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Plutonium is thought to exist mostly as low soluble plutonium(lV) Table 1. Total Pu Solubilized (Totalmol/g) and Solubilization Rates
. . . . 1 1 i
species in the environment and, therefore, has low potential of (umol g* day™) for Pu(OH), and Pu@ with Selected Chelatots
becoming mobile. Due to their prevalence and high solution stability first experiment second experiment
constants for Pu(lV), microbial siderophores could significantly affect chelator day total  rate day total rate
plutonium solubility and mobility. In this study, the ability of . 23962%(IV) g%%rfxide
. . . . e none . .
trihydroxamate desferrioxamine siderophores to solubilize Pu(IV) EDTA 127 62 049 253 107 0.42
solids was investigated. Both desferrioxamine B and E (DFB and citrate 127 22 017 253 18 0.072
- g tiron 127 13 010 253 11 0.043
DFE) gre .far less eﬁecyve at squbll!zmg amorphous Pu(IV) DFB 127 095 0007 253 038  0.0015
hydroxide in neutral solution than are simple chelators, such as DFB—Fe 127 046 0.004 253 0.47  0.0018
EDTA, citrate, and tiron, despite the fact that these chelators have EpTA-Fe 09 09 00 e ool
smaller solution stability constants for Pu(IV) than do DFE and DFB—EDTA 294 10 0.034
DFB. Positively charged, linear DFB is less effective than the 239-PuQ
neutral cyclic DFE. Hydroxamate siderophores may, in fact, none 50 372 0073
. ) o o EDTA 86 17 019 268 20  0.0074
passivate Pu(lV) hydroxide surfaces, thereby inhibiting solubilization citrate 86 62 0072 268 11 0.004
by other chelators. PuO, solubilization under these conditions is gflgg gg ?-8 8-823 ggg gi 8-8(1)?3
far slower than that of Pu(lV) hydroxide. DFB—Fe 86 52 0060 268 024  0.0009
EDTA—Fe 69 14  0.020
DFE 330 52 0017
Siderophores, iron chelators produced by microorganisms, PFB—EDTA 294 10 0034
are common in soils and may be responsible for mobilization b7 3 7242"’61%229 - 034 0.0014
. . et none . . . .
and redepogltlon of Fe in some sdllsjderophores areiglso EDTA 127 92 0072 253 36 0014
good chelating agents for plutoniuhiHowever, the ability DFB 127 22 0017 253 0.38  0.0015

of siderophores to solubilize, mobilize, or oxidize plutonium
in the environment has not been well studied. We are
examining the interactions of the trinydroxamate siderophoresplastic tubes with buffered (50 mM MOPS) solutions with
desferrioxamine E and B (DFB and DFE) with actinides in Or without added chelators or Fe (Supporting Information)
order to understand how they could affect actinide bio- to give a final concentration of 10 mM Pu(lV) if all the
geochemistry. Here, we have evaluated the effect of DFB, plutonium was dissolved. At regular intervals, a sample was
DFE, and other chelators on the dissolution of plutonium centrifuged to remove suspended solids. Three aliquots were
hydroxide and plutonium oxide in neutral buffered solutions. removed from the centrifugate for Pu analysis by liquid
We used freshly prepared amorphous Pu(lV) hydroxide Scintillation counting. We monitored these samples for up

and high-fired Pu@ The dry solids were placed in sealed 0127 days (Table 1, Figure 1a). The solution concentration
of Pu from dissolution of Pu(lV) hydroxide by buffer only,
* Author to whom correspondence should be addressed. E-mail: mneu@ 0.23uM, is within the previously reported range of solubili-
lanl.gov. i 5_ 11 1\ 3 Thi ;
(1) (a) Hersman, L. E. Ifenvironmental Microbe-Mineral Interactions tI.eS for F.)U(OHQ (10_ 100 m0| kg— ) Th!S cqnc_entr_aﬂon
Lovely, D., Ed.; ASM press: Washington, DC, 2000: p 145. () did not increase after the initial data point, indicating that

Crowley, D. E.; Greid, D. IrBiochemistry of Metal Micronutrientsin  equilibrium was already established, consistent with other
the Rhizospherévantheny, J. A., Crowley, D. A., Luster, D. G., Eds.;

a Reference 8° Reference 9.

