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|. Executive Summary

Putonium is one of the mgor contaminants a many DOE stes where plutonium containing
solutions have been released to soils and sediments. Plutonium is present in the soils and sediments at
haf of the DOE stes and in the groundwater at even more of these. The plutonium-bearing wastes
stored at DOE sites often contain organics (e.g., EDTA, NTA, DTPA) asresidues from separation
processes. The soils a these Sites vary greetly in pH, soluble inorganic and organic eectrolytes, Eh, and
plutonium concentration. This plutonium can be present in multiple oxidation states (111, 1V, V, and VI)
and, in these oxidation states, forms agueous complexes of varying stability and solid phases of varying
solubility. The dominant oxidetion state in solid and in the agueous phase may differ; eg., Pu(1V) solids
arein equilibrium with agueous PUO,". As aresult, plutonium in these geologic matrices undergoes a
variety of complex reactions which complicate its environmental behavior. These complexitiesin
plutonium chemistry whereby alarge variety of precipitation, dissolution, adsorption/desorption, and
redox reactions control plutonium speciation and concentrations, result in the need for arather large
amount of reliable, fundamentd data to predict Pu behavior in geologic media. These dataare dso
needed for evauation of remediation strategies that involve removing most of the contaminants by
selective methods, followed by in-stu immohbilization of resdud contaminants.

Two areas were studied during this EM SP project: 1) thermodynamic datafor Th(lV) and
Pu(1V) complexes of EDTA and for Pu(V) interactions with chloride; 2) kinetic data for redox reactions
of Pu in the presence of common redox agents (e.g., H.O,, MnO,, and NaOCIl) encountered under
wadte digposa conditions. These studies are relevant to understanding Pu behavior in wastes disposed
of in diverse geologic conditions (e.g., a the WIPP and YUCCA Mountain repositories and in
contaminated sediments at many different DOE Stes) and dso for developing effective remediation
drategies (e.g., processing of high level waste tanks).

During this 3 year period, reliable thermodynamic datafor Pu(1V) complexes with EDTA and
for Pu(V) with chloride were obtained (Rai et a. 2000a and 2000b). These studies, especidly those
with Pu(1V), have provided a methodology for studying Pu(1V) behavior where the concentration of the
smple, hydrated ion, PU** can be determined as this is needed for accurate measurement of equilibrium
congtants (Ral et a. 2000a). It was not possible in previous studies reported in the literature to
determine rdiably the concentration of PU**, even in very acidic conditions, due to hydrolytic
interference and the lack of rdiable hydrolysis congtants. Our methodology can be used to study



sysemsinvolving EDTA and other ligands, (eg., DTPA, HEDTA, and NTA) which wereused in
separations and, consequently, are present in the wastes.

A number of studies (Nelson and Lovett 1978, Nelson et a. 1984, Bondietti and Trabaka
1980, Fukai et al. 1987, Choppin et a. 1986, Choppin and Stout 1989) have shown that Pu(V) isthe
dominant soluble Pu speciesin naturd waters (Pacific Ocean, Irish Sea, Mediterranean Sea, Lake
Michigan, Gulf of Mexico, and in dkaine freshwater ponds). Despite the reported stability of Pu(V) in
these systems, little data are available for important Pu(V) reactions. Under this EMSP contract, we
showed that thermodynamic data for Np(V) can be used to rdigbly predict Pu(V) behavior (Rai et dl.
2000b). We dso demongtrated the need for research on the effects of reducing agents generaly present
in geologic environments to reduce plutonyl speciesto the lower oxidation states (Choppin 1999). We
have adso sudied the effect of HO,, NaClO, and MnO, on the reduction of Pu(V) in this research
period and have in the past studied the reduction kinetics of U(VI1) and Np(V1) by organic compounds
of environmenta importance (Choppin and Rao 1992, Choppin 1991, Rao and Choppin 19914,
1991h). In summary, these sudies have yieded data to address redox reactions of plutonium in the
presence of environmentally important agents (e.g. organic and inorganic oxidants/reductants).

Il. Research Objectives

The stored USDOE tank wastes contain plutonium as well as organic co-contaminants (e.g.,
EDTA, NTA, DTPA) in dkdine media Most of these organic contaminants strongly complex Pu and
can make Pu(lV) (which is otherwise fairly insoluble) soluble and, therefore, mobile. However, religble
vaues for gability congtants for these Pu(IV) complexes, which are necessary to predict Pu behavior in
the presence of these organic ligands, are not available. In addition, if released to the environment by
accidents, lesks, etc, the plutonium would be in complex geologic matrices which vary gregtly in pH,
soluble inorganic and organic dectrolytes, Eh, and plutonium concentration.  Plutonium in these geologic
meatrices can undergo a variety of complex reactions that contral its environmenta behavior. Because of
the complexities in plutonium chemistry (four different oxidation states that show differing behavior) and
in disposd conditions where alarge variety of precipitation/dissol ution, adsorption/desorption, and
redox reactions can control plutonium oxidation states and concentrations, there is apressing need for a
fundamenta gpproach to obtain data cgpable of rdiably predicting plutonium behavior in these

extremely complex and diverse matrices. These data are dso needed for remediation Strategies which
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involve removing the contaminants by sdlective leaching followed by ex-gtu treatment for removd or in-
Stu retention of contaminants for immobilization.

