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ABSTRACT 
 
 

Incorporation of uranium into iron oxide minerals is a promising mechanism for 

the environmental immobilization of U(VI).  In this study, synthesized hematite was 

doped with uranium and analyzed with SEM-EDS, TEM, XRD, and ICP-MS.  The 

results of this analysis strongly indicate uranium incorporation into the mineral, as well as 

the possible presence of a co-precipitated uranium mineral clarkeite.  Preliminary results 

also shows an increase in the amount of uranium associated with the hematite particles as 

a function of mineral aging. 

Cyclic Voltammetry (CV) was used to induce and characterize electrochemical 

changes of uranium in the doped hematite system; these changes may possibly affect the 

stability of the bulk hematite, as well as the solubility of incorporated uranium should the 

hematite dissolve.  The latter scenario is of particular interest, given the possibility of 

corrosive pH and temperature conditions in a geological waste repository.  For this reason, 

uranium redox reactions were investigated at varying physical conditions. CV experiments 

demonstrated that a rapid and reversible U(V)-U(VI) redox couple will form in the 

presence of an applied cyclical voltage.  The redox reactions between U(IV) and U(VI) are 

also possible, but are kinetically slower.  All uranium redox reactions were most strongly 

observed in a narrow pH range centered around pH 3.5.  The rate of each redox reaction 

increased with increasing temperature, while the electrochemical potential decreased with 

increasing temperature.  These results are the groundwork upon which to conduct 

additional testing to further assess the viability of uranium incorporation as a strategy for 

uranium waste sequestration.
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CHAPTER ONE 
 

Introduction 
 

 

Nuclear energy is uniquely positioned to reduce both carbon emissions1 and 

global dependence on non-renewable fossil fuel resources, and will thus likely remain a 

key component of future energy policy.  Nuclear power is operationally less dependent 

on local climate and geography than other potential energy alternatives, and its ability to 

generate power with low land, fuel, and emission footprints allows nuclear power to 

fulfill a primary role on the energy grid.  If coupled to increased efficiencies in mineral 

extraction and reactor design that increase the total energy extraction from uranium ore 

reserves, known nuclear resources hold the potential to fulfill global energy needs for 

many decades to come.2   

Yet, the single greatest issue currently facing the nuclear industry is that of waste 

disposal.  Waste is generated at all points of the nuclear fuel cycle and has varying 

chemical properties and radioactivity.  In the commercial nuclear industry, spent nuclear 

fuel (SNF) has the highest activity to volume ratio and requires the longest period of 

sequestration due to the presence of actinides, actinide daughters, 129I, and 99Tc.   If and 

when a permanent repository for domestic SNF is selected, the local geology, chemistry, 

climate, and other factors must be thoroughly studied to anticipate the likely 

environmental fate of the disposed radionuclides.  The time scales of concern for long 

term disposal are on the order of geological time, i.e., hundreds of thousands of years, 

making long-lived radionuclides the waste substance of greatest environmental concern.  
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It must be assumed that the release of radionuclides from the source term will eventually 

occur due to corrosion of engineered barriers. Upon break-down of the engineered 

barriers and waste form, aqueous transport of actinides is possible. Previous fundamental 

research has primarily focused on the chemical fate of radionuclides released from the 

corrosion of SNF3,4,5.  In these studies the properties of uranium is of particular 

importance since it comprises 95% of SNF6.   

Perhaps the most important aspect of this research is the study of how aqueous 

uranium may be immobilized.  Although the specific mechanisms can be quite complex, 

they may be broadly classified into three main groups: sorption, reduction and 

precipitation on the mineral surface, and direct incorporation into proximal minerals.  

Fundamental research into each of these processes is necessary to better understand 

specific mechanisms and the influence of environmental parameters, such as pH and 

ionic strength, on those mechanisms.  This knowledge can then be applied to de-

convolute the complex interaction of site-specific environmental characteristics on 

uranium immobilization.  Greater confidence in the capability of a given disposal site to 

safe-guard the public from actinide exposure can then be attained. 

 

 

 

 

 

 



 3 

CHAPTER TWO 

Background 

 

Environmental Speciation of Uranium 

In the environment, uranium occurs primarily in one of two oxidation states: 

U(IV) and U(VI).  U(IV) generally forms insoluble compounds (e.g., uraninite UO2), 

while U(VI) is the dominant aqueous oxidation state under a wide range of environmental 

conditions3 and forms the uranyl dioxycation (UO2
2+).  Uranyl readily complexes with 

ligands and, as a hard acid, shows particular affinity for hard base ligands, such as 

hydroxide and carbonate6.  Many of these ligands are ubiquitous in geological formations 

favored for nuclear waste disposal. The concentration of these ligands is highly 

dependent on local geochemical conditions and resultant pH.  As a result, site specific 

data should always be used for accurate modeling.  The natural pH range of groundwater 

ranges between 5-9, with an average value slightly above 77.  

Uranium in SNF is initially stored in engineered waste canisters, which provide 

isolation from groundwater.  However, over geological time, it can be assumed that 

corrosion and radiation damage will eventually degrade the canisters and allow the 

uranium to become exposed to groundwater. In the presence of water, radiolysis of water 

at the surface of the used nuclear fuel causes oxidizing conditions which favor U(VI) 

speciation8.  As a result, the potential for release of uranyl from nuclear waste forms is a 

critically important risk driver for many repository sites. 
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Immobilization of Aqueous Uranium 

Several mechanisms may impede the mobilization of aqueous uranium, including 

sorption and reduction onto mineral surfaces, precipitation of insoluble phases, and 

incorporation into proximal minerals.  Aqueous uranyl complexes can form inner-sphere 

complexes at mineral surfaces or as outer-sphere complexes9.  Outer-sphere complexes 

are characterized by long-range electrostatic interactions in which uranyl is separated 

from the mineral surface by a layer of water molecules.  Inner-sphere complexes involve 

chemical bonding at the mineral surface and can, therefore, comprise a strong 

immobilization mechanism, if the reaction is irreversible.  The sorption strength of 

uranium ions is based on the effective charge of the uranium ions and given by the 

following series:  

U4+ > UO2
2+ ~ U3+ > UO2

+ 

where U(IV) will sorb most strongly.  In this series U(VI) and U(V) occur as uranyl 

molecules, which is their predominant environmental form.   

U(VI) sorption is often accompanied by the reduction of U(VI) to U(IV) via 

interaction between U(VI) and reducing agents such as Fe(II)10.  Because U(IV) forms 

primarily insoluble species, uranium immobilization is enhanced due to increased U(IV) 

speciation.  The bonding of actinides in inner sphere sorption is primarily ionic in nature9.  

Environmental changes that affect electrostatic interactions in the source term may in turn 

lead to desorption and subsequent release of uranium from a mineral surface.  Common 

examples of such electrostatic alterations are changes in pH or ionic strength.  Sorption 



 5 

may retard the aqueous transport of soluble U(VI) complexes, but it cannot be viewed as 

a permanent immobilization mechanism and may even enhance transport in the case of 

sorption to colloidal particles11,12. 

If the kinetics of sorption are favorable, sufficient amounts of U(VI) may sorb to 

the surface to allow for surface mediated precipitation of solid U(VI) phases.  If the 

concentration of U(VI) is well above the solubility limit, precipitation of U(VI)-bearing 

minerals may be viewed as a more permanent immobilization mechanism relative to 

sorption/reduction.  Given the prospect of aqueous uranium leaching from a waste form, 

a method that preferentially sequesters the most soluble form of uranium for indefinite 

periods of time is highly desirable.  An intriguing possibility with regards to irreversible 

environmental sequestration of uranium is incorporation into proximal mineral phases, 

where U(VI) occupies a lattice or interstitial site within a mineral.  The degree to which 

incorporation into proximal mineral phases immobilizes the uranium is a key question in 

determining the efficacy of a repository.  If it can be shown that, upon release, U(VI) is 

readily immobilized, the risk of ultimate release and human exposure is greatly reduced.  

For example, in oxidizing conditions uranium incorporation into iron oxides has been 

shown to limit the release of uranium as soluble U(VI)13.  

 

Uranium and Iron Mineralogy  

Predicting the theoretical viability of uranium incorporation into a proximal 

mineral requires two key considerations: (i) the net charge for the substitution must 

remain neutral and (ii) the coordination environment of the mineral must be consistent 
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with known uranium coordination environments.  Therefore, an evaluation of uranium 

mineralogy with a focus on coordination environments is a necessary first step towards 

predicting incorporation into proximal minerals.  Since U(IV) is not a significant risk 

driver for aqueous transport, only U(VI) mineral chemistry will be briefly considered.  

