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1.0 EXECUTI VE SUMMARY

Nearly 34 million gallons of high-level waste (HLW, the radioactive waste product
associated with the dissolution of spent nuclear fuel rods for the recovery of weapons grade
materials) await disposition at the Savannah River Site (SRS).  The current design for the Salt
Waste Processing Facility at the SRS includes use of monosodium titanate (MST) to remove
and concentrate the strontium (Sr) and actinides (uranium, plutonium and neptunium) from
HLW salt solutions.  However, the River Protection Program (RPP) at the Hanford Site in
Washington State proposes use of potassium permanganate addition for Sr and actinide
removal from Hanford HLW.  Recent studies at the SRS indicate sodium permanganate
treatment holds promise for use in the decontamination of Sr and actinides in SRS HLW.

The mechanism(s) by which the permanganate treatment process removes strontium
and the actinides are not known.  Studies with actual and simulant wastes show that removal
of these species occurs during the precipitation of brownish-black manganese (Mn)-rich
solids.1, 2  Addition of high concentrations (0.01 M) of dissolved stable Sr during permanga-
nate treatment to isotopically “dilute” and precipitate radiostrontium in RPP wastes proved
successful.3, 4 These studies indicate that Sr carbonate [SrCO3(s) or strontianite] solids, a
crystalline (as opposed to amorphous) phase of Sr, are the primary crystalline Sr-containing
solids that form in these systems.  

Some wastes at Hanford contain chemical constituents not found in SRS wastes.  For
example, some Hanford wastes contain high levels of dissolved organic ions whereas the SRS
wastes contain few organics.  These organics facilitate the reduction of permanganate ion in
Hanford wastes.  Therefore, the sodium permanganate treatment of SRS wastes may form
different solid phase precipitates than those that form during potassium permanganate
treatment of Hanford wastes.

Our work investigated the solids by both chemical and structural analysis.  These
studies provide the following conclusions.

• Addition of Sr nitrate concentration of 0.01 M results in the formation of a SrCO3(s) (or
strontianite) solid phase as identified by X-ray absorption fine-structure spectroscopy
(XAFS) and by X-ray diffraction analyses.  These Sr solids form regardless of the
reductant used (i.e., hydrogen peroxide or sodium formate).  Some of the actinides can
sorb and coprecipitate with carbonate minerals.  Hence, the Sr probably coprecipitated or
sorbed the actinides in HLW solutions upon precipitation.

• Addition of 0.01 M permanganate and reductant (either hydrogen peroxide or sodium
formate) to HLW salt simulant solutions results in the formation of a colloidal tetravalent
Mn-rich sodium birnessite-type [Na4Mn14O27•9H2O(s)] solid phase, which is structurally
stable in the salt solutions over a 168 hour period and has a layered structure consisting of
polyhedral sheets of Mn octahedra (MnO6).  Comparison with literature data from
structural characterization studies with bulk birnessite materials indicate the sizes of these
Mn oxide particles lie within the nanoparticle range [i.e., on average, the particles (if
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assumed to be spherical) that are less than 20 nanometers in diameter].  The nanoparticles
may have a local fractal or amorphous arrangement and they may also have a plate-like
hexagonal nature, which is consistent with that of birnessite materials.  When formate was
used as the reductant, the particle sizes (as inferred from a lower coordination number for
Mn in the second coordination shell) were slightly smaller than when peroxide was used
as the reductant.  The solids produced when formate is used as the reductant are slightly
more amorphous than those that form are when peroxide is used.  The particles are
nanocrystalline and probably linked together to form larger particles with no crystallo-
graphic orientation.  These findings explain why the Mn oxide solids in this study could
not be characterized by conventional X-ray diffraction analyses.

• The neptunium (Np) in the solids that form upon reduction of permanganate exists as the
pentavalent Np(V)O2

2+ species.   No Np or Mn atoms exist in the outer coordination
shells.  The first coordination shell contains several O atoms.   The Np removal appears to
not involve a strong physicochemical association with the Mn oxides.  This is evidenced
by the absence of Mn in outer coordination shells in the Np EXAFS data.  This finding
suggests that Np may undergo outer-sphere sorption, which signifies that the Np is
susceptible to displacement by other ions that also form outer-sphere associations and by
displacement from the surface due to changes in ionic strength.  Another explanation for
Np removal from solution is that the Np [added as Np(V)] undergoes a change in
oxidation state [i.e., from Np(V) to Np(IV)].  Due to the lower solubility of Np(IV), this
change in oxidation state would result in lower dissolved Np concentration and most
likely additional loss of Np from solution due to sorption.  Such processes could be
reversible and thus not readily observed in our XAFS experiments.

• The plutonium (Pu) in the permanganate-treated samples is present as Pu(IV) with eight
first shell Pu-oxygen (O) distances.  The mechanism of Pu removal during permanganate
treatment involves the incorporation of Pu into the Mn oxide (birnessite).  The sorption
may involve specific adsorption of Pu in the birnessite interlayer regions or isomorphic
substitution of Pu in Mn site vacancies (where a Pu atom resides in a site that is normally
occupied by a Mn atom).  Plutonium is also present in the second coordination shell
suggesting that monomeric and polymeric species of Pu are present in the Mn oxides.

• Precipitation of a birnessite-type phase and strontianite in the treatments coincides with
the precipitation of other salts.  The sources of the salts are the dissolved components
within the salt simulant solution and the rapidly forming Mn and Sr solids promote the
homogeneous nucleation of these salts.  The precipitation of these salts effectively lowers
the actinide loadings in the precipitants and also increases the solids loadings.  Air-drying
of the sample may have contributed to the some of the salt precipitation observed.

Our results identify the mechanisms by which Pu and Np are removed from solution
during permanganate treatment.  The governing mechanisms differ for these actinides.
Plutonium is strongly associated with the Mn oxide by coprecipitation (mainly, with some
adsorption possible).  In contrast, the removed neptunium proves easier to release into
solution (i.e., reversible removal) after birnessite precipitation.



WSRC-TR-2002-00366, REVISION 0

Page 9 of 65

2.0 INTRODU CTION

The Record of Decision issued on October 17, 2001 identified solvent extraction as
the preferred cesium removal process for high-level waste (HLW) treatment at the Savannah
River Site.  As a pretreatment step for the solvent extraction flowsheet, the incoming salt
solution containing small amounts of entrained sludge is contacted with monosodium titanate
(MST) to adsorb strontium (Sr), neptunium (Np), plutonium (Pu) and uranium (U).  

Permanganate treatment with some Hanford wastes requires an excess of stable “seed”
Sr2+ for isotopic dilution of Sr2+ and Sr precipitation and a reductant (such as formate or
oxalate ions, which are endemic to the waste) for acceptable actinide removal.3, 4  This
treatment process involves the formation of two or more solids, which precipitate the Sr2+

[presumably as SrCO3(s)] and actinides [presumably as a manganese (Mn)(III, IV) oxide-
actinide coprecipitate] in the HLW salt solutions.3  For SRS wastes, prior studies show a
benefit of adding Sr for the removal of actinides, including Pu, from SRS waste.1

Savannah River Technology Center (SRTC) researchers demonstrated the utility of
permanganate reduction with Mn oxide precipitation in the presence of an alkaline earths
(calcium, Sr) to rapidly reduce the concentrations of 90Sr, americium (Am), Pu, Np and U in
high-level tank wastes and waste simulants.1, 2  Researchers remain uncertain whether the Mn
oxide behaves as freshly precipitated sorbent, or if the radionuclides are included in the
precipitating framework.  Kinetics studies show rapid removal of Pu and Sr from tank waste
simulants during the first half-hour, with continual decrease in dissolved Pu and Sr
concentrations with time.1  This result could be consistent with either inclusion into a
precipitating framework, or sorption onto a freshly precipitated surface.  

To achieve optimal removal of the Sr2+ from SRS waste using permanganate
treatment, we must evaluate several aspects before adopting permanganate into the flowsheet.
Our report reviews work relevant to Mn oxides and their use in radionuclide decontamination,
focuses on the mechanism of radionuclide decontamination during permanganate treatment
with simulant SRS HLW salt solutions and characterizes the solids that form.  We examine
the binding environments of 237Np and 239/240Pu after reaction with permanganate and
hydrogen peroxide (H2O2) from HLW simulants with low carbonate levels (i.e., near 0.03 M
CO3

2-) and a sodium ion (Na+) concentration of 5.6 M.  We also investigate the chemical
behavior and speciation of Sr2+ and Mn in non-radioactive samples after reaction with
permanganate in the presence of reductant (either H2O2 or formate) using X-ray absorption
fine-structure (XAFS) spectroscopic and X-ray diffraction (XRD) techniques. 