To contribute to the development of afundamental model for reigbly predicting the geochemica
behavior of Pu in diverse geologic environments, the emphasis of these studies was placed on only the
important aspects of Pu chemidiry for which rdiable data are not available. Therefore, our sudies dedlt
with developing 1) thermodynamic datafor Pu(lV)-EDTA complexes and methodology for developing
thermodynamic data for other ligands, such as NTA and DTPA, that strongly complex Pu(1V), 2)
thermodynamic data for Pu(V) systems and demondtration that thermodynamic datafor Np(V), an
anaog for Pu(V), can be used to describe Pu(V) behavior, and 3) fundamenta data on Pu oxidation
date trandformation reactions in the presence of - environmentally important oxidants and reductants.

[11. Research Results

I11-1 Thermodynamic Modd for the Solubility of PUO,(am) in the Aqueous Na'-H*-OH-CI-H,O-
ehtylenediaminetetraacetate System

Soils contaminated with plutonium are present at anumber of USDOE sites (e.g., Oak Ridge,
Hanford, Savannah River, Los Alamos, Rocky Hats, the Nevada Test Site) and are of concern due to
the long hdf-life and high toxicity of plutonium (ORNL 1993, Riley et d. 1992)..
Ethylenediaminetetraacetic acid (H4EDTA), which was co-disposed with radionuclides a severd Stes,
has been reported to enhance the solubility and transport of Pu, ®Co, and other radionuclidesin
groundwater at Oak Ridge, Chak River, and Maxey Hats (Riley et d. 1992, Cleveland and Rees
1981, Means et a. 1978, Champ and Robertson 1986, Killey et al. 1984). Despite the reported impact
of organic complexants on Pu solubility and mohility in geologic environments, limited religble,
experimenta thermodynamic data exist on complexation with these ligands (Foreman and Smith 1957a
and 1957b, Cauchetier and Guichard 1973). For example, the reported equilibrium constants for
Pu(1V) formation of PUEDTA (ag) vary over nine orders of magnitude. Moreover, these vaues are
based on data obtained in relatively acidic conditions (pH < 4), which may not be applicable to the
range in pH vaues expected in most environmental conditions. Foreman and Smith (1957b) reported a
difference of over seven orders of magnitude between the equilibrium constants they obtained for
PUEDTA formation at pH 3.3 (log K of 17.1) andin 1.0 M HNO; (log K of 24.2). This value was later
revised by Klygin et a. (1959) to 26.15 and by Krot et a. (1962) to 26.75 because the authors did not



congider HsEDTA* and HEDTA?*, which are important in these acidic solutions. Our studies,
described later, show that none of these vaues are applicable to the range of pH vaues encountered in
geologic environments.

A mgor difficulty in calculating rdiable vaues of complexation constants for strongly complexing
ligands[eg., EDTA, DTPA, and NTA] by the techniques (spectrophotometric, polarography, andion
exchange) and pH values used in past studiesis that the concentration of Pu** needed to calculate these
congtants is very difficult to measure reliably. Thisis due to the very strong hydrolysis of PU* whichis
further complicated by the redox behavior of Pu. It isrdativey easy to control plutonium in the highes,
Pu(VI), or lowest, Pu(l1), oxidation states by adding strong oxidizing or reducing agents but it is more
difficult to maintain it in the Pu(IV) and Pu(V) states, epecidly under conditions relevant to geologic
environments.

Some of the mgjor difficulties encountered in the past can be overcome by studies of the
solubility of plutonium in equilibrium with a Pu(lV) solid of known solubility product as this can provide
rdiable values of PU** concentration as afunction of pH. We, therefore, studied the solubility of
PuO,(am) in solutions of 0.001 M and 0.0001 M total EDTA concentration for pH vaues ranging form
1 to 13.5. Another set of experiments were done at apH of gpproximately 9 and with EDTA
concentrations ranging from 0.00001 to 0.093 M. The solubility studies were carried out as a function
of time. The oxidation States were determined by x-ray absorption near edge spectroscopy and solvert
extraction.

Significant Results

The comparison of the experimental solubility with the predictions based on literature data
(Cauchetier and Guichard 1973) showed that the predicted concentrations are orders of magnitude
lower (e.g. a pH 8, the difference is gpproximately six orders of magnitude) and this difference
increases with the increased pH. Thisindicated that the existing models were inadequate to represent
complexation behavior of Pu(IV) with EDTA at pH values >4 (Figure 1). Our data were interpreted
using the Pitzer ion+interaction modd (Pitzer 1991) that is applicable to dilute as well as concentrated
electrolytes. Our modd was developed based on the solubility of PUO,(am) at 0.0001 M EDTA
concentrations and as a function of pH. The assumption of Pu(OH),EDTA, instead of PUEDTA(&g), in
the model successfully smulated the observed plutonium concentrations as a function of pH in the entire
pH region (Figure 1). Thisis conggtent with the absence of a sgnificant formation of PUEDTA in favor
of the ternary complexes Pu(OH),EDTA™.