As previously mentioned, U(VI) forms the linear uranyl moiety (UO2
2+), which is 

typically coordinated by four to six ligands, forming square, pentagonal, and hexagonal 

bipyramids14,15.  The uranyl bipyramids typically polymerize to form sheet structures, 

which account for 204 of 368 identified uranyl minerals15.  In some instances, the uranyl 

bipyramids form framework structures.  Interestingly, two known framework structures, 

(Pb2(H2O)[(UO2)10UO12(OH)6(H2O)6]) and 

(NH4)3(H2O2){[(UO2)10O10(OH)][(UO4)(H2O)2]}, include uranyl bipyramids, as well as 

distorted U(VI) octahedra15.  This observation is important, because Fe(III) is also 

octahedrally coordinated in several common iron oxide minerals (e.g., goethite FeOOH 

and hematite Fe2O3).  As a result, these structures indicate that U(VI) substitution into an 

Fe(III) mineral may be possible.  While the distorted U(VI) octahedra do not dominate 

the structures mentioned above, (e.g., 1/6 of all U(VI) are octahedrally coordinated in 

Pb2(H2O)[(UO2)10UO12(OH)6(H2O)6])15, the octahedral coordination indicates that U(VI) 

may be incorporated into octahedral sites of other minerals such as hematite (Fe2O3). 

Moreover, Ba2MgUO6 and K9BiU6O24 are examples of framework structures composed 

of octahedrally coordinated U(VI) cations with no uranyl ions present15.  These structures 

provide further evidence of possible U(VI) substitution into an octahedral site.   
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Iron oxide minerals are environmentally ubiquitous, readily sorb uranium, and 

often participate in Fe(II)-mediated uranium reduction/co-precipitation reactions.   

Hematite (α-Fe2O3) is among the most common forms of iron oxide and is an important 

constituent in many geological environments.  In addition, hematite is expected to form 

as a high temperature corrosion product of stainless steel waste canisters16.  Hematite 

contains octahedrally-coordinated Fe(III).  The mineral structure is described as parallel 

layers of octahedra in which two thirds of the octahedral sites are filled with Fe(III)17.  

Substitution of one U(VI) ion for two Fe(III) ions satisfies charge balance.  In addition, 

the ionic radii of octahedrally-coordinated U(VI) and Fe(III) differ by 11%. Thus, 

Pauling’s Rules state that they may substitute for one another. (<10%, if < 15% than they 

may substitute with limited solubility)18. 

Incorporated U(VI) is not soluble in an aqueous environment due to the 

coordination environment of the bulk mineral.  However, reduction of incorporated 

U(VI) may alter coordination polyhedra and effect the thermodynamic stability of the U-

incorporated mineral.  Unfortunately, assessing the theoretical possibility of such 

electrochemical changes is difficult.  Uraninite, the dominant U(IV) mineral, has the 

fluorite structure (Fm3m), where U is octahedrally coordinated.  Therefore, reduction of 

octahedrally incorporated U(VI) to U(IV) may be possible without destabilizing the 

mineral structure.  U(IV) has an ionic radius of 0.89 Å  (37% larger than the ionic radius 

of Fe(III)), and thus steric hindrances may be a concern in the event of such a redox 

transformation. 
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Evidence for Uranium Incorporation into Iron Oxide Minerals 

U(VI) has been shown to directly substitute into a variety of iron hydroxide 

minerals.  For example, uranium incorporation into two-line ferrihydrate has been 

identified18.  Two-line ferrihydrate is structurally distinct from more common iron oxides 

such as hematite, yet retains many similarities in terms of the observed iron coordination 

environment and possible uranium substitution mechanisms.  Two-line ferrihydrate is 

characterized by layers of edge-shared FeO6 octahedra (known as Fe1 sites) that are 

connected vertically by FeO6 octahedra (known as Fe2 sites).  The Fe2 sites share edges 

with Fe1 sites and FeO4 tetrahedra (Fe3 sites).  The Fe1 sites are completely filled, 

whereas the Fe2 and Fe3 sites retain ~50% vacancies.  However, the direct substitution of 

U(VI) for Fe(III) results in a charge imbalance.  A variety of potential mechanisms could 

address this charge imbalance, such as coupled removal of Fe from an adjacent Fe1 site.  

The potential for uranium substitution into disordered ferrihydrate is significant given the 

fact that aging transforms ferrihydrate into highly ordered crystalline structures.  

Increased ordering corresponds to additional octahedral sites, which are more likely to 

incorporate uranium and limit its mobility19. 

Additional studies imply the potential for U(VI) incorporation into Fe(III) 

hydroxides (goethite) as a function of increasing amounts of U(VI) that could not be 

recovered from the liquid phase during synthesis experiments20,21.  This observation 

strongly indicated that U(VI) was becoming fixed within the solid mineral phase.  A 

method was then developed to fix uranium within a solid iron oxide (hematite) mineral 

phase22.  Recent X-ray absorption fine structure (XAFS), X-ray absorption near edge 
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structure (XANES), and Fourier transform infrared (FT-IR) structural data provided 

compelling evidence for the incorporation of uranium into the hematite crystal 

structure23.  Reduction experiments conducted after synthesizing U-doped hematite 

showed a much higher population of U(V) relative to U(IV)23. This observation is in 

contrast to the speciation of adsorbed uranium, in which U(IV) and U(VI) predominate.  

Therefore, the prevalence of U(V) was likely due to the relative stability of the ion in an 

octahedral environment relative to adsorbed U(IV).  These findings indicate that uranium 

can be incorporated into the hematite structure via substitution into an octahedral 

coordination environment.  The exact mechanism of the substitution is not yet known.  

Nevertheless, the experimental verification of incorporation is significant due to its 

possible use as a mechanism for limiting the mobility of uranium in the environment.  As 

previously stated, incorporated U(VI) can only be released to the aqueous phase via 

alteration of the bulk mineral phase.   

From an environmental standpoint, it is unlikely that uranium incorporation into a 

mineral phase will be accomplished without some adsorption to the mineral surface, as 

well.  Even in the case of relatively complete incorporation, some uranium will likely 

remain on the surface of the mineral and be effectively sorbed.  In this case, surface 

adsorption becomes the primary source of aqueous uranium due to the greater 

reversibility of the process.  Changes in environmental parameters such as temperature 

and pH are more likely to cause uranium desorption from the mineral surface prior to 

degradation of the mineral structure.   Therefore, the effect of environmental parameters 
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on uranium sorption strength to the mineral surface should be considered in any disposal 

scenario. 

It has been shown that uranium reduction is strongly influenced by the 

Fe(II)/Fe(III) redox couple at a mineral surface24, where the stoichiometric ratio of Fe(II) 

to Fe(III) determines the extent of U(VI) reduction.  At standard conditions in aqueous 

solution, the reduction potential of Fe(III) is 0.771 V, while that of U(VI) to U(IV) is 

0.273 V25.  Assuming similar reduction potentials for hematite with incorporated 

uranium, these values indicate that iron is more readily reduced than uranium. However, 

the positive potential for both uranium and iron indicate that both ions are readily reduced 

in the presence of a reducing agent. 

For incorporated uranium, reduction to U(V) is energetically favorable relative to 

U(IV)23.  Disproportionation of U(V) may be more thermodynamically favorable in some 

cases and allow for an alternative pathway for the formation of U(IV).  

Disproportionation of U(V) is an important electrochemical mechanism that has been 

demonstrated in a variety of geologic and biologic environments26.  For uranium sorbed 

on the surface of iron oxide minerals, U(V) is considered to be a fleeting intermediate due 

to the rapid kinetics of the disproportionation reaction.  In the case of structural 

incorporation, the thermodynamic favorability of the U(VI) to U(V) reduction may favor 

speciation of U(V) relative to U(IV) in a reducing environment23.   However, the long 

term stability of U(V) within the mineral has not yet been confirmed.  Since 

disproportionation is an important mechanism for sorbed U(V) redox, it must also be 
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considered as a possible mechanism when assessing the long term speciation of 

incorporate uranium. 

In addition to disproportionation, pH also affects uranium speciation in aqueous 

systems, and thus impacts solubility and sorption onto surfaces. Acidic conditions 

encourage the oxidation of U(V) to U(VI), whereas at highly basic pH’s of ~13, U(V) 

and (VI) easily form a precipitate surface layer on iron (hydr)-oxide surfaces27.  It should 

be noted that pH is also a key factor in aqueous uranium speciation due to pH-mediated 

effects on hydrolysis reactions18.  Sorption isotherms indicate that uranium sorption 

progressively decreases at low pH due to electrostatic repulsion at the mineral surface, 

and vice versa at high pH.  Regardless of ionic speciation, uranium that is not part of a 

solid co-precipitated phase will therefore become more soluble with decreasing pH.  (See 

Figure A.1) 

 

Fundamental Electrochemical Relationships 

The basic relationship that determines the potential of an electrochemical reaction 

is given by the Nernst equation:                                                   E = E° − RTnF ∗ lnQ                                    (1) 

Where T is the temperature, R is the gas constant (8.3145 J/mol◦K), E° is the standard 

cell potential, n is the stoichiometric number of electrons transferred, F is the Faraday 

constant (9.648 x 104 C/mol), and Q is the reaction quotient.  In aqueous systems, Q is 

often pH dependent.  For example, in carbonate free systems uranyl is found as 
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UO2(OH)x, where pH determines the number of hydroxide groups associated with the 

uranyl ion. 

The electrochemical potential of a redox process deviates from its standard 

potential as the temperature, concentration of reactants, and pH changes.  Therefore, the 

electrochemical potential is strongly dependent on ambient physical conditions.  The 

relationship between electrochemical potential and Gibbs free energy (ΔG) is given as 

follows: 

 ΔG = -nFE                                                         (2)  

Since Gibbs free energy is a direct function of electrochemical potential, temperature and 

pH are expected to have an effect on the thermodynamic favorability of uranium redox 

processes in doped hematite. 

