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Abstract 

Iron oxides may reside in an abundance of environments where their chemical and physical 

properties may assist in combating repercussions of human industrialization. Uranium species, 

such as from leaked radiological waste repositories or from ore mine tailings, may easily mobilize 

and spread throughout their immediate aqueous environments. Readily present iron oxide 

nanoparticles may favorably adsorb these radiotoxic contaminants and limit the extent by which 

the actinide may spread by. They may further inhibit their mobility by trapping the atoms within 

their structures – a mechanism which we utilize and offer as a potential filtration and processing 

method. This dissertation aims to address the lack of thermodynamic data for uranium-

incorporated iron oxide polymorphs. Results from this work may assist in understanding the fate 

of uranium in geological disposal sites over extended timescales and the transport of uranium in 

the environment. These insights will help guide the improvement of safe and scalable radioactive 

waste practices and water remediation applications, which ultimately improve water safety for 

humans and surrounding ecosystems.  

Chapter 2 discusses the role that uranium incorporation plays on the structure and 

thermodynamic stability of hematite. The synthesis method for these samples addresses challenges 

present in existing literature, namely high uranium concentrations and largely reduced reaction 

times. Formation enthalpies relative to constituent U and Fe oxides become increasingly positive 

with increasing uranium content. Based on structural measurements and calculations, the described 

coprecipitation and accelerated hydrothermal treatment process produce UxFe2-2xO3 analogous to 

conventionally aged samples studied in previous literature.  

Chapter 3 expands this work to explore U-Fe interactions in conditions where goethite, rather 

than hematite, is the energetically favorable polymorph. This chapter provides an alternative 
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synthesis method for uranium incorporation into goethite, using strictly Fe(III) solutions as 

opposed to conventional mixtures of Fe(II) and Fe(III). Thermodynamic and structural studies 

were then employed to discern the stability of uranium incorporation, as well as the mechanism by 

which this occurs under previously unexplored aerobic synthesis conditions.  

Chapter 4 provides supplemental work by exploring kinetics and thermodynamics of aging 

synthetic ferrihydrite colloids. These metastable, poorly ordered nanoparticles gradually 

crystallize and transform into hematite. Measured calorimetric data were analyzed with existing 

data on ferrihydrites and nanosized goethite. Results highlight the time frame in which the 

formation enthalpy of 2-line ferrihydrite sharply drops, possibly indicative of the amorphous 

colloids beginning to crystallize and stabilize. Continued work may validate this hypothesis and 

elucidate the local atomistic behavior during this structural transition.  

Chapter 5 concludes with currenting findings, as well as future directions that this work may be 

taken to.  

Appendix A provides supporting information for uranium-incorporated hematite experiments. 

Appendix B provides supporting information for uranium-incorporated goethite experiments. 
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Chapter 1 

Introduction 

1.1 Uranium-Iron Oxide Interactions 

1.1.1 Nuclear Waste and the Environment 

Radioactive waste, such as spent uranium oxide fuel or processed waste sludge, must be safely 

stored in isolation for thousands of years. Nuclear waste from energy and weapons research in the 

20th century persist in a wide variety of chemical and physical compositions, each of which pose 

their own challenges for treatment and storage. The treatment and extraction processes used at 

nuclear research facilities in the United States throughout the years have varied. As a result, waste 

storage tanks may contain a variety of constituents that may continue to interact with the contained 

radionuclides.1–5 These processes were used to extract and reprocess useful transuranic elements 

from the waste. Unextracted portions would remain in the tank and are by no means harmless. 

Such tanks may also leak and dispense their contents to their immediate environments. Sludge 

waste stored at the U.S. DOE Hanford Site, in addition to uranyl(VI) complexes and precipitates, 

has been found to contain various iron-bearing phases, including hematite, goethite, ferrihydrite,  

and maghemite.5,6 Aqueous components of radioactive waste streams include dissolved metals, 

nitrates, sulfates, and phosphates.6–12 The amalgamation of constituents and variability in extreme 

conditions between storage tanks create complex consequences to radionuclide kinetics and 

thermodynamics. This represents just one category of waste streams where uranium and other 

radionuclides pose environmental and public health threats. These forms of waste may be 

processed in preparation for long term storage in geological repositories, which then pose new 

challenges and contamination risks.  
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The method of vitrifying transuranic waste and storing it underground may result in its eventual 

exposure and leaching into groundwater. The cementitious backfill material to be used in these 

settings may dissolve and produce highly basic conditions localized around the waste, which 

would drive forward corrosion of the vitrified waste.13,14 Additionally, higher concentrations of 

stored radioactive waste may increase the local temperature to 50 – 100 °C.15 This elevated 

temperature will accelerate corrosion processes and may dictate the favored crystallization of 

different iron oxide phases coming from the corrosion of steel.16  

1.1.2 Uranium Immobilization by Iron Oxides 

Research performed by Duff et al. experimentally demonstrated the ability for uranium to exist 

within the hematite crystal structure with the same coordination environment as that of the iron 

atom, in the form of coprecipitated uranium trioxide (γ-UO3).
17,18 The more distorted octahedra of 

uranium-coordinated hematite relative to conventional coordination may have been partially 

attributed to the larger ionic radius of U(VI) (0.72 – 0.80 Å) relative to Fe(III) (0.65 Å), as well as 

the possible charge compensation mechanism of an additional Fe(III) vacancy.19 This distortion 

may be reason for a limited saturation limit of uranium within the lattice, although that point has 

not yet been identified. 

Following the work by Duff et al., numerous studies have been performed to study adsorptive 

properties of nanoscale Fe(III) oxides, where the increased surface area facilitates increased 

uranium loadings.20,21 Continued crystallization of various iron oxides in the presence of uranium 

was shown to result in greater resistance against uranium loss and remobilization in carbonate 

solutions.22 Hydrous ferric oxides that have been allowed to crystallize with uranium for longer 

periods of time resulted in less uranium extracted back out, with the difference growing more 

pronounced at longer extraction times. As the iron oxide particles grow, adsorbed uranium is not 
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released back into the solution. This may be attributed to some uranium being trapped within the 

lattice as Ostwald ripening of the mineral occurs. Encasing the uranium within the structure 

protects it from direct contact with the solution that would otherwise remobilize it. 

Subsequent experimental studies with nanocrystalline iron oxides have demonstrated that they 

structurally incorporate U(VI) within mineral lattices, specifically within cation sites of iron 

oxides.23,24 Marshall et al. proposed a distinct difference in incorporated uranium compared to the 

mechanism proposed by Duff et al.23 Rather than forming a distinct uranium trioxide phase, 

Marshall et al. concluded that the uranium could instead occupy iron sites and bond with oxygen 

atoms in the distorted hematite octahedra. The different proposed uranium immobilization 

mechanisms may involve different degrees of energetics, resulting in different overall stabilities 

of the uranium-loaded iron oxide. While there does not yet appear to be wide consensus on the 

exact incorporation and charge balance mechanism of uranium into hematite or other Fe(III) 

oxides, it is possible to determine how thermodynamically stable these uranium-incorporated iron 

oxides are.  

Because iron oxides can be fine-grained and have large surface areas, uranium will also adsorb 

on these surfaces.3,25–27 The high adsorptive performance of iron oxides is made more attractive 

by their natural abundance and environmental benignity. Another consequence of higher surface 

area is a more pronounced effect of surface energy on formation enthalpy. Different iron oxide 

polymorphs have different surface energies, resulting in linear size dependencies of formation 

enthalpies that may cross over each other. As a result, it is possible for a phase that is metastable 

relative to another phase at the bulk scale to become the more favorable polymorph when 

comparing at higher specific surface areas. For example, goethite becomes energetically favorable 

relative to hematite at the nanoscale.28 Significant amounts of uranium incorporation within 
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different iron oxide lattice structures may affect surface energetics as well as bulk formation 

enthalpies.  

The readily present iron oxides, both from the local environment and from corroded steel 

enclosures, may play a significant role in inhibiting the mobility of escaped uranium. The 

competition between surface sorption and lattice incorporation is an important factor in 

determining uranium retention. Understanding the energetic driving forces behind lattice 

incorporation and surface sorption is imperative. Determination of its energetics will assist in 

understanding the role of these materials in retarding U(VI) mobility over the course of millennia. 

1.2 Dissertation Objectives 

Now that studies have confirmed the ability of hematite to incorporate uranium atoms within 

its structure, questions that come to mind are how much incorporation can occur, and how stable 

this immobilized material is. Synthesis of hematite nanoparticles is thoroughly detailed in 

literature, including in the presence of uranium. However, there is still a lack of thermodynamic 

data to supplement current knowledge on this system. Without such data, it remains unknown 

whether uranium may favorably escape from the structure and remobilize over time. Upon 

completion of thermodynamic measurements and calculations for hematite with varying amounts 

of uranium incorporation, the research project will expand with the synthesis of other uranium-

loaded Fe(III) oxides.  

Results from this project will provide data essential for understanding the fate of uranium in 

geological disposal sites over extended timescales and the transport of uranium in the environment. 

Identifying the stability of structural incorporation, or lack thereof, will indicate the feasibility of 

iron oxides inhibiting the mobility of leached uranium. These insights will help guide the 
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improvement of safe and scalable radioactive waste practices and water remediation applications, 

which ultimately improve water safety for humans and surrounding ecosystems. 

1.2.1 Hydrothermal Synthesis of U-Fe Oxides 

Early experimental studies of uranium adsorption onto iron oxides were done by aging a 

mixture of hematite and goethite at 25°C for up to 3 years.29 In 2002, Duff et. al. accelerated to the 

aging process down to one month by coprecipitating the uranium-iron oxide at 60°C but retains 

the inability to consistently produce a single iron oxide phase.18 Different iron oxides may have 

different adsorption affinities and cation incorporation mechanisms. The abundance of dimensions 

convolute uranium incorporation data where more than a single phase is present. This synthesis 

route has continued to be followed in recent years.  

Here, we instead hydrothermally synthesize uranium-incorporated hematite. Chemicals and 

conditions for synthesis are adapted from published works on hydrothermal synthesis of bare iron 

oxide nanoparticles and on coprecipitation of uranium polymorphs such as hematite and 

goethite.23,30 One primary advantage over conventional coprecipitation methods is the ability to 

establish conditions conducive towards only a single polymorph is thermodynamically driven to 

crystallize. The second advantage and motivation behind this method is reduced reaction times. 

Syntheses commonly range from 24 to 72 hours rather than the weeks, months, or even years of 

conventional aging. Synthesizing iron oxides without the presence of secondary polymorphs is 

essential for accurately attributing calorimetric measurements to its respective polymorph. The 

drastic reduction in synthesis time makes modifying conditions for different uranium loadings and 

particle sizes more practical. Doing so may better represent possible amounts of uranium 

immobilization that may occur under geological waste storage conditions.  
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1.2.2 Thermodynamic Perspective 

High temperature oxide melt solution calorimetry will be employed to characterize the 

thermodynamic properties of synthesized uranium-bearing iron oxides. A custom-built Tian-

Calvet calorimeter is used to measure the dissolution enthalpy of each sample within molten oxide 

solvents at 700-800 °C.31–33 This form of calorimetry is capable of dissolving highly stable 

minerals, and an extensive collection of iron-bearing and uranium-bearing minerals have 

previously been measured using this technique.34–39 Thermochemical cycles combine measured 

and published calorimetric data to calculate formation enthalpies of the mixed U-Fe oxides at 

ambient temperature. These formation enthalpies are obtained for varying amounts of uranium 

incorporation, such that the enthalpies may be plotted as a function of uranium to observe a trend 

in stability.  

It is hypothesized that the formation enthalpy of iron oxides will change as a function of 

uranium concentration within the lattice. Formation enthalpies of the uranium-incorporated iron 

oxides will be compared to calculated formation enthalpies of proportional amounts of constituent 

elements or binary oxides. This comparison will determine whether incorporation results in 

stabilities representative of proportional sums of their respective oxides, or whether special 

interactions are significantly altering its stability.  
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Chapter 2 

Synthesis and Thermodynamics of Uranium-Incorporated α-Fe2O3 Nanoparticles 

2.1 Abstract 

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 naturally occurring, extended aging processes. This work 

provides and validates an accelerated method of synthesizing uranium-immobilized iron oxide 

nanoparticles for further mechanistic studies. High temperature 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 UxFe2-2xO3 were as high as 68.67 ± 3.13 

kJ/mol relative to their binary oxides, or -772.26 ± 3.49 kJ/mol relative to their constituent 

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. 

2.2 Introduction 

Uranium (U), in the form of uranyl ions (UO2
2+), can be  present as a radiological contaminant 

in surface and surface environmental systems  (e.g., groundwater). Typical sources include coal 

power plant  emissions, leachate from uranium ore mining, and degraded radioactive waste from 

both military and civilian sources, all of which pose potential contamination risks to local ecology 
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and water sources for human consumption.1 Exposure to this persistent, mobile toxin has been 

found to induce long-lasting detrimental effects to humans.2,3  Legacy radioactive waste storage 

facilities at sites across the world, e.g., the U.S. DOE Hanford site, have exceeded their planned 

life expectancy and have been shown to leak into their surrounding environment.4,5 An approach 

for legacy and modern high-level wastes (HLW) and Intermediate-level wastes (ILW) is 

solidification with inert species (e.g., vitrification)  and storage within steel containers, where the 

radioactive elements will decay over timescales of hundreds of years to millennia.5,6 Multiple 

layers of containment further protect this solidified waste from external perturbations, although 

self-induced and environmentally-driven corrosion and eventual leakage remain a challenge and a 

risk.5–8  It is imperative that said waste remains unperturbed for millennia (e.g., within a geological 

storage facility), allowing the contained radioisotopes to decay. 

Engineered materials, such as steel linings used to contain radioactive waste, may gradually 

corrode, and transform to environmentally ubiquitous and stable iron oxides (e.g., hematite and 

goethite). Depending on environmental conditions, a variety of iron oxide and oxyhydroxide 

polymorphs can form.9 Hematite (α-Fe2O3) is stable in a wide range of geologic conditions. 

Hematite nanoparticles have been shown to be highly effective at adsorbing aqueous heavy metals 

and actinides.10–13 Its high adsorptive performance enables its effectiveness in water remediation 

against toxic heavy metal ions. It has been well-established that aqueous uranium may become 

immobilized by iron oxide polymorphs by a combination of adsorption on the surface and 

incorporation within the structure of these nanoparticles.14–16 While surface sorption may be 

effective in retarding of aqueous uranium migration in the sub surface, changes in surrounding 

environment (e.g., pH) or favorable adsorption of competing species may remobilize uranium.17 

Kinetic and structural studies have demonstrated additional pathways where uranium is more 
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strongly retained within the rhombohedral structure of α-Fe2O3.
10,16,18–20 Understanding this 

behavior is paramount to understand the role and significance of iron oxides immobilizing 

radionuclide leachate in future geological disposal environments, as well as the efficacy of iron 

oxides  as a long-term capture and storage medium for uranium from contaminated effluents. 

