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. THERMOCHEMICAL DATA FOR NUCLEAR WASTE DISPOSAL 

Sidney L. Phillips 

Lawrence Berkeley Laboratory 
One Cyclotron Road 

Berkeley, California 94720 

Thermochemical data for nuclear waste disposal are compiled. The resulting data 
base consists of enthalpy, entropy and heat capacity of formation, and Debye-Hucke1 
coefficients of selected substances for about 25 elements. Values of the data are 
combined with intrinsic equilibrium constants at 25·C and zero ionic strength to 
calculate equilibrium Quotients to 350·C and 3 ionic strength. PUS042+, UOH3+ and 
U02C03(aQ) are given as examples. 

INTRODUCTION 

Basic data on chemical reactions are central 
to databases for computer codes whicn calculate 
solubility and speciation of radionuc1ides in 
site-specific waters. Ideally, values of 
thermodynamic properties for all likely aque
ous substances are known, together with an 
uncertainty in each value. The database then 
permits calculation of equilibrium Quotients 
for important reactions such as hydrolysis and 
complexation, to high temperatures and in 
saline natural waters. 

This paper describes a compilation of thermo
chemical data for calculations applicable to 
the disposal of nuclear wastes such as the 
SOlubility and speciation of radionuc1ides in 
natural waters. The main objective of this 
work is to provide values of equilibrium QUo
tients at temperatures and ionic strengthS 
representative of prospective waste repositor
ies [1]. For waters associated with sites such 
as basalt, tuff and granite, ionic strength is 
0.01; saline waters for salt repositories are 
about 5 ionic strength. The natural waters 
associated with nuclear waste disposal include 
F-, OH-, C032-, S042- as principal anions. 
Thus, our database for use in calculating solu
bility and speciation of radionuc1ides in 
natural waters includes stability constants of 
metals with these and other ligands. 

The database centers on values of ionization 
and complexation equilibria at 25'C and zero 
ionic strength. Where available, tnese in
trinsic data are compiled from pUblications; 
otherwise selected important data are calcu
lated. Besides equilibrium constants, values 
for the following thermochemical properties 
are compiled, or are calculated: GibbS energy 
of formation, enthalpy of formation, entropy 
and heat capacity for individual substances. 
From these basic data, we calculate changes in 
the thermodynamic properties at 25·C. Equi
librium Quotients are computed to 200-350'C 
using the following equation. 

R 1n Q (1) 

where 

toC 0 
p 

273.15 + ·C 

equilibrium Quotient 
8.3143 J mo1-IK- I 

entropy change at 25·C, J mo1-IK- I 

enthalpy difference at 25·C, 
J mo1-I 

change in heat capacity at 25°C, 
J mo1-1K-1 

Equation 1 assumes heat capacity is constant 
over the temperature range of interest; this 
assumption is almost certainly not valid at· 
high temperatures. However, if the cnemica1 
equations are written such that both reactants 
and products have an equal number of like 
charges, then constancy of toCpO is a more rea
sonable assumption [2,3]. We have used this 
-balanced like charges U approach and Eq. (1) 
in our database. 

Variations in log Q with ionic strength (I) 
are calculated using mainly an extended Debye
Hucke1 equation. 

log Q = log KO (2) 

= intrinsic equilibrium constant at 25'C 
and zero ionic strength 

_ Debye-Huckel slope, (Kg mo1-I)I/2; 
0.510 at 25'C 

= difference in sum of the squares of 
the charges of the products of the 
reaction, and reactants 



ionic strength, mol Kg-l 

b = coefficient, Kg mol-1 

THERMOCHEMICAL DATA CALCULATIONS 

Values of thermochemical properties from the 
database were computed for the following six 
complexation and hydrolysis equilibria (I-VI) 

4+ 2- 2+ 
Pu + S04 - PuS04 (I) 

-2-

(II 1) 

(IV) 

(V) 

Changes in thermodynamic properties and Debye
Hucke1 coefficients for each reaction are given 
in Table 1. 

Data in Table 1 are used in Eq. (2l to cal
culate equilibrium quotients at 25 C over the 
range 0 to 3 ionic strength; and in Eq. (11 to 
obtain equilibrium quotients from 0 to 350 C, 
at I = o. See Table 2. However, log Q values 
for reactions III and V are derived from IV and 
VI using the balanced like charges approach 
(2,3). 
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UNCERTAINTIES IN HYDROLYSIS AND FORMATION 
VALUES 

Ideally, each thermochemical property has a 
definitive uncertainty given as a * range 
about the recommended value. The uncertainty 
is assigned by a researcher on the basis of 
replicate laboratory measurements. However, a 
great quantity of data are needed for nuclear 
waste disposal: an impressive amount of the 
data is the result of computer fits, extrapo
lations, unreported uncertainties, and corre
lations. For example, it has been assumed for 
purposes of correlating entropy and enthalpy 
of hydrolysis, that in a number of cases the 
effect on 6rHo of Changing ionic strength 
from values at which the equilibrium quotient 
was measured (up to 3m) to zero is less than 
the uncertainty in 6rHo [4]. 

Thus, data compiled here may have uncertainties 
which are conservative estimates based on per
haps arbitrary and subjective error limits [5J. 

RELIABILITY OF EQUILIBRIUM VALUES 

By reliability we mean the closeness with 
which values of equilibrium quotients repro
duce the most reliable experimental data. 
Such data are obtained from experimental mea
surements; either directly from published re
searcn results, or from other compilations and 
critical evaluations. It is not possible to 
compare all calculated equilibrium quotients 
at high temperatures and ionic strengths with 
experimental or other data. This is partly 
due to the lack of experimental data, and 
partly because of the enormous amount of time 
required. Thus the scope of tne database ex
cludes detailed comparison of computed equi
librium values with other work. 