 

Using Cyclic Voltammetry to Probe Geochemical Reactions 

Voltammetric methods are a type of electrochemical method that have proven 

useful in characterizing redox sensitive minerals such as Fe sulfide minerals (e.g., pyrite 

FeS2
28) and Fe oxide minerals (e.g., magnetite Fe3O4).For example, one of the earliest 

known applications of voltammetry determined the reduction potential of cadmium29.  In 

addition, voltammetry has been used to obtain rate constants and half cell potentials for 

uranium redox reactions in solution30.  The electrochemical behavior of uranium sorbed 

onto hematite, goethite, and other iron oxide minerals has also been investigated using 

voltammetry31.  
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Each ionic species has a quantifiable potential energy that corresponds to the 

thermodynamic favorability of either oxidation or reduction.  For a redox reaction to 

occur, an applied voltage must supply the minimum energy required for 

oxidation/reduction.  If a constant voltage is applied to a sample, the equilibrium of the 

ionic species will be disturbed.  To re-establish equilibrium either oxidation or reduction 

will occur, which in turn generates a current (i.e., a flow of electrons).  The magnitude of 

the current depends on the ionic concentration, temperature, and the equilibrium constant 

of the redox system at a given set of conditions.  Thus, the total current generated by an 

applied voltage is a function of the physical and chemical characteristics of the system.  

Voltammetric methods use the application of a changing voltage, normally at a 

fixed rate versus time.  The analyte may undergo multiple redox transformations as 

potentials are progressively reached, which correspond to the energy requirements of the 

redox reaction.  As electrochemical reactions occur, total current varies with time.  Linear 

sweep voltammetry is a method that applies a linearly changing voltage from a chosen 

starting potential.  As potentials are reached that are sufficient to induce redox reactions, 

a spike in current is observed as the species is initially oxidized/reduced.  If the terminal 

potential (i.e., the voltage at the positive or negative of the chosen potential range) is 

sufficiently high, complete oxidation may occur if the reaction kinetics are favorable 

during the experimental time scale.  Some electrochemical changes may be reversible 

and/or correspond to an equilibrium between multiple oxidation states.  While useful for 

the qualitative identification of peak onsets, linear sweep voltammetry does not allow for 

equilibrium characterization of redox systems.  
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Cyclic voltammetry (CV), unlike linear sweep voltammetry, allows the 

application of a voltage to continually oscillate between a high and low value.  As a 

result, oxidation and reduction reactions can be reversibly induced in the same 

experiment.  Observed increases in current can be attributed to a specific redox reaction, 

which in turn allows additional kinetic and thermodynamic information to be attained.  

CV was selected as the primary method to accomplish the experimental goals of this 

research for two main reasons: (1) it allows redox couples to be induced in a single 

experiment and (2) it yields kinetic and thermodynamic information for each redox 

reaction.   

In a CV experiment, the scan rate, step interval, upper/lower switching potentials, 

and starting potential can be adjusted as needed. Proper selection of these values depends 

upon the redox potential of the analyte and the redox reaction rate.  As the voltage is 

incrementally scanned between high and low values, the analyte will undergo redox 

reactions if the applied voltage corresponds to the minimum energy required to oxidize or 

reduce a redox-active species.  Slower scan rates allow more time for a given reaction to 

occur at an applied voltage.  Conversely, slow reversible redox reactions may not be 

observable if a voltage scan rate is selected such that insufficient time is allotted for the 

oxidation/reduction of the material of interest. Total peak current is related to scan rate 

via the Randles-Sevcik equation: 

                                               ip = (2.69 x 105)n3/2AD1/2Civ1/2                                                 (3) 

Where ip is peak current, n is the number of electrons transferred, A is the area of the 

electrode surface, D is the diffusion of analyte to the electrode surface, and v is the scan 
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rate.  An experimental scan rate must therefore be low enough to allow the desired redox 

transformation to occur, but fast enough to yield an observable peak above the baseline of 

the scan. 

 An idealized CV scan for a fully reversible system is depicted in Figure 2.1. The 

output of a CV scan is a graph of current versus voltage.  Voltage is changed at a constant 

rate, and thus each applied voltage generates a current to or from the sample. In this 

figure ip
c is the cathodic peak current corresponding to the reduction of the analyte, while 

ip
a is the anodic peak current corresponding to the oxidation of the analyte.  Each peak is 

centered about a characteristic voltage for a given redox reaction called the anodic or 

cathodic potential.  The anodic or cathodic potential is analagous to an activation energy 

and is a thermodynamic reaction constant for a given temperature and analyte speciation.  

For a fully reversible system the following simplified relationship is valid: 

ΔE = 0.058V/n               (4) 

Where ΔE is the difference in voltage between the anodic and cathodic potential and n is 

the stoichiometric number of electrons transferred.  Using this relationship, a one-

electron transfer in a reversible system should theoretically have a spacing of ~60 mV 

between the anodic and cathodic peaks.  Systems that follow the relationship in Equation 

2 are characerized as fully reversible.  If ΔE is greater than 60mV/(mol of electrons 

transferred), the system is quasi-reversible.  Several factors can cause a reversible redox 

system to exhibit quasi-reversible behavior in a CV experiment.  Among the more 

common factors are competing chemical reactions that consume one or more members of 

the redox system and/or voltage scan rates that are too fast to allow full 
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oxidation/reduction.  Fully reversible processes should have equal current ratios such that 

ic/ia = 1, while quasi-reversible reactions will demonstrate deviations from unity.   

 

 

Figure 2.1. Theoretical CV scan of a reversible redox system. Ep
ais the anodic peak potential, 

and ip
a is the current at this point. Ep

c is the cathodic peak potential, and ip
c is the current at this 

point.32 

 

Prior to the onset of an applied cyclical voltage, the sample can be held at a 

constant voltage for a set period of time. This “preconditioning” allows a sample to be 

conditioned to a desired initial oxidation state.  For example, a negative preconditioning 

of the sample allows one to remove any oxidation products on the surface of an electrode 

that has been exposed to an oxidizing environment (e.g., bench top storage).  In this way, 

the electrode surface at the start of each run is consistent.  If the prospective redox system 

is well characterized, proper selection of the preconditioning voltage, scan rate, and 

voltage limits allow specific redox transformations to be induced and characterized.  
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Thus, CV is a useful technique to examine the effect of physical factors (such as pH, 

concentration, and temperature) on the redox-induced changes of a given analyte. 

 

Summary 

Redox reactions that lead to the mobilization of uranium are a very important potential 

cause for uranium release in a disposal scenario.  Uranium incorporation into hematite 

presents interesting possibilities with regard to future immobilization of uranium leached 

from corroded spent nuclear fuel.   However, a priori knowledge of the relevant 

electrochemical properties of uranium incorporated into hematite is limited.  The body of 

research that has explored the environmental parameters of uranium sorption onto Fe-

bearing minerals and compounds has not yet been extended to uranium incorporation into 

iron minerals8,9,10,11,33.  Although uranium incorporation into proximal minerals is a 

growing area of research, published work has largely focused on characterization of the 

structure and composition of the incorporated mineral form22,23.  Electrochemical 

properties of the incorporated uranium remain largely unknown.  Consequently, it cannot 

be assumed that, in a given environment, uranium incorporated into hematite will 

undergo the same electrochemical reactions as sorbed uranium; rather, the differences in 

chemical environment are likely to translate into different electrochemical properties.  

Given the long time scales of interest for evaluating risk at a geologic repository, 

experimental methods that can rapidly probe and/or induce electrochemical changes are 

necessary to explore the possible electrochemical transformations of incorporated 

uranium.  
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CHAPTER THREE 

Hypothesis and Objectives 

 

The overarching hypothesis of this work is that uranium incorporated into hematite 

can undergo electrochemical changes that are dependent on the physical environment of 

the hematite sample. This hypothesis implies three subsidiary hypotheses: 

(1) Uranium can be structurally incorporated into hematite via direct substitution for 

Fe(III) ions. 

(2) Uranium incorporated into hematite undergoes electrochemical reactions that 

reversibly cycle between the (V) and (VI) oxidation states. 

(3) The thermodynamic viability and kinetic favorability of uranium redox reactions 

are sensitive to the external parameters of pH, temperature, electrolyte composition, 

and host crystallinity. 

The research objectives of the proposed work are dictated by these hypotheses and are 

similarly threefold: 

(1) Verify that uranium can be directly incorporated into hematite. 

(2) Identify the different redox behavior of U structurally incorporated in hematite 

versus U sorbed onto hematite powders.  

(3) Evaluate the effect of changing environmental conditions, notably pH and 

temperature, on the kinetic and thermodynamic properties of the uranium redox 

reactions. 
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CHAPTER FOUR 

Materials and Methods 

 
Synthesis and Characterization  

The U-doped hematite synthesis was adapted from previous methods22,23. An 850 

ml solution with a concentration of 0.18 mM UO2(NO3)  (Electron Microscopy Sciences 

CAS #13520-83-7) was sparged with nitrogen for two hours.  While continually sparging 

with nitrogen, 1.7 g of FeCl3 (Amresco CAS #7782-61-8) and 5.1 g of NaNO3 (Amresco 

CAS #7631-99-4) were then added to the solution.  Sodium hydroxide was added drop 

wise to raise the pH to ~7, and the solution was then sparged with nitrogen and stirred for 

two hours.  A final addition of sodium hydroxide was used to raise the final solution pH 

to ~11, and the solution was sparged with nitrogen and stirred for one and a half hours.  

