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Abstract

In support of the safety assessment of geologic disposal of high level radioactive
wastes, solubility measurement of U(IV) in alkaline solution was performed. The
solubility of U(IV) was observed to increase in alkaline solution, and the hydrolysis
constants Bs° and Pe° were obtained. Reported thermodynamic data of solubility
products, hydrolysis constants and complexation constants were also compared and
discussed. It was found that uncertainty of the reported B4 values of tetravalent
actinide ions is still large. The B4° values were estimated by using a hard sphere
model extended to 8 coordination, showing that such large uncertainty is due to the

effect of colloid formation.

This work was performed by Kyoto University under contract with Japan Nuclear
Fuel Cycle Development Agency.
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Table 2-1. Experimental data from the solubility measurement of UOz*xH20.2

=05 M

Period: 2 weeks 4weeks 8weeks
pHc (U] v pHe [U] (\) pHc (U] (v)
12.90 8.03E-7 12.61 1.40E-7 12.02 2.81E-8
13.05 1.26E-6 12.90 6.83E-7 12.21 1.04E-7
13.14 2.42E-6 13.41 3.38E-8 12.24 5.32E-8
13.26 3.63E-6 12.26 1.55E-8
13.31 2.55E-6 12.36 2.59E-8
13.41 5.59E-6 12.43 7.00E-8
13.49 4.71E-6 12.56 2.98E-8
13.58 8.48E-6 12.61 2.15E-8
13.66 1.21E-5 12.90 4.75E-7
13.71 1.50E-5 13.41 3.98E-8
F1.0M

Period: 2 weeks 4weeks 8weeks
pHe [ul ) pH. (U] (M) pHe (U] )
13.44 3.80E-6 13.41 1.31E-6 13.41 2.05E-6
13.53 6.66E-6 13.49 2.28E-6 13.49 2.07E-6
13.56 1.09E-5 13.53 1.05E-6 13.53 5.90E-6
13.61 2.72E-6 13.56 3.21E-6 13.56 1.17E-6
13.66 5.08E-6 13.61 1.62E-6 13.61 2.43E-7
13.68 5.87E-6 13.63 3.51E-6 13.63 3.62E-6
13.68 6.17E-6 13.68 3.01E-6 13.68 1.93E-6
13.85 1.84E-5 13.85 4.08E-6 13.86 1.27E-5
13.88 8.92E-6 13.86 1.21E-5 13.86 1.88E-6
13.95 8.59E-6 13.91 9.36E-6 13.91 1.50E-5
=2.0M

Period: 4 weeks

pH. (U] M) pHe [U] VD) pH. (U] D)
13.27 4.95E-8 13.75 1.86E-7 13.91 3.82E-7
13.32 4.06E-8 13.81 3.03E-7 14.07 8.32E-7
13.46 5.08E-8 13.86 2.51E-7 14.15 1.15E-6
13.58 9.72E-8

a pH. is within + 0.04 and [U] is + 3%.
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Table 2-2. Hydrolysis Constants of UIV).

I log S5 log fs
This work 0.5 44.57+0.39 45.94 + 0.23
1.0 44.83 £ 0.39 45.32 £ 0.24
2.0 43.98 £ 0.21 44.63 = 0.08
0 48.02 +0.39 49.11 £ 0.31
Gayer et al. [27] - <50.16*
Ryan et al. [4] - <47.30%*
Rai et al. [28] 0 <45.9

* Obtained from the experimental data by taking the solubility product of log Kw° = -53.93 £ 0.20 [8]
without ionic strength correction.
**Obtained from the reported equilibrium constant of <2x1023 for U4 + 5 H20 « U(OH)s + 5 H*

