 90 % of the total volume of the radioactive waste
generated, but contains only < 1% radioactivity. LLW contains small amounts of short-lived
radionuclides. Most of the radionuclides decay to their stable daughter products when stored
for a long time. It is mostly generated in liquid form during (i) the decontamination of
equipment, (ii)) handling of radioactivity in laboratories and hospitals (using
radiopharmaceuticals) and (iii) various processes used in nuclear fuel cycle. Though LLW is
less hazardous compared to other class of nuclear wastes but must be disposed of cautiously.
Generally, solid LLWs are compacted or incinerated prior to their final burial in shallow

landfill sites.

1.3.2. Intermediate Level Waste (ILW)

The nuclear waste containing radioactivity ranging from 3.7x10° to 3.7x10'' Bq-L! is called

Intermediate Level Waste (ILW). About 7 % of the total volume of radioactive waste having
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<4 % radioactivity comes under ILW which can be solidified in concrete matrices before final
disposal. ILW comprises used resins, chemical sludge, nuclear reactor components,

reprocessing equipment as well as contaminated equipment of weapon decommissioning.

1.3.3. High-Level Waste (HLW)

The nuclear waste containing radioactivity above 3.7x10'' Bq-L! is called High Level Waste

(HLW). Relative to the total volume of waste generated in nuclear power production, HLW

constitutes only a small fraction (~ 3 %) by volume but the majority of the radioactivity

(> 95 %) resides in HLW. The aqueous waste stream of HLW produced during spent fuel

reprocessing, contains radionuclides such as U, Pu, alpha emitting minor actinides (Np, Am,

Cm) and fission products (Cs, Sr etc.). The major components of the HLW are given below:

e Unrecovered U and Pu

e Fission products, such as, *°Sr, ®Tc, '%Ru, '?°I, 13°Cs, *7Cs ,#4Ce, 'YPm etc.

e Minor actinides such as 2’Np, 2*! Am, > Am, ?*’Cm, ?**Cm, ***Cm

e Corrosion products of stainless steel & other structural material (Fe, Ni, Cr, Mn etc.),

e Alloying elements such as Fe, Al, Si, Mo etc. in the case of metallic fuel,

e Chemicals introduced in the reprocessing plant like nitric acid, sulphates, sodium nitrate,
aluminium nitrate, chlorides, fluorides, traces of TBP and its degradation products,

e Soluble neutron poisons such as Gd, B and Cd.

Radionuclides present in HLW along with their respective half-lives and decay mode are listed
in Table 1.1. The presence of long-lived minor actinides having high radioactivity cause major
challenges in its final disposal. Global efforts are being made for the development of

appropriate methods to separate the long-lived minor actinides for their safe long-term disposal.
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The HLW should be immobilized in a suitable matrix owing to the high level of radioactivity.

It should be isolated from the biosphere for a very long period ~10° years with control and

surveillance in order to render the waste harmless [11].

The spent nuclear fuel of Fast Reactors (FRs) in the second stage of the Indian nuclear

power programme will demand major tasks for its reprocessing and subsequently the

management of the generated HLW. The concentration of fission products, corrosion products

(such as Fe, Ni, and Cr) and minor actinides will be high owing to high burn up and short

cooling time. Due to their alpha activity and very long half-lives, actinides present in such

HLW require isolation for longer time span compared to the fission and activation products of

irradiated fuels.

Table 1.1: List of fission products and transuranic elements in HLW.

Radionuclide ~ Half-life Decay Radionuclide ~ Half-life Decay
mode mode

Fission products Fission products

PTc 21x10°y B 132Ey 1333y Y

N0Sr-0y 285y B I34Ey 8.8y

BZr 1.5x 100y B 135Eu 496y , Y

106Ry-106Rh 368 d Y Transuranics

107pp, 65x10°y B ZNp 214x10°y a

1258b 277y Y 238py 87.74y a

1291 1.57x 10y B,y 239Pu 241x 104y «

134Cs 2.06y B,y 240py 6.5x103y «

135Cs 2x 100y B 241py 144y

137Cs 3017y B,y 24 Am 432x10°y «

144Ce-144pPr 284 d B,y 23 Am 73x10%y a

147Pm 262y B 244Cm 18.11y a

151Sm 9y B 245Cm 8.5x10°y a

(Here, d=day, y= year)
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The policy of ‘concentrate and contain’ is used for the management of HLW in which the liquid
waste is converted into a suitable solid waste form having thermal, mechanical and chemical
stability over the time scale of major long-lived radionuclides. The solid waste form offers
enhanced safety during handling and transportation. It also restricts the release of radionuclides
to the ground water in accidental conditions. The solid waste form of HLW is normally kept in
an interim storage facility to allow the decay of short-lived radioisotopes viz. *°Sr, 1%Ru, 1*’Cs,
144Ce, "Y"Pm and ***Cm followed by ultimate disposal of the waste form in deep geological

repository.

1.5. Nuclear waste disposal

It is an ultimate step in the radioactive waste management that involves confinement and
isolation of the nuclear waste from the biosphere. The repository for disposal could be either
‘Near Surface’ or ‘Deep Geological’ on the basis of half-lives and activity of radionuclides.
Near surface disposal facilities (NSDFs) help to keep the radiation levels and radionuclides
contamination in soil, water and air, in and around the disposal facilities within the safe limits
of regulatory body [12].

Globally, the nuclear waste immobilization using a glass matrix which is encased inside
the steel canister (about 10 feet long by 1 foot in diameter) for long-term storage is practiced.
After an interim storage for a sufficient period, the glass waste form is buried inside an
underground deep geological repository (typically below 300 m) with horizontal spacing of
about 10 m between canisters [13]. For the first 400 years the decay heat is mainly due to '37Cs,
%9Sr and their daughter products. After this period, the main contributors to the decay heat are
the transuranics [13]. In order to reduce the radiotoxicity and the heat generated by the decay
of the fission products, waste forms are temporarily stored in a well-designed solid storage and

surveillance facility. For long-term strategy, the nuclear waste is permanently disposed in a
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deep geological repository employing a multi-barrier approach. It is used in a geological
repository for the isolation the nuclear waste from the biosphere [14]. The salt, clay and granite
deposits sites are largely used for the construction of a geological repository.

This multi-barrier system includes the natural geological barrier provided by the host
rock and an engineered barrier system (EBS) shown in Fig. 1.4. The EBS involves a number
of sub-barriers such as the nuclear waste matrix, container or over-pack, buffer or backfill,

repository walls and wall linings.

Fig. 1.4: Schematic of a multi-barrier system in a nuclear waste repository.

The various barriers work together to hold the radionuclides and then to limit their release to
the biosphere. The key purposes of a deep geological repository are as follow:

o FExclude waste from near-surface processes and human activities,

e Biosphere protection,

o Restrict the release of waste from the gradually degrading EBS,

o Distribute and dilute the flux of long-lived radionuclides.

The immobilized waste form provides the prime barrier to the radionuclides in the deep

geological repository. The container or over-pack material would consist of a corrosion
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resistant metal, such as titanium or iron alloy that would corrode at a slow and predictable rate.
The backfill or the host rock should have high sorption capacity which restrict the release of
radioactive materials to the environment. The design of EBS is based on the disposal option
selected and the radioactive waste forms viz. glass, ceramic, glass-ceramic, involved. Although
the release of the radionuclides from the repository to biosphere is expected to be prevented by
multi barrier system, radionuclides may diffuse out of the waste matrix due to their decay heat,
environmental factors like groundwater movement, structure of rock, erosion, flood, natural
calamities such as earth quakes, volcanic eruptions and subsequent dispersion and dissolution,
which can ultimately lead to their release into the biosphere. Therefore, it is imperative to have
detailed knowledge about the stability of waste loaded matrix under off-normal conditions. So
far nuclear waste has not been stored in the final disposal site. Further studies on nuclear waste

storage sites are continuing in the world.

1.6. Nuclear waste immobilization matrices

The goal of immobilization of nuclear waste is to fix the radionuclides in a suitable solid matrix
that will not allow them to enter the biosphere over the time scale of millions of years. Thus,
the safety of nuclear-waste management relies mainly on the radioactive constituents to be
immobilized, materials of the host matrix and long-term isolation of these materials from the
biosphere. As materials issues gain importance, thus ultimate goal in nuclear-waste
management is to develop a highly durable waste package (waste form and the surrounding
container barriers) that ensures the long-term stability as well as isolation of radioactivity. The
waste form also represents the first and foremost barrier to retard radionuclides leaching from

the nuclear waste disposal site.

10
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1.6.1. Properties of immobilization matrices

The desirable properties of the matrices to immobilize HLW are as follows:
i. High waste loading and high density to minimize the waste volume,
ii. High chemical durability (low leachability) to minimize the release of radioactive
elements to the biosphere,
iii.  High thermal conductivity and specific heat capacity, so that the heat generated due
to decay of radioactive isotopes will well dissipated,
iv. Low thermal expansion, so that it has thermal shock resistance and avoid formation
of cracks by thermal stresses,
v.  High thermal and radiation stability over extended periods of time to retain its original
structure,
vi. High mechanical strength and shock resistance so that transportation to storage or
disposal site is safe,
vii. Compatibility with storage container and geological repositories,

viii. Economic and technical aspects (raw materials, process parameters).

1.6.2. Classification of host matrices

The host matrices available for the immobilization of HLW can be classified broadly under
two major categories:

1. Glass

2. Crystalline ceramic

1.7. Glass

Glass is one of the most ancient of all materials known to mankind and has been used by nuclear

countries worldwide for vitrification of nuclear waste for more than 40 years. The main adva-

11
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-ntages of the glass waste form are as follows:
e lass is an amorphous system that can accommodate the large variety of elements of
HLW,
e Favourable long-term behaviour, chemical durability and radiation resistant property,
e Simplicity of vitrification process i.e., melting of waste with glass frit,
e Knowledge and know-how of vitrification process is well documented for the past
30 years,

e Commercially accepted and production under remote operation.

The most widely studied and used glassy waste form are:
a. Borosilicates and phosphates glass
b. Glass composite materials (GCM:s)

c. Glass-ceramics

1.7.1. Borosilicate and phosphate glasses

Borosilicate and phosphate glasses are the most common glasses used in vitrification of nuclear
waste by virtue of their low processing temperature and durable product formation. In
borosilicate glasses, B2O3 and SiOz are the basic glass forming oxides while Na20, Cs20, SrO,
BaO etc. are glass modifiers. Development of glass matrix for HLW is governed by its
composition, glass additives and the processing temperatures. Loading of radionuclides into
glass matrix is restricted by solubility of the waste components and the decay heat. The
processing temperature of the glass depends upon compatibility of the melter material under
corrosive environment of molten glass and volatility of the radionuclide [15].

Nuclear waste constituents are immobilised either by direct incorporation into the glass

structure or by encapsulation. In direct incorporation, waste constituents are dissolved in the

12
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glass melt, some being included into the glass network on cooling while others are confined as
modifiers. Nuclear waste glasses are not completely homogeneous vitreous materials as a result
contain large amounts of bubbles, foreign inclusions (Fig. 1.5 (a)) such as refractory oxides
and other immiscible constituents. Encapsulation approach is used for the elements and
compounds with low solubility which cannot fit into the glass network. Low miscibility waste
includes sulphates, chlorides and molybdates as well as noble metals such as Rh and Pd,
refractory oxides with high liquidus temperatures such as PuOz, noble metal oxides and spinels
[6]. Thus, they are immobilised in the glass matrix by encapsulation and are dispersed in its

microstructure as represented in Fig. 1.5 (b).

Glass matrix

) ; Encapsulated
Inclusions (a) (b) particles

Fig. 1.5: Schematic of waste accommodation in glass matrix: (a) incorporation in glass with
presence of bubbles and inclusions; (b) encapsulation of waste particles in a glass matrix.

1.7.2. Glass composite materials (GCMs)

Glass composite materials (GCMs) are classified as systems intermediate between completely
glass vitreous waste form and completely crystalline ceramic waste form. GCMs can
immobilize waste components viz. sulphates, chlorides, molybdates and refractory materials
which are glass immiscible and need high melting temperatures. GCMs may be used to arrest

long-lived actinide species by incorporating them into the more durable crystalline phases.

13
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GCMs formed when a fully melted system is crystallised during cooling or in a separate heat
treatment operation or by dispersion of solid particles into a liquid phase which later freezes to
a glassy waste form. Crystalline phase can form the major component of GCMs with vitreous
phase acting as a bonding agent. Alternatively, the major component can be a vitreous phase,
with crystalline phase particles dispersed in the glass matrix for example Synroc-glass, which

is a GCM with Synroc crystalline phases in a vitreous matrix.

1.7.3. Glass-ceramics

Glass-ceramics are polycrystalline materials formed by controlled crystallization of amorphous
glasses. The glass-ceramics are mechanically durable and can be tailored to use for a specific
application. The crystallization of Si02-Al203-CaO-TiO2-ZrO2-Nd203 (Nd is surrogate for
minor actinides) in a controlled way results in the formation of zirconolite-type glass ceramic,
which is found to be highly durable and can accommodate minor actinides. Due to the poor
chemical durability of barium aluminosilicate glass ceramic and barium titanium silicate glass
ceramic, they are not the favourable choices as glass ceramic waste forms, though they possess

good mechanical durability compared to glass.

1.7.4. Disadvantage of glass waste form

The major disadvantage of glass waste form is that glass is a thermodynamically metastable
phase. Crystallization of the nuclear waste loaded glass mainly due to the decay heat from the
radioactive elements in HLW during storage. The crystallization (devitrification), which leads
to decrease in volume, develops crack in the waste form and result in increased surface area
and increased leaching. Hence, the chemical, thermal and radiation stability of the glass waste
form need to be ascertained before the vitrification process. Though, borosilicate glass is a

commercially acceptable waste form, nuclear wastes containing phosphates, sulphates, iron

14
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oxides and heavy metal oxides along with sodium, molybdenum and chromium rich wastes
could not be loaded into borosilicate glass [16]. These facts necessitate the search for alternate
host matrices for nuclear waste immobilization specially in the context of fast breeder reactors
(FBR), where the concentration of fission products, corrosion products and minor actinides
will be high. The Immobilization of HLW containing high concentrations of radionuclides
could be achieved by directly incorporating them into a crystalline ceramic waste form without
vitrification [17], however, there are currently no commercial plants in operation for the

immobilization of HLW employing crystalline ceramic materials.

1.8. Crystalline ceramics
The natural crystalline ceramic materials are thermodynamically stable and found with high
radionuclides content which are retained for millions of years without undergoing any
metamictization. Thus, crystalline ceramic materials could be promising materials for
immobilization of long-lived radionuclides present in HLW of spent nuclear fuel. In the last
decades, the focus of the research was directed at the study of the ceramic waste forms. The
main advantages of the crystalline ceramic waste forms are as follows:

o Higher density and chemical durability compared to borosilicate glass,

e Higher thermal stability and thermal conductivity compared to glass,

o Ability to incorporate large volumes of waste types (i.e., high waste loading),

o Ability to accommodate minor actinides and Pu (limited solubility in glass),

e Superior mechanical properties,

e Proven long-term resistance to radiation damage (natural mineral analogues).

The objective is to use these durable crystalline minerals as immobilising waste form which

have been preserved in natural conditions for geological times, called “natural analogues”. Two
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promising mechanisms for immobilization of radionuclides in crystalline matrices are: by
incorporation into the crystalline structure of mineral phases and by encapsulation within non-

radioactive phases as represented in Fig. 1.6 (a) and (b), respectively.

Phases with
radionuclides

Fig. 1.6: Schematic of waste immobilisation by crystalline host matrix.

Although radionuclides accommodation varies with species and crystal type, there are some
predominant mechanisms through which immobilization of radionuclides in crystalline
ceramic takes place. They are given as follows:

e Direct substitution of iso-valent species on particular lattice sites,

e Alter-valent substitution facilitated by charge compensation on a nearby site,

¢ Insertion into open channels within the crystal structure,

e Incorporation by generation of planar defects such as twins and crystallographic shear

planes.

A limitation of crystalline ceramics waste form compared to vitrified glasses is that crystalline
ceramics are capable to immobilize only a limited number of radionuclides on specific sites in
their crystal structures. Based on aforementioned conditions, crystalline ceramics can be
categorised into two classes:

i. Single phase ceramics

ii. Multiphase systems (Synroc)
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Single phase ceramics can deal with pure single-phase wastes for instance weapons grade
plutonium oxides, whereas multiphase systems like Synroc, is being developed for more

complex waste streams.

1.8.1. Single phase ceramics

1.8.1.1 Apatites has a generic formula M10(XO4)6Y2, where M is a divalent cation (Ca,
Pb, Ba), XO4 is a trivalent anion (POs, VOs, SiO4) and Y is a monovalent anion (F, CI, OH,
Br). Apatites crystallise in the hexagonal structure. Calcium phosphate apatites,
Caio0(PO4)6(F,OH,Cl)2, including fluorapatite, hydroxyapatite and chlorapatite are jointly the
tenth most abundant mineral. It has high thermal, chemical and radiation stability. Cs™ shows
a high affinity for CasNdCs(POa4)sF2 and much less affinity for britholites (silicate apatite) with
a nominal formula of Ca7Nd2Cs(PO4)s5(SiO4)F>.

1.8.1.2. NZP and Kosnarite are single phase sodium and potassium analogue of
zirconium phosphate with the composition, NaZr2(PO4)3 and KZr2(PO4)s, respectively. Sodium
zirconium phosphate (NZP), not only allow substitution of actinides for Zr, but also many other
radionuclides present in HLW. There are three types of crystallographic sites present in the
structure of NZP and thereby have good compositional flexibility. 20 % waste loading of NZP
resulted in a two-phase material, with monazite as the second phase. These ceramics can be
synthesised at low temperature (900—1000°C) but fabrication of dense NZP ceramics by
sintering in air is difficult. The mechanical durability of kosnarite-type ceramic is low as
compared to borosilicate glass.

1.8.1.3. Zircon is a silicate mineral (ZrSiO4). Zircon is a well-known accessory mineral
which occurs in different rock types, including lunar rock, placers, pegmatites and meteorites.
It is the main source of zirconium and found as an accessory mineral in acid igneous rocks.

Zircon contains upto 20 wt. % of U and Th oxides. Several synthesis methods have been
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demonstrated on a laboratory scale for the preparation of zircon and Pu-substituted zircon
powders. Since it is generally used in the dating of mineral samples (from the U/Pb ratio
present), its mineralogy has been studied thoroughly.

1.8.1.4. Zirconolite has the generic formulation CaZr:Ti3-n07 (0.8 <x < 1.35). Natural
zirconolite contains up to 20 and 14 wt. % of ThO2 and UOz, respectively. In zirconolite, Ca
and Zr sites can be substituted with Hf, lanthanides, trivalent and tetravalent actinides. In doing
that required charge compensation achieved by substitution of trivalent cations (AI**, Ti*") at
the Ti*" site. One method of ziconolite preparation is ceramication process in which powders
are synthesised by the alkoxide route and later the powder is sintered in air at 1400°C. Second
method involves an oxide melting process using high temperature in the range of 1700-1800°C
using a cold crucible.

1.8.1.5. Hollandite has the general formula A2BsO1s, where A is a monovalent or
divalent atom and B has a valence between 2 and 5. A range of natural minerals crystallise in
this structure with difference in the chemical elements substituting for Ti on the B-site. For
example, hollandite (Mn totally substituted for Ti), ankangite (Cr, V), henrymeyerite (Fe*"),
priderite (Fe**) and redledgeite (Cr). Hollandite powder is prepared using an alkoxide process
and pressure-assisted sintering at 1200°C is carried out for the densification of the ceramic.

1.8.1.6. Britholite minerals are the natural analogues rare earth silicates and actinides
with the apatite-type structure. For example, Britholite-monosilicate, CasNd(PO4)s(SiO4)Fz,
where Nd** can be substituted with minor actinides viz. Am** and Cm?*". It is synthesised by
solid state reaction route with their precursors, followed by final sintering at 1400°C in
oxidative atmosphere. Britholite has been found in the vicinity of natural fission reactors,
dating back more than one thousand million years.

1.8.1.7. Pyrochlores have the structural formula, Y"A>V'B2"VX'VY, where the A and

B-sites contain metal cations; X (=0?) and Y (=0%*, OH-, F") are anions. It is plentiful in nature
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and over 500 synthetic compositions have been prepared, including zirconates, titanates and
niobates. Pyrochlores present in Synroc and can be synthesized by coprecipitation of oxides
from solution, e.g., the sol-gel process. Ti-based Pyrochlore, Gd2Ti2O7, suffers a radiation
induced transformation from crystalline to amorphous state. Zr-based radiation resistant
compositions e.g. Gd2Zr207 and Er2Zr207, have recently been discovered.

1.8.1.8. Monazite is a natural phosphate mineral discovered by Johann August
Friedrich Breithaupt in 1829 for the first time. The term “monazite” has its etymological
origins from the Greek meaning “to be alone”, because of its crystals standing alone in the rock
[18]. It is a mixed rare earth orthophosphate natural mineral [(Ce, La, Nd, Th)PO4] and known
to contain the radioactive elements Th and U for billions of years. This material is also
considered as an alternate ceramic waste form for the immobilization of HLW. It is the source
of rare earths, thorium and uranium. Monazite contains up to 27 wt. % of U and Th oxides.
Synthetic lanthanide phosphates exist in several crystalline forms viz. hexagonal, monoclinic
and tetragonal. A low temperature hexagonal phase forms for compositions in the first half of
the lanthanide series (La-Dy). The hexagonal phase is metastable and will not form once the
structure is transformed into the monoclinic (monazite) structure. The heavier lanthanides (Er-
Y) have a high temperature tetragonal structure isostructural with zircon (ZrSiOs). The
monazite waste forms for the point of view of nuclear waste immobilization is discussed in
detail in a separate section below (Section 1.5).

In view of a potential waste form, important properties of monazite are listed as follows:

i.  Monazite has excellent chemical and radiation stability [19]. In spite of the higha-decay
doses (>1 dpa) induced by high content of natural thorium and uranium, monazite found
to undergo no metamictization,

ii.  Monazite has good thermal stability. The melting point of LaPOu is very high 2072°C

and it does not decompose till it melts,
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ifi.  Monazites has the unique property of negative temperature coefficients of solubility in
water [20, 21] compared to other candidate nuclear waste forms, including borosilicate
glass and synroc. As a result, solubility in aqueous environments decreases with
increasing temperature,

iv.  Monazites have survived many of the conditions such as earthquakes, meteorite impact
and intrusion of igneous melts, that might be imposed on the repository by unpredicted

geological disruptions.

1.8.1.9. Thorium phosphate diphosphate (TPD) with the general formula
Tha(PO4)4P207, were developed for the immobilisation of weapons grade plutonium and other
actinides. TPD can accommodate actinides in thorium sites 47.6 wt. % for U; 33.2 wt. % for
Np; 26.1 wt. % for Pu. Single-phase TPD solid solution (Th,Pu)4(PO4)4P207 and
(Th,Np)4(PO4)4P207 have been successfully synthesised. Advantage of TPD lies in the
simplicity of precursor preparation by mixing concentrated Th-nitrate and phosphoric acid
followed by sintering in air at 1100-1350°C. The mechanical durability is similar to that of

other phosphate ceramics [14].

1.8.2. Multiphase systems (Synroc)

Synroc or “Synthetic rock’ is the titanite polyphase ceramic. It is a tailored made ceramic with
phases: zirconolite (CaZrTi207), perovskite (CaTiO3), hollandite (BaAl2TisO16) and rutile
(TiO2). The approach for preparing a tailored ceramic is to change the waste stream
composition by external additives so as to form stable, crystalline phase assemblages upon
processing by high temperature-high pressure methods. A range of phases viz. silicates, oxides

and phosphates are taken for specific radionuclide immobilization.

20



Chapter 1: Introduction

1.9. Suitable matrix for waste disposal

There have been a number of studies to assess the suitability of alternative ceramics to
SYNROC for the immobilization of HLW. Immobilization of radioactive wastes in relatively
inert solid matrices before storage is advantageous for safety and economic reasons. One of the
ways to assess the radiation stability of compounds is the study of their natural analogues that
contain radioactive elements. The naturally occurring phosphate-based mineral structure can
host actinides for high-level wastes (HLW). Different ceramic waste forms have been discussed
which offers a broad spectrum to immobilize the different radionuclides into their crystal

structure.

Current information in the literature suggests that phosphate-based compounds is
potentially a good host-phase for radionuclides immobilization. The main emphasis of the
present research is on following three important phosphate-based crystalline ceramic waste

forms:

o Monazite, REPO+ (RE = La, Nd, Sm and Gd)
o Monazite-cheralite solid solutions, (La;-xM.:Thyx:)PO4s (0 <x<1) (M = Ca, Sr and Ba)

o Thorium phosphate-diphosphate, Thy(PO4) P07

In order to conduct focus studies of the thesis, the thorough literature survey of these systems

is imperative.

1.10. Literature survey on phosphate-based ceramics

The reported studies on the synthesis, structure, thermodynamic properties and leaching studies
of monazite, monazite-cheralite solid solutions and thorium phosphate-diphosphate [22-111]
have been searched and given in sequence below from which the scope of the thesis has been

determined.
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1.10.1. Monazite

Monazite is a naturally occurring mixed light Rare earth orthophosphate (REPO4) mineral that
generally contains large amounts of uranium and thorium [22-26]. It is found in placer deposits
in India for which India holds an important place on the rare earths map of the world. The best-
known monazite deposits of commercial importance are found in the beach sands of the coastal
tracts of Kerala. It is found along with other minerals viz., ilmenite, garnet, rutile, zircon and
sillimanite. It is the most important industrial raw materials having great scientific potential for
green energy technologies as well as high-tech applications in defence systems. As monazite
contains thorium/uranium, it is unacceptable as a commercial ore. In India, this mineral is a
prescribed substance as per the notification under the Atomic Energy Act, 1962 and its resource
estimate is 11.93 million tonnes in 2014. During the extraction of Th/U from monazite, rare
earths are by-products; whose one of the important uses could be as waste immobilization
matrix. It contains significant amounts of thorium and uranium for billions of years [27]. This
provides a scientific basis [28, 29] for using analogue of monazite minerals as an ideal host for

the immobilization of HLW.

1.10.1.1. Structure

The monazite-type compounds crystallize in a monoclinic structure with space group P2:/n (Z
= 4). The metal ion in monazite has a nine-fold coordination REOy¢ and is usually described as
an equatorial pentagon (formed by 5 oxygen atoms belonging to monodentate anionic
tetrahedrons) interpenetrated by a tetrahedron (formed by 4 oxygen atoms belonging to two
bidentate tetrahedrons) shown in Fig. 1.7. The tetrahedrons located out of the equatorial plane
could then be defined as a link between the REOy polyhedra, resulting in the formation of

infinite chains along the c-axis ([0 0 1] direction). A complete explanation of the structure and

22



Chapter 1: Introduction

coordination polyhedra of the rare earth element was reported by Beall et al. [31] and Mullica

etal. [32, 33].

Fig. 1.7: An illustration of the crystal structure of REPO4 monazite [30].

The REPO4 monazite structure accommodates a wide range of radionuclides, which
makes it a material of interest in the field of nuclear waste immobilization. The surprising
structural flexibility is correlated to the low symmetry of the REO9 polyhedron, which does not
induce severe charge or size constraints on the accommodating cations [34]. In monazite
structure, two distinct RE-P distances exist along the chains which induce a distortion of the
REO9 polyhedron, and a set of nine distinct bond distances between lanthanide and oxygen
atoms as a result incorporation of large variety of cations is possible.

Monazite, a single-phase ceramic host matrix can accommodate nearly all the elements
of the HLW by formation of solid solution. The formation of solid solutions follows two
different mechanisms, either by direct substitution of iso-valent species on particular lattice
sites or by alter-valent substitution coupled by charge compensation on a nearby site in
monazite crystal lattice. It is suitable for the immobilization of rare earths and actinide wastes

which form a major portion of the HLW after the spent fuel reprocessing.
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1.10.1.2. Synthesis

Monazites can be synthesized following various methods described by Byrappa et.al [35].
Several chemical processes have been used to synthesize rare earth orthophosphate. Bregiroux
et al. [36] employed a high temperature solid-state route for LnPO4 (Ln = La-Gd) preparation.
The wet-chemical methods have been successfully used by Terra et al. [37], Boakye &
Mogilevsky [38] and Lucas et al. [39]. Meyssamy et al. [40] have used hydrothermal route for
the synthesis of phosphate materials.

Single crystals of PrPO4 and NdPO4 were prepared by Mullica et al. [41]. The same
group also synthesized SmPO4, EuPO4 and GdPO4 using high-temperature flux technique.
Thiriet et al. [42] prepared LaPO4 and GdPO4 using precipitation reaction of lanthanide nitrate
with diammonium hydrogen phosphate at room temperature. Horchani-Naifer and Férid [43]
synthesized single crystals of PrPO4 by high temperature solution reaction, using analytical
reagents PrsO11 and NH4H2PO4 at the molar ratio of Pr/P = 1:20. Jardin et al. [44] prepared
PuPOs4 by sol-gel reaction starting from Pu(IV) solution. PuPO4 observed to decompose above

1473 K whereas CePO4 and NdPO4 were stable.

1.10.1.3. Thermodynamic properties

Popa and Konings [45] have determined the high-temperature heat capacities of EuPO4 and
SmPO4 synthetic monazites by drop calorimetry. Ushakov et al. [46] have performed
systematic thermochemistry of rare earth orthophosphates series using oxide-melt solution
calorimetry. Popa et al. [47, 48] determined high-temperature heat capacity of LnPO4 (Ln =La,
Ce, Nd and Gd) using drop calorimetry. Low-temperature heat capacity and thermodynamic
properties of PrPO4 was measured by Gavrichev et al. [49]. A linear trend was observed for
enthalpies of formation of LnPO4 as a function of lanthanides contraction which was

corroborated by ab initio calculations from Blanca-Romero et al. [50] and Rustad [51]. Popa et
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al. prepared monazite-type solid solutions (LaixLnx)PO4 (Ln = Nd, Eu and Gd) using sol-gel
reaction and carried out detailed high-temperature calorimetry of the solid solutions using drop-
calorimetry at 1000 K [52]. Konings et al. [53] determined the excess thermodynamic
properties of LaPO4-Cao.sThosPOs4 and CePO4-Cao.sThosPOs solid solutions using drop
calorimetry measurements at 1005 K. Recently, Neumeier et al. [54] measured the enthalpy of
formation of single-phase orthophosphate solid solutions LaixLniPOs (Ln = Eu and Gd) using
high temperature oxide melt solution calorimeter. Thust et al. [55] measured the physical

properties and microstructures of Lai—xPriPO4 monazite solid solution.

1.10.1.4. Other Properties

Nasdala et al. [56] and Picot et al. [57] studied the performance of CePO4 under 1-7 MeV Au
ion irradiation at total fluences of 0.6 x 10'*—5.1 x 10'3 ions-cm™ resulting an amorphization
at highest dose. The consequence of matrix elements and dose rate on monazite amorphization
was studied by Burakov et al. [58] and Bregiroux et al. [59], respectively, using the direct
incorporation of relatively short-lived **Pu (712 = 87.74 y) and **'Am (T2 = 432.6 y)
radionuclides. Burakov et al. observed that 23®Pu doped LaPO4 monazite remained crystalline
at a dose of 1.19 x 10% orm™. Petek et al. [60] prepared LaPOs with ~ 20 wt. % simulated
HLW and the leach rate ~ 100 times lower than that of glass waste form was reported. He et
al. [61] have reported the preparation and characterization of simulated HLW loaded monazite
glass ceramics by mixing lanthanum metaphosphate glass and HLW oxides and heating at
1200°C in pellet form. The amorphization dose for different rare earths is observed in the range

of 10'* to 10'® ions-cm™2, depending on the temperature.

1.10.1.5. Leaching studies

The dissolution behavior of LnPO4 monazite (Ln = La, Ce, Nd, Eu and Gd) in static conditions
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was investigated by du Fou de Kerdaniel [62] using 0.1 M HNO3 at 363 K, obtaining similar
normalized dissolution rate (1 x 1077 g-cm™-day! to 1.8 x 1077 g-cm™-day™") for all lanthanides
consistent to the results of Oelkers and Poitrasson [63]. Ishida et al. [64] and Sales et al. [65]
observed that the dissolution rate of synthetic monazite is three orders of magnitude lower than
that of borosilicate glass. Terra et al. [37] investigated the dissolution rate of Lai-xGd:PO4 and
found to decrease from pH Iuci (3.8 x 1078 g-cm™2-day ') to pH 4nci (4.8 x 1071% g-cm™2-day ')
at 363 K in static dissolution experiments. Ma et al. [66] observed the similar behavior for
Ceo.5ProsPOs. The dissolution rate varied from ~1077 g-em2-day ' at pH 3 to ~107!!
g-cm 2-day ! at pH 7. In their study [67], no variation due to temperature increment from 363
K to 200°C and from fabrication method was observed. Brandt et al. [68] investigated the
dissolution behavior of Lai-xEuxPOs solid solutions in dynamic dissolution experiments at pH
2 and 363 K. They reported a normalized dissolution rate between 5 x 1075 g-m2-day ! and

1.7 x 1073 g'm2-day ! and showed a dependence of Eu content on the dissolution rate.

1.10.2. Monazite-cheralite solid solution
The main mechanism for the substitution of trivalent lanthanides with divalent and tetravalent
radionuclides is a charge-coupled substitution mechanism, namely, “cheralite-type”

substitution. This mechanism seems to avoid the formation of vacancies in the structure as:

(1-x)'RE*PO4 + x/2-M*" + x/2-M*" > (RE1-" M2 "M2*")PO4 + x-RE3*

The full substitution of divalent and tetravalent actinides leads to the formation of the cheralite
end-members, formerly known as brabantite, Cao.sThosPOs. The monazite-cheralite solid
solutions viz. (Lai-xMx2Thy2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) is a unique waste form which
can accommodate divalent fission products, trivalent rare earths and tetravalent actinides,

simultaneously in a single matrix, which mimics the actual nuclear waste form. The
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investigation of monazite-cheralite solid solutions has to be ascertained thoroughly prior to its

actual use for a waste immobilization waste matrix.

1.10.2.1. Structure

The complete substitution results in the formation of the cheralite family [69] having general
formulae AosBo.sPO4 (formerly called brabantite). These solid solutions crystallize in monazite
structure in which La*" ions are randomly substituted by M?** (Ca**, Sr** and Ba*") and M**
(Th*") ions resulting charge coupled substituted (LaixMx2Thy2)POs (0 < x < 1) (M = Ca, Sr
and Ba) solid solutions. The solid solutions with monoclinic crystal structure and space group

P21/n consist of long chain of interconnected (M?*, M*")Oo9 polyhedra and PO4 tetrahedra.

1.10.2.2. Synthesis

Raison et al. [70] prepared CaAn(PO4)2 (An = Th and Np) by solid-state reactions using high
purity polycrystalline AnO2, CaCO3 and (NH4)2HPO4 as starting materials. Popa et al. [71] also
prepared CaTh(POa4)2 using solid-state reaction whereas Podor et al. [72] used Hydrothermal
synthesis. Dusausoy et al. [73] prepared CaU(PO4)2 using Hydrothermal precipitation at 773 K
and 200 MPa whereas Podor et al. [74] prepared the same at 1053 K and 200 MPa. Keskar et
al. [75] prepared SrTh(POa4)> through solid-state reactions. The same author has prepared
SrU(PO4)2 and BaU(POa)2 by solid state route in Ar atmosphere [76]. Popa et al. [77] prepared
SrNp(PO4)2 using solid state route Wallez et al. [78] prepared BaTh(POa4)2 by a wet chemistry
route and BaNp(POa)2 by solid-state reaction. Montel et al. [79] synthesized compounds with
stoichiometry of MTh(PO4)2 with M = Ca, Cd, Sr, Pb, Ba at 1 bar, 1200°C and 2.5 kbar, 700°C.

Montel et al. [79] also prepared the solid solution LaPOs—MTh(PO4)2, at 1200°C at 1
bar. Terra et al. [80] reported the synthesis of CaThixUx(PO4)2 compounds whereas Tabuteau

et al. [81] prepared CaNp1-xPux(POa)2 through solid-state route.
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1.10.2.3. Thermodynamic properties

Qin et al. [82] reported the incorporation of thorium in rhabdophane structure as
Pri2xCa;ThyPO4-nH20 solid solutions. Thust et al. [83] have prepared Lai xEuxPOs monazite-
type ceramics and characterized by ultrasound techniques, dilatometry and micro-calorimetry.
Huittinen et al. [84] investigated the homogeneity of Eu’*-doped Lai-«Gd:POs solid solutions
by combining spectroscopic and computational studies. Kowalski et al. [85] performed ab-
initio calculations of different parameters of Lai-xEuxPO4 solid solution. Li et al. [86] used ab-
initio calculation for the measurement of excess properties of Lai»(Ln,An):PO4 solid solutions.
Kowalski and Li [87] establish a relationship between the thermodynamic excess properties of
mixing and the elastic moduli in the monazite-type ceramics using ab initio calculation.

The majority of thermochemical investigations were made on pure LnPOs end-
members [45-49, 88], monazite-type solid solutions [52, 54, 89] and to a lesser extent on

monazite-cheralite-type solid solutions [53,90].

1.10.2.4. Other Properties

Qin et al. [91] have carried out sintering studies of Ndi-2xCa,ThxPO4-nH20 rhabdophanes
(x=0-0.1) resulting in homogeneous high-density monazite-cheralite solid solution. They
reported the activation energy to convert rhabdophane to monazite-cheralite, depending on the
thorium incorporation lies in the range of 361 +90 and 530+ 90 kJ.mol"'. They have also
determined the micro hardness of Ndi-2xCaxTh,PO4, which was about 4.9 + 0.8 GPa, which is
in the typical range of the values determined for phosphate-based waste forms designed for

actinides conditioning.

1.10.2.5. Leaching studies

Literature data for the chemical durability of monazite-cheralite solid solutions is very scarce.
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Sales et al. [92] and Oelkers and Poitrasson [63] reported the dissolution rates for natural
samples of monazite-cheralite solid solutions. The results on the dissolution of homogeneous
and single phase CaTho.s—<Ux(PO4) at 363 K in 10! and 10* M HNOswas reported by Terra et
al. [37] and Veilly et al. [93]. Du Fou de Kerdaniel [94] investigated the dissolution kinetics of
various Lao4Euo0.1Ca0.254n025P04 (An = Th, U) solid solutions at pH 1 and 363 K. In contrast
to the several leaching studies on monazite based matrix, very few results are available on
aqueous durability of cheralite-type (Cao.s(U,Th)o.sPO4) compound and monazite-cheralite

(Lni1-2xCax(U,Th)xPO4) solid solutions.

