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 15 

ABSTRACT  16 

Understanding interactions between plutonium and iron (oxy)hydroxide minerals is necessary 17 

to gain a predictive understanding of plutonium environmental mobility and ensuring long-term 18 

performance of nuclear waste repositories. Plutonium sorption and desorption reactions with 19 

mineral surfaces, formation of PuO2 nanoparticles, and coprecipitation processes are all likely 20 

important processes under a range of geochemical conditions. We investigated plutonium fate 21 

during the formation of ferrihydrite and its subsequent recrystallization to goethite. Ferrihydrite 22 

was synthesized with varying quantities of Pu(IV) following either a sorption or coprecipitation 23 

process; the ferrihydrite was then aged hydrothermally to yield goethite. The synthesized materials 24 

were characterized via extended x-ray absorption fine structure spectroscopy, transmission 25 

electron microscopy, and acid leaching to elucidate the nature of plutonium association with 26 

ferrihydrite and goethite. In samples prepared following the sorption method, plutonium was 27 

identified in two different forms: a PuO2 precipitate and a surface sorbed plutonium complex. For 28 

the samples prepared via coprecipitation the data demonstrate that no PuO2 formation occurs in 29 

the ferrihydrite precursor and in the goethite experiments where plutonium concentration is ≤ 1000 30 

ppm (mg Kg-1). In these coprecipitation experiments plutonium extended x-ray absorption fine 31 

structure data indicate the plutonium is strongly bound to the minerals either via formation of a 32 

strong inner sphere complex, or via an incorporation process. In the coprecipitation experiments, 33 

PuO2 formation only occurs at the highest plutonium concentration (3000 ppm), suggesting that 34 

during ferrihydrite recrystallization part of the plutonium can be remobilized to form PuO2 35 

nanoparticles if the plutonium concentration is sufficiently elevated. In a series of acid leaching 36 
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experiments, less plutonium was removed from the goethite surface when formed via the 37 

coprecipitation process compared to the sorption process. Collectively, our results demonstrate 38 

that the nature of plutonium associated with the precursor ferrihydrite (adsorbed versus 39 

coprecipitated) will have a direct impact on the association of plutonium with its recrystallization 40 

product (goethite). Furthermore,  the data illustrate that some properties of plutonium association 41 

with the precursor ferrihydrite are retained through recrystallization process to goethite. These 42 

findings show that plutonium strongly associates to iron (oxy)hydroxides formed through 43 

coprecipitation processes and in these materials plutonium can be strongly retained by the iron 44 

minerals.  45 

  46 

Introduction 47 

The production and testing of nuclear weapons, nuclear accidents, and authorized discharges of 48 

radioactive effluents have contributed significantly to plutonium (Pu) contamination in the natural 49 

environment. Pu is also a major constituent in civil and military nuclear wastes and is considered 50 

a risk-driving radionuclide in the long-term safety of nuclear waste repositories. Due to its long 51 

half-life (239Pu t½ =24,100 years) and radiotoxicity, understanding the mobility of Pu in the 52 

environment is a key scientific and societal concern.  53 

Several factors can influence Pu mobility in the environment including: Pu redox processes, 1-3 54 

solubility effects, 4, 5 interactions with natural organic matter (including bacteria), 6, 7 and 55 

sorption/desorption reactions with mineral surfaces. 8-10 Under typical environmental conditions 56 

Pu may exist in the III, IV, V and VI oxidation states, each of which demonstrate dramatically 57 

different chemical properties. 11, 12 For example, under environmental conditions the higher 58 

oxidation states, V and VI, exist as the highly soluble and mobile PuO2
x+ moieties. Pu(IV), which 59 
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has a lower solubility than Pu(V) or Pu(VI) in circumneutral environments, can undergo hydrolysis 60 

forming Pu polymers at high concentrations. Polymerization reactions may occur at Pu(IV) 61 

concentrations > 10-8 M 13 and result in the formation of discrete Pu(IV)O2 intrinsic colloids. 14 62 

Although Pu(IV) and Pu(V) are the most common oxidation states under circumneutral pH 63 

conditions, and both sorb to Pu mineral surfaces, Pu(V) has been shown to reduce to Pu(IV) on 64 

surfaces. 2, 8, 11, 15-18 Moreover, Pu(IV) has a particularly high affinity for iron (oxy)hydroxides 65 

mineral surfaces. 19-21 Iron (oxy)hydroxides are a common constituent of soils, and predominantly 66 

form as a weathering product of iron-bearing minerals. 22 In the deep subsurface iron 67 

(oxy)hydroxides may form due to biological oxidation of Fe(II) under reducing conditions. 23 Fe 68 

minerals in transient and dynamic (bio)geochemical settings such as sediment deposition in lakes 69 

or ponds 24-27, will likely be subject to dissolution and recrystallization reactions 19, 20, 28, 29, and the 70 

fate of sorbed species during mineral recrystallization is currently unknown. In nuclear repositories 71 

planned by several countries the first technical barrier planned for use consist of stainless-steel 72 

canisters. 30-32 Under nuclear repositories conditions the steel cask is expected to corrode over the 73 

geological timescales considered 30-32 and depending on the engineered backfill material, the 74 

natural bedrock, and the nature of surrounding groundwater, a range of Fe minerals may form 75 

during the corrosion process. 33, 34  76 

Ferrihydrite (Fe9.74 O14(OH)2)
35 is a poorly crystalline and metastable early product of both biotic 77 

and abiotic precipitation of iron, and is a precursor to more crystalline iron oxide phases such as 78 

hematite (α-Fe2O3) and goethite (α-FeOOH). The hematite and goethite formation processes begin 79 

with ferrihydrite particle aggregation 36, followed by recrystallization within the aggregate via 80 

dissolution and reprecipitation processes that occur at the nanoscale. 37 Ferrihydrite 81 

recrystallization to either hematite or goethite is strongly dependent upon solution conditions, 82 
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including pH, ionic strength, and temperature. 38, 39 Ferrihydrite typically exhibits a high surface 83 

area with a high capacity to adsorb dissolved metal species 40-42, including U, Np, and Pu. 22, 43-46 84 

