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ABSTRACT

In the performance analysis of geological disposal system of high-level radioactive waste
(HLW), solubilities of radioactive elements are estimated by thermodynamic calculation. The
reliable thermodynamic database (TDB) is needed for solubility estimation. In this report,
thermodynamic data for protactinium solid and aqueous species for performance assessment were
selected.

For the refinement of previous PNC in house thermodynamic database (PNC-TDB), existing
literatures data were surveyed and reliable thermodynamic data were selected under consideration
of the scientific defensibility and the consistency with the whole PNC-TDB. The estimated
solubility using refined PNC-TDB was higher than measured value. We have confirmed the
refined data-set of Pa to be conservative for solubility estimation of performance assessment.
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Tokai Works, Power Reactor and Nuclear Fuel Development Corporation,
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1. INTRODUCTION

The equilibrium constants for chemical reaction of protactinium are important for
performance assessment of geological isolation system of high-level radioactive waste. These
values were compiled from various studies. The related databases are shown as follows.

(1) CHEMVAL database (Falck, 1992)
(2) HATCHES ver.10 database (Harwell/Nirex,1997)
(3) PNC Thermodynamic Database (PNC-TDB) (Yui et al., 1992).

The thermodynamic data of protactinium have already been collected in the PNC-TDB (Yui
et al.,1992), and these data were cited from Cross et al.(1987). It is recessary to confirm the
reliability of thermodynamic data and to revise the data based on recent studies. In this paper, the
thermodynamic data of protactinium for solubility estimation were selected. The comparison
were also presented between experimental solubility measurements in the literature and the
calculation results using a geochemical code PHREEQE (Parkhurst et al., 1980) with the refined
PNC-TDB.

2. COLLECTION OF DATA

In order to keep the quality and reliability of the database used for performance assessment
of the radioactive waste disposal, individual data should be checked. The reliability of
individual sources and experimental data were checked in accordance with the following
guideline.

(1) the identification of the solid phase is appropriately carried out or not ?

(2) the atmospheric condition ( O,, CO, concentration) is clarified or not?

(3) the ionic strength is clarified or not?

(4) the pH, Eh, cation, anion concentration are measured or not?

(5) the reducing reagent is appropriately used or not?

(6) the solid-liquid separation methods such as the filtration are clarified or not?
(7) the temperature is clarified or not?

(8) the redox state and speciation are clarified or not?

Furthermore, the reliable thermodynamic data should be selected under consideration of the
consistency with the whole PNC-TDB. The thermodynamic data were selected fro:a the
following view point as possible.
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(1) consistency with chemical analogy and theoretical consideration

(2) conservatism for solubility estimation of performance assessment

(3) validity for experimental data

(4) comprehensiveness by comparison with the other international database

3. CHEMISTRY OF PROTACTINIUM

The solution chemistry of protactinium has been reviewed in several studies (Guillaumont et
al.,1968, Baes and Mesmer,1976, Fuger and Oetting,1976, Kirby,1986). Two oxidation
states, Pa(V) and Pa(IV), have been definitely confirmed in aqueous solution, but the existence
of Pa(IIl) has not been observed in aqueous solution (Kirby,1986). Pentavalent protactinium
differs from the other actinides of which pentavalent state forms tie well known MO," species.
In the case of dilute protactinium (<10°M), non-complexing solutions such as perchloric media,
or in the presence of weakly complexing anions at pH<0, the predominant species is probably
PaOOH>* (Fuger and Oetting,1976). At H'<1M, PaO(OH)," begins to form and becomes
predominant at pH~3. At higher pH values, the neutral species, Pa(OH),(aq), is formed. At
tracer levels, these species are in equilibrium, but, at concentrations of Pa(V close to saturation,
polymers are formed rapidly and the process is irreversible. At pH 5-6, the hydrous oxide is
precipitated. In alkaline solution (jonic strength p=0.1), Pa(OH), are formed slightly, and at
H'>3M, the existence of PaO," has been suggested (Kirby,1986). In more concentrated
protactinium solutions or less actinide media, polymerization occurs, with the final step being
the precipitation of hydrous oxide. This difference in behavior of protactinium as compared to
the other pentavalent actinides is probably due to the difference in availability of the 5f orbitals
for forming M-O bonds.