1.10.3. Thorium phosphate diphosphate (TPD)

Ceramic host matrix based on thorium phosphate diphosphate (TPD) with the general formula
Tha-sMx(PO4)4P207 (M = U, Pu, Np) were studied by French scientists for the immobilization
of weapons plutonium and other actinides. Different TPD samples based on single-phase solid
solutions (Th,Pu)4(PO4)4P207 and (Th,Np)4(PO4)4P207 have been synthesized by Dacheux et
al. [95, 96]. They determined the maximum loading to be about 47.6 wt. % for uranium, 33.2
wt. % for neptunium and 26.1 wt. % for plutonium [97]. Precursor preparation is easy and
prepared by mixing concentrated thorium nitrate and phosphoric acid. The product is then
obtained by sintering the mixture in air at 1100-1350°C. Mechanical durability of TPD is
analogous to other phosphate ceramics and comparable or less than that of borosilicate glasses
[14]. The property to resist the aqueous corrosion enables TPD to be used as a potential nuclear

waste storage matrix.

1.10.3.1. Structure

It crystallizes in an orthorhombic crystal system, Pcam (Z=2). Th*' is the largest tetravalent

cation with ionic radii in eight-fold coordination (YWrca) is 1.05 A and can be substituted by
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other smaller tetravalent actinides viz. U*" (1.00 A), Np*" (0.98 A) and Pu*" (0.96 A) in TPD
crystal lattice [18]. Such substitution brings about a deformation of the crystal cell and limits
the extent of substitution in TPD which follows the similar trend of their tetravalent ionic radius
viz. Vllyy > VI, > VIlp,  The structure comprises of layer parallel to (010) containing both
POs4 tetrahedra and P207 groups. These layers alternate with planes of thorium atoms. A

perspective view of the TPD structure along the (100) direction is given in Fig.1.8.

Th layer

P;0;

Fig. 1.8: Perspective view of the TPD structure.

1.10.3.2. Synthesis

Brandel et al. [98, 99] synthesized Th4(PO4)sP207 (TPD) and its actinide substituted solid
solutions following several ways including either wet or dry chemistry routes. Sintered pellets
were prepared using a two-step procedure which involves a uniaxial pressing at room
temperature followed by a heat treatment at 1250°C. Thorium phosphate hydrogen phosphate
hydrate (Th2(POa4)2(HPO4)'H20 (TPHPH)) has been prepared using low temperature wet
chemical synthesis method which is analogous to the monazite-type phosphates [100, 101].

TPHPH converts to B-TPD under heat treatment at 900°C to 1000°C in air [102, 103].
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1.10.3.3. Thermodynamic studies

Dacheux et al. [104] measured the specific heat and thermal conductivity of TPD sample. The
experimental values of specific heat ranged from 0.380J-g'-K-! at 28°C to 0.528 J-g'l-K"! at
789°C whereas the thermal conductivity ranged from 0.98 to 0.85 W-m!-K-! respectively for
29 and 1000°C. Launay et al. [105] determined the thermal expansion of TPD from 20 to 800°C
by dilatometry and high-temperature X-ray diffraction techniques. They found an ultralow

thermal expansion coefficient value: about 1.9x10° °C-! in the temperature range studied.

1.10.3.4. Other Properties

Dacheux et al. [104] reported the Vickers hardness of the sintered TPD samples between 350
and 500 HV. The same authors also reported the thermal diffusivity value for TPD from 5.2 x
107 m?s'at 29°C to 3.32 x 107 m?-s”! at 1000°C. The amorphization of B-TPD and B-TUPD
was studied using 840 MeV Kr-irradiation at a fluence of 10'3 ions-cm™ and significantly
depends on the electronic stopping power [106-108]. In the nuclear stopping regime, a
complete amorphization occurs at a critical dose of 0.2 dpa. Thomas et al. [109] reported that
TPD sample with high 23°Pu loading (~ 16.1 wt. %) continued to be crystalline in spite of

receiving high dose.

1.10.3.5. Leaching studies

Thomas et al. [110] systematically studied the dissolution of the thorium phosphate
diphosphate (TPD) as a function of several parameters such as surface, leaching flow,
temperature, acidity/basicity of the leachate and phosphate concentration and obtained
activation energy equal to about 42 + 3 kJ-mol! for the normalized leaching rate with the
temperature. Robisson et al. [111] have also studied several leaching tests on

ThaxMx(PO4)4P207 (M = U, Pu) solid solutions and found normalized leaching rates to be low.
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For B-TPD and B-TAnPD solid solutions at room temperature, dissolution rates varied from
1.2x10° grem2-day ' at pH 1 to 4.8 x 1072 g-cm™?-day ! at pH 4. The ?*’Pu doped B-TPD
dissolved with the same rate compared to the other samples which validates the high resistance

of these materials to radiation damages.

1.11. Scope of the present work

The reported literature studies revealed the structural stability, high chemical durability during
leaching and radiation resistance properties of phosphate-based crystalline ceramics.
Nevertheless, the selection of matrix for incorporation of HLW requires a refined
understanding of the long-term behavior of waste form under repository relevant conditions
which includes insight into the structural energetic of the matrix and prediction of stability of
the waste form over very long-time scales on the basis of reliable thermodynamic and kinetic
database of the waste matrix. Despite of broad interest in the phosphate-based ceramic
materials, there is very little information exists about their thermodynamic stabilities.
Especially, systematic studies on the structure, thermodynamic properties and leaching studies
have not been reported for the phosphate-based crystalline matrices relevant for the HLW
immobilization. Thus, the aim of this study is to determine these properties and make a
comprehensive thermodynamic database of synthetic monazites, REPO4 (RE = La, Nd, Sm and
Gd), monazite-cheralite solid solutions, (Lai-xMv2Thx2)POs (0 < x < 1) (M = Ca, Sr and Ba)
and thorium phosphate-diphosphate (TPD), Tha(PO4)4P207.

The standard molar enthalpy of formation of rhabdophane phases viz. LaPO4-0.8H20,
NdPO4-0.75H20, SmPO4:0.65H20, GdPO4-0.55H20 and synthetic monazite phases viz.
LaPOs4, SmPO4, NdPO4, GdPO4 revealed the energetic trends in rhabdophane and monazite
phases. The molar enthalpy of formation with respect to the constituent oxides according to the

reaction: 0.5-RE203 + 0.5-P20s = REPOs4, have been plotted against ionic radii of nine

32



Chapter 1: Introduction

coordinated RE** (RE= La, Sm, Nd and Gd) ions. The plot was compared and the results
showed that with increase in ionic radii of RE*" ion from Gd*' to La*" ion, the values of
enthalpy of formation becomes more negative i.e. LaPOs4 is the most thermodynamically stable
orthophosphate compound and it can be used a suitable host matrix for the immobilization of
long-lived radionuclides.

Based on the results of thermodynamic stability of rare earth orthophosphates, synthetic
monazite i.e. LaPO4 was selected as the host matrix for the immobilization of actinides.
Immobilization of tetravalent actinide i.e. Th, was coupled with divalent cations i.e. Ca**, Sr**
and Ba®' to maintain the charge neutrality. Various compositions of charge-coupled substituted
monazite-cheralite solid solutions viz. (LaixCax2Thy2)POs (0 < x < 1), (La1-xSrx2Thw2)POs4
(0<x<1), (LaixBay2Tha2)PO4 (0 < x < 1) were prepared and characterized using different
techniques. The results revealed that charge-coupled monazite-cheralite system forms regular
solid solutions in the entire composition range for (Lai.Caw2Thy2)POs (0 < x < 1) and
(LaiSrx2Thy2)PO4 (0 < x < 1) solid solutions. On the other hand the solubility limit for
(La1-xBax2Thx2)PO4(0 <x < 1) solid solution is found to be up to x = 0.3, beyond this a thorium
rich phase separates out. The standard molar enthalpy of formation data for these samples
indicate that there is negative deviation from ideal solid solution behavior with a minima at
x = 0.25 for (Lai«Cax2Thy2)POs (0 <x < 1), x = 0.3 for (Lai«Srx2Thy2)POs (0 <x < 1) and
x = 0.2 for (LaixBax2Thy2)POs (0 < x < 1). The results suggest that the substitution of charge
couple M** (M = Ca, Sr and Ba) and Th*" at lattice site of La’’, results in formation of
thermodynamically stable intermediate phases. Further it is also observed that the substituted
(LaixMx2Tha2)POs (0 < x < 1) (M = Ca, Sr and Ba) systems are isentropic in nature and
stabilized mainly by enthalpy. The present work contributes towards the understanding of the
thermodynamic stability of systematically substituted synthetic monazite LaPO4 which results

in charge-coupled substituted monazite-cheralite solid solutions.
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The present work also contributes towards the chemical durability studies of selected
compositions of charge-coupled substituted monazite-cheralite solid solutions
(LaixMx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba), employing standard Product Consistency
Test (PCT) approved by the American Society of Testing Materials (ASTM). The normalized
leach rate values were determined using ICP-AES technique for the leached ions and the results
revealed the behavior of these ions in the off normal conditions. The chemical durability data

was in agreement with the experimentally measured thermodynamic data in the present work.

The present study provided important thermodynamic database for thorium phosphate-
diphosphate (TPD) compound relevant for the immobilization of tetravalent actinides. The
enthalpy of formation for all the important phases viz. thorium phosphate-hydrogenphosphate
hydrate, Th2(PO4)2(HPO4)-H20O (TPHPH), thorium phosphate-hydrogen phosphate,
Tha(PO4)2(HPO4) (TPHP); a-thorium phosphate-diphosphate, a-Tha(PO4)4P207 (a-TPD) and
B-thorium phosphate-diphosphate, B-Tha(PO4)4sP207 (B -TPD) have been measured. Further,
Gibbs phase diagram and predominant area diagrams for Th-P-O system have been computed
using the thermodynamic properties of the various phases present in Th-P, P-O and ThO2-P20s
systems. Fu—pH diagram of Th-P-H20 system has been computed to determine the stability

region of TPD phase in groundwater.

The objectives of the study identified above are addressed in separate sections within
this thesis. Each section contains a separate introduction relating to the specific objective is
provided and appropriate conclusions are drawn at its end. The overall conclusions are then
brought together at the end of the thesis under conclusion and future directions.

Finally, the main conclusions arising from this work as well as research prospective are

discussed and future direction of study evolved from this work has been suggested.
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2.1. INTRODUCTION

Present chapter elaborates details of different experimental techniques used in the thesis. It
includes synthesis of compounds and solid solutions by solution and solid-state methods, their
characterization by Chemical analysis, thermal techniques, X-ray diffraction (XRD) and
spectroscopic technique. Inductively coupled plasma atomic emission spectrometer (ICP-AES)
was employed for determination of stoichiometry as well as impurity analysis of samples.
Thermogravimetry analysis (TGA) and Differential thermal analysis (DTA) was employed for
the determination of water of crystallization of the hydrated precursors, thermal stability and
crystallographic phase transition of the compounds. Structural characterization was carried out
using X-ray diffraction and FT-IR spectroscopy. Heat capacity of samples was measured using
Differential Scanning Calorimeter (DSC). Standard enthalpy of formation of the samples was
measured using room temperature isoperibol solution calorimeter and high temperature oxide
melt solution calorimetry. The thermodynamic functions for the samples were calculated using
the measured heat capacity and standard molar enthalpy of formation data. Leaching studies in
aqueous medium at elevated temperature were carried out to determine the chemical stability
of the samples. A brief description of the working principle and experimental details of each

technique is described in this chapter.

2.2. MATERIAL SYNTHESIS

Both solution and solid-state synthesis routes were used to prepare phosphate-based
compounds and their solid solutions. Synthetic monazite, REPO4 (RE = La, Nd, Sm and Gd)
and thorium phosphate diphosphate (TPD), Tha(PO4)sP207 were precipitated from their
respective metal solutions by adding ammonium dihydrogen phosphate as a phosphating agent

at room temperature. Charge coupled substituted monazite solid solutions, (Lai-xMx2Thw2)PO4
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(0 <x<1) (M =Ca, Sr and Ba) were prepared using solid-state synthesis method. Details of

each synthesis procedure are described below.

2.2.1. Solution chemistry method

In this method, aqueous metal nitrate solutions of required concentration were mixed with
appropriate amounts of phosphating agent [112] at room temperature at pH = 5.4. This resulted
in a quantitative precipitation of metal phosphates/diphosphates, which were then filtered and
washed in distilled water to remove occluded nitrate, phosphate and metal ions. The
precipitates were dried under Infra-red (IR) lamp, ground and vacuum heated to remove

adsorbed water.

2.2.2. Solid state method

In this method, metal carbonates/metal oxides, thorium oxides and ammonium dihydrogen
phosphates were thoroughly mixed by mortar and pestle to form homogeneous mixture [112].
The homogeneous mixtures were compacted, pelletized and heated in a controlled manner at
different temperature in static air atmosphere for long period. Substituted monazite solid
solutions were successfully prepared following the aforesaid procedure. Details of the synthesis
procedure for various phosphates/diphosphates and phosphate-based solid solutions are

described in their respective chapters.

2.3. CHARACTERIZATION TECHNIQUES
Synthetic monazite REPO4 (RE = La, Nd, Sm and Gd), monazite-cheralite solid solutions
(LaixMx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) and thorium phosphate-diphosphates

Tha(PO4)4P207 samples prepared using co-precipitation and solid-state routes were
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characterized by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES),
Thermogravimetric analysis (TGA), Powder X-ray Diffraction (XRD) and Fourier transform
infrared (FT-IR) spectroscopic techniques. The heat capacity of the characterized samples was
measured employing a Differential Scanning Calorimeter (DSC) as a function of temperature.
The standard molar enthalpy of formation of the samples was determined employing a room
temperature isoperibol solution calorimeter and a high temperature oxide melt solution
calorimeter. The leaching studies of the samples were performed using an ASTM-Product
Consistency Test (PCT) method. The working principle of different techniques used in the

present work are described and discussed below.

2.3.1. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
ICP-AES technique is used for elemental analysis of the phosphate/diphosphate sample(s)
prepared in the present work. This technique has multi-element capability, high specificity and
good detection limit. A plasma torch is used to dissociate the sample into its constituent atoms
or ions and excite them to a higher energy level. While returning to their ground state the
excited atoms or ions emit photons of a characteristic wavelength of the element present and
recorded by an optical spectrometer. Using the calibration standards, a quantitative chemical
analysis of the sample of interest can be achieved.
The main components of ICP-AES are:

(1) sample introduction,

(il))  plasma, and

(i)  spectrometer and detector.

Sample introduction: A solid sample is first dissolved by acid digestion with HF/HNO3/HCI
in a PTFE closed vessel and subsequent treatment with HClO4. The solution is converted into

an aerosol by a nebulizer. The smallest droplets (1-10 um) are separated and transferred into
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the argon plasma inside a spray chamber whereas the bigger droplets (> 90%) are pumped to
waste.

Plasma: Strong atomic emission from all chemical elements is produced by achieving high
temperature. Temperature in the range of 7,000 — 10,000 K is obtained employing an inert-gas
plasma. When the aerosol droplets enter into the plasma region, the droplets are transformed
into salt particles by desolvation. These salt particles are divided into separate molecules and
subsequently to atoms and ions which then excited to higher energy levels. When these excited
atoms and ions come back to their ground energy state they will produce electromagnetic
radiation in the ultra-violet/visible range of the spectrum.

Spectrometer and Detector: A spectrometer consists of a multi-component part containing
mirrors and prisms. It is used to separate the specific wavelengths of interest. Since the
emission lines from the excited atoms and ions are very narrow lines, a high-resolution detector
is essential. A CCD detector is commonly used for detection, which provides high resolution
and simultaneous detection of the elements. In the present work, ICP-AES analyses were
carried out using high Ultima 2, Horiba Jobin-Yvon, France. A schematic of ICP-AES

equipment is given in Fig. 2.1.

transfer
. optics
radiofrequency X spectrometer
generator o - T

MICroprocessor
and
electronics

spray

data output
to waste

sample

Fig. 2.1: Schematic of a typical ICP-AES equipment.
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2.3.2. Powder X-ray Diffraction (XRD)

X-ray diffraction (XRD) is the most comprehensively used technique to characterize the
crystalline phases and to determine the crystal structure of materials. This technique is mostly
used for fingerprint characterization of crystalline samples, in addition determination of their
unit cell parameters, phase and crystal structure.

According to German physicist Max von Laue, the wavelength of X-ray is comparable
to the spacing between adjacent atoms in crystal lattice of the material and suggested that a
crystal could be used as a diffraction grating in three dimensions. X-rays are electromagnetic
radiation with energies in the range of 100 eV-100 keV. For diffraction, short wavelength
X-rays (i.e. hard X- rays) in the range of a few angstroms to 0.1 angstrom (i.e. 1 keV - 120
keV) are used. The energetic X-rays penetrate into the material and produce information about
their bulk structure, structural arrangement of atoms and molecules in a wide range of materials.

The theory of diffraction is based on Bragg’s law. It describes how an electromagnetic
wave of wavelength (1) interfere with a regular crystal lattice. At a certain angle of incidence

‘0> (known as Bragg’s angle) with respect to set of parallel crystal planes, constructive

interference takes place according to the relation:

nA = 2dnki'Sin® 2.1

where, n is a positive integer, duki is the inter planer spacing between the parallel crystal planes

causing constructive interference and A is the wavelength of the incident X-ray beam.

2.3.2.1 Generation of X-rays and experimental method

In XRD technique, X-rays are generated using a cathode ray tube by heating a filament to emit
electrons, accelerating the emitted electrons by applying a voltage and bombarding the

accelerated electrons upon a target material viz. Cu, Mo, Cr, Fe. The energetic electrons with
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sufficient energy to knock out inner shell electrons of the target material, produce the

characteristic X-ray spectra. The typical X-ray spectrum of Cu element is given in Fig. 2.2.

Intensity

Aout f\\Aj L\

Wavelength

Fig. 2.2: Typical X-ray of Cu target.

Though the X-rays are produced in all the directions, it is allowed to escape only through a
beryllium window. X-rays beam is then passed through the divergence slits and allowed to fall
on the sample material. When conditions of Bragg’s law satisfy, the interaction of the incident
rays and the sample produces constructive interference and diffracted X-rays. The diffracted
X-rays are scanned by sweeping the detector (gas filled tube or scintillation counter) from one
angle to another. All the possible diffraction directions of the lattice can be achieved by
scanning the sample through a range of 20 angles due to the random orientation of the powdered
sample.

The conversion of the diffraction peaks into d-spacing permits identification of the
sample material by comparison of d-spacing with the standard reference patterns as each
material has a unique set of d-spacing. The schematic of a powder X-ray diffractometer is
shown in Fig. 2.3. The peaks (also called as reflections) in a typical X-ray diffraction plot
correspond to a set of parallel planes having inter-planar spacing dnk which is calculated from

the position of the peaks.
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Fig. 2.3: Schematic of powder X-ray diffractometer.

Thus, for a particular sample a set of d-values giving constructive interference is observed. The
peak positions (d values) are related with the unit cell parameters of the lattice. Thus, can
provide a vital tool to identify the materials and they commonly act as the finger print for the
crystalline materials.

In general, a short time scan in the two-theta (20) range of 10 to 80° is sufficient for the
identification of a crystalline inorganic material. Whereas samples with low symmetry and
having weak X-ray scattering power need a slow scan. After the diffraction experiment,
observed d-values were fitted to standard patterns and the unit cell parameters were refined
with respect to the standard data. By comparing the observed diffraction pattern with JCPDS
(Joint Committee on Powder Diffraction Standards) files available for reported crystalline
samples, fingerprinting of sample materials is normally done. The unit cell parameters are made
free to adjusting the best way to fit the observed experimental data.

In the present work, the synthesized compounds are characterized using a Stoe theta—
theta X-ray diffractometer using monochromatic Cu Ko radiation (A = 1.5418 A) and graphite
monochromator with Nal(Tl) detector. The powder sample was ground using mortar and pestle

with 1-2 drops of 10 % collodin-amyl acetate mixture and spread on a glass slide for room
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temperature identification of phase. The sample were scanned in the range 10° to 80° with an

interval of 0.02° and counting time of 2s. The recorded ‘d’ values are used for indexing.

2.3.3. Fourier transform-infrared (FT-IR) spectroscopy

FT-IR method is based on Michelson interferometer consisting of a movable mirror, fixed
mirror and a beam splitter [113]. The interferometer shifts the phase of one of the beams with
respect to other by moving one of the mirrors and keeping the other mirror at fixed position.
Due to overlapping of two beams, constructive and destructive interference takes place. The
intensity of the interference pattern will rise and fall periodically if the light source is
monochromatic and the detector will measure a sinusoidal signal as a function of the optical
path difference. Radiation emitted from a Globar IR source contains many frequencies, the
intensity measured, [ (x), as function of optical path difference, (x) is called as the
interferogram. Fourier transformation of such interferogram results in the frequency spectrum,
I (v). The optical path difference (x), can be accurately obtained from the interference patterns
generated from the interferometer using a laser source, whose frequency is accurately known.

In the present study, experiments were carried out from 500 to 4000 cm™! using a
diamond ATR, employing IR Affinity-1 FT-IR spectrophotometer, Shimadzu. IR radiation was
generated from a Globar source (bonded silicon carbide rod). The instrument uses Csl single-
crystal, as beam splitter and deuterated triglycine sulphate (DTGS) as the detector. A He-Ne
laser having a wavelength of 632.9 nm (max. power of 25uW) has been used for the calibration
purpose. Prior to spectroscopic experiment, all samples were ground thoroughly using dry KBr
powder and a thin pellet of made in the form of and introduced into the sample chamber for

recording the IR spectra.
Attenuated Total Reflection (ATR)

In attenuated total reflection, the changes that occur in a totally internally reflected IR beam
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when the beam comes in contact with a sample is measured. An IR beam is focused onto an
optically dense crystal which have a high refractive index at a certain angle. The sample under
investigation is kept in good contact with the crystal surface. The internal reflectance produces

an evanescent wave as shown in the Fig. 2.4.

Sample in contact
with evanescent wave

\ \ —

IR Beam ATR Crystal To Detector

Fig. 2.4: Schematic of an ATR-FT-IR set up.

The evanescent wave can be assumed as a bubble of IR that is placed on the surface of the
crystal and the wave extends only a few microns (0.5-5 p) beyond the surface of crystal and
into the sample. Thus, it can probe the surface and few microns into the sample. The evanescent
wave will be attenuated or altered where the sample absorbs energy in regions of the IR
spectrum. The attenuated energy is then passed back to the IR beam which then come out from
the opposite end of the crystal and passed to the IR detector which in turn records the IR
spectrum.
Following two requirements should be satisfied for this technique to be successful:
1) Sample must be in direct contact with ATR crystal
2) Refractive index of ATR crystal must be considerably greater than that of the sample
otherwise internal reflection will not occur. The transmission of light occurs instead of
internal reflection. The refractive index of an ATR crystal has a typically value between

2.38 and 4.01 at 2000 cm™!.
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The excellent mechanical properties of ‘diamond’ make it an ideal material for ATR,
particularly when studying very hard solids, but its higher cost limits its use. Germanium, KRS-
5 and zinc selenide are some typical materials for ATR crystals. The shape of the crystal is
determined by the nature of the sample and the type of spectrometer. With dispersive
spectrometers, the crystal is a rectangular slab with chamfered edges. Other geometries use

prisms, half-spheres, or thin sheets.

2.3.4. Scanning Electron Microscopy (SEM)

Scanning electron microscope consists of five main components, viz. turbo molecular high
vacuum system, electron gun, beam shaping column, scanning system and detector. A
schematic of SEM microscope is given in Fig. 2.5. A tungsten filament is used to produce the
electrons. The electrons are accelerated towards the specimen employing high negative
potential to the filament. The electrons are then collimated by passing through a magnetic field
using electromagnetic lenses. Finally, the well-focused incident electron beam is used to scan
the sample. The possible interactions of energetic electron beam with the sample are shown in

Fig. 2.6.

Backscattered-electron (BSE) imaging

Backscattered electrons are originated from the elastic collisions of electrons with atoms, which
results in a change in the electrons’ trajectory. The number of the backscattered electrons
reaching the detector is proportional to the atomic number (Z). This dependence of the number
of BSE on the atomic number helps us differentiate between different phases, providing images
that hold information about the composition of sample. Moreover, BSE images can also
provide valuable information on crystallography, topography and the magnetic field of the

sample.

45



Chapter 2: Experimental Techniques and...

Electron
gun

N =

tube for viewin

Cathade-ray

lenses ]_I I—,—l | | tutbo for "

Primary
electrons

Secondary I Photo-
electrons multiplier
Specimen ——

-
Specimen

holder

Vacuum system

Fig. 2.5: Schematic representation of SEM microscope.
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Fig. 2.6: Interaction of electron beam with the sample.

Solid state detectors are the common BSE detectors which typically contain p-n junctions. The
working principle is based on the production of electron-hole pairs by the backscattered
electrons which escape the sample and absorbed by the detector. The number of these pairs
produced depends on the energy of the backscattered electrons. Backscattered electron

detectors are located above the sample in a "doughnut" type arrangement, concentric with the
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electron beam in order to maximize the solid angle of collection and consist of symmetrically
divided parts [114]. Topographical information of the sample can be obtained by enabling only
specific quadrant of the detector. Alternatively, when all parts are enabled, the contrast of the

image represents the atomic number (Z) of the element.

2.3.5. Thermal analysis

Thermal analysis methods are essential for understanding the compositional and enthalpy
(heat) changes involved during a reaction. The methods are useful for investigating phase

changes, decomposition, and loss of water or oxygen and for constructing phase diagrams.

2.3.5.1. Thermogravimetric Analysis (TGA)

In TGA, the weight of a sample is measured as a function of time as the temperature is increased
at a controlled uniform rate [115]. In this technique the heating can be done under air
(oxidative) or nitrogen/argon (inert) atmosphere. Loss of water of crystallization or volatile
substances (such as Oz, CO2, NH3 etc.) is revealed by a weight loss in a thermogram. Whereas

oxidation or adsorption of a gas shows up as a weight gain of the sample.

2.3.5.2. Differential Thermal Analysis (DTA)

In DTA technique, a sample and an inert reference material (a-Al203) are kept in two different
crucibles and heated simultaneously at a controlled uniform rate inside a furnace. The
temperature difference (AT) between sample and reference material is recorded as a function
of time or temperature (T). A phase change phenomenon is generally associated with either
absorption or evolution of heat. Any reaction involving heat change in the sample material will
be characterized as a peak in the plot of AT vs T. An increase in temperature indicates an
exothermic reaction whereas a decrease in temperature shows an endothermic reaction and

their corresponding peak appear in opposite directions.
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2.4. THERMODYNAMIC MEASUREMENTS TECHNIQUES

2.4.1. Differential Scanning Calorimeter (DSC)

It is a heat flow calorimeter and a widely used calorimeter for determination of heat capacity
of materials [116-119]. In this technique the heat flow rate to the sample is measured against
time or temperature. Sample and reference materials are maintained at nearly the same
temperature throughout the measurements and the change in the amount of heat required to
raise the temperature of the sample and reference are measured. DSC can be used to measure
various properties viz. heat capacity, melting temperature, glass transition temperature,
crystallization, phase transition, magnetic transition. DSC can be categorized into two types

viz. heat flux DSC and power compensation DSC.

2.4.1.1. Heat flux DSC

In heat flux DSC, the temperature difference between the sample and the reference which is
proportional to heat flow rate is measured. A typical design of a heat flux DSC with disc type

measuring system is shown in Fig. 2.7.

Sample Reference

Heat Source

Fig. 2.7: Heat flux DSC.

The sample and reference pans are similar with respect to their weight and material. The sample

and reference crucibles are situated symmetrically to the center of the calorimeter and the heat
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flow rate from the furnace to the sample and reference would be equal and the differential
signal, AT would be zero. Thermal events in the sample of interest result in a differential signal,

proportional to the difference between the heat flow rates to the sample and the reference.

2.4.1.2. Power compensation DSC

In power compensation DSC, the temperature difference between the sample and reference is
maintained to zero by increasing or decreasing the compensating electric energy using micro
heaters [116, 120]. The compensating electrical energy supplied to the sample or reference is
the measuring signal. A typical power compensation DSC is given in Fig. 2.8.

It consists of two identical micro furnaces with a Pt-resistance temperature sensor and
a heating resistor. Both micro furnaces are thermally decoupled from each other and are placed
in a silver block of constant temperature. The same heating power is supplied to both micro

furnaces with a preset heating programme.

| | ] |
Sample Reference
Pt Sensor Pt Sensor
ARBARA AALAARALLE ARARRRAAL AARAALL
ha s A b b dd b & bd )il TEPTPEFIFrTYYYYY
Heater Heater

Fig. 2.8: Power compensation DSC.

A temperature difference between the micro furnaces arises during a thermal event which is
the measurement signal as well as the input signal to a feedback circuit. The feedback circuit
compensate the reaction heat flow rate by proportional control through increasing or decreasing
the additional heating power. The compensating heating power is proportional to the AT. The
time integral over the compensating heating power is proportional to the heat released or

consumed in the sample.
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2.4.1.3. Calibration of DSC

As DSC is not an absolute heat and temperature measuring device, the relative data obtained
must be correlated to absolute values by calibration [121, 122]. In DSC measurements, mostly,
two types of calibrations are important:

1. Temperature calibration

2. Caloric calibration or heat flow calibration

2.4.1.3.1. Temperature Calibration

DSC does not record the true temperature due to the thermal resistance of the DSC disc,
crucibles and the gas atmosphere. Hence, temperature calibration is necessary prior to the
actual experiment. Temperature calibration stands for unambiguous assignment of the
temperature indicated by the DSC instrument to the true temperature.

Temperature calibration is done by determining melting points of high purity metals
[123]. DSC measurements are dynamic whereas thermodynamically defined transition
temperature is always the equilibrium temperature. Thus, calibration results must be
extrapolated to equilibrium conditions to ensure a temperature calibration, which is
independent of the heating rate used. This is achieved by measuring the melting point of

reference materials as a function of heating rate and extrapolated to zero heating rate.

Characteristic of material used for temperature calibration [119]:

e Should represent fixed points of International Temperature Scale 1990 (ITS-90),

e Should have a transition point explicitly defined from the point of view of
thermodynamics,

e Should not have quantifiable influence of the grain size on the transition temperature,

e Should not be hygroscopic,
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e Should have a high rate of transition,

e Should be available in suitably high purity,

e Should not react with the crucible material or purge gas,
¢ Should be stable over a long period of time,

e Should display no measurable overheating,

e Should not undergo secondary reaction with gas and crucible.

For temperature calibration, the following procedure was followed:

Selection of minimum three calibration materials covering the desired temperature
range as uniformly as possible. Three calibration substances are required to detect possible
non-linear temperature dependence. The transition is to be measured with each calibration
material at least for three different heating rates in the range of interest.

The extrapolated peak onset temperature (7¢) for melting or transition peak is determined. If
there is no significant difference between 7. obtained at identical

heating rate, then extrapolation of T to zero heating rate is determined 7c(f = 0).

The difference ATcorr = Te(ff = 0) - Ttix (or Tiit) is calculated for each sample with all different
heating rates.

The calculated temperature correction terms A7cor- are finally plotted as a function of 7e(f = 0)
The true temperature is given as: Ttwue= Te(f = 0) + ATcorr

The correct temperature is determined as: 7, . =7.(f > 0)+ AT, (£=0).

2.4.1.3.2. Caloric Calibration

The measurement signal equivalent to temperature difference, A7, is obtained as electrical

voltage signal. A calibration factor (K) is assigned to the measured heat flow rate, ®@m [124].
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The calibration factor, K, is determined by measuring the steady-state heat flow rate into a

sample of well-known heat capacity C with a constant heating rate = d7/dt.
Cﬂ = ¢true = K(I)m (2.2)

A known heat Qe dissipated or consumed during phase transformation route is compared with
the area of the resulting peak. Then the calibration factor is found out from the following

relation:

Orne = K {8, — b, el 2.3)

Where, @ signifies the heat flow rate corresponding to the baseline. The calibration factor K

depends on temperature, uncertainties arising due to shape of the baseline and systematic

uncertainties due to shape of the DSC curve.

Hence the following procedures are generally followed to escape such problems.

1) Selection of calibration substance which covers the preferred temperature range and whose
thermophysical properties are similar to those of the sample

2) Heat effect of calibration standard and sample should match by taking required amount of
standard.

3) Determining calibration constants at different heating rates and measurement of the

repeatability of the errors of calibration factor

For accurate calibration five standards are chosen. Let m: be the mass of a standard ‘i” and Qi
(J/g) be the heat involved during a transition of this standard sample. If 4; be the area of the

transition peak (in puV-s), then the calibration factor Ki is given by:

K,.(yV/W):i.

1

1
— 2.4)
mi
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The unit of K;is ptV/mW and a functional relationship is determined by following polynomial
expression:

K=a0+alT+a2T2+a3T3+ ..... (2.5)

This calibration factor is used to convert the DSC signal into heat flow rates.

2.4.1.4. Heat capacity measurement using DSC

The “Classical” three step method is used to measure the heat capacity of the samples as a

function of temperature by DSC.

The “Classical” Three-Step Method

The method involves following three different steps:

(1) blank run, (2) calibration run and (3) sample run.
Blank run: In this step, the heat flow rate of the zero-line (®o) is measured. This is done by

measuring the heat flow rate as a function of temperature by means of two identical empty

crucibles with equal weight and similar material in the sample and reference sides.

Calibration run: A calibration substance or reference material of well-known heat capacity

(Cp)rer is loaded into the sample crucible, whereas the reference side crucible is empty. Using
the identical experimental conditions as for the blank run, the heat flow rate is measured. The

heat capacity of the reference material is calculated using the following expression:

Ch.ref ‘mref'ﬁ: K'@(T)'((Dref* CDQ) (2.6)

Sample run: The sample of interest is placed in sample crucible. Under the identical

conditions as in other runs, the heat flow rate of the sample material is calculated using the

following expression:
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Csample' msample'ﬂ = K(D(T) {q)sample— (Do} (2.7)

Now, using a simple comparison of the heat flow rates into the sample and into the calibration
substance, the specific heat capacity of the sample is calculated as shown in Fig. 2.9. The
following equation is used for the calculation of specific heat capacity of the sample. Here,

calibration factor K-®(T), need not be known:

Cp,sample _ {q)sample - Do} Myef,

2.8)
Cp,ref. {Dref, - Do } Mgample
4
T
TIME "
>
Blank
HF
Sample
Reference
TIME "

Fig. 2.9: The “classical” three-step method.

A typical three segment heating programme is used in each run. The first segment is an
isothermal segment at the initial temperature; the second segment is a dynamic segment with a
predefined heating rate and the final segment is another isothermal segment at the final
temperature of interest. At isothermal segments, heat flow rate from furnace to the sample is
zero whereas the moment dynamic heating segment starts, an exponential endothermic effect
is noticed owing to the flow of heat from the furnace to the sample and is proportional to the

heat capacity of the sample taken. During the dynamic segment, slope of the line signifies the
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variation of the heat capacity of the sample with temperature. Commonly, aluminium sample
pans are used for the sample and reference and are hermetically sealed with a pin hole on the
lid to ensure that the measurements are carried out under constant pressure condition.

For heat capacity measurements, the samples are generally taken in the form of a flat
disc similar to the standard material due to the following reasons:
a) To simulate the geometry of the calibration material and
b) To get a good thermal contact between the pan and the sample

¢) To eliminate any possible errors due to temperature gradient within the sample

A heat flux type differential scanning calorimeter, of M/s. Mettler Toledo GmbH (model
number DSC821e/700), Switzerland was used in the present study. The heat capacities of all
the samples in the present study in the temperature range 298-800 K were measured using this
instrument. Temperature calibration of the calorimeter was carried out prior to the sample
experiment using the phase transition temperature of NIST reference materials (Indium: Ttus =
429.748 K; Tin: Trs = 505.09 K; Lead: Trws = 600.62 K; Zinc: Trs = 692.71 K; Gold:
Trs = 1337.33 K). Heat calibration of the calorimeter was carried out by using the transition
heats of the above reference materials. For the determination of heat capacity, NIST synthetic
sapphire (SRM 720) in the powdered form was used as the reference sample material. Heat
capacities of all the samples were measured by the Classical three-step method in the

continuous heating mode.

2.4.2. Calorimetric techniques

Calorimetry is the method used to measure the heat or enthalpy changes associated with a
physical process or a chemical reaction. This heat change can be used to determine the

thermochemical properties of compounds. Calorimetry can be classified into two groups viz.
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(i) reaction calorimetry and (ii) non-reaction calorimetry. In reaction calorimetry, heat change
as a result of chemical reaction is measured whereas in non-reaction calorimetry, heat change
owing to a physical change is measured. Calorimetric measurements can be carried out under
constant pressure and constant volume conditions. While the heat measured under constant
pressure gives the change in the enthalpy of the system, heat measured under constant volume
gives the change in the internal energy of the system.

Calorimeter has three main variables viz. the temperature of the calorimeter (7¢), the
temperature of its surroundings (75s), and the heat change (Q). Based on these variables, there

are four different types of calorimeters, which are described below:

(a) Isothermal calorimeter in which 7. = Ts = constant. The heat change, Q, is measured

by measuring change in the physical property of some other material acting as surrounding to

the system being investigated e.g. ice calorimeter and diphenyl ether calorimeter [125].

(b) Adiabatic calorimeter in which Tc = T, but Tc and Ts vary. Physical or chemical

changes of the system change the temperature of calorimeter. In order to maintain 7c = T, a
measured quantity of heat is supplied either to the system or to the calorimetric block around
the system acting as surrounding. The compensated heat is the measure of heat change of the

system under investigation.

(¢) Heat flow calorimeter in which instead of measuring T, the heat flow between the
system and the surrounding due to temperature difference between them is measured. Initially
Tc and Ts same. Ts is kept constant but 7¢c varies because of the heat change in the calorimeter.
In this calorimeter there is a deliberate heat exchange between the system and the surrounding,

which is channelized through a thermopile. Thermopile develops a voltage difference due to
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this heat flow and the electrical signal due to this voltage difference is a measure of the heat
changes occurring in the system. A specific example of the heat flow calorimeter is the Calvet

calorimeter used in this study [126].

(d) Isoperibol calorimeter in which the surrounding is maintained at a constant

temperature, and the change in temperature of the system is monitored [127]. Heat exchange
between the system and the surrounding is prevented by thermally insulating the system. The
temperature variation of the system reflects the heat changes taking place in the system.

In the present work, an isoperibol and a heat flow calorimeter were used to measure the

heat of reaction and deduce their standard enthalpies of formation.

2.4.2.1. Isoperibol solution calorimeter

The enthalpy of reaction was measured using a TA Instruments Precision Solution Calorimeter

Model-2225 (isoperibol calorimeter) and TAM III thermostat (Fig. 2.10).

Stirrer
Heater

Ampoule
Thermistor

Fig. 2.10: Isoperibol solution calorimeter (TA Instruments Precision Solution Calorimeter)
with description of Pyrex-glass reaction vessel.
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The outer part of the calorimeter was a stainless-steel cylinder mounted in a TAM-III bath,
which consists of an oil bath with high temperature stability of + 1 uK. The actual calorimeter
involved a thin-walled 25 ml Pyrex-glass reaction vessel containing the solvent, fitted with a
thermister for measuring temperature and a heater for calibration and equilibration. The
resistance of thermister was measured using a Wheatstone bridge assembly, located in the
cylindrical backbone. The calorimetric reaction vessel was attached to the cylindrical backbone
which also contained motor for stirrer, which could hold the ampoule containing the sample
(solute). The smallest heat exchange with the environment during the reaction and the heat
arising from stirring were mathematically adjusted using the information obtained from the
baseline temperature changes before and after the chemical reaction. The calorimeter was
provided with a SolCal software program for experimental data acquisition, graphical data
presentation and data analysis. The temperature offset from the calorimetric bath was measured

as a function of time by SolCal program.

