






































































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  
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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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Chapter 3: Thermodynamic Investigations of…



Chapter 3: Thermodynamic Investigations of…

P21/n



Chapter 3: Thermodynamic Investigations of…

H

x x

x



Chapter 3: Thermodynamic Investigations of…

/
H H

H

H

H

H

H

H

H

H



Chapter 3: Thermodynamic Investigations of…

H

H

H

H H H H H H H H H H
H H H

 

H H  

H  

H  
H  
H  
H  
H  
H  
H  
H  
H
H
H

H



Chapter 3: Thermodynamic Investigations of…

H H H H H H H H H H
H H H

 
H H  

H  

H  
H  
H  
H  
H  
H  
H  
H  
H  
H
H

H

H H H H H H H H H H
H H H

 
H H  

H  

H  
H  
H  
H  
H  
H  
H  
H  
H  
H
H

H



Chapter 3: Thermodynamic Investigations of…

H H H H H H H H H H
H H H

 
H H  

H  

H  
H  
H  
H  
H  
H  
H  
H  
H  
H
H

H

H

H

H H H
H

H



C
ha

pt
er

 3
: T

he
rm

od
yn

am
ic

 In
ve

st
ig

at
io

ns
 o

f…

H



Chapter 3: Thermodynamic Investigations of…

H

1.24 1.22 1.20 1.18 1.16 1.14 1.12 1.10 1.08 1.06

-360

-340

-320

-300

-280

-260

-240

-220

Gd
Sm

Nd

 Shelyug et al. [147]
 Neumeier et al. [148]
 Yungman et al. [149]
 Ushakov et al. [150]
 Popa et al. [152]
 Poitrasson et al. [153]
 Wood & Williams-Jones [154]
 Williamson et al. [155]
 Centiner et al. [156]
 Marinova and Yaglov [157]
 Marinova et al. [158]
 Ousoubalyev et al. [159]
 This study

H
 o

f,
ox

(R
E

P
O

4,s
,2

98
)/

kJ
.m

ol
-1

 

Ionic radii of RE3+ ion /

La

H



Chapter 3: Thermodynamic Investigations of…

H

H

H

H

H



Chapter 3: Thermodynamic Investigations of…

x

H



Chapter 3: Thermodynamic Investigations of…

H



Chapter 4: Thermodynamic investigations… 

CHAPTER-4 
 

 
THERMODYNAMIC 

INVESTIGATIONS OF CHARGE-
COUPLED SUBSTITUTED MONAZITE 

SOLID SOLUTIONS 
(La1-xMx/2Thx/2)PO4 (0  x  1) 

(M = Ca, Sr and Ba) 

 



Chapter 4: Thermodynamic investigations… 

M M 

xMx x x M 

C H



Chapter 4: Thermodynamic investigations… 

xMx x x 

M 

xMx x x M 

C T



Chapter 4: Thermodynamic investigations… 

xMx x x M 

H xMx x x 

M H



Chapter 4: Thermodynamic investigations… 

xMx x x M 

xMx x x M 

M
M M

x x x x 

x x x x 



Chapter 4: Thermodynamic investigations… 

x x x x x 

T P

xMx x x M 

x x 

10 20 30 40 50 60 70

In
te

n
si

ty
 /

 a
.u

.

2 /degree

x = 0.75

x = 0.60

x = 0.40

x = 0.25

x = 0.15

x = 0.85

x = 1

x = 0

(La
1-xCax/2

Thx/2
)PO

4(a)

x x x x



Chapter 4: Thermodynamic investigations… 

24 26 28 30 32 34

In
te

n
si

ty
 /

 a
.u

.

2 /degree

x = 0.75

x = 0.60

x = 0.40

x = 0.25

x = 0.15

x = 0.85

x = 1

x = 0

10 20 30 40 50 60 70 80

26.0 26.5 27.0 27.5 28.0

x

In
te

ns
it

y 
/

a.
u

.

degree

Shift of line (0 0 2)
x

x = 1

x = 0.8

x = 0.4

x = 0.6

x = 0.2

(La1-xSrx/2Thx/2)PO4 

In
te

n
si

ty
 /

 a
.u

.

2 /degree

x = 0

x x x x

26 28 30 32

x = 1

x = 0.8

x = 0.4

x = 0.6

x = 0.2

In
te

n
si

ty
 /

 a
.u

.