Protactinium hydrolysis also occurs in complexing media such as hydrochloric, sulfuric or
nitric acid.

The hydrolysis and complexation behavior of tetravalent protactinium, although less
complicated, has been studied. From a study at the tracer level (Guillaumont et al.,1968),
tetravalent protactinium appears distinctly more acidic than the heavier actinides with a pK of 0.4
(n=3, perchloric medium) for the first hydrolysis reaction of Pa(OH)”. The trivalent
protactinium is unstable in aqueous solution, and standard oxidation potential (E’) of Pa**/Pa’
was estimated very high values as -1.8V ~ -2.1V (Inova et al.,1992, Nugent et al.,1973).
Therefore, Pa(IlI) has not been identified in the aqueous solution.
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4. OXIDATION AND REDUCTION REACTION
4.1 Entropy, enthalpy and free energy of formation
Thermodynamic data of protactinium such as entropy, enthalpy and free energy of formaticn

have been compiled by Fuger and Oetting(1976). These data are shown in Table 4.1.

Table 4.1 Entropy, enthalpy and free energy of formation

AH, AG’ s°
(kJ/mol) (kJ/mol) (J/K/mol)
Pa* -619.96 -565.12 -397.68
PaOOH™ -1113.50 -1050.71 -20.93

4.2 The standard oxidation potential

The standard oxidation poteiitial of Pa has been obtained for Pa*/Pa*, Pa"/Pa™ and
Pa™/Pa* couple by electrochemical technique and theoretical calculation. These value are shown
in Table 4.2.

Table 4.2 Standard oxidation potential

E’ (V) References
Pa’*/Pa™ -2.59 Mikheev et al., 1994
Pa*/Pa>* 2.0 Bratsch and Lagowski ,1986
Pa*'/Pa™* -1.8 Inova et al., 1992
Pa*/Pa’* -2.1 Nugent et al., 1973
Pa’*/Pa* -0.1 Fried and Hindman ,1964

4.3 Oxidation and reduction
(1) Pa**/Pa*
The redox reaction equilibrium constant between Pa®* and Pa*" was estimated by the
following reaction.
Pa¥+¢e & Pa™ log K=2.03 (4.3.1)

The log K value in Cross et al.(1987) was significantly different from that calculated from
standard oxidation potential. The value of Cross et al.(1987) is not likely appropriate, because
experimentaly observed standard oxidation potential value is very high as shown in Table 4.3.1.
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Species of Pa(IT) should not be included in the revised PNC-TDB.

Table 4.3.1 The redox equilibrium constant between Pa>* and Pa**

References logk

Cross et al., 1987 2.03
Bratsch and Lagowski, 1985 33.90
Inova et al., 1992 30.51
Nugent et al., 1971 35.59

(2) PaO,"/Pa*

The redox equilibrium constant between PaO,” and Pa** was estimated by following
reaction.

Pa"+2H,0P20," +4H"+ € (4.3.2)

The equilibrium constant for equation (4.3.2) was estimated from dissolution of Pa,O,(s) by
Baes and Mesmer (1976). However, Guillaumont et al. (1968) reported that the existence of
Pa0O,"” was not confirmed from the solvent extraction. PaO," was not considered in the review

report of Kirby (1986). The equilibrium constant ¢f PaO," for equatioh (4.3.2) are shown in
Table 4.3.2.

Table 4.3.2 The redox equilibrium constant between PaO," and Pa**

References logK
Cross et al.,1987 7.79
HATCHES ver. 10 2.36

Cross et al.,1987 selected the value from Gmelin Handbook (Brown et al.,1977). HATCHES
ver.10 adopted the value from Baes and Mesmer (1976). However, PaO,” was not identified in
the experimental system, so the equilibrium constant of PaO," described by equation (4.3.2) is
not included in the refined PNC-TDB.
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S. HYDROLYSIS REACTION

5.1 Hydrolysis reaction of Pa(IV)
5.1.1 Solid phase
(1) PaO,(c)
The solubility product of PaO,(c) was estimated by following reaction.

