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Abstract   

The solubility of plutonium hydrous oxide (PuO2(am,hyd)) was investigated in the presence of 

carbonate in neutral to alkaline, dilute to concentrated sodium nitrate (NaNO3) solutions. The 

observed dependence of the Pu(IV) solubility in low to medium concentrated NaNO3 agreed 

with previously reported data and was well reproduced by the thermodynamic model curves, 

containing the species Pu(CO3)4
4–, Pu(CO3)5

6–, and Pu(OH)2(CO3)2
2–. Significant deviations 

between experimental and modeled Pu(IV) solubility were, however, observed for 2 mol·dm–3 

NaNO3 solutions. A more comprehensive chemical model including the complex 

Pu(OH)2(CO3)3
4− was established, that reproduces the experimental results reasonably well. 

The conditional complex formation constants for Pu(OH)2(CO3)3
4− were extrapolated to I = 0 

using the specific ion interaction theory (SIT) and Pitzer approaches, and the corresponding ion 

interaction parameters were evaluated. 
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1 Introduction 

Safety assessment of radioactive waste management requires to predict the solubility limit of 

radionuclides under relevant repository conditions. Under the geochemical conditions of 

radioactive waste disposal, tetravalent plutonium (Pu(IV)) is only sparingly soluble and forms 

oxy-hydroxide or hydrous oxide solid phases, described as Pu(OH)4(am), PuO2 ·xH2O(s), or 

PuO2(am, hyd), etc. [1–6]. Plutonium(IV) solubility in the absence of complexing ligands has 

been investigated in a number of literature studies indicating a value in the range of 10−10 − 10−8 

mol·dm–3  [7–10] under neutral to alkaline pH conditions. On the other hand, carbonate ion 

(CO3
2−), a relevant ligand in repository systems, is known to form strong complexes with 

Pu(IV) [7, 9]. The formation of Pu(IV) carbonate complexes potentially enhances the apparent 

solubility of Pu(IV) oxy-hydroxide or hydrous oxide solid phases. A robust thermodynamic 

model for the complexation of Pu(IV) with carbonate based on the thermodynamic constant, is 

therefore required for a reliable prediction of the migration behavior of plutonium.  

The complexation of Pu(IV) carbonate has been investigated in several studies [11–15]. 

Capdevila et al. measured UV-Vis spectra of Pu(IV) in 0.1 to 1.5 mol·dm–3 sodium carbonate 

(Na2CO3) solutions and suggested the existence of Pu(CO3)4
4– and Pu(CO3)5

6– based on the 

molar absorbance of the Pu(IV) solutions as a function of CO3
2− concentration [12]. The ionic 

strength (I) controlled by the Na2CO3 concentration was corrected by the specific ion interaction 

theory (SIT) [9] and the stepwise complexation constant (K5) from Pu(CO3)4
4– to Pu(CO3)5

6– 

was calculated to be log10 K°5 = –1.36±0.09 [12]. The formation of Pu(CO3)5
6– under high 

carbonate concentration was further confirmed by structural analysis with extended X-ray 

absorption fine structure (EXAFS) spectroscopy [13]. Rai et al. conducted the solubility 

measurement of PuO2(am) in K2CO3 solutions ranging in concentration from 0.1 to 6.2 mol·kg–

1. The dependence of Pu(IV) solubility on carbonate concentration at [CO3
2−] > 1 mol·kg–1 also 

indicated the formation of Pu(CO3)5
6– as dominant solution species [14]. The ionic strength of 

the Pu(IV) solutions where Pu(CO3)5
6– is dominant was rather large due to high CO3

2− 

concentration and the Pitzer approach [16, 17] was used to correct for ionic strength effects 

[14]. The formation constant of Pu(CO3)5
6– (105) was determined to be log10 °105 = 34.18 when 

combined with the solubility product of PuO2(am) (log10 K°sp = –56.85 [18]). These studies 

have been comprehensively reviewed and recommended formation constants for Pu(CO3)4
4– 

and Pu(CO3)5
6– were selected to be log10 °104 = 37.0±1.1 and log10 °105 = 35.65±1.13 as part 

of the Nuclear Energy Agency Thermochemical Database Project (NEA-TDB) [7, 9]. 