CRC Press: Boca Raton, FL, 1994: p 199, studies! The ligand-promoted dissolution was very slow: the
(2) (a) O'Boyle, N. C.; Nicholson, G. P.; Piper, T. J. Taylor, D. M,;
Williams, D. R.; Williams, G.Appl. Radiat. Isot1997 48 (2), 183. (3) Efurd, D. W.; Runde, W.; Banar, J. C.; Janecky, D. R.; Kaszuba, J.
(b) Stradling, G. NJ. Alloys Compd1998 271-273 72. (c) Birch, P.; Palmer, P. D.; Roensch, F. R.; Tait, D.EBwiron. Sci. Technol.
L.; Bachofen, RExperiential99Q 46 (8), 827. 1998 32, 3893.
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Figure 1. Dissolution of Pu(lV) hydroxide plotted in micromoles of Pu
solubilized per gram of Pu solid: (a) first experiment; (b) second experiment;
rates by linear fitgmol g~* day %), EDTA 0.38; citrate, 0.069; tiron, 0.037;
DFB + EDTA, 0.033; DFE, 0.017; DFB, 0.

amount of Pu in solution was still increasing after 127 days.
Of the chelators we studied, EDTA is the most efficient at
solubilizing Pu(IV) hydroxide. The presence of Pu(tV)
EDTA in the solution was confirmed by UWis spectros-

umol g~ PuQ in 86 days. No difference betweétiPu and
23%9Pu solubility was observed. Comparison of solubility rates
was impossible due to large scatter in the data, and no trends
were observable (figures in Supporting Information). The
scatter could be due to colloidal Pu(lV) formation or fine
suspended solids, not removed during the initial solid
preparation or during sample centrifugatfohThe amount
of Pu in solution in control experiments;1—3 uM, is far
above the solubility limit of Pu@(~10"1" M), supporting
the presence of Pu species not removed by centrifugation.
Therefore, to gain a better understanding of the contribu-
tion from colloids or other particles, we performed a second
experiment. All liquid was removed from each of the tubes,
the Pu solids were washed 5 times with MOPS buffer, and
then the same chelator solutions (10 mM) were again added
to the solid, with the following exceptions: the control Pu
hydroxide and®**PuQ, tubes (no chelator) were refilled with
2 mM DFE, and the tubes with FEEDTA were washed
extensively with DFB to remove all Fe, and then refilled
with a 10 mM EDTA and DFB solution. We monitored these
samples for up to 330 days (Table 1, Figure 1b.) There was
less scatter in the data, and all solubilization rates were lower.
We attribute this to the removal of colloid species after the
initial experiment and by the repeated washings with the
buffer solution. Lower rates could have also resulted from
solubilization of high-surface-area Pu (resorbed Pu on the
oxide surface, Pu at defect sites) during the first experiment,
leaving lower surface area Pu for solubilization during the
second experiment. Overall, the chelator efficiency for
Pu(OH), was the same: EDTA was very effective, and citrate

copy (data not shown). Citrate and tiron solubilize Pu(lv) and tiron were about 5 and 10 times slower than EDTA,
hydroxide much more S|0w|y’ and DFB even more s|ow|y_ respectively. DFE and DFB were 20 and 280 times slower
Only slightly more Pu was solubilized in DFB solution than than EDTA, respectively. The slow rate for DFB was not
in controls. Previous studies have suggested that dissolutiondue to DFB degradation (checked by NMR). The difference
rates for mineral oxides can be correlated with the solution in rate between DFE and DFB may be due to their charge
stability constants for metal complexatidHowever, the  difference (positively charged DFB vs neutral DFE). An
solution stability constant for the Pu(I¥JDFB complex is order of magnitude faster Fe solubilization has been observed
greater than those of the other-Rthelator complexes (log ~ With DFD; (the neutral, linear acetyl derivative of DFB) than
B: EDTA, 27.2; citrate, 15.2; or45 (MLs), DFB, 30.8, with DFB.? EDTA solubilization of Pu(lV) hydroxide was
DFE,~325) Even estimated |(@Va|ues for 5ing|e-m0iety over 10 times slower after the Pu was washed and mixed
chelation by these multidentate ligands (§gEDTA, based ~ With DFB, suggesting that DFB passivates the surface.
on NTA, 15; citrate, based on acetate, 4, Tirer20; DFB Hydroxamic acids have been shown to form surface species
and DFE, based on single hydroxamate, 12), do not correlateOn metal oxides! Again, far less Pu@was solubilized over
with dissolution efficiency. Solution stability constants, the course of the experiment than Pu(IV) hydroxide, making
thermodynamic quantities, may not correlate directly with
solubilization rates, kinetic values. The correlation may hold
true for ligands with similar chelating moieties, but as is
apparent herdahe stability constants for a group of ligands
with different chelating moieties do not necessarily correlate
to dissolution ability Adding Fe(lll), which has log3’s
similar to Pu(lV), decreased the dissolution rate, presumably
due to chelator competition.

(6) The predominate Pu(lV) solution species at neutral pH is colloidal
Pu(IV). It cannot be effectively removed by centrifugation, giving large
variations among experimental protocols in measured Pu solubility.

(7) Kim, J. |.; Kanellakopulos, BRadiochim Actal989 48, 145.

(8) In 50 mM MOPS, pH= 6.8, DFE, 2 mM; other ligands, 10 mM.

