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over a period of time, especialfy cyclic changes, c a selective dissolution and re 
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the calcium content of the solution is consumed; (2) analysis of the liquid layer becomes so infrequent 

that the increase in soluble carbonate goes undetected; (3) a sufficient period of time passes that the slow, 

unstirred equilibration of the aqueous carbonate liquid is able to dissolve uranyl compounds in the sludge 

and saturate the solution (correction for a high soluble carbonate situation would be a simple matter of 

adding calcium ions through either calcium oxide or nitrate); and (4) a sufficient temperature gradient 

exists that the saturated actinide carbonate precipitates and the process cycles continuously across the 

gradient* 

While this is the most plausible series of events that could lead to a separation of the actinides, other 

processes were considered as well. These included extraction processes in separate organic phases or 

onto adsorbing media and other complexation reactions. None of these were regarded as possible under 

the present operating and storage conditions for the MVSTs. The details of this study are given in this 

report. 

It must be emphasized that these findings are not a cause for alarm with regard to the present procedures 

regarding the W S T s .  They should be used only to increase awareness of potential problems that, 

although unlikely, could possibly result under certain chemical conditions. 
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1. LNTRODUGTXON 

id waste (LLLW) at the Oak Ridg 

om evaporators and from elution 

aboratory (ORNL) consists of various 

xchange columns, as well as solutions from 

laboratories and chemical processing ope 

LLLW is ultimately stored in tanks such as t 

description of the MVST facilities is provided in 0 

with the facilities being used to temporarily ho 

and then to serve as feed tanks for the h 

ST have become a t e  

e and actinide ele 

torage Tanks (M 

M-10218,' which traces a history that began 
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until an alternate dis 

ate disposal at the Waste I Current plans are dir 

analyses of the tanks 

ysis of representative 

ety of chemical compone 

been listed in su roups as the Resourc 

Ea, Cd, Cr, 'Ni, and Pb), process metals ( 

overy Act (RCRA) metals 

nd Zn), semiquantitative metals, 
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rganic and inorganic) d physical properties 

io of chemically si es to fissile isotopes. 

mium and plutonium (typ recently increased8 to 
harged into the LLL 

unication' described eon icality safety and the need 

to support the assumption that thorium wi 

Iikely to be encountered in the active LLLW s 

onium and uraniu 

L Criticality Review 

to determine wh nded that a formal i 

plutonium would be su 

e investigation shou 

ly similar to ensure that 

es that produced the 
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the LLLW tanks, the tank chemistry as it is today, and what processes are expected to be to discharged 

into the LLLW system in the future. It was also suggested by the committee that the scope of the study 

be expanded to include separations other than just thorium from uranium and uranium from plutonium. 

A memorandumg has already been issued in response to the committee request. The current report 

provides details of the study leading to the conclusions stated in the memorandum. 

2. SCOPE 

The approach to this study was to consider the chemistry in light of the contents of the tanks and possible 

additions that might be made in the future. The goal was to identify possible chemical mechanisms that 

might result in separation of the actinides Th, U, and Pu. Chemical reactions of the tank contents causing 

changes in the oxidation states, hydrolysis or complexation, possible extraction into irnniiscible phases, 

and reactions with atmospheric components were all considered. These actinide elements can, in fact, be 

separated, and schemes within the laboratory can be devised to accomplish this. Based on this 

understanding, the tank chemistry was considered with regard to determining the necessary separations 

routes. 

Standard separation mechanisms typically involve extraction, precipitation, or volatilization. The latter 

is not possible in the case of the aqueous actinide systems and was not considered as part of this study. 

Extraction would depend on a separate phase of sufficient concentration to selectively remove one of the 

actinide components from the others. While used extensively for laboratory separations processes, the 

release of significant amounts of immiscibIe organic components into the LLLW system is carefully 

controlled. No separate organic phase (solid or liquid) is expected to occur, and thus extraction is 

considered to be highly unlikely. These processes are generally quite sensitive to changes in redox 

potentials. The oxidation states considered here were Th(IV), U(VI), Pu(lV), and Pu(VI). The U(IV) 

and Pu(II1) species were not considered because they would be formed only under highly reductive 

conditions not present in the tanks. The Pu(V) species, while typically occurring in the environment 

under extremely dilute conditions, would not be expected to occur in the waste tanks at the 

concentrations present and, therefore, was also not considered here. 