without ionic strength correction.
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Table 3-1. Selected hydrolysis constants of actinide ions.
log ﬁno
valency species g2  number averaged calculated evaluated References for averaged
of data value value by value
[17] [17] NEA-TDB
[3]
An(IID) NpOH2z+ 0.39 1 7.18 718  7.20+0.30 29
PuOH2+ 0.39 7 851+1.66 851  7.10+0.30 30-36
AmOH?2+ 0.39 1»  7.60+0.70 7.24 6.80+0.50 37
CmOH2+ 0.39 7 879+1.88 857 33, 37-41
BkOHz2+ 0.39 1 8.74 8.74 36
CfOHz+ 0.39 2 9.22+0.53  9.22 36, 42
EsOH2+ 0.39 1 9.50 9.50 42
FmOHz+ 0.39 1 10.84 10.84 42
Am(OH) s+ 0.17 1»  1390+0.60 13.21 12.90+0.70 37
Cm(OH):*  0.17 2  15.716+4.90 15.87 38, 40
Am(OH)s - 1»  16.30+0.50 16.88 15.80 + 0.50 37
An(IV) ThOHS3+ 048 15 11.27+1.14 12.56 6, 7, 43-52
PaOH3+ 0.48 3  14.83+0.03 15.85 6, 35
UOH3+ 0.48 1> 13.46+0.06 15.03 13.46+0.06 7
NpOH3+ 0.48 5 13.26+1.00 14.97 14.55+0.20 6, 53-55
PuOH3+ 0.48 15 13.38+0.51 14.61 14.60+0.20 6, 56-66
Th(OH) 22+ 0.39 9 2243+174 23.84 6, 35, 43, 46, 51, 52
Pa(OH) 22+ 0.39 3  2851+0.91 30.40 6, 35
U(OH) 22+ 0.39 1 26.12 28.74 67
Np(OH) 22+ 0.39 2  28.79+1.48 2861 28.35+0.30 54, 68
Pu(OH):>*  0.39 5 27.46+1.65 27.90 28.60+0.30 6, 56-58, 65
Th(OH) s+ 0.17 5 33.41+4.18 32.76 46, 51, 59
Pa(OH) s* 0.17 1 42.44 42.56 35
U(OH) s* 0.17 1 43.69 40.06 69
Pu(OH)s* 0.17 5 3890+2.03 3875 39.70+0.40 6, 56-58, 65
Th(OH)4 - 7 40.94+4.65 40.40 6, 46, 48, 51, 52, 70
Pa(OH)4 2  54.71+267 53.42 6, 35
U(OH).4 1 53.63 50.06  46.00 + 1.40 69
Np(OH)4 1 50.09 49.75 47.70£1.10 52
Pu(OH)4 - 6  48.68+2.78 4827 47.50+ 0.50 6, 56, 58, 65, 71
U(OH)s -0.09 1 54.00 57.67 6,
An(V) Pa0O:0H - 1 9.50 9.50 6,
NpO20H 12 445+097 3.32  2.70+0.70 6, 68, 72-78
PuO20H 4 431+0.03 4.31 6, 31, 78, 79
AmO:0H - 2 1.27+0.42  1.27 80, 81
NpO2(OH)2  -0.09 2 467+0.30 524  4.40+0.50 73, 74
An(VD) UO.0H* -0.06  1b 880+0.30 874 875+0.24 7
NpO:0H* -0.06 2 9.13+0.39 851  8.90+0.40 6, 82
PuO:OH* -0.06 8 9.05+0.97 847  850+0.50 6, 31, 57, 83-87
UO02(0H): 15.85 + 0.07
PuO2(OH)2 - 6 16.81+2.17 15.51 31, 57, 83-87
UO20H)s -0.09 2¢ 21.97+1.17 20.83 21.75+0.42 7, 88
NpO2(0H)s  -0.09 1 20.00 20.20 89
PuO2(0OH)s  -0.09 5 1890+1.90 19.96 31, 57, 83-88
UO2(0H) -0.13¢ 2  23.30+0.40 24.17 23.60+0.68 7,88
(U02)20H3+ 11.30 + 1.00
(U02)2(0OH)22+ 22.38 + 0.04
(NpO2)2(OH)22+ 21.73+0.21
(Pu02)2(OH)22+ 20.50 + 1.00
(U02)s(0OH) 42+ 44.10 + 0.30
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(U02)3(0OH)s+ 54.45 + 0.12
(NpO2)s(OH)7 52.88 +0.22
(UO02)3(0OH)7 65.80 + 0.80
(U02)4(OH) 76.10 £ 1.00

aValues taken or estimated from the NEA Thermochemical Data Base project[37,7] unless
indicated otherwise.

bValues taken from the NEA Thermochemical Data Base project[37,7].