The ability of α-Fe2O3 to structurally incorporate uranium, rather than only surface adsorb, 

provides a promising secondary uranium immobilization pathway. The coordination environment 

of the more strongly restrained uranium has been studied for a variety of iron oxide polymorphs 

prevalent in differing environmental conditions. Research has generally shown hematite to 

incorporate U within its Fe sites during its transformation from colloidal ferrihydrite, where U is 

surrounded by distorted O octahedra and neighboring Fe sites.16,19–21 However, it is not yet 

understood how stability (thermodynamic and/or kinetic) scales with incorporation capacity within 

each polymorph. Conflicting interpretations from such studies propose different charge 

compensation schemes point to different proposed local Fe vacancy configurations. The 

differences in potential energy of each configuration have been calculated, but experimental 

findings have not necessarily agreed with the lowest energy configurations. For example, a trans-

corner Fe vacancy configuration surrounding U sites has been proposed, despite having a 112 

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

configurations.22 These localized energy calculations do not necessarily scale or represent the 

energetics of the bulk oxide, and data on the formation enthalpy of U-incorporated iron oxides is 

not yet known. Collecting such measurements will reveal the thermodynamic consequences of  

incorporation as a function of U content within the solid. The ability to retain the captured actinide 

under geological time scales relevant to radioactive waste storage requires further research. 
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Our key objective is to explore the effects of uranium incorporation on the thermodynamic 

stability of hematite. We describe herein, the hydrothermal synthesis of hematite nanoparticles 

from precursor Fe(III) and U(VI) salts, defined as α-UxFe2-2xO3. . Extended X-ray absorption fine 

structure (EXAFS) was performed to explore local U coordination to validate structural 

incorporation and describe local U coordination. The effect of this structural incorporation on 

standard formation enthalpies of single-phase samples was measured using high temperature oxide 

melt solution calorimetry. Determining their formation enthalpies relative to mixtures of iron and 

uranium oxides may constrain stability of uranium retention over geologic timescales. These 

complementary techniques provide insight to the stability and effectiveness of iron oxides for 

radionuclide immobilization. Results from this research provide new perspectives on the 

effectiveness of iron oxides under environmental and engineered conditions to sequester uranium.  

2.3 Experimental Methods 

2.3.1 Synthesis 

Synthesis of uranium-incorporated hematite (α-UxFe2-2xO3) has been achieved by mixing 

Fe(NO3)3∙9H2O (Sigma-Aldrich, ACS Reagent ≥ 98 %) and UO2(NO3)2∙9H2O (JT Baker, ‘Baker 

Analyzed’ Reagent) in 18.2 MΩ∙cm deionized water. A total of 7 uranium-loaded samples were 

synthesized for calorimetric measurements. Uranyl concentrations ranged from  0.28 – 5.25 mM, 

while maintaining Fe(III) at 41 mM. 5 N NaOH (Fisher Scientific, Certified ACS) was used to 

titrate the acidic solution up to pH 7 ~ 9 while stirring at room temperature. Formation of colloidal 

ferrihydrite was observed around pH 5.6, at which point the precipitate was expected to favorably 

adsorb the uranyl species. 

Hydrothermal treatment was used to accelerate the full transformation from ferrihydrite to 

hematite, preventing secondary phases (e.g., goethite, α-FeOOH) from otherwise forming.9 120 
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mL of the colloidal suspension was transferred to a 200 mL Teflon-lined hydrothermal vessel from 

Parr Instrument Co. The vessel was then sealed and placed into an oven at 180 °C for 24 to 72 

hours, followed by gradual cooling in air.  

The product was fully transformed into α-Fe2O3 and was collected at the bottom of the vessel. 

Aliquots of the supernatant were preserved for elemental concentration analysis, which was used 

to determine uranyl concentration in solution after synthesis. The precipitate was washed multiple 

times with DI water while agitating to remove residual salts, followed by centrifugation to collect 

the nanoparticles. The reaction for producing the final product is reported as Eqn. 2.1: 

𝒙(𝑼𝑶𝟐)
𝟐+
(𝒂𝒒)

+ (𝟐 − 𝟐𝒙)𝑭𝒆𝟑+
(𝒂𝒒)

+ (𝟑 − 𝟐𝒙)𝑯𝟐𝑶(𝒍)
𝟏𝟖𝟎 °𝑪
→    𝑼𝒙𝑭𝒆𝟐−𝟐𝒙𝑶𝟑(𝒔) + (𝟔 − 𝟒𝒙)𝑯

+
(𝒂𝒒)

 (2.1) 

This study focused on the stability of uranium well-immobilized within hematite particles, 

absent of surface-bound uranyl and colloidal uranium-containing impurities. Additional washing 

steps using a solution of HCl below pH 2.5 were performed to achieve this, removing weakly 

retained uranium (e.g., surface adsorbed).23,24 Subsequent water washes were performed to clean 

and neutralize the product. Sample was then dispersed in ethanol and dried in air at 80 °C 

overnight. 

2.3.2 Structural and Electronic Characterization 

Identification of the desired iron oxide phase, and the absence of undesired secondary phases, 

is imperative for properly analyzing calorimetric data. Powder X-ray diffraction (PXRD) of the 

final product 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, as well assess uranium distribution within the iron oxide crystallites.19 Imaging was 

performed using a JEOL 2100F at 200kV and FEI Tecnai F30 at 300 kV, both in STEM mode. 
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Samples were prepared by dispersing and sonicating powders in IPA and drop-cast onto carbon-

backed Cu mesh grids. The grids were then baked out overnight at 80 °C and plasma-cleaned prior 

to imaging. 

The coordination environments of uranium retained within hematite were determined by X-ray 

absorption spectroscopy (XAS) data of U spectra. Uranium LIII-edge (17.1663 keV) spectra were 

collected on beamline B-18, Diamond Light Source (DLS), under liquid nitrogen in fluorescence 

mode. Individual scans were calibrated with inline yttrium foil reference spectra, then merged to 

maximize the signal-to-noise ratio for the sample.  

2.3.3 Stoichiometry Determination 

Thermogravimetric analysis (TGA) was performed in parallel with differential scanning 

calorimetry (DSC) using a Setaram Labsys Evo. Powders were pressed into pellets of 10-20mg 

and placed in a 100 µL platinum crucible. Samples were heated from 25 to ≥ 800 °C at 10 °C/min 

while flushing the chamber with O2. TGA quantified the amount of water adsorbed onto U-

hematite particles. DSC data showed heat effects from dehydration and screened for other potential 

reactions induced by heating. A suitable drying temperature was selected based on these data. 

Uranium-free hematite analogues were then degassed under rough vacuum at 250 °C for 24 hours. 

Surface areas of these analogues were determined using Brunauer-Emmett-Teller (BET) N2 

adsorption (Micromeritics Gemini VII 2390). Surface areas of U-free powders analogous to U-

loaded samples averaged 15.05 ± 0.08 m2/g, or 2403.30 ± 13.20 m2/mol. Solid samples were 

digested in 5 N HCl at 90 °C then diluted to 2 % HCl for inductively coupled plasma mass 

spectrometry (ICP-MS) analysis. Molar ratios of each element were then used to calculate the U/Fe 

stoichiometry of anhydrous product, defined as α-UxFe2-xO3.  
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The differences in uranium content between the starting amount, amount remaining in solution 

after synthesis, and amount retained in the collected final product, were then used to calculate the 

amount of uranium lost to the successive washing and acid-leaching procedures. Lost uranium 

here is considered a combination of uranyl species adsorbed to hematite surfaces, poorly 

crystalline uranium-containing colloids, and losses from repeated washing and centrifugation 

steps. At the same time, Fe concentrations validated that all the introduced Fe(III) had precipitated 

by the end of the reaction.  

2.3.4 Calorimetry 

High temperature oxide melt solution calorimetry was performed using a custom-built twin 

calvet calorimeter held at 700 °C with molten sodium molybdate (3Na2O∙4MoO3) as the solvent. 

Approximately  ≤ 7 mg of sample was pelletized and dropped into the melt for each of multiple 

measurements. Oxygen gas was flushed above the solvent at 51.6 mL/min and bubbled through it 

at 5.9 mL/min. Doing so maintained a consistent atmosphere above the molten solvent, while also 

mechanically mixing and accelerating dissolution of samples. The enthalpy of dissolution (ΔHds) 

was calculated by integrating the measured heat flow from dissolving the powder over time. This 

value was then used to calculate the standard formation enthalpy of the material. Measurements 

with the calorimeter were calibrated against bulk α-Al2O3 powder, which yield heat effects of 

comparable magnitude. 

2.4 Results and Discussion 

2.4.1 Synthesis and Characterization of α-UxFe2-xO3 

XRD patterns reveal consistent production of crystalline hematite nanoparticles (Figure 2.1). 

Each diffraction peak matched those of standard hematite,25 with diffraction peak-broadening 

characteristic of nanoscale crystals. Furthermore, diffraction patterns suggest the absence of any 
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uranium-bearing minerals in the acid-washed powders, possibly resulting from homogeneous UOx 

distribution and low total U content. Whole-pattern Rietveld refinement (MDI Jade 6) of pristine 

powders suggested typical crystallite diameters of 25 – 90 nm.  

 

Figure 2.1 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). 

TEM corroborated findings by XRD that synthesized materials were single-phase crystalline 

nanoparticles, without any uranium-bearing colloids or secondary iron oxide phases (Figure 2.2). 

The stark Z contrast of U relative to Fe and O in HAADF micrographs revealed that U is well 

distributed throughout individual nanocrystals, as well as along grain boundaries of aggregated 

nanoparticles (Figure 2.2). Uranium was not concentrated along particle circumferences, 

suggesting surface-bound uranium species were desorbed, and observable U had been recalcitrant 

to acid washing. Evenly distributed U, as observed by EDS, further validated the hypothesis that 

uranium may homogenously persist throughout – in addition to clustering along the grain 

boundaries (Appendix A, Figure SI-1, SI-2). Results from subsequent characterization were then 

attributable to incorporated uranium and not convoluted by external uranium-bearing species. 
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Figure 2.2 Brightfield (BF) and HAADF (DF) TEM micrographs of uranium largely collected along hematite grain 

boundaries (a, b) and uranium evenly distributed along lattice fringes (c, d). 

2.4.2 Uranium Coordination 

Considering the phase purity of synthesized samples, we attribute our U-O spectra of 

U0.033Fe1.934O3 to those retained within hematite, as opposed to any potential goethite or surface 

uranyl that may otherwise have been present. EXAFS fits of U LIII-edge spectra reveal that the 

axial oxygen bonds characteristic of uranyl is retained after hydrothermal induction into hematite, 

albeit with minor elongation relative to those referenced in liebigite.26 This calculated uranyl-like 

length of 1.79 Å matches that found by Ilton et al., and is considerably shorter than what was 

reported by Marshall et al. (1.87 Å).19,21 The four equatorial oxygen atoms are bound slightly 
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longer than lengths seen within standard oxygen atoms surrounding Fe sites (Table 1, ΔR), likely 

due to the large size difference of U6+ (0.870 Å) compared to Fe3+ (0.785 Å).27  

 

Figure 2.3 Uranium LIII-edge EXAFS spectra (a) and Fourier transform (b) from U(VI)-incorporated hematite, 

U0.033Fe1.934O3. 

 

Table 2.1 EXAFS fit results demonstrating uranium incorporation within U0.033Fe1.934O3 (t = 24 hours, 180 °C), using 

a k-range of 3.0 – 12.2.  

U-path CN Rref (Å)[24,26] Rlit (Å)21
 R (Å) ΔR (Å) σ2 (Å2) ΔE0 (eV) S02 χv

2 Rfit 

OAxial 1.9 1.77(9) 1.87(2) 1.79(4) 0.01(5) 0.006(4) -3.0 ± 1.9 1 152.7 0.0195 

OEquitorial-1 2.2 1.94(6) 2.07(2) 2.07(6) 0.13(0) 0.010(1)     

OEquitorial-2 1.9 2.11(6) 2.23(3) 2.21(4) 0.09(8) 0.010(1)     

FeEdge 2.8 2.97(1) 3.11(2) 3.09(1) 0.12(0) 0.006(9)     

FeCorner-1 2.0 3.36(4) 3.45(6) 3.27(4) -0.09(0) 0.007(2)     

FeCorner-2 2.0 3.70(5) 4.01(6) 3.50(4) -0.20(1) 0.010(7)     

FeCell2 1.0 3.98(6) -- 4.11(5) 0.12(9) 0.010(7)     

FeFace -- 2.90 2.87(3) -- -- --     

 CN – coordination number 
R – atomic distance 
ΔR – difference from reference values 
σ2 – Debye-Waller factor 
ΔE0 – energy shift from U LIII 
S02 – amplitude factor 
χv

2 – reduced χ square value 
Rfit – goodness of fit 
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EXAFS results reveal coordination to multiple neighboring iron sites, which serves as evidence 

of structural incorporation and occupation of iron sites within the hematite lattice (Figures 2.3-

2.4, Table 2.1). U-Fe shells were resolved up to 4.11 Å, most notably with the absence of the face-

sharing (nearest neighboring; 2.90 Å) Fe shell. This finding is partially corroborated by AIMD 

calculations of vacancy configurations for U in hematite by McBriarty et al., where the single face-

sharing vacancy results in the lowest energy structure.22 However, this conflicts with conclusions 

by  them and others that charge compensation is accomplished by two opposing corner-sharing 

vacancies – despite being the highest calculated energy (least favorable) configuration.  

 

Figure 2.4 Effects of U-Fe substitution on local coordination within hematite structure, as calculated from U LIII 

EXAFS. Calculated distances are compared to literature results in Table 2.1. 

 

Acquired EXAFS data partially agree with existing literature on uranium-incorporated 

hematite, in that uranium substitutes for Fe within the hematite structure. Differences in 

interpretations primarily revolve around U-Fe shells and vacancy formation. An earlier study by 

Marshall et al. found the face-sharing site to be present and with a shorter U-Fe distance (2.87 Å) 

than its standard Fe-Fe length (2.90 Å).21 Other U-Fe shells appear in agreement, although the 
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outermost shell had not previously been resolved. U-O coordination between the two studies agree, 

with two uranyl-like axial bonds and 4 hematite-like equatorial bonds. Meanwhile, ab initio-guided 

EXAFS work by McBriarty et al. determined iron vacancy formation at opposing corners (2C) 

from the central uranium site.20 This fit best with their EXAFS data, despite being the highest 

calculated energy configuration. By contrast, our result of a single face-sharing vacancy (F) agrees 

with their lowest energy configuration. They report the 2C configuration to best fit their EXAFS 

data, although comparisons were shown for 2C+F rather than F alone. Later studies by Ilton et al. 

found that vacancies at trans-corner and face-sharing sites may form.28 It is possible that these 

conflicting conclusions are all valid. The specific coordination environment of U within hematite 

may be highly sensitive to differences in environmental conditions and incorporation processes. 