For fully crystalline samples the solution was then incubated for 28 days at 90 degrees 

Celsius.  These U-doped hematite samples were used in all CV experiments, except for 

those examining the effects of aging on uranium incorporation, where U-doped hematite 

samples were incubated for 3, 7, 14, and 28 days.  Undoped hematite samples were 

prepare using the same methodology, including the 28 day incubation period for better 

comparison with the U-doped hematite samples.  

After incubation, 650 ml of the solution was decanted while taking special care to 

avoid removal of the settled solids.  The remaining solution was transferred to a 250 ml 

centrifuge bottle, shaken by hand, and centrifuged at 9000 rpm for ten minutes.  The 

solution was decanted and rewashed five times with 150 ml of 0.5 M CaCO3.  This 
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process was then repeated for at least five wash cycles using DI water.  The residual 

solids were dried for two hours at 70 °C.  The supernatant was diluted to a 10:1 ratio with 

2% nitric acid to a total volume of 10 ml, and analyzed for uranium and iron 

concentration using a Thermo Scientific X Series 2 inductively coupled plasma mass 

spectrometer (ICP-MS). 

The solid phase was characterized using X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and transmission electron microscopy (TEM).  All XRD 

measurements were completed on a Rigaku Ultima IV powder diffractometer.  

Measurements were collected between 2Θ values of 15-65° at a scan rate of 0.5° per 

minute.  SEM images were collected on a Hitachi FESEM 4800 using an accelerating 

voltage of 15 kV with an emission current of 15 µA.  Energy Dispersive X-Ray 

Spectroscopy (EDS) was collected on an Oxford INCA system with a SiLi detector.  

TEM images were collected on a Hitachi TEM 7600.   

Experimental Set-up  

Cyclic voltammetry 

(CV) commonly uses three 

electrodes (Figure 4.1) 

immersed in an electrolyte 

solution.  Voltage is applied to 

the sample at the working 

electrode as desired.  A second 
 

Figure 4.1. Diagram of experimental CV electrode 
configuration. ‘V’ designates the application of voltage to the 
reference and working electrodes. ‘A’ represents the current 
measured from the counter electrode. 
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electrode of known voltage serves as the reference electrode, with a third electrode 

serving as the counter electrode.  In all experiments presented here, an Ag/AgCl 

reference electrode was used, along with a Pt wire counter electrode.  Measurement 

sensitivity was enhanced by the use of a cavity microelectrode (CME), referred to in this 

thesis as a powder microelectrode (PME).   A PME is advantageous when studying 

systems that require fast voltage scan rates to observe redox reactions of interest. As scan 

rate increases, conventional electrodes generate an unacceptable level of charging current 

that severely deteriorate analytical resolution; however, the high surface area of a PME 

helps to negate this effect34,35.  In PME, the analyte (i.e., U-doped hematite) serves as the 

working electrode and is packed into a small micro-cavity with a diameter of either 50 or 

100 µm, depending on the size of the Pt wire.  In conventional CV, bulk diffusion is 

required to bring an aqueous analyte into contact with the working electrode.  Since the 

lateral surface area in the cavity of a PME is quite small, diffusion effects related to the 

movement of cations crossing the electrode surface are minimal.  If the micro-cavity is 

packed with a consistent volume of uniformly sized analyte particles, total current does 

not vary since the concentration of analyte at the electrode surface is constant. 

Measurement reproducibility is ensured with the comparison of the open circuit potential 

(OCP) at the onset of each experiment.  

For all CV experiments the background electrolyte was a 0.05 M sodium sulfate 

solution.  Prior to application of pre-conditioning voltage, the test cell was sparged with 

argon for thirty minutes.  The voltage was held at an initial potential of -0.35 V for 50 

minutes, and then cycled between 0.7 and -0.7 V at a scan rate of 50 mV/s. The pH of the 
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electrolyte solution was adjusted using NaOH and HNO3.  Then pH ranged from 2.5 to 

12.5.  A second series of experiments examined the effect of changing temperature.  

Temperature was lowered by submerging the glass reaction cell into an ice bath.  

Similarly, temperature was elevated by submerging the reaction cell into a water bath on 

a hot plate.  A thermometer with dual thermocouple leads was used, with the leads 

inserted directly into both the ice/water bath and the electrolyte solution to insure 

equilibration to the desired reaction temperature.  In all experiments, aliquots of the 

electrolyte solution were retained for ICP-MS analysis of uranium and iron.  ICP-MS 

measurements of the electrolyte solution were conducted in the same manner as 

previously indicated for the washing supernatant. A PAR 273A potentiostat was used for 

the variable pH experiments, and a Versastat 3 potentiostat was used for the temperature 

and aging experiments.  Princeton Applied Research (PAR) software was used for data 

collection and initial analysis.  

 

Data Analysis 

Quantitative analysis of CV data was completed using Origin Pro 9 software.  The 

method used to determine CV peak area is illustrated in Figure 4.2. A line was 

superimposed along the baseline of the CV data spectrum beginning at 0 V.  The voltage 

at which current deviated from this line was defined as V1 and signifies the onset of the 

peak.  A local minimum was observed between the U(IV) and Fe(II) oxidation peaks.  

The voltage corresponding to this minimum current, V3, was defined as the maximum 

value of the peak.  Voltage V2 was defined, prior to the maximum anodic current, as the 
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voltage which corresponded to the same value of current observed at V3.  Area ‘a’ as 

shown in Figure 4.2 was then integrated between V2 and V3.  Area ‘b’ was integrated 

between V1 and V3. The total area of the peak was defined as area ‘a’ plus one half of 

area ‘b.’  

 

Figure 4.2. Demonstration of method used to quantify peak area. Voltage V3 is defined at the 
maximum of the anodic peak.  Voltage V1 is defined at the onset of the anodic peak.  Voltage V2 is 
defined, prior to the maximum current value of the anodic peak, at the same same current as V3.  
The total anodic peak area was defined as the sum of area ‘a’ plus one half of area ‘b.’ 

The peak potential was defined as the potential that corresponded to the maximum value 

of current at a defined redox peak.  The method used to define the full width half 

maximum (FWHM) is illustrated in Figure 4.3.  Voltage V1 is defined the same way as 

previously described.  Voltage V2 is defined as the voltage that occurs at the maximum 

current of the U(IV) oxidation peak. V3 is then determined as (V1 + V2)/2.  V4 occurs at 
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the current, prior to V2, that also occurs at V3.  The FWHM is the voltage difference 

between V3 and V4.  

 

 

Figure 4.3. Determination of FWHM.  Voltage V1 is defined at the maximum of the anodic 
peak.  Voltage V1 is defined at the onset of the anodic peak.  Voltage V2 is defined at the 
maximum current of the anodic peak.  V3 is defined as (V1 + V2)/2.  V4 occurs at the current, 
prior to V2, that also occurs at V3. 
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CHAPTER FIVE 

Results and Discussion 

 

Analysis of Uranium Doped Hematite 

Supernatant collected from each cycle of the sample washing sequence was 

analyzed for uranium and iron content using ICP-MS (Figure 5.1).  Measurements were 

taken in triplicate, with the standard deviation used to calculate error. Corollary data from eight 

successive carbonate wash cycles is given in Figure A.2.  The higher concentration of uranium 

in initial wash cycles (490 ppb) is due to the presence of uranium reversibly sorbed on the 

hematite surface.  The amount of uranium removed by the carbonate wash reaches an 

equilibrium at about 100 ppb.  Further carbonate washes do not remove more uranium 

(Figure A.2). As expected, the DI washes removed little remaining uranium (~ 5 ppb).  

The mass of uranium removed during ICP washes (~0.3 mg) is approximately 1% of the 

total mass of uranium initially used during synthesis of the doped hematite (0.0821 g 

UO3(NO3)(H2O)9).  The mass percent of uranium in the sample was determined by 

digestion of a known mass of doped hematite (0.0122 g). Since the volume of the 

digested sample was known, the total uranium mass in the hematite sample was 

determined by ICP-MS to be 2.016 µg.  Thus, the doped hematite sample was 16 wt% 

uranium, which corresponds to a 6.7% U:Fe atomic ratio.   All CV experiments, except 

those that examined the effect of aging, used this U-doped hematite sample in the PME. 

The 1% of uranium not irreversibly associated with the hematite sample either remained 

in the original synthesis supernatant or was reversibly sorbed to the hematite surface and 
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removed during the wash cycles.  Due to edge and kink sites on the mineral surface, it is 

probable that some uranium remained sorbed to the surface after the completion of wash 

cycles.  

 

Figure 5.1. ICP analysis of uranium in supernatant following successive wash cycles of U-
doped hematite. The first five iterations were conducted with 0.5 M calcium carbonate, and the 
final five used DI water. Error bars represent the standard deviation associated with each 
measurement. 
 