‘Recently obtained value[88].
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Table 3-2. Selected equilibrium constants of actinide ions complexes with CO3s?,

Log Bno

valency species g2 number averaged calculated evaluated by References for
of data  value value NEA-TDB averaged value
[18] [18] [3]
An(III)  AmCOs* 0.17 1 7.80 7.53 8.00 % 0.40 37
CmCOs* 0.17 1 7.94 6.88 90
Am(COs)2 - 0.05 1 12.3 13.04 12.90 + 0.60 37
Cm(COs)2  -0.05 1 11.31 11.73 90
Am(COs)s* - 0.15 1 15.2 14.80 15.00 + 1.00 37
Cm(COs)s* - 0.15 1 12.74 12.82 90
An(IV)  U(CO3)s* - 0.09 1 35.12 34.50 35.12 +0.93 7
Pu(COs)s+ - 0.09 1 34.3 34.02 37.00 + 1.10 91
Th(CO3)56 -0.3 1 32.33 32.33 92
U(CO3)5¢ -0.3 1 34.0 3450  34.00+0.90 7
Np(COs)s6  -0.3 1 33.37 33.37 93
Pu(COs)5% -0.3 2 33.59 33.81 35.65+1.13 91, 94
An (V) NpO:COs  -0.5 10 4.94 475  4.962+0.061 75, 77, 95-99
PuO2 COs’ -0.5 1 5.12 5.12 5.12+0.14 79
AmO:2 COs 5.10+ 0.50
NpO: (CO3)23 - 0.15 8 6.77 6.77  6.534+0.103 75, 77, 96-99
AmOs2 (CO3)2? 6.70 + 0.80
UO0: (CO3)s> 6.95+0.36
NpO: (COs)s> - 0.62 5 5.10 4.97 5.500 = 0.151 75, 96, 97, 99
PuO: (COs)s> 5.025 + 0.920
AmO3 (CO3)s™ 5.10 + 1.00
An (V)  UO:2COs 0 1 9.68 10.08 9.94 +0.03 7
NpO:z CO3 9.32+0.61
PuO: COs 0 3 10.27 8.96 9.50 + 0.50 100-102
UO:2 (CO3)22 - 0.02 1 16.94 17.74 16.61 + 0.09 7
NpO2 (COs)22 - 0.02 2 14.2 14.20 16.516 + 0.729 103
PuO: (CO3)22 - 0.02 3 14.70 15.49 14.70 + 0.50 100-102
UO: (CO3)s+  -0.01 1 21.60 20.93 21.84 +0.04 7
PuO2 (CO3)s* - 0.01 2 17.60 17.51 18.00 + 0.50 101, 102
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Table 3-3. Selected equilibrium constants of actinide ions complexes with F'.