The Pu(IV)-carbonate system at lower CO3
2− concentration ([CO3

2−] < 0.1 mol·kg–1) 

has been investigated in  [11], [14], and [15]. Yamaguchi et al. measured the solubility of 
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PuO2·xH2O(s) in presence of 10−4 to 0.1 mol·dm–3 total carbonate at constant ionic strength of 

I = 0.1 mol·dm–3 [11]. According to the Pu(IV) solubility dependences on CO3
2− concentration, 

the authors claimed that neither Pu(CO3)4
4– nor Pu(CO3)5

6– could reproduce their experimental 

data and suggested the formation of ternary Pu(OH)2(CO3)2
2– at pH 9.4–10.1 and 

Pu(OH)4(CO3)2
4– at pH 12–13, respectively [11]. The ternary species of Pu(OH)2(CO3)2

2– was 

also proposed by Rai et al. as predominant Pu(IV) species to explain the Pu(IV) solubility 

behavior  in pH-neutral 0.01 to 1.0 mol·kg–1  KHCO3 solutions [14]. The formation constant 

determined after ionic strength correction by Pitzer approach was log10 °122 = 44.76 in 

combination with log10 K°sp = –56.85 [18]. On the other hand, Schepperle et al. have recently 

investigated the solubility of PuO2(am, hyd) in the presence of 0.1 and 0.04 mol·dm–3 

Na2CO3/NaHCO3 at pH 8–12.5 and I = 0.1–5.0 mol·dm–3 NaCl, and of UO2(am, hyd) and 

NpO2(am, hyd) under analogous solution conditions [15]. It was found that the ternary 

carbonate complex of An(IV)(OH)2(CO3)3
4– (An(IV) = Pu(IV), U(IV), and Np(IV)) well 

reproduced the systematic trend of the solubility data as a function of carbonate concentration 

and pH [15].  

In the context of geological disposal of radioactive waste from a reprocessing plant 

(TRU waste), radionuclides will come in contact with solutions with a wide range of sodium 

nitrate (NaNO3) concentrations [19–21]. On the other hand, calcium ions leached from the 

cementitious materials in a repository may limit the CO3
2− concentration due to the precipitation 

of CaCO3(s) [20, 22]. For the safety assessment of the geological disposal under possible 

scenarios, a comprehensive thermodynamic model covering various pH, carbonate, and ionic 

strength conditions are needed. As outlined above, reported data on the Pu(IV) carbonate 

complex formation are still limited, especially under low CO3
2− concentrations. The present 

study focuses on the Pu(IV)-carbonate interaction at low CO3
2− concentration ([CO3

2−] < 0.3 

mol·dm–3) in dilute to concentrated NaNO3 solutions. The solubility was investigated across a 

range of hydrogen ion concentration (pHc) values of pHc 8−11, carbonate concentrations of 

[CO3
2−] = 10−3−0.3 mol·dm–3, and ionic strengths of I = 0.1−5.0 mol·dm–3 (NaNO3). 

Comprehensive thermodynamic evaluation of the experimental solubility behavior revealed the 

predominant soluble Pu(IV) complexes, as summarized in the section 3.2.1. The corresponding 

formation constants were determined by least squares fitting analyses of the solubility data. The 

obtained formation constants at different ionic strengths were corrected by the SIT and Pitzer 

approaches, and the ion interaction parameters determined and compared within the 

actinide(IV) series.  
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2 Experimental Section 

2.1 Chemicals used 

All chemicals used were of reagent grade. NaNO3 ( > 99.0%), NaNO2 ( > 98.5%), NaHCO3 

( > 99.5%), Na2S2O4 ( > 80.0%), NH2OH·HCl ( > 99.0%), HNO3 ( 60−61%), and NaOH 

( > 97.0%) were purchased from Wako Pure Chem. and used without no further purification. 

Deionized purified water (Milli-Q, Millipore) was used in all solution preparations. All 

experiments were performed at 25±2°C. 

 

2.2 Analytical methods 

A combination glass electrode (9615-10D, Horiba Ltd.) was used to measure the pHc. The 

filling solution of the electrode was composed of aqueous sodium chloride (NaCl, 3.6 mol·dm–

3) and sodium perchlorate (NaClO4, 0.4 mol·dm–3) ( > 98.0%, Wako Pure Chem.). Since the 

experimentally measured pH values (pHexp) depend on the ionic strength of solutions, the 

electrode was calibrated against standard HNO3 and NaOH solutions (pHc 1, 2, 3, 11, 12, and 

13;  > 99.0%, Wako Pure Chem.) at ionic strengths I = 0.1, 0.5, 2.0, and 5.0 mol·dm–3 prepared 

by using appropriate amount of NaNO3. The pHexp values were corrected to the pHc values at 

respective ionic strength. The “A” and “B” values in the equation of pHc = A ×pHexp + B were 

determined to be 1.08 and −0.88 (I = 0.1), 1.04 and −0.20 (I = 0.5), 1.06 and −0.22 (I = 2.0), 

and 1.08 and −0.47 (I = 5.0). 

