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LBL-28015 

Calculation of Thermodynamic Properties for Monomeric U(N) Hydrolysis 
Products at 298.15 K and Zero Ionic Strength 

Sidney L. Phillips, Information and Computing Sciences Division 

Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, California 94720. 

Critical evaluation of selected experimental data in noncomplexing electro
lyte for three hydrolysis products of U(IV): UOH+++, U(OHMaq) and 

U (OH)s- is presented. These data were analyzed by linear regression to 

obtain the Gibbs energy and enthalpy of formation, entropy and heat 
capacity for these aqueous species as well as for U (OH h++ and U (OH h+. 
The resulting property values for the five hydrolytic species are consistent 
with the 1989 CODATA Key Values, the equation 

. ~r GO = ~r HO - 298.15 ~r So to ±1 kJ mol-I, and reproduce selected 

experimental data within the uncertainty of the measurements. Apparent 
hydrolysis constants are calculated for the five hydroysis reactions to 3.0m 
in noncomplexing NaCIO 4 electrolyte solutions, at 25 0 C. 

Introduction 

Fundamental geochemical processes such as the solubility of UO 2 in waters at specified 

conditions of pH, temperature and electrolyte concentration are governed by both the 

solid phase and by the cationic, anionic or uncharged forms of the solid phase in solu
tion. In this example, the quantity of oxide dissolved can be predicted by calculations 

using a consistent tabulation of thermodynamic property values. The chemical thermo
dynamic properties of uranium minerals and hydrolysis species have been critically 

evaluated in a number of studies involving ore formation (1), the disposal of nuclear 
wastes in subsurface r.epositories (20), thermodynamics of hydrolysis (28) and in standard 
electrode calculations (32). The most recent are by Phillips et al. (12) in 1988, Lemire 
(16) in 1988 and Bratsch (32) in 1989. However, current thermodynamic data for the 
hydrolysis products of U++++ have been questioned (14,33). The basis of these questions 
has been mainly the existence of an anionic species, U (OH )s-, the solu bility of UO 2 as a 

function of pH, temperature and salinity, and values of the thermodynamic properties 
for the hydrolysis species. 

In this work, linear regression analyses of published experimental data in noncomplexing 
perchlorate solutions leading to newer values for the Gibbs free energy of formation, 
enthalpy of formation, entropy and heat capacity at standard conditions are presented 
for the five aqueous species UOH+++, U (OH h++, U (OH h+, U (OH M aq) and 



U (OH )5. The F-test ratio of vanances and the correlation coefficient (22,23) were 
applied to aid in judging the significance of correlations between experimen tally meas~ 

ured apparent equilibrium constants and ionic strength or temperature. 

There are a number of experimental studies which can be used to calculate thermo
dynamic property values for U (IV) hydrolysis products. However, this work is limited 

to laboratory investigations which measured experimental parameters such as solubility 
on carefully characterized materials. In this context, data obtained on amorphous 

uranium dioxide or oxides with stoichiometries different from UO 2 such as UO 2.023, as 
well as data obtained in simulated natural waters are specifically excluded. 

Evaluation Procedure for Selection of Experimental Data 

In selecting the experimental data to include in this work from the larger resource of 
pu blished papers, the following were evaluated for each publication: the experimental 
method used by the authors; details given about the laboratory procedure; purity of the 

chemicals used, and any further purification; temperature control; number of replicate 
measurements for each result; standard deviation from the mean value; uncertainty 

assigned by the investigator; and, a comparison of the experimental results with theoreti
cal expectations. While this critical evaluation resulting in selection of the best experi

mental data has a subjective component, the constraint of internal consistency is rigid. 

Internal Consistency of Thermodynamic Data 

All thermodynamic property values used here are consistent with the 1989 CODATA 
Key Values (27), with the thermochemical tables in the Aqueous Solutions Database (12), 
and with the fundamental equation Ar GO = Ar H O - 298.15Ar So generally to within 

8 = ±lkJ mol-i. Secondly, the thermodynamic property values are consistent in repro

ducing the "best" experimental measurements by calculation of individual chemical reac
tions, at the temperature and in the supporting electrolyte (usually noncomplexing per

chlorate) used by the investigators in the original publications. The reader who adds 
these thermodynamic property values to a table which is not consistent with the Aque
ous Solutions Database should: 1. use the 1989 CODATA Key Values in all relevant cal
culations; 2. obtain any other required data from their table. 3. calculate consistency 
with the equation Ar GO = Ar H 0 - 298.15A r 50 for the new thermodynamic pro

perty values. The maintenance of a consistent table of thermodynamic data is laborious; 
however, the reward will be calculations oof solu bilities and other information with the 
lowest uncertainties in the final results. 