The reliability of the model developed from the data for PUO,(am) equilibrated with 0.0001 M
EDTA at different pH vaues for 7 days, usng the modeling parameters given in Tables 1 and 2, was
tested against PUO,(am) solubility in 0.001 M EDTA over awide range in pH vaues and againg EDTA
concentrations ranging from very low to 0.093 M at afixed pH. Close agreement between the
experimenta and predicted Pu concentrations in these different setsindicates that thismodd is
conggtent with the experimenta data over the full range of conditions. The modd included
Pu(OH)EDTA", Pu(OH),EDTA?, Pu(OH);EDTA®, and the Pitzer ion-interaction parameters for the
bulk dectrolyte ions and for the different EDTA species (Table 2). These modding parameters provide
log K° vaues for the PuO,(am) dissolution reactions of 21.58, 15.92, and 6.95 for the formation of
Pu(OH)EDTA", Pu(OH),EDTA?, and Pu(OH)sEDTA?, respectively according to the reaction
[PuO,(am) + EDTA* + (4 B X)H = Pu(OH),EDTA™ + (2-x)H,0]. The combination of the log of the
solubility product value of B56.85 (Rai 1984) for [PuO,(am) + 2H,0 = Pu*™* + 40H7 combined with
the equilibrium constant of the above reaction provides log K° values of 36.44, 44.78, and 49.80 for
the formation of PU(OH)EDTA", Pu(OH),EDTA?, and Pu(OH)sEDTA®, respectively, according to the
reaction [PU** + XOH + EDTA* = Pu(OH),EDTA™]. The different complexes are dominant in
different pH regions.

The stability constants from this EM SP study were used to predict Pu(IV) behavior in the
presence of EDTA and the resultsindicated that EDTA complexes of Pu(lV) are not important in the
high-level waste tanks as the caculated concentrations in the presence of 0.001 M EDTA are extremely
low due to hydrolytic competition at the high pH vaues of the wastes. We have developed, <o, a
method for reliably determining Pu(1V) stability constants with other strongly complexing ligands such as
HEDTA, DTPA, and NTA.

A manuscript based on the data developed in this study was prepared and isin pressin
Radiochimica Acta. (Rai et a 2000a).

[11-2. Thermodynamics of the PuO,"-Na'-OHE-CIB-Cl0,2-H,0O System: Use of NpO," Pitzer
Parameters for PUO,+

Rdiable thermodynamic data for dl the oxidation states of plutonium are required to develop
comprehensve models for prediction of its behavior in different environments. The difficulty in obtaining
reliable thermodynamic data for Pu(V) due to its redox and/or disproportionation reactions in agqueous
systems hes resullted in very limited data for Pu(V)
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Figure 1. Aqueous Pu(lV) concentrations contacting PuO,(am) suspensonsin 0.0001 M EDTA
adjusted to arange in pH vaues and equilibrated for 7 days. Lines represent predicted total and
gpecies concentrations, as designated. Modeling species and parameters are reported in Tables 1 and
2. C&G 1973 represents predicted concentrations based on PUEDTA (ag) complexation constant
value reported by Cauchetier and Guichard 1973.



Table 1. Dimensionless sandard® molar Gibbs free energies of formation ) GY/RT)

Species )GYRT Reference
Pu** -194.279 [Fuger and Oetting 1976]
Pu(OH)EDTA -288.566 + 0.81 This study
Pu(OH),EDTA? -371.219 £ 0.81 This study”
Pu(OH);EDTA* -446.197 + 0.81 This study”
PUO,(am) -387.594 [Rai 1984]
H.EDTAZ -3.09 This study, calculated”
HsEDTA" -3.47 This study, calculated”
H,EDTA(ag) 0.00 [Pokrovsky et a. 1998]
HEDTA" 5.76 [Pokrovsky et al. 1998]
H,EDTA* 12.87 [Pokrovsky et al. 1998]
HEDTA* 28.71 [Pokrovsky et al. 1998]
EDTA* 53.05 [Pokrovsky et al. 1998]
H,O (R) -95.663 [Harvie et a. 1984]
OH -63.435 [Harvie et a. 1984]
Na' -105.651 [Harvie et a. 1984]
Cr -52.955 [Harvie et d. 1984]

a Thevduesfor dl speciesinvolving EDTA are only relative to each other, caculated with the
assumption that HLEDTA (aq) = 0.0.

b. Based on 7-day equilibration period datafor 0.0001 M EDTA st (Table A.1).

c. Cdculated from log K, values reported by Krot et a. [1962], using the Davies equation to
extrgpolate the vaues to zero ionic strength and combining this information with other data reported in
thistable. Although these species were included for completeness, they do not sgnificantly impact the
calculations reported in this paper.



Table 2. Pitzer ion-interaction parameters used in this study?

Binary parameters

Species $© $@ $@ cM Reference
PU*-C1 1.644 15.5 0.00 0.1 b
Na'-EDTA* 1.016 11.60 0.00 0.001 [Pokrovsky et al.

1998]
Na'-HEDTA*  0.5458 5.22 0.00 -0.048 [Pokrovsky et al.
1998]
Na" H,EDTA* -0.1262 1.74 0.00 0.054 [Pokrovsky et d.
1998]
Na" H:EDTA" -0.2345  0.29 0.00 0.059 [Pokrovsky et d.
1998]
Na'-OH 0.0864 0.253 0.00 0.0044 [Harvie et d. 1984]
Na'-C1 0.0765 0.2664  0.00 0.00127 [Harvieet d. 1984]
H'-C1 0.1775 0.2945  0.00 0.0008 [Harvieet d. 1984]
Ternary parameters
H*-Na' 0.036 [Harvie et al. 1984]
H*-Na'-C1 -0.004 [Harvie et d. 1984]
C1-OH -0.05 [Harvie et d. 1984]
C1-OH-Na"  -0.006 [Harvieet d. 1984]

a Because the chloride concentrations in most of the samples are low, primarily from the HC1 used in
adjugting pH vaues, the parametersinvolving C1 do not figure sgnificantly in caculaions, but were
included in the modd for completeness.

b. Based on analogy to corresponding U(IV) system [Rai et d. 1997].



chemigtry. Because of this paucity of data specificdly for Pu(V), it is generally accepted that Np(V) can
be used as an analog for Pu(V). However, more extensive verification of this concept over awide
range of conditionsis desirable.