2.1  Use of Mn O xide Solids for Removal of Radionuclides from Solutions and the
Influence of Mn Oxide Structure

Manganate solids [the Mn(IV)-dominated oxides] typically have high surface areas
and strong affinities for dissolved cations such as Sr2+, for some of the actinides (e.g., Pu, Am
and U) and for other radionuclide fission products in highly alkaline HLW salt solutions and
other aqueous radioactive waste streams.4, 5, 6  Tetravalent and trivalent Mn oxides are
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ubiquitous in the natural environment.  They are noted for their high affinity for concentrating
actinides [Am, Pu] and various d-transition metals in oceanic and freshwater waters.7,  8, 9, 10 

The affinity of these Mn oxides for dissolved ions is related to structure.  For the Mn
oxides, the basic building blocks are Mn octahedra (Figure 2.1), which can be linked via
three orientations to form larger structures.  Few sorption studies with Mn oxides discern
between the various types of Mn oxide structures and many simply refer to the solids as being
Mn oxide material.11, 12, 13  Many of the Mn oxides have similar elemental stoichiometry but
they can have different structural arrangements of their Mn octahedra.

For example, the tunnel-structured manganates consist of mainly corner-sharing Mn
octahedra (Figure 2.1).  These solids have sorption capacities that often exceed that of
zeolitic materials.  The linkages of the Mn octahedra result in the formation of long tunnels,
which can be size excluding to some ions.14   The tunnel-structured Mn oxides can have low
affinities for Pu and Sr relative to cesium (Cs) and other radionuclides such as Am.9  

Layered Mn oxides have primarily edge-linked Mn octahedra and, until recently, the
structures of these layered Mn oxides were unknown (Figure 2.1).15  They have a lamellar
structure of Mn octahedral layers with interlayer water and hydroxyl groups.  In nature, the
layered Mn oxides tend to be poorly crystalline and of small particle size but this behavior
results in high surface areas per volume.  Layered structures often contain interlayer cations,
which can be displaced by other sorbing ions such as the actinides.16  Layered structures may
exhibit some corner-sharing behavior, which gives them more three-dimensional structures
than the two-dimensional structures that exist for solids with only edge-linked Mn octahedra.  

Some removal of Np and U from HLW salt simulant solutions containing multiple
radionuclides (Sr, Pu, Np and U) is also observed within the first few hours of equilibration,
but the levels of dissolved Np and U may increase after four hours.1  Little work exists on the
testing of Mn oxides for their ability to sorb Np from aqueous solutions.1, 17  However, these
sorption studies indicate Np has a low affinity for Mn oxide solids, relative to several other
sorbent solids and the Mn oxide form was not identified.17  Similar studies with U reveal that
U also has a fairly low affinity for birnessite, a layered Mn oxide.  The transmission electron
microscopy (TEM) characterization studies of the solids produced from the permanganate
process indicate that they are extremely fine-grained Mn oxide materials with hexagonal and
fibrous morphologies.18

Synthesis methods for Mn oxides typically include one of the following approaches:
permanganate [Mn(VII)] reduction, reaction of Mn(II) with Mn(VII) ion and the oxidation of
Mn(II).6, 13, 19, 20, 21, 22  Reduction of permanganate ion in basic media is thought to result in
the formation of birnessite [Na4Mn14O27•9H2O(s)], a layered Mn oxide—as noted in Krot et al. 

(1998) and references therein.19  Several analytical methods for Pu isolation use Mn oxide 
solids (oftentimes produced from the reduction of permanganate ion) to concentrate actinides
from solutions and from various waste streams by coprecipitation.5, 23, 24 
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Figure 2.1 Basic building blocks of Mn(IV) oxides.  Edge- and corner-sharing Mn octahedra
are the most common linkages observed in naturally occurring Mn oxides.  Red arrows point
to the distance between the Mn atoms in the linked Mn octahedra.

NOTE: Due to document format problems, the figure shown above is not a complete
reproduction of that presented in the original report document.  

A. One Mn(IV) octahedron with
6 first shell oxygens at 1.9 Å in
octahedral symmetry

B. Two Mn(IV) octahedra sharing
3 oxygens.  Termed “face”
sharing, Mn-Mn distance 2.5 Å

C. Two Mn(IV) octahedra sharing
2 oxygens. Termed “edge” sharing,
Mn-Mn distance 2.85 Å

D. Two Mn(IV) octahedra sharing 1
oxygen.  Termed “corner” sharing,
Mn-Mn distance 3.8 Å
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Few studies have investigated the structure of these Mn oxides or why the Mn oxides
that form have an affinity for metal ion removal.  Additionally, changes in metal redox
chemistry may influence metal uptake behavior such as with Pu but few studies have
evaluated the chemistry of redox-reactive radionuclides in contact with Mn oxide materials.8 

2.2 Uptake Mec hanisms of Metals by Surfaces

Uptake processes by solids can occur by several mechanisms: structural incorporation,
ion exchange (electrostatic or outer-sphere) sorption, specific adsorption and surface
precipitation.  Figure 2.2 provides a schematic of these processes.  Many of these terms have
been used loosely in the literature and their use varies with scientific discipline.  This
presentation focuses on the surface and its interaction with the sorbing or coprecipitating
solution species.  A more thorough review of these processes is presented elsewhere.25, 26  The
expression of these uptake processes typically depends upon the amount of metal added,
solution and solid phase characteristics.

“Ion exchange” can have different meanings, which results in some confusion in the
literature.  One very general way to express ion exchange is Structural Incorporation, which is
the substitution of a solution species for a structural atom:

                         CaCO3(s)  +  Sr2+                      SrCO3(s)  + Ca2+

This type of sorption typically requires ready access to structural atoms.  Although little is
known about the structure of the Mn oxide solids formed during permanganate treatment,
access [for Pu(IV)] could occur by substitution of Pu4+ within the vacancies of MnO6
octahedral layers.  In this case, the structural incorporation of Pu4+ in the Mn oxide would
result in several Mn atoms (two or more, on average) at physically realistic distances in the
second coordination shell of the Pu4+.  Another example of this process would be the
exchange of Na+ for Ca2+ within the interlayer region of a layered Mn oxide solid (formed
upon the reduction of permanganate by H2O2 or formate ion).  Ideally, structural incorporation
of anions could also result in a similar number of neighboring atoms in the first coordination
shell to that of the replaced ion prior to its release.  Therefore, the local environment of the
exchanged atom would tend to resemble the environment the newly exchanged atom had
before its release (Figure 2.2A).  Two exceptions to this would be when the host structure is a
nanoparticle and when the structure is amorphous.  In these cases, exact determinations of
whether the participating metal species resides in a structural vacancy or within an interlayer
site are not straightforward.27  

Ion Exchange in a more restrictive sense is an electrostatic process involving the
replacement of one readily exchangeable hydrated ion by another similarly exchangeable ion
(Figure 2.2B).  This type of sorption is also referred to as Outer Sphere sorption.  Ion
exchange does not involve the formation of bonds on the participating surface because the
sorbed ion is present in the diffuse double layer (DDL).  This type of sorption is normally
reversible28 and is a function of ionic strength (i.e., such as Na+ ion concentration).  At high
ionic strengths, the DDL collapses and less sorption by ion exchange is observed than at low 



WSRC-TR-2002-00366, REVISION 0

Page 13 of 65

Figure 2.2 Simplified diagram of the types of associations a metal could have with a surface:
A) Structural incorporation, B) Outer-sphere (electrostatic) sorption, C) Specific or inner-
sphere sorption and D) Surface precipitation.  Blue rings denote first, second and third shell
environments that can be probed with XAFS techniques.
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ionic strengths.  Ion exchange sorption is often associated with materials that have constant
surface charge and exhibit no change in overall surface charge upon ion exchange sorption.
An example of this process would be exchange of hydrated Na+ ion for hydrated UO2

2+ in the
DDL.  Outer sphere adsorption has been observed with Sr2+ on poorly crystalline Mn oxide
hydrates.a

Specific adsorption involves the formation of predominantly covalent bonds with the
surface, but the bonds can have some ionic behavior.  This type of sorption is often referred to
as Chemisorption or Inner Sphere sorption.  Specifically adsorbed metals typically have one
or more atoms from the participating surface in the second coordination shell (Figure 2.2C).
This type of sorption involves the release of H+ or structural surface ions (such as Na+ in
MST) upon sorption.  For example, specific sorption of UO2

2+ to MST could result in the
presence of titanium (Ti) atoms in the second coordination shell of the UO2

2+.  Specific
adsorption is usually irreversible.28  However, in the literature, specific adsorption is rarely
differentiated from structural incorporation or surface precipitation.  Specific adsorption may
involve mononuclear complexes or polymeric species.  Specific adsorption may occur with
metals and their associated ligands (such as a U(VI)-carbonate ion) and specific adsorption is
influenced by other solution- and surface-related variables.29

Surface Precipitation occurs by nucleation of new solid phase on a host surface
(Figure 2.2D).  For example, when the concentration of a dissolved metal such as UO2

2+ is
high enough to result in the super-saturation of one or more UO2

2+-containing phases [such as
U(VI)O3

. 2H2O(s)] in the presence of another solid (such as MST), the other solid facilitates
the nucleation of the new solid UO2

2+-rich phase.  Surface precipitation of U(VI) would result
in the existence of several second shell U atoms around each U.  The sorption of colloidal U
species on surfaces would resemble the same local environment as observed for surface
precipitation.