2 /degree

x = 0



Chapter 4: Thermodynamic investigations… 

30 40 50 60 70 80

In
te

n
si

ty
 /

 a
.u

.

2 /degree

x = 0.6

x = 0.5

x = 0.4

x = 0.3

x = 0.2

x = 0.1

x = 0

(La1-xBax/2Thx/2)PO4

x = 1

x = 0.9

x = 0.8

x = 0.7

(a)

x x x x

24 26 28 30 32 34

In
te

ns
it

y 
/ 

a.
u

.

2 /degree

x = 0.6

x = 0.5

x = 0.4

x = 0.3

x = 0.2

x = 0.1

x = 0

x = 1

x = 0.9

x = 0.8

x = 0.7

x 

xMx x x 

M M M 

M M 

M M 

x x x x 



Chapter 4: Thermodynamic investigations… 

0.0 0.2 0.4 0.6 0.8 1.0

6.4

6.6

6.8

7.0

7.2

L
at

ti
ce

 P
ar

am
et

er
 /

Mole fraction (x) of Ca
0.5

Th
0.5

PO
4

c

a

b

x x x x

0.0 0.2 0.4 0.6 0.8 1.0
6.2

6.4

6.6

6.8

7.0

7.2

c

a

L
at

ti
ce

 P
ar

am
et

er
 /

Mole fraction (x) of Sr
0.5

Th
0.5

PO
4

b

x x x x

0.0 0.1 0.2 0.3

6.4

6.6

6.8

7.0

7.2

c

a

b

L
at

ti
ce

 P
ar

am
et

er
 /

Mole fraction (x) of Ba0.5Th0.5PO4

x x x x



Chapter 4: Thermodynamic investigations… 

xMx x x M 

M

M 

x x x x 
x
x
x
x

x x x x 
x 
x
x

x 

x x x x 
x
x

x
x

xMx x x M M M 

xMx x x M 



C
ha

pt
er

 4
: T

he
rm

od
yn

am
ic

 in
ve

st
ig

at
io

ns
…

 

x
x

x
x

P2
1/n

 
P2

1/n
 

P2
1/n

 
P2

1/n
 

P2
1/n

 
P2

1/n
 

P2
1/n

 
P2

1/n
 

T
P



C
ha

pt
er

 4
: T

he
rm

od
yn

am
ic

 in
ve

st
ig

at
io

ns
…

 

x
x

x
x

x 

P2
1/n

 
P2

1/n
P2

1/n
P2

1/n
 

P2
1/n

P2
1/n

T
P



C
ha

pt
er

 4
: T

he
rm

od
yn

am
ic

 in
ve

st
ig

at
io

ns
…

 

x
x

x
x

x

P2
1/n

 
P2

1/n
 

P2
1/n

 
P2

1/n
 

C
2/

c 

T
P



Chapter 4: Thermodynamic investigations… 

M M 

T P



Chapter 4: Thermodynamic investigations… 

20 30 40 50 60 70 80 90 100

Yobs - Ycal

Bragg position

 Ycal
 Yobs

LaPO
4

In
te

n
si

ty
 /

a.
u

.

degree

20 30 40 50 60 70 80 90 100

Yobs - Ycal

Bragg position

 Ycal
 Yobs

In
te

n
si

ty
 /

a.
u

.

degree

(La
0.75

Ca
0.125

Th
0.125

)PO
4

20 30 40 50 60 70 80 90 100

 Ycal
 Yobs

Yobs - Ycal

Bragg position

In
te

n
si

ty
 /

a.
u

.

degree

Ca
0.5

Th
0.5

PO
4



Chapter 4: Thermodynamic investigations… 

10 20 30 40 50 60 70 80

La
0.6

Sr
0.2

Th
0.2

PO
4

In
te

n
si

ty
 /

a.
u

.

degree

 Ycal
 Yobs

Bragg position

Yobs - Ycal

10 20 30 40 50 60 70 80

Yobs - Ycal

Bragg position

 Y
cal

 Y
obs

Sr
0.5

Th
0.5

PO
4

In
te

ns
it

y 
/

a.
u

.

