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ABSTRACT :_'!'__ _ ....

The solubilityand speciationofPu(VI)withphosphateasa functionofpH was

investigatedtodeterminetheabilityofphosphatetoactasan actinidegetter.The general
propertieswerefirstinvestigatedandarereportedherewiththegoalofperformingmore
quantitativeexperimentsinthefuture.

Solubilitywas approachedfromoversaturationatinitialpH = 4,10and 13.4.
Absorptionspectrawererecorded,thesolutionfilteredandthefiltratecounted.Absorption
spectrawereobtainedatvaryingphosphateconcentrationsand atpH of2.7to11.9.The
effectofcomplcxationon the833 nm Pu(VI)bandwas characterized.Evidenceforthree
phosphatecomplexeswas obtainedforpH < I0 whichhaveabsorptionbandsat842,846 and
849 nra.Evidenceforcolloidformationwas observedbutisnotconclusive.The possibili_,
ofcolloidspreventsaccurateanalysisofthesolubilityexperiments.A concentrationof 10_
to 10-6M Pu(VI)was measuredinthefiltrateatpH <_.I0 thatwcrcpassedthrougha 50 nm

f'fltcr.Pu(VI)complexeswithphosphateoverhydroxideatpH < 11.6,butatpH > 11.9,only
hydrolyzcdPu(VI)was detected.At pH = 12,theconcentrationofPu(VI)was ashighas
10"4 M.

BACKGROUND b _

An understandingofthesolubilityandmigrationbehaviorofactinidesisneededto
helpdeterminethesuitabilityofvariousnuclearwastemanagemcntoptionsunder
considerationby theU.S.DcpartmcntofEnergy.Thisincludesthesuitabilityofthepotential
Yucca Mountainsiteasa high-levelnuclearwasterepository,land-ftUdisposalstrategyand
LLRW/TRU wastesitcscurrentlybeingevaluated.Solubilitylimitsareneededtosetthe

uppcrlimitofacthtideconcentrationshouldgroundwatercome incontactwiththewastcform.
Thesedatawillhelpdetcrminethesourcetermconcentrationofactinidestohelppredictthe
long-termperformanceofthewastedisposaloption.

A potentialconsiderationinthedesignofeitherthewastepackageorthewasteformi.q

theplacementofactinidegetters,inthiscasespccicsthatresultintheformationofinsoluble
radionuclidephases,incloseproximitytothewastcform.Thiswilllowertheoverall
solubilityoftheradic._clideand improveoverallsiteperformance.Thisgettermaterialcan
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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 use-

" fulnessof any information,apparatus,product,or processdisclosed,or represents
thatitsusewouldnotinfringeprivatelyownedrights.Referencehereintoanyspe-
cificcommercialproduct,process,orserviceby tradename,trademark,manufac-
turer,orotherwisedoosnotnecessarilyconstituteorimplyitsendorsement,recom-
mendation,or favoringby theUnitedStatesGovernmentor any agencythereof.
The viewsand opinionsof authorsexpressedhereindo notnecessarilystateor
reflectthoseoftheUnitedStatesGovernmentoranyagencythereof.
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be placed in either the waste container or in the backfill surrounding the container. One such
material under consideration are phosphate-bearing cements, ceramics, and minerals. These
can provide a durable source of phosphate that may help decrease migratio_ of actinides in
the near field.

It is generally conceded that the solubility of phosphate phases is exceedingly low.
Although phosphate is a relatively common constituent of groundwater, there is surprisingly
little data on its interaction with actinide species. Only three papers were found concerning
Pu(VI) in phosphate solutions [1-3]. The lowest concentration reported in the undersaturation
experiments were of the order of 10-5 M. Complexes with ali three anionic phosphate species
were reported. The PO4 3" complexes were stronger by 13 orders of magnitude over HPO42"
complexes and the HPO42" complexes were stronger by 4 orders of magnitude over H2PO 4"
complexes.

In this context we plan to look at a wide variety of actinide-phosphate systems to
establish general solubility trends and provide data to help evaluate the overall feasibility of
the use of phosphate as an acmfide getter. We began our analysis with Pu(VI) which is an
oxidation state of plutonium expected in oxidizing groundwaters. Preliminary results are
reported herein. These data were generated to focus future emphasis of the research.

