EPA-Provided Comment: Stakeholder comment received at the May 12, 2010
Stakeholder meeting in Albuquerque

Comment: Is DOE aware of these experiments (Plutonium nano-colloids) and have the
results (preliminary?) been taken into account (if applicable) in the WIPP
radionuclide release scenarios?

Reference (provided at the Stakeholder meeting):

Argonne National Laboratory News Release: “Scientists discover how the structure of
plutonium nanocluster contaminants increases risk of spreading,” 2008.

DOE Response:

The DOE is aware of the plutonium nano-colloid experiments. These are not new results and
different aspects of the Argonne work have been presented at various international meetings that
were attended by researchers currently active in the WIPP project (Migration 2007, Plutonium
Futures 2008, and Actinides 2009). In addition there is a more extensive description of the
experimental work than the News Release provided at the Stakeholder meeting that was
published (Soderholm et. al., 2008).

The results described in the News Release and published paper are interesting results that
specifically raise questions about the structure of plutonium colloids in aqueous media. It is
proposed by the authors that plutonium colloids are best described as nanoclusters with a very
specific size and structure that are formed by oxolation reactions (Pu-O-Pu bonding), rather than
the more conventionally accepted olation (Pu-OH-Pu bonding) reactions. In this context, the
colloids proposed have a much more rigid/defined structure that contrasts with the more
generally accepted view that they are amorphous and less rigidly structured under
environmentally-relevant conditions. Specific examples of highly specific structures were
provided for colloids formed in alkali hydroxide media and reconstituted under highly acidic
conditions in hydrochloric and nitric acid where high-energy x-ray scattering (HEXS) was used
to establish their structure. The long-term stability of these colloids, their relevance to the much
higher pH systems typically of concern in groundwater/brine systems, and transport properties
were not addressed in this publication — so the overall relevance of these preliminary results to
the WIPP case is not clearly established by what has been published.

Although this study raised an important question about the possible structure of plutonium
colloids, it does not, in fact, raise an issue that will significantly impact current WIPP PA
calculations of plutonium release. The expected high-probability scenario in the WIPP is that
there are no human intrusions after repository closure and the WIPP repository remains self-
sealed with no net release of plutonium in any form — in this expected case the possible existence
of colloids is not a significant issue. Under low-probability human intrusion scenarios, where
brine enters the WIPP repository leading to a dissolved concentration release of plutonium (that
would also include colloidal species), nano-colloids are essentially included as part of our
dissolved concentration fraction and would not add to the total plutonium concentration available
for release — so this pathway is insensitive to the nature/structure of the dissolved plutonium



species. Lastly, the colloidal fraction of this dissolved plutonium concentration is only
potentially important when subsurface migration is an important release pathway — a very low
probability event. Even for this scenario, the WIPP already includes colloidal plutonium
transport in its current PA and there is no significant release of colloidal plutonium predicted
under the current release scenarios. Since conservative colloidal transport assumptions are used
in these calculations, they are relatively insensitive to the detailed nature/structure of the colloid
— which is the main issue addressed by the Soderholm et al., paper.

DOE References:

L. Soderholm, P. Almond, S. Skanthakumar, R. E. Wislons and P.C. Burns, “The Structure of the
plutonium oxide nanocluster [PussOssClsa(H20)s]**", Angew. Chem Int. Ed., 47 (2008) 298-302.
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Scientists discover how the structure of plutonium nanocluster

contaminants increases risk of spreading

ARGONNE, IlI. (April 22, 2008) — For almost half a century, scientists have struggled
with plutonium contamination spreading further in groundwater than expected, increasing the
risk of sickness in humans and animals.

It was known nanometer-sized clusters of plutonium oxide were the culprit, but no one
had been able to study its structure or find a way to separate it from the groundwater.

Scientists at the U.S. Department of Energy’s Argonne National Laboratory, in
collaboration with researchers from the University of Notre Dame, were able to use high-energy
X-rays from the Advanced Photon Source (APS) at Argonne to finally discover and study the
structure of plutonium nanoclusters.