These traits of ferrihydrite have been utilized to decontaminate radioactive effluent 47 and in 85 

various nuclear abatement technologies. 48  86 

When Pu is present in solutions where iron (oxy)hydroxide minerals may be forming, such as in 87 

a contaminated ponds, lakes, or streams, or during corrosion of steel, its fate is unknown. The Pu 88 

could conceivably adsorb to the newly formed iron oxides (e.g. hematite or goethite), be 89 

structurally incorporated into the new phases, or be excluded from the newly formed crystal 90 

structure due to crystal-chemical constraints. These three different scenarios have vastly different 91 

implications for predicting contaminant transport. Smith et. al 43 demonstrated that under high pH 92 

conditions (pH 9), Pu forms an inner-sphere tetradentate complex on the ferrihydrite surface 43 93 

which remains unchanged during recrystallization to hematite, suggesting that Pu remains strongly 94 

adsorbed to the iron (oxy)hydroxide surface 43 during hematite crystallization. Recent experiments 95 

by Marshall et al. (2014) 22 and Bots et al. (2016) 44 showed that U(VI) and Np(V) initially 96 

adsorbed to ferrihydrite can be incorporated into a distorted Fe(III) octahedral site in the hematite 97 

structure during recrystallization processes. 22,44 The transformation of ferrihydrite to 98 

nanoparticulate iron (oxy)hydroxide minerals in the presence of U(VI) resulted in the preferential 99 

incorporation of U into goethite (α-FeOOH) over lepidocrocite (γ-FeOOH). 49 At high Pu 100 

concentrations (> 10-8 M) Pu(IV) intrinsic colloids have been shown to form on the surface of 101 

various oxide minerals including iron oxy(hydroxide) minerals. 14, 20, 50, 51 On the goethite surface 102 

Pu(IV) colloids may undergo a lattice distortion, due to epitaxial growth, which leads to a stronger 103 

surface binding compared to other mineral phases, such as quartz. 52 Both the sorption/desorption 104 

of Pu to mineral colloid surfaces (pseudocolloids) and formation of Pu oxide colloids (intrinsic 105 
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colloids) associated with mineral surfaces, as well as Pu coprecipitation with secondary minerals 106 

are all likely important environmental processes under a range of geochemical conditions.11, 13, 17, 107 

53, 54 For example in groundwater at the Mayak site (Russia) colloidal amorphous iron oxides with 108 

associated Pu were found up to 4 km away from the contamination source. 55 In contaminated Los 109 

Alamos National Laboratory, N.M. Batuk et al.56 identified unusual Pu-Fe particles. The authors 110 

suggest that the formation of these particles could have resulted from transitory local chemical 111 

conditions from the original waste stream. 56 Finally, Lukashenko et al. (2020) 57 identified 112 

particles of Fe-Mn oxides in bottom sediments of streams flowing from the tunnels in the Degelen 113 

Mountain, site of USSR nuclear weapon test program. 57 Analysis of the particles indicate that 114 

these materials may be formed as secondary minerals, suggesting that their formation is most likely 115 

related to sorption and coprecipitation of transuranic elements with oxides and hydroxides of iron 116 

and manganese. 57 117 

The fate of radionuclides, including Pu, during mineral formation and recrystallization processes 118 

is still not fully understood. Gaining a detailed, mechanistic, understanding of the interactions 119 

between iron (oxy)hydroxides and Pu is key to predicting the long-term stability and mobility of 120 

Pu in the natural and engineered environment. The goal of this work is to assess the fate of Pu 121 

during the ubiquitous process of ferrihydrite to goethite recrystallization. We synthesized 122 

ferrihydrite with various amounts of Pu(IV) following either a coprecipitation or sorption process, 123 

and then subsequently used this material to crystallize goethite. We provide a detailed extended x-124 

ray absorption fine structure spectroscopy and transmission electron microscopy characterization 125 

of the synthesized minerals and show that the nature of Pu associated with the precursor 126 

ferrihydrite (adsorbed versus coprecipitated) will impact the association of Pu with the ferrihydrite 127 

recrystallization product (goethite). 128 
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Methods 129 

Preparation of Pu stock 130 

A 242Pu stock (99.8% 242Pu, 0.12% 240Pu, 0.005% 239Pu, 0.005% 238Pu by activity) was purified 131 

using an anion exchange resin (BioRad AG1-X8, 100–200 mesh). Prior to loading on the resin, Pu 132 

was reacted with NaNO2 to convert Pu to Pu(IV). Pu was loaded onto the column in 8 mol/L HNO3 133 

and the column was subsequently washed with three column volumes of 8 mol/L HNO3. Pu was 134 

stripped from the column using 1 mol/L HCl. The oxidation state of the Pu was determined using 135 

the lanthanum fluoride precipitation method 58 and determined to be 97% Pu(III/IV). UV-VIS 136 

confirmed that the Pu stock solution was > 95% Pu(IV). The concentration of the purified stock 137 

solution was determined by liquid scintillation counting (LSC; Packard Tri-Carb TR2900 LSA) 138 

with final concentration of 1.3 ± 0.1 × 10−3 mol/L. 139 

Mineral synthesis 140 

Ferrihydrite sorption method: Ferrihydrite (FH) precipitation was induced by drop wise addition 141 

of 1-5 mol/L KOH into a 25 mL 0.04 mol/L FeNO3.9H2O solution in 30 mL Savillex® PFA 142 

(perfluoroalkoxy alkane) vials to yield a final pH ~8. Desired aliquots of a Pu(IV) stock solution 143 

were added to the mineral slurries. After addition of the Pu(IV) stock, the pH of the slurries was 144 

checked and re-adjusted to the desired value using 1-5 mol/L KOH. The FH-Pu(IV) suspensions 145 

were equilibrated for 2 hours. Samples prepared following this sorption method with 3000, 1000, 146 

and 400 ppm Pu(IV) will be referred to as FH-S-3000, FH-S-1000, and FH-S-400, respectively. 147 

Ferrihydrite coprecipitation method: A 25 mL 0.04 mol/L FeNO3.9H2O solution was mixed with 148 

desired concentrations of Pu(IV). The solutions were equilibrated for two hours in 30 mL 149 

Savillex® PFA vials. Ferrihydrite precipitation was induced by drop wise addition of 1-5 mol/L 150 
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KOH to a final pH of ~8 and samples with 3000, 1000, and 400 ppm Pu(IV) will be referred to as 151 

FH-C-3000, FH-C-1000, and FH-C-400 respectively. 152 

Goethite recrystallization: Goethite (G) was synthesized from hydrothermal alteration of poorly 153 

crystalline ferrihydrite (FH) precursors described above, following a modified procedure from 154 

