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Uranium and Plutonium Equilibria in Aqueous Solutions to 200 "C 
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Standard molal Glbbs energy of formation and entropy 
data for aqueous uranium and plutonium ions in ail 
oxidation states and thelr complexes with OH-, Ci-, F-, 
Cot-,  P043-, and SO4*- are critlcally reviewed. Selected 
values are used In a modified Crlss-Cobble entropy 
extrapolation to derive self-consistent analytical 
expressions for the temperature dependence of the 
standard molal Glbbs energles of formation of 74 aqueous 
species and, hence, the Glbbs energy changes and 
equlllbrlum constants of their complexation and solubility 
reactions, from 25 to 200 OC. 

Introduction 

The thermodynamic properties of dissolved uranium species 
and uranium minerals near room temperature have been ex- 
tensively evaluated by geochemists interested in the formation 
of uranium ore deposits ( 7-7), most recently by Langmuir (8). 
Some authors have considered hydrothermal ore body formation 
in terms of a few selected uranium solution species ( 7 ,  5- 7) ,  
but overall there has been only limited evaluation of the ther- 
modynamic properties of uranium species at temperatves above 
25 OC. 

The need for reliablle data at elevated temperatures has be- 
come much more crucial in recent years as attempts are now 
being made to ana1yz.e two new geological situations. These 
are the transfer of actinides by ground water from, flrst, the Oklo 
natural reactor in Gabon (9) and, second, from nuclear fuel or 
encapsulated high-level wastes in deep underground permanent 
disposal vaults (70). In both contexts, there is a need to un- 
derstand the behavior of aqueous complexes of both uranium 
and higher actinides, in particular plutonium, at elevated tem- 
peratures. Rai and Swne ( 7 7)  and Cleveland ( 72) have reported 
some information concerning the behavior of plutonium species 
at 25 OC, but they did not extend their work to higher tem- 
peratures. 

In the present paper, we present a critical evaluation of the 
thermodynamic data at 25 OC available in the literature for 
uranium and plutonium oxide, hydroxide, phosphate, sulfate, 
carbonate, fluoride, and chloride equilibria. The results are then 
used in a modified Criss-Cobble extrapolation scheme ( 73, 74), 
together with available high-temperature experimental data to 
estimate thermodynamic constants for these systems at tem- 
peratures up to 200 "C. 

Thermochemical Data Assessment 

Water and Potentia/ Ligands. Gibbs free energies of for- 
mation and entropies for all the species not containing uranium 
or plutonium were taken from the CODATA (75) or NBS ( 76) 
tables except as noted below. Heat capacity functions for gases 
and for those solid phases not containing uranium or plutonium 
are from Kelley's cornpilation (77). Values for the ionic dis- 
sociation product of water K,, and for the apparent molar free 
energy of water under its own vapor pressure were taken from 
Olofsson and Hepler ( IS) and from Helgeson and Kirkham ( 79), 
respectively. Temperature-dependent constants for the pro- 
tonation reactions of HP0;- in water are from Mesmer and b e s  
(ZO), and for SO;-, F-, and COC- from Marshall and Jones (27), 
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Ellis (22), and Helgeson (23), respectively. Henry's law constants 
for C02 are also from Helgeson's tabulation (23) .  

Uranium. The thermochemical data base for the uranium 
system is detailed in Tables I and 11. All of the data were 
critically evaluated. In cases where two values appeared equally 
plausible, we chose values consistent with Langmuir's com- 
prehensive compilation (8). The source values for species 
considered here but not considered by Langmuir and for cases 
in which our choice of values for a species differed from 
Langmuir's are discussed below. 

The free energy and entropy of U02(s) were taken from 
Langmuir (8) as -1031.8 kJ mol-' and 77.03 J mol-' K-'. The 
values for the free energy and entropy of 7-U03 and U308 were 
taken from the same source. The enthalpy of formation of u4og 
as recalculated by Fuger (24) from the enthalpy of solution data 
of Fitzgibbon et al. (25) is -4513.7 kJ mol. The entropy of u4og 
is 334.2 J mol-' K-' as determined by using the heat capacity 
data of Grranvold et al. (26). When combined with CODATA 
values for So(U) and So(02) a value of AG,0(U40e) = -4278.4 
kJ mol-' is obtained (marginally lower than the value given by 
Langmuir (8)). However, u4og undergoes a X transition near 
75 OC with an associated transition enthalpy of 2.8 kJ mol-' and 
transition entropy of 8.72 J mol-' K-' (26). As we are primarily 
interested in the behavior of the uranium species at and above 
100 OC, the enthalpy and entropy change for the transition were 
added to the 25 OC AHf' and So values to calculate the hy- 
pothetical AG,' = -4278 kJ mol-' and So = 342.9 J mol-' K-' 
for the hightemperature form of U,O, at 25 OC. Cordfunke (27) 
has reported values for the enthalpies of solution of U03, 
U02(OH),, and U03QH20 in 6 M "OB. The value for AH? of 
y-U03 is taken from Langmuir as -1223.8 kJ mol-' and the 
partial molar enthalpy of transfer of water to 6 M HN03(aq) is 
taken as -0.5, kJ mol-' (28, 29). Thus AHf0(UO3.2H20) is 
-1826.7 kJ mol-'. Langmuir has discussed the computation of 
a solubili product for UO,jOH), from the solubilii data of Gayer 
and Leider (30). Naumov et al. (6, 37) have noted that the solid 
phase in Gayer and Leider's experiments was probably U03. 
2H20, not U02(OH),, as the dihydrate is the stable form at 25 
OC (32). Thus we have assumed that the solubility product (log 
K,' = 5.6) actualty refers to W3QH2O + 2H+ F? U02* + 3H20 
and calculated AG,0(U03-2H20) = -1632.2 kJ mol-' accordingly. 
We have also assumed that AGRo = 0 for U03QH20 F! 
U02(OH)2 + H20 at 60 OC (6) and used appropriate heat ca- 
pacities and the Criss-Cobble principle (see below) to calculate 
So and AG? for P-U03.H20. 

Values for the Gibbs energies and entropies for the simple 
U3+, u+, U02+, and UOt+ ions were those of Fuger and Oetting 
(29) (as used by Langmuir). For the uranium(1V) aqueous hy- 
drolysis species, the AGfo values given by Langmuir were 
adopted. Langmuir (8) has discussed the difficulties of estimating 
entropies of actinide solution species. The several empirical 
approaches (8, 33-35) for estimating so for species of the 
type M(OH),(4-X'+ yield very different results. For example, the 
treatment of Cobble (34)  leads to so(U(OH),-) = 318 J mol-' 
K-', and a treatment based on modification of b e s '  formula 
for the first hydrolysis constant (35) gives 485 J mol-' K-'. 
Langmuir estimates a value of 71 J mot-' K-' by assuming similar 
so values for uranium complexes of the same charge, re- 
gardless of the oxidation state of the uranium. This last as- 
sumption is entirely arbitrary but is probably reasonable for 
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complexes involving anions of a similar entropy per unit charge. 
Furthermore, the method is based on the behavior of uranium 
species rather than that of simple inorganic anions or of com- 
plexes of other metals. We, therefore, have adopted Langmuir's 
values for So for the U(OH)x(CX)+ species. As the series of 
hydrolysis products U(OH)X(kxw was originally used by Baes and 
Mesmer (35) to circumvent considering illdefined species such 
as Ue(OH)159+, this last species was not considered in our 
analysis. 

The AGfo and So values for UO,(OH)+, (U02)2(0H)22', and 
(UO,),(OH),+ are those used by Langmuir (4, based on the work 
of Baes and Meyer (36). Sutton (37) has shown that an anionic 
hydrolysis species is formed in basic uranium(V1) solutions and 
has determined an equilibrium constant (log K = -30.7) for the 
reaction 3UOZ2+ + 7H20 a (UO,),(OH,)- + 7H+ at an un- 
specified but low ionic strength, from potentiometric measure- 
ments. This leads to AGIo((UO,),(OH),-) = -4343 kJ mol-'. 
Tsymbal's (38) much larger formation constant for (uo2)3(0H)7- 
(log K = -24.0 at I = 0.1) is not consistent with solubility data 
for either ,8-UOz(0H), or U03QH20 (6). Baes and Mesmer (35) 
have reported an empirical correlation of entropies of formation 
for polynuclear hydrolysis species. Using, in this formula, the 
value of the ratio of the charge to interatomic distance which 
correctly gives the experimental ASRo for (UO,),(OH),+, it was 
calculated that ASRo((U0,)3(OH)7-) = 101 J md-' K-' and hence 
S0((u0&(0H)7-) = 299 J mol-' K-l. In interpreting the solubilii 
of UO,(OH),(s) at high temperatures, Nikitin et al. (6) suggest 
that UO,(OH)&aq) is an important species. We accept Nikitin's 
value of 35 kJ mol-' for the free energy of solution of UO,(OH), 
(assumed to be @-U03.HpO) and l6., kJ mol-' for the enthalpy 
of solution, both at 25 OC. These lead to AGi0(UO,(OH),(aq)) 
= -1359 kJ mol-' and S'(UO,(OH),(aq)) = 59 J mol-' K-'. 