Electrical calibration:

The heat energy for electrical calibration during the experiment was supplied to the reaction
vessel with the help of heater. A known precision resistance (20 Q) was mounted in series with
the heater. By measuring the voltage across this precision resi stance, the actual value of current
passing through the heater could be determined. The actual current and the voltage were
multiplied to give the electrical power that was dissipated as heat inside the calorimetric vessel.
Chemical calibration:

The solution calorimeter was chemically calibrated by measuring the enthalpy of dilution of
KCI(s). For each experiment the water equivalent of the calorimeter was determined. The water
equivalent of the calorimeter was obtained by dividing the heat input to the calorimeter by the

corrected temperature change (C = Q/AT). The quantity of heat was determined by passing
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known amount of current for a fixed period through the electrical heater submerged in the
solution. The temperature rise of the calorimeter was measured by the thermister and system
was calibrated electrically before and after each reaction. The average value of the water

equivalent was used for the calculations of enthalpy of reaction.

2.4.2.2. Calvet oxide melt solution calorimeter

Calvet calorimeter (SETARAM, Model HT-1000) based on the heat flow principle is used to
measure the enthalpy of dissolution. The Calvet calorimeter is an isothermal calorimeter with
massive blocks of alumina to maintain constant temperature. A schematic layout of the Calvet

calorimeter is shown in Fig. 2.11.

Alumina Tube

Furnace Heater

Thermopile Crucible

Fig. 2.11: Schematic of Calvet solution calorimeter.

It consists of two identical cylindrical holes enclosed by identical Pt/Pt—Rh thermopiles capable
of detecting heat change. Two identical alumina tubes with one-end-close are placed in these
holes. The top ends of these alumina cells are connected to thermostatic dropping mechanism
where the samples are maintained at 298 K, using a water bath. The Pt/(Pt + 10% Rh)

thermopiles are connected in opposition to give a null signal when both cells are at the same
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temperature. However, as soon as heat is absorbed or released in one of the calorimetric cells
by dropping a sample, a net emf will generate. If the heat effect is of short duration, this emf
will rise quite fast and then decay exponentially to a near zero value in a period ranging from
20 to 40 minutes depending on the temperature and heat changes involved in the system.

The total area between the emf—time curve and the zero baselines are proportional to
the total heat effect associated with the process in the calorimeter. The electrical signal in
nanovolt range is amplified by a nanovolt amplifier, to read it on micro or millivoltmeter. Since
these amplified signals represent the instantaneous amount of thermal energy absorbed or
evolved due to reaction in one of the cells, the total energy over a given period of time can be
determined by integrating the signals over that time period.

The precision and accuracy of the temperature measurement of the calorimeter was
tested by determining the phase transition temperatures of NIST reference materials [128, 129]
(Indium: Tts = 429.748 K; Tin: Trs = 505.09 K; Lead: Trs = 600.62 K; Aluminium: Ttus =
660.1 K). The accuracy of calorimeter obtained by using enthalpy increment values of high
purity molybdenum (99.997 wt.%) and NBS standard synthetic sapphire (SRM-720) was better
than + 2%. The sensitivity factor of calorimeter can be determined by carrying out the caloric
calibration. Synthetic sapphire (SRM 720) was used as a standard reference material. In order
to calibrate the calorimeter, drop experiments using the single crystal rod of alpha alumina
were carried out at all individual experimental temperatures at which samples were
investigated. Alumina was dropped from the reference temperature (298 K) to the isothermal

zone of the calorimeter.

2.4.2.2.1. Preparation of molten PbO + B>O3 (2:1 molar ratio) solvent

The solvent was prepared by heating 2:1 molar mixture of perfectly dried Pb(NO3)2 (BDH,

reagent grade) and boric acid (BDH, reagent grade) in an ALLOY-690 container at 933 K.
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Pb(NO3)2 and boric acid decomposed to produce PbO and B203, forming a eutectic-mixture.
The melt was kept at 933 K for 3 h for homogenization. The entire mass was removed from
the ALLOY-690 container and grinded again to make uniform powder. The solvent powder
was characterized by chemical analysis and XRD techniques. The atom percent of Pb, B and
O obtained from the chemical analysis of the solvent were found to be 22.21 + 0.04,
22.23+£0.05 and 55.54 £0.08, respectively. No other chemical impurity was observed
from elemental analysis of the solvent mixture. Powder (PbO + B20s3, 2:1 molar ratio) from the

same lot was used as solvent in all reaction enthalpy measurements.

2.4.2.2.2. Enthalpy of dissolution measurements

10 g of PbO + B203 solvent was taken in each of the two identical platinum tubes which act as
a protective lining and having outer diameter matching exactly with the alumina reaction tube
for proper thermal contact. The reaction cell assembly was slowly lowered into the calorimeter
and it was programmed up to 1089 K at a heating rate of 0.5 K-min™! and maintained at 1089
+ 0.05 K during each drop experiment. The reaction tubes were equilibrated inside the chamber
for 12 h to attain a steady base line for heat flux signal. The slope of the base line of the
differential heat flow signal was nearly zero since the heat effects due to any small loss of the
volatile components are same in the sample and reference cells and thus, they were nullified.
Small pellets containing few milligrams of the reactants were dropped from room temperature
to the reaction cell containing liquid solvent maintained at 1089 K and the corresponding
enthalpy change was determined by integrating the heat flow signal with respect to time. The
time required for the completion of the reaction was determined by recording the heat flow
signal (J-g™!) for different time interval. The reaction time was concluded when a steady base
line was achieved and the reaction enthalpy obtained as a function of time converged into a

constant value. For each dissolution experiment the reaction time was determined and the heat
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flow signals recorded for the same time period for all experiments. Similarly, for each
experiment fresh solvent was used so that the similar dilution condition was maintained. The
amount of the reactant dropped into solvent was chosen in such a manner that the concentration
of La, M (M = Ca, Sr and Ba) and Th remained well below 1 atom percent. The infinite dilution
consition prevailing during the dissolution pracess was established by repeating the dissolution
experiments on a same lot of the solvent. The consistency in the values of the heat of reaction
per unit mass of the reactants was indicated the maintenance of infinite dilution condition

during the experimental measurements.

2.5. Computational Studies

2.5.1. Rietveld refinement of X-ray diffraction data

Rietveld refinement is a method used to refine the crystal structure which is a powerful method
for extracting comprehensive crystal structural information from X-ray. Rietveld method is
now extensively used in all branches of science that deal with materials at the atomic level. For
various compounds, it is not possible to grow single crystals that are sufficiently good for their
structure determination. In such cases, it is possible to refine the structure using powder data,
provided a sufficiently good starting structural model can be devised.

In a powder pattern, the information contained in the spatial distribution of the
reflections is missing. Only the single dimension of scattering angle remains and thereby makes
it difficult or sometimes even impossible to index the data. The Rietveld refinement is a
sophisticated solution to this problem since the refinement is made against the entire profile. It
is thus necessary to measure the entire profile accurately. The profile must be taken in small
steps of the scattering angle and considering all reflections which contribute to each step.

In late 1960s, Rietveld proposed a least-square method to analyze more complex

diffraction patterns, obtained from low-symmetry materials using a curve-fitting procedure.
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The least-squares refinement minimizes the difference between the observed and calculated
profiles, rather than individual reflections. In the first instance, this procedure was carried out
with constant wavelength neutrons, rather than X-rays, with a simpler shape of the Bragg
reflection profiles. The problem of the more complex peak shape was fixed by employing
alternative peak-shape functions, such as Lorentzian and pseudo-Voigt. The quality of a
Rietveld refinement is assessed by the calculation of an “R-factor”.

Some often-used numerical criteria of fit for Rietveld refinement are given by Young

[130] which are as follows:

R. = Z‘]’L 2 (Z (O)) B ]’L 2 (I(C) )‘ (R-structure factor) 2.9)

' 21 (i(0))

P Z‘IK (i(0))— I, (i(c))\ (R-Bragg factor) (2.10)
’ 21 (i)
_ R- 2.11
. Z Yoy = Yo (R-pattern) ( )
Zy i(0)
2w 2
= o) y;(c) (R-weighted pattern) (2.12)

R,
wp wa

Yito)

The ‘goodness of fit’ indicator is given as:

=R, [R =R, [[(N-P) Twr]

(2.13)

where, the weight, wi, is 1 / o’ v, ©) ]; N is the number of parameters being refined; P is

the number of observations.

The quantity minimized is the sum of the squares of weighted differences between the
measured and calculated values for each measured point on the profile that is used for least-

squares refinement. In this thesis, the observed X-ray powder diffraction patterns were refined
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using Rietveld method with the help of Fullprof-2k software program [131].

2.5.2. Thermodynamic relations
A knowledge of the heat capacity of a material as a function of temperature is the basis for

determination of thermodynamic quantities like enthalpy increment {H (T)—-H; (298 K)} ,

entropy {Sl‘f1 (T)-S:(0 K)} , Gibbs energy functions _ { G, (T)—-H,(298.15 K)} . These quantities
T

help in construction of thermodynamic tables. The {H (T)-HZ(298.15 K)} and
{ S°(T)-S.(0 K)} functions are calculated by numerical integration of the CZ(T) and
C;j (T)/T functions, respectively. These functions are constructed using polynomial fit of the

Cz(T) curve in small temperature ranges. The Gibbs energy function

_{G;(T)—H;(z%.ls K)

T } is calculated using the relation:

_ (G,Z(T)—H,?,(298.15)) :SO(T)_(H,Z(T)—H%(298~15)) (2.14)
T " T
T
Where; Hy(T)—Hyy(298.15) = [(Cy,,)dT 2.15)
298.15
0 o t C107 m(T)
4 Sn(T)=5;,(298.15) + j —pm T
an 298.15 r (2.16)

In order to make full use of the thermodynamic data, Gy,(7) should be evaluated which requires
a known value of Hy,(0 K). However, absolute value of Hy,(0 K) is difficult to determine or

calculate. Therefore, first Hy,(7) is calculated using the relation:
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Hy(T) = Aoz 15k + fzz;g.ls Com (DT (2.17)

The absolute value of Sy, (7) is calculated using the Sp,(0 K) = 0 and the relation (2.16). Now

G (T) can be calculated using the relation:
Gon(T) = Hy(T) - T-Spu(D) (2.18)

After calculation of all the thermodynamic functions, the values are tabulated at selected

temperatures. The thermodynamic functions which are usually tabulated in tables are: Cg,m(T),

Sm(D), Hy (1), G (1), Hy(T) - Hy, (298.15 K), @4,(7), AHE (T) and AGE (D).
A knowledge of the heat capacity of a material as a function of temperature is the basis
for determination of any thermodynamic quantity which helps in construction of

thermodynamic tables.

2.5.3. Computation of Phase diagram

The phase equilibria and the underlying thermodynamics is crucial for the understanding of
materials and their transformations under various conditions. For materials development, phase
diagrams are frequently described as roadmaps. The graphical representation of more than two
or three components by experiment is challenging and thereby limiting their usefulness.
Furthermore, phase diagrams of multi-component (four/more components) systems, are only
partially known. However, computational thermodynamics methods are helpful to fill these
gaps.

Although the general idea of calculating phase equilibria from the thermodynamics is
more than a century old [132], it took almost 50 years, before it was applied to the calculation
of a real system. In 1970, Kaufman and Bernstein [133], known as father of phase diagram,

provided the foundation for what today is known at the CALPHAD (CALculation of PHAse
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Diagrams) method. It was observed that the development of thermodynamic database was
essential along with computer program. The thermodynamic calculations of phase equilibria
have been developed during 1970s and 1980s [134] recognizing CALPHAD method as a
valuable tool for material development. Activities in Europe for the development of a common
database eventually resulted in the formation of SGTE (Scientific Group Thermodata Europe)
[135]. Dinsdale [136] compiled the reference data for the pure elements which are the
foundation of today's multicomponent databases. It is the strength of the CALPHAD method
which is currently the only method available for efficient calculations in multi-component,

multi-phase systems needed for practical applications.

Software and Databases

A variety of software packages are available for the calculation of phase diagrams. In the early
days of CALPHAD, available software was dominated by free source codes, such as
SOLGASMIX [137] or the Lukas programs [138]. First commercial software began to appear
shortly thereafter. Today a number of fully integrated, commercial software packages are
available, a few of the more well-known are:
i) MatCalc [139], ii)) MTDATA [140], iii) Pandat [141], iv) JMatPro [142], v) Thermo-Calc
[143] and vi) FactSage [144].

Some of these softwares integrate thermodynamic equilibrium calculations with the
simulation of kinetic processes, but basic calculation of equilibrium is based on minimization
of Gibbs energy is common to all. This study used FactSage software to compute various

properties of phosphate-based matrix.

FactSage software

FactSage began in 1976 as F*A*C*T—Facility for the Analysis of Chemical Thermodynamics
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and in 1984 the Centre for Research in Computational Thermochemistry (CRCT) was formed
and during 1990s F*A*C*T migrated to personal computers running in a Windows, as
operating system. In 2001, there was a fusion between F*A*C*T/FACT-Win and ChemSage
(formerly SOLGASMIX) resulting present FactSages software. Since then FactSage has
expanded into a fully integrated thermochemical software and database package that is being

used in worldwide.

CALPHAD-type databases

The FactSage software contains FACT Databases—FactPS, FToxid, FTsalt, FTmisc, FTOxCN,
FTfrtz and FTnucl databases. The CALPHAD method has been used in FactSage software to
obtain thermodynamic description of the phase through an optimization procedure, if the Gibbs
energy functions for a phase are not known, but their experimental phase equilibrium data or
thermodynamic properties exist. A consistent description of the phase diagram and the
thermodynamic properties are used to predict reliably the set of stable phases and their
thermodynamic properties. This method is based on a semi-empirical approach and sequential
modelling from simpler to complicated systems. Therefore, reliable experimental
thermodynamic and phase properties for unary and binary systems are necessary for reliable
prediction and assessment of higher order systems. Generally, the thermodynamic properties
of each phase are described with adjustable parameters in a mathematical model. The
parameters are evaluated by fitting all the information to the model. The thermodynamic
functions of solution phases are expressed as polynomials of chemical composition and
temperature. The numerical values of coefficients of polynomials are obtained by optimization
technique. Finally, thermochemical databases contain parameters giving the Gibbs energy, G,
of all compounds/solutions as a function of T, P and composition. This is a complete database

because all the other thermodynamic properties (H, Cp, m, etc.) can be calculated by taking the
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appropriate derivatives of G functions, for a given set of constraints such as temperature/ total

pressure/ total mass of each element.

Methodology of calculations of phase diagram

The Gibbs energy data of phases viz. REPO4 (RE = La, Nd, Sm and Gd), (LaixMx2Thx2)PO4
(0<x<1)(M=Ca, Sr and Ba) and Th4(PO4)2P207 (TPD) are not reported in the literature and

their database can be created by:

e Establishing a mathematical model for G(7, P, Composition) for each phase.

e Optimizing model parameters using all available thermodynamic and phase equilibrium
data such as activities, solubilities, vapour pressures, heat capacity, enthalpy of
formation and chemical potentials of co-existing phase ect. from the literature/
measured experimentally.

e Estimating properties of multi-component systems (ternaries, quaternaries,..) from the

generated database.

Finally, FactSage software calculates the equilibrium conditions by minimizing the total Gibbs
energy of the system. This is mathematically equivalent to solving all the equilibrium constant
equations simultaneously. Data are automatically extracted as required from the inbuilt and
created database. The phase diagram and plots of a wide variety of axes of Th-P-O system

(explained in Chapter 6) has been calculated using FactSage 7.2 software.

2.6. Chemical durability studies

Chemical leaching is one of the important properties which used to determine durability and

long-term stability of the glasses and ceramic materials. Several experimental test conditions
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have been proposed to determine the chemical durability and broadly they can be categorized
in two groups, viz. static and dynamic. Under static methods, ASTM - standard product

consistency test (PCT) is most commonly used.

Leach resistance test

In present study, the Product Consistency Test (PCT) as per the procedure described in ASTM-
C1285-02, was followed to measure the chemical durability of the ceramic matrix. In this
method, the sample is crushed and sieved to standard -100 to +200 mesh ASTM [145]. Powders
were washed and ultrasonicated three times in Ultra-High Quality (UHQ) water and acetone to
remove adhered fines. The powder was subsequently dried overnight. Particle surface area was
determined geometrically, based upon the measured density and assuming spherical particle
shape. A known quantity of powdered sample (~ 1 g) was placed into Teflon lined stainless

steel 304 L vessels with10 ml of UHQ water was added and sealed as shown in Fig. 2.12.

Fig. 2.12: Teflon-lined stainless-steel container used in leaching study.

Triplicate sample vessels and duplicate blanks containing UHQ only were placed in a 363 K
(1 K) oven and removed after 7 days. The clear leachate obtained after centrifugation was
used for measurement of pH as well as the concentrations of the leached elements using ICP-

AES technique.
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From the measured concentration of the element, the normalized elemental leach rate (NRi)

was determined as g-cm-d"! using the following equation:

Ci

NR; = £, x(SA/V) x t

2.19)

where Ci = the concentration of i element in the leachate (ug/cm?), fi = the mass fraction of
the i element in sample (unit less) calculated from batch composition as taken, SA= the
calculated surface area of the sample considering their spherical geometry (cm?), V= the

volume of leachant (cm®) and t = the duration of leaching (day).
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CHAPTER-3

THERMODYNAMIC
INVESTIGATIONS OF RARE EARTH
ORTHOPHOSPHATES
REPO+ (RE = La, Nd, Sm and Gd)
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3.1. INTRODUCTION

Monazite mineral (light rare earth orthophosphates, REPO4) present in nature shows high
radiation stability and chemical durability. Materials based on monazite mineral have been
proposed as potential host matrices for safe immobilization of long-lived radionuclides arising
due to the reprocessing of spent nuclear fuel [146]. The prediction of the long-term durability
and chemical reactivity of REPO4 in the geological repository conditions require accurate
determination of their thermodynamic parameters such as Gibbs energy data, which can be
evaluated from their standard molar enthalpy of formation values. The present study
contributes towards the important thermodynamic function of the phosphate-based compounds.
The work also provides an additional support for the existing knowledge of long-term stability
of the monazite waste matrices. Despite the wide interest, their thermodynamic data is limited
and scattered in the literature [147-159]. The thermodynamic data need to be measured using
different methods to select the true value. The solution calorimetry offers an effective
methodology for the determination of standard molar enthalpies of formation for different
crystalline materials. In the present work, an isoperibol solution calorimeter has been used to
perform a systematic study on synthetic monazite phases viz. REPO4 (RE = La, Nd, Sm and
Gd) in order to determine their standard molar enthalpy of formation. Subsequently, a
correlation between the measured enthalpy of formation and ionic radii of the rare earth
elements was drawn. The thermodynamic stabilities of these orthophosphates were assessed

for the development of a stable host matrix and discussed.

3.2. EXPERIMENTAL
3.2.1. Material Synthesis

3.2.1.1. Synthesis of rhabdophane phase, REPO4+nH:0(s) (RE = La, Nd, Sm
and Gd)
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Solution route was used for the preparation of hydrated rare earth orthophosphates
(rhabdophane phase) using aqueous solutions of lanthanum (III) chloride, neodymium (III)
chloride, samarium (III) chloride and gadolinium (III) chloride from M/s Sigma Aldrich,
99.99% purity and ammonium dihydrogen phosphate from M/s Alfa Aesar, 99.99% purity.
Solutions of known concentration of these (RECl3(aq.)) (RE = La, Nd, Sm and Gd) and
NH4H2POa4(aq.) were thoroughly mixed in 1:1 molar ratio at room temperature which resulted
in precipitation of their respective rhabdophane phases, REPO4+nH20 (RE = La, Nd, Sm and
Gd), where n = water of hydration. The resulted precipitates were filtered, thoroughly washed
with double distilled water, dried under Infra-red (IR) lamp and stored under inert atmosphere

for further studies.

3.2.1.2. Synthesis of monazite phases, REPQO4(s) (RE = La, Nd, Sm and Gd)

The rhabdophane phases, REPO4nH20 (RE = La, Nd, Sm and Gd) precipitated at room
temperature were used as a precursor for the preparation of their corresponding anhydrous rare
earth orthophosphates i.e. monazite phases, REPO4 (RE = La, Nd, Sm and Gd). The precipitates
were kept in a sintered alumina boat, placed inside a muffle furnace and heat treated in a
controlled manner under air atmosphere. The temperature of furnace was raised to 673 K to
remove the volatile species. The resultant powders were ground, calcined at 1073 K for 6 h and
compacted into pellets by applying uniaxial pressure of 500 MPa using hardened steel die and

plunger. The pellets so formed were then finally heated at 1473 K for 10 h in air atmosphere.

3.2.2. Characterization methods

3.2.2.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was carried out employing Netzsch STA 409 PC,

NETZSCH-Geratebau GmbH, Germany instrument. The description of the TGA technique is
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provided in Section 2.3.5 of Chapter 2. This technique was used to quantitatively ascertain the
water of crystallization in precursor materials such as rare earth chlorides and ammonium
dihydrogen phosphate prior to the synthesis of rhabdophane phases. The method is also used
to determine the extent of hydration of the room temperature rhabdophane phases viz.
REPO4+nH20 (RE = La, Nd, Sm and Gd). The thermograms obtained for all precursors and
corresponding precipitated products were recorded at a heating rate of 2 K-min™! under 20

ml-min’! flow rate of argon gas.

3.2.2.2. X-ray diffraction (XRD)

The products were characterized using X-ray diffraction technique by recording room
temperature diffraction data on Stoe, Germany, X-ray diffractometer with monochromatic
CuK, radiation (A= 1.5406 A) and a nickel filter. The XRD patterns were recorded in the 20
range from 10° to 80° with a step width of 0.02°. For determination of the structural parameters,
diffraction pattern was recorded in the 20 range of 10-100° with step size of 0.01° with a
counting time of 5 s at each step. The detailed description of the XRD technique is given in
Section 2.3.2 of Chapter 2. The observed diffraction data was analyzed using Fullprof-2000
Rietveld refinement program [160] in which peak profile was fitted with Pseudo-Voigt profile
function and U, V, W parameters were refined. The computational details are given in Section

2.5.1 of Chapter 2.

3.2.3. Solution calorimeter

The enthalpy of precipitation of rhabdophane phases were measured using isoperibol solution
calorimeter at room temperature. The detailed description of the calorimeter is provided in
Section 2.4.2 of Chapter 2. A known quantity (10-20 mg) of rare earths chloride as solute were

taken inside an ampoule which was then placed inside a 25 ml reaction vessel containing 0.02
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mol-dm= NH4H2POs(aq.) as a solvent. The whole assembly was then placed inside a solution
calorimeter kept at 298 K. The temperature of the calorimeter was continuously recorded as a
function of time. The molar ratio of solute to solvent present in calorimetric vessel was more
than 1:2500 to ensure infinite dilution condition. The reaction was commenced by breaking the
ampoule containing solute inside the reaction vessel. Using the thermistor secured inside the
reaction vessel, an instantaneous change in temperature was measured which correspond to the
enthalpy of reaction resulted due to the precipitation of rhabdophane phase of rare earth
phosphates. The enthalpy of reaction was calibrated electrically before and after each
precipitation reaction as shown in Fig. 3.1. The methodology was applied for all rhabdophane
phases, REPO4+-nH20 (RE = La, Nd, Sm and Gd) to determine their enthalpy of precipitation
at room temperature. The measured enthalpy of precipitation was used for the calculation of

standard molar enthalpy of formation of rhabdophane and monazite phases.
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Fig. 3.1: Schematic plot of ampoule breaking inside reaction vessel.

3.3. RESULTS & DISCUSSIONS
3.3.1. Thermogravimetry analysis (TGA)

3.3.1.1. Rare earth chlorides, RECl3.nH>O(s) (RE = La, Nd, Sm and Gd)
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The observed thermograms of rare earth chlorides are given in Fig. 3.2 (a-d). It could be
observed that the hydrated rare earth chlorides decompose in three successive steps in the

different temperature ranges with varying moles of water of crystallization.

of .
() LaCl3.7H,0(s) oF (b)NdCl3.6H,0(s)

-5} sl
< -10p ©
< s -10f
= _15} ‘:;
g 20 F
] < L
= 250 -

30k -25

35 -30

40 =35

320 340 360 380 400 420 440 300 325 350 375 400 425 450
T/K T/K

=
=l
T

() SmCl3.6H,0(s) ] (d)GdCl3.6H,0(s)

'
o
'
o
T

—
>
U

—

=
T

Mass loss /%
D
2 o

Mass loss /%
o

20}
-25 -25
301 =30
-35 a " " s a . N -35 N e N
300 325 350 375 400 425 450 300 325 350 375 400 425 450
T/K T/K

Fig. 3.2: Thermal dehydration of (a) LaCl3.7H20(s), (b) NdCI3.6H20(s), (c¢) SmCl3.6H20(s)
and (d) GdCI3.6H20(s).

(a) Dehydration of LaCls.7H;0: The dehydration takes place in three temperature intervals
viz. 347-379 K, 382-394 and 396-407 K with 19.6 %, 9.9 % and 4.9 % mass loss
respectively. The 19.6 % mass loss in the first step is attributed to loss of four water
molecules. In the same way, 9.9 and 4.9 % mass loss observed in second and third steps
correspond to the loss of two and one water molecules, respectively. The observed steps

of dehydration of LaCl3.7H20 can be written as:

LaCls.7H20(s) = LaCls.3H20(s) + 4H20(g) 3.1)
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LaCls.3H20(s) = LaCls.H20(s) + 2H20(g) (3.2)

LaCls.H20(s) = LaCls(s) + H20(g) 3.3)

(b) Dehydration of NdCl3.6H;0, SmCl3.6H>;0 and GdCl3.6H:0: The observed dehydration
of NdCl3.6H20, SmCI3.6H20 and GdCl3.6H20 took place in nearly similar temperature
range viz. 340-370 K, 372-395 K and 398-416 K. The mass loss corresponds to these
temperature ranges are roughly 10 %. Each mass loss step is equivalent to two water
molecules. The observed steps of dehydration of NdCl3.6H20, SmCl;.6H20 and

GdCI3.6H20 can be generally written as:

RECL.6H20(s) = RECLs.4H20(s) + 2H20(g) (where, RE = Nd, Sm and Gd)  (3.4)
RECI.4H20(s) = RECl3.2H20(s) + 2H20(g) (3.5)

RECL.2H>0(s) = RECls(s) + 2H20(g) (3.6)

3.3.1.2. Ammonium dihydrogen phosphate (ADP), NH4sH2POu(s)

From Fig. 3.3, it is observed that no water of crystallization was present in ammonium
dihydrogen phosphate (ADP) though a continuous mass loss starting from 473 K was noted.
The continuous mass loss could be ascribed to the melting process and decomposition of ADP
sample. The ADP sample decomposed to orthophosphoric acid, H3POa4, with evolution of
ammonia gas. H3POs transformed to pyrophosphoric acid, H4aP207 with loss of a water
molecule. The pyrophosphoric acid then converted to metaphosphoric acid, HPOs followed by

P20s. The thermal decomposition of ADP can be represented according to the following

reactions:
NH4H2PO4(s) = H3PO4(1) + NH3(g) 3.7
2H3PO4(1) = H4P207(1) + H20(g) 3.9)
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HaP>07(1) = 2HPOs(1) + H20(g) (3.9)
2HPO5(1) = P>0s (g) + H20(g) (3.10)

Thermogram also shows that mass is practically zero at 825 K which indicates that ADP sample

totally decomposes into gaseous products at this temperature.
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Fig. 3.3: Thermal decomposition of NH4H2POa(s).

3.3.1.3. Rhabdophane phase (REPO4nH;0 (RE = La, Nd, Sm and Gd)
The thermal decomposition of different rhabdophane products were carried out from room
temperature to 823 K. The thermograms showed different degree of dehydration of

rhabdophane products and the observed plots are given in Fig. 3.4.
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Fig. 3.4: Thermal decomposition of hydrated rhabdophane phases.
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The plot shows that the water of crystallization in the rhabdophane phase varied from 0.8-0.55
viz. LaPO4-0.8H20(s), NdPO4:0.75H20(s), SmPO4-0.65H20(s) and GdPO4-0.55H20(s). The
water of hydrations measured in the present study are found in reasonable agreement with that
of reported data [147, 161]. Shelyug et al. [147] carried out extensive studies on hydrated rare
earths phosphates and their reported values were ranged from 0.804 (La) to 0.533 (Gd).

Whereas values reported by Mesbah et al. [161] were varied from 0.6 to 1.0 mole of water.

3.3.2. X-ray diffraction (XRD)

XRD plots of the monazite phases are well matched with that reported pattern of LaPOa(s)
(JCPDS file no: 83-651), NdPOa(s) (JCPDS file no: 83-654), SmPOa(s) (JCPDS file no: 83-
655) and GdPOu4(s) (JCPDS file no: 83-657) [162]. The results of the refined structural
parameters using Rietveld analysis of a representative monazite phase i.e. LaPOs which
crystallizes in monoclinic lattice with P2:/n space group. The Rietveld plot of LaPOs is given

in Fig. 3.5 and its refined structural parameters are provided in Table 3.1.
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Fig. 3.5: Rietveld plot for LaPOa.
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Table 3.1: Refined structural parameters of LaPOu(s).

Sample LaPOy
a®(A) 6.8396(2)
b*(A) 7.0792(2)
c(A) 6.5088(2)
B2(°) 103.271(2)
Va(A3) 306.71(2)
p*(g.cm?®)  5.065(2)
u? 0.075(1)
va -0.087(2)
Wwe 0.051(1)
12 3.54

Rp 12.7

Rwp 15.3

Rexp 7.27

2The numbers in the parenthesis represent the standard uncertainties.
"Density was estimated using the formula: p = (Z-M) / (V-Nj)
Where, p = density in g-cm™

Z = No. of formula units per unit cell

M = Formula weight of the compound in g-mol!

V = unit cell volume in cm?

Na = Avogadro number in mol!

3.3.3. Solution calorimeter

The enthalpy of precipitation (AH,) of hydrated rhabdophane phases were measured for the

following chemical reaction:

REC13'XH20(S) + NH4H2PO4(aq,) = REPO4'HH20(5) + NH4C1(aq,) + 2'HC1(aq,) + (X—H)'HzO(]) (3.1 1)

where, RE= La, Nd, Sm and Gd; x (water of crystallization in chloride precursors) = 7 (La), 6
(Nd, Sm and Gd); n (water of crystallization in thabdophane phases) = 0.8 (La), 0.75 (Nd),
0.65 (Sm) and 0.55 (Gd). The measured values of the enthalpy of reaction using isoperibol

solution calorimeter at 298 K are given in Table 3.2.
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Table 3.2: Enthalpy of reaction® data using solution calorimeter experiment for LaCls.7H,O(s),

NdCl3.6H,0(s), SmCl;.6H,0(s) and GdCl;.6H,O(s) in solution of NH4H2POa(aq.)" at 298 K.

Reactants Sample wt. Q¢  AH.(298 K)¢ Mean AH,;
/mg /J /kJ.mol! /kJ.mol!
LaCls.7H:0) 19.7 1.024 19.3 AH.,
+ 17.9 1.084 22.5 20.1x1.5
Soln A 19.4 1.029 19.7
20.3 1.006 18.4
18.6 1.032 20.6
NdCL:.6H:0) 10.3 0.359 125 AH.,
+ 9.8 0.284 10.4 11.4+0.8
Soln A 11.6 0.372 11.5
11.9 0.358 10.8
10.5 0.348 11.9
SmCl;.6H:0, 115 0.192 6.1 AH.,
+ 11.7 0.154 4.8 5.4+0.6
Soln A 10.8 0.166 5.6
12.5 0.199 5.8
12.3 0.162 4.8
GdCI3.6H:0(s)  10.6 0.202 7.1 AH.,
+ 12.2 0.223 6.8 7.2+0.6
Soln A 12.4 0.250 7.5
11.1 0.197 6.6
10.8 0.235 8.1

2The heat effect associated to precipitation reaction.

525 ml of solvent was used in each ampoule break experiment.

°The heat effect correspond to the dissolution of solute.

dExpanded uncertainties for AH with 0.95 level of confidence (k = 2).

Standard molar enthalpy of formation, AH¢,, was calculated for the rhabdophane phases viz.
LaPO4-0.8H20(s), NdPO4-0.75H20(s), SmPO4-0.65H20(s) and GdPO4-0.55H20(s) using the
measured enthalpy of precipitation, AH, and other auxiliary thermodynamic data from the
literature employing suitable thermochemical cycles based on the Hess's law. The
thermochemical cycles are given in Tables 3.3-3.6. The corresponding values of enthalpy of
formation are -1959.7+3.0, -1950.0+2.9, -1951.842.8 and -1945.842.8 kJ-mol!, respectively.
The standard molar enthalpy of formation of rare earth orthophosphates (AHY onazite) ViZ.

LaPOau(s), NdPOa(s), SmPO4(s) and GdPOu(s) is determined using the calculated standard
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molar enthalpy of formation of corresponding rhabdophane phases (AH? ) and the enthalpy

involved in the dehydration (AH genyq) of rhabdophane to monazite phase. The enthalpy of

following dehydration reaction has been calculated from the results of Shelyug et al. [147].

REPO4+1nH>Os thab) = REPOu(smonazitey + n-H20q) (3.12)

The standard molar enthalpy of formation of monazite phases (AHfmonasiee) are calculated
employing a thermochemical reaction schemes given in Tables 3.3-3.6 . The calculated
enthalpy of formation values of LaPOu(s), NdPOu(s), SmPOa(s) and GdPOa4(s) are -1962.9+3 4,

-1949.2+3.4, -1942.4+3.2 and -1935.2+3.1, respectively.

Table 3.3: Thermo-chemical reaction scheme for standard molar enthalpy of formation of
LaPO4'O.8H20(s,rhab) at 298 K.

AHf oy = AHn + AH + AH>+ AH3 - AH4 - 2:AHs + AHe - AH7 - 2-AHs

AI_I(f),monazite = A]-I(f),rhab + A[—]?,dehyd

Reactions AH; AH, /kJ.mol!
LaC13.7H20(S) + NH4H2PO4(aq,) = LaPO4'0.8H20(S,rhab) + AH. 20, lil.Sa’b
NH4Cl(ag)+ 2-HClaqyt+ 6.2-H20q)
Lag) + 3/2-Clyg = LaCls) AH, -1071.1%1.50163
LaClsg) + 7-H2O0q) = LaCl3. 7H,O AH, -106.9+1.3116%
1/2-Nag) + 3-Ha(g) + P(s) + 2:O2¢g) = NH4H2P Oy AH; -1452.5+1 21164
1/2:Na(g) + 2-Hag) + 1/2-Clye) = NH4Cly) AH, -314.9+0.30164
1/2-Hag)+ 1/2-Clyg= HCl) AH:s -92.3+0.1114
NH4HPO4) = NH4H,POuag) AHs 16.3+1.201%4
NH4Cls) = NH4Clag) AH; 14.7+0.011164
HClg= HClaq,) AHg -74.8+0.0111%4
La(s) + P(s) + 2'Oz(g) + 0.8'H20(1)= LaPO4'0.8H20(S,rhab) AH(f),rhab -1959.743.0°¢
LaPO40.8H2Os rhab) = LaPOu(s monazite) + 0.8-H20q) AH gehya  -3.21.511%7
Lags) + P(s) + 2:On(e) = LaPOu(s.monaite) AHY monazite -1962.9£3.4¢

aBxpanded uncertainties for AH with 0.95 level of confidence (k = 2); ®This work; “Uncertainty of the combined
reaction is estimated as the square root of the sum of the squares of uncertainty of each individual reaction.
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Table 3.4: Thermo-chemical reaction scheme for standard molar enthalpy of formation of
NdPO4-0.75H20 rmaby at 298 K.

AH{ oy = AH2+ AHo+ AHi0+ AH\1 - AH12 - 2:AH13+ AHia - AHis - 2:AHe

A]_I(f),monazite = AI—I?,rhab + AI_I?,dehyd

Reactions AH; AH,. /kJ.mol!
NdCl3.6H20¢) + NH4H2PO4(aq) = NdPO40.75H20 s rhavy + AHo 11.4+0 8>
NH4C1(aq,)+ 2'HC1(aq,)+ 5.25'H20(1)
Ndgs) + 3/2:Clyg) = NdClsg) AHo -1041.0+1.5'63)
NdC13(s) + 6'H20(1) = NdCl3.6H20(s) AHo -118.6+1.6M°
1/2'N2(g) + 3'H2(g) + P(s) + 2'02(g) = NH4H2PO4(S) AH, -1452.5+1 .2[164]
1/2-Nag) + 2-Hag) + 1/2-Clag) = NH4Cls) AHh, -314.9+0.30164
1/2-Hag) + 1/2-Clyg) = HClyy AH3 -92.3+0.111%4
NH4H2PO4(S) = NH4H2PO4(aq‘) AHi4 16.3+1 .2[164]
NH4Cls) = NHyClag) AH;s 14.7+0.01164
HCl(g) = HCl(yq) AH;s -74.8+0.011164
Nds)+ Py + 2:O2g)+ 0.75-H200= NdPO4:0.75H20 s rhab) AH(f),rhab -1950.0£2.9°
NdPO4:0.75H20s shaby = NAPOus monazite) + 0.75-H20 AH jehyd 0.8+1.8147
Nd() + Pes) + 2-Oa(g) = NdPOugs monazite) AHS pmonazite -1949.2+3 4¢

2Expanded uncertainties for AH with 0.95 level of confidence (k = 2); ®This work; “‘Uncertainty of the combined
reaction is estimated as the square root of the sum of the squares of uncertainty of each individual reaction.

Table 3.5: Thermo-chemical reaction scheme for standard molar enthalpy of formation of
SmPO4'0.65H20(S,rhab) at 298 K.

AHS oy = AHw3 + AH17+ AH1s+ AH19 - AH20 - 2:AH>1 + AH22 - AHb3 - 2-AHoa

A[—I(f),monazite = AIi?,rhab + AI_I?,dehyd

Reactions AH; AH,. /kJ.mol
SmCl3.6H20¢s) + NH4H2PO4aq) = SmPO4:0.65H2Os havy + AH.s 5 440,62
NH4Clag)+ 2-HClaqyt+ 5.35-H20¢
Smys) + 3/2:Clae) = SmClss) AHy; -1025.9+1.5!1631
SmCls) + 6-H2O1 = SmCl3.6H2Os) AHig -129.5+1.41163)
1/2'N2(g) + 3'H2(g) + P(s) + 2'Oz(g) = NH4H2PO4(S) AH -1452.5+1 20164
1/2-Nag) + 2-Hag) + 1/2-Clag) = NH4Clys) AH> -314.9+0.3164
1/2-Hyg) + 1/2-Clyg = HClg AHy, -92.3+0. 1164
NH4H2PO4(S) = NH4H2PO4(aq‘) AH>» 16.3+1 .2[164]
NH4Cls) = NH4Cl(aq) AH>; 14.7+0.011164
HCl(g = HClaq) AHoy -74.8+0.011164
Smgs) + Ps)+ 2:Oz(g) + 0.65-H200= SmPO4:0.65H20s rhav) AHErhab -1951.842.8°
SmPO4'0.65H20(5,rhab) = SmPO4(s,m0nazite) + 0.65‘H20(1) AH?,dehyd 9.4:|:1.6[147]
Smys) + Psy + 2:Oe) = SMPOu(s monazite) AHS onazite  -1942.4+3.2¢

aExpanded uncertainties for AH with 0.95 level of confidence (k = 2); ®This work; “‘Uncertainty of the combined
reaction is estimated as the square root of the sum of the squares of uncertainty of each individual reaction.
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Table 3.6: Thermo-chemical reaction scheme for standard molar enthalpy of formation of
GdPO4'0.55H20(S,rhab) at 298.15 K.