4P 

Dissolution-reprecipitation processes are by far the most likely routes for actinides to “auto-separate” 

within the waste tanks given the existing chemical composition. Dissolution processes would most 
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readily be driven by complexants that might have been added during treatment and disposal processes or 

by contact vvith the environment. The most 
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.4,k 

on with other complexants was 

some of these could be discharged into the 

To iIlustrate the solubility behavior of the 

dues, calculations were perfo 
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M concentration of t  

.: The uncomplexed carbonat among three species, CO,'(aq),s: 3 9  

and CO,', according to the pH of the solution. d, with their associa 
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US represent total c rganic carbon, as we 

'(aq) is the total dis 
forms HCO,- and CO, . 

hich *+ ++Where, according to the notatio 
nd H,CO, but does no 
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CO,'(aq) + H,O * H+ -+ HCO,- K, = 4.48 x io-' (1) 

Calculated solubilities of Th, U, and Pu hydroxides and of Th-U-Pu mixed hydroxides at a 1 .O MTC over 

a pH range of 8 - 14 are presented in the following section. Values of all equilibrium species at 1 .O M TC 

and estimated metal hydroxide solubilities at ambient CO, pressure (0.00033 atm) are presented in the 

appendix. 

3. COMPLEX4TION WITH CARBONATE IONS 

3.1 INCREASED SOLUBILITY OF T h o  BY COMPLEXATION WITH COS= 

The Th(1V) hydroxy-carbonato species and equilibria considered for the calculations were the following: 

OX" 

or 

and 

Th(OH),(s) * Th4' -+40H-, 

Tho, xW,Q(s) Th4+ + 4QH- + (x - 2)H,O 

Th4+ + 560,' * [Th(C0,),]6-, 

ThO,(s) + 4H'+ 5C0,' [Th(C0,),I6- 

ThO,(s) + H*+ CO,= -+ M20 [Th(OH),(CO,)]-. 

(3 a) ' l2 

(3b)13 

(4a) 14- 

(4b)'&I6 

(5)'"-16 

Some of the reported values"*'* for the solubility product (KJ for Th(OW),(s) at 25°C were lo-,' and 

the calculated13 K,, for Tho, was 4.0 x lo-''. The wide range of reported values for the s(sp is 

probably due to the varied characteristics of the hydroxide materials, ranging from almost completely 

amorphous to more crystalline materials. The more representative &, number for the actual solubilities 

will depend on the conditions used during the hydroxide formation and on aging. 

4 



Calculations were made using three different values of K.* (1 0-39, 1 0-42, and 4.0 x 1 O-50 ) to illustrate the 

quantitative uncertainty of the solubility predictions. The qualitative conclusions are, nevertheless, the 

same. The concentration expressions used for the computations are given in Table 1 Expression (d) 
wasused in n with the K, val 

for the Tho,@) e 

-39 and lo-"), while E 

O-"). In addition, 

1 .o M. 

These expressions were used in simultane 

function of the sol 

1 .O MTC [as defined in expression (g) of Table 1 J using the t 

solve the solubility behavior ofTh(IV) as a 

d solubility of Th(1V) in the presence of n pH. Figure 1 depicts 

Figures 2a and 2b show the calculated species distribution as a function of pH for 1.8 M TC using (a) 

= -49.4 and (b) log K, = -42 in Eq. (3a). The curve labeled Sol-Th(IV) represents the total 

concentration of Th(1V) in solution. At relatively 

species present is [Th(C03),J6- (Fig. 2b). At 1 

[Th(OH),CO, 3-. 

ncentrations of Th(1V) in solution, the main 

centrations of Th(IV), the main species is 

3.2 NCREASED SOLUBILITY OF U O  BY COMPLEXATION WITH CO," 

.4P 

Carbonate complexation has a much more dr t on the solubility of the uranyl ion. To 
solubility (due to carbonate 

roxy and carbonato equilibria I(V1) as a function of 

uo,z"+ C03' * UO2C0, 
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Table 1. Expressions for the molar concentrations, [ 1, o f  various species 
used in the determination of Th(rv) solubility, based on 

the equilibrium equations given in the text 

(a) [CO,'] = 4.69 x lo-' '  [HCO,-]/[H'] 

(b) [HCO,-] I= 4.48 x lo-' [CQ,'(aq)J/[H+] 

(6) [Th4"] = Ksp/[OH-I4 

(d)I4-l6 [Th(C0,),I6- = 2.00 x 1 O'* [Th4+][COJ5 

(e)I4-l6 [Th(C0,),l6- = 4.37 x 1 03' [CO3'I5[H+l4 

(f) [Th(OH),(CO,)]- = 3 3 5  x 10' [CO,=][H'] 