EXPERIMENTAL APPROACH

Pu-239, as an oxide, was originally obtained from Oak Ridge National Laboratory.
This had been stored for a period of years in 4 M nitric acid. The Pu-239 was taken to
dryness, redissolved in 8 M nitric acid, and run through a 1 cm by 10 cm column f'dled with
Bio-Rad MP-1 resin that had been reconditioned with 8 M nitric acid solvent.

The eluent was taken to dryness, redissolved in 4 M nitric acid and reanalyzed for
actinide content. A small amount of concentrated perchloric acid was added and slowly taken

to near-dryness. This oxidized the Pu in the solution to the +6 state. The stock solution was
made by adding high purity water and had a pH = 1.08 and a concentration of 3.2 x 102M.
No Pu(V) was noted in the spectra of the stock solution, indicating that the solution was
>98% Pu(VI).

Solubility

Three stock solutions of 0.01 M phosphate were prepared at pH = 4, 10, and 13.4.

The pH was chosen so that one phos_.hate species is dominant; at pH = 4, I-I2PO4 is the
dominant species; at pH = 10, nPO 4 " is dominant; and at pH = 13.4, PO43" is dominant.

: The pH of the Pu(VI) stock solution was adjusted from 1.08 to 3.7(, by adding sodium
hydroxide. An aliquot of 0.3 ml of the Pu(VI) stock solution was then added to 15 ml of
each phosphate stock solution. The initial concentration of Pu(VI) in the phosphate solution
was 4.8 x 10-4 M. The phosphate concentration, therefore, was approximately twenty times
greater than the plutonium concentration.

The composition of the atmosphere was not controlled. The Pu(VI)-phosphate
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solutions were stored in polypropelyene (PP) bottles at room temperature. Spectra were
recorded (350-850 nm or 800-1100 nm) over the span of the experiment. Solution was
removed from the PP bottle and placed in a cuvette for spectroscopy, and then the solution in
the cuvette was disposed.

The solutions were filtered at the end of the experiment. The solutions at pH < 10, 51

days old, were filtered first with a 200 nm polyvinylidene fluoride (PVDF) disposable filter
and then with a polycarbonate (PC) 50 nm filter. The phosphate solution at pH = 13.4, 77
days old, was filtered with a 450 nm and a 200 nm polytetrafluoroethylene (PTFE)
membrane. The filtrate were counted using low-level alpha counting techniques and
concentrations were calculated from the results.

Absorption Spectroscopy

Absorption spectroscopy was used to determine concentration and oxidation states of
the plutonium throughout the experiments. The values found in [4] for the absorption
coefficients were used.

Pu(VI) was analyzed spectroscopically in the near infrared (NIR) region of 800 to 950
nra. The 833 nm band of Pu(VI) was chosen for analysis due to its large absorption
coefficient (e = 550 M"1 cm "1) and significant shift in wavelength when complexed. The
stock solution of Pu(VI) was diluted by addition of high purity water until the concentration
was 1.4 x 10-3 M and the pH = 2.7. The oxidation state and concentration was determined
spectroscopically. The only oxidation state detected was +6.

Phosphate or hydroxide solution was added to the plutonium solution in a glass vial.
Pu(VI) solution was transferred between the glass vial and the cuvette when spectra were
recorded. Throughout the experiment, when the solution was in the glass vial, argon gas was
bubbled through the solution and the pH was monitored. No other control of the atmosphere
was performed. Phosphate was added in concentration steps of 20% to 40% of the plutonium
concentration. Spectra of hydrolyzed Pu(VI) were recorded up to pH = 10 and used to
separate the absorption of hydrolytic from that of phosphate complexes.

RESULTS

Initial experiments were performed to qualitatively understand the behavior of Pu(VI)
in phosphate solution. This information will be used to perform more quantitative
experiments. Two sets of experiments were performed: solubility and spectroscopic.

Spectroscopy.

A favorable spectroscopy was observed for the 833 nm band of Pu(VI) in phosphate
solutions. Three phosphate bands, at 842, 846 and 849 nm, were found for pH < 10. Ali
three bands are present at pH = 2.7, which is shown in Figure 1. The 846 and 849 nm bands
appear as shoulders of the 842 nm band. Here, the phosphate concentration was 9.9 x 10-4 M
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and the Pu(VI) concentration was 1.3 x 10.3 M.

