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SUMMARY OF LITERATURE SOLUBILITY STUDIES 

1.0 INTRODUCTION 

To obtain relevant solubility data on the actinides of interest, a literature search was conducted 
and solubility studies on actinide-bearing solids (e.g., Pu(OH),, UOJ were compiled into a data 
base. The data base Attachment 1 contains records that provide information on the solid phase, 
solution composition, solution description (e.g., dilute, saline or brine), actinide concentration in 
solution, pH, Eh or atmospheric conditions, temperature, equilibration time of the experimental 
run, method employed to determine the solubility (e.g., equilibrium approached from an 
oversaturated solution, calculated with a geochemical code, etc), and reference for the study. 
Most of the results tabulated in Attachment 1 are presented graphically for the actinides Thorium 
(Th), Uranium (U), Neptunium (Np), Plutonium (Pu), and Americium (Am) in coordinates of log 
molar concentration (molar (M) = moledliter) versus pH. 

2.0 THORIUM 

Thorium is only stable in the IV valence state in the natural environment. Solubility is usually 
controlled by thorianite WO,). Th(OH), may initially precipitate from an oversaturated solution, 
but it will age to the more stable Tho, (Brookins, 1988). 

Figure G-1 summarizes data on Th solubility in saline and brine chloride solutions as reported by 
Felmy et al. (1991). The solubility of the Th precipitate decreases approximately 6 orders of 
magnitude over the pH interval of 3 to 6, followed by a flattening of the trend above a pH of 6. 
Precipitates obtained from these experiments were analyzed by x-ray diffraction (XRD) techniques 
and found to be amorphous to x-rays until they had been aged for about a year. Some of the 
372-day precipitate obtained from the 3M NaCl experiment displayed an XRD pattem similar to 
crystalline Tho,. However, these samples do not show significantly different solubilities, and 
Felmy et al. (1991) concluded that an amorphous phase still controls the solubility despite the 
presence of some crystalline precipitate. 

Based on thermodynamic solubility calculations at 25OC and 1 atm in dilute solutions (e.g., 
Langmuir and Herman, 1980), the thorianite (crystalline Tho,) solubility trend lies 4 to 5 onlers 
of magnitude below the trend of the amorphous hydrous Th oxide indicated on Figure G-1 . As 
Th occurs in transuranic waste primarily as oxides (Weiner, 1995). and the hydrous Th oxide is 
more soluble than the crystalline oxide form, solubility data on Figure G-1 represent a 
conservative (upper bound) estimate of Th solubility. 

3.0 URANIUM 

The dominant valence states for U in the natural environment are IV and VI. Uranium (VI) is 
much more soluble that U (W), and has a strong affinity for carbonate complexation. Important 
solubility-controlling minerals include uraninite (UO,) for U (IV), and schoepite (UO3*2H,O) for 
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Figure Q-1 
Hydrous Th(lV) Oxlde Solublllty as a Functlon of pH for dllute and Brine Solutlons 
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U (VI). The presence of organic materials and corrodable metals in the repository environment 
will probably restrict U to the IV state. 

Figure G-2 summarizes U solubility data for uraninite (UO,). Solubility data reported by Parks and 
Pohl (1988) for UO, at 100 and 150°C in dilute NaCl solution (0.1 M) indicate a decrease in the 
concentration of U from -7 to -9.5 log M as pH increases from 1 to 7. Gray (1986) investigated 
the solubility of unirradiated UO, fuel-rod pellets in a saturated NaCl brine of pH 6.2 to 6.4 and 
reported U concentrations of -7 to -8 log M, about 1.5 to 2.5 orders of magnitude lower than UO, 
solubility values in dilute NaCl solutions. The solubility data of Gray (1986) serve as a 
conservative estimate of U concentrations in Salado brine, because the solubility of UO, increases 
with temperature and the solubility data were obtained at elevated temperatures, relative to the 
ambient temperature of about 30°C in the WlPP repository horizon. 

Figure 6-3 summarizes U solubility data for schoepite (U03*2H,0) in HCIO, solutions at 25°C. 
Krupka et al. (1985) obtained solubility data that indicate a decrease in the U concentration from 
-2 to -5 log M as pH increased from 3 to 9. This trend was followed by an increase of similar 
magnitude in the U concentration over the pH interval of 9 to  12. Bruno and Sandino (1989) 
conducted solubility experiments with amorphous and crystalline UO,-2H,O, which show the 
amorphous schoepite to be one to two orders of magnitude more soluble than the crystalline form. 
Solubility studies for schcepite in saturated NaCl brine were not found. However, based on the 
studies presented on Figure G-2 for UO,, it is expected that schoepite solubility in Salado brine 
will be 1 to 2 orders of magnitude greater than the dilute solution data on Figure G-3. 