For UF,(s), more recent values than those used by Langmuir 
are available. Rand and Kubaschewski (39)  estimated 
AH,O(UF,(s)) = -1882., kJ mol-'. A later value, due to Khanaev 
(40) has not been used as it depends on a value for AHfO(UCI,), 
a quantity which itself is the subject of debate (41, 42). 
So(UF4(s)) is taken as 151.7 J mol-' K-' from the work of Burns 
et al. (43),  giving AGfO(UF,(s)) = -1792 kJ mol-'. The AGIO 
of UF4-2.5H20 was taken from Langmuir (8). The enthalpy of 
hydration of UF,(s) to UF4-2.5H,0 was found to be -34 kJ mol-' 
by Popov et al. (44), who used a welbracterized UF, sample. 
This gives AHI0(UF4.2.5H20) = -263., kJ mol-' and hence So 
= 289 J mol-' K-'. The Gibbs energies and entropies of the 
U4+ and UOl+  fluoride complexes at 25 OC are taken from 
Langmuir. 

Langmuir (8) has taken the values of Day et al. (45) (log 0'' 
= 2.52, log p2* = 3.87) for the complexation reactions U4+ + 
nHS04- e U(S04),(C2"~ + nH+ (n = 1, 2) at I =  2. The values 
for the complexation constants with sulfate ions (rather than with 
hydrogen sulfate ions) at I = 0 were found by applying the same 
corrections used by Wagman et al. (46) for the corresponding 
thorium complexes. This gave log p1 = 5.47, log p2 = 9.72, 
and AGio(USO:') = -1307 kJ mol-', AGIo(U(SO,),(aq)) = 
-2076 kJ mol-'. To obtain 3" for the thorium complexes, 
Wagman (46)  used -122 J mol-' K-' for the entropy of de- 
protonation of the monohydrogen sulfate ion at I = 2. By use 
of this value, the CODATA value of So(SO:-) and ASRO = 3 
J mol-' K-' for (U4+ + HS04- e US04'+ -t H') (45)  gives 
S0(US042') = -272 J mol-' K-'. Similarly, Day's value (45),  
ASRO = 42 J mol-' K-' for the reaction of HS04- with USO:' 
gives So(U(SO,),(aq)) = -1 10 J mol-' K-l. For UO,(SO,)(aq), 
Langmuir uses AGfo and So based on the solubility study of 
Leitzke and Stoughton (47). A recent potentiometric study by 
Nikolaeva (48, 491, done at lower ionic strength and over the 
temperature range 25-150 OC, is in basic agreement with the 
solubility study to about 100 OC. Above this temperature, Ni- 
kolaeva finds a markedly lower complexation constant for the 

U O ~ ' l S 0 ~ -  system, possibly because of inadequate consid- 
eration of the UO:+ hydrolysis equilibria in the earlier study (49). 
We have taken log p1 = 2.93 for the complexation reaction from 
the work of Nikolaeva and obtain PGfO(UO2SO4(aq)) = -1714 
kJ mol-'. A least-squares fit of Nikolaeva's data yielded the 
function RTIn p1 = 16350 - 6.8(T- 298.15) + 137Tln ( T l  
298.15). This corresponds to a value for AS,' of 130.2 J mol-' 
K-' and, hence, So(U0,S04(aq)) = 52 J mol-' K-'. Only the 
monosulfate complex of uranyl ion was considered in this 
analysis, since further association to form anionic complexes 
is expected to be small (49)  at low sulfate ion concentrations 
(<0.1 mol dms). 

Langmuir recalculated the solubility data of Sergeeva et el. 
( 7 )  for 25 OC to obtain AG?(UO,CO&)) = -1563 kJ mol-', and 
used Sergeeva's sparse high-temperature to obtain So. Ni- 
kolaeva (50) has also recently determined the solubility product 
of U02C03 at 25 OC and obtained the value log K, = -14.15 
for U02C03(s) + UO;' + CO:-. This leads to a similar value 
of -1561 kJ mol-'. Nikolaeva obtained more experimental 
solubility product data in the range of 75-125 OC, a region whlch 
is of primary importance for ow present pwposes. We therefore 
chose to fit Nikolaeva's temperaturedependent solubility data 
to a least-squares function using a value of ACp,Ro based on 
the heat capacity values in Tables 1-111. The f i e d  expression 
yielded a value for ASRo at 25 OC and, from it, So(U02C03(s)) 
= 194 J mot' K-'. For similar reasons the potentiometric study 
of Piroshkov and Nikolaeva (57) was preferred to that of Ser- 
geeva et al. for calculation of AG,' and So of U0,C03(aq). I t  
is worth noting that again AGfO is in good agreement with the 
value chosen by Langmuir from Sergeeva's data, while the 
difference in 3" (0 J mol-' K-' vs. 51 J mol-' K-' from Ser- 
geeva's data) is quite marked. For U02(C03)22-, Langmuir's 
values for AGfo and So have been used as has his value for 
AG10(U0,(C03)3C). These values for AGfO, based on mea- 
surements by Tsymbal (38), are unaffected by his choice for 
the formation constant for (uo2)3(0H)7-. Langmuir's value for 
S0(U0&03)3C) was based on a single estimated value for p3 
at 150 OC and we have used, instead, AGfO = 2659., kJ mor' 
for uo2(co3)3C, with the value of Devina et al. (52), AHR' = 
-40.3 kJ mol-', for U02,' + 3C03'- $ U02(C03)3C at 25 OC, 
obtaining ASRo = 274 J mol-' K-' for this reaction and hence 
S0(U0,(C03)34-) = 6.7 J mol-' K-'. 

Values for AGfO and So for U02CI+ and UCI3+ were calcu- 
lated from the extrapolation of the data of Nikolaeva (53, 54) 
for the high-temperature complexation constant. I t  should be 
noted that the 25 OC complexation constants, log p1 = 1.61 
for U02CI+ and log p1 = 2.60, are markedly larger than those 
used by Langmuir. Our use of these larger values represents 
a conservative approach when possible solubilization of uranium 
species by complex formation is being considered in mass 
transport calculations. I t  should also be noted that the corn 
plexation constant for U02CI' used by Langmuir is based on the 
spectrophotometric work of Davies and Monk (55).  Recalcu- 
lation of their data using an ionic strength calculated from the 
concentration data in their paper gives log p1 2 1 (#0.21), in 
better agreement with the value used here. 

While the entropies and free energies for the uranium 
phosphate species used in the present work are those chosen 
by Langmuir, it should be noted that the free energies listed for 
the monohydrogen phosphate complexes are probably too low. 
The stability constants for these complexes were determined 
by Moskvin and co-workers (56). In their calculations, the 
occurrence of more highly protonated phosphate complexes in 
acid solution appears to have been neglected, although the 
formation of dihydrogen phosphate complexes of the uranyl ion 
in such solutions is well established (57, 58). 

The heat capacity of UO, as a function of temperatures was 
obtained by fitting the equally weighted experimental data (0-275 
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taken as 12.6 J mol-‘ K-’ (equal to the value given in Latimer 
(70) for an OH group attached to a central atom of charge 
three). This yields the resutts S’(PU(OH)~(S)) = 107 J mol-’ K-’. 
The value -1056 kJ mol-’ for AG,O(PuO2(0HXam)) was calcu- 
lated from the solubility product log K,* = 5.4 given by Kraus 
and Nelson (72) for the reaction PuO,(OHXam) + H+ a Pu02+ + H20. So was estimated as the sum of So(Pu02) and of 
Latimer’s suggested entropy contribution (20.9 J mol-’ K-’) for 
an OH group attached to a singly charged central ion. For 
PuO,(OH),(s), AGfo = -121 1 kJ mol-’ was similarly calculated 
from log K, = 3.5 for PuO,(OH),(s) + 2H+ F! PuO:’ + 2H20 
( 12) and So was estimated as for Pu02(OHXam) but using a 
contribution of 18.8 J mol-’ K-’/OH group, appropriate for a 
central ion of charge two (70). 

Values of AGIO and so for the simple plutonium ions are 
those of Fuger and Oetting (29). It should be noted that the 
AGIO and so values for all of the aqueous plutonium species 
are based on an extrapolated activii coefficient for SmCI, which 
was used to estimate the activity coefficient for PuCI, in a 
saturated aqueous solution of PuCI,. This approximation could 
lead to a systematic error of 1-3 kJ m&‘ in AGfO and of several 
J mol-’ K-’ in So for the aqueous plutonium species. 

Hydrolysis constants from Baes and Mesmer (35) were used 
to calculate AGfO for Pu(OH),+, Pu(OH)~+, Pu(OH);+, Pu(OH),+, 
Pu(OH)Aaq), Pu(OH),-, Pu020H(aq), Pu02(0H)+, (Pu02),(0H):+, 
and (Pu02),(0H),+. Entropies for the plutonyl species were 
calculated by assuming values of AS,’ for the hydrolysis re- 
action equal to those for the similar uranyl ion hydrolysis (36). 
so values for the Pu(1V) hydrolysis species were similarly es- 
timated from the so values chosen for the U(IV) species. The 
so value for Pu(OH),+ was calculated by using an estimated 
value for the entropy change of the first step in mononuclear 
cation hydrolysis. On the assumption that the general hydrolysis 
behavior of Pu3+ is similar to that for lanthanide ions and the 
ratio of the charge to Pu(II1)-0 distance is 1.25 (73), the formula 
of Baes and Mesmer (35) gives ASRO = 26.9 J mol-’ K-’ for 
the first hydrolysis step and hence so(PuOH2+) = -88 J mol-’ 
K-’. For PuO,OH(aq), so was calculated by assuming ASRO 
is the same as for the first hydrolysis step of U02,+. 