 Including the face-sharing shell significantly worsened the EXAFS fit in our study. Meanwhile, 

F-tests showed high confidence of its absence, as opposed to all other Fe shells being present 

(including corner-sharing sites) with high confidence (Appendix A, Table SI-1, SI-2).29 The Fe 

site 2.90 Å from the central atom is consistently absent and serves as the charge compensation 

mechanism for U(VI) occupying an Fe(III) site. This site was closest and most subject to strain 

from the adjacent U atom. Presumably, forming this vacant site alleviated the strain and distortion 

induced by U-Fe substitution. The innermost and outermost resolved U-Fe shells expanded relative 

to reference hematite bond lengths, whereas the intermediate length sites contracted.  

Observed differences in local U coordination may result from a variety of experimental 

conditions. Our study used single-phase samples, which prevented convoluting our findings with 

those of goethite. Formation of the face-sharing vacancy configuration may be unique to hematite 

formation at elevated temperatures (e.g., 180 °C), and it is unclear if the same may be observed at 

the lower temperatures seen in other studies. Our results indicate that uranium enters and is 
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stabilized within the hematite structure, all while maintaining the uranyl-like coordination of the 

axial oxygen bonds. Uranium was bound into distorted oxygen octahedra, comparable to local 

environments of U6+ in hematite such as described by Marshall et al.21 Considering the similarities 

in EXAFS spectra among existing literature, it may be presumed that our hydrothermal synthesis 

conditions do not severely alter the coordination environments from those resulting from ageing 

under ambient conditions.  

We postulate that thermodynamic trends from this study is applicable to similar structural 

studies in which uranium is well-retained within hematite nanoparticles. Less directly applicable 

are specific thermodynamic values at given uranium concentrations. For studies where higher-

energy vacancy configurations are found (e.g., 2C), it is possible that the overall formation 

enthalpy is consequently shifted upwards (less stable/more metastable). However, the significance 

of this potential difference is unknown. Results on the energetics of these samples are discussed 

further below.  

2.4.3 Stoichiometry - Dehydration 

Quantifying the extent of hydration per unit of solid is needed to account for its contribution to 

calorimetric results. Water-corrected enthalpy measurements (ΔHds-H2O, 700 °C) are reported in 

Table 2.2. Representative TGA and DSC traces are shown in Appendix A, Figure SI-4. Despite 

having been dried at 80 °C for over 12 hours, the small particle size and corresponding high surface 

area are able to retain considerable amounts of water. Water content from TGA ranged between 

0.025 – 0.030 mol H2O/mol Fe2O3. Most water was released around 100 °C, while the more 

strongly chemisorbed water required higher temperatures to detach from the nanoparticle surfaces. 

DSC curves consistently revealed the onset of an endothermic trend near 290 °C with no inflection 
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in the TGA slope. This finding suggests only a structural change at elevated temperatures, possibly 

due to aggregation of the nanoparticles when still slightly hydrated.  

2.4.4 Stoichiometry - Uranium Remobilization and Retention Pathways 

Uranium concentrations within solid hematite samples were calculated from ICP-MS of acid-

digested solids and are reported in Table 2.2. A range of 1.1 – 3.7 mol % U was incorporated in 

our samples, representing a 2 to 5-fold increase from 0.6 – 0.7 mol % U samples explored in 

previous studies.16,19,21,22,28 Additionally, the supernatant from five samples after hydrothermal 

treatment were evaluated to confirm that negligible amounts of uranium and iron remained in 

solution. This finding shows that all the uranium and iron had effectively been immobilized. Mass 

balance calculations were then used with ICP-MS data to determine the amount of uranium that 

had been weakly adsorbed to precipitate surfaces, coprecipitated into acid-unstable (< pH 2.5) 

solids, and strongly incorporated within hematite particles (final product). The relative amounts of 

uranium partitioned to each pathway are shown as a function of initial uranyl concentration in 

Figure 2.5. ICP-MS results also revealed that uranium loading within hematite increased at higher 

uranyl concentrations. However, a smaller proportion of total U(VI) becomes incorporated, with 

the remainder favorably adsorbing or coprecipitating outside of the hematite particles. 

Uranium immobilization pathways under hydrothermal conditions may vary depending on 

treatment duration and initial uranyl concentrations. A smaller thermodynamic penalty (further 

discussed below) was observed for samples with shorter treatment times (Figure 2.6). This is 

speculated to result from kinetic limitations, where even 72 hours may not have been long enough 

to reach equilibrium in the vessel at 180 °C. Extended hydrothermal treatment facilitates uranium 

mobilization throughout the iron oxide lattice, though at an appreciable energetic penalty. The 

kinetics of uranium immobilization by this technique may be elucidated by exploring lengthier 
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time periods and a wider range of hydrothermal conditions. This finding may shed light towards 

exploiting and optimizing iron oxide nanoparticles for capture and storage of aqueous uranium 

leachate. 

 

Figure 2.5 Effect of U0 on uranium partitioning to immobilization pathways, based on ICP-MS calculations and shown 

as fractions of total uranium in system. 

 

The relative favorability of each retention pathway may be seen in Figure 2.5. With increasing 

uranyl concentrations, the immobilization pathways by which hematite retains uranium would shift 

dramatically. While all aqueous uranium was captured from each tested synthesis condition, the 

most favorable route at lower uranyl concentrations was incorporation. Uranium incorporation 

became progressively more challenging to achieve with higher uranium concentrations in solution. 



25 

Possibly more important in dictating concentration of well-incorporated U is reaction time. 

Samples subjected to elevated temperatures for 24 hours tended to result in lower U loadings than 

those held for 72 hours (Table 2.2, Figure 2.6). This is hypothesized to highlight the practical 

differences in incorporated uranium collection primarily along grain boundaries compared to 

homogeneous lattice substitution.  

2.4.5 Energetics of Uranium Incorporation 

To determine the formation enthalpies of the oxides themselves, hydration contributions needed 

to be removed. As determined by TGA, each sample retained quantified amounts of adsorbed 

water. Bulk water contributions at 700 °C were approximated as 69.0 kJ/mol H2O and subtracted 

from measured values.30 Water corrected measurements were reported as ΔHds and used for 

subsequent thermodynamic calculations. A summary of uranium concentrations and 

corresponding thermodynamic values are provided in Table 2.2. 

Decreased stability from high surface areas contributed to measured calorimetric values of 

nanoparticles. Nanoscale α-Fe2O3 has been reported to have a surface energy of 1.9 ± 0.3 J/m2.31 

BET surface areas from analogous uranium-free powders averaged 2403.3 ± 13.2 m2/mol and are 

assumed to be comparable to those for uranium-loaded samples. Our reference point for measured 

calorimetric values was a uranium-free hematite of comparable surface area. In doing so, surface 

energetics of nanoparticles are removed from enthalpy calculations relative to binary oxides.32 
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Table 2.2 Measured and calculated thermodynamic properties for UxFe2-2xO3. ΔH°f,ox is calculated as standard 

formation enthalpy of the mixed oxide relative to the weighted values for α-Fe2O3 and γ-UO3. 

x (mol U) 
n  

(mol H2O) 
[U0] 

(mM) 

trxn 
(hr) 

ΔHds, 700 °C 

(kJ/mol) 
ΔHds-H2O, 700 °C 

(kJ/mol) 
ΔH°f,el 

(kJ/mol) 
ΔH°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 70.74 ± 1.28 -807.57 ± 2.56 23.77 ± 2.06 

0.015(3) 0.264 3.15 24 88.13 ± 1.08 69.92 ± 1.08 -807.88 ± 2.47 24.40 ± 1.94 

0.033(0) 0.488 5.25 24 90.86 ± 0.73 57.19 ± 0.73 -803.73 ± 2.34 35.59 ± 1.77 

0.011(5) 0.222 0.28 72 87.66 ± 1.32 72.32 ± 1.32 -808.43 ± 2.58 22.33 ± 2.08 

0.014(8) 0.228 0.46 72 89.11 ± 0.75 73.42 ± 0.75 -811.16 ± 2.34 20.94 ± 1.78 

0.024(1) 0.199 3.15 72 68.13 ± 1.19 54.41 ± 1.19 -796.66 ± 2.52 39.14 ± 2.00 

0.037(0) 0.219 5.25 72 38.87 ± 2.69 23.77± 2.69 -772.26 ± 3.49 68.67 ± 3.13 

n – excess water bound by chemisorption and physisorption 
[U0] – initial uranyl concentration 
ttxn – hydrothermal treatment time 
ΔHds, 700°C – measured enthalpy of drop solution 
ΔHds-H2O, 700°C – water-corrected enthalpy of drop solution 
ΔH°f,el – standard formation enthalpy relative to constituent elements 
ΔH°f,ox – standard formation enthalpy relative to binary oxides 

 

Formation enthalpies with any amount of uranium indicate metastability relative to separate 

binary oxides (α-Fe2O3 and UOx) (Table 2.2, ΔH°f,ox).  With increasing uranium concentration, 

the energetic stability of the composite oxide decreases relative those of its binary oxide 

constituents. Relative to binary oxides, structural incorporation increases (makes less exothermic) 

the formation enthalpy of the mixed oxide. At the higher concentrations of well-retained uranium, 

the overall energetic stability of 24-hour samples is greater than that of 72-hour samples. In both 

cases, entropic contributions facilitate this incorporation behavior. Meanwhile, the extent to which 

incorporation occurs is kinetically limited, as suggested by the 5.25 mM U(VI) starting solution 

retaining more U in the final solid after 72 hours (3.7 mol % U) rather than 24 hours (3.3 mol % 

U). It may be relevant to consider that extended hydrothermal treatment times typically allow 

nanoparticles to fully crystallize, aggregate, grow, and ultimately stabilize.23 If contaminated with 

aqueous uranyl species under such conditions, adsorbed uranium atoms are provided the 

opportunity to favorably diffuse into the iron oxide lattice. We therefore hypothesize that 
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accelerated diffusion kinetics and expansion of the host lattice under elevated synthesis 

temperatures enables gradual uranium migration into Fe sites.  

Table 2.3 Thermochemical reactions used to calculate standard formation enthalpies 

 Reactions - Enthalpy of formation of UxFe2−2xO3 from elements and from oxides at 25°C Enthalpy, ΔH 
(kJ/mol) 

 

1 𝑼𝒙𝑭𝒆𝟐−𝟐𝒙𝑶𝟑(𝒔,𝟐𝟓°𝑪) → (𝟏 − 𝒙)𝑭𝒆𝟐𝑶𝟑(𝒔𝒍𝒏,𝟕𝟎𝟎°𝑪) + 𝒙𝑼𝑶𝟑(𝒔𝒍𝒏,𝟕𝟎𝟎°𝑪)      for 𝟎 <  𝒙 <  𝟎. 𝟎𝟑𝟕 𝜟𝑯𝟏 = 𝜟𝑯𝒅𝒔 Reference 

2 𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) → 𝐹𝑒2𝑂3(𝑠𝑙𝑛,700°𝐶) 𝛥𝐻2 = 91.06+0.88*  
 (nano) 
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3a 𝛾 − 𝑈𝑂3(𝑠,25°𝐶) → 𝑈𝑂3(𝑠𝑙𝑛,700°𝐶) 𝛥𝐻3𝑎 = 9.49 + 1.53  33
 

3b 1

3
𝑈3𝑂8(𝑠,25°𝐶) +

1

6
𝑂2(𝑔,25°𝐶) → 𝑈𝑂3(𝑠𝑙𝑛,700°𝐶) 

𝛥𝐻3𝑏 = 54.0 + 6.4  33
 

3c 
𝑈𝑂2(𝑠,25°𝐶) +

1

2
𝑂2(𝑔,25°𝐶) → 𝑈𝑂3(𝑠𝑙𝑛,700°𝐶) 

𝛥𝐻3𝑐 = -140.4 + 2.67  33
 

4 
2𝐹𝑒(𝑠,25°𝐶) +

3

2
𝑂2(𝑔,25°𝐶) → 𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) 

𝛥𝐻4 = -826.2 + 1.3  34
 

5 
𝑈(𝑠,25°𝐶) +

3

2
𝑂2(𝑔,25°𝐶) → 𝛾 − 𝑈𝑂3(𝑠,25°𝐶) 

𝛥𝐻5 = -1223.8 + 0.8  34
 

6a (1 − 𝑥)𝐹𝑒2𝑂3(𝑠,25°𝐶) + 𝒙𝑼𝑶𝟑(𝒔,𝟐𝟓°𝑪) → 𝑈𝑥𝐹𝑒2−2𝑥𝑂3(𝑠,25°𝐶) 𝛥𝐻6𝑎 = 𝛥𝐻𝑓,𝑜𝑥1  

6b (1 − 𝑥)𝐹𝑒2𝑂3(𝑠,25°𝐶) +
𝒙

𝟑
𝑼𝟑𝑶𝟖(𝒔,𝟐𝟓°𝑪) +

𝑥

6
𝑂2(𝑔,25°𝐶) → 𝑈𝑥𝐹𝑒2−2𝑥𝑂3(𝑠,25°𝐶) 

𝛥𝐻6𝑏 = 𝛥𝐻𝑓,𝑜𝑥2  

6c (1 − 𝑥)𝐹𝑒2𝑂3(𝑠,25°𝐶) + 𝒙𝑼𝑶𝟐(𝒔,𝟐𝟓°𝑪) +
𝑥

2
𝑂2(𝑔,25°𝐶) → 𝑈𝑥𝐹𝑒2−2𝑥𝑂3(𝑠,25°𝐶) 

𝛥𝐻6𝑐 = 𝛥𝐻𝑓,𝑜𝑥3  

7 
𝑥𝑈(𝑠,25°𝐶) + (2 − 2𝑥)𝐹𝑒(𝑠,25°𝐶) +

3 + 𝑦

2
𝑂2(𝑔,25°𝐶) → 𝑈𝑥𝐹𝑒2−2𝑥𝑂3(𝑠,25°𝐶) 

𝛥𝐻7 = 𝛥𝐻𝑓,𝑒𝑙  

 *Corrected from bulk to nanoscale (2403 m2/mol) with 4.57 kJ/mol surface energy 
𝛥𝐻𝑓,𝑜𝑥1 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2 + 𝑥 𝛥𝐻3𝑎 

𝛥𝐻𝑓,𝑜𝑥2 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2 + 𝑥 𝛥𝐻3𝑏 

𝛥𝐻𝑓,𝑜𝑥3 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2 + 𝑥 𝛥𝐻3𝑐 

𝛥𝐻𝑓,𝑒𝑙 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2 + 𝑥 𝛥𝐻3 + (1 − 𝑥) 𝛥𝐻4 + 𝑥 𝛥𝐻5 

for 0 <  𝑥 <  0.037  

  

 

Uranium may be well retained through two routes within hematite nanoparticles. As evidenced 

by TEM, uranium atoms may cluster along the boundaries of hematite aggregates and along 

hematite lattice fringes (Figure 2.2b). In addition, EXAFS interpretations confirm uranium can 

occupy iron sites throughout the host structure. Modifying the favorability of each pathway may 

be achieved by modulating hydrothermal reaction times. Enthalpic trends for different reaction 

times are shown as functions of initial uranyl concentrations in Figure 2.6. Formation of the 24-

hour mixed oxides face a relatively minimal enthalpic penalty with increasing uranium content. 

