
PNNL-16734 

 
 
 
 
 
 
 
 

Actinide Thermodynamics at Elevated 
Temperatures 
 
 
JI Friese PP Bachelor 
L Rao  G Tian 
Y Xia 
 
 
 
 
 
 
November 2007 
 
 
 
 
 
 
 
 
 
 
 
 
 
Prepared for the U.S. Department of Energy 
under Contract DE-AC05-76RL01830 



 DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by 
the United States Government or any agency thereof, or Battelle Memorial 
Institute. The views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency thereof. 
 
 
 PACIFIC NORTHWEST NATIONAL LABORATORY 
 operated by 
 BATTELLE 
 for the 
 UNITED STATES DEPARTMENT OF ENERGY 
 under Contract DE-AC05-76RL01830 
 
 
 Printed in the United States of America 
 
 Available to DOE and DOE contractors from the 
 Office of Scientific and Technical Information,  

P.O. Box 62, Oak Ridge, TN  37831-0062; 
ph: (865) 576-8401 
fax: (865) 576-5728 

email: reports@adonis.osti.gov 
  
 
 Available to the public from the National Technical Information Service, 
 U.S. Department of Commerce, 5285 Port Royal Rd., Springfield, VA  22161 

ph: (800) 553-6847 
fax: (703) 605-6900 

email: orders@ntis.fedworld.gov 
online ordering: http://www.ntis.gov/ordering.htm 

 
 
 
 
 
 
 
 
 
 

  
This document was printed on recycled paper. 

  (9/2003) 



PNNL-16734 

 
 
 
 
 
 
 

Actinide Thermodynamics at 
Elevated Temperatures 
 
 
JI Friese PP Bachelor  
L Rao  G Tian 
Y Xia 
 
 
 
 
 
 
November 2007 
 
 
 
 
 
Prepared for the U.S. Department of Energy 
under Contract DE-AC05-76RL01830 
 
 
 
 
 
 
Pacific Northwest National Laboratory 
Richland, Washington   99352 



PNNL-16734 

 

1 

 

 ACTINIDE THERMODYNAMICS AT ELEVATED TEMPERATURES 

 
Judah Friese

1,*
, Linfeng Rao

2,*
, Yuanxian Xia

1
, Paula P. Bachelor

1
, Guoxin Tian

2
  

1
Pacific Northwest National Laboratory (PNNL), 

2
Lawrence Berkeley National Laboratory (LBNL) 

*Contact: judah.friese@pnl.gov; lrao@lbl.gov 

 

RESEARCH OBJECTIVES 

 

The postclosure chemical environment in the proposed Yucca Mountain repository is expected to experience elevated 

temperatures. Predicting potential migration of actinides would be more robust if sufficient reliable thermodynamic data 

on hydrolysis and complexation are available for these temperatures. Data are scarce and scattered for 25
o
C, and 

nonexistent for elevated temperatures.  Current modeling of actinide migration makes conservative assumptions to 

compensate for this lack of data, particularly at elevated temperatures. 

 

This collaborative project between LBNL and PNNL collects thermodynamic data at elevated temperatures on actinide 

complexes with inorganic ligands that may be present in Yucca Mountain. The ligands include hydroxide, fluoride, 

sulfate, phosphate and carbonate. Thermodynamic parameters of complexation, including stability constants, enthalpy, 

entropy and heat capacity of complexation, are measured with a variety of techniques including solvent extraction, 

potentiometry, spectrophotometry and calorimetry.  

 

APPROACH 

 

Acid-base potentiometry measures electromotive force (emf) as a function of the concentration of hydrogen ion that in 

turn depends on the reactions in solution including ligand protonation and metal complexation. Thus the measured emf 

can be used to calculate the stability constants of actinide complexes. Solvent extraction uses the change of distribution 

coefficients with the ligand concentration to determine metal complexation stability constants. With spectrophotometric 

methods, the oxidation states and nature of actinide species are identified by characteristic absorption bands (e.g., Np(V) 

at 980 nm and Pu(VI) at 830 nm). From the change of absorbance as a function of concentrations of reagents, the stability 

constants of actinide complexes are determined. Nuclear magnetic resonance (NMR) spectroscopy measures chemical 

shifts in species of nuclei present according to fractional populations.  Since the magnitude of chemical shifts depends on 

the values of the equilibrium constant, the chemical shift becomes a function determined analogous to the potentiometric 

case.  

