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The hydrolysis and carbonate complexation reactions of
dioxoplutonium(V) were studied in near neutral aqueous systems.
These experiments involved the addition of hydroxide or carbonate to
Pu(V) ina perchlorate medium. Changes in the electronic absorption
spectra provided information about the chemical properties of Pu(V).

The results indicate that Pu(V) does not hydrolyze below pH 7.15.

Vln the carbonate complexation studies, log By was measured to be

4.4 :0.7.



I. INTRODUCTION

The pentavalent oxidation state of plutonium in aqueous solution Was.
discovered in 1944'. This oxidation state is thermodynamically unstable
with respect to disproportionation into the +4 and +6 oxidation states in
acidic éolutions. As can be seen from Eq 1, the quuﬂibriurh of the

disproportionation reaction is pH dependentz.
PUO,t ¢ PUOSY + MY == puH + PUO,?* + 2H0 (1)

Pu(V)Acan also react with Pu(lll) at a rate 35 times faster than the

disproportionation reaction’ at the same pH, as shown in Eq 2.

PUO,* + PuSt + 4H' == 2pu* + 2HO (2)

The study of Pu(V) is further complicated by the rapid equilibrium reaction

which occurs when plutonium exists in several oxidation states.

PuO," + Put = puo,2" + P (3)

Until recently, essentially all plutonium chemistry was performed under
acidic conditions. Consequently, the pentavalent oxidation state was
considered unimportant and has not been extensively investigated.
However, recent solubility studies of plutonium in near neutral
agueous solutions have shown that Pu(V) is a dominant soluble species. 4>
These solubility studies were conducted in groundwater from a well on

the Nevada Test Site known as J-13 (see Table 1 for composition®) and

from 0.1 M NaCl10 4 The results have shown that 40 to 82 per cent of the

soluble plutonium exists in the +5 oxidation state at pH 7 and 25°C. The



overall solubility of plutonium depends on the initial oxidation state and
was significantly enhanced in the gro'undwater ‘compared to the
perchlorate solution. For example, when the initial species is in the +5
oxidation state, the solubility increases from (2 + 1) x 107M in
perchlbrate solution to ('8 +3)x 1075 in J-13 water. Nitsche also

observed that regardleés of the initial oxidation state (+4, +5, or +6), the

soluble plutonium at steady state was converted nearly totally to Pu02+

and Pu022f. The Pu0,™: PuOQ2+ ratio was always 2:1 with the exception

of the initially pu?* in J-13 water where equal amounts of the species
were present at steady state. These results indicate that Pu(V) may play a

major role in the possibie migration of p!utonium in groundwater.

Therefore, the hydrolysis (Q) and carbonate complexation (B ) constants

of Pu(V) are important parameters to measure since Table 1 showns that
these groundwaters are slightly basic (pH 7.1) and the major anionic

- gpecies is bicarbonate/carbonate.

If you asume that only the first complex is formed, thenQ and 34

can be calculated from Equations 6, 7, and 8 by measuring the changes in
shape and position of a particular spectrophotometric absorption band as

the hydroxide or carbonate concentration is altered,

Q
Pu0," + 2H,0 === PuO,OH + H30" (4)

B
¥
PUO,* + €0327 = Pu0,C05~ ()
A =€I CI +€2 C2 (6)
CT = C] + C2 (7

Byy = ¢/ cyc, (8)



where A is the absorbance at a particular wavelength, €  and €, are the
respective molar absorptivities of the non-complexed and complexed
species at that wavelength, Cy is t‘hé concentration of non-complexed

'Pu0,*, ¢, is the concentration of complexed Pu0,®, Cy is the total Pu0,*

concentration, and Cc is the concentration of the OH or CO32“.

The spectrophotmetric techniqtje is advantageous because it is a
direct method of rheasurement. The instrument used in these experiments
has the additional advantage of fiber optic cables which allow
meausrements to be made insidé the alpha box. This feature permits
measurements to be made jn-s/itv and eliminates the need to pass
radioactive samples out of the alpha box.

The similarity observed among actinides with the samé.oxidatioh

state can be used to predict the behavior of Pu(V). The hydrolytic and

carbonate complexation constants of Np02+ have been measured as

follows: 7.8

logQ=-9.12 +0.15
logByy; =449 £0.06

logKgp =-10.140.04

Kraus' lower limit for the pKj of the hydrolysis reaction for Pu(V)

(pKa29.7)g is consistent with the results for Np(V) and provides a useful

introduction to the behavior of Pu(V).