6 



UO;' + 3H20 [UO,(OH),J- + 3H' 

Some of the ~epor ted '~ . '~  values for sol 

. Calculations were m nd to illustrate, as with the Th(1V) 10-2' and 10-23.74 

case, the quantitative variance due to these tw 

above equilibria and used for the corn 

uations to solve for th 

concentration expres 

ence of a 1.0 MTC solution as a function of 
ed using log K.p = -22 are very high at high 

pH vaIues because of the predominance 

the distribution of U(V1) species and total U(V1) in a 1 .O MTC solution as a function of pH using 

= -23.74. The main species pre 

SOLUBDLXTY OF Pu EXATION WITH CO," 

:4 P 

The Pu(1V) hydroxy and carbonato species quilibria were as follows: 

Pu(OH),(s) * Pu4+ +40H'  

or 

Pu02* xM,O(S)* Pu4* + 40H- + (X - 2)H20 

pu4+ + cO,' [Puco,]~" 

pu4+ + 2C03' r+ [PU(CO,)J 

pu4* +- 3co3" [PU(CO~)J~- 

pu4* + 4co,= * [pu(co3),j4- 

Pu4* + 5C0," * [Pu(C0,),J6- 

7 



Table 2. Expressions for the molar concentrations, [ 1, of various s 
used in the determination of u r a n y l 0  solubili 

on the equilibrium equations given in the text 

(a) K,, = [U0,2’l[OH-]2 

(b)14 [UO,@O,] == 7.76 x 10’ [UO,”+][CO,’] 

(c)14 [UO,(CO,>]’- = 1.584 x 1OI6 [U0,”][C0,’]2 

(d)I4 [U02(C03)3J4- = 4.07 x [UO,”J[CO,-]’ 

(0’’ [UO,(OH,)]- = 6.31 x [U0,”]/[H+]3 

8 



Pu4+ + XO," + 4OH- * [Pu(0H),(CO3)J4' 

or 

PuO,* xH,O(S) + 2C03" [Pu(OH),(CO,)~]~- + ( X  - 2)H20 

Some of the reported I(fp values19 for Pu re and 7 x the 

for PuO, was Agai orted values fort  
to the varied characteristics of the hydr 

nns. The values for the depend on the state of 
oxide product and on aging condit 

es of 1 and 1 to illustrate the quantitative 
' expressions' used far the computations ar 

of 10-56 fo H) ,  while Eq.(i) (ICsp in of I for PuO,(s). 

e calculated solubility 

Kspvalues. Figure 6 sh 
nction of pH in the presence of a 1.0 MTC 

of major Pu(IV) specie 
= -56. The main spe solution as a functi 

JJ4- and [Pu(CO&]~- . 
,4P 

3.4 UBILITY OF Pu TION WITH CO," 

carbonato species quilibria were the following: 

PuO,(OH)~(S) * PuO:* + 20H- 

puo;+ + co,= * PuO,CO, 

puo;+ + 2C0,' e [Pu0,(C0,)2]2- 
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Table 3. Expressions for the molar concentration, [ 1, of various 
Pu(IV) species used in the determination of Pu(IY) solubility, 

based on the equilibria given in Eqs. (12-20) 

qP = [Pu“] [OH-I4 

[Pu(OH),(CO,),]~- = 1.995 x [HC0,-l2 

[pUco,y- = I 017 [ ~ ~ 4 + + 1  [CO,=I 

pu(co,),~ = 7.94 x 1029 [PU~+I[CO,=I~ 

[P~(co,)J~- = 1.259 x 1039 pU4+][co,=j3 

[PU(CO,)~]~- = 7.94 x 1 0 4 2  [PU~+I  [co,=14 
[Pu(CO,)~]~- = 3.16 x 1 OU [Pu4+] [CO,’I5 

[PU(OW),(CO,),]~- 3= 2.5 1 x 

[Pu(OH),(CO,),]~- = 1.047 x 1 0-5[C03=]2 

TC = [C02’(aq)] -+ [CO,=] + [MCO,- J2 -I- ~ [ P U ( C O ~ ] ~ +  

[Pu4+][OH-]4[CO<]2 

+ Z[PU(CO,),] $- 3[Pu(Co,),]2- 
4- 4[Pu(C0,),I4- + 5 [Pu(C03)J6- 
+ 2 [PU( OH)~(CO~)J~-  t- 2 [PU(OH),(CQ,),~~- 

10 



e of the reported  value^'^*'^ for the PuO,(OH),(s) at 25°C were and Calculations 

were made using &, = 10-22.7 and to i 

values. The concentration expressions used 

Table 4. 

the quantitative variance attributed to the two 

Figure 7 depicts the calculated solubility eofa1 .OMTC 

o different K,, values. 

s is [PuO~(CO~)~]~- ,  wi 

ilities show that the predo 

ounts of [ (PuO~)~(COJ~]~-  at pH 2 8. 

