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a b s t r a c t 

Hematite nanoparticles were synthesized with U(VI) in circumneutral water through a coprecipitation 

and hydrothermal treatment process. XRD, TEM, and EXAFS analyses reveal that uranium may aggregate 

along grain boundaries and occupy Fe sites within hematite. The described synthesis method produces 

crystalline, single-phase iron oxide nanoparticles absent of surface-bound uranyl complexes. EXAFS data 

were comparable to spectra from existing studies whose syntheses were more representative of natu- 

rally occurring, extended aging processes. This work provides and validates an accelerated method of 

synthesizing uranium-immobilized iron oxide nanoparticles for further mechanistic studies. High tem- 

perature oxide melt solution calorimetry measurements were performed to calculate the thermodynamic 

stability of uranium-incorporated iron oxide nanoparticles. Increasing uranium content within hematite 

resulted in more positive formation enthalpies. Standard formation enthalpies of U x Fe 2–2x O 3 were as high 

as 76.88 ± 2.83 kJ/mol relative to their binary oxides, or -764.04 ± 3.74 kJ/mol relative to their con- 

stituent elements, at x = 0.037. Data on the thermodynamic stability of uranium retention pathways may 

assist in predicting waste uranyl remobilization, as well as in developing more effective methods to retain 

uranium captured from aqueous environments. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Uranium (U), in the form of uranyl ions (UO 2 
2 + ), can be present 

s a radiological contaminant in surface and subsurface environ- 

ental systems (e.g., groundwater). Potential sources of contami- 

ation include coal power plant emissions, leachate from uranium 

re mining, and degraded radioactive waste from both military 

nd civilian sources, all of which could pose contamination risks 

o local ecology and water sources for human consumption [1] . 

xposure to this persistent, mobile toxin has been found to in- 

uce long-lasting detrimental effects to humans [ 2 , 3 ]. Legacy ra- 

ioactive waste storage facilities at sites across the world, e.g., 

he U.S. DOE Hanford site, have exceeded their planned life ex- 
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ectancy and have been shown to leak into their surrounding en- 

ironment [ 4 , 5 ]. An approach for legacy and modern high-level 

astes (HLW) and Intermediate-level wastes (ILW) is solidification 

ith inert species (e.g., vitrification) and storage within steel con- 

ainers, where the radioactive elements will decay over timescales 

f hundreds of years to millennia [ 5 , 6 ]. Multiple layers of con-

ainment further protect this solidified waste from external per- 

urbations, although self-induced and environmentally-driven cor- 

osion and eventual leakage remain a challenge and a risk [5–8] . 

t is imperative that such waste remains unperturbed for millennia 

e.g., within a geological storage facility), allowing the contained 

adioisotopes to decay. 

Engineered materials, such as steel linings used to contain ra- 

ioactive waste, may gradually corrode, and transform to envi- 

onmentally ubiquitous and stable iron oxides (e.g., hematite and 

oethite). Depending on environmental conditions, a variety of iron 

xide and oxyhydroxide polymorphs can form [9] . Hematite ( α- 

e 2 O 3 ) is stable in a wide range of environmental and geolog- 
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cal conditions. Hematite nanoparticles have been shown to be 

ighly effective at adsorbing aqueous heavy metal and actinide 

ons, enabling their application to water remediation [10–13] . It 

as been well established that aqueous uranium may become im- 

obilized by iron oxide polymorphs by a combination of adsorp- 

ion on the surface and incorporation within the structure of these 

anoparticles [14–16] . While surface adsorption may be effective 

n retarding aqueous uranium migration in the subsurface, changes 

n biogeochemical conditions (e.g., pH) or presence of competing 

pecies may remobilize uranium [17] . Kinetic and structural stud- 

es have demonstrated additional pathways where uranium is more 

trongly retained within the crystal structure of α-Fe 2 O 3 [ 10 , 16 , 18–

0 ]. Understanding this behavior is paramount to understand the 

ole and significance of iron oxides immobilizing radionuclides in 

uture geological disposal facilities for radioactive waste, as well 

s the efficacy of iron oxides as a long-term capture and storage 

edium for uranium from contaminated effluents. 

The ability of α-Fe 2 O 3 to structurally incorporate uranium, 

ather than only surface adsorb it, provides a promising secondary 

ranium immobilization pathway. The coordination environment of 

he more strongly restrained uranium has been studied for a vari- 

ty of iron oxide polymorphs prevalent in differing environmen- 

al conditions. Research has generally shown hematite to incorpo- 

ate U within its Fe(III) sites during its formation from ferrihydrite, 

here U is present in uranyl coordination (i.e. distorted U-O oc- 

ahedra) [ 16 , 19–21 ]. However, it is not yet understood how stabil-

ty (thermodynamic and/or kinetic) scales with incorporation ca- 

acity within this phase. Conflicting interpretations propose dif- 

erent charge compensation schemes and point to different pro- 

osed local Fe vacancy configurations. The differences in poten- 

ial energy of each configuration have been calculated, but exper- 

mental findings have not necessarily agreed with the lowest en- 

rgy configurations. For example, a trans -corner Fe vacancy config- 

ration surrounding U sites has been proposed, despite having a 

12 kJ/mol energy penalty relative to single face-sharing and dual 

dge-sharing vacancy configurations [20] . These localized energy 

alculations do not necessarily represent the energetics of the bulk 

xide, and the formation enthalpy of U-incorporated iron oxides is 

ot yet known. Collecting such measurements will reveal the ther- 

odynamic consequences of incorporation as a function of U con- 

ent within the solid. With this information the ability of hematite 

o retain the captured actinide under geological time scales rele- 

ant to radioactive waste storage could be investigated. 