degree

10 20 30 40 50 60 70 80 90

Yobs - Ycal

Bragg position

 Ycal

 Yobs

La
0.7

Ba
0.15

Th
0.15

PO
4

In
te

n
si

ty
 /

a.
u

.

degree



Chapter 4: Thermodynamic investigations… 

10 20 30 40 50 60 70 80

Yobs - Ycal

Bragg position

Ba
0.5

Th
0.5

PO
4

 Ycal

 Yobs

In
te

n
si

ty
 /

a.
u

.

degree



Chapter 4: Thermodynamic investigations… 

C T xMx x x M 

300 350 400 450 500 550 600 650 700 750 800

0.45

0.50

0.55

0.60

0.65

 Lit. data [187]
Exp. data

C
o p

(T
 ) 

/
 J

.g
-1

.K
-1

T /K

ZrO
2
(m)

T C C T C C

C



Chapter 4: Thermodynamic investigations… 

100 200 300 400 500 600 700 800

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 This work
 Thiriet et al. [188]
 Gavrichev et al. [175]
 Neumann–Kopp rule
 Popa et al. [189]

C
 o p

(T
 ) 

/
 J

.g
-1

.K
-1

T /K

300 350 400 450 500 550 600 650 700 750 800

0.4

0.5

0.6

0.7

0.8

Ca0.5Th0.5PO4(s)-This work

Ca0.5Th0.5PO4(s) by Popa et al. [179]

Neumann–Kopp rule

C
 o p

(T
 ) 

/
 J

.g
-1

.K
-1

T /K



Chapter 4: Thermodynamic investigations… 

x x x x

x x x x

x x x x x 

xMx x x M 

300 350 400 450 500 550 600 650 700 750 800

0.40

0.45

0.50

0.55

0.60

0.65

0.70 LaPO
4

(La
0.85

Ca
0.075

Th
0.075

)PO
4

(La
0.75

Ca
0.125

Th
0.125

)PO
4

(La
0.6

Ca
0.2

Th
0.2

)PO
4

(La
0.4

Ca
0.3

Th
0.3

)PO
4

(La
0.25

Ca
0.375

Th
0.375

)PO
4

(La
0.15

Ca
0.425

Th
0.425

)PO
4

Ca
0.5

Th
0.5

PO
4

C
 o p

(T
 ) 

/
 J

.g
-1

.K
-1

T /K

x x x x



Chapter 4: Thermodynamic investigations… 

300 350 400 450 500 550 600 650 700 750 800

0.40

0.45

0.50

0.55

0.60

0.65

0.70

C
 o p

(T
 ) 

/
 J

.g
-1

.K
-1

T /K

LaPO
4

(La
0.8

Sr
0.1

Th
0.1

)PO
4

La
0.6

Sr
0.2

Th
0.2

)PO
4

La
0.4

Sr
0.3

Th
0.3

)PO
4

La
0.2

Sr
0.4

Th
0.4

)PO
4

Sr
0.5

Th
0.5

PO
4

x x x x

300 350 400 450 500 550 600 650 700 750 800
0.35

0.40

0.45

0.50

0.55

0.60

0.65

C
 o p

(T
 ) 