D SOLUBILITY EFF 

cess. Many ions that might be present 

tate will be a stron 

antly more soluble than crys 

e of order in the st 

stirnate tendencies and display gene 

and 9 display the result of a solubility calcul 

TC solution. Figure 8 shows 

r one combination o 

ted absolute solubilities, 

0-56 for Pu(0H) 

he Th(1V) along 

relative values, The Ksp values used were load2 for Th 
. [It sheuld be noted that the Pu(1 
the solubility of Pu(1V) is considerab an that of Th(IV).] 

This set of K,, values tends to represent t ossible solubility for Pu(1V) an 

(VI). In spite of this biased select 

'y carbonate relative to Pu(I 
how that U(V1) is very intensely 

er KP values had been 

solubility between that of U(V1) or Th(1V) would have been even 

greater. 
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Table 4. Expression for the molar concentration, [ 1, of various 
P u o  species used in the determination of P u O  solubility, 

based on the equilibria ivcn in @qs. (21-25) 

(a) K,, f=: [PUO,]~+[OH-]~ 

(b) (PuO,(CO,)] = 3-98 x lo8 [PuQ,”][CO,=] 

(d) [PuO~(CO,),]~- = 1.585 x 10’’ [Pu0,2+][co3’]’ 

( f )  TC = [CO,’(aq)] + [HCOJ + [COJ + [PuO,(CO,)] 
3- 2[Puo,(c0,),-J2- + 3[Puo*(co,),]4- 

6(Puo2)dC03)J6- 
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LUBILITY OF AN 

s. 3.1 and 3.3, the Th(1 Ily more soluble than 

wever, the carbonate corn are generally more stable th  urn 

esult, the solubilities of Th(1 carbonate solution are co 

ulated solubilities will largely values selected. F 
for two combinatio e calculated solubilities 

sence of 1 .O MTC. The calculated . will depend on the KP v 

TC, and the pH; however, the Th-to-Pu denaturing ratio in the solid phase will be unchanged. Figure 12 

u ratio for the correspondin s s  n Figs. 10 and 11. 

3.7 OLUBILITY OF T 

case of Th(IV) an e can compare the relative solu 

paring the results desc 

to be less soluble (log KP = -39 to -49.4) than Pu(V1) hydroxi 

they occur simultaneously in sol 

- 24.5). However, the Th(1V) carbonat lly more stable than the corresponding rr 
f Pu(VI), as shown in 

and any estimate of 

lustrate the range 

As a result, the solubi 

(IV) ratio in solution 

can vary, Figs. 13 

I) in a 1.0 MTC soluti calculated so lu bi 1 it ies 

sets o f  K, values. 

As shown in Sect. 3.1, Eq. (d) of Table 1 was 

Eq. ( e )  was used with log K,, = -49.4 for the 

n with log ISsp = -42 for Th(OH), while 

ibria (Ksp independent). The calculated Pu(V1)- 

in Fig. 15, there icular I (Jp  values, t H of 

ot, however, depe maturing ratio in the slu 

3.8 EFFECT OF TEMPEFUTUEUS ON THE C COMPLEXATION AND 
IMATE SOLUBILITIES 

It is possible that a temperature gradient due to local, daily, or seasonal ambient temperature differences 
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could provide a means for the transportation and separation of radionuclides (in this particular study, 

actinides) by repeated cycles of dissolution, cornplexation--enhanced by carbonate-and reprecipitation. 

The characteristics of the precipitated hydroxide materials, particularly the degree of crystallinity, will 

significantly change the expected solubility. For this reason, one of the most important temperature 

effects will be in altering the nature of the precipitates and their solubility. The coricentration and 

distribution of the different carbonate and hydroxide complexes will also be affected by the temperature 

since all the solution equilibria are a function of the temperature. The accurate prediction of all the 

actinide transport phenomena caused by temperature gradients occurring in the storage tanks would 

require a significant research effort beyond the scope of this present work.21 

However, assuming a given precipitate, qP value, and stability constants for the complexes in solution, it 

is possible to estimate the temperature effects by solving the multiple equilibrium expressions using the 

appropriate set of constants for the different temperatures. These calculations are not intended to predict 

the exact behavior in the tanks but, instead, to demonstrate the expected magnitude of the temperature 

effects. The data available in the literature for estimating temperature effects are scarce. However, a 

relatively good set of thermodynamic properties is available for U(V1) species from which such 

temperature effects can be estimated. 