The redox potential in solution was determined with a Pt combination electrode (9300-

10D, Horiba Ltd.) equipped with a Ag/AgCl reference system. The measured redox potential 

value was taken after several minutes and converted into Eh (redox potential vs. standard 

hydrogen electrode) by addition of the Ag/AgCl reference electrode potential (+208 mV for 3 

mol·dm–3 KCl junction electrolyte). The apparent electron activity (pe = log
e

a  ) was 

calculated from Eh ( ) ln
e

RT F a    according to the relation pe = 16.9 Eh (V) at 25 °C. The 

error in the pHc and Eh values were estimated to be ±0.05 and ±20 mV (about 0.3 pe units) 

from the reading values. 

 

2.3 Solubility experiment 

2.3.1 Purification of plutonium 

The plutonium (239Pu) acidic solution with approximately 10−4 mol·dm–3 was purified by the 

following manner. An aliquot of 0.5 mol·dm–3 FeCl3 ( > 98.0%, Wako Pure Chem.) solution 

was added to the Pu solution resulting in [Fe3+] = 0.05 mol·dm–3. NaOH solution was added to 
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neutralize the solution and precipitate Fe(OH)3(s). Pu co-precipitated with Fe(OH)3(s) was 

washed with purified water several times and dissolved in 8 mol·dm–3 HNO3. The Pu solution 

containing dissolved Fe3+ in 8 mol·dm–3 HNO3 was purified by anion exchange resin (Dowex 

1X8) and subsequently eluted with 0.1 mol·dm–3 HNO3 + NH2OH solution. An aliquot of 0.1 

mol·dm–3 NaNO2 solution was added to the purified solution to oxidize Pu to Pu(IV). Figure 1 

shows the absorption spectra of the obtained Pu solution, confirming Pu(IV) as the dominant 

oxidation state. Pu concentration of the solution was determined to be 3.0 × 10−3 mol·dm–3 by 

-spectrometry (SEIKO EG&G. Co. Ltd.). An aliquot of NaOH solution was added to the 

Pu(IV) solution to neutralize and prepare the stock suspension of Pu(IV) amorphous hydrous 

oxide (PuO2(am,hyd)). The Pu concentration of the PuO2(am,hyd) stock suspension was 3.8 × 

10−3 mol·dm–3 (dissolved equivalent). 

 

 

Fig. 1 UV-Vis spectra of Pu(IV) stock solution 

 

2.3.2 Solubility measurement 

Pu(IV) sample solutions for solubility experiments were prepared by undersaturation method 

and stored in an Ar glove box (O2 < 100 ppm) at 25 °C. Aliquots of HNO3 and/or NaOH, 

NaHCO3, and NaNO3 solutions were mixed in polypropylene tubes to prepare sample solutions 

of 8 mL volume with a specific pHc, total carbonate concentration ([C]tot), and ionic strength 

(I). The pHc ranged from 8 to 12, and the [C]tot ranged from 0.001 to 0.3 mol·dm–3. The ionic 

strength was fixed at I = 0.1, 0.5, 2.0 and 5.0 mol·dm–3 within ±10%. 0.08 mL of 0.1 mol·dm–

3 Na2S2O4 was added to the sample solutions as a reductant to stabilize Pu(IV) during the 
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experiment. A 0.2 mL of PuO2(am,hyd) stock suspension was then added to the polypropylene 

tubes, corresponding to a total inventory of ca. 20 µg or [Pu] = 1.0 × 10−4 mol·dm–3, respectively.  

The sample tubes were then equilibrated for up to 43 weeks, and occasionally shaken 

by hand for a few minutes throughout the aging process. After the given aging time, the pHc 

and Eh values of each sample solution were measured. An aliquot of 0.2 mL of supernatant of 

the sample solution was then filtered through ultrafiltration membranes (Microcon NMWL 10 

kDa, corresponding to pore sizes of approximately 3 nm, Millipore). After filtration, a 30 L 

of concentrated HNO3 was added to the filtrate immediately to avoid any sorption of Pu species 

on the filtration tube. 30 L of the acidified filtrate was dried in a stainless sample pan by an 

infrared lamp and analyzed for the 5.244 MeV alpha line of 239Pu by -spectrometry. A peak 

of 5.244 MeV with lower-energy side tail, typical for the high ionic strength samples is possibly 

caused self-absorption by deposited electrolyte. Measurements of sample solutions with known 

239Pu concentration at different electrolyte concentrations were used for the correction of self-

absorption effect. The detection limit for total Pu concentration ([Pu]tot) corresponded to about 

1 × 10−8 mol·dm–3. The standard error for the -spectrometry calculated from each count was 

within 5%, which resulted in ± 0.05 in the log unit of [Pu]tot for most of the samples by taking 

an appropriate measurement time. The free carbonate ion concentration ([CO3
2−]) was 

calculated from [C]tot, measured pHc values, and the dissociation constants of carbonate and 

bicarbonate with uncertainties of ±10% in [CO3
2−], assuming that the concentrations of Pu 

carbonate complexes were negligible compared to [C]tot. For the thermodynamic analysis of the 

experimental data, the molar concentration (mol·dm–3) was converted to the molal scale 

(mol·kg–1) according to the specific gravities of 0.1− 5.0 mol·dm–3 NaNO3 solutions. 