[l EXPERIMENTAL

~ Stock Solutions. A Pustock solution, 5.70 x 10'3M, was prepared
from 99.8 per cent pu're 242p,, supplied through the U.S. Department of ’

Energy's Heavy Element Production Program at Oak Ridge National

Laboratory. The original stock solution had been stored in HC104 for

several years in glass, so it was purified via anion exchange
chromatography uSing Biorad AG-1X8 resin (200-400 mesh). The procedure

has been previously described. 10 The purified Pu solution was converted

to a HC10 4 medium by evaporating the HCI-HI solution to dryness, adding
concentrated HNO< and fuming to dryness twice, and then fuming with
concentrated HClO4. The final Pu stock solution was approximately 2M
HC104. The Pu concentratio‘rjx of this solution was determined by

radiometric assay.

Pu02+ stock solutions were prepared fresh each day. The appropriate
aliquot of Pu stock was boiled down and then fumed with 1mi concentrated
HCIO4 to near dryness. The precipitate was dissolved in an aliquot of

concentrated HC104 and further diluted with 1073 HC104. The oxidation

state of the resulting Pu022" solution was confirmed

spectrophotometrically. The Pu(V!) solution was then added to the
appropriate volume of NaOH stock solution so that the final pH was near 3.

Final adjustments to the pH were made with either the NaOH stock

solution or 1M HCI04 as necessary. The Pu(VI) solution was then

electrochemically reduced to Pu(V) by applying 0.777 V versus NHE.!T The

purity of the Pu02+ stock solution was verified spectrophotometrically by

comparison with previously reported spectra. 12



A sodium hydroxide solution, 0.0420 M, was prepared from reagent

grade low-CO, NaOH. It was standardized using freshly dried

recrystailized potassium hydrogen phthalate with phenolphthalein

indicator. The NaOH solution was maintained CO, -free according to the

procedure outlined in Skoog and west.!3 The ionic strength of this

solution was adjusted to 0.1 Mby addition of the appropriate amount of

NaCl0 4.

~ The sodium bicarbonate and carbonate solutions we're’prepared from

reagent grade NaHCO< and Na-CO<, respectively. The total carbonate

concentration for a desired pH was calculated from Henry's law 14 and the

carbonate solution equilibria assuming 1 atmosphere CO5. The solutions

were acidified immediately prior to the addition of Pu(V). CO, gas was

blown over the surface of the solution to maintain 1 atm pressure. The pH
was monitored with corr_lbination glass electrodes and allowed to
stabilize.

The perchloric acid solutions were prepared from double distilled,

concentrated HCIO 4 and stored in Teflon bottles.

Equipment. A Model 200 Guided Wave Spectrophotometer was used
for all absorption spectrophotometric measurements. The spectrometer
was equipped with a 1200 line / mm grating, Si detector, and 0.063mm

exit slit. The absorption peak at 569 nm was used for calculations of

Pu0," complexation.

A Princeton Applied Research Model 264A Polarographic
Analyzer/Stripping Voitammeter was used to reduce Pu(V1) to Pu(V). The
electrochemical cells were comprised of three electrode systems. The
working electrode was made from 40 mesh Pt screen. The counter

electrode was separated from the working compartment b)'l two Vycor
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glass frit junctions and was made from coiled Pt wire. The reference
electrode was Ag/AgCl in saturated NaCl/ AgCl and was separated from |

the working compartment by a single Vycor glass frit junction. The

| reference potential versus NHE was measured to be 207mV.

A Jenco Model 672 pH meter with a Beckman Model 39522
combination glass electrode with a Ag/AgC1 reference was used for pH

measUrements. The saturated KCI solution was replaced with saturated
NaC1/AgCl1 to prevent clogging of the junction by KCiO4. For pH’
measurements in the pH range 3 to 7, pH 4.00 buffer and pH 7.00 buffer

solutions were used for calibration of the pH meter. In the pH range from

7 to 10, pH 7.00 and pH 10.00 buffer solutions were used for calibration.