Log Bno
valency species g2 number averaged calculated evaluated by References for averaged
of data value value NEA-TDB value
[18] [18] (3]
An(III) AmF2*  0.39 1 3.40 3.38 3.40 £ 0.40 37
AmFqo+  0.17 1 5.80 5.81 5.80 + 0.20 37
An(IV) ThFs+  0.48 9 8.45 7.67 104-106
UFs3+ 0.48 4 9.28 8.18 9.42 £0.51 7
NpF3+  0.48 6 8.64 8.64 8.96 +0.14 107-111
PuFs+ 0.48 7 8.32 8.68 8.84 £ 0.10 108, 112-116
ThFs2* 0.3 7 15.53 14.39 104-106, 108, 117-119
UF 92+ 0.3 3 16.23 15.39 16.56 £ 0.71 7
NpFe2* 0.3 5 15.94 16.30 15.70 £ 0.30 107, 108, 110, 111
PuF22+ 0.3 4 15.97 16.38 15.70 £ 0.20 108
ThFs* 0.1 5 20.25 19.33 108, 110, 113, 116
UFst 0.1 3 21.60 20.79 21.89+0.83 106, 108, 111, 117, 119
NpFs* 0.1 2 21.87 22.15 7
PuFs* 0.1 1 21.81 22.26 108, 111
ThF4 0 3 24.17 23.31 108, 119, 120
UF, 0 1 25.60 25.22 26.34 = 0.96 7
NpF4 0 2 27.41 27.02 108, 111
PuF, 0 1 27.80 27.16 108
ThFs 0 1 24.76 25.52 120
UFs 0 1 27.01 27.85 27.73+0.74 7
ThFe2 - 1 25.56 26.76 120
UFe* - 1 29.08 29.51 7
An (V) NpO3F 0 7 1.43 1.49 1.20 £ 0.30 121-125
NpO2Fy 0 1 2.18 2.15 123
An (VD) UO2F+  0.29 6 5.09 4.91 5.16 £ 0.06 7
UO:2F2 0 6 8.62 8.80 8.83 £0.08 7
UO2Fs 0 1 10.90 10.78 10.90 £ 0.10 7
UOzF42  -0.08 3 11.70 11.74 11.84 £0.11 7
NpOgzF+  0.29 5 5.11 4.52 4.57 +£0.07 122, 126, 127
NpOsF2 0 2 7.55 8.02 7.60 = 0.08 122, 126, 127
NpO2Fs -0.08 2 9.72 9.60 122, 126, 127
PuOqF: 0 2 7.28 7.58 7.25 +0.45 122
PuO2Fs -0.08 2 9.02 8.93 122
PuOgF+  0.29 3 4.61 4.30 4.56 +0.20 122, 126
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Table 3-4. Selected equilibrium constants of actinide ions complexes with CI.

Log Bno
valency  species g2 number averaged calculated evaluated References for averaged
of data value value by value
1] 1] NEA-TDB
[3]
An(III)  NpCI2+ 0.39 1 -1.67 - 0.61 128
PuCl2+ 0.39 4 0.57 -0.86 129, 130
AmC]2* 0.39 1 1.05 1.05 0.24 +£0.03 37
CmCl2+ 0.39 2 1.16 1.16 129, 131
NpCla* 0.39 1 -1.30 -1.83 128
PuCle* 0.39 1 - 3.03 -2.32 130
AmCle* -0.74 £ 0.05
An(IV)  ThCIl3+ 0.49 10 1.25 1.34 48, 104, 105, 107, 132
UC+ 0.49 14 1.40 1.47 1.72+0.13 59, 133-137
NpCI3+ 0.49 6 1.25 1.59 1.50 £ 0.30 107, 138-140
PuCl3+ 0.49 8 1.00 1.14 1.80 +0.30 60, 115, 141-145
ThCls2* 0.39 6 1.22 2.07 48, 104, 107, 132
UCl2* 0.39 2 2.35 2.31 135
NpCla2* 0.39 5 2.28 2.56 107, 138-140
PuClz2* 0.39 4 1.48 1.65 115, 143-145
ThCls* 0.1 5 0.65 1.43 48,104, 132
NpCls* 0.1 1 2.44 2.13 138
PuCls* 0.1 2 0.92 0.76 144, 145
ThCl4 0 3 -0.11 0.18 48,104, 132
ThCls -0.08 1 -1.33 -2.44 48, 104, 132
An (V)  NpO:Cl 0 8 - 0.88 -0.33 125, 139, 146, 147
NpO: Cly 0 4 -1.02 -1.29 139, 146
An (V) UO: Cl* 0.29 25 0.74 0.17 0.17 +0.02 136, 148-156
NpO: CI* 0.29 7 0.15 0.03 0.40+0.17 139, 155, 157-159
PuO: C1* 0.29 4 -0.49 -0.19 0.23+0.03 60, 155, 160, 161
U0z Clz 0 4 -0.69 -0.30 -1.10+0.40 155, 156
NpO: Cle 0 2 -0.63 - 0.57 155, 158
PuO: Cl2 0 4 -0.41 -0.26 -1.15+ 0.30 60, 155, 160, 161
UO: Cly 0 1 -2.17 -2.25 156
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Table 3-5. Selected equilibrium constants of actinide ions complexes with SO42.