Osborne’s values of So(PuF3) = 126.1 J mol-’ K-’ and 
So(PuF4) = 147.3 J mot-’ K-’ from heat capacity measurements 
(74, 75) were used. The AG,’ values were calculated for the 
solid fluorides by using these entropies and Rand’s estimates 
(76) for AH,O(PuF,) = -1552 kJ mol-’ and AHfO(PuF4) = -1778 
kJ mol-’. 

The AGI0(PuF3+) was calculated from the value of log p1 = 
7.94 (I = 0) (77, 78) for this complex. The values of log p1 
= 5.06, log p2 = 10.05, log p3 = 14.93, and log p4 = 18.10 
are reported by Ahrland et al. (79) for the plutonyl fluoride 
complexes at I = 1. These values were obtained by using the 
data from the ion-exchange study of Krylov et al. (80) and a 
value for the association contant of tog K = 2.95 for the reaction 
H+ + F- F! HF(aq). We have corrected the values of the 
complexation constants to I = 0 by using the corrections de- 
termined by Langmuir (8 )  for the equivalent uranyl complexes 
and obtain log 8, = 5.63, 11.02, 15.86, and 18.82 for n = 1-4, 
respectively. These give AGf0(PuO2F+) = -1071 kJ mol-’, 
AG,O(PuO,F,(aq)) = -1383 kJ mol-’, AGfO(PuO,F,-L = -1693 
kJ mol-’ and AG10(P~02F22-) = -1991 kJ mol-’. So for the 
plutonium fluoride complexes were calculated by assuming the 
entropies of complexation to be the same for the corresponding 
uranium and plutonium species. 

Patil and Ramakrishna (81) have studied the complexation 
of Pu4+ with hydrogen sulfate by ion-exchange methods at 10, 
25, and 40 OC. At 25 O C  and I = 2, log Pi* = 2.76, log 0,. 
= 4.37. Wagman’s corrections to Z = 0 for the corresponding 
thorium complexes (46) were applied giving log PI = 5.71 and 
log p2 = 10.22 for the sulfate complexation reactions and 

OC only) of Huntzicker and Westrum (59) and of Gr~nvold and 
co-workers (26). The heat capacity for 01-U308 was similarly 
determined from the data ( T < 175 OC) of Girdhar and Westrum 
(60).  As previously mentioned, u4og has a X transition at 75 
O C .  The heat capacity of u4og can be calculated from literature 
data for temperatures both above and below T k  (26, 67, 62). 
Since changes in AG? and So at Tk are small (3 kJ mol-’ and 
9 J mol-’ K-’, respectively) (26), the high temperature Cpo( T )  
was used at all temperatures, even below the transition tem- 
perature. Cp0(y-U03) was taken from the compilation of Rand 
and Kubaschewski (39). The heat capacity for P-UO,(OH), was 
estimated by using the sums and differences of the known heat 
capacities of U02S04 (63), Ba(OH),, and &SO4. The value of 
Cpo(U03.2H20) was estimated as the sum of Cpo(U03.H20) plus 
Cp0(H20), but, as U03-2H20 is stable wkh respect to dehydration 
only below 60 OC, the choice for Cp0(UO3-2H20) is not critical. 

For U02C03(s), CL,O was calculated as Cpo(U02S04) - 
Cp0(BaS04) + Cp0(BaC03). The heat capacity of UF4 was taken 
from Rand and Kubaschewski (39) and for UF4.2.5H20, Cpo was 
estimated as Cpo(UF4) plus 2.5Cp0(H20). Values of Cpo for the 
solids (U02)3(P04)2, (U02),(HP04),, and U(HPO4),04H20 were 
estimated by Kopp’s law as outlined by Sturtevant (64) with the 
heat capacity of water of hydration estimated as noted previ- 
ously. 

Plutonlum. The enthalpy of formation of PuO, has been 
determined by Johnson et al. (65) (- 1056 kJ mol-’). The entropy 
of PuO, was reported by Flotow and co-workers (66) as 66.13 
J mol-’ K-’. Combining this value with So(aPu) (29) and SO(O,) 
(75) gives AGfo(PuO:!) = -998.0 kJ mol-’. 

The values for AGIO and So for hexagonal Pu203 were 
calculated from the high-temperature calorimetric data of 
Chereau et al. (67) for the reaction 2Pu203 + 0, F! 4Pu0, at 
1100 ‘C, AHR’ = -879 kJ mol-’, and ASR’ = 217.’ J mol-’ 
K-‘. We adopted the IAEA committee’s suggestion (68) to 
estimate Cpo(Pu203), from the expression Cp(Pu203) = 
[2Cpo(Pu02) - 8.81 J mol-’ K-’, and hence, derived the value 
A H R O  = -861 kJ mol-’ for the reaction at 25 OC. This gives 
AHf0(Pu20,) = -1681 kJ mol-‘, slightly less negative than 
Chereau’s value of -‘I710 kJ mol-’, which was based on the 
IAEA constants for PuO, (68). The same estimated differences 
in heat capacity give A S R O  = 194.1 J mol-’ K-’ and, hence, 
So(Pu203) = 127 J mol-” K-’ and AG?(Pu203) = -15g4 kJ m&‘, 
again based on So(Pu02) = 66.13 J mol-’ K-’ and the CODATA 
value for So(O2). We note that the value for So(Pu203) is 
markedly lower than earlier estimates (sa), primarily because 
of the use of the more irecent value for So(PuO2). Several mixed 
Pu(III)/Pu(IV) oxides are known to exist (68). One of these, 
cubic PuO1.52 (or “a-PupO3”) is thought to be stable relative to 
Pu2O3 below 300 OC but no reliable thermodynamic constants 
have been reported for its formation. 

The value for AG,0(Pu(OH),(s)) was calculated from log K,” 
= -19.6 given by Busey and Cowan (69) for the reaction Pu(OH), + 3H+ Pu3+ + 3H20. S0(Pu(OH),(s)) was calculated by 
adding the difference in entropy between PuO, and UO, (-10.9 
J mol-’ K-’) to a value of 105 J mol-’ K-’ estimated for U(OH), 
by the method of Latimer (70). The solubilii product of Pu(OH)~ 
is somewhat in doubt. Recent work on the solubility of 239Pu02 
suggests that much of the 239Pu in solution above the 239Pu(IV) 
solid phase may exist in higher oxidation states (possible as a 
result of reaction of water radiolysis products with the solid). 
Thus the “true” solubility product of Pu(OH), may also be con- 
siderably smaller than many results noted in the literature (35). 
As we are concerned here with equilibrium conditions, the low 
value of Kasha of log K,’ = 0.85 for Pu(OH)~ + 4H+ $ Pu4+ 
+ 4H20 has been used to calculate AGIo(Pu(OH),(s)). In the 
absence of any better method, a value for So(Pu(OH),(s)) was 
estimated as (SO(Pu(OH),) -k 4 )  where 4 ,  the contribution to 
the entropy for addition of the fourth OH group, was arbitrarily 
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AG,"(PuSO~+) = -1259 kJ mol-', AG?(Pu(SO4)2(aq)) = -2029 
kJ mol-'. Patil and Ramakrishna's value (87) of ASR' = 30., 
J mol-' K-' for the reaction (Pu4+ + HSO, F! PuSOt' + H+) 
was used. Their values of p2/p1 at 10, 25, and 40 OC were 
used to estimate an approximate ASRo = (64 f 20) J mol-' 
K-' for the reaction PUSO,~+ 4- HS04- F! Pu(SO,),(aq) + H+. 
As pointed out by Patil, this type of calculation is open to criticism 
because of the errors inherent in the calculation of p2/p1. Use 
of Wagman's value (46) for the entropy of deprotonation of 
HS04- at Z = 2, as discussed for the corresponding uranium 
complexes, give So(PuS042') = -218 J mol-' K-' and So(Pu- 
(SO,),(aq)) = -17 J mol-' K-'. 

While literature values are available for the complexation 
constant of PuS04+, such values have been obtained only at 
high ionic strength, Z = 1-2 (82). However, complexation 
constants for tripositive lanthanide ions with sulfate have been 
determined at very low ionic strengths (83).  The lanthanide 
values are similar to those for Pu3+ at high ionic strengths (84). 
Rather than attempt to correct the literature complexation 
constant to zero ionic strength for PuS04+, a value of log p1 
= -3.5 f 0.5 (typical for Ln3+/S0t- interactions) was chosen. 
This gives AGo(complexation) = (-20 f 3) kJ mol-' and 
AG,0(PuS04+) = (-1343 f 5) kJ mol-'. For PuO,SO,(aq) a 
value of log p1 = 2.23 has been reported (85)  from an ion- 
exchange study (Z = 2). As part of this study the same workers 
obtained log p1 = 1.96 for UO,SO,(aq) also at Z = 2. As 
previously noted, at low ionic strength the complexation constant 
for sulfate with uranyl ion may be expressed as log p1 = 2.93 
at 25OC. The change in both complexation equilibria with ionic 
strength was assumed to be the same, giving a value of log 
~1(PuOpS04(aq)) = 3.20 (Z- 0). Therefore, AGO(complexation) 
= -18.3 kJ mol-' and AG?(Pu02S04(aq)) = -1520 kJ mol-'. 

 he entropy of the M3+/S04'- complexation reaction has been 
found (86)  to be 112-120 J mol-' K-' at Z = 0 for a large 
number of tripositive lanthanide ions. Values at high ionic 
strengths for the tripositive actinides and lanthanides have been 
shown to be similar in magnitude (84). Therefore, we have taken 
ASRo = (116 h 20) J mol-' K-' for the first Pu3+/SOt- com- 
plexation step. This gave So(PuS04+) = -50 f 30 J mol-' K-'. 
For PuO,SO,(aq), AS,' of complex formation was taken as 
-130 J mol-' K-' as for the corresponding uranium reaction. This 
gave S0(PuO2SO,(aq)) = 61 f 20 J mol-' K-'. 

