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ABSTRACT 

 

 

The formation of uranyl phosphate precipitate is a remediation strategy because 

the low solubility of uranyl phosphate minerals, like chernikovite, limits the mobility of 

uranium in contaminated soils. However, organic ligands can complex with aqueous 

metal cations to form more soluble species. For example, citrate is a commonly occurring 

organic ligand produced by plants and microbes that increases the solubility of uranium 

and therefore the dissolution of uranyl phosphate minerals in the uranyl phosphate-citrate 

system. This effect is an important control on the mobility of uranium in organic-rich, 

and near-surface vegetated environments. Nevertheless, key aspects of the citrate-uranyl 

phosphate system remain poorly understood, and this limits the ability to assess risks of 

exposure and strategies for remediating uranium contaminated soils.  

The goals of this research are to determine the mechanism, extent, and rate of 

citrate-promoted dissolution of uranyl phosphate and evaluate how ligand-promoted 

dissolution and solid-phase transformations of uranyl phosphate affect macro-scale 

uranium transport. Batch dissolution, continuously stirred tank reactor (CSTR), soil 

column, and field lysimeter experiments were conducted to span across spatial scales 

ranging from Ångstrom to the meter scale.  

The results from all experiments indicate that the concentration of uranium 

dissolved from a chernikovite source increases with the concentration of citrate. 

However, this study determined that the rate of increase in uranium concentration 

diminishes at higher citrate concentrations and longer residence times and provided 
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evidence of a uranyl-citrate alteration layer on the surfaces of uranyl phosphate grains 

after citrate exposure. These findings suggest that a combination of secondary-phase 

precipitation and ligand surface saturation hinder the release of uranium into solution. In 

the presence of soil, cations from the soil compete with uranium from the chernikovite to 

form citrate-complexes, slowing the dissolution of chernikovite. Soil cations, like 

potassium and calcium, can also integrate into the uranyl phosphate structure, altering the 

original chernikovite to a less soluble uranyl phosphate phase that is more resistant to 

citrate-promoted dissolution at lower citrate concentrations. The findings presented in 

this work show that although citrate promotes the dissolution of uranyl phosphate, other 

mechanisms hinder the release of uranium in the environment from a uranyl phosphate 

source. 
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CHAPTER ONE 

 

I. INTRODUCTION  

 

The purpose of this research is to characterize the mobility of uranium from a 

sparsely soluble uranyl-phosphate mineral in the presence of an organic ligand across 

multiple scales. This study will evaluate the ligand-promoted dissolution reaction of the 

uranyl-phosphate chernikovite [(H3O)(UO2)(PO4)•3H2O] when exposed to the ligand 

citrate using a combination of batch experiments, continuously stirred tank reactor 

(CSTR) dissolution experiments, column dissolution experiments, and field lysimeter 

experiments. Altogether, these projects will provide insight into the complex interactions 

between organic ligands and minerals while also increasing understanding of the fate of 

uranyl-phosphate precipitates in the environment. 

Motivation 

The development of nuclear energy and weapons and associated uranium mining 

and milling activities resulted in uranium concentrations above action levels in soils 

around the world. Found at over 120 sites in 36 states, uranium is the most common 

radionuclide in soils at U.S. Department of Energy facilities.1–4 The release of uranium 

and potential contamination of groundwater and surface water poses a significant threat 

to both the environment and human health, not only because the radioactive nature of the 

element makes it a carcinogenic but also due to the toxic effect of uranium on 

microorganisms, plants, and animals.5,6 In humans, uranium mainly targets the kidneys 

though research also suggests possible damage to the lungs, brain, liver, developing 
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embryos, and reproduction abilities. Therefore, uranium contamination must be addressed 

for the protection of human and environmental health. 

Remediation aims to reduce the risk of uranium to humans and the environment 

either by removing the uranium from the contaminated area or by immobilizing the 

uranium on the site to limit human exposure and spread of the uranium contamination 

through the environment. The introduction of phosphate into a uranium contaminated 

zone is a remediation strategy designed to limit the mobility of uranium in contaminated 

soils under oxidizing conditions.2,7–10 This occurs because the phosphate reacts with 

uranium ions to form uranyl phosphate, a solid precipitate with low solubility. This 

process has been effective at some locations, like the Fernald Site in Ohio, but uranium 

mobility has been largely unaffected at other locations using phosphate remediation.8,11,12  

The mobility of uranium is affected by various geochemical factors, including 

aqueous geochemical properties (reduction/oxidation conditions, pH, dissolved species, 

and ligands) and interactions with solids, particularly clay minerals and organic materials. 

The environmental chemistry and geology of uranium contamination sites vary greatly 

from the arid desert of Hanford, Washington with groundwater high in carbonate species 

and a basic pH to the wetlands of Savannah River Site, South Carolina that has acidic 

groundwater at nearly pH 4.13 Many of these factors are included in geochemical 

planning of the remediation design. Nevertheless, uranium solubility associated with 

phosphate remediation continues to be variable, particularly in the presence of organic 

and carbonate ligands.4,7,14–17 



 

 3 

Ligands like ethylenediaminetetraacetate (EDTA), citrate, acetate, and 

bicarbonate can increase the solubility of uranyl-phosphates.7,15,18–20 This is significant 

because increasing the solubility can cause dissolution of solid uranyl phosphate, or it can 

inhibit precipitation of uranyl-phosphate from solution. These effects will increase the 

mobility, reduce the effectiveness of uranium remediation, and increase risks of exposure 

of humans and ecosystems to uranium. Many ligands are produced naturally, such as the 

generation of citrate by plant roots, so are likely to be a common factor affecting the 

mobility of uranium. Despite their importance, reaction mechanisms and how ligands 

affect uranium transport remain poorly understood and this diminishes the reliability of 

predictions used to safeguard the environment.  

 The goal of this study is to characterize the effects of ligands on the solubility and 

transport of uranium. In particular, my goal is to evaluate the processes affecting 

solubility and transport when uranyl phosphate is exposed to citrate because uranyl 

phosphate is an important compound used to immobilized uranium during remediation, 

and citrate is a commonly occurring ligand at many remediation sites.  The study will 

evaluate batch dissolution and sorption kinetics to determine the effect of citrate 

concentration on uranyl-phosphate dissolution while also illuminating potential 

mechanisms for the citrate-promoted dissolution reaction (Chapter Four). CSTR 

dissolution experiments will be used to quantify the kinetics of citrate-promoted 

dissolution of uranyl-phosphate (Chapter Four). Column experiments will examine the 

citrate-promoted dissolution of uranyl-phosphate in saturated soil where additional 

factors like sorption to soil could impact uranium mobility (Chapter Five). Building on 



 

 4 

the complexity of the column experiments, field scale lysimeters will investigate the 

effect of environmental exposure on the chernikovite source and uranium mobility 

(Chapter Six). A comparison of these results will test the uniformity of ligand-promoted 

dissolution behavior across scales. 

 

Figure 1.1. Multi-scale techniques used to study uranyl phosphate dissolution  
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CHAPTER TWO 

 

II. BACKGROUND  

 

Uranium Chemistry in the Environment 

Although many isotopes of uranium can be made, natural uranium is comprised of 

three isotopes with an average composition of 99.28% of 238U, 0.72% of 235U, and < 

0.01% of 234U.1 Out of these isotopes, only 235U is fissile, able to undergo fission, which 

is necessary for nuclear energy and weapons production. For uranium used in these 

applications, the 235U abundance is increased creating enriched uranium with 3.5-5% of 

235U for fuel in a nuclear reactor and high-enriched uranium containing greater than 90% 

235U for weapons. Enriching the uranium with 235U produces depleted uranium with 

lower percentages of 235U than natural uranium. Depleted, natural, and enriched uranium 

can be found at various contamination sites, and although the isotopic ratios differ, the 

chemical properties are the same. In experiments, different isotopic ratios also provide a 

means to track specific uranium sources even in the presence of soils with a high 

concentration of natural uranium. 

While Uranium can exist in oxidation states III – VI, in environmentally relevant 

conditions, uranium primarily exists as U(IV) under reducing conditions and U(VI) in 

oxidizing conditions.1 U(IV) is predominantly immobile, often forming a sparsely soluble 

UO2+x solid (uraninite). Conversely, U(VI) can form highly mobile uranyl ions, UO2
+2. 

The EH-pH diagram in Figure 1 depicts the speciation of uranium in a NaCl solution at 

varying pH and redox potentials. The uranyl ion hydrolyses at pH greater than 5 and can 
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strongly complex with carbonate at basic pHs.2 In addition to complexing with carbonate, 

the uranyl ion also strongly complexes with other ligands both inorganic and organic.3 

 

Figure 2.1. EH-pH diagram of uranium in a NaCl solution  

 

One popular remediation strategy for uranium contamination is to reduce mobile 

U(VI) through biotic or abiotic means to form uraninite or other immobile U(IV) phases. 

However, previous studies have reported remobilization of the U(IV) caused by oxygen 

exposure.3–8 Therefore, this reduction strategy is not ideal in an oxidizing environment. 

An alternative remediation method immobilizes the uranyl ion by precipitating uranyl-

phosphate minerals.9–13 The uranyl-phosphate minerals are stable under oxidizing 
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conditions, can precipitate faster, and are less soluble than other non-phosphate U(VI) 

minerals.14,15 

Uranyl Phosphates and Organic Ligands 

Uranyl phosphate minerals have been found in the environment at natural 

uranium deposits, uranium mines, and nuclear legacy sites.16–22 Uranyl phosphates range 

in solubility from the most soluble, synthesized chernikovite with a log Ksp of -12.17, to 

the least soluble, uranyl-orthophosphate ((UO2)3(PO4)2•4H2O) with a log Ksp of -49.36 

(Table 2.1).14,23 The Ksp refers to the solubility product constant or the equilibrium 

constant between a solid and its dissolved ions. Autunite group minerals like autunite 

(Ca[(UO2)(PO4)]2•4H2O), sodium-autunite (Na2[(UO2)(PO4)]2•3H2O), and ankoleite 

(KUO2PO4•4H2O) are commonly found in natural systems and field sites. However, the 

mineral chernikovite, the most soluble mineral in the autunite group, tends to form in 

laboratory experiments even though other less soluble uranyl phosphates, like autunite 

and Na-autunite are more thermodynamically favorable in the experimental 

conditions.11,12,24,25  

This research focuses on chernikovite because even though chernikovite is 

thermodynamically unfavorable compared to other uranyl phosphate phases, it is the most 

kinetically favorable uranyl phosphate. Therefore, in natural systems, chernikovite likely 

forms first before transitioning to more common phases like autunite. Chernikovite is 

composed of sheets of polyhedra consisting of uranyl square bipyramids and phosphate 

tetrahedra (Figure 2.2).26 The structure for chernikovite belongs in the autunite anion-

topology denoted as {4.4.4.4}, meaning each uranyl square bipyramid is connected to 
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four tetrahedra, and each tetrahedron is connected to four uranyl square bipyramids. The 

uranyl square bipyramids and phosphate tetrahedra share vertices so that the equatorial 

ligands of the uranyl square bipyramids are the oxygens in the phosphates. The interlayer 

between two sheets consists of water molecules and hydronium ions.  

Table 2.1. Common uranyl phosphate minerals with the corresponding chemical formula and solubility 

constants. 