AHS oy = AHra+ AHps + AHre + AH27 - AHbs - 2:AH29 + AH30 - AH31 - 2:AH3»

A[—I(f),monazite = AIi?,rhab + AI_I?,dehyd

Reactions AH; AH, /kJ.mol!
GdCl3.6H20(s) + NH4H2POuaq) = GAPO4:0.55H20 s havy +

NHiCliag)+ 2-HCluq )+ 5.45-H200, At 72406
Gds) + 3/2-Cla) = GdClsg AH>s -1008.3+1.5'%%
GdClsg) + 6:-H2O@) = GACl3.6H2O s AH»s -142.9+1 41163
1/2-Nag) + 3-Hagg) + Pes) + 2:O2e) = NH4H2P Oy AH»; -1452.5+1.20164
1/2-Nag) + 2-Hag) + 1/2-Clag) = NH4Clys) AH>s -314.940.311%4
1/2-Hyg) + 1/2-Clyg = HCl g AH>o -92.3+0. 11164
NH4H2POyi) = NH4H2POuaq) AH3 16.3+1.21164
NH4Cls) = NHyClag) AH;; 14.7+0.011%4
HCl(g) = HClag) AH3, -74.8+0.011164
Gd)+ P+ 2:029) + 0.55-H200= GAPO4:0.55H20¢s shav) AHE b -1945.842.8°
GdPO4:0.55H20 s thab) = GAPO4(s monazitey + 0.55-H20( AH gehya  10.6+1.317)
Gds) + P(s) + 2:02¢) = GAPOxs monaite) AHY ponazite -1935.243.1°

*Expanded uncertainties for AH with 0.95 level of confidence (k = 2); ®This work; “‘Uncertainty of the combined
reaction is estimated as the square root of the sum of the squares of uncertainty of each individual reaction.

3.4. DISCUSSIONS

The standard molar enthalpy of formation, AHf nonazite 0f LaPO4(s), NdPO4(s), SmPO4(s) and
GdPOa4(s) were compared with the data reported in the literature [147-159] and provided in
Table 3.7. The enthalpy of formation of REPO4(s) (RE = La, Nd, Sm and Gd) from their

constituent oxides i.e. AHY ,,(REPOa4,s,298 K) are calculated using the following relations:

1/2-RE205(s) + 1/2-P205(s) = REPOu(s) (3.13)

AHY o (REPO4,5,298 K) = AHY(REPO4,5,298 K) — 1/2-AH}(RE203,5,298 K)
— 1/2-AH(P205,1,298 K) (3.14)

The enthalpy of formation, AH{ . (REPO4,5,298 K) (RE = La, Nd, Sm and Gd) determined in

the present work was compared with that reported in the literature [147-159].
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The AH?,(REPO4,5,298 K) values are plotted against ionic radii of trivalent rare earth ion in

nine-fold coordination viz. La*" (1.216 A), Nd*" (1.163 A), Sm** (1.132 A) and Gd**(1.107 A)

[165] and given in Fig. 3.6.
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Fig. 3.6: Comparison of enthalpy of formation, AH{,, of REPOs (RE = La, Nd, Sm and Gd)
from their constituent oxides.

Shelyug et al. [147] measured the enthalpy of formation of rhabdophane and monazite phases
using high temperature calorimeter with molten sodium molybdate (3Na20-4MoOQOs3) as a
solvent at 973 K (for all lanthanides except praseodymium) and lead borate (2PbO-B203) at
1073 K (for praseodymium). Using the data reported by Gausse et al. [166], the author
determined a complete set of thermodynamic data for the rhabdophanes. Neumeier et al. [148]
determined the enthalpy of formation of LaPOu(s), GdPO4(s) using molten 3Na20-4MoO3 as a
solvent in a platinum crucible in the calorimeter at 973 K. In contrary a difference of ~ 80

kJ-mol! was observed to data reported by Yungman et al. [149].

Ushakov etal. [150] and Helean et al. [151] reported enthalpy of formation of LaPOa4(s),

NdPOu4(s), and SmPO4(s) using oxide melt solution calorimetry at 975 K performed in sodium
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molybdate (3Na20-4Mo0O3) solvents at 975 K. Enthalpy of formation value of REPOa(s) (RE
= La, Nd, Sm) were also recalculated by Popa et al. [152] using experimental results of Helean
et al. [151]. Poitrasson et al. [153] derived AHF(NdPO4,s,298.15 K) from the temperature
dependent solubility data and Wood & Williams-Jones [154] also derived this value from their
solubility data. Williamson et al. [155] also reported the estimated enthalpy of formation value
at 298.15 K for LaPOu(s) and NdPOu(s). Cetiner et al. [156] derived the enthalpy of formation
of LaPOa(s), NdPOa4(s), and SmPO4(s) from the temperature dependence of the solubility of
these phosphates. Marinova and Yaglov [157] derived AH{(298.15 K) of LaPOu(s), NdPOu(s),
and SmPOu4(s) from solubility products and estimated entropies of REPOu(s) (RE = La, Nd,
Sm). Marinova et al. [158] measured the enthalpy of formation of LaPQOa(s) using
LaCl3+H3PO4 reaction calorimetry. Ousoubalyev et al. [159] also reported enthalpy of

formation of LaPOu(s), NdPOa(s), and SmPOu(s) by calorimetry.

The comparison plot of REPO4 (RE = La, Nd, Sm and Gd) in Fig. 3.6 shows that their
AH¢  values determined using oxide melt solution calorimeter [148, 150, 152] is lower than
that of the present study. The standard molar enthalpies of formation, AH¢,, of REPO4 (RE =
La, Nd, Sm and Gd) showed the same trend with those reported by Ushakov et al. [150] and

Neumeier et al. [148].

The data reported in different studies showed the similar trend i.e. the values of
AHEOX(REPO4,S,298 K) (RE = La, Nd, Sm and Gd) increases as the ionic radii of the trivalent
rare earth ion in nine-fold coordination decreases. This revealed that more amount of heat is
released on the formation of one mole of LaPOa(s) than that of NdPOa(s), SmPOu4(s) and
GdPOu4(s) from their constituent oxides. This could be attributed to the fact that, substituting
Sm?* for Gd*" stabilizes the structure by presumably better satisfying the bonding requirements

of the RE*-site in REPO4. This stabilization effect may continue until the RE**-site ion
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becomes too large and begins to destabilize the structure. As there is no trivalent ion with ionic
radii greater than La’" available, the eventual destabilization of the REPOu structure is
experimentally not attained. Hence, LaPOa(s) exhibit thermodynamically the most stable
structure than other rare earth phosphates and hence most suited for being used as a stable host

matrix for immobilization of long-lived radionuclides.

3.5. CONCLUSIONS

The present work has described the synthesis of rhabdophane phase, REPO4-nH2O (RE = La,
Nd, Sm, Gd; n= 0.8 — 0.55) and monazite phase, REPO4 (RE = La, Nd, Sm and Gd). The water
of crystallization in rare earth chlorides, ammonium dihydrogen phosphate and rhabdophane
phases have been determined using thermogravimetry analysis. Thermogravimetry results of
rare earth chlorides, RECl3.xH20(s) (RE = La, Nd, Sm and Gd) show the presence of water of
crystallization. The dehydration of rare earth chlorides occurs in successive steps with varying
moles of water of crystallization. Thermogravimetry analysis of rhabdophane phases,
REPO4+nH20 (RE = La, Nd, Sm and Gd) reveal different extent of water of crystallization viz.
LaP0O4:0.8H20(s), NdPO4-0.75H20(s), SmPO4:0.65H20(s) and GdPO4-0.55H20(s).

XRD plots of the monazite phases, REPO4 (RE = La, Nd, Sm and Gd) are well matched
with that reported patterns in diffraction database. The refined structural parameters using

Rietveld analysis for LaPO4 are presented and it found to crystallize in monoclinic lattice.

Standard molar enthalpies of formation, AHY,, are calculated for the rhabdophane
phases viz. LaPO4:0.8H20(s), NdPO4-0.75H20(s), SmPO4:0.65H20(s) and GdPO4-0.55H20(s)
and the corresponding calculated values are -1959.7+3.0, -1950.0+£2.9, -1951.842.8 and
-1945.8+2.8 kJ-mol!, respectively. Whereas, the values for enthalpy of formation of LaPOa(s),

NdPO4(s), SmPO4(s) and GdPOs(s) are determined to be -1962.9+3.4, -1949.243.4,
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-1942.443.2 and -1935.2£3.1, respectively. A correlation has been drawn between the
measured enthalpy of formation with the ionic radii of the rare earth elements. The values of
AHY ,(REPO4,5,298 K) (RE = La, Nd, Sm and Gd) are found to decrease with the ionic radii
of RE*" ion in nine-fold coordination and the value found to be most negative (i.e. exothermic)
for LaPO4. Hence, LaPOu(s) is found to be thermodynamically most stable structure than other
rare earth phosphates and can be considered as a stable host matrix for immobilization of long-
lived radionuclides.

The study provided supporting results for the long-term stability of the monazite waste
matrices. This study also demonstrates successful application of the calorimetric technique for
measuring enthalpy of formation of ceramic crystalline materials and also elucidates energetic
trends in rare earth phosphates. The formulated thermochemical cycle suggested in this study
for rare earth phosphates can be employed for measurement of enthalpy of formation of other

relevant actinide phosphates.
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CHAPTER-4

THERMODYNAMIC
INVESTIGATIONS OF CHARGE-
COUPLED SUBSTITUTED MONAZITE
SOLID SOLUTIONS
(LaixMx,:Thyx2)POs (0<x<1)

(M = Ca, Sr and Ba)
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4.1. INTRODUCTION

As the thermodynamic studies in previous chapter outlined that synthetic monazite LaPOs4, has
the most negative enthalpy of formation i.e. most thermodynamically stable matrix and could
be considered as the host matrix for the disposal of long-lived minor actinides. The substitution
of these actinides into the synthetic monazite matrix results in the formation of monazite-
cheralite solid solution. Thermodynamic investigations of monazite-cheralite solid solution
would provide a fundamental understanding and insight into their stability and reactivity.
Further, reliable thermodynamic data on these solid solutions are required to predict their long-
term stability in order to use them as nuclear waste host matrices. Despite being one of the
most suitable matrices for the nuclear waste disposal, information on thermodynamic
properties of monazite-cheralite phosphate solid solutions are relatively scarce. A few
experimental thermodynamic data are available for trivalent rare earth substituted monazite
solid solution [167-170]. The thermodynamic data are even more limited in case of actinide
substituted monazite solid solutions [171, 172]. This necessitates a thorough investigation on
thermodynamic properties of such solid solutions.

In this chapter, synthesis, characterization and thermodynamic investigations of charge-
coupled i.e. (M?*, Th*") (M = Ca, Sr and Ba) substituted monazite-cheralite solid solutions are
reported. The mechanism for the charge-coupled substitution of trivalent lanthanides with
divalent and tetravalent radionuclides is described in Section 1.10.2. The resulted solid solution
have general formula (Lai-«Mx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba). The specific heat
capacity (Cg), the standard enthalpy of formation (AHf,05 k), Gibbs energy of formation and

other thermodynamic parameters for the solid solutions are determined and discussed.

4.2. EXPERIMENTAL

4.2.1. Material Synthesis
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Solid state synthesis route was used for the preparation of (LaixMx2Thw2)POs (0 < x < 1)
(M = Ca, Sr and Ba) solid solutions. In this method, stoichiometric amounts of La203
(M/s Sigma Aldrich), CaCOs (M/s Sigma Aldrich), SrCO3 (M/s Sigma Aldrich), BaCO3 (M/s
Sigma Aldrich), ThO2 (NFC, Hyderabad) and ammonium dihydrogen phosphate NH4H2PO4
(M/s Alfa Aesar) are mixed thoroughly in an agate mortar. The mixed powders were heated at
a heating rate 5 K-min! up to 973 K and equilibrated for 10 h. The samples were then
homogenized, pelletized and further heated at 1500 K for 12 h and program cooled to room

temperature.

4.2.2. Characterization methods

The elemental analyses of the solid solutions were carried out using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) for the reactants and sintered products. The
description of the ICP-AES technique is provided in Section 2.3.1 of Chapter 2.

The sintered samples of (LaixMyx2Thw2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) solid
solutions were analyzed by X-ray diffraction (XRD) technique using a Stoe, Germany, X-ray
diffractometer with monochromatic CuK radiation (A = 1.5406 A) and a nickel filter. The
XRD patterns were recorded in the 20 range from 10° to 80° with a step width of 0.02°. The
observed X-ray powder diffraction patterns were refined using Rietveld method with the help
of Fullprof-2k software program [173] in which peak profile was fitted to Pseudo-Voigt profile
function and U, V, W parameters were refined. The background parameters were adjusted with
sixth order polynomial and with an appropriate scale factor. The detailed description of the
XRD technique is given in Section 2.3.2 of Chapter 2.

The specific heat capacity, Co(7) of the solid solutions were measured in the
temperature range of 300-800 K with a heating rate of 7.5 K-min"! using a pre-calibrated Mettler

Toledo Differential Scanning Calorimeter (DSC I) under the flow of high purity argon gas.
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Classical three-step method viz., blank, sapphire and sample run in a step heating mode was
employed for measuring the heat capacity of each sample. The description of the technique and
the classical three-step method is provided in Section 2.4.1 of Chapter 2. About 100 mg
quantity of each sample of (LaixMx2Thx2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) solid solutions
was taken in a sealed 40 pl Al pan crucible for the heat capacity measurement and
independently measured twice. For each experiment four consecutive measurements were done
and the average of the last three superimposing DSC curve were considered for the calculation
of heat capacity for the sample.

Standard molar enthalpy of formation,AH? ,(298.15 K) of (Lai-«Mx2Thw2)POs (0 < x <

1) (M = Ca, Sr and Ba) solid solutions were determined from the enthalpy of dissolution, AH
data of each composition in molten PbO + B203 (2:1 molar ratio) solvent at 1089 K. Enthalpy
of dissolution was measured using a high temperature Calvet calorimeter (Setaram, Model HT-
1000). The enthalpies of dissolution of the constituent oxides viz. La;03, CaO, SrO, BaO and
ThO2 were also measured using similar technique. Details of the solvent preparation and
dissolution studies are described in Section 2.4.2 of Chapter 2. A fresh solvent was used for
dissolution of each composition and component oxides.

Microstructure analysis of the quenched PbO + B20s (2:1 molar ratio) solvent of
calorimeter containing (Lao.4Sro3Tho3)PO4 solute was carried out using Scanning Electron
Microscope (SEM) to investigate the dissolution and distribution of the solute in the molten
solvent. The microscope was operated at 20 kV potential. Prior to recording the micrographs,
the surface of quenched solvent sample was sputter-coated with a thin layer of gold (~10-
15 nm) in order to avoid charging interference during measurements. Image was taken in back
scattered electron (BSE) mode (solid state back scattered electron detector). Energy dispersive
spectroscopy (EDS, 80 mm?, silicon drift detector) was used for X-ray dot mapping of

elements. The detailed description of the technique is given in Section 2.3.4 of Chapter 2.
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4.3. RESULTS & DISCUSSIONS

4.3.1. Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
The elemental analyses of (LaixMx2Thx2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) samples were

carried out using inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The

results of the analysis for the reactants are tabulated in Table 4.1 and for the sintered products

in Table 4.2.

Table 4.1: Specifications of chemicals used for the synthesis.

Initial Mole 1 inal ,
Chemical Source Fraction Mole Analysis
. Fraction  Method
purity .
purity
Lay0O; M/s Sigma Aldrich ChemieGmbh, Germany 0.9996 ICP-AES
CaCO; M/s Sigma Aldrich ChemieGmbh, Germany 0.9998 ICP-AES
SrCO; M/s Sigma Aldrich ChemieGmbh, Germany 0.9997 ICP-AES
BaCOs3 M/s Sigma Aldrich ChemieGmbh, Germany 0.9996 ICP-AES
ThO, NFC, Hyderabad 0.9998 ICP-AES
NH;H,POs  M/s Alfa Aesar, Germany 0.9997 ICP-AES
71O, M/s Johnson, Matthey & Co. Ltd 0.9995 ICP-AES

Table 4.2: Elementary composition of (Lai-«Mx2Thx2)PO4 (0 < x < 1) (M = Ca, Sr and Ba)
compounds determined using ICP-AES? analysis.

M

Composition La (M = Ca/Sr/Ba) Th P/(La+M+Th)
(Lal-xcax/ZThx/Z)PO4 (0 <x< 1)
LaPO4 1.00+0.01 1.0140.01

(Lao.s5Cao.075Tho.o75)PO4  0.85£0.01  0.074+0.001  0.076+0.001 1.06+0.02
(Lag.75Cao.125Tho.125)PO4  0.75£0.01  0.123+0.002  0.127+0.001 1.04+0.01
(Lag6Cag2Tho2)PO4 0.61+0.01 0.19+0.01 0.20+0.01 1.06+0.01
(Lag.4Cag3Tho3)PO4 0.39+0.02 0.29+0.02 0.32+0.01 1.07+0.02
(Lag25Cag375Tho375)POs  0.25+0.01  0.374+0.001  0.376+0.001 1.01+0.01
(Lao.15Cao425Tho425)PO4  0.15+£0.01  0.427+0.001  0.423+0.002 1.02+0.01
Cap5ThosPOg4 - 0.35+0.01 0.35+0.01 1.0440.02

(La1Sry2Thy2)POs (0 <x < 1)

(Lag.0S10.0sTho.05s)PO4 0.89+0.01 0.05+0.01 0.06+0.01 1.07+0.01
(Lag sSro.1Tho, 1)PO4 0.79+0.01 0.10+0.01 0.11+0.01 1.01+0.01
(Lag.7Sr¢.15Tho.15)PO4 0.71£0.01 0.14+0.01 0.15+0.01 1.06+0.01
(Lag 6Sr0.2Tho2)PO4 0.61+0.01 0.19+0.01 0.20+0.01 1.02+0.01
(Lag.sSro.25Tho25)PO4 0.49+0.01 0.26+0.01 0.24+0.01 1.01+£0.01
(Lag.4Sr0.3Tho3)PO4 0.39+0.01 0.31+0.01 0.30+0.01 1.09+0.01
(Lag3Sr0.35Tho 35)PO4 0.31+0.01 0.35+0.01 0.34+0.01 1.04+0.01
(Lap2Sr0.4Tho 4)PO4 0.19+0.01 0.40+0.01 0.41+0.01 1.08+0.01
(Lao.1Sr0.45Tho.45)PO4 0.11+0.01 0.44+0.01 0.45+0.01 1.03+£0.01
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Sro.sTho sPO4 - 0.49+0.01 0.51+0.01 1.01+0.01

(LarBay,Thy:)POs (0 < x < 0.3,x=1)

(Lag.00Bag.osThoos)POs  0.91+0.01 0.05%0.01 0.04+0.01 1.084+0.02
(LaolgBa()JTho, 1HPO4 0.79+0.01 0.11+0.01 0.10+0.01 1.05+0.01
(Lao‘70Bao‘15Tho_15)PO4 0.69+0.01 0.16+0.01 0.15+0.01 1.03+0.01
BagsThysPO4 - 0.49+0.01 0.51+0.01 1.0240.02

aThe standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence), u(La)
=0.01, u(Sr) = 0.01, u(Th) = 0.01 and u(P/(La+Sr+Th)) = 0.01. Here, u(clement) represents the standard
uncertainty.

4.3.2. X-ray diffraction (XRD)

XRD profiles for (LaixMx2Thx2)POs (0 < x < 1) (M = Ca, Sr and Ba) samples are given in
Figs. 4.1-4.6. XRD data showed that the compositions for M = Ca and Sr form homogenous
regular solid solutions in the entire composition range and crystallized in monoclinic structure.
Whereas, the Ba bearing compositions form regular solid solutions only in the composition
range 0 < x < 0.3. At higher substitution (x > 0.3), thorium rich phase was found to separate

out.

(a) (Lal-xcax/ZThx/Z)P04

x=1

Intensity / a.u
=
1l
o
(=2
=]

10 20 30 40 50 60 70
20 /degree

Fig. 4.1: XRD patterns of (LaixCax2Thy2)PO4(x =0, 0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1) solid
solution.
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Fig. 4.2: Exaggerated view of the portion of XRD pattern in which solid line has been used to

show the shift in peak position with variation in composition.
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Fig. 4.3: XRD patterns of (Lai-xSrxw2Thy2)PO4 (x =0, 0.2, 0.4, 0.6, 0.8, 1) solid solution.
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Fig. 4.4: Exaggerated view of the portion of XRD pattern in which solid line has been used to
show the shift in peak position with variation in composition.
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Fig. 4.5: XRD patterns of (Lai+Bax2Thx2)PO4(x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1) solid solution.
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Fig. 4.6: Exaggerated view of the portion of XRD pattern showing phase separation beyond
x=0.3.

The unit cell parameters a, b and c in the composition range (Lai-xMx2Thy2)PO4 (0 < x < 1)
(M = Ca, Sr and Ba) are found to systematically vary with increase in (M>*, Th*") (M = Ca, Sr
and Ba) coupled substitution. It indicates that the monoclinic monazite crystal has a wide range
of solubility for charge coupled substitution (M?*, Th**) (M = Ca, Sr and Ba). The variation of
lattice parameters as a function of mole fraction of Mo.5ThosPO4 (M = Ca, Sr and Ba) is given
in Figs. 4.7-4.9. The measured unit cell parameters of (Lai-+Cax2Thy2)PO4 (0 < x < 1) at room
temperature are well matched with that reported by Konings et. al. [171] and the comparison

in the values areshown in Fig. 4.7.
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Fig. 4.7: Variation of unit cell parameters of (Lai-xCax2Thx2)PO4 (x =0, 0.15, 0.25, 0.40, 0.60,
0.75, 0.85, 1) samples; (@) present study; (0) Konings et al. [171].

7.2F
b
o 7.0} .\'\’\'\o\.
~
b3} a
= —
13) -
6.8} = = -— .
g
3]
S
S
66
c
.g A A A A A A
b=
<
- 6.4
6.2 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction (x) of St - Th PO,

Fig. 4.8: Variation of unit cell parameter of (Lai-xSrx2Thy2)PO4 (x = 0, 0.2, 0.4, 0.6, 0.8, 1)
samples.
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Fig. 4.9: Variation of unit cell parameter of (Lai+Bax2Thy2)PO4 (x =0, 0.1, 0.2, 0.3) samples.
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The unit cell parameters of (Lai-xMy2Thx2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) solid solutions
were fitted to a first order linear equation with respect to mole fraction of MosThosPOa
(M = Ca, Sr and Ba) and the fitted linear equations 4.1—4.12 are given below:

For (LajxCax2Thy2)POs (0 <x<1):

a(A) = 6.839(4) — 0.138(7)x @.1)
b(A) =7.073(2) - 0.165(4)x 4.2)
c(A) = 6.511(4) — 0.098 (3)-x 4.3)
V(A) =306.9(4) — 18.8(7)x 4.4)

For (La1-xSrx2Thy2)PO4s (0 < x < 1):

a(A) = 6.833(4) — 0.042(6)-x (4.5)
b(A) =7.071(2) — 0.059(7)-x (4.6)
c(A) = 6.505(4) — 0.002(5)-x @.7)
V(A) =306.5(3) — 5.4(4)-x (4.8)

For (Lai«Ba,2Th,2)PO4 (0 < x <0.3):

a(A) = 6.839(1) + 0.055(4)-x (4.9)

b(A) = 7.078(1) + 0.036(6)-x (4.10)
c(A)=6.510(1) + 0.11(1)x @.11)
V(A) =306.7(1) + 9.2(7)-x 4.12)

In (Lai-xMx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) solid solutions, Th*" and M?* (M = Ca,
Sr and Ba) ions are randomly substituted at La’" ion lattice sites. As the average ionic radii of
(Ca*", Th*") (1.135 A) and (Sr?>", Th*") (1.2 A) couple in nine fold co-ordination was less than
that of La>" ion (1.216 A), it was observed that with increase in coupled substitution of these
pairs, the lattice parameters were decreased [174], whereas the average ionic radii of (Ba?",
Th*") couple (1.28 A) in nine fold co-ordination was more than that of La*" ion, thus it resulted
in increase of the lattice parameters on substitution of (Ba®*, Th*") couple as shown in
Figs. 4.1-4.6. The XRD data were refined using Rietveld refinement method for various
compositions of (Lai+Mx2Thy2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) solid solutions. The derived
cell parameters and the refined structural parameters for the different solid solutions are listed

in Tables 4.3—4.5.
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Chapter 4: Thermodynamic investigations...

The lattice parameters and densities for LaPO4 measured in the present work have been

compared with the reported values in Table 4.6 and found to be in good agreement.

Table 4.6: Comparison of lattice parameters viz. a, b, ¢, unit-cell volume (V) and density (p)
of LaPO4 and (Mo.5Tho.s)PO4 (M = Ca, Sr and Ba) at 298 K and pressure of 101.325 kPa® with
that of the reported data in literature.

Compound aP (A) b’ (A) c? (A) Vb (A3 p"(g.cm?)
LaPO4
This work® 6.8399(2) 7.0794(2) 6.5087(2) 306.74(2)  5.063(3)

Neumeicr et al. [168]  6.8421(1)  7.0782(1)  6.5121(1)  306.94(3)  5.060(5)
Gavrichev etal. [175]  6.841(3)  7.0653)  6.503(2)  305.91(2) 5.077(3)
Mullicaetal. [176]  6.825(4)  7.057(2)  6.482(2)  303.93)  5.120(4)
Ushakov etal. [177]  6.8242(6) 7.0792(5) 6.4919(6) 305.58(5)  5.082(8)
Cao5ThosPO4

This work® 6.7073(2)  6.9136(2) 6.4134(2) 288.92(1)  5.310(2)
Raison et al. [178] 6.7085(8)  6.9160(6) 6.4152(6) 289.16(1)  5.306(1)
Popa et al. [179] 6.7066(10) 6.9149(8)  6.4137(8) 289.3(1)  5.303(1)
Hikichi et al [180] 6.681 6.926 6.421 288.4 5.320
Rose [181] 6.708 6.914 6.409 288.7 5.314
Podor and Cuney [182] 6.706 6.918 6.417 289.3 5.303
Montel et al. [183] 6.714 6.921 6.424 290.0 5.291
Sro_sTho_5P04

This work® 6.7909(1)  7.0129(2)  6.5045(1) 301.14(2)  5.619(1)
Keskar et al. [184] 6.8011(2)  7.0229(2) 6.5143(2)  302.52(1)  5.594(2)
Bao.sThosPO4

This work® 12.8012(2) 5.4376(2) 9.4611(3) 643.59(2) 5.771(2)
Wallez et al. [185] 12.8053(7) 5.4400(3) 9.4636(5) 644.2(1)  5.766(1)

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 4500 Pa (0.997 level of confidence).
"The numbers in theparenthesisrepresent the standard uncertainties.
“Density was estimated using the formula: p = (Z-M) / (V-Na)
Where, p = density in g-cm
Z = No. of formula units per unit cell
M = Formula weight of the compound in g-mol’!
V = unit cell volume in cm?
Na = Avogadro number in mol™!

Rietveld refinement plots of representative compositions viz., LaPOs, (Lao.75Ca0.125Tho.125)PO4,
Cao.5Tho.sPO4, (Lao.sSro.2Tho.2)PO4, Sro.sTho.sPO4, (Lao.7Bao.15Tho.15)PO4s and Bao.sTho.sPO4 are
shown in Figs. 4.10—4.16. The results indicate that the above compounds belong to monoclinic

crystal structure.
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Fig. 4.10: Rietveld plot for LaPOa.
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Fig. 4.11: Rietveld plot for (Lao.75Cao.125Tho.125)POs4.
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Fig. 4.12: Rietveld plot for CaosTho.sPOa.
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Fig. 4.13: Rietveld plot for (Lao.cSro2Tho2)POa.
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Fig. 4.14: Rietveld plot for Sto.5ThosPOa.
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Fig. 4.15: Rietveld plot for (Lao.7Bao.1sTho.15)POa.
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Fig. 4.16: Rietveld plot for Bao.sTho.sPOa.

VESTA program [186] is used to draw the crystal structure of a representative composition i.e.

(La0.4Sr03Tho3)PO4 given in Fig. 4.17 using Rietveld data as the input parameters.

9:0 1

o y .

© <@
dd

Fig. 4.17: Crystal structure of (La0.4Sro.3Tho.3)PO4 using VESTA program [186].

From the crystal structure of (Lao.4Sro.3Tho.3)PQs, it can be observed that in solid solutions, La**

ion is randomly substituted by either Sr** or Th*" ion resulting in the formation of (Sr,Th)Oo¢

polyhedra. It can also be noted that Sr*>" and Th*" ions form a regular solid solution in the entire

composition range in conformity with the Vegard’s law.
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4.3.3. Heat capacity measurements

Heat capacity, CS(T) measurements for Laj«Mx2Thy2PO4 (0 < x < 1) (M = Ca, Sr and Ba)
samples were carried out in the temperature range 300—800 K at a heating rate of 7.5 K-min™.
The DSC data has been validated using the heat capacity values of high purity ZrO2

(monoclinic) as shown in Fig. 4.18 and the measured data has been given in Table 4.7. The

expected uncertainty in measured heat capacity values is less than 4%.

0.65
Z10,(m)
— 0.60F —=m— Lit. data [187
% —e— Exp. data[ : -
i
o0
’:‘ 0.55
3 o
)
R 0501 '
=
0.45 ",l

300 350 400 450 500 550 600 650 700 750 800
T/K

Fig. 4.18: Comparison of specific heat capacity of ZrO:z as a function of temperature with

literature data [187].

Table 4.7: Experimentally observed data for specific heat capacity of ZrOx.

G’ "u(Gy°) G’ u(G°)
T/K /J-g K / J-gl K! T/K /J-g K / J-glK!
313 0.46 0.02 573 0.56 0.02
333 0.48 0.02 593 0.57 0.02
353 0.49 0.01 613 0.57 0.02
373 0.50 0.02 633 0.58 0.02
393 0.51 0.02 653 0.58 0.02
413 0.52 0.02 673 0.59 0.01
433 0.52 0.01 693 0.59 0.02
453 0.53 0.02 713 0.59 0.02
473 0.54 0.02 733 0.60 0.02
493 0.54 0.01 753 0.60 0.02

513 0.55 0.02 773  0.60 0.02
533 0.55 0.02 793 0.61 0.02
553  0.56 0.01 800 0.61 0.02

2The standard uncertainty in heat capacity u(Cp®).
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The measured heat capacity values of LaPO4 and CaosTho.sPO4along with that reported in the
literature and estimated values using Neumann—Kopp rule in the temperature range of 298—800
K are shown in Fig. 4.19 and Fig. 4.20, respectively. In both the cases, the observed deviation
in the heat capacity values of the compounds from Neumann-Kopp rule could be due to the
difference in co-ordination number of the metal cations in the constituent oxides compared to

that in LaPO4 and Cao.5Tho.sPOa.

0.8
0.7
i
4 0.6
-
o0
= 0.5
~
N —u— This work
~ 0.4}
o™ —e— Thiriet et al. [188]
Q —A— Gavrichev et al. [175]
03¢ —v— Neumann—Kopp rule
—&— Popa et al. [189]
0.2

100 200 300 400 500 600 700 800
T/K
Fig. 4.19: Comparison of specific heat capacity of LaPO4as a function of temperature.

0.8
—B— Ca) 5Th( 5PO4(s)-This work
—8— Ca) 5Th( 5POy(s) by Popa et al. [179]
0.7 —A— Neumann—Kopp rule
&
-
&n
- 0.6
~
—~
N
Ny
o005
Q
0.4

300 350 400 450 500 550 60O 650 700 750 800
T/K
Fig. 4.20: A comparison of specific heat capacity of Cao.sTho.sPO4 with that reported by author
[179].

The heat capacity data of LaPO4 measured in this study are in good agreement (within +2.0 %)

with the reported values by Gavrichev et al. [175], Thiriet et al. [188] and Popa et al. [189].
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The heat capacity data of Cao.sThosPOs measured in this study has been compared with the
reported values by Popa et al. [179]. It is apparent from Fig. 4.20 that the measured data deviate
from that of the reported values at higher temperature.

However, the maximum deviation from the reported data is about 7%. This deviation
will hardly affect the values of standard molar enthalpy of formation and standard molar free
energy of formation of the compounds. This deviation can be attributed to the difference in
techniques used to measure the heat capacity of CaosTho.sPOa. In the present study, the heat
capacity was measured using DSC in a dynamic mode whereas Popa et al. [179] have carried
out the measurements using drop calorimetry.

The experimentally measured specific heat capacity of (Lai-+Cax2Thy2)POs (x =0, 0.15,
0.25, 0.40, 0.60, 0.75, 0.85, 1), (LaixStx2Thw2)POs (x = 0, 0.2, 0.4, 0.6, 0.8, 1) and
(La1«xBay2Thy2)PO4 (x = 0, 0.1, 0.2, 0.3; x = 1) solid solutions are respectively shown in
Figs. 4.21-4.23. Heat capacity data of (Lai-xMx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) solid
solutions are the mean values of three measurements for each sample. The error derived from

the mean standard deviation for the measurements of each sample is less than 2 %.

——
0.70| —=—LaPO,
—8—(La,,Ca,,, Th,, )PO,

0.85~<0.075

0.65} —A— (Lau.75cau,lsthu.xzs)Po4
—v— (La,Ca,,Th, )PO,

——(La, Ca,,Th, )PO,

0475037 N0y

0~60'—<—(La Ca, Th PO

0.25 03757 " 0.37: 4

—b— (La,.Ca, ,,Th, ,,)PO,

015~ “0.425

I —8—Ca,,Th PO

05 4

CouT)/ Jelxl
S =
z &

S

'S

n
T

0.40+

300 350 400 450 500 550 600 650 700 750 800
T /K
Fig. 4.21: Variation of specific heat capacity of (LaixCax2Thy2)PO4 (x =0, 0.15, 0.25, 0.40,

0.60, 0.75, 0.85, 1) solid solutions as a function of temperature.
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—=—1.aPO,
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Fig. 4.22: Variation of specific heat capacity of (LaiSrx2Thy2)PO4(x =0, 0.2, 0.4, 0.6, 0.8,

1) solid solutions as a function of temperature.

—=—LaPO,
0.65F _o
(LaO49Ba0405Th0405)P04
—A— (La, Ba, Th, PO,
0.60F R
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Fig. 4.23: Variation of specific heat capacity of (LaixBay2Thw2)PO4 (x =0, 0.1, 0.2, 0.3; x=

1)solid solutions as a function of temperature.

The plots of the specific heat capacity for the intermediate compositions suggest that the heat

capacity for the solid solutions is not a simple function of (Ca, Th) and (Sr, Th) content and the

heat capacity is not compositionally weighted heat capacities of the constituent oxides [190,

191]. Xiao et al. [192] have also reported similar trend in the heat capacity values for the solid

solutions. Konings et al. [171] also observed the excess heat content in Lni—2:Ca,ThiPO4

(Ln= La, Ce) solid solutions arising due to substitution using drop solution calorimetry
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measurements. The experimental values of specific heat capacity of (LaixMx2Thyx2)PO4 (0 < x
<1) (M=Ca,Srand Ba) solid solutions were least square fitted to a +b-7+ ¢-T*? polynomials.

Where coefficients a, b, and c are constants and ‘7" is absolute temperature. The values of

coefficients a, b, and c in the temperature range 298-800 K are given in Table 4.8.

Table 4.8: Coefficients of specific heat capacity of (Lai-«xMx2Thy2)POs (0 <x < 1) (M = Ca, Sr
and Ba) samples as a function of temperature (298 < 7/K < 800) at a pressure of 101.325 kPa?.

C‘)p / J'g-l'K-l
a b-104 -c

Composition

(Lal.xCax/zThx/z)PO4 (0 <x< 1)

LaPO4 0.4528 24 9497

(Lao.s5Ca0.075Tho.075)PO4 0.4117 3.0 8443

(Lao.75Cao.125Tho.125)PO4 0.4340 2.5 9616

(Lao.sCao2Tho.2)PO4 0.4628 23 10720
(Lao.4Ca0.3Tho3)PO4 0.4482 2.7 9618

(Lao.25Ca0.375Tho.375)PO4 0.4354 2.2 9088

(Lao.15Ca0.425Tho.425)PO4 0.4725 1.9 11376
Cao.5Tho.sPO4 0.4086 3.3 8518

(Laj+Sry2Thy2)POs (0<x < 1)

(Lao.sSro.1Tho. HnPO4 0.4599 2.6 8447
(La0.6Sr0.2Tho.2)PO4 0.4071 2.8 5272
(La0.4Sr0.3Tho3)PO4 0.3975 2.6 4675
(La0.2S1r0.4Tho.4)PO4 0.4074 2.7 6755
Sro.5Tho.sPO4 0.4529 1.4 7614

(La1.sBa,2Thyz)PO4 (0 < x < 0.3, x = 1)

(Lao.9Bao.osTho.os)PO4 0.4734 1.8 10941
(Lao.sBao.1Tho. 1HPO4 0.4859 1.4 11852
(Lao.7Ba0.15Tho.15)PO4 0.4601 1.6 11789
Bao.sThosPO4 0.4303 1.4 8264

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

4.3.4. Enthalpy of dissolution (AH,,) measurements

Standard molar enthalpy of formation, AH?,(298 K) of (Lai«Mx2Thy2)PO4 (0 < x < 1)

(M = Ca, Sr and Ba) compositions were derived from the molar enthalpy of dissolution, AH
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data of each of these compositions together with their component oxides viz., LaxO3, MO
(M = Ca, Sr and Ba), ThOz and P20s in molten PbO+B203 (2:1 molar ratio) solvent maintained
at 1089 K. The details of the experimental measurements have been described in Section 2.4.2

of Chapter 2.

Since P20s is highly hygroscopic and reactive material, the value of molar enthalpy of
dissolution of P2Os was therefore, obtained indirectly by means of a separate thermo-chemical
cycle using enthalpy of dissolution of Ca3(PO4)2. Table 4.9 gives the thermo-chemical cycle

for derivation of standard molar enthalpies of dissolution of P20s5s,298).

Table 4.9: Thermo-chemical cycles for calculation of standard molar enthalpy of dissolution®
(AHds) of P20s from temperature 298K (7t) to temperature of solvent® 1089 K (7%s) at pressure
P=101.325 kPa".