 

 

3 Results and discussion 

3.1 Pu solubility in the presence of carbonate in 0.1 − 5.0 M NaNO3 

Figure 2 shows the experimentally measured pHc (–log10 [H
+]) and pe values of the sample 

solutions after aging for 64 – 302 days, together with the calculated Pu stability field based on 

the chemical diagram calculation program [23]. The observed pe values were at around pe = 

2.5±0.7 and showed no strong dependence on pHc = 8.5 to 11.5 and I = 0.5 and 2.0 mol·dm–3. 

In the neutral to alkaline pH region, Pu(IV) as PuO2(am,hyd) has a large stability field and all 

obtained pe values were within the stability field of Pu(IV) [24]. It is noteworthy that the 

observed pe values were considerably high, although 1 mM Na2S2O4 was used to keep strong 

reducing condition. Similar observations were reported by Baumann et al. [25]. While measured 
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pe values in NaCl-NaNO3-NaOH systems in the presence of Na2S2O4 were around pe = –10 at 

pH around 12, a significant increase in pe was observed for the same system in the presence of 

TcO2∙0.6H2O(am) [25], likely due to redox reactions between nitrate and Tc(IV). Although 

PuO2·xH2O(am) is not likely to be reduced or oxidized under the condition of observed pe 

values according to the its redox borderline, an excess amount of NaNO3 may play a role to 

increase the pe values in the presence of Na2S2O4. 

 

 

 

Fig. 2 pHc and pe values of Pu sample solutions in the presence of [C]tot = 0.16 mol·dm–3 in I 

= 0.5 and 2.0 mol·dm–3 NaNO3. Pu stability field in the presence of [C]tot = 0.16 mol·dm–3 at I 

= 0.5 mol·dm–3 NaNO3 with the total Pu concentration ([Pu]tot) = 10−4 mol·dm–3 was obtained 

by the chemical diagram calculation program [23]. 

 

In Fig. 3, the Pu solubility in the presence of [C]tot = 0.16 mol·dm–3 in I = 0.5 and 2.0 mol·dm–

3 NaNO3 are plotted as a function of pHc (–log10 [H
+]). Compared with the Pu(IV) solubility in 

the absence of carbonate [1,14,26,27], the obtained solubility values were orders of magnitude 

higher, indicating the formation of Pu(IV) carbonate complexes. At I = 0.5 mol·dm–3 NaNO3, 

Eh(V)

PuO2(am, hyd)

PuO2(CO3)3
4-

PuO2(OH)2(s)

Pu(OH)3(s)

Pu3+
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the solubility around pHc 9 was between 10−6 and 10−7 mol·dm–3 and decreased with increasing 

pHc at pHc < 10.5. Since no significant difference of the solubility values after aging for 64 – 

302 days was observed, the steady state within the investigated periods has been confirmed 

after 64 days. At I = 2.0 mol·dm–3 NaNO3, the solubility was more than one order of magnitude 

higher than that at I = 0.5 mol·dm–3. A comparable increase of the solubility with increasing 

ionic strength was also observed for the Zr(IV)-oxyhydroxide system in the presence of 

carbonate in I = 0.1 – 5.0 mol·dm–3 NaNO3, where Zr was used as an analog of Pu [28]. 

 

 

 

Fig. 3 Pu solubility in the presence of [C]tot = 0.16 mol·dm–3 in I = 0.5 and 2.0 mol·dm–3 NaNO3 

as a function of pHc, together with those in the absence of carbonate [1,14,26,27]. The detection 

limit of the -spectrometer used in the present study is indicated by the gray field. 

 

 

Figure 4 shows the Pu solubility at pHc = 8.1 – 9.7 in I = 0.1 − 5.0 mol·dm–3 NaNO3 as a 

function of [C]tot. The reported solubility data by [11] and [14] were plotted for comparison. 

The solubility increased systematically with increasing [C]tot. Provided that the solid phase was 
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PuO2(am,hyd), the observed slope (log10 [Pu] vs. log10 [C]tot) of 3 – 4 indicated that 3 or 4 

carbonate ions are involved in the complex formation of the predominant Pu(IV) carbonate 

species [29]. The strong, positive dependence of Pu(IV)  solubility on  ionic strength is clearly 

visible from Fig. 4, suggesting the presence of highly charged Pu(IV) complexed species. 

