‘ ! ! . LLNL-JRNL-812443

EEEEEEEE
EEEEEEEEE
NNNNNNNN

AAAAAAAAAA Transformation of Ferrihydrite to
Geothite and the Fate of
Plutonium

E. Balboni, K. F. Smith, L. Moreau, T. T. Li, C. Booth, A.
B. Kersting, M. Zavarin, M. Maloubier

July 13, 2020

Earth and Space Chemistry




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



LLNL-JRNL-812443

Transformation of ferrihydrite to goethite and the

fate of plutonium

Enrica Balbonii®, Kurt F. Smithz2, Liane M. Moreau 2, Tian T. Li3, Melody Maloubierst, Corwin

H. Boothz, Annie B. Kersting1, Mavrik Zavarini

1 Glenn T. Seaborg Institute, Physical & Life Sciences Directorate, Lawrence Livermore

National Laboratory, P.O. Box 808, Livermore, CA 94550, USA

2 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,

USA

3 Material Science division, Physical & Life Sciences Directorate, Lawrence Livermore National

Laboratory, Livermore, CA 94550, USA

4 Department of Environmental Engineering & Earth Sciences, Clemson University, Clemson,

SC, 29634, USA1

* Email: balbonil@lInl.gov; Phone: 925-422-4833.

T Currently at [JCLab (Laboratoire de Physique des des deux infinis Iréne Joliot-Curie - UMR 9012)


mailto:balboni1@llnl.gov

LLNL-JRNL-812443

KEYWORDS: Ferrihydrite, goethite, plutonium, extended x-ray absorption fine structure

spectroscopy

Understanding interactions between plutonium and iron (oxy)hydroxide minerals is necessary
to gain a predictive understanding of plutonium environmental mobility and evaluating long-term
performance of nuclear waste repositories. We investigated the fate of plutonium during the
formation of ferrihydrite and its subsequent transformation to goethite. Ferrihydrite was
synthesized with varying quantities of Pu(IV) following either a sorption or coprecipitation
process; the ferrihydrite was then aged hydrothermally to yield goethite. The synthesized materials
were characterized via extended x-ray absorption fine structure spectroscopy, transmission
electron microscopy, and acid leaching to elucidate the nature of plutonium association with
ferrihydrite and goethite. In samples prepared following the sorption method, plutonium was
identified in two different forms: a PuO2 precipitate and a surface sorbed plutonium complex. For
the samples prepared via coprecipitation no PuO2 formation occurs in the ferrihydrite precursor
and in the goethite experiments where plutonium concentration is < 1000 ppm (mg Kg-1). In these
coprecipitation products plutonium is strongly bound to the minerals either via formation of an
inner sphere complex, or via an incorporation process. In the coprecipitation experiments, PuO2
formation only occurs at the highest plutonium concentration (3000 ppm), suggesting that during
ferrihydrite transformation to goethite part of the plutonium can be remobilized to form PuO:
nanoparticles. Collectively, our results demonstrate that the nature of plutonium associated with
the precursor ferrihydrite (adsorbed versus coprecipitated) will have a direct impact on the
association of plutonium with its alteration product (goethite). Furthermore, the data illustrate that

some properties of plutonium association with the precursor ferrihydrite are retained through the
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transformation to goethite. These findings show that plutonium strongly associates to iron
(oxy)hydroxides formed through coprecipitation processes and in these materials plutonium can
be strongly retained by the iron minerals.

Introduction

The production and testing of nuclear weapons, nuclear accidents, and authorized discharges of
radioactive effluents have contributed significantly to plutonium (Pu) contamination in the natural
environment. Pu is also a major constituent in civil and military nuclear wastes and is considered
a risk-driving radionuclide in the long-term safety of nuclear waste repositories. Due to its long
half-life (239Pu t'2 = 24,100 years) and radiotoxicity, understanding the mobility of Pu in the
environment is a key scientific and societal concern.

Several factors can influence Pu mobility in the environment including: Pu redox processes, 1-3
solubility effects, 4, 5 interactions with natural organic matter (including bacteria), 6, 7 and
sorption/desorption reactions with mineral surfaces. s-10 Under typical environmental conditions
Pu may exist in the III, IV, V and/or VI oxidation states, each of which demonstrate dramatically
different chemical properties. 11, 12

For example, under environmental conditions the higher oxidation states, V and VI, exist as the
highly soluble and mobile PuO2x+ moieties. Although Pu(V) and Pu(VI) predominate under oxic
conditions, Pu(IV) is often the most common plutonium ion at neutral pH and mildly reducing
conditions. 13 Pu(IV) undergoes rapid hydrolysis in circumneutral environments resulting in a
significantly lower solubility than the higher oxidations states, V and VI. Pu hydrolysis reactions
may occur at Pu(IV) concentrations > 108 M 14 and result in the formation of discrete
[Pu(OH)n]@-ny+ intrinsic colloids. s, 13, 15-19 At pH >3 the Pu aqueous concentration is dominated by

Pu(V) and by the solubility product of Pu(IV) hydrous oxide precipitate. Although Pu(IV) and
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Pu(V) are the most common oxidation states under circumneutral pH conditions, and both sorb to
Pu mineral surfaces, Pu(V) has been shown to reduce to Pu(IV) on surfaces. 2,8, 11,20-23 Moreover,
Pu(IV) has a particularly high affinity for iron (oxy)hydroxides mineral surfaces. 2, 24, 25 Iron
(oxy)hydroxides are a common constituent of soils, and predominantly form as an alteration
products of iron-bearing minerals. 26 In the deep subsurface iron (oxy)hydroxides may form due
to biological oxidation of Fe(II) under reducing conditions. 27 Fe minerals in transient and dynamic
(bio)geochemical settings such as sediment deposition in lakes or ponds 28-30, will likely be subject
to dissolution and phase transformation reactions 2, 24, 31, 32, and the fate of sorbed species during
these processes is currently unknown. In nuclear repositories planned by several countries the first
technical containment barrier planned for use consist of stainless-steel canisters. 33-35 Under
nuclear repositories conditions the steel cask is expected to corrode over the geological timescales
considered 33-35 and depending on the engineered backfill material, the natural bedrock, and the
nature of surrounding groundwater, a range of Fe minerals may form during the corrosion process.
36,37