Pa0,(c)+4H <—Pa**+2H,0 (5.1.1)

Guillaumont et al. (1968) reported an upper limit of 10°M for the concentration of Pa(IV) in 3M
HC104. If PaO,(c) was precipitating phase, this would suggest a value of logK for equation

(5.1.1), -6.9. Baes and Mesmer (1976) expected much higher value of logK from an
interpolation of the estimated value for ThO, and UO, assuming that logK changed linearly as
the reciprocal of the lattice parameter of these oxides. CHEMVAL, HATCHES ver.10, and

Cross et al. (1987) are refered the value from Baes and Mesmer (1976) for solubility product of
PaO,(c) for equation (5.1.1).

Table 5.1.1 The solubility product of Pa0O,(c)

References logK
Guillaumont et al., 1968 -6.9
Baes and Mesmer,1976 0.6

The log K value for equation (5.1.1) is selected,0.6 for the refined PNC-TDB.

5.1.2 Aqueous phase
The hydrolysis of Pa(IV) has been examined in perchlorate solution by Guillaumont et al.
(1968) and by Lundqvist (1974) by extracttion method using thenoyltrifluoroacetone (TTA) and
acetylacetone ir. benzene, respectively. Baes and Mesmer (1976) caiculated the equilibrium
constant of hydrolysis reactions of Pa(IV) based on the data from Guillaumont et al. (1968).
Theoretical consideration was also applied for hydrolysis reactions of Pa(IV) (Brown and
Wanner, 1987). The equilibrium constant for hydrolysis reaction of Pa(IV) are compiled in
Table 5.1.2. HATCHES ver.10 and Cross et al. (1987) are refered the value from Baes and
Mesmer (1976).
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Table 5.1.2 The equilibrium constant for hydrolysis reaction of Pa(IV)
PaOH™ Pa(OH),* Pa(OH),” Pa(OH),

Baes and Mesmer,1976 0.84 -0.02 -1.5
CHEMVAL database 0.66 0.8 -1.5 no data
Brown and Wanner,1987 -5.37 -2.41 -8.78

For realistic solubility estimation, experimental results should be preferred more than theoretical
calculation. The equilibrium constant for hydrolysis reactions of Pa(IV) reported by Bass ané
Mesmer (1976) is selected for the refined PNC-TDB.

5.2 Hydrolysis reaction of Pa(V)
5.2.1 Solid phase
(1) Pa,0,(s)

Guillaumont et al. (1968) reported that the solubility of Pa(V) in perchlorate media below
pH=3 is about 10°M. The solubility of well-crystalline Pa,O;(s) is not known but it is iikely to
be considerably lower than this value (Baes and Mesmer, 1976). The solubility product of
Pa,O;(s) for equation (5.2.1) is shown in Table 5.2.1

Pa,O,(s)+10H" +2e'<>2Pa**+5H,0 (5.2.1)
2,5 2

Table 5.2.1 The solubility product of Pa,O; (s)

References logK
HATCHES ver. 10 -8.72
Cross et al., 1987 -19.58

The solubility product from HATCHES ver. 10 did not agree with that from Cross et al.(1987),
because these values were calculated by using different value for PaO,"/Pa*".

Baes and Mesmer (1976) estimated the <quilibrium constant for equation (5.2.2) as logK<2.
1/2Pa,04(s)+H'<>Pa0,"+1/2H,0 (5.2.2)

Baes and Mesmer,1976 also estimated the equilibrium constant for equation (5.2.3) as
logK=0.5.
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PaOOH™ & Pa0,"+H' (5.2.3)

The formation constant of PaOOH?* for equation (5.2.4) can be calculated as logK=1.86 from
free energy of formation (Table 4.1).