/
 J

.g
-1

.K
-1

T /K

LaPO
4

La
0.9

Ba
0.05

Th
0.05

)PO
4

(La
0.8

Ba
0.1

Th
0.1

)PO
4

(La
0.7

Ba
0.15

Th
0.15

)PO
4

Ba
0.5

Th
0.5

PO
4

x x x x x

x x x



Chapter 4: Thermodynamic investigations… 

xMx x x 

M T T

T

xMx x x M 
T

C

x x x x 

x x x x 

x x x x x 

T P

H

H xMx x x 

M H



Chapter 4: Thermodynamic investigations… 

M

M 

H T T

H H H H3 H4 H

Hi H 
H H
H H
H H
H H
H H
H

T T

T T
H



Chapter 4: Thermodynamic investigations… 

H M M T
T

H M H M H M H

Hi H 
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H

T T

T T
H

H

H

H



Chapter 4: Thermodynamic investigations… 

H H

M M 



Chapter 4: Thermodynamic investigations… 

H xMx x

x M 

x x x x 

H

x x x x

x x x x

T T

H H  



Chapter 4: Thermodynamic investigations… 

T T

T T

H

x x x x



Chapter 4: Thermodynamic investigations… 

0 500 1000 1500 2000 2500 3000 3500

0

25

50

75
(h) 10 mg Ca

0.50
Th

0.50
PO

4
; H

ds
= 140.2 kJ.mol

-1

(g) 10 mg (La
0.15

Ca
0.425

Th
0.425

)PO
4
; H

ds
 = 137.9 kJ.mol

-1

(f) 10 mg (La
0.25

Ca
0.375

Th
0.375

)PO
4
; H

ds
= 146.0 kJ.mol

-1

(e) 10 mg (La
0.40

Ca
0.30

Th
0.30

)PO
4
; H

ds
= 153.8 kJ.mol

-1

(d) 10 mg (La
0.60

Ca
0.20

Th
0.20

)PO
4
; H

ds
= 161.6 kJ.mol

-1

(c) 10 mg (La
0.75

Ca
0.125

Th
0.125

)PO
4
; H

ds
= 172.4 kJ.mol

-1

(a) 10 mg LaPO
4
; H

ds
 = 132.4 kJ.mol

-1

H
ea

t 
F

lo
w

 /
m

W

Time /sec

(b) 10 mg (La
0.85

Ca
0.075

Th
0.075

)PO
4
; H

ds
 = 160.7 kJ.mol

-1

x x x

x



Chapter 4: Thermodynamic investigations… 

H

x x x x

x x x x

x x x x T
T

Hi H 
H

x x x x x
x

x
x
x
x
x
x

H i

i
i
i
i
i
i

H

H
H
H
H
H
H



Chapter 4: Thermodynamic investigations… 

H
H
H

x x x
x x x

x
x
x
x
x
x

i
i
i
i
i
i

H

H H H H H H
H x x x H x H4 x H x H H x H
x H x H H
H H H H H H H H

T T

T T
H

x x x x

H

H

0.0 0.2 0.4 0.6 0.8 1.0

-2010

-2000

-1990

-1980

-1970

-1960

-1950

-1940

-1930

H
 o

f 
/

kJ
.m

ol
-1

 

mole fraction (x) of Ca
0.5

Th
0.5

PO
4

x x x x



Chapter 4: Thermodynamic investigations… 

0.0 0.2 0.4 0.6 0.8 1.0
-360

-340

-320

-300

-280

-260

-240

H
 o f,

ox
 /

kJ
.m

ol
-1

 

mole fraction (x) of Ca
0.5

Th
0.5

PO
4

H
x x x x

x x x x

H

x H H



Chapter 4: Thermodynamic investigations… 

x x x x 



Chapter 4: Thermodynamic investigations… 

H

x x x x x

H x x x x 



Chapter 4: Thermodynamic investigations… 

x x x x 

H

x x x x

H x x x x
T

T

H H  



Chapter 4: Thermodynamic investigations… 

T T

T T

H

H x x x

x

x x x x



Chapter 4: Thermodynamic investigations… 

x x x x
T T

Hi H 
H

x x x x x
x

x
x
x
x
x
x
x
x
x

H i

i
i
i
i
i
i
i
i
i

H

H
H
H
H
H
H
H
H
H

x x x
x x x

x
x
x
x
x
x
x
x
x

i
i
i
i
i
i
i
i
i

H

H H H H H H
H x x x H x H4 x H x H H x H

x H x H H
H H H H H H H H

T T

T T



Chapter 4: Thermodynamic investigations… 

H

x x x x

H

H

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-2010

-2000

-1990

-1980

-1970

-1960

-1950

-1940

H
 o

f 
/

kJ
.m

ol
-1

 

mole fraction (x) of Sr
0.5

Th
0.5

PO
4

x x x x

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-360

-350

-340

-330

-320

-310

-300

-290

-280

H
 o

f,
ox

 /
kJ

.m
ol

-1
 

mole fraction (x) of Sr
0.5

Th
0.5

PO
4

H
x x x x



Chapter 4: Thermodynamic investigations… 

x x x x

H

x
H H



Chapter 4: Thermodynamic investigations… 

x x x x x 

H x x x x

x x x 

H x x x x
x T

T

H H  

T T

T T

H



Chapter 4: Thermodynamic investigations… 

H

x x x x x 

x x x x x 

x x x x  x T
T

Hi H 
H

x x x x x
x

x
x
x

H i

i
i
i

H

H
H
H
H
H
H
H
H
H

x x x
x x x

x
x
x

i
i
i

H

H H H H H H
H x x x H x H4 x H x H H x H

x H x H H
H H H H H H H H

T T



Chapter 4: Thermodynamic investigations… 

T T
H

x x x x

x H H

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-2000

-1990

-1980

-1970

-1960

-1950

-1940

-1930

H
 o

f 
/

kJ
.m

ol
-1

 