SEM with energy dispersive spectroscopy (EDS) was used to confirm the 

presence of uranium associated with the hematite particles.  EDS only indicates the 

uranium within approximately ten microns of the sample surface, and does not 

differentiate between sorbed or incorporated uranium. Figure 5.2 shows a representative 

SEM image of the U-doped hematite particle, with the inset showing the EDS spectrum 
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associated with the indicated area.  This data is representative of each synthesized sample 

and indicates the association of uranium with the hematite particles.  

 

 

Figure 5.2. SEM image and EDS spectrum of U-doped hematite sample with selected location 

for EDS analysis annotated on mineral surface. Iron, U and O are clearly present in the sample.  
Additional SEM images are given in Figure A.3 – A.4 

 

Figure 5.3 shows the high XRD spectral correlation observed between U-doped hematite 

and undoped hematite, which was synthesized using the same method as previously 

described.  The sharp peaks and low background of the XRD spectra indicate a high level 

of crystallinity.  Overlap between the undoped and doped spectra corresponds to hematite 

peaks. The undoped sample contained small amounts of goethite (Peak I in Figure 5.3)  A 

relative intensity ratio analysis was performed, where theoretical intensities of the 

strongest hematite and goethite peaks are obtained from reference data in the powder 
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diffraction file (pdf) of the mineral.  Peak intensity data in the pdf is relative to an 

aluminum standard.  Using theoretical intensities, the intensity ratio of a theoretical 50:50 

hematite:goethite mixture is calculated.  The actual intensity ratio is then proportional to 

the composition of the sample.  Using relative intensity ratio analysis, the undoped 

sample was estimated to include 18 ± 5 weight % goethite.  Goethite formation does not 

appear to be a systemic by-product of the synthesis method since multiple doped samples 

were synthesized without measureable goethite.  Slightly higher incubation temperatures, 

additional moisture content at the onset of the drying process, or elevated drying 

temperatures are all variations that may have contributed to the formation of a goethite 

phase.  All samples were stored at room temperature after drying for several months 

during analysis.  However, the absence of goethite from doped samples does not indicate 

that goethite systematically formed during the storage phase. 

 The doped samples also contain several peaks in addition to hematite that may be 

indicative of an additional mineral phase.  Peaks II and III in Figure 5.3 illustrate the 

highest intensity peaks attributed to the uranium mineral clarkeite, which has the generic 

formula (Na)(UO2)O(OH)·H2O36.  From relative intensity ratio analysis, clarkeite was 

measured as 14.5 ± 7 weight % (0.8 atomic %) in the hematite sample.  Clarkeite is 

relatively rare in nature, but is found intermingled as a co-precipitated phase with other 

uranium minerals.  As the mineral is a high-temperature hydrothermal by-product, its 

formation is consistent with the methods employed for hematite synthesis.  Additional 

crystallographic analysis is necessary to provide further evidence of this mineral phase 

and to better characterize its distribution.  At this point it remains unclear whether 
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clarkeite forms a separate precipitate intermixed with the hematite particles, or whether 

clarkeite is primarily found as a co-precipitated surface phase.  

      

     
Figure 5.3.  a). XRD spectrum of uranium-doped hematite incubated for 28 days. Peaks I 
and II correspond to a uranium alteration phase (identified as clarkeite) in the doped sample.  b) 

Reference XRD spectrum of synthetic hematite. 

 
 The spectrum of the doped sample also indicates a slight peak shift to higher 2θ 

angles relative to both the undoped hematite and hematite reference standards.  This shift 

indicates a decrease in the lattice parameters of the hematite structure.  The ionic radius 
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of U(VI) is slightly larger than Fe(III).  However, substitution of the uranium into 

hematite requires an iron vacancy.  Figure 5.4 depicts a model of hematite in which 

U(VI) is octahedrally coordinated in a vacated Fe(III) layer.  The exact substitution 

mechanism remains unclear, but this substitution mechanism shows the possibility for the 

unit cell to compress with U(VI) substitution, which causes the observed peak shift.   

 

Figure 5.4.  Molecular model of uranium-doped hematite structure.  The center blue 
atom is U(VI), red atoms are oxygen, and purple atoms are Fe(III). 
 

Figure 5.5 is a high resolution (HR) TEM spectra of hematite, which clearly 

depicts the crystalline structure of the sample.  Lattice fringes (and even atoms) are 

clearly observed in the HR-TEM micrograph, which is indicative of a highly crystalline 

sample.  Darker areas are most likely caused by localized increases in sample thickness 

due to overlay of mineral particles.  Although uranium was detected by EDS of the 

sample and clarkeite was identified by XRD, there was no visual confirmation of an 

additional mineral phase.  This may be due to a low percentage of clarkeite in the sample, 
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compounded by the small sample size necessary for TEM work.  D-spacing values of the 

mineral were measured twice with the TEM, with obtained values of 1.756 Å and 2.234 

Å.  These values are greater than 0.2 Å away from the closest pdf d-spacing values for 

hematite or clarkeite.  This discrepancy may be due in part to TEM calibration, but may 

also be due to previously described changes in the lattice parameters caused by uranium 

incorporation.  The sample appeared to be morphologically homogeneous. (Figure A.5)  

The absence of an observable uranium alteration phase, and the shift in the diffraction 

peaks relative to theoretical values, may thus be consistent with structural alteration 

caused by uranium incorporation.  This possibility is strengthened by the fact that both 

clarkeite and hematite belong to the R3 space group and therefore have the same 

symmetry, which increases the likelihood that the diffraction patterns will be similar. 
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Figure 5.5. TEM image of uranium doped hematite sample.  The lattice fringes show 
the crystallinity of the hematite particles with a measured d-spacing of 1.756 Å. 
 
  

CV Analysis of U-doped Hematite 

The CV data for U-doped hematite is given in Figure 5.6.  The oxidation potential 

for the U(IV/VI) oxidation(~ 0.15V) and U(VI/V) reduction (~ 0.20 V) of uranium 

sorbed onto hematite is known from a prior literature study29.  In Figure 5.6, the peak at 

about 0.2 V (Peak I) corresponds to a U(IV) oxidation to U(VI), accompanied by a 

reduction at about -0.2 V from U(VI) to U(V) (Peak II).  A smaller peak at about 0.0 V in 

cycle 2 (Peak II) corresponds to the oxidation of U(V) to U(VI); the separation between 

the peaks (~ 0.5 V) indicates a quasi-reversible redox couple between U(V) and U(VI). 

To confirm that these peaks were attributable to uranium redox, a control CV experiment 

of undoped hematite was completed (See Figure A.6).   
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Figure 5.6 CV scan of U-doped hematite.  Peak I corresponds to the irreversible U(IV) to U(VI) 
oxidation following preconditioning. Peak II corresponds to the reversible U(VI) to U(V) reduction.  
Peak III corresponds to the U(V) to U(VI) oxidation. The sample was preconditioned at -0.35V for 
50 minutes in a 0.05 M sodium sulfate electrolyte solution at pH 3.5.  The voltage scan rate was 50 
mV/s. 

The U(V)/(VI) couple persists in subsequent scans, unlike the U(IV)/(VI) couple.  

The voltage separation of approximately 0.5 V between peaks indicates that the U(VI)-

U(V) couple is quasi-reversible. The most probable cause for quasi-reversibility is that 

the kinetics of either the oxidation or the reduction reaction is slower than the scan rate.  

Given the smaller area of the U(V) oxidation peak relative to the U(VI) reduction peak, it 

appears most likely that the cycling limits U(V) oxidation. 

  Typically, U(V) disproportionates to U(IV) and U(VI), although some 

stabilization is possible when incorporated into solid phases23.   In the case of aqueous 

uranyl species, disproportionation typically occurs as follows:  
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The free energy of UO2 is lower than UO2
2+ and tends to drive the 

disproportionation process.   It should be noted that specific thermodynamic data for 

incorporated uranium is not yet available, and thus it is not known with certainty whether 

the stability of U(IV) also drives the disproportionation of incorporated U(V).  The 

absence of U(IV) oxidation after the first cycle in Figure 5.6 indicates that the rate of 

disproportionation is slower than the voltage scan rate used during experiments.  Thus, 

insufficient time is given for disproportionation, and U(V) is directly oxidized to U(VI) 

upon application of a sufficient positive voltage on the forward scan.  

The initial concentration of U(IV) is present from the reduction of U(VI) due to 

preconditioning of the cell at -0.35 V for 50 minutes.  The magnitude of the anodic peak 

can be increased by either lowering the preconditioning voltage or extending the 

preconditioning time. Figure 5.7 demonstrates the effect of preconditioning time for 

sorbed uranium.  The increase in current at the anodic peak indicates a higher proportion 

of uranium initially converted to U(IV) that was subsequently available for oxidation 

back to U(VI).  Longer pre-conditioning times allow the ingrowth of more U(IV) from 

the reduction of U(VI) and disproportionation of U(V). 
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Figure 5.7. Redox of sorbed uranium on a hematite PME as a function of preconditioning 

time. Only the first scan cycle is depicted, which results in an apparent discontinuity at -0.35V.  
The preconditioning voltage was -0.2 V and the preconditioning times included 24, 30, 42, and 64 
minutes.  The inset shows the quantification of the anodic peak area versus pre-conditioning time. 