2.3  Use of XAF S Techniques to Characterize Metal Uptake by Surfaces

The local environment of metals associated with surfaces can be investigated with
analytical techniques such as XAFS spectroscopy.  The XAFS spectroscopic techniques are
among the best techniques known for providing detailed chemical speciation information in
environmental samples—particularly when information from multiple characterization
techniques is available and when the phase of interest is amorphous, microcrystalline or
nanocrystalline.  The term XAFS is applicable to both X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine-structure (EXAFS) spectroscopic techniques.
The XAFS spectra give robust local structural information on coordination number (CN),
bonding symmetry, neighbor and near-neighbor atomic distances and bond disorder (as the
root mean square deviations of distances about the average values).  Additionally, the

                                                
a Axe, L. personal communication, National Synchrotron Light Source Annual User’s Meeting,
Brookhaven National Laboratory, Upton, NY, May, 2002.
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information gained is atom specific—making it a versatile technique for structural
determinations of atom clusters.30, 31

The XANES techniques involve multiple scatterings of an ejected photoelectron with
moderate kinetic energy with neighboring atoms.  Unlike EXAFS, for XANES the ejected
photoelectron does not enter the continuum.30  The XANES spectroscopic techniques can
provide information on the local coordination environment and oxidation state of the metal of
interest.30  EXAFS spectroscopy in particular has been successfully applied to the structural
elucidation of metal clusters and sorbed metals on surfaces because the technique does not
require long range order (i.e., periodicity) or crystalline samples.  XAFS techniques are often
complemented by the results of X-ray diffraction (XRD) studies, which provide information
on the bulk crystalline phases. Information on the structure of crystalline phases aids in the
modeling of metal sorption using the XAFS data.

Prior XAFS studies have been conducted with sorbed radionuclides Sr2+ on hydrous
Mn oxides, sorbed Pu on rancieite (a birnessite-type Mn oxide), as well as cesium and cobalt
on layered birnessite-type Mn oxides.6, 8,  32, 33  These X-ray absorption fine-structure
spectroscopic studies provided fundamental structural information about the Mn oxides and
their associated metals.  However, these studies occurred at low ionic-strength, using neutral
to basic solutions (i.e., solutions that do not possess the typical properties of SRS HLW tank
fluids).

2.4 Experimenta l Objectives

The primary objective of this research involved obtaining information on the solids
that form and the speciation of actinides associated with the solids after reaction of
permanganate and reductant in highly alkaline solutions.  Before this preliminary study, little
information existed on the speciation of sorbed actinides of known oxidation states within
these materials.  We used XAFS techniques in this study to obtain information on the average
local structural speciation of the sorbed actinides such as CN, geometry, near and next nearest
neighbor environment of the target metal.  

We studied the local structural environment of actinides initially added to salt simulant
solutions in the following forms: Pu(IV) and Np(V).  To determine the nature of metal uptake
using XAFS, our studies included Mn oxide solids with a range of actinide loadings.  We also
characterized actinide-free Mn oxide solids isolated from eight additional tests with XAFS
and XRD techniques.  These non-radioactive tests initially contained 0.01 M permanganate
and 0.045 M reductant (either formate or H2O2) in the presence or absence of 0.01 M seed
Sr(NO3)2.

To test whether our results appear atomically realistic, we used molecular models to
simulate the findings from our EXAFS studies.  We complemented the findings from our
XAFS analyses by the results obtained from our XRD studies, which provided information on
the crystalline solid phases within our samples.
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3.0 MATERIA LS AND EXPERIMENTAL METHODS

We prepared solid phase samples from permanganate treatment for XAFS and XRD
analyses.  The details of the sample preparation, XAFS data collection, XRD data collection
and data analyses follow.

3.1 Sample Prep aration 

3.1.1 Actinide-containing Mn Samples

We prepared a series of actinide-loaded Mn oxide solid phases for XAFS analyses.
Testing also required the preparation of HLW simulant salt solution with the composition
given in Table 3-1 from reagent grade chemicals.   Technicians spiked known volumes of the
salt solutions individually with known levels of Pu(IV), Np(V) and U(VI).  Researchers
obtained nitric acid stock solutions of Pu(IV) and Np(V) from the Actinide Technology
Section (SRTC).  Uranium(VI) stock solutions used uranyl nitrate hexahydrate.  The methods
of solution preparation in our study resemble those used in previous MST adsorption and
permanganate treatment studies 34, 35, 36 except that for the higher radionuclide concentrations
within our salt solutions.  To obtain such high levels of dissolved Pu and Np (as noted in
Table 3-2), we spiked the salt solutions with concentrations of Pu and Np that exceeded the
typical solubility limits of these species.  Technicians filtered the solutions after a 24-hour
equilibration and submitted samples of the salt solutions for inductively-coupled plasma mass
spectroscopy (ICP-MS) analyses to determine the levels of actinides in the salt solutions prior
to use. Table 3-2 presents details of the sample preparation for the actinide-containing Mn
oxide samples.  A more detailed description of the sample preparation is given in Duff et al.
(2002).1  

Table 3-1 Salt solution composition used in permanganate testing with the actinides.

Component Concentration (M)
NaNO3 2.60
NaOH 1.33
Na2SO4 0.521

NaAl(OH)4 0.429
NaNO2 0.134
Na2CO3 0.026

Total Na+ 5.6

To prepare the solids, known amounts of permanganate and 0.045 M H2O2 were added
to known volumes of actinide solutions and sampled in batch as described in Table 3-2.
Sampling times (i.e., salt solution filtration) are approximate—within 20 minutes.  H2O2 (at
0.45 M) was the reductant initially used in all of these tests.  However, no color conversion
occurred upon first addition.  Although the H2O2 was recently opened, it was unreactive due
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to improper storage conditions.  Sodium formate, which is a slow reductant relative to H2O2
(at equimolar concentrations) was added at a concentration of 0.045 M.  However, a properly
stored, unopened supply of H2O2 was located after the formate was added so 0.045 M H2O2
was then added (about 10 minutes after the formate was added).  Upon addition of the H2O2,
the conversion of the purple permanganate solutions to a characteristic black color (indicative
of the formation of solids) was noticeably rapid.  Because the formate-permanganate reaction
is much slower than that of the H2O2-permanganate reaction,1, 37 we deem H2O2 to be the
most active reductant in these tests.  This assumption is supported by Krot et al. (1998), who
report that the reaction using H2O2 as the reductant is complete by the time the reactants are
mixed.19

The solutions were equilibrated for up to 4 hours with intermittent swirling at room
temperature.  During sampling, the actinide-loaded Mn oxide suspensions were filtered with a
0.45-µm nylon filter and the filtered solids were dried in air at ambient temperature.  After
filtration, samples of the salt solutions submitted for ICP-MS to determine the levels of
actinides that were lost from solution.  The amount of actinide lost from solution was used to
calculate an expected actinide loading based solely on the formation of MnO2(s) (as shown in
Table 3-2).  

The calculated actinide loadings (assuming the formation of only MnO2) were not
comparable to the actinide loadings we anticipated.  Hence, XAFS data collection was only
possible with one of the Pu samples (Test 12) and one of the Np samples (Test 17).  Actual
radionuclide loadings on Mn oxide samples were not determined.

            The solids were not rinsed prior to analysis because rinsing could potentially alter the
speciation of the actinides.  The actinide-containing Mn solids were prepared for Pu- and Np-
XAFS analyses as described in Section 3.1.3. These solids were not analyzed using XRD
techniques.

3.1.2 Actinide-free Mn Oxides 

A series of actinide-free Mn oxide samples were prepared for XAFS and XRD
analyses as described in Table 3-3.  The same salt solution composition as described in Table
3-1 was used in these studies after the equilibrations.  These solids were dried in air and
submitted for XRD analyses and prepared for Mn- and Sr-XAFS studies as described in
Section 3.1.3.