-2-



• 

Gibbs Energy of Formation of UOH+++ 

The relatively fast hydrolysis reaction of eq 1 

U++++ + H 20 = UOH+++ + H+ (1) 

can be complicated by slower polymerization reactions. For example, Kraus and Nelson 

(2,3) began their spectrophotometric readings in less than a minute after mixing their 
solutions, and extrapolated to zero time in order to account for time effects. We assume 

kinetics effects are absent and that eq 1 predominates over any side reactions, and have 
compiled molar log K (I) values limited to noncomple~ing ClO 4- solutions obtained as 

follows: seventeen from the measurements by Kraus and Nelson (2,3); three from Niko

laeva (9); and one value each from the follo~ing publications: Sullivan and Hindman (4); 
Grenthe, Bidoglio and Omenetto (5); Davydov and Efremenkov (B); Betts (7); Hietanen 
and Sillen (8); and McKay and Woodhead (10). These data are compiled in Table 1. 

The n~ne values in NaClO 4 with 1 < 0.12 mol L -1 from Kraus and Nelson (2) were 

fitted to the extended De bye-Huckel equation, eq 2, in order to obtain the equilibrium 
constan t log K ° , the intercept at 1m = O. Molar units were converted to molal using 

the table from Schwartz (30) which.is based on Table II-I in Baes and Mesmer (13). 

(2) 

The coefficient B"( is a combination of numerical factors, the dielectric constant, and the 

temperature. For water at room temperature, its value is 0.33. if the ion-size parameter 
ai of the ion pair UOH+++ is in units of angstroms (19). The product term B tai is 

often set equal to 1.0, 1.5 or LB. According to eq 2, a plot of log K (I) versus 
I 1/2 

m 1/2 should be linear, with a slope equal to -3.0B, the value of A "(D.z 2. The 
1 + B"(aj 1m 

theoretical slope, -3.0B, is obtained when the term B taj = 1.77, and linear regression 

analysis by the method of least squares under this condition yielded the intercept 
log K O = -0.Bl±0.05. The uncertainty ±0.05 was calculated from the unweighted resi
duals (25). Examination of the regression line for lack-of-fit gave an F-test ratio of the 
two variances of 119. The quantity r 2 = 0.944, which was taken as indicating that the 
data points are dependent on the ionic strength parameter. Schwartz (30) used weighted 
least-squares to fit all IB values of Kraus and Nelson (2,3) to an equation similar to eq 2 
bu t with -B "(aj fixed at 1.5 and with an additional polynomial term in 1m on the righ t

hand side. By successively adding terms to the polynomial and applying the F-test as a 
measure of lack-of-fit, he found that the data were properly fitted by a quadratic polyno
mial and that this fit yielded a value of log K ° = -O.BO, with a standard error estimate 
of 0.02. This value was considered in satisfactory agreement with log K ° = -0.B1 
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obtained by linear regression of the data for 1 < 0.12M. 

The equilibrium constant log K 0 = -0.61 was used in the Nuclear Energy Agency form 

of the Debye-Huckel equation, eq 2a with B 1aj = 1.5, with the idea to obtain a value 

for the interaction parameter D.E consistent with the tables in Ref. 11. 

(2a) 

Twenty-five of the log K (1) measurements in Table I were fitted to eq 2a, the outlier 

log K (1) = -2.10 was excluded from the regression analysis. The result of the fit was D.E 
= 0.14 kg mol-I, with the intercept at 1m = 0 equal to 0.059 in satisfactory agreement 

with the expected value, zero. The F-ratio of 45 and r 2 = 0.662 were taken as an indica
tion that eq 2a is a reasonable estimation for the variation of log K (1) as a function of 

1m for the hydrolysis reaction, eq 1. 

The standard free energy of formation, D. f GO [UOH+++] = -764.6±2.1 kJ mol-1 was 

calculated from D. r GO for eq 1 using log K 0 = -0.61±0.05 and the Gibbs energy of for

mation for H+, H 20 (l) and U++++ from Table IV. The propagated uncertainty, ±2.1 

kJ mol-I, was calculated from the square root of the sum of the squares of the indivi
dual uncertainties, however the largest uncertainty is in the value of D. f GO [U++++], 

±2.1. 

The ion pair UOH+++ is the dominant hydrolytic product from about 0.3 < pH < 2.8 
based on the data in Table I, while U ( OH )4( aq) appears to be the aqueous species 

which controls the solubility of UO 2 over the range 4 < pH < 10. 