Schwertman (2000). 38 The ferrihydrite slurries (FH-C-3000, FH-C-1000, FH-C-400, FH-S-3000, 155 

FH-S-1000, FH-S-400) were adjusted to a pH of 10-11 using 1-5 mol/L KOH. The samples were 156 

placed in capped 30 mL Savillex® PFA vials under atmospheric conditions and aged at 80º C for 157 

72 hours in an oil bath to induce ferrihydrite recrystallization to goethite. The goethite samples 158 

will be referred to as G-FHC-3000, G-FHC-1000, G-FHC-400, G-FHS-3000, G-FHS-1000, and G-159 

FHS-400.  160 

After ferrihydrite and goethite synthesis, the supernatant was analyzed for Pu content via LSC. 161 

In preparation for the various microscopy and spectroscopy performed on the solid phase, the 162 

solids were rinsed and centrifuged (4000 RCF, 5 minutes) three times in Milli-Q water to remove 163 

soluble salts (18.2 MΩ·cm). After each rinse the supernatant was analyzed for Pu via LSC. 164 

Powder x-ray diffraction  165 

All Pu doped goethite samples were prepared for powder x-ray diffraction (P-XRD) using a 166 

Bruker-D8 diffractometer from (5-70º 2θ). 8-10 mg samples were loaded on a domed zero 167 

background slide. The domed sample holder is necessary to avoid dispersion of radioactive 168 

materials; however, it introduces a high background especially at low angles. The introduction of 169 

high background at low angles makes it difficult to identify the presence of poorly crystalline-170 

amorphous material in the samples. For ferrihydrite, a Pu-free sample (FH-blank) was prepared 171 

following the methodology described above, so that x-ray diffraction measurements could be 172 

performed without the use of a domed sample holder.    173 
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Oxalate extraction  174 

To quantify ferrihydrite recrystallization to goethite, an oxalate extraction method was used. 38 175 

For the oxalate extraction, 1 mL of a pH 3 0.2 mol/L ammonium oxalate and 0.2 mol/L oxalic acid 176 

solution was added to a 2 mL (1 g/L) mineral slurry aliquot. The samples (G-FHS-3000, G-FHS-177 

1000, G-FHC-3000, and G-FHC-1000) were then reacted in the absence of light on a shaker table 178 

for 2 hours to dissolve any non-crystalline component. After 2 hours the samples were centrifuged 179 

(5 minutes, 4000 RFC) and the Fe concentration in the supernatant was determined via inductively 180 

coupled plasma mass spectrometry (Thermo Fisher Scientific ICAP-Q quadrupole ICP-MS). The 181 

oxalate extraction was also performed on one of ferrihydrite sample (FH-S-3000). 182 

Transmission electron microscopy 183 

Mineral samples were suspended in ethanol (ferrihydrite) or Milli-Q water (18.2 MΩ·cm) 184 

(goethite), sonicated for 5 minutes and added drop-wise onto a copper-supported lacy carbon grid. 185 

The samples were imaged using a Titan (FEI) microscope. Imaging was conducted at 300 kV using 186 

scanning electron and z-contrast modes. Energy dispersive spectroscopy analyses were performed 187 

for selected areas and spots using a FEI SuperX G2 with quad silicon drift detectors. The structure 188 

of Pu colloids was investigated using high-resolution transmission electron microscopy (HR-189 

TEM) and scanning transmission electron microscopy (STEM). 190 

Pu acid extraction 191 

Sequential acid extraction was performed to determine the leachability of Pu from the Pu doped 192 

goethite samples (G-FHS-3000, G-FHS-1000, G-FHC-3000, and G-FHC-1000). Mineral 193 

suspensions (0.33 g / 100 mL) were equilibrated in increasingly higher molarity HNO3 solutions 194 

(0.001-4 M) for 30 minutes. After 30 minutes extractions, the mineral-acid suspensions were 195 

centrifuged (10 minutes, 8500 RCF) and the supernatant was analyzed to determine the Pu 196 
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concentration via LSC. For both G-FHC-3000 and G-FHS-3000 the mineral suspensions in 4 M 197 

HNO3 were reacted for an additional 24 hours. Samples were then centrifuged (10 minutes, 8500 198 

RCF) and the Pu concentrations in the supernatant were measured. A parallel experiment was 199 

performed on Pu-free goethite to determine the leachability of Fe. Fe concentrations in leached 200 

solutions were determined via ICP-MS (Thermo Fisher Scientific ICAP-Q quadrupole ICP-MS). 201 

Extended x-ray absorption fine structure spectroscopy   202 

Selected ferrihydrite and goethite mineral phases were isolated from the experiments via 203 

centrifugation (5 minutes, 4000 RCF), mixed with glycerol, and mounted into custom made indium 204 

sealed, triple contained, aluminum sample holders. All EXAFS data were collected on beamline 205 

11-2 at the Stanford Synchrotron Radiation Lightsource, Stanford CA. Pu LIII-edge (18057 eV) 206 

EXAFS data were collected in fluorescence mode using a 100 element Canberra Ge detector 207 

(corrected for dead time) with a Si(220) (=0) double monochromator detuned to 50% intensity. 208 

All samples were held in a LHe cryostat at 30 K throughout analysis. Data reduction and analysis 209 

were conducted using the RSXAP software suite 59, 60, 61 in conjunction with backscattering 210 

lineshapes and phases calculated using FEFF8.5L. 62 The EXAFS data were transformed between 211 

2.5 and a maximum of 12 Å-1 using a Gaussian window with a width of 0.3 Å-1 and all fitting was 212 

conducted in R-space. Error analysis was performed using a profiling method. 63 In all cases to the 213 

total number of fitting parameters was less than two-third of the total number of independent 214 

points. 215 

Results and discussion 216 

This study focused on understanding the environmental behavior of Pu in the presence of iron 217 

oxy(hydroxides), ubiquitous minerals that commonly form in aqueous environments and/or 218 

secondary minerals resulting from steel corrosion. Specifically, we investigated Pu behavior 219 
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during the formation of ferrihydrite and its subsequent transformation to goethite. Ferrihydrite was 220 

synthesized with various amounts of Pu(IV) following either a sorption or coprecipitation process, 221 

prior to goethite crystallization. We then used a series of characterization techniques to interrogate 222 

the nature of Pu associated with the iron (oxy)hydroxides. 223 

Ferrihydrite and goethite synthesis in the presence of Pu(IV). After ferrihydrite and goethite were 224 

synthesized, the minerals were characterized by P-XRD, TEM, and oxalate extraction. P-XRD of 225 

all goethite samples (G-FHS-3000, G-FHS-1000, G-FHS-400, G-FHC-3000, G-FHC-1000, G-FHC-226 