The objectives of this sudy were to determine the solubility of PuO,(am) in ar-equilibrated
suspensions, where Pu(V) is known to be the dominant oxidation state (Rai et d. 1980a, Rai 1984)
over arange of NaCl and NaClO, concentrations and to determine whether the ion-interaction
parameters for Np(V) with CI or CIO4 reported in the literature (Neck et a. 1995) can be used to
reliably predict the corresponding Pu(V) behavior. The god isto verify the extent to which Np(V) can
be used as an andog for Pu(V) in studies of the speciation and environmental modeling of Pu. Two
different methods were used to anadyze the data. One method used estimated vaues of the pe, and the
other assumed congtant effective oxygen fugacities. The results from both of these methods show that
Pu(V) indeed does behave in an anaogous fashion to Np(V).

Significant Results

The aqueous Pu concentrations in contact with PuO,(am) suspensions at different
concentrations of NaClO, or NaCl (with the exception of 4.36 m NaCl) are Smilar a the different
equilibration periods (Figures 2 and 3), indicating that the steady- state concentrations are reached
rapidly. The observed increase in Pu concentration with the increase in equilibration period for the 4.36
m NaCl sysem is not due to dow kinetics of dissolution of PuO,(am), but rather is due to oxidative
dissolution as aresult of the production of oxidizing Species by dpha radiolysisin the chloride media.
The experimental data indicate that the dominant aqueous Pu oxidation state is Pu(V).

lon-interaction parameters for the bulk dectrolyte ionsin this study are available (Table 3), but
they are not available for PUO,". However, parameters for NpO," (which is used often as an andog for
PuO,") with CI and ClO4, are available (Neck et al. 1995) and were used to compare how closaly
these NpO," parameters, in conjunction with log K° value of -18.85 (similar to -19.45 reported by Rai
1984) for the reaction [PuO,(am) = PuO," + €] dong with the estimated pe vaues, described the
PuO," system. Close agreement exists between the predicted and observed PuO," concentrationin dl
of the systemsinvestigated (0.4 and 4.0 M NaClO, or NaCl; Figures 2 and 3), with the exception of a
110-day equilibration period for 4.0 M NaCl. Significant increasesin solubility in 4.0 M NaCl
observed at longer equilibration periods (Figure 3) are most likely due to conversion of NaCl to NaOCl
through dpharadiolysis (Buppelmann et d 1988). The close agreement demonstrates that the modeling
parameters (Table 3) used in this
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Figure 2. Plutonium concentrations in 0.0018- - mfiltratesfrom PuO,(am) suspensionsin NaClO,4 and
equilibrated for different periods. Solid line represents model predictions based onion-interaction
parameters reported in Table 3 and assumptions discussed in the text.
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Table 3. Pitzer ion-interaction parameters used in this sudy.

Binary parameters

Species $© $® $@ cV Reference
Na'-CI 0.0765 0.2644 0.00 0.00127 Harvie et d. [1984]
Na™-ClO4 0.0554 0.2755 0.00 -0.00118  Pitzer and Mayorga[1973]
Na'-OH 0.0864 0.2530 0.00 0.00440 Harvie et d. [1984]
H*-CI 0.1775 0.2945 0.00 0.00080 Harvieet d. [1984]
H*-ClO4 0.1747 0.2931 0.00 0.00819 Pitzer and Mayorga [1973]
Ca*-OH 0.1747 -0.2303 -5.72 0.00 Harvie et a. [1984]
Ca**-CI 0.3159 1.614 0.00 -0.00034 Harvie et a. [1984]
PuO,"-CI 0.1415 0.2810 0.00 0.00 This study?
PuO,"-ClO4 0.257 0.180 0.00 0.0081 This study®

Common ternary parameters
Species Vdue Reference
Na'-H* 0.036 Harvie et a. [1984]
Na'-H*-CI -0.004 Harvieet al. [1984)]
CI-OH -0.050 Harvieet al. [1984]
CI-OH-Na' -0.006 Harvieet a. [1984]
ca®*-H* 0.092 Harvie et a. [1984]
catt-H*-Cr -0.015 Harvie et d. [1984]
H*-Na'-ClO, -0.016 Pitzer [1991]

a Assumed to be identica to the corresponding NpO." parameters reported by Neck et al.
[1995]
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study are reasonable, and that the NpO," ion interaction parameters with CI and CIO4 are equaly
applicable to the corresponding PuO," system. Changesin pe would increase or decrease the solubility
curves up and down. However, the difference between the PuO," concentrationsin 0.4 and 4.0 M
solutions, the direction of change, and the shape of the curves depends on the aqueous species and the
ion interaction parameters used in caculations. Therefore, a pe independent approach can be used to
test how well the Np(V) parameters describe the observed Pu(V) behavior. Such analyses and the
experimental data showed that: 1) the predicted concentrationsin 4.0 M NaCl and NaClO, solutions
without the inclusion of parameters for PUO," with CI and CIO 4 are approximately an order of
magnitude higher than with the incluson of these parameters; 2) the difference between the
concentrations in 0.4 and 4.0 M solutions for the observed as wdll as for the predicted concentrations
aresmilar; and 3) theinclusion of Pitzer ion-interaction parameters for PuO," correctly predicts a
decrease and an increase in observed PuO," concentrationsin NaClO,4 and NaCl solutions,
respectively, when the concentrations of the eectrolytes were changed from 0.4 t0 4.0 M. These
results show that ion-interaction parameters for PuO," with CI and ClO4” are required to accurately
predict the effects of changes in the concentrations of the bulk eectrolytes, and that the NpO,*
parameters can be used to model satisfactorily the PuO," behavior.