Pa*+2H,0 <> PaOOH™"+3H"+¢" (5.2.4)

The hydrolysis constant of Pa,O, for equation (5.2.1) can be calculated as logK<-8.72 from
equation (5.2.2), (5.2.3) and (5.2.4). This maximum value is selected for the refined
PNC-TDB.

5.2.2 Aqueous phase
(1) PaOOH™

The formation constant of PaOOH*" for equation (5.2.4) is calculated as logK=1.86 from
free energy of formation (Table 4.1) as the foregoing method.

(2) PaO(OH),"
Guillaumont et al. (1968) studied the dissolution behavior of Pa(V) in 3M LiClO, and Fuger
(1992) estimated the formation constant of PaO(OH)," for equation (5.2.5) as logK=-1.05.

PaOOH**+H,0<>PaO(OH), +H" (5.2.5)

The formation constant of PaO(OH)," for equation (5.2.6) is calculated from equation
(5.2.4) and (5.2.5) as logK=0.85.

Pa*'+3H,0<5PaO(OH), +4H +¢" (5.2.6)
(3) PaO(OH),(ag)
Guillaumont et al. (1968) studied the dissolution behavior of Pa(V) in 3M LiClO, and Fuger
(1992) estimated the formation constant of PaO(OH),(aq) for equation (5.2.7) as logK=-5.5.

PaOOH?*+2H,0¢>PaO(OH),(aq)+2H" (5.2.7)

The formation constant of PaO(OH),(aq) for equation (5.2.8) can be calculated from
equation (5.2.7) and (5.2.4) as logK=-3.6.

Pa**+4H,0<5PaO(OH),(aq)+5H"+¢ (5.2.8)
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The equilibrium constant of hydrolysis reaction of Pa(V) are compiled in Table 5.2.2. In this
table, the formation constants of PaOOH>* from Fuger and Oetting (1976), PaO(OH),” and
PaO(OH),(aq) from Fuger (1992) are selected for the refined PNC-TDB, and those of

Pa0,(OH)(aq), Pa(OH)," and Pa(OH),(aq) are not considered because the reliability of data was
unknown.

Table 5.2.2 The formation constant for Pa(V) hydoxo-species from Pa**
PaO,0H Pa(OH)," Pa(OH); PaOOH’* PaO(OH)," PaO(OH),(aq)

(1] 0.85 -3.6
(2] 1.9
3] 3.29 7.29
[4] 11.9 7.01 1.92
[3] -2.14 1.86

[1]Fuger,1992, [2]Fuger and Oetting,1976, [3]Cross et al., 1987,
[4]CHEMVAL database, [STHATCHES ver.10

6. CHLORIDE COMPLEX

Thermodynamic data of PaCl,(c) and PaCl,(c) were compiled in NBS table (Wagmann et
al.,1982). In this report, the free energy of formation of PaCl,(c) and PaCly(c) were -953kJ/mol
and -1034.2 kJ/mol, respectively. The solubility product of PaCl,(c) and PaCl,(c) for equation
(5.2.7) and (5.2.8) is calculated from the free energy of formation as logK=24.01 and 32.85,
respectively.

PaCl,(c)«>Pa**+4CI (5.2.7)
PaCl(c)e>Pa’*+5Cl+¢” (5.2.8)
The solubility product for equation (5.2.7) and (5.2.8) calculated from the thermodynamic data

of PaCl,(c) and PaCl,(c) in NBS table (Wagmann et al., 1982) are selected for the refined
PNC-TDB. The solubility product of PaCl,(c) are compiled in Table 6.1.
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Table 6.1 The solubility product of PaCl,(c)

References logK
NBS table 24.01
Cross et al., 1987 24.10

7. THERMODYNAMIC DATABASE OF Pa FOR PNC-TDB

Thermodynamic database of Pa selected for the refined PNC-TDB are shown in Table 7.1
and 7.2.