400) were collected, and additional peaks beyond those characteristics of goethite were not 227 

identified (Figure 1). The P-XRD pattern of ferrihydrite was collected for FH-blank, a Pu free 228 

sample, and the broad peaks at 34° and 65º of 2θ are characteristic of two-line ferrihydrite. 38 TEM 229 

photomicrographs of the solid samples illustrate the crystal morphology of nanocrystalline FH-C-230 

3000, G-FHS-3000, and G-FHC-3000 (Figure SI 1). The ferrihydrite nanoparticles are poorly 231 

crystalline and range in size between 3-5 nm, whereas the acicular goethite grains are crystalline 232 

and are 100s nm long and 10s nm wide. These crystal morphologies are consistent with ferrihydrite 233 

and goethite materials. 38 Oxalate extraction of, G-FHS-3000, G-FHS-1000, G-FHC-3000, and G-234 

FHC-1000 confirmed that > 99 % of ferrihydrite recrystallized to more ordered forms. As expected, 235 

the oxalate extraction of FH-S-3000 showed a total recovery of Fe (99.99%). The P-XRD, TEM 236 

analysis and oxalate extraction results indicate that the addition of Pu does not affect the nature of 237 

the synthesized products (Figure 1).  238 

The analysis of the supernatant from all ferrihydrite syntheses indicated that 99.9% of Pu had been 239 

removed from solution upon reaching the desired pH of ~8. After ferrihydrite hydrothermal aging 240 

to goethite, the concentration of Pu in the supernatant was monitored again. The percentage of Pu 241 

remaining in the supernatant was < 0.2 ± 0.08 % for G-FHS-1000, G-FHS-3000, G-FHC-1000, and 242 
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G-FHC-3000, whereas for G-FHS-400 and G-FHC-400 it ranged between 0.6-0.8%. The results 243 

indicate that a strong association between Pu and the iron (oxy)hydroxide solids is preserved 244 

during the recrystallization process.  245 

The HR-TEM imaging and elemental mapping of G-FHS-3000, G-FHS-1000 revealed the 246 

presence Pu nanoparticles on the mineral samples. As calculated from several TEM images, the 247 

size of the nanoparticles ranges from 3 to 5 nm, which is consistent with the 2.5-5 nm size range 248 

for PuO2 reported in the literature. 14, 50 Electron diffraction, HR-TEM analysis confirm that the 249 

observed nanoparticles have the expected fcc PuO2 structure with Fm3m space group (d1 (Å) 250 

3.08(0.01) and d2 (Å) 2.61(0.02)) 14 (Figure 2). The observed PuO2 structure is in contrast to the 251 

Pu4O7 nanoparticles structure observed on goethite observed by Powell et al (2011)52; although, it 252 

should be noted that the experiments were not the same. This suggests that the sorption of Pu to 253 

goethite surfaces during recrystallization from ferrihydrite may not be the result of epitaxial growth 254 

of Pu nanoparticles. Rather, the presence of PuO2 nanoparticles on goethite may be due to their 255 

formation during the initial ferrihydrite precipitation and preservation during the recrystallization 256 

process. Nevertheless, the presence of Pu nanoparticulate in these samples is not unexpected: 257 

starting at circumneutral pH values, Pu(IV) is generally expected to undergo rapid hydrolysis to 258 

form PuO2 solids.  259 
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HR-TEM imaging revealed the presence of PuO2  precipitates (fcc, d1 (Å) 3.08(0.02) and d2 (Å) 260 

2.61(0.02)) in the high Pu concentration G-FHC-3000 (261 

 262 

Figure 3); however PuO2 nanoparticles were not identified in G-FHC-1000 and G-FHC-400. 263 

Furthermore in G-FHC-1000 and G-FHC-400 the Pu concentration was too low to be detected using 264 

STEM-TEM indicating that Pu is either dispersed on the surface of goethite and/or incorporated 265 

into the solid phase. The TEM imaging of the precursor FH-S-3000 and FH-C-3000 samples was 266 

inconclusive. Unfortunately, the ferrihydrite nanoparticles are 3-5 nm in size, which is similar to 267 

the PuO2 nanoparticles size characterized in this study. This similarity in size between Pu 268 

nanoparticles and the ferrihydrite substrate creates difficulties in the identification and distinction 269 

of PuO2 via TEM imaging. For this reason Pu nanoparticles could not be identified via TEM 270 

analysis of the ferrihydrite samples (FH-S-3000 and FH-C-3000).  271 

Reversibility of Pu associated with ferrihydrite and goethite. In an effort to understand the 272 

reversibility of the Pu associated with the goethite, sequential acid leaching experiments were 273 

performed. Differences in the amount of Pu desorbed from the mineral surfaces were observed 274 

between goethite samples recrystallized from both the sorption and coprecipitation process of 275 

ferrihydrite. A total of 9.6 ± 0.2% and 3.42 ± 0.3% are leached from G-FHS-3000 and G-FHS-276 
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1000, respectively, whereas in comparison 4.03(12)% and 1.54(8)% of Pu are leached in solution 277 

from G-FHC-3000 and G-FHC-1000, respectively. After 24 hours of leaching in 4 mol/L HNO3, a 278 

total of 40(1)% of Pu is leached from G-FHS-3000; whereas only 7.5(5)% of total Pu is leached 279 

from G-FHC-3000. In the Pu-free goethite leaching test, < 0.05 ± 0.003 % Fe was dissolved after 280 