Gibbs Energy of Formation for U (OH M aq) 

There have been investigations of the solubility of uranium dioxide, including the pH 
range over which U (OH)i aq ) might be expected to predominate. However, uncharac

terized uranium dioxide was used, or the measurements were made uncertain because of 
possible surface oxidation of the UO 2 to form a higher oxide. Parks and Pohl (14) used 

UO 2 that had been placed in a hydrogen atmosphere at 900 0 C to reduce higher oxides, 

e.g. U 409 reduced to UO 2. 

Parks and Pohl (14) in their investigation of the hydrothermal solubility of 

UO 2[ uraninite] measured the solubility of thoroughly characterized UO 2 ceramic over 

the temperature range 100 - 300 0 C. Their data in the range 4<pH < 10 were interpreted 
by them as suggesting that the major aqueous species is exclusively the uncharged 

U ( OH M aq ) formed in accordance with the solu bility reaction 

-4-
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(3) 

They found log K = -9.47±0.3 invariant over the range 100 <T < 300 ° C. Mean 

values calculated from the selected solubility measurements of Parks and Pohl (14) 

which are compiled in Table II were fitted to the equation (18) 

~ HO 
R I K = ~ So _ r + ~ C 0 [298.15 -I 298.15 - 1] 

n r TK r P TK n TK , " 
(4) 

A sensitivity analysis of the fit showed that ~r Cp 0 could either be included or 

excluded. We elect not to include the heat capacity term, and have set ~r Cp 0 = o. 
The 22 experimental data in Table II were fitted to eq 4 with this condition; log K 0 = 
-9.92±1.1, ~r GO = 56.63±6.3 kJ mol-I, and we calculate that at 25°C 

~f GO [U(OHMaq)] = -1449.3±6.4 kJ mol-I. The uncertainty in log K O is our esti

mate based on the scattering of the solubility data. However, according to the F-test, 
the variance ratio is only 2.4 which we interpet as lack-of-fit so that log K is indepen
dent of temperature. Therefore we take the extrapolated equilibrium constant as log K 0 

= -9.47±0.3 at 25° C and ~f GO [U(OHMaq)] = -1451.9±1.5 kJ mol-I. 

Gib bs Energy of Formation of U (OH h-

There are two solubility reactions considered III the literature which might form the 
anionic species U (OH )s-; these are eq 5 (15) and eq 6 (21): 

(5) 

(6) 

In eq 5 the crystalline solid UO 2 controls the solubility. Tremaine et al. (15) measured 

the solubility of carefully characterized uranium dioxide, UO 1.999±O.OI2, under a wet 

hydrogen atmosphere as a function of temperature over the range 25 < T < 300 ° C at 
pOH 1.5 and pOH 2.5, in LiOH aqueous solutions. Their data were consistent with eq 

5, and were fitted to their equation (15) log K = -5.86 + ~. At 25 ° C, log K = 
. T,K 

-5.75±0.2 in 0.0372m LiOH solution; and log K O = -5.75 according to eq 2 because 
~z2 = 0 for eq 5. At 25 ° C, ~r GO = 32.83 ±1.0 kJ mol-I, and ~f GO [U( OHh-] = 
-1630.4±1.4 kJ mol-I. 

This value of the Gibbs energy of formation for U (OH h- can· be used to predict the 

equilibrium constant of eq 6 provided that ~ f GO [U (OH )4 [ppt ] is known. An estimate 

is calculable from the data in Ref. 29. Nikolaeva and Pirozhkov (29) measured the solu

bility product, Ksp ,'over the range 25 - 150°C for reaction 7, 
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U (OH )4 [ppt j = U++++ + 40H- (7) 

and fitted their data to an equation of the form log Ksp = -40.69 - 5494.4. Their data 
T,K 

at 25 0 C from 0.009 < I < 0.026M show no trend with I, and we use their equation and 

their uncertainty to calculate log K 0 = -59.12±0.20 so that ~r GO = 337.52±1.1 

kJ mol-I. Using this value of ~r GO and the data from Table IV in eq 7, we calculate 

~f GO [U{OH)4[Pptjj = -1497.3±2A kJ mol-I. Calculation of log K O for eq 6 using 
this ~ f GO and ~ f GO for U (OH)s- from the preceding paragraph together with 

~ f GO [OH-j from Table IV predicts a value of log K O = -4.22±0.49. 