Our key objective is to explore the effects of uranium incor- 

oration on the thermodynamic stability of hematite. We describe 

erein the hydrothermal synthesis of hematite nanoparticles from 

recursor Fe(III) and U(VI) salts, defined as α-U x Fe 2–2x O 3 . Extended 

-ray absorption fine structure (EXAFS) was performed to explore 

ocal U coordination to validate structural incorporation and de- 

cribe local U coordination. The effect of this structural incorpora- 

ion on standard formation enthalpies of single-phase samples was 

easured using high temperature oxide melt solution calorimetry. 

etermining their formation enthalpies relative to mixtures of iron 

nd uranium oxides may constrain stability of uranium retention 

ver geologic timescales . These complementary techniques provide 

nsight to the stability and effectiveness of iron oxides for radionu- 

lide immobilization. These results provide new perspectives on 

he effectiveness of iron oxides to sequester uranium under both 

nvironmental and engineered conditions. 

. Experimental methods 

.1. Synthesis 

Synthesis of uranium-incorporated hematite ( α-U x Fe 2–2x O 3 ) has 

een achieved by mixing Fe(NO ) •9H O (Sigma-Aldrich, ACS 
3 3 2 

2 
eagent ≥ 98%) and UO 2 (NO 3 ) 2 •9H 2 O (JT Baker, ‘Baker Analyzed’ 

eagent) in 18.2 M Ω •cm deionized water. A total of 7 uranium- 

oaded samples were synthesized for calorimetric measurements. 

ranyl concentrations ranged from 0.28 – 5.25 mM, while main- 

aining Fe(III) at 41 mM. 5 N NaOH (Fisher Scientific, Certified ACS) 

as used to titrate the acidic solution up to pH 7 ~ 9 while stirring 

t room temperature. Formation of colloidal ferrihydrite was ob- 

erved around pH 5.6, at which point the precipitate was expected 

o favorably adsorb the uranyl species. 

Hydrothermal treatment was used to accelerate the full trans- 

ormation from ferrihydrite to hematite, preventing secondary 

hases (e.g., goethite, α-FeOOH) from otherwise forming [9] . 

20 mL of the colloidal suspension was transferred to a 200 mL 

eflon-lined hydrothermal vessel from Parr Instrument Co. The ves- 

el was then sealed and placed into an oven at 180 °C for 24 to
2 h, followed by gradual cooling in air. 

The product was collected at the bottom of the vessel and then 

hown to be fully transformed to hematite. Aliquots of the su- 

ernatant were preserved for elemental concentration analysis and 

ere used to determine uranyl concentration in solution after syn- 

hesis. The precipitate was washed multiple times with DI water 

hile agitating to remove residual salts, followed by centrifugation 

or at least 3 hat a relative centrifugal force (RFC) of roughly 800 x 

 between each step to collect the nanoparticles. The reaction for 

roducing the final product is reported as Eq. (1): 

 (U O 2 ) 
2+ 

( aq ) + ( 2 − 2 x ) F e 3+ 
( aq ) 

+ ( 3 − 2 x ) H 2 O ( l ) 

180 ◦C → U x F e 2 −2 x O 3 ( s ) 

+ ( 6 − 4 x ) H 
+ 

( aq ) (1) 

This study focused on the stability of uranium well immobilized 

ithin hematite particles, absent of surface-bound uranyl and col- 

oidal uranium-containing impurities. Additional washing steps us- 

ng a solution of HCl below pH 2.5 were performed to achieve this, 

emoving weakly retained uranium (e.g., surface adsorbed) [ 22 , 23 ]. 

ubsequent water washes were performed to clean and neutralize 

he product. Sample was then dispersed in ethanol and dried in air 

t 80 °C overnight. 

.2. Structural and electronic characterization 

Identification of the desired iron oxide phase, and the absence 

f undesired secondary phases, is imperative for properly analyz- 

ng calorimetric data. Powder X-ray diffraction (PXRD) of the final 

roduct was performed to validate phase purity and crystallinity 

Bruker D8 Advance, Cu K- αI ). Transmission electron microscopy 

TEM) was performed to validate phase purity shown by XRD, 

s well assess uranium distribution within the iron oxide crystal- 

ites [19] . Imaging was performed using a JEOL 2100F at 200 kV 

nd FEI Tecnai F30 at 300 kV, both in STEM mode. Samples were 

repared by dispersing and sonicating powders in IPA and drop- 

asting onto carbon-backed Cu mesh grids. The grids were then 

aked out overnight at 80 °C and plasma-cleaned prior to imaging. 