Ferrihydrite (Feo.74014(OH)2) 38 is a poorly crystalline and metastable early product of both biotic
and abiotic precipitation of iron, and is a precursor to more crystalline iron oxide phases such as
hematite (a-Fe203) and goethite (a-FeOOH). Ferrihydrite transformation to either hematite or
goethite has been well studied and is strongly dependent upon solution conditions, including pH,
ionic strength, and temperature. 39-44 Ferrihydrite typically exhibits a high surface area with a high
capacity to adsorb dissolved metal species 45-47, including U, Np, and Pu. 26, 48-51 These traits of
ferrihydrite have been utilized to decontaminate radioactive effluent 52 and in various nuclear

abatement technologies. 53
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When Pu is present in solutions where iron (oxy)hydroxide minerals may be forming, such as in
contaminated ponds, lakes, or streams, or during corrosion of steel, its fate is unknown. The Pu
could conceivably adsorb to the newly formed iron oxides (e.g. hematite or goethite), be
structurally incorporated into the new phases, or be excluded from the newly formed crystal
structure due to crystal-chemical constraints. These three different scenarios have vastly different
implications for predicting contaminant transport. Smith et al. 48 demonstrated that under high pH
conditions (pH 9), Pu forms an inner-sphere tetradentate complex on the ferrihydrite surface 4s
which remains unchanged during transformation to hematite, suggesting that Pu remains strongly
adsorbed to the iron (oxy)hydroxide surface 48 during hematite crystallization. Recent experiments
by Marshall et al. (2014) 26 and Bots et al. (2016) 49 showed that U(VI) and Np(V) initially
adsorbed to ferrihydrite can be incorporated into a distorted Fe(III) octahedral site in the hematite
structure during phase transformation. 26,49 The transformation of ferrihydrite to nanoparticulate
iron (oxy)hydroxide minerals in the presence of U(V]) resulted in the preferential incorporation of
U into goethite (a-FeOOH) over lepidocrocite (y-FeOOH). 54 At high Pu concentrations (> 10-s M)
Pu(IV) intrinsic colloids have been shown to form on the surface of various oxide minerals
including iron oxy(hydroxide) minerals. 15, 24, 55, 56 On the goethite surface Pu(IV) colloids may
undergo a lattice distortion, due to epitaxial growth, which leads to a stronger surface binding
compared to other mineral phases, such as quartz. 15 Both the sorption/desorption of Pu to mineral
colloid surfaces (pseudocolloids) and formation of Pu oxide colloids (intrinsic colloids) associated
with mineral surfaces, as well as Pu coprecipitation with secondary minerals are all likely
important environmental processes under a range of geochemical conditions.11, 14, 22, 57, 58 For
example in groundwater at the Mayak site (Russia) colloidal amorphous iron oxides with

associated Pu were found up to 4 km away from the contamination source. 59 In contaminated soils
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at Los Alamos National Laboratory, Batuk et al.co identified unusual Pu-Fe particles. The authors
suggest that the formation of these particles could have resulted from transitory local chemical
conditions from the original waste stream. 60 Finally, Lukashenko et al. (2020) 61 identified
particles of Pu containing Fe-Mn oxides in bottom sediments of streams flowing from the tunnels
in the Degelen Mountain, a site of the USSR nuclear weapon testing program. 1 Analysis of the
particles indicate that these materials may be formed as secondary minerals, suggesting that their
formation is most likely related to sorption and coprecipitation of transuranic elements with oxides
and hydroxides of iron and manganese. 61

The fate of radionuclides, including Pu, during mineral formation and crystallization processes
is still not fully understood. Gaining a detailed, mechanistic, understanding of the interactions
between iron (oxy)hydroxides and Pu is key to predicting the long-term stability and mobility of
Pu in the natural and engineered environment. The goal of this work is to assess the fate of Pu
during the ubiquitous process of ferrihydrite to goethite transformation. We synthesized
ferrihydrite with various amounts of Pu(IV) following either a coprecipitation or sorption process,
and then subsequently used this material to crystallize goethite. We provide a detailed extended x-
ray absorption fine structure spectroscopy (EXAFS) and transmission electron microscopy (TEM)
characterization of the synthesized minerals and show that the nature of Pu associated with the
precursor ferrihydrite (adsorbed versus coprecipitated) will impact the association of Pu with the
ferrihydrite alteration product (goethite).

Methods

Preparation of Pu stock

A *?Pu stock (99.8% **Pu, 0.12% **°Pu, 0.005% **Pu, 0.005% 238Pu by activity) was purified

using an anion exchange resin (BioRad AG1-X8, 100-200 mesh). Prior to loading on the resin, Pu
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was reacted with NaNO,to convert Pu to Pu(IV). Pu was loaded onto the column in 8 mol/L HNO;
and the column was subsequently washed with three column volumes of 8 mol/L HNO;. Pu was
stripped from the column using 1 mol/L HCI. The oxidation state of the Pu was determined using
the lanthanum fluoride precipitation method 62 and determined to be 97% Pu(III/IV). UV-VIS
confirmed that the Pu stock solution was > 95% Pu(IV). The concentration of the purified stock
solution was determined by liquid scintillation counting (LSC; Packard Tri-Carb TR2900 LSA)
with final concentration of 1.3 + 0.1 x 10 mol/L.

Mineral synthesis

Ferrihydrite sorption method: Ferrihydrite (FH) precipitation was induced by drop wise addition
of 1-5 mol/L KOH into a 25 mL 0.04 mol/L FeNO3.9H20 solution in 30 mL Savillex® PFA
(perfluoroalkoxy alkane) vials to yield a final pH ~8. Desired aliquots of a Pu(IV) stock solution
were added to the mineral slurries. After addition of the Pu(IV) stock, the pH of the slurries was
checked and re-adjusted to the desired value using 1-5 mol/L KOH. The FH-Pu(IV) suspensions
were equilibrated for 2 hours. Samples prepared following this sorption method with 3000, 1000,
and 400 ppm Pu(IV) will be referred to as FHs-3000, FHs-1000, and FHs-400 respectively.

Ferrihydrite coprecipitation method: A 25 mL 0.04 mol/L FeNO3.9H20 solution was mixed with
desired concentrations of Pu(IV). The solutions were equilibrated for two hours in 30 mL
Savillex® PFA vials. Ferrihydrite precipitation was induced by drop wise addition of 1-5 mol/L
KOH to a final pH of ~8 and samples with 3000, 1000, and 400 ppm Pu(IV) will be referred to as
FHc-3000, FHc-1000, and FHc-400 respectively.

Ferrihydrite transformation to goethite: Goethite (G) was synthesized from hydrothermal
alteration of poorly crystalline ferrihydrite (FH) precursors described above, following a modified

procedure from Schwertman (2000). 41 The ferrihydrite slurries (FHc-3000, FHc-1000, FHc-400,
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FHs-3000, FHs-1000, FHs-400) were adjusted to a pH of 10-11 using 1-5 mol/L KOH. The
samples were placed in capped 30 mL Savillex® PFA vials under atmospheric conditions and aged
at 80° C for 72 hours in an oil bath to induce ferrihydrite transformation to goethite. The goethite
samples will be referred to as G-FHc-3000, G-FHc-1000, G-FHc-400, G-FHs-3000, G-FHs-1000,
and G-FHs-400. A schematic of the synthesis routes is presented in Figure 1.