In summary, the solubility of PuO,(am) was determined in ar-equilibrated suspensonsas a
function of pH, time, and concentrations of NaCl or NaClO,4. With the exception of 4.0 M NaCl at
longer equilibration periods ($ 106 days), the data support Pu(V) as the dominant aqueous speciesin
al of the systemsinvestigated. 1n agreement with the data reported in the literature, Pu(V1) was a result
of oxidants produced by dpharadiolyss and was found to be the dominant oxidation state only in 4.0
M NaCl suspensions equilibrated for ca. 106 days. The predicted Pu concentrations, using available
thermodynamic data and Pitzer ion-interaction parameters for Np(V) with CI or CIO, werein good
agreement with the observed Pu concentrations as a function of pc. for al of the sysems investigated
(synthetic WIPP brine, and 0.4 and 4.0 M NaClO, and NaCl). This confirmsthat NpO," and PuO,"
systems behave in an andogous fashion.

It isaso of vaue to develop the capability for predicting PuO,(am)solubility behavior in
geologic repositories. For this purpose, PUO,(am) solubility was determined for samples under Nx(gas)
atmosphere in a synthetic solution of which 5.31 m NaCl is the mgor componant (described by Rao et
a 1999) and which is representative of a brine from the Waste I solation Pilot Project (WIPP). A close
agreement exists between our predicted vaue, using the datain Table 1 in the above reference and
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other assumptions discussed in that paper, and the measured Pu concentrations [log Cpuy/mol kg']
vauesof -5.94 and -5.83 measured, and -5.93 and -5.78 predicted for pcy. values of 6.46 and 6.38,
respectively, indicating the ussfulness of the moded developed in this study for predicting Pu(V) behavior
in repogitory environments.

A manuscript detailing the results of this study has been submitted to Radiochimica Acta. (Ral et
a 2000b).

[11-3 Plutonium species with / without Reducing Agents

Reliable thermodynamic data for dl the oxidation states of plutonium are required to develop
comprehengve models for prediction of its behavior in different environments. The difficulty in obtaining
reliable thermodynamic data for Pu(V) due to its redox and/or disproportionation reactions in agueous
systems has resulted in very limited data for Pu(V) chemigtry.

The known gability of soluble Pu(V) in dightly acidic to near neutrd solutions in which
PuO,(am) is suspended (Rai et d 1980, Ra 1984) was used to study the solubility of plutonium in 0.4
and 4.0 M NaCl or NaClO, solutions ranging in pcH vauesfrom 4to 9 asafunction of time. The
close agreement between the observed solubility and the predicted solubility usng Pitzer iortinteraction
parameters of Np(V) with CI' or ClO 4 indicates that Pu(V), as expected, behaves in an andogous
fashion to Np(V) and confirms the vaue of using Np(V) datato mode Pu(V) behavior.

Although Pu(V) is the dominant oxidation state in most natural waters (Nitsche et d 1984, Rai
et a 2000b, Nelson and Lovett 1978, Nelson et a 1984, Bendietti and Trabalka 1980, Fukai et al
1987, Choppin and Stout 1989) there are reductants in many geologic environments that might reduce
the PUO," speciesto the tri- or tetravalent states. In redox studies, the reduction of PuO," by hydrogen
peroxide was measured to have an inverse dependence on the H' concentration with a half-life for
reduction (10*° M Pu(V), 0.001 M H,O,) of about 8 days (Morgenstern and Choppin 1999). Similar
studies showed afast oxidation of Pu(1V) to Pu(V) and Pu(VI) by MnO,: Sincethismay bean
important factor in Pu redox in the tank wastes, measurement of the rate equation in high dkdine
conditions could provide very useful data for evauating the best remediation systems. Initia
experiments with NaOCl (also present in tank wastes) confirmed that it oxidized Pu(lV) to Pu(V) and
Pu(V1).
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V. Detaled Results

V-1 Th(lV) Complexation with Citrate and EDTA

The high gability of the An(IV)EDTA and An(IV)DTPA complexes results in extremey small
concentrations of free metal in solutions of excess ligand in solution (< 10™° M), so indirect competitive
methods are necessary to measure the equilibrium concentrations in solution.

Citric acid (2-hydroxypropane-1, 2, 3-tricarboxylic acid was chosen as a competing ligand.
Th(IV) was studied initidly as an anadlog of Pu(lV) to avoid redox problems. Using literature vaues for
the gtability congtants of the Th(Cit), (n = 1-3) complexes (Raymond et d 1987) and thorium
hydrolysis congtants (Moon 1989), the speciation of solutions containing Th(lV), citric acid, and EDTA
was caculated as afunction of pH. The speciation diagrams were generated usng HySS with the
results shown in Figure 4. The results of the speciation caculaionsindicate thet citric acid should be
able to compete effectivey with Th(1V) for EDTA binding and can minimize hydrolysis of the free
thorium cation. In addition, only two species, ThEDTA and Th(Cit)s, are predicted to be present in
solution over the pH range of 6 - 8.