I1l. RESULTS AND DISCUSSION

The changes in peak shape and position between the free

non-complexed PuO," ion and the hydolyzed or carbonate complexed

s:pecies may be very small. Therefore, it is important to measure the

absorption spectrum of the non-complexed PL102+ jon as accurately as

possiblie. Figure 1 shows a typical absorption spectrum of Pu02* inpH3

perchloric acid. The molar absortivities of peak height and area are
calculated from Beer's Law plots as shown in Figure 2 and summarized in
Table 2.

During the first hydrolysis experiment, aliquots of the NaOH stock

solution were added to a stock solution of PuOQ* at pH 3.02. At

approximately each 1/2 unit of pH, the pH was ailowe_d'to stabilize, the
sample was centrifuged for S minutes, and then several absorption spectra
were taken. The Pu(V) began precipitating at pH 5.71. Simultaneously, the

peak height decreased without any measurable change in the width of the



absorption band ét 569 nm. When the hydroxide ion replaces the

coordinating water moleCule; the symmetry of the complexes‘decreases

and there is an increase in the number of normal modes of

vibration. Consequently, hydrolysis usually results in a broadening of an

absorption band. A portion of the measurements taken from pH 3.02 to pH | .

9.35, are shown in Figure 3. Because the predicted solubility product for

PuO,OH is relatively small, microprecipitation could have occurred. To

test this hypothesis, a Pu02+ solution was prepared at pH 7.15 by adding

an equal volume of Pu(V) stock solution at pH 3 to a calculated
concentration of NaOH so that the final pH was near 7. Once the pH had
stabilized, the sample was centrifuged, assayed, and scanned. The molar
absorptivity of the peak height and area remained consistent with the pH 3
sample. The results are shown in Table 2.

A similarly prepared solution of Pu(V) at pH 6.85 was monitored with
time. Over a seven hour period, the absorption peak decreased, precipitate
formed, and the pH dropped 1.0 unit. This delayed precipitation indicates
possible carbonate contamination from the atmosphere. »The dried
-precipitate was analyzed by Fourier Transform Infrared Spectroscopy.
While the spec_trum is not conclusive, there are absortpion bands in the
.carboxyl stretching region between 1500-1600 cm™!. Future hydrolysis
experiments will be conducted under inert atmosphere and the composition

of the p'recipitate will be further investigated.

Efforts were then directed toward carbonate complexation. Pu02+

was prepared in 1M Na,COz (pH 12.0) and 0.5 M NaHCO< (pH 8.0) and the

resulting spectra are shown in Figure 4. The spectrum in 1M sodium
carbonate agrees with the previously published results of Wester et al. 15
At pH 8, the peak at 569 nm has broadened and shifted so that it spans the

region 551 to 565 nm. At pH 12, there is no significant peak between 551



and 565 nm and the prominent peak now occurs at 461 nm. The broadening

at pH 8 may be partially caused by hydrolysis and future experiments wili

help quantify this effect. However, since the pK, is 2 9.7, this effect

should be quite small. Spectra taken of Pu02+ in carbonate solutions with

pH values between 6.6 and 7.2 also exhibit this broadening and preliminary
hydrolysis results have shown no change in peak shape over this region.
Therefore, it seems highly probable that the observed changes in peak

shape and position are a result of carbonate complexation.

The first carbonate complexation constant (B, i ) was calculated from
four PuO{_solutions which were prepared under 1 atmosphere'of €O, with
varying concentrations of CO32“. As shown in T'able 4 and Figure 5, a peak
emerges at 551 nm as the C032' concentration increases. The peak at 569

nm decreases initially and then remains constant. From Equations 6,7 and

8, log B is calculated to be 44 :0.7.

IV. CONCLUSIONS

Because of the low molar absorptivity of Pu0'2+ and the relative

~ insolubility of the complexes, accurate measurement of the the hydrolysis
and carbonate complexation constants is quite difficult. Dilute
concentratiohs must be used so that the solubility products are not
exceeded. This situation results in a very low signal to noise ratio which
pushes theA spec'trometer to its detection limit. Future hydrolysis
experiments will be conducted in an inert atmosphere box to help prevent
precipitation. It will also be interesting to study the compostion of the

precipitate. The preliminary carbonate complexation results are quite

encouraging. The lower limit established for Pu02+, logf3; 245, 1s1n
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agreément with other +3 actinides, primarily Np02+ which has a log Bl =
4.49. As predicted from the actinide contraction, Pu_O2+ should form

slightly stronger complexes than NpOQ*. The carbonate complexation

experiments can be improved by repeating the preliminary exvperiment and

increasing the number of CO32' concentrations studied. Future studies are

also necessary to evaluate if the complex formed is actually a carbonate
complex or a bicarbonate complex. Peak fitting programs will aléo be used

to improve the accuracy and precision of the data analysis.
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Table 1. Reference Ground Water Composition for Water from Nevada Test
Site Well J-13 (from Ref. 6)