Literature values for complexation constants of plutonium 
cations with carbonate ions are few, and what data do exist have 
been strongly criticized ( 72). Reevaluation of the data of Moskvin 
and Gel'man (87) using Kasha's value for the solubility product 
of Pu(OH), (88) corrected to 20 OC gives log pi  = 41.3 for the 
association constant of PuCO:+, Therefore A G,"(PUCO;+) is 
-1245 kJ mol-' at 20 OC based on PNOH), as the poorly defined 
solid phase in Moskvin and Gel'man's experiments. No suitable 
method is available to allow for the fact that the PuCO:' as- 
sociation constant was obtained from experiments carried out 
at extremely high ionic strength (Z I 7). A value of -293 J mor' 
K-' was estimated for So(PuCO:+) by assuming an entropy of 
complexation equal to 153 J mol-' K-' as for the reaction Pu4+ + SO4'- F! PuS04*+ for which the charge types are similar. 
This was then used to correct the value of AGfo to -1242 kJ 
mol-' at 25 OC. 

The hydroxycarbonate complexes of PuOZ2+ were not con- 
sidered, because the calculations in the best quantitative ref- 
erence concerning these complexes (89) appear to be internally 
inconsistent, and insufficient data were presented to permit 
reevaluation. Further, the solubility product for PuOzC03 noted 
in the same work appears doubtful because the equilibrium solid 
phase apparently is not this compound. However, it does appear 
that an anionic complex, plutonyl carbonate, exists (90, 9 7), 
and the value (87)  of log p2 = 15 for the formation constant 
of PuOz(C03),2- is not unreasonable, being similar to that for the 

corresponding uranyl complex. Therefore, in the absence of 
other data, this value was used to obtain AG,0(Pu02(C03)22-). 
A value for So(PuO~C03),2-) was then estimated as S"(U0,- 
(CO3):-) + So(Pu0,2+) - SO(UOt+). A value for the formation 
constant of P U O ~ ( C O ~ ) ~ ~  is not available, atthough there is good 
evidence for the existence of this complex in basic carbonate 
solutions (97). 

Complexation constants for PuO,CI+ (log (3' = 0.097) and for 
PuC13+ (log p1 = 0.15) have been reported (92, 93) at I = 2 
mol kg-'. These have been corrected to Z = 0 assuming the 
same activity behavior for the chloro complexes as for the 
corresponding hydrolysis products (8, 35). This gives log p1 
= 0.94, AG: = -618 kJ mol-' for PuCI3+ and log p1 = -0.30, 
AG,O = -887 kJ mol-' for PuO,CI+. So values for these 
complexes were estimated from AS of complexation of the 
corresponding uranium species. 

The solubility products of Pu02(HP04) and Pu(HP04), have 
been reported by Denotkina et al. (94-96). While the value 
of [Pu4+] [HP0t-I2 = 2.0 X at I = 2 (97) appears to be 
reasonable, the value (95) of [PuOZ2'] [HPOt-] = 3.1 X 
appears to be only a rough approximation (at some unstated 
ionic strength). The free energies of formation of the solids were 
estimated from these solubility products without any attempt to 
fist correct them to zero ionic strength. So was estimated from 
the expression S0(PuO2HPO4) = S0(UO2HPO4) - So(U02) + 
So(Pu02) and So(Pu(HP04),(s)) was similarly derived from 
So(HP04)2-4H20(~)) using 38 J mol-' K-' for So for each water 
of hydration (70). We recognize that such estimates of entropies 
contain many inherent uncertainties, particularly the estimate 
of the entropy of hydrated water and the estimates of differences 
in entropies for M(V1) compounds based on the relative entropies 
of M(IV) compounds; however, these are small compared to 
the uncertainties In the estimated So values for many of the 
aqueous species. 

The free energy of Pu02(H2P04)+ was calculated from the 
solubility and electrophoresis work of Denotkina and Shevchenko 
(95)  who give log pi  = 3.93 (p1 = [Pu022+][HzP0,-]/[P~02- 
(H2P04)+]). For the plutonium(N) complexes with monohybogen 
phosphate, the complexation constants reported by Denotkina 
et al. (96) were used (log p,= 12.9, 23.7, 33.4, 43.2; n =  1-4). 
In neither case are the data unambiguous, but no other values 
are available. The experimental determinations (95, 96) of the 
plutonium-phophate complex stability "constants" were done 
at variable ionic strength, but the average concentration 
"constants" reported have been used without further correction. 
For these phosphate complexes, so was again based on 
equality of ASRO of complexation for the corresponding uranium 
and plutonium species. The formation constant log p1 = 2.51 
has been reported (98)  for AmH2P0t+ as a value corrected 
to I = 0. Moskvin (99) has shown that p1 values for the Pu3+ 
and Am3+ dihydrogenphosphate complexes are similar at higher 
ionic strength. Therefore, log p1 = 2.51 was taken as the 
formation constant for PuHpO;' at Z = 0 and used to calculate 
AG,' = -1723 kJ mol-' for the plutonium complex. So for 
PU(H,PO,)~+ was estimated to be 63 J mol-' K-' using a method 
suggested by Cobble (34, 700) and 0.100 nm as the radius of 
Pu3+ (73). The function for the temperature dependence of the 
heat capacity of PuO, was obtained by applying a least-squares 
program to the raw data of Flotow (66) for temperatures above 
0 O c .  The heat capacity of Pu2O3 was estimated as (2Cp0(Pu02) 
- 8.8) J mol-' K-' based on the differences in heat capacities 
for the corresponding cerium oxides (68).  Values of Cpo for 
PU(OH)3, Pu(OH),, Pu020H, Pu02(OH),, Pu02HPO4, and PU(HP04)~ 
were estimated by Kopp's law (64). The heat capacity for PuF, 
is that reported by Osborne (74)  for the temperature range 
250-350 K. The heat capacity of PuF, was taken from a 
least-squares fit of data ( 75) covering the same temperature 
range. 
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Table I. Thermodynamic Parameters for Water, Gases, and Solid Uranium and Plutonium Compounds' 
Cp"/J mol-' K-' = A  + lo-' B T  t lO*'C/TZ 

AG:/kJ mol-' S"/J mol-' K-' A B/K C/K-' 

H,O(U -237.18 69.95 75.291b 0 0 
HYaq) 0 0 0 0 0 
OHYaq) -157.29 -10.84 2236.3 -4426 -954 
0,k) 

P-UO, (OH) (s )  -1394 f 4 123 f 13 41.8 200 35.3 

Y-uo,(S) -1146 f 2 96.1 f 0.4 92.5 11.05 -11.1 

0 205.03 29.957 4.18 -1.67 
-8.62 co, (g) -394.38 213.68 44.22 8.79 

uo, 6) -1031.8 * 1.0 77.03 f 0.21 68.90 22.62 -10.4 

U0,.2H,O(s) -1632 f 2 171 f 4 94.8 248 28.0 

eu3 o,(S) -3370 i 3 282.6 f 0.5 332.9 -62.93 -68.1 

UF4 -1792 i 21 151.7 f 0.4  108 29 -0.25 
UF,*2.5H2O(s) -2408 f 13 289 f 25 240 149 -18.4 

uo 2 co 3 (SI -1561 f 2 194 f 25 61.1 155 18.9 

U,O,(S) -4278 f 6 342.9 i 0.5 253.1 141.5 5.146 
(UO 2 1 3  (PO4 1, I(S) -5176 f 17 406 f 21 35 7 0 0 
(UO,),(HPO,I,(s) -4218 f 1 3  331 f 17 298 0 0 
U(HP04),*4H,0(s) -3811 f 3 356 f 17 436 190 -29.0 
Hx-Pu,O, (s) -1594 f 21 127 f 8 89.87 161 -12.56 

-6.281 Puo, (s) -998.0 i 0.8 66.13 f 0.25 49.32 80.47 
Pu(OH), (s) -1162 f 7 92 f 8 105 0 0 
fi(OH),(s) -1426 * 29 107f21 131 0 0 
PuO, (OH)(am) -1056 f 8 87f8 86 0 0 
PuO (OH) , (SI -1211 f 8 104 f 13 112 0 0 

PuF, (s) -1684 f 33 147.3 f 0.4 127.6 3.1 1 -10.91 
PuO,HPO,(s) -1918 f 1 3  154 f 8 159 0 0 
Pu(HPO,), (s) -2818 i 8 187 f 17 224 0 0 

PuF,(s) -1482 f 1 3  126.1 f 0.4 92.17 26.67 -6.69 

' Numbers in italics represent estimated values. Helgeson and Kirkham's values ( 1  9) for Cp0!H,O) increase with temperature so that, at 
200 O C ,  Cpo(H,O) is 74; higher than the 25 "C value, assumed in this work to be a constant. Thls assumption ( I  09) introduces errors of <4 J 
mol-' in A G ~ ( H , O , T )  and greatly simplifies AC,,R" calculations from data in Tables 11-IV. 