In their measurements of the solubility of uranium{IV) hydroxide at pH > 13, summar
ized in Table III, Gayer and Leider (21) calculated apparent equilibrium constants for the 
dissolution reaction, which is written here as eq 6. According to the mass action law 
expression, eq 8, the solubility is predicted to increase linearly with increasing [OH-], eq 
9, if the dissolution reaction obeys eq 6. In our computations, the solubility reaction at 
high alkalinities, pH > 13, is assumed depicted by eq 6 and the mass action expression is 
therefore 

() 
[U{OH)s-jIU(OH)s 

K I = ---------
m [OH-j IOH-

(8) 

where the I's are activity coefficients of the two aqueous species. If this activity 
coefficient ratio is unity, the solubility (8m ), mol kg-I, is given by eq 9, 

(9) 

In particular, 8 m should be a linear function of [OH-], and regression analysis of the 

solubility measurements in Table III should result in a zero intercept and a slope equal 
to the equilibrium constant, K 0 • Linear regression by the least squares method of the 
seven solubility measurements in Table III yielded an intercept at mNaOH = 0 of 9.53 

x 10-6 and a slope equal to 1.02 x 10-4. The F-ratio of the two variances was 23; were the 
null hypothesis valid, then for one degree of freedom for V I and 5 degrees of freedom for 

V 2, the F -ratio would be 6.61 at the 95% confidence level (25,26). The correlation 

coefficient was 0.821. The magnitude of these parameters was interpreted as demonstrat
ing a linear dependence between the solubility of U (OH )4[PPt j and [OH-j. The value of 

the slope gives log K 0 = -3.99±0.15, agreeing with the predicted -4.22±0.45 to 0.23 
log K 0 units. The difference between these two values may be due to the assumption 
that the activity coefficient ratio is unity. The assigned uncertainty in log K 0 was cal

culated from the square root of the sum of the squares of the residuals divided by six. 
Then, for eq 6, ~r GO = 22.79±3.7 kJ mol-I so that ~f GO [U{OH)s-j = -1631.7±4.4 

kJ mol-I, agreeing well with the Gibbs energy of formation calculated above from the 

data found in Tremaine et al. (15). 

-6-
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Gibbs Energy of Formation of U (OH)z-t+ and U( OH)s+ 

There do not appear to be uraninite solubility, potentiometric titration or other experi

ments in which the 1:2 and 1:3 hydrolysis products individually are predominant so that 

unequivocal calculations of log K ° can be made. For example, Parks and Pohl (14) 
could assign either the formula UOH+++ or U (OH )2++ to the aqueous species in equili

brium with UO 2 based on their solubility data in the acid pH range. We have decided to 

calculate the Gibbs free energy of formation of U (OH )2++ = (-989.4±?) kJ mo/-1 from 

the apparent hydrolysis constant estimated' by Grenthe et al. (5) in 3.0M NaC/O 4 solu

tion, log K (1) = -4.5, as the lower limit. We calculate log K O = -2.76 from eq 10 with 
~z2 = -10, B 1aj = 1.5 (11) and ~E = 0.22, for the hydrolysis reaction 
U++++ + 2H 20 = U(OH)z++ +2H+. 

1 1/ 2 

10gK(lm)=logKO +A1~z2 m 1/2 +~dm 
1 + B 1aj 1m 

(10) 

In calculatin.~ ~E, the assumption was made that the specific ionic coefficient for 

E[U(OH·)z++, C/04-] = 0.3, is the same value as that for UFt+ (11). Gibbs energy of 

formation for U (OH)s+ = (-1220.7±?) kJ mol-1 was estimated by linear interpolation 

(12,17) of the Gibbs energy of formation for the 1:2 and 1:4 hydrolytic species. The 
resulting data for the 1:2 and 1:3 species are given in Table IV. 

Apparent Hydrolysis Constants of Higher Hydrolytic Products 

The apparent hydrolysis constants for the 1:2, 1:3, 1:4 and 1:5 species can be predicted 

from the data in Table IV and the specific ion interaction coefficients tabulated by 

Grenthe and Wanner (11). The values E[UF 2++ , C/O 4-] and E[UF 3+ ,C/O 4-] were 

used for U(OH)z++ and U(OH)s+; E[U(OHMaq)] = 0; and the magnitude 

E[ U (OH h- , Na +] was calculated from the value for E[ OH- , Na +] and ~E = 0 obtained 

from a plot of log K (1m) versus mNaOH using the data from Gayer and Leider (21) in 

Table III. Linear regression analysis of the data in Table III based on fitting the apparent 

equilibrium constants to eq 1 indicated no correlation with m OH-' and therefore ~E = O. 