(9) Rates are total micromoles of Pu solubilized per gram of solid, divided
by total days, giving an average rate over the experiment, and are
included for comparison. For all but the second experiment with
Pu(IV) hydroxide, rates were not constant over the entire experiment,
and/or Pu amounts were already at equilibrium, or were too varied

The rate of Pu@dissolution was much slower for most between samples, so that true rates could not be calculated.
Kraemer, S. M.; Cheah, S. F.; Zapf, R.; Xu, J.; Raymond, K. N;

. . (10)
chelators; none of the chelators solubilized more than 17 Sposito, G Geochim. Cosmochim. Actn99 63, 3003.
(11) (a) Folkers, J. P.; Gorman, C. B.; Laibiania, P. E.; Buchholz, S;

(4) (a) Rai, D.; Rao, L.; Moore, D. ARadiochim. Actal998 83, 9. (b)
Rai, D.; Felmy, A. R.; Moore, D. A.; Mason, M. JMater. Res. Soc.
Symp. Proc1995 353 1143 and references therein.

(5) Ludwig, C.; Casey, W. H.; Rock, P..MNature1995 375 44.
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Whitesides, G. M.; Nuzzo, R. Gangmuir1995 11, 813. (b) Holmen,
B. A.; Tejedor-Tejedor, M. |.; Casey, W. Hangmuir1997, 13, 2197.
(c) McCafferty E.; McArdle, J. VJ. Electrochem. Sod995 142

1447.



COMMUNICATION

comparison of chelators difficult (figure in Supporting surface complex formation followed by a polarization and
Information). weakening of the FeO bond, and then thermodynamically
A previous Pu dissolution study reported a different order driven complex detachmefi® Ligand-promoted polarization
of chelator efficiency, reported more Pu solubilized after 6 of the metat-oxide oxygen bonds by hydroxamic acids may
days than we observed afterl00 days, and reported rate not weaken P4O bonds as much as F® bonds, and
increases by adding PéThis may be due to the unknown  therefore may not lead to detachment of the complex. The
Pu starting materiéd and differences in sample treatment DFE—Pu(IV) solution complex differs from the DFE
causing more colloidal Pu to be present in the previous study. Fe(l11) complext4 surface species may also differ. We are
Dissolution of Fe oxides by siderophores and hydroxamic cyrrently investigating these surface species and how other
acids is dependent on pH, siderophore concentration, andmicrobial chelators affect Pu dissolution in order to better

mineral form. Dissolution is more rapid at the beginning(  predict the long-term fate of Pu in the environment.
days), and hydroxamic acids are at least as efficient as other

simple organic acid¥ Rates calculated from these studies = Acknowledgment. We thank Natural and Accelerated
using data later in the dissolution process were from 0.01 Bioremediation Research (NABIR) program of the U.S.
umol gt day* (pH 7.4, hornblende, 24M DFB) to more Department of Energy (US DOE) for funding.

than 4umol gt day* (pH 6.5, goethite, 24@M DFD,).

The solubilization of Pu(IV) hydroxide by 2 mM DFE gave Supporting Information Available: Complete experimental
a rate in this range, but the simple organic acids, citrate, details and graphs of dissolution data for RuO

tiron, and EDTA, were more effective than DFB or DFE. |co155910

None of these ligands were able to solubilize much aged

PuQ. This is consistent with thAG andKs, values for the (13) (a) Watteau, F.; Berthelin, Bur. J. Soil Biol.1994 30, 1. (b) Hersman,

two phases; Pu oxide is more stable than Pu hydroxide. L, Lloxll_d, T, i_posntO. GGeochim. Cosmochim. Ac1895 59,I 3327.
The hydroxamic acid dissolution of Fe involves initial (ccr)leﬁmggcﬁzléo% Eé;'gggla?gs LH()”.:H]S:YEE?.SA?"CBgsg;’ei'leHL'
Geochim. Cosmochim. Actk996 60, 4403. (e) Liermann, L. J.;
(12) By reported preparation, probably amorphous PuGi)colloidal Kalinowski, B. E.; Brantley, S. L.; Ferry, J. Geochim. Cosmochim.
Pu hydroxide polymer, which would have different solid properties. Acta 200Q 64, 587. (f) Holmen, B. A.; Sison, J. D.; Nelson, D. C;
Brainard, J. R.; Strietelmeier, B. A.; Smith, P. A.; Barr, M. E.; Casey, W. HGeochim. Cosmochim. Acfid99 63, 227.
Langston-Unkefer, P. J.; Ryan, R. Radiochim. Actal992 58/59, (14) Neu, M. P.; Matonic, J. H.; Ruggiero, C. E.; Scott, BAhgew. Chem.,
357. Int. Ed.200Q 39 (8), 1442.
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