We hypothesize the shorter reaction time to favor formation of α-Fe2O3 with UOx clustering along 
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its grain boundaries. An opposite thermodynamic trend was seen in samples synthesized for 72 

hours, where increasing uranium concentration resulted in greater increases in formation 

enthalpies. This is expected to result from longer reaction times, facilitating increased U migration 

kinetics and greater U-Fe substitution. The differences resulting from varying hydrothermal 

treatment times also suggest that equilibrium had not been reached in these metastable oxides. As 

a result, entropy terms could not be calculated, and the roles incorporation kinetics and entropic 

contributions on the studied samples are unclear. 

 

Figure 2.6 Formation enthalpy of uranium-incorporated α-Fe2O3 in relation to constituent elements (U, F, O) (a), 

binary oxides (UO2, α-Fe2O3) (b), binary oxides (U3O8, α-Fe2O3) (c), binary oxides (UO3, α-Fe2O3) (d). 

  



29 

Thermodynamic results reveal an interplay between maximizing uranium concentration within 

hematite (as an effective and efficient remediation medium) and maximizing energetic stability of 

the contained uranium. The characteristics of said interplay is heavily dependent on synthesis 

conditions, which dictate attribution to grain boundaries/solid solutions with uranium oxides or 

attribution to UFe substitution throughout nanoparticle lattices. Extended hydrothermal treatment 

times appear to allow uranium aggregates along grain boundaries to diffuse within the iron oxide 

lattice and remain trapped after cooling to ambient temperature. Shorter treatment times, 

meanwhile, favor higher relative concentrations along interfaces, and lattice-confined uranium 

may be primarily attributed to the initial co-precipitation of ferrihydrite and transformation to 

hematite. Reported formation enthalpies represent the stability of hematite with strongly bound 

uranium within its structure. However, quantitative distinctions in stability between pure lattice 

incorporation and pure grain boundary confinement have not been concluded. Our findings suggest 

a lower energy cost and higher stability with grain boundary confinement under circumneutral 

environments, at the cost of increased uranium remobilization potential under acidic conditions.  

Results from this project provide data essential for understanding the fate of uranium in 

geological disposal sites over extended timescales and the transport of uranium in the environment. 

Identifying the stability of structural incorporation suggests the feasibility of iron oxides for 

inhibiting the mobility of leached uranium. Environmentally abundant iron-bearing minerals, and 

corrosion products from steel containment barriers for radioactive waste, may play a crucial role 

in inhibiting uranium species upon eventual leaching into the environment. These insights, 

including new thermodynamic data, will help guide the modeling and improvement of safe and 

scalable radioactive waste practices and water remediation applications, which ultimately improve 

water safety for humans and surrounding ecosystems. 
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Chapter 3 

Aerobic Synthesis and Thermodynamics of Uranium-Incorporated α-FeOOH Nanoparticles 

3.1 Abstract 

Goethite nanoparticles were synthesized with U(VI) in alkaline, oxic water through a 

coprecipitation and hydrothermal treatment process. XRD, TEM, and EXAFS analyses reveal that 

uranium may  both aggregate along grain boundaries and occupy iron sites within goethite. Uranyl 

ions may cluster along the interfaces of nanorod goethite aggregates. The described synthesis 

method produces crystalline, single-phase iron oxyhydroxide nanoparticles without surface-bound 

uranyl complexes. The observed U-O coordination was not representative of naturally occurring 

processes facilitated by redox reactions in abiotic and biogenic anoxic environments. However, 

EXAFS revealed similar U and Fe coordination to existing studies of U-Fe substitution in goethite 

under anoxic environments and without Fe(II) as a catalyst for U(VI) reduction and goethite 

crystallization. This work provides and validates an alternative method of synthesizing uranium-

immobilized goethite nanoparticles for further mechanistic studies. High temperature oxide melt 

solution calorimetry measurements were performed to calculate the thermodynamic stability of 

mixing uranium within goethite. Increasing uranium content within goethite resulted in 

increasingly positive formation enthalpies from oxide components. Standard formation enthalpies 

of U0.5xFe1-xOOH were as large as 120.1 ± 2.0 kJ/mol relative to their binary oxides, or -441.0 ± 

2.4 kJ/mol relative to their constituent elements, at x = 0.032. These samples may not have reached 

equilibrium during hydrothermal treatment, and the role of entropy could not be calculated. The 

stability of higher uranium content is more representative of mixing energetics between goethite 

and discrete uranium oxide phases, with structural incorporation being saturated. Lower 

concentrations contain a higher proportion of total retained uranium. These new results on the 

thermodynamics of uranium substitution and solid solution formation in goethite under oxic 
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conditions provide additional perspectives on the pathways by which goethite may inhibit the 

mobility of aqueous uranium. 

3.2 Introduction 

Uranium is a toxic radiological contaminant in aqueous environments. Mine tailings and legacy 

radioactive waste pose contamination risks to local ecology and water sources for human 

consumption.1,2 Persistent exposure to this contaminant may induce long-lasting damage to human 

health.3,4 Capturing and inhibiting the mobility of radionuclide leachate from waste storage 

facilities, e.g., the U.S. DOE Hanford site, may mitigate the potential exposure and damage to the 

environment and humans.5–9 Environmentally abundant minerals and corrosion products from 

radioactive waste repositories, such as iron oxides, may play a crucial role in inhibiting uranium 

from  upon eventual leaching into the environment.10,11  

Goethite (α-FeOOH) nanoparticles, like other iron bearing minerals, are naturally occurring and 

are effective at adsorbing toxic heavy metal ions under a variety of naturally occurring 

environmental conditions.12–16 Existing kinetic and structural studies have explored pathways 

where uranium may be strongly retained along various sites within α-FeOOH.17,18 Aqueous 

uranium may be immobilized by nanoscale iron oxide and oxyhydroxide polymorphs through a 

combination of coprecipitation within their structures and adsorption to their surfaces.19–27 

Changes in surrounding environment or favorable adsorption of competing species may quickly 

remobilize surface-bound uranium back into water.28,29 Meanwhile, uranium trapped within the 

structure of minerals is more recalcitrant to extraction and remobilization. The coordination 

environment of the restrained uranium has been studied for a variety of iron oxide and 

oxyhydroxide polymorphs found in various environmental conditions, including those of 

radiological waste repositories.30,31  
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Studies have primarily explored uranium immobilization through simultaneous U(VI) reduction 

and goethite transformation.23,24 Doornbusch et al. claimed that U(V) or U(VI) may substitute for 

Fe(III) within goethite, fitting a highly distorted octaheral site.32 This finding has since been 

disputed, with Kerisit et al. suggesting that their data instead reflected strongly adsorbed uranyl 

species.18 By contrast, their own work calculated uranium to instead occupy undistorted, 

symmetric octahedral sites regardless of U oxidation state.18 Later studies by McBriarty et al. 

found their best fit to consist of primarily U(V) and a small fraction of U(VI).33 Less thoroughly 

studied is the behavior of U with goethite under oxic conditions, absent of reduced U or Fe species. 

Soltis et al. confirmed that growth of goethite by oriented attachment may capture U(VI) that is 

recalcitrant to remobilization in oxic, acidic media.34 Most of that retained uranium was concluded 

to be strongly adsorbed, and  only a small fraction of U was incorporated into the goethite structure. 

It is worth noting that each study used different synthesis and washing methods for their samples, 

which could have impacted their resulting samples and EXAFS data. Regardless of competing 

interpretations of local coordination and charge compensation schemes, research has consistently 

demonstrated that goethite can strongly retain uranium and resist its remobilization into aqueous 

environments. Energy-minimized simulations have predicted local U coordination within goethite. 

However, there is not yet any data on the formation energetics of these structures.  

This work aims to explore the significance and stability of uranium immobilization by the oxic 

transformation and oriented growth of goethite. Goethite (α-FeOOH) nanoparticles were 

synthesized with uranium trapped within their structure and along the interfaces of their nanorod 

aggregates. The resulting product is approximated as α-U0.5xFe1-xOOH based on its molar ratio of 

U/Fe. Local U coordination was examined through extended X-ray absorption fine structure 

(EXAFS). The overall iron oxyhydroxide structure and uranium partitioning were assessed using 
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X-ray diffraction (XRD) and transmission electron microscopy (TEM). The thermodynamic costs 

of uranium loading within the goethite host were obtained through high temperature oxide melt 

solution calorimetry. These techniques complement each other to validate the coordination and 

corresponding stability of uranium retained within iron oxides. Determining their formation 

enthalpies relative to mixtures of iron and uranium oxides may constrain stability of uranium 

retention over geologic timescales. Results from this research expand understanding the potential 

effectiveness of iron oxides to naturally, or deliberately, inhibit aqueous radionuclide migration.  

3.3 Experimental Methods 

3.3.1 Synthesis 

Synthesis of uranium-incorporated goethite (α-U0.5xFe1-xOOH) began with mixing 

Fe(NO3)3∙9H2O (Sigma-Aldrich, ACS Reagent ≥ 98 %) and UO2(NO3)2∙9H2O (JT Baker, ‘Baker 

Analyzed’ Reagent) in 18.2 MΩ∙cm deionized water. Unlike the Fe(II)-catalyzed reaction 

commonly used for uranium-incorporated goethite synthesis, all work was performed in open air, 

and water was not deoxygenated.26 Starting precursors were in their fully oxidized states, 

preventing the redox interaction that would have occurred between Fe(II) and U(VI). Uranyl 

concentrations for the five synthesized samples ranged between 0 and 3.15 mM, while maintaining 

Fe(III) at 41 mM. 10 N NaOH (Fisher Scientific, Certified ACS) was used to titrate the acidic 

solution up to pH ≥ 13 while stirring at room temperature. A transition to colloidal ferrihydrite was 

observed around pH 5.6, at which point the precipitate was expected to favorably adsorb the uranyl 

species.  

Hydrothermal treatment was used to accelerate kinetics of the full transformation from 

ferrihydrite to goethite, preventing secondary phases (e.g., hematite, α-Fe2O3) from otherwise 
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forming.35 120 mL of the colloidal suspension was transferred to a 200 mL Teflon-lined 

hydrothermal vessel from Parr Instrument Co. The vessel was then sealed and placed into an oven 

at 180 °C for 24 hours, followed by gradual cooling down in air.  

The product fully transformed into α-FeOOH and collected at the bottom of the vessel. Aliquots 

of the supernatant were preserved for elemental concentration analysis, which was used to 

determine uranyl concentration in solution after synthesis. The precipitate was washed multiple 

times with DI water while agitating to remove residual salts, followed by centrifugation to collect 

the nanoparticles. The reaction for producing the final product is reported as Eqn. 3.1: 

𝟎. 𝟓𝒙(𝑼𝑶𝟐)
𝟐+
(𝒂𝒒)

+ (𝟏 − 𝒙)𝑭𝒆𝟑+
(𝒂𝒒)

+ 𝑶𝑯−(𝒂𝒒) + (𝟏 − 𝒙)𝑶𝟐(𝒈)  
𝟏𝟖𝟎°𝑪
→    𝑼𝟎.𝟓𝒙𝑭𝒆𝟏−𝒙𝑶𝑶𝑯(𝒔)  (3.1) 

Because no redox is involved, this proposed reaction differs from conventional Fe(II)-catalyzed 

goethite formation (Eqn. 3.2) and corresponding hypothesized U-FeOOH induced by U(VI)/Fe(II) 

redox interactions (Eqn. 3.3). 

𝒙𝑭𝒆𝟐+(𝒂𝒒) + (𝟐 − 𝒙)𝑭𝒆
𝟑+
(𝒂𝒒)

+ (𝟔 − 𝒙)(𝑶𝑯)−(𝒂𝒒)
𝟏𝟖𝟎°𝑪
→    𝟐(𝑭𝒆𝟏−𝒙𝑶𝑶𝑯)(𝒔) + 𝟐𝑯𝟐𝑶(𝒍)  (3.2) 

𝒙(𝑼𝑶𝟐)
𝟐+
(𝒂𝒒)

+ 𝒙𝑭𝒆𝟐+(𝒂𝒒) + (𝟐 − 𝒙)𝑭𝒆
𝟑+
(𝒂𝒒)

+ 𝟔(𝑶𝑯)−(𝒂𝒒)
𝟏𝟖𝟎°𝑪
→    𝑼𝒙(𝑭𝒆𝟏−𝒙𝑶𝑶𝑯)𝟐(𝒔) + 𝟐𝑯𝟐𝑶(𝒍) (3.3) 

This study focused on the stability of uranium well-immobilized within hematite particles, 

absent of surface-bound uranyl and colloidal uranium-containing impurities. Additional washing 

steps using a solution of HCl below pH 3 were performed to achieve this, remobilizing weakly 

retained uranium back into solution.28 Subsequent water washes were performed to clean and 

neutralize the product. The sample was then dispersed in ethanol and dried in air at 80 °C 

overnight. 
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3.3.2 Structural and Electronic Characterization 

Identification of the desired iron oxide phase, as well as the absence of undesired secondary 

phases, is imperative for properly analyzing calorimetric data. Powder X-ray diffraction (PXRD) 

of the final product was performed to validate phase purity and crystallinity (Bruker D8 Advance, 

Cu K-αI). Average size of the particles was approximated from crystallite size (d), which was then 

used to interpolate surface energy contributions from the nanoparticles. Crystallite sizes were 

compared to literature values to approximate surface energy and account for contributions to 

calorimetry results. Transmission electron microscopy (TEM) was performed to validate phase 

purity and crystallite size shown by XRD, as well assess uranium distribution along the iron oxide 

particles.36 High-angle annular dark field (HAADF) imaging and brightfield imaging in STEM 

mode were performed using a JEOL 2100F at 200 kV and FEI Tecnai F30 at 300 kV. Samples 

were prepared by dispersing and sonicating powders in IPA and dropped onto carbon-backed Cu 

mesh grids. The grids were then baked out overnight at 80 °C and plasma-cleaned prior to imaging. 