The apparent hydrolysis constants calculated with eq 10 are given in Table V for the 

range 0 - 3.0m perchlorate solutions. In all four reactions, the presence of background 
C/O 4- which governs the ionic strength suppresses the hydrolysis of U++++ by almost 

two orders of magnitude at 1m = 3.0m , compared with the value of log K 0 • 

The uncertain ties in log K ° were calculated from the square root of the sum of the 
squares of the uncertainty in each ~ f GO. The uncertainties in Table IV in ~ f GO for 

H 20, OH- and UO 2( c ) were calculated from the equation in Robie et al., p. 11 (34) 
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Enthalpy of Formation of Hydrolysis Products 

The data from Kraus and Nelson (2,3) measured in I = 0.5M (0.51m) perchlorate solu
tion and at 10, 25 and 43 0 C were calculated to I = 0 using eq 10 with the assumption 
that the two terms ~E = 0.14 kg mol-1 and B "Iaj = 1.5 were temperature independent, 

and using the values of A "I at 10 0 C and 43 0 C obtained from Lewis et al. (19). The 

resulting log K ° 's were then fitted to eq 4 but without the heat capacity term to obtain 
values of both the enthalpy of reaction and entropy of reaction, for eq 1. From these 
values and the data in Table IV for ~f HO of U++++, H+ and H 20 (l), 
~f HO [UOH+++] -827.2±2.1 kJ mol-i. The enthalpy of formation 

~f HO [UOH+++] = -835.3 kJ mol- i was also calculated for the reaction in eq 1 from 

the equation log K ° = 6.89 - 2178;4 which fits Nikolaeva's measurements (9). The 
T, 

data from Betts at 15.2, 20.4 and 24.70 C were calculated at I = 0 using eq 2, and fitted 

to eq 4 without the heat capacity term. Then ~r HO = 46.33 kJ mol-i and ~r So = 

149 J(mol-K t i , from which the enthalpy of formation and entropy of UOH+++ are 

-830.7 and -195, respectively. The three values were averaged so that ~f HO = 
-831.1±2.1 where the uncertainty is taken as equal to that for the Gibbs energy of for-

mation. The enthalpy ~f HO [U(OH)5-] = -1887.3±1.6 kJ mol-i was calculated from 

~r HO = -0.6±1.3 kJ mol-1 for eq 6 by Tremaine et al. (15). As noted, the results of 

Parks and Pohl indicated that ..6. r HO is approximately zero for the dissolution reaction, 

eq 4. On the assumption of a zero heat of solution (31), we calculate 
~f HO [U(OH)iaq)] = -1656.7±1.5 kJ mol-i. Values of ~f HO for the 1:2 and 1:3 

hydrolysis products were estimated by linear interpolation (12,17) of these three values. 
Results are summarized in Table IV. 

Entropy of the Hydrolysis Products 

The entropy of UOH+++ was calculated from the measurements of Kraus and Nelson at 

I = 0.5M (2,3) and Betts at I = 0.19M (7) by correcting to I = 0 with eq 10, and 
fitting the resulting six values of 10gK ° to eq 4 with ~r Cp ° = o. The values for ~E = 

0.14 and B "Iaj were taken as constant over the temperature range 10.0 to 43.0 0, while 
the magnitude of A"I for each temperature was obtained from Ref. 19, page 640. From 

the fit, ~r So = 145 J(mol-Kti so that So [UOH+++] = -199 J(mol-Kti. 

The entropies of U (OH)i aq) and U (OH)s- were calculated, respectively, by eq 4 on 

the assumption that both the enthalpy and heat capacity of reaction were zero, and 
from the equation in Tremaine et al. The entropies of U++++, UOH+++, U (OH)i aq) 

and U ( OH)s- were plotted versus the n urn ber of OH- ligands, n, yielding a smooth 

curve. The portion of the curve between n=1 and n=5 was almost straight, and was 
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analyzed by linear regression. Values of entropy at n=2 andil=3 were obtained by 
interpolation, and are given in Table IV for the 1:2 and 1:3 hydrolytic species. 

Heat Capacity of Hydrolysis Products 

Values of the heat capacity, Cp 0 , for the aqueous hydrolysis prod uds were estimated 

using the method described by Baes and Mesmer (28). For lack of more quantitative 
information, a Pauling radius of 0.8 angstrom was assumed for each hydrolysis product 

in estimating ~r Cp 0 • Values of Cp ° were then calculated from the heat capacity of 

reaction and the Cp ° data for H 20 (l), H+, and U++++ in Table IV. 