"When plutonium forms into the clusters, its chemistry is completely different, and no
one has really been able to assess what it is, how to model it or how to separate it," said Argonne
senior chemist Lynda Soderholm. "People have known about and tried to understand the
nanoclusters, but it was the modern analytical techniques and the APS that allowed us
understand what it is."

The nanoclusters are made up of exactly 38 plutonium atoms and have almost no charge.
Unlike stray plutonium ions, which carry a positive charge, they are not attracted to the electrons
in plant life, minerals, etc. which stopped the ions’ progression in the ground water.

Models have been based on the free-plutonium model, creating discrepancies between
what is expected and reality. Soderholm said that with knowledge of the structure, scientists can
now create better models to account for not only free-roaming plutonium ions, but also the
nanoclusters.

-- more--
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Plutonium nanoclusters — add one

The clusters also are a problem for plutonium remediation. The free ions are relatively
easy to separate out from groundwater, but the clusters are difficult to remove.

"As we learn more, we will be able to model the nanoclusters and figure out how to break
them apart,” Soderholm said. "Once they are formed, they are very hard to get rid of."”

Soderholm said other experiments have shown some clusters with different numbers of
plutonium atoms, and she plans to examine their unique electric and magnetic properties —
together with her collaborators S. Skanthakumar, Richard Wilson and Peter Burns of Argonne’s
Chemical Sciences and Engineering Division.

Funding for the research was provided by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences.

The mission of the Basic Energy Sciences (BES) program — a multipurpose, scientific
research effort — is to foster and support fundamental research to expand the scientific
foundations for new and improved energy technologies and for understanding and mitigating the
environmental impacts of energy use. The portfolio supports work in the natural sciences,
emphasizing fundamental research in materials sciences, chemistry, geosciences, and aspects of
biosciences.

Argonne National Laboratory brings the world’s brightest scientists and engineers
together to find exciting and creative new solutions to pressing national problems in science and
technology. The nation’s first national laboratory, Argonne conducts leading-edge basic and
applied scientific research in virtually every scientific discipline. Argonne researchers work
closely with researchers from hundreds of companies, universities, and federal, state and
municipal agencies to help them solve their specific problems, advance America’s scientific
leadership and prepare the nation for a better future. With employees from more than 60 nations,

Argonne is managed by UChicago Argonne, LLC for the U.S. Department of Energy's Office of
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The aqueous solution chemistry of tetravalent plutonium is
typical of a small, highly-charged metal ion. Under all but
very acidic conditions, Pu'" undergoes hydrolysis with prod-
ucts that further react to form multinuclear metal oligomers.
These aggregates are thought to be complex hydroxides and
hydrous oxides"”! that can persist in solution indefinitely and,
upon aging under select conditions, form chemically ill-
defined precipitates, which for the case of Pu' resemble
poorly crystalline PuO,. We have characterized metal com-
plexes from solutions exhibiting the classic intractable
chemistry of hydrolyzed Pu, and instead of ill-defined hydrous
oxides, we find monodisperse, nanometer-sized, surface-
stabilized particles of the dioxide. Diffraction studies of
single crystals formed from these solutions reveal well-
defined nanoclusters of [PussOsCls,(H,0)s]™*". The precip-
itation of such well-defined, monodisperse oxide clusters
suggests a similarity with the hydrolysis chemistry seen for
hexavalent d-block ions such as tungsten and molybdenum,
which are known to form a wide variety of well-defined iso-
and polyoxometalates.!

In the laboratory, the presence of Pu' colloid is opera-
tionally defined by the ineffectiveness of standard ion-
exchange and solvent-extraction separations together with a
characteristic optical spectrum.” Well-studied because of its
impact on Pu solution chemistry, colloid, or “polymer”,
formation occurs even at low pH values and low concentra-
tions and has recently been demonstrated to account for the
large discrepancy in measured solubility constants of Pu.>® In
large-scale chemistry associated with nuclear waste reproc-
essing, the formation of hydrolysis products vitiates current
separations scenarios,’! while in the geosphere, colloid
formation is believed to be responsible for the facile Pu
groundwater transport observed at contaminated sites.>”)