The local coordination environment of uranium retained within goethite were determined by 

EXAFS. Uranium LIII-edge (17.1663 keV) spectra were collected on beamline B-18, Diamond 

Light Source (DLS), under liquid nitrogen in fluorescence mode. 

3.3.3 Stoichiometry Determination 

Thermogravimetric analysis (TGA) was run in parallel with differential scanning calorimetry 

(DSC) using a Setaram Labsys Evo. Powders were pressed into pellets of 10 – 20 mg and placed 

in a 100 µL platinum crucible. Samples were heated from 25 °C to ≥ 800 °C at 10 °C/min while 

flushing the chamber with O2. TGA quantified the amount of total water adsorbed onto U-goethite 

particles. Meanwhile, DSC data reported on the heat effects from dehydration and thermal 

decomposition into hematite. Solid samples were digested in 5 N HCl at 90 °C then diluted to 2 % 
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HCl for inductively coupled plasma mass spectrometry (ICP-MS) analysis. Molar ratios of each 

element were then used to calculate the U/Fe stoichiometry of anhydrous product, defined as  α-

U0.5xFe1-xOOH.  

The differences in uranium content between the starting amount, amount remaining in solution 

after synthesis, and the amount retained in the collected final product, were then used to calculate 

the amount of uranium lost to the successive washing and acid-leaching procedures. Lost uranium 

here is considered a combination of uranyl species adsorbed to goethite surfaces, poorly crystalline 

uranium-containing colloids, and losses from repeated washing and centrifugation steps. At the 

same time, Fe concentrations confirmed that all the introduced Fe(III) had precipitated by the end 

of the reaction.  

3.3.4 Calorimetry 

High temperature oxide melt solution calorimetry was performed using a custom-built twin 

Calvet calorimeter held at 700 °C with sodium molybdate (3Na2O∙4MoO3) as the solvent.37 

Approximately ≤ 7mg of sample was pelletized and dropped into the melt for each of multiple 

measurements. Oxygen gas was flushed above the solvent at 51.6 mL/min and bubbled through it 

at 5.9 mL/min. Doing so maintained a consistent atmosphere above the molten solvent, while also 

mechanically mixing and accelerating dissolution of samples. The enthalpy of dissolution (ΔHds) 

was calculated by integrating the measured heat flow from dissolving the powder over time. This 

value was then used to calculate the standard formation enthalpy of the material. Calorimetric 

measurements were calibrated against bulk α-Al2O3 powder, which yield heat effects of 

comparable magnitude. The thermochemical cycles used to calculate formation enthalpies from 

elements and from oxides are reported in Appendix B, Table SI-3. 
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3.4 Results and Discussion 

3.4.1 Synthesis and Characterization of α-U0.5xFe1-xOOH 

We observe the formation of crystalline α-FeOOH to be absent of any uranium oxide or 

secondary iron oxide phases (Figure 3.1).38 Rietveld refinement of XRD patterns between all 

reveal an average crystallite size of 21.5 ± 1.7 nm, suggesting that the wide range of uranyl 

concentrations used during synthesis had minimal impact on the size of individual grains. TEM 

imaging reveals this crystallite size roughly matches the width of most nanorods. The approximate 

size and corresponding surface areas of these U-loaded goethite samples fall within the range 

where surface energy contributions may affect their thermodynamic stability. The surface energies 

of goethite nanoparticles have been reported to affect their overall standard formation enthalpies. 

Enthalpic values for a uranium-free reference were interpolated from published values for nano-

goethite.39,40 The resulting ΔHds and ΔH°f values were then used as a point of reference for 

uranium-incorporated samples in this study. 

 

 

Figure 3.1 XRD patterns  of single-phase goethite coprecipitated with varying initial concentrations of uranyl ions 

(left) and representative bright field TEM micrograph of crystalline goethite nanoparticles (right).  
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Uranium is visible in HAADF TEM and highlighted by its high atomic number relative to Fe. 

The centers of the goethite nanorods are too thick to resolve and identify uranium occupation 

within crystallographic sites. However, U atoms are prevalent along the boundaries of aggregated 

goethite rods and consistently scattered across the entirety of each nanorod (Figures 3.2-3.3). 

EXAFS results reveal that some retained uranium is structurally incorporated within the goethite 

structure, rather than along grain boundaries.  

 

 

Figure 3.2 Representative HAADF (left) and brightfield (right) TEM micrographs of U (0.62 mol %) in goethite, 

largely collected along grain boundaries. Bright spots in HAADF result from high atomic mass and are indicative of 

the presence of uranium. 
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Figure 3.3 HAADF TEM micrographs of goethite nanorods with 0.62 mol % uranium (bright spots result from atomic 

number contrast) incorporated along lattice fringes. 
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3.4.2 Uranium Coordination 

 

Figure 3.4 Effects of U-Fe substitution on goethite structure, as calculated from U LIII EXAFS. Coordination of Fe 

site #3 decreases from 4-fold to 2-fold after U incorporation. Calculated distances are compared to literature results in 

Table 3.1. 

U LIII-edge spectra of 0.07 mol % U in goethite reveal that the axial oxygen bonds characteristic 

of uranyl are retained after hydrothermal incorporation into goethite, albeit with decreased 

coordination and minor elongation (Table 3.1). Considering the phase purity of the low U-content 

sample, we attribute our U-O spectra largely to uranium  retained within goethite, rather than any 

potential hematite or surface uranyl that might otherwise have been present. The H-coordinated 

oxygens between edge-sharing Fe atoms are consistently present with increased bond lengths 

relative to those typically bound to surrounding Fe sites. The increase in effective distance from 

2.089 Å to 2.225 Å is attributed to the large difference in ionic radius between U(VI) (0.870 Å) 

and Fe(III) (0.785 Å).41 
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Figure 5 Uranium LIII-edge EXAFS spectrum (left) and its Fourier transform (right) from 0.07 mol % U in goethite.  

 

Our results reveal coordination of uranium to multiple neighboring iron sites, which serves as 

evidence of structural incorporation and occupation of iron sites within the goethite structure 

(Figures 3.4-3.5, Table 3.1). Every resolved U-Fe shell expanded relative to reference goethite 

bond lengths. U-Fe shells were resolved up to 5.57 Å, most notably with reduced coordination of 

the corner-sharing Fe shell (3.65Å; Reff 3.43 Å) from four-fold down to two-fold. Increasing 

coordination number of the corner-sharing shell beyond 2 increased the degree of disorder; our fit 

concluded that only half of the 4 corner-sharing Fe sites are present around a U-substituted Fe site. 

Statistical F-tests showed all resolved Fe shells are present with high confidence (Appendix B, 

Table SI-1, SI-2).42  
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Table 3.1 EXAFS fit results demonstrating uranium incorporation (0.07 mol %) to α-FeOOH, using a k-range of 3.0 

– 11.8.  
Fig. 4 U-path CN ΔCN Rref (Å) Rlit (Å)32  R (Å) ΔR (Å) σ2 (Å2) ΔE0 (eV) S02 χv

2 Rfit 

 OAxial 1.3 -0.7 1.77(8) 1.82 1.81(9) 0.04(0) 0.004(3) 8.7 ± 1.0 1.0 3.141 0.010 

 OH 2.0 -1.0 2.08(8) 2.22 2.22(5) 0.13(6) 0.004(0)   
  

 OEquitorial 2.7 -2.3 2.43(4) 2.41 2.41(4) -0.02(0) 0.004(0)   
  

Fe-1 FeEdge1 1.8 -0.7 3.01(2) 3.25 3.25(8) 0.24(5) 0.004(5)   
  

Fe-2 FeEdge2 2.0 -- 3.29(1) 3.45 3.45(9) 0.16(8) 0.004(5)   
  

Fe-3 FeCorner 2.0 -2.0 3.43(1) 3.69 3.65(4) 0.22(3) 0.005(8)   
  

Fe-4 FeC-C 4 -- 5.27(7) -- 5.32(8) 0.05(1) 0.006(5)   
  

Fe-5 FeE-C-C 8 -- 5.47(6) -- 5.56(9) 0.09(3) 0.011(5)     

  CN – coordination number 
R – atomic distance 
ΔR – difference from reference values 
σ2 – Debye-Waller factor 
ΔE0 – energy shift from U LIII 
S02 – amplitude factor 
χv

2 – reduced χ square value 
Rfit – goodness of fit 

 

Acquired EXAFS data partially agree with existing literature on uranium-incorporated goethite, 

in that uranium coordinates to neighboring Fe shells. However, our samples were not subjected to 

reductive processes, and our spectra appear to more closely align with U(VI) than U(V).27 Our fits 

most closely resemble those of Doornbusch et al. (Table 3.1, Rlit).32 Their findings have been 

questioned due to the low amplitude reduction factor (S02) of 0.65 used to fit their data, whereas 

values of ≥ 0.9 are more typical.18 Our fit (S02 = 1.0) found bond lengths to closely match theirs. 

The two short axial bonds and four equatorial bonds to oxygen are more characteristic of U retained 

in hematite – despite no hematite being detected in our system.26 Our findings confirm that 

structural incorporation can occur even without Fe(II) catalyzed reduction of U(VI). Ab initio 

molecular dynamics (AIMD) simulations by Kerisit et al. explored potential coordination 

environments, oxidation states, and charge compensation mechanisms of uranium within 

goethite.17,18 Their models determined U(V) to  substitute into Fe(III) sites by deprotonation of 
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first shell hydroxyls, with minimal octahedral distortion, and with an edge-sharing Fe vacancy. 

Our EXAFS findings corroborate that Fe site substitution is the dominant and preferred U retention 

pathway, albeit with an alternative local structure (reduced coordination of corner-sharing Fe sites, 

rather than ancac edge-sharing Fe vacancy). Dissimilarities between our EXAFS spectra and theirs 

may be ascribed to the substantial differences in synthesis conditions. Previous studies may have 

explored coordinations unique to redox conditions, whereas the elevated hydrothermal 

temperatures and hyperalkaline solution in our study may have been favorable for this alternative 

U configuration.  

Clustering along grain boundary interfaces was also resistant to remobilization under acidic 

conditions and observed through TEM (Figure 3.2). In combination with our HAADF TEM 

findings and their similarities to findings on oriented aggregation of goethite by Soltis et al., we 

conclude that our hydrothermal conditions facilitate U substitution within Fe sites, especially along 

aggregate interfaces. Localized vacancy configurations may have been energetically favorable and 

facilitated by iron site substitution under our specified hydrothermal conditions. It is not yet clear 

if the same behavior would be observed at ambient temperatures or under anoxic conditions, such 

as used in the previously mentioned studies. For structurally incorporated uranium ions we 

hypothesize local distortion of the surrounding oxygen octahedra, vacancy formation in 

neighboring iron sites for charge balance, and increased metastability of the combined oxide at 

room temperature.  
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3.4.3 Stoichiometry – Dehydration 

Water loss was  measured by  TGA, which accounts for surface hydration as well as structural 

hydration within goethite itself. Water-corrected enthalpy measurements (ΔHds-H2O, 700 °C) are 

reported in Table 3.2. Representative TGA and DSC traces are shown in Figure 3.6. During 

heating, the iron oxyhydroxide (goethite) transforms into iron oxide (hematite) (Eqn. 3.4). The 

final Fe2O3 mass and total mass change from each experiment are used to calculate the amount of 

structural and excess hydration within the synthesized U-goethite samples.   

𝐹𝑒𝑂𝑂𝐻 ∙ 𝑛𝐻2𝑂 → 𝐹𝑒2𝑂3 + (
1

2
+ 𝑛)𝐻2𝑂       (3.4) 

Routine drying after synthesis removes the bulk of physisorbed water. The first observable mass 

loss resulting from structural water and excess chemisorbed water occurs above 200 °C. Upon 

heating to higher temperatures, bare goethite and low U-content goethite experience no appreciable 

changes in mass. Inflections in heat flow at elevated temperatures are therefore attributed strictly 

to anealing and structural iron oxide changes (γ-Fe2O3, α-Fe2O3), which do not involve mass 

change. Heavily loaded goethite (1.6 mol % U) samples experienced mass gain above 500 °C and 

shortly thereafter mass loss near 600 °C. This behavior agrees with expected reactions from 

uranium calcination, where oxidation to UO3 (O mass gain) first occurs, followed by reduction to 

U3O8 (O mass loss).43,44 This easily observable behavior corroborates observations from HAADF 

TEM, where uranium is largely clustered between goethite nanorod interfaces. This partitioning, 

relative to U-Fe substitution, facilitates oxidation and crystallization of embedded uranium at 

elevated temperatures. 
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Figure 3.6 Concurrent TGA and DSC traces of (U0.016Fe0.967OOH)∙1.35H2O synthesized using oxic hydrothermal 

treatment. Differences were too small to resolve between uranium-free and lower uranium content samples. 

 

3.4.4 Stoichiometry – Uranium Remobilization and Retention Pathways 

Uranium concentrations within goethite samples were calculated from ICP-MS of acid-digested 

solids (Table 3.2). Mass balance calculations were used with ICP-MS data to determine the 

amount of uranium that had been weakly adsorbed to precipitate surfaces, coprecipitated into acid-

unstable (< pH 3) solids, and strongly incorporated within goethite particles (final product). An 

upper limit of approximately 1.6 mol % U was found for the studied concentration, temperature, 

and reaction times. Supernatant concentrations of U and Fe after goethite formation were 

negligible, indicating complete immobilization of U after α-FeOOH crystallization. The theoretical 

maximum loading capacity tested (3.15 mM U(VI), 41 mM Fe(III)) was roughly 211 mg U per 

gram of FeOOH synthesized. As low as 1.66 mg U/g α-FeOOH and as high as 9.47 mg U/g α-

FeOOH were calculated to be strongly retained within goethite Fe sites and grain boundaries. 

Saturation of uranium within goethite was not observed when increasing initial uranyl 

concentration, suggesting maximum incorporation concentration to be somewhere higher than 
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levels explored in this study. The relative favorability of each retention pathway is shown in Figure 

3.7. All aqueous uranium was immobilized following each tested synthesis condition, and the most 

favorable route at studied uranyl concentrations was invariably adsorption. This behavior contrasts 

against our current work with hematite, where lattice and grain boundary incorporation comprise 

most of the captured uranium at lower U(VI)/Fe(III) ratios.  