AHys(P20s)= AH1+ AH> - 3AH3 - 3AH4- AHs

Reactions AH; AH /kJ-mol!
Ca3(PO4)2(s, 298x) = 3CaO0s1n, 1089k) T P205(s1n, 1089K) AH, = AHy[Ca3(POs)2] 358.9+0.8%¢
3Cas, 208K) + 2Ps208) + 400(g, 20sx) = Cas(POs)aisp0sk)  AH,= AHP[Caz(PO4)2]  -4120.845.001%%

CaOs, 208x) = CaOsin, 1089K) AH;= AHy(Ca0) -8.442.0%¢

Cags, 208k) T 1/2-O2(g, 2081y = CaOs, 298) AH, = AH?(CaO) -635.140.91%3
2P(s, 208k) T 5/2:Ong, 208x) = P2O0s(s, 208) AHs5 = AH}(P>Os) -1504.9+0.51%!
P20s¢s, 2081) = P2Ossin, 1089K) AH 44(P2Os) -326.5+8.3f

2The heat effect associated to dissolution of solid at 7t in 10g of PbO + B,0;3 (2:1 molar ratio) at 7s.

10g of PbO + B,0; (2:1 molar ratio) was used as solvent.

¢Standard uncertainties u are u(p) = 5000 Pa, u(7r) = 0.5 K, u(75)=0.05 K.

YExpanded uncertainties for AH with 0.95 level of confidence (k = 2).

°This work.

fUncertainty of the combined reaction is estimated as the square root of the sum of the squares of uncertainty of
each individual reaction.

Since CaO, SrO and BaO are difficult to handle in ambient conditions, their molar enthalpy of
dissolution was determined using the enthalpies of dissolution of CaCO3, SrCO3 and BaCOs3
and other auxiliary data from the literature employing a separate thermo-chemical cycle given

in Table 4.10.
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Table 4.10: Thermo-chemical cycles for calculation of standard molar enthalpy of dissolution®
(AHds) of MO (M = Ca, Sr and Ba) from temperature 298K (7t) to temperature of solvent® 1089

K (Ts) at pressure P =101.325 kPa®.
AHis(MO) = AHas(MCO3) + AH o (MCO3) - AH298-1089(CO2)

Reactions AH; AH /kJ-mol’!
CaCOs3(s,298 K) = CaOqsin, 1089 K) + CO2(s1n,1089 K) AH, = AH4(CaCOs) 209.341.2d«
SrCO3(s,298 K) = SrOsin, 1089 K) + CO2(s1n, 1089 K) AH>= AH4(SrCO3) 220.142.74¢
BaCO3(s,298 k) = BaOgsin, 1089 K) + CO2s1n,1089 K) AH;= AHy(BaCOs) 219.941 .44

CaOs,298 K) + CO2(g298 k) = CaCO3(s298 K)
S1rOs,298 k) + CO2(g,298 K) = SrCO3(5,298 K)
BaOs,298 k) + CO2(g,298 k) = BaCO3s, 298 K)

AHs= AH},,(CaCOs3)
AHs= AHEOX(SI‘CO3)
AHg= AHEOX(B&ICO3)

-178.8+1.611%
-234.3+1.811%31
-269.2+1.61%3

CO2(g,298 K) = CO2(sn, 1089 K) AH7= AHhos.105(CO)  38.911%3]
CaOs,298 k) = CaOgsin, 1089 K) AHg= AHg4(CaO) -8.4+2.0f
S1rOs,298 K) = SrO¢sin, 1089 K) AHy= AH4(SrO) -53.1+3.2f
BaOgs,298 k) = BaOsin, 1089 ) AH 0= AHy(BaO) -88.2+2.1f

*The heat effect associated to dissolution of solid at 7t in 10g of PbO + B,O; (2:1 molar ratio) at 7s.

°10g of PbO + B,0s (2:1 molar ratio) was used as solvent.

°Standard uncertainties u are u(p) = 5000 Pa, u(7r) = 0.5 K, u(7s) = 0.05 K.

dExpanded uncertainties for AH with 0.95 level of confidence (k = 2).

°This work.

fUncertainty of the combined reaction is estimated as the square root of the sum of the squares of uncertainty of
each individual reaction.

The values of molar enthalpy of dissolution (AHds) of relevant oxides, carbonates and
phosphates in molten PbO+B203 (2:1 molar ratio) solvent at 1089 K measured in this study

were compared with the literature values under similar condition are given in Table 4.11.

Table 4.11: Comparison of enthalpy of dissolution (AHas) values of relevant oxides, carbonates
and phosphates with that reported in literature by different authors.

AHgs/kJ-mol™!

Compounds 973-978 K 1073-1078 K 1080 KI1°% 1089 K'
La203 -42.34+4.4%194 _30.914+0.61[197] -45.940.4¢
ThO» 08.141.711981 98.240.6
CaCOs3 209.51+1.64 209.3£1.2
SrCO3 226.76£2.35  220.1£2.7
BaCO3 209.941.7195] 219.9+1.3
CaO -21.4+1.93[196] -7.08+2.31 -8.442.0
SrO -58.542.0%[194] -44.934+2.99 -53.143.2
BaO -91.5+1.901%3] -88.242.1
P20s -326+1.21077 -326.54£8.3
Cas(POs)2  347.4%4.9017] 358.940.8
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LaPOg4 141.70+1.250177] 131.4+1.0
CaTh(POa4):2 255.344.41179] 279.6£1.6
'This work.

2Calculated from heat content and enthalpy of solution.
3Calculated from AHgsand AH;of corresponding carbonates.

The only noticeable difference is the heat of dissolution of La>xO3, where our value -45.9 £ 0.4
kJ.mol™! differs with literature value i.e. -30.91 £ 0.61 kJ.mol"!. The reason for the difference
could be due to dissimilar experimental conditions. The fact that our value is more negative
indicates absence of any impurity phase like lanthanum oxycarbonate, as decomposition of
oxycarbonate would have contributed to the endothermic effect. The enthalpy of dissolution of
ThO2 observed in our experiment 98.2 + 0.6 kJ.mol ! is in close agreement with the literature
value 98.1 + 1.7 kJ.mol"! measured in temperature range 1073—1078 K. The enthalpies of
dissolution of MCOs (M = Ca, Sr and Ba) measured in our experiment are also in good
agreement with the corresponding literature values.

The heat of dissolution of CaO in temperature range 973-978 K reported in the
literature is -21.4 + 1.9 kJ.mol!, whereas the corresponding value in our measurement is
-8.4 + 2.0 kJ.mol'. The lower negative value is attributed to the higher measurement
temperature of 1089 K. At higher temperature there is endothermic contribution due to heat
capacity and lower exothermic effect due to lower heat of formation. It can be observed here
that similar decrease in exothermic heat effect is observed for La2O3 measured at 975 and 1075
K. The decrease is about 11.4 kJ.mol!. Applying similar effect for CaO dissolution the
expected lit value will be around -10 kJ.mol!, which is closer to our value. The heat of
dissolution of P20s derived from thermodynamic cycle (Table 4.9) is also found in agreement

with the reported data.
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4.3.5. Standard molar enthalpy of formation (AHY,,) of (Lai..M.2Th.2)PO4

(0<x<1)(M=Ca,Sr and Ba)

4.3.5.1. (La;-«Ca,2Thy2)PO4 (0 < x < 1) solid solutions:

The molar enthalpy of dissolution (AHds) data measured using oxide melt solution calorimetric

study for (Laj«Cax2Thy2)PO4 (x = 0, 0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1) samples, La20s3,

CaCOs3, ThO2 and Cas(POs4)2 in molten PbO+B203 (2:1 molar ratio) solvent at 1089 K are

provided in Table 4.12. The calculation of enthalpy of dissolution for CaO and P:20s is

mentioned in Section 4.3.4 using the values of CaCO3 and Ca3(POa)2, respectively.

Table 4.12: The molar enthalpies of dissolution® of (Lai»Cax2Thy2)POs(x =0, 0.15, 0.25, 0.40,
0.60, 0.75, 0.85, 1), La203, Ca0O, ThO2 and Ca3(PO4)2 with mass m, from temperature 298 K
(Tt) to temperature of solvent® 1089 K (75s) at pressure P = 101.325 kPa".

Sample m AH®  AHjg, Ref.
/mg /J-g'  /kJ'mol!
LaPO4 8.6 562.0 1314
(233.88 grmol ™) 7.3 556.3  130.1
8.8 563.5 131.8
10.0  566.0 1324
Avg.: 131.4+1.0  This work
(Lao.ssCa0.075Tho.o75)POs 6.4 683.2  159.5
(233.45 g'mol ™) 8.7 678.9 158.5
7.9 685.4  160.0
10.0  678.1 1583
Avg.: 159.1+0.8  This work
(Lao.7sCao.125Tho.125)POs 5.3 744.6  173.6
(233.16 grmol!) 10.0  737.3 1719
8.9 745.0 173.7
12.1 740.3  172.6
Avg.: 173.0+0.9  This work
(Lao.sCao2Tho2)PO4 7.8 696.1 162.0
(232.74 g'mol™) 8.9 700.8  163.1
9.3 690.5 160.7
10.0 6939 161.5
Avg.: 161.841.0  This work
(Lao.4Ca0.3Tho3)PO4 9.8 668.5 1552
(232.17 grmol™) 7.6 670.2 155.6
10.0 6624 153.8
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(Lao.25Ca0.375Tho.375)PO4

(231.74 g'mol™)

(Lao.15Ca0.425Tho.425)PO4

(231.45 g'mol™!)

Cao.5ThosPO4
(231.03 g-mol ")

Lax03
(325.81 grmol )

CaCOs
(100.08 g-mol")

ThO2
(264.04 g-mol")

Ca3(PO4)2
(310.18 grmol!)

8.3

4.4
53
7.8
10.0

6.9
7.2
10.0
8.7

10.0
5.8

10.5
13.2

16.7
13.7
21.6
14.9

15.8
16.6
15.3
17.2

6.6
4.6
3.2
23

4.6
4.5
16.8
21.5

664.6

636.9
639.9
633.5
630.0

599.7
601.4
595.8
594.9

606.8
608.1
600.8
603.8

-142.8
-141.1
-140.2
-139.9

2083.5
20954
2080.2
2107.5

374.8
373.1
369.1
371.1

1160.3
1155.3
1158.2
1154.5
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154.3
Avg.: 154.7+0.8
147.6

148.3

146.8

146.0

Avg.: 147.241.0
138.8

139.2

137.9

137.7

Avg.: 138.440.7
140.2

140.5

138.8

139.5

Avg.: 139.8+0.8
-46.5

-46.0

-45.7

-45.6

Avg.: -45.9 + 0.4
208.5

209.7

208.2

210.9

Avg.: 209.33+1.2
98.8

98.5

97.5

98.0

Avg.: 98.2 0.6
359.9

358.3

359.3

358.1

Avg.: 358.9+0.8

This work

This work

This work

This work

This work

This work

This work

This work

2The heat effect associated to dissolution of solid at 7t in 10g of PbO + B,0;3 (2:1 molar ratio) at 7.

10g of PbO + B,0; (2:1 molar ratio) was used as solvent.
¢Standard uncertainties u are u(p) = 5000 Pa, u(m)=0.1 mg, u(7r) = 0.5 K, u(7s) = 0.05 K.
9The heat effect correspond to the dissolution of solute per unit mass.
°Expanded uncertainties for AH with 0.95 level of confidence (k = 2).

Heat flow signal plots measured during the drop experiment of (LaixCax2Thy2)PO4 (x = 0,

0.15,0.25, 0.40, 0.60, 0.75, 0.85, 1) samples from room temperature to molten PbO+B203 (2:1

molar ratio) solvent at 1089 K are shown in Fig. 4.24.
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Fig. 4.24: Plots of heat flow signals measured for the drop experiments of Lai-xCax2Thx2PO4
(x=0,0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1) samples.

Endothermic peaks were observed in each of the drop experiment except for La2O3 and CaO.
The endothermic enthalpy signal was attributed to the sum of the three heat effects i.e.
absorption of heat by the sample heating from 298—1089 K, lattice dissociation energy and
dissolution energy. The first two effects are in general endothermic in nature, while the
dissolution energy can be either endothermic or exothermic depending on the nature of the
solvent-solute interactions. The overall heat effect for dissolution in molten PbO+B203 (2:1
molar ratio) solvent was calculated using the SETSOFT software supplied along with the
instrument. The completion of the reaction between the reactants and the solvent was
monitored by recording the heat flow signal for different time intervals. Steady base line in the
heat flow signal was observed after one hour of sample dropping beyond which no significant
change in the heat flow values could be noticed. Molten PbO+B203 (2:1 molar ratio) solvent
is quite viscous. The rate of dissolution of solute in the solvent depends on the local
concentration of the solute. The geometry of the solute particle and extent of compactness
determines the rate of diffusion of the solute in the solvent. The ceramic phosphate samples
dissolve slowly in the solvent over one hour and depending on conditions they often dissolve

over a range of temperature. This effect is probably responsible for appearance of multiple
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small exothermic peaks in the dissolution experiments of some samples. When plotted the
molar heats of dissolution for all the samples in molten PbO+B203 (2:1 molar ratio) solvent at
1089 K against their respective molar concentration showed no significant dilution effect and
thus the experiments were effectively carried out under infinite dilution conditions. In each
sample, the average values of four measurements were considered.

The standard molar enthalpy of formation (AH{) of each composition of
(La1«Cax2Thy2)PO4 (x =0, 0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1) at 298 K was derived using the
thermo-chemical cycle based on Hess’s law given in Table 4.13. The thermochemical cycle
involves values of molar enthalpy of dissolution of (Lai-+Cax2Ths2)PO4(x =0, 0.15, 0.25, 0.40,
0.60, 0.75, 0.85, 1), La203, CaO, ThO2 and P20s along with other auxiliary data from the
literature [193], such as standard molar enthalpies of formation of constituent oxides viz.

La203, CaO, ThO2 and P20s.

Table 4.13: Thermo-chemical cycles for derivation of standard molar enthalpies of formation
of (Lai+Cax2Thy2)PO4 (x = 0, 0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1) at temperature 298 K (71)
using enthalpy of dissolution® data at temperature of solvent® 1089 K (7s) and pressure
P=101.325 kPa“.

Reactions AH; AH /kJ-mol’!
LaPOu(monazite, 208k) = 1/2-LasOssin, 1089x) + 1/2-P2Os(sin, 1089K) AH, 131.441.0%¢

Lai..CaynThuaPOu, 2081) = (1-x)/2-LazOssin, 1089y X/2:CaOgsin, 1080x)  AHo;
+ x/2-ThOxsin, 1089K) T 1/2-P2O5sin, 1089K)

x=0.15 i=1 159.1+0.8%¢
x=0.25 i=2 173.0+0.9%¢
x=04 i=3 161.8+1.0%¢
x=0.6 i=4  154.7+0.8%¢
x=0.75 i=5  147.2+1.0%¢
x=0.85 i=6 138.4+0.7%¢
Cag.5Tho.sPOus, 208x) = 1/2-CaOsin, 1089K) T 1/2-ThOxstn, 1089k) AH; 139.8+0.8%¢

+ 1/2-P2Ossin, 1089K)
LayOss, 208x) = LasO3s1n, 1089K) AH, -45.9+0.4%¢
CaOys, 208x) = CaOxstn, 1089K) AHs -8.442.0%¢
ThOxs, 298x) = ThOxstn, 1089K) AHg 98.240.6%¢
P20ss, 298k) = P2O5(s1n, 1089K) AH7 -326.5+8.34¢
2-Lags, 208x) T 3/2:On(g, 208x) = LarsO3s, 208K) AHg -1793.7+1.611%3]
Cags, 208k) T 1/2-O2(g, 208) = CaOgs, 208K) AHy -635.1+0.911%31
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Thys, 208k) T Oag, 208x) = ThOxs, 208K) AHqo -1226.4+3.501%31
2-P(s, 208K) T 5/2-O1(g, 298K) = P20ss, 298K) AHy,  -1504.940.50193]
Lags, 2081) T Ps, 2081) +2'Oz(g, 298K) = LaPO4(S, 298K) AH?m -1966.9+4 4F

(1-x) -Lags, 208x) + x/2-Cays, 208x) + /2 Thys, 208x) + Ps, 208K)
+ 2:O2(g, 208x= La1.:CayoThy2POus, 2081

x=0.15 i=1  -1989.5+4.3f
x=0.25 i=2  -2000.0+4.3f
x=0.4 i=3  -1983.7+4.4f
x=0.6 i=4  -1969.8+4.4f
x=0.75 i=5  -1957.2+4.6f
x=0.85 =6 .1945.0+4.6"

1/2-Cays, 208x) + 1/2-Thys, 208x) + Pys, 208k) T 2-Oa(g, 208x) =
Ca.sThosPOus, 2081

Here, AH(f”m[LaPO4(S, 2931()] =-AH,+ 1/2-AH;+ 1/2-AH7 + 1/2:AHs + 1/2-AH\y;
AHgm[Lal.XCax/zTthPOqs, 298K)] =-AH>+ (1-x)/2-AH4+ x/2:AHs+ x/2-AHg+ 1/2-AH7 + (l-x)/Z'AHg
+x/2~AH9+x/2-AH10+ 1/2'AH11;

AH(f{m[CaO.STh()'SPOMSY298]()] =-AH; + 1/2:AHs+ 1/2-AHg+ 1/2-AH7+ 1/2:AHo+ 1/2-AH\ o+ 1/2-AH,;.

AHP,,  -1941.4%4.7°

aThe heat effect associated to dissolution of solid at 7t in 10g of PbO + B,0;3 (2:1 molar ratio) at 75s.
°10g of PbO + B,0; (2:1 molar ratio) was used as solvent.

°Standard uncertainties u are u(p) = 5000 Pa, u(7r) = 0.5 K, u(7s) = 0.05 K.

YExpanded uncertainties for AH with 0.95 level of confidence (k = 2).

°This work.

Uncertainty of the combined reaction is estimated as the square root of the sum of the squares of uncertainty of
each individual reaction.

The variation of standard molar enthalpy of formation for (Lai-xCax2Thy2)PO4 (x = 0, 0.15,
0.25, 0.40, 0.60, 0.75, 0.85, 1) with respect to their constituent elements (AH?) and to their
constituent oxides (AH{,,) as a function of mole fraction of CaosTho.sPOs are shown in

Fig. 4.25 and Fig. 4.26, respectively and the corresponding values are listed in Table 4.14.
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-1950 / %

-1960 %

-1970} % %

1980} %

AH % /kJ.mol’!

1990} %
-2000} %

-2010

0.0 02 04 0.6 0.8 10
mole fraction (x) of Ca , Th PO,
Fig. 4.25: Variation of standard molar enthalpy of formation of (Lai-xCax2Thx2)POas (x = 0,
0.15,0.25,0.40,0.60,0.75, 0.85, 1) as a function of mole fraction of Cao.sTho.sPO4 (with dashed
line as a guide to the eye).
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Fig. 4.26: Trend of molar enthalpy of formation from constituent oxides (AH%,,) of
(La1xCax2Thy2)PO4 (x = 0, 0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1) as a function of mole fraction
of Cao.5Tho.sPO4 (with dashed line as a guide to the eye).

Table 4.14: Measured values of enthalpy of formation from the constituent element and from

the constituent oxides for (Lai-xCax2Thx2)PO4 (x =0, 0.15, 0.25, 0.40, 0.60, 0.75, 0.85, 1).

Samples (x) AHY /kJ.mol! AHj,, /kJ.mol!

0 -1966.9+4.4 -317.6x4.3
0.15 -1989.544.3 -335.1+4.2
0.25 -2000.0+4.3 -342.2+4.3
0.4 -1983.7+4.4 -320.9+4.3
0.6 -1969.8+4.4 -300.2+4.3
0.75 -1957.2+4.6 -282.514.3
0.85 -1945.0+4.6 -266.914.3
1 -1941.4+4.7 -258.214.5

The standard molar enthalpy of formation of studied solid solutions with respect to oxide
(AH{,) was calculated by subtracting the sum of the enthalpy of formation of constituent
oxides [193] taken in stoichiometric proportion from the enthalpy of formation of the
corresponding compositions derived from experimental results. The reasons for such variation

of standard molar enthalpy of formation with a minimum are discussed in Section 4.4.
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4.3.5.1.1. SEM analysis of quenched solute and 2PbO-B,Os solvent

Microstructure analysis of the quenched PbO + B203 (2:1 molar ratio) solvent of calorimeter
containing (Lao.4Cao0.3Tho3)PO4 solute was carried out to evaluate the dissolution of sample in
solvent at 1089 K. Back scattered electron (BSE) imaging of the specimen and elemental
mapping for La, Ca and Th are given in Fig. 4.27. No undissolved fragments of solute were
observed in BSE image and X-ray dot map of the solvent showed that the constituent elements

of the sample are homogeneously distributed in the molten solvent.

La

30pm

Th

30pm 30pum

Fig. 4.27: Backscattered electron SEM image of the surface of quenched PbO + B:203
(2:1 molar ratio) calorimeter solvent with dissolved (Lao4Cao3Tho3)POs sample and
corresponding elemental maps for La, Ca and Th.

4.3.5.1.2. Correlation of thermodynamic data with thorium content in

natural monazite mineral on earth’s crust

A correlation is drawn between the thermodynamic data of synthetic monazite

(Lai+Cax2Thy2)PO4 (0 <x < 1) solid solutions and the composition of monazite mineral present
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on earth’s crust. The beach sands in India, Brazil, USA, Malaysia, Korea, and Sri Lanka contain
3.1-14.32 wt. % ThOz and 40.7-65.0 wt. % RE20s3 (rare earth oxides) [200]. However, monazite
from granitic rocks could comprise higher percentage of ThOz. The range of composition of
thoria and rare earth oxides present in the beach sands corresponds to the minima of the
enthalpy of formation AHY, curve determined in the present work. The enthalpy minima of
(La1xCay2Thx2)PO4 (0 < x < 1) solid solutions corresponds to x = 0.25 i.e. 14.1 wt. % ThOz,

3.1 wt. % CaO and 52.4 wt. % La203 and shown in Fig. 4.28.

-255
Beach sands in India, Brazil, 4
=270+ USA, Malaysia, Korea, and -
Sri Lanka, contain :
-285F 3.1-14.32 wt.% ThO,
pids 40.7-65.0 wt.% REE,0;. e
=] B
g 300 1
= '~ o
=315+ \
By agreement),
o % -330f i .
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< 345 N{jﬁ"’
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-375F ThO, wt, %]
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extent of substitution, X

Fig. 4.28: Correlation curve between enthalpies of formation of synthetic monazite with the
natural composition of monazite present in beach sands.

Thus, the enthalpy of formation AH?, plot of (Lai-+Cav2Thy2)PO4 (0 < x < 1) solid solutions

as a function of thorium content may also explain why only monazite with 3.1-14.32 wt. %

ThO:z and 40.7-65.0 wt. % RE203 concentrations are most abundant in the earth’s crust.
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4.3.5.2. (La1«Sry2Thy2)PO4 (0 < x < 1) solid solutions:

The molar enthalpy of dissolution (AHds) observed in the present calorimetric study for

(Lai1-xStx2Thy2)PO4(x=0.1,0.2,0.3,0.4,0.5,0.6, 0.7, 0.8, 0.9, 1) samples and SrCO3 in molten

PbO+B20s3 (2:1 molar ratio) solvent at 1089 K are given in Table 4.15. The values of enthalpy

of dissolution for SrO, ThO2 and P20s is provided in Section 4.3.4.

Table 4.15: The molar enthalpies of dissolution® (AHads) of (Lai«Srx2Thx2)PO4 (x = 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) and SrCO3 with mass m, from temperature 298 K (7t) to
temperature of solvent® 1089 K (75%) at pressure P = 101.325 kPa®.

m

AHY

AHj,

Sample /mg /3¢’  /kJmol! Ref.
(La0.9Sr0.0sTho.os)POs  11.2 636.1 150.1
(235.97 g-mol ") 13.1 644.6 152.1
9.8 6429 151.7
10.4 638.2 150.6
Avg.: 151.1£0.9  This work
(Lao.sSro.1Tho. 1)PO4 9.5 701.9 167.1
(238.06 grmol™!) 10.4 695.6 165.6
9.7 700.7 166.8
11.4 696.5 165.8
Avg.: 166.3+0.7  This work
(Lao.7Sr0.1sTho.15)PO4  10.2 729.5  175.2
(240.15 grmol ™) 11.3 723.7 173.8
8.6 732.0 175.8
9.5 721.2 1732
Avg.: 174.5£1.2  This work
(La0.6S10.2Tho.2)PO4 9.5 688.1 166.7
(242.25 g-mol ") 11.1 690.2 167.2
9.3 6844 165.8
10.5 6819 165.2
Avg.: 166.2+0.9  This work
(La0.5Sr0.25Tho25)PO4  10.2 660.6 1614
(244.34 g'mol ™) 12.1 663.8 162.2
10.7 6659 162.7
11.2 666.3 162.8
Avg.: 162.3+0.6  This work
(La0.4Sr0.3Tho.3)PO4 11.1 6444  158.8
(246.43 g-mol ™) 9.4 639.1 1575
8.6 6424 1583
10.3 6403 157.8
Avg.: 158.1£0.6  This work
(La0.3Sr0.35Tho3s)PO4 9.8 620.1 154.1
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(248.52 g-mol ")

(La0.2Sr0.4Tho.4)PO4
(250.62 grmol- "

(Lao.1Sr0.45Tho.45)PO4
(252.71 g-mol ")

Sro.5Tho.5PO4
(254.8 g'mol ™)

SrCOs3
(147.63 g-mol!)

10.3
8.8
11.4

10.7
8.6
11.3
9.5

11.6
10.8
9.4

10.7

9.8
10.1
8.7
11.2

14.5
11.5
10.7
14.2

624.9
623.7
620.5

602.9
595.3
597.7
601.7

592.0
584.9
590.4
586.0

577.7
574.2
579.3
572.6

1482.8
1474.7
1488.9
1516.6
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155.3
155.0
154.2
Avg.: 154.7£0.6
151.1
149.2
149.8
150.8
Avg.: 150.2+0.9
149.6
147.8
149.2
148.1
Avg.: 148.7+£0.9
147.2
146.3
147.6
145.9
Avg.: 146.8+0.8
218.9
217.7
219.8
2239
Avg.: 220.1+£2.7

This work

This work

This work

This work

This work

aThe heat effect associated to dissolution of solid at 7t in 10g of PbO + B,03 (2:1 molar ratio) at 7.

510g of PbO + B,0; (2:1 molar ratio) was used as solvent.

¢Standard uncertainties u are u(p) = 5000 Pa, u(m) = 0.1 mg, u(7r) = 0.5 K, u(7s) = 0.05 K.

9The heat effect correspond to the dissolution of solute per unit mass.
“Expanded uncertainties for AH with 0.95 level of confidence (k = 2).

The standard molar enthalpy of formation (AHY) of each composition of (Lai-xSrx2Thy2)PO4

(x=20,0.1, 0.2, 0.3, 04, 0.5, 0.6, 0.7, 0.8, 0.9, 1) at 298 K was derived using the thermo-

chemical cycle given in Table 4.16. The thermochemical cycle includes values of molar

enthalpy of dissolution of (LaixSrx2Thsx2)PO4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,

1), La203, SrO, ThO2 and P20s together with data of standard molar enthalpies of formation of

constituent oxides viz. La203, SrO, ThO2 and P20s from the literature.
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Table 4.16: Thermo-chemical cycles for derivation of standard molar enthalpies of formation
of (La1+Srx2Thy2)PO4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) at temperature 298 K
(Tt) using enthalpy of dissolution® data at temperature of solvent® 1089 K (7s) and pressure

P=101.325 kPa“.

Reactions AH; AH /kJ-mol!
LaPOu(monazite, 208x) = 1/2-LasOssin, 1089x) + 1/2-P2Os(sin, 1089K) AH, 131.4+1.0%¢
LaiSty2The2POus, 208x) = (1-x)/2-LasO3stn, 1089x) T X/2-SrOsin, 1089K) AH»;
+ x/2-ThOxsin, 1089k) T 1/2-P2O5(sin, 1089K)

x=0.1 i=1  151.1+0.9%¢
x=02 i=2  166.3£0.7%¢
x=023 i=3 174.5+1.24¢
X = 04 1= 4 166.2:|:O.9d’e
x=0.5 i=5 162.3+0.6%¢

: d,e

=06 i=6 158.1+0.6%

on i=7 1547064
x= 08 1= 8 150.2i0.9d’e

N — 4+ d,e
x=0.9 i=9 148.7+£0.9
Sro.5Tho.sPO4s, 208k) = 1/2-StOsin, 1089K) + 1/2-ThO2s1n, 1089K) AH; 146.8+0.8%¢

+ 1/2:P20ssin, 1089K)
LaxOss, 208x) = LasO3(s1n, 1089K) AH4 -45.940.4%¢
S1O¢s, 298K) = SrO(sin, 1089K) AHs -53.14£3.24¢
ThOxs, 298x) = ThO2stn, 1089K) AHg 98.2+0.6%¢
P20s(s, 208x) = P2O5(s1n, 1089K) AH; -326.5+8.3%¢
2-Lags, 208x) + 3/2:On(g, 208x) = LasO3s, 208K) AHjy -1793.7+1.6[1%%
St(s, 208x) T 1/2:Oa(g, 208x) = STO¢s, 208K) AHo -591.3£1.0M1%3]
Thys, 2081) + Oag, 208x) = ThOxs, 208x) AHip  -1226.443.51931
2-P(s, 208k) T 5/2:Ong, 208x) = P2O5s, 208K AH1, -1504.9+0.501%31
Lags, 208x) T Pys, 208K) 72-O0g, 208x) = LaPOxs, 208k) AH?,  -1966.9+4.4F
(1-x) -Lags, 208k) + x/2-S1(s, 2081) + x/2-Thys, 2081y + Pys, 208K)
+ 2-Ox(g, 208K)= La1xSt2Thy2POus, 208k)
x=0.1 ;=1 -1983.3:430
x=02 i=2  -1995.1+43F
x=0.3 i=3 -1999.9+4 4f
x=04 i=4 -1988.3+4 .4F
x=0.5 i=5  -1981.1+4.4f
x=0.6 i=6 -1973.5+4.5F
x=0.7 i=17 -1966.8+4.5F
x=0.8 i=8  .1958.9+4.6"
x=0.9 =9 _1954.144.8"
OI(s + . s + P +2- =

1/2-Sr(s, 208K) + 1/2-Thys, 208Ky + P(s, 208) T 2:O2g, 208K) AHY,  -1948.8+4.8'

St0.5Tho sPO4s, 298k)

Here, AHEm[LaPO4(S, zggK)] =-AH+ 1/2-AH;+ 1/2-AH7 + 1/2:AHs + 1/2-AH\y;

AH(f)’m[Lal,xSI}/zTthPOMS, 2981()] =-AHy+ (l-x)/Z-AH4+ x/2:AHs+ x/2-AHs+ 1/2-AH7; + (l-x)/Z'AHg
+ x/2-AH9+ x/2-AH10+ 1/2AH11,
AHY 1 [Sto.5Tho.sPOus, 208)] = -AH3 + 1/2-AHs+ 1/2:-AHs+ 1/2-AH7+ 1/2-AHy + 1/2-AHyo+ 1/2-AH 1.

aThe heat effect associated to dissolution of solid at 7t in 10g of PbO + B,0; (2:1 molar ratio) at 7s.
®10g of PbO + B,05 (2:1 molar ratio) was used as solvent.
¢Standard uncertainties u are u(p) = 5000 Pa, u(7r) = 0.5 K, u(7s) =0.05 K.
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YExpanded uncertainties for AH with 0.95 level of confidence (k = 2).
°This work.

Uncertainty of the combined reaction is estimated as the square root of the sum of the squares of uncertainty of
each individual reaction.

The variation of standard molar enthalpy of formation for (LaixStx2Thyx2)PO4 (x =0, 0.1, 0.2,
0.3,0.4,0.5,0.6,0.7, 0.8, 0.9, 1) from their constituent elements (AH}) and from their oxides
(AH}x) as a function of mole fraction of end member viz. Sro.sThosPOa are given in Fig. 4.29

and Fig. 4.30, respectively and the individual values are listed in Table 4.17.

- %%
1980} % %

-1990} %

-2000} %%

-2010

AH®; /kJ.mol™!

0.0 01 02 03 04 05 0.6 07 08 09 10
mole fraction (x) of St , Th PO,
Fig. 4.29: Variation of standard molar enthalpy of formation of (La1-xStx2Thx2)POs (x =0, 0.1,

0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1) as a function of mole fraction of Sro.sTho.sPO4 (with dashed
line as a guide to the eye).
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Fig. 4.30: Trend of molar enthalpy of formation from constituent oxides (AHY) of

(La1xSrx2Thy2)POs (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) as a function of mole
fraction of Sro.5Tho.sPO4 (with dashed line as a guide to the eye).
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Table 4.17: Measured values of enthalpy of formation from the constituent elements and from
the constituent oxides for (Lai1-xStx2Thx2)POs (x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1).

Samples AHP(298K)  AH[, (298 K)
) /kJ.mol! /kJ.mol!
0 -1966.9+4.4 -317.614.3
0.1 -1983.3+4.3 -332.844.3
0.2 -1995.1+4.3 -343.4+4.2
0.3 -1999.9+4 .4 -347.144.3
04 -1988.3+4 .4 -334.244.3
0.5 -1981.1+4.4 -325.844.3
0.6 -1973.5+4.5 -317.0¢4.3
0.7 -1966.8+4.5 -309.1+4 .3
0.8 -1958.9+4.6 -300.0+4.4
0.9 -1954.1+4.8 -293.9+4.5
1 -1948.844.8 -287.5+4.5

The enthalpy value, AH?,, at 298 K was calculated by subtracting the sum of the enthalpy of

formation of constituent oxides [193] taken in stoichiometric proportion from the enthalpy of

formation of the corresponding compositions derived from experimental results. The reason

for such behavior of standard molar enthalpy of formation are discussed in Section 4.4.
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4.3.5.3. (Lai-«Bay2Thy2)PO4 (x = 0, 0.1, 0.2, 0.3; x = 1) solid solutions:
The measured values of molar enthalpy of dissolution (AHas) for (LaixBaw2Thy2)POs (x=0.1,
0.2,0.3;x=1) (0.1 £x<0.3; x=1) samples and BaCO3 in molten PbO+B203 (2:1 molar ratio)

solvent at 1089 K are provided in Table 4.18. The values of enthalpy of dissolution for BaO,

ThO2 and P20s is provided in Section 4.3.4.

Table 4.18: The molar enthalpies of dissolution® (AHds) of (LaixBax2Thy2)PO4 (x = 0.1, 0.2,
0.3; x = 1) and BaCO3 with mass m, from temperature 298 K (7t) to temperature of solvent®
1089 K (75s) at pressure P =101.325 kPa°®.

Sample m AH®  AHj Ref.
/mg  /J.g'  /kJ-mol!
(Lao.ooBao.osTho.os)PO4 15.1  670.6  159.9
(238.45 g'mol ") 14.8 661.8 157.8
134 658.8 157.1
147  666.0 158.8
Avg.: 158.4+1.2  This work
(Lao.sBao.1Tho. 1)PO4 13.2 6723 1634
(243.03 g-mol!) 14.6 659.6 160.3
156 6653 161.7
17.1  670.3  162.9
Avg.: 162.141.4  This work
(Lao.70Bao.1sTho.15)PO4  14.2  636.1  157.5
(247.61 g-mol™) 18.1 638.9 1582
16.3 6454  159.8
145 639.7 1584
Avg.: 158.5+41.0  This work
Bao.s0Tho.50PO4 12.7 5264 1472
(279.65 g-mol!) 11.8  520.7 145.6
13.2  517.8 144.8
14.6 5235 146.4
Avg.: 146.0+1.1  This work
BaCO:s 17.5 1110.8 219.2
(197.33 g'mol ) 16.9 11063 218.3
18.5 1122.0 221.4
11.8 11184 220.7
Avg.: 219.9+1.4  This work

2The heat effect associated to dissolution of solid at 7t in 10g of PbO + B,0;3 (2:1 molar ratio) at 7s.
10g of PbO + B,0; (2:1 molar ratio) was used as solvent.

¢Standard uncertainties u are u(p) = 5000 Pa, u(m)=0.1 mg, u(7r) = 0.5 K, u(7s) = 0.05 K.

9The heat effect correspond to the dissolution of solute per unit mass.

“Expanded uncertainties for AH with 0.95 level of confidence (k = 2).
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The standard molar enthalpy of formation, AHf,(298K) of each composition of
(LaixBax2Thy2)PO4(x=0,0.1,0.2,0.3; x=1) at 298 K was derived using the thermo-chemical
cycle given in Table 4.19. The thermo-chemical cycle comprises values of molar enthalpy of
dissolution of (LaixBax2Thx2)POs (x = 0, 0.1, 0.2, 0.3; x = 1) La203, BaO, ThOz and P20s
together with data of standard molar enthalpies of formation of constituent oxides viz. La203,

BaO, ThO:2 and P20s from the literature.

Table 4.19: Thermo-chemical cycle for derivation of standard molar enthalpies of formation
of (LaixBax2Thy2)PO4 (x = 0, 0.1, 0.2, 0.3; x = 1)at temperature 298 K (7t) using enthalpy of
dissolution® data at temperature of solvent® 1089 K (7s) and pressure P =101.325 kPa®.

Reactions AH; AH /kJ-mol’!
LaPOu(monazite, 208x) = 1/2-LasOssin, 1089x) + 1/2-P2Os(sin, 1089K) AH, 131.441.0%¢

Lai..Ba,2Thy2POus, 208x) = (1-x)/2-LazO3(s1n, 1089K) T X/2-BaOsin, 1089K) AH»;
+ x/2-ThOxsin, 1089K) + 1/2-P205s1n, 1089K)

x=0.1 i=1  158.4+1.5%
=02 i=2  162.141.4%
x=03 i=3  158.5+1.0%
Bag sTho sPOu4s, 208x) = 1/2:BaOsin, 1089x) + 1/2-ThO2(s1n, 1089K) AH; 146.0+1.2¢¢

+ 1/2-P2Ossin, 1089K)
LaxOss, 208x) = LasO3sin, 1089K) AH, -45.9+0.4%
BaO(s, 298K) = BaO(sln, 1089K) AHs -88.2+2.14¢
ThOz(s, 208K) = ThOZ(sln, 1089K) AHs 98'2i0'6d’e
P20s(s, 208x) = P2Os(s1n, 1089K) Aty -326.5+8.3%
2-Lags, 208k) T 3/2:Ong, 298x) = LasO3s, 208) AHs -1793.741.6
Bays, 2081) + 1/2:Ox(g, 2081) = BaOys, 208x) Aty -548.122.1117
Thys, 208K) + Oa(g, 208x) = ThOxs, 208K) AHyy  -1226.443.51%1
2-P(s, 208k) T 5/2:Ong, 208K) = P205s, 208K AHy -1504.9+0.501%3]
Lags, 208K) + Ps, 208K) +2-Ong, 2081) = LaPOus, 208K) Ay -1966.9+44'

(1-x) -Lags, 208k) + x/2-Bags, 208x) + x/2-Thys, 208k) + Ps, 208K)
+ 2-O2(g, 208xy= LaixBaxoThy2POys, 208K)

x=0.1 i=1 -1990.1+4.6f
x=02 i=2  -1990.1+4.5"
x=0.3 i=3 -1982.7+4 4f
1/2-Bags, 208k) + 1/2-Thys, 208x) + P(s, 208K) T 2:Oa(g, 208k) = AH2,  -1944.0+4.9"

Bao.sTho.sPOus, 208x)

Here, AIJEm[LaPO4(S, 208K)] = -AH + 1/2-:AH4+ 1/2-AH7 + 1/2:AHs + 1/2-AH\y;

AHgm[Lal_xBax/zThX/2P04(s, 208K)] = -AHHi + (1-x)/2~AH4+x/2~AH5+x/2~AH6+ 1/2-AH7 + (l-x)/Z'AHg
+ x/2-:AHo+ x/2-AHyo+ 1/2'AH1];

AHgm[Bao,sThojPO;t(s, zggK)] =-AH; + 1/2-AHs+ 1/2-AHg+ 1/2-AH7+ 1/2-AHo+ 1/2-AHy o+ 1/2:AHq.