24 hours, indicating that the goethite does not go through extensive dissolution in the tested 281 

experimental conditions (Figure SI 1).  282 

The acid leaching results show that overall more Pu is leached from goethite hydrothermally 283 

aged from ferrihydrite synthesized following the sorption than the coprecipitation method.  Such 284 

experiments could not be performed on the ferrihydrite samples due to the enhanced dissolution 285 

of ferrihydrite in the chosen experimental conditions, nonetheless differences in the amount of Pu 286 

leached were observed between goethite samples recrystallized from the sorption or 287 

coprecipitation process of ferrihydrite. Overall, in ~ 4 hours (288 
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Figure 4), 2-3 times more Pu is leached from goethite recrystallized following the sorption process, 290 

compared to the coprecipitated samples. Differences in synthetic pathways may have an impact on 291 

the nature of Pu association with the mineral in both the ferrihydrite precursor and in the 292 

hydrothermally aged product (goethite). These results also suggest that Pu sorbed to ferrihydrite 293 

may be more labile that Pu coprecipitated into ferrihydrite, even after recrystallization to goethite. 294 

This, in turn, suggests that some properties of Pu association with the precursor mineral are 295 

retained through recrystallization process. 296 

The structure of Pu associate with ferrihydrite and goethite using EXAFS 297 

A representative set of ferrihydrite and goethite samples were analyzed using EXAFS 298 

spectroscopy in order to develop a mechanistic understanding of the the nature of the Pu binding 299 

with these mineral phases. Three samples following the sorption method, FH-S-3000, G-FHS-300 

3000, and G-FHS-1000 were analyzed in addition to four samples that were produced from the 301 

coprecipitated method, FH-C-3000, G-FHC-3000, G-FHC-1000, and G-FHC-400. The background-302 

subtracted Pu LIII-edge EXAFS spectra and the corresponding Fourier transforms (FT) for 303 

ferrihydrite and goethite systems are shown in Figure 5 and Figure 6, and fitting results for all 304 

datasets are detailed in Table 1Erreur ! Source du renvoi introuvable..  305 

Ferrihydrite 306 

For FH-S-3000 the dataset was successfully modeled with a single Pu-O shell consisting of 9(1) 307 

scatterers (i.e. coordination number) at 2.31(1) Å. A further two peaks were evident in the FT at r 308 

> 2.5 Å. Note that we refer to the x-axis of the FT as r, and pair distances as R. The first of the two 309 

peaks was successfully modeled as 6(2) Pu-Fe scatterers at 3.39(1) Å with an elevated Debye 310 

Waller factor (σ2; pair-distance distribution variance) of 0.021(4) Å2, which implies a broad 311 

distribution of Pu-Fe distances. The second peak was modeled with 3(1) Pu-Pu scatterers at 3.79(1) 312 



11/16/21 

 16 

Å, consistent with expectations for PuO2 (3.82). 64 Given the identification of both Pu and Fe 313 

scatterers in the EXAFS it is very likely that in FH-S-3000 Pu(IV) is present in two distinct 314 

coordination environments: PuO2, and an additional adsorbed, poorly defined, inner-sphere 315 

complex on the ferrihydrite surface. Recent reports of various actinides (Th, U and Pu and Np) 316 

adsorbed onto Fe containing minerals show An-Fe distances varying from 3.35-3.7 Å 43, 65-69, 317 

consistent with our modeled 3.39(1) Å Pu-Fe distance. It is difficult to quantify the relative 318 

proportions of these two Pu species (inner-sphere and PuO2) as EXAFS analysis only provides an 319 

average coordination environment around the Pu atom. However, we can use our knowledge of 320 

the PuO2 structure to try and bracket the relative proportions of the two phases. The structure of 321 

bulk PuO2 consists of 12 Pu atoms at 3.82 Å.64, 66 The number of Pu atoms reduces as PuO2 moves 322 

away from a bulk material into a nanoparticulate form due to Pu atoms near the surface having 323 

fewer Pu neighbors, thereby reducing the average coordination number in a particle. 
66, 70 If we 324 

assume that the PuO2 nanoparticles are on average 4 nm, as the TEM analysis of G-FHS-3000 and 325 

G-FHS-1000 indicates, this would correspond to an average of 10 Pu-Pu scatterers (Figure SI 3). 326 

71 Using this assumption we can estimate that approximately 30% of all Pu in FH-S-3000 is present 327 

as PuO2 with the remainder existing as an inner sphere complex with the ferrihydrite. The inherent 328 

uncertainty of estimating an average particle sizes using TEM and coordination numbers using 329 

EXAFS mean that this calculation of the proportion of nanoparticulate vs surface adsorbed Pu is 330 

at best a rough approximation. We can constrain this value further by assuming that all PuO2 has 331 

12 Pu-Pu scatterers, which would suggest the minimum proportion of PuO2 in this sample is ~25%. 332 

However, if the average PuO2 particle size (and therefore the number of Pu-Pu scatterers) is less 333 

then suggested by TEM analysis the true proportion of PuO2 could be much greater than our 334 

calculations suggest.  335 
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The EXAFS spectrum of Pu associated with FH-C-3000 was successfully modeled with a split 336 

O environment, including 3.0(1) and 4.0(2) Pu-O scatterers at 2.24(1) and 2.41(1) Å. In contrast 337 

to the FH-S-3000 dataset, one additional peak was evident in the FT which was successfully fit 338 

with a single Pu-Fe shell at 3.39(1) Å. Interestingly this shell was fit with a high number (8 ± 1) 339 

of Pu-Fe scatterers albeit with a very high σ2 of 0.026(3) Å2. The high uncertainties associated with 340 

this fit make the exact nature of the Pu-ferrihydrite complex difficult to elucidate, but it could 341 

represent a replacement of the Fe3+ ion with a Pu4+ in the ferrihydrite solid. The large discrepancy 342 

in the size of Fe3+ and Pu4+ ions (0.645 and 0.96, respectively 72) make this substitution unlikely 343 

without significant disruption to the local structure. However, our EXAFS data do indicate highly 344 

elevated σ2 suggesting a broad range of Pu-Fe pair distances, and lack long-range order that would 345 

be evidenced by multiple Pu-Fe shells. The local environment around Fe in the ferrihydrite 346 

structure consists of Fe atoms at ~3.04 and 3.44 Å, although due to the poorly crystalline nature of 347 

ferrihydrite, its structure has still not been fully resolved. 35, 73 Although highly disordered a Pu-Fe 348 

distance of 3.39(1) Å could correspond to corner sharing between metal polyhedral in the 349 

ferrihydrite structure. 73, 74  350 

The σ2 and coordination number parameters in the EXAFS equation are commonly correlated in 351 

the fit results; 75 therefore, the elevated σ2 fitted here suggests either a large amount of structural 352 

disorder  (i.e. a broad distribution of Pu-Fe pair distances) or that the number of Pu-Fe scatterers 353 

is being overestimated. For example, constraining the number of Pu-Fe scatterers to 4 reduced σ2 354 

to 0.013(2) Å2 while still maintaining a reasonable fit albeit with an increased correlation factor 355 