Mineral Solid phase equilibria  log Ksp 

Chernikovite 
UO2HPO4•4H2O = UO2

+2 + HPO4
−2 + 4H2O 

(H3O)(UO2)(PO4)•3H2O = H3O
+ + UO2

+2 + PO4
−3 + 3H2O 

-12.1723  

-22.7327 

Ankoleite KUO2PO4•4H2O = K+ + UO2
+2 + PO4

−3 + 4H2O -24.3027 

Autunite Ca[(UO2)(PO4)]2•4H2O = Ca+2 + 2UO2
+2 + 2PO4

−3 + 4H2O -48.3625 

Sodium-

autunite 
Na2[(UO2)(PO4)]2•3H2O = 2Na+ + 2UO2

+2 + 2PO4
−3 + 3H2O -47.4128,29 

Uranyl-

orthophosphate 
(UO2)3(PO4)2•4H2O = 3UO2

+2 + 2PO4
−3 + 4H2O -49.3623 

 

 

 

Figure 2.2. Chernikovite structure where blue is uranium, red is oxygen, purple is phosphorus, and white is 

hydrogen (Image by Megan Hoover)  

 



 

 13 

In addition to the to the characteristics of the solid phase of the uranyl phosphate 

mineral, dissolved organic matter can impact the release of uranium through ligand-

promoted dissolution.30–34 Organic ligands are produced by plant roots and 

microorganisms from metabolic processes and are therefore abundant throughout the 

environment. Organic ligands have also been found on DOE sites as co-contaminates 

with radionuclides.35 The presence of organic ligands in solution can increase the 

solubility of a mineral by complexing with the aqueous metal cation which forms a more 

soluble species and drives the dissolution reaction forward to release more metal cations 

in solution, thereby promoting dissolution.36–38 The favorable formation of aqueous 

metal-ligand complexes may also potentially decrease the sorption of the metal to a 

surface because the ligand outcompetes the surface to complex with the metal so that the 

metal remains mobile and in the aqueous phase.39 Alternately, the ligand may also 

complex with the metal at the surface of the mineral, polarizing and weakening the bonds 

that connect the metal to the mineral structure, and facilitate the release of the metal into 

solution as an aqueous metal-ligand complex.40,41 This research focuses on the organic 

ligand citrate becausecitrate is an effective complexing agent for several metals, 

including uranium and is also a common root exudate produced by plant roots to assist in 

the uptake of nutrients from the soil. When insoluble phosphate minerals are present in 

the soil, plants actually increase production of citrate with concentrations reaching 1 mM, 

which could increase ligand-promoted dissolution or uranyl phosphates.42 

Prior studies on ligand-promoted dissolution of uranyl phosphate have reported 

mixed results.30,32,34,43–45 Some studies found an increase in uranium dissolution with 
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increasing ligand concentrations while other studies observed very little change in 

uranium dissolution despite increasing ligand concentrations. These conflicting results 

generate questions regarding the consistency of ligands to facilitate dissolution of uranyl 

phosphate and the factors that could impact the rate and extent of ligand promoted 

dissolutions. A more extensive review of uranyl phosphates, chernikovite, organic 

ligands, and ligand-promoted dissolution of uranyl phosphates is provided in the 

Introduction of Chapter Four. 

Multi-scale Experiments 

Experimental methods can vary across spatial and temporal scales from simple 0-

dimensional batch experiments that can monitor chemistry on the order of minutes (at the 

lower end) to 3-dimensional field lysimeter experiments that can extend for over twenty 

years. The smaller scale techniques, like batch experiments and continuously stirred tank 

reactor (CSTR) studies, provide simpler, more controlled environments to determine the 

extent, mechanism, and kinetics of the chemical reactions that govern the release of 

radionuclides into the environment. The fundamental knowledge gained from these 

small-scale experiments can be applied to more complex experiments, like columns and 

field lysimeters, to understand how additional biogeochemical components can affect the 

mobility of contaminants in these systems. 

Although batch experiments are a common and convenient method to study 

chemical reactions, flow experiments, like CSTR, have advantages for kinetic studies due 

to the removal of reaction products that could influence the reaction rate.46–50 CSTR 

experiments are particularly ideal for determining rates of rapid dissolution reactions 
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because the setup maintains dilute solution conditions that drive the reaction forward and 

far from equilibrium conditions. Because CSTRs are assumed to be thoroughly mixed 

systems, this method minimizes the effects of transport phenomena, like dispersion, that 

must be considered in single-pass flow-through experiments and allows for greater 

control of the extent of reactions (i.e., reaction rates) based on precise control of the 

hydraulic residence time by easily manipulating the flow rate. 

Soil columns are a well-established experimental method that have been used for 

over 300 years.51,52 Packed-column flow-through experiments offer a more accurate 

representation of contaminant transport in subsurface environments due to the inclusion 

of flow through a soil matrix. The addition of soil can greatly influence contaminant 

speciation and transport because soil introduces both chemical factors, like additional 

cations, sorption sites, and competing complexation, and physical factors that affect water 

flow, quality, and timing. However, the soil matrix also increases the heterogeneity of the 

system, resulting in preferential flow paths and non-uniform contact of the reactant 

solution with the contaminant source and soil surfaces. All of these factors can affect the 

rate of contaminant release. 

Generally, a lysimeter is a device used to measure the percolation of water 

through soil and the soluble components removed in the effluent. The field lysimeters 

used in this study are based off previous designs from the Radionuclide Field Lysimeter 

Experiment (RadFlex) at the Savannah River Site53 and consist of a PVC pipe, 60 cm tall 

and over 15 cm in diameter, packed with soil from the Savannah River Site and a 

radionuclide source. Lysimeters are then exposed to natural weather conditions for 
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months to years to monitor the mobility of the radionuclides from the source. Previous 

studies have used lysimeters to explore the biogeochemical processes controlling the 

transport of plutonium, neptunium, strontium, and technetium in the vadose zone.54–61 

Field lysimeters provide a link between the control of laboratory scale experiments and 

the realistic attributes of field-scale experiments. However, field studies are usually 

retrospective which makes it difficult to determine any alterations in the radionuclide 

source because the original source is often unknown.62 While field lysimeters are still 

exposed to natural meteorological conditions, they allow for characterization of the initial 

source, providing an advantage over traditional field experiments. 
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CHAPTER THREE 

 

III. OBJECTIVES  

 

The overreaching goal of this work is to better understand the complex 

interactions between organic ligands and minerals. These findings can be applied to 

predict the fate of uranyl phosphates in the environment. Specifically, this study focuses 

on the citrate-promoted dissolution reaction of the uranyl-phosphate chernikovite (Figure 

3.1). In order to reach these goals, this research has the following objectives: (1) to 

identify the mechanism of citrate-promoted dissolution of chernikovite by studying the 

effect of increasing citrate concentrations and by calculating rate constants (Chapter 

Four), (2) to characterize the effects of a soil matrix on the citrate-promoted dissolution 

of chernikovite and overall transport of uranium (Chapter Five), and (3) to determine the 

effect of environmental exposure including meteorological conditions, natural 

weathering, and plant physiology on uranium mobility from a chernikovite source 

(Chapter Six). 
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Figure 3.1. A breakdown of the research aims and objective of this dissertation 

 

For Objective 1, the study in Chapter Four uses a combination of batch and 

continuously stirred tank reactor (CSTR) dissolution experiments to address knowledge 

gaps regarding the behavior and mechanism of ligand-promoted dissolution of uranyl-

phosphate at multiple ligand concentrations in acidic conditions. Prior research with 

organic ligand-promoted dissolution of uranyl-phosphate only examined one or two 

concentrations of ligand which is insufficient to accurately predict a trend between 

organic ligand concentrations and uranyl-phosphate dissolution. Additionally, no 

previous study has generated a ligand-promoted dissolution rate for uranyl-phosphate 

with an organic ligand like citrate that can be naturally produced by plants and bacteria. I 

hypothesized that dissolved uranium concentration will increase steadily with increasing 

citrate concentrations as long as the chernikovite remains within the system. I predicted a 

simple two-step surface complexation mechanism for the citrate-promoted dissolution of 
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chernikovite where citrate complexes with uranyl at the mineral surface and then 

detaches from surface as uranyl-citrate aqueous complex. 

For Objective 2, the study in Chapter Five uses column experiments, solid phase 

characterization, and batch dissolution experiments to increase understanding of the 

influence of a soil matrix on the behavior and extent of citrate-promoted dissolution of 

uranyl phosphate and mobility of uranium. There are few studies regarding organic 

ligand-promoted dissolution of uranyl phosphate in a soil column, and this study is 

unique in that the source is contained as opposed to distributed within the column. This 

makes it possible to perform post-experiment analysis on the recovered source including 

solubility studies. I hypothesized that the dissolution and transport of uranium would be 

hindered by sorption of uranium and citrate to the soil as well as soil metal cations 

consuming citrate to form aqueous metal-citrate complexes. Cations leached from the soil 

may also alter the original chernikovite and affect its solubility.  

For Objective 3, the study in Chapter Six uses field lysimeter experiments, solid 

phase characterization, and batch dissolution experiments to address knowledge gaps 

regarding the effect of long-term environmental exposure on a chernikovite source and 

uranium release and transport. Due to the relatively long timeframe of over a year, this 

experiment can provide new insight into changes in the chernikovite source as it likely 

transitions to a uranyl phosphate phase more commonly found in field-sites. I 

hypothesize that uranium transport from the chernikovite source will be limited unless the 

source is exposed to root exudates.  
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CHAPTER FOUR 

 

IV. MECHANISMS AND KINETICS OF CITRATE-PROMOTED DISSOLUTION OF 

A URANYL PHOSPHATE MINERAL 

 

 

Publication Status: Published in Geochimica et Cosmochimca Acta, 2022 

(https://doi.org/10.1016/j.gca.2021.11.023) 

 

Abstract 

 The formation of uranyl phosphate precipitates is a remediation strategy to limit 

the mobility of uranium in contaminated soils. However, exposure to organic ligands, like 

the plant exudate citrate, can remobilize the uranium. The purpose of this study is to 

provide a more thorough comprehension of citrate-promoted dissolution of a uranyl 

phosphate mineral, chernikovite [(H3O)(UO2)(PO4)•3H2O], by determining the extent of 

uranium release from chernikovite at a wide range of citrate concentrations. We have 

quantified the kinetics of dissolution and proposed potential mechanisms of chernikovite 

dissolution to gain a better understanding of the fate of uranyl phosphate precipitates in 

the environment. Batch dissolution and continuously stirred tank reactor (CSTR) 

experiments indicate that increasing citrate concentrations from 0.1 mM to 50 mM 

increases the concentration of dissolved uranium. However, at citrate concentrations of 

10 mM and greater, the effectiveness of the ligand to enhance the dissolution decreases. 

Density functional theory modeling and Raman spectroscopy indicate a strong interaction 

between citrate and the uranyl ions at the surface of the uranyl phosphate. The interaction 

between citrate and uranyl suggests the formation of an alteration layer of uranyl-citrate 

surface complexes, which could impede uranium release at citrate concentrations of 10 



 

 32 

mM or higher. Together, these results indicate that the citrate-promoted dissolution of 

chernikovite is a fast reaction that is hindered by a combination of surface saturation and 

a secondary-phase precipitation reaction at higher concentrations of citrate and reaction 

times greater than or equal to 72 minutes based on the hydraulic residence time of CSTR 

experiments. These findings improve our understanding of the stability of uranyl 

phosphate for use in sequestration of uranium groundwater plumes at contaminated sites.  

Introduction 

Although uranium is a naturally occurring element, the development of nuclear 

technology has caused extensive uranium contamination around the world predominantly 

from mining and milling and nuclear energy and weapons production. In the United 

States, uranium is present above action levels in the soil and groundwater at over 120 

sites in 36 states and is the most common radionuclide in soils at Department of Energy 

facilities.1–4 The release of uranium and potential intrusion into groundwater and surface 

water poses a significant threat to both the environment and human health not only 

because the radioactive nature of the element makes it a carcinogenic but also due to the 

metal’s toxic effect on microorganisms, plants, and animals.5,6 Therefore, uranium 

contamination must be addressed for the protection of human and environmental health. 

The environmental chemistry and geology of anthropogenic uranium 

contamination sites vary greatly. For example, in the United States, uranium 

contamination from legacy waste is present in the arid desert of Hanford, Washington 

with groundwater high in carbonate species and a basic pH, but it is also present in the 

wetlands of Savannah River Site, South Carolina that has acidic groundwater at nearly 
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pH 4.7 The large variation in geochemistry at uranium contaminated sites complicates 

remediation efforts because the mobility of uranium changes with soil characteristics, 

reduction/oxidation conditions, pH, and the presence of organic matter. Therefore, 

various geochemical environments must be studied in order to determine possible 

remediation strategies under site-specific geochemical conditions. 

Uranium can exist in oxidation states III – VI. However, in environmentally 

relevant conditions, uranium primarily exists as U(IV) under reducing conditions and 

U(VI) in oxidizing conditions. U(IV) is predominantly immobile, often forming a 

sparsely soluble UO2+x solid (uraninite), while U(VI) has the potential to be highly 

mobile in the form of the soluble uranyl ion, UO2
+2.8 Potential uranium remediation 

strategies for uranium contamination aim to reduce mobile U(VI) uranyl ion through 

biotic or abiotic means in order to form uraninite or other immobile U(IV) phases. 