 

Total peak area is a direct function of the total mass of material undergoing the 

oxidation change.   Therefore, Figure 5.7 depicts increasing quantities of U(IV) being 

oxidized to U(VI), which indicates greater initial reduction of U(VI) with increasing 

preconditioning time. Extended preconditioning times and/or lower preconditioning 

potentials also increase the concentration of Fe(II).  The subsequent oxidation of Fe(II) to 

Fe(III) is seen at about 0.5 V in Figure 5.7.  Because hematite is an Fe(III) oxide, iron 

reduction may alter the structure and allow for the release of incorporated uranium.  For 

electrolyte solutions with pH greater than 4.0, ICP-MS results show that the U and Fe 

concentrations in the background electrolyte are below the detection limit (4.0 ppb Fe and 

0.002 ppb U). 

Figure 5.8 illustrates the equilibrium attained for the uranium-doped hematite 

system over multiple cycles. The time required for the U(VI) to U(IV) reduction is longer 
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than the voltage scan rate; therefore, this redox couple is effectively irreversible for these 

experimental conditions.  Note that irreversibility does not denote that the re-reduction of 

U(VI) to U(IV) is thermodynamically unfavorable.  Rather, the kinetic time scale is slow 

relative to the voltage scan rate.   

 

Figure 5.8. CV scan of uranium-doped hematite for eight  cycles. Peaks I, II, and III are 
analogous to those described in Figure 5.1.  Peak I appears only in cycle 1, whereas peaks II and 
III appear in each cycle and approach an equilibrium value. Arrows point in direction of 
increasing cycle number. 
 

As seen in Figure 5.8, the intensity of the U(VI) to U(V) peak decreases and 

approaches a steady state after approximately seven cycles.  During the first cycle the 

large population of U(IV) generated during preconditioning is oxidized to U(VI), which 

is in turn reduced to U(V).  A smaller amount of U(VI) is generated in subsequent cycles 

from the oxidation of U(V).  Therefore, the mass of uranium oxidized to U(VI) is much 
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lower after cycle one, which causes the total peak current in the U(VI)-U(V) couple to 

decrease as well.  The total peak area decreases as equilibrium is reached.  The peak area 

of the U(V) to U(VI) oxidation peak decreases by 23% between cycles 2 and 3, 18% 

between cycles 3 and 4, and ~ 1% or less between all subsequent cycles.   

The same behavior of U(IV) to U(VI) oxidation in cycle one, followed by only 

U(V) to U(VI) oxidation in subsequent cycles, is also observed for uranyl sorption onto 

hematite (Figure 5.9).  The anodic peak areas (1.12 E-08 J/s for incorporated uranium 

versus 1.35 E-08 J/s for sorbed uranium) indicate that comparable amounts of U(IV) are 

oxidized in both systems. However, the U(IV)/(VI) anodic peak potential is shifted to ~ 

0.25 V, as compared with the anodic peak potential of ~0.15 V for U-doped hematite. 

This shift is consistent with an alteration to the U(IV) oxidation potential due to the 

different chemical environment of incorporated uranium  

 

Figure 5.9 CV scan of undoped hematite with 0.5 mM of uranyl nitrate in a 0.5 M NaSO4 
solution at pH 3.5.  Peak I corresponds to the irreversible U(IV) to U(VI) oxidation following 
preconditioning. Peak II corresponds to the U(VI) to U(V) reduction.  Peak III corresponds to the 
U(V) to U(VI) oxidation.  Peaks II and III form a quasi-reversible couple. 
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Ilton et al (2012) studied the reduction of uranium in a doped hematite system and found 

that U(V) was the dominant species upon reduction of U(VI).  It was proposed that U(V) 

is more stable in an octahedral coordination environment than U(VI), which naturally 

favors reduction to U(V) for incorporated uranium.  Ilton found that U(VI) reduction to 

U(IV) was preferred for non-incorporated uranium on the surface of the mineral.  U(IV) 

in our experiments may thus be indicative of a significant population of uranium on the 

surface.   However, a fundamental difference occurs in that an external source of 

electrons is available in the CV studies to force the oxidation state of uranium to U(IV).  

Due to the application of external energy, the thermodynamic limitations that restrict the 

formation of U(IV) in Ilton’s work may not be evident in our system.  Ilton also reported 

that, at pH 7.1-7.3, incorporated U(V) was stabilized between an eH range of -0.21V to 

0.25V.  Our CV experiments are consistent with these findings in that U(VI) is reduced to 

U(V) at approximately -0.20V and is oxidized to U(VI) at approximately 0 V.   

 

Characterization of Uranium Redox at Varying pH Conditions 

 The structure of hematite becomes unstable below pH ~ 3, at which point the 

mineral begins to dissolve37.  Matrix dissolution will lead to the release of incorporated 

uranium into solution.  Upon release from the crystalline matrix, the U(VI) ions will 

likely form uranyl ions in solution; however, the actual speciation of released U(VI) 

depends on the ambient chemical environment, pH, and eH values38.  For example, 

hydroxylated uranyl complexes form at high pH, while acidic conditions favor the 
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speciation of uncomplexed uranyl molecules 27. The total concentration of sorbed 

uranium is also highly pH-dependent and decreases at low pH due to the positive surface 

charge caused by the excess of H+ at the mineral surface (See Figure A.1).  Note that the 

point of zero charge of hematite occurs at pH ~8.4, which corresponds to a positive 

charge on the mineral surface below this pH value. These mechanisms have the collective 

effect of changing the concentration of sorbed and/or incorporated uranium.  Uranium 

redox properties in doped hematite will likely change as a result.   

To evaluate the effect of pH, CV experiments were run with a range of 

environmentally relevant pH (between 2.5-12.5).  Aliquots of the electrolyte solution 

were retained for ICP analysis to identify any release of U or dissolution of the hematite 

(Figure 5.10). 

 The concentration of iron is independent of pH above pH 3.5, indicating no 

dissolution of the mineral into the electrolyte (Figure 5.10a).  Elevated iron concentration 

at pH 2.5 is consistent with hematite dissolution below pH 3.0.  Visual Minteq41 modeling 

predicts that, at equilibrium and pH 2.5, 27% of iron by mass in hematite dissociates to 

aqueous Fe(III).  The exact mass of doped hematite powder used to pack the PME is 

estimated to be about 1.1 mg.  During CV experiments this mass of hematite is then 

immersed in a sodium sulfate electrolyte solution.  Any dissolved iron or uranium will 

thus diffuse into the solution.  The ICP-MS solution used in Figure 5.10 is a hundred-fold 

dilution relative to the initial CV electrolyte solution.  Thus, approximately 900 ng of iron 

were dissolved from the hematite structure.  This corresponds to 0.012% dissolution of 
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iron, which in turn indicates minimal bulk dissolution during the time scale of the 

experiment.   

 Any structural alteration of the hematite PME is expected to cause a release of 

incorporated uranium.  Figure 5.10b demonstrates elevated uranium levels below pH 4.  

Since the sample is composed of 16 weight % uranium (6.7 atomic %), the percentage of 

total uranium leached into the electrolyte solution at pH 3.0 is 1.4%.  Since iron release is 

not elevated above pH 3, the release of uranium between pH 3 and 4 may be release of 

sorbed uranium and/or surface uranium co-precipitates (i.e., clarkeite).  The stability of 

hematite decreases with pH, particularly at negative Eh values. Since the sample was pre-

conditioned at a negative voltage, the possibility of structural alteration due to the 

formation of Fe(II) cannot be discounted.  Structural alteration may in turn lead to a 

release of incorporated uranium.  The concentration of uranium in solution is much 

higher relative to iron at all pH values.   Experimental protocols require that the hematite 

be packed into a small cavity in the PME.  At low pH, partial dissolution along grain 

boundaries may expose sorbed uranium in the interior of the packed mineral and facilitate 

release into solution.  If this partial dissolution dislodges hematite grains from the packed 

micro-cavity, aqueous iron concentrations may not increase.  It should be noted that, like 

iron, the mass of uranium released was approximately four orders of magnitude less than 

the total mass.  While it is difficult to fully parse the contribution of sorbed versus 

incorporated uranium release at low pH, the total amount of uranium released is 

negligible compared to the total amount incorporated.  
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Figure 5.10. ICP-MS analysis of electrolyte solution following CV experiments at pH 2.5 to 
12 showing concentration of Fe (a) and U (b).  The dashed line in Figure 5.10a corresponds to 
the detection limit of the instrument.  Error bars correspond to the standard deviation of the 
measurements. 
 

CV scans were collected for doped hematite samples across the pH range 2.5-

12.5, with select data shown in Figure A.7.  At a pH of < 3.5, high current at both the 
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Figure 5.1, the U(IV) oxidation peak disappears in subsequent scans, leaving the 

reversible U(V) - U(VI) couple. High peak current at pH < 3.5 is likely due to partial 

dissolution and/or alteration of the hematite structure, which then liberates uranium.  

Alternatively, pH may play an as-yet undetermined mechanistic role in the uranium redox 

reaction.  In the CV experimental data shown in Figure A.7, reduction of incorporated 

U6+  is expected to occur as follows.   

