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ABSTRACT

Plutonium(IV) carbonate complexes are expected to be of particular importance in
VucceLyMouAtitih s i te  ef ™ J '  ^ . I \ u d w  uOa.ite repos, fo j  6ein^ s-bJjeJ

typical groundwaters at th^)candidatejNevada Nuclear Waste The chemistry of these 

complexes is also important in the areas of nuclear fuel reprocessing and purification, 

actinide separations, and environmental studies. This progress report describes initial ex

periments performed to determine the identity and equilibrium quotients of plutonium(IV) 

carbonate complexes. These experiments were performed at pH values between 7.2 and 9.6 

using a spectrophotometric method. In addition, a brief review of the published literature 

on Pu(IV) carbonate complexes is presented.

Since Pu(IV) exhibits low solubility in the near-neutral pH range, a^ompiex-competi- 

tion reaction where citrate ligands compete with carbonate ions fbr the plutonium will be 

employed. This involves three stages: (a) study the pure carbonate system; (b) study 

the mixed carbonate/ citrate system, and (c) confirm and extend the literature work on 

the pure citrate system. The current experiments, involving part (a), have demonstrated 

the existence of at least three distinct species in the pH region studied. This work will

MASTER



DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document.



continue in the extended study of the pure citrate system, followed by the investigation of 

the citrate/carbonate complex/competition reaction.

IN TRO DUC TIO N

Aloaw.fa.fn
The carbonate complexation of the actinides may be important in ■Nevada Test "Site 

(NTS)- groundwater because the carbonate ion concentration has been reported to be as 

high as 3 x 10_3M (Ogard and Kerrisk, 1984). These complexes also have a significant 

impact in the areas of nuclear fuel reprocessing, actinide separations and purification, and 

environmental studies. Actinides which normally exhibit quite low solubilities in near

neutral solutions can be complexed by carbonate ligands and form solutions of higher

actinide ion concentrations. In the event that spent nuclear fuel waste packages are stored
Vu.cc<u n s i f e ,

at the Nevada Nmledx Waste Storage Site and are breached by groundwater, carbonate

ligands could complex these nuclides and might permit soluble species to travel to the far

field. Thus the identity of the complexes and the values of the complexation quotients are

important for use in computer modeling of such a breach as well as for understanding the

basic chemistry involved.

The data available in the literature on carbonate complexation of Pu(IV) are sum

marized in Table I. The data are quite discrepant but some indicate that these complexes
%.CC«> A f o o n b u r i

should be important in typical N¥S groundwaters. Moskvin and Gel’man (1958) studied 

the solubility of Pu(IV) hydrous oxide as a function of carbonate concentration and cal

culated a value of about 1047M -1 for the association quotient for PuC O |+ . However, the 

authors recognized that the number of hydroxides in the complex could not be determined.
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The quoted value has been widely criticized as being unreasonably large. In a later pa

per (Moskvin, 1971), one of the authors corrected an error in the original calculation and 

decided (quite arbitrarily because the pH range was very narrow) that the species formed 

was Pu(0H )4C 0 2- ,  with an association quotient of 10S2M -5 . More recently Kim et al. 

(1983) studied the solubility of 238PuC>2 in carbonate solutions and report the association 

quotients quoted in Table I. These values also seem much too large. It should be pointed 

out, however, that these values Me based on the poorly supported assumption that the 

solid phase was Pu(OH)2COs rather than PuC>2 - n ^ O .  That 1047 is unreasonable for the 

association quotient of PuCOg+ is shown by the following calculation. The concentration 

of COg-  in air-saturated 1 M  HCIO4 can be estimated to be 10~21 or 10"22 M, so that 

the quoted association quotients would require that Pu(PV) under these conditions would 

be predominantly in the form of PuC O |+ ! Silva (1985) has described experiments leading 

to an upper limit for the association quotient for PuCO§+ of about 1013M -1 , a much 

more reasonably appearing value. The only value available for other actinides is 1040M “ 5 

for 11(0 0 3 )5“ (Ciavatta et al., 1983) , although some limits have been given for possible 

Np(IV) carbonate complexes (Rai and Ryan, 1985).

In view of the uncertainties discussed above and the possible importance of the 

carbonate complexes in ■NTS' groundwaters, we have begun an investigation of the species 

present and their association quotients in H C O g/C O |“  solutions. Equilibria such as

Pu4+ +  mHCOg +  nH20  =  Pu(OH)n(COs)m +  (n +  m)H+ (1)
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Table I. Pu(IV)-Carbonate Association Quotients from the Literature.