The coordination environments of uranium retained within 

ematite were determined by X-ray absorption spectroscopy (XAS). 

ranium L III -edge (17.1663 keV) spectra were collected on beam- 

ine B-18, Diamond Light Source (DLS) with the sample mounted 

n a liquid nitrogen cryostat and the data collected in fluorescence 

ode. Individual scans were calibrated with inline yttrium foil ref- 

rence spectra, then merged to maximize the signal-to-noise ratio 

or the sample. 

.3. Stoichiometry determination 

Thermogravimetric analysis (TGA) was performed in parallel 

ith differential scanning calorimetry (DSC) using a Setaram Lab- 
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Fig. 1. XRD patterns acquired of single-phase hematite, coprecipitated with varying initial concentrations of uranyl ions (a) and representative bright field TEM micrograph 

of crystalline hematite nanoparticles (b). 
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ys Evo. Powders were pressed into pellets of 10–20 mg and placed 

n a 100 μL platinum crucible. Samples were heated from 25 to 

800 °C at 10 °C/min while flushing the chamber with O 2 . TGA 

uantified the amount of water adsorbed onto U-hematite parti- 

les. DSC data showed heat effects from dehydration and screened 

or other potential reactions induced by heating. A suitable dry- 

ng temperature was selected based on these data. Uranium-free 

ematite analogues were then degassed under rough vacuum at 

50 °C for 24 h. Surface areas of these analogues were determined 

sing Brunauer-Emmett-Teller (BET) N 2 adsorption (Micromeritics 

emini VII 2390). Surface areas of U-free powders analogous to U- 

oaded samples averaged 15.05 ± 0.08 m 
2 /g, or 2403 ± 13 m 

2 /mol. 

olid samples were digested in 5 N HCl at 90 °C then diluted to 
% HCl for inductively coupled plasma mass spectrometry (ICP-MS) 

nalysis. Molar ratios of each element were then used to calcu- 

ate the U/Fe stoichiometry of anhydrous product, defined as α- 

 x Fe 2-x O 3 . 

The differences in uranium content between the starting 

mount, amount remaining in solution after synthesis, and amount 

etained in the collected final product, were then used to calcu- 

ate the amount of uranium lost to the successive washing and 

cid-leaching procedures. Lost uranium here is considered a com- 

ination of uranyl species adsorbed to hematite surfaces, poorly 

rystalline uranium-containing colloids, and general losses from re- 

eated washing and centrifugation steps. At the same time, Fe con- 

entrations confirmed that all the introduced Fe(III) had precipi- 

ated by the end of the reaction. 

.4. Calorimetry 

High temperature oxide melt solution calorimetry was per- 

ormed using a custom-built twin calvet calorimeter held at 700 

C with molten sodium molybdate (3Na 2 O •4MoO 3 ) as the sol- 

ent. Approximately ≤ 7 mg of sample was pelletized and dropped 

nto the melt for each of multiple measurements. Oxygen gas was 

ushed above the solvent at 51.6 mL/min and bubbled through it 

t 5.9 mL/min. Flushing maintained a consistent atmosphere above 

he molten solvent, while bubbling through the solvent also stirred 

he melt and accelerated sample dissolution. The enthalpy of drops 

olution ( �H ds ) was calculated by integrating the measured heat 

ow over time. This value was then used to calculate the standard 

ormation enthalpy using appropriate thermochemical cycles. The 
3 
alorimeter was calibrated against heat content of bulk α-Al 2 O 3 

owder. 

. Results 

.1. Synthesis and characterization of α-U x Fe 2-x O 3 

XRD patterns reveal consistent production of crystalline 

ematite nanoparticles ( Fig. 1 ). Each diffraction peak matched 

hose of standard hematite [24] , with peak broadening character- 

stic of nanoscale crystals. Furthermore, diffraction patterns sug- 

est the absence of any uranium-bearing minerals in the acid- 

ashed powders, possibly reflecting homogeneous UO x distribu- 

ion and low total U content. Whole-pattern Rietveld refinement 

MDI Jade 6) of pristine powders suggested typical crystallite diam- 

ters of 25 – 95 nm (Figure A.5). Higher U content corresponded 

o lower crystallite size and elongation of the ‘ c’ cell parameter, 

hereas variations in the ‘ a’ parameter were minor (Figure A.5). 

TEM corroborated findings by XRD that synthesized materials 

ere single-phase crystalline nanoparticles, without any uranium- 

earing colloids or secondary iron oxide phases ( Fig. 2 ). The stark 

 contrast of U relative to Fe and O in HAADF micrographs re- 

ealed that U is well distributed throughout individual nanocrys- 

als, as well as along grain boundaries of aggregated nanoparti- 

les ( Fig. 2 b, d). Uranium was not concentrated along particle rims, 

uggesting surface-bound uranium species were desorbed, and ob- 

ervable U had been resistant to acid washing. Evenly distributed 

, as observed by EDS, further confirmed that uranium may ho- 

ogenously persist throughout, in addition to clustering along the 

rain boundaries (Figure A .1, A .2). Results from subsequent charac- 

erization were then attributable to incorporated uranium and not 

omplicated by external uranium-bearing species. 