4.0 NEPTUNIUM 

The dominant valence states for Np in the natural environment are IV, V, and VI. As is the case 
with U and Pu, Np solubilities are highly dependent on valence state. Np (IV) is expected to 
dominate in the reducing repository environment, with solubility being controlled by crystalline 
NpO,. Other forms of Np (IV) such as amprphous NpO,, NpO,*xH,O, and Np(OH), will age to 
crystalline NpO,. An important Np(V) solubility-controlling phase is Np0,OH. 

Figure 6-4 summarizes Np (IV) solubility data for NpO, and NpO,*xH,O in dilute solutions and 
NaCl brines. The studies of Rai and Strickert (1980) and Rai et al. (1982) at 25'C show a 
decrease in Np concentration from -5.5 to -6.5 log M as pH increases from about 2 to 6. The 
data of Kim et al. (1985b) were obtained in 1M and 5M NaCl solutions at 20 to 25' C. The runs 
at pH of 5 to 6 resulted in Np concentrations of about 4.5 log M, and those at a pH of 7.5 to 
8 show a Np concentration of about -6 log M. Ionic strength does not appear to affect the 
solubility of Np in these 1 M and 5M runs, but a comparison of these data over the pH range of 
5 to 6 with the data of Rai and Strickert (1980) suggests the solubility of NpO, is increased by 
about 1.5 orders of magnitude in NaCl solutions of moderate to high ionic strength. 

Pryke and Rees (1987) investigated the solubility of NpO,*xH,O in solutions equilibrated with 
concrete at ambient temperature. Results on Figure G-4 show an apparent decrease in the Np 
concentration of about one-half log unit as the pH increase from 10 to 13. Comparing the studies 
of Pryke and Rees (1987) and Rai and Strickert (1980), it appears that the data of Pryke and 
Rees (1987) anchor the projected trend of the data of Rai and Strickert (1980). 
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UO, Solublilty as a Function of pH for Dllute and Brine Solutions 
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U03:2H20 Solubllity as a Function of pH for Dilute Solutions 
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Np02 Solubility as a Function of pH for Dilute, Saline, and Brine Solutions 
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Results for Np (V) solubility studies are plotted on Figure G-5. Ewart et al. (1985) investigated 
the solubility of Np0,OH in cement-equilibrated water. Results for this study illustrate a rapid 
decrease in the Np concentration from about -5 to -9.5 log M between a pH of 9 to 13. Solubility 
studies on Np0,OH in NaCIO, and NaCl solutions were conducted by Kim et al. (1985b) at 20 
to 25°C. Results for Np0,OH in 1 M NaCIO, indicate a decrease in the Np concentration from -2 
to -6 log M over the pH interval 6 to 11 ,  followed by increasing Np concentration over the pH 
interval of 11 to 13. The solubility of Np020H in 1 M  and 5M NaCl solutions is about 2.5 orders 
of magnitude lower at a pH of about 6.5, relative to the 1 M  NaCIO, study. This suggests that Np 
(V) may be reduced to Np (IV) in the NaCl solutions, resulting in solubility control by NpO, rather 
than Np0,OH. Additional solubility studies by Neck et al. (1992) with Np0,OH in dilute solution 
and 1 M and 3 M  NaCIO, solutions indicate decreasing Np concentrations as pH increases from 
about 7 to 11.5 followed by a rise in the Np concentration as pH increase to 14. In comparing 
the dilute and 3M brine results of Neck et al. (1992), it is of interest that the 3M results indicate 
Np020H solubility is about an order of magnitude lower in the brine relative to the dilute solution, 
which is in contrast to results presented on Figure G-4 for NpO? 

5.0 PLUTONIUM 

Plutonium displays the most complex behavior of the five actinides of interest because of the four 
(111, IV, V, and Vl) possible valence states. In a reducing environment, the solubility-controlling 
phases are probably Pu(OH),, PuO,*xH,O, Pu02, or Pu(OH),. Pu may be controlled in an 
oxidizing environment by PuO,(OH),. 