Species log Q Reference Log Cone.*

PuC O |+ 47 Moskvin and Gel’man (1985) 9.2
Pu(OH)4C O |_ 52 Moskvin (1971) -9.8
PuCOa+ 47.1±3 Kim et al. (1983) 9.3
Pu(COs)2 55.0±2.5 Kim et al. (1983) 12.4
Pu(C 08) | - 57.9±2.7 Kim et al. (1983) 10.5
Pu(C 03)4~ 59.6±2.9 Kim et al. (1983) 7.4
Pu(C 03)J - 62.4±2.4 Kim et al. (1983) 5.4
Pu(OH)COj 55.2±2.3 Kim et al. (1983) 11.4
PuCO^+ <13 Silva and Nitsche (1985) <-24.8

*Log concentration of the complex in equilibrium with solid PuOa-nHaO (assuming 
KSp= 10~57 at pH 8 and pC(>2= 4.8 (total carbonate =*3 x 10~3 M).

cannot be measured directly because at pH values where significant concentrations of

bicarbonate or carbonate are possible, the concentration of Pu4+ will be extremely small

due to the very low solubility of hydrous PuOa. Our investigation will involve three stages:

(a) study the pure carbonate system; (b) study the mixed carbonate/citrate system; and

(c) confirm and extend the literature work on the pure citrate system. . In the first stage we

will investigate the equilibria in solutions with fixed CO2 partial pressures and measured

pH values. This will give relative equilibrium quotients and stoichiometric coefficients for

reactions such as:

Pu(OH)x(COs)y +  nCOa +  111H2O =  Pu(0 H)x+m(C0 3 )y+n +  (m +  2n)H+ , (2)
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where Pn(OH)z(COs)|, represents the least-complexed species. (Note: The charges on 

the complexes species have been omitted for clarity in the equations in this report.)In the 

second stage, (b) the competition between citrate and carbonate ligands for complexation 

of the plutonium(IV) will be investigated. This will give equilibrium quotients for reactions 

such as:

Pu(Cit)3 +  nCOg +  mJB^O =  Pu(0H)m(C03)n‘+  3Cit +  (m +  2n)H+ . (3)

In the final stage equilibria will be determined in the reaction

Pu4+ +  iHsCit =  Pu(Cit)i +  3iH+, (i =  1 -  3). (4)

Three stages such as these are necessary in order to express the association quotients in 

terms of Pu4+, the principal species present in non-complexing acid solutions.

Preliminary experiments showed the feasibility of a spectophotometric study of the 

equilibria in equation (2). Significant spectral changes were observed and the equilibria 

were readily measured and easily shifted by changing the ligand concentrations. However, 

evidence was found for mixed citrate-carbonate complexes. This latter observation will 

make interpretation more difficult but will not invalidate the approach.

Measurements of equilibrium reaction (3) have been reported by Nebel (1966a, 1966b). 

These measurements will require confirmation and extension to higher pH values.
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EXPERIMENTS

Since it is required that plutonium solutions be equilibrated with various CO 2-argon 

mixtures, special vessels were designed and constructed in which the gas can be passed 

through the solution and the solution can be transferred into and out of absorption cells 

safely and efficiently. Solutions of Pu(IV) in HCOg /C O 3-  mixtures of various alkalinities 

are sparged with COa/argon mixtures ranging from 0.03% to 100% CO2. Equilibrium, 

as judged by constant pH readings, is reached within about three days. The spectra 

and the pH of the equilibrated solutions are recorded. Measurements of pH are made 

using a Coming Model 130 pH meter with an Orion Ross combination electrode. A Cary 

Model 17D spectrophotometer was used to record spectra . Complete spectra in the range 

from 400 to 700 nm as well as absorbance values at selected wavelengths are obtained. 

Measurements are made at 23 ±  1 °C.

Quotients for the equilibria in equation (l) are determined from the absorbance- 

concentration data using least-squares methods. In general, data from the different wave

lengths will give slightly different equilibrium quotients, so the data for several wavelengths 

are combined.