2The heat effect associated to dissolution of solid at 7t in 10g of PbO + B,0O;3 (2:1 molar ratio) at 7s.
510g of PbO + B,0; (2:1 molar ratio) was used as solvent.
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°Standard uncertainties u are u(p) = 5000 Pa, u(71) = 0.5 K, u(7s) =0.05 K.
YExpanded uncertainties for AH with 0.95 level of confidence (k = 2).
°This work.

Uncertainty of the combined reaction is estimated as the square root of the sum of the squares of uncertainty of
each individual reaction.

The variation of standard molar enthalpy of formation for (LaiBax2Thx2)PO4(x =0, 0.1, 0.2,
0.3; x = 1) from their constituent elements, AH¢,,(298 K) and from their oxides, AH? (298 K)

as a function of mole fraction of end member viz. BaosThosPOas are given in Fig. 4.31 and

Fig. 4.32, respectively and the individual values are listed in Table 4.20.
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Fig. 4.31: Variation of standard molar enthalpy of formation, AH?(298 K) of

(LaixBax2Thy2)PO4 (x =0, 0.1, 0.2, 0.3; x = 1) as a function of mole fraction of Bao.sTho.sPO4
(with dashed line as a guide to the eye).
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Fig. 4.32: Trend of molar enthalpy of formation from constituent oxides, AHY (298 K) of (Lai-

xBay2Thy2)PO4(x =0, 0.1, 0.2, 0.3; x = 1) as a function of mole fraction of Bao.sTho.sPO4 (with
dashed line as a guide to the eye).
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Table 4.20: Measured values of enthalpy of formation from the constituent elements and from
the constituent oxides for (Lai«Bax2Thy2)PO4(x =0, 0.1, 0.2, 0.3; x =1).

Samples (x) AH{ /kJ.mol!' AHj, /kJ.mol!

0 -1966.9+4.4 -317.6+4.3
0.1 -1990.1+4.6 -341.8+4.4
0.2 -1990.1+4.5 -342.7+4 .4
0.3 -1982.7+4.4 -336.314.3
1 -1944.0+4.9 -304.3+4.4

The cause for such variation of standard molar enthalpy of formation for the solid solution and

extent of substitution from the energetic point of view are described in Section 4.4.

4.3.6. Enthalpy of mixing (AH;,) of (Lai.M:2Th:2)POs (0 < x < 1)
(M = Ca, Sr and Ba)
The enthalpy of mixing, AHmix of (Lai-«Mx2Thx2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) solid

solutions relative to their end members viz. LaPO4 and Mo.sTho.sPO4 (M = Ca, Sr and Ba) were

derived from the drop solution enthalpies at 1089 K employing the following relation (4.13):

AHmix = —AHas(LaixMyx2Thy2PO4) + (1-x)AHas(LaPOa) + x-AHas(Mo.5Tho.sPO4)(4.13)

Using the above relation, enthalpy of mixing AHmix for the solid solutions was calculated
relative to their end members and listed in Table 4.21. Further, the variation of AHmix of (Lai-
#Mx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) as a function of mole fraction of end-member

Mo.5Tho.sPO4 (M = Ca, Sr and Ba) was shown in Figs. 4.33—4.35.

Table 4.21: Calculated values of enthalpy of mixing, AHmix of (Lai«Mx2Thy2)PO4 (0 <x < 1)
(M = Ca, Sr and Ba) solid solutions relative to their end members.

(La1xCax2Thyn) POy (La1xSrx2Thy2) POy (La1xBax2Thy2)PO4
X AH mix X AH mix X AH mix X AH mix
0 0 0 0 0.8 -6.5 0 0
0.15 -26.4 0.1 -18.2 0.9 -34 0.1 -25.5
0.25 -39.5 0.2 -31.8 1 0 0.2 -27.8
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Fig. 4.33: Variation of enthalpy of mixing, AHmix of (LaixCax2Thy2)PO4 (x = 0, 0.15, 0.25,
0.40, 0.60, 0.75, 0.85, 1) as a function of mole fraction of Cao.sTho.sPO4 (with dashed line as a

guide to the eye).
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Fig. 4.34: Variation of enthalpy of mixing, AHmix of (LaixStxw2Thy2)PO4 (x =0, 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7, 0.8, 0.9,1) as a function of mole fraction of Sro.5Tho.sPO4 (with dashed line as
a guide to the eye).
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Fig. 4.35: Variation of enthalpy of mixing, AHmixof (Lai-xBax2Thy2)PO4(x =0, 0.1, 0.2, 0.3; x
= 1) as a function of mole fraction of Bao.sTho.sPO4 (with dashed line as a guide to the eye).

The strongly negative value of AHmix shows that the charge-coupled substitution of La with
(Ca, Th), (St, Th) and (Ba, Th) pairs in the monazite host matrix lead to an overall exothermic
effect. The substitution results in thermodynamically more stable intermediate compositions

than a mixture of the two end-members and discussed in Section 4.4.

4.3.7. Calculation of thermodynamic functions

The standard molar enthalpies of formation AH7(298 K) and specific heat capacity Cg(T) of
(La1xMx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) sample have been determined by high
temperature solution calorimeter and differential scanning calorimeter. The standard molar
entropy an(298 K) of the solid solutions has been estimated by adding the standard molar
entropies Sr;(298 K) of component oxides in their respective molar ratio from the literature
[187]. The standard molar entropy S;H(T) of (LaixMx2Thy2)POs (0 < x < 1) (M = Ca, Sr and

Ba) samples at any temperature were calculated by using the relation:

Stm(Lay M, Th,,POy4 s T)=Spm(La; .M,/ Th,, PO, 5,298 K) +

fT ACp (Lay My, Thy,PO4,s,T)
298 T

) AT (4.14)
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The standard molar enthalpy of each composition of the solid solutions at any temperature can
be calculated by the relation:
Hy,(Lay M, Thy,POy s,7) = Hy, (Lay M, Thy ;PO 5,298 K) +

fzgg Cg (Lal_xMx/ZThx/2P04,S,DdT (4.15)

Hp,(La; M, »Th,»,PO,4,5298 K) can be equated to its standard molar enthalpy of formation

AH{ ,(La;_ M, Th,, PO, 5,298 K) according to the following relation:

AHY (Lay oM, Thy,POy,s,298 Ky = Hy,(Lay M, Th,,PO4,5,298 K) — (1—x)-Hp,(La,s)
- X/zH?n(Mas) - X/2H?H(Thas) - H?n(Pas) - 2an(023g) (4'16)

Since the values of the molar enthalpy of the elements in their standard state at 298 K [i.e.
Hp(La,s), Hy(M,s), Hy(Th,s), Hy(P,s), Hy(O,,g) are zero as per the convention. Hence,
eqn. (4.15) could be expressed as:

Hy,(Lay (M, Th,,POy,s,7) = AHp, (Lay oM,/ Th,,PO,4,5,298 K) +

T
Jrog Com (La, M, pTh,,PO4 s, T)dT 4.17)

The Gibbs energies of the compounds at any temperature ‘7° were calculated from the
combined values of standard molar enthalpies and standard molar entropies for the compounds

using the relation:
Gon(T) = Hy(T) - T-Si(T) (4.18)
The energy functions (D?n(T) for each composition of (LaixMx2Thx2)PO4 (0 <x < 1) (M = Ca,

Sr and Ba) solid solutions are derived from the values of Gy,(7) and AH?,,(298 K) using the

relation:

Gon(T) —=Hpy(298.15 K)
0} (1) = - (D) @19

The values of free energy functions at the experimental temperatures for the different
compositions for (Lai«Mx2Thy2)POs (0 <x < 1) (M = Ca, Sr and Ba) solid solutions are listed

in Tables 4.22-4.38.
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Table 4.22: Thermodynamic data for LaPOs, where T = temperature, C, = standard molar heat
capacity, S} = standard molar entropy, Hy = standard molar enthalpy, G} = standard Gibbs
energy, —(G;— 593)/T = free energy function, AH; = standard molar enthalpy of formation, AGY
= standard molar free energy of formation as a function of temperature at a pressure of 101.325
kPa?.

T G° St —Hy -Gy -(G}-H308)/T AH} AGY
(K) (Jmol K" (JrmolK " (kJmol'"” (kJ-mol " (Jmol K"  (klmol'” (kJI'mol "
298 97.6 120.8 1966.9 2002.9 120.9 -1966.9 -1851.4
300 98.0 121.5 1966.7 2003.2 120.8 -1966.9 -1850.6
350 107.4 137.3 1961.6 2009.7 122.2 -1967.3 -1831.2
400 1144 152.1 1956.0 2016.9 124.9 -1967.3 -1811.8
450 120.1 165.9 1950.1 2024.8 128.7 -1967.2 -1792.3
500 125.0 178.9 1944.0 2033.5 133.1 -1966.8 -1772.9
550 129.4 191.0 1937.6 2042.7 137.8 -1966.3 -1753.6
600 133.3 202.4 1931.1 2052.6 142.8 -1965.6 -1734.2
650 137.0 213.2 1924.3 2062.9 147.7 -1964.9 -1715.0
700 140.6 223.5 1917.4 2073.9 152.9 -1964.0 -1695.8
750 144.0 2333 1910.3 2085.3 157.9 -1962.9 -1676.7
800 147.2 242.7 1902.9 2097.1 162.8 -1961.8 -1657.6

aThe standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.23: Thermodynamic data for (Lao.ssCao.075Tho.075)PO4, where T = temperature, Cg =

standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH? = standard molar enthalpy
of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T G St —H? -Gt -(Gy-H303)/ T AHY AGY
(K) (mol" K" (Imol™K" (kImol'” (kIJmol'”  (Jmol"K"  (kI'mol'” (kJ-mol"
298 94.5 119.0 1989.5 2025.0 119.0 -1989.5 -1873.9
300 94.9 119.6 1989.3 2025.2 118.9 -1989.5 -1873.1
350 104.2 135.0 1984.3 2031.6 120.1 -1990.1 -1853.7
400 111.4 149.4 1978.9 2038.7 122.9 -1990.3  -1834.2
450 117.4 162.9 1973.2 2046.5 126.7 -1990.2 -1814.6
500 122.7 175.5 1967.2 2055.0 130.9 -1990.1 -1795.3
550 127.5 187.5 1960.9 2064.0 135.5 -1989.6  -1775.7
600 132.0 198.7 1954.5 2073.7 140.4 -1989.1 -1756.4
650 136.3 209.5 1947.7 2083.9 145.2 -1988.3  -1736.9
700 140.4 219.7 1940.8 2094.6 150.1 -1987.5  -1717.7
750 144.3 229.6 1933.7 2105.9 155.2 -1986.5 -1698.4
800 148.2 239.0 1926.4 2117.6 160.1 -19854 -1679.3

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.24: Thermodynamic data for (Lao.7sCao.125Tho.125)PO4, where 7' = temperature, Cg =
standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G¢
= standard Gibbs energy, -(G%- 993)/T = free energy function, AH} = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T G° St —Hy -Gt -(G}-H308)/T AHY AGY

(K) (I'molK " (Jmol™K" (kJmol'" (kJ'mol " (J-mol KV (kJ-mol' " (kJ-mol
298 93.5 117.8 2000.0  2035.1 117.8 -2000.0 -1884.4
300 94.0 118.4 1999.8  2035.3 117.7 -2000.1 -1883.7
350 103.5 133.7 1994.8  2041.6 118.8 -2000.6 -1864.1
400 110.8 148.0 1989.5  2048.7 121.8 -2000.8 -1844.5
450 116.7 161.4 1983.8  2056.4 125.4 -2000.9 -1825.1
500 121.7 174.0 1977.8  2064.8 129.6 -2000.6  -1805.5
550 126.2 185.8 1971.6  2073.8 134.2 -2000.3  -1786.0
600 130.4 196.9 1965.2  2083.3 138.9 -1999.8 -1766.5
650 134.2 207.5 1958.6  2093.5 143.8 -1999.2  -1747.2
700 137.9 217.6 1951.8  2104.1 148.7 -1998.5 -1727.8
750 141.5 2273 1944.8  2115.3 153.7 -1997.6  -1708.5
800 144.9 236.5 1937.7  2126.9 158.6 -1996.7 -1689.3

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.25: Thermodynamic data for (Lao.s0Cao.20Tho20)PO4, where T = temperature, Cg =
standard molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T P S —Ht -G -(G-H9)/T AH AGY

T
(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 954 116.0 1983.8 2018.4 116.1 -1983.8  -1868.0
300 95.9 116.7 1983.6 2018.6 116.0 -1983.8 -1867.2
350 105.9 132.2 1978.6 2024.9 117.4 -1984.2 -1847.8
400 113.3 146.9 1973.1 2031.9 120.2 -1984.4  -1828.3
450 119.2 160.6 1967.2 2039.5 123.7 -1984.3 -1808.7
500 124.2 173.4 1961.2 2047.9 128.3 -1984.0 -1789.3
550 128.6 185.5 1954.8 2056.8 132.8 -1983.5 -1769.8
600 132.6 196.8 1948.3 2066.4 137.7 -1982.9 -17504
650 136.3 207.6 1941.6 2076.6 142.7 -1982.2  -1731.1
700 139.7 217.8 1934.7 2087.2 147.7 -1981.3 -1711.8
750 143.0 227.6 1927.6 2098.3 152.7 -1980.4 -1692.6
800 146.2 236.9 1920.4 2110.0 157.7 -1979.4 -1673.4

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.26: Thermodynamic data for (Lao40Cao.30Tho.30)PO4, where 7 = temperature, Cg =
standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 993)/T = free energy function, AH} = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T D St —Hy -Gt -(G}-H598)/T AHY AGY

(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 97.4 113.6 1969.8 2003.7 113.7 -1969.8 -1853.9
300 97.8 1143 1969.6  2003.9 113.6 -1969.8 -1853.1
350 107.5 130.1 1964.5  2010.1 115.0 -1970.1 -1833.6
400 114.9 145.0 1958.9  2016.9 117.8 -1970.2  -1814.1
450 120.9 158.9 1952.9  2024.4 121.3 -1970.0 -1794.6
500 126.1 171.9 1946.8  2032.8 125.9 -1969.6  -1775.1
550 130.8 184.1 1940.4 2041.7 130.7 -1969.1  -1755.7
600 135.1 195.7 1933.7 2051.1 135.6 -1968.4 -1736.3
650 139.1 206.6 1926.9 2061.2 140.7 -1967.5 -1717.0
700 142.9 217.1 1919.8 2071.8 145.7 -1966.6 -1697.8
750 146.6 227.1 1912.6 2082.9 150.9 -1965.5 -1678.6
800 150.2 236.7 1905.2  2094.6 156.0 -1964.3  -1659.5

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.27: Thermodynamic data for (Lao.2sCao375Tho.375)PO4, where 7' = temperature, Cg =
standard molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH = standard molar enthalpy
of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T P S —Ht -G -(G-H9)/T AH AGY

T
(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 92.4 111.8 1957.2 1990.5 111.9 -1957.2  -1841.2
300 92.8 112.4 1957.0 1990.7 111.8 -1957.2 -1840.4
350 101.6 127.4 1952.1 1996.7 112.9 -1957.8 -1820.9
400 108.1 1414 1946.9 2003.5 115.7 -1958.2 -1801.3
450 113.5 154.5 1941.4 2010.9 119.4 -19584 -1781.6
500 118.0 166.7 1935.6 2019.0 123.5 -19584 -1762.0
550 122.0 178.1 1929.6 2027.6 128.0 -1958.2 -1742.3
600 125.7 188.9 1923.6 2037.0 132.9 -1958.0 -1722.7
650 129.1 199.1 1917.0 2046.4 137.3 -1957.7 -1703.1
700 132.3 208.8 1910.5 2056.7 142.1 -1957.2  -1683.6
750 1354 218.0 1903.8 2067.3 146.9 -1956.7 -1664.1
800 138.4 226.9 1896.9 2078.4 151.5 -1956.1 -1644.6

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.28: Thermodynamic data for (Lao.1sCao.425Tho.425)PO4, where 7' = temperature, Cg =
standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G¢
= standard Gibbs energy, -(G%- 993)/T = free energy function, AH} = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T D St —Hy -Gt -(G}-H598)/T AHY AGY

(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 93.1 110.6 1945.0 1978.0 110.7 -1945.0 -1828.9
300 93.6 111.2 19448  1978.2 110.6 -1945.0 -1828.1
350 103.6 126.5 1939.9  1984.2 111.9 -1945.5 -1808.6
400 110.9 140.8 19345  1990.8 114.6 -1945.8  -1789.0
450 116.6 154.2 1928.8  1998.2 118.2 -1945.8 -1769.4
500 121.3 166.7 1922.8  2006.2 122.4 -1945.6  -1749.8
550 125.4 178.5 1916.7 2014.9 127.1 -1945.4  -1730.2
600 129.1 189.6 1910.3 2024.1 131.8 -1945.0 -1710.7
650 132.4 200.0 1903.8 2033.8 136.7 -1944.5 -1691.2
700 135.5 210.0 1897.1 2044.1 141.6 -1943.9  -1671.7
750 138.4 2194 1890.2 2054.8 146.4 -1943.2  -1652.3
800 141.3 228.4 1883.2  2066.0 151.2 -1942.5  -1632.9

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.29: Thermodynamic data for CaosThosPOs, where T’ = temperature, C, = standard
molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G} = standard
Gibbs energy, -(G%- 593)/T = free energy function, AH; = standard molar enthalpy of
formation, AG{ = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T b St —H? -Gt -(Gy-H398)/ T AHY AGY
(K) (Jmol" K"V (Imol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 95.0 108.8 1941.4 1973.8 108.9 -1941.4  -1825.2
300 95.4 109.5 1941.2 1974.0 108.8 -1941.4 -1824.4
350 105.0 124.9 1936.2 1979.9 110.1 -1941.9 -1804.8
400 112.6 139.5 1930.7 1986.5 112.7 -1942.0 -1785.2
450 119.0 153.1 1924.9 1993.8 116.5 -1941.9  -1765.7
500 124.6 165.9 1918.8 2001.8 120.8 -1941.6  -1746.1
550 129.8 178.1 1912.5 2010.5 125.6 -1941.2  -1726.6
600 134.7 189.6 1905.8 2019.6 130.3 -1940.5 -1707.1
650 139.3 200.6 1899.1 2029.3 135.2 -1939.7 -1687.6
700 143.7 211.1 1891.9 2039.7 140.4 -1938.7 -1668.3
750 148.1 221.1 1884.6 2050.5 145.5 -1937.6  -1649.0
800 152.3 230.8 1877.1 2061.8 150.6 -1936.4  -1629.8

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.30: Thermodynamic data for (LaosSro.1Tho. N)PO4, where T = temperature, Cg =

standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 993)/T = free energy function, AH} = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T D St —Hy -Gt -(G}-H598)/T AHY AGY

(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 102.6 120.2 1995.1 2030.9 120.2 -1995.1 -1879.6
300 103.0 120.9 19949  2031.2 120.2 -1995.1 -1878.8
350 111.6 137.4 1989.5  2037.6 121.4 -1995.3  -1859.5
400 118.3 152.8 1983.7  2044.8 1243 -1995.2  -1840.1
450 123.9 167.1 1977.7  2052.9 128.4 -1994.8 -1820.7
500 128.8 180.4 19714  2061.6 133.0 -19943 -1801.4
550 133.3 192.9 1964.8 2070.9 137.8 -1993.6 -1782.2
600 137.4 204.6 1958.1 2080.9 142.9 -1992.7  -1763.0
650 141.4 215.8 1951.1 2091.4 148.1 -1991.7 -1743.8
700 145.1 226.4 1943.9 2102.4 153.3 -1990.6  -1724.8
750 148.8 236.6 1936.6 2114.1 158.6 -1989.4  -1705.9
800 152.3 246.3 1929.1  2126.1 163.8 -1988.0 -1687.0

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.31: Thermodynamic data for (Lao.sSro.2Tho2)POs, where T = temperature, Cy =
standard molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH = standard molar enthalpy
of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T b St —H? -Gt -(Gy-H398)/ T AHY AGY
(K) (Jmol" K"V (Imol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 104.2 119.5 1988.3 2023.9 119.5 -1988.3  -1872.8
300 104.5 120.2 1988.1 2024.2 119.5 -1988.3  -1872.0
350 111.6 136.9 1982.7 2030.6 120.9 -1988.4 -1852.6
400 117.4 152.2 1976.9 2037.8 123.7 -1988.3  -1833.2
450 122.5 166.3 1970.9 2045.7 127.6 -1988.1 -1813.9
500 127.0 179.4 1964.7 2054.4 132.2 -1987.6  -1794.6
550 131.2 191.7 1958.3 2063.7 137.2 -1987.0  -1775.3
600 135.3 203.3 1951.6 2073.6 142.1 -1986.3  -1756.1
650 139.1 214.3 1944.7 2084.0 147.2 -1985.4  -1736.9
700 142.9 224.7 1937.7 2095.0 152.4 -1984.4  -1717.8
750 146.6 234.7 1930.5 2106.5 157.6 -1983.3  -1698.8
800 150.2 2443 1923.0 2118.4 162.7 -1982.1 -1679.9

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.32: Thermodynamic data for (Lao4Sro3Tho3)POs, where T = temperature, Cy =
standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 993)/T = free energy function, AH} = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T D St —Hy -Gt -(G}-H598)/T AHY AGY

(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 104.0 118.8 1973.5 2008.9 118.9 -1973.5 -1858.0
300 104.4 119.5 1973.3  2009.2 118.9 -1973.5  -1857.2
350 110.9 136.1 1967.9  2015.6 120.2 -1973.6  -1837.8
400 116.4 151.3 1962.2  2022.7 123.1 -1973.6 -1818.4
450 121.1 165.3 1956.3  2030.7 127.1 -1973.4  -1799.1
500 125.3 178.3 1950.1  2039.3 131.5 -1973.0 -1779.7
550 129.3 190.4 1943.7 2048.4 136.3 -1972.6  -1760.4
600 133.2 201.8 1937.2 2058.3 141.4 -1971.9 -1741.1
650 136.8 212.6 1930.4 2068.6 146.4 -1971.2  -1721.9
700 140.4 222.9 1923.5 2079.6 151.5 -1970.3  -1702.8
750 143.9 232.7 1916.4 2091.0 156.6 -1969.3  -1683.7
800 147.4 242.1 1909.1  2102.8 161.6 -1968.2  -1664.7

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.33: Thermodynamic data for (Lao2Sro4Tho4)POs, where T = temperature, C) =
standard molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH = standard molar enthalpy
of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T b St —H? -Gt -(Gy-H398)/ T AHY AGY
(K) (Jmol" K"V (Imol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 103.3 118.2 1958.9 1994.1 118.2 -1958.9 -1843.4
300 103.7 118.9 1958.7 1994 .4 118.2 -1958.9 -1842.6
350 112.1 135.5 1953.3 2000.7 119.6 -1959.0 -1823.2
400 118.7 150.9 1947.5 2007.9 122.5 -1958.9  -1803.8
450 124.3 165.2 1941.4 2015.8 126.4 -1958.6  -1784.5
500 129.3 178.6 1935.1 2024.4 131.0 -1958.0 -1765.1
550 133.9 191.1 1928.5 2033.7 135.9 -1957.4  -1745.9
600 138.2 203.0 1921.7 2043.5 141.0 -1956.5 -1726.7
650 142.3 214.2 1914.7 2054.0 146.3 -1955.5 -1707.6
700 146.3 224.9 1907.5 2065.0 151.5 -1954.4  -1688.6
750 150.1 235.1 1900.1 2076.5 156.8 -1953.1 -1669.7
800 153.9 244.9 1892.5 2088.5 162.0 -1951.7 -1650.8

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.34: Thermodynamic data for SrosThosPOs, where T = temperature, C; = standard
molar heat capacity, St = standard molar entropy, H} = standard molar enthalpy, GT = standard
Gibbs energy, '(G%'H(z)gg)/T = free energy function, AH} = standard molar enthalpy of

formation, AGY{ = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T D St —Hy -Gt -(G}-H598)/T AHY AGY

(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 104.2 117.5 1948.8 1983.8 117.5 -1948.8  -1833.3
300 104.5 118.2 1948.6  1984.1 117.5 -1948.8  -1832.5
350 112.0 134.9 19432 1990.4 118.9 -1948.9 -1813.1
400 117.5 150.2 1937.4  1997.5 121.7 -1948.8  -1793.7
450 121.8 164.3 1931.4  2005.3 125.6 -1948.6 -1774.4
500 125.4 177.4 19253  2014.0 130.4 -1948.2  -1755.0
550 128.6 189.5 1918.9 2023.1 135.1 -1947.8  -1735.7
600 131.4 200.8 1912.4 2032.9 140.1 -1947.3  -1716.5
650 133.9 211.4 1905.8 2043.2 145.2 -1946.6 -1697.2
700 136.4 221.4 1899.0 2054.0 150.3 -1945.9  -1678.0
750 138.6 230.9 1892.1 2065.3 155.3 -1945.2  -1658.9
800 140.8 239.9 1885.2  2077.1 160.4 -1944.4  -1639.9

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.35: Thermodynamic data for (LaosBao.osThoos)PO4, where T = temperature, C, =

standard molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH = standard molar enthalpy
of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T b St —H? -Gt -(Gy-H398)/ T AHY AGY
(K) (Jmol" K"V (Imol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 96.4 121.3 1990.1 2026.2 121.3 -1990.1 -1874.8
300 96.9 122.0 1989.9 2026.5 121.3 -1990.1 -1874.0
350 106.7 137.7 1984.8 2033.0 122.6 -1990.6  -1854.7
400 113.9 152.4 1979.3 2040.3 125.4 -1990.7 -1835.2
450 119.4 166.2 1973.4 2048.2 129.1 -1990.6  -1815.8
500 124.0 179.0 1967.4 2056.9 133.6 -1990.3 -1796.4
550 128.0 191.0 1961.1 2066.2 138.3 -1989.8 -1776.9
600 131.6 202.3 1954.6 2076.0 143.1 -1989.3  -1757.7
650 134.8 212.9 1947.9 2086.3 148.0 -1988.6  -1738.3
700 137.8 223.0 1941.1 2097.2 153.0 -1987.9  -1719.1
750 140.6 232.7 1934.1 2108.6 158.0 -1987.1  -1700.0
800 143.4 241.8 1927.0 2120.4 162.9 -1986.2  -1680.9

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.36: Thermodynamic data for (Lao.sBao.iTho. )POs, where T = temperature, C, =
standard molar heat capacity, ST = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 993)/T = free energy function, AH} = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T D St —Hy -Gt -(G}-H598)/T AHY AGY

(K) (mol" K" (Fmol™K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 97.2 121.8 1990.1 2026.4 121.9 -1990.1 -1874.9
300 97.8 122.5 1989.9  2026.7 121.8 -1990.1 -1874.1
350 108.6 138.4 1984.7  2033.2 123.0 -1990.5 -1854.8
400 116.0 153.4 1979.1  2040.5 126.0 -1990.5 -1835.4
450 121.4 167.4 1973.2  2048.6 129.9 -1990.3 -1816.0
500 125.5 180.4 1966.9  2057.1 134.1 -1989.9 -1796.6
550 128.8 192.5 1960.6 2066.5 139.0 -1989.5 -1777.3
600 131.5 203.9 1954.1 2076.5 143.9 -1988.9  -1758.0
650 133.8 214.5 1947.5 2087.0 149.0 -1988.4 -1738.9
700 135.9 224.5 1940.7 2097.9 154.0 -1987.7 -1719.7
750 137.7 2339 1933.9 2109.4 159.0 -1987.1  -1700.6
800 139.4 2429 19269  2121.2 163.9 -1986.3 -1681.5

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

Table 4.37: Thermodynamic data for (Lao.7Bao.1sTho.15)PO4, where T = temperature, C, =
standard molar heat capacity, S} = standard molar entropy, H} = standard molar enthalpy, G}
= standard Gibbs energy, -(G%- 503)/T = free energy function, AH = standard molar enthalpy

of formation, AG} = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T b St —H? -Gt -(Gy-H398)/ T AHY AGY
(K) (Jmol" K"V (Imol™K" (kI'mol'” (kImol'”  (Jmol"K» (kl'mol'” (kJ-mol'"
298 92.7 122.3 1982.7 2019.2 122.4 -1982.7  -1867.7
300 93.2 122.9 1982.5 2019.4 122.3 -1982.7 -1866.9
350 103.8 138.1 1977.6 2026.0 123.6 -1983.4 -1847.6
400 111.3 152.5 1972.2 2033.2 126.3 -1983.6  -1828.1
450 117.1 166.0 1966.5 2041.2 130.0 -1983.7 -1808.7
500 121.8 178.6 1960.5 2049.8 134.2 -1983.6  -1789.3
550 125.8 190.4 1954.3 2059.0 138.8 -1983.3  -1769.8
600 129.3 201.5 1947.9 2068.8 143.5 -1982.9 -1750.4
650 132.4 211.9 1941.4 2079.2 148.5 -1982.4  -1731.0
700 135.3 221.9 1934.7 2090.0 153.3 -1981.9  -1711.8
750 138.1 231.3 1927.8 2101.3 158.2 -1981.2  -1692.5
800 140.6 240.3 1920.9 2113.2 163.1 -1980.5 -1673.3

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).
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Table 4.38: Thermodynamic data for BaosThosPOs, where T’ = temperature, C, = standard
molar heat capacity, St = standard molar entropy, H} = standard molar enthalpy, GT = standard
Gibbs energy, '(G%'H(z)gg)/T = free energy function, AH} = standard molar enthalpy of

formation, AGY{ = standard molar free energy of formation as a function of temperature at a
pressure of 101.325 kPa?.

T Cy° 5% —HS —-G3 (G2-H3g)/T AH? AG?

p T
(K) (mol" K" (Jmol" K" (kI'mol'” (kImol'”  (Jmol"K " (kl'mol'” (kJ-mol"
298 106.0 125.9 1944.0 1981.5 125.9 -1944.0 -1830.0
300 106.4 125.6 1943.8  1981.5 124.9 -1944.0 -1829.2
350 115.2 143.7 1938.2  1988.5 127.1 -1944.1  -1810.1
400 121.6 159.5 19323 1996.1 130.3 -1943.9 -1790.9
450 126.5 174.1 1926.1  2004.4 134.3 -1943.7  -1771.8
500 130.7 187.6 1919.7  2013.5 139.0 -19433  -1752.7
550 134.2 200.3 1913.0 2023.2 143.9 -1942.8 -1733.7
600 137.4 212.1 1906.3 2033.6 149.3 -1942.2  -1714.7
650 140.3 223.2 1899.3 2044 .4 154.4 -1941.6  -1695.8
700 143.0 233.7 1892.2 2055.8 159.7 -1940.8 -1676.9
750 145.6 243.7 1885.0 2067.8 165.0 -1939.9  -1658.0
800 148.0 253.1 1877.7  2080.2 170.2 -1939.0 -1639.3

2The standard uncertainty u(7) = 0.5 K, Expanded uncertainty U(P) = 5000 Pa (0.997 level of confidence).

The standard molar free energy of formation AG{(T) of (Lai-«My2Thy2)POs (0 < x < 1)
(M = Ca, Sr and Ba) solid solutions as a function of temperature are determined using the
experimental values of standard molar enthalpy of formation AHF(298 K), the estimated
standard molar entropy of formation AS?(298 K) and molar heat capacity change for the
formation ACE of compounds. The plots of Gibbs energy of formation as a function of
temperature are shown in Figs. 4.36—4.38 and the coefficients of linear least square fitted

equation for the Gibbs energy of formation are given in Table 4.39.
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Table 4.39: The coefficients of Gibbs energy of formation of LaixMx2Thx2PO4 (0 < x < 1)
(M = Ca, Sr and Ba) as a function of temperature at P =101.325 kPa?.

PAGY(T) / kJ'mol' = A + B-T

Composition A B
(Lal.xCax/zThx/z)PO4 (0 <x< 1)

LaPOs -1966.3 0.3864
(Lao.s5Ca0.075Tho.075)PO4 -1989.4 0.3881
(Lao.75Cao.125Tho.125)PO4 -2000.2 0.3891
(Lao.6Cao.2Tho2)PO4 -1983.5 0.3881
(Lao.4Ca0.3Tho3)PO4 -1969.2 0.3876
(Lao.25Ca0.375Tho.375)PO4 -1957.9 0.3919
(Lao.15Ca0.425Tho.425)PO4 -1945.2 0.3907
Cao.sThosPO4 -1941.1 0.3896
(La1_xSl'x/zThx/z)PO4 (0.2 <x< 1)

(Lao.sSro.1Tho, 1)PO4 -1993.8 0.3842
(Lao.6Sr0.2Tho2)PO4 -1987.2 0.3847
(Lao.4Sr0.3Tho3)PO4 -1972.6 0.3854
(Lao2Sr0.4Tho.4)PO4 -1957.5 0.3841
Sro.50Tho.s0PO4 -1948.0 0.3856
(Lal.xBax/zThx/z)PO4 (01 <x< 0.3, X = 1)
(LaoAgoBavosThvos)POzt -1989.9 0.3867
(Lao,gBao,lTho, 1)PO4 -1989.6 0.3856
(Lao,7oBao,15Th0,15)PO4 -1983.1 0.3876
Bao.sThosPO4 -1943.1 0.3802

aStandard uncertainties u are u(P)= 5000 Pa.
bestimated in this study, the uncertainty in the values are within 3 percent.

The calculated Gibbs energy data for the solid solutions indicates that the stability of
substituted LaPO4 is mainly governed by the enthalpy factor as the change in entropy among

the compositions is negligible.

4.4. DISCUSSIONS

The specific heat capacity data of LaPO4 and Mo.5ThosPO4 (M = Ca, Sr and Ba) have been
compared and plotted in Fig. 4.39. The specific heat capacity of Cao.sTho.sPO4 is found to be
slightly higher than that of LaPOa. This could be due to the effect of substitution of charge
coupled (Ca®", Th*") (*XrCa?" = 1.18 A, *rTh*" = 1.09 A) in place of La*" (XrLa*" = 1.216A),

decreases the average M-O bond length and increases the average bond strength than La-O
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bond in LaPOa. This fact also corroborated by their lattice parameter variations using X-ray
diffraction data. On the other hand, the specific heat capacity of SrosThosPO4 and
Bao.sThosPOa s slightly less than that of LaPOs as the average M-O bond length in (Sr?*, Th*")
and (Ba?", Th*") couple substituted solid solution are higher than La-O bond length in LaPOa.
The heat capacity of Mo.sThosPO4 (M = Ca, Sr and Ba) are found to be lower than that estimated
value obtained by Neumann-Kopp rule. The deviation from the Neumann-Kopp rule for these
compounds can be explained on the basis of the difference in the coordination number of the
metal atom in substituted monazite as compared to their respective metal oxides.

The enthalpy of formation, AH{(298 K) for LaPOs and Mo.5Tho.sPO4 (M = Ca, Sr and
Ba) derived from this work was compared with the literature data. The values are listed in
Table 4.40 and plotted in Fig. 4.40. The standard enthalpies of formation for LaPOs measured

in the present work are compared to values reported in the literature [168, 177, 189, 201, 202].

—=—LaPO,
Ca, Th PO,

0.60 St,;Th, PO,
v—Ba, Th PO,

300 350 400 450 500 550 600 650 700 750 800
T/K
Figure 4.39: Heat capacity plots of LaPO4 and Mo.sTho.sPO4 (M = Ca, Sr and Ba).
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Fig. 4.40: Comparison of the standard molar enthalpies of formation values of LaPO4 and
Mo.5Tho.sPO4 (M = Ca, Sr and Ba) with that the values reported in the literature.

The standard molar enthalpy of formation found to vary from -1949 + 4 kJ-mol! to -1994.4 +
2.7 kJ-mol'!. Deviation in the measurement from the literature values reported by Marinova et
al. [201] and Neumeier et al. [168] could not be identified. However, the value of enthalpy of
formation for LaPO4 reported in the present work is found to be well within the experimental
uncertainty of the values reported by three different measurements viz. Ushakov et al. [177],
Popa et al. [189] and Marinova & Yaglov et al. [202]. The AH?(298 K) value for Cao.sTho.sPO4
is found to be in good agreement with that of Popa et al. [179]. The corresponding AH?(298 K)
values for SrosThosPO4 and Bao.sThosPO4 were measured for the first time in this work and

hence could not be compared with the literature values.

Table 4.40: Comparison of the standard molar enthalpies of formation values of LaPO4 and
Cao.5Tho.sPO4 with that reported in the literature.

AH
Authors Methods [LaPOs, 298 K]
/kJ-mol!
LaPO4
This work Oxide melt calorimeter at 1089 K -1966.9+4.4°
Ushakov et al. [177] Oxide melt solution calorimetry at 976 K -1970.7£1.8
Popa et. al. [189] Recalculated from results of Ushakov et al. [177] -1969.7£1.9
Marinova et al. [201] Acid solution calorimetry -1949+4
Marinova and Yaglov [202]  Solubility products and estimated entropies -1962+8
Neumeier et al. [168] Oxide melt solution calorimetry at 973 K -1994.36+2.68
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CasThosPOy4
This work Oxide melt calorimeter at 1089 K -1941.4+4.7
Popa etal. [179] Oxide melt calorimeter at 1080 K -1936.4+5.1
Sro.5ThosPO4
This work Oxide melt calorimeter at 1089 K -1948.8+4.3
Bao,sTho_5P04
This work Oxide melt calorimeter at 1089 K -1944.0+4.9

The standard molar enthalpy of formation AH?(298 K) of Mo.sTho.sPO4 (M = Ca, Sr and Ba)
are found to be in the order: Cao.sThosPO4(-1941.4 £ 4.7 kJ-mol!) < Bao.sTho.sPO4(-1944.0 +
4.9 kJ'mol!) < Sro.5ThosPO4 (-1948.8 + 4.3 kJ-mol™"). The variation of enthalpy of formation
of Mo.sThosPO4 (M = Ca, Sr and Ba) can be explained by the match of the ionic radii of metal
ion with the cavity size. The ionic radii of Sr** (1.31 A) matches well with the lattice site of
La* ion (1.216 A) formed by the phosphate tetrahedral. The radii of the Ba>" ion (1.47 A) are
slightly higher than the cavity, whereas that of Ca>" (1.18 A) is less. Therefore, substitution of
these ions at La®" site creates lattice strain and decreases the stability.

