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ABSTRACT: 

Solid solutions between LaPO4–Ca0.5Th0.5PO4 systems having compositions La1-2xCaxThxPO4(s) (x = 0, 

0.125, 0.25, 0.375, 0.5) were synthesized by solution chemistry route and characterized using X-ray 

diffraction (XRD). Heat capacity of La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 0.5) was measured 

with a heat flux-type differential scanning calorimeter (DSC) in the temperature range 298–873 K. 

The specific heat of La1-2xCaxThxPO4(s) was found to increase with increase in mole fraction of 

Ca0.5Th0.5PO4(s). 
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INTRODUCTION 

India has an active research program on thorium fuel cycle due to lack of uranium resources and 

significant thorium reserves and it was excluded from international uranium markets between1974 to 

2008.  Thorium can be used as a fuel for light water reactors, heavy water reactors, high temperature 

reactors, sodium-cooled fast reactors, sub-critical accelerator driven reactors and molten salt reactors.  

The 
232

Th-
233

U fuel cycle involved in these reactor types are attractive for lower levels of long lived 

minor actinides (Np, Am, Cm) for at least first few cycles. However, it is probable that the back end 

of thorium fuel cycle containing long-lived 
231

Pa, 
229

Th, 
230

Th and low level of minor actinides would 

still require high level waste (HLW) management for the geological repositories. The concept of 

immobilization and long term disposal of nuclear waste in mineral forms has been investigated. 

Several ceramics based on the mineral structures of monazites, zircon, pyrochlore, zirconolite or 

perovskite have been proposed as candidates for the storage of actinides. From a geochemical 

perspective, monazite and related solid solutions are an important source of rare-earth elements as 

well as large amounts of thorium, 29 wt% of ThO2; and uranium, up to 16 wt% of UO2. The presence 

of thorium and uranium has been observed without damage to the structure by self-irradiation. These 

observations led to the conclusion that a monazite-type structure is a potential host matrix for 

immobilization of long-lived radionuclides produced during the back end of thorium fuel cycle. The 

LnPO4 (Ln= La-Gd) with monazite-type structure incorporates a remarkably wide range of cations 

because of presence of low symmetry LnO9 coordination polyhedron in it as shown in Fig. 1. 

In natural monazite system, charge balance for Ln-Th substitution is maintained by two major 

mechanisms: cheralite(formerly brabantite)-type and huttonite-type substitutions as explained below: 

 

a. cheralite (or brabantite)-type 

substitution: 

2 Ln
3+

 ↔ An
4+ 

+ Ca
2+ 

 

b. huttonite-type substitution: 

Ln
3+

 + P
5+

 ↔ An
4+

 + Si
4+

  

 

In  cheralite-type   substitution   exchange 

takes  place  in  the  large  cation position, 

and  in huttonite-type substitution, Th
4+

 is
 

 

 
 

charge balanced by simultaneous 

substitution on tetrahedral sites. 

 Fig. 1: (a) Monazite structure [1] and  

            (b) Linkage of LnO9   polyhedron. 
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The cheralite Ca0.5Th0.5PO4 belong monazite type in which two trivalent Ln
3+

 ions are randomly 

substituted by Ca
2+ 

and Th
4+

 leaving the total charge unchanged [2]. Analyses done on natural 

monazite samples showed that the cheralite-type mechanism is widely predominant mechanism in 

nature. This leads to an ideal and complete Ln
3+

2-2xM
2+

xM
4+

x(PO4)2(s), between monazite (LnPO4) and 

cheralite (M
2+

0.5M
4+

0.5PO4) end members. The monazite-cheralite solid solution with general formula 

Ln
3+

1-2xM
2+

xM
4+

xPO4(s) could appear as a suitable matrix for the incorporation of minor actinides in 

the trivalent and tetravalent oxidation states. 

Due to their common occurrence in natural samples, thorium and uranium were the most 

studied tetravalent actinides in cheralite. Montel et al. [3] and Podor and Cuney [4] reported the 

complete solid solution between LaPO4– Ca0.5Th0.5PO4 system whereas Hikichi et al. [5] reported the 

same for the CePO4–Ca0.5Th0.5PO4 system. Konings et al. [6] has carried out the drop calorimetry 

measurements on LaPO4–Ca0.5Th0.5PO4 and CePO4–Ca0.5Th0.5PO4 solid solutions at 1005 K to 

determine the excess thermodynamic properties. Popa et al. [7] determined the low-temperature heat 

capacity from 0.5 to 300 K, enthalpy increments from 485 to 1565 K, and the enthalpy of formation of 

cheralite; Ca0.5Th0.5PO4(s), from the oxides. They also have reported the Gibbs energy of formation of 

the compound from both the oxides and elements. However, the heat capacity measurements of 

LaPO4–Ca0.5Th0.5PO4 solid solutions i.e. La1-2xCaxThxPO4(s) as a function of mole fraction of divalent 

Ca
2+

 and tetravalent Th
4+

 cation have not been reported in the literature. Heat capacity of the actinide 

loaded monazite mineral is an essential thermodynamic property to know. This is to prevent heat up 

of actinide storage matrix due to actinide decay heat, so the material with high specific heat is 

desirable. Hence, the goal of this study is to synthesize and characterized La1-2xCaxThxPO4(s) (x = 0, 

0.125, 0.25, 0.375, 0.5) solid solutions and measured their heat capacities using differential scanning 

calorimeter. The variations of lattice parameters as a function of mole fraction of divalent Ca
2+

 and 

tetravalent Th
4+

 cation will also be determined. 