RESULTS AND DISCUSSION

The data obtained thus far are preliminary and the conclusions reached are provi

sional. For part (a) of the study, three sets of data covering six alkalinities, four CO2 

pressures, and four or more wavelengths have been obtained. The experimental techniques 

developed while taking the first data set appear to be satisfactory since the second and third



data set are in reasonable agreement. The spectral changes are quite significant; Figure 1 

shows the spectra obtained at the extremes of pH and CO2 pressures. No wavelengths of 

constant absorbance at constant total concentration of absorbing species (isobestic points) 

were observed in the spectra. Application of the Beer-Lambert Law requires tha t at least 

three species are important in the experimental concentration range. Thus an attem pt was 

made to fit the data under the assumption that two reactions of the form of equation (l) 

are important. The system can be described by giving the values for m and n, the stoichio- . 

metric coefficients, for the two reactions assumed. Trial models for the system consisting 

of two reactions were specified by choosing values for m i, n i, m2 and n 2. Then the best 

values for the two equilibrium quotients Qi and Q2 and the required extinction coefficients 

were found using a non-linear least-squares procedure. The results of the calculations for 

the five best pairs of reactions are summarized in Table II. The agreement between the 

observed and calculated absorbance values is shown by the root-mean-square deviation, 

which is given in the last column in the table.

Figure 2 shows the calculated and observed absorbance values versus pH for the four 

most sensitive wavelengths. The calculations were made using the third data set and the

1,0,0,1 Model, which fits the experimental data the best (smallest root-mean-square). The 

results for constant CO2 pressures are connected by solid lines.

Figure 3 shows calculated and observed absorbance values versus pH at 485 nm, the 

most sensitive wavelength, for the five best models. For pH values >8.5, it is seen that the
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Figure 1. Spectra of Pu(FV) show the effect of pH and C 0 2 pressure.
8



Table II. Results of Least-Squares Calculations for the Pu(IV) Carbonate System

Model 
(mi, n i, m2, n2) Data Set p Q! PQ! RMSb

1,0 ,0,1 2 8.00 15.73 5.10
1,0 ,0,1 3 8.14 15.72 4.84

1,1,0,1 2 22.34 14.48 5.77
1,1,0,1 3 23.49 15.27 5.56

1,2,0,1 2 37.30 13.78 6.49
1,2,0,1 3 38.65 14.79 5.51

2,0 ,0,1 2 16.62 15.34 6.44
2 ,0 ,0,1 3 16.90 15.42 5.49

2,1,0,1 2 31.87 15.00 6.77
2,1,0,1 3 32.07 15.09 5.58

a The negative logarithm of the indicated equilibrium quotient. 
b Root-mean-square deviation between the observed and calculated absorbance values, 

x 103.

1, 0, 0 ,1  model is distinctly better than the others, in agreement with the root-mean-square 

deviations listed in Table II.

Figure 4 shows the calculated fractions of the three principal species versus pH. The 

CO 2 pressures are not shown, but ranged from the highest to the lowest experimental

values.)

Although the most likely stoichiometric coefficients have been determined, the formu

las for the actual species cannot be given until the remaining two stages of the investigation 

are complete.
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Figure 4. The fractions of the three species versus pH calculated using model 1,0,0,1. A shows 
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Nebel (1966a, 1966b) has quoted first and second log association quotients for the 

Pu(IV)-citric acid system of about 15 and 30, respectively, from results of spectrophotomet- 

ric and potentiometric studies. We have begun spectrophotometric experiments designed 

to confirm and extend his results. Our first series of experiments was carried out using 

9 x 10-4 M Pu(IV), 9 x 10-3 M citric acid (HgCit), and acid concentrations from 0.09 

to 2.0 M  at a constant ionic strength of 2.0 M. The temperature was 23 °C. Significant 

spectral changes were observed over the acid concentration range studied. For example . 

the characteristic aquo-Pu(IV) peak at 470 nm decreased by a factor of nearly two, while 

a very minor peak at 505 nm shifted to 496 nm and the extinction coefficient increased 

from about 3.5 to 50 M- 1cm-1 . In the second set of preliminary experiments, the acid 

concentration was decreased to 10" SM  and further spectral changes were observed. The 

results indicate that more than the two complexes reported by Nebel (1966a, 1966b) exist. 

Additional data will be collected and a quantitative interpretation will be presented, based 

on the equilibrium in equation (3). The method of calculating the equilibrium quotients 

will be very similar to the least-squares procedure used for the carbonate system analysis.

C O N C LU SIO N S

The provisional conclusions from the study of the pure carbonate system, part (a), 

are as follows:

• At least three species are important in the pH range from about 7.2 to 9.6.

• One of these species, however, differs from the least-complexed species on the right

hand side of equation (2) by the addition of but one C O |“ .
13



• The composition of the third species is less certain, but appears to differ from the 

least-complexed species by the addition of a single OH- , although an additional 

CO3-  can not be ruled out.

In order to establish the formulas and the association quotients for the three species 

it will be necessary to complete parts (b) and (c) of this study. The final results will be 

given in a subsequent report.
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