3.1.3 XANES and  EXAFS Data Collection

3.1.3.1 Studies Conducted at the National Synchrotron Light Source

The XAFS data were collected on beamline X23a2 (Figure 3.1) at the National
Synchrotron Light Source [NSLS, Brookhaven National Laboratory (BNL), NY]  Plutonium-
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XAFS data were collected at the Pu L3-edge (18,054 eV) on one of the air-dried filtered Mn
solids (Test 12) listed in Table 3-2.  Neptunium-XAFS data were collected at the Np L3-edge
(17,610 eV) on one of the air-dried filtered Mn solids (Test 17) listed in Table 3-2.
Manganese-XAFS data were collected at the Mn K-edge (6,539 eV) on all of the non-
radioactive air-dried filtered Mn solids listed in Table 3-3.38  Strontium-XAFS data were
collected at the Sr K-edge (16,105 eV) on the four non-radioactive samples that received 0.01
M seed Sr as listed in Table 3-3.  The XAFS data were collected in fluorescence mode using
an unfocussed X-ray beam and a fixed-exit Si(311) monochromator.  Ion chambers were used
to collect incident (Io), transmission (It) and reference (Ir) signals (Figure 3.1).  Simultaneous
data collection of a reference (Ir) signal was performed by measuring a zirconium (Zr) metal
foil (for Np and Pu).  The Mn- and Sr-XAFS data were acquired in fluorescence and
transmission.  The Mn XAFS spectra were collected at the “magic angle” to preclude any
effects of sample orientation on the spectra.33 Gas ratios for the data collection in Io were
100% argon for Sr, Np and Pu analyses.  For Mn, incident (Io) X-ray energy was monitored
by an ionization chamber containing 100% free-flowing N gas whereas the transmission
energy was monitored by an ionization chamber containing 100% free-flowing argon gas.
These studies were conducted at room temperature (RT).
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Table 3-2 Sample preparation and chemical data for the U-, Np-, and Pu-loaded Mn oxide
samples that were prepared for XAFS analyses. 
Test Solution

Volume
(mL)

Sampling 

Time
(Hours)a

Initial
MnO4

-

Conc.
(M)

Actinide 
Species
Added

Initial
Actinide
Solution

Conc.
(µg L-1)

Final
Actinide
Solution

Conc.
(µg L-1)

Calculated
Amount of
Dry Solids

Produced (as
g of MnO2)

Calculated
Actinide

Loading (mg
Actinide kg-1

of MnO2)
1 220 1 0.010 U(VI) 15350 11670 0.189  4280
2 350 1 0.005 U(VI) 15350 13240 0.151  4910
3 220 1 0.0025 U(VI) 15350 12530 0.047 13130
4 220 2 0.010 U(VI) 15350 10580 0.189  5540
5 220 2 0.005 U(VI) 15350 11440 0.095  9100
6 350 2 0.0025 U(VI) 15350 11800 0.075 16480
7 220 4 0.010 U(VI) 15350 10750 0.189  5350
8 220 4 0.005 U(VI) 15350 11300 0.095  9420
9 220 1 0.005 Pu(IV)   640     39 0.095  1400

10 450 1 0.0025 Pu(IV)   640     92 0.097  2550
11 220 2 0.005 Pu(IV)   640     22 0.095  1440
12 450 2 0.0025 Pu(IV)   640   143 0.097  2310
13 220 4 0.005 Pu(IV)   640     37 0.095  1400
14 450 4 0.0025 Pu(IV)   640     12 0.097  2920
15 220 1 0.005 Np(V) 1380   900 0.095  1120
16 450 1 0.0025 Np(V) 1380 1150 0.097  1060
17 220 2 0.005 Np(V) 1380  710 0.095  1550
18 450 2 0.0025 Np(V) 1380 1090 0.097  1370
19 220 4 0.005 Np(V) 1380  840 0.095  1260
20 450 4 0.0025 Np(V) 1380 1190 0.097   890
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Table 3-3 Description of the preparation of actinide-free Mn oxide samples that were
analyzed using Sr- and Mn-XAFS spectroscopic and XRD techniques.  

Sample Sampling

Time

(Hours)a

Initial MnO4
-

Conc. (M)
Reductant

Tested

(at 0.045 M)

Initial Added Sr

Concentration (M)

0 4 0.01 H2O2 -

1 4 0.01 H2O2 0.01

2 4 0.01 Sodium Formate 0.01

3 4 0.01 Sodium Formate -

4 168 0.01 Sodium Formate -

5 168 0.01 H2O2 0.01

6 168 0.01 H2O2 -

7 168 0.01 Sodium Formate 0.01

A Lytle detector was used to collect fluorescence X-rays (If) (Figure 3.1), using an
aluminum (Al) metal foil to reduce the background fluorescence counts.  The monochromator
energy was maximized using a piezo stack feedback energy stabilization system, with a
settling time of 0.3 seconds per change in monochromatic energy.  An X-ray beam size of 2
by 28 mm2 was used.  Beamline energy calibration was done using foils of platinum (L1-edge
of 13,880 eV), Zr (K-edge, 17,998 eV), and molybdenum (K-edge, 20,000 eV). 

For the XAFS spectral fits, reference standards consisted of library data for Mn 39 and
Sr solid phase standards.40, 41  Simulations of EXAFS data were based on crystallographic data
for known Mn, Sr and actinide solid phases.

3.1.3.2 Studies Conducted at the Advanced Photon Source

XANES data for oxidation state calibration of Pu were collected at the Advanced
Photon Source (APS), at Argonne National Laboratory (ANL, Argonne, IL) in 2000 using Pu
standards that were provided by Don T. Reed of ANL.  For these studies, the synchrotron hard
X-ray fluorescence microprobe on the undulator (Station ID-C) at Sector 13 of the APS was
used with a channel-cut Si(220) monochromator.42  Micro-focusing optics were used to
produce the X-ray beam.43  A double elliptical Pt-coated Kirkpatrick-Baez mirror system
angled at 2 mrad was used to focus a monochromatic undulator X-ray beam at the Pu L3
absorption edge (18,054 eV) to a 4 µm vertical by 7 µm horizontal beam.44  Fluorescent X-
rays were detected with a Si(Li) energy dispersive detector (30 mm2 area, Canberra) mounted
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at 90o to the incident beam and 2 cm from the standard mounts.  Microprobe EXAFS spectra
were collected on the Lα emission line from 50 eV below the Pu absorption edge to 600 eV
above the Pu edge in varying step increments from 0.4 to 2.5 eV.  The monochromator
position and the undulator gap were scanned simultaneously and the microprobe table was
moved to track the position of the X-ray beam during each scan.  Energy calibration was
made with well-characterized Pu solid standards: Pu(IV)O2(s), KPu(V)O2CO3, and
Ba3Pu(VI)O6 measured simultaneously with a Zr foil (K-edge, 17,998 eV).  These studies
were conducted at RT.

3.1.4 XANES and  EXAFS Data Analyses

The background contribution to the EXAFS spectra was removed using an algorithm
(AUTOBK) developed by Newville et al. (1993), which minimizes R-space values in low k-
space.  Each chi data set was read into the WINXAS analysis package.45, 46  Replicate scans
were co-added to improve S/N.  After background subtraction and normalization, the Np
XANES spectra were compared with that in the literature and the Pu XANES spectra were
compared with our Pu XANES spectra from previous studies conducted at the APS.  For the
actinide-containing Mn solids, the Np- and Pu-XAFS spectra were analyzed from 2 to about
11 Å-1.  For the actinide-free Mn solids, the Mn- and Sr-XAFS spectra were analyzed from 2
to 14 Å-1.  The chi data were k3-weighted (or k2-weighted) and Fourier-transformed (FT) to
yield R-space or Radial Distribution Function (RDF) plots.47  Simulated EXAFS spectra were
also generated based on the documented crystallographic properties for the Sr, Mn, Pu and Np
solids using ab initio based theory, which involved FEFF 7.2 a program created by
researchers at the University of Washington.48, 49, 50, 51, 52, 53  

3.1.5 XRD Data Collection

The non-radioactive-containing samples were characterized by XRD using a Siemens
D500 diffractometer with CuKα radiation.  The diffractometer is equipped with a 1o degree
divergence slit and divergence anti-scatter slit in addition to a 1o degree divergence beam anti-
scatter slit and 2o degree diffracted-beam Soller slit.  The diffractometer uses a curved
pyrolytic graphite monochromator with a 0.015o receiving slit and a sodium iodide
scintillation detector.  The samples were mounted on a glass slide using collidon.  The data
were collected from 5 to 70o 2-theta, and a one-second dwell time for every 0.02o.  For these
analyses, the most intense reflection from some compounds can be detected at 0.5 wt %.  But
for most compounds, a determination limit for a positive identification is 5 wt % or greater.
Quantitative results can be obtained on some types of samples at ± 15 percent of the amount
present.
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Figure 3.1 Diagram of the downstream portion of the hutch table at NIST beamline X23a2
(not drawn to scale).
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4.0 RESULTS

4.1 Background

4.1.1 Characteriza tion of Pu on Surfaces with XAFS

Few XANES and EXAFS studies have characterized the local structural speciation of
sorbed Pu on natural and synthetic mineral solids.8, 54  These prior studies used natural
geologic samples that contained a variety of minerals (such as zeolites, and trace levels of iron
and Mn oxides and aluminosilicates) with pH 9, carbonate-dominated groundwater simulant
solutions.  The testing added Pu(V) and the minerals found to sorb the Pu were mineral
assemblages of Mn oxides and the alumino-silicate mineral, smectite.  The Pu-XANES
studies showed that the Pu(V) oxidized to Pu(VI) upon sorption to Mn oxide-smectite
(aluminosilicate) bodies whereas the sorbed Pu on other Mn oxide-smectite bodies Pu did not
undergo a change in average oxidation state. EXAFS studies conducted at the Pu-rich Mn
oxide-smectite mineral assemblages indicate that the first shell Pu-O bonding environments of
the sorbed Pu on several mineral bodies varied greatly in CN.  Additionally, although the Pu
XANES spectra indicated the average oxidation states of the Pu was +V and +VI (the results
were spatially variable), there was no axial O bonding in the EXAFS.55  After 2 years of aging
in air, XANES and EXAFS studies show the sorbed Pu on the Mn oxide-smectite mineral
bodies had reduced to Pu(IV)—suggesting that this may be the most stable oxidation state of
sorbed Pu over the long term.54  The change in speciation over the long term may be due to
the electrochemical disproportionation of Pu.  More research would be required to suitably
investigate the speciation transformations of sorbed Pu on solids.  