Table 7.1 Thermodynamic database of Pa solid for the refined PNC-TDB

Solid Reaction logK original data from
PaO,(c) PaO, (c)+4H <Pa**+2H,0 0.6 Baes and Mesmer,1976
Pa,0,(s) Pa,0,+10H'+2¢2Pa**+5H,0  -8.72  Fuger and Oetting,1976

+Baes and Mesmer,1976
PaCl,(c) PaCl,(c)«>Pa*"+4CT 24.01  Fuger and Oetting,1976

+Wagman et al., 1982

PaCl(c) PaCl, (©)>Pa*"+5CI+¢ 32.85 Fuger and Oetting,1976
+Wagman et al., 1982

Table 7.2 Thermodynamic database of Pa aqueous species for the refined PNC-TDB

Species Reaction logK original data from

PaOH™ Pa**+H,0PaOH™*+H' 0.84  Baes and Mesmer,1976
Pa(OH),** Pa**+2H,0Pa(OH),” +2H" -0.02  Baes and Mesmer,1976
Pa(OH)," Pa**+3H,0<Pa(OH), +3H" -1.5  Baes and Mesmer,1976
PaOOH™* Pa“*+2H;be->Pa00H2*+3}r+e' 1.86  Fuger and Oetting,1976

PaO(OH),"  Pa*+3H,0>PaO(OH), +4H"+¢ 0.85  Fuger and Oetting,1976
+Fuger,1992

PaO(OH),(aq) Pa*+4H,05PaO(OH),(aq)+5H'+¢"  -3.6 Fuger and Oetting,1976
+Fuger,1992
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8. SOLUBILITY CALCULATION

The solubility was calculated using existing experimental data in order to confirm the
reliability of the refined PNC-TDB. The PHREEQE code (Parkurst et al., 1980) has been used
to calculate protactinium solubilities.

8.1 Solubility experiment

Solubility of protactinium was studied by Berry et al. (1989). In their study, >**Pa and **'Pa
were used. The solubility was measured from over saturation in 0.1M NaCl. Solubility limiting
solid was not identified. The solubility experiment was carried out under N, atmosphere at the
room temperature. Experimental period was 2 hours, pH was adjusted by NaOH and HCI. The

solid liquid separation was conducted by using 25000MWCO filter. Dominant oxidation state
was suggested Pa(V).

8.2 Solubility calculation
Solubility was calculated by using the refined PNC-TDB described in section 7. In this
calculation, solubility limiting solid and ionic media were assumed Pa,O,(s) and 0.1M NaCl,

respectively. The effect of O, and CO, gas was not considered. The temperature was assumed
25°C.

8.3 Result
Calculated results are shown in Fig.8.1. In the results, solubility of Pa,O,(s) was predicted

3.15x10”"M. Experimental value didn't agree with calculated value. The reliability of the revised

PNC-TDB was not able to be confirmed as shown in Fig.8.1.
10°
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10°

~~
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g
ot 10°
=
=)
=
£ 17
8
[Z]
-1
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10 -1 ©  Paconcentration without filtration
...... == Predicted by PNC TDB
10-1 M —_a PRI PP S R ST VO S W T T
8 9 10 11 12 13 14
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Fig. 8.1 Experimental and calculated results on solubility of Pa in cement equilibrated water
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9. DISCUSSION

There were various values of Pa thermodynamic data. However, the available data for
performance assessment were too rare, because most of the data were obtained under
unappropriate experimental conditions such as very low pH, high ionic strength, moreover
identification of solid phase and aqueous species was not carried out. The disagreement between
experimental and calculated values might be unequilibrium of the system because experimental
period was too short (i.e. the two hours test period). Although the calculated solubility was
higher than experimental value, the former value can apply as the conservative solubility
estimation for performance assessment of geological disposal system of high level radioactive
waste. Therefore, the refined Pa dataset was considered to be available for performance
assessment.

10. CONCLUSION

In this report, the thermodynamic data of redox reaction and hydrolysis of Pa was
discussed, and the data in the previous PNC-TDB was refined. There were little reliable data for
redox reaction and hydrolysis of Pa. The Pa database in the refined PNC-TDB is available for
performance assessment, by the comparison between experimental and calculated values.
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