(R %) (7.9 vs 3.5 %); thus, it cannot be excluded that the EXAFS data may represent a surface 356 

complex with a lower number of Pu-Fe scatterers. 43, 65-69 Interestingly, the EXAFS spectrum and 357 

resultant fit for FH-C-3000 bears a striking resemblance to what was collected in similar 358 
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experiments by Smith et al., 43 where ferrihydrite precipitation was induced from a Pu-HNO3 359 

solution at pH 9. PuO2 formation was not observed and the data were modeled with 4 Fe scatterers 360 

at 3.38(2) Å and attributed it to the formation of a polynuclear multidentate complex with the 361 

ferrihydrite surface. In contrast to the FH-S-3000 dataset no Pu-Pu scatterers could be identified 362 

in the FH-C-3000 EXAFS precluding the possibility of PuO2 formation in this sample and 363 

demonstrating that Pu(IV) is associated with the ferrihydrite solid before PuO2 precipitation could 364 

occur.  365 

Goethite 366 

The EXAFS spectra of the goethite samples recrystallized from the hydrothermally altered Pu-367 

sorbed ferrihydrite (G-FHS-3000 and G-FHS-1000 ) are similar and both datasets could be fit using 368 

a two-shell model. The first shell in both cases was successfully fit with 8(1) Pu-O scatterers at 369 

2.32(1) Å and the second peak in the FT was fit with 4(1) Pu-Pu scatterers at 3.80(1) Å strongly 370 

supporting the formation of PuO2 solids in these systems. However, the modeled Pu coordination 371 

numbers are low compared to expectations for PuO2 and suggest either PuO2 is present as very 372 

small nanoparticulate < 1 nm (Figure S2) or that a second Pu species is present as an adsorbed or 373 

coprecipitated inner sphere complex. We can use a similar approach with this dataset as we used 374 

with the FH-S-3000 dataset and attempt to put some limits on the quantity of PuO2 present. With 375 

the number of Pu-Pu scatterers in both samples being fitted as 4(1) and the expectation of bulk 376 

PuO2 being 12 the minimum amount of PuO2 present in this system would be 33%. In this case, if 377 

the TEM characterized particles are representative of the average, the remaining Pu would have to 378 

be present as a surface complex. Unfortunately, while it was possible to include Pu-Fe scatterers 379 

in the fit they were unable to pass an F-test so we cannot conclusively demonstrate an inner-sphere 380 

surface complex, however, this does not exclude the possibility of a surface complex entirely. For 381 
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example, Pu may be present as weakly bound outer-sphere complex or as an inner sphere complex 382 

with a very broad range of Pu-Fe pair distances making it very difficult to discern using EXAFS 383 

analysis.  384 

Overall the EXAFS fits and TEM characterization support PuO2 formation in G-FHS-3000, G-385 

FHS-1000. The EXAFS data also suggest that Pu in these samples may be present in dual 386 

coordination environment with PuO2 accounting for a minimum of 33% of Pu, and Pu not 387 

associated with PuO2 being present as poorly defined surface complex since no Pu-Fe scatterers 388 

could be conclusively identified in this sample. 11, 12 The high percentage of Pu detected in the acid 389 

extraction of G-FHS-3000 and G-FHS-1000, is consistent with the presence of Pu as a Pu surface 390 

complex, where the leached fraction could represent any weakly bound Pu being easily leached 391 

from the goethite surface. Collectively, these data demonstrate that in the ferrihydrite and goethite 392 

samples synthesized following the sorption method a large fraction of Pu will be found as intrinsic 393 

PuO2 nanoparticles, and the PuO2-like coordination environment is preserved during mineral 394 

recrystallization. The EXAFS data also demonstrates that Pu adsorbed to ferrihydrite may be 395 

remobilized, as evidenced by the changes in coordination environment of the Pu sorbed species 396 

from the ferrihydrite precursor (FH-S-3000) to the recrystallized products (G-FHS-1000 and G-397 

FHS-3000).  398 

The EXAFS spectrum of the Pu associated with G-FHC-3000 was successfully modeled with 399 

6(1) Pu-O scatterers at 2.28(1) Å and 1 (1) Pu-Fe scatterers at 3.56(1) with σ2 values of 0.013(2) 400 

and 0.003(1) Å2, respectively. Additionally, a peak at 3.7 Å was successfully modeled as 2(1) Pu-401 

Pu scatterers at 3.80(1). The clear identification of a Pu-Pu scatterers in the FT demonstrates the 402 

presence of PuO2, and is consistent with the identification of PuO2 nanoparticles imaged via TEM. 403 

Interestingly, no PuO2 was observed in the ferrihydrite precursor (FH-C-3000) for this sample 404 
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indicating that Pu(IV) was probably excluded from the ferrihydrite structure or surface in the 405 

recrystallization reaction where it subsequently underwent precipitation as PuO2. As with the other 406 

observations of Pu-Pu scatterers in other samples presented here, the low coordination numbers 407 

suggest PuO2 accounts for only a fraction of all Pu in this sample. A pair of Pu-Pu scatters would 408 

imply a minimum of 17% PuO2 in this experiment, however, due to the nanoparticulate nature of 409 

the PuO2 this could be far higher. The presence of Pu-Fe peaks suggests that the non-PuO2 fraction 410 

of Pu in this sample may be present as an inner sphere complex adsorbed on the surface of goethite.   411 

The G-FHC-1000 and G-FHC-400 samples displayed similar spectra with three easily identifiable 412 

peaks in the FT at r ≈1.5 Å, 2.5 Å, and 3.2 Å. The first peak at 1.5 Å were successfully fit with an 413 

Pu-O shell 6(1) scatterers at 2.21(1) Å. Oxygen shells in both G-FHC-1000 and G-FHC-400 had σ2 414 

factors of 0.013(2) and 0.016(2) Å2 implying a broad distribution of Pu-O pair distances. This 415 

reduction in O coordination from 8 in the other systems to 6 here is interesting as the Fe3+ is 416 

coordinated by 6 oxygen atoms in the goethite structure. The second and third features in the FT 417 

were too short to be associated with Pu-Pu scatterers therefore they were modeled as two Fe shells. 418 