Figure G-6 summarizes Pu (111) solubility data. Rai et al. (1987) measured the Pu concentrations 
in deionized water and Permian Basin brines at 23OC in contact with amorphous pSPu(OH),. 
Results for runs with deionized water show a decrease in Pu concentration from about -3.5 to -10 
log M as pH increases from 6 to 9, followed by a flat data trend between pH 9 and 13 that 
indicates a Pu concentration of about -9.5 log M. A similar trend is observed for Pu concentration 
in Permian Basin brine, although the Pu concentration appears slightly greater above a pH of 7 
relative to the deionized water runs. Based on the measured pH value for the Permian Basin 
brines, the solubility of =Pu(OH), does not appear to be affected greatly by changes in ionic 
strength of the solutions. However, Felmy et al. (1989) presented the preliminary data of Rai et 
al. (1987) with pH values of the Permian Basin brines recalculated to account for the difference 
in liquid junction potential between the solutions and standards. The recalculated pH values were 
one to two pH units greater than the measured values, which shifts the =Pu(OH), sample points 
in Figure G-6 to the right and suggests the amorphous hydroxide is two to three orders of 
magnitude more soluble in the brines at the recalculated pH, relative to deionized water. 

Pu(OH), solubility data for dilute solutions and a NaCl saturated brine are given on Figure G-7. 
Ewart et al. (1 985) investigated the solubility of Pu(OH), in cementequilibrated water over the pH 
interval of 7 to 13. Their results show a decrease in Pu concentration from about -5.5 to -10.5 
as pH increases to 12. Rai et al. (1980) presented results on the solubility of amorphous 
usPu(OH), at 25°C that show Pu concentration decreases from about -4.5 to -7.5 log M as pH 
increases from 3 to 8. Flambard et al. (1 986) conducted experiments on the solubility of Pu(OH), 
in H20 saturated with NaCl at 23°C over a pH interval of 1 to 10. Their limited data set show no 
significant difference in solubility relative to data sets obtained with dilute solutions at a pH of 
about 5. However, the comparison of the data sets at pH 10 indicates that the Pu concentration 
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is about two orders of magnitude greater in the brine relative to the dilute solution used by Ewart 
et al. (1985). 

Figure G-8 summarizes solubility studies carried out by Kim et al. (198s) and Kim et al. (1985b) 
with usPuO, in dilute solutions and NaCl brines. The solubility of 238Pu0, in a 0.1 M NaCl solution 
decreases sharply from -5.5 to -7 log M over the pH interval of about 3 to 3.5, followed by an 
apparent increase in Pu concentration to about -6 log M as the pH rises to 5.5. Data points for 
the 3M and 5M NaCl brines indicate an increase in Pu concentration as pH increases. These 
observed trends are the opposite of most actinide solubility trends, which show decreasing 
actinide concentrations with increasing pH. Kim et al. (1985a) attributed the enhanced solubility 
to radiolysis effects and colloid formation. 

Solubiiity data for p9PuOz are summarized on Figure G-9. The data reported by Rai et al. (1980) 
on u9Pu0, solubility in dilute solutions shows a decrease in Pu concentration from approximately - 
5 to -9 log M as pH increases from about 3 to 8. Solubility data reported by Kim et al. (1985b) 
for pePuO, follow a decreasing trend that is parallel to the data of Rai et al. (1980) but at Pu 
concentrations that are one to two orders of magnitude lower over the pH interval of 4 to 6.5. The 
large difference in the solubility of p9Pu0, obtained by these two independent studies may be due 
to variation in the degree of crystallinity of the z"PuO, solid used in the experiments. Additional 
solubility studies with uoPuOp were carried out by Kim et al. (l985b) using 5M NaCl solutions, and 
these data plot below the dilute solution data obtained by Kim et al. (1985b) between pH 3.5 and 
5 but then converge around a pH of 7. 

Data on the solubility of PuO,*xH,O and paPuOz(OH), in dilute solutions are summarized on 
Figure G-10. Pryke and R e e s  (1 987) examined the solubility of PuO,*xH,O in cement-equilibrated 
solutions adjusted to selected pH values with HCI. Their data show a sharp decrease in Pu 
concentration from about -6 to -10 log M as pH increases from 7 to 9, followed by a shallow 
decrease as pH rises to 12. Solubility data for Pu (Vl) was investigated by Kim et al. (1985b) 
using 2"P~0,(OH),. The data of Kim et al. (1985b) indicate a decrease in the Pu concentration 
from about -4 to -8.5 as the pH increases from about 5.5 to 10. Above a pH of 10, the solubility 
trend for usP~O,(OH), shows a slight increase in Pu concentration. 

6.0 AMERICIUM 

Americium can be present in the natural environment in the 111, IV, and V valence states. The 
valence state with the largest stability field is the 111 state. 

Figure G-1 1 summarizes data on the solubility of Am(OH),. Rai et al. (1983) investigated the 
solubility of amorphous 241Am(OH), in dilute solutions adjusted with HCI or NaOH to set pH, and 
the solubility of amorphous 2*3Am(OH), in a pure H,O solution that had pH adjusted with HCI or 
tetrapropyl NH,OH. These data sets indicate a decrease in Am concentration from approximately 
-4 to -10 log M as the pH increases from about 7 to 10. Above a pH of 10, the trend of the 
plotted solubility points is essentially flat, and the Am concentration is maintained at around 
-10 log M. 