However, exposure to oxygen can remobilize the U(IV), up to 88% of the uranium 

precipitate, and increase the dissolution rate of uraninite by an order of magnitude.8–13 To 

avoid remobilization in an oxidizing environment, an alternative remediation method 

immobilizes the uranyl ion by precipitating uranyl phosphate minerals.14–18 Uranyl 

phosphate minerals are stable under oxidizing conditions and can precipitate faster and 

are less soluble than other non-phosphate U(VI) minerals.19,20  

Uranyl phosphates exhibit extremely low solubility under circumneutral pH with 

log Ksp -12.17 for synthetic chernikovite to -49.36 for uranyl orthophosphate 

[(UO2)3(PO4)2•4H2O].19 The Ksp refers to the solubility product constant or the 

equilibrium constant between a solid and its dissolved ions. Therefore, the higher the Ksp 
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value is the more soluble the solid. In comparison to uranyl phosphates, uranyl oxide 

hydrates, often the first phase formed when uranium is oxidized in uranium deposits, are 

significantly more soluble with reported log Ksp values ranging from 5.52 to 43.70. At 

some locations with a high uranium presence, like the Fernald site in Ohio and the DOE-

K25 site at Oak Ridge, Tennessee, the uranyl phosphate, autunite, governs the release of 

uranium.21,22 

This research focuses on the uranyl phosphate chernikovite which is composed of 

sheets of polyhedra consisting of uranyl square bipyramids and phosphate tetrahedra.23 

The interlayer between two sheets consists of water molecules and hydronium ions. Like 

all autunite group minerals, chernikovite forms at pH < 8 in the presence of oxidized 

uranium and phosphate. Previously published studies have also synthesized chernikovite, 

when mixing soluble uranyl nitrate and sodium phosphate salt solutions under rapid 

mixing conditions, even though other minerals like uranyl orthophosphate, sodium-

autunite (Na2[(UO2)(PO4)]2•3H2O), and autunite (Ca[(UO2)(PO4)]2•4H2O) were more 

thermodynamically favorable.16,17,24 Thus, it appears that while chernikovite may be 

thermodynamically unfavorable compared to other uranyl phosphate phases, chernikovite 

may be kinetically favorable during rapid precipitation of uranyl phosphates from soluble 

salts. Therefore, in many natural conditions, chernikovite could be the initial uranyl 

phosphate phase, but with time and exposure, chernikovite would convert to more 

common uranyl phosphate phases, like autunite. 

The mineral chernikovite has several reported solubility constants in literature 

with synthetic chernikovite having log Ksp values ranging from -12.1725 to -13.1726 while 
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natural chernikovite has a reported log Ksp value of -22.7327 and is therefore less soluble. 

The difference in solubility between synthetic and natural chernikovite could be due to a 

difference in particle size or crystallinity since a more ordered (crystalline) mineral is less 

soluble. The substitution of the hydronium ion in the interlayer for a sodium cation (Na-

autunite) or calcium cation (autunite) results in less soluble uranyl phosphate minerals 

with log Ksp values of -47.428,29 and -48.426 respectively. This large range of Ksp values in 

chernikovite and similar uranyl phosphates leads to highly variable, solubility-controlled 

uranium concentrations and sensitivity to the precipitated uranyl phosphate phase. In this 

work, it is hypothesized that while the initial chernikovite dissolves, another uranyl 

phosphate forms as a secondary-phase precipitate, less soluble than chernikovite. This 

possible precipitation of a secondary-phase uranyl phosphate mineral could have a large 

impact on aqueous uranium concentrations and lead to a changing equilibrium point of 

the system during dissolution. 

In addition to the characteristics of the solid phase of the uranyl phosphate 

mineral, other environmental factors, like pH and dissolved organic matter, can affect the 

release of uranium by dissolution.15,19,30,31 Organic ligands have been found on DOE sites 

as co-contaminants with radionuclides and are also produced by microorganisms and 

plant roots from metabolic processes.1 Like other metals, uranium can form strong 

complexes with organic ligands, which can increase the mobility of uranium in the 

environment. The presence of organic ligands in solution can increase the solubility of a 

mineral by complexing with the aqueous metal cation, forming a more soluble species, 

and therefore driving the dissolution reaction forward to release more metal cations in 
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solution.32–34 The organic ligand citrate is an effective complexing agent for several 

metals and is also a common root exudate produced by plant roots to assist in the uptake 

of nutrients from the soil. Because of these characteristics, citrate was the organic ligand 

chosen to study the ligand-promoted dissolution of chernikovite. 

Previous work has emphasized the complex relationship between minerals, 

ligands, and plants. Edayilam et al.35 examined the effect of different phosphate sources 

with varying solubilities on the release of metabolites from plant roots. The conclusions 

of the study suggest that the presence of sparsely soluble and therefore lower bioavailable 

phosphate solids, like FePO4 and Ca3(PO4)2, increases the release of organic acids 

including citrate from plant roots when compared to systems with highly soluble 

phosphate sources like KH2PO4 or no phosphate sources at all. In particular, the organic 

ligand citrate reached concentrations of 1 mM pore water in systems with the less soluble 

phosphate sources. Citrate has also been linked to increased uranium uptake in plants.36–39 

These studies demonstrate the importance of understanding organic ligand/uranyl 

phosphate systems because phosphate minerals can affect the release of organic ligands 

from plant roots which can in turn affect the mobility of uranium. 

Previous studies have focused on autunite or chernikovite dissolution at neutral to 

basic pH, with EDTA, citrate, bicarbonate, and TRIS [tris 

(hydroxymethyl)aminomethane].3,15,30,31,40,41 The findings presented in some of these 

works suggest that uranium dissolution increases with increasing ligand concentrations, 

but in other studies, there is very little change in uranium dissolution despite increasing 

ligand concentrations. Using single-pass flow-through experiments to examine a 
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bicarbonate and autunite system, Gudavalli et al.31 increased the bicarbonate 

concentrations of the influent by a factor of ten from 0.3 mM to 3 mM and observed an 

increase in the dissolution rate of autunite by a factor of 18 at neutral pH. However, for 

the same system when the bicarbonate concentration of the influent solution was 

increased from 25 to 100 mM (only a factor of four increase in bicarbonate 

concentrations) the autunite dissolution rate increases by a factor of 30 with dissolution 

rate values two orders of magnitude greater than the rates reported with 3 mM 

bicarbonate influent solution.40 Gudavalli et al.31 also proposed a two-step dissolution 

mechanism consisting of the formation of uranyl-carbonate surface complexes followed 

by the release of the uranyl-carbonate complexes into the solution. Similarly, Reinoso-

Maset et al.41 reported an increase in dissolved uranium from K-ankoleite, Na-autunite, 

and Ca-autunite sources with increasing carbonate concentration in the influent of flow-

through column experiments. In experiments with 0.2 mM carbonate solution and a pH of 

7 in the influent, Reinoso-Maset et al.41 observed dissolved uranium concentrations 

reaching 0.4 μM for Ca-autunite source and 0.2 μM for K-ankoleite and Na-autunite. 

When the carbonate influent solution was increased by an order of magnitude with a pH 

of 8, the dissolved uranium concentrations increased to 20 μM for Ca-autunite sources 

and 30 μM for K-ankoleite and Na-autunite. In a single-pass flow-through study of 

autunite dissolution in TRIS buffer (used as an analogue for more complex natural 

organic matter) at neutral to basic pH, Wellman et al.3 reported an increase in the 

dissolution rate by a factor of 35 for a five-fold increase in TRIS concentration from 0.01 

M to 0.05 M. 
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Using batch experiments, Luo and Gu15 also observed an increase in the 

dissolution of an unknown uranyl phosphate phase from contaminated sediments with 

increasing ligand concentration in solution at pH 6.5, but only when EDTA was used as 

the facilitating ligand and not citrate. In experiments with 0.4 mM EDTA in solution, 

dissolved uranium from uranyl phosphate sources was not detected, but in experiments 

where EDTA was increased by a factor of two to 0.8 mM the dissolved uranium 

concentrations from uranyl phosphate sources increase to 1.8 μM. However, in 

experiments with citrate, the dissolved uranium concentration from the uranyl phosphate 

remained relatively constant at 1.8 μM in 0.7 mM citrate solution and 2.1 μM in 1.4 mM 

citrate solution. Conversely, the results from Sowder et al.30 did not show an increase in 

dissolved chernikovite in batch experiments at pH 7.2 as EDTA concentration increased 

since the system with 1 mM EDTA solution results in 5% of the uranium source 

dissolved, but when the EDTA concentration increased by two orders of magnitude to 

100 mM, negligible chernikovite dissolution was observed. However, in experiments 

with bicarbonate at pH 8.3, less than 5% of the uranyl phosphate dissolved in the 1 mM 

bicarbonate solution while the uranyl phosphate dissolved completely in the 100 mM 

bicarbonate solution. The findings in these studies generate questions regarding the 

consistency of ligands, particularly organic, to facilitate dissolution of uranyl phosphate 

and the factors that could impact the rate and extent of ligand promoted dissolutions. 

The conflicting results from previous studies regarding the effect of increasing 

ligand concentrations on the dissolution of uranyl phosphate and the extent of any 

observed increase in uranium dissolution highlight a gap in the understanding of ligand-
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promoted dissolution, especially in acidic conditions since previous work has focused on 

neutral to basic pH systems. Dissolution kinetics of a uranium source in the presence of 

organic matter in particular are important to plant-uptake studies, field-scale studies, and 

predicting the overall mobility of uranium release from uranyl phosphate in the 

environment. The overall objective of this investigation is to characterize the effect of 

citrate on the dissolution of chernikovite to better understand uranium 

bioremediation/phytoremediation efforts in an acidic system. Besides serving as an 

analogue for acidic environments, like the wetlands of the Savannah River Site, studying 

organic ligand-promoted dissolution at an acidic pH isolates the effect of the organic 

ligand on the dissolution reaction without the interference from carbonate species that 

occurs at basic to neutral pHs. More generally, these data will serve to better understand 

the complexity of multicomponent tertiary (uranyl component, phosphate component, 

and organic component) dissolution systems. This led to three sub-objectives: (1) create a 

dataset describing chernikovite dissolution at different citrate concentrations, (2) 

formulate a conceptual model describing mechanisms for citrate-promoted dissolution of 

uranyl phosphate, (3) determine rate constants for the dissolution reaction.  

Materials and Methods 

This study used both batch and continuously stirred tank reactor (CSTR) 

dissolution tests to evaluate the effects of citrate on the dissolution of chernikovite. Batch 

dissolution and citrate-sorption studies determined the effect of increasing citrate 

concentration on uranyl phosphate dissolution while also indicating potential mechanisms 

for the citrate-promoted dissolution reaction. Chernikovite was dissolved in a CSTR with 
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varying flow rates and citrate concentrations to quantify the kinetics of citrate-promoted 

dissolution of uranyl phosphate. A CSTR experiment is an ideal method for kinetic 

studies because the setup maintains a dilute solution that is far from equilibrium to drive 

the reaction forward by removing the reaction products that could influence the reaction 

rate or alter the solubility of the starting mineral.13,42–45 Because CSTRs are assumed to 

be thoroughly mixed systems, this method minimizes the effects of transport phenomena, 

like dispersion, that must be considered in single-pass flow-through experiments and 

allows for greater control of the extent of reactions (i.e., reaction rates) based on precise 

control of the hydraulic residence time. 

Solutions 

Citrate solutions with concentrations ranging from 0.1 mM to 50 mM were 

prepared using sodium citrate dihydrate (Na3C6H5O7•2H2O) in deionized water from a 

PURELAB flex water system. This range of citrate concentrations was chosen to 

encompass the root exudate concentrations reported in Edayilam et al.35 In experiments 

without citrate, a 10 mM sodium chloride solution was used to provide background 

electrolytes. All solutions were pH adjusted to 4 using 1 M HCl. The citric acid labeled 

with 14C used in the citrate sorption kinetic study was obtained from American 

Radiolabled Chemicals Inc. 

Synthesis of Chernikovite 

The chernikovite was synthesized by mixing 20 mL of 0.3 M uranyl nitrate 

hexahydrate [UO2(NO3)2•6H2O] from International Bio-Analytical Industries Inc. (ACS 

98.0-102%) and 20 mL of 0.31 M sodium phosphate dibasic heptahydrate 
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[Na2HPO4•7H2O] prepared in deionized water.16 The mixture was placed on a tube 

rotator and allowed to react for 24 hours. The mixture was then centrifuged, and 85% of 

the supernatant was removed and replaced with fresh deionized water. After resuspending 

the solid, this rinsing cycle was repeated three times to ensure the removal of free ions 

from the precipitate. After rinsing, the precipitate was placed in a desiccator to dry. 

Precipitate was characterized as chernikovite using x-ray diffraction (XRD) and electron 

dispersive spectroscopy (EDS) (Appendix A, Figure A.1). The surface area was 

determined as 2.10 ± 0.26 m2/g using Brunauer, Emmett, and Teller (BET) techniques. 