Fig. 4.41 gives the variation of standard molar enthalpy of formation for
(La1«Mx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) with respect to their binary oxides (AHY )
as a function of mole-fraction of charge coupled substitution. It shows that on substitution of
charge couple (M?*, Th*") (M = Ca, Sr and Ba) in LaPO4 forming (Lai-<Mx2Thx2)POs4 solid
solution increases the thermodynamically stability the host matrix up to x = 0.25 for
(Lai«xCax2Thy2)PO4, x = 0.3 for (Lai«Srw2Thy2)PO4 and x = 0.2 for (Lai«Bax2Thy2)PO4]. On
further substitution, the stabilities of the solid solutions decreases and the values of AHY

become less negative.
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Fig. 4.41: Combined plot of standard molar enthalpy of formation of (Lai-xMx2Thw2)PO4
(0 £x<1) (M= Ca, Sr and Ba) from their constituent oxides.

The observed minima for the solid solutions could be interpreted in terms of the interplay

between two opposite factors:

(a) The increase in stabilization of the solid solution with the increase in basic strength of the

Group-II metal-oxide (Fig. 4.42).
(b) The destabilization of the solid solution caused by the sublattice strain arising due to size

mismatch of the substituted ions as compared to La** ion in the crystal lattice (Fig. 4.43).

The stabilization of LaPOs4 matrix by the charge couple (M?*, Th*") (M = Ca, Sr and Ba)
substitution, can be explained by the extent of acid-base reaction between basic oxides viz. MO

(M = Ca, Sr and Ba), ThO2 and acidic oxide P20Os as given in the eqn. (20).
1/2:-MO + 1/2-ThO2 + 1/2-P20s5 = Mo.5Tho.sPO4 (4.20)

As reported by Zhang et al. [203], the basicity of Group-II oxides increases with their ionic
radius and their basic strength follows the order: CaO < SrO < BaO. Thus, the enthalpy of
formation (AH¢,,) of phosphates at 298 K increases in the order Cao.sTho.sPO4(-258.2 + 4.5
kJ-mol!) < Sro.5Tho.sPO4 (-287.5 + 4.2 kJ'mol!) < BaosThosPOs (-304.3 + 4.4 kJ-mol’!") as

shown in Fig. 4.42.
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Fig. 4.42: Enthalpy of formation from oxides of LaPO4 and Mo.sTho.sPO4 (M = Ca, Sr and Ba)
as a function of ionic radii of La** substituting ion.

Similarly, the enthalpy of formation (AH o) of (Lai-«Mx2Thw2)PO4 (0 <x < 1) (M = Ca, Sr and

Ba) solid solution from their binary oxides at 298 K can be represented by the eqn. (4.21)
(1-x)/2:La203 + x/2-MO + x/2-ThO2 + 1/2-P20s5 = (La1-xMx2Thx2)PO4 4.21)

The basic strength of the metal oxide follows the order: ThO2 < LaxO3 < CaO < SrO < BaO
[203]. Therefore, enthalpy of formation (AHY ) for the solid solution at 298 K is most negative
or exothermic for (Ba, Th)-substituted followed by (Sr, Th) and then (Ca, Th)-substituted solid
solutions.

On the other hand, the destabilization of (LaixMx2Thx2)PO4 (0 < x < 1) (M = Ca, Sr
and Ba) solid solution arises due to mismatch in size between the charge couple (M?*, Th*")
(M = Ca, Sr and Ba) and that of La*" ion. The size mismatch causes strain in the crystal lattice
and decreases the enthalpy of formation, AH¢ (298 K) of solid solutions. The charge coupled
(Ca?*, Th*") and (Sr?*, Th*") substitution shrink the crystal lattice of pure LaPO4 host matrix,
whereas the crystal lattice expands in case of charge coupled (Ba?*, Th*") substitution as shown

in Fig. 4.43.
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Fig. 4.43: Variations of unit cell volume of the solid solutions on substitution.

Further, it was observed that the enthalpy of formation, AHY (298 K) of (Sr**, Th*")
substituted solid solution is more negative than (Ca?", Th*") and (Ba?*, Th*") substituted solid
solution (Fig. 4.44). In case of (Sr**, Th*") charge couple, the average ionic radius of
(Sr**, Th*") couple matches well with that of La** host ion whereas average ionic radii in case
of (Ca?*, Th*") and (Ba®*, Th*") charge couples differs.

It is also observed that the lattice strain arising due to ion size mismatch is the main
contributor to the excess enthalpy of mixing, AHmix in these solid solutions and shown in
Fig. 4.44. This effect of the ion size mismatch on the excess enthalpy of mixing of substituted
phosphates solid solutions was also reported by Neumeier et al. [168] and Konings et al. [171].
The strong negative value of AHmix shows that the mixing of (Ca?*, Th*"), (Sr**, Th*") and
(Ba?*, Th*") couple at lattice site of La*" in LaPO4 (monazite) host structure is highly favorable.
Therefore, solid solution so formed are thermodynamically more stable than the end members

i.e. LaPOgs and (Mo.5Tho5)POa.
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Fig. 4.44: Combined plot of enthalpy of mixing for (Lai-xM2Thyx2)PO4 (0 <x < 1) (M =Ca, Sr
and Ba) as a function of mole fraction of their respective end member.

Hence, the interplay of these two opposite factors i.e. the stabilization of the solid solution with
the basic strength of the metal oxides and the destabilization of the solid solution due to ions
size mismatch, results in the enthalpy minima observed for the solid solutions. The
compositions correspond to the enthalpy minima found to be most thermodynamically stable.
The enthalpy of formation data for the solid solution indicates that the compositions
corresponding to x = 0.25 for (Lai-«Cay2Thy2)PO4, x = 0.3 for (Lai-xStx2Thy2)POs and x = 0.2
for (LaixBax2Thyx2)PO4 solid solutions in the (Ca, Th) (Sr, Th) and (Ba, Th) charge couple

substitution series are thermodynamically most stable.

4.5. CONCLUSIONS

X-ray diffraction results for (Lai-«xM2Thy2)POs (0 <x < 1) (M = Ca, Sr and Ba) suggest that a
homogeneous solid solution are formed for M = Ca and Sr in the entire range of composition.
Phase separation was observed for (Ba, Th) was observed above x = 0.3. Unit cell parameters
and the density of the solid solutions hold linear relations in the homogeneity range. This
indicates excellent ability of monazite to accommodate minor actinides along with alkaline

earth metals.
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Heat capacities of the solid solutions do not vary linearly with the composition. This could be
due to the small difference in heat capacities between the end-member of solid solutions. High-
temperature oxide drop solution calorimetry shows that the energetic of monazite-cheralite
solid solutions depend on the radii and the concentration of the ions occupying the lanthanide
sites in host matrix. All three solid solution systems showed minima for a certain extent of
substitution, which found to be interplay of two opposite effects. The strong negative value of
enthalpy of mixing, AHmix suggests that the mixing of Ca?*/Sr>*/Ba®" and Th*" at lattice site of
La*" ions in the synthetic monazite structure results in more thermodynamically stable
intermediate composition than the corresponding end-members, which is an important
information in view of the long-term stability of the monazite-cheralite waste matrix.

The results of the present study evoke to explore the thermodynamic stabilities of other
possible charge couple substitutions involving tetravalent (An*") actinides/divalent (M?")
radionuclides as well we trivalent (An**) actinides/trivalent (M**) radionuclides in monazite-
cheralite matrix. A list of possible divalent/tetravalent and trivalent/trivalent charge couples
having average ionic radii within 15 % ionic radii of La*" ion in nine-fold coordination are
provided in Table 4.41. Since most of these elements are highly radioactive and difficult to
handle in normal laboratory conditions, the surrogate elements can be considered for their
thermodynamic investigations. The list of surrogate elements having physical and chemical

properties similar to the minor actinides are also given in Table 4.42.

Table 4.41: List of possible combinations of tetravalent/divalent and trivalent/trivalent charge
coupled ions for synthetic monazite.

Percentage
difference in
ionic radii

Charge couple Avg. ionic radii Difference in
substitution (Favg)* /A radii (A)P

Tetravalent substitution: (M**, An*")

Ca>", Th* 1.135 -0.081 6.7
Ca’*, U* 1.115 -0.101 8.3
Ca®", Np** 1.105 0.111 9.1
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Ca?*, Pu* 1.085 -0.131 10.8
Sr?*, Th* 1.20 -0.016 1.3
Sr?*, U** 1.18 -0.036 3.0
Sr?*, Np** 1.17 -0.046 3.8
Sr?*, Put* 1.15 -0.066 54
Sr?t, Zr** 1.10 -0.116 9.5
Ba?", Th* 1.28 0.064 5.0
Ba%*, U* 1.26 0.044 3.5
Ba?*, Np** 1.25 0.034 2.7
Ba?*, Pu* 1.23 0.014 1.1
Ba%*, Zr* 1.18 -0.036 3.1

Trivalent substitution: (M3*, An®")

La’*, Pu** 1.201 -0.015 1.2
La**, Am** 1.185 -0.031 2.5
La*", Cm?* 1.179 -0.037 3.0
Sm**, Pu?* 1.159 -0.057 4.7
Sm**, Am?* 1.143 -0.073 6.0
Sm**, Cm*" 1.137 -0.079 6.5
Gd*', Pu** 1.146 -0.069 5.7
Gd**, Am** 1.130 -0.085 7.0
Gd**, Cm** 1.125 -0.091 7.5

*rave = (XrM2* + XrAn*)/2 or (XrM*>*+ XrAn*)/2.
bDifference is calculated with respect to the ionic radii of La*" ion (1.216 A) in nine-fold coordination.

Table 4.42: List of surrogate elements for trivalent and tetravalent actinides [204-208].

Actinides Surrogates
Np* Th*t/U*
Pu3* Sm**/Eu®?
Pu** Hf*/Ce**
Am’* Nd**/Eu*
Cm?* Nd**/Gd**

The thermodynamic data for these charge couple substituted monazite-cheralite solid solutions
or their suitable surrogates will provide the comprehensive knowledge about the use of
monazite-cheralite matrix for the disposal of long-lived radionuclide elements involving above

ions.
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CHAPTER-5

LEACHING STUDIES OF CHARGE-
COUPLED SUBSTITUTED MONAZITE
SOLID SOLUTIONS
(LaixM,:Thyx2)POs (0<x<1)

(M = Ca, Sr and Ba)
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5.1. INTRODUCTION

The thermodynamic data reported in Chapter 4 suggests that thorium and alkaline earth metal
charge couple substituted LaPO4 (monazite) forming (LaixMx2Thy2)POs (0 <x < 1) (M = Ca,
Sr and Ba) solid solution have higher thermodynamic stability than the host matrix (LaPOs4).
Since in the present work, a systematic study on synthesis, characterization and thermodynamic
stabilities of charge-coupled substituted monazite-cheralite solid solution are carried out. The
chemical durability studies on these solid solution series would be of great scientific interest.
There are no data present on the leaching behavior of these substituted solid solutions series in
aqueous medium under off-normal conditions. Studies on leaching behaviour and rate of
release of radionuclides from the waste matrix are of prime importance for long term geological
disposal of minor actinides and other nuclear waste constituents.

Despite the wide interest in charge-coupled substituted synthetic monazite-cheralite
solid solutions as a suitable host matrix for HLW disposal, literature dealing with their chemical
durability studies is very limited. Few dissolution studies were carried out on natural samples
of monazite-cheralite solid solutions by Sales et al. [209] and Oelkers and Poitrasson [210]. A
few results were lately reported on the dissolution studies of homogeneous and single phase
Cao.sTh*0.5.:U*«(PO4) at 363 K in 10! and 10* M HNOs3 by Terra et al. [211], du Fou de
Kerdaniel et al. [212] and Veilly et al. [213]. Dissolution of Lao4Eu0.1Cao.25Tho.2sPO4 and
Lao.4Euo.1Ca0.25U0.25PO4 were measured in 10" M HNO3 at 363 K and compared by Dacheux
et al. [214]. The same author also studied several Cao.sTho.s-xUxPO4 solid solutions in dynamic
conditions to account for the influence on normalized leaching rates caused by the rapid
precipitation of neo-formed phases.

In the present chapter, the aqueous leaching behaviour of monazite-cheralite solid
solutions with compositions (Lai+Cax2Thy2)POs (x = 0.1, 0.25, 0.4), (LaiSrx2Thw2)PO4

(x = 0.1, 0.3, 0.5) and (LaixBaw2Ths2)PO4 (x = 0.2) are investigated. These mentioned
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compositions correspond to the enthalpy minima compositions, as outlined in previous chapter.
So, the present work makes an effort to draw a correlation between the results of
thermodynamic studies and chemical durability studies. The standard Product Consistency Test
(PCT) approved by the American Society of Testing Materials (ASTM) [215] has been used to
determine the leach rate behavior of the solid solutions. The procedure and experimental details

of the PCT method was described in Section 2.6 of Chapter 2.

5.2. EXPERIMENTAL

5.2.1. Material Synthesis & Characterization

Selected compositions of solid solutions were prepared by the solid-state synthesis method
described in Section 4.2.1 of Chapter 4. The chemical analysis of the products was carried out
using ICP-AES techniques and phase characterization by powder X-ray diffraction (XRD) as
described in Section 4.3.1 and 4.3.2. The technical details of the ICP-AES and XRD

instruments have been described in Section 2.3.1 and 2.3.2, respectively.

5.2.2. Density and surface area determination
The bulk density of each sample of solid solutions was determined using a hydrostatic balance
based on the Archimedes’ principle. The density was measured with around 1 g sample having
grain size ASTM 100 to 200 mesh (0.149-0.074 mm) and water as immersing liquid. Density
measurements for each sample were made in triplicate and the average value is considered.
Using the measured bulk density of the sample and assuming spherical geometry for
the particles, surface area (SA) of the given mass of sample was calculated using the relation,
SA = 3-w/p't, where, w is the mass of the sample (g), p is the density of sample (g-cm™) and r

is radius of the sample particle (cm).
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5.2.3. Product Consistency Test (PCT)

In order to determine the chemical durability of (Lai+Caw2Thy2)POs (x = 0.1, 0.25, 0.4),
(Lai1-xStx2Thy2)POs (x = 0.1, 0.3, 0.5) and (Lai+Bax2Ths2)PO4 (x = 0.2) solid solution matrix,
Product Consistency Test-A (PCT-A) method was performed. In this method, the selected
compositions of the solid solution were crushed to powder and sieved in a standard ASTM 100
to 200 mesh (i.e. 0.149-0.074 mm sieve). A known quantity of powdered sample (~1 g) was
placed into Teflon lined stainless steel 304 L vessel. 10 ml of double distilled water as leachant
was added to the vessel for dissolution of ions. Triplicate sample vessels and duplicate blanks
containing demineralized water were placed inside an oven. The ovens are kept at 363 + 1 K
to enhance the rate of dissolution. The objective for such experimental conditions is to generate
leach rate data within realistic time frame and use them as input in suitable mathematical
models to have prediction of release of radionuclides into the biosphere. The vessels should be
kept at constant temperature so that there is ample convection around the samples and heat
distribution. After seven days the vessels are removed from the oven and cooled to ambient
temperature. The pH and the temperature of the aliquot were measured. The clear leachate
obtained after centrifugation of the aliquot was used for quantitative elemental analysis using

ICP-AES technique.

5.2.4. Elemental analysis using ICP-AES technique

After a period of seven days, the leachate was examined for the quantitative measurement of
dissolved elements into the aqueous medium using Jobin—Yvon Ultima high resolution ICP-
AES instrument. It has resolution of 0.005 nm and a continuous wave length coverage in the
range of 200-800 nm. The optimized instrumental and experimental conditions are summarized

in Table 5.1.
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Table 5.1: ICP-AES instrumental parameters and operational conditions.

Parameters Operational conditions

Focal length I m

Grating Holographic

Groove density 4320/2400 lines/mm

Wavelength range 120-800 nm

Frequency 40.68 MHz

Resolution (FWHM) <6 pm from 120 to 430 nm < 11 pm from 430 to 800 nm
Nebulizer Concentric nebulizer with cyclonic spray
Pump Dual channel peristaltic pump

ICP-torch Demountable, radial viewing

Detector High dynamic PMT detector

Operating conditions:

Input power 230 V AC
RF power output 1.0 kW
Total time of measurement 36 s
Coolant flow 12 L/min
Auxiliary flow 0.2 L/min
Pump speed 20 Rpm

Standard solutions for analytes were prepared from CertiPUR® ICP standard procured from E-
Merck, Darmstadt, Germany. Suprapur® HNOs from E-Merck, Darmstadt, Germany and
quartz double distilled Milli-Q® water were used for all the samples.

Multi-point standardization was carried out for each elemental line after proper peak
search, profiling and auto-attenuation. The analysis of blank and standard solutions for
different elements are carried out and the calibration curve for each element is established.
Elemental analysis on a blank solution was carried out to determine the concentration of foreign
ions in the leachant water used during this study and found below the detection limit of the
instrument. The calibration curves acquired for the best analytical lines of each element are
used for the determination of the analytes in the samples. The diluted sample is analyzed and

concentration corresponding to the signal of each element in the sample is measured in
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mg-L-!. Each sample was done in triplicate with different aliquots. The values of obtained
analytical lines (nm), limit of detection (LOD) and relative standard deviation (RSD) are given

in Table 5.2.

Table 5.2: Analytical line of elements obtained using ICP-AES technique.

Element Analytical line/nm LOD /ng-ml! RSD /%
La 394.910 0.0121+0.0001 23
Th 283.730 0.0048+0.0001 3.1

From the measured concentration of leached ions present in the leachate, the normalized leach

rate (NRi, g'em-d") was determined employing the relation:

NRI, = M (5.1)

X (SA/V) x t
where Ci(sample) = the concentration of i element in the leachate (mg-L"), i = the mass
fraction of the i element in sample (unit less) calculated from batch composition as taken,
SA= the calculated surface area of the sample considering spherical geometry (cm?), V=

volume of the leachate (¢cm?) and t = duration of leaching (day).

5.3. RESULTS & DISCUSSIONS

The elemental analysis of the samples of solid solution were performed using ICP-AES
technique and phase characterized using the X-ray diffraction analysis. All the samples are
found to be in single monoclinic phase. Density of each sample was measured four times and
the mean value of density is used for the calculation of normalized leach rate. Density of the

samples was found to be in the range of 4.2-4.7 g-cm™ and showed systematic variation with
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composition of the samples. The pH of the leachant was found to be in the range of 6.3-6.5.
The individual error in pH value was + 0.2.

The concentration of the leached ions measured over a period of 7 days was found to
be below the detection limit of the ICP-AES instrument. The normalized leaching rate NR(La)
and NR(Th) obtained at 363 K in static conditions are reported in Table 5.3. The normalized
leach rate for the elements are calculated by considering their detection limit values i.e. The
observed normalized leach rates values for the ions in the solid solution are found to be well
within the internationally accepted limits of the vitrified waste matrix [216]. Generally, the NR;
values in the range of 1078 to 1071° g-cm™-day™! calculated using PCT method for a propsosed
waste matrix are considered to be reasonable for nuclear waste management [217, 218].

The results showed that the normalized leach rates (NVR;) values in the present work are
less than that reported for currently used borosilicate glass [219]. Thus, monazite-cheralite
solid solutions showed improved chemical durability than borosilicate glasses and
consequently could be considered as an alternate waste form for the immobilization of

radionuclides present in HLW.
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5.4. CONCLUSIONS

The leaching behavior of (Lai«Mx2Thy2)POs (0 <x < 1) (M = Ca, Sr and Ba) solid solutions
have been studied for the selected compositions at 363 K for a period of 7 days. The chemical
durability of monazite-cheralite solid solutions to aqueous alteration indicates that the
normalized leach rate NR(La) and NR(Th) was below 10°'° g-cm?-d"!. The complementary
results of thermodynamic studies and chemical durability studies of monazite-cheralite solid
solutions suggest that such materials could be considered as a potential candidate for suitable

immobilization of long-lived trivalent and tetravalent actinides.
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CHAPTER-6

THERMODYNAMIC STUDIES OF
THORIUM PHOSPHATE-
DIPHOSPHATE (TPD)

AND
PHASE INVESTIGATIONS OF
Th-P-0O, Th-P-H:0 SYSTEMS
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6.1. INTRODUCTION

As discussed in Section 1.8, among the various phosphate-based crystalline matrix, thorium
phosphate diphosphate (TPD) viz. Tha(PO4)4aP207, TPD, ThaPsOz23, has also been proposed as
a potential host matrix for long-lived tetravalent actinides. The thermophysical and

thermochemical properties viz. heat capacity Cp,, (7) and standard enthalpy of formation

AHZ (T) of waste forms are important parameters that decide the maximum waste loading based
on the decay heat from the radioactive elements in HLW. Alpha (o) decay of actinides loaded
in TPD host matrix could alter its chemical reactivity by modifying the thermodynamic stability
of the material [220]. This in turn could modify the long-term performance of TPD as a host
matrix.

The present study deals with the thorough investigations of thermodynamic properties
of TPD which enables to evaluate its long-term durability and reactivity. To the best of our
knowledge, no experimental data is available for standard enthalpy of formation of TPD. In
this chapter, the determination of the standard molar enthalpy of formation and heat capacity
of TPD are reported. The important thermodynamic functions of TPD, Gibbs phase diagram,
predominant area diagram for Th-P-O system and En-pH diagram for Th-P-H20 system have

also been calculated using FactSage software [221] and discussed in this chapter.

6.2. EXPERIMENTAL
6.2.1. Material Synthesis

6.2.1.1. Synthesis of Th2(PO4)(HPOs)-H.0 (TPHPH)

Solution chemistry route was used for the preparation of Th2(PO4)2(HPO4)-H20 (TPHPH)
compound using the mixture of thorium nitrate (NFC, Hyderabad; 99.99 % purity) and
ammonium dihydrogen phosphate (M/s Alfa Aesar, 99.9 % purity) taken in stoichiometric

amount. Aqueous solution of Th(NOs)4(aq.) and NH4H2POs(aq.) were taken in 2:3 mole ratio.
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Addition of aqueous solutions of Th(NOs)4(aq.) to ammoniacal solution of NH4H2POu(aq.)
with continuous stirring resulted in precipitate of respective hydrated thorium phosphate

diphosphate viz. Th2(PO4)2(HPO4)-H20 according to the following reaction:

2Th(NOs3)4(aq.) + 3NH4H2PO4(aq.) + H20(1) = Th2(PO4)2(HPO4).H20(s) (6.1)
+ 3NH4NOs(aq.) + SHNOs(aq.)

The resulting precipitates were filtered and washed in distilled water until the filtrate was
neutral. The precipitates thus obtained were dried using infra-red lamp and stored under argon

atmosphere.

6.2.1.2. Synthesis of Tha(PO4)>(HPO) (TPHP)

The dried precipitate of Th2(PO4)2(HPO4)-H20 (TPHPH) was heated at 500 K for 30 h under

flowing argon resulted its dehydrated form as Th2(PO4)2(HPO4) (TPHP) as per the reaction:

2Tha(PO4)2(HPO4).H20(s) = 2Tha(PO4)2(HPO4)(s) + 2H20(1) (6.2)

6.2.1.3. Synthesis of a-Th4(PO4)4P207 (a-TPD)

a-TPD was prepared by heating dehydrated Th2(PO4)2(HPO4) (TPHP) compound at 1000 K

for 24 h under argon flow. The corresponding reaction can be written as:

2Tha(PO4)2(HPO4)(s) = a-Tha(POa)aP201(s) + H20(l) (6.3)

6.2.1.4. Synthesis of B-Th4(PQO4)4P.07 (B-TPD)

B-Tha(PO4)4P207 (B-TPD) was prepared through transition from its a-phase. The sample of a-
TPD was ground, pelletized and heated to 1373 K for 24 h. The B-TPD was formed as per the

reaction given below:

0-Tha(PO4)aP207(s) = B-Tha(PO4)4aP207(s) (6.4)
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The B-TPD pellets were then gradually cooled to room temperature and stored inside a
desiccator for further studies. The purity of TPHPH, TPHP, a-TPD and B-TPD prepared in this

study has been taken similar to that of constituent precursors.

6.2.2. Characterization methods
6.2.2.1. Thermogravimetric analysis (TGA)

The accurate weight of thorium nitrate and ammonium dihydrogen phosphate was required for
the determination of AH7(298.15 K) for Th2(PO4)2(HPO4)-H20 (TPHPH). In order to obtain
the number of waters of hydration in thorium nitrate, ammonium dihydrogen phosphate and
resulting precipitate, thorium phosphate-hydrogenphosphate hydrate, thermogravimetric
analysis (TG) of these compounds were carried out in Netzsch STA 409 PC, NETZSCH-
Geratebau GmbH, Germany. Thermogravimetric studies on thorium nitrate, ammonium
dihydrogen phosphate and thorium phosphate-hydrogenphosphate hydrate were carried out at
the heating rate of 2 K-min! under flowing argon with flow rate of 20 ml'min’' in the

temperature range 303-1273 K. The method is described in Section 2.3.5 of Chapter 2.

6.2.2.2. X-ray diffraction (XRD)

B-TPD was analyzed by X-ray diffraction (XRD) technique using a Stoe, Germany, X-ray
diffractometer with monochromatic CuKa radiation (A= 1.5406 A) and a nickel filter. The XRD
patterns were recorded in the 20 range from 10° to 90° with a step width of 0.02° at 298 K. The
description of the technique is given in Section 2.3.2 of Chapter 2. X-ray powder diffraction

pattern of B-TPD was indexed by LATPAR program [222].

6.2.2.3. Fourier transform infrared (FT-IR) spectroscopy

The Infrared (IR) absorption spectra of Th2(PO4)2(HPO4)-H20 (TPHPH) and -Th4(PO4)4P207

(B-TPD) were recorded from 500 to 4000 cm™! using diamond ATR, employing IR Affinity-1
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FT-IR spectrophotometer, Shimadzu. The details of the instrument are described in Section
2.3.3 of Chapter 2. FT-IR spectrophotometer measured the infrared spectrum resulting from
irradiating samples with an interference pattern generated from a light source. The infrared
light was transmitted through the beam splitter to generate the interference pattern from the
light. The attenuated total reflectance (ATR) method was used to obtain infrared spectra from

samples in a variety of forms.

6.2.2.4. Enthalpy of dehydration

The enthalpies of reaction, correspond to dehydration of Th2(PO4)2(HPO4)-H20 (TPHPH) to
Th2(PO4)2(HPO4) (TPHP) and further dehydration to a-Th4(PO4)4P207 (a-TPD) were measured
using continuous scanning mode of Differential Scanning Calorimeter (DSC). The enthalpy of
dehydration was measured using a heating rate of 5 K-min™' with a pre-calibrated Mettler
Toledo Differential Scanning Calorimeter (DSC 1) under the flow of high purity argon gas.
About 250 mg of sample was taken in a sealed 100 pl Al pan crucible for the measurement.

The details of both DSC techniques are provided in Section 2.4.1 of Chapter 2.

6.2.2.5. Heat capacity

The transition enthalpy and heat capacity, Cg(T) of the samples were measured in the
temperature range of 300-800 K with a heating rate of 5 K-min™!' using Differential Scanning
Calorimeter (DSC) under a constant flow of argon gas. Classical three-step method viz., blank,
sapphire and sample run in a step heating mode was used to measure the heat capacity of each
sample. The descriptions of the classical three-step method are provided in Section 2.4.1.4 of
Chapter 2. About 200 mg quantity of each sample was taken in a sealed 40 pl Al pan crucible

for the heat capacity measurement and independently measured twice. Four consecutive runs
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were performed for each sample and the average of the last three superimposing DSC curve

were considered for the calculation of heat capacity for the sample.

6.2.2.6. Enthalpy of formation

The enthalpy of reaction between Th(NOs3)4(aq.) and NH4H2POs(aq.) was measured in ampoule
break experiment in which known quantity of thorium nitrate was loaded into the Isoperibol
calorimetric ampoule. Calorimetric solvent contained NH4H2PO4 in 25 g (1.388 mol) of double
distilled water. The mole ratio of solute to solvent present in calorimetric vessel was more than
1:4000. The sample containing ampoule was equilibrated in the calorimeter containing solvent.
The calorimetric temperature was recorded as a function of time before the ampoule was
broken. The reaction inside the calorimeter was initiated by breaking the ampoule containing
thorium nitrate. The reaction was observed as an instantaneous change in the calorimetric
temperature. The measured temperature change for dissolution of thorium nitrate in
calorimetric solvent was due to both enthalpy of solution at infinite dilution and enthalpy of

precipitation of TPHPH. The details of the method is provided in Section 2.4.2 of Chapter 2.

6.3. RESULTS & DISCUSSIONS

6.3.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the precursor material i.e. hydrated thorium nitrate and room
temperature precipitated product i.e. Th2(PO4)2(HPO4)-H20 (TPHPH) were carried out and the
observed thermograms were given in Fig. 6.1 and Fig. 6.2, respectively. The thermogram for
hydrated thorium nitrate represents the stepwise mass loss of equivalent to five water
molecules. The detailed dehydration study of second precursor material i.e. NH4H2PO4 has

already been discussed in Section 3.3.1.2. of Chapter 3.
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The observed results of the thermogram of decomposition of room temperature precipitate
Th2(PO4)2(HPO4)-H20 (TPHPH) was found to be in agreement with the observation of
Dacheux et al. [223]. They have thoroughly studied TGA and DTA analysis of TPHPH and
found presence of one water molecule. The final product obtained at 1250 was characterized

as B-Tha(PO4)4P207 (TPD).

Th(NO,),.5H,0(s)
10}

201

30+

mass loss / %

40t

50

300 400 500 600 700 800 900
T/K

Fig. 6.1: Thermal decomposition of Th(NO3)4.5H20.

Th,(PO,),(HPO,).H,0(s)

mass loss / %

4(I)0 5(I)0 660 7(I)0 8(I)0 9(I)0 10I00 11I00 12I00
T/K
Fig. 6.2: Thermal decomposition of Th2(PO4)2(HPO4)-H20.

170



Chapter 6: Thermodynamic Studies ...

6.3.2. X-ray diffraction (XRD)

XRD pattern of the product was matched well with the reported pattern of B-Tha(PO4)4P207
(TPD) given in JCPDS file no: 86-0669 [224] which is given in Fig. 6.3. Indexing of the powder

diffraction pattern using the LATPAR program [222] resulted in an orthorhombic unit cell.

Intensity / a.u.

"

20 30 40 50 60 70 80 90
20 /degtee

Fig. 6.3: X-ray powder diffraction pattern of 3-Tha(PO4)4P207.

The least square refinement of the unit cell parameters leads to a = 12.8607(24) A,
b =10.4302(15) A, ¢ = 7.0646(11) A and V = 947.64(27) A>. The least squares analyzed X-

ray powder diffraction data of B-Th4(PO4)4P207 are provided in Table 6.1.

Table 6.1: X-ray powder diffraction data for f- Tha(PO4)4P207.

hkl 200bs /deg 20calc /deg dobs /A 1/1o

200 13.730 13.760 6.444 10.0
210 16.160 16.180 5.480 50.1
020 16.970 16.988 5.221 67.2
120 18.360 18.343 4.828 7.6

211 20.500 20.510 4.329 100
310 22.400 22.404 3.966 14.3
002 25.180 25.192 3.534 43.6
311 25.750 25.745 3.457 10.7
130 26.550 26.537 3.355 14.5
112 27.520 27.526 3.239 16.8
230 29.170 29.176 3.059 17.9
212 30.070 30.085 2.969 19.8

171



Chapter 6: Thermodynamic Studies...

401 30.530 30.523 2.926 76.0
231 31.860 31.859 2.807 52.0
420 32.700 32.694 2.736 10.3
040 34.370 34.364 2.607 12.0
421 35.130 35.136 2.552 33.0
232 38.890 38.921 2314 14.0
213 41.730 41.722 2.163 25.0
042 43.070 43.084 2.099 28.0
441 46.640 46.616 1.946 17.0

251 47.570 47.561 1.910 22.0
233 48.770 48.767 1.866 20.0
630 49.930 49.945 1.825 14.3

612 50.540 50.530 1.804 18.0
423 51.110 51.129 1.786 14.8
004 51.730 51.717 1.766 13.0
252 52.880 52.881 1.730 10.1
161 54.810 54.806 1.674 11.9
550 56.770 56.776 1.620 13.2
613 58.910 58.883 1.566 9.0

6.3.3. Fourier transform infrared (FT-IR) spectroscopy

The observed FT-IR spectrum of the room temperature precipitate i.e. Th2(PO4)2(HPO4)-H20
and high temperature product i.e. B-Tha(PO4)4P207 are given in Fig. 6.4 and the corresponding

infra-red vibrational frequencies are provided in Table 6.2.

Transmittance /a.u.

3900
3600
3300
3000
2700
24001
2100
= 1800
1500
1200
900
600

-~

c lem’

Fig. 6.4: Infrared spectra of (a) Th2(PO4)2(HPO4)-H20 and (b) B-Tha(PO4)4P207 recorded at

room temperature.
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Table 6.2: Assignments of the vibrational frequencies of Th2(PO4)2(HPO4)-H20 and
B-Tha(PO4)4P207 at room temperature.

Th2(PO4)2(HPO4)-H20  B-Tha(PO4)4P207

Assignments o Jem! o /e
stretching O-H and (P)-O-H 3650-2700 -
stretching (P)-O-H ~ 2400 shoulder -
bending H2O 1638 -
bending (P)-O-H ~ 1400 shoulder -
JP-0O 1140-940 1150-860
sP-O 628-506 640-620
stretching P-O-P - 740

The IR spectra of Th2(PO4)2(HPO4)-H20 showed O-H stretching, H-O-H bending vibrations
[225-227], P-O and (P)-O-H bands. The broad band observed from 3650 to 2700 cm™! consist
of O-H stretching modes of the water molecule and that of the (P)-O-H group [225, 228], while
the band observed at 1638 cm™! is the characteristic bending mode of H20. The stretching and
bending vibrations of (P)-O-H are detected as a shoulder at ~2400 cm™' and ~1400 cm!,
respectively [229, 230].

The P-O bonds vibrations are observed in the wavelength range 640-506 cm™! (8.s) and
from 1150-860 cm™' (vs and vas) in the infrared spectra of Th2(PO4)2(HPO4)-H20 and B-
Tha(PO4)4P207. The signature of P20O7 group (P-O-P) bridge (720-770 ¢cm™) is not generally so
intense [231], but can be seen in case of f-Tha(PO4)sP207and absent in Th2(PO4)2(HPO4)-H20.

The observations confirm the presence of hydrogenphosphate group and absence of
P207 group in Th2(PO4)2(HPO4)-H20. The bands corresponding to the stretching mode of O-
H, (P)-O-H, or bending mode of H-O-H are not observed for -Tha(PO4)4P207. These bands
might have disappeared when Th2(PO4)2(HPO4)-H20 was heated at 1273 K due to formation

of B- Th2(PO4)2(HPO4)-H:20.
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6.3.4. Enthalpy of dehydration

DSC measurements showed two endothermic peaks at 450 K and 638 K with corresponding
enthalpy of transitions 88.5 and 101.4 J-g"!, respectively. These peaks correspond to different
events in the temperature range 350-555 K and 555-750 K shown in Fig. 6.5. The first peak
corresponds to the full dehydration of Th2(PO4)2(HPO4)-H20 into Th2(PO4)2(HPO4) whereas
the second peak correspond to the loss of one mole of water for the formation of P2O7 from
two HPOs4 groups. This rearrangement resulted in low temperature form: o-
Th2(PO4)2(HPO4)-H20. Dacheux et al. [232] have measured DTA-TGA of curves of
Tha(PO4)2(HPO4)-H20 using Setaram TG 92-16 apparatus under dry argon in the temperature
range 300-1473 K. From their measurements the enthalpy of transition of a to B phase of

Th2(PO4)2(HPO4)-H20 has been calculated as -53.1 kJ-mol'.

<
€x0.>
.

Heat flow /mW

450 K

638 K

300 400 500 600 700 800 900
T/K
Fig. 6.5: Heat flow curve of Th2(PO4)2(HPO4)-H20.

6.3.5. Heat capacity measurements

The molar heat capacity data for Tho(PO4)2(HPO4)-H20, Th2(PO4)2(HPO4), a-Tha(PO4)4P207
(a-TPD) and B-Tha(PO4)4P207 (B-TPD) are calculated based on classical three steps method

and are tabulated in Tables 6.3-6.5. These molar heat capacity data are least square fitted to
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A + BT+ C-T polynomial expressions and the results along with the temperature range are
given below:
Th2(PO4)2(HPO4)-H,O (TPHPH)

Con(T) /3 mol K- = 426.93 + 0.49486-(T/K)
— 17.248-10%(K/T)>  (298.15 < T/K < 450) (6.5)

Th2(PO4)2(HPO4) (TPHP)

Con(T) /T-mol K- = 371.32 + 0.03583-(T/K)
~ 6.946-106-(K/T)? (473<T/K <638)  (6.6)

a-Th4(PO4)4P207 ((l-TPD)

Con(T) /T-mol' K- = 574.046 + 0.04001-(T/K)
~ 8.483-106-(K/T)? (B03<TK<791) (6.7)

B-Ths(PO4)sP207 (B-TPD)

Con(T) /3-mol K- = 422.75 + 1.5253-(T/K) — 6.44-10°3-(T/K)? + 1.0-10°5-(T/K)? —
10.395-105-(K/T)2— 35.112-107-(K/T)* (127 < T/K < 304) (6.8)

Con(T) /J-mol K- = 718.17 + 0.01135-(T/K)
~12.43-10(K/T)> (303 < T/K <791) (6.9)

Table 6.3: Heat capacity data of Th2(PO4)2(HPO4)-H20 and Th2(PO4)2(HPO4).

Th2(PO4)2(HPO4)-H,O Th2(PO4)2(HPOy)
T/K Cnom(]-) T/K Cop’m(T) T/K Cop’m(T)
/T-mol - K! /J-mol-K! /J-molt-K!