Kim et a1 (1985b) examined the solubility of Am(OH), in a 0.1M NaCIO, solution and their data 
follow a trend similar to the data of Rai et al. (1983). but for a given pH the solubility data of 

-- \ 
AL/OB-95/WPEACBS'R3744.G G-1 1 763435.01 10/12/95 5:Sprn 



-5.0 

-8.0 

c 

2 
J! 

-7.0 

G) 
A 
h) 

-8.0 

Figure Q-8 
23*Pu02 Solubility as a Functlon of pH for Dilute and Brine Solutions 

0 

0 
0 0 0  

. A 
0 

A 8 0 . 
0 .. + 0 

+ 
0 .  . o*~~PuO,, Kim et at. (l985a) 

0238Pu02, Klm et at. (1985b) 

Az38Pu02. 3M NaCI, Klm et al. (1985a) 

+238Pu02, 5M NaCI, Kim et al. (1985a) 

e23BPuOz, 5M NaCI, Klm et al. (1985b) 



-5.0 

-6.0 

-7.0 

-10.0 

-1 1 .o 

A 
A A 

E 
8 .  

O 0  

0 

0 
0 

00 

A A  

A 

0 
0 

0 

0 0  

0239Pu02, Kim et al. (1985b) 

0239Pu02(c), 90 days, Re1 et el. (1980) 

0239Pu02(c), 130 days, Rai et al. (1980) 

An9P~02,c~, 250 days, Ral et al. (1980) 

A239Pu02, 5M NaCI, Kim et al. (1985b) 

0 

0 0  

0 

0 0  
0 

0 A 
A 

3' 4 5 8 

PH 

7 8 

Figure Q-B 
23@Pu02 Solubllity as a Function of pH for Dilute and Brine Solutions 



0 0 0  -5.0 
m 

0 

ono 0 

0 

0 

0 

OPuO,:xH,O, Pryke and Rees (1987) 
023BPu0,(OH)2, Kim et al. (1985b) 

0 0 
O 0000 

0 
0000 

00 

0 

-11.0 1 

9 I6 11 12 13 14 5 8 7 8 

pH 

Flgure 0-10 
Pu02. x H20 and PuOp (OH), Solubilities as a Functlon of pH for Dllute Solutions 



-3.0 

-4.0 

-5.0 

-6.0 

-7.0 E 
8 
cj 5 -8.0 

+? c. 
- 

-9.0 

-10.0 

-11.0 

-12.0 

024'Am(OH)3(a), Ral et al. (1983) 

0243Am(OH),(a~, Rai et al. (1983) 

AZ4'Am(OH),. Kim et al. (1965b) 

XAm(OH),, Ewart et al. (1985) 

OAm(OH),, Ptyke and Rees (1987) 

mAm(OH),, sat NaCl, Flambard et al. (1966) 

9 10 11 12 13 14 5 6 7 8 

PH 

Figure 0-1 1 
Am(OH)3 Solubility as a Function of pH for Dilute and Brlne Solutions 

?sol07 crl.M.W.Q%d A? 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

Kim et al. (1985b) are about 0.5 to 1 order of magnitude lower (Figure G-11). This may indicate - 
that the hydroxide used by Kim et al. (1985b) was aged to a microcrystalline form, relative to the 
amorphous form used by Rai et al. (1983). 

Ewart et al. (1985) investigated the solubility of Am(OH), in cement-equilibrated solutions and 
their results show an abrupt decrease in the Am concentration from about -8 to -10 log 
M between a pH of 10.5 to 11 (Figure G-11). The data of Pryke and Rees (1987) were also 
obtained with cement-equilibrated solutions and their results closely follow the trend of data 
reported by Ewart et al. (1985). 

Flambard et al. (1986) reported limited data on the solubility of Am(OH), in a saturated NaCl 
solution (Figure G-11). Their two data points on Figure G-11 suggest a slight decrease in 
solubility as pH increases from 5.5 to 10. Based on their data point at a pH of 10, the solubility 
of Am(OH), may be 1.5 to 3 orders of magnitude greater in saturated NaCl brines relative to dilute 
solutions. 

Figure 6-12 summarizes solubility data for the Am (IV) and Am (V) solids.AmOz, Am020H, and 
AmOHCO,. Kim et al. (7985b) reported limited data on AmOz in 0.5 and 5M NaCl solutions over 
the pH range of 3.5 to 5. The overlap of data point at a pH near 4 suggests that ionic strength 
does not have a strong effect on the solubility of AmO, in this pH interval. Kim et al. (1985b) also 
looked at the solubility of AmOzOH in 5M NaCl solution, and their results indicate a decrease in 
Am concentration from about -4 to -8 over the pH interval of 8 to 13. 