 

EXPERIMENTAL 

Synthesis & Characterization 

Solid solutions were synthesized by solution chemistry route using co-precipitation method. Reagents, 

La(NO3)3·7H2O (Sigma-Aldrich, 99.99%), Ca(NO3)2·4H2O (Fisher, 99%) and  Th(NO3)4·5H2O (NFC, 

Hyderabad, 99.99%), were mixed in stoichiometic quantity and dissolved in deionized water. This 

solution was constantly stirred by a magnetic bar to ensure homogeneity. Addition of an aqueous 

solution of ammonium dihydrogen phosphate i.e. NH4H2PO4 (Alfa, 99.99%) to this homogeneous 

solution resulted in the formation of a viscous gels. The gels were then washed with distilled water 

and dried using infra-red lamp. The dried products were then heated to 573 K for 4 h. The powders so 

formed were heated at 1073 K for 4 h, which were then reground and pelletized for further heating at 

1273 K for 6 h. The compounds were then characterized using a STOE theta–theta X-ray 

diffractometer using a graphite monochromatic Cu Kα radiation (λ = 1.5406 Å). All the scans were 

made in the 2θ range of 10
o
 to 60

o
. 

 

Heat capacity measurements 

Heat capacity measurements of La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 0.5) were carried out 

using a heat flux-type differential scanning calorimeter (DSC 823
e
/700 of M/s. Mettler Toledo GmbH, 

Switzerland explained in our previous study [8]. Heat capacity measurements were carried out using 

classical three-step (blank, sapphire and sample runs) method in a continuous heating mode in the 

temperature range of 298–873 K with heating rate of 10 K min
-1

 under high pure Ar gas with flow rate 

of 0.05 dm
3 

min
-1

 over the sample. Each run has an initial isothermal section of fifteen minutes; 

middle section was a dynamic one with a heating rate of 5 K min
-1

 and the final section at the final 

temperature was another isothermal run for fifteen minutes. A thin disc of sapphire was used as a heat 

capacity standard material. 100 mg of each samples of La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 

0.5) were pelletised and loaded into 40 μl Al pan for the heat capacity measurements. The specific 

heat capacity was calculated from heat flows in sample, blank and reference runs. The specific heat 

capacity was calculated from following relation: 
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where HFblank, HFref. and HFsample represent heat flow during blank, sapphire and sample  runs, 

respectively. ( )o

p sampleC T  and 
.( )o

p refC T  are the specific heat capacity, and Msample and Mref. are the 

molar masses of sample and sapphire, respectively. 

 

RESULTS & DISCUSSION 

Characterization of La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 0.5) 

The 2θ positions obtained experimentally for La1-2xCaxThxPO4(s) are shown in Fig. 2. The XRD 

patterns of pure LaPO4(s) and Ca0.5Th0.5PO4(s) matches well with that reported in JCPDS file no: [83-

651] and [31-0311], respectively.  

Indexing cell parameters 
 

Samples of La1-2xCaxThxPO4(s) (x = 0, 

0.125, 0.25, 0.375, 0.5) showed 

crystalline structure and are indexed in 

the monoclinic system as shown in Fig. 2. 

The calculated room temperature lattice 

parameters and unit cell volume of 

monoclinic LaPO4(s) and Ca0.5Th0.5PO4(s) 

are listed in Table 1 and values are in 

good agreement with that reported in the 

literature. The lattice parameters were 

refined by least square method using 

program by Wadhawan [9]. Fig. 3 shows 

the variation of lattice parameter of     

La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 

0.375, 0.5) solid solutions with equal 

amount of Ca and Th substitution at the
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site of La.  Fig. 2: XRD patterns of La1-2xCaxThxPO4(s) 

(x = 0, 0.125, 0.25, 0.375, 0.5) solid solution. 

 

Table 1: Crystal system and lattice parameter of LaPO4(s) and Ca0.5Th0.5PO4(s). 
 