4P 

The following section describes a calculation similar to the one shown in Sect. 4 for a temperature 

(T) = 25°C but conducted at T = 0 and 40°C. Because most of the equilibrium constants (K) are 

measured at 25"C, the integrated van? Hoff equation is used to calculate the values at different 

temperatures, where AH is the enthalpy change for the particular reaction (dissolution, hydrolysis, 

complexation), R is the molar gas constant, and T is the Kelvin temperature- 

Table 5 gives the set of equilibrium values at 25°C and the calculated sets for 0 and 40°C. The 

ionization constants for water (K,,,) at different temperatures were taken directly from ref. 22, while the 

temperature dependence of the C02-H20 equilibria was calculated using the following  equation^:'^ 

14 



(27) logK1 -356.3094 - 0.06091964 x T + + 126.S339 x 10gT - 

(28) 5637 f 3.9 
logK, = -107.8871 - 0.03252849 x T + 5151*79 + 38.92561 x logT - 

T T 2  

-23.74 -23.15 70 23-25 -24.86 
UoAOH),(S) * U02’+ + 2 OH- 

8.82 8.89 8.93 4.6 18,26-28 U0,2+ + * ua,co, 

1 16.2 16.0 - 23 
+ i- 2C0,” * p.JO2(CO3)*]2- 

23.25 22.6 1 22.27 -40 18,26-28 UO,2” 

3 6CW * [(UO, )3(C03),l6- 

1 
*+P 57.24 56.23 55.70 - 63 

- 19.2 - 19.0 18 18 - 19.5 
Uo? + 3H20 [UO,(OH),]- i- 3H’ 

29 - 10.22 - 10.33 - 10.63 
HC0,- * eo,’+ H+ 

-6.35 - 6.57 29 - 6.30 
CO;(aq) HCO,-+ H+ 

Figure 16 show calculated SolubiIity ies considered in 
tants from Table 5 

of U(VI) at 0°C with res 

nt temperatures (0, 25, and 40°C) us 
17 shows the calculated increase 

 omal ally, the pH =: 14 - pOH for T + 25°C would be en here, but to be 

15 



at 40°C as a function of pOH. The main factors are the decreased stability of the carbonate complexes 

and relatively lower free carbonate versus an increased solubility of the hydroxide at higher temperatures. 

As shown in Fig. 17, the calculated solubility is slightly higher at lower temperatures. The real expected 

behavior can be significantly more complicated and beyond the scope of this report. 

These calculations serve to demonstrate the magnitude of the temperature effect that can lead to the 

separation and transport of the actinides. Similar calculations could be performed for Th(IV), 

Pu(IV)/Pu(VI), and for the simultaneous equilibria involving all species if sufficient thermodynamic data 

were available. We can expect that the magnitude of the temperature effects on these species will be 

similar and, therefore, transport due to temperature gradients to be a very probable actinide separation 

route. 

4. EDTA COMPLEXATION 

T'he presence of significant quantities of some strong complexant agent in the storage tanks could also 

selectively solubilize and separate the actinides present in the sludge in a manner similar to that described 

for carbonate ion complexation. As an example, the effect of having the EDTA, 

ethylenediaminetetraacetic acid, was considered, The uncomplexed EDTA species distribution was 

calculated using the following set of equilibria: 
$ P  

[H6(EDTA)I2" * [H,(EDTA)J' + H' K =  1.26 x lo-'  

[H,(EDTA)J' H,(EDTA) + H' K ' ~ 2 . 5 1  x lo-' 

H,(EDTA) * [H,(EDTA)J- 3- w+ K, = 1.0 x 

[H,(EDTA)]- * [W,(EDTA)12- f H' K, = 2.089 x 10-3 

[H,(EDTA)]*- [H(EDTA)I3- + H' K, = 7.76 x io-' 

[H(EDTA)J3- I-) [EDTA],- +H" K, = 6.76 x lo-' ' 

The equations used were as follows: 
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where a is the 

of EDTA not co 

,EDTA. If FEDTA 

of the uncomplexe d with the meta 

given by 

[EDTAI4- = KK 'K*%K3K4 . FEDTA 
a 

..) P 
4.1 INCREASED SOLUBILITY OF T h o  BY EDTA COMPLEXATION 

Only the alkaline pH range is of intere 

se calculations. Ag 

solubility product used for the Th(1V 
respective concentration expressions used in 

ties and speciation depend greatly on the 

tions given in Table 6:  

