






































































Figure 1. Thermodynamic investigations results support the candidature of 

phosphate‐based crystalline ceramic matrices as promising waste‐form.
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The  disposal  of  radioactive  waste  is  a  serious  environmental  problem  for  which  complete  satisfactory 
solution is not available. A vast variety of studies have been reported for search of alternate suitable host 
matrices to present borosilicate glass matrix. Among them, phosphate‐based crystalline ceramic materials 
are  proposed  as  potential  host  matrices  for  the  immobilization  of  trivalent  and  tetravalent  actinides. 
Monazite  has  a  number  of  advantages  such  as  ability  to  incorporate  high  amounts  of  U,  Th  and  other 
actinides, high chemical durability and high radiation resistant property. 

This dissertation focuses on the understanding of the thermodynamic stability and energetics of the 
phosphate‐based materials  such as  rare‐earth orthophosphates  (synthetic monazite) REPO4  (RE =  La, Nd, 
Sm and Gd), monazite‐cheralite solid solutions (La1‐xMx/2Thx/2)PO4 (0 ≤ x ≤ 1; M = Ca, Sr and Ba) and thorium 
phosphate‐diphosphate,  TPD,  (Th4(PO4)4P2O7).  In  this  Thesis,  thermodynamic  parameters  such  as  heat 
capacities, enthalpies of dissolution and standard molar enthalpies of formation of these phosphate‐based 
materials were determined using Differential Scanning Calorimeter, oxide melt Calvet solution calorimeter 
and  isoperibol  solution 
calorimeter. 
         The  standard  molar 
enthalpy  of  formation, 
∆Hf

o,  of  LaPO4 was  found 
to  be  most  negative. 
Thereby  showing  most 
thermodynamic  stability   
amongst  other  rare‐earth 
phosphate,   Fig. 1 (a) and 
could  be  considered  as  a 
stable host matrix for safe 
immobilization of  tri‐  and 
tetra‐valent  actinides. 
However,  the  phase  
(La0.7Sr0.15Th0.15)PO4  has 
been  identified  to  be  
thermodynamically  most  
stable  phase  in  monazite‐cheralite  solid  solutions,  Fig.  1  (b).  The  leaching  studies  showed  the  chemical 
durability of (La1‐xMx/2Thx/2)PO4 (0 ≤ x ≤ 1; M = Ca, Sr, Ba) solid solutions under off‐normal conditions. The 
normalized leach rate values for the substituted elements (La and Th) were below 10‐10 g∙cm‐2∙d‐1, which is 
lower compared to leaching rate (10‐4 g∙cm‐2∙d‐1) of elements present in borosilicate glass and corroborates 
the results of thermodynamic stability of substituted monazite‐cheralite solid solutions. 
   The  ternary  phase  diagram  and  chemical  potential  diagram  of  Th‐P‐O  system  have  been 
investigated. EH‐pH diagram for Th‐P‐H2O system showed the stability of Th4(PO4)4P2O7 in ground water in 
the pH range 2‐9, Fig. 1 (c) and suitable for incorporation of tetravalent actinide ions or ions having similar 
radius ~1.09 Å.  

This  thesis  purposes  (La0.7Sr0.15Th0.15)PO4  as  the most  suitable  composition  for  immobilization  of 
divalent  fission  product  (Sr2+),  trivalent  actinides  (Am3+,  Cm3+)  and  tetravalent  actinides  (Pu4+,  Np4+).  The 
synthetic monazite composition arrived from present thermodynamic study matched qualitatively with the 
natural composition of monazite present in beach sands of India, Brazil, USA etc., Fig. 1 (d). 
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(Here, d=day, y= year) 
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Exclude waste from near-surface processes and human activities, 

Biosphere protection, 

Restrict the release of waste from the gradually degrading EBS, 

Distribute and dilute the flux of long-lived radionuclides. 
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a. Borosilicates and phosphates glass  

b. Glass composite materials (GCMs) 
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Higher density and chemical durability compared to borosilicate glass, 

Higher thermal stability and thermal conductivity compared to glass, 

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

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

Superior mechanical properties, 

Proven long-term resistance to radiation damage (natural mineral analogues). 
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1. Temperature calibration 

2. Caloric calibration or heat flow calibration 
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H C T

E

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  

( Hf,ox
o  ) 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. 

The standard molar enthalpy of formation of monazite-cheralite solid solutions,       

(La1-xMx/2Thx/2)PO4 (0  x  1) (M = Ca, Sr and Ba) and thorium phosphate diphosphate 

(Th4(PO4)4P2O7, TPD) have been determined for the first time. 

Monazite-cheralite solid solutions are found to be thermodynamically more stable than 

their corresponding end-members viz. LaPO4 and (M0.5Th0.5)PO4 (M = Ca, Sr and Ba). 

The highest thermodynamically stable composition for the solid solutions are found to 

be at x = 0.25 for (La1-xCax/2Thx/2)PO4, x = 0.3 for (La1-xSrx/2Thx/2)PO4 and x = 0.2 for 

(La1-xBax/2Thx/2)PO4. 
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The heat capacities of (La1-xMx/2Thx/2)PO4 (0  x  1) (M = Ca, Sr and Ba) solid 

solutions and -Th4(PO4)4P2O7 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        

(La1-xMx/2Thx/2)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 10-10 g.cm-2.d-1, 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 (La0.7Sr0.15Th0.15)PO4 as the most suitable composition for 

immobilization of divalent fission product (Sr2+), trivalent actinides (Am3+, Cm3+) and 

tetravalent actinides (Pu4+, Np4+). Moreover, trivalent lanthanides (Gd3+) can be 

incorporated at La-site as neutron poisons to reduce criticality risks 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 EH-pH diagram for Th-P-H2O system.

xMx x x M 



Chapter 7: Summary, Conclusions and…

Thermodynamic investigations of La2O3-SrO-NpO2-P2O5, La2O3-SrO-AmO2-P2O5 and 

Cm2O3-SrO-NpO2-P2O5 systems can be carried out by studying compounds involving 

their surrogate elements. 

Chemical durability studies of aforementioned systems as a function of time and 

temperature with varying pH of the system. 

Irradiation studies on monazite-cheralite solid solutions (La1-xSrx/2Thx/2)PO4 (0  x  1). 
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