Figure1
Pu(VI) in phosphate, pH = 2.7
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Ali three bands are related to phosphate complexation since hydrolysis of Pu(VI) is
insignificant at pH < 4 [5-6]. In the solubility experiments, ali three phosphate bands were
observed for solutions at pH < 10; but the 842 nm band was predominant in the pH = 4
phosphate solution and the 846 nm band was predominant in the pH = 10 phosphate solution.
The bands found in the solubility experiments were used to help identify the individual
phosphate bands in the spectroscopic experiments.

The relative intensity of the three bands is a function of pH. These
pH < 10.2 are shown in Figure 2. The phosphate concentration is 1.2 x 10°pectin

s for
M and the

Pu(VI) concentration is around 9.3 x 10:4 M. Since the three bands are close to each other,
the change in the absorbance of the three bands appears as a gradual shift in wavelength. At
pH < 6.9, the 842 nrn band is favored over the 846 nm band but at pH > 8.3, the 846 nm
band is favored over the 842 nm band. The 842 nm band is no longer detected at pH = 9.4.
The 849 rim band is relatively small compared to the other two bands at pH < 10, but as pH

approaches 12, the 846 and 849 nm bands are approximately equal in absorbance.
Absorption bands due to hydoysis also exist at 846, 852 and 870 nm. In the absence

of phosphates, hydrolysis becomes significant at pH > 4.2. In the presence of phosphate,
however, it was observed that hydrolysis first becomes significant at pH > 10. Analysis of
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Figure2
Pu(VI) in phosphateat differentpH
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spectra at pH > 10 is obscured by possible interference from the 846 and 852 nm hydrolysis
bands.

Figure 3 shows selected spectra for Pu(VI)-phosphate systems at pH > 11 with
phosphate concentration at 1.2 x 10-3 M and Pu(VI) concentration at 8.7 x 10-4 M. It can be
seen that the 846 nm and the 849 nm bands remain up to pH=l 1.6; but at pH = 11.9,

hydrolytic species appear to predominate and the absorption of the 846 nm and 849 nm
phosphate bands decrease significantly. A spectrum recorded a day later on the same solution
shows that the 846 and 849 nm bands have disappeared.

When phosphate was added in the presence of hydrolyzed Pu(VI), a slow r_action rate
was observed as Pu(VI) became complexed with phosphate. In one set of spectroscopic

experiments, a plutonium solution free of phosphate was adjusted to pH = 6. When
phosphate at pH = 4 was added, the pH increased to 7 and the hydrolysis absorption bands
decreased while the phosphate bands increased. It is believed that the increase in pH resulted
from the amount replacment of hydroxide by phosphate as the complexing ligand. A reaction
time of up to ten minutes was observed for the pH to stabilize.



Figure3
Pu(VI) inphosphateat differentpH
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Solubilitx

The initial solubility experiments we performed are difficult to analyze since aggregation
(colloids) occurred. The pH = 4 phosphate solution, after 10 days, had white precipitates
visible which disappeared upon shaking. The baseline and the absorption of the spectrum
increased after shaking the solution. Within the time span of the experiment, no decrease was
seen in the absorbance of the 842 nm band for a freshly shaken solution, indicating that the

complex formed did not change significantly with time.
The spectrum for the pH = 10 phosphate solution did not change with time. After 10

days, the spectrum did not change when shaken. The filtration results indicated that most of
the plutonium in solution was between 200 and 50 nm in size (see Table 1).

The solubility experiment also revealed a preference for hydrolysis over phosphate
complexation at pH > 11.9. The phosphate at pH = 13.4 solution in the solubility experiment
turned yellow immediately upon plutonium addition. A yellow color is associated with the
870 nm hydrolysis band. The f'mal pH was 12 and the 833 nm absorption band had shifted to
870 nm.

As described earlier, the solutions were filtered and the concentration determined by
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alpha counting. The results are shown in Table 1, but since colloids were observed we are
not yet convinced that ali plutonium in the 50 nm filtrate is truly in solution.