.2. Uranium coordination and valence state 

Considering the phase purity of synthesized samples, we at- 

ribute our U XAS spectra of U 0.033 Fe 1.934 O 3 to species retained 

ithin hematite, as opposed to any potential goethite or surface 

ranyl that may otherwise have been present. EXAFS fits of U L III - 

dge spectra reveal that the axial oxygen bonds characteristic of 

ranyl are retained after hydrothermal induction into hematite, al- 

eit with minor elongation relative to those referenced in liebig- 

te [25] . This calculated uranyl-like bond length of 1.79 Å matches 
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Fig. 2. Brightfield (BF) and HAADF (HF) TEM micrographs of uranium largely collected along hematite grain boundaries (a, b) and uranium evenly distributed along lattice 

fringes (c, d). Lines and arrows are drawn to highlight U clustering (bright from Z contrast) along hematite boundaries (b). 
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U
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h

hat found by Ilton et al., and is considerably shorter than what 

as reported by Marshall et al. (1.87 Å) [ 19 , 21 ]. The four equato-

ial oxygen atoms are bound slightly longer than lengths seen for 

xygen atoms surrounding Fe sites ( Table 1 , �R), likely due to dif-

erences in oxidation state and the large size difference between 

 
6 + (0.870 Å) and Fe 3 + (0.785 Å) [26] . 
Table 1 

EXAFS fit results demonstrating uranium incorporation within U 0.033 Fe

U-path CN R ref ( ̊A) [ 24 , 25 ] R lit ( ̊A)[ 21 ] R ( ̊A) �R

O Axial 1.9 1.77(9) 1.87(2) 1.79(4) 0.0

O Equitorial-1 2.2 1.94(6) 2.07(2) 2.07(6) 0.1

O Equitorial-2 1.9 2.11(6) 2.23(3) 2.21(4) 0.0

Fe Edge 2.8 2.97(1) 3.11(2) 3.09(1) 0.1

Fe Corner-1 2.0 3.36(4) 3.45(6) 3.27(4) −0

Fe Corner-2 2.0 3.70(5) 4.01(6) 3.50(4) −0

Fe Cell2 1.0 3.98(6) – 4.11(5) 0.1

Fe Face – 2.90 2.87(3) – –

CN – coordination number 

R ref – reference atomic distances in minerals containing U (liebigite) a

R lit – atomic distances determined by Marshall et al. for U in hematite

R – atomic distance 

�R – difference from reference values 

σ 2 – Debye-Waller factor 

�E 0 – energy shift from U L III 
S0 2 – amplitude factor 

χ v 
2 – reduced χ square value 

R fit – goodness of fit. 

4 
EXAFS results reveal coordination of the U-O octahedra to mul- 

iple neighboring iron sites, which serves as evidence of structural 

ncorporation and occupation of Fe(III) sites within the hematite 

tructure ( Table 1 , Figs. 3 - 4 ). Uranium is bound into distorted

xygen octahedra, comparable to local environments of U 
6 + in 

ematite described by Marshall et al. [21] . U-O coordination be- 
 1.934 O 3 (t = 24 h, 180 °C), using a k-range of 3.0 – 12.2. 

 ( ̊A) σ 2 ( ̊A 2 ) �E 0 (eV) S0 2 χ v 
2 R fit 

1(5) 0.006(4) −3.0 ± 1.9 1 152.7 0.0195 

3(0) 0.010(1) 

9(8) 0.010(1) 

2(0) 0.006(9) 

.09(0) 0.007(2) 

.20(1) 0.010(7) 

2(9) 0.010(7) 

–

nd Fe (hematite) 
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Fig. 3. Uranium L III -edge EXAFS spectra (a) and Fourier transform (b) from U(VI)-incorporated hematite, U 0.033 Fe 1.934 O 3 . 

Fig. 4. Effects of U-Fe substitution on local coordination within hematite structure, 

as calculated from U L III EXAFS. Calculated distances are compared to literature re- 

sults in Table 1 . 
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t  
ween the studies agree, with two uranyl-like axial bonds and 

our hematite-like equatorial bonds. U-Fe shells are resolved up to 

.11 Å, most notably with the absence of the face-sharing (nearest 

eighboring; 2.90 Å) Fe shell. This finding is partially corroborated 

y AIMD calculations of vacancy configurations for U in hematite 

y McBriarty et al., where the single face-sharing vacancy results 

n the lowest energy structure [20] . However, this result conflicts 

ith conclusions by them and others that charge compensation is 

ccomplished by two opposing corner-sharing vacancies – despite 

eing the highest calculated energy (least favorable) configuration. 

Results from U L III XANES suggest uranium to be retained as 

ully oxidized U(VI). Resonance features comparable to existing U 

 III XANES spectra on hematite are visible around 17,187 eV and 

7,220 eV (Figure A.6) [19–21] . The higher energy feature (indica- 

ive of longer U—O equatorial bonds) is present in both U(IV) and 

(VI) spectra, while the visible lower energy feature (indicative of 

hort axial U = O bonds) is not present in U(IV) spectra [27] . 