4.1.2 Characteriza tion of Np on Surfaces with XAFS 

Several Np-XAFS studies have characterized dissolved and solid forms of
Np.56,57,58,59,60,61    Some of these studies present data on the characterization of a particular
solid or dissolved species.  Other studies provide simultaneously acquired electrochemical
and spectroscopic data on the solutions of Np(III, IV, V, and VI) and mixtures thereof.57, 58

These spectroelectrochemical studies observed that solutions of Np(IV) exhibit a more
positive XANES edge energy than that of Np(V)—based on the inflection point of the first
derivative. This finding is somewhat surprising because dissolved and solid phase forms of
actinides (U and Pu) typically have reported XANES edge energies that increase with an
increase in the average oxidation state of the material.8, 62, 63  

The molecular orbital interactions which influence the XANES behavior of f-elements
are complex and small differences in coordination environment in combination with the
different ionic radii of each Np valence may influence the XANES spectra.  This non-linear
shift in the Np-XANES edges energies of some actinides does not conform to that typically
observed for the other actinides.  This behavior has not been observed with Np solids because
few if any studies exist on the XANES of valence-state characterized Np(III, IV, V, and VI)
solids.  These spectroelectrochemical studies also demonstrated that dissolved Np(V) and
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Np(VI) species exhibit a shoulder feature on the high energy side of the main absorption
feature, which is absent in the spectra for the Np(III) and Np(IV) species.57, 58  This shoulder
feature is attributed to the presence of axial O bonding.

A few XAFS studies examined sorbed Np on solids.  One study performed with
Np(V)O2

+ on the iron (Fe) oxide goethite (FeOOH) characterized the first shell environment
of the sorbed Np.64  The authors determined that the first shell contained two subshells, with 2
O atoms at 1.85 Å and 5.5 O atoms at 2.51 Å.  This environment is fairly consistent with that
of a Np(V) species.  No data were reported for the second coordination shell environment so
the nature of the sorption could either not be determined from the XAFS (these early 1992
studies were some of the first published for Np in solution and on surfaces) or the results
indicate that the association of the Np is an outer sphere/electrostatic mechanism.

A second more recent study that investigated the local environment of Np in the
presence of hydrothermally altered cements determined that the first shell environment of the
Np [added as Np(V)] involved a combination of Np(IV) and Np(V) species.65  These
researchers used XANES absorption edge determinations and the degree of “axial” O bonding
from the EXAFS to estimate the amount of Np(V).  They reported that most of the Np(V)
reduced over time in the solution or concrete slurries that had pH values of 9.3 through 12.3.

An XAFS study by Moyes et al. (2002) with Np(V) sorption to the ferrous sulfide
mineral called mackinawite determined that the added Np(V) reduced to Np(IV) upon
sorption to the Fe(II)- and sulfide-rich surface in aqueous solutions (pH 7 to 8).61  They
observed the reduction of Np(V) by the ferrous sulfide mineral from their data, which
indicated a loss of axial O bonding and the emergence of longer (2.25 Å) near neighbor O
bonding and some near neighbor sulfur (S) bonding.  The sorption process converts the Np to
a less mobile and less soluble species.  However, the affinity of Np(V) for the mackinawite
was very low as evidenced by the large proportion of Np that remained in the contact
solutions after the equilibration.

4.2 XANES Stud ies 

For most metals, the position of the absorption edge in the XANES spectra depends on
the oxidation state.66  The higher energy for the absorption edge, the higher the oxidation state
is for the atom of interest.  XANES spectra are typically used to provide information on the
average oxidation state of the element of interest.  Small shifts (a few eV) in XANES
absorption edge energies can occur when a metal undergoes a change in average oxidation
state.  Qualitative features in the XANES can also provide information on the bonding
environment of the element of interest.  Bonding environment information can be oxidation-
state specific.

4.2.1 Manganese XANES Studies with the Non-radioactive Mn Solids

The Mn XANES spectra for the solids isolated from Sample 0 (listed in Table 3-3)
and several Mn oxide references are shown in Figure 4.1.  Spectra for the remaining
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permanganate-treated Samples 1 through 7 resembled that of Sample 0 (data not shown).  The
Mn XANES spectra for the eight Mn solids appear similar—regardless of whether the test
used formate or H2O2 as the reductant or whether the test added seed Sr.  The Mn XANES
spectra for the Sample 0 do not resemble that of Mn(II) solids (biogenic MnCO3(s), also
known as rhodochrosite) as shown in Figure 4.1.  Similarities exist between the pre-edge
spectra for the Sample 0 and that for other predominantly Mn(IV) oxides such as pyrolusite
[MnO2(s)], cryptomelane [Kx[Mn(III,IV)]9O16(s)], birnessite [Na4Mn14O27•9H2O(s)] and
todorokite [Ca,Na,K)x [Mn(III,IV)]6O12•3.5H2O(s)].  These similarities are most evident in the
shape of the absorption edges, the energy values at the maxima of the main absorption
features (i.e., the white lines) and the energy at which a pre-edge feature occurs for these
predominantly Mn(IV)-containing solids (Figure 4.1).  The Mn XANES spectra for bixbyite
[a Mn(III) solid] show some similarities to these Mn(IV)-containing minerals but the slope of
the absorption edge in the XANES for this solid is fairly different in addition to the maxima
of the white line for this species.  The difference in slope is indicative of a Mn oxide solid
with a large amount of Mn(III).67

4.2.2 Actinide XANES Studies with the Actinide-loaded Mn Solids

For Np and Pu, changes in oxidation state in our samples were anticipated during
permanganate treatment, due to the likelihood that a reaction with permanganate (a strong
oxidant) or with peroxide (also a strong oxidant) could promote redox reactions with these
actinides.  Additionally, it is possible that more than one oxidation state of these actinides
could be soluble and stable in the HLW salt simulants.68, 69  It is thought that Pu(IV) is the
most probable oxidation state of Pu in HLW solutions and that Np(V) is the most stable
oxidation state of Np in alkaline solutions (based on the work of I.G. Tananaev).70  However,
these determinations of oxidation state speciation were done using solvent extraction
techniques which may induce changes in actinide oxidation state speciation during
extraction.71  Some assessments of actinide oxidation state have been based on predictive
thermodynamic calculations.71  Therefore, we conducted Np- and Pu-XANES analyses to
obtain information on the oxidation states and structural environments of the actinides in our
samples.

The results of the ICP-MS data for the samples from the actinide-containing test
(listed in Table 3-2) indicated that in general, the two-hour equilibrations were the best suite
of samples to select for XAFS analyses.  Data collection with the remaining samples (from
the 2-hour equilibrations) was attempted but the actinide loadings were far below the
calculated levels listed in Table 3-2.  This finding suggests that a significant amount of salts
other than the MnO2(s) precipitated during our tests, a process that could effectively lower the
average actinide level in the solid phases to levels that are difficult to detect using X-ray
absorption techniques.
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Figure 4.1 Normalized Mn XANES spectra for the non-radioactive permanganate sample 0
and several Mn oxide reference materials.  Spectra for MnCO3, bixbyite, birnessite and
pyrolusite from Fredrickson et al. (2002) and spectra for cryptomelane and todorokite from
Duff et al. (2002). 39, 41
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Figure 4.2 Plot of the plutonium-XANES spectra for the Pu-loaded Mn sample and the Pu
standards: Pu(IV)O2, KPu(V)O2CO3 and Ba3Pu(VI)O6.  The Pu-loaded Mn oxide solid had a
calculated loading of 2310 mg Pu kg-1 of MnO2 [added as Pu(IV)] .
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4.2.2.1 Plutonium XANES Studies 

The Pu-XANES spectra for the Pu-loaded Mn sample and the Pu standards are shown
in Figure 4.2.  The Pu-loaded Mn sample (Test 12) had a XANES edge energy consistent
with that of Pu(IV).  Because of the possibility of multiple oxidation states (up to four) for Pu 
species in solution and possibly on surfaces, the interpretation of the XANES must consider
the likelihood of multiple oxidation states.  Because the average Pu oxidation state in these
samples is +IV, there is some possibility of multiple oxidation states.  The spectra for the Pu
in the Test 12 Mn oxide sample does not have the shoulder feature indicative of a +V or +VI
Pu species.  The absence of this feature generally indicates the spectra contain more Pu(IV)
and Pu(III) than Pu(V) and Pu(VI) species.72  

The results from the Pu EXAFS analyses for this sample will provide additional but
indirect information on the oxidation state behavior of the actinides.  This is because most
metals such as the actinides have oxidation-state specific structures.  By inference, we can
determine the oxidation state of the actinide of interest from the EXAFS results and better
support these conclusions from the XANES analyses.