Solubility values by [14] obtained at pHc 8.8 – 9.3 were close to the ones of the present study 

at I = 0.1 mol·dm–3 NaNO3 in the range of [C]tot < 0.1 mol·dm–3. Considering that the 

background electrolyte in [14] was pure KHCO3, both data are in good agreement under 

comparative experimental conditions of pHc and ionic strength. On the other hand, the solubility 

values reported by [11] were 1 – 2 orders of magnitude higher than those determined for I = 0.1 

mol·dm–3 NaNO3 in the present study, in spite of similar pHc and ionic strength conditions. In 

their solubility studies, the sample solutions were prepared from oversaturation with a 

maximum Pu concentration of 1.3 × 10−6 mol·dm–3, whereas experiments in the present study 

and in [14] were performed from undersaturation using significantly greater total inventory of 

Pu solid phases. The oversaturation method from low initial concentration might result in the 

formation of colloidal Pu(IV) oxyhydroxides with higher solubility [30, 31].  

 

 

 

Fig. 4 Pu solubility at pHc = 8.1 – 9.7 in I = 0.1 − 5.0 mol·dm–3 NaNO3 as a function of [C]tot. 

The detection limit of the -spectrometer is indicated by the gray field. 
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3.2 Thermodynamic model of Pu solubility in the Na+-HCO3
−-CO3

2−-NO3
−-H2O system 

3.2.1 Comparison with the existing thermodynamic model 

The equilibrium reactions for the dissolution of PuO2(am,hyd) and the formation of the Pu(IV) 

carbonate complexes, Pu(OH)x(CO3)y
4−x−2y, can be described as: 

 

4
2 2PuO (am,hyd) 2H O Pu 4OH          (1) 

 4 4
sp =[Pu ][OH ]K   ,         (2) 

 

4 2 4 2

3 3Pu OH CO Pu(OH) (CO ) x y

x yx y            (3) 

4 2 4 2

1 3 3[Pu(OH) (CO ) ] [Pu ][OH ] [CO ]x y x y

xy x y      ,    (4) 

 

where Ksp and 1xy represent the conditional solubility product and complex formation constant 

at a certain ionic strength, respectively. The 1xy value determined from the experimental 

solubility depends directly on the Ksp value used in the analysis. Since the Ksp value is subject 

to the state of solid phase which varies from experimental conditions in literatures, we used the 

complex formation constant, K1xy, defined as below. 

 

2 4 2

2 2 3 3PuO (am,hyd) 2H O CO Pu(OH) (CO ) (4 )OHx y

x yy x          (5) 

4 2 4 2

1 3 3[Pu(OH) (CO ) ][OH ] [CO ]x y x y

xy x yK           (6) 

 

 In the literatures on the Pu(IV) carbonate complexes [11-15], binary complexes of 

Pu(CO3)4
4– and Pu(CO3)5

6– [12-14], and ternary complexes of Pu(OH)2(CO3)2
2– [11, 14], 

Pu(OH)4(CO3)2
4– [11], and Pu(OH)2(CO3)3

4– [15] have been suggested depending on their 

experimental conditions. The complex formation constants (K1xy) of Pu(CO3)4
4–, Pu(CO3)5

6–, 

and Pu(OH)2(CO3)2
2–reported in the literature are in relatively good agreement as shown in 

Table 1. The Pu solubility ([Pu]tot) can be calculated as a sum of the concentrations of these 

species based on their reported complex formation constants.  
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4 6 2

tot 3 4 3 5 2 3 2

2 4 2 5 2 2

104 3 105 3 122 3

4 4 2

[Pu] [Pu(CO ) ] [Pu(CO ) ] [Pu(OH) (CO ) ]

[CO ] [CO ] [CO ]

[OH ] [OH ] [OH ]

K K K

  

  

  

  

  
    (7) 

 

The concentration of carbonate ([CO3
2−]) was calculated from [C]tot and the dissociation 

constant of H2CO3(aq) and HCO3
− (pKa1 = 6.354, pKa2 = 10.329 [9]), considering that [C]tot is 

much larger than [Pu(IV)]tot. Due to their limited contribution under the investigated pHc range 

and [C]tot, the hydrolysis species of Pu(OH)m
4–m and the ternary Pu(IV) carbonate complex of 

Pu(OH)4(CO3)2
4– found at pH 12–13 [11] were not included in the equation.  