The competitive equilibrium between citric acid and EDTA for Th(IV) complexation was
monitored by *H NMR spectroscopy as the *H NMR spectra of citric acid and EDTA are easily
resolved. The *H NMR spectrum of free EDTA showed a downfield singlet corresponding to the eight
acetate protons and an upfield singlet of the four ethylenic protons of the EDTA backbone. The citric
acid 'H NMR spectrum exhibited two doublets upfidd of the ethylenic singlet of free EDTA. Based
upon the symmetry of the molecule, the *H NMR spectrum of citric acid would be expected to exhibit a
single singlet corresponding to the protons of the three acetate groups. However, a pair of doublets was
observed which we assign to hindered rotation of the acetate groups. No variation in the 'H NMR
Spectra of citrate anion was observed as function of pH.

The formation of TREDTA and Th(Cit)s in solution resulted in changes in the observed *H NMR
gpectra. The singlets due to the acetate and ethylenic groups of EDTA shifted upfield. The resonance
due to the acetate proton showed further splitting, the extent of which depends upon the degree of meta
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binding. The ethylenic resonance remained asinglet. The *H NMR of citric acid was broadened by

complexation with thorium, but no new resonances attributable to Th(Cit),, were evident.
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Figure 4. Th(IV)-Citrate-EDTA, | = 0.1 M.
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The concentration of ThREDTA in the competition experiments was determined by integration of
the singlet, due to the ethylenic protons of the bound EDTA and of the free EDTA. The Th(Cit),
stability constants have been determined at 1= 0.1 m NaCl, 0.3 m NaCl, 0.5 m NaCl, and 1.0 m NaCl,
3.0 NaCl by potentiometric titration. The Th(Cit),, stability constants ca culations were performed by
independent analysis of the data by BEST and Hyperquad2000. The vaues are presented in Table 4.

The Th-EDTA dability constant was determined by using the citrate anion as a competing ligand
at pcH = 6.0. From the calculation of speciation using estimated congtants, at pH = 6.0 only ThEDTA
and Th(Cit); have sgnificant concentrations in solution. The magnitude of the Th-EDTA dability
constant was calculated using the equation:

b _ [ThEDTA][cit]®

@)

where [ThEDTA] is calculated from the concentration of free EDTA determined by 'H NMR and the
total mass balance for EDTA and citric acid, and [ Th(Cit)s] is assumed equa to [EDTA].
The stability constants cal culated using the above equetion are listed in Table 4 as a function of ionic
grength.

A publication reporting these resultsis in preparation.

V-2 Solubility measurements of PUO,(am)

Another set of solubility experiments involved samplesof samplesof PuO, (282.5 g/L)
gtirred in 0.40 and 4.00 M solutions of NaCl and of NaClO, over apH range of 3to 10. The
samples were centrifuged and andyzed for pH, Eh, and plutonium oxidation state distribution, as
described previoudy. Because the studies were conducted in air and over avery large rangein pH
vaues, extending to the akaline region, we caculated the importance of hydroxo and/or carbonato
complexes of PUO," in these solutions. Modeling (Pitzer) caculations, assuming (a) hydroxo and
carbonato complexes and (b) the ion+-interaction parameters for the Np(V) system apply to the Pu(V)
system, showed that the hydroxo and carbonato complexes of PuO," contribute much less than 1% to
the total soluble Pu, and, therefore, these complexes need not be included in the final moddl.
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Table 4. Stability congtants of Th-Citrate and Th-EDTA at complexesat 25 C

a Th-Cit Th-EDTA
lonic
Strength (M) | log $101 log $102 log $112 log $105 log $13 | log$101

0.1 NaCl [11.66+0.09 20.89+0.18 23.79+0.18 26.26 +0.18 30.52 +0.19(22.8 +0.5
0.3NaCl |[11.53 +0.0520.35+0.02 22.56 +0.04 25.45 +0.06 29.39+0.07|22.0+0.3
0.5NaCl [10.12 +0.0519.19+0.02 21.42+0.04 24324004  2843+0.04/20.6+0.7
1.0 NaCl |9.46 +0.37 19.13+0.01 21.70+0.01 24.15 +0.03 28.50 +0.02|20.7 +0.3
3.0NaCl [15.81+ 0.14 22.43 +0.08 * ok ok k 2559 +0.13 30.95+0.04{22.1+0.1
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Sgnificant increases in solubility in 4.0 M NaCl were observed at longer equilibration periods. These
increases are mogt likely due to conversion of NaCl to NaOCI through dpharadiolyss. Although the
measured redox potentias in these systems may not be reliable, the increasesin pe vaues at the 110
day equilibration period as compared with a 7-day period for 4 M NaCl and 7- and 106-day
equilibration periodsfor 0.4 M NaCl are consgstent with the above conclusion. In the presence of this
NaOCl, Pu(V1) would be the stable oxidation state, which would account for the high aqueous Pu
concentrations. Spectrophotometric analyses of the dissolved solids from 4.0 M NaCl suspensions
equilibrated for 425 days showed the presence of Pu(V1) and the absence of other oxidation states.
Theincrease in pe, the presence of Pu(VI) at longer equilibration periods, and the observed increasesin
pcq. are consstent with published data (Buppelmann et d 1988). Because of the lack of information on
the solid phases and the agueous species in these concentrated chloride solutions equilibrated for long
periods, further interpretation of these resultsis not possible. It is aso important to note that the effects
of radiolysis can be complicated and are dependent upon the ionic media. For example: 1) the
formation of Pu(V1), and an increase in pe and solubility were observed in 4.0 M NaCl, but were not
observed in NaClO 4 solutions of amilar ionic strength, even a long equilibration times, (553 days); 2)
for PUO,(am) suspensions in concentrated Cl, an increase in pc,. and the production of NaOCl were
observed; for PUO,(am) suspensionsin 0.0015 M CaCl,, a continuous decrease in pH was observed
with increesing in equilibration time which is probably due to radiolytic oxidation of dissolved nitrogen to
HNO:;.