4.2.2.2 Neptunium XANES Studies 

The Np-XANES (L3-edge) spectra for the Np-loaded Mn oxide sample are shown in
Figure 4.3.  The sample XANES spectra have an edge energy that is consistent with that of
published values for Np(IV) or Np(V).  There is very limited information on the XANES
spectra of Np solutions of known oxidation states but the case is more extreme for XANES
studies with Np solids of known oxidation states.  However, published Np L3-edge XANES
spectra for extremely well characterized acidic Np solutions indicate that the XANES spectra
for Np(IV) and Np(V) species have similar edge energies.57, 58  Mathematical methods that
have been used to determine the XANES edge energies typically produce slightly different
results.73  However, the visual similarities in these Np(IV) and Np(V) XANES spectra
indicate that the dissolved Np(IV) and Np(V) species tend to have nearly over-lapping
XANES spectra.  In addition to the Np edge energy which suggests Np is present as Np(IV)
or (V), the distinct feature in the XANES spectra for our sample indicates that the Np is more
likely to be present as Np(V).  A strong shoulder feature on the high energy side of the main
absorption feature is present.  This feature is thought to be a multiple scattering resonance
(MSR) associated with the two axial O atoms associated with most pentavalent and
hexavalent forms of the actinides (specifically, for Pu, Np, and U)—as discussed in Duff et al.
(1999).8, 55
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Figure 4.3 Plot of the neptunium-XANES spectra for the Np-loaded Mn sample.  Energy
calibration performed with a Zr metal foil at the Zr K-edge.  The Np loading for the Mn
sample was 1550 mg Np kg -1 of MnO2.
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4.3 EXAFS Ana lyses 

In simple terms, chi data (the plot of the wavevector in reciprocal space) show the
oscillation patterns (both constructive and destructive interference patterns) of the atoms in
the neighbor environment of the element of interest.  The chi data represent part of the
photoelectron wave that can be defined by the EXAFS equation.30, 31, 74  The EXAFS equation
is shown in a highly simplified form below (see list of definitions for explanation of equation
terms).

4.3.1 Manganese Chi Data for the Actinide-free Manganese Oxide Samples 

The k2-weighted chi spectra for the Mn in the eight permanganate treatment samples
are shown in Figure 4.4.  In general, the spectra are very similar and of high quality.75  A
model simulation of the Mn(IV,III) oxide mineral called birnessite [Na4Mn14O27•9H2O] is
also shown in Figure 4.4.  These Mn-EXAFS spectra were qualitatively compared with
library spectra and spectral FEFF simulations for a variety of other Mn phases such as Ca-rich
birnessites, MnO2 (pyrolusite), Mn2O3 (bixbyite), Kx[Mn(III,IV)]9O16 (cryptomelane),
(Ca,Mn)O•4MnO2•3H2O (rancieite), Mn3O4 (hausmanite), LiAl2[Mn2(IV),Mn(III)]O6(OH)6

(lithiophorite), MnCO3 (rhodochrosite) and (Ca,Na,K)x [Mn(III,IV)]6O12•3.5H2O (todorokite)
(data not shown).  Birnessite, in the sodium form [Na4Mn14O27•9H2O(s)] was the closest match
for these spectra.  The FEFF simulation for this material overlapped well with the sample
spectra in amplitude and phase.  These similarities suggest the particles are crystalline.
Unlike cryptomelane, todorokite and pyrolusite, which have corner-linked octahedra, the
sodium-rich birnessites tend to have a two-dimensional structure because nearly all of the Mn
octahedra are edge-linked.  This type of bonding is reflected more so in the Mn EXAFS than
in the Mn XANES because Mn EXAFS spectra provide the more robust structural
information.

4.3.2 Strontium Chi Data for the Actinide-free Mn Oxide Samples 

The k2-weighted chi spectra for the Sr in the four permanganate treatment samples that
contained added seed Sr are shown in Figure 4.5.  As with the Mn EXAFS spectra for these
samples, the Sr EXAFS spectra are very similar and of high quality.  A model simulation of
the crystalline SrCO3(s) mineral called strontianite, which has an orthorhombic space group
and nine first shell Sr-O distances is also shown in Figure 4.5.  According to our database for
the EXAFS data for Sr solid phase structures (data not shown), strontianite was the best match
for these spectra.  Although the FEFF simulation of the chi data for strontianite does not
compare well with our sample data, the literature data for strontianite do compare quite well.76  

Chi(k) = ________________
   F(k)*N*S  (-2*k3σ2)

So2e               sin[2*k*R + δ(K)]

k*R2
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Figure 4.4 The k2-weighted chi data for Mn in the solids formed in the actinide-free
permanganate tests (listed in Table 3-2) and a FEFF simulation of the Mn oxide called
birnessite.  Samples 0, 1, 5 and 6 had 0.045 M H2O2 as the reductant.  Samples 2, 3, 4 and 7
had 0.045 M sodium formate added as the reductant.
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Figure 4.5 The k3-weighted chi data (the plot of the wavevector in reciprocal space) for Sr in
the four Sr-treated Mn samples and a FEFF simulation of the chi data for the mineral
strontianite [SrCO3(s)].  Samples 1 and 5 had 0.045 M H2O2 added as the reductant.  Samples
2 and 7 had formate added as the reductant.
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The differences between the amplitude of the simulation and of the spectra may be due to a
highly amorphous (i.e., poorly ordered) structure.  Although less likely, it may also be due to
the presence of extremely small (nanocrystalline) SrCO3(s) particle sizes.  If the structure of
the SrCO3(s) were highly amorphous (i.e., the structure does not possess atoms at highly
consistent positions), there would be numerous environments of the atoms in the outer Sr
coordination shells.  This type of behavior would result in a dampening of the EXAFS signal
at high k-space where the heavy atom back-scattering contribution to the chi data is most
readily seen (Figure 4.5).  A dampening of the chi data is also apparent at a lesser degree at
low k-space.  It is likely that these Sr particles are amorphous and not nanoparticles because
large, white solids were visually observed in the treatments that had received seed Sr,
suggesting the particles are fairly large.  This observation would need additional confirmation
using an appropriate particle size determination or microscopic imaging technique.77  

4.3.3 Plutonium Chi Data for the Mn Sample

           The Pu-containing Mn oxide sample from the 0.0025 M permanganate treatment (Test
12) had a calculated Pu loading of 2,310 mg Pu kg-1 of MnO2(s).  Data quality, which was in
part related to Pu concentration in the sample, was marginal.  EXAFS analyses of first and
second coordination shell atoms were performed with care to not over-interpret the data.
Another problem we had that was not associated with the samples was the beamline.  The
recent replacement of the monochromator screw with a newly machined one resulted in a
background of oscillations.  These oscillations were most apparent when the level of the Pu
was very low.  The artifact, which was not visible during data collection and our preliminary
data analyses during data collection is shown in Figure 4.6 after 7 Å-1 (shown with brackets).
Hence, the k-weighting of the chi data was set to 1 (instead of the typical value of 2 or 3) to
avoid amplification of this artifact signal at high k-space.  The portion of the chi data selected
for analyses (i.e., the spectral range in which the signal from the sample Pu exceeded that of
the background oscillation due to the malfunctioning screw) is shown in Figure 4.7.  These
data were corrected to remove the contribution of the background oscillation of the
malfunctioning screw.

         The remaining Pu-loaded Mn oxide samples from the 2-hour equilibration had lower
levels of Pu that that of the sample in Test 12.  No XAFS data were acquired for those
treatments.  Despite the high level of noise in the data, it is evident that the amplitude of the
chi data at low k-space is indicative of a light atom interaction with Pu.  This is evident
because the amplitude of the oscillations dampens after 7 Å-1, which is typical for O.

4.3.4 Neptunium Chi Data for the Mn Sample 

         The k2-weighted chi spectra for the Np in one of the Np-loaded Mn oxide samples is
shown in Figure 4.8.  The remaining samples from the 2-hour equilibration had very low
levels of Np.  Hence, no Np XAFS data were acquired for those treatments.  The contribution
of the monochromator screw (as discussed in Section 4.3.3) did not effect the data quality
because of the high level of Np signal in the samples.  The Np chi data that were collected out
to about 10 Å-1 were used in the model fit analyses.
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Figure 4.6 The k1-weighted chi data (the plot of the wavevector in reciprocal space) for Pu in
the Pu-loaded Mn oxide sample.
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Figure 4.7 The portion of k1-weighted chi data (the plot of the wavevector in reciprocal
space) for Pu in the Pu-loaded Mn oxide sample that was selected for model fits.  