Batch Dissolution Experiments 

For batch dissolution experiments, 12 samples were prepared with 30 mg of 

chernikovite in 12 mL of solution. The synthesized chernikovite was washed an 

additional seven rinse cycles in 10 mM NaCl solution using the same centrifuging, 

supernatant removal, and resuspension of solid procedure that was described in the 

chernikovite synthesis section. These rinses simulated the washing step in the flow 

experiments, which flushed out any excess aqueous uranium and provided a more 

uniform solid. Each sample solution had a different citrate concentration (0, 0.1 mM, 0.5 

mM, 1 mM, 5 mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM, 40 mM, and 50 mM), and 

all solutions were pH adjusted to 4. Samples were placed on a tube rotator for 12 hours 

before 2 mL aliquots were removed and filtered using a 0.2 µm polypropylene syringe 

filter. A portion of the filtered solution was diluted by a factor of 1000 in 2% HNO3 by 

weight for aqueous uranium concentration analysis by a Thermo Scientific X series 2 

inductively coupled plasma-mass spectrometer (ICP-MS). After collecting the aliquots, 



 

 42 

the samples were returned to the tube rotator and allowed to mix for one week after 

which the sampling was repeated. The pH of the samples was measured at both sampling 

times. All experiments were performed under atmospheric conditions. Uranium 

speciation and concentrations of the batch systems were simulated using the geochemical 

modeling software Visual MINTEQ v.3.1 (maintained by J. Gustafsson at KTH, Sweden) 

and the minteq database. To verify the MINTEQ results, some simulations were also 

performed using the United States Geological Survey program PHREEQC. 

Citrate Sorption to Chernikovite Experiment 

As in the batch dissolution experiments, the synthesized chernikovite was washed 

an additional seven rinse cycles in 10 mM NaCl solution. The concentration of solid 

chernikovite used was 2.5 mg/mL in 45 mL of 0.1 mM citrate spiked with 25 μL of 14C-

citrate to have a 41.7 Bq/mL activity concentration (equivalent to 0.001 mM of citrate). 

The mass of 14C-citrate added was insignificant to the total concentration of citrate in the 

sample. The sample was resuspended, and then 2 mL of solution was immediately 

removed and filtered using 0.2 µm polypropylene syringe filter. The sample was placed 

on a tube rotator and was sampled at 15 minutes, 30 minutes, 1 hour, 3 hours, 8 hours, 

and 24 hours. A 0.5 mL aliquot of the filtered samples from each sampling time was 

mixed with 5 mL of HiSafe 3 (PerkinElmer) liquid scintillation cocktail and counted 

using a Tri-Carb Liquid Scintillation Analyzer to measure 14C and subsequently the 

aqueous citrate concentration. The aqueous citrate concentration was determined by 

multiplying the fraction of 14C remaining in solution by the total citrate concentration in 

solution (e.g., isotope dilution). The uranium concentration was determined by ICP-MS 
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as described in section 2.3. A control without the uranyl phosphate solid was also 

included to account for any citrate sorption to the vial. 

Continuously Stirred Tank Reactor Experiments 

The continuously stirred tank reactor (CSTR) was a polytetrafuoroethylene 

apparatus with a volume of 17.9 mL and a detachable top and bottom (Appendix A, 

Figure A.2). For each experiment, 100 mg of chernikovite was loaded into the reactor 

along with a stir bar. A 0.1 µm Omnipore Membrane filter was placed between the 

bottom piece of the reactor, where the influent entered, and the top piece, where the 

effluent exited, to prevent chernikovite particles from leaving the reactor in the effluent. 

Initially, the reactor was filled with a 10 mM NaCl solution at pH 4 by pipetting the 

solution directly into the hole used for the influent. A peristaltic pump was used to pump 

the influent solution into the CSTR, and the effluent was collected in approximately 5 mL 

aliquots using an Eldex fraction collector. 

Four experiments were performed with each experiment having a different citrate 

concentration in the influent solution: no citrate (consisting of 10 mM NaCl solution), 

0.1, 1, and 10 mM citrate. Additional NaCl was not added to normalize the ionic strength 

among the four experiments with different citrate concentrations because based on Visual 

MINTEQ speciation modeling for this particular system, uranyl-citrate are the dominant 

complexes (as opposed to sodium-citrate or uranyl-chloride). In order to reach steady 

state, the chernikovite precipitate inside the reactor was pretreated first with 10 mM NaCl 

solution and then with citrate solution to produce a more uniform chemical environment, 

similar to the pretreatment used in Cervini-Sila et al.34 and Ulrich et al.13 (Table 4,1). 
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This pretreatment step utilizing citrate was not used for the citrate-free experiments. The 

pretreatment method was followed by the dissolution experiment where the flow rate was 

consecutively reduced from 1 mL/min to 0.5 mL/min to 0.25 mL/min after five reactor 

volumes at each rate. One reactor volume was 17.9 mL leading to hydraulic residence 

times of 17.9 min at 1 mL/min, 35.8 min at 0.5 mL/min, and 71.6 min at 0.25 mL/min. 

This resulted in an overall duration of each experiment of approximately 11.7 hours (1.7 

hours at 1 mL/min, 3.3 hours at 0.5 mL/min, and 6.7 hours at 0.25 mL/min). The pH of 

the collected effluent was measured, and the uranium concentration was determined by 

ICP-MS using the same method as described in section Batch Dissolution Experiments 

section. Remaining solids from the experiments were completely dissolved in 1 M HNO3, 

and the uranium and phosphorous ratio of the solids were determined using a Perkin-

Elmer Optima 3100 ICP-OES (inductively coupled plasma-optical emission 

spectroscopy). The experimental conditions for each citrate concentration tested are 

provided in Table 4.2, and all experiments were performed under atmospheric conditions. 
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Table 4.1. A description of the pre-treatment method and the dissolution experiment for the CSTR. *Citrate 

solution concentration is consistent throughout a single experiment but could refer to 0.1 mM, 1 mM, or 10 

mM citrate concentrations. 

Pre-treatment Method 

Influent 

Solution 

Flow rate 

(mL/min) 

Reactor 

volumes 

10 mM NaCl 0.25 10 

Citrate 

solution* 0.25 5 

Citrate solution 0.5 5 

Citrate solution 1 5 

10 mM NaCl 0.25 10 

Dissolution Experiment 

Influent 

Solution 

Flow rate 

(mL/min) 

Reactor 

volumes 

Citrate solution 1 5 

Citrate solution 0.5 5 

Citrate solution 0.25 5 

 

Table 4.2. Experimental conditions and amount of uranium dissolved for the CSTR experiments. §refers to 

total dissolved uranium including both the pretreatment wash and the dissolution experiment *refers to the 

percentage of uranium dissolved during the experiment out of the uranium remaining after the pretreatment 

wash. 

Citrate 

Concentration 

Ionic 

Strength of 

Solution (M) 

  Total Dissolved U§ 

Dissolved U during 

Experiment 

Initial U 

(mol) (mol) % of initial  (mol) 

% of 

post-

wash * 

no citrate 0.0101 1.14 x 10-4 4.64 x 10-6 4.06% - - 

0.1 mM citrate 9.06 x 10-4 2.28 x 10-4 2.95 x 10-5 12.9% 1.12 x 10-5 5.32% 

1.0 mM citrate 0.00807 1.60 x 10-4 7.34 x 10-5 45.9% 2.44 x 10-5 22.0% 

10 mM citrate 0.0820 2.28 x 10-4 8.86 x 10-5 38.8% 2.77 x 10-5 16.6% 
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Solid Phase Characterization 

The synthesized chernikovite was analyzed before and after citrate exposure using 

a variable pressure scanning electron microscope, Hitachi model S-3400. Samples were 

prepared by suspending solids in DI water and pipetting suspended solution onto carbon 

tape attached to a standard SEM stub. Additionally, portions of the remaining precipitate 

after batch and CSTR dissolution experiments were pipetted from a suspended solution 

onto a glass slide and air dried for analysis by a Cu source Rigaku MiniFlex X-ray 

diffractometer. For Raman analysis, the samples were prepared in the same manner as 

they were for the XRD. Raman spectra were collected with a 785 nm excitation laser in a 

Renishaw inVia Raman microscope (100x objective lens). 

Structure Optimization 

Possible structures of citrate ions replacing phosphate ions coordinating to U(VI) 

via either a terminal carboxyl group (end-on) or central carboxyl group (middle) have 

been optimized for 1:1, 1:2 and 1:4 complexes. Solvent effects were taken into account 

by saturation with 50 water molecules. Density functional theory (DFT) using the B3-

LYP functional was employed.46,47 U was described by a small-core pseudo potential 

ECP60MWB with corresponding basis sets of triple-zeta quality.48 All other atoms were 

described by the def2-TZVP basis sets as implemented in the TURBOMOLE software 

package (TURBOMOLE V6.4 2012, a development of University of Karlsruhe and 

Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since 2007; 

available from http://www.turbomole.com). No periodic boundary conditions were 

applied. After the optimization all geometries were proven to be true minima by 
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vibrational frequency calculation. From the resulting structures, vibrational Raman 

scattering cross sections were computed from derivatives of the frequency-dependent 

polarizability tensor with respect to normal modes of vibration: 

𝑑𝜎

𝑑𝛺
= 𝑘𝜔(𝑐𝑖𝛼

′2(𝜔) + 𝑐𝑎𝛾
′2(𝜔))    Eq. 4.1 

Here, α’2(ω) and γ’2(ω) respectively denote the isotropic and anisotropic part of the 

differentiated polarizability tensor. The coefficients ci and ca depend on the scattering 

geometry and the polarization of the incident and scattered radiation. Vibronic 

frequencies ωv and degeneracies gv are taken into account in the prefactor. 

𝑘𝜔 = (
ħ

4𝜋𝜀0
2𝑐4

)
(𝜔−𝜔𝑣)

4𝑔𝑣

2𝜔𝑣
    Eq. 4.2 

where c is speed of light and ε0 the dielectric constant of vacuum. 

Dissolution Model of CSTR Data 

This modeling approach assumes a perfectly mixed CSTR system to evaluate 

changes in uranium effluent concentrations versus time. The rate for the citrate-promoted 

dissolution of chernikovite was characterized as: 

𝑑[𝑈]𝑒𝑓𝑓

𝑑𝑡
= −

𝑄

𝑉
[𝑈]𝑒𝑓𝑓 + 𝑘[𝑐𝑖𝑡]𝑛 (1 −

[𝑈]𝑒𝑓𝑓

[𝑈]𝑒𝑞
)   Eq. 4.3 

where [U]eff (mol L-1) is the uranium concentration in the effluent, Q (L s-1) is the flow 

rate, V (L) is the volume of the reactor, [U]eq is the predicted concentration of dissolved 

uranium at equilibrium, [cit] is the citrate concentration which remains constants 

throughout the experiment, and n is the reaction order with respect to citrate. To evaluate 
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experiments with constant citrate concentrations, the overall reaction rate constant, k, was 

simplified to the pseudo zero-order reaction constant k’ as:  

𝑘′ = 𝑘[𝑐𝑖𝑡]𝑛     Eq. 4.4 

and combined with equation 3 to yield:  

𝑑[𝑈]𝑒𝑓𝑓

𝑑𝑡
= −

𝑄

𝑉
[𝑈]𝑒𝑓𝑓 + 𝑘′ (1 −

[𝑈]𝑒𝑓𝑓

[𝑈]𝑒𝑞
)   Eq. 4.5 

The uranium effluent concentration, [U]eff, from Eq. 4.5 was fit to the experimental data 

by adjusting k’ using the method of least squares in Excel Solver, and then k’ values from 

each experiment with varying citrate concentrations was used in Eq. 4.4 to determine the 

reaction order with respect to citrate (n) and the overall reaction constant (k). A similar 

approximation assuming steady state conditions was reported by Gudavalli et al.31 

Preliminary modeling results indicated significant mismatch between the model and data 

when one value of k’ was used for all experiments. This suggests that k’ depends on flow 

rate and citrate concentration, so each experiment was analyzed individually to evaluate 

this effect. As discussed below in the results and discussion sections, the observed 

effluent uranium concentrations in these data are more dependent on the citrate 

concentration than the change in chernikovite mass in the system due to the large initial 

mass of uranyl phosphate. To verify the infinite solid assumption, a model was tested that 

accounted for decreasing solid phase concentration as done by Ulrich et al.,49 but there 

was no overall improvement of the reaction rate constants or model fit. Therefore, the 

models presented are in terms of uranium concentrations and citrate concentrations rather 

than mineral surface area normalized concentrations. 
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 In addition to the simple model from Eq. 4.5, several alternate models were 

evaluated including:  

• shrinking core, which considers mass transfer of uranium from spherical grain 

dissolution accounting for a decrease in grain radius with dissolution 

• stepwise reactions considering citrate and uranium saturation of the mineral 

surface 

• secondary-phase precipitation of a less soluble form 

These models had varying success in approximating the observed uranium aqueous 

concentrations, and none were significantly better than the simple analysis given in Eq. 