Extrapolatlon to Elevated Temperatures 

The temperature dependence of the Gibbs energy and entropy 
of a system are described by its heat capacity function, Cpo( T)  
( 707). Although Cpo( T) data are known for the uranium and 
plutonium solids, and several of their complexation reactions, 
no values have been reported for any of the aqueous species. 
Several methods for estimating such data have been proposed 
( 73, 702- 705). The most widely used method which can be 
applied to polyatomic species is the Criss-Cobble entropy 
correspondence principle (73, 74). Below 200 OC, the corre- 
spondence principle is sufficiently accurate for our purposes and 
was adopted in the modified form discussed below. 

Criss and Cobble derived the correspondence principle by 
correlating entropy data from a large number of aquo ions, the 
bulk of which have no electronic degeneracy (Russell-Saunders 
total angular momentum quantum number, J = 0 ( 706)). To 
be consistent with the entropy data for the trivalent actinide aquo 
ions (29, 707), we subtracted the contribution of electronic 
degeneracy, Sea, from the room-temperature entropy and 
treated it separately from the residual or "adjusted" entropy 
So,. Assuming spin--orbit coupling effects are large compared 
to ligand field effects i3nd that the ligand field effects are of the 
order of kTor smaller, 5," is equal to that of the free metal 
ion in the gas phase (707) 

3,O = R In ( 2 ~  + 1) (1) 

Values of J for the lfree ions were the ground-state values 
reported by Figgis (706) (M4+), Hinchey and Cobble ( 707) (M3+), 
and McGynn and Smith ( 708) (MOZ2+). The adjusted partial molal 
entropy, Sad?( T) = izo( T )  - Sea, was estimated at 60, 100, 
150, and 200 O C  from the Criss-Cobble principle in the usual 
way ( 709). These va.lues were then put in a convenient ana- 
lytical form by a least-squares curve fit to the expression 

So(T)  = So + cpolp In (T/298.15) (2) 

where So is the partiil molal entropy at 25 O C  and c p o ( ~ ~ o ,  the 

curve-fitted constant, is defined to be mean partial molal heat 
capacity over the range 25-200 OC. More complex expressions 
for the heat capacity function ( 73, 74) are unjustified in view 
of the large uncertainties in the room-temperature entropy data 
used here. The assumption that cpo is a constant between 25 
and 200 OC introduces an error of less than 17 J mol-' K-' in 
the Criss-Cobble values of So( T), generally much less than the 
precision of the extrapolation. We note that the values for so 
and cpol:!o listed here are conventional standard properties 
which should not be confused with the so-called "absolute" 
parameters referred to in Criss and Cobble's papers ( 73, 74). 

The validity of the Criss-Cobble method Is most firmly es- 
tablished for simple anions and cations. We therefore based 
our data tables on Criss-Cobble entropies for the species U3+, 
U4+, U02+, UOZ2+, Pu3+, Pu4+, Pu02+, PuO;', F-, HPOt-, and 
SO,'-, for which no experimental e,,' data above 100 OC have 
been measured, and for CI-, since the estimated and experi- 
mental entropies are virtually identical ( 73, 33). The mean heat 
capacity for C03'-, cpol:~o (CO;-), was calculated by combining 
data for gaseous COP with Henry's law data and dissociation 
constants for H2C03 tabulated by Helgeson (23). 

Values for the other ligand species of importance were de- 
termined by combining these data with experimental constants 
for the appropriate reactions, wherever possible. Mean heat 
capacities for the species H2P0,-, H3P04, HC03-, H2CO3, HF, 
and HS04- were calculated from the data in ref 20-23. For 
U02C03(aq) and U02S04(aq), the high-temperature AG,O values 
were determined from the temperature dependence of the 
U O ~ ~ + / C O ~ ~ -  and u O ~ - / S O ~ -  complexation reactions (34, 5 I), 
respectively. The high-temperature AG,O values for U02(C03)2- 
were similarly calculated by using the expression for association 
as a function of temperature which was given by Langmuir (8) 
as previously discussed. For both U02CI+ and UC13+, the Gibbs 
energies at elevated temperatures have been based on tem- 
peraturedependent complexation constant data from the po- 
tentiometric studies of Nikolaeva (53, 54). For Pu02S04(aq), 
Pu02(C03)t- Pu02CI+, and PuC13+, the Gibbs energies at tem- 
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Table 11. Aqueous Ligand Species" Table IV. Aqueous Plutonium Species" 
T/J - 0  200 

CP ' 2 5  /J 
AG{/kJ mol-' mol-' K-' mol-' K-' 

0 
-131.29 
-281.75 
-299.93 
-584.80 
-527.90 
-586.85 
-623.12 
-744.46 
-756.09 
-1089.3 
- 11 30.5 
-1142.9 

0 

-13.18 
56.73 

94.98 
104.8 
-56.90 
91.21 

18.83 
86.48 

-33.47 
93.76 
161.1 

187.4 

0 
-125 
-122 

39' 
-66' 
-267 

10 
269 

-I 77 
I 63' 

-297 
-102' 

38' 

a Numbers in italics represent values estimated from Criss- 
Cobble entropies. 
(It?), are listed with those for H,O in Table I. ' Calculated from 
data for the species above using experimental data for the appro- 
priate protonation reaction. 

Table 111. Aqueous Uranium Species" 

Values for OH-, which are defined by K, 

s"/J cpo I:O,O/J 
AGt/kJ mol-' mol-' K-' mol-' K-' 

- .  uo ,+ 
UO",' 

-480.7 f 4.6 
-530.9 i 2.1 
-764 i 8 
-992 f 20 

-1214 f 20 
-1431 f 20 
-1642 i 8 
-968.6 f 5.1 
-952.7 f 2.1 
-1157 * 3 
-2348 f 5 
-3955 f 7 
-4343 f 20 
-1359 i 5 
-1538 f 3 
-2106 f 2 
-2659 f 2 
-677 f 8 
-862 i 8 
-1177 i 8 
-1485 i 13 
-1793 i 13 
-2084 f 17 
-2379 f 17 
-1264 f 3 
-1567 f 3 
-1863 f 3 
-2151 f 3 
-1094 i 8 
-2090 f 42' 
-3237 f 42' 
-2100 i 3 
-3245 f 4 
-4385 i 4 
-1689 f 21 
-2835 i 21 
-3974 f 21 
-5109 f 21 
-1307 f 8 
-2076 f 17 
-1714 f 4 

-174.9 i 8 -64 
-414 f 20 -48 
-192f40 -54 
- 6 9 t 4 0  -I 

1 9 i 4 0  74 
50 f 40 
71 i 4 0  -169 

-25 f 8 98 
-97 f 4 5 
16 f 25 64 

-19f17 -42 
111 i 17 7 
2 9 9 f 8 0  840 

Of60 496 
166f 80 -3Mb 
7 f 8  294 

59 i 17 

-283f80 28Jb 
- 1 9 2 i 8 0  -54 
- 6 3 i 2 0 0  - 4 4  

13 5200 78 
50 i 200 

8 4 f 2 0 0  14 
-19 f 20 85 
35 f 20 
69 f 20 -255 
76f 20 -56 
-6f80 427b 

71 5200 -125 

50 i 200 
126i200 354 
6 3 i 2 0 0  36 
84 i 200 

105 i 2 0 0  43 

63 f 200 
I 0 5 f 2 0 0  194 
21 f200 302 

52i60 354b 

- 6 3 f 2 0 0  -4 

-272 * 30 121 
-110 i 50 

a Numbers in italics represent estimated values. Heat capaci- 
ties estimated from the temperature dependence of A c t  of the 
species-see text. ' This value of AG; is a lower limit which may 
overestimate the solubility of the species. 

peratures above 25 OC were calculated by assuming that the 
equilibrium constants for the plutonium complexation reactions 
have the same temperature dependence as the constants for 
the corresponding uranium reactions (8, 48, 53, 54). 

- 
S"/J cpo I:O,'/J 

AGt/kJ mol-' mol-' K-' mol-' K-' 
-578.6 f 3.3 
-770.3 f 4.2 
-481.6 .t 3.3 
-715.9 i 20 
-942.7 i 20 

-1163 f 20 
-1376 i 20 
-1582 f 20 

-756.9 f 7 
-961.9 i 8 
-1941 f 13 
-3333 f 21 
-1032 f 13 
-1242 f 21' 
-1898 f 13 
-808.8 f 8 
-1071 f 8 
-1383 i 8 
-1693 f 8 
-1991 f 8 
-618 f 4 
-887 f 8 
-1910 f 13 
-1645 f 8 
-2796 i 8 
-3940 i 8 
-5085 f 8 
-1723 i 4 
-1343 f 5 
-1259 f 8 
-2029 f 17 
-1520 f 9 

85028 

-185 i 8 -61 
-88 f 40 9 
-389 f 20 -63 
-167 i 40 -69 
-44 f 80 -16 

44 f 110 59 
75 f 130 
9 6 t 1 7 0  -66 

-21 f 8 98 
-88 i 8 11 

26 i 80 70 
0 f 80 -53 

I40 f 80 2 
96 f 200 

-293i200 134 

- 1 6 7 f I 3 0  -69 
175 f 130 -379b 

-10 i 80 91 
44 i 80 
7 9 f 8 0  -273 
85 f 80 - 75 

-257 f 130 266b 
3 . 8 f 1 3 0  436b 

71 f 200 42 

88 f 200 
I 3 0 f 2 0 0  297 
4 6 f 2 0 0  405 

-50 i 30 113 
-218 f 30 88 

- 3 8 f 2 0 0  -19 

6 3 i 2 0 0  -82 

-17 i 50 
61 f IO0 360b 

a Numbers in italics represent estimated values. Heat capaci- 
ties estimated from the temperature dependence of AG; of the 
species (based on data for the corresponding uranium species)-see 
text. ' This value of AG? is a lower limit which may overesti- 
mate the stability of the species. 