After ferrihydrite and goethite synthesis, the supernatant was allowed to settle for 48 hours, and
after sedimentation an aliquot was centrifuged (4000 RCF, 50 minutes, ~ 50 nm particle size cut
off) and analyzed for Pu content via LSC. In preparation for the various microscopy and
spectroscopy performed on the solid phase, the solids were rinsed and centrifuged (4000 RCF, 50
minutes, ~ 50 nm particle size cut off) three times in Milli-Q water (18.2 MQ-cm H20), to remove
soluble salts. After each rinse the supernatant was analyzed for Pu via LSC. Neither sedimentation
nor centrifugation is expected to quantitatively remove Pu colloids from solution, since an
individual nanoparticle can be as small as 1.5-3 nm and nano particle aggregates may be tens of
nm in size. To determine the nature of Pu in the supernatant selected rinse solutions were filtered
with 3 kDa ultrafiltration devices (Nanosep 3k Omega; approximate metric size discrimination: 1-
2 nm; first rinse of G-FHc-3000, and G-FHs-3000). Results demonstrate that ~80 % of the total
Pu in the supernatant is retained by the filter. This fraction of Pu could possibly include Pu
associated with fine grained iron oxide minerals and/or Pu nanoparticles aggregates ss, whereas
the filtered fraction may include monomeric Pu(IV) 5 and possibly some individual Pu
nanoparticles. The synthesis method described here contrasts with the work of Powell et al. 15 and
Zavarin et al. 55 who added Pu directly to goethite in batch sorption experiments to examine
adsorption and surface precipitation of Pu on the surface of goethite. By comparing these two

synthesis strategies, we can gain insights into the mechanisms driving Pu associating with goethite.
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Synthesis routes

Sorption method
Fe(ll)NO; (pH <2)

Coprecipitation method

Fe(Il)NO;, + Pu(IV) (3000, 1000, 400 ppm) (pH <1)

KOH KOH

Ferrihydrite (pH ~8) Ferrihydrite (pH ~8)

Pu (IV) (3000, 1000, 400 ppm)

Pu
P Pu Samples Samples
.. FHs-3000 FHc-3000
FHs-1000 FHc-1000
Pu FHe-400 FHc-400
80 °C, 3 days 80 °C, 3 days

Goethite (pH ~10-11)

Pu

Goethite (pH ~10-11)

G-FHs-3000 AL G-FH¢-3000
Pu  Pu G-FHg-1000 Pug G-FHc-1000
G-FHg-400 Pu G-FHc-400
Pu Pu

Figure 1: Schematics of synthesis routes of ferrihydrite and goethite solids synthesized via sorption
and coprecipitation method. Brown circles represent ferrihydrite precipitates and yellow rectangles

represent goethite crystals.

Powder x-ray diffraction

All Pu doped goethite samples were prepared for powder x-ray diffraction (P-XRD) using a
Bruker-D8 diffractometer from (5-70° 26). 8-10 mg samples were loaded on a domed zero
background slide. The domed sample holder is necessary to avoid dispersion of radioactive
materials; however, it introduces a high background especially at low angles. The introduction of
this background makes it difficult to identify the presence of poorly crystalline-amorphous
material in the samples. For both ferrihydrite and goethite, Pu-free samples (FH-blank, G-blank)
were prepared following the methodology described above, with which P-XRD measurements
could be performed without the use of a domed sample holder.

Oxalate extraction
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To quantify ferrihydrite transformation to goethite, an oxalate extraction method was used. 41
For the oxalate extraction, 1 mL of a pH 3 0.2 mol/L ammonium oxalate and 0.2 mol/L oxalic acid
solution was added to a 2 mL (1 g/L) mineral slurry aliquot. The samples (G-FHs-3000, G-FHs-
1000, G-FHc-3000, and G-FHc-1000) were then reacted in the absence of light on a shaker table
for 2 hours to dissolve any non-crystalline component. After 2 hours the samples were centrifuged
(5 minutes, 4000 RFC) and the Fe concentration in the supernatant was determined via inductively
coupled plasma mass spectrometry (Thermo Fisher Scientific ICAP-Q quadrupole ICP-MS). The
oxalate extraction was also performed on one of ferrihydrite sample (FHs-3000).

Transmission electron microscopy

Mineral samples were suspended in ethanol (ferrihydrite) or Milli-Q water (18.2 MQ-cm)
(goethite), sonicated for 5 minutes and added drop-wise onto a copper-supported lacy carbon grid.
The samples were imaged using a Titan (FEI) microscope. Imaging was conducted at 300 kV using
scanning electron and z-contrast modes. Energy dispersive spectroscopy analyses were performed
for selected areas and spots using a FEI SuperX G2 with quad silicon drift detectors. The structure
of Pu colloids was investigated using high-resolution transmission electron microscopy (HR-
TEM) and scanning transmission electron microscopy (STEM).

Pu acid extraction

Sequential acid extraction was performed to determine the leachability of Pu from the Pu doped
goethite samples (G-FHs-3000, G-FHs-1000, G-FHc-3000, and G-FHc-1000). Mineral
suspensions (0.33 g/ 100 mL) were equilibrated in increasingly higher molarity HNO3 solutions
(0.001-4 M) for 30 minutes. After 30 minutes extractions, the mineral-acid suspensions were
centrifuged (10 minutes, 8500 RCF, size discrimination 100 nm) and the supernatant was analyzed

to determine the Pu concentration via LSC. For G-FHc-3000, G-FHs-3000 an aliquot of the

10
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leached solution was filtered using a 3 kDa ultrafiltration device (Nanosep 3K Omega;
approximate metric size discrimination: 1-2 nm). For both G-FHc-3000 and G-FHs-3000 the
mineral suspensions in 4 M HNO3 were reacted for an additional 20 hours. Samples were then
centrifuged (10 minutes, 8500 RCF) and the Pu concentrations in the supernatant were measured.
A parallel experiment was performed on Pu-free goethite to determine the leachability of Fe. Fe
concentrations in leached solutions were determined via ICP-MS (Thermo Fisher Scientific ICAP-
Q quadrupole ICP-MS).

Extended x-ray absorption fine structure spectroscopy

Selected ferrihydrite and goethite mineral phases were isolated from the experiments via
centrifugation (5 minutes, 4000 RCF), mixed with glycerol, and mounted into custom made indium
sealed, triple contained, aluminum sample holders. All extended x-ray absorption fine structure
spectroscopy (EXAFS) data were collected on beamline 11-2 at the Stanford Synchrotron
Radiation Lightsource, Stanford CA. Pu Lm-edge (18057 e¢V) EXAFS data were collected in
fluorescence mode using a 100 element Canberra Ge detector (corrected for dead time) with a
Si(220) (¢=0°) double monochromator detuned to 50% intensity. All samples were held in a LHe
cryostat at 30 K throughout analysis. Data reduction and analysis were conducted using the
RSXAP software suite 63, 64,65 in conjunction with backscattering lineshapes and phases calculated
using FEFF8.5L. ¢s The EXAFS data were fitted in R-space. Error analysis was performed using
a profiling method. 67 In all cases the total number of fitting parameters was less than two-third of
the total number of independent points.