Internal Consistency of Property Values 

Internal consistency was checked by computing the Gibbs energy of reaction, enthalpy of 

reaction and entropy change for a number of reactions, and calculating the magnitude of 
the difference 8 = ~r GO - [~r H O - 298.15~r SO]. For example, 8= 0.25 kJ mo[-l 

for the electrochemical reaction U ++++ + 4e = U (c), and 8 = -0.078 kJ mo{-l was 
calculated for UOH+++ + H+ +e = U+++ + H 20. The values of 8 calculated from 

the data in Table IV for the reactions eq 1, eq 3 and eq 5 were 0.7, 0.4 and 0.2, respec
tively, are within the propagated uncertainties in ~r GOof 2.97, 1.80 and 1.72. 

Consistency in Reproducing Selected Experimental Measurements 

Figure 1 is a plot of log K (1m ) versus 1m according to eq 10 for the hydrolysis reaction 

eq 1, with log K O 
-:- - 0.61, B"{ai = 1.50" and ~E = 0.14 kg mo[-l obtained from the 

regression analysis. The circles and other symbols are experimental values which are 

reproduced generally to ±0.1 log K (1m) over the entire range of molal ionic strength. 

The apparent hydrolysis constants are virtually unchanged with log K (1m) = -1.67 

from about 1m = 1 - 2.5m, then become slightly more positive from 2.5m to 3.495m . 

The apparent hydrolysis constants decrease sharply from 1m = 0 to 0.5m by more than. 

an order of magnitude. 

The data in Table IV were used to calculate enthalpy, entropy and heat capacity of 
reaction for the first hydrolysis reaction, eq 1. Equation 4 was then used to calculate 
apparent equilibrium constants up to 300 0 C, at 1m = O. The result is plotted in Figure 

2, Curve A, together with values for the same reaction calculated using Nikolaeva's fit to 
his data. As can be seen, the agreement up to 300 0 C is ±0.1 log K units. The data in 
Table IV reproduce the solubility of UO 2 in OH- solutions within ±0.2 log K units up 

to 200 0 C and about 0.5 at 300 0 C , as shown by Figure 2B. In the range pH 4-10 where 
solu bility is controlled by U (OH M aq ), Figure 2C predicts a tenfold decrease in solu bil

ity with temperature from 25-300 0 C. If ~r Cp ° is taken as zero for the two reactions eq 

3 and eq 6, then the experimental data at I = 0 in Figures 2B and 2C will be 
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reproduced exactly over the entire range of temperature. 

Conclusions 

Apparent hydrolysis constants for the hydrolytic reactions gotten from Figure 1 or from 
Table V compare within about ±1 log K unit at I = 0 and I = 1 to those in Baes and 

Mesmer (13), except for the 1:4 species. For this species, their value is log K ° = -10.3, a 
disquieting five log K ° units more negative than -4.83 calculated from the data in Table 

IV. 

Evaluation of the solubility data for UO 2 is confounded by the ease of oxidation of 

uranium dioxide and dissolved U (IV), possible retrograde solubility with increased tem

perature, difficulty in measuring the low concentrations of dissolved uranium and com
plexation by any F- or CO 3- - (14,15). The theoretically derived eq 4 predicts a non-

linear plot of log K versus _1_ unless D. r Cp 0 = 0, and a linear dependence unless 
T,K 

both D. r Cp ° and D. r H
O are equal to zero. However, the dissolution data in the range 

pH 4-10 appear to be temperature independent, probably due to scattering in the meas

ured solubilities. In this context, the potentiometric and spectrophotometric methods 
should be examined for any advantages in measuring the thermodynamic property 
values for the higher hydrolysis products of U (IV). The calculated solubilities in Figure 
2B and 2C are probably more accurate than the measured data. 

Acknow ledgment 

This work was supported by the Director, Office of Energy Research, Office of Basic 
Energy Sciences, Division of Engineering and Geosciences, of the U. S. Department of 
Energy under Contract No. DE-AC03-76SF00098. Thanks are given to Chalon Car
nahan, Lowell Schwartz and Joseph Rard for their comments on the draft manuscript. 

Glossary 

B "{: 0.33, angstrom -1. 

ai : Distance of closest cation-anion approach, angstrom. 

S: Solubility, mol L -1. 

c : Crystalline form. 

ppt : Precipitate. 

M: moles L -1. 

m: moles kg -1. 
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K O 
: Equilibrium constant at 1=0 and 25 0 c. 

Kw: Ionization product of water. 

K (I), K (Im): Molar and molal apparent equilibrium "constant. 