Solubility studies on amorphous AmOHC03 carried out by Pryke and Rees (1987) show a 
decrease in Am concentration from about 4.5 to -7.5 as pH increases from 7 to 9.5 
(Figure G-12). Similar studies carried out by Felmy et al. (1990) indicate significantly lower Am 
concentration of -8 to -8.5 log M over the pH range of 7 to 9, due to the aging of their precipitates 
to crystalline AmOHCO,. The convergence of these independent data sets at a pH near 9.5 is 
due to the instability of AmOHCO, above a pH of 9.5 as Am(OH), becomes the stable phase. 
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AmOHC03, Am020H, and Am02 Solubilities as a Function of pH for Dilute and Brine Solutions 
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. L X G  
ATTACHMENTI1 

SOLID 

norphoua 241arn(ah)3 

notphous 241am(oh)3 

norphous 243arn(oh)3 

nocphous 243am(oh)3 

SOLUTION COMPOSITION 

h20+1.5E-3McacC? + hcl M naoh lo amal pH 

h2o+ I .SE-3McacI2 + hcl o! naoh 10 adjual pH 

h2o + hcl or lnlrapmpvl nh4oh lo sdjurl pH 

h20 + hcl n lslrapmpyl nh4oh 10 aqusl pH 

EFERENCE 

11 el 81.. 1983 

11 el 81.. 1983 

)I el al.. 1983 

i i  81 al.. 1983 

m 81 81.. l985b 

1 

1 

- 
1.1 



APPENDIX Q 
AITACHMENT a1 

SOLID 

$larn(ah)3 

m(oh)3 

rn(oh)3 

ILUTION COMPOSITION 

!otO.lMnaclo4 

!o +0.1M naclo4 

!o 8alumled wllh nscl 

mwn-aqullibmlsd waler t hcl or naoh 

iFERENCE 

nelal.. 1985b 

Va, 1984 

imbard el al.. 1986 

vatl el al.. 1985 

- 
4.1 

__ 
1.1 



i 

SOLID 

l(Oh)3 

3amc03 (SB) 

-NDIX 1 0 
AlTACHMENT #I 

SOLUTION COMPOSITION 

delonlred waler equlllbraled wlth CNshEd cemenl. 

composIUon(M\: Ea+2=1€-2: nSr-5E-5; qtk;hE-@,  

cl4E-3; so4.2dE.3: w3-2=3E-5; pH312 pH adjualad wllh 

hcI or naoh. I I 0.04 M 

h2o + 0.01 M nahco3 

nlme 
ays) 

0.02 

BE 

NA 

NA 

0.02 
' 

NA 

Eh(mV) 
oralm 
200 mV In 

n2 alm m 
pH = 12 

10.3aIm 
C02 In AT 

sr+m2 a m  

a r t ~ 0 2  alm 

200 mV in 
n2almal 

pH = 12 

81 alm 

ILUTION IPH ISOLUBILIW I METHOD 
ESCRlPTlON I I (log M) I 
UlO 10 I 

I 
-8 oversslurallon 

ystalllne amohm3 

qslallina amohco3 

nohC03 

Hamo2oh 

h2o + O.1M nacW + E.3.5alm co2 

h2o + 0.1M naclo4 + 2E-3M co3 

delanlzed waler equlllbraled wllh cmrhed csmenl, 

composlllan(M): cat2=1E.Z: na+-5E.5 mg+2-5€8: 

cl-=2E-3; 004-2-3E-3: ~03.2-3E.5 pH.12; pH adjusled Wilt 

hcI or naoh. I I 0.04 M 

h2o t 5M nacl 

:FERENCE 

yke and Reas. 1887 

Iva, 1984 

Iva. I984 

yke and Rees. 1987 

m el al.. 1985b 

- 
1.: 

_. 