Results and discussion

Ferrihydrite and goethite synthesis in the presence of Pu(IV) After ferrihydrite and goethite

were synthesized, the minerals were characterized by P-XRD, TEM, and oxalate extraction.

11
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P-XRD of all goethite samples (G-FHs-3000, G-FHs-1000, G-FHs-400, G-FHc-3000, G-FHc-
1000, G-FHc-400) and of a Pu-free goethite sample were collected, and additional peaks beyond
those characteristic of goethite were not identified (Figure 2). The P-XRD pattern of ferrihydrite
was collected for FH-blank, a Pu free sample, and the broad peaks at 34° and 65° of 20 are
characteristic of two-line ferrihydrite. 41 TEM photomicrographs of the solid samples illustrate the
crystal morphology of nanocrystalline FHc-3000, and G-FHc-3000 (Figure SI 1). The ferrihydrite
nanoparticles are poorly crystalline and range in size between 3-5 nm, whereas the acicular
goethite grains are crystalline and are 1-3 pm long and 10-100 nm wide. These crystal
morphologies are consistent with ferrihydrite and goethite materials. 41 Oxalate extraction of G-
FHs-3000, G-FHs-1000, G-FHc-3000, and G-FHc-1000 confirmed that > 99 % of ferrihydrite
recrystallized to more ordered forms. As expected, the oxalate extraction of FHs-3000 showed a
total recovery of Fe (99.99%). The P-XRD, TEM analysis, and oxalate extraction results indicate

that the addition of Pu does not affect the nature of the synthesized products (Figure 2).

12
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Figure 2: P-XRD pattern of Pu-free ferrihydrite and goethite (FH-blank, G-blank) and goethite

samples G-FHc-3000, G-FHc-1000, G-FHc-400, G-FHs-3000, G-FHs-1000, and G-FHs-400.

The analysis of the supernatant from all ferrihydrite syntheses indicated that 99.9% of Pu had
been removed from solution upon reaching the desired pH of ~8. After ferrihydrite hydrothermal
transformation to goethite, the concentration of Pu in the supernatant was monitored again and
results show that for all samples < 0.8 % Pu was released in solution during rinsing (Figure SI 2).
The results indicate that a strong association between Pu and the iron (oxy)hydroxide solids is
preserved during ferrihydrite transformation to goethite, although a fraction of Pu may be

mobilized during this process.

13
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The HR-TEM imaging and elemental mapping of G-FHs-3000 and G-FHs-1000 revealed the
presence Pu nanoparticles. As calculated from several TEM images, the size of the nanoparticles
ranges from 3 to 5 nm, which is consistent with the 2.5-5 nm size range for PuO: reported in the
literature. s, 16-18, 55 Electron diffraction analysis of the HR-TEM data confirm that the observed
nanoparticles have the expected fcc PuOz2 structure with Fm3m space group (d1 (A) 3.08(1) and
d2 (A) 2.61(2)) 15 (Figure 3). The observed PuOz2 structure is in contrast to the structure of PusO7
nanoparticles observed by Powell et al. (2011) 15 and Zavarin et al. (2014) 55 using TEM. The
experiments of Zavarin et al. (2014) 55 examined the structure of Pu nanoparticles formed on the
surface of goethite by the addition of a Pu source (either in the form of aqueous Pu(IV) or PuO2
nanoparticles) in batch sorption experiments at 25°C and 80°C for over 100 days. Their results
showed that once formed, the Pu4O7 nanoparticles were stable at 80°C for over 100 days; however,
when PuO2 nanoparticles were added as a source of Pu, they did not alter to Pu4O7. The formation
of distorted Pu4O7 nanoparticles with bcc structure is interpreted as a result of a strong binding of
Pu with the goethite surface leading to epitaxial growth. 15,55 Given that we did not observe the
formation of PusO7 nanoparticles via HR-TEM imaging, we must conclude that our synthesis
pathways were not dominated by the epitaxial growth of Pu nanoparticles on the goethite surface.
Instead, it is likely that PuO2 observed here was formed during the ferrihydrite precipitation step,
or in solution during ferrihydrite alteration to goethite, thus suggesting that the synthesis pathway
affects the final state of Pu on the goethite surface. Nevertheless, the presence of Pu
nanoparticulate in these samples is not unexpected. In the synthesis of the samples synthesized
following the sorption method, a Pu stock is added to a ferrihydrite slurry solution at pH ~ 8, and
starting at circumneutral pH values and at the Pu concentrations used in these experiments (> 10-s

M), Pu(IV) is generally expected to undergo rapid hydrolysis to form PuO2 solids. s, 12

14
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Figure 3: Pu nanoparticles on goethite G-FHs-3000. (A) Low-magnification TEM image of large
tabular goethite and intrinsic Pu nanoparticles (black inlet). (B) HR-TEM image of Pu
nanoparticles on goethite surface from inlet in (A); (C) and (D) Fast Fourier Transform (FFT) of

HR-TEM area 1 and 2 shown in panel (B), is consistent with the fcc, PuOz2 structure.

HR-TEM imaging revealed the presence of PuO: precipitates (fcc, d1 (A) 3.08(2) and d2 (A)
2.61(2)) in the high Pu concentration G-FHc-3000 (Figure 4) however, PuO2 nanoparticles were
not identified in G-FHc-1000 and G-FHc-400. Furthermore in G-FHc-1000 and G-FHc-400 the
Pu concentration was too low to be detected using STEM-TEM indicating that Pu is either
dispersed on the surface of goethite and/or incorporated into the solid phase.

Unfortunately, the ferrihydrite nanoparticles are 3-5 nm in size, which is similar to the expected
PuO2 nanoparticles size observed in the goethite samples (3-5 nm). This similarity in size between
Pu nanoparticles and the ferrihydrite substrate creates difficulties in the identification and

distinction of PuO2 via TEM imaging (i.e. the needle in a haystack problem). For this reason, TEM

15
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was not sufficient to identify whether Pu nanoparticles were present in the ferrihydrite samples

(FHs-3000 and FHc-3000), and we turn to EXAFS as a more definitive confirmation (below).

Figure 4: PuO2 nanoparticles on goethite G-FHc-3000. (A) Low-magnification TEM and (B)
STEM image of large tabular goethite and PuO2 (white inlet). C) STEM and D) Pu elemental map

of Pu nanoparticles.

Reversibility of Pu associated with ferrihydrite and goethite In an effort to understand the
reversibility of Pu associated with the goethite, acid leaching experiments were performed. In 4-
hour sequential leaching experiments (0.001-4 M) a total of 9.6 = 0.2% and 3.42 + 0.3% of Pu is
leached from G-FHs-3000 and G-FHs-1000, respectively, whereas 4.03(12)% and 1.54(8)% of Pu
is leached into solution from G-FHc-3000 and G-FHc-1000, respectively (Figure 5). The
centrifuged supernatant likely includes particles < 100 nm (Pu associated with goethite and/or Pu

nanoparticles aggregates), and Pu aqueous species in the form of aqueous Pu(IV) at lower pH

16
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values. 5 Upon filtration with a 3 kDa filter of GFHs-3000 and G-FHc-3000 up to 70% of the total
Pu is retained by the filter, however as expected by thermodynamic and solubility considerations
5 the amount of Pu filtered through a 3 kDa filter increases as the acidity of the leaching solution
increases (Figure SI 3). After an additional 20 hours of leaching in a 4 mol/L HNO3 solution, a
total of 40(1)% of Pu is leached from G-FHs-3000, whereas only 7.5(5)% of total Pu is leached
from G-FHc-3000 (Figure 5). In the Pu-free goethite leaching test, < 0.05 + 0.003 % Fe was
dissolved after 24 hours, indicating that goethite dissolution during the leaching process was
minimal (Figure SI 4).