K: Temperature dependent apparent equilibrium constant. 

j: Activity coefficient at 25 0 c. 

I, 1m : Molar, mol L -1, and molal ionic strength, mol kg -1. 

A "(: 0.51 at 25 0 c. 

I::::.z 2: Difference in sum of squares of ion charges, z. 

E: Specific ion interaction coefficient, kg mol-I. 

I::::.E: Specific ion interaction difference, kg mol-I. 

R ~ 8.314510 J(mol-Kti . 

T ,K: Kelvin temperature. 

I::::. f GO: Gibbs energy of formation, kJ mol-I. 

I::::. r GO: Gibbs energy of reaction, kJ mol-I. 

I::::. f H ° : Enthalpy of formation, kJ mol-I. 

I::::. r H
O 

: Enthalpy of reaction, kJ mol-I. 

So: Entropy, J(mol-Kt i . 

I::::. r So: Entropy of reaction, J(mol-Ktl. 

Cp 0: Heat capacity, J(mol-Kti . 

I::::. r Cp ° : Heat capacity of reaction, J (mol-K ti. 

D: I::::. r GO - [I::::. r HO - 298. 151::::. r So], kJ mol-I. 

n : Number of degrees of freedom. 

VI: Variance due to regression. 

V 2: Variance about regression. 

aa PH, as : Uncertainty in Gibbs energy, enthalpy, entropy. 

Registry Number 

UO 2, uraninite: [12143-25-8]; UO 2, uranium dioxide: [1344-57-6]; U (OH h-: [69136-45-4]; 
U++++: [16089-60-4]; U (OH )4: [28564-29-6]. 
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Table I. Apparent equilibrium constants measured for the hydrolysis of U++++ to form UOH+++ in per
chlorate media, according to eq 1. All values are at 25' C, and measured spectrophotometrically, unless 
noted otherwise. 

M NaClO4 pH Range log K(I) Ref. 

3.0 ~0-2.8 -1.65±0.05 5 

3 1-2 -2.1O±0.15 8,13 

2.0 1.3 -1.68( a = 0.02) 4 

2.004 0.98-2.09 -1.63( a = 0.09) 2 

1.014 1.25-1.49 -1.55±0.05 2 

0.98 0.30-1.55 -1.57±0.03(20±2· C) 10 

0.55 0.62-1.60 -1.45( a = 0.33) 2 

0.520 0.51-1.84 -1.50( a = 0.09) 2 

0.519 0.60-1.69 -1.49( a = 0.09) 2 

0.503 0.52-1.97 -1.54( a = 0.33) 2 

*0.5 0.4-2.7 -1.47±0.03 6 

**0.5 0.29-2.72 -1.47 3 

0.48 -1.70 9 

0.36 -1.59 9 

0.272 0.88-1.83 -1.36( a = 0.19) 2 

0.25 -1.44 9 

0.19 0.98 -1.12±0.03 7 

0.116 0.98-1.25 -1.29±0.09 2 

0.115 1.72 -1.23 2 

0.112 1.05-1.96 -1.22( a = 0.14) 2 

0.108 1.79 -1.27 2 

0.0634 1.33 -1.14 2 

0.0452 1.54 -1.10 2 

0.0349 1.72 -1.00 2 

0.0328 1.55 -1.07 2 

0.0173 1.87 -0.921 2 

*Calculated from log K(I )=12.25±0.07 for the formation reaction U++++ + OIr = UOH+++, assuming 
log Kw(I ) in NaClO 4. ~utions is the same as that for the NH4ClO 4 solutions used by Ref. 6. Baes and 
Mesmer (T3) tabulated log K (I )=-13.72 for the ion product of water III 0.51m NaCl04 solution. w m . 

**Interpolated from measurements at 1O.0·C (log K = -1.90) and 43.0·~(lOg K = -1.00) in 0.5M (0.51m) 

NaClO 4' from a fit of these two data to the equation log K = A + --. 
T,K 

In reference 2, a is the standard deviation of 5-7 replicate results. Other values from reference 2 were from 1 
or 2 measurements at the ionic strength given. 
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Table II. Apparent equilibrium constants for lhedissolutiori of sintered 250 J.tm spheres 
of U0

2
(c) in aqueous solutions containing chloride over the temperature range 100 -

300 ° C under 50 MPa H2(g) (14). The pH was calculated at the temperature shown; 
solubility, S is in molar units; uranium in solution was measured using a fluorescence 
analyzer. 