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0 1 2 3 4 5 6 7
k (Å-1)

χ*
k1



WSRC-TR-2002-00366, REVISION 0

Page 36 of 65

Figure 4.8 The k2-weighted chi data (the plot of the wavevector in reciprocal space) for Np in
the Np-loaded sample. 
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4.3.5 Manganese Fourier Transform Data for the Actinide-free Mn Samples

The Fourier Transformed (FT) chi data for Mn in Samples 0 through 7 are shown in
Figures 4.9 through 4.16.  The data typically show that the Mn first shell environment O
atoms at 1.9 Å (the number of first shell O atoms was fixed to 6) and in the Mn second
coordination shell contains 3 to 5 Mn atoms at 2.88 Å.  The H2O2 treatments had slightly
larger second coordination shell Mn-Mn CN values than those treatments that had formate
added as the reductant. This implies that the Mn oxides produced from the reduction of
permanganate by peroxide ion may be more ordered than those produced by the reduction via
formate ion. Collectively, the Mn EXAFS data for all of these samples were similar.  The data
indicate that Mn octahedra in the Mn solids contain edge–sharing behavior, as evidenced by
the short 2.88 Å distance between the first and second coordination shell Mn atoms, which
approximates that illustrated for the Mn-Mn radial distance shown in Figure 2-1C.  If face-
sharing Mn octahedra were present in the sample, a peak near 2.5 Å (Figure 2-1B) in the FT
data for Mn would be present.  If corner-sharing Mn octahedra existed in the sample there
would be a peak near 3.8 Å (Figure 2-1D) in the Mn FT data.  The XAFS data show little
effect of equilibration time on permanganate treatment, (samples were pulled from the 4- and
168-hour time periods) suggesting that the solids form within a 4-hour period and are
structurally stable for several days in the salt solutions.

These data are consistent with that of a hexagonal sodium birnessite-type solid, which
has only edge-sharing behavior.  However, the number of Mn atoms in the second
coordination shell are less than 6, suggesting that there are a high number of Mn octahedral
groups on the outside of the particles.  This is illustrated in Figure 4.17, which shows a
simulation of atoms (MnO6 groups) that have an average Mn-Mn CN of 3.43.  Results from
TEM studies (conducted at ANL) with the Mn-rich particles in solids isolated from the
permanganate treatment process indicate that there are two types of Mn oxide particle
morphologies.18  These morphologies consist of hexagonal platelets and fibrous material.  The
TEM studies provide spatially-resolved imaging on a near atomic scale.  Our Mn EXAFS
studies, which provide average structural information on an atomic scale, cannot discern
between two or more morphological populations.  Collectively, these TEM and EXAFS
studies indicate the illustration in Figure 4.17 is not completely representative of all of the
Mn oxide particles in our samples because the particles have different morphologies.  The
small CN values in the data may also indicate that the particles are amorphous.  The TEM
studies indicate that there was some difficulty in obtaining a lattice fringe pattern from the
spectra.  It is possible that some of the particles are amorphous and some are crystalline.
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Figure 4.9 FT and model fit data for Mn in Sample 0 (4-hour equilibration without seed Sr)—
uncorrected for phase shift.
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Figure 4.10 FT and model fit data for Mn in Sample 1 (4-hour equilibration using H2O2 with
seed Sr)—uncorrected for phase shift.
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Figure 4.11 FT and model fit data for Mn in Sample 2 (4-hour equilibration using formate
with seed Sr)—uncorrected for phase shift.
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Figure 4.12 FT and model fit data for Mn in Sample 3 (4-hour equilibration using formate
without seed Sr)—uncorrected for phase shift.
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Figure 4.13 FT and model fit data for Mn in Sample 4 (168-hour equilibration using formate
without seed Sr)—uncorrected for phase shift.
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Figure 4.14 FT and model fit data for Mn in Sample 5 (168-hour equilibration using H2O2
with seed Sr)—uncorrected for phase shift.
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Figure 4.15 FT and model fit data for Mn in Sample 6 (168-hour equilibration using H2O2
without seed Sr)—uncorrected for phase shift.
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Figure 4.16 FT and model fit data for Mn in Sample 7 (168-hour equilibration using formate
with seed Sr)—uncorrected for phase shift.
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Figure 4.17 Large sheets of edge-sharing Mn octahedra (i.e., those solids that can be
identified by XRD because they have sufficient long range crystalline order) would have a
Mn-Mn CN of 6.  The reduced CN of 4 that the sheets are limited in size.  For example, the
assembly of atoms above consists of 6 Mn (green) around a central Mn (red).  The average
Mn-Mn CN would be 3.43.
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4.3.6 Plutonium Fourier Transform and Model Fit Data 

The FT and model simulation data for Pu in the Mn oxide sample are shown in Figure
4.18 and Figure 4.19.  An average radial distance of 2.34 Å for eight Pu-O interactions is
nearly consistent with that of Pu-O first shell distance at 2.38 Å for a Pu(IV)O2 solid, which
indirectly supports that the Pu in the sample is probably tetravalent (Figure 4.18).  These
findings are consistent with the results of the Pu XANES studies with these materials as
discussed in Section 4.2.2.1, which supports an assignment of +4 to the Pu valence.

Our fits of the Pu XAFS data indicate there are several second coordination shell Mn
atoms (2.9 ±1.5) at 3.4 Å (Figure 4.19).  The Pu-Mn interaction indicates that Pu may be
associated with the Mn oxide (a birnessite-type phase) via sorption in the interlayer region
(where hydrated Na+ is typically present) and possibly substitution for Mn in structural
vacancies within the birnessite.   

Fits for additional higher shell elements show that the Pu (on average) is present in a
polymeric form but if we assume this is the only form of Pu, it appears to be too small to be
truly colloidal.  It is possible that there are several populations of Pu species, such as
monomers and polymers of Pu(IV) species.  The presence of higher shell O interactions in
addition to the Pu also supports the existence of a polymeric Pu oxide species.  Due to their
large size, polymeric species are not likely to fit within structural vacancies in birnessite.
Fairly flat colloidal particles of Pu could be present in the interlayer region of the birnessite,
although the fit would be somewhat restrictive.  If some of the Mn oxide particles were
amorphous, this behavior would permit more flexibility with regard to Pu uptake on an atomic
scale. A pictorial representation of the Pu XAFS data is shown in Figure 4.20.  Colloidal Pu
material has not been observed in studies with real tank wastes from the SRS.78  It is possible
that the Pu is present as two or more populations of species such as monomeric and larger
polymeric species.  XAFS data provide average CN and radial distance values and not
information on the distribution of species populations in our samples.
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Figure 4.18 FT and first shell model fit data for the Pu-loaded Mn oxide sample—
uncorrected for phase shift.
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Figure 4.19 FT and second coordination shell model fit data for the Pu-loaded Mn oxide
sample—uncorrected for phase shift.
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Figure 4.20 Model of the fits from EXAFS data analyses showing the association of more
than one Pu atom (blue spheres) and a Mn atom (gold spheres) in the outer shell of the Pu(IV)
(red spheres), that has eight first-shell O atoms (green spheres). 
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4.3.7  Neptunium Fourier Transform and Model Fit Data

The Np FT data and model simulation results for the Np-loaded Mn sample, which
had a high Np(V) loading [with a calculated Np loading of 1,550 mg Np kg-1 of MnO2(s)] is
shown in Figure 4.21.  We detected a split first Np coordination shell.  The first shell fits
indicate that there are two Np-O interactions at radial distances of 1.98 Å and 2.60 Å as
shown in Figure 4.21.  Most axial Np-O (Oax) radial distances are typically a few one
hundreds of an angstrom less than 1.95 Å.  Therefore, our short Np-O distance of 1.98 Å is
somewhat unexpected.57  Most equatorial (Oeq) Np-O distances for dissolved Np(V) range
from 2.49 to 2.61 Å.  If we consider our longer Np-O distance to be representative of Oeq
bonds, the distance lies within the range typically observed for dissolved Np(V)O2

+ species.   

We could not obtain a suitable fit for Np-Mn or Np-Np interactions in the outer Np
shell region of the Np EXAFS data.  This suggests that there may be outer sphere adsorption
of Np species on the Mn oxide.  If we had detected Np-Np interactions in the second
coordination shell, we would have concluded that polymeric Np species are present.  Because
actinide local structure is often related to oxidation state, our results indicate the Np is
probably present as an oxidized form [as Np(V)O2

+ or Np(VI)O2
2+] rather than a reduced form

[as Np(III) or Np(IV)]. This is because the first shell of the Np in our sample contains O
atoms at two different and well-separated distances.  The first shell O distances that we
observe for the Np in our sample are atypical of Np(III) and Np(IV) species because these
more reduced species usually have much longer Np-O bonds (from 2.39 to 2.52 Å) than that
of the shortest Np-O bonds observed for the Np(V) and Np(VI) species.  Additionally, there is
typically no splitting of the first coordination shell for Np(III) and Np(IV) species and the Np
XANES data indicate the Np is probably present as Np(V) more so than Np(VI) or Np(IV).

Another possible explanation of the Np behavior is that the Np(V) converted to a less
soluble form upon reaction with the peroxide and this conversion resembled “uptake” from
solution.  This type of conversion could also be reversible and result in the release of Np into
solution post Mn precipitation as has been observed in previous studies.1  The conversion of
Np(V) to more reduced (i.e., less soluble and more sorptive) species such as Np(IV) after
reaction with permanganate and the subsequent oxidation of the Np(IV) to Np(V) by the
birnessite-type Mn oxide (Mn oxides are also considered to be oxidizing agents)10 followed
by the release of soluble Np(V) is also possible.  In this case, the Np(V) is likely to resemble a
monomeric species, much like that in our EXAFS studies.  Additionally, the coprecipitation
of Np(V) with the Mn oxides that form may not be favored due to the large size of the NpO2

+

ion (~1.85 Å) relative to the Pu4+ ion (0.86 to 0.96 Å).  The large Np ion is not likely to
substitute for the small Mn4+ ion (0.54 Å) in the Mn oxide structure.