These were fitted as 6(1) Pu-Fe scatterers at 3.17(4) Å and 10(8) Pu-Fe scatterers at 3.49(2) Å with 419 

an elevated σ2 factor of 0.010(1) Å2 for the G-FHC-1000 dataset. This result was similar to the G-420 

FHC-400 dataset where the second and third features in the FT were fit as 5(3) Pu-Fe scatterers at 421 

3.19(1) Å and 8(4) Pu-Fe scatterers at 3.47(2) Å. The high number of Fe atoms and the large 422 

estimated errors associated with those parameters in G-FHC-1000 and G-FHC-400 makes it 423 

difficult to draw any firm conclusions about the exact nature of the local structure in the Pu-424 

goethite complex; however, the data could indicate some kind of incorporation into the goethite 425 

structure. The local environment around Fe in the goethite structure consists of 2, 2, and 4 Fe 426 

neighbors at ~3, ~3.3 and ~3.4 Å, respectively. 76, 77 These distances are not unlike our fitted 427 
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distances of 3.2 and 3.5 Å and, given the large error bars associated with our fits our data is 428 

compatible with Pu4+ incorporated into goethite. As was discussed previously the difference in size 429 

between Fe3+ and Pu4+ make direct and stable substitution into the goethite structure unlikely 430 

without significant disorder in the local and long-range structure. Interestingly, the σ2 in our fits 431 

do suggest elevated levels of local structural disorder around the Pu atom. Other possible 432 

explanations for the local Pu structure observed are the formation of a surface complex on the 433 

goethite surface; however, the shortest modeled Pu-Fe distance at 3.19(2) Å is significantly shorter 434 

than the range of An-Fe distances previously reported (3.35-3.7 Å). 43, 65-69 Lastly the EXAFS data 435 

are not inconsistent with the formation of a distinct poorly ordered Pu-Fe solid phase as has been 436 

hinted at in forensics literature, 56 although the formation of a distinct Pu-Fe phase was not 437 

supported by TEM imaging. Overall the TEM and EXAFS data demonstrate that PuO2 exists at 438 

the highest concentration Pu coprecipitation samples (3000 ppm) but not the lower concentrations 439 

(1000 and 400 ppm). This suggests that during ferrihydrite recrystallization at higher Pu 440 

concentration (0.06 mmol/L Pu(IV) in solution, 3000 ppm Pu(IV) in the solid) part of the Pu 441 

associated to the ferrihydrite precursor FH-C-3000 will be remobilized and will form PuO2 442 

nanoparticles. Furthermore there is evidence that during the recrystallization process at high Pu 443 

concentration a fraction of the Pu remains strongly bound to the goethite surface (Table 1). No 444 

PuO2 was observed in the ferrihydrite precursor (FH-C-3000) and in the lower concentration 445 

goethite samples (G-FHC-1000 and G-FHC-400). The presence of two distinct Pu-Fe shells in G-446 

FHC-1000 and G-FHC-400 (at 3.20 Å and 3.49 Å) compared to the ferrihydrite precursor FH-C-447 

3000 (one shell at 3.41 Å) suggest that the Pu binding site changes significantly during iron oxide 448 

recrystallization. Even though Pu coordination changes during recrystallization, these 449 

experimental conditions do not favor PuO2 precipitation. It is difficult to determine the exact nature 450 
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of Pu in solids prepared following the coprecipitation process; however, the data clearly show that 451 

Pu is strongly bound to the minerals either by the formation of a strong inner sphere complex, or 452 

via an incorporation process.  453 

Conclusions 454 

In this study we investigated the fate of Pu during iron oxide recrystallization processes via TEM 455 

imaging, EXAFS and chemical analysis. We show that variations in synthetic routes have impacts 456 

on the nature of Pu associated with both the ferrihydrite precursor and the ferrihydrite 457 

recrystallization product (goethite). When a Pu containing solution is added to a ferrihydrite 458 

mineral (sorption route), a fraction of the Pu precipitates as PuO2 nanoparticles and the remaining 459 

Pu fraction forms a complex on the mineral surface. After hydrothermal alteration to goethite, the 460 

PuO2-like nanoparticle is preserved, and a fraction of Pu is still present as a surface adsorbed 461 

species on the goethite mineral surface. There is evidence that this adsorbed species is more weakly 462 

bound to goethite than to ferrihydrite, as evidenced by a decrease in the number of Pu-Fe scatterers 463 

identified in the respective sample. This observation suggests that Pu adsorbed to ferrihydrite may 464 

be mobilized during the recrystallization processes. The analysis of the supernatant after 465 

hydrothermal alteration of ferrihydrite to goethite showed a small increase in Pu concentration 466 

confirming that some Pu re-mobilization occurs during mineral recrystallization processes.   467 

When ferrihydrite is precipitated directly from a solution containing Fe and Pu (coprecipitation 468 

route) no PuO2 is observed. Although it is difficult to identify the exact nature of Pu in the sample 469 

due to a high degree of disorder, there is evidence that Pu is strongly bound to the ferrihydrite 470 

solids through a combination of adsorption and/or coprecipitation as evidenced by the high number 471 

of Pu-Fe scatterers. In this sample a fraction of Pu could coprecipitate with ferrihydrite and/or 472 

form a polynuclear inner sphere complex. The EXAFS data show that the Pu binding site changes 473 

significantly during ferrihydrite recrystallization, indicating that Pu is mobilized during 474 
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hydrothermal alteration; however, only a small fraction of Pu in the highest Pu concentration 475 

samples (G-FHC-3000) is remobilized to form PuO2. In all goethite samples Pu is strongly sorbed 476 

(either coprecipitated and/or adsorbed as inner sphere complex) to the goethite as evidenced by 477 

the high number of Pu-Fe scatterers. The acid leaching results support this conclusion by showing 478 

that less Pu is accessible to leaching in goethite formed via coprecipitation process, compared to 479 

the goethite formed via the sorption process. These observations confirm that that the nature of Pu 480 

associated with the mineral will affects the leachability of Pu from the solids.  481 