U6+ + 2e-                      U4+ 

In this case, electrons are externally supplied by the potentiostat.  Non-incorporated 

uranium speciation varies with pH due to the formation of uranyl sulfate and uranyl 

hydroxide species, as shown in Table 5.1.   Although ICP-MS data from the sample 

washing indicates that approximately 1.4% of total uranium is sorbed, the contribution of 

sorbed versus incorporated uranium to total current is not yet known with certainty.  pH 

induced changes to surface uranium speciation may thus play a significant role in 

changing peak potential and total current.   At pH ~ 2.5, identifiable uranium redox peaks 

disappear.  (Figure A.7).  Figure A.9 indicates dissolution of the hematite matrix such 

that the electrode does not adequately conduct current. 

As pH increases, the peak area decreases (Table 5.1).  At pH 5.5-10, uranium 

peaks are difficult to observe, which indicate that uranium redox reactions are either 

thermodynamically unfavorable or kinetically slow relative to the applied scan rate.  At 

pH values between 4-5.5, the peak height of the uranium redox transformations is very 

small, yet definable.  Since the same scan rate was used in all experiments, higher peak 



 43 

area can be associated with more material oxidized (or reduced in the case of a cathodic 

peak), which is a result of faster kinetics and more favorable redox conditions.   

Table 5.1.  Summary of CV peak parameters and uranyl speciation at varying pH. Uranium 
values are given as percentage of total uranium. The peak area could not be quantified 
because the baseline for the peak could not be clearly defined Additional CV data at varying 
pH is given in Figures A.8 – A.13. 

pH Potential UO2
2+(%) UO2(SO4)2

2-(%) UO2xOHy+(%) (UO2)SO4(%) 

3 0.13 9.68 26.4 0.02 63.9 
3.79 0.18 9.58 26.5 0.23 63.7 
4.09 0.22 9.52 26.5 0.58 63.4 
5.15 0.2 4.95 14.1 47.6 33.3 
6.27 0.2 0.09 0.25 99.1 0.58 

  

Table 5.1 indicates an increase in peak potential with higher pH up to 

approximately pH 4.   Above this pH the potential equilibrated to about 0.2V.  Above pH 

6.5 the anodic peak resolution was too poor for reliable quantification.  A change in 

uranyl speciation, modelled using Visual Minteq, from free uranyl/uranyl sulphates to 

uranyl hydroxide species is observed at pH 5.15.  Total peak area also decreases at this 

pH, which may be due in part to the change in speciation.  More definitive conclusions 

cannot be reached until the chemical environment of incorporated U(VI) and U(IV) 

during the redox reactions is better characterized. 

In summary, the total peak area generated during a uranium redox event varies 

with pH.  Peak area was greatest at pH ~3.5, while iron redox was significant at pH >10.  

Uranium redox is not observable above pH 5.5 using this analytical technique.  Below a 

pH of ~3, the hematite electrode begins to dissolve inhibiting the use of the PME for 

probing uranium redox reactions.  
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Characterization of Uranium Redox with Varying Temperature 

 Temperature, as shown by the Nernst equation (Equation 1), directly affects the 

electrochemical potential of a redox reaction.  The Arrhenius equation dictates that 

reaction rate constants also increase with increasing temperature: 

                                                   𝑘 = 𝐴 ∗ 𝑒^(− 𝐸𝑎𝑅𝑇)                                                        (5) 

Where k is the rate constant, Ea is the activation energy of the reaction, A is a constant, 

and T is the temperature.   As a result, temperature will change the extent of the reaction 

during a CV experiment, thereby changing the total number of electrons transferred.  

Peak area will change as a result.  To evaluate the effect of temperature on redox 

reactions of U-doped hematite, a series of CV scans were collected for an electrochemical 

cell immersed in a water bath (or ice bath for below room temperature measurements). 

(Figure A.14).  Figure 5.11 shows the peak area of the U(IV) anodic CV peak as a 

function of temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.11.  Summary of peak areas measured at changing temperature.  Original CV data 
shown in Figures A.15-A.21. 
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The cathodic and anodic peak potential is a thermodynamic property of a given reaction 

with consideration of the reaction environment (e.g., the anodic peak potential for Fe(II) 

to Fe(III) oxidation in aqueous solution at pH 7 is 0.771 V)25.  However, some material is 

oxidized/reduced at a slower rate as the applied voltage approaches the cathodic/anodic 

peak potential.  A shift in the peak onset potential indicates a change in the kinetics of the 

redox reaction. That is, faster oxidation kinetics causes more material to be oxidized 

more readily during the CV experiment, leading to an earlier onset for the anodic peak as 

indicated by a shift to lower voltages.  Table 5.2 further illustrates this point showing that 

the peak onset shifts to lower voltages as temperature increases 

Table 5.2. Summary of CV peak potential, peak area, FWHM, and peak onset of anodic 
U(IV) peak at varying temperature.  The designation ‘ND’ indicates that the indicated 
parameter could not be determined.  CV data at varying temperatures is provided in Figures A.15 
– A.21. 

Temperature Peak Potential (V) Peak Area (J/s) FWHM Peak Onset  (V) 

8 0.196 5.02E-06 ND 0.071 
20 0.186 5.58E-07 0.115 -0.013 
26 0.175 6.86E-07 0.079 -0.027 
30 0.133 8.32E-07 0.093 -0.045 
32 0.165 1.14E-06 0.098 -0.076 
34 0.144 1.29E-06 0.118 -0.087 
36 0.154 7.28E-07 0.121 -0.065 
38 0.123 1.38E-06 0.126 -0.091 
45 ND ND 0.251 ND 

49 ND ND 0.211 ND 

 

 Figure 5.12 relates the anodic peak potential of the U(IV) to U(VI) oxidation reaction as 

a function of temperature, showing that temperature may also change the peak potential 

due to thermodynamic considerations.  The anodic peak potential shifts to more negative 
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values with increasing temperature, which adds to the shift in the peak onset.  However, 

the difference in onset potential and peak potential do not change at the same rate with 

increasing temperature.  As a result, shifts in peak onset cannot be entirely attributed to a 

shift of the peak potential, and are in part due to faster reaction kinetics.  Free energy 

depends on reaction enthalpy and entropy as shown by the following relationship: 

                                                          ΔG = ΔH – TΔS                                                      (6) 

The apparent decrease in reaction free energy may be due to entropic costs associated 

with oxidation of incorporated U(IV) to U(VI).  Further evaluation of entropic effects 

will require rigorous computational modeling and structural analysis.  Ilton et. al. (2012) 

indicated that incorporated U(IV) is more stable with a higher coordination number 

relative to U(VI).  Oxidation of incorporated U(IV) may entail breaking chemical bonds 

and, in turn, a corresponding enthalpic cost, which decreases the reaction free energy. 



 47 

Figure 5.12. Peak potential of U(IV) as a function of temperature. 

The preceding discussion is applicable to temperatures up to ~34°C, at which 

point the U(IV) oxidation peak begins to broaden.  With higher temperature, 

additional noise in the system increases the baseline of the CV scan.  This factor, 

combined with additional peak broadening, causes the peak to become 

indistinguishable from the baseline above 50 degrees (See Figure A.22).  Figure 

5.13 demonstrates that the full width at half maximum (FWHM) of the U(IV) 

oxidation peak begins to increase at 35 degrees, with a sharp increase at 45 degrees 

corresponding to the broadening of the peak and the increase of the baseline.  As the 
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Figure 5.13. FWHM of U(IV)/(VI) oxidation peaks during first cycle of CV scan. 

In summary, uranium redox processes are kinetically enhanced by increasing 

temperature up to 35 °C.  Above this temperature the U(V) and U(VI) reversible couple 

becomes more difficult to observe.  Above 50 °C no uranium redox is observed.  

Experimental measurement of uranium redox with increasing temperature is limited by 

an increase in the background current.   
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doped hematite samples were synthesized and aged for 3, 7, 14, and 28 days prior to CV 

experiments.  The samples were evaluated using powder XRD, as shown in Figure 5.14.     

 

Figure 5.14. XRD spectra of uranium-doped hematite synthesized and incubated for 3, 7, 

14, and 28 days. 
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de-convoluted through the use of an internal standard sample of known crystallinity.  In 
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crystallinity increases, the resolution of the XRD peaks should increase as well.  The 

absence of an observable increase in peak resolution with increasing incubation time 

strongly indicates that the samples approach full crystallinity at three days.  

   However, ICP-MS results from the supernatant of the wash cycles of each sample 

indicates that aging has an effect on the amount of uranium irreversibly associated 

(sorbed or incorporated) with the hematite (Figure 5.15).  As described previously, the 

first five washes were conducted with a carbonate solution, and the last five were 

conducted with DI water.  For the 3 day sample, 5.2 atomic % of uranium was removed 

during washing, whereas for the 28 day sample 1.1 atomic % of uranium was removed.  

As a result, samples aged for longer periods demonstrated a higher percentage of uranium 

permanently associated with the mineral.  This difference may be indicative of higher 

amounts of incorporated uranium, or lower rates of uranium desorption.  In the former 

scenario, longer incubation periods may allow the hematite structure to age such that 

incorporated uranium is stabilized in a less distorted octahedral sites.   Marshall et. al. 