.3. Stoichiometry – dehydration 

Quantifying the amount of hydration per unit of solid is needed 

o account for its contribution to calorimetric results. Drying at 

0 °C for over 12 h removes weakly physisorbed water. How- 

ver, the small size and corresponding high surface area result in 

onsiderable amounts of strongly chemisorbed water. These water 

olecules require additional energy from higher temperatures to 

etach from the nanoparticle surfaces. From TGA, this water con- 

ent ranges between 0.025 – 0.030 mol H 2 O/mol Fe 2 O 3 . Water- 

orrected enthalpy measurements ( �H ds-H2O, 700 °C ) are reported in 

able 2 . DSC curves consistently reveal the onset of an endother- 

ic event near 290 °C with no inflection in the TGA slope. This 
5 
nding suggests a structural change at elevated temperatures, pos- 

ibly due to aggregation of the nanoparticles while still slightly hy- 

rated. Representative TGA and DSC traces are shown in Figure A.4. 

.4. Stoichiometry - uranium remobilization and retention pathways 

Uranium concentrations within solid hematite samples were 

alculated from ICP-MS of acid-digested solids and are reported 

n Table 2 . A range of 1.1 – 3.7 mol% U was incorporated in our

amples, representing a 2 to 5-fold increase from 0.6 – 0.7 mol% 

 samples explored in previous studies [ 16 , 19–21 , 28 ] Additionally, 

he supernatant from five samples after hydrothermal treatment 

ere evaluated to confirm that negligible amounts of uranium and 

ron remained in solution. This finding shows that all the uranium 

nd iron had effectively been immobilized. Mass balance calcula- 

ions were then used with ICP-MS data to determine the amount 

f uranium that had been weakly adsorbed to precipitate surfaces, 

oprecipitated into acid-unstable ( < pH 2.5) solids, and strongly 

ncorporated within hematite particles (final product). 

The relative amounts of uranium partitioned to each pathway 

re shown as a function of initial uranyl concentration in Fig. 5 . 

CP-MS results reveal that uranium loading within hematite in- 

reased at higher uranyl concentrations. However, a smaller pro- 

ortion of total U(VI) becomes incorporated, with the remainder 

avorably adsorbing or coprecipitating outside of the hematite par- 

icles. With increasing uranyl concentrations, the immobilization 

athways by which hematite retains uranium shifted dramatically. 

hile all aqueous uranium was captured from each tested synthe- 

is condition, the most favorable route at lower uranyl concentra- 

ions was incorporation. Uranium incorporation became progres- 

ively more challenging to achieve with higher uranium concen- 

rations in solution. 

.5. Thermodynamic measurements 

The stoichiometry of chemisorbed water for each sample was 

easured by dehydration during TGA. To determine the for- 

ation enthalpies of the oxides themselves, hydration contri- 

utions needed to be removed. Fine-grained hematite has two 

tages and corresponding enthalpies of chemisorption to account 

or. Approximately 71% of total water is weakly chemisorbed 

 −25.5 ± 4.4 kJ/mol H 2 O), with the remaining 29% being more 

trongly chemisorbed ( −67.1 ± 4.9 kJ/ mol H 2 O) relative to weak 

dsorption of liquid bulk water [29] . Contributions from bulk wa- 

er de sorption is defined as 69.0 kJ/mol H O, which is the enthalpy
2 
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Table 2 

Measured and calculated thermodynamic properties for U x Fe 2–2x O 3 . �H °f,ox is calculated as standard formation enthalpy of the mixed oxide relative to 

the weighted values for α-Fe 2 O 3 and γ -UO 3 . 

x (mol U) n (mol H 2 O) [U 0 ] (mM) t rxn (hr) �H ds, 700 °C (kJ/mol) �H ds-H2O, 700 °C (kJ/mol) �H °f, el (kJ/mol) �H °f, ox (kJ/mol) 

0.000(0) 0.000 0.00 24 91.06 ± 0.88 91.06 ± 0.88 −821.63 ± 2.39 4.57 ± 1.83 

0.013(0) 0.417 0.28 24 99.47 ± 1.28 55.10 ± 1.92 −791.93 ± 2.30 39.41 ± 1.98 

0.015(3) 0.264 3.15 24 88.13 ± 1.08 60.00 ± 1.41 −797.97 ± 1.53 34.31 ± 1.50 

0.033(0) 0.488 5.25 24 90.86 ± 0.73 38.87 ± 1.83 −785.41 ± 2.16 53.92 ± 1.89 

0.011(5) 0.222 0.28 72 87.66 ± 1.32 63.96 ± 1.52 −800.07 ± 1.69 30.68 ± 1.60 

0.014(8) 0.228 0.46 72 89.11 ± 0.75 64.87 ± 1.08 −802.61 ± 1.09 29.48 ± 1.19 

0.024(1) 0.199 3.15 72 68.13 ± 1.19 46.95 ± 1.37 −789.19 ± 1.47 46.60 ± 1.46 

0.037(0) 0.219 5.25 72 38.87 ± 2.69 15.55 ± 2.79 −764.04 ± 3.74 76.88 ± 2.83 

n – excess water bound by chemisorption and physisorption. 