Log Bno
valency species g2 number averaged calculated evaluated References for averaged
of data  value value by value
[1] [1] NEA-TDB
(3]
An(I11) PuSO4* 0.22 6 2.61 2.43 3.91+0.61 32,162, 163
AmSO4* 0.22 1 3.85 3.11 3.30 +0.15 37
CmSO4+ 0.22 9 2.60 2.12 162, 164-169
Pu(SO4)s -0.05 5 4.46 4.42 5.70 £ 0.77 32, 162, 163
Am(SO4)2 -0.05 1 5.40 5.77 3.70 £ 0.15 37
Cm(S04)s - 0.05 7 3.55 3.79 162, 165, 167-169
An(IV) USO42* 0.3 1 2.57 2.56 6.568+0.19 137
NpSO42+ 0.3 2 6.51 6.16 6.85+0.16 167, 170
PuSO42* 0.3 1 4.80 5.56 6.89 + 0.23 60
U(S04)2 10.21 +0.20
Np(SOy4)2 0.3 1 11.70 11.87 11.05 +0.27 167
Pu(S04)2 11.14 + 0.34
An (V)  NpO3:SO4 0 7 0.44 1.38 0.44 +0.27 123, 125, 171-173
An (V)  UO02804 0 9 2.39 2.00 4.14+0.07 149, 150, 174-177
NpO2504 0 8 2.32 2.32 3.28 +0.06 170, 178-180
Pu02S04 0 1 3.36 2.33 3.38 +0.20 180
UO0: (S04 0.12 6 3.53 3.51 3.02 +0.38 149, 150, 174-176
NpOz2 (SO4)22 4.70 +0.10
PuO: (SO4)2> 4.40 + 0.20
U0z (SO9s+  -0.12 1 3.98 4.12 175
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Table 3-6. Selected equilibrium constants of actinide ions complexes with NOs'.

Log Bno
valency species g2 number averaged calculated evaluated References for averaged
of data  value value by value
[1] (1] NEA-TDB
[3]
An(III)  PuNOs2* 0.39 1 1.79 0.44 181
AmNO;2+ 0.39 1 1.33 1.33  1.33+0.20 37
CmNO32+ 0.39 3 1.36 0.96 166, 167, 182
Pu(NOs)2* 0.39 1 1.54 0.36 181
Cm(NO3)2* 0.39 1 1.19 1.39 167
Pu(NOs); 0 1 -2.07 -0.84 181
An(IV)  ThNOs3* 0.49 5 1.72 1.56 104, 105, 183-185
UNOg3* 0.49 12 1.14 1.54  1.47+0.13 181, 186-189
NpNOs3+ 0.49 8 1.15 1.44  1.90+0.15 138, 139, 181, 190
PuNOs3+ 0.49 13 1.64 144 1.95+0.15 60, 115, 143, 144, 181,
190-194
Th(NO3)s2+ 0.39 4 2.71 2.60 104, 183-185
U(NOg) 22+ 0.39 11 2.30 254  2.30+0.35 181, 186-188
Np(NO3) 22+ 0.39 6 2.19 2.36 138, 139, 181, 190
Pu(NOs) 92+ 0.39 10 2.91 2.35 115, 143, 144, 181, 190,
192, 194
Th(NO3)s* 0.1 3 2.54 2.49 183-185
UNOs3) 5+ 0.1 7 2.84 2.38 181, 187, 188
Np(NOs) 5* 0.1 4 1.95 2.09 138, 181, 190
Pu(NOs)s* 0.1 6 2.23 2.07 143, 144, 192
Th(NO3)4 0 2 1.58 1.86 184, 185
U(NO3)4 0 7 1.57 1.69 181, 187, 188
Np(NOs) 4 0 3 1.57 1.30 181, 190
Pu(NO3)4 0 3 0.82 1.27 181, 192
Th(NOs)s - 0.08 1 -1.33 0.08 185
Th(NOs)s> - 0.08 1 - 0.96 -2.23 185
An (V)  NpO: (NOs) 0 4 -1.35 -0.91 125, 139, 147, 181
NpO:z (NOs)y 0 1 -2.14 - 2.36 139
An (V)  UO: NOs 0.29 9 -0.30 -1.45  0.30+0.15 148, 149, 153, 181,
195-197
NpOz NOs~  0.29 7 -0.40 -1.08 139, 157, 181, 198
PuO: NOs° 0.29 3 0.35 0.16 161, 181, 199
U0z (NO3)2 0 1 -4.01 -3.44 181
NpO2z (NO3)z 0 1 -3.06 -2.72 181
PuO: (NOs)2 0 3 -0.31 -0.22 181, 199, 200
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Table 4-1. Selected Data Set