4.5. As discussed below in the results and discussion sections, the simple model 

presented in Eq. 4.5 approximates the data but results in rate constants that appear to 

slightly change with reactor flow rate. This work proposes that these changes in the 

determined rate constants are due to underlying reactions within the conceptual models 

listed above, primarily secondary-phase precipitation. While the other reactions 

considered in the conceptual models above likely have some influence on the system, in 

keeping with the principle of parsimony, we adopted the simple, but effective model 

given by Eq. 4.5. 

Results 

The results include data from dissolution experiments conducted using batch and 

CSTR techniques, along with theoretical calculations that explain and interpret those 

data. Chemical analyses using Raman spectroscopy and XRD are presented to evaluate 
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surface effects, including mineral precipitation, alteration, and citrate saturation, that 

affect interpretation of the batch and CSTR dissolution data. 

Batch Dissolution Experiments 

The batch dissolution experiments examined the effect of increasing citrate 

presence on the dissolution of chernikovite with dissolved uranium concentrations 

measured at 12 hours and one week. Without the addition of citrate, the dissolved 

uranium concentration was 11.6 µM at 12 hours and 8.05 µM at a week (Figure 4.1), in 

agreement with the concentrations reported in previous studies.17,26 The dissolution of 

chernikovite generally increased with increasing citrate concentrations. The increase in 

citrate concentration by a factor of five, from 0.1 mM to 0.5 mM, resulted in an increase 

in the dissolved uranium concentrations by a factor of 3.2. However, another increase by 

a factor of five but at a higher concentration, from 10 mM to 50 mM citrate, only 

increased the dissolved uranium concentrations by a factor of 1.2. There were no 

discernable changes in dissolved uranium concentrations between 12 hours and one week 

except for the slight increase observed at one week for the two highest citrate 

concentrations tested. The total dissolved uranium in this experiment for all citrate 

concentrations was less than 15% of the total uranium in the sample, so solid uranyl 

phosphate remained in the experiment for further dissolution.  

The simulated dissolved uranium concentrations generated by the geochemical 

modeling software follow a similar trend to the experimental data, but they under-predict 

the observed concentrations from the batch experiments (Figure 4.1). The model also 

predicts the formation of the less soluble uranyl orthophosphate as a secondary-phase in 
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systems with less than 10 mM of citrate added and Na-autunite mineral in systems with 

citrate concentrations greater than 1 mM. 

 

Figure 4.1. Dissolution of chernikovite in batch experiments sampled at 12 hours and one week with 12 

different concentrations of citrate at pH 4. Instrumental error bars are plotted but most are smaller than 

marker size. The black line represents the dissolved uranium concentrations predicted at equilibrium using 

Visual MINTEQ 

 

Citrate Sorption to Chernikovite 

The concentration of sorbed citrate on the chernikovite surface was evaluated 

over time to provide insight into the reaction mechanism for the citrate-promoted 

dissolution of chernikovite. Less than one minute after 0.1 mM citrate was added, 41 µM 

of uranium was released, and 1.1 µM of citrate was sorbed to the mineral. Citrate 

continued to remain almost entirely in the aqueous phase as the uranium concentration 

peaked at 52.5 µM at 30 minutes (Figure 4.2). The uranium concentration then steadily 
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decreased to 43.9 µM while the sorbed citrate increased after 3 hours reaching 11.1 µM 

sorbed by 24 hours. 

 

Figure 4.2. The dissolved uranium concentrations and sorbed citrate concentrations over 24 hours in a 0.1 

mM citrate system. The error bars are the standard deviation of the instrument analysis 

 

Solid Phase Characterization 

The elemental analysis of the uranyl phosphate remaining after exposure to 0.1, 

1.0, and 10 mM citrate from the CSTR experiments maintained a 1:1 uranium to 

phosphorus ratio. 

Comparison of the XRD patterns from the synthesized chernikovite starting 

material and the uranyl phosphate post-experiment show no distinguishable changes in 

peak position after citrate exposure (Appendix A, Figure A.1). A peak near 6.95 Å as 

well as smaller additional peaks throughout the diffraction pattern occurred in all the 

diffraction patterns from the solid remaining after citrate exposure. These peaks were not 

in the starting material pattern or the chernikovite reference but match the reference 
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pattern of a sodium citrate. Therefore, it is likely that a sodium citrate salt formed as the 

XRD samples were drying. The samples were not washed during the preparation because 

the process could remove alteration layers that formed on the surface. 

Images from the SEM also show no observable changes between the chernikovite 

starting material and the remaining solid after citrate exposure (Appendix A, Figure A.3). 

The images from chernikovite both pre- and post-citrate exposure depict well-defined, 

homogenous particles about 1 µm in diameter. However, the EDS analysis revealed a 

change in the molar ratio composition. The starting material had a molar Na:P:U ratio of 

0.27:0.80:1.0 which is consistent with a predominantly chernikovite solid and the 

possible presence of some Na-autunite. The molar Na:P:U ratio for the uranyl phosphate 

exposed to 10 mM citrate was 0.91:0.96:1.0 which is the molar ratio of a predominantly 

Na-autunite solid. 

Raman analysis reveals a change in the Raman spectra of chernikovite after 

exposure to citrate. The Raman spectrum of the synthesized chernikovite starting material 

with no citrate has two peaks in the region corresponding to the symmetric stretching of 

PO4 with the greater peak at 1033 cm-1 and the lesser peak at 981 cm-1
 (Figure 4.3a) 

which is consistent with previous spectra of chernikovite reported in the literature.50 The 

most prominent peak in the measured Raman spectrum occurs at 865 cm-1 and 

corresponds to the symmetric stretching of UO2. The uranyl phosphate remaining after 

the 0.1 mM citrate CSTR experiment exhibited a Raman spectrum that is similar to the 

starting material, with the presence of an additional weak peak at 834 cm-1. In the PO4 

stretching region, the spectrum from the 0.1 mM citrate experiment retained the two 
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peaks, though the greater peak was at 996 cm-1 while the lesser peak was at 1026 cm-1. 

The Raman spectra for the precipitate remaining after the 1 mM and 10 mM citrate CSTR 

experiments have only a single broad peak in the PO4 stretching region at 989 cm-1 and 

994 cm-1 respectively. A single UO2 stretching peak is present in these spectra at 833 cm-

1 for the 1 mM citrate experiment and 834 cm-1 for the 10 mM citrate experiment. 

 

Figure 4.3. Raman spectra for (a) experimental solids, including the initial uranyl phosphate starting 

material before exposure to citrate (no citrate), the solid remaining after the CSTR dissolution experiments 

with three different citrate concentrations, and (b) predicted Raman spectra based on density functional 

theory calculations for a uranyl phosphate system with no citrate (no citrate), a system with a uranyl to 

citrate ratio of 1:2 where the middle carboxyl groups complex with the uranyl ion (1:2 middle), a system 

with a 1:1 uranyl to citrate ratio where a terminal carboxyl group complexes with the uranyl ion (1:1 

terminal), a system with a 1:1 uranyl to citrate ratio where the middle carboxyl group complexes with the 

uranyl ion (1:1 middle), and a system with a 1:2 uranyl to citrate ratio where terminal carboxyl groups 

complex with the uranyl ion (1:2 terminal). 

 

Several theoretical Raman spectra were computed by varying the uranyl to citrate 

molar ratio from 1:1 to 1:2 and altering the carboxyl group that complexed to the uranyl 
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ion from the terminal carboxyl group to the middle carboxyl group of the citrate 

molecule. The optimized structures show only small influence of the ligand on the uranyl 

bond (Table 3). Uranium-ligand bond lengths are slightly longer (0.07 - 0.10 Å) for 

citrate compared to phosphate. In all cases, the citrate ion coordinates via a mono-dentate 

coordination mode to uranium within the equatorial plane (Appendix A, Figure A.4). 

Theoretical Raman spectra were obtained by adding a gaussian line broadening to the 

computed positions. The determined theoretical spectra corroborate the spectra from the 

experimental systems (Figure 4.3b). The spectrum generated from the theoretical system 

without citrate also resembles the spectra of chernikovite in literature.50,51 Several peaks 

are present in the PO4 stretching region from 984 cm-1 – 1027 cm-1 with the greatest at 

1006 cm-1, and a prominent peak is present in the UO2 stretching region at 856 cm-1 

(Figure 4.3b). The citrate system with a 1:2 uranyl to citrate molecule ratio with the 

middle carboxyl groups coordinating with the uranyl ion for both citrate molecules (1:2 

middle) produced the Raman spectrum most similar to the spectra from the two higher 

citrate concentration experiments. The theoretical spectrum of the 1:2 middle system has 

fewer peaks in PO4 stretching region with the largest peak at 989 cm-1 and a smaller UO2 

peak downshifted to 828 cm-1. The other theoretical combinations for the systems with 

citrate yield Raman spectra where the UO2 stretching peak has less of a downshift with 

peaks at 841 cm-1 for 1:2 end-on system and 845 cm-1 for 1:1 end-on system. Although 

the spectrum of the 1:1 middle system has a prominent peak at 836 cm-1, no noticeable 

peaks are present in the PO4 stretching region and additional peaks are present at smaller 

Raman shifts that are not observed in the experimental Raman spectra. Determined 
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energies and structures for the 1:4 end-on and middle complexes were unfavorable and 

are hence not considered for further investigation. 

Table 4.3. Computed bond distances in Ångstrom for the optimized structures of citrate ions coordinating 

to U(VI) via either a citrate terminal carboxyl group (end-on) or the citrate central carboxyl group (middle) 

for 1:1 and 1:2 uranium to citrate ratio complexes. 

    UO2 [Å] UO phosphate [Å] UO citrate [Å] 

phosphate   1.83 2.28 - 

end-on  1:1 1.81 2.25 2.38 

   1:2 1.79 2.28 2.34 

middle  1:1 1.83 2.25 2.33 

   1:2 1.83 2.24 2.31 

 

Continuously Stirred Tank Reactor Experiments 

Preliminary experiments indicated that a pretreatment step (Table 4.1) where the 

chernikovite was reacted with citrate was necessary in order to achieve consistent steady 

state dissolved uranium concentrations at each flow rate, as shown in Figure 4.4. Without 

the pretreatment, uranium concentrations increased rapidly, reached a peak and then 

slowly decreased, and the pattern was repeated at each flow rate with no consistency or 

discernible trends with citrate concentrations (Appendix A, Figure A.5). For all citrate 

concentrations, more than half of the total dissolved uranium over the course of the 

experiment was released during the pretreatment process indicating the existence of a 

readily soluble phase on the surface of the chernikovite (Table 4.2). The pretreatment 

step also helped to maintain a constant pH 4 throughout the experiments (Appendix A, 

Figure A.6). However, the 0.1 mM citrate experiment was an exception because the 

effluent pH reached 6 whenever citrate was present even though the influent solution 

maintained a pH of 4. Based on speciation calculations using Visual MINTEQ under 
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these experimental conditions, this shift in pH should have minimal effect on the 

speciation of uranium and dissolution reactions. 

 

Figure 4.4. Dissolution of chernikovite in a continuously stirred tank reactor with four different 

concentrations of citrate (denoted by marker color) and three different flow rates (denoted by marker shape) 

at pH 4. The error bars are the standard deviation in the analysis and are mostly smaller than the markers. 

The solid line represents the modeled concentrations. 

 

After the pretreatment in systems with citrate present, the dissolved uranium 

concentration increased sharply, and then the rate of change diminished and approached a 

steady value (Figure 4.4). This occurred during successive decreases in flow rate, leading 

to a step-like pattern in the time series where each flow rate results in a quasi-steady state 

uranium concentration for each citrate concentration. When the citrate concentration in 
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the influent was increased, the uranium concentration in the effluent increased but 

retained the step-like pattern that occurred at each flow rate. The dissolved uranium 

concentrations for the experiment with no citrate in solution remained relatively constant 

despite the changing flow rate with an overall average of 6.83 ± 0.29 µM (Figure 4.4).  

The increase in dissolved uranium concentrations with decreasing flow rates was 

most prevalent in the 1 mM citrate experiment, where the decreases in the flow rate from 

1 mL/min to 0.5 mL/min and then from 0.5 mL/min to 0.25 mL/min increased the steady 

state concentrations of the dissolved uranium by a factor of 2.0 and 1.5 respectively. For 

the 10 mM citrate, the steady state concentration of the dissolved uranium increased by a 

factor of 1.6 as the flow rate decreased from 1 to 0.5 mL/min and by a factor of 1.3 as the 

flow rate decreased from 0.5 to 0.25 mL/min. The dissolved uranium concentrations from 

the 0.1 mM citrate experiment increased the least with the change in flow rates resulting 

in an increase in the steady state concentration by a factor of 1.4 for the first decrease in 

flow rate and 1.1 for the second. 