Species Concentration
(mg/1)

Ca 14

Mg 2.1

Na o1
K 49

Li 0.05

Fe 0.04

Ba - 0.003

Al 0.03
5i0, 31

Sr 0.05
F” 22

Ci~ 75
S04%" 22.

NO<~ 56
HCO5~ 120.

PO 4> 0.12

Additional Inf ormatioh

11



Table 2. Molar absorptivities of PuD," at different pH values

pH wavelength molar absorptivity
(nm) (em Mty

3.02 569 146

3.02 551 39

7.15 569 15.2

12



Table 3. Change in absorbance spectrum of Pu02+ as a function of [CO32']

pH [C032—] [Pu0,"] Absorbance at  Absorbance at
(M M 569 nm 551 nm
P R — C 2ax10% 00100 00027
662 44x10°  35x1074 00062 00018
680 10x1074  34x1074 0.0054 0.0019
713 50x 1074 32x1074 0.0034 0.0024

723 80x107%  34x1074 0.0027 0.0027




Figure 1

Absorption Spectrum of PuO," in pH 3 Perchlorate
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Absorbance x 1000
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Figure 2. Beer's Law Plot of Pu02+at pH 3
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Figure 4a

Absorptioh Spectrum of PuO," in 0.5 M NaHCO, (pH 8.0)
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Figure 4b

Absorbance Spectrum of PuO," in 1M Na,CO, (pH = 12.0)
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Figure 5

Absorbance

0.0000 &

Pu (V) Peak Shift as a Function of Carbonate

! I ' I ' I ' I

0.0060
0.0050
0.0040

LA L L

0.0030
0.0020

0.0010

| 1 | | | | | | |
500 516.7 533.3 550.0 566.7 583.3 600

Wavelength/nm

XBL 878-10319

6l



10.

20

References

R. E. Connick, W. H. McVey, & G. E. Sheline, Metallurgical Project
Report CN-1912, July 6 (1944)

S. W. Rabideau, J. Am. Chem. Soc., 79, pp 6350-6353 (1957)

R. E. Connick, J. Am. Chem. Soc., 71, pp 1528-1533 (1949)

H. Nitsche & N. M. Edelstein, Radiochim. Acta, 39, pp 23-33 (1985)
H. Nitsche, Inorg. Chim. Acta, 127, pp 121-128 _(1987)

A. E. Ogard & J. F. Kérrisk, Summary Report on the Geochemistry of

Yucca Mountain and Environs. Los Alamos National Laboratory, report
UR LA-9328-MS (1982)

- L. Maya, Inorg. Chem., 22, pp 2093-2095 (1983)

H. Nitsche, J. J. Bucher, & N. M. Edelstein, Np(V) In Near-neutral
Solutions, Hydrolysis and Carbonate Complexation, Symposium on
Geochemical Behavior of Disposed Radioactive Waste, 185N Amer.
Chem. Soc. Nat'l Meeting (1983)

K. A Kraus & J. R. Dam, The Transuranium Elements, Seaborg, Katz &
Mann, |V-14B, pp 478-499 (1949)

D. C. Hoffman, Ine_Badmmmemr_PJulmm G. H. Coleman,
pp118-121 (1965)



<

1.
12.
13.

14
-~ (1943)

13,

21
D. Cohen, J. Inorg. Nucl. Chem., 18, pp 207-210 (1961)
D. Cohen, J. inorg. Nucl. Chem., 18, pp 211-218 (1961)

D. A. Skoog & D. M. West, Analytical Chemistry, pp 229-233 (1980)

H. S. Harned & R. Davis, Jr., J. Am. Chem. Soc., 65, pp 2030-2037

D. W. Wester & J. C. Sullivan, Radiochem. Radioanal. Letters, S7,
pp 35-42 (1983) | | |



LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

&