mole fraction (x) of Ba
0.5

Th
0.5

PO
4

H
x x x x x

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-350

-340

-330

-320

-310

-300

-290

H
 o

f,
ox

 /
kJ

.m
ol

-1
 

mole fraction (x) of Ba
0.5

Th
0.5

PO
4

H
x x x x x



Chapter 4: Thermodynamic investigations… 

x x x x  x

H xMx x x 

M 

H xMx x x M 

M M 

H H xMx x x H x H M

H

H

xMx x x M 

M M 

H xMx x x 
M 

x x x x x x x x x

x H x H x H  x H

x H H



Chapter 4: Thermodynamic investigations… 

0.0 0.2 0.4 0.6 0.8 1.0
-50

-40

-30

-20

-10

0

10

20

H
m

ix
 /

kJ
.m

ol
-1

 

mole fraction (x) of Ca
0.5

Th
0.5

PO
4

H
mix

H x x x x

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-50

-40

-30

-20

-10

0

10

20

H
mix

H
m

ix
 /

kJ
.m

ol
-1

 

mole fraction (x) of Sr
0.5

Th
0.5

PO
4

H x x x x



Chapter 4: Thermodynamic investigations… 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-40

-30

-20

-10

0

10

20

H
mix

H
m

ix
 /

kJ
.m

ol
-1

 

mole fraction (x) of Ba
0.5

Th
0.5

PO
4

H x x x x x

H

H C T

xMx x x M 

S

S

S T xMx x x M 

S xMx x S xMx x

C xMx x

T
TT



Chapter 4: Thermodynamic investigations… 

H xMx x T H xMx x

CT
xMx x T T

H xMx x

H xMx x

H xMx x H xMx x x H

x H M x H H H

H H M H H H

H xMx x T = H xMx x

CT
xMx x T T

T

G T H T S T

T xMx x x M 

G T H

T G T H
T

xMx x x M 



Chapter 4: Thermodynamic investigations… 

T C
S H G
- G -H T H G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P



Chapter 4: Thermodynamic investigations… 

T C
S H G

- G -H T H
G

T C S H G G H T H G

T P

G T xMx x x 

M 

H

S

C



Chapter 4: Thermodynamic investigations… 

300 400 500 600 700 800

-1900

-1850

-1800

-1750

-1700

-1650

-1600

-1550
LaPO

4

(La
0.85

Ca
0.075

Th
0.075

)PO
4

(La
0.75

Ca
0.125

Th
0.125

)PO
4

(La
0.6

Ca
0.2

Th
0.2

)PO
4

(La
0.4

Ca
0.3

Th
0.3

)PO
4

(La
0.25

Ca
0.375

Th
0.375

)PO
4

(La
0.15

Ca
0.425

Th
0.425

)PO
4

Ca
0.5

Th
0.5

PO
4

G
 o

f 
(T

) 
/k

J.
m

ol
-1

 

T /K

x x x x

300 400 500 600 700 800
-1900

-1850

-1800

-1750

-1700

-1650

-1600
LaPO

4

 (La
0.8

Sr
0.1

Th
0.1

)PO
4

 (La
0.6

Sr
0.2

Th
0.2

)PO
4

 (La
0.4

Sr
0.3

Th
0.3

)PO
4

 (La
0.2

Sr
0.4

Th
0.4

)PO
4

 Sr
0.5

Th
0.5

PO
4

G
 o

f 
(T

) 
/

kJ
.m

ol
-1

 

T /K

x x x x

300 400 500 600 700 800

-1900

-1850

-1800

-1750

-1700

-1650

-1600
LaPO

4

(La
0.9

Ba
0.05

Th
0.05

)PO
4

(La
0.8

Ba
0.1

Th
0.1

)PO
4

(La
0.7

Ba
0.15

Th
0.15

)PO
4

Ba
0.5

Th
0.5

PO
4

G
 o

f 
(T

) 
/

kJ
.m

ol
-1

 