Table 1

Concentrations of the Pu(VI) Filtrate Solutions.
Solution Concentraiion (M) of Pu

Uhfiltered 450 nm 200 nm 50 nm

Plutonium(VI)
Phosphate, pH = 4 4.8 x 10-4* n/a 2.4 x 105 2.3 x 10-5
Phosphate, pH - 10 4.8 x 104. n/a 1.5 x 10-5 6.4 x 10-6
Phosphate, pH = 13.4 2.7 x 10"4 2.5 x 10"4 2.2 x 10-4 n/a

* based on initial dilution of stock solution

n/a indicates that filtration at this pore size was not performed

Another interesting observation from the solubility experiments is that immediately
following the addition of the plutonium(VI) aliquot to the phosphate stock solutions, a
significant drop in pH was observed. The Pu(VI) stock solution, at a pH of 3.7, was added to
the phosphate solution at pH = 4 resulting in a final pH of 3.12. This drop in pH cannot be
attributed only to the acidity of the Pu(VI) stock solution. The pH of the solubility solutions
over time are shown in Table 2.

Table 2

The pH of the Pu(VI) Solutions

Solution pH
minutes 28 days 38 days

Phosphate at pH = 4 3.12 3.41 3.35
Phosphate at pH = 10 8.24 7.82 7.86
Phosphate at pH = 13.4 12.04 12.03 11.95

DISCUSSION

At this initial stage of the work, the evidence is not conclusive. There are, however,
some observations that are apparent. There are three spectroscopically distinct species
associated with the Pu(VI) phosphate system. Based on pH considerations alone, the 842 nm
band may be a H2PO 4- complex, the 846 nm band may be a I-1PO42 complex, and the 849 nm
band may be a PO43" complex. The pKs of phosphoric acid are 2.1, 7.2 and 12.4; the 842 nm
band is favored over the 846 nm band at pH < 7.2 and the 846 nm band is favored over the
842 nm band at pH > 7.2. As the pH approached 12, the 849 nm band increases in
absorbance.

These proposed assignments may explain other observations. Ali three phosphate
species are seen at pH as low as 2.7, where H2PO 4 is the dominant species. Based on the
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literature and the speciation hypothesis, this would be an expected result since PO43-
complexes are more stable than H2PO 4 or HPO42" complexes. Furthermore, this would
explain the pH drop observed in the solubility experiments since formation of PO43"
complexes would liberate hydrogen cations by the disassociation of H2PO 4" and HPO42 to
maintain the equilibrium of the different phosphate species. Further data is needed to test this
hypothesis.

It appears that Pu(VI) favors complexation with phosphate over hydrolysis at pH
11.6. Hydrolysis, which becomes significant around pH 4.5 for Pu(VI) in solution with no
complexing ligands, did not become significant until pH > 10 in phosphate solutions. At pH
___11.9, Pu(VI) is hydrolyzed and no significant complexation with phosphate is seen for
solutions where phosphate concentration is equal to the plutonium concentration or when it is
twenty times greater than the plutonium concentration.

In the initial solubility experiments, a Pu(VI) concentration of 10-5 to 10-6 M was
observed at pH < I0. It is unlikely that these concentrations, even though they correspond to
filtered solutions, represent the solubility of Pu(VI)-phosphate phases in the aqueous systems
investigated. Both stable (periods of weeks) and unstable Pu(VI)-phosphate colloidal species
were noted in almost ali the systems investigated. Since many of these were less that 200 nm
in size, it is likely that colloidal species smaller that 50 nm also exist in our samples. This
limitation in interpreting the data reported herein will be resolved in future work by longer
term experiments, more extensive filtration, further characterization of the colloidal species
(light scattering and photoacoustic spectroscopy) and undersaturation experiments using solids
generated in the various environments of interest.)

The data does not yet enable us to predict phosphate's ability to act as a getter. The
complexes formed indicate that phosphate complexes would be formed in the groundwater,
but the presence of colloids requires further investigation. The colloids formed, could
increase the migration potential of Pu(VI) in groundwater systems.

Future experiments will concentrate on determining the speciation and further
characterization of the colloidal properties observed. The spectroscopic features already noted
for the 833 nm Pu(VI) band will help in the future analysis planned.
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