Because there are no high-temperature data, we calculated 
~ p o I ~ ~  values for the hydrolyzed species, the fluoride and 
phosphate complexes, USO?', UO2(CO3hC, PuSO,+, PuSO?', 
and PuC03'+, directly from the Criss-Cobble method using 
coefficients for the simple cations, anions, oxyanions, and acid 
oxyanions. The assumption that the coefficients for a simple 
species can be applied to metal complexes Is wldely used 
( 109- 7 7 7 )  but we note that it is clearly an oversimplification. 

Results and Discusslon 

Thermochemical data for H,O, relevant gases, and the solid 
U and Pu compounds are listed in Table I. Gibbs energies and 
entropies at 25 OC and the values for cp O derived from the 
Criss-Cobble calculations are tabulated in Tables 11-IV for the 
aqueous ligands, U specles, and Pu specles, respectively. Gibbs 
energies of reaction, AGRo( T), and equilibrium constants, K( T), 
for reactions invoMng these species can be calculated from the 
data in Tables I-IV using the expressions ( 707, 704) 

AGRo( T)  = AGR0(298. 15) -k 
[ACp,Ro - ASR'](T- 298.15) - TACp,Ro In (T/298.15) 

log K( r )  = - A G ~ O (  ~ ) / ( 2 . 3 0 2 6 ~ ~ )  

Equilibrium constants for a selection of key reactions at 25, 60, 
100, 150, and 200 OC are tabulated in Tables V and VI. For 
most of the neutral aqueous species considered no high-tem- 
perature Gibbs energy data were available, nor is there a good 
general method, comparable to the Criss-Cobble treatment for 
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Table V. Equilibrium Constants for Uranium 
log K 

no. reaction 25 "C 60 "C 100 "C 150 "C 200 "C 

7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
5 1  
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 

~~ ~ ~~~~ 

A. Solid Transformations 
38 f 1 
34.9 f 0.7 
37.9 f 0.7 
42.2 f 0.7 
47 f 2 
40.3 i 0.8 

2U0, + 0, + 2H,O = 2p-U02(OH), 
2 u 0 ,  + 0, = 2yU0,  
2U0, + 0, + 4H,O = 2UO,.2HZO 
3U0, + 0, = U,O, 

2u0, + 0, + 2 c 0 ,  = 2UO,CO, 

44 f 1 
40.0 i 0.8 
44.2 f 0.8 
48.1 f 0.7 
53 f 3 
41.4 i 0.8 

SUO, + 0, = 2U40, 

B. Redox Reactions 
4UOZ2+ + 2H, 0 = 4UO,+ + 4H+ + 0, 
2U0," + 4H+ = 2U4+ + 2H,O + 0, 
4U0,2+ + 4H+ = 4U3+ + 2H,O + 30, 

-72 i 4 
-64.7 i 0.4 

-248 i 2 

-62 f 3 
-59.4 f 0.4 

-219 f 2 
C. Oxide Dissolution Reactions 

r-UO, + 2" UOZz+ + H,O 7.7 f 0.5 6.2 f 0.5 
P-UO,(OH), + 2H+= UO:+ + 2H,O 4.7 f 0.7 
UO,*2H, 0 t :2H+ = UO,'+ + 3H,O 4.7 f 0.5 
2U,O, + 12"' + 0, = 6UO,'+ + 6H,O 
2U40, + 16"' + 30,  = SUO,'+ + 8H,O 

2U0, + 4H+ t- 0, = 2UOZ2+ + 2H,O 
4U0, + 4H+ t. 0, = 4UO,+ + 2H,O 

5.7 f 0.8 
5.6 f 0.5 

70 f 2 5 8 * 2  
143 f 3 169 f 4 

UO, + 4H+ = Id4+ + 2H,O -4.6 f 0.4 -6 f 1 
55.4 f 0.8 
39 f 4 

47.3 f 0.7 
32 f 3 

4U0, + 12H+ = 4U3+ + 6H,O + 0, -137 f 3 -125 f 3 
D. Dissolution of Uranium Compounds 

UO,CO,(s) = 1JOZz+ + C0,'- 
UF, (s) = U4+ -F 4 F  
2UF4*2.5H,0 = 2U4+ + 8 F  + 5H,O 
(UOz)3(P04) ,~~~) + 3H+= 3UO,'+ + 2HP0,'- 
(UO,),(HPO,)I,(s) = 2U0,1+ + 2HP0,'- 
U(HP04),*4H; 0 = U4* + 2HP0,- + 4H,O 

-14.2 * 0.2 
-24 i 4 
-55 i 4 
-24 f 3 
-23 f 2 
-26.8 f 0.4 

-14.7 f 0.6 
-25 f 3 
-56 f 4 
-26 f 3 
-24 i 2 
-27.3 f 0.4 

E. Hydrolysis Reactions 
UOz2+ + H, 0 = UO, (OH)+ + H+ 
2UO,'+ + 2H,O = (UO,),(OH),1+ + 2H+ 
3U0," + 5H,O= (UO,),(OH),+ + 5H+ 
3UO,'+ + 7H,O = (UO,),(OH); + 7H+ 

-5.8 f 0.4 
-5.6 f 0.4 

-15.6 f 0.4 
-31 5 4 
-12 f 1 

-4.9 f 0.4 
-4.9 f 0.3 

-13.8 f 0.3 
-27 f 3 
-11 f 1 

-1 f 1 O f 1  
- 2 f 4  -1 f 3 
-5 f 4  -3 f 3 
- 9 f 4  -7 f 3 

-11 f 1 

F. Complexation Reactions 

UOz2+ + 2H20 = UO,(OH),(aq) + 2H+ 
u4+ + H,O = IJ(OH)+~ + H+ 
U4+ + 2H,O = U(OH),2+ + 2H+ 
U4+ + 3H,O = U(OH),* + 3H+ 
U4+ + 4H,O = U(OH),(aq) + 4H' 
U4+ + 5H,O = U(OH),' + 5H+ -13 f 1 

UO,Z+ + SO,'-' = UO,SO,(aq) 
u4+ + S0,Z' = uso42+ 5 f 1  6 f 1  

UO,'+ + 0,"" = UO,CO,(aq) 
uo;+ + 2c0,2- = uo,(co,),'- 
U0,1+ + 3C0,'- = U0,(C03),4- 

u4+'+ ci- = uci3+ 3 f  1 3 f 1  
UO;+ + F- = UO,F+ 
UO;' + 2F- = UO,F,(aq) 
UO,z+ + 3F- = UO,F; 
UOzZ+ + 4F- = UO,F,*- 
U4+ + F- = UF3+ 9 f 1  9 f 1  
U4+ + 2F- = UF," 14 f 1 1 5 f 2  
U4+ + 3F- = UF: 19 f 2 20 f 2 
U4+ + 4F- = UF,(aq) 24 f 2 24 f 2 
U4+ + 5F- = UFL 25 f 3 26 f 3 
U4+ + 6F- = UF6z- 28 f 3 28 f 3 

10.2 f 0.5 l o *  1 
19.9 f 0.7 1 9 f 1  
28.8 f 0.7 28 f 1 

2.9 i 0.5 3.5 f 0.6 

U4+ + 2S0,'- u(SO,),(aq) 1 O f 3  1 O f 3  
10.1 f 0.4 
17.1 f 0.4 
21.4 i 0.4 

10.2 f 0.5 
17.4 f 0.6 
21.0 f 0.3 

uo ,+ + c1- = UO,Cl+ 2 f 1  2 t l  

5.1 f 0.3 
9.0 f 0.4 

11.3 f 0.4 
12.6 f 0.4 

5.1 i 0.3 
9.0 f 0.4 

11.3 f 0.4 
12.6 f 0.4 

UO;+ + HP0,'- + H+ = UO,H,PO,* 
UO,"+ + 2HP0,'- + 2H+ = UO,(H,PO,),(aq) 

U0,'+ + HP0,'- = U0,HPO (a <8 <9 
UOZz+ + 3HP0,'- + 3H* = UO,(H,PO,); 

UO,'+ + 2HP0,'- = UO,(HPb$;'- <19 <18 
U4+ + HP0,'- = UHPO,,* 13 f 3 
U4+ + 2HP0,' = U(HPO,),Eq) 23 i 3 
U4+ + 3HP0,'- = U(HP04), 31 f 4  31 f 3 
U4+ + 4HP0,'- = U(HP0,),4- 38 i 3 