 

Figure 3.7 Effect of U0 on uranium partitioning to immobilization pathways, based on ICP-MS and mass balance 

calculations. Results are shown as fractions of total uranium in the system. 

 

Uranium immobilization pathways under hydrothermal conditions may vary depending on 

initial uranyl concentrations and on redox conditions. The kinetics of uranium immobilization 

could be elucidated  in the future by exploring longer time periods and a wider range of 

hydrothermal conditions. The lack of redox cycling between U(VI) and Fe(II) during aerobic 

goethite crystallization may hinder the ability to capture and retain aqueous uranium within its 

structure. Repeating these studies on well characterized U-FeOOH may reveal the significance of 

redox chemistry on the extent of uranium incorporation and its resulting thermodynamic stability. 
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3.4.5 Energetics of Uranium Immobilization 

To determine the formation enthalpies of the oxides themselves, hydration contributions needed 

to be removed. As determined by TGA, each sample retained quantified amounts of stoichiometric 

and adsorbed water. The bulk water contributions at 700 °C were approximated as 69.0 kJ/mol 

H2O, which is the enthalpy of heating liquid water at ambient temperature to form water vapor 

(which is released) at calorimeter temperature. and subtracted from measured values to obtain the 

enthalpy of drop solution of the anhydrous material.45 An additional -19.4 kJ/mol contribution 

from chemically bound water (which constitutes 59% of total adsorbed water at a relative humidity 

of 43 – 53%) was also corrected for.39,40 Water corrected measurements were reported as ΔHds-H2O 

and used for subsequent thermodynamic calculations. Table 3.2 provides a summary of uranium 

concentrations and corresponding thermodynamic values.   

Decreased stability from high surface areas contributed to measured calorimetric values of 

nanoparticles. Nanophase α-FeOOH with a representative surface area of 11.1 x 103 m2/mol has 

been reported to have a surface energy of 0.60 ± 0.10 J/m2.39 This uranium-free goethite of 

comparable geometry and corresponding surface energy serves as the reference point for our 

measured calorimetric values. Differences in surface energetics of studied nanoparticles are 

negated from enthalpy calculations, and nanocrystal surface energy contributions may be 

separately calculated as needed per specific modeling case. 
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Table 3.4 Measured and calculated thermodynamic properties for U0.5xFe1-xOOH∙nH2O. Formation enthalpy 

calculations are described in Appendix B, Table SI-3.  

0.5x (mmol U) 
n 

(mol 
H2O) 

ΔHds, 700°C 

(kJ/mol) 
ΔHds-H2O, 700°C 

(kJ/mol) 
ΔH°f,el 

(kJ/mol) 
ΔH°f,ox vs α-Fe2O3  
& γ-UO3 (kJ/mol) 

ΔH°f,ox vs α-FeOOH 

& γ-UO3 (kJ/mol) 

0.00 0.28 100.6 ± 1.51 81.63 ± 1.51 -555.31 ± 2.68 0.69 ± 2.21 3.06 ± 2.33 

0.72 0.10 85.35 ± 1.06 76.92 ± 1.06 -550.78 ± 2.47 5.36 ± 1.94 7.70 ± 2.08 

1.36 0.71 100.72 ± 1.08 43.59 ± 1.08 -517.61 ± 2.47 38.66 ± 1.94 40.98 ± 2.08 

6.25 0.07 62.69 ± 0.96 57.22 ± 0.96 -532.42 ± 2.42 24.82 ± 1.88 26.95 ± 2.02 

16.49 1.35 56.33 ± 0.86 -52.16 ± 0.88 -425.51 ± 2.39 133.77 ± 1.84 135.52 ± 1.98 

n – excess water bound by chemisorption and physisorption 
ΔHds, 700°C – enthalpy of drop solution 
ΔHds-H2O, 700°C – water-corrected enthalpy of drop solution 
ΔH°f,el – standard formation enthalpy relative to constituent elements 
ΔH°f,ox – standard formation enthalpy relative to binary constituents 

 

With increasing uranium concentration, the energetic stability of the composite oxide decreases 

relative those of its constituent elements (Table 3.2, ΔH°f,el) and its binary oxide constituents 

(Table 3.2, ΔH°f,ox). Formation enthalpies with any amount of uranium indicate metastability 

relative to separate binary oxides (α-Fe2O3 or α-FeOOH and UOx). Enthalpic trends for the 

collective retained uranium are shown as functions of initial uranyl concentrations in Figure 3.8. 

Formation enthalpy trends relative to binary uranium oxides of lower oxidation states are nearly 

identical and provided in Appendix B, Figure SI-1. Relative to binary oxides, structural 

incorporation progressively increases (makes less exothermic) the formation enthalpy of the mixed 

oxide. Incorporation at these loading concentrations is metastable under standard conditions and 

may be aided by entropic contributions, or it may represent metastability dependent on kinetics of 

incorporation. It is unclear whether entropy played a significant role in compensating for the 

positive formation enthalpies. There was no evidence of the hydrothermal conditions reaching 

equilibrium, and entropy could not be calculated. 

In contrast to conventional aging studies, hydrothermal treatment typically allows nanoparticles 

to fully crystallize, aggregate, grow, and ultimately stabilize while annealing defects.46,47 If 
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contaminated with aqueous uranyl species under such conditions, adsorbed uranium atoms are 

provided the opportunity to favorably diffuse into the iron oxide lattice. Thermodynamic stability 

of the mixed phase at elevated temperatures allows this process to occur. We therefore hypothesize 

that accelerated diffusion kinetics and expansion of the host lattice under elevated synthesis 

temperatures enables favorable uranium migration into Fe sites.  

Uranium may be well retained through two routes within goethite nanoparticles. As evidenced 

by TEM, uranium atoms may cluster along the boundaries of goethite aggregates and along 

goethite lattice fringes (Figures 3.2-3.3). In addition, EXAFS interpretations confirm uranium can 

occupy iron sites throughout the host structure. However, quantitative distinctions in stability 

arising from lattice incorporation versus grain boundary confinement cannot be made. 

 

Figure 3.8 Water corrected heat of dissolution in 3Na2O∙4MoO3 at 700 °C and calculated standard formation enthalpy 

in relation to constituent elements (U, F, O) (left). Standard formation enthalpy in relation to binary oxides (γ-UO3, α-

Fe2O3) (right). 

 

Thermodynamic results reveal an interplay between maximizing uranium concentration within 

goethite (as an effective and efficient remediation medium) and maximizing energetic stability of 

the contained uranium. Reported formation enthalpies represent the stability of goethite with 

strongly bound uranium within its structure. Our findings reveal increasing energy costs and 
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decreased stability with increasing levels of uranium incorporation under highly alkaline (pH ≥ 

13), aerobic environments. Anoxic, Fe(II)-catalyzed goethite, which have notable differences in 

local U-Fe coordination, may also have an appreciable difference in thermodynamic stability that 

is worth further study. 

Results from this project provide data for understanding the fate of uranium over extended 

timescales, where gradual exposure to highly alkaline geological environments may induce the 

transport of uranium into the environment. Lattice incorporation and grain boundary confinement, 

under elevated temperatures and aerobic environments, are achievable and metastable under 

ambient conditions. Expanding this thermodynamic study to goethite formed under anoxic 

conditions may reveal contrasting thermodynamic behavior. The Fe(II)-induced transformation of 

goethite and uranium incorporation from Fe(II)/U(VI) redox interactions may be representative of 

oxygen-deficient radioactive waste repositories. Further thermodynamic studies of uranium-iron 

oxide interactions are necessary to better understand  the potential impact of environmentally 

abundant iron-bearing minerals under varying natural and engineered environments. 
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Chapter 4 

Calorimetric Report on Ferrihydrites 

4.1 Intoduction 

Ferrihydrite samples were provided by Sean Zigah and Nadine Kabengi at Georgia State 

University. Formation enthalpies of the ferrihydrites were studied as functions of aging time and 

water content. At the time of measurements, the samples had aged from 7 months to 23 months.  

Enthalpies of formation from binary oxides, α-Fe2O3 and H2O range from 13.4 to 23.9 kJ/mol, 

indicating energetic metastability. Longer aging times decrease both water content and enthalpy 

of formation from oxides, making the latter less endothermic (smaller metastability consistent with 

higher crystallinity). Ferrihydrite samples aged between 13 and 18 months revealed the greatest 

difference in these parameters, suggesting a kinetically-driven transformation within that time 

period.  

Heats of formation from elements ranged from -668.7 to -784.5 kJ/mol, demonstrating a linear 

decrease with respect to increasing hydration.. The more positive value (lesser stability) 

corresponds to highest aging time and lowest water content, while the less positive (higher 

stability) corresponds to least aging time and highest water content. The greatest shift in stability 

is still visible between the 13 and 18-month old samples. Enthalpies of formation from elements 

scale with water content simply because of the contribution of the heat of formation of H2O from 

H2 and O2. Thus these differences are overwhelmingly due to contributions from water content 

and do not provide meaningful insight on differences in structural stability. The data are consistent 

with earlier work by Majzlan et al.1  
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4.2 Experimental Methods 

Each sample arrived suspended in water. Each container was sonicated for roughly 1 hour. They 

were subsequently transferred to petri dishes and left to air dry in a fume hood. The powders were 

crushed using a mortar and pestle before storage. 

The provided samples had been precipitated and aged in water for varying periods of time, from 

roughly half a year up to two years. These ferrihydrites are compared with samples previously 

studied by Majzlan et al. Samples studied by Majzlan et al. revealed similar water contents, but 

the difference in synthesis methods may have significantly impacted their thermodynamic 

stabilities. Rather than aged for extended periods of time, each ferrihydrite in the prior study was 

precipitated by constant titration from 0 – 24 hours. Differences in their water content are likely to 

be attributed to aggregation and water trapping forced by changes in pH. Without time to age, the 

aggregated particles lacked the time to crystallize and stabilize. 

Water content of each sample was determined by measuring change in mass before and after 

calcining. Approximately 15mg of each sample was heated from 25 °C to 800 °C at a rate of 10 

C°/min. The mass change is attributed to water ejected from the samples. Excess water content 

(Table 4.1) is determined according to the following reaction (Eqn. 4.1): 

𝐹𝑒𝑂𝑂𝐻 ∙ 𝑛𝐻2𝑂 =
1

2
𝐹𝑒2𝑂3 + (

1

2
+ 𝑛)𝐻2𝑂 (4.1) 

To validate the absence of carbonate complexation, ATR-FTIR on the dried samples was 

performed using a Bruker VERTEX 70 FTIR spectrometer (Figure 4.1). No C-O stretching peaks 

(1465 and 1345 cm-1) were observed, suggesting the absence of carbonate speciation at the 

ferrihydrite surfaces – therefore the absence of heat effect contributions by carbonates. 
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Figure 4.7 ATR-FTIR of ferrihydrite samples (a: whole scan, b: zoomed in to highlight C-O band positions). Evidence 

of carbonates was not observed. 

 

High temperature oxide melt solution calorimetry was performed at 700 °C with sodium 

molybdate (3Na2O∙4MoO3) as the solvent. Approximately 3 – 5 mg of sample was pelletized and 

dropped into the calorimetry from ambient temperature into calorimetric conditions. Oxygen gas 

was flushed above the solvent at 51.6 mL/min and bubbled through it at 5.9 mL/min. This was 

done to maintain a consistent atmosphere above the molten solvent, as well as mechanically mix 

and accelerate dissolution of samples. Heat effects were observed as single endothermic peaks that 

returned to baseline signal within 36 minutes. A minimum of 8 consistent measurements was 

performed for each sample. The integrated heat effects provided the heat of drop solution, which 

were used to calculate the formation enthalpies (Table 4.1) of each ferrihydrite sample. The 

thermochemical cycles used to calculate formation enthalpies from elements and from oxides are 

reported in Table 2.2. Tables of individual calorimetric measurements are appended at the end of 

this report. 

  

a

) 

b

) 
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Figure 2.8 Enthalpies of formation from binary oxides and excess water content of ferrihydrites as a function of aging. 

 

4.3 Results and Discussion 

A nonlinear trend is observed when comparing formation enthalpies (both from elements and 

from oxides) as a function of aging (Figure 4.2). Although there are clear overall changes in 

enthalpy with increased aging, the difference between the 13 and 18 months is most pronounced. 

The change in water content is also most prominent at this stage. This point of greatest change 

may be explained by exploring structural differences between these intermediate samples.  
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Table 4.1 Enthalpies of drop solution (ΔHds) and formation (ΔH°f: elements and oxides) of ferrihydrites from this study (GSU). Data is also provided for ferrihydrite by 

Snow and goethite by Mazeina.2,3 Thermodynamic ferrihydrite values by Majzlan were collected using acid solution calorimetry.1 

Sample Age 
(mo.) 

Formula ΔHds,NaMo700°C 
(kJ/mol) 

ΔHds,NaMo700°C  
(J/g) 

ΔHo
f, elements 

(kJ/mol) 
ΔHo

f, oxides 
(kJ/mol) 

log K* 

GSU 6L-Fh1 23 FeOOH ∙ 0.445H2O 98.55 + 1.32 1017.38 + 13.61 -668.67 + 1.92 14.46 + 1.41 -2.53 

GSU 6L-Fh2 18 FeOOH ∙ 0.456H2O 100.28 + 1.02 1033.14 + 10.55 -672.73 + 1.73 13.48 + 1.14 -2.36 

GSU 6L-Fh3 13 FeOOH ∙ 0.799H2O 108.13 + 1.29 1047.31 + 12.46 -755.07 + 1.90 29.32 + 1.38 -5.14 

GSU 6L-Fh4 7 FeOOH ∙ 0.891H2O 117.69 + 1.49 1121.95 + 14.23 -784.49 + 2.04 26.09 + 1.57 -4.57 
   ΔHsol, HCl 25°C  

(kJ/mol) 
ΔHsol, HCl 25°C 

(J/g) 

   

Majzlan 2L-fh24 -- FeOOH ∙ 0.520H2O -51.70 + 0.34 -526.31 + 3.44 -693.2 + 1.2 11.4 + 1.8 -2.59 

Majzlan 2L-fh12 -- FeOOH ∙ 0.576H2O -52.90 + 0.32 -533.10 + 3.27 -708.1 + 1.2 12.5 + 1.8 -2.00 

Majzlan 2L-fh6 -- FeOOH ∙ 0.593H2O -52.94 + 0.42 -531.85 + 4.25 -712.9 + 1.2 12.6 + 1.8 -2.19 

Majzlan 2L-fh2 -- FeOOH ∙ 0.801H2O -53.04 + 0.86 -513.56 + 8.31 -772.1 + 1.4 12.8 + 1.9 -2.21 

Majzlan 2L-fh0 -- FeOOH ∙ 0.395H2O -54.88 + 0.45 -571.90 + 4.68 -654.1 + 1.2 14.8 + 1.8 -2.25 

Snow 2L-fh -- FeOOH ∙ 0.027H2O -49.12 + 0.36 -549.84 + 4.01 -542.28 + 0.76 21.44 + 0.39 -3.76 

 
Goethite 

  ΔHds,NaMo700°C 
(kJ/mol) 

ΔHds,NaMo700°C  
(J/g) 

   

Mazeina bulk -- α-FeOOH ∙ 0.08H2O 90.2 + 0.9 999.8 + 10.0 -560.1 + 1.4 -4.1 + 1.9 0.71 

Mazeina 30nm -- α-FeOOH ∙ 0.15H2O 93.7 + 0.2 1024.3 + 2.2 -558.5 + 1.0 -2.5 + 1.6 0.44 

Mazeina 9nm -- α-FeOOH ∙ 0.40H2O 107.5 + 1.5 1119.1 + 15.6 -554.8 + 2.2 1.2 + 2.6 -0.21 

Mazeina 7nm -- α-FeOOH ∙ 0.42H2O 109.9 + 1.2 1139.2 + 12.4 -555.6 + 1.6 0.4 + 2.1 -0.07 

Mazeina 5nm -- α-FeOOH ∙ 0.80H2O 130.0 + 0.3 1258.9 + 2.9 -549.7 + 2.3 6.3 + 2.6 -1.10 

Mazeina 2nm -- α-FeOOH ∙ 0.82H2O 127.5 + 1.3 1230.8 + 12.5 -546.0 + 1.6 10.0 + 2.1 -1.75 
*Approximations from formation relative to α-Fe2O3 and H2O, assuming negligible entropy contribution.  