A currently favored mechanism of polymer formation
involves the condensation of [Pu(OH),]“™* through an

olation reaction to yield hydroxo-bridged species
[Eq (1)] .[2.10.11]
Pu—OH + Pu—OH, — Pu—OH—Pu + H,0 1)

[*] Dr. L. Soderholm, Dr. P. M. Almond, Dr. S. Skanthakumar,
Dr. R. E. Wilson
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439 (USA)
Fax: (+1) 630-252-4225
E-mail: Is@anl.gov
Dr. P. M. Almond, Prof. P. C. Burns
Department of Civil Engineering and Geological Sciences
University of Notre Dame
Notre Dame, IN 46556 (USA)

[**] The authors thank Herb Diamond and Renato Chiarizia for helpful
discussions. This research is supported at Argonne National
Laboratory by the US Department of Energy, OBES, Chemical
Sciences Division, and by the Material Sciences Division for the
Advanced Photon Source studies, all under contract DE-ACO02-
06CH11357. Research at the University of Notre Dame was
supported by the National Science Foundation, Environmental
Molecular Science Institute (EAR02-21966).

Angew. Chem. Int. Ed. 2008, 47, 298 —302

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Over time, the hydroxo-bridged oligomers are thought to
further condense to produce poorly crystalline mixed Pu
oxide hydroxides.>'?! X-ray powder diffraction patterns, both
from solution and from dried or precipitated solids, exhibit
poorly defined, broad peaks that are generally consistent with
the known PuO, Fm3m fluorite structure.'>'* Plutonium L,
extended X-ray absorption fine structure (EXAFS) data have
been analyzed using a distribution of Pu—O bond lengths that
are interpreted as Pu—O, Pu—OH, and Pu—OH, linkages and
have been discussed within the standard model of Pu colloid
formation through olation and dehydration reactions.'">!”
Laser-induced breakdown detection (LIBD) experiments on
some of the samples used in the EXAFS measurements
characterize the mean particle size in the range from smaller
than 5nm (detection limit) to about 12 nm. Small-angle
neutron scattering and X-ray diffraction show evidence of
PuO,-like linear aggregates in solution, with a chain diameter
of about 5nm.!'Y Electron micrographs of dried solutions
show evidence of small PuO,-like clusters with a diameter of
about 2 nm.'"" Further structural characterization of Pu
hydrolysis products has proven illusive.

We have isolated single crystals from an initially alkaline
peroxide solution that was acidified and passed through an
anion-exchange column without retardation of the Pu, typical
of a sample containing Pu polymer. The eluate, after repeated
cycles of heating to near dryness and reconstituting with HCI,
was treated with aqueous LiCl and allowed to evaporate,
producing red crystals. Single-crystal diffraction datal'”
established the structure of this compound in space group
R3 with composition Li;,(H,0),[Puss0ssCls,(H,0)s].

The extended structure (Figure 1) contains identical
clusters of composition [PusOs(H,0)s]*", which have the
same intracluster packing and structural topology as bulk
PuO,, although the cluster exhibits distortions away from the
ideal Fm3m fluorite-type structure. The clusters are small
pseudocubic crystallites that measure four O atoms per side,
with the eight corners truncated by H,O groups. The surface
of each cluster is decorated by 54 chloride ions. Three
crystallographically distinct types of Pu'v centers constitute
the 38 cations contained within the cluster. There are six Pu'"
ions towards the center of the cluster, each of which is
coordinated by eight O atoms at 2.32-2.35 A, similar to the
bulk PuO, structure. Eight Pu" cations occur near the corners
of the pseudocubic cluster, where they are coordinated by
seven O atoms at 2.30-2.37 A, and one corner H,O molecule
at 2.46-2.53 A. The remaining 24 Pu' cations occur along the
faces of the pseudocube, and each is bonded to two O atoms
at 2.17-2.20 A, two O atoms at 2.30-2.33 A, one Cl ion at
2.67-2.70 A, two Cl ions at 2.78-2.81 A, and one ClI ion at
3.05-3.07 A. Of the 56 O atoms, 32 are bonded to four Pu"
centers at 2.28-2.37 A. The remaining 24 O atoms are each
bonded to only three Pu', two at 2.17-2.20 A and one at 2.30—
231 A. According to bond-valence theory, the bond-valence
sum for an O atom bonded to three Pu' cations with two
distances of 2.18 A and one of 2.30 A is 2.09 valence units,'®!
which clearly indicates that this O atom is not protonated.
The residual charge of the clusters is balanced by lithium
cations, and the clusters are linked into an extended structure
through bonds to Li and by H-bonds.