100 ° C 150 ° C 200° C 

pH 
'. 

log S pH log S pH log S 

*5.03 -8.704±0.009 5.02 -9.733±0.019 *5.01 -8.283±0.01O 

5.03 -9.914±0.161 5.02 -9.914±0.015 5.01 -9.714±0.009 

6.67 -9.463±0.026 5.89 -9.532±0.024 5.64 -9.474±0.016 

6.67 -1O.015±0.070 5.89 -9.474±0.011 5.64 -9.598±0.176 

10.40 -9.583±0.093 9.30 -9.024±0.010 

10.40 -9.735±0.129 9.30 -9.189±0.075 

Mean: -9.742 Mean: -9.663 Mean: -9.400 

250° C 300°C 

pH log S pH log S 

5.00 -9.820±0.012 4.99 -9.502±0.0 

5.00 -9.644±0.094 4.99 -9.502±0.084 

5.55 -9.519±0.029 5.57 -9.390±0.137 

5.57 -9.403±0.023 

9.07 -9.387±0.097 

Mean: -9.661 Mean: -9.437 

*Outlier; not used in fitting of data to eq 4. 
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Table III. Solubility measurements and calculated apparent equilibrium constants for the 
dissolution of U(OH)4[Ppt] in 0 to 0.632m NaOH solutions, from Gayer and Leider (21). 
Each set of values is the average of two experiments which agreed within 10% or less. 

pH mNaOH mUranium log K(Im) 

- 0 3.0 x 10-6 -
12.9 0.080 6.3 x 10 -6 -4.10 

13.1 0.144 2.7 x 10 -5 -3.73 

13.3 0.215 4.1 -3.72 

13.4 0.266 4.5 -3.77 

13.7 0.484 7.0 -3.84 

13.8 0.632 5.9 -4.03 
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Table IV. Standard thermodynamic property values, and recommended values for 
U++++ hydrolytic species. CODATA Key Values are flagged by an asterisk (*). 

Substance ~fGo, ~fHo, So , Cpo, Ref. 

kJ mol-1 kJ mol-1 J(mol-Ktl J(mol-Ktl 

U02(c) -1031.7±1.0 *-1085.0±1.0 *77.03±0.20 63.60 12,27 

H2O(l) -237.140±0.040 ' *-285.830±0.040 *69.950±0.030 75.351 12,27 

OH- -157.220±0.070 *-230.015±0.040 *-1O.900±0.200 -140.5 12,27 

H+ 0 " *0 *0 0 12,27 

U++++ -530.9±2.1 ~591.2±3.3 -414.0±21 -48 20,24 

UOH+++ ' -764.6±2.1 -831.1±2.1 -199±9 -11 This work 

U(OHh++ (-989.4±?) (-1102.9±?) (-122±?) 23 This work 

U(OH)l (-1220.7±?) (-1369.5±?) (-48±?) 52 This work 

U(OH)4(aq) -1451.9±1.5 -1656.7±2.0 35.6±9 128 This work 

U(OH)s- -1630.4±1.4 -1887.3±1.6 93.8±7 -28 This work 

U(OH)4[pptl -1497.3±2.4 This work 
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Table V. Apparent hydrolysis constants for the 1:2, 1:3, 1:4 and 1:5 U++++ hydrolytic 
species at 25 0 C, in CI04- electrolyte. Data were calculated using eq 10 and the follow
ing values of the parameters A-y!:l.z2 and !:l.E: 1:2, -5.10 and 0.22; 1:3, -6.12 and 0.38; 1:4, 
-6.12 and 0.24; 1:5, -5.10 and 0.060. The quantity B')'aj = 1.5. 

log K(Im) at ionic strength, 1m, shown 

Hydrolysis Reaction/1m, mol kg-1 0.0 0.5 1 2 3 

U++++ + 2H20 = U( OHh++ + 2H+ -2.76±? -4.40 -4.58 -4.63 -4.55 

U++++ + 3H20 = U( OHh+ + 3H+ -3.79±? -5.70 -5.86 -5.80 -5.59 

U++++ + 4H20 = U( OH)i aq) + 4H+ -4.83±0.5 -6.81 -7.04 -7.12 -7.06 

U++++ + 5H20 = U(OH)s- + 5H+ -15.09±0.5 -16.81 -17.07 -17.28 -17.36 
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Figure 2. Comparison of logK values using eq 4 with thermodynamic property 
values taken from Table IV (lines), with experimental data for the following reactions: 

A. U++++ + H 20 = UOH+++ + H+; Ref. 9, O. 

B. U0 2 + OH- + 2H 20 = U(OH)s; Ref. 15,0 

C. U0 2 + 2H 20 = U(OHMaq); Ref. 14, 
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