Th(OH),(s) * Th4" + 4 OH- 

Th4+ + EDTA4- * Th(EDTA) 

Th(EDTA) + H* * [Th(EDTA)H]' 

(3 9) 

(40p0 

(41) 

Th(EDTA)(OH)- + H" * Th(EDTA) -I- H,O (42) 

[Th(EDTA)(OH)],- + 2H' * ZTh(EDTA) + 2H,O (43) 

17 



Table 6. Expressions for the molar concentrations, [ 1, o f  various species 

EDTA, based on the equilibrium equations given in the text 
used in the determination ofTh(W solubility due to complexation IV 

(a) K,, = [Th4'][OH-] 

(b)" [Th(EDTA)] = 1.585 x [Th"] [EDTA4-] 

(c) [Th(EDTA)H]' =: 95S[Th(EDTA)] [W'] 

(d) 

(e) 

[Th(EDTA)(OH)-] = [Th(EDTA)]/{ 1.096 x 1 Q7 [H"] ] 

[ (Th(EDTA)(OH)},2-] = [Th(EDTA)J2/{ 6.6 1 x 1 O9 [H'I2} 
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Two K,, values selected for these calculati 

variance in the concentration due to the range of reported values. The calculations were made using both 

log Ksp fTh(lV)] = -42 and -49.4. As shown in Fig. 18, a lower K,, value moves the EDTA-Th(IV) 

solubility zone toward lower pH values. According to these results, EDTA could not dissolve an aged 

s were 1 0-42 and 4.0 x 1 0-50 to demonstrate the quantitative 

nder alkaline conditi 

brium with a solut 1 EDTA concent I relevant 
shown in Appen -2.1, for the lower qP value. 

UBILITY OF u o  LEXATION 

As in the cases be re, the calculated solubilities a ies distributions are very de 

product used for the W(V1) hydr 

respective concentration expressions used 

equilibria considered were as 

n in Table 7: 

UO,(OH),(s) .r* UO? + 20w- (44) 

UO,”+ * [(VO,) H(E 

[(UO,) (HEDTA)(OH)]2-+ H’ [(UO,) (HEDTA)]- + H,O 

[(UO,) EDTA(OH)J3- + 2H’ * [(UO,) H( 11- + H2O 

2 UO:+ + EDTA4’- * OJO,), EDTA 

Two K, values selected for these calculations were an 

shown in Fig. 20, EDTA could significantly increase the sol 

. According to these calculations as 

uranyl hydroxide through 

s are significantly le exation under a1 line conditions. The U(V 

the EDTA complexes of Th(1V) and Pu(IV)?~ Ho 

relatively high when compared with the Th(1V) a 

the calculated U(V1) solubilities due to EDTA co 

Figure 21 displays the U(V1) main species distribu 

having a 1 .O hftotal EDTA concentration. 

product of the uranyl hydroxide is 

cant, even in the alkaline range. 

a function of pH in equilibrium with a solution 
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Table 7. Expressions for the molar concentrations, [ 1, of various species 

EDTA, based on the equilibrium equations given in the text 
used in the determination o f  U o  solubility due to eo 

~ 

(a) Ksp [U(VI)] = [UO,2’] [OH-]* 

(b) [[(UO,)H(EDTA) 3-3 =: 2.24 x lo7 [UO,””] [H(EDTA)3-] 

(c) 

(d) [(U0,)EDTA(OH)3- J = [(UO,) H(EDTA)-]/(8.32 x 1 O”[H’]2) 

( e )  

[(UO,) H(EDTA)(OH)=] = [(UO,) H(EDTA)- Ji(4.17 x l0’[H+J2) 

[(UO,),EDTA] = 5.89 x 1017[EDTA4-][U0,2’]2 

(0 [WO,) H(EDTA)(OJm,2-1= 

1.862 x lo3[ ((U0,)H(EDTA>(OH))-]2 
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4.3 INCREASED SOLUBILITY OF P u o  BY EDTA COMPLEXATION 

The equilibria data for the Pu(1V)-EDTA system is scarce. The reported values for log K of the 1 : 1 