In summary, our results agree with most of the previous Np EXAFS studies, which
detected only outer sphere sorption of Np species on the Mn solid that we examined.64  Few if
any characterization studies have been conducted with Np that is associated with Mn oxides.
We observe outer sphere sorption of Np(V)O2

+ species on the Mn oxides in simulated HLW
salt solutions although our other studies with Np(V) added to MST indicate that the nature of
Np sorption is inner sphere.35
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Figure 4.21 FT XAFS data and first shell model fits for the Np-loaded Mn oxide sample—
uncorrected for phase shift.
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4.4 X-ray Diffra ction Analyses of Mn Samples

The four air-dried Mn samples from the 4-hour samplings (as described in Table 3-2)
were analyzed by X-ray powder diffraction techniques at SRTC for their crystalline phases.
Comparisons with a database of the diffraction patterns for potential crystalline solids were
made.  All treatments had patterns, which matched with that of NaNO3, SrCO3, sodium
aluminum oxide, hydrated Na2CO3, and a hydrated sodium nitrate-sulfate salt.  Many of the
phases identified did not have large pronounced diffraction peaks—indicating the possible
presence of amorphous forms of these salts.  A calcium aluminum oxide was identified in one
of the samples, but due to the low level of calcium in our salt solutions, this solid was not an
expected phase.  A crystalline sodium birnessite phase, which has some overlapping peaks
with the calcium aluminum oxide, could be present instead of the Ca aluminum oxide phase.
However, no crystalline Mn oxide phases could be identified in the spectra.  As evidenced by
the intensity of the diffraction peaks, strontianite was found to be a dominant crystalline phase
in the treatments that had added seed Sr whereas the treatments that did not contain added
seed Sr also contained strontianite but in trace amounts (compare Figures 4.22 and 4.24 with
Figures 4.23 and 4.25).  The trace level of Sr in the treatments that did not contain added seed
Sr is from the low level of “tramp” Sr in the reagent grade chemicals (specifically, the sodium
carbonate) used to prepare the salt solutions.  The exclamation marks in the key for these
figures (Figures 4.22 through 4.25) represent the symbols that precede the waters of
hydration in the structural formula for the crystalline species identified.

TEM analyses (by ANL) of the Pu-loaded Mn oxide material show that large
crystallites of Al oxide were common to this sample.18  Additionally, the Mn oxide particles
had trace levels of nitrogen (N), S and Al, which support the possible existence of salts in
poorly diffracting (amorphous) forms.  The SEM analyses of the Mn oxide material used in
the ANL feasibility study show large fibrous particles, which were rich in Na, O and Al,
which supports an assignment of a sodium alumina phase.  The SEM and TEM analyses are
not completely comparable with our XRD analyses because the EM techniques are spatially
resolved and the XRD analyses apply to the bulk phase material.  



WSRC-TR-2002-00366, REVISION 0

Page 54 of 65

Figure 4.22 X-ray powder diffractogram for Sample 0 (containing H2O2 and no seed Sr).

Figure 4.23 X-ray powder diffractogram for Sample 1 (containing H2O2 and seed Sr).
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Figure 4.24 X-ray powder diffractogram for Sample 2 (containing formate and no seed Sr).

Figure 4.25 X-ray powder diffractogram for Sample 3 (containing formate and seed Sr).
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4.4.1 Mn Oxide Formation in Highly Basic Solutions

Manganese-oxide particles possess high negative surface charges—even in low pH
(e.g., pH 2) solutions, where the protonation of most metal oxide surfaces is favored.79  This
type of behavior is very unusual because the metal oxides of aluminum, titanium and iron
typically possess a net positive surface charges in solutions with pH values below 5.  Hence,
in the geologic environment, the negative charge on Mn oxide solids makes them very
competitive for cationic species (such as UO2

2+, Sr2+ etc...).  At high pH, the oxide solids like
birnessite are likely to have much higher (negative) surface charges (due to the deprotonation
of hydroxyl groups present at broken edges sites, at kinks or other surface defects) indicating
that they should have a high sorptive affinity for cationic species such as Pu4+, Co2+ and Sr2+.
Additionally, sorbed redox-active species on birnessite-type minerals may undergo oxidation
by Mn(IV) as observed with rancieite.8 

High levels of dissolved Na+ promote the formation of a poorly crystalline Na-
birnessite phase—as evidenced by the absence of peaks in the XRD spectra.80  Our HLW
simulant solutions contain several salts, which are at near supersaturated levels.  The process
of making the simulant solutions initially under acidic conditions followed by the slow
addition of NaOH to create alkaline conditions (as described in the methods section of this
report) favors the development of supersaturated conditions.  In the absence of a rapidly
precipitating phase (in our case, a Mn oxide), these salts are likely to remain at super-
saturation.  This process is referred to as homogeneous nucleation.25  The rapid precipitation
of birnessite (and strontianite) could induce the precipitation of other salts that are below
supersaturation if the birnessite surfaces lower of the activation energy for the secondary
precipitation reaction.

The high degree of supersaturation that occurs during permanganate reduction in our
tests is likely to yield high nucleation rates and small crystallites.  Crystal growth or
“ripening” of the nano-crystalline birnessite may be deterred by the presence of numerous
salts that adhere to the freshly precipitated Mn oxide surfaces, which are highly charged and
can thus attract precipitating phases.  Additionally, these salts may preclude the sorption of
radionuclides post (Mn oxide) precipitation by forming a passive coating and occluding
surface sorption sites.81  The analytical results from electron microscopy studies with the Mn
oxides produced by the permanganate reduction process (by ANL) demonstrated the presence
of Na, Al, N, O and S (i.e., salts) that were in very close proximity to the Mn oxide
particles—as evidenced by the energy dispersive spectrometry results.18  Our Mn oxide
samples were not rinsed prior to analyses and some salts may have also formed while the
samples were air dried.

Studies show that the induction period of birnessite formation in solutions ranging
from 0.17 to 3.6 M OH- is highest at high hydroxide levels.82, 83  Additionally, crystallization
rates are also greatest when the OH- levels are high.  These findings indicate that actinide
removal rates should be greater at high OH- concentrations.  Some of these previously
mentioned studies vary from ours in that some researchers begin their Mn oxide syntheses
using Mn(II) and permanganate ion and the sodium birnessite was transformed from a
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precursor feitknechtite (β-MnOOH) phase.82  

4.5 Influence of Strontianite on Sr and Actinide Removal

The precipitation of SrCO3(s) is likely to also remove radiostrontium from solution.
However, other radionuclides, such as Pu may also be removed by this precipitating phase.
Other carbonate solids, such as the calcium carbonates (specifically, the CaCO3(s)  polymorphs
called calcite and aragonite) show a noted affinity for the structural uptake and sorption of Pu,
Am and U.84  This behavior has been observed in oceanic coral depositional records.  For
these reasons, we suspect that strontianite may have a synergistic role in actinide removal.  

5.0 CONCLUS IONS

The Mn precipitate that forms upon reduction of permanganate in alkaline salt
solutions is a layered Mn oxide with a structure like that of hexagonal birnessite.  This Mn
phase is in the nanoparticle range and it does not possess long range crystalline order (i.e., it is
amorphous to X-ray diffraction).  This highly reactive phase can offer both interlayer and
vacancy sites for radionuclide sorption.  This phase was stable over 168 hours and the
reductant choice had little effect on the Mn oxide structure formed.

The actinides (Np and Pu) in this study were removed by different mechanisms as listed
below.

• Pu sorbed via an inner sphere mechanism as most likely monomeric and polymeric
species on the Mn octahedra of a birnessite-type phase.  This type of sorption is not
highly reversible and has been observed for sorbed Pu on Mn oxides in the literature. 

• Np is associated with the solids in the sample via outer sphere sorption of monomeric
species.  This type of Np removal is more subject to reversibility than inner sphere
sorption.  The Np in our sample could also be the result of redox reaction with
peroxide, permanganate and ultimately, the precipitating Mn oxide phase which
results in an initial uptake of Np from solution followed by the release of Np into
solution as observed in previous studies.  Regardless of the mechanism of retention in
comparison to Pu, published research17 indicates that Mn oxides have a low affinity
for Np so a weak association of Np with the solids in our system agrees with previous
but limited work.

The form of Sr that precipitates upon the addition of 0.01 M Sr(NO3)2 to our systems
is a mixture of amorphous and crystalline SrCO3 or strontianite.  This phase may have an
affinity for actinides such as Pu.

The formation of salts (either amorphous or crystalline) other than SrCO3 and Mn
oxides and the enrichment of Al18 in our samples effectively decreased the actinide loadings
that were anticipated.  This occurrence complicated our ability to detect the actinides with
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XAFS techniques.  The Mn oxides are highly charged and reactive solids, which can attract
dissolved solutes.  The salts that precipitate in the sample may occlude surface sites on the Mn
oxides81 and further limit their ability to remove radionuclides post precipitation as previously
observed in RPP studies.85  
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