 

Titration calorimetry directly measures reaction heat released (or absorbed) when a solution is titrated with a titrant. Since 

the reaction heat in a complexation titration is a function of the concentrations of reagents, the stability constant(s) of 

complex(es) and the enthalpy of complexation, the latter can be calculated from calorimetric titrations.   

 

ACCOMPLISHMENTS 

 

Complexation of Pu(IV) and Pu(VI) at elevated temperatures. Thermodynamic studies of actinide complexation at 

elevated temperatures were extended from uranium and neptunium to plutonium, another important transuranic element of 

great concern in environmental transport. Complexation of Pu(IV) with F
-
 was studied at 25 – 55

o
C by solvent extraction 

(Fig.1). The equilibrium constants of the reactions, Pu
4+

 + iHF = PuFi
(4-i)+

 + iH
+
 where i = 1 and 2, were found to decrease 

with increasing temperature.  

 

[Insert Figure 1 here] 

 

Complexation of Pu(VI) with F
-
 and SO4

2-
 was studied at 25

o
C by spectrophotometry using the characteristic absorption 

band of Pu(VI) at 830 nm (Fig.2). Calculations of stability constants are in progress.  

 

[Insert Figure 2 here] 
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Spectrophotometric measurements on Np(V) and U(VI) at elevated temperatures. Spectrophotometric titrations were 

performed to measure the stability constants of U(VI)/F
-
, U(VI)/SO4

2-
, Np(V)/F

-
 and Np(V)/SO4

2-
 complexes at 25 - 70

o
C. 

It was found that all these complexes become stronger at higher temperatures. 

 

[Insert Figure 3 here] 

 

Microcalorimetric measurements on Np(V) and Pu(VI). Calorimetric titrations of Np(V)/F
-
 and Np(V)/SO4

2-
 

complexes were completed and data processing with new stability constants obtained by spectrophotometry is in progress. 

A representative calorimetric titration is shown in Fig. 4. Calorimetric titrations of Pu(VI) systems have been started.  
 

[Insert Figure 4 here] 
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Fig. 1 Solvent extraction of Pu(IV) in the presence of HF: Plot of D0/D vs. [HF], solid symbol – experimental, curve - calculated. 

Aqueous phase – Pu(IV) in 2.0 M HClO4 + HF; organic phase – 0.05 M TTA in toluene; t = 55
o
C. 
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Fig. 2 Spectrophotometric titration of Pu(VI) complexation with fluoride and sulfate (I = 1.0 M NaClO4, t = 25
o
C, optical path = 1.00 

cm). Top - Pu(VI)/fluoride: V
0
 = 2.50 mL, CPu

0
 = 1.18  10

-3
 M, CH

0
 = 1.51  10

-3
 M; titrant: 1.00 M NaF, 3.29 mL added. Bottom – 

Pu(VI)/sulfate: V
0
 = 2.50 mL, CPu

0
 = 8.93  10

-4
 M, CH

0
 = 1.14  10

-3
 M; titrant: 0.50 M Na2SO4, 1.50 mL added. 
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Fig. 3 Spectrophotometric titration of Np(V) fluoride complexation (I = 1.0 M NaClO4, t = 25
o
C, optical path = 1.00 cm). Top – 17 

spectra, V
0
 = 2.50 mL, CNp

0
 = 1.82  10

-3
 M, CH

0
 = 1.0  10

-6
 M; titrant: 1.00 M NaF, a total of 2.40 mL added in 16 additions. 

Bottom – calculated molar absorptivities of Np(V) species. 
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Fig. 4 Calorimetric titration of Np(V) fluoride complexation (I = 1.0 M NaClO4, t = 25
o
C). V

0
 = 0.900 mL, CNp

0
 = 1.78  10

-3
 M, CH

0
 

= 3.0  10
-7

 M; titrant: 1.0 M NaF, 5 microL/addition. 

 