Overall the majority of Pu remains associated with goethite, and in all experiments < 40% of Pu
is leached from goethite, regardless of the synthetic route. Differences in synthetic pathways,
however, appear to have an impact on the nature of Pu association with the hydrothermally
transformed product (goethite), as in just 4 hours of sequential leaching (Figure 5) 2-3 times more
Pu is leached from goethite recrystallized following the sorption process, compared to the
coprecipitated samples. These results suggest that Pu associated to ferrihydrite/goethite through
the sorption method may be more labile than Pu coprecipitated with ferrihydrite/goethite.
Furthermore the fact that a larger fraction of Pu is leachable in high Pu concentration compared to
low Pu concentration samples suggests that the fraction of surface associated Pu increases with
concentration. This increase may indirectly suggest a limited capacity for Pu to be incorporated
into the goethite phase (and not susceptible to leaching). Leaching experiments could not be
performed on the ferrihydrite samples due to the enhanced dissolution of ferrihydrite in the chosen
experimental conditions, nonetheless these results, suggest that some properties of Pu association

with the precursor mineral are retained through the transformation of ferrihydrite to goethite.
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Figure 5: Leaching behavior of Pu in acidic solutions (0.001-4 M) for goethite synthesized
following the sorption (G-FHs-3000, G-FHs-1000) and coprecipitation (G-FHc-3000, G-FHc-

1000) method. Data shown with 2c errors.

The structure of Pu associated with ferrihydrite and goethite using EXAFS A representative
set of ferrihydrite and goethite samples were analyzed using EXAFS spectroscopy in order to
characterize the nature of Pu binding with these mineral phases. Three samples following the
sorption method, FHs-3000, G-FHs-3000, and G-FHs-1000 were analyzed in addition to four
samples that were produced from the coprecipitated method, FHc-3000, G-FHc-3000, G-FHc-
1000, and G-FHc-400. The background-subtracted Pu Lui-edge EXAFS spectra and the
corresponding Fourier transforms (FT) for ferrihydrite and goethite systems are shown in Figure

6 and Figure 7, and fitting results for all datasets are detailed in Table 1. Corresponding x-ray
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absorption near edge spectra for these samples are shown in Figure SI 5 and calculated edge

inflection energies tabulated in Table SI 1.

Ferrihydrite The EXAFS spectrum of FHs-3000 was successfully modeled with a single Pu-O
shell consisting of 9(1) scatterers (i.e. coordination number) at 2.31(1) A. A further two peaks were
evident in the FT at r > 2.5 A. Note that we refer to the x-axis of the FT as r, which differs from
pair distances (R) due to known shift effects. 66 The first of the two peaks was successfully modeled
as 6(4) Pu-Fe scatterers at 3.39(1) A with an elevated Debye Waller factor (o2; pair-distance
distribution variance) of 0.021(4) A2, which implies a broad distribution of Pu-Fe distances.
Alternatively, as o2 and coordination number are correlated in the EXAFS equation it could be that
the number of Pu-Fe scatterers is being overestimated. Normally, this correlation would be
accounted for in the error estimates; however, in the case of non-Gaussian pair-distance
distributions (e.g. a split-shell that is not resolved), the error estimates and best-fit parameters can
be inaccurate. For example, Table SI 2 shows two alternative fitting models for this dataset. The
first demonstrates that fixing the number of coordinating Fe atoms to 3 still produces a high-quality
fit while reducing the 62 to a more reasonable (albeit still elevated) 0.015 Az. The second fit utilizes
a Pu-Fe shell that was allowed to split into two. This model produced a fit with 1.9(5) and 1.0(5)
Pu-Fe scatterers at 3.28(5) and 3.43(3) A, respectively. Given these alternative fits it seems likely
the number of Pu-Fe scatterers is being significantly overestimated in our standard fit and the true
value is more in line with a Pu-ferrihydrite sorption complex. The second peak was modeled with
3(1) Pu-Pu scatterers at 3.79(1) A, consistent with expectations for PuO2 (3.82 A). ss Given the
identification of both Pu and Fe scatterers in the EXAFS it is very likely that in FHs-3000 Pu(IV)
is present in two distinct coordination environments: PuO2, and an additional adsorbed, poorly

defined, inner-sphere complex on the ferrihydrite surface. Recent reports of various actinides
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(An=Th, U, Np, Pu) adsorbed onto Fe containing minerals show An-Fe distances varying from
3.35-3.7 A 18,6973, consistent with our modeled 3.39(1) A Pu-Fe distance. Alternatively, these
EXAFS data could be explained by a coordination environment containing an interaction between
PuOz2 and the ferrihydrite surfaces i.e. a PuO2 nanoparticle associated with the ferrihydrite where
it can ‘see’ surface Fe atoms. This could also explain some of the high Debye-Waller factors we
observe. However, on balance, a dual coordination environment with PuO2 and a Pu-ferrihydrite
complex seems more likely, especially given the similarity in reported Pu-Fe distances. It is
difficult to quantify the relative proportions of these two Pu species (inner-sphere and PuQO2) as
EXAFS analysis only provides an average coordination environment around the Pu atom.
However, we can use our knowledge of the PuOz2 structure to put a lower limit on the amount of
PuOz2 in the sample. The structure of bulk PuO2 consists of 12 Pu atoms at 3.82 A 6s, which given
our fitted coordination number of 3 Pu atoms would imply the minimum proportion of PuOz2 in
this sample is ~25%. However, the number of Pu atoms reduces as PuO2 moves away from a bulk
material into a nanoparticulate form due to Pu atoms near the surface having fewer Pu neighbors
(Figure SI 6). 70,74 This effect is well demonstrated for PuO2 nanoparticles by recently Micheau
et. al., 2020 18, which demonstrated that EXAFS can significantly underestimate particle size when
comparing to small angle x-ray scattering measurements. Therefore, due to these effects, this value
only represents a lower limit on the proportion of PuO2 in the sample. This also implies the
maximum proportion of PuO2 that is surface adsorbed is 75%. Overall, the EXAFS results indicate

a significant degree of surface adsorption and PuOz2 precipitation.