The molar values of I = 0.1, 0.5, 2.0 and 5.0 mol·dm–3 were converted to the molal scale, 

Im = 0.1, 0.5, 2.1, and 5.9 mol·kg–1, based on the specific gravities of NaNO3 and the K1xy for 

each ionic strength was calculated based on the specific ion interaction theory (SIT) approach 

[9].  

 

  
      

4 2 2
3 3

10 1 10 1 10 10 10 10
Pu(OH) (CO ) OH CO

2

10 1

4 2 + + 2 +

3 3 m 10

log log log (4 ) log log 2log

log 4 2 (4 ) 4

Pu(OH) (CO ) ,Na (4 ) OH ,Na CO ,Na 2log

x y
x y

xy xy w

xy

x y

x y w

K K x y a

K x y x y D

x y I a

  

  

   

   

     

      

     

 

            (8) 

 

where Kº1xy is the complex formation constant at Im = 0,
4 2 +

3(Pu(OH) (CO ) , Na )x y

x y  
, 

+(OH , Na ) 
= 0.04 kg/mol [9], and 

2 +

3(CO , Na ) 
= –0.08 kg/mol [9] represent the ion 

interaction coefficients for each species; and D and aw are the Debye-Hückel term and activity 

of water at 25 °C. Since the  values for Pu(CO3)4
4–, Pu(CO3)5

6–, and Pu(OH)2(CO3)2
2– have not 

been reported in the literatures, those were assumed to be –0.2 kg/mol, –0.3 kg/mol, and –0.1 

kg/mol, respectively, according to the empirical correlation proposed by Hummel et al. [29].  

 Figure 5 shows the comparison of the experimental results and calculated Pu(IV) 

solubility as a sum of the concentrations of Pu(CO3)4
4–, Pu(CO3)5

6–, and Pu(OH)2(CO3)2
2–. At I 

= 0.5 mol·dm–3 in Figs. 5a and 5d, the experimental plots in the presence of constant [C]tot = 

0.16 mol·dm–3 and constant pHc = 8.1–9.7 were well reproduced by the model, indicating that  

Pu(OH)2(CO3)2
2– is the main species. This agreed well with the results in [11, 14], where Pu(IV) 

solubility were measured at lower CO3
2− concentration ([CO3

2−] < 0.1 mol·dm–3). On the other 

hand, at I = 2.0 mol·dm–3 in Figs. 5b, the calculated solubility underestimated the experimental 
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results approximately by one order of magnitude in the region of pHc = 9–10. While the 

modeled equilibrium concentrations of all considered species, Pu(CO3)4
4–, Pu(CO3)5

6–, and 

Pu(OH)2(CO3)2
2–, increase with Im, this effect is not sufficient to explain the solubility data at I 

= 2.0 mol·dm–3. This indicates that an additional species is needed for a comprehensive 

thermodynamic model to reproduce the experimental results from low to high ionic strength. 

 

 

Fig. 5 Pu solubilities and calculated concentrations of Pu(CO3)4
4–, Pu(CO3)5

6–, and 

Pu(OH)2(CO3)2
2– based on the complex formation constants corrected by the SIT approach. The 

solution conditions are (a) in the presence of [C]tot = 0.16 mol·dm–3 at I = 0.5 mol·dm–3, (b) in 

the presence of [C]tot = 0.16 mol·dm–3 at I = 2.0 mol·dm–3, (c) at pHc 8.1 – 9.7 at I = 0.1 mol·dm–

3, (d) at pHc 8.1 – 9.7 at I = 0.5 mol·dm–3, (e) at pHc 8.1 – 9.7 at I = 2.0 mol·dm–3, and (f) at 

pHc 8.1 – 9.7 at I = 5.0 mol·dm–3. The detection limit by the -spectrometer is indicated by the 

gray field. 
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3.2.2 Thermodynamic model containing Pu(OH)2(CO3)3
4− 

Schepperle and Yalcintas et al. performed batch solubility experiments with UO2(am,hyd), 

NpO2(am,hyd) and PuO2(am,hyd) in the presence of 0.04 and 0.1 mol·dm–3 [C]tot at 8 < pHc < 

12.5 in 0.1–5.0 mol·dm–3 NaCl solutions [15]. Based on the slope analysis and systematic 

evaluation of their solubility data, the authors suggested An(OH)2(CO3)3
4− as main An(IV) 

aqueous species, although its complex formation constant value for Pu(IV) was not reported in 

[15]. In the present study, therefore, we introduced Pu(OH)2(CO3)3
4− as an additional species 

to explain the experimental solubility data. In the analysis, the residual concentration ([Pu]res) 

was first obtained by subtracting the calculated solubility as a sum of the concentrations of 

Pu(CO3)4
4–, Pu(CO3)5

6–, and Pu(OH)2(CO3)2
2– from the experimental values ([Pu]tot). Then the 

[Pu]res as a function of pHc and [CO3
2−] was fitted at each ionic strength to determine K123 value, 

as described below. 