I,' 

- 

(11-3 



APPENDIX 0 
AlTACHMENTYI 

I 
W Solidiliad wilh bllumsn 
Mcmdoped PNL 78.BB glass 

lh2o 881 wlca(ohJ2.~a~ohJ2.nacl,~,dbp.Wa,clibox 
nacl brlns. WlPP brine 0 

wZxh2o deionlzad wabr aqullbmled wllh CNshed cement. 

composlllon(M): catZ=lE-2; nat-5E-5; mpt2=5E-6; 

c l4E-3;  a-2-3E-3; M3-2=3E.S: pH=12: pH adjusted wilt 

hcl or naoh. ID 0.04 M 

Ilnpdoped PNL 7688 glass nacl bdne. WlPP brlne 0 

Iinpdopsd PNL 76.68 glass h2ot1.5E-3Mcac12tE-3Mqulnhydmns + hcl or "soh 

EFERENCE 

m 81 01.. 1865b 

m el at.. 19856 

'estaikelal., 1883 

am and Kalllng. 1988 
'eslsikel al.. 1883 

iyke nnd Uses. 1987 

'eslslk el al.. 1983 

blelal.. 1882 



NP 
Np 
NP 
NII 
NP 
Np 

SOLID 

37np doped PNL 78.80  lass 
l7npdoped PNL 78.88 olass 

37nm2 

37npo2 

m20h 

w20h 
w2ah 
w20h 
w2oh 
3o2ah 
102oh 

. Lmxa 
ATTACHMENT ill 

@Cl REFERENCE 

25 Ralelal., 1982 
NA Ral and Strlcksrt. 1980 

25 Ralelal.. 1982 

NA Ral and Strickart. 1980 

25 Klm el 81.. 1985b 

25 Kim at al.. 1985b --I---- 
NA Ewart a1 al.. 1985 I- 

01-5 



APPENDIX Q 
AlTACHMENT I1 

37npo2oh 
37npo2oh 
37npoZoh (amorphous) 

SOLID ISOLUTION COMPOSITION 

h2o t 1M noel 
h20 t 5M nscl 
np237.10.30mp dissolved as npoZclo4 In 0 IM nscw 

* 
f alm 

- 
rQm 
r a m  

EFERENCE 

m el al.. 1985b 

metal.. 1985b __ 
m el el.. 1985b - 
Kkelal.. 1992 



. XDIX, 
AVACHMENT #I 

- 
1.20 

__ 
1.20 

__ 
1.20 

__ 
1.21 

.__ 

SOLID 

7npo2oh (amorphous) 

17npoZoh (aged. graywhlla ppll 

ioZxh20 

3LUTION COMPOSITION 

1237.10.30mg dliaoived on npo2clc.4 In 1.OM nacM 

>237.1O-XImg dlaaotved as npo2clc.4 In 1.OM naclo4 

1237.10-3Omg dlssolwad as npo2clc.4 In 3.OM nacw 

rbnlred water qullibmted wllh crushed cemenl. 

imposlllon(t.4): ca+2rl E.2; nat-5E-5; mgf2-5E-8: 

4E-3;  &-2=3€-3; co3-2=3E-5; pH=12; pH adivsled wHh 

:I or naoh. I = 0.04 M 

-9.9 

.9.9 
-10 

GI-7 

iFERENCE 

ffikelnl.. 1992 

ickelal.. 1992 

1ck el at.. 1992 

yke and flees. 1987 



APPENDIX 0 
ATTACHMENT Y1 

XINIDE 

u 

" 

SOLID SOLUTION COMPOSITION 

puo2xh20 dalonlzed waHr equllullibreled wllh crushed camenl. 
composlllon(M): ca+2-lE-2: nat-5E.5; mgtZr5E.B: 
cl.=2E-3: so14=3E.3; co3.2=3E-5: pH.12: pH adjusled with 
hcI or naoh. I = 0.04 M 

239pu-doped PNL 76.68 glass nad btine. WlPP brine B 

amorphous 239pu(oh)3 h2o t hcl or naoh lo adjusl pH 

" 

!o + hcl or naoh lo adlusl pH 

BBI t hcl or naoh lo adjust pH amorphous 239pu(oh)3 

alm 
1w mv In 
6XhZ elm 
pH-12 



EFERENCE 

01 el 81.. 1987 

alstal.. 1987 

al el al.. 1987 

11 el al., 1987 

m el al,, i985a 

m 91 81.. 1985s 

melal.. 19858 

m 81 SI.. isma 

m el al.. 19858 

m el 81.. i985b 



APPENDIX G 
AlTACHMENT #I 

ACTINIDE 

PU 

PU 

SOLID SOLUTION COMPOSITION 

238pu02 h2ot 0.1Mnacl 

238pu02 h20+5MnacI 

24 

25 

25 

'7 21 Klmel 81.. 1985b 

Kim 01 al.. 1885b 

Ral 01 al.. 1980 

Ral SlSl.. 1980 

P" 

P" 

PU 

210 

239pu02 h2ot5Mnacl 

239PU02(C) h2o+O.W15Mcac!Z 

239PU02(C) hZo+O.W15Mcac!Z 



- 
ACTINIDE 

P" 

Qu 

__ 
__ 

- 
P" 

- 
P" 

- 
pu 

pu 
pu 

P" 
P" 

P" 
P" 
P" 

__ 
P" 

)NO,, D 
A1 irCHMENTI1 

EFERENCE 

sl nlal.. 1980 

ni nlal.. 1880 

ray, 1988 

my. 1988 

- 
4, 
4, 
4, 
4, 
4. 