12 f 4 
22 f 4 

39 f 4 

32 f 1 
30.2 f 0.6 
32.1 f 0.6 
36.8 f 0.6 
41 f 2 
33.7 f 0.8 

-53 f 3 
-54.6 f 0.4 

-193 f 2 

4.8 f 0.4 
3.7 2 0.7 
3.9 f 0.4 

46 i 2 
119 f 3 
- 7 f l  
39.9 f 0.7 
26 f 3 

-113 f 3 

-15 f 1 
-26 f 3 
-58 i 4 
-29 f 2 
-26 f 2 
-28.3 f 0.5 

-4.2 f 0.4 
-4.4 t 0.3 

-12.4 i 0.3 
-23 f 3 
-10 f 1 

1 f 1  
O f 3  

-2 f 3 
-5 f 3 

-10 f 1 

4.4 f 0.8 
6 f 1  

1 1 f 2  
10.6 f 0.7 
18 f 1 
21.3 f 0.3 

2 f 1  
3 f 1  
5.3 f 0.3 
9.1 f 0.4 

11.4 f 0.4 
12.9 f 0.4 
9 f 1  

16 f 2 
21 f 2 
25 f 2 
27 f 3 
29 f 3 
1 1 f 2  
1 9 f 2  
27 f 2 
<9 

<19 
14 f 3 
24 f 3 
32 f 3 
39 f 3 

27 f 1 
25.6 f 0.6 
26.4 f 0.6 
31.6 f 0.5 
35 f 2 
27 i 1 

-45 f 3 
-49.8 f 0.5 

-168 f 2 

3.5 f 0.4 
2.8 f 0.6 
3.1 i 0.4 

35 f 2 
95 f 3 
- 9 f  1 
32.6 f 0.6 
21 f 3 

-102 f 2 

-17 t 2 
-28 f 3 
-60 f 3 
-32 f 2 
-28 * 2 
-29.8 f 0.6 

-3.4 t 0.5 
-4.0 f 0.4 

-11.3 t 0.3 
-19 f 3 

-9 f 1 
2 f  1 
1 f 3  
O f 3  

- 4 5 3  
- 9 f  1 

6 f 1  
7 +  1 

12 f 2 
1 2 f 1  
18 f 1 
22.4 f 0.3 

3 f 2  
4 f 2  
5.6 i 0.4 
9.4 f 0.4 

11.5 f 0.4 
13.6 f 0.5 
1 O f 2  
17 f 3 
22 f 3 
26 ?r 3 
28 f 3 
31 f 3 
11 f 3 
20 f 3 
28 f 3 

<10 
<20 

1 5 5 4  
26 f 4 
3 4 f 4  
40 f 4 

23 f 1 
22.0 f 0.5 
21.8 f 0.5 
27.4 f 0.5 
31 f 2 
22 f 1 

-37 f 3 
-46.0 f 0.5 

-148 i 3 

2.4 f 0.3 
2.1 f 0.6 
2.5 f 0.4 

26 f 2 
77 f 2 

- 1 O f  1 
26.9 f 0.5 
16 f 3 

-94 f 2 

-18 f 2 
-30 f 2 
-63f 3 
-35 f 2 
-3Oi 1 
-31.6 f 0.6 

-2.9 f 0.5 
-3.8 f 0.4 

-10.7 * 0.3 
-16 5 3 

- 8 f  1 
2 f 1  
2 f 2  
1 f 2  

-3 f 2 
- 8 f  1 

7 f 1  
8 f 1  

13 f 2 
13 i 1 
19 f 2 
24.0 f 0.3 

4 f 2  
5 f 2  
6.0 f 0.4 
9.8 f 0.5 

11.6 f 0.5 
14.3 f 0.5 
1 1 f 2  
18 f 3 
23 ?r 4 
2 7 f 4  
29 f 4 
32 f 4 
1 2 * 3  
20 f 3 
28 f 3 

<10 
<22 

1 7 f 4  
27 f 4 
37 f 4 
43 f 4 

ions, available for calculating such data. In such cases we Error limits for the Gibbs energies, entropies, and equilibrium 
arbitrarily set ~ p o I ~ ~  equal to zero for the equilibrium constant constants in the tables are our best estimate of the 90% 
calculations. confidence limits or, where available, the author's stated 
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Table VI. Equilibrium Constants for Plutonium 

log K 
no. reaction 25 "C 60 OC 100 "C 150 OC 200 OC 

1 
2 
3 
4 
5 

6 
I 
8 

9 
10 
11 
12 
1 3  
14 
15 
16 
17 

18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

32 
33 
34 
35 
36 
31 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

A. Solid Transformations 
-9 f 3 

-39 f 5 
-125 f 7 

-8 f 5 
-121 f 4 

-14 f 3 
-13 f 2 
-35 f 5 

PuO,(OH), t 2H+ = PuO;' + 2H,O 3 f  1 3 f  1 
PuO,(OH) + H+ = PuO,' + H,O 5 f 1  5 f 1  

Pu(OH), + 4H' = Pu4' + 4H,O 1 f 4  O f 3  
Pu,O, t 6H+= 2Pu" + 3H,O 48 f 4 41 f 3 

22 f 1 2 0 f  1 
- 1 f 2  - 3 f 2  

-21 f 5 -21 f 5 
-44 f 2 -42 f 2 

-13 f 6 -15 f 5 
-10 f 2 -11 f 2 
-13 f 1 -13 f 1 
-28 f 1 -29 f 2 

2Pu0, + 0, + 2H,O = 2PuO,(OH), 
4Pu0, + 0, + 2H,O = 4PuO,(OH) 

4Pu0, t 6H,O = 4Pu(OH), t 0, 

-8 f 3 
-42 f 6 

-141 f 7 
-8 f 5 

-134 f 4 

-18 f 4 
-13 f 2 
-42 f 5 

4Pu0, = 2Pu,O, + 0, 
PuO, + 2H,O = Pu(OH), 

B. Redox Reactions 
4 P u O F  + 2H,O = 4PuO; + 4H' + 0, 
2PuOZ2' + 4H+ = 2Pu4' + 2H,O + 0, 
4PuO;' + 4H+ = 4Pu3' + 2H,O + 30, 

C. Oxide Dissolution Reactions 

PuO, + 4H+ = Pu4+ + 2H,O -7 f 1 -8 +_ 1 

Pu(OH), + 3" = Pu" + 3H,O 
2Pu0, + 4H' + 0, =2 PuO;' + 2H,O 
4Pu0, + 4H+ t 0, = 4PuO,* + 2H,O 

PuF,(s) = Pu4' + 4 F  
PuF,(s) = Pu3' + 3 F  

4Pu0, + 12H' = 4 h 3 +  + 6H,O + 0, 

D. Dissolution of Plutonium Compou 

PuO,HPO,(s) = PuO,'+ t HP0,'- 
Pu(HPO,),(s) = Pu4+ + 2HP0,'- 

E. Hydrolysis Reactions 
PuOZz+ t H,O = PuO,(OH)+ t H+ 
~ P U O , ~ +  + 2H,O= (PuO,),(OH),'+ + 2H' 
3PuOZ2' + 5H,O= (PuO,),(OH),' t 5H+ 
PuO,' + H,O = PuO,OH(aq) + H+ 

-5.6 f 0.4 
-8.3 f 0.4 

-21.6 f 0.4 
-10 f 2 

-2 f 4 
-5 f 4 
-9 f 4 

-15 f 4 

-4.8 f 0.6 
-7.3 f 0.6 

-19.2 f 0.6 
-8 f 2 

Pu4+ + H,O = PuOH3+ + H+ - 1 f 4  O f 3  
-1 f 3 
-4 f 3 
-8 f 3 

-13 f 3 
-7.0 f 0.4 

Pu4' + 2H,O = Pu(OH),zt + 2H+ 
Pu4+ + 3H,O = Pu(OH),' + 3" 
Pu4+ + 4H,O = Pu(OH),(aq) + 4 B  
Pu4+ + 5H,O = Pu(OH),- + 5" 
Pus+ + H,O = PuOP+ + H' -8.0 * 0.4 

F. Complexation Reactions 
PuO,Z+ t SO:-= PuO,SO.,(aq) 3 f  1 4 f 1  
Pu4+ t ,502- = Pus0:- 6 f 1  6 r l  

11 f 3 

PuO,~' t 2c0,z- = Puo,(co,),'- 1 5 f 2  16 f 2 

Pu4+ + 2SO,,- = Pu(SO,),(aq) 
Pu3+ + so:- = Puso,+ 
Pu4+ + c0,z- = PuCO,Zf <4 1 637  
PuO,~+ + c1- = Puo,cl+ -0.3 f 0.7 O f  1 
h4+ + c1- = PuCl,' 0.9 f 0.7 1 f 1  

10 f 3 
3.5 f 0.6 3.9 f 0.5 

pUO,'+ + F- = PuO,F 5.6 f 0.8 
PuO,'+ t 2 F  = PuO,F,(aq) 10.8 f 0.8 
PuO:+ f 3 F  = PuO,F,- 15.4 f 0.8 
PUO,~+ + 4 F  = PuO,F,'- 18.2 f 0.8 
Pu4+ + F = PuF3+ 8 f  1 8 f  1 

1 1 f 2  
Pu'+ t HP0:- = PuHPO,1' 1 3 t  1 14 f 2 
Pu"' + 2HP02- = Pu(HPO,), (aq) 24 f 2 

Pu4' t 4HP02- = Pu(HPO,),~- 4 3 c  1 42 f 2 
9.7 f 0.4 l o +  1 

5.6 f 0.1 
11.0 f 0.7 
15.9 f 0.7 
18.8 f 0.7 

1 1 f 2  

24 f 1 

PuO,'+ + HP0:- + H* = PuO, H, PO,' 