The total amount of uranium dissolved in the absence of citrate is 4.64 µmol, 

whereas the total amount of uranium dissolved in the 10 mM citrate experiment is 88.6 

µmol (27.7 µmol after pretreatment) (Table 4.2). The greatest dissolved uranium 

concentrations occurred at the 0.25 mL/min flow rate, and at steady state (after 

approximately 3 reactor volumes of flow after the flow rate was switched) they were 45.5 

± 1.2 µM for 0.1 mM citrate, 125.4 ± 3.5 µM for 1 mM citrate, and 128.8 ± 4.5 µM for 

10 mM citrate (Figure 4.4). Although the dissolved uranium concentrations increased 

overall with increasing citrate concentrations, the steady state dissolved uranium 
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concentrations converged for the 1 mM and 10 mM citrate systems as flow rate 

decreased.  

 Although phosphate concentration was not measured throughout the dissolution 

experiment, the U:P ratio was determined for the remaining solid and solution at the end 

of each experiment. Both the solid and solution each had a 1:1 U:P ratio. 

Discussion 

The results of the experiments provide several perspectives on the processes and 

extent to which citrate affects the dissolution of uranium. There are at least three relevant 

conceptual models outlining mechanisms to explain ligand-promoted dissolution: 1.) 

surface complexation; 2.) ligand surface saturation; and 3.) secondary-phase 

precipitation. Each of these mechanisms are briefly discussed as a series of multiple 

working hypotheses to provide context for evaluating the experimental data from the 

current work.52  
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Figure 4.5. Conceptual model of three potential mechanisms of citrate-promoted dissolution: (A) surface 

complexation where citrate complexes with uranyl at the mineral surface and then detaches from surface as 

uranyl-citrate aqueous complex, (B) ligand surface saturation where citrate complexes with uranyl at the 

mineral surface, but excess citrate saturates surface and hinders the release of uranyl-citrate into the 

aqueous solution, (C) secondary-phase precipitation where citrate complexes with uranyl at the mineral 

surface and uranyl-citrate is released into solution, but the dissolved uranium and dissolved phosphate 

reprecipitate as a secondary-phase mineral. 

 

Conceptual Models of Ligand-Promoted Dissolution 

Surface Complexation 

Ligand-promoted dissolution is commonly viewed as a two-step process with one 

ligand complexing a cation within a mineral, which then promotes dissolution (Figure 

4.5A). However, when the counter anion in the mineral phase dissolves in parallel with 

the cation, competition between the two ligands may occur leading to a complex ternary 

system. This is exacerbated in the uranyl phosphate system examined in this work due to 
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the potential formation of aqueous uranyl phosphate complexes that may lead to 

saturation and re-precipitation. In carbonate-enhanced dissolution, Gudavalli et al.31 

propose that the ligand coordinates with uranyl polyhedrons at the mineral surface, and 

then the surface complex detaches to form aqueous uranyl-ligand complexes. The 

breaking of the uranyl-ligand complexes from the mineral surface is a rate-limiting 

second step. Reinoso-Maset et al.41 suggest the same process as a possible mechanism for 

the dissolution of uranyl oxyhydroxide mineral dissolution in a high carbonate system 

and hypothesize a relatively fast adsorption and desorption process due to an absence of 

evidence for an altered layer that could occur with prolonged uranyl-ligand surface 

complexes. This mechanism implies that uranium dissolution will increase with 

increasing citrate concentrations as long as uranyl phosphate mineral remains in the 

system. 

Ligand Surface Saturation 

An alternative mechanism includes the formation of an altered layer due to 

surface saturation. The citrate complexes with the uranyl polyhedron at the mineral 

surface, but excess citrate saturates the surface and hinders the release of the uranyl-

citrate complexes into the aqueous solution (Figure 4.5B). Therefore, an alteration layer 

of uranyl-citrate complexes would accrue at the mineral surface. For this mechanism, 

uranium dissolution will increase with increasing citrate concentrations until the citrate 

concentrations are great enough to saturate the chernikovite surface at which point the 

dissolved uranium concentration will change little as citrate increases. 
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Secondary-Phase Precipitation 

Another mechanism involves the recrystallization or formation of a secondary-

phase mineral with the dissolved uranium and phosphate, which has been suggested in 

previous studies (Figure 4.5C).3,31,40,41,53 Similar to the first hypothesized mechanism, 

citrate complexes with the uranyl polyhedron forming a surface complex that is then 

released into the aqueous solution along with phosphate. However, the increasing 

aqueous uranium and citrate concentrations may lead to saturation and re-precipitation of 

uranyl phosphate due to the quick precipitation kinetics. This secondary precipitation 

could be a less soluble form of chernikovite or another uranyl phosphate mineral, both of 

which would be more thermodynamically favorable (e.g., less soluble). To support this 

secondary-phase precipitation mechanism hypothesis, uranium dissolution would 

increase with increasing citrate concentration until dissolved uranium and phosphate 

concentrations reach a saturation limit at which the uranium and phosphate will approach 

steady concentrations controlled by the new uranyl phosphate precipitates. 

Effects of Increasing Citrate Concentrations on the Dissolution of Uranium 

If the simple, two-step, surface complexation mechanism shown in Figure 4.5A is 

responsible for the citrate-promoted dissolution, then the uranium concentration is 

expected to change in proportion to the citrate concentration as long as uranium is 

available. Speciation analysis using Visual MINTEQ indicates that chernikovite 

solubility is increased through the formation of uranyl-citrate complexes. The batch 

dissolution experiments support that the dissolved uranium concentration consistently 

increase when equilibrated with citrate concentrations up to 10 mM. However, above 10 
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mM citrate, the change in dissolved uranium concentrations versus citrate concentration 

was much smaller. This smaller increase in dissolved uranium concentrations with 

increasing ligand concentrations suggests that the release of uranium is hindered at 

greater citrate concentrations. Thus, the simple two-step, surface complexation 

mechanism of chernikovite dissolution (Figure 4.5A) is likely not occurring at high 

citrate concentrations. However, the data are consistent with the expected trends if ligand 

surface saturation or secondary-phase precipitation (Figure 4.5B and Figure 4.5C) govern 

citrate-promoted dissolution of chernikovite. With these mechanisms the dissolution of 

uranium is hindered at greater citrate concentrations. 

The similar uranium aqueous concentrations observed at 12 hours and one week 

indicate the dissolution step was not kinetically limited on the order of hours. In previous 

studies with immobile uranium phases and organic ligands, the uranium concentration 

reached steady state after several days.3,15 The faster dissolution kinetics during this study 

could be due to the low pH used in this study and different uranium solid phases. 

Comparisons of the experimental data and geochemical speciation modeling 

indicates that the chernikovite phase may be transient and slowly alter to Na-autunite 

with lower solubility or be able to re-crystallize given longer dissolution/reaction times. 

The prediction of only Na-autunite precipitation by the geochemical speciation modeling 

at the higher citrate concentrations shown in Figure 4.1 is likely due to greater sodium 

concentrations coincident with greater citrate concentrations due to the use of sodium 

citrate dihydrate with a 3:1 sodium:citrate ratio. In their study, Reinoso-Maset et al.41 



 

 64 

observed similar changes in the initial uranyl phosphate mineral compositions and 

formation of new minerals due to cation exchange from exposure to simulated porewater. 

Corroborating the results of the batch dissolution experiments, the citrate sorption 

experiments also suggest a quick initial reaction. The rapid adsorption of citrate and 

release of uranium indicates that the rate of citrate adsorption is not a limiting factor as 

discussed with respect to Figure 4.2. The subsequent decrease in dissolved uranium 

concentration suggests the formation of a secondary-phase precipitate that would provide 

additional surfaces for citrate sorption resulting in the increased sorbed citrate 

concentrations. The formation of a secondary or more ordered phase will be dependent on 

the total mass of uranium leached into solution and thus, dependent on the total citrate 

concentration. Based on these observations and simulations, which suggests a fast 

dissolution reaction, the batch tests were complimented using CSTR experiments in order 

to more precisely control the reaction times with respect to the approach to equilibrium. 

For the experiments with citrate in the CSTR, the longer hydraulic residence 

times that occur with the lower flow rates provided a longer interaction time for the 

citrate and chernikovite, which resulted in greater dissolved uranium concentrations, 

creating the step-like pattern observed in Figure 4.4. This continued increase in dissolved 

uranium concentrations with longer hydraulic residence times implies that although the 

reaction reaches a quasi-steady state at each flow rate, the systems with citrate have not 

reached an equilibrium within the 72-minute hydraulic residence time at the slowest flow 

rate (Figure 4.4). However, in the experiment without citrate, the dissolved uranium 

concentrations remained relatively constant despite the changing flow rate. This constant 
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concentration, even as the hydraulic residence time increased with the decreasing flow 

rate, suggests that the system without citrate has reached equilibrium. This equilibrium 

concentration of 6.83 ± 0.29 µM was used to calculate the Ksp of the synthesized 

chernikovite, and this uranium concentration is comparable to the 8.05 µM observed with 

the no citrate system in the batch solution after a week. 

Although the increase in dissolved uranium concentration with decreasing flow 

rate is observed in all the CSTR experiments with citrate, the extent of this trend is 

dependent on the concentration of citrate in the solution. The 0.1 mM citrate experiment 

has the smallest increase between flow rates, particularly between the 0.5 mL/min and 

0.25 mL/min flow rates (Figure 4.4), which suggests that the system with 0.1 mM citrate 

may be approaching equilibrium and is similar to the no citrate system. As in the batch 

experiments, dissolved uranium concentration increases with increasing citrate 

concentration in the CSTR experiments. However, the dissolved uranium concentrations 

in the 1 mM and 10 mM converge as the flow rate decreases resembling the smaller 

increase in dissolved uranium concentrations observed at the higher citrate concentration 

in the batch experiments. The comparable uranium concentrations in the 1 mM and 10 

mM CSTR systems at the 0.25 mL/min flow rate (Figure 4.4) suggests that further 

uranium dissolution is hindered due to a combination of surface saturation of citrate at 

higher concentrations (Figure 4.5B) and formation of a secondary-phase precipitate or 

more ordered uranyl phosphate phase (Figure 4.5C). The potential re-precipitation or 

formation of a more ordered, less-soluble uranyl phosphate phase may be facilitated by 

the longer residence times, the increased sodium concentrations from the sodium citrate, 
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and higher dissolved uranium and phosphate concentrations from citrate-promoted 

dissolution. Note that for the latter to transpire, dissociation of the uranyl-citrate aqueous 

complexes must occur, which is expected as the total dissolved uranium concentration 

increases and the total citrate concentration remains constant (e.g., a constant influent 

concentration of sodium citrate). Aqueous uranyl phosphate complexes may form in the 

system though the mineral phases are more critical for controlling dissolved uranium 

concentrations. 

Evidence of Secondary-Phase Precipitation 

Although the chemical equilibrium model predicted the secondary-phase 

precipitation of uranyl orthophosphate (3:2 uranium to phosphorous ratio) at low citrate 

concentrations, both the solids and solutions remaining after exposure to 0.1 mM, 1 mM, 

and 10 mM citrate concentrations had a 1:1 U:P ratio. This consistency in the U:P ratio 

from the start and end of both the batch and CSTR experiments suggests that any re-

precipitation was a Na-autunite or a more insoluble form of chernikovite. Although the 

similarity in the XRD patterns of the starting chernikovite and the post-experiment uranyl 

phosphate could suggest no change in the starting material (Appendix A, Figure A.1), the 

formation of Na-autunite as a secondary-phase precipitate is still a possibility because of 

the nearly identical diffraction patterns of chernikovite and Na-autunite. The molar 

increase in sodium in comparison to the moles of uranium and phosphorus revealed by 

the EDS analysis also indicates that a Na-autunite (1:1:1 Na to P to U ratio) may be 

forming as a secondary-phase precipitate in the presence of citrate. The lack of evidence 

for uranyl orthophosphate secondary-phase precipitation despite the favorable 
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thermodynamics at low citrate concentrations agrees with previous work and suggests 

that uranyl orthophosphate is kinetically unfavorable in these conditions compared to 

chernikovite or Na-autunite.17  

Evidence of Ligand Surface Saturation Effects 

The peak shifts observed in the Raman spectra of the uranyl phosphate exposed to 

citrate corresponds to uranyl-citrate association on the remaining uranyl phosphate solid 

(Figure 4.3). This change in the Raman spectra could be evidence of an alteration layer 

where citrate interacts with surface uranyl to the extent that it can be detected by Raman.  