4. 
4. 

4. 

- 

- 
4.' 



APPENDIX 0 
AlTACHMENT #I  

ACTINIDE 

~p I(Oh)4 

3LUTION COMPOSITION 

!o+O.W15Mcac!Z 

imenl-equlllbralad wtar + hcl or naoh 

2LUTION 
ESCRlPTlON 
lute 

lute 

Iub 

.7.0 

-10 
10.3 -10.1 
10.9 .10.4 

-10.3 
11.7 -10.5 

loss al ill., 1989 
mss at El., 1989 
lossalal., 1989 
msselal., 1989 
ross alal., I989 
mss 01 .I., I989 
ross aI ah, 1989 
loss a1 81.. 1989 
!as nl al.. 1989 
loss nt a!., 1989 
ross 01 al,, I989 
rosl elal., 1989 
ross 01 01.. I989 
loss a1 al., 1989 
loss at 01.. I989 
ass nl 81.. 1989 
'0110 el al., I989 
ross Olal., I989 
loss nI 81.. I989 
loss nl al.. I989 
toss nt a!.. 1989 
toss nl al.. I989 



SOLID lSOLUTlON COMPOSITION Ollms 
lays) 

0.02 
0.02 

NA 

NA 

NA 

NA 

NA 

NA 

orianile-tho2 h2o 

oI1anite-lhoZ h2o+ lppm(c2M(oxalale) 

orlanlls.tho2 h2ot0. 1ppmlEDTA 

orlanlts.lha2 h2o+0.2ppm(l 

orlanils.lho2 h2o+o.ippm(po4 

Eh(mV) 
oralm 

2w 
2w 

ar alm 

NI 

NI 

NI 

NI 

' NI 

I 

EFERENCE 

'033 at al.. 1989 
'ass 81 01.. 1989 
m el 81.. i985b 

ingmulrsnd Herman. 1980 

ingmuirand Herman. 1980 

ingmuirand Henan. 1980 

lngmuir andHerman. 1980 

ingmuirand Herman. 1980 



APPENDIX G 
A3TACHMENTII 

XINIDE 

h 

h 

I 

I 

, 

SOLID 

Ihorlanlls.lho2 

lhorlanile-Lo2 

hydrous thorium (IV) oxide 

hydrous lhorlum (IV) oxlde 

hydrous lhorlum (IV) oxlde 

3LUTION COMPOSITION 

!oilWppm(ao4 

! o * l ~ p m ( c l t 2 . 6 ~ m ( n ~ + l ~ m ( a 0 4 + O . 3 p p m ~ l + O . l ~ m  
04 

!o t O.8M KCI 

!o + O.8M NaCl 

!o + 1.2M NaCl 

JLUTION pH SOLUBILITY MEMOD 
ESCRIPTION /log M) 
U b  2. 4 .5  cabulalad 

4 cabulalad UI0 2 
5-7.6 .14 

4.09 

5.83 -8.39 
8.38 
6.78 

7 aralm I- 
? ar a m  r- 

lFERENCE 

lngmulr and Herman. 1881 

inomuir and Herman, 1981 

ilmy el al.. 1991 

8Imyelal.. (991 

L . 4  



k,,, 0 
ATTACHMENT I1 

SOLID 

rdmus lhonum (IV) oxide 

‘ y - 1  

rdmus thorium (N) oxide h 

SOLUTION COMPOSITION 

h20 + i.2M NaCl 

h2o + 3M NaCl 

IFERENCE 

ilmy el al.. Is91 

dmy elel.. lwl 

Ql-15 



APPENDIX 0 
ATTACHMENT # I  

snlnileu02 

anlnlle-uo2 

snlnileuo2 

aninHeuo2 

anlnile.uo2 

anlnle-uo2 

~nlnlle-uo2 

BnlnIle-uo2 

, 

h2o 

h2otE.2almPw2 

h2orE-3.5alrnPw2 

h2oiE.2almPco2iE.8M~~ 

h20t0.11125Mhcl 

hZootl.51 E-3Mhcl+O.M)8Mnacl 

h20+1.22E.3Mhcl 

h20+9.36BE.SMhcl 

SOLID 

dmus lhodum IN) oxide 

IUb 

IUI. 