 

 4 6 2

res tot 3 4 3 5 2 3 2

2 3
4 123 3

2 3 3 2

[Pu] [Pu] [Pu(CO ) ] [Pu(CO ) ] [Pu(OH) (CO ) ]

[CO ]
[Pu(OH) (CO ) ]

[OH ]

K

  






   

 
  (9) 

 

SIT approach 

As shown in Eq. 8, the complex formation constant of Pu(OH)x(CO3)y
4−x−2y is expressed as a 

function of ionic strength (Im) in mol·kg–1 (m) with the ion interaction coefficients for respective 

species. For each ionic strength from Im = 0.1 – 5.9 mol·kg–1, the concentrations of Pu(CO3)4
4–, 

Pu(CO3)5
6–, and Pu(OH)2(CO3)2

2– were calculated from the reported constants and ion 

interaction coefficients (Tables 1 and 2) as described above to obtain the [Pu]res. The log10 K123 

value was then determined by the least square fitting analysis of [Pu]res and plotted in Fig. 6a 

against the ionic strength.  

 

      

4 2
2 3 3 3

10 123 10 123 10 10 10 10 w
Pu(OH) (CO ) OH CO

10 123
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2 3 3 3 m 10 w

log log log 2log 3log 2log

log 6

Pu(OH) (CO ) ,Na 2 OH ,Na 3 CO ,Na 2log

K K a

K D

I a

  

  
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  
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 

    

 

            (10) 
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Within the linear regression analysis of the [Pu]res values, 
4 +

2 3 3(Pu(OH) (CO ) , Na ) 
 was fixed 

to –0.2 according to the empirical correction method [29]. Then, the log10 Kº123 = –12.0 was 

determined in the overall fitting of the [Pu]res values. The experimental log10 K123 values were 

scattered in Fig. 6a at Im = 0.1 and 5.9 mol·kg–1, where less number of experimental data were 

obtained compared to those at Im = 0.5 and 2.1 mol·kg–1. The calculated solubility including 

Pu(OH)2(CO3)3
4− were displayed in Fig. 7. The experimental values in the region of pHc = 9–

10 at I = 2.0 mol·dm–3 were better reproduced by the contribution of Pu(OH)2(CO3)3
4−, while 

its contribution was not so prominent at I = 0.5 mol·dm–3. The latter can be explained by the 

greater dependence of Pu(OH)2(CO3)3
4− on ionic strength compared to Pu(OH)2(CO3)2

2– arising 

from the more negative  value and charge of Pu(OH)2(CO3)3
4−.  

 

 

 

Fig. 6 Complex formation constant (K123) of Pu(OH)2(CO3)3
4− as a function of ionic strength 

(Im) with the ionic strength correction by (a) the SIT and (b) the Pitzer approaches. The filled 

symbols represent the experimental values determined by the least-square fitting analysis of 

[Pu]res.  The curves represent the calculated log10 K123 by the SIT and Pitzer approaches and the 

open symbols are the calculated values at Im = 0.  
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Fig. 7 Pu solubilities and calculated concentrations of Pu(CO3)4
4–, Pu(CO3)5

6–, 

Pu(OH)2(CO3)2
2–, and Pu(OH)2(CO3)3

4− based on the complex formation constants corrected 

by the SIT approach. The solution conditions are (a) in the presence of [C]tot = 0.16 mol·dm–3 

at I = 0.5 mol·dm–3, (b) in the presence of [C]tot = 0.16 mol·dm–3 at I = 2.0 mol·dm–3, (c) at pHc 

8.1 – 9.7 at I = 0.1 mol·dm–3, (d) at pHc 8.1 – 9.7 at I = 0.5 mol·dm–3, (e) at pHc 8.1 – 9.7 at I = 

2.0 mol·dm–3, and (f) at pHc 8.1 – 9.7 at I = 5.0 mol·dm–3. The detection limit by the -

spectrometer is indicated by the gray field. 
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Table 1 Summary of the complex formation constants and solubility products in the Pu–

carbonate systems (I = 0). 

Reactions  Values Ref. 