LaPO4 (Monoclinic) a(Å) b(Å) c(Å) V(Å
3
) β (degree) 

Ni et al. (1995) [1] 6.831 7.075 6.503 - 103.27 

Podor & Cuney (1997) [4] 6.845 7.082 6.512 307.54 103.29 

Montel et al. (2002) [3] 6.829 7.065 6.501 - 103.278 

Konings et al. (2008) [6] 6.839 7.077 6.509 306.66 103.27 

Present study 6.836(1) 7.071(2) 6.502(1) 305.904(1) 103.281(2) 

Ca0.5Th0.5PO4(s) (Monoclinic) a(Å) b(Å) c(Å) V(Å
3
) β (degree) 

Hikichi et al. (1978) [5] 6.681 6.926 6.421 288.4 103.54 

Podor and Cuney (1997) [4] 6.706 6.918 6.417 289.3 103.65 

Montel et al. (2002) [3] 6.714 6.921 6.424 290.0 103.68 

Konings et al. (2008) [6] 6.711 6.915 6.417 289.35 103.73 

Popa et al. (2008) [7] 6.7066 6.9149 6.4137 289.3 103.707 

Present study 6.711(1) 6.912(1) 6.415(1) 289.012(.084) 103.723(1) 

 

The measured lattice parameters and unit cell volume of La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 

0.5) were best fitted to a linear relation as a function of mole fraction of Ca0.5Th0.5PO4(s). The result 

showed the validity of Vegard‟s law. The linearly fitted equations are: 
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a(Å) = 6.837 – 0.136·X
 

b(Å) = 7.073 – 0.170·X
 

c(Å) = 6.508 – 0.094·X 
 

where „X‟ is the mole fraction                  

of Ca0.5Th0.5PO4(s) in the solid solutions. 

The reported lattice parameters and unit 

cell volumes of La1-2xCaxThxPO4(s) (x = 0, 

0.125, 0.25, 0.375, 0.5) at room 

temperature by Konings et al. [6] are also 

shown in Fig. 3.  
 

Heat capacity measurements 

Heat capacity for La1-2xCaxThxPO4(s)  (x =     
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0, 0.125, 0.25, 0.375, 0.5)  solid  solutions 

was  measured  in  the temperature range 

290–873 K. The reported  heat capacities 

 Fig. 3: Variation of lattice parameter of 

La1-2xCaxThxPO4(s) solid solutions 

 

of each composition in the present study 

are actually the mean values of four 

different measurements for each sample. 

The error derived from the mean standard 

deviation for LaPO4(s) and 

Ca0.5Th0.5PO4(s) was found to be within   

1–2.5%, respectively. For each 

composition, the experimental molar heat 

capacity values in the complete 

temperature range were best fitted to      

A + BT + CT
-2

 equation.   A,   B and C 

are constants and T is absolute 

temperature. The values of these 

constants are given in Table 2. Heat 

capacity at 298.15 K for   La1-

2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 

0.5) was found to be 95.02, 95.59, 95.89, 

 

 

96.52 and 100.53 J mol
-1

 K
-1

, 

respectively. 

 Fig. 4: Variation of specific heat capacity of La1-2xCaxThxPO4(s)  

(x = 0, 0.125, 0.25, 0.375, 0.5) solid solutions as a function of 

temperature. 

 

Table 2: The coefficients of heat capacity of La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 0.375, 0.5). 

 
Solid solutions 

La1-2xCaxThxPO4(s) 
 

C
o
p,m(T) = A + BT + CT

-2
 

J mol
-1

 K
-1

 (298-873 K) 
 

x  A B C × 10
-6

  

0  114.97 0.0366 -2.74  

0.125  117.39 0.0345 -2.85  

0.25  119.62 0.0326 -2.97  

0.375  121.70 0.0307 -3.05  

0.5  132.92 0.0239 -3.51  

 

The measured heat capacities of LaPO4(s) and Ca0.5Th0.5PO4(s) along with the values reported in the 

literature [10, 7] are shown in Fig. 4. Specific heat capacity values for the solid solutions between 

LaPO4-Ca0.5Th0.5PO4(s) system were not reported in the literature. However, values for heat capacities 

of LaPO4(s) and Ca0.5Th0.5PO4(s) have been measured by different research groups. 
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The specific heat capacity of                  

La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 

0.375, 0.5) solid solutions were plotted in 

Fig. 4. It was observed that specific heat 

of these solid solutions increase with 

increase in the concentration of Ca and 

Th from x = 0 to 0.5. This is attributed to 

the higher heat capacity of 

Ca0.5Th0.5PO4(s) than that of LaPO4(s). 

 

CONCLUSION 

La1-2xCaxThxPO4(s) (x = 0, 0.125, 0.25, 

0.375, 0.5) solid-solutions were 

synthesized  by  solution  chemistry  route  
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and were characterized using XRD. 

Single phase monoclinic phase was found 
 Fig. 4: Variation of specific heat capacity of 

LaPO4(s) and Ca0.5Th0.5PO4(s) 

for all the compositions of the solid solutions and the lattice parameter of solid solutions were found 

to obey Vegard‟s law. Heat capacity of solid solutions was measured by a heat-flux type differential 

scanning calorimeter. The specific heat capacity data were found to increase with increasing 

concentration of Ca0.5Th0.5PO4(s). 
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