The comparison between the computed theoretical Raman spectra and the 

experimental Raman spectra suggest that citrate predominantly interacts with the surface 

uranyl in a 1:2 middle configuration. Other combinations may be present to a lesser 

extent. Although a 1:2 uranyl to citrate complex is favored at the chernikovite surface, 

speciation modelling revealed that the UO2-citrate- was the predominant aqueous uranyl 

complex under the experimental conditions. 

These findings offer an alternative explanation for the nonlinear relationship 

between uranium and citrate concentrations discovered in the batch experiments in 

addition to secondary-phase precipitation. At high citrate concentrations the coordination 

of the citrate with a 1:2 uranyl to citrate ratio at the surface forms an alteration layer from 

saturating the surface with citrate. The citrate layer surrounding the surface could 

spatially hinder and limit the surface diffusion and mass transfer of the uranyl-citrate 

complex into an aqueous phase. The formation of an alteration layer composed of uranyl-

citrate surface complexes suggests that the dissolution mechanism in Figure 4.5B is 
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favored over the rapid release of the uranyl-citrate surface complex needed for the 

mechanisms described in Figure 4.5A. These findings are consistent with qualitative 

observations made when preparing samples for XRD and Raman analysis. The higher 

citrate concentrations result in a more uniform, homogenous particle size distribution 

indicating that the citrate is coating the surface and minimizing aggregation (Appendix A, 

Figure A.7). 

Reaction Rate of Citrate-Promoted Dissolution of Chernikovite 

The CSTR data was best fit with a pseudo zero-order model that considers the 

dissolved uranium concentration over time (represented by flow rate divided by volume) 

relative to [U]eq, the predicted concentration of dissolved uranium at equilibrium (Eq. 4.3; 

Figure 4.4). The [U]eq was calculated using a log Ksp of -13.52 determined by the results 

of the no-citrate CSTR experiment and is slightly lower than the value of -13.17 reported 

by Gorman-Lewis et al.26 When the more negative log Ksp values reported for the more 

ordered (e.g., crystalline) chernikovite were used, the predicted dissolved uranium 

concentrations were less than the dissolved uranium concentrations observed during the 

experiment, which led to the assumption that the chernikovite used in this study is more 

amorphous. 

An increase in the dissolution rate constants was observed with increasing citrate 

concentrations consistent with speciation calculations indicating more aqueous uranyl-

citrate complexes will form and therefore increase solubility. With the addition of 0.1 

mM citrate, the chernikovite dissolution rate constant increased by a factor 3.8 compared 

to the dissolution rate constant of a system without citrate. For the systems with citrate 
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the dissolution rate constants increased in the order 2.39 ± 0.12 x 10-8 mol L s-1, 3.49 ± 

0.17 x 10-8 mol L s-1, and 5.72 ± 0.03 x 10-8 mol L s-1 for 0.1 mM, 1 mM, and 10 mM 

citrate, respectively, when the flow rate was at 1 mL/min (Table 4.4 and Figure 4.4). 

Based on these results, an increase in the citrate concentration by a factor of 10 increased 

the dissolution rate by a factor of approximately 1.5.  

For the two slower flow rates, the increase in dissolution rates between the 1 mM 

citrate experiment and the 10 mM citrate experiment was less than the increase in rates 

between the 0.1 mM and 1 mM citrate experiments. At the slower flow rates, of 0.25 and 

0.5 mL/min, the reaction products are being removed from the CSTR at a slower rate 

allowing the system to come closer to equilibrium where reverse reactions, such as the 

hypothesized secondary precipitation, may be impactful and influence the reaction 

constants k and n. Model fits for individual flow rate regimes at a constant citrate 

concentration yield rate constants that appear to trend towards slower rate constants as 

flow rate decreases. Though the trend is visible in Figure 4.6, it is noteworthy that the 

fitted rate constants for each flow rate regime are not statistically significantly different 

(p value <0.05). A second model applying one global reaction constant to each flow rate 

regime consistently underfit the 1.0 and 0.5 mL/min flow rate periods and overfit the 0.25 

mL/min flow rate period, indicating that secondary precipitation may be impacting the 

data collected at a slower flow rate, particularly the 10 mM citrate concentration system 

where the uranium concentration increases with the initial change in flow rate and then 

decreases (Appendix A, Figure A.8). This change in rate constants is unexpected because 

the rate constants should remain constant if the same equilibrium state is being 
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approached at each flow rate and the citrate concentration does not change. However, 

formation of a secondary precipitate appears to occur during the longer reactions times 

and higher dissolved uranium concentrations of the slower flow rate experiments, and 

thus, produces a modified equilibrium state. Therefore, the slight decrease in reaction 

rates with decreasing flow rate is proposed to be an artifact of the secondary-phase 

formation. Due to this artifact, the data from the 1 mL/min flow rate are the most 

appropriate for determination of the reaction constants. 

 

Figure 4.6. The dissolution rate of uranium as a function of citrate solution concentration with 1 mL/min, 

0.5 mL/min, and 0.25 mL/min flow rates. Uncertainties of the rate constants were determined using 

nonlinear regression in the program SAS, and the dotted red line is a regression of the only data with a 

linear fit and n refers to the reaction order with respect to citrate as described in Eq. 4.3 and Eq. 4.4. 
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Table 4.4. The chernikovite dissolution rate constants determined for each citrate concentration at the three flow rates tested where k is the rate constant 

used in the model and k* is the reaction rate normalized by surface area. 

Citrate 

Concentration 

1 mL/min flow rate 0.5 mL/min flow rate 0.25 mL/min flow rate 

k  

(mol L-1 s-1) 

k*  

(mol m-2 s-1) 

k  

(mol L-1 s-1) 

k*  

(mol m-2 s-1) 

k  

(mol L-1 s-1) 

k*  

(mol m-2 s-1) 

no citrate >6.23 ± 0.04x10-9 >2.02 ± 0.17x10-9 - - - - 

0.1 mM 2.39 ± 0.11x10-8 4.07 ± 0.19x10-9 1.95 ± 0.02x10-8 3.36 ± 0.15x10-9 1.10 ± 0.01x10-8 1.94 ± 0.09x10-9 

1 mM 3.49 ± 0.17x10-8 1.13 ± 0.10x10-8 4.06 ± 0.05x10-8 1.35 ± 0.12x10-8 3.05 ± 0.04x10-8 1.10 ± 0.1x10-8 

10 mM 5.72 ± 0.02x10-8 1.22 ± 0.07x10-8 4.55 ± 0.04x10-8 1.01 ± 0.06x10-8 3.19 ± 0.07x10-8 7.48 ± 0.46x10-9 
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The influence of citrate on chernikovite dissolution rates can be described 

adequately with a power law coefficient of approximately n = 0.19 ± 0.03 and a log k’ 

value of -6.8 ± 0.1 mol L-1 s-1 (Figure 4.6). This expression can be used to correct the 

uranium dissolution rate constant in Eq. 4.3 for the influence of the total citrate 

concentration in the system. In previous work studying the effect of bicarbonate on the 

autunite dissolution rates, the regression analysis fits the data well and led to the 

prediction of the surface complexation conceptual model in Figure 4.5A.31 Therefore, the 

deviation in the regression analysis Eq. 4.4 at these higher citrate concentrations and 

slower flow rates suggests that the combined effects of surface saturation with citrate and 

the formation of a secondary-phase mineral hinder the release rate of uranium from 

chernikovite. However, these equations describe the change in dissolved uranium 

concentration only as a function of citrate concentration and further experiments are 

needed to elucidate the influence of other geochemical factors such as pH and the 

presence of competing ions like carbonate.  

To account for specific surface interactions, a further study is needed to track the 

interaction of citrate, uranium, and phosphate at the surface interface of uranyl phosphate 

minerals. To develop a kinetic model that accurately includes a hinderance of the reaction 

rate due to citrate surface saturation/diffusion or secondary-phase precipitation, 

concentrations of uranium, phosphate, citrate, and sodium must be measured. The data 

could be further refined using a more ordered form of chernikovite, which is not as likely 

to facilitate formation of secondary precipitates as proposed in this work. 
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Broader Geochemical Significance 

On a broader scope, it is reasonable to assume the impacts of surface alteration 

and secondary precipitation will be observed in other mineral systems. The results from 

this work demonstrate the impact of secondary mineral precipitation occurring during 

ligand-promoted dissolution studies. Dissolution studies which involve metastable 

minerals, such as a more disordered phase or a kinetically limited phase, may transition 

from local thermodynamic minimums during the dissolution studies (e.g., from less 

thermodynamically favorable to more thermodynamically favorable phases), as proposed 

in this work. Thus, the kinetic rate constants determined from such data would need to 

account for the changing thermodynamic endpoints, which profoundly complicates the 

data analysis as only limited information on transitions from such local minimums is 

available. These complications are particularly noteworthy in ligand-promoted 

dissolution studies where ligand surface saturation and/or formation of an alteration layer 

at the mineral surface may occur. Experiments designed to monitor all components of 

ternary dissolution systems and incorporate monitoring of surface ligand 

saturation/diffusion rates and secondary phase precipitation may yield the necessary data 

to parameterize a complex kinetic dissolution model where transformation from 

metastable states may be occurring. 

Conclusion 

The experiments described in this paper verify that citrate increases the 

dissolution rate of chernikovite by up to an order of magnitude with the increase in 

reaction rate dependent on the concentration of citrate. Overall, it is clear that citrate can 
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enhance the dissolution of chernikovite, but the magnitude of increase is only weakly 

influenced by increasing citrate concentration with a reaction order of 0.19. This finding 

is supported by batch and CSTR dissolution, solid phase chernikovite characterization 

before and after exposure to citrate, and citrate sorption experiments, which provide 

insight into the specific interaction of citrate-promoted dissolution of chernikovite. A 

conceptual model based on these results indicates the possibility of an alteration layer on 

the chernikovite surface forming with citrate saturating the surface as well as a 

secondary-phase precipitation of a less soluble phase than the original. This indicates that 

the effects of ligands, like citrate-promoted dissolution should be considered in the 

analysis of contaminated sites where uranyl phosphate controls the release of uranium, 

particularly in near surface environments where plant exudates (including citrate) can 

enhance uranium dissolution. A set of reaction rate constants has been determined in this 

work that can be used to determine the rate and extent of enhanced uranyl phosphate 

mineral dissolution. For a practical field application, the similarity in reaction rates 

determined at different flow rates implies the rates only from the 1 mL/min could be used 

or the rates could be averaged. However, the slight changes in reaction rate constants 

with flow rate in CSTR experiments highlights the potential impacts of secondary-phase 

formation that require further study in order to fully ascertain the impacts of these phases. 

 

  



 

 75 

References 

(1) Riley, R. G.; Zachara, J. M.; Wobber, F. G. Chemical Contaminant on DOE Lands 

and Selection of Contaminant Mixtures for Subsurface Science Research; U.S 

Dept. of Energy, Office of Energy Research: Washington D.C., 1992. 

(2) Palmisano, A.; Hazen, T. Bioremediation of Metals and Radionuclides: What It Is 

and How It Works (2nd Edition). ResearchGate. 

https://www.researchgate.net/publication/233784020_Bioremediation_of_Metals_

and_Radionuclides_What_It_Is_and_How_It_Works_2nd_Edition (accessed 

2019-01-30). http://dx.doi.org/10.2172/820771. 

(3) Wellman, D. M.; Icenhower, J. P.; Gamerdinger, A. P.; Forrester, S. W. Effects of 

PH, Temperature, and Aqueous Organic Material on the Dissolution Kinetics of 

Meta-Autunite Minerals, (Na, Ca) 2−1 [(UO 2 )(PO 4 )] 2 · 3H 2 O. Am. Mineral. 

2006, 91 (1), 143–158. https://doi.org/10.2138/am.2006.1807. 

(4) Mehta, V. S.; Maillot, F.; Wang, Z.; Catalano, J. G.; Giammar, D. E. Transport of 

U(VI) through Sediments Amended with Phosphate to Induce in Situ Uranium 

Immobilization. Water Res. 2015, 69, 307–317. 

https://doi.org/10.1016/j.watres.2014.11.044. 

(5) Craft, E. S.; Abu-Qare, A. W.; Flaherty, M. M.; Garofolo, M. C.; Rincavage, H. L.; 

Abou-Donia, M. B. Depleted and Natural Uranium: Chemistry and Toxicological 

Effects. J. Toxicol. Environ. Health Part B 2004, 7 (4), 297–317. 

https://doi.org/10.1080/10937400490452714. 