6
3
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The increasing stability, as defined as formation enthalpy from hematite and water, as a function 

of aging period is expected. It is known that ferrihydrites are metastable relative to hematite and 

may slowly transform into hematite over time. Present results are hypothesized to be due to  a 

combination of crystallization and coarsening of ferrihydrite particles. Such behavior would 

decrease surface energy and water binding sites and provide better crystallinity.  It is interesting 

to note that the more aged ferrihydrites converge towards values from Majzlan’s unaged 

ferrihydrites, whereas the fresher samples are notably more metastable.  

Table 4.2 Thermodynamic cycle for high temperature oxide melt solution calorimetry for ferrihydrites 

 Reactions – FeOOH‧nH2O formation enthalpy from elements and from oxides Enthalpy, ΔH 
(kJ/mol) 

1 
𝐹𝑒𝑂𝑂𝐻‧𝑛𝐻2𝑂(𝑠,25°𝐶) =

1

2
𝛼 − 𝐹𝑒2𝑂3

(𝑠𝑙𝑛,700°𝐶)
+ (
1

2
+ 𝑛)𝐻2𝑂(𝑔,700°𝐶) 

ΔH1 = ΔHds1*  

2 𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) = 𝛼 − 𝐹𝑒2𝑂3(𝑠𝑙𝑛,700°𝐶) ΔH2 = 95.63+0.50 4 

3 𝐻2𝑂(𝑙,25°𝐶) = 𝐻2𝑂(𝑔,700°𝐶) ΔH3 = 69.0 5 

4 
2𝐹𝑒(𝑠,25°𝐶) +

3

2
𝑂2(𝑔,25°𝐶) = 𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) 

ΔH4 = -826.2+1.3 5 

5 
𝐻2(𝑔,25°𝐶) +

1

2
𝑂2(𝑔,25°𝐶) = 𝐻2𝑂(𝑙,25°𝐶) 

ΔH5 = -285.8+0.1 5 

6 
𝐹𝑒(𝑠,25°𝐶) + (1 +

𝑛

2
)𝑂2(𝑔,25°𝐶) + (

1

2
+ 𝑛)𝐻2(𝑔,25°𝐶) = 𝛼 − 𝐹𝑒𝑂𝑂𝐻‧𝑛𝐻2𝑂(𝑠,25°𝐶) 

ΔH6 = ΔHo
f,el 

(FeOOH‧nH2O) 

7 1

2
𝛼 − 𝐹𝑒2𝑂3

(𝑠,25°𝐶)
+ (
1

2
+ 𝑛)𝐻2𝑂(𝑙,25°𝐶) = 𝐹𝑒𝑂𝑂𝐻‧𝑛𝐻2𝑂(𝑠,25°𝐶) 

ΔH7 = ΔHo
f,ox 

(FeOOH‧nH2O) 

 𝜟𝑯𝒇,𝒆𝒍, 𝑭𝒆𝑶𝑶𝑯‧𝒏𝑯𝟐𝑶 = 𝜟𝑯𝟔 = −𝜟𝑯𝟏 +
𝟏

𝟐
𝚫𝐇𝟐 + (

𝟏

𝟐
+ 𝒏)𝚫𝐇𝟑 +

𝟏

𝟐
𝚫𝐇𝟒 + (

𝟏

𝟐
+ 𝒏)𝚫𝐇𝟓 

 𝜟𝑯𝒇,𝒐𝒙, 𝑭𝒆𝑶𝑶𝑯‧𝒏𝑯𝟐𝑶 = 𝜟𝑯𝟕 = −𝜟𝑯𝟏 +
𝟏

𝟐
𝚫𝐇𝟐 + (

𝟏

𝟐
+ 𝒏)𝚫𝐇𝟑  
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Formation enthalpies of ferrihydrites and goethite from multiple studies are compared as a 

function of excess water content (Figure 4.3). Enthalpies of formation from oxides for Majzlan’s 

samples were within error of each other, i.e. there does not appear to be a dependence with respect 

to excess water content. This could be attributed to the particles being relatively “fresh” and 

structurally similar to each other. Ferrihydrites from Majzlan precipitated during constant titration 

up to a period of 24 hours, as opposed to gradual crystallization and coarsening for up to two years. 

As a result, these samples likely lose water content from forced aggregation of particles that lacked 

any notable opportunity to crystallize. 

Figure 4.9 Formation enthalpies relative to binary oxides (α-Fe2O3 and H2O) of ferrihydrites and goethite as a function of 

excess water content. 
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Figure 4.10 Formation enthalpies of ferrihydrites from elements as a function of excess water content. 

 

Enthalpies of formation from oxides  of goethite data  (Mazeina et al. 2005) are compared as a 

function of water content. Those results demonstrate a similar slope to that of the present 

ferrihydrites, albeit  all values are unsurprisingly shifted ltoward less endothermic values , 

reflecting the greater stability of goethite than ferihydrite. Particle sizes are reported in these 

results, and water content unsurprisingly scale with corresponding surface areas. Such data have 

not yet been collected for the present ferrihydrites. 

Heats of formation from elements are linearly dependant on extent of hydration of the samples 

(Figure 4.4). The decrease in hydration with increasing aging time may be a result of gradual 

coarsening and reduction of surface sites of the ferrihydrite nanoparticles. The overwhelming 

dependence on water content is revealed by comparing formation enthalpies of Majzlan’s samples 

– which are in good agreement with ferrihydrites from the current study. Majzlan et al. noted that 
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the slope (-289.2 kJ/mol∙nH2O) corresponds to formation enthalpy of liquid water (-285.8 kJ/mol), 

which indicates weak interactions between the water and ferrihydrite surfaces.6 Similarly, the 

current ferrihydrites fit along a slope of -279.4 kJ/mol∙nH2O. For reference, a nearly anhydrous 

ferrihydrite (n = 0.027 mol H2O) by Snow et al. also falls along the trendline despite the extreme 

deviation from typical hydration values.2 Such results are unsurprising and only validate that water 

content overshadows finer differences between each ferrihydrite sample. 

4.4 Conclusions and Next Steps 

At this point, calorimetric results indicate that aging has a notable effect on the stability of 

ferrihydrites. However, it is not yet clear what mechanisms contribute to this behavior. The 

difference of stabilities between our and Majzlan’s ferrihydrite samples, despite similar range of 

water content, highlights the need for further characterization. Some hypothesized contributions 

include differences in crystallinity, morphology, and surface energetics. Contrubitions from 

surface area and corresponding surface energies are likely to be significant. Detailed structural and 

spectroscopic characterization of the same samples used for calorimetry is highly desirable.  

If still available, it may be worth characterizing the ferrihydrites used in Majzlan’s study to see 

how they may have changed after 16 years. Detailed spectroscopy, microscopy, and 

crystallography on these legacy samples may also provide useful information.  
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Chapter 5 

Conclusions and Future Directions 

5.1 Conclusions 

The structures and stabilities of two uranium-substituted iron (oxyhydr)oxide nanoscale 

polymorphs were characterized: α-Fe2O3 and α-FeOOH. To accomplish this, synthesis methods 

were developed for phase-pure samples with tunable concentrations of immobilized uranium. The 

thermodynamic stability of their precursor, ferrihydrite, was also studied as a function of aging 

time in solution.  

Hydrothermal treatment was found to be an effective means of producing high quality uranium-

substituted ferric oxides. Both polymorphs contained elevated concentrations of uranium that are 

recalcitrant to remobilization under acidic aqueous environments. This may serve as a potential 

means of water remediation and uranium leachate storage using benign, environmentally abundant 

minerals. The local coordination of uranium within the crystal structure of each polymorph was 

found to have some distinctions from previous studies that emulated conditions in radioactive 

waste environments. However, like in other studies, uranium was still found to occupy iron sites 

within each structure. These findings demonstrated that the local coordination of immobilized 

uranium is dependent on the conditions that led to its incorporation and coprecipitation with the 

host oxides.  

Thermodynamic results indicated that uranium substitution into naturally ubiquitous rust 

products is possible, albeit with considerable energy penalties. It is possible that these values and 

trends may not translate well to samples with differences in local structure from uranium 

incorporation – such as those produced under emulated radiological waste disposal environments. 

Formation enthalpies relative to binary oxides reveal these products to be consistently stable 
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relative to constituent elements, but metastable relative to binary oxides (Figure 5.1). Increasing 

uranium concentration consistently resulted in more positive formation enthalpies, with goethite 

demonstrating the most positive (least favorable) formation enthalpies at any given uranium 

concentration.  

 

Figure 5.1 Formation enthalpies of uranium-incorporated hematite (α-Fe2O3) and goethite (α-FeOOH) calculated 

relative to binary oxides. 
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5.2 Future Directions 

This research is worth further exploring for two primary reasons. The first is to understand the 

role of iron oxides, either by deliberate placement as an absorbent barrier or by natural oxidation 

of steel waste containers, in inhibiting the spread of toxic radioactive leachate. Understanding the 

thermodynamics of this mechanism is critical for assessing the feasibility of these materials in 

retaining radionuclides over the timescales necessary for them to decay into less harmful species. 

As evidenced by the work on hematite, extended times at elevated temperatures resulted in 

higher relative amounts of well-immobilized uranium. It is apparent that hydrothermal treatment 

of hematite and goethite in the presence of uranyl ions had not reached equilibrium at elevated 

temperatures. Additional work on both hematite and goethite systems is needed to explore 

equilibrium points during hydrothermal treatment. Based on results from the hematite study, 

extended hydrothermal treatment times may allow for greater concentrations of uranium 

incorporation and greater corresponding enthalpic penalties. Meanwhile, goethite work did not 

explore the time dependence of uranium incorporation and its effect on underlying structure and 

thermodynamics. However, the overall enthalpic trend as a function of uranium content appears to 

follow that of hematite treated for 72 hours. Extended hydrothermal treatment times, beyond the 

studied 24 hours per batch, may elucidate a saturation point. In doing so, equilibrium may be 

reached, and the corresponding entropic contribution may be studied.  

The groundwork has been laid for further studying iron oxide polymorphs in the presence of 

uranium. The varying oxidation states and complexes observable in radioactive waste 

environments can have critical consequences for uranium retention pathways, host mineral 

structure, and overall stability of immobilized solids. Early work has been performed on magnetite 

(Fe3O4) and anaerobic goethite (α-FeOOH), although with limited success and inconclusive 
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results. Determining the thermodynamics of uranium-incorporated magnetite is highly desirable, 

as it may form under naturally occurring environments, and its magnetic properties are 

advantageous for aqueous uranium immobilization and extraction from water. Meanwhile, 

thermodynamic studies of Fe(II)-induced U-incorporated goethite could highlight different 

immobilization mechanisms and resulting local coordination of the uranium. Achieving high 

purity goethite samples with U(IV) and/or U(V) species within its structure may result in 

appreciably different thermodynamic stabilities compared to those presented in this work. 

Combining structural and thermodynamic data from present and future studies may provide a 

comprehensive, quantitative understanding of aqueous actinide immobilization across iron oxide 

stability landscapes. 

Modifying experimental conditions to better represent environmental conditions with 

competing species should also be explored in the future. Uranyl complexation under varying 

aqueous environments (e.g., pH, carbonate and phosphate complexations, and competing cation 

species) may affect initial interactions with ferrihydrite colloids and resulting retention capacity 

through iron oxide crystallization. Structural and thermodynamic studies on the formation of 

mixed  cation species within iron oxides should then be explored. It may be worth exploring 

whether the presence of another incorporated species can enhance or worsen uranium 

accommodation within each the structure of each polymorph, and whether the mixing of 

incorporated species may affect the overall stability of the host oxides. 
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Appendix A 

Supporting Information for Chapter 2: 

Synthesis and Thermodynamics of Uranium-

Incorporated α-Fe2O3 Nanoparticles  
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Figure SI-1 TEM imaging revealing faceted α-Fe2O3 nanoparticles. 
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Figure SI-2 TEM imaging of crystallinity (left) and Z-contrast from U(VI) occupation along 

lattice fringes (right). 
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Figure SI-3 EDX mapping of constituent elements in U-incorporated α-Fe2O3. 
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Figure SI-4 Concurrent TGA and DSC traces representative of UxFe2-2xO3 synthesized using 24-

hour and 72-hour hydrothermal treatment times. 