[U 0 ] – initial uranyl concentration. 

t txn – hydrothermal treatment time. 

�H ds, 700 °C – measured enthalpy of drop solution. 

�H ds-H2O, 700 °C – water-corrected enthalpy of drop solution. 

�H °f, el – standard formation enthalpy relative to constituent elements. 

�H °f, ox – standard formation enthalpy relative to binary oxides. 
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f heating liquid water at ambient temperature to form and re- 

ease water vapor in the oxide melt solution calorimeter at 700 

C [30] . The total dehydration energetics are subtracted from mea- 

ured oxide melt solution values ( �H ds ) at 700 °C. Water-corrected 

nthalpies are reported as �H ds-H2O, 700 °C and are used for subse- 
uent thermodynamic calculations. Enthalpies for the uranium-free 

ample were calculated using published data, where water content 

as already accounted for [ 31 , 32 ]. A summary of uranium concen-

rations and corresponding thermodynamic values is provided in 

able 2 . Enthalpic trends for different reaction times are shown as 

unctions of uranium concentrations in Fig. 6 . A lower maximum U 

oncentration and smaller thermodynamic penalty were observed 

or samples with shorter treatment times. The thermochemical cy- 

le and reactions used to calculate these values are outlined in 

able 3 . 

Decreased stability from high surface areas contributed to mea- 

ured calorimetric values of nanoparticles. Nanoscale α-Fe 2 O 3 has 

een reported to have a surface energy of 1.9 ± 0.3 J/m 
2 [31] . 

ET surface areas from analogous uranium-free powders averaged 

403 ± 13 m 
2 /mol and are assumed to be comparable to those for 

ranium-loaded samples. Our reference point for measured calori- 

etric values was a uranium-free hematite of comparable surface 

rea. In doing so, surface energetics of nanoparticles are removed 

rom enthalpy calculations relative to binary oxides [32] . 

Formation enthalpies with any amount of uranium indicate 

etastability relative to separate binary oxides ( α-Fe 2 O 3 and UO x ) 

 Table 2 , �H °f, ox ). With increasing uranium concentration, the en- 

(

Fig. 5. Effect of U 0 on uranium partitioning to immobilization pathways, based o

6 
rgetic stability of the composite oxide decreases relative those of 

ts binary oxide constituents. Relative to binary oxides, structural 

ncorporation increases (makes less exothermic) the formation en- 

halpy of the mixed oxide. 

. Discussion 

.1. Local u coordination 

Including the face-sharing shell significantly worsened the EX- 

FS fit in our study. Meanwhile, F-tests showed high confidence 

f its absence, as opposed to all other Fe shells being present 

including corner-sharing sites) with high confidence (Table A.1, 

.2) [35] . The Fe site 2.90 Å from the central atom is consistently 

bsent and we propose this serves as the charge compensation 

echanism for U(VI) occupying an Fe(III) site. This site was clos- 

st and most subject to strain from the adjacent U atom. Presum- 

bly, forming this vacant site alleviated the strain and distortion in- 

uced by U-Fe substitution. The innermost and outermost resolved 

-Fe shells expanded relative to reference hematite inter atomic 

istances, whereas the intermediate length sites contracted. 

Acquired EXAFS data partially agree with existing literature on 

ranium-incorporated hematite, in that uranium substitutes for Fe 

ithin the hematite structure. Differences in interpretations pri- 

arily revolve around U-Fe shells and vacancy formation. Earlier 

ork by Marshall et al. found the face-sharing site to be present 

ith a shorter U-Fe distance (2.87 Å) than its normal Fe-Fe length 

2.90 Å) [21] . Other U-Fe shells appear in agreement, although the 
n ICP-MS calculations and shown as fractions of total uranium in system. 
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Fig. 6. Formation enthalpy of uranium-incorporated α-Fe 2 O 3 in relation to constituent elements (U, F, O) (a), binary oxides (UO 2 , α-Fe 2 O 3 ) (b), binary oxides (U 3 O 8 , α-Fe 2 O 3 ) 

(c), binary oxides ( γ -UO 3 , α-Fe 2 O 3 ) (d). 
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utermost shell had not previously been resolved. Meanwhile, ab 

nitio guided EXAFS work by McBriarty et al. determined iron va- 

ancy formation at opposing corners (2C) from the central uranium 

ite [20] . This geometry fit best with their EXAFS data, despite be- 

ng the highest calculated energy configuration. In contrast, our 

esult of a single face-sharing vacancy (F) agrees with their low- 

st energy configuration. They report the 2C configuration to best 

t their EXAFS data, although comparisons were shown for 2C + F 

ather than F alone. Later studies by Ilton et al. found that vacan- 

ies at trans -corner and face-sharing sites may form [28] . It is pos-

ible that these conflicting conclusions are all valid. The specific 

oordination environment of U within hematite may be highly sen- 

itive to differences in synthesis and incorporation processes. 