 482 

Implications for the natural and engineered environment  483 

Our results showed that variations in the synthetic routes (sorption vs. coprecipitation) of 484 

ferrihydrite at pH ~8 impact the nature of Pu associated with the mineral. The major difference 485 

between the two synthetic processes is the timing of Pu addition to the ferrihydrite precipitate and 486 

we expect both processes to be of environmental relevance. For example, the sorption method, 487 

where Pu is added at pH ~8 to an already formed ferrihydrite, simulates a simple scenario where 488 

Pu becomes associated with a preexisting mineral substrate. In the coprecipitation method a Pu-489 

ferrihydrite precipitate is formed from neutralizing the pH of an acidic solution containing 490 

dissolved Pu and Fe. This synthetic method likely simulates a scenario where an acidic plume is 491 

neutralized for remediation purposes or where changes in geochemical conditions occur in a 492 

contaminated streams or ponds. Secondary iron (oxy)hydroxides with associated Pu and other 493 

radionuclides have been identified in surface contaminated waters in a pH range of 5.9-8.2 55, 57, 79 494 

and although the mechanisms of formation of these radioactive particles is still unclear, both 495 

sorption and secondary mineral formation processes are likely involved . 55, 57, 79 496 
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Our results also show that differences that exist in the Pu association with the precursor 497 

material are retained through the recrystallization to goethite. The hydrothermal alteration to 498 

goethite however was conducted in the alkaline to hyperalkaline pH range (~10-11). Many 499 

underground repository concepts utilize cementitious materials in the design as part of the 500 

engineered barrier system or as structural materials. 80 The pH during leaching of these materials 501 

upon resaturation will buffer to hyperalkaline conditions (pH 10.5−13.1), creating a plume of 502 

alkaline fluid in the host rock and/or local environment. 80 Furthermore, hyperalkaline conditions 503 

can prevail in many contaminated land scenarios, e.g., where cementitious building materials 504 

contact subsurface sediments 81, 82 and at the underground waste storage tanks at the Hanford Site 505 

in Washington State, USA.83  506 

Overall the results presented in this study provide valuable new insights into Pu(IV)- iron 507 

(oxy)hydroxide interactions in the natural and engineered environment and highlight the 508 

importance of understanding the fate of radionuclides during mineral recrystallization processes. 509 
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 523 

Figure 1: P-XRD pattern of Pu-free ferrihydrite (FH-blank), and goethite G-FHC-3000, G-FHC-524 

1000, G-FHC-400, G-FHS-3000, G-FHS-1000 and G-FHS-400.   525 
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 526 

 527 

 528 

Figure 2: Pu nanoparticles on goethite G-FHS-3000. (A) Low-magnification TEM image of large 529 

tabular goethite and intrinsic Pu nanoparticles (black inlet). (B) HRTEM image of Pu nanoparticles 530 

on goethite surface from inlet in (A); (C) and (D) FFT of HRTEM area 1 and 2 shown in panel 531 

(B), is consistent with the fcc, PuO2 structure. 532 

 533 
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 534 

 535 

Figure 3: PuO2 nanoparticles on goethite G-FHC-3000. (A) Low-magnification TEM and (B) 536 

STEM image of large tabular goethite and PuO2 (white inlet). C) STEM and D) Pu elemental map 537 

of Pu nanoparticles. 538 
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 541 

542 

Figure 4: Leaching behavior of Pu in acidic solutions (0.001-4M) for goethite synthesized 543 

following the sorption (G-FHS-3000, G-FHS-1000) and coprecipitation (G-FHC-3000, G-FHC-544 

1000) method. 545 
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 547 

 548 

Figure 5: Pu LIII-edge EXAFS data and fit results for samples synthesized following the sorption 549 

method measured at 30 K. Left: Fourier transforms (FT) of the k-space data and fit. Vertical dashed 550 

lines indicate the fit range. Data were transformed between 2.5 and 12 Å-1 by using a Gaussian 551 

window with a width of 0.3 Å-1. The raw unfiltered data error bars (encompassed by the solid gray 552 

shaded area around the data set) were estimated by the standard deviation of the mean between 553 

traces. Right: EXAFS results in k-space.  554 
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 555 

Figure 6: Pu LIII-edge EXAFS data and fit results for samples synthesized following the 556 

coprecipitation method measured at 30 K. Left: Fourier transforms (FT) of the k-space data and 557 
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fit. Vertical dashed lines indicate the fit range.  See Figure 5 for details. Right: EXAFS results in 558 

k-space.  559 

  560 
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Table 1: Summary of EXAFS fits 561 

 

Sample  Shell N R (Å) σ2 (Å2) E0 (eV) R (%) 

FH-S-3000 

Pu-O 9(1) 2.31(1) 0.014(1) 

-10.8(8) 8.0 Pu-Fe  6(2) 3.39(1) 0.021(4) 

Pu-Pu 3(1) 3.79(1) 0.008(1) 

FH-C-3000 

Pu-O1 4.0(2) 2.41(1) 
0.005(1)* 

-11.0(4) 3.5 Pu-O2 3.0(1) 2.24(1) 

Pu-Fe  8(1) 3.39(1) 0.023(2) 

G-FHS-3000 
Pu-O 8(1) 2.32(1) 0.010(1) 

-11.4(8) 10.2 
Pu-Pu 4(1) 3.80(1) 0.003(1) 

G-FHS-1000 
Pu-O 8(1) 2.32(1) 0.008(1) 

-11.7(7) 9.9 
Pu-Pu 4(1) 3.81(1) 0.001(1) 

G-FHC-3000 

Pu-O 6(1) 2.28(1) 0.013(2) 

-12.6(12) 8.7 Pu-Fe  1(1) 3.56(1) 0.003(4) 

Pu-Pu 2(1) 3.80(1) 0.001(1) 

G-FHC-1000 

Pu-O 5(1) 2.21(1) 0.013(2) 

-10.0(16) 13.3 Pu-Fe  6(1) 3.17(4) 
0.01(1)* 

Pu-Fe  10(8) 3.49(2) 

G-FHC-400 

Pu-O 6(1) 2.20(2) 0.016(2) 

-7.6(21) 12.2 Pu-Fe  5(3) 3.19(2) 
0.015(6)* 

Pu-Fe  8(4) 3.47(2) 

*indicates a tied σ2 parameter (i.e. shared in two shells). N represents the coordination number 562 

assuming an amplitude reduction factor of 1; R denotes the interatomic distance; σ2 represents the 563 

Debye Waller factor; ΔE0 represents the energy shift from the calculated energy fermi level. 564 

 565 
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