IUIO 

I3wdoped PNL 78-88 g1a.w 

1 .M .7.022 
2.92 4.462 undsrsalurallon NA h2=50MPa 
2.92 -8.733 
2.83 .8.598 undeffialurallon NA h2=50MPa 
2.93 -8.786 
5.03 -8.704 undersalurallon NA h2=50MPa 

DLUTION COMPOSITION 

20 + 3M NaCl 

nnlnile.uo2 
snlnlIeuo2 

aninile.uo2 
afi"na.uo2 

nacl brine. WlPP brlne0 

h20+1.138E-3Mhcl 
h2o 

h20+0.01097Mhcl 
h2~1.26E.3Mhcl 

I 
nnlnlle-uo2 lh20+9.368E-8Mhcl 

-8.557 I I I 
IUb I 5.02 I .9.733 lundersalurallon I NAlh2=50MPa 

EFERENCE 

llmy 81 el., 1991 

1 

- 
.12.13: 



-NDIX 1 Q 
ATTACHMENT 11 

I I I 1.6 I I I I I I 
IdlluIe I 2 E 4 1  -8.838 lundsrsalumlbn I NAlh2-50MPa I 200 IPalXssnd Pohl. I988 3.4 
Idlluls I 3.59 I .9.034 lundemlurallon I NAlhZ-SOMPa I 2W IPslXsand Pohl. I988 I 3.4 
ldllule I 2.35 I 4.LW5 IundersaIumllon I NAlh2~50MPa I 200 IPslXr and Pohl. 1988 3.4 

U lumnmns.uo2 ~h2o*3.07EQMhc1~0.0889Mnacl 
, u  I"R"l"lle.UO2 ~h2ot3.17MMhcI+O.O992MnacI 
U ~h20*0.0801Mhc1~.038Mnacl 

G1-17 



APPENDIX Q 
ATTACHMENT a1 



. XDlXI3 
AITACHMENT at 

? 

3LUTION COMPOSITION 

! O + E ~ ~ . ~ I ~ P C ~ ~ + E ~ M ~ + E B M I ~  

!o + hcb4 or Ielrarnethyl nh4oh 10 adlual pH 

!o + hcb4 or lelramelhyl nh4oh to adjust pH 

!o + 0.5M nacb4 

!o + O.SM naclo4 

g1-19 



APPENDIX a 
AITACHMENT a1 

- 
I .ndZU207 h20 MI wl~lohl2.le(oh)2, and nacl 

SOLID 

ho~pI l~~o3.2h20(~)  

SOLUTION COMPOSITION 

h2o + 0.5M naclol 

I na2u207 
I na2u207 
I na2u2o'l 
I na2u2o7 
I na2~207 
I Irsshly dbclad q s n l  lud 

EFERENCE 

uno and Sandino. 1909 

h20 MI wl caloh)2,leIoht2. nad and lBP 
h20 MI wl caloh)2. f~(ohl2, nacl and DEP 
h2o Sel wl caloh)2. felohk?. nacl and EDTA 
h2o MI wlnloh)2. leloh)2, nacl and cllmle 
h2o MI wl Ulohl2. k(ohl2. nacl and omlab 
PBE1 

my. I906 I 

ray. I900 

prevloualy dbclad span1 IueI PEE1 

I "02 PEE1 
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NOTES 
1 =data oblalned Imm graphical results 
2 = concenlrallon In I8A lliirale 
3 i concenlrallon In 2WOA lllrals 
4 =dam oblalned lmm labulaled resulls 
5 = c~1cen4mllon In ISDA Illlrale 
8 I some ~olullons mnlalnsd lomg caco3 
7 = E O ~ C ~ ~ U O ~  10 IOA tinrate 
8 I In pH salulions <7* essenUdly all am(oh)3 dswbed 

1.e.. maximum amt3 I E-3 
9 = pH 01 sample not reporled. lnltlal p n  = 6.2 to 8.4 
lo = cancanlralbn In 20A llflrale 
1 I = PEW Is similar lo BSEP brines 
12 = nanlllldred sol~llons addllled wllh HN03 
13 = log M calculated lrom nonnalhed release value 
14 = glass wl  loss Increased llnearb, wllh llms 
15 = concenlrallon In IWOA llllrale 
16 = aclinlde conc In Mlullon delenlned by dlllsrence 

between added conc and aclivlly 01 1BA fillemd ppl 
17 = llllei slze unknown 
18 =no details on the expedmanlal condlllons 
19 = comanlrallon In 13A fillrate 
20 = concenlrallon In 22WA 1111rale 
21 = ullralillrallan noted; slze unknown 
NA i no1 available 

.#rid W. Slower, 198513. Chamlsches Vehallen VOn Np. Pu und Am In vershledenan konmnltiellen Salmsugen, 
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