www.angewandte.org

Chemie

299


http://www.angewandte.org

Communications

300

Figure 1. a) The [Pus30s,(H,0)5]"" cluster with structural linkages
between Pu" (green), O?~ (red), and O, (blue). The face-centered
cubic packing of the Pu—O framework is slightly distorted from the
Fm3m symmetry exhibited by PuO,. b) The outside of the Pu—O
cluster in (a) is decorated with 54Cl~ ions (yellow) to form
[Pu33056Cls, (H,0)5]"*™ units that pack into the R3 structure (c); the
c axis is projected into the page.

The bond-length distribution of the 36 independent Pu—O
bonds within a cluster is depicted in Figure 2. Taken together,
the distances observed in the cluster average 2.30 A, which is
near to the value measured for bulk Pu—O bonds of 2.33 A P!
The bond lengths fall into three distinct regions (Figure 2).
The 24 shorter bonds, which average 2.18 A, are for O atoms
that reside on the edges of the cube and only bond to three
Pu" ions. The two longer bonds represent water molecules
coordinated to the cluster. The remaining bonds, which span
about 2.28-2.40 A, correspond to Pu—O linkages within the
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Figure 2. The 36 unique Pu—0O bond lengths found in a single cubic
cluster divide naturally into three regions: A) Eight distances corre-
sponding to the 24 O atoms along the edges of the cubes that
coordinate to three Pu centers, B) the distribution of Pu—O bond
lengths within the bulk of the cluster, and C) two bond lengths that
correspond to the eight water molecules bound to the corners of the
cubes. The average bond lengths in the three regions are 2.180, 2.332,
and 2.494 A, respectively.

cluster. We emphasize that there is no evidence of Pu—OH
bonding in the cluster; instead, the distribution in bond
lengths arises from the slight distortion of the lattice from
Fm3m symmetry and from the coordination of some O atoms
to only three Pu" centers. Our Pu—O bond-length distribu-
tion is similar to that observed from fitting EXAFS data from
solid polymer obtained out of a nitrate solution."” Fitting the
EXAFS data resulted in bond lengths ranging from 1.82 to
3.31 A and their attribution to the presence of both Pu'¥ and
[Pu¥O,]" oxide, oxyhydroxide, and hydroxide linkages within
the aged colloids. Specifically, it was assumed that the short,
1.83-A bond was attributable to the dioxo [PuO,]* moiety, the
Pu—O bonds at about 2.2 A were attributable to terminal Pu—
OH moieties, the bonds at 2.33 A to the dioxide, and that the
correlations out to 3 A or longer resulted from surface
nucleated species. Our crystal-structure analysis shows no
evidence consistent with the presence of a dioxo group;
otherwise, the bond-length distribution determined from the
EXAFS analysis is consistent with that observed in our solid-
state structural analysis, where it unequivocally arises from
structural distortions within a simple PuO, nanocrystal.
Dissolution of Li;,(H,0),[Pus305,Cls,(H,O),] single crys-
tals in aqueous 2M LiCl produces a green solution with the
optical spectrum shown in Figure 3. The intense absorption at
higher energy, combined with the somewhat broad peak at
about 615 nm, are the signature features of the Pu polymer
spectrum,¥ confirming its presence in solution.
Correspondence between the structures of the Pu cluster
in the solid state and the dissolved moiety is probed by
comparing two pair-distribution functions (PDFs), one mod-
eled on the solid-state structure and the other obtained by the
Fourier transform of high-energy X-ray scattering (HEXS)
data obtained from the solution used to grow the crystals.”*>'!
The experimentally determined PDF obtained from solution,
shown in Figure 4, primarily exhibits Pu—Pu correlations,
except at short distances, and includes correlations out to
about 12 A, the approximate diameter of the cluster in the
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Figure 3. The optical absorption spectrum of Li,,(H,0),[Pu3s05¢Clss-
(H,0)4] crystals dissolved in 2m LiCl. The inset shows the full
spectrum down to 350 nm.
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Figure 4. The Fourier transform of HEXS data (red) plotted as the
average scattering density, G(r), as a function of correlation distance,
rl2021 after correction for background and normalized for number
density, obtained from a hydrolyzed Pu** chloride solution. The data
reveal Pu—Pu correlations in solution that persist out to a distance of
about 12 A. Calculated HEXS data (black) are based on idealized
positional parameters of the [Pus3OsCls,]'*™ cluster described in the
text.