Observed differences in local U coordination may result from 

 variety of experimental conditions. Our study used single-phase 

amples, which prevented convoluting our findings with those of 

oethite. Formation of the face-sharing vacancy configuration may 

e unique to hematite formation at elevated temperatures (e.g., 

80 °C), and it is unclear if the same may be observed at the lower

mbient temperatures seen in other studies. Our results indicate 

hat uranium enters and is stabilized within the hematite struc- 

ure, all while maintaining the uranyl-like coordination of the axial 

xygen bonds. Considering the similarities in EXAFS spectra among 

xisting literature, it may be presumed that our hydrothermal syn- 
7 
hesis conditions do not severely alter the coordination environ- 

ents from those resulting from ageing under ambient conditions. 

.2. Uranium partitioning 

Uranium may be well retained through two routes within 

ematite nanoparticles. As evidenced by TEM, uranium atoms may 

luster along the boundaries of hematite aggregates and along 

ematite lattice fringes ( Fig. 2 b). In addition, EXAFS interpreta- 

ions confirm uranium can occupy iron sites throughout the host 

tructure. Uranium immobilization pathways under hydrothermal 

onditions may vary depending on treatment duration and initial 

ranyl concentrations. Possibly more important in dictating con- 

entration of well-incorporated U is reaction time. Samples sub- 

ected to elevated temperatures for 24 h tended to result in lower 

 loadings (and lower formation enthalpies) than those held for 

2 h ( Table 2 , Fig. 6 ). These results may highlight the practical dif-

erences in incorporated uranium collection primarily along grain 

oundaries compared to homogeneous lattice substitution. 

We hypothesize the 24-h reaction time to favor formation of 

-Fe 2 O 3 with UO x clustering along its grain boundaries. Extending 

eaction times to 72 h is expected to result in increased U migra- 

ion kinetics and greater U-Fe substitution. The differences from 

reatment times in this study are speculated to result from kinetic 
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Table 3 

Thermochemical reactions used to calculate standard formation enthalpies. 

Reactions - Enthalpy of formation of U x F e 2 −2 x O 3 from elements and from oxides at 25 °C Enthalpy, �H (kJ/mol) References 

1 U x F e 2 −2 x O 3 ( s, 25 ◦C ) → ( 1 − x ) F e 2 O 3 ( sln, 700 ◦C ) + xU O 3 ( sln, 700 ◦C ) for 0 < x < 0 . 037 �H 1 = �H ds 
2 α − F e 2 O 3 ( s, 25 ◦C ) → F e 2 O 3 ( sln, 700 ◦C ) �H 2 = 91.06 ±0.88 ∗ (nano) [ 31 , 32 ] 

3a γ −U O 3 ( s, 25 ◦C ) → U O 3 ( sln, 700 ◦C ) �H 3 a = 9.49 ± 1.53 [33] 

3b 1 
3 
U 3 O 8 (s, 25 ◦C) + 

1 
6 
O 2 (g, 25 ◦C) → U O 3 ( sln , 700 ◦C) �H 3 b = 54.0 ± 6.4 [33] 

3c U O 2 (s, 25 ◦C) + 
1 
2 
O 2 (g, 25 ◦C) → U O 3 ( sln , 700 ◦C) �H 3 c = −140.4 ± 2.67 [33] 

4 2 F e (s, 25 ◦C) + 
3 
2 
O 2 (g, 25 ◦C) → α − F e 2 O 3 (s, 25 ◦C) �H 4 = −826.2 ± 1.3 [34] 

5 U (s, 25 ◦C) + 
3 
2 
O 2 (g, 25 ◦C) → γ −U O 3 (s, 25 ◦C) �H 5 = −1223.8 ± 0.8 [34] 

6a (1 − x ) F e 2 O 3 (s, 25 ◦C) + xU O 3 (s, 25 ◦C) → U x F e 2 −2 x O 3 (s, 25 ◦C) �H 6 a = �H f, ox 1 
6b (1 − x ) F e 2 O 3 (s, 25 ◦C) + 

x 
3 
U 3 O 8 (s, 25 ◦C) + 

x 
6 
O 2 (g, 25 ◦C) → U x F e 2 −2 x O 3 (s, 25 ◦C) �H 6 b = �H f, ox 2 

6c (1 − x ) F e 2 O 3 (s, 25 ◦C) + xU O 2 (s, 25 ◦C) + 
x 
2 
O 2 (g, 25 ◦C) → U x F e 2 −2 x O 3 (s, 25 ◦C) �H 6 c = �H f, ox 3 

7 xU (s, 25 ◦C) + (2 − 2 x ) F e (s, 25 ◦C) + 
3+ y 
2 

O 2 (g, 25 ◦C) → U x F e 2 −2 x O 3 (s, 25 ◦C) �H 7 = �H f,, el 

∗Corrected from bulk to nanoscale (2403 m 
2 /mol) with 4.57 kJ/mol surface energy. 

�H f, ox 1 = −�H 1 + ( 1 − x ) �H 2 + x �H 3 a . 

�H f, ox 2 = −�H 1 + ( 1 − x ) �H 2 + x �H 3 b . 