The EXAFS spectrum of Pu associated with FHc-3000 was successfully modeled with a split O
environment, including 3.0(1) and 4.0(2) Pu-O scatterers at 2.24(1) and 2.41(1) A, respectively. In

contrast to FHs-3000, only one additional peak was evident in the FT which was successfully fit
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with a single Pu-Fe shell at 3.39(1) A. Interestingly this shell was fit with a high number (8 £ 1)
of Pu-Fe scatterers albeit with a very high 620f 0.026(3) Az. The high uncertainties associated with
this fit make the exact nature of the Pu-ferrihydrite complex difficult to elucidate, but it could
represent a replacement of the Fes+ ion with a Pus+ in the ferrihydrite solid. The large discrepancy
in the size of Fe3+ and Pu4+ions (0.645 and 0.96, respectively 75) make this substitution unlikely
without significant disruption to the local structure. However, our EXAFS data do indicate highly
elevated 62 values suggesting a broad range of Pu-Fe pair distances, and lack long-range order that
would be evidenced by multiple Pu-Fe shells. The local environment around Fe in the ferrihydrite
structure consists of Fe atoms at ~3.04 and 3.44 A, although due to the poorly crystalline nature of
ferrihydrite, its structure has still not been fully resolved. 38,76 Although highly disordered a Pu-Fe
distance of 3.39(1) A could correspond to corner sharing between metal polyhedral in the

ferrihydrite structure. 76, 77

The 62 and coordination number parameters in the EXAFS equation are commonly correlated in
the fit results; 78 therefore, the elevated o2 values fitted here suggest either a large amount of
structural disorder (i.e. a broad distribution of Pu-Fe pair distances) or that the number of Pu-Fe
scatterers is being overestimated. For example, constraining the number of Pu-Fe scatterers to 4
reduced o2 to 0.013(2) A2 while still maintaining a reasonable fit albeit with an increased fit
residual factor (R %) (7.9 vs 3.5 %); thus, it cannot be excluded that the EXAFS data may represent
a surface complex with a lower number of Pu-Fe scatterers. 43, 69-73 Interestingly, the EXAFS
spectrum and resultant fit for FHc-3000 bears a striking resemblance to what was collected in
similar experiments by Smith et al., 4¢ where ferrihydrite precipitation was induced from a Pu-
HNO:s solution at pH 9. PuO2 formation was not observed and the data were modeled with 4 Fe

scatterers at 3.38(2) A and attributed to the formation of a polynuclear multidentate complex with
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the ferrihydrite surface. In contrast to FHs-3000 no Pu-Pu scatterers could be identified in the FHc-
3000 EXAFS spectrum precluding the possibility of PuO2 formation in this sample and
demonstrating that Pu(IV) is associated with the ferrihydrite solid before PuOz2 precipitation could
occur. The association of Pu to a Fe(Ill) precipitate in the materials formed during the
coprecipitation method is possible as the coprecipitation synthesis starts from an aqueous solution
at pH<I and according to thermodynamic considerations, in these solution conditions, Fe(III)
hydrolysis precipitates may form in solution starting at pH 1-2 (Figure 1). 79, 80

Goethite the EXAFS spectra of the goethite samples recrystallized from the hydrothermally
altered Pu-sorbed ferrihydrite (G-FHs-3000 and G-FHs-1000 ) are similar and both spectra could
be fit using a two-shell model. The first shell in both cases was successfully fit with 8(1) Pu-O
scatterers at 2.32(1) A and the second peak in the FT was fit with 4(1) Pu-Pu scatterers at 3.80(1)
A strongly supporting the formation of PuO2 solids in these systems. However, the modeled Pu
coordination numbers are low compared to expectations for PuO2 and suggest either PuO: is
present as very small nanoparticulate < 1 nm (Figure SI 6) or that a second Pu species is present
as an adsorbed or coprecipitated inner sphere complex. We use a similar approach with this sample
as we used with FHs-3000 and attempt to put a lower limit on the quantity of PuO2 present. If we
assume Pu is present as bulk (as opposed to nanoparticulate or surface adsorbed)-PuOz2 with a Pu-
Pu coordination number of 12, the number of Pu-Pu scatterers in both samples being fitted as 4(1)
would indicate a minimum of 33% Pu is present as PuO2 in this system, not unlike the FHs-3000
precursor.

In this case, if the TEM characterized particles are representative of the average, the remaining
Pu would have to be present as a surface complex. Unfortunately, while it was possible to include

Pu-Fe scatterers in the fit their presence was unable to pass an F-test 81 so we cannot conclusively
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demonstrate an inner-sphere surface complex, however, this does not exclude the possibility of a
surface complex entirely. For example, Pu may be present as an inner sphere complex with a very
broad range of Pu-Fe pair distances making it very difficult to discern using EXAFS analysis.
Interestingly, the minimum proportion of PuOz2 in the sample remains the same, prior to and after
ferrihydrite transformation to goethite. This, in turn, may indicate that the PuO2 does not undergo
any transformation during the alteration of ferrihydrite to goethite.

Overall the EXAFS fits and TEM characterization support PuO2 formation in G-FHs-3000 and
G-FHs-1000. The EXAFS data also suggest that Pu in these samples may be present in dual
coordination environment with PuOz2 accounting for a minimum of 33% of Pu, and the remainder
being present as poorly defined surface complex since no Pu-Fe scatterers could be conclusively
identified in this sample. 11, 12 Though it is important to stress that the PuOz2 calculation represents
a floor (i.e. a minimum) and the real value is likely to be much higher due to nanoparticle / surface
effects. The high percentage of Pu detected in the acid extraction of G-FHs-3000 and G-FHs-1000,
is consistent with the presence of Pu as a surface complex, where the leached fraction could
represent any bound Pu being easily leached from the goethite surface. Collectively, these data
demonstrate that in the ferrihydrite and goethite samples synthesized following the sorption
method a fraction of Pu will be found as intrinsic PuO2 nanoparticles, and the PuOo-like
coordination environment is preserved during mineral phase transformation. The EXAFS data also
demonstrate that Pu adsorbed to ferrihydrite may be remobilized, as evidenced by the changes in
coordination environment of the Pu sorbed species from the ferrihydrite precursor (FHs-3000) to
the recrystallized products (G-FHs-1000 and G-FHs-3000) (Table 1).

The EXAFS spectrum of the Pu associated with G-FHc-3000 was successfully modeled with

6(1) Pu-O scatterers at 2.28(1) A and 1 (1) Pu-Fe scatterers at 3.56(1) with o2 values of 0.013(2)
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and 0.003(1) A2, respectively. The Pu-Fe o2 is very low and probably represents an
underestimation of the number of Pu-Fe scatterers due to the coupling between 62 and coordination
number in the EXAFS equation. Additionally, a peak at 3.7 A was successfully modeled as 2(1)
Pu-Pu scatterers at 3.80(1). The clear identification of Pu-Pu scatterers in the FT demonstrates the
presence of PuO:2. Interestingly, no PuO2 was observed in the ferrihydrite precursor (FHc-3000)
indicating that Pu(IV) was probably excluded from the ferrihydrite structure or surface in the
ferrihydrite transformation reaction where it subsequently underwent precipitation as PuO2. As
with the other observations of Pu-Pu scatterers in other samples presented here, the low
coordination numbers suggest PuO2 accounts for only a fraction of all Pu in this sample. A pair of
Pu-Pu scatters would imply a minimum of 17% PuO2 in this experiment. The presence of Pu-Fe
peaks suggests that the non-PuOz2 fraction of Pu in this sample may be present as an inner sphere
complex adsorbed on the surface of goethite. Importantly, the result suggest that high Pu
concentrations associated with ferrihydrite may lead to the formation of PuO:2 during the
transformation of ferrihydrite to goethite.