Hydrolysis

Evaluated by

Species constant NEA-TDB [3] Selected [Refs.] Calculated
Am(III) logB1° 6.80 + 0.50 6.80 + 0.50 [3] 7.51
logB2° 12.90 + 0.70 12.90 + 0.70 [3] 12.78
logBs° 15.80 + 0.50 - 16.49
logBa - 17.97
logBs° 14.70
logBe° - 9.20
Th(IV) logB1° 11.9+0.2 [25] 12.03
logBs° 21.4+0.2 [25] 21.80
logBs° 30.6 [25] 29.99
logBa4 - 35.92
logBs° 37.06
logBe° - - 35.94
uv) logB1° 13.46 + 0.06 13.71 + 0.31 (8] 14.30
logB2° - 26.12 + 0.21 (8] 26.31
logBs° - 36.85+ 0.36 (8] 36.71
logBa 46.00 + 1.40 - 44.82
logBs° - 48.02 +0.39 [26] 48.05
logBe° - 49.11 + 0.31 [26] 48.99
Np(IV) logB1° 14.55 + 0.20 - 14.42
logB2° 28.35+ 0.30 26.53
logBs° - 37.02
logBae 47.70 + 1.10 45.19
logBs° - 48.45
logBe° - 49.39
Pu(IV) logB1° 14.60 + 0.20 14.48
logB2° 28.60 + 0.30 26.64
logBs° 39.70 + 0.40 37.17
logBa4 47.50 + 0.50 45.37
logBs° - 48.65
logBe° 49.60

Table 4-2. Parameter values used and obtained in the analysis.

Ionic radius (nm) [Refs.] Effective charge
H20 1.38 (23, 24] -0.25 + 0.03
Am(11) 1.106 [201] +3%
Th(IV) 1.08 [21] +4%
uav) 1.05 [21] +4.46 + 0.04
Np(IV) 1.02 [21] +4.46*
Pu(IV) 1.01 [21] +4.46*

Dielectric constant:
themselves)

16.49 + 1.73 (for others)

12.10 + 1.20 (for ligands holding central actinide ion between

* Hold in the analysis.
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Fig.2-1 X-ray powder diffraction spectrum of the solid compound compared with the
data of UO2* xH>2O0.

—@—pH = 13.66
~— pH = 1352
-A—pH = 1341

--¥--pH = 12.90

—W—pH = 13.84
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Fig.2-2 Time dependence of U(IV) concentrations.
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Fig.2-3 Results of solubility measurement of U(IV). Marks are experimental

and curves are the least-squares fitting of the data to Egs. (2-4) and (2-7).
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Fig. 3-1 Variation of solubility product values of tetravalent actinide hydrous
oxides. Line represents the least squares-fit of our data, giving logK°,
= -54.85 for NpO,-xH,O0.
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Fig.4-1 Application of the improved hard sphere model to hydrolysis constants
of Am(IIT), Th(IV) and U(IV). Marks are experimental, and curves
denote the least-squares fit of the P, data to the model. See text for

details.
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Fig.4-2 Comparison of measured and calculated solubility of U(IV). Marks

are experimental and curves calculated.
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Fig.4-3 Comparison of measured and calculated solubility of Np(IV). Marks

are experimental and curve calculated.
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Fig.4-4 Comparison of measured and calculated solubility of Pu(IV). Marks

are experimental and curve calculated.
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