(2014) found that uranium was incorporated into hematite during ferrihydrite 

precipitation and the initial formation of hematite crystals.  However, as the mineral 

continued to age, additional uranium incorporation was observed.  Previous work has 

also demonstrated the tendency for actinide desorption rates to decrease as a function of 

time due to aging of the mineral surface40.  Thus, adsorbed uranium may simply be more 

difficult to remove from aged hematite.  In this case, the difference in fixed uranium 

between the 3 and 28 day sample (94.2% versus 98.9%) is, at least in part, attributable to 

higher uranium desorption from the 3 day sample.   
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Figure 5.15. Uranium removed from doped hematite at various incubation periods as a 

function of washing iteration.  A carbonate wash was used for washing iteration 1-5 and a DI 
wash was used for washing iterations 6-10. 

Additional insight can be obtained from the CV for the 3 day and 28 day aged 
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U(IV).  It must be remembered that CV supplies a constant source of electrons that can 

force the reduction of incorporated uranium to U(IV).  Nevertheless, during voltage pre-

conditioning sorbed U(VI) should more readily reduce to U(IV).  The current generated 

during the subsequent oxidation of U(IV) is in turn dependent on the initial population of 

U(IV).  Thus, sorbed uranium should generate higher current during the oxidation of 

U(IV) to U(VI).     

 

Figure 5.16.  CV spectra of uranium doped hematite synthesized at varying incubation 

times. 
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the 3-day sample (8.95E-08 J/s) compared to the 28-day sample (3.43E-08 J/s).  This 

indicates that more uranium was available for oxidation. 
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CHAPTER SIX 

Closing Remarks  

Conclusions  

The preliminary objective of this work was to synthesize hematite containing 

incorporated uranium.  Rigorously demonstrating that U is incorporated into the 

synthesized hematite is difficult; however, experimental results give a strong indication 

that at least a portion of the uranium is permanently associated with hematite and likely 

incorporated.  ICP-MS shows that ~99% of the uranium used in the initial synthesis 

remains associated with the doped hematite system after extensive washing.  XRD 

analysis of the doped sample indicates a slight shift in the spectra, which is indicates a 

reduction in the lattice parameters of the mineral.  Incorporation of uranium into the 

mineral must leave Fe(III) vacancies, which may cause an overall constriction in the 

lattice parameters and cause the observed XRD shift.  Future computational work is 

necessary to verify this prediction.  

XRD analysis also showed additional peaks on the doped hematite samples that 

may be attributable to the mineral clarkeite.  Clarkeite and hematite are very similar 

crystallographically, both belonging to the R3 space group.  Therefore, one might expect 

nearly identical diffraction patterns TEM analysis of the doped hematite indicated that the 

mineral was morphologically homogeneous.  The inability to locate a secondary uranium 

phase may indicate that the XRD peaks attributed to clarkeite are in fact caused by 

structural alteration to hematite caused by uranium incorporation. 
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The second objective of this work was to investigate if the uranium doped 

hematite system undergoes electrochemical changes.  As measured by CV, U(VI) was 

reduced to U(IV) upon the application of a pre-conditioning voltage.  U(IV) was then re-

oxidized to U(VI) during the initial positive voltage sweep.  U(VI) was reversibly 

reduced to U(V) on subsequent voltage cycles.  Ilton et al (2012) proposed that U(V) is 

more stable in an octahedral coordination environment than U(VI), which naturally 

favors reduction to U(V) for incorporated uranium.  Ilton found that U(VI) reduction to 

U(IV) was preferred for non-incorporated uranium on the surface of the mineral.  U(IV) 

in our experiments may thus be indicative of a significant population of uranium on the 

surface.   However, due to the application of external energy in our system, the 

thermodynamic limitations that restrict the formation of U(IV) in Ilton’s work may not be 

evident.  However, it must be remembered that a variety of convoluting factors, such as 

voltage scan rate, affects the system and complicates direct comparison between CV 

experimental results and other literature findings.   

The electrochemical properties of uranium in the doped hematite system were 

shown to be strongly affected by external physical parameters. Uranium redox 

transformations were found to be highly pH dependent and most strongly observed within 

a narrow pH range centered about pH 3.5.  The uranium redox peaks likely contain 

contributions from both incorporated uranium and sorbed uranium, although the relative 

contribution of each component remains uncharacterized.  The contribution of sorbed and 

incorporated uranium to total current may not necessarily be directly proportional to the 

distribution of total uranium in the system.  As a result, enhanced current at low pH may 
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be due to higher desorption of uranium and/or liberation of structural uranium from 

partial dissolution along grain boundaries.  

 Uranium redox demonstrated a dependence on temperature, particularly below 

~34 °C.  Total peak current increased as a function of temperature up to ~34 °C, which is 

indicative of increased kinetics.  Above this temperature, the combination of an elevated 

baseline and peak broadening caused the uranium redox peaks to become unobservable.   

Given the limitations of the CV technique at higher temperatures, alternative 

experimental methods are required to more fully probe these effects at higher 

temperatures.   

 The crystallinity of the doped hematite did not significantly vary with incubation 

time.  ICP-MS analysis indicated a trend between incubation time and total uranium 

removed from the surface of the sample after washing.  These results may be attributed to 

less uranium desorption with longer incubation time.  Alternatively, they may be 

indicative of greater incorporation efficiency due to aging of the hematite structure.   

 The summation of the experimental results indicate the following: 

(1. The majority of uranium in the doped hematite sample is permanently associated 

with the hematite as either a co-precipitated phase, irreversibly sorbed uranium, or 

incorporated uranium. 

(2. Uranium in the doped hematite system undergoes electrochemical transformation 

in the presence of an induced voltage.  Given the analytical results regarding the 

association of uranium in doped hematite, it is likely that the observed uranium 

electrochemistry is due in part to uranium incorporated into hematite. 
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(3. Physical parameters, such as pH and temperature, affect the rate of uranium 

redox; for example, uranium redox is observable only at specific pH values.   

 

Future Work 

 The combined evidence of XRD, SEM/EDS, TEM, and ICP-MS strongly 

indicates that uranium is incorporated into the hematite sample, but does not reveal the 

local coordination environment of the U associated with the synthesized hematite.  Future 

experimental work would benefit from X-ray Absorption Near Edge Structure (XANES) 

spectroscopic analysis of the doped hematite, which could be used to determine the 

coordination environment of the uranium and bond lengths within the mineral.  An 

understanding of the microscopic structure of the uranium coordination environment 

would allow the incorporation mechanism and stability of the coordinated uranium to be 

better understood.    

 The redox reactions of uranium incorporated into a range of proximal minerals at 

a given disposal site is of significant importance for risk assessment of radioactive waste 

disposal sites.  Therefore, this work should be expanded to study additional iron oxide 

minerals, such as magnetite and goethite.  Uranium sorption reactions on these minerals 

are similar to those observed on hematite25. Similarities and differences in uranium redox 

between iron oxide minerals could therefore provide valuable information on the role of 

the coordination environment on uranium redox processes.  Finally, computational 

modelling is necessary to provide greater insight into the thermodynamic stability of 



 58 

incorporated uranium.  For example, the stability of U(VI) in the octahedral hematite 

environment is an important issue that cannot be addressed solely with experimental data.   
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APPENDIX: SUPPLEMENTAL FIGURES 

 

Figure A.1 Sorption of U(VI) on hematite surface as a function of pH and temperature33 
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Figure A.2.  ICP-MS analysis of uranium doped hematite after extended washing with .5M 

carbonate. Ten carbonate washes were conducted, with the final two wash sequences using 

DI water 
 

 

 

Figure A.3. SEM image of uranium doped hematite 
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Figure A.4. SEM image of uranium doped hematite 

 
Figure A.5. TEM image of uranium doped hematite particles 

25 µm 
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Figure A.6.  CV scan of undoped hematite.  

 

 
Figure A.7. CV data collected at varying pH 
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Figure A.8. CV spectrum of doped hematite at pH 2.9 

 
Figure A.9. CV spectrum of doped hematite at pH 4.91 
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Figure A.10. CV spectrum of doped hematite at pH 6.27 

 
Figure A.11. CV spectrum of doped hematite at pH 7.67 
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Figure A.12. CV spectrum of doped hematite at pH 10.27 

 

 
Figure A.13.  CV of doped hematite at pH 13 
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Figure A.14.  Summary of CV data at varying temperature 

 

 

 
Figure A.15. CV scan of doped hematite at 6° C 
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Figure A.16. CV scan of doped hematite at 18° 

 

 
Figure A.17. CV scan of doped hematite at 26° C 
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Figure A.18. CV scan of doped hematite at 28° C 

 

 
Figure A.19. CV scan of doped hematite at 30° C 
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Figure A.20. CV scan of doped hematite at 34° C 

 

 

 

 

 
 

Figure A.21. CV scan of doped hematite at 36° C 
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Figure A.22.  Effect of temperatures above 34 °C. 
 

 
Figure A.23. Uranium concentration in electrolyte solution following CV experiments at 

varying temperature. 
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Figure A.24.  Multi-cycle CV scan of doped hematite cycle incubated for two weeks 
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