The G-FHc-1000 and G-FHc-400 samples displayed similar spectra with three easily identifiable
peaks in the FT atr=1.5 A, 2.5 A, and 3.2 A. The first peak at 1.5 A was successfully fit with an
Pu-O shell 6(1) scatterers at 2.21(1) A. Oxygen shells in both G-FHc-1000 and G-FHc-400 have
o2 factors of 0.013(2) and 0.016(2) A2 implying a broad distribution of Pu-O pair distances. This
reduction in oxygen atoms coordination from 8 in the other systems to 6 here is interesting as the
Fes+ is coordinated by 6 oxygen atoms in the goethite structure. Additionally, the Pu-O bond
distances of 2.21 A are significantly shorter than would be expected for a Pu(IV) surface complex
and is closer to the Fe-O bond distance in goethite at ~2.1 A. 2,83 This bond distance is significantly

shorter than the G-FHc-3000 sample which was fitted with a Pu-O distance of 2.28 A. This
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lengthening of the bond with concentration can probably be attributed to an averaging effect caused
by the presence of two distinct coordination environments: one with a shorter Pu-O distance like
we see here for G-FHc-400 and G-FHc-1000; and second more typical of a PuO2 environment. The
second and third features in the FT were too short to be associated with Pu-Pu scatterers; therefore,
they were modeled as two Fe shells. These were fitted as 6(1) Pu-Fe scatterers at 3.17(4) A and
10(8) Pu-Fe scatterers at 3.49(2) A with an elevated o2 factor of 0.010(1) A2 for G-FHc-1000. This
result is similar to G-FHc-400 where the second and third features in the FT were fit as 5(3) Pu-
Fe scatterers at 3.19(1) A and 8(4) Pu-Fe scatterers at 3.47(2) A. The high number of Fe atoms and
the large estimated errors associated with those parameters in G-FHc-1000 and G-FHc-400 makes
it difficult to draw any firm conclusions about the exact nature of the local structure in the Pu-
goethite complex. However, collectively, these EXAFS data could indicate that some kind of
incorporation into the goethite structure is occurring. Firstly, there is the reduction of in the number
of Pu-O scatterers to ~6 and concurrent contraction in the Pu-O bond length to just ~2.2 A which
seems more plausible for the Pu4+ ion in a goethite-like structure rather than a surface complex.

Furthermore, the local environment around Fe in the goethite structure consists of 2, 2, and 4 Fe
neighbors at ~3, ~3.3 and ~3.4 A, respectively. s2, 83 These distances are not unlike our fitted
distances of 3.2 and 3.5 A and, given the large error bars associated with our fits our data is
compatible with Pus+ incorporated into goethite. As was discussed previously the difference in size
between Fes3+ and Pu4+ make direct and stable substitution into the goethite structure unlikely
without significant disorder in the local and long-range structure. Interestingly, the 62 in our fits
suggest elevated levels of local structural disorder around the Pu atom. Other possible explanations
for the local Pu structure observed are the formation of a surface complex on the goethite surface;

however, the shortest modeled Pu-Fe distance at 3.19(2) A is significantly shorter than the range
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of An-Fe distances previously reported (3.35-3.7 A). 45, 6073 Lastly the EXAFS data are not
inconsistent with the formation of a distinct poorly ordered Pu-Fe solid phase as has been hinted
at in forensics literature, 60 although the formation of a distinct Pu-Fe phase was not supported by
TEM imaging. Overall the TEM and EXAFS data demonstrate that PuO:2 exists at the highest
concentration Pu coprecipitation samples (3000 ppm) but not the lower concentrations (1000 and
400 ppm). This suggests that during ferrihydrite phase transformation at higher Pu concentration
(0.06 mmol/L Pu(IV) in solution, 3000 ppm Pu(IV) in the solid) part of the Pu associated to the
ferrihydrite precursor FHc-3000 will be remobilized and form PuO2 nanoparticles. Furthermore
there is evidence that during ferrihydrite transformation at high Pu concentration a fraction of the
Pu remains strongly bound to the goethite surface (Table 1). No PuO2 was observed in the
ferrihydrite precursor (FHc-3000) or in the lower concentration goethite samples (G-FHc-1000
and G-FHc-400). The presence of two distinct Pu-Fe shells in G-FHc-1000 and G-FHc-400 (at
3.20 A and 3.49 A) compared to the ferrihydrite precursor FHc-3000 (one shell at 3.41 A) suggest
that the Pu binding site changes significantly during iron oxide transformation. Even though Pu
coordination changes during phase transformation, these experimental conditions do not favor
PuO2 precipitation. It is difficult to determine the exact nature of Pu in solids prepared following
the coprecipitation process; however, the data clearly show that Pu is strongly bound to the

minerals either by the formation of a strong inner sphere complex, or via an incorporation process.
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Figure 6: Pu Li-edge EXAFS data and fit results for samples synthesized following the sorption
method measured at 30 K. Left: EXAFS results in k-space. Right: Fourier transforms (FT) of the

k-space data and fit. Vertical dashed lines indicate the fit range. Data were transformed between
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2.5 and 12 A1 by using a Gaussian window with a width of 0.3 A.1. The raw unfiltered data error
bars (encompassed by the solid gray shaded area around the data set) were estimated by the

standard deviation of the mean between traces.