PuO2(am,hyd) + 2H2O + 4CO3
2 －  ⇌ 

Pu(CO3)4
4－ + 4OH－ 

log10 Kº104 –21.33 a [9] 

PuO2(am,hyd) + 2H2O + 5CO3
2 －  ⇌ 

Pu(CO3)5
6－ + 4OH－ 

log10 Kº105 –22.68 a [9] 

log10 Kº105 –22.67 [14] 

PuO2(am,hyd) + 2H2O + 2CO3
2 －  ⇌ 

Pu(OH)2(CO3)2
2－ + 2OH－ 

log10 Kº122 –12.09 a [14] 

log10 Kº122 –10.73 [11] 

PuO2(am,hyd) + 2H2O + 3CO3
2 －  ⇌ 

Pu(OH)2(CO3)3
4－ + 2OH－ 

log10 Kº123 –12.0 b 
Present 

study 

a) Used in the present analysis as fixed values. b) Obtained by the SIT approach. 

 

Pitzer approach  

The activity model proposed by Pitzer [16, 17] has been widely used for the ionic strength 

correction in various systems including concentrated saline solutions. In the present study, the 

Pitzer approach was applied to evaluate the complex formation constant and ion interaction 

parameters for the newly introduced Pu(OH)2(CO3)3
4− species. Due to lack of the reported 

Pitzer parameters for Pu(IV) carbonate species, the fitting analysis by the Pitzer approach was 

performed under the following constraints. The [Pu]res was obtained by subtracting the 

concentrations of Pu(CO3)4
4–, Pu(CO3)5

6–, and Pu(OH)2(CO3)2
2–, which were calculated by SIT 

approach from the experimental solubility data of [Pu]tot. The corresponding log10 K123 values 

shown in Fig.6b determined from [Pu]res were then analyzed with the Pitzer formulations to 

determine the Pitzer parameters. Among the parameters, only the binary parameters (0) and (1) 

were treated as the fitting parameters and determined to be (0) = 1.0118 and (1)
 = 9.4136. 

Values for C, (2), and ternary ion interaction parameters were fixed at zero. The log10 Kº123 of 

–12.0 determined in the SIT approach was also treated as a fixed parameter. The used and 

determined parameters are summarized in Table 2 and the fitted curve by the Pitzer model are 

described in Fig.6b. While the SIT approach has been sometimes limited to the ionic strength 

lower than approximately 3 mol·kg–1, the Pitzer approach is known to be applicable to higher 

ionic strength. Comparing both methods in Fig. 6, the Pitzer approach seems more reproducible 

to the experimental values at Im = 5.9 mol·kg–1. However, it is noteworthy that the calculated 

log10 K123 values by the SIT and Pitzer approaches at Im ≤ 2.1 mol·kg–1 are similar to each other 

and the Pu(IV) solubility in the presence of carbonate is well explained with both methods by 

taking Pu(CO3)4
4–, Pu(CO3)5

6–, Pu(OH)2(CO3)2
2– and Pu(OH)2(CO3)3

4− into account. 
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Table 2 SIT and Pitzer parameters used and determined in the present study. 

 SIT Ref.  Pitzer  Ref. 

Species  (Na+)  (0) (Na+) (1) (Na+) C (Na+)  

NO3
－ –0.04 [9] 0.0068 0.1783 –0.00072 [32] 

OH－ 0.04 [9] 0.0864 0.253 0.0044 [32] 

CO3
2－ –0.08 [9] 0.0399 1.389 0.0044 [32] 

Pu(CO3)4
4－ –0.2a 

Present 

study 

- - -  

Pu(CO3)5
6－ –0.3 a - - -  

Pu(OH)2(CO3)2
2－ –0.1 a - - -  

Pu(OH)2(CO3)3
4－ –0.2 a 1.0118 9.4136 0 

Present 

study 

a) Fixed in the analysis according to the empirical correction method [29].  

 

 

4. Conclusions 

The solubility of plutonium amorphous hydrous oxide (PuO2(am,hyd)) was investigated in the 

presence of carbonate ions under neutral to alkaline pH conditions in 0.1–5.0 mol·dm–3 NaNO3 

solutions. The observed dependence of Pu(IV) solubility on pHc and [CO3
2−] in low to medium 

NaNO3 concentrations agreed with previously reported data and was well reproduced by the 

thermodynamically calculated solubility curves, containing Pu(CO3)4
4–, Pu(CO3)5

6–, and 

Pu(OH)2(CO3)2
2–. However, the Pu(IV) solubility in 2 mol·dm–3 NaNO3 solutions was observed 

to be an order of magnitude higher than the calculated solubility curve as a sum of these species. 

The formation of Pu(OH)2(CO3)3
4− with the ionic strength correction by the specific ion 

interaction theory (SIT) and Pitzer approaches was found to well reproduce the experimental 

results under low to high ionic strengths. The formation constant and the ionic strength 

correction parameters were determined in the analysis of the solubility data to establish a more 

comprehensive thermodynamic model. 
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