Pu4+ + 3HP0,'- = Pu(HPO,),l- 3 3 f  1 34 f 2 

Pu3+ + HP0,'- t H' = PuH,PO:+ 

-10 f 2 
-37 f 5 

-110 f 6 
-8 f 4 

-109 f 4 

-11 f 3 
-13 f 2 
-30 f 4 

2 f 1  
4 f  1 

-9 f 1 
- 2 f  3 
35 f 3 
1 7 f 1  
-5 f 2 

-21 f 4 
-40 f 2 

nds 
-18 f 5 
-12 f 2 
-13 f 1 
-30 C 2 

- 4 c  1 
-7 f 1 

-17 f 1 
-1 f 2 

1 f 3  
O f 3  

- 2 r 3  
-6 f 3 

-11 f 3 
-6.1 f 0.5 

5 f 1  
7 f 1  

12 f 2 
4.4 f 0.5 

16 f 2 

1 f 1  
2 f l  
6 f 1  

11 f 1 
15 f 1 
1 8 f  1 
9 f 2  

1 1 f 2  
15 f 2 
25 f 2 
35 f 2 
43 f 2 
1 1 f 2  

<35 

-10 f 2 
-34 f 4 
-96 f 5 

-8 f 4 
-97 f 3 

-11 f 2 
-32 f 4 
-85 f 5 

-7 f 3 
-88 f 3 

-7 f 3 -4 f 2 
-13 f 2 -13f  2 
-24 f 4 -19 f 4 

2 f  1 
3 i 1  

-10 f 1 
-2 f 3 
29 f 3 
15 f 1 

-7 f 2 
-20 f 4 
-37 f 2 

1 f 1  
3 f 1  

-11 f 1 
-3 f 2 
25 f 2 
1 3 f 1  
-8 f 1 

-20 f 3 
-36 f 2 

-20 f 4 
-14 f 2 
-14 f 1 
-32 f 2 

-23 f 4 
-16 f 1 
-15 f 1 
-34 f 1 

- 3 f  1 -3 f 2 
- 6 f  1 -6 f 2 

-16 f 1 -15 t 2  
-7 f 3 -6 f 4 

2 r 3  2 f 2  
l r 3  2 f 3  

-1 f 3 O f 3  
- 5 r 4  -4 f 4 

-9 f 4 
-5.2 f 0 7 -4.5 f 0.8 

-10 f 4 

6 f 2  7 f 2  
7 r l  8 f 1  

15 f 2 
5.3 f 0.5 

17 f 3 

2 f 2  3 r 2  
3 f 2  4 f 2  
6 f 1  6 f 2  

11 f 1 1 1 f 2  
15 f 1 14 f 2 
1 8 5  1 18 f 2 
1 O f 2  1 0 5 3  
1 2 f  3 1 2 f 4  
1 6 f 3  17 f 3 
2 7 f  3 29 f 3 
37 f 3 39 f 3 
4 4 5  3 46 f 3 
1 2 f 2  1 3 f 3  

14 f 2 

17 f 2 
6.1 f 0.5 

<32 <31 

"Uncertainty". The effect of uncertainties in the room-tem- 
perature data on the equilibrium constants in Tables V and VI  
was estimated from the expression 
a(log K,T)  = 

1 
2.303RT {a(AG~O,298)~ 4- [ T -  298.15]2a(As~0,298)2~"2 

The room-temperature error limit for values derived from data 
obtained at high ionic strength was generally assumed to include 
a term of the order of magnitude of the correction used to obtain 
the standard state ( I  = 0) value. Where markedly discordant 
experimental results exist for a particular value, each having 

a relatively small experimental deviation, e.g. So(UO2C0,(aq)), 
the error limit in the tables generally represents an attempt to 
reflect the overall uncertainty in the value, rather than the 
precision in individual measurements. In cases where a method 
simihr to that of Latimer (70) was used to estimate So for solid 
materials, the error in So was taken to be about 5 % .  The 
estimated size of the error was increased where only limited 
comparison data were available for particular M"+/anion com- 
binations (e.g., Pu4+/0H-). Large error limits were chosen for 
the Gibbs energies of the uranium monohydrogen phosphate 
complexes, because these are merely approximate minimum 
values. Errors in the free energies for those uranium(1V) hy- 
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drolysis products not directly established by experiment were 
estimated as f20 kJ mol-'. The error in the free energy of 
U(0H)-, may be as large as f 8  kJ mol-' because neither the 
solid phase nor aqueous species was well established in Gayer 
and Leider's experiment ( 7 72). 

Although Langmuir's estimated entropies for uranium com- 
plexes and hydrolyzed species are consistent with data for other 
similarly charged species, we judged that his stated accuracies 
of f20-40 J mol-' K-' are overly optimistic, particularly for the 
U4+ complexes where liile experimental information is available. 
The values in Table 111 are our more conservative estimates. 
Somewhat larger, admittedly arbitrary, error limb were estimated 
for the So values for the Pu complexes derived from these data. 

The solubility products calculated for UF4 and PuF, (reactions 
20 and 18 in Tables V and VI, respectively) differ by many orders 
of magnitude. This difference is unlikely to be real and suggests 
a significant error in the literature data base-probably in the 
enthalpies of formation of the solid tetrafluoride compounds. 

Obvious sources of indeterminate systematic errors are the 
uncertainty in the value for AG,O(PuCl3) on which much of the 
Pu data are based, unresolved inconsistencies in A Hfo(UC14) 
which affect many of the U4+ data (29), and inaccuracies in the 
Criss-Cobble extrapolation procedure. 

This last point has been examined in some detail ( 70 7- 704). 
The entropy correspondence principle is based on the ionic 
entropy data available in 1963 ( 13). Comparison of limited new 
results with the predictions indicates that the Criss-Cobble 
treatment predicts the temperature dependence of the Gibbs 
energies of simple anions and cations to within a few kilojoules 
per mole below 150 OC. Large inaccuracies have been ob- 
served at 200 OC and above, where the Criss-Cobble coeffi- 
cients were themselves an extrapolation (74). We note that, 
up to 150 OC, the values for So( T) calculated for CI-, F-, SO:-, 
COZ-, and HP0:- agree with experimental values from which 
the correspondence principle was derived to within 22 J mol-' 
K-' in So( T). Thus, the effect of such errors in the contribution 
of any ion to [AGR( T )  - AGR0(298.15)] is no more than - 1.5 
kJ mor'. Also, the recently determined value ( 7 73) for Cp0(Th4+) 
agees with the Criss-Cobble prediction to within 27 J mol-' K-'. 
Errors of this magnitude in the extrapolation method are far 
outweighed by the uncertainties in So for the species considered 
here. 

The assumption that the solvated or complexed ions of a 
particular actinide in a particular oxidation state have the same 
electronic ground-state degeneracy as the free ions is un- 
doubtedly an oversimplification, primarily because ligand field 
effects may be sufficient to remove or alter the ground-state 
degeneracy but also because the Russell-Saunders coupling 
scheme may not give a proper description of the energy levels 
for actinide ions ( 706, 707). Uncertainties in the extrapolated 
values of So( T) due lo this assumption are of the order of 5 
J mol-' K-' for most species but as much as 36 J mol-' K-' at 
200 OC for those species ( J  # 0) which were treated as ox- 
yanions and oxyacid anions by the Criss-Cobble method. In 
all cases these differences are still within the limits of accuracy 
of the So data. 
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Glossary 

CP - I  

Cpo 

c p o ) ~ ~ o  

standard molar and partial molar heat capacities, at 
25 OC unless the temperature is noted (Cpo(H+, T )  
3 0) 

effective constant partial molal heat capacity over 
the range 25-200 OC (cpolEiO(H+) = 0), calcu- 

AGRo 
A Hfo 

AH,' 
I 

k 

K 
Kw 

K* 

KS 

SO,SO 

ASRo 
ASfo 
SeO 

Soad, 

P" 
T 

P" 

lated by a least-squares fit to eq 2 using values 
for S o ( T )  at 25, 60, 100, 150, and 200 OC 

heat capacity change for reaction 
standard molal Gibbs energy of formation, at 25 OC 

unless the temperature is noted 
standard Gibbs energy of reaction 
standard molal enthalpy of formatiin, at 25 OC unless 

the temperature is noted 
standard enthalpy of reaction 
ionic strength (in general, ionic strength concentra- 

tions in the literature were expressed in mol dms, 
but the few which were reported in mol kg-' are 
not distinguished) 

Boltzmann constant 
ionic dissociation product of water 
equilibrium constant for the aqueous solution reaction 

the solubility product defined for the reaction 
as written 

MO,(OH), + qH+ + 2 ( ~  - r)H+ @ MOr(2P+q-2r I +  + 

K,* = [ MOr(2(P-r)+q)+] / [H+] 4 + 2 ( P - r )  
(Q + P - W,O 

for oxides and hydroxides (M = metal ion) 
the solubilii product for satts (ligand L charge q )  

ML, e Mnq+ + nLq-, Ks = [M"+][Lq-]" 
standard and partial molal entropies, at 25 OC unless 

the temperature is noted (So(H+, T) 
standard molal entropy of reaction at T 
standard molal entropy of formation 
the contribution to the partial molal entropy from the 

grouWstate electronic degeneracy of the aqueous 
species 

the temperaturedependent portion of the partial mdal 
entropy 

absolute temperature in Kelvin 
the cumulative stoichiometric formation constant for 

the reaction MP+ + nLq- @ ML,(P-"q), p,, = 
[MLn(P-"4)]/[M][L]". I f  the ionic strength is not 
stated, then the P, is the value at infinite dilution 

formation constants similar to 0, but involving com- 
plexation of protonated ligands with loss of protons 
MP+ + nHLq- F! MLn(P-"q) + nH+, P,' = 
[ML,(P-"q)] [H']"l[MP'] [HLQ-1" 

0) 
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