V-3 PUO+2 Reduction by H,O,

In this area of the research program, we studied the kinetics of the reduction of pentavalent
plutonium, PuO," by hydrogen peroxide, which is known to be a product of radiolysisin high-leve
liquid wastes and which may influence the oxidetion ate of plutonium in such wastes (Sullivan 1983).
Thereis dso evidence for the formation of hydrogen peroxide through photolysis of organic matter in
surface waters (Cooper and Zika 1983), (Zika et a 1985). AsPu(V) isthe predominant oxidation
date of dissolved plutonium in natura waters (Choppin et a 1986), (Orlandini et d 1986), (Choppin
1991), the interaction between PuO," and hydrogen peroxide may be maor importance in the
environmenta behavior of plutonium. Our review of rdevant journdsfailed to find any sudies of the
redox kinetics of tracer level PuO," with hydrogen peroxide in dkaine media
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In this study a combined utrafiltration and solvent extraction procedure using TTA as extractant
was employed to monitor the change in plutonium oxidation state with time. This method was found to
be rdaively smple and fadt, dlowing experimenta data points to be recorded within short time
intervas. The mgor disadvantage of this method lies in the necessity to change the solution pH fromits
origina value between, 7.9 and 10.8, to pH 4.5 prior to ultrafiltration and solvent extraction. Such
changes possibly can perturb the oxidation state distribution in solution. Consequently, a second
independent solvent extraction procedure using dibenzoylmethane, DBM, as an extractant was used to
vaidate the experimental results. This procedure allows separation of Pu(lI1) and Pu(VI) from Pu(IV)
and Pu(V) without changing the sample pH but it does require more time between data points, (Figure
5).

Based on the experimenta data the rate equation for the reduction of Pu(V) with hydrogen
peroxide can be described by:

R =-d[Pu(V)]/dt (29)
= k[Pu(V)]* q [H202]" ¢ [H']" (2b)

A dependence of the apparent first-order rate constant on the reciproca of the proton
concentration indicates a correlation between the reduction rate and the deprotonation of the reducing
agent, hydrogen peroxide. This obsarvation suggests the formation of PuO,"- O,H" in an activated
complex.

Assuming first order kinetics with respect to the concentration of [Pu(V)], the reduction of
PuO," by hydrogen peroxide can be described by the following rate equations;

R =(3.59 x 10° + 1.79 x 10°)min* ¢ [Pu(V)] ¢ [H20] ¢ [H]™* (3)

Using this equation, the redox hdf-life of Pu(V) under various conditions can be calculated. In
seawater conditions at pH 8.0 with atypical concentration of hydrogen peroxide of 1.0 x 107 M, 50%
of the pentavalent plutonium is reduced within gpproximately 55 years. In waste sorage tanks,
however, pH vaues are sometimes higher and the concentration of hydrogen peroxide might reach
higher levels due to water radiolysis. Under these conditions, the redox half-life of Pu(V) would be
shortened ggnificantly; e.g., a pH 11 and in presence of millimolar levels of hydrogen peroxide, it

decreases to 4 min. (Figure 6).
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These results are reported in an article in Radiochimica Acta, 86, pp. 109-113 (1999).

a b
Aliquot of
Aliquot of sample solution
sample solution pHT9-108
pH7.9-108
mﬂﬂ.SMNaﬂﬂnl add 0.5 M DEM; shake
to adjust pH o 4.5 Y
ultrafiltration | FudV) i l
NMWL: 10kD polymer Fam o
v Pu(IT0, Pu(VI) PuCV), PuCY)
add 0.1 M HCI to adjust
filtrate oHiod -5
add 0.5 M TTA,; shake add 0.2 M DBLM; shake
l l l ]
organic phase aqueous phase S orpati e
Pu(II1}, Pu(IV), Pu{VI) PuiV) ;‘Iﬂi o phas PtV

Figure5. (8) Combined ultrfiltration and TTA extraction procedurefor plutonium oxidation state anaysis.
(b) DBM procedure for plutonium oxidation sate anayss.
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V-4 Pu(lV) Oxidation by MnO,

The kinetics of oxidation of Pu(VV) by manganese dioxide has been investigated. MnO, isa
component in some of the tank wastes of the USDOE and is dso a common component of natura
waters. Consequently, it may contribute to the kinetics of oxidation of Pu(lV) to the more soluble
PuO," and PuO,** species. The same techniques used in the studies of oxidation by H,O, were
employed. A set of data on the oxidation state distribution of plutonium after 7 days reaction with
varying amounts of a sugpenson MnO, a pH 8.1 aregivenin Table 5.

