
276

Energie & Umwelt /  
Energy & Environment
Band/ Volume 276
ISBN 978-3-95806-072-2

En
er

gi
e 

& 
U

m
w

el
t

En
er

gy
 &

 E
nv

iro
nm

en
t

Py
ro

ch
lo

re
 a

s 
nu

cl
ea

r w
as

te
 fo

rm
:  

ac
tin

id
e 

up
ta

ke
 a

nd
 c

he
m

ic
al

 s
ta

bi
lit

y
Sa

ra
h 

Ch
ar

lo
tte

 F
in

ke
ld

ei

M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

Energie & Umwelt /  
Energy & Environment
Band/ Volume 276
ISBN 978-3-95806-072-2

Pyrochlore as nuclear waste form:  
actinide uptake and chemical stability

Sarah Charlotte Finkeldei



Forschungszentrum Jülich GmbH
Institut für Energie- und Klimaforschung
Nukleare Entsorgung und Reaktorsicherheit (IEK-6)

Pyrochlore as nuclear waste form:  
actinide uptake and chemical stability

Sarah Charlotte Finkeldei

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment	 Band / Volume 276

ISSN 1866-1793		  ISBN 978-3-95806-072-2



V 
 

Contents 

Abbreviations ........................................................................................................................ ix 

1 Introduction .................................................................................................................... 1 

2 Scientific and theoretical background ............................................................................. 5 

 The ZrO2-Nd2O3 system .......................................................................................... 5 2.1.

 Synthesis of ZrO2 - Nd2O3 ceramic pellets ............................................................... 7 2.2.

2.2.1 Powder fabrication ............................................................................................ 7 

2.2.2 Ceramic pellet formation ................................................................................... 9 

 Structural characterisation of ZrO2 - Nd2O3 ceramics............................................... 9 2.3.

2.3.1 The pyrochlore and defect fluorite crystal structure ........................................... 9 

2.3.2 Powder diffraction ........................................................................................... 13 

2.3.3 Electron diffraction – single crystal diffraction .................................................. 15 

2.3.4 Time resolved laser fluorescence spectroscopy / luminescence 

spectroscopy ................................................................................................... 18 

 Properties of ZrO2 - Nd2O3 ceramics as potential nuclear waste forms ...................22 2.4.

2.4.1 Structural uptake of Pu .................................................................................... 22 

2.4.2 Theoretical background: Dissolution kinetics ................................................... 23 

2.4.3 Experimental background: Dissolution kinetics ................................................ 38 

3 Aim of this work .............................................................................................................43 

4 Materials & methods ......................................................................................................45 

 Synthesis of pyrochlores ........................................................................................45 4.1.

4.1.1 Synthesis by coprecipitation with liquid ammonia ............................................ 45 

4.1.2 Synthesis with gaseous ammonia ................................................................... 46 

4.1.3 Sol-gel synthesis ............................................................................................. 46 

4.1.4 Ceramic pellet formation ................................................................................. 47 

4.1.5 Powder preparation for dissolution experiments .............................................. 48 

4.1.6 Synthesis of La2Zr2O7 for TRLFS measurements ............................................ 48 

4.1.7 Synthesis of Pu-pyrochlores ............................................................................ 48 

 Dissolution Experiments .........................................................................................51 4.2.



VI 
 

4.2.1 Batch dissolution experiments ......................................................................... 51 

4.2.2 Dynamic dissolution experiments .................................................................... 52 

 Analytical methods .................................................................................................54 4.3.

4.3.1 XRD ................................................................................................................ 54 

4.3.2 FIB .................................................................................................................. 55 

4.3.3 Electron microscopy ........................................................................................ 57 

4.3.4 TRLFS ............................................................................................................ 58 

4.3.5 BET ................................................................................................................. 59 

4.3.6 Elemental analysis of aqueous solutions ......................................................... 59 

5 Results & discussion .....................................................................................................61 

 Phase stability field of pyrochlore and consequence of non-stoichiometry ..............61 5.1.

5.1.1 Powder diffraction: from stoichiometric pyrochlore to defect fluorite ................ 61 

5.1.2 The antisite exchange model – a first attempt to describe the non-

stoichiometric pyrochlores ............................................................................... 70 

5.1.3 Electron diffraction at ZrO2 - Nd2O3 ceramics with the pyrochlore and 

defect fluorite crystal structure ......................................................................... 74 

 Radionuclide uptake ...............................................................................................77 5.2.

5.2.1 Structural investigation of Ln, An-pyrochlores by TRLFS ................................. 77 

5.2.2 Structural uptake of Pu-239 ............................................................................. 86 

 Dissolution kinetics .................................................................................................94 5.3.

5.3.1 Batch Dissolution experiments ........................................................................ 94 

5.3.2 Temporal evolution and stoichiometry of dynamic dissolution experiments ..... 95 

5.3.3 Effect of chemical composition and non-stoichiometry of the dissolution 

rate .................................................................................................................. 97 

5.3.4 pH dependence of the dissolution rate .......................................................... 100 

5.3.5 Effect of temperature ..................................................................................... 102 

5.3.6 Deviation from thermodynamic equilibrium .................................................... 103 

5.3.7 From the macroscopic to the microscopic scale ............................................ 107 

6 Conclusions and outlook ............................................................................................. 119 

7 Appendix ..................................................................................................................... 123 



VII 
 

8 List of figures ............................................................................................................... 127 

9 List of tables ................................................................................................................ 135 

10 References .............................................................................................................. 137 

11 Acknowledgements .................................................................................................. 149 



276

Energie & Umwelt /  
Energy & Environment
Band/ Volume 276
ISBN 978-3-95806-072-2

En
er

gi
e 

& 
U

m
w

el
t

En
er

gy
 &

 E
nv

iro
nm

en
t

Py
ro

ch
lo

re
 a

s 
nu

cl
ea

r w
as

te
 fo

rm
:  

ac
tin

id
e 

up
ta

ke
 a

nd
 c

he
m

ic
al

 s
ta

bi
lit

y
Sa

ra
h 

Ch
ar

lo
tte

 F
in

ke
ld

ei

M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

Energie & Umwelt /  
Energy & Environment
Band/ Volume 276
ISBN 978-3-95806-072-2

Pyrochlore as nuclear waste form:  
actinide uptake and chemical stability

Sarah Charlotte Finkeldei


	Titelei 276.pdf
	Leere Seite

	Leere Seite
	Leere Seite