�H f, ox 3 = −�H 1 + ( 1 − x ) �H 2 + x �H 3 c . 

�H f, el = −�H 1 + ( 1 − x ) �H 2 + x �H 3 + ( 1 − x ) �H 4 + x �H 5 . 

for 0 < x < 0 . 037 . 
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imitations, where even 72 h may not have been long enough to 

each equilibrium in the vessel at 180 °C. The recent study by Ilton 
t al. [28] employed a combination of time-resolved HAADF-STEM 

nd AIMD to demonstrate the dynamics of uranium atoms within 

ematite nanoparticles. They showed U atoms to hop or diffuse 

cross vacancies in the hematite when energized by an electron 

eam or when simulated with increasing temperatures and simu- 

ation times. Their findings may be applicable to this study, where 

levated temperatures would enable U migration during and after 

ematite crystallization, while longer periods at elevated temper- 

tures provide more opportunities and greater distances for U to 

ravel. Extended hydrothermal treatment facilitates uranium mo- 

ilization throughout the iron oxide lattice. The kinetics of ura- 

ium immobilization by this technique may be elucidated in the 

uture by exploring lengthier time periods and a wider range of 

ydrothermal conditions. Such findings may help exploit and opti- 

ize iron oxide nanoparticles for capture and storage of aqueous 

ranium from solution. 

.3. Energetics of uranium incorporation 

We postulate that thermodynamic trends from this study are 

pplicable to similar cases in which uranium is well-retained 

ithin hematite nanoparticles. Less directly applicable are specific 

hermodynamic values at given uranium concentrations. For stud- 

es where higher-energy vacancy configurations are found (e.g., 

C), it is possible that the overall formation enthalpy is conse- 

uently shifted upwards (less stable/more metastable). 

At higher concentrations of well-retained uranium, the ener- 

etic stability of 24-h samples is greater (lower �H °f ) than that of 
2-h samples (higher �H °f ). In both cases, entropic contributions 
robably facilitate this incorporation behavior. However, the extent 

o which incorporation occurs is kinetically limited, as suggested 

y the 5.25 mM U(VI) starting solution retaining more U in the fi- 

al solid after 72 h (3.7 mol% U) rather than 24 h (3.3 mol% U). The

nthalpic differences resulting from varying hydrothermal treat- 

ent times also suggest that equilibrium had not been reached 

n these metastable oxides. As a result, entropy terms could not 

e calculated, and the roles of incorporation kinetics and entropic 

ontributions in the studied samples remain unclear. It may be 

elevant to consider that extended hydrothermal treatment times 

ypically allow nanoparticles to fully crystallize, aggregate, grow, 

nd ultimately stabilize [22] . If contaminated with aqueous uranyl 

pecies under such conditions, adsorbed uranium atoms are pro- 

ided the opportunity to favorably diffuse into the iron oxide lat- 

ice. We therefore hypothesize that accelerated diffusion kinetics 
8 
nd expansion of the host lattice under elevated synthesis temper- 

tures enable gradual uranium migration into Fe sites. 

Thermodynamic results reveal an interplay between maximiz- 

ng uranium concentration within hematite and maximizing ener- 

etic stability of the contained uranium. Such interplay is heavily 

ependent on synthesis conditions, which determine grain bound- 

ries/solid solutions with uranium oxides versus U Fe substitution 

hroughout nanoparticle lattices. Shorter treatment times appear 

o favor higher relative concentrations along interfaces. The struc- 

urally confined uranium in this scenario may come from limited 

mounts of uranium along ferrihydrite surfaces being trapped in 

lace during the aggregation and transformation of ferrihydrite to 

ematite. Meanwhile, extended hydrothermal treatment times ap- 

ear to facilitate higher incorporation. Uranium aggregates along 

rain boundaries are provided more time to diffuse within the 

ron oxide lattice and then remain trapped after cooling to ambi- 

nt temperature. Reported formation enthalpies represent the sta- 

ility of hematite with strongly bound uranium within its struc- 

ure. However, quantitative distinctions in stability between pure 

attice incorporation and pure grain boundary confinement cannot 

e made. Our findings suggest a lower energy cost and higher sta- 

ility with grain boundary confinement under circumneutral envi- 

onments, at the cost of increased uranium remobilization poten- 

ial under acidic conditions. 

. Conclusions 

Results from this project provide data essential for understand- 

ng the fate of uranium in geological disposal sites over extended 

imescales, and the transport of uranium in the environment. Iden- 

ifying the stability of structural incorporation suggests the feasi- 

ility of iron oxides for inhibiting the mobility of aqueous ura- 

ium(VI). Environmentally abundant iron-bearing minerals, and 

orrosion products from steel containment barriers for radioactive 

aste, may play a crucial role in inhibiting uranium species mo- 

ility upon eventual leaching into the environment. These insights, 

ncluding new thermodynamic data, will help guide the modeling 

nd improvement of safe and scalable radioactive waste disposal 

ractices and water remediation applications, which ultimately im- 

rove water safety for humans and surrounding ecosystems. 
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