In acid solution (pH 2.0 B 3.5), the rate equation was found to be:

R=-d[Pu(IV)]/dt = 3.72(x0.13) ¢ 10° [Pu(IV)] ¢ [MnO3] ¢ [H']°2 @

Experimentsin neutral pH range showed rgpid oxidation kinetics but alower fraction of oxidized
species, due to strong hydrolysis and stabilization of tetravdent sate. The conclusion isthat MnO, may
contribute to remobilization of Pu(IV) through oxidation to more soluble and mobile Pu(V) and Pu(V1).

A manuscript on this study isin the final stage of preparation. A poster was presented at the Pu
Futures B 2000 Conference (Santa Fe, N.M., 7/00).

V-5 Pu(IV) Oxidation by NaOCI

The oxidation of Pu(IV) to higher states by NaOCl was dso investigated. As noted earlier in
this Report, OCI isformed in agueous sdine systems by radiolyses. 1t has been reported (Buppleman
et a 1988) that hypochlorite oxidizes Pu(1V) to Pu(V1) but no data on rates or intermediates are
available. Since OCI would be present in stored radioactive wastes or in environmental waters
subjected to radiation, its quantitative effect on Pu(lV) redox speciation is an important question in such
systems.

The kinetics of the oxidation of Pu(1V) with sodium hypochlorite were investigated in the pH
range 7.7-8.3in 1.0 M NaNOQOs. The oxidation state distribution of plutonium was monitored by two
pardle extraction stepsusing TTA and HDEHP as extractants. The oxidation of Pu (1V) by sodium
hypochlorite was found to proceed to Pu(V) and Pu(V1), with the relaive amounts of oxidized species
being dependent on the concentration of sodium hypochlorite. The stability of Pu (V1) in the presence
of sodium hypochlorite was studied in separate experiments.
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Figure 6. Ty, of reduction of PUO," by peroxide as afunction of pH.
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Table 5. Oxidation of Pu(IV) by MOy, : pH 8.1, t = 7 days

MnO, [Pu(V)] [Pu(V)] [Pu(V1)] =
(mmoles/ L) (%) (%) (%) (10* min®)
- 86.2+ 0.1 72+11 6.6+ 1.0 -
9.58(10° 69.6 + 0.8 15.7 + 0.8 147+ 1.1 8.39+ 1.80
2.057107? 723+23 204+ 2.7 74+10 -
5.157 107 61.6+ 0.5 28.0+ 0.4 105+ 0.1 -
5.14 10" 546+ 1.7 - - -

1.02 51.4 - - -
4,97 50.1+ 1.2 - - -
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The reaction reaches a stable oxidation state distribution of plutonium after ca. 2 days for higher
concentration of NaOCl (0.02 M) but requires longer times for lower concentrations. The oxidation of
Pu(1V) with 0.02 M NaOCI at pH 8.2 leads to the formation of 27% Pu(1V), 21% Pu(V) and 52%
after 12 days. Decreasing the concentration of sodium hypochlorite to the submillimolar concentration
range decreases the amount of oxidized speciesformed. The relative amounts of Pu(1V), (V) and (V1)
formed after 2 days are summarized in Table 6. Since the rate of the oxidation reaction isrdatively fagt,
the reaction rates could not be evaluated by these techniques.

Addition of Pu(V1) to asolution containing 0.02 M NaOCL resulted in afast decrease of the
concentration of Pu(V1) to ca 47% of itsinitia concentration while 22% Pu(V) and 31% Pu(lV) were
formed. The observed oxidation Sate distribution resembles very closdly the results for identical
experimenta conditionsin which, initidly, Pu(\V1) was added. These resultsindicate that the sam e
equilibrium digtribution of oxidetion States is obtained, regardiess of the origina oxidation State, Pu(lV)
or Pu(VI), that is added to the solution.

L owering the concentration of sodium hypochlorite to 10 M resulted in an even sharper drop
in the concentration of Pu(V1). The amount of Pu(V1) present was reduced to ca. 11% of itsinitid
concentration within 1 hour. Only 10% Pu(V) was formed while Pu(lV) congtituted the predominant
oxidation state, with arelative concentration of nearly 80%. Again, these results are comparable to the
results summarized in column 1 of Table 6, where, sarting with Pu(1V) asmilar oxidation state
distribution was obtained in the presence of 1.6 1 10* M NaOCI after 2 days reaction time.

In summary, hypochlorite oxidizes Pu(IV) to Pu(V) and Pu(V1) with the fraction of these oxidation
datesincreasing (at fixed time) with the OCI concentration. However, at these concentrationsand pH, the
systems reach an equilibrium state in which dl three Sates are present after severd (2-12) days.

It is planned to prepare a manuscript on this syslem. A poster was presented at Pu Futures
2000 Conference (Santa Fe, 7/00).
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Table 6: Oxidation of Pu(1V) with various concentrations of sodium hypochlorite; Relative
fractions of Pu(V), Pu(V) and Pu(V1) after 2 days reaction time.

[NaOCl](mol/L)  1.0x 10* 1.6x 10* 3.2x10* 7.8x 10* 2.0x 107
[PU(IV)] (%) 7.9 64 57 52 30
[PU(V)] (%) 10 22 20 22 22
[PU(VI)] (%) 11 14 24 26 48
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