4.2 to 26.1 ?3-39 A 

een reportedjg; howe 

he hydrolysis and polymerization of 

ed values for the 

ty constant for the U(IV)-EDTA 1 : 1 

value for the Pu(1V)-EDTA 1 : 1 complex. Addi 

Accordingly, the U(1V) set of reported equi 

ion for a system containing a 1.0 M 

the respective concentration calculations give * 

Pu(OH),(s) * Pu4* + 4 OH- (50) 

Pu4' + EDTA4- @ Pu (EDTA) 

[Pu(EDTA)(OH)]- + H" p Pu(EDTA) + H 2 0  

Two K,, values selected for these calculations were 1 Oms6 and 4.0 x 1 0-63 to demonstrate th 

shown in Fig. 22, a low ion due to the range 

A solubility zone toward 1 values. According to these calculations, 

e plutonium hyd ditions. Figure 23 li 

tion having a 1.0 M 

le A-10 in the appe 

ution as a function of pH in 

ant equilibrium 

K,, value. 

4.4 COM LUBILITY OF T h o ,  Pu(IV), U o  BY EDTA COMPLE ON 

As mentioned in Sect. 4.2, the EDTA comp 
ed with Th(1V) and Pu(1V). However, the f uranyl hydroxide is relatively h 
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Table 8. Expressions for the molar c o ~ c e n t r a t i ~ ~ s ,  [ 1, of various species 
used in the determination of Pu(IV) solubility due to complexation with 

EDTA, based on the equilibrium equations given in the text 

(a) K,,(Pu(IV)) = [Pu4+][OH-l4 

(b) [Pu(EDTA)] = 1.259 x [Pu~'][(EDTA)~-] 

(c) [Pu(EDTA)(OH)-] = [Pu(EDTA)]/(5.25 x l O4 [€I+]) 

(d) [ (Pu(EDTA)(OH)),2-] = [Pu(EDTA)I2/(3.39 x 1 O6 [H+]*) 

22 



exes with EDTA are slight1 

nificantly less sol 
ed solubilities wi 

uivalents, but the Pu(1 

for the solubility produ 

w the results for three set represent a wide range 

ith EDTA in the 

on is prevalent at lower lubilities for Pu(1V) 

cant (Fig. 22) and are not shown in these combined figures. We can conclude 

olubilities of their A 

es place during arate in a manne 

nvolving these elem 

4 t  

ious chemistries an 

on. Under norma 

tes which have u 

spheric COJ can 

xes. Uranyl(V1) is 
carbonate species are greatly depende 

formation of so 

dissolved, followed by Th(1V) and finally Pu(1V). 

on the pH, temperature, and other ions and, therefore, changes in any one or more of these parameters 
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over a period of time, especially cyclic changes, could cause a selective dissolution and redeposition of 

the more soluble species away from the less soluble ones. Detailed calculations using the stability 

constants for the carbonates have shown that the most likely pH range for this process to occur is pH = 

10- 1 1. While temperature gradients in the waste tanks are the most probable source of such cyclic 

changes, temperature data for these species are not readily available. Regardless, the temperature effects 

on uranyl(V1) solubility shown here demonstrate that the solubility of these cations has a significant 

temperature dependence which can provide the driving force in a separation process that is based on 

dissolutioddepasition through solubility differences. 

This carbonate complexation chemistry is presently not occurring in the MVSTs because the carbonate 

concentration in solution is extremely low due to the precipitation o f  insoluble calcium carbonate. 

Consequently, several events must occur before the carbonate complexation process becomes a problem: 

(1) air sparging of the solutions, with associated CO,, must continue to such a degree that the calcium 

content of the solution is consumed; ( 2 )  analyses of the liquid layer becomes so infrequent that the soluble 

carbonate increase goes undetected; (3) a long enough period of time passes that the slow, unstimed, 

equilibration of the aqueous carbonate liquid is able to dissolve uranyl compounds in the sludge and 

saturate the solution. (Correction for a high soluble carbonate situation would be a simple matter of 

adding calcium ions through either calcium oxide or nitrate.); and (4) there exists enough of a temperature 

gradient that the saturated actinide carbonate precipitates and the process cycles conti uously across this 

gradient. 
4F 

While this is the most plausible series of events which could lead to a separation of the actinides, other 

process were considered as well. Increased solubility through reaction with organic complexants such as 

EDTA was also considered; and while it presents a situation similar to carbonate complexation and 

similar potential for auto-separations of the actinides in the waste tanks, it would require first the 

uncontrolled dumping of large amounts of such a complexant into the drain tank system ...... a situation of 

unlikely probability with the numerous administrative controls on the effluents entering the waste system. 

Other processes such as extraction processes in separate (organic) phases or anto adsorbing media were 

considered improbable for reasons similar to those which limit the probability of organic complexants. 