T /K

x x x x x 



Chapter 4: Thermodynamic investigations… 

xMx x x 
M 

G T T

x x x x 

x x x x 

x x x x x =

P

M M 



Chapter 4: Thermodynamic investigations… 

M M 

H M M 

300 350 400 450 500 550 600 650 700 750 800
0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

LaPO
4

Ca
0.5

Th
0.5

PO
4

Sr
0.5

Th
0.5

PO
4

Ba
0.5

Th
0.5

PO
4

C
 o p

(T
 )

 /
 J

.g
-1

.K
-1

T /K

M M 



Chapter 4: Thermodynamic investigations… 

1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50
-2020

-2000

-1980

-1960

-1940

-1920

 LaPO
4
-This work

Ushakov et al. [177]
Popa et al. [189]
Marinova and Yaglov [202]
Marinova et al. [201]
Neumeier et al. [168]
Ca

0.5
Th

0.5
PO

4
-This work

Popa et al. [179]
Sr

0.5
Th

0.5
PO

4
-This work

Ba
0.5

Th
0.5

PO
4
-This work

H
 o

f 
/

kJ
.m

ol
-1

 

Ionic radii /

M M 

H

H

H



Chapter 4: Thermodynamic investigations… 

H M M 

M M 

xMx x x M H

M M xMx x

x

x x x x x x x x x x x

H



Chapter 4: Thermodynamic investigations… 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-360

-345

-330

-315

-300

-285

-270

-255

-240

H
 o f,

ox
(2

98
 K

) 
 /

kJ
.m

ol
-1

 

mole fraction (x) of M
0.5

Th
0.5

PO
4

La
1-x

Ca
x/2

Th
x/2

)PO
4

La
1-x

Sr
x/2

Th
x/2

)PO
4

La
1-x

Ba
x/2

Th
x/2

)PO
4

xMx x

x M

(a) 

(b) 

M M

M

M 

M M

H



Chapter 4: Thermodynamic investigations… 

1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60

-330

-315

-300

-285

-270

-255

-240

LaPO
4

Ba
0.5

Th
0.5

PO
4

Sr
0.5

Th
0.5

PO
4

Ca
0.5

Th
0.5

PO
4

H
 o

f,
ox

(2
98

 K
) 

/
kJ

.m
ol

-1
 

Ionic radii of La3+ substituting ion /

M M 

H xMx x x M 

x x M x xMx x

H

xMx x x M 

M

M

H



Chapter 4: Thermodynamic investigations… 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

290

300

310

320

330

La
1-xCax/2

Thx/2
)PO

4

La
1-xSrx/2

Thx/2
)PO

4

La
1-xBax/2

Thx/2
)PO

4

U
n

it
 c

el
l V

ol
u

m
e 

/

mole fraction (x) of M
0.5

Th
0.5

PO
4

H

H

H

M



Chapter 4: Thermodynamic investigations… 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-40

-30

-20

-10

0

10

20 La
1-x

Ca
x/2

Th
x/2

)PO
4

La
1-x

Sr
x/2

Th
x/2

)PO
4

La
1-x

Ba
x/2

Th
x/2

)PO
4

H
m

ix
 /

kJ
.m

ol
-1

 

mole fraction (x) of M
0.5

Th
0.5

PO
4

xMx x x M 

x x x x x x x x x 

x x x

xMx x x M 

x



Chapter 4: Thermodynamic investigations… 

H

Tetravalent substitution: 



Chapter 4: Thermodynamic investigations… 

Trivalent substitution:  



Chapter 5: Leaching studies of…

CHAPTER-5 
 

 
LEACHING STUDIES OF CHARGE-

COUPLED SUBSTITUTED MONAZITE 
SOLID SOLUTIONS 

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

 



Chapter 5: Leaching studies of…

xMx x x M

x x

x x

x x x x x x x

x x x x x



Chapter 5: Leaching studies of…



Chapter 5: Leaching studies of…

x x x x 

x x x x x x x x



Chapter 5: Leaching studies of…



Chapter 5: Leaching studies of…

NR

NRi
Ci

fi

C i f

i



Chapter 5: Leaching studies of…

NR

NR

NRi

NRi



C
ha

pt
er

 5
: L

ea
ch

in
g 

st
ud

ie
s o

f…

i 

(L
a 1

-x
C

a x
/2

Th
x/

2)
PO

4 (
x 

= 
0.