28



LLNL-JRNL-812443

6 6
u ~ unfiltered - dat
FHc-3000 ~ filtered ~ roal data.
- it - fit
3
0 ’ \' ’WMM
-3
_6 .......................
G-FHc—3000
3
0
-3
&
T e m e B e -6
= G-FHe-1000
-
=
o’ |
-
3 { 3
|
0 } 0
|
|
3 . } -3
|
- _ . -6
G-FHc-400
3 3
0 0
3 | -3
65 5.0 75 10.0 1 2 3 4 5°
k(AT r(A)

(-9 1()X]

29



LLNL-JRNL-812443

Figure 7: Pu Lm-edge EXAFS data and fit results for samples synthesized following the
coprecipitation method measured at 30 K. Left: EXAFS results in k-space. Right: Fourier
transforms (FT) of the k-space data and fit. Data are transformed over the displayed range in k-

space. Vertical dashed lines indicate the fit range. See Figure 6 for further details.
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Table 1: Summary of EXAFS fit results

Sample Shell N R (A) o2 (A2) AEo (eV) R (%)
Pu-O 9(1) 2.31(1) 0.014(1)
FHs-3000 Pu-Fe 6(4) 3.39(1) 0.021(4) -10.8(8) 8.0
Pu-Pu 3(1) 3.79(1) 0.008(1)
Pu-O1 4.0(2) 2.41(1)
0.005(1)*
FHc-3000 Pu-02 3.0(1) 2.24(1) -11.0(4) 3.5
Pu-Fe 8(1) 3.39(1) 0.023(2)
Pu-O 8(1) 2.32(1) 0.010(1)
G-FHs-3000 -11.4(8) 10.2
Pu-Pu 4(1) 3.80(1) 0.003(1)
Pu-O 8(1) 2.32(1) 0.008(1)
G-FHs-1000 -11.7(7) 9.9
Pu-Pu 4(1) 3.81(1) 0.001(1)
Pu-O 6(1) 2.28(1) 0.013(2)
G-FHc-3000 Pu-Fe 1(1) 3.56(1) 0.003(4) -12.6(12) 8.7
Pu-Pu 2(1) 3.80(1) 0.001(1)
Pu-O 5(1) 2.21(1) 0.013(2)
G-FHc-1000 Pu-Fe 6(1) 3.17(4) -10.0(16) 13.3
0.01(1)*
Pu-Fe 10(8) 3.49(2)
Pu-O 6(1) 2.20(2) 0.016(2)
G-FHc-400 Pu-Fe 5(3) 3.19(2) -7.6(21) 12.2
0.015(6)*

Pu-Fe  8(4) 3.47(2)

*indicates a tied o2 parameter (i.e. shared in two shells). N represents the coordination number
assuming an amplitude reduction factor of 1; R denotes the interatomic distance; 62 represents the
Debye Waller factor; AEo represents the energy shift from the calculated energy Fermi level.
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Conclusions

In this study we investigated the fate of Pu during iron oxide crystallization and phase
transformation via TEM imaging, EXAFS and chemical analysis. We show that variations in
synthetic routes impact the nature of Pu associated with both the ferrihydrite precursor and the
ferrihydrite phase-transformed product (goethite). When a Pu containing solution is added to a
ferrihydrite mineral (sorption route), a fraction of the Pu precipitates as PuO2 nanoparticles and
the remaining Pu fraction forms a complex on the mineral surface. After hydrothermal alteration
to goethite, the PuO2-like nanoparticle is preserved as demonstrated by TEM imaging, and a
fraction of Pu is still present as a surface adsorbed species on the goethite mineral surface. There
is evidence that this adsorbed species is more weakly bound to goethite than to ferrihydrite, as
demonstrated by a lack of Pu-Fe scatteres in the goethite samples compared to the ferrihydrite
precursor. This observation suggests that Pu adsorbed to ferrihydrite may be mobilized during the
phase transformation. The analysis of the supernatant after hydrothermal alteration of ferrihydrite
to goethite showed a small increase in Pu concentration confirming that some Pu re-mobilization
occurs during ferrihydrite transformation to goethite.

When ferrihydrite is precipitated directly from a solution containing Fe and Pu (coprecipitation
route) no PuO2 is observed. Although it is difficult to identify the exact nature of Pu in the sample
due to a high degree of disorder, there is evidence that Pu is strongly bound to the ferrihydrite
solids through a combination of adsorption and/or coprecipitation as evidenced by the high number
of Pu-Fe scatterers. In these sample a fraction of Pu could coprecipitate with ferrihydrite and/or
form a inner sphere complex with multiple Fe sites. The EXAFS data show that the Pu binding
site changes significantly during ferrihydrite transformation to goethite, indicating that Pu is
mobilized during hydrothermal alteration; however, only a small fraction of Pu in the highest Pu

concentration samples (G-FHc-3000) is remobilized to form PuOz2. In all goethite samples Pu is
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strongly sorbed (either coprecipitated and/or adsorbed as inner sphere complex) to the goethite as
evidenced by the presence of Pu-Fe scatterers. The acid leaching results support this conclusion
by showing that less Pu is accessible to leaching in goethite formed via coprecipitation process,
compared to the goethite formed via the sorption process. These observations confirm that the
nature of Pu associated with the mineral will affect the leachability of Pu from the solids and
suggests that a fraction of the Pu may be incorporated into the goethite structure either in a distorted

Fe crystallographic position or may coprecipitate as a separate phase.

Implications for the natural and engineered environment

Our results show that variations in the synthetic routes (sorption vs. coprecipitation) of
ferrihydrite at pH ~8 impact the nature of Pu associated with the mineral. The major difference
between the two synthetic processes is the timing of Pu addition to the ferrihydrite precipitate and
we expect both processes to be of environmental relevance. For example, the sorption method,
where Pu is added at pH ~8 to an already formed ferrihydrite, simulates a simple scenario where
Pu becomes associated with a preexisting mineral substrate. In the coprecipitation method a Pu-
ferrihydrite precipitate is formed from neutralizing the pH of an acidic solution containing
dissolved Pu and Fe. This synthetic method likely simulates a scenario where an acidic plume is
neutralized for remediation purposes or where changes in geochemical conditions occur in
contaminated streams or ponds (e.g. the Mayak site 84). Secondary iron (oxy)hydroxides with
associated Pu and other radionuclides have been identified in surface contaminated waters in a pH
range of 5.9-8.2 59,61, 85 and although the mechanisms of formation of these radioactive particles
is still unclear, both sorption and secondary mineral formation processes are likely involved . 59,61,

85
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Our results also show that differences that exist in the Pu association with the precursor material
are retained through transformation to goethite. The hydrothermal alteration to goethite however
was conducted in the alkaline to hyperalkaline pH range (~10-11). Many underground repository
concepts utilize cementitious materials in the design as part of the engineered barrier system or as
structural materials. 8¢ The pH during leaching of these materials upon resaturation will buffer to
hyperalkaline conditions (pH 10.5—13.1), creating a plume of alkaline fluid in the host rock and/or
local environment. 8¢ Furthermore, hyperalkaline conditions can prevail in many contaminated
land scenarios, e.g., where cementitious building materials contact subsurface sediments 87, 88 and
at the underground waste storage tanks at the Hanford Site in Washington State, USA. 89

Overall the results presented in this study provide valuable new insights into Pu(IV)- iron
(oxy)hydroxide interactions in the natural and engineered environment and highlight the
importance of understanding the fate of radionuclides during mineral phase transformation
processes.
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those determined by Conradson et al., 2004 2 for a range of Pu(IV) solid phases confirming Pu(IV)
as the predominant oxidation state in our samples.; Figure SI 6: Average Pu coordination number
with respect to particle size in PuOz2 solids as calculated using Calvin analysis9o.; Table SI 1. Edge
inflection point (edge energy, Eo) of Pu-ferrihydrite / Pu-goethite samples in this study.; Table Sl

2. Alternative EXAFS fits for FH-S-3000.
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