300.0 391.5 310.0 310.0 482.7 358.6
316.4 408.4 317.2 312.8 490.3 360.3
323.9 416.1 324.9 315.5 4978 361.7
331.5 427.8 332.6 318.6 505.3 361.7
339.0 4449 340.2 322.6 512.8 362.8
346.4 454.3 347.7 3253 520.3 363.5
353.6 465.6 355.2 331.4 527.8 364.2
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360.9 474.1 362.7 333.5 5354 365.3
368.2 483.0 370.1 336.0 542.8 366.4
375.5 490.6 377.6 337.8 550.4 367.0
382.9 502.2 385.0 339.1 557.9 368.1
390.4 509.2 392.5 341.6 565.4 368.9
397.9 5154 399.9 343.4 572.8 371.2
405.4 523.0 407.4 3452 580.3 372.3
413.0 530.5 414.9 346.1 587.8 373.2
420.6 538.0 422 .4 347.6 595.4 373.4
428.3 546.5 4299 348.8 602.9 374.3
435.9 550.6 437.4 350.0 610.5 375.5
443.5 557.5 4449 351.9 618.0 375.5
451.1 563.0 452.5 352.5 625.6 376.0
460.0 3534 633.2 377.3
467.6 3553 640.8 378.0
475.1 357.1 482.7 358.6
Table 6.4: Heat capacity data of a-Tha(PO4)sP207 (a-TPD).
(l-Th4(PO4)4P207 ((l-TPD)
T/K Cop*m(T) T/K C“pm(f) T/K Cop*m(T) T/K C‘gm(j)
/J-mol-K-! /J-molt-K! /J-mol-K-! /J-molt-K!
303.3 4939 437.0 548.5 580.2 571.5 723.6  585.8
304.5 496.5 4445  550.4 587.7 573.4 731.1 587.6
309.8 497.6 452.0 552.5 595.3 573.4 738.7 587.6
317.0 503.6 459.6  552.0 602.8 574.3 746.2  587.6
324.6  505.1 467.1  553.2 610.4 575.3 753.8  590.1
3322  510.2 4747  556.0 617.9 575.0 761.4  589.7
339.8 515.0 482.3 558.9 625.4 576.5 768.9 590.9
3474  516.5 489.8 559.2 633.0 5717.7 776.5 590.9
354.8  520.0 4973 5603 640.5 578.1 784.0 593.1
362.3  521.7 504.8 559.6 648.1 579.3 791.5 5935
369.7 524.5 5124  562.3 655.6 579.8 799.1 5934
377.1  527.6 519.9 5634 663.2 581.7 806.6 5943
384.6 529.1 527.5 564.3 670.8 580.9 814.1 5943
392.0 533.2 535.0 565.1 678.3 582.1 818.2 594.7
399.5 538.7 542.5 567.5 685.9 583.6 819.0 5938
4069 540.6 550.0 568.6 693.4 582.4 819.1 595.0
4144 5424 557.5 568.6 701.0 584.0 819.1 593.5
4219  546.6 565.1  569.8 708.5 584.5 819.1 5934
4294  548.2 572.6  571.5 716.1 586.4 819.0 5959
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Table 6.5: Heat capacity data of B-Tha(PO4)sP207 (B-TPD).

B-TPD
Low temperature heat capacity data High temperature heat capacity data
o GO G GO g GO
/J-mol!-K! /J-mol!-K! /J-mol!-K! /J-mol - K!
126.8  299.2 249.0 5404 3024 5904 602.3 691.2
134.1  336.1 256.8 5472 3104  593.7 621.0 6932
141.6 3653 264.6 5535 326.8  606.0 640.8 6953
149.1  391.2 2724 560.0 3489  617.0 660.7 697.7
156.6 4145 280.2  570.7 367.7 6249 679.4  699.7
1642 4342 288.0 570.4 387.5  636.1 700.4  700.7
172.0  450.0 2958  578.1 408.5  645.6 716.8  702.7
180.6  462.7 303.6  591.0 4272 6534 738.9 703.4
187.1 4729 447.1 662.2 7529  704.7
194.8 4847 464.6  668.6 766.9 705.4
202.5 495.6 485.0  672.7 775.1  705.4
210.2  502.4 504.6  677.0 779.8  705.5
2179 5134 524.1 681.1 780.9  706.0
2257 5185 5437  684.1 784.5  706.5
2335 5269 563.2  685.5 790.2  707.1
241.2 5337 582.8  687.8

The heat capacity data of -Tha(PO4)4P207 measured in this study matched well with that
reported by Dacheux et al. [232]. The heat capacity data determined for Th2(PO4)2(HPO4)-H20,
Tha(PO4)2(HPO4) and a-Tha(PO4)4P207 in the present study could not be compared as no data
was reported in the literature. A comparison of specific heat of a-Tha(PO4)4P207 and f3-
Tha(PO4)4P207 obtained in this study with that of Dacheux et al. [232] is shown in Fig. 6.6.
The difference between the specific heat capacity values of the present study and that of

Dacheux et al. [232] is well within 5% at 800°C.
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—&— o—TPD : Present study
—@— B-TPD : Present study
0.55r & B—TPD : Dacheux et al. [232]
—4&— B—TPD (N-K rule)
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Fig. 6.6: A comparison of specific heat capacities of a-TPD and B-TPD.

6.3.6. Enthalpy of formation

The results of the enthalpy of reaction of thorium nitrate with ammoniacal solution of
ammonium dihydrogen phosphate are given in Table 6.6. Applying Hess’s law, the value of
standard molar enthalpy of formation, AHg, for TPHPH is calculated to be -5754.2 + 5.1
kJ-mol!. The required enthalpy data for the thermo-chemical reaction scheme for the formation

of Th2(PO4)2(HPO4)-H>0 are given in Table 6.7.

Table 6.6: Enthalpy of reaction data using solution calorimeter experiment for
Th(NO3)4.5H20(s) in solution of NH4H2PO4(aq.) at 298 K.
(where, Soln A = 1.4x10* mol NH4H2PO4 in 25 g (1.388 mol) of double distilled water).

Sample Q AH} Mean AH;,
Reactant wt./mg  /J /kJ-mol!  /kJ-mol!
Th(NO3)s.5H20(s) 11.9 0622 298
+ 12.7 -0.648 -29.1 -29.8+0.6*b
Soln A 11.8 -0.629 -304

2Uncertainty is twice the standard deviation.
®Molar enthalpy of solution based on the molar mass of 570.134 g-mol ™! for Th(NO3)4.5H,O.
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Table 6.7: Thermochemical-cycle for calculation of standard molar enthalpy of formation,
AH¢,, of Tho(PO4)2(HPO4)-H20 (TPHPH) at 298 K.
(AH(f),m = AH]+AH2+AH3+AH4+AH5+AH6+AH7+AH8+AH9+AH10+AH11).

Reactions AH; AH, /kJ.mol!
2-Th(NO3)s.5H,0() = 2" Th(NO3)saq) + 10-H;00)
2-Th(NO3)saq) + 3:'NHsH2PO4aq) + HyOq) = Tha(PO4),(HPO4). H, 0 AH+AH,  -59.6+1.2

+ 3-NH4NOs(aq) + 5 HNO3aq.)
2-Th(NO3)s + 10-H,00) = 2-Th(NO3)4.5H20) AH; 226634321233
2Thg) + 4Nag + 1202 = 2-Th(NO3)ss) AH, -2891.2:3.01233]
3/2-Nagg) + 9Hagg) + 3Ps) + 60a(e) = 3-NHsH,POsgs) AHs -4357.3+1.21234
3-NHsNOs(s) = 3-Nagg) + 6-Hage) + 9/2-Osg) AH 1100.6+0.5(34
5-HNO3(g) = 5/2-Nag + 5/2-Hae) + 15/2-0ne) AH; 671.6+0.412341
3:NH4NOs(q) = 3:NHsNOs(q) AHj 279.4£0.71234
3:NH;H,PO4() = 3'NH4H,POjaq) AH, 48.8+1.712341
5-HNO3(aq) = 5"HNO3(g) AHjg 364.3+0.61234
Ha(g) + 1/2:04(g) = H20q) AHj; -285.8+0.11234
2-Thgy+ 3-Pg)+ 13/2:0ng + 3/2-Hae = Thy(PO4)(HPO,).Hy0() AHpypyyy  -5754.245.1

The thermo-chemical cycle for calculation of standard molar enthalpy of formation, AH?(B-
TPD,s,298.15 K) is given in Table 6.8. The formation of -TPD from TPHPH precipitate
involves irreversible reactions given in Fig. 6.7. In order to calculate the values of AH13—AHis
in Table 6.8, one has to consider typical thermo-chemical cycle given in Fig. 6.8. The enthalpy

changes of the following reaction:
A(s,298.15 K) = B(5,298.15 K) + C(1,298.15 K) (6.10)

can be calculated from the enthalpy of reaction at 7 and enthalpy of vaporization of C(/) as

follows:
T 298.15 K

AHO- €9 (A, T)AT+ AH,(T)+ f €0, (B.s. )T

298.15K T

+ [PRER e (Ce AT - AHS,, (1) (6.11)
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Using the similar thermo-chemical cycle AHi13—AH\s (Table 6.8) can be calculated from the

following equations:

450 K 298.15 K
AH®(13) = Co.m(TPHPH,s,7)dT + AH,(450 K) + f C m(TPHP,s,1)dT
298.15 K 450 K
298.15 K
ok Com(H20,.61AT - AHY, () (6.12)
638 K 298.15 K
AH(14) = 2. f C5m(TPHP,s,7)dT + AH(638 K) + f C9.m(0-TPD,s,7)dT
298.15 K 638 K
298.15 K
+ fer Com(H0.8.1)dT - AHY,, (D) (6.13)
1223 K
AH®(15) = C3.m(0-TPD,s,T)dT + AH,(1223K)
298.15 K
298.15 K
ik Com(B-TPD.s.1)dT (6.14)

The calculated enthalpy values of B-TPD are given in Table 6.8. The corresponding value is -
10565.5 + 13.6 kJ'mol"!. Similarly, enthalpy of formation of TPHP and o-TPD have been
calculated from required thermo-chemical cycles given in Table 6.9 and Table 6.10,
respectively. The corresponding enthalpy of formation values of TPHPH, TPHP and o-TPD

are -5754.2 £ 5.1, -5423.6 + 5.3 and -10409.4 + 13.3 kJ-mol"!, respectively.

[ﬁ-ThJ(P04)4P20'(S)]

T1223 K

[a-Th4(P04)4P20-(s)]

TGSS K

(ThePO:(HPO)) |

TJSO K

(Th:(PO PO H,06) |

Fig. 6.7: Schematic diagram depicting stepwise thermal evolution of B-TPD.
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T
IA(gJ (o) »B0) ] +(c@)

| A(s) } il » B(s) | + |C(l) |

Fig. 6.8: Thermo-chemical cycle.

Table 6.8: Standard enthalpy of formation of B-TPD at 298 K.
(AH?([}—TPD) =2:AH;; + 2:AH;3 + AH14 + AH;s - 3-AH )

Reactions AH,; AH, /kJ.mol!
2Th + 3Pt 13/2-Oag) + 3/2-Hagg) = Tha(PO3):(HPO) HoO0g) AH, 575424510
Thy(POs)2(HPO,). H:O = Tha(PO4)2(HPO)e + HaOp AH)3 44.8+1.5
2:Thy(POL)x(HPOL)) = 0-Tha(PO4)sP20x) + 20y AH,, 152.08.0°
0-Thy(PO4)sP20+) = B-Ths(PO4)sP207) AHs -156.2+3.0P
Ha + 1/2:0np = H:00) AHys -285.80.11234
4The + 6P + 23/2-Ong) = P-Tha(POs):P207) Ay o) -10565.5413.6

2Value taken from Table 6.6; "Using eqn. 6.12-6.14.

Table 6.9: Standard enthalpy of formation of TPHP at 298 K.
(AH{tpupy = AH;7 + AHus - AH )

Reactions AH; AH, /kJ.mol
2-The) + 3P+ 13/2-00g) + 3/2-Hag = Thy(PO4)>(HPOs).H.0ps) AH;7 ~5754.245.1°
Tha(PO4),(HPO,).H;0() = Tha(PO4)a(HPOs)) + Ha0 AHs 44.8+1 5b

Ha + 1/2-05= 20y, AH,s 285,840,134
2-They + 3-Pgey + 6-Ongg) + 1/2-Hagg) = Tha(PO4)2(HPO)) AHYpp)  -5423.6+5.3

*Value taken from Table 6.6; ®Using eqn. 6.12.

Table 6.10: Standard enthalpy of formation of a-TPD at 298 K.
(AHS§ 1pp) = 2"AHz) + AH>; - AH)))

Reactions AH; AH, /kJ.mol!
2-Thgs) + 3-Ps) + 6:Oa(g) + 1/2-Ha(g) = Tha(PO4)2(HPO4) ) AH3 -5423.6+5.3
2-Thp(PO4)2(HPO4)s) = a-Tha(PO4)sP207¢s) + H2Oy AH); 152.0+8.0°
Hag) + 1/2:029 = H20q) AH>, -285.8+0.1(2]
4-Thgs) + 6-P(s) +23/2:0a) = a-Thy(PO4)4P207) AHg, Tpp) -10409.4£13.3

2Value taken from Table 6.8; "Using eqn. 6.13.
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6.3.7. Computational Studies

6.3.7.1. Thermodynamic functions

The heat capacity, Cg’m and standard enthalpy of formation, AH¢,,(298.15 K) data of B-TPD
were used to compute important thermodynamic functions viz. entropy, Sp,(7); enthalpy,
H; (T); Gibbs energy function, @5 (7) {®p(T) = - [Go(T) - H,(298.15 K)]/T}; enthalpy of
formation, AHY,(T); Gibbs energy, Gy, (7) and Gibbs energy of formation, AG{ (7). The
thermodynamic relations used for computation of these functions are given in Section 2.5.2 of
Chapter 2. The Sp,(298.15 K) of B-TPD has been calculated by assuming ASg,;4.(298.15 K) =
20 J-mol"K-!. The required thermodynamic data for computation were taken from Barin

[235]. The calculated thermodynamic functions for 3-TPD are given in Table 6.11.

Table 6.11: Thermodynamic functions for -Tha(PO4)sP207 (TPD).

T G’ St -H -Gt -(G1-H3s)/T AH} AGY
(K)  ('molK") rmolK') (kJmol!) (kJmol')  (mol-K')  (kJmol!) (kJ-mol')
298.15 581.7 624.1 -10565.5 -10751.6 624.1 -10565.5 -10038.4
300 583.5 627.7 -10564.4 -10752.7 624.0 -10565.5 -9907.0
400 645.0 805.2 -10502.6 -10824.7 648.0 -10580.3 -9686.5
500 674.1 952.6 -10436.5 -10912.8 694.6 -10590.1 -9466.4
600 690.5 1,077.1 -10368.2 -11014.5 748.3 -10587.2 -9247.0
700 700.8 1,184.4 -10298.6 -11127.7 803.1 -10598.8 -9028.3
800 707.8 1,278.4 -10228.1 -11250.8 856.7 -10504.6 -8809.9
900 713.0 1,362.1 -10157.1 -11383.0 908.3 -10512.5 -8592.1
1000 717.1 1,437.5 -10085.5 -11523.0 957.5 -10536.2 -8374.3
1100 720.4 1,506.0 -10013.7 -11670.3 1,004.4 -10549.5 -8156.9

6.3.7.2. Phase diagram of Th-P-O system

It has been calculated by minimization of Gibbs energies of all phases present in Th-P-O
system. The compounds in Th-O and P-O systems are well characterized as described in
Section 2.5.3. of Chapter 2. Th-P system is characterized by four compounds: ThP, Th3Pa,

Th2P11 and ThP7. Javorsky and Benz [236] reported phase diagram of Th-P up to 60 at. % of
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P. ThP is the most stable thorium phosphide which melts congruently at 3263 K and ThsP4 to
decompose above 1373 K to ThP. Schnering et al. [237] found Th2P11 to decompose at 740 K
to Th3P4 and Schnering and Vu [238] found ThP7 to decompose to Th2P11 at 650 K. The ternary
compounds present in ThO>—P20s system are controversial. Five ternary compounds: ThP207,
ThP4O12, Th3P2011, ThsP4O16 and Th4PsO23 have been reported in this system. Laud and
Hummel [239], during the study of ThO2>-P20s system confirmed the existence of ThP207,
Th3P2011 and ThaP4O16. Clavier et al. [240] reported that Cubic ThP207 was stable up to 1373
K and above 1523 K, it decomposed to stable thorium phosphate-di-phosphate. Clavier et al.
[240] and Benard et al. [241] completely re-examined the chemistry of thorium phosphates to
resolve ambiguity in this system. Brandel et al. [242] doubted Th3P4O1s, synthesized by
Bamberger et al. [243]. Authors [239, 244] synthesized the most stable Tha(PO4)4P207 by
heating the precursors at 1523 K. Keskar et al. [245] could not synthesize Th3P2011 and
Th3P4O16 by solid state route by heating the reactants in required proportions at 1223 K, but
identified both the reaction products as a mixture of 3-Tha(PO4)4P207 and ThO2 and included
only ThP20O7, ThP4O12 and Th4PsO23 for determination phase diagram of Sr-Th-P-O system.
Present study also considers ThP207, ThP4O12 and Th4PsO23 as stable ternary compounds in
Th-P-O system.

In order to compute the phase diagram of Th-P-O system, Gibbs energy of formation
of unary, binary and ternary compounds present in this system are required. The data available
for unary and binary compounds in the FactPS database of the FactSage software [221] were
taken. However, these data for the ternary compounds are neither available in the FactSage
database nor in the thermochemical data by Barin [235].

The thermodynamic functions for Th4PsO23(TPD) has been determined in this study
(Table 6.11) have been taken for the computation. The Gibbs energy data for ThP207, ThP4O12

along with two binary thorium phosphides: ThP7 and Th2P11 have been estimated in this study.
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Thermodynamic functions of Th3P4, ThP and Th reported in the FactPS database have been
used for the estimation of Sy;,(298.15 K), AHY,,,(298.15 K) and C ,,(T) of ThP7 and ThaP11.
The heat capacities, enthalpy of formation and entropy at 298.15 K for these compounds
have not been reported in the literature and estimated in this study. The entropy of formation
of AIPO4, Ca3(PO4)2 and Na3POs4 from their respective oxides have been calculated using the
data reported in the literature [235] and found to be within 10 J-mol-'-K-!. Hence, for TPD it
has been taken to be 10 J-mol'-K!. But while calculating the phase diagram by the
minimization of Gibbs energy it has been found TPD is not stable at 1000°C and simply using
ASSyides(TPD,s,298.15 K) = 20 J-mol-!-K"!, TPD became stable with experimentally measured
heat capacity and enthalpy of formation. Hence, entropy of formation from the oxide has been
taken 20 J-mol!-K-! for TPD. However, S5,(298.15 K) of ThP207 and ThP4O12 have been
calculated as 189.6 and 304.0 J-mol"!-K-!, respectively, using Sp,(298.15 K) of ThO2 and P20s
from Barin [235] and ASg;4es(298.15 K) = 10 J-mol!-K-!. The heat capacities for ThP207 and
ThP4O12 have been estimated from the measured heat capacity of thermodynamically stable

compounds TPD and ThOz2 from the following reactions:

8 m(ThP207,5) = (1/3)-[C m(TPD,s) — €5 1n(ThO2,5)] (6.15)

Cg’m(ThP4012,s) = Cf,,m(TPD,s) - [Cg’m(TthOLS) + 2- Cg’m(ThOz,s)] (6.16)

The enthalpy of formation of ThP207 has been calculated by adding enthalpy of formations of
Th* and P207*. Then plotting enthalpy of formation of ThP207 and TPD from oxide as a
function of molecular weight of compounds with a constraint AHg, ;,(298.15 K) = 0 at Mwt. =
0 and observed a straight line. From the slope and intercept of the line the enthalpy of formation
of ThP4O12 has been estimated. To make these compounds stable at room temperature its
enthalpies were negligibly adjusted to -3080.9 and -4660.5 kJ-mol™!, respectively and these

calculated enthalpy values have been taken for the phase diagram calculations.
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The calculated enthalpy of formation of thorium phosphates are given in Table 6.12. The

calculated Gibbs energy of formation, AGY,, values for ThP207, ThP4O12 and TPD are given

below:

AG? 1 (ThP207,8,7) kJ-mol!' = -3069.2 + 0.6611-(7/K) (6.17)
AG? 1 (ThP4O12,5,7) kJ-mol! = -4651.7 + 1.0937-(T/K) (6.18)
AG?(TPD,s,T) kJ-mol! =-10560.8 + 2.1871+(7/K) (6.19)

Table 6.12: Constants of the fitted equations for enthalpy increment and heat capacity data of
compounds in binary Th-P system, ternary Th-P-O system and quaternary Th-P-O-H system.
The enthalpy of formation and entropy at 298.15 K are also included.

AH} S0 Cpm(D) /T:mol-K! AGE 1 (T)/kI-mol™!

Compounds (298.15K)  (298.15K) =a+b(T/K)+ c(K/T) =A+B-(K/T)

/kJ-mol"  /J-mol™-K! a 107 -0 107 A B
B-TPD(s)* -10565.5 624.1 718.17  11.35 12.43 -10560.8  2.1871
a-TPD(s) -10409.4 604.1 574.05  40.01 8.483 -103154  3.3160
ThyP3012H(s) -5423.6 337.0 37132 35.83 6.946 -5353.0 1.1046
ThoP3013Hs(s) -5754.2 407.0 426.93 49486 17.248 -5680.0 1.2578
ThP,O+(s) -3070.9 189.6 216.29 6.70 3.84 -3069.2 0.6611
ThP4012(s) -4660.5 304.0 303.47 80.436 3.01 -4651.7 1.0937
ThoP1i(s) -1375.9 105.9 298.9  84.705 7.87 -1185.1 0.2568
ThPs(s) -720.6 91.9 198.6 1.162 4.96 -604.2 0.1376

2TPD = Tha(PO4)4P,07.

The Gibbs energy values of unary and binary compounds from FactPS database [221], ternary
compounds from equations (6.17-6.19) were used for the computation of the phase diagram of
Th-P-O system using FactSage software [221] at 600 K and 1 bar and is shown in Fig. 6.9.

It shows that TPD co-exists with {ThO2 + O2x(g)} as well as with {ThO: + P(/)}. P-O
system has two stable phases: (P203)2(g) and (P205s)2 at 600 K. Binary phase: Th3P4 and ThP

co-exist with ThO2 but not with TPD at 1 bar. Th2P11 and ThP7 are not stable.
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P ThP, THP Th

Fig. 6.9: Phase diagram of Th-P-O system.

6.3.7.3. Chemical potential diagram of Th-P-O system

The predominance area diagram is an important thermodynamic diagram since it gives the
stability of the various phases as a function of chemical potentials of the components [246,
247]. The stability domain of each stoichiometric phase is defined by an area. Lines, between
two single phases represent two-phase equilibria. Points denote three-phase equilibria.

Fig. 6.10 shows the predominance diagram of Th-P-O system at 1273 K.

Th-P-0, 1273 K
*+'= Ptotal)= 1 bar

ThyP(cn)

ThPOyy(cx)

log,(P(P:)) (bar)

ThP(cr)

-20 F ThO,(cr)

Th(cr) ‘.
-50 -45 -40 -36

. . L
<30 -26 -20 15 -10 -5
log,(P(0,)) (bar)

Fig. 6.10: The predominance diagram of Th-P-O system at 1273 K.
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The various phases of this system have been plotted as a function of log(p(P2)) along y-axis
and log(p(02)) along x-axis. The basic computational procedure for the construction of a
predominance diagram is based on the minimization of Gibbs energy method. It is assumed
that ternary compounds are formed from the reaction of one mole of Th; hence it is not used as

an axis variable. The formation of a typical ternary compound ThkPmOn can be written as:

Th(s) + 0.5 (%) P,(g) + 0.5 (E) 0,(g) = (i) ThyP,,0,(s) (6.20)
AG(Th,P,0,.)=AG°(Th,P,0,) + [Ej ln{ f(Thkf?fﬂ) OS“} (6.21)
k a(Th)" p(P,)" p(O,)~

where ‘@’ is the activity. Similarly, the Gibbs energy of each compound in Th-P-O system can
be written using eqn. (6.21). The determination of a stable species for a given chemical
potential is considerably tedious and complicated. FactSage software was used for these
calculations. It generates an isothermal predominance area diagram that shows which possible
compound phases are most stable over the specified ranges of the axes potentials. At any point
on the diagram (Fig. 6.10) the chemical potential of elemental species P2(g) or O2(g) can be
determined from the y- and x-coordinates. Required data for computation were taken from
FactPS database of the programme and data given in Table 6.12. One of the advantage of
FactSage software calculations is that one can produce diagrams for different combinations of
axis (partial pressures of polymer species like Pa, (P205)2, (P203)2..etc.), which can be related
to the Gibbs phase diagram. The invariant point (three phase field) is independent of the choice
of species (P2/O2) for the axis. The '+' line on Fig. 6.10 corresponds to reaction pathway at the
Potal) = 1 bar. Hence, along this line the sum of the partial pressures of all the gaseous species,

p(O) + p(02) + p(03) + p(P) + p(P2) +... p(P4) + p((P203)2) + p((P205)2) +..., is 1 bar. In
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Fig. 6.10, P(tota) > 1 bar above the '+' line, and P(totan) < 1 bar below the line. This figure shows
that P2(g) is the predominant gaseous species over thorium phosphides, but its pressure
decreases sharply over thorium phosphates. The partial pressure of oxygen containing species
(P203)2 and (P20s)2 are higher over thorium phosphates. The calculated invariant points of
Th-P-O predominant diagram are given in Table 6.13 along with the chemical potentials of

P2(g) and O2(g).

Table 6.13: The chemical potentials of phosphorus and oxygen at invariant points.

Phases at Invariant points Au(P2)* /kJ-mol™ Au(02)* /kJ-mol!
ThP4O12(s) + ThP205(s) + ThsPa(s) 507.6 -587.2
TPD(s) + ThP>04(s) + ThsP4(s) 338.1 -571.1
TPD(s) + ThOx(s) + ThsPa(s) 128.5 -565.0
Th(s) + ThOx(s) + ThP(s) -612.6 -987.5
ThOx(s) + ThP(s) + ThsPa(s) -183.1 =772.7
1273 K.

6.3.7.4. En—pH diagram for Th-P-H;O system

An En-pH diagram depicts the dominant aqueous species and stable solid phases on a plane
defined by the En and pH axes. The vertical axis labeled with En is the voltage potential of the
species at room temperature calculated by the Nernst equation with respect to the standard
hydrogen electrode (SHE). The thermodynamic data of the species can be related to standard

electrode potential by relation:

_ AG°(298.15K)
nF

E° (6.22)

where E° is the standard electrode potential, AG® is the change in Gibbs energy when the half-
cell reaction occurs under conditions in which the reaction of products is in their standard states,

n is the number of moles of electron transferred in the half cell reaction. F is Faradays constant.
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En-pH diagram, maps out possible stable equilibrium phases of an aqueous electrochemical
system. Hence, for Th-P-H20, En-pH diagram of water should be taken along with that of Th-
P-H-O system. Aqueous solutions exist only under conditions where water is not reduced to

Hz(g) or oxidized to O2(g). H20 can decompose into O2(g) and Hz(g) according to following

reactions:
2H*(aq.) + 2¢ = Ha(g) (6.23)
(1/2)02(g) + 2H"(aq.) + 2e = H20 (6.24)

The equilibrium potential of these reactions is calculated assuming the partial pressure of O2(g)

and Hz(g) to be 101.325 kPa using Nernst relation:

EN (H*/Hz) = 0.059-pH (6.25)

EN (02/H20) = 1.23 - 0.059-pH (6.26)

Equations (6.25) and (6.26) set the theoretical stability region of water and species present
inside this region are important. The strong oxidizing species are present at the top of the
diagram and reducing species are found at the bottom of a diagram. Normally three types of
reactions are considered in En-pH diagram: (i) electrochemical reactions of pure charge transfer
(vertical line, independent of pH), (ii) electrochemical reactions involving electron and pH
(sloping line), (iii) pure acid base reactions (horizontal line, reaction without electron transfer).
The detailed method of construction of En-pH diagram is well explained in the literature [248-

250].
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The calculated En-pH diagram for Th-P-H20 system is given in Fig. 6.11. The phase equilibria
involving different species in Th-P-O-H system have been calculated by the minimization of
Gibbs energy method. The Gibbs energy of formation of Th2P3H3013, ThoP3sHO12, ThaPsH4O25
have been calculated from solution calorimetric data using different thermo-chemical cycles.
The Gibbs energy of these species, binary and pure phase from FactPS database and that for
ternary thorium phosphates reported in Table 6.12 have been used for computation. However,
enthalpy of formation of quaternary compounds: Th(H2POz2)4, ThPO4.H20, ThoH(PO4)3-H20,
Th(OH)-H20, Th(HPO4)2-H20, Th2(PO4)3-H20, Tha(PO4)4(P207)-(H20)2 and
HoTh(PO4)2-H20 of Th-P-H-O system have not been considered due to unavailability of
thermodynamic data in the literature. The molar activity of dissolved species in the aqueous
solution has been taken as 10°.

The area under the continuous upper diagonal boundaries line(slope) from left to right
and the continuous lower diagonal boundaries line from left to right on the Fig. 6.11 is
important to understand the release of actinides (Th*" and other radionuclides) from the
repository to ground water. It shows that the Th*" is stable in high acidic condition and PO4*

at high pH values.

Th-P-H,0, 298.15 K
0.571 < P(Th+P )< 0.6, m= 10°
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Fig. 6.11: En-pH diagram for Th-P-H20 system.
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B-TPD is stable in ground water in the pH range 2-9. It does not undergo any oxidation
reduction reaction in this pH range. The thermodynamically most stable species are shown on

the diagram and line represents co-existing phases.

6.4. CONCLUSIONS

The proposed B-Tha(PO4)4P207 (B-TPD) as a candidate for waste immobilization matrix has
been synthesized by solution chemistry method and characterized by TG-DTA, XRD and FT-
IR spectroscopy. The heat capacity (Cp) and enthalpy of formation (AH},,) of
Th2(PO4)2(HPO4).H20 (TPHPH), Th2(POa4)2(HPO4) (TPHP) and a-Tha(PO4)4P207 (a-TPD)
have been measured to determine the enthalpy of formation of -Th4(PO4)4P207 (B-TPD) using
solution calorimeter at 298 K. The molar heat capacity and enthalpy of formation of B-TPD
were measured for the first time. Deviation in the heat capacity values of B-TPD from
Neumann-Kopp rule is attributed to the difference in co-ordination number of the metal cations
in the constituent oxides compared to that in B-TPD. The heat capacity (Cy), enthalpy of
formation (AHY,,) at 298 K along with required literature data were used to determine Gibbs
energy data of formation and thermodynamic functions of B-TPD. These data of B-TPD were
used for the estimation of two binary and five ternary compounds of Th-P-O system, whose

data were not reported in the literature.

The phase diagram and En-pH diagrams have been calculated based on Gibbs energy
data of all phases in Th-P-O system. The co-existence of different phases in the Th-P-O system
can be calculated from Gibbs phase diagram. The oxygen and phosphorous potential required
for stable B-Tha(PO4)4P207 can be determined from the Th-P-O predominance diagram. The
computed Eu-pH diagram revealed that B-TPD to be stable in the ground water in the pH range
2-9. This diagram has also showed, ThO2 to be stable at higher pH and Th*" ion to be at lower

pH.
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This chapter presents a brief summary and conclusions of the work described in Chapters
3-6. The chapter also define some future extensions of the present studies. The thesis
has aimed at the investigations of suitable alternate matrix for the immobilization of long-lived
actinides present in HLW. The proposed matrix should have high radiation and chemical
durability properties. Based on the literature survey, naturally occurring monazite minerals
have displayed radiation resistance and chemical durability properties for billions of years.
Thus, phosphate-based crystalline ceramic compounds have been proposed as a host matrix for
disposal of long-lived actinides.

The present study is focused on the investigations of synthetic monazites REPO4
(RE = La, Nd, Sm and Gd), monazite-cheralite solid solutions (Lai-xMx2Thx2)POs (0 <x <1)
(M = Ca, Sr and Ba) and thorium phosphate-diphosphate (Th4(PO4)sP207, TPD). As
thermodynamic properties are one of the primary requirements for selection of any material.
The present thesis deals with the synthesis, characterization, determination and interpretation
of the thermodynamic properties of aforesaid phosphate-based ceramic matrices. Standard
molar enthalpies of formation were measured to determine their thermodynamic stabilities.
Based on the thermodynamic stability of monazite-cheralite solid solution, the most stable
composition suitable for disposal of fission products (Sr**) and long-lived minor actinides
(Np*, Am**, Cm*") was identified. To determine the behavior in the geological conditions,
aqueous leaching studies were also carried out for monazite-cheralite solid solution.

The thesis work is broadly divided into four parts. The first part deals with the
investigation of thermodynamic stabilities of synthetic monazite phases i.e. REPO4(RE = La,
Nd, Sm and Gd). These phases were synthesized using solution route and characterized using
thermogravimetric and X-ray diffraction techniques. An isoperibol solution calorimeter has
been used to determine the enthalpy of formation of synthetic monazites phases i.e. LaPOu,

NdPOs4, SmPOs, GdPOs4 and their hydrated rhabdophane phases i.e. LaPOas-0.8H20,
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NdPO4-0.75H20, SmPO4-0.65H20 and GdPO4-0.55H20. Their thermodynamic stabilities were
considered to identify a suitable host matrix.

The second part of the thesis deals with the synthesis and characterization of charge
coupled substituted monazite-cheralite solid solution viz. (LaixMx2Thy2)POs (0 < x < 1)
(M = Ca, Sr and Ba). Samples are prepared using solid-state method and characterized using
different techniques. The results suggested that a homogeneous solid solution is formed with
(Ca?*, Th*") and (Sr?*, Th*") coupled substitution, whereas 15 % solid solubility is found for
(Ba?*, Th*") coupled substitution in LaPOa4. The heat capacities of the samples were measured
and the observed deviation from Neumann-Kopp rule could be attributed to the dissimilarity in
co-ordination number of the metal cations. Standard molar enthalpy of formation of solid-
solutions are measured and important thermodynamic functions have been generated. The
calculated Gibbs energy data indicates that the stability of substituted LaPO4 is mainly enthalpy
driven. The excess enthalpy of mixing data is calculated and the corresponding enthalpy
minima provided the information about the most stable thermodynamic composition for
immobilization of different ions.

In the third part, leaching studies of the selected compositions of charge couple
substituted monazite-cheralite solid-solutions, (Lai-xMx2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and
Ba) are carried out using standard Product Consistency Test (PCT), approved by the American
Society of Testing Materials (ASTM). All the samples were kept inside Teflon lined stainless-
steel vessels with 10 ml of demineralized water as leachant at 363 K for a period of 7 days. The
elemental analysis of the leachant solution was carried out using ICP-AES technique and
normalized leach rate for the leached ions was determined.

The fourth part deals with the investigation of thermodynamic properties of
B-Tha(PO4)4P207 (B-TPD) as well as phase investigations in Th-P-O and Th-P-H20 system.

The compound was prepared with solution route and characterized using different techniques.

194



Chapter 7: Summary, Conclusions and...

The heat capacity and the standard enthalpy of formation of -TPD and other relevant phases
viz. Th2(PO4)2(HPO4).H20 (TPHPH), Th2(PO4)2(HPO4) (TPHP) and a-Tha(PO4)4P207
(a-TPD) have been measured. The thermodynamic functions for B-TPD have been computed
using AH(298.15 K), C°% m(7) and other auxiliary data from the literature. The Gibbs phase
diagram and predominant area diagram for Th-P-O system have been computed. The level of
oxygen and phosphorous potential required to stabilize B-TPD have been determined from the
predominance diagram. En—pH diagram of Th-P-H2O system was computed to determine the
stability of B-TPD and other aqueous phases in groundwater.

The experimental and computational results of the thesis is immensely helpful in
selection of suitable phosphate-based matrices for disposal of long-lived radionuclides and
contribute to the thermodynamic database for phosphate-based materials. The thesis concludes:

o The enthalpy of formation of rare earth orthophosphate, REPO4(RE = La, Nd, Sm and
Gd) have been measured and based on the thermodynamic stability data, the most
stable host matrix has been identified. The standard molar enthalpy of formation
(AH}, ) of (LaPO4,s,298 K) is found to be most negative and thermodynamically most
stable amongst the orthophosphate and could be considered as a host matrix for
immobilization of long-lived radionuclides.

o The standard molar enthalpy of formation of monazite-cheralite solid solutions,
(LaixMx2Thx2)PO4 (0 <x <1) (M = Ca, Sr and Ba) and thorium phosphate diphosphate
(Tha(PO4)4P207, TPD) have been determined for the first time.

e  Monazite-cheralite solid solutions are found to be thermodynamically more stable than
their corresponding end-members viz. LaPO4 and (Mo.sTho.s)PO+ (M = Ca, Sr and Ba).
The highest thermodynamically stable composition for the solid solutions are found to
be at x = 0.25 for (Lai~xCax2Thx2)PO4, x = 0.3 for (Lai«xSrx2Thx2)PO4 and x = 0.2 for

(LaixBax:2Thx2)POs.
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The heat capacities of (LaixMx2Thx2)POs (0 <x < 1) (M = Ca, Sr and Ba) solid
solutions and a-Ths(PO4)4P207 were determined for the first time. The experimental
data for the intermediate compositions of these solid solutions suggest that the heat
capacity is not compositionally weighted heat capacities of the constituent oxides.

The leaching studies were carried out to demonstrate the chemical durability of
(LaixMx:2Thx2)PO4 (0 <x < 1) (M = Ca, Sr and Ba) solid solutions under geological
conditions. The normalized leach rate value for substituted elements in the solid
solutions is below 10-'° g.cm?.d!, which is lower compared to the leaching rate in
borosilicate glass. The leaching studies results corroborate the results of
thermodynamic stability of substituted solid solutions.

The study purposes (Lao.7Sro.15Tho.is)PO4 as the most suitable composition for
immobilization of divalent fission product (Sr*”), trivalent actinides (Am>*, Cm*") and
tetravalent actinides (Pu®**, Np?*). Moreover, trivalent lanthanides (Gd**) can be
incorporated at La-site as neutron poisons to reduce criticality visks at higher waste
loadings.

The thermodynamic investigations of thorium phosphate-diphosphate (TPD) and other
related precursor phases used to determine Gibbs phase diagram, chemical potential

diagram for Th-P-O system and En-pH diagram for Th-P-H:0 system.

The results of the present thesis substantiates the potential of using phosphate-based crystalline
ceramic matrices viz. synthetic monazite REPO4(RE = La, Nd, Sm and Gd), monazite-cheralite
solid solutions (Lai-xMx2Thy2)PO4 (0 < x < 1) (M = Ca, Sr and Ba) and thorium phosphate
diphosphate (Tha(POa4)4P207, TPD), as nuclear waste forms for the immobilization of long-

lived trivalent and tetravalent actinides and fission product present in the HLW.
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Future scope

The present investigation indicates that the charge couple involving (Ca?*, Th*"), (Sr?*, Th*")
and (Ba®*, Th*") could be substituted in synthetic monazite and leads to the formation of
thermodynamically stable products having good chemical durability. Thermodynamic
measurements similar to the present work yield useful database of waste matrices for
immobilization of radionuclides. The future extension of the work can be briefly described as:
e Thermodynamic investigations of La203-SrO-NpO:-P20s, La>03-SrO-AmQO:-P20s and
Cm203-SrO-NpO2-P20s systems can be carried out by studying compounds involving
their surrogate elements.
e Chemical durability studies of aforementioned systems as a function of time and
temperature with varying pH of the system.

o [rradiation studies on monazite-cheralite solid solutions (LaixSrx2Thx2)PO4 (0 <x <1).

The consolidated results will provide a possible solution for disposal of long-lived radioactive

waste in a stable matrix like monazite-cheralite solid solution.
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