Tab Ie 1. Thermochemical properties of chemical equilibria, I-VI. 

Equilibrium Reaction 
Thermochemical 

Property II III _I_V_ V VI 

6r Ho, J mol-1 6320 :-10327 -7800 48100 100 22700 

6So, J mol-1K-1 152 39 229 148 195 -49 

6C 0 J mol-1K-1 
p , 444 235 149 -75 793 282 

A 6Z2 
y , (Kg mol-1)1/2 -8.18 -6.12 -4.08 -3.07 -4.09 -1.02 

b, Kg mol-1 0.86 0.83 0.032 0.052 -0.030 

log KO 6.83 3.85 13.33 -0.67 10.17 -6.53 
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Table 2. Equilibrium Quotients calculated from EQ. (1) and EQ. (2), using data in Table 1. 

A. Effect of temperature, I = 0 

Reaction 

I 
II 

I I I 
IV 
V 

VI 

25 

6.83 
3.85 

13.33 
- 0.69 
10.17 

- 6.53 

50 75 

6.99 7.25 
3.75 3.73 

13.25 13.22 
- 0.06 0.47 
10.29 10.64 

- 6.18 - 5.79 

log Q 

100 200 300 

7.59 9.37 11.39 
3.77 4.30 5.11 

13.23 13.54 14.02 
0.90 2.06 2.67 

11.14 13.98 17.37 
- 5.39 - 3.71 - 2.07 

Uncertainty: I, II = log Q ~ 0.05 (25-100·C)i log Q ~3 (100-300·C); 
III to VI = log Q ~ 0.2 (25-200 C); log Q ~ 1 (200-300·C) 

B. Effect of ionic strength, T = 25·C 

Reaction 0 0.01 0.1 

I 6.83 6.11 4.95 
II 3.85 3.31 2.46 

III 13.33 12.97 12.38 
IV - 0.69 - 0.94 - 1.40 
V 10.17 9.81 9.19 

VI - 6.53 6.62 - 6.78 

Uncertainty: log Q ~ 0.08 

SUMMARY 

In summary, a database for nuclear waste dis
posal consisting of critically evaluated ther
mochemical data is described. The database is 
developed around equilibrium constants at 25·C 
and zero ionic strength; and mathematical equa
tions which permit estimations of equilibrium 
Quotients to 350·C and up to 3 ionic strength. 
Values at 25·C and I • 0 are obtained from 
reliable sources. Thermochemical values com
puted at other temperatures and ionic strengths 
will have larger uncertainties than 25·C. The 
dependence on uncertainties in log Q for each 
equilibrium reaction is difficult to predict. 
However, for EQ. (1) we find that uncertainty 
in &50 nas a larger effect on log Q than 
&rHo for the complexation reaction Pu4+ + 
5042- = Pu5042+ (Table 3). As shown in 
Table 3, a change in &50 of ~20 J mo1-lK-1 

109 g 

0.5 1 2 3 

3.87 3.60 3.76 4.22 
1.73 1.62 1.92 2.46 

12.04 11.62 11.56 11.66 
- 1.93 - 2.17 - 2.40 - 2.52 

8.50 8.18 7.88 7.73 
- 6.97 - 7.07 - 7.19 - 7.27 

causes a change of ~1.0 units for log Q from 
25-350·C. On the other hand, changing &rHO by 
~900 J mo1-1 affects log Q by about ~.1 unit 
over the same temperature interval. An uncer
tainty in &Cpo of ~100 J mo1-1K-1 results in' 
a nonlinear effect on log Q; the change varies 
from 0 to ~1 log unit. See Figure 1. The non
linearity is due to the nonlinear nature of the 
temperature dependence of &Cpo as shown in 
Figure 2. 
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Table 3. 

TIC 

25 
50 
75 

100 
150 
200 
250 
300 
350 

6 = :1:1.05 

Effect of 

TIC 

25 
50 
75 

100 
150 
200 
250 
300 
350 

<'5 = :I:Q .1 

1'5 

Effect of uncertainty in ASo and 
ArHo on LO~ Q for the reaction 
Pu4+ + S04 - = PUS042+ 

log K~T) at·ASo shown (J mo1-1 K-1) 

132 152 

5.79 6.83 
5.93 6.97 
6.14 7.19 
6.41 7.45 
7.05 8.09 
7.77 8.82 
8.53 9.57 
9.29 10.34 

10.06 11.10 

units of log K(T) 

uncertainty in ArHO 

log K(T) at ArH 
0 shown 

5420 6320 

6.99 6.83 
7.12 6.97 
7.32 7.19 
7.58 7.45 
8.21 8.09 
8.91 8.82 
9.66 9.57 

10.42 10.34 
11.18 11.10 

units of log K(T) 

.:l.Cpo=228(coo) 
t ACPO =328(---) 

.!:.Cpo=42S'+++) 

172 

7.88 
8.02 
8.23 
8.49 
9.14 
9.86 

10.62 
11.38 
12.15 

(J mol-I) 

7220 

6.67 
6.83 
7.05 
7.35 
7.99 
8.72 
9.48 

10.26 
11.03 

+ 

+ -"'" 
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I) 175 350 

T Eo n, F Eo riot u r ~ C 
Figure 1. Effect of uncertainty in 
heat capacity change on equilibrium 
quotient for reaction: 

Pu 4+ + S042- Puso
4

2+ 
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T"rnpe-rature 
Figure 2. Variation in heat capacity 
function versus temperature. 
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