‘Therefore, none o f  these were regarded as possible under the present operatingktorage conditions of the 

MVSTS. 
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Fig. 2. Solubility of the two major species and total T h o  in a 1.0 MTC solution 
function of pH using (a) log I(sp = -48.4 in Eq. ( 3 4  and (b) I(sp = -42 i. 
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TC solution as a function of pH. 
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Fig. 16. Calculated U o  solubility in a 1 MTC solution rat 0,25, and 40°C as a function of 
pQH. 
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Fig. 20. Calculated solubility of U o  using two different KP values in a 1.0 M total EDTA 
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Fig. 21. Calculated main species distribution for U o  (lo 
a 1.0 M total EDTA solution as a function of pH. 
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Fig. 24. Calculated combined solubility of T h o  (lo KP = -49-4) and (log KP = 
-23.74) in a 1.0 M total EDTA solution as a function of pH. 
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APPENDIX 
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A- SPECZES IN Ax, S OF A(3lNI.DE C 

's constant of 0.0 
tant at about 0.5 

It i s  also to be noted that in the presence o 
ions are required to ac 
A-7 to A-9). The calculat 

ion in tank wastes that 
de values. A few o 
h concentrations of TC 

ons could not be s of the actinides 
when solubilities of the actinide carbonate Complexes 

In reality, the conversion of actinide hydr 
per liter because of hydroxide depletion. Reactions (A-1) and (A-2): 

UO,(OH), + 2Na,C03 -+ Na.JUO,(CO,), + 2NaOH 

2NaOE-I + CO, --+ NqCO, + H2Q 
(A-1) 

(A-2) 

ffect from Reaction 2 is n the supply of carbonate ions 
oles of carbonate are consumed in 

01 of carbonate is rege econd reaction. 

A-2, EQ RIUM SPECIES IN ALKALINE S S OF ACTINIDES EDTA 

E 
1 
E 

species in solution fi-om the dissoluti 
EDTA are shown in Tables A- 10 and A- 1 1. 
ncentration of 1 A4 to illustrate the trends in 

f Th(OH), and Pu(ow), in alkaline solutions of 
tions in this report were mad 

ubility with pH only. 

DTA complexes to 1 M conc 
ecause hydroxide ions are re 

A,'. This is illustrated by Re 

s of total EDTA can only be achieved at 
reactions of metal 

Th(OH:), + Na,EDTA Th(EDTA) + 4Na' + 40H- (A-3) 

U02(OH), + Na,HEDTA UQHEDTA' + 3Nd +20H- (A-4) 

T. K. Shenvood, R. L. Pigford, and C. R. Wilke, pp. 365-67 in Mass Transfer, McGraw-Hill, New York, 1 

1975. 

A-3 



The number of moles of hydroxide ion released when 1 mol of actinide hydroxide undergoes metathesis 
reactions with NaEDTA is always 2 or greater. Therefore, one could not achieve pH values that are 
significantly less than about 14 by adding alkaline waste solutions containing EDTA to waste tanks until 
1 A4 total EDTA is achieved. This is because too much hydroxide is liberated when metal hydroxides (U, 
Fe, Al, 'I%, Pu, etc.) are solubilized. However, even at lower levels of total EDTA, the pathway for 
transport by solution and redeposition of metal hydroxides still exists. 

A-4 



stern in a I MTC sdution 

4 . 8  E- w 

in a 1 M ic Table A-2. Calculated eyuilibriwn species in TB( 
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Table A-7. Effect of pH on the uranium and TC in solution at pG0,  = 3.333-4 atm 
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00 

Table A-8. Effect of pH on the ~ ~ ~ ~ ~ ~ ~ i l ~  and TC in ~ o ~ u t ~ ~ n  at pC0, = 3.333-4 atm 
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Table A-11, Calculated equilibrium species in solution for the Pu(OH),(s)-Ii,O-NaOI1-EDTA system at 1 f i f  total EDTA concentration" 
[Calculated using log K,, = - 56 for Pu(OH),(s)] 

? 
c-r 
Q 

"Free EDTA ligands = [EDTA4-] +- [WEDTA3-J -k [H2(EDTA),2-] + [H,(EDTA)-] + [H,(EDTA)]; anion charge equivalents = [Pu(EDTAjOH-1 -k 
2[Pu2(EDTA),(OH-),] + 4[EDTA"] + 3[HEDTA3-] f 2[H,EDTA2-] + [H,EDTA-] f [OH-] 
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