1,
 0

.2
5,

 0
.4

)

(L
a 1

-x
Sr

x/
2T

h x
/2

)P
O

4 (
x 

= 
0.

1,
 0

.3
, 0

.5
)

(L
a 1

-x
B

a x
/2

Th
x/

2)
PO

4 (
x 

= 
0.

2)



Chapter 5: Leaching studies of…

xMx x x M 

NR( NR



Chapter 6: Thermodynamic Studies…

CHAPTER-6 
 

 
THERMODYNAMIC STUDIES OF 

THORIUM PHOSPHATE-
DIPHOSPHATE (TPD)  

AND 
PHASE INVESTIGATIONS OF  
Th-P-O, Th-P-H2O SYSTEMS  

 
 



Chapter 6: Thermodynamic Studies…

C T

H T



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…

H



Chapter 6: Thermodynamic Studies…

C T



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…

300 400 500 600 700 800 900

50

40

30

20

10

0

Th(NO
3
)

4
.5H

2
O s)

m
as

s 
lo

ss
 /

 %

T /K

400 500 600 700 800 900 1000 1100 1200

3

2

1

0
Th

2
(PO

4
)

2
(HPO

4
).H

2
O s)

m
as

s 
lo

ss
 /

 %

T /K



Chapter 6: Thermodynamic Studies…

.

20 30 40 50 60 70 80 90

In
te

n
si

ty
 /

 a
.u

.

2 /degree

Th4(PO4)4P2O7



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…

T T

C T T
T T/

C T T
T T/  

C T T
T T/  

C T T T T
T T T/  

C T T
T T/  

T C T
 T C T T C T



Chapter 6: Thermodynamic Studies…

T C T T C T T C T T C T



Chapter 6: Thermodynamic Studies…

T C T T C T T C T T C T



Chapter 6: Thermodynamic Studies…

300 400 500 600 700 800
0.30

0.35

0.40

0.45

0.50

0.55

0.60

C
 o p

(T
 ) 

/
 J

g-1
.K

-1

Temp. /K

TPD : Present study

TPD : Present study

TPD : Dacheux et al. [232]

TPD (N-K rule)

Q H H



Chapter 6: Thermodynamic Studies…

H
( H = H1+ H2+ H3+ H4+ H5+ H6+ H7+ H8+ H9+ H10+ H11). 
 

H H

H1+ H2 

H3 

H4 

H5 

H6 

H7 

H8 

H9 

H10 

H11 

H

H

H H

l

T l

H C T T
T

H T C T T
T

C T TT H l



Chapter 6: Thermodynamic Studies…

H H

H C T T H C T T

C T T H l

H C T T H C T T

C T T H l

H C T T H

C T T



Chapter 6: Thermodynamic Studies…

H  = H12 + H13 + H14 + H15 - H16  

H H
H12 

H13 

H14 

H15 

H16 

H  

H = H17 + H18 - H19

H H
H17 

H18 

H19 

H  

H = H20 + H21 - H22  

H H
H20 

H21 

H22 

H  



Chapter 6: Thermodynamic Studies…

C H

S T

H T T T G T H T

H T G T G T

S S

T C S H G G H T H G



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…

S H C

S

S

S

S

C C C

C C – C C

H



Chapter 6: Thermodynamic Studies…

G

G T T

G T T

G T T

H S C T
T T

G T
T

l



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…

p

p

aG G
a p p

a

p p p p p p p p



Chapter 6: Thermodynamic Studies…

GE

E G



Chapter 6: Thermodynamic Studies…

E/  

E/  



Chapter 6: Thermodynamic Studies…



Chapter 6: Thermodynamic Studies…

C H

C

H



Chapter 7: Summary, Conclusions and…

CHAPTER-7 
 

 
SUMMARY, CONCLUSIONS  

AND  
FUTURE DIRECTIONS 

 



Chapter 7: Summary, Conclusions and…

xMx x x 

M 



Chapter 7: Summary, Conclusions and…

xMx x x 

M 

M x M 



Chapter 7: Summary, Conclusions and…

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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