  



78 

Table SI-1 F-test fit parameters 

(a) Best fit 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.9 1.79(4) 0.006(4) -3.0 ± 1.9 1 130.5 0.0195 

OEquitorial-

1 

2.2 2.07(6) 0.010(1)     

OEquitorial-

2 

1.9 2.21(4) 0.010(1)     

FeEdge 2.8 3.09(1) 0.006(9)     

FeCorner-1 2.0 3.27(4) 0.007(2)     

FeCorner-2 2.0 3.50(4) 0.010(7)     

FeCell2 1.0 4.11(5) 0.010(7)     

 

(b) Removing FeEdge 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.9 1.78(9) 0.006(3) -4.6 ± 3.2 1 280.2 0.0417 

OEquitorial-1 2.2 2.06(9) 0.009(8)     

OEquitorial-2 1.9 2.20(5) 0.009(8)     

FeEdge        

FeCorner-1 2.0 3.07(8) 0.005(8)     

FeCorner-2 2.0 3.25(8) 0.008(8)     

FeCell2 1.0 3.49(7) 0.008(8)     
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(c) Removing FeCorner-1 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.9 1.77(9) 0.006(0) -5.4 ± 3.3 1 294.6 0.0497 

OEquitorial-1 2.2 2.06(1) 0.009(0)     

OEquitorial-2 1.9 2.20(6) 0.009(0)     

FeEdge 2.8 3.08(6) 0.009(9)     

FeCorner-1        

FeCorner-2 2.0 3.32(1) 0.028(6)     

FeCell2 1.0 4.06(8) 0.011(4)     

 

 

(d) Removing FeCorner-2 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.9 1.78(9) 0.006(3) -4.3 ± 3.1 1 277.6 0.0536 

OEquitorial-1 2.2 2.07(0) 0.010(0)     

OEquitorial-2 1.9 2.20(7) 0.010(0)     

FeEdge 2.8 3.08(3) 0.008(1)     

FeCorner-1 2.0 3.28(6) 0.010(5)     

FeCorner-2        

FeCell2 1.0 3.51(7) 0.010(5)     
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(e) Removing FeCell2 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.9 1.79(3) 0.006(3) -3.4 ± 2.4 1 204.4 0.0283 

OEquitorial-1 2.2 2.07(2) 0.009(6)     

OEquitorial-2 1.9 2.21(3) 0.009(6)     

FeEdge 2.8 3.09(0) 0.007(1)     

FeCorner-1 2.0 3.27(9) 0.007(5)     

FeCorner-2 2.0 3.50(7) 0.009(8)     

FeCell2        

 

 

(f) Adding FeFace 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.9 1.83(7) 0.006(8) 8.6 ± 2.4 1 293.7 0.0357 

OEquitorial-1 2.2 2.11(4) 0.005(7)     

OEquitorial-2 1.9 2.28(9) 0.005(7)     

FeEdge 2.8 2.79(1) 0.014(2)     

FeCorner-1 2.0 3.18(5) 0.014(7)     

FeCorner-2 2.0 3.72(1) 0.020(3)     

FeCell2 1.0 4.32(3) 0.020(3)     

FeFace 1.0 4.58(4) 0.011(2)     
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Table SI-2 F-test results. α represents confidence level of the specified fit being statistically 

distinct from the reference fit. 

F Test α (%) Comment 

(a) Best fit 

 

N/A Reference point for subsequent F-Test fits 

(b) Removing FeEdge 

 

99.6 

 

Removing shell significantly worsens fit 

(c) Removing FeCorner-1 

 

99.7 Removing shell significantly worsens fit 

(d) Removing FeCorner-2 

 

100.0 Removing shell significantly worsens fit 

(e) Removing FeCell2 

 

97.5 Removing shell significantly worsens fit 

(f) Adding FeFace 

 

98.7 Removing shell significantly improves fit 

  



82 

Appendix B 

Supporting Information for Chapter 3: 

Aerobic synthesis and thermodynamics of uranium-

incorporated α-FeOOH nanoparticles 
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Table SI-1 F-test fit parameters 

(a) Best fit 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.3 1.81(9) 0.004(3) 8.7 ± 1.0 1.0 3.141 0.010 

OH 2.0 2.22(5) 0.004(0)     

OEquitorial 2.7 2.41(4) 0.004(0)     

FeEdge1 1.8 3.25(8) 0.004(5)     

FeEdge2 2.0 3.45(9) 0.004(5)     

FeCorner 2.0 3.65(4) 0.005(8)     

FeC-C 4 5.32(8) 0.006(5)     

FeE-C-C 8 5.56(9) 0.011(5)     

 

(b) Removing FeEdge-1 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.3 1.81(6) 0.004(2) 8.4 ± 1.5 1.0 5.540 0.025 

OH 2.0 2.22(5) 0.004(7)     

OEquitorial 2.7 2.41(1) 0.004(7)     

FeEdge-1        

FeEdge-2 2.0 3.59(2) 0.013(1)     

FeCorner 3.0 3.32(0) 0.016(1)     

FeC-C 4 5.33(0) 0.007(0)     

FeE-C-C 8 6.54(8) 0.011(7)     
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(c) Removing FeEdge-2 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.3 1.81(7) 0.004(2) 8.6 ± 1.5 1.0 5.197 0.023 

OH 2.0 2.22(6) 0.004(7)     

OEquitorial 2.7 2.41(3) 0.004(7)     

FeEdge-1 1.8 3.28(8) 0.011(5)     

FeEdge-2        

FeCorner 3.0 3.58(0) 0.015(8)     

FeC-C 4 5.33(1) 0.006(9)     

FeE-C-C 8 5.57(3) 0.011(7)     

 

(d) Removing FeCorner 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.3 1.81(7) 0.004(2) 8.6 ± 1.5 1.0 5.276 0.023 

OH 2.0 2.22(6) 0.004(7)     

OEquitorial 2.7 2.41(3) 0.004(7)     

FeEdge-1 1.8 3.28(7) 0.011(3)     

FeEdge-2 2.2 3.57(6) 0.015(8)     

FeCorner        

FeC-C 4 5.33(1) 0.006(9)     

FeE-C-C 8 5.57(3) 0.011(7)     
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(e) Removing remote Fe (corner-corner) 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.3 1.81(9) 0.004(3) 8.7 ± 1.3 1.0 4.473 0.026 

OH 2.0 2.22(5) 0.004(1)     

OEquitorial 2.7 2.41(4) 0.004(1)     

FeEdge-1 1.8 3.25(6) 0.004(7)     

FeEdge-2 2.2 3.45(8) 0.004(8)     

FeCorner 3.0 3.65(2) 0.006(0)     

FeC-C        

FeE-C-C 8 5.82(3) 0.047(1)     

 

(f) Removing remote Fe (edge-corner-corner) 

Path CN R (Å) σ2
 (Å

2) ΔE0 (eV) S02 χv
2 R 

OAxial 1.3 1.81(9) 0.004(3) 8.8 ± 1.3 1.0 4.467 0.023 

OH 2.0 2.22(6) 0.004(2)     

OEquitorial 2.7 2.41(4) 0.004(2)     

FeEdge-1 1.8 3.25(7) 0.004(7)     

FeEdge-2 2.2 3.45(8) 0.004(8)     

FeCorner 3.0 3.65(3) 0.006(0)     

FeC-C 4 5.29(4) 0.013(3)     

FeE-C-C        
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Table SI-2 F-test results. α represents confidence level of the specified fit being statistically 

distinct from the reference fit. 

F Test α (%) Comment 

(a) Best fit 

 

N/A Reference point for subsequent F-Test fits 

(b) Removing FeEdge1 

 

100.0 Removing shell significantly worsens fit 

(c) Removing FeEdge2 

 

100.0 Removing shell significantly worsens fit 

(d) Removing FeCorner 

 

100.0 Removing shell significantly worsens fit 

(e) Removing FeCC 

 

100.0 Removing shell significantly worsens fit 

(f) Removing FECC 100.0 Removing shell significantly worsens fit 
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Table SI-3 Thermochemical reactions for calculating formation enthalpies of α-U0.5xFe1−xOOH. 

a Reactions - Enthalpy of formation of U0.5xFe1−xOOH from elements and from oxides 

at 25°C 

Enthalpy, ΔH (kJ/mol) Ref. 

 
1 

𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) →
𝑥

2
𝑈𝑂3

(𝑠𝑙𝑛,700°𝐶)
+
(1 − 𝑥)

2
𝐹𝑒2𝑂3(𝑠𝑙𝑛,700°𝐶) +

1

2
𝐻2𝑂(𝑔,700°𝐶) 

for 0 <  𝑥 <  0.016 

𝛥𝐻1 = 𝛥𝐻𝑑𝑠  

2G 
𝛼 − 𝐹𝑒𝑂𝑂𝐻(𝑠,25°𝐶) →

1

2
𝐹𝑒2𝑂3(𝑠𝑙𝑛,700°𝐶) +

1

2
𝐻2𝑂(𝑔,700°𝐶) 

𝛥𝐻2𝐺 = 84.68 ± 0.9 1,2 

2H 𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) → 𝐹𝑒2𝑂3(𝑠𝑙𝑛,700°𝐶) 𝛥𝐻2𝐻 =95.63 ± 0.50 1 

3 𝐻2𝑂(𝑙,25°𝐶) → 𝐻2𝑂(𝑔,700°𝐶) 𝛥𝐻3 = 69.0 1 

4 𝑂2(𝑔,25°𝐶) → 𝑂2(𝑔,700°𝐶) 𝛥𝐻4 = 21.83 1 

5a 𝛾 − 𝑈𝑂3(𝑠,25°𝐶) → 𝑈𝑂3(𝑠𝑙𝑛,700°𝐶) 𝛥𝐻5𝑎 = 9.49 ± 1.53 3 

5b 1

3
𝑈3𝑂8(𝑠,25°𝐶) +

1

6
𝑂2(𝑔,25°𝐶) → 𝑈𝑂3(𝑠𝑙𝑛,700°𝐶) 

𝛥𝐻5𝑏 = 54.0 ± 6.4 3 

5c 
𝑈𝑂2(𝑠,25°𝐶) +

1

2
𝑂2(𝑔,25°𝐶) → 𝑈𝑂3(𝑠𝑙𝑛,700°𝐶) 

𝛥𝐻5𝑐 = -140.4 ± 0.67 3 

6 
2𝐹𝑒(𝑠,25°𝐶) +

3

2
𝑂2(𝑔,25°𝐶) → 𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) 

𝛥𝐻6 = -826.2 ± 1.3 4 

7 
𝑈(𝑠,25°𝐶) +

3

2
𝑂2(𝑔,25°𝐶) → 𝛾 − 𝑈𝑂3(𝑠,25°𝐶) 

𝛥𝐻7 =-1223.8 ± 0.8 4 

8 
𝐻2(𝑔,25°𝐶) +

1

2
𝑂2(𝑔,25°𝐶) → 𝐻2𝑂(𝑙,25°𝐶) 

𝛥𝐻8 = -285.8 ± 0.1 4 

9a (1 − 𝑥)(𝛼 − 𝐹𝑒𝑂𝑂𝐻)(𝑠,25°𝐶) + 
𝒙

𝟐
𝑼𝑶𝟑

(𝒔,𝟐𝟓°𝑪)
→ 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻9𝑎 = 𝛥𝐻𝑓,𝑜𝑥−𝐺1  

9b (1 − 𝑥)(𝛼 − 𝐹𝑒𝑂𝑂𝐻)(𝑠,25°𝐶) + 
𝒙

𝟔
𝑼𝟑𝑶𝟖(𝒔,𝟐𝟓°𝑪) → 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻9𝑏 = 𝛥𝐻𝑓,𝑜𝑥−𝐺2  

9c (1 − 𝑥)(𝛼 − 𝐹𝑒𝑂𝑂𝐻)(𝑠,25°𝐶) + 
𝒙

𝟐
𝑼𝑶𝟐

(𝒔,𝟐𝟓°𝑪)
→ 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻9𝑐 = 𝛥𝐻𝑓,𝑜𝑥−𝐺3  

10a (1 − 𝑥)

2
𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) + 

𝒙

𝟐
𝑼𝑶𝟑

(𝒔,𝟐𝟓°𝑪)
+
1

2
𝐻2𝑂(𝑙,25°𝐶) → 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻10𝑎 = 𝛥𝐻𝑓,𝑜𝑥−𝐻1  

10b (1 − 𝑥)

2
𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) + 

𝒙

𝟔
𝑼𝟑𝑶𝟖(𝒔,𝟐𝟓°𝑪) +

1

2
𝐻2𝑂(𝑙,25°𝐶) → 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻10𝑏 = 𝛥𝐻𝑓,𝑜𝑥−𝐻2  

10c (1 − 𝑥)

2
𝛼 − 𝐹𝑒2𝑂3(𝑠,25°𝐶) + 

𝒙

𝟐
𝑼𝑶𝟐

(𝒔,𝟐𝟓°𝑪)
+
1

2
𝐻2𝑂(𝑙,25°𝐶) → 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻10𝑐 = 𝛥𝐻𝑓,𝑜𝑥−𝐻3  

11 𝑥

2
𝑈(𝑠,25°𝐶) + (1 − 𝑥)𝐹𝑒(𝑠,25°𝐶) +

1

2
𝐻2𝑂(𝑙,25°𝐶) +

3

4
𝑂2(𝑔,25°𝐶) → 𝑈0.5𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻(𝑠,25°𝐶) 

𝛥𝐻11 = 𝛥𝐻𝑓,𝑒𝑙  

 𝛥𝐻𝑓,𝑜𝑥−𝐺1 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2𝐺 +
𝑥

2
 𝛥𝐻5𝑎 

𝛥𝐻𝑓,𝑜𝑥−𝐺2 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2𝐺 +
𝑥

2
 𝛥𝐻5𝑏 

𝛥𝐻𝑓,𝑜𝑥−𝐺3 = −𝛥𝐻1 + (1 − 𝑥) 𝛥𝐻2𝐺 +
𝑥

2
 𝛥𝐻5𝑐 

𝛥𝐻𝑓,𝑜𝑥−𝐻1 = −𝛥𝐻1 +
(1 − 𝑥)

2
 𝛥𝐻2𝐻 +

1

2
 𝛥𝐻3 +

𝑥

2
 𝛥𝐻5𝑎 

𝛥𝐻𝑓,𝑜𝑥−𝐻2 = −𝛥𝐻1 +
(1 − 𝑥)

2
 𝛥𝐻2𝐻 +

1

2
 𝛥𝐻3 +

𝑥

2
 𝛥𝐻5𝑏 

𝛥𝐻𝑓,𝑜𝑥−𝐻3 = −𝛥𝐻1 +
(1 − 𝑥)

2
 𝛥𝐻2𝐻 +

1

2
 𝛥𝐻3 +

𝑥

2
 𝛥𝐻5𝑐 

𝛥𝐻𝑓,𝑒𝑙 = −𝛥𝐻1 +
1

2
 [(1 − 𝑥) 𝛥𝐻2𝐻 +  𝛥𝐻3 +

3

2
 𝛥𝐻4 + 𝑥 𝛥𝐻5𝑎 + (1 − 𝑥) 𝛥𝐻6 + 𝑥 𝛥𝐻7 +  𝑥 𝛥𝐻8] 

for 𝟎 <  𝒙 <  𝟎. 𝟎𝟏𝟔 mol U 
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Figure SI-1 Standard formation enthalpies of U0.5xFe1-xOOH in relation to α-Fe2O3 and binary 

uranium oxides of varying oxidation states. 
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