solid state. The calculated pattern to which it is compared is
based on the idealized cluster, including the Cl™ ions. Two
scaling factors were required for the comparison. It was
necessary to reduce the idealized lattice constant by 0.4 % to
match the Pu—Pu distances calculated from the solid-state
structure with those obtained from the solution PDF. The
second scaling factor was used to normalize the calculated
peak intensity to the observed peak at 3.78 A. The one-to-one
correspondence between the calculated and experimentally
derived PDFs not only confirms the presence of the cluster in
solution but also shows the solution to be monodisperse in the
cluster size. There is no evidence, notably at low r, for the
presence of mononuclear Pu complexes, smaller clusters, or of
significant plutonyl contamination. Although the calculated
PDF included contributions from the 54 Cl™ ions that
decorate the cluster surface, their overall contribution to the
measured intensities is not sufficient to unequivocally deter-
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mine the number of chloride ions associated with the surface
of the dissolved cluster. This is an important point, because
the overall charge on the bare cluster is + 40, and its charge in
solution will be dependent upon the number and charge of the
anions decorating its surface. It is these anions, together with
the nanocluster charge, that will impact its complexation
behavior towards mineral surfaces under environmental
conditions.

The identification of a solution of monodisperse, well-
defined Pu—O clusters based on the dioxide Fm3m structure
with no evidence of oxyhydroxide or hydrous oxides high-
lights the need for a reexamination of the condensation
reactions of the hydrolyzed monomers. Generally thought to
proceed by an olation reaction,” this Pu'V reaction may
instead proceed directly by an oxolation reaction [Eq. (2)]."

2Pu—OH — Pu—O—Pu + H,0 (2)

Oxolation reactions are expected to occur with higher-
valent, harder cations such as W' or Mo"’, for which they are
known to result in a wide range of well-defined, magic-
number clusters.®’! The prevalence of olation reactions, as
depicted in Equation (1), for condensation reactions of Pu' is
not generally supported by structures comprised of hydroxo-
bridged dimers or higher oligomers, for which there is only
one published report.’? The relative prevalence of olation
versus oxolation reactions needs further study for Pu' as well
as for other tri- and tetravalent lanthanide and actinide
ions.[*2°

Experimental Section

Synthesis of Li;4(H,0),[PusOs6Cls,(H,O);]: A solution containing
2Py that had been treated with various alkali hdyroxides and
hydrogen peroxide was acidified with concentrated nitric acid and
loaded onto an anion-exchange resin. During loading and the initial
wash of the column with 7.5M HNO;, a large fraction of the plutonium
broke through the column, thus indicating the presence of colloidal
plutonium. This colloidal fraction was heated several times to near
dryness and reconstituted in HCl. Aqueous 2M LiCl was added to an
aliquot of this solution; upon evaporation of the solution at room
temperature, red crystals of the reported compound formed after
approximately one month.

High-energy X-ray scattering: High-energy X-ray scattering data
were collected at the Advanced Photon Source, Argonne National
Laboratory, on wiggler beamline 11-ID-B (BESSRC). The sample
consisting of a solution that produced crystals of Liy-
(H,0),[Puss05Cls4(H,0)5] was loaded into a Kapton capillary and
further contained inside a flame-sealed quartz capillary. Scattered
intensity was collected on an amorphous silicon flat-panel detector
(GE Healthcare) and treated as described previously.”*>!!
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