 

 76 

(6) Gao, N.; Huang, Z.; Liu, H.; Hou, J.; Liu, X. Advances on the Toxicity of Uranium 

to Different Organisms. Chemosphere 2019, 237, 124548. 

https://doi.org/10.1016/j.chemosphere.2019.124548. 

(7) Bostick, B. C.; Fendorf, S.; Barnett, M. O.; Jardine, P. M.; Brooks, S. C. Uranyl 

Surface Complexes Formed on Subsurface Media from DOE Facilities. Soil Sci 

Soc Am J 2002, 66, 10. 

(8) Grenthe, I.; Drozdizynski, J.; Fujino, T.; Buck, E. C.; Albrecht-Schmitt, T. E.; 

Wolf, S. F. Uranium. In The Chemistry of the Actinide and Transactinide 

Elements; Morss, L. R., Edelstein, N. M., Fuger, J., Eds.; Springer, Dordrecht: 

Netherlands, 2011; pp 253–698. 

(9) Sani, R. K.; Peyton, B. M.; Dohnalkova, A.; Amonette, J. E. Reoxidation of 

Reduced Uranium with Iron(III) (Hydr)Oxides under Sulfate-Reducing 

Conditions. Environ. Sci. Technol. 2005, 39 (7), 2059–2066. 

https://doi.org/10.1021/es0494297. 

(10) Liu, C.; Zachara, J. M.; Zhong, L.; Kukkadupa, R.; Szecsody, J. E.; Kennedy, D. 

W. Influence of Sediment Bioreduction and Reoxidation on Uranium Sorption. 

Environ. Sci. Technol. 2005, 39 (11), 4125–4133. 

https://doi.org/10.1021/es048501y. 

(11) Moon, H. S.; Komlos, J.; Jaffé, P. R. Uranium Reoxidation in Previously 

Bioreduced Sediment by Dissolved Oxygen and Nitrate. Environ. Sci. Technol. 

2007, 41 (13), 4587–4592. https://doi.org/10.1021/es063063b. 



 

 77 

(12) Wu, W.-M.; Carley, J.; Luo, J.; Ginder-Vogel, M. A.; Cardenas, E.; Leigh, M. B.; 

Hwang, C.; Kelly, S. D.; Ruan, C.; Wu, L.; Van Nostrand, J.; Gentry, T.; Lowe, 

K.; Carroll, S.; Luo, W.; Fields, M. W.; Gu, B.; Watson, D.; Kemner, K. M.; 

Marsh, T.; Tiedje, J.; Zhou, J.; Fendorf, S.; Kitanidis, P. K.; Jardine, P. M.; 

Criddle, C. S. In Situ Bioreduction of Uranium (VI) to Submicromolar Levels and 

Reoxidation by Dissolved Oxygen. Environ. Sci. Technol. 2007, 41 (16), 5716–

5723. https://doi.org/10.1021/es062657b. 

(13) Ulrich, K.-U.; Ilton, E. S.; Veeramani, H.; Sharp, J. O.; Bernier-Latmani, R.; 

Schofield, E. J.; Bargar, J. R.; Giammar, D. E. Comparative Dissolution Kinetics 

of Biogenic and Chemogenic Uraninite under Oxidizing Conditions in the 

Presence of Carbonate. Geochim. Cosmochim. Acta 2009, 73 (20), 6065–6083. 

https://doi.org/10.1016/j.gca.2009.07.012. 

(14) Fuller, C. C.; Bargar, J. R.; Davis, J. A.; Piana, M. J. Mechanisms of Uranium 

Interactions with Hydroxyapatite: Implications for Groundwater Remediation. 

Environ. Sci. Technol. 2002, 36 (2), 158–165. https://doi.org/10.1021/es0108483. 

(15) Luo, W.; Gu, B. Dissolution of Uranium-Bearing Minerals and Mobilization of 

Uranium by Organic Ligands in a Biologically Reduced Sediment. Environ. Sci. 

Technol. 2011, 45 (7), 2994–2999. https://doi.org/10.1021/es103073u. 

(16) Fanizza, M. F.; Yoon, H.; Zhang, C.; Oostrom, M.; Wietsma, T. W.; Hess, N. J.; 

Bowden, M. E.; Strathmann, T. J.; Finneran, K. T.; Werth, C. J. Pore-Scale 

Evaluation of Uranyl Phosphate Precipitation in a Model Groundwater System. 

Water Resour. Res. 2013, 49 (2), 874–890. https://doi.org/10.1002/wrcr.20088. 



 

 78 

(17) Mehta, V. S.; Maillot, F.; Wang, Z.; Catalano, J. G.; Giammar, D. E. Effect of Co-

Solutes on the Products and Solubility of Uranium(VI) Precipitated with 

Phosphate. Chem. Geol. 2014, 364, 66–75. 

https://doi.org/10.1016/j.chemgeo.2013.12.002. 

(18) Perdrial, N.; Vázquez-Ortega, A.; Wang, G.; Kanematsu, M.; Mueller, K. T.; Um, 

W.; Steefel, C. I.; O’Day, P. A.; Chorover, J. Uranium Speciation in Acid Waste-

Weathered Sediments: The Role of Aging and Phosphate Amendments. Appl. 

Geochem. 2018, 89, 109–120. https://doi.org/10.1016/j.apgeochem.2017.12.001. 

(19) Gorman-Lewis, D.; Burns, P. C.; Fein, J. B. Review of Uranyl Mineral Solubility 

Measurements. J. Chem. Thermodyn. 2008, 40 (3), 335–352. 

https://doi.org/10.1016/j.jct.2007.12.004. 

(20) Wang, G.; Um, W.; Wang, Z.; Reinoso-Maset, E.; Washton, N. M.; Mueller, K. T.; 

Perdrial, N.; O’Day, P. A.; Chorover, J. Uranium Release from Acidic Weathered 

Hanford Sediments: Single-Pass Flow-Through and Column Experiments. 

Environ. Sci. Technol. 2017, 51 (19), 11011–11019. 

https://doi.org/10.1021/acs.est.7b03475. 

(21) Buck, E. C.; Brown, N. R.; Dietz, N. L. Contaminant Uranium Phases and 

Leaching at the Fernald Site in Ohio. Environ. Sci. Technol. 1996, 30 (1), 81–88. 

https://doi.org/10.1021/es9500825. 

(22) Murakami, T.; Ohnuki, T.; Isobe, H.; Sato, T. Mobitity of Uranium during 

Weathering. Am. Mineral. 1997, 82 (9–10), 888–899. https://doi.org/10.2138/am-

1997-9-1006. 



 

 79 

(23) Burns, P. C. U6+ Minerals and Inorganic Compounds: Insights into an Expanded 

Structural Hierarchy of Crystal Structures. Can. Mineral. 2005, 43, 1839–1894. 

(24) Giammar, D. Geochemistry of Uranium at Mineral-Water Interfaces: Rates of 

Sorption-Desorption and Dissolution-Precipitation Reactions; 2001. 

(25) Veselý, V.; Pekárek, V.; Abbrent, M. A Study on Uranyl Phosphates—III 

Solubility Products of Uranyl Hydrogen Phosphate, Uranyl Orthophosphate and 

Some Alkali Uranyl Phosphates. J. Inorg. Nucl. Chem. 1965, 27 (5), 1159–1166. 

https://doi.org/10.1016/0022-1902(65)80428-6. 

(26) Gorman-Lewis, D.; Shvareva, T.; Kubatko, K.-A.; Burns, P. C.; Wellman, D. M.; 

McNamara, B.; Szymanowski, J. E. S.; Navrotsky, A.; Fein, J. B. Thermodynamic 

Properties of Autunite, Uranyl Hydrogen Phosphate, and Uranyl Orthophosphate 

from Solubility and Calorimetric Measurements. Environ. Sci. Technol. 2009, 43 

(19), 7416–7422. https://doi.org/10.1021/es9012933. 

(27) Van Haverbeke, L. Solubility and Spectrochemical Characteristics of Synthetic 

Chernikovite and Meta-Ankoleite. Mineral. Mag. 1996, 60 (402), 759–766. 

https://doi.org/10.1180/minmag.1996.060.402.05. 

(28) Langmuir, D. Uranium Solution-Mineral Equilibria at Low Temperatures with 

Applications to Sedimentary Ore Deposits. Geochim. Cosmochim. Acta 1978, 42 

(6, Part A), 547–569. https://doi.org/10.1016/0016-7037(78)90001-7. 

(29) Muto, T.; Hirono, S.; Kurata, H. Some Aspects of Fixation of Uranium from 

Natural Waters. Min. Geol. 1965, 15 (74), 287–298. 

https://doi.org/10.11456/shigenchishitsu1951.15.74_287. 



 

 80 

(30) Sowder, A. G.; Clark, S. B.; Fjeld, R. A. The Impact of Mineralogy in the U(VI)–

Ca–PO4 System on the Environmental Availability of Uranium. J. Radioanal. 

Nucl. Chem. 2001, 248 (3), 517–524. 

(31) Gudavalli, R. K. P.; Katsenovich, Y. P.; Wellman, D. M.; Idarraga, M.; Lagos, L. 

E.; Tansel, B. Comparison of the Kinetic Rate Law Parameters for the Dissolution 

of Natural and Synthetic Autunite in the Presence of Aqueous Bicarbonate Ions. 

Chem. Geol. 2013, 351, 299–309. https://doi.org/10.1016/j.chemgeo.2013.05.038. 

(32) Banfield, J. F.; Barker, W. W.; Welch, S. A.; Taunton, A. Biological Impact on 

Mineral Dissolution: Application of the Lichen Model to Understanding Mineral 

Weathering in the Rhyzosphere. Procedings Natl. Acad. Sci. 1999, 96, 3404–

3411. 

(33) Welch, S. A.; Barker, W. W.; Banfield, J. F. Microbial Extracellular 

Polysaccharides and Plagioclase Dissolution. Geochim. Cosmochim. Acta 1999, 

63 (9), 1405–1419. https://doi.org/10.1016/S0016-7037(99)00031-9. 

(34) Cervini-Silva, J. Biogenic Dissolution of a Soil Cerium-Phosphate Mineral. Am. J. 

Sci. 2005, 305 (6–8), 711–726. https://doi.org/10.2475/ajs.305.6-8.711. 

(35) Edayilam, N.; Montgomery, D.; Ferguson, B.; Maroli, A. S.; Martinez, N.; Powell, 

B. A.; Tharayil, N. Phosphorus Stress-Induced Changes in Plant Root Exudation 

Could Potentially Facilitate Uranium Mobilization from Stable Mineral Forms. 

Environ. Sci. Technol. 2018, 52 (14), 7652–7662. 

https://doi.org/10.1021/acs.est.7b05836. 



 

 81 

(36) Ebbs, S. D.; Brady, D. J.; Kochian, L. V. Role of Uranium Speciation in the 

Uptake and Translocation of Uranium by Plants. J. Exp. Bot. 1998, 49, 1183–

1190. 

(37) Huang, J. W.; Blaylock, M. J.; Kapulnik, Y.; Ensley, B. D. Phytoremediation of 

Uranium-Contaminated Soils:  Role of Organic Acids in Triggering Uranium 

Hyperaccumulation in Plants. Environ. Sci. Technol. 1998, 32 (13), 2004–2008. 

https://doi.org/10.1021/es971027u. 

(38) Francis, A. J.; Dodge, C. J. Remediation of Soils and Wastes Contaminated with 

Uranium and Toxic Metals. Environ. Sci. Technol. 1998, 32 (24), 3993–3998. 

https://doi.org/10.1021/es9803310. 

(39) Shahandeh, H.; Hossner, L. R. Enhancement of Uranium Phytoaccumulation from 

Contaminated Soils. Soil Sci. 2002, 167 (4), 269–280. 

https://doi.org/10.1097/00010694-200204000-00004. 

(40) Gudavalli, R.; Katsenovich, Y.; Wellman, D. Quantification of Kinetic Rate Law 

Parameters for the Dissolution of Natural Autunite in the Presence of Aqueous 

Bicarbonate Ions at High Concentrations. J. Environ. Radioact. 2018, 190–191, 

1–9. https://doi.org/10.1016/j.jenvrad.2018.04.007. 

(41) Reinoso-Maset, E.; Perdrial, N.; Steefel, C. I.; Um, W.; Chorover, J.; O’Day, P. A. 

Dissolved Carbonate and PH Control the Dissolution of Uranyl Phosphate 

Minerals in Flow-Through Porous Media. Environ. Sci. Technol. 2020, 54 (10), 

6031–6042. https://doi.org/10.1021/acs.est.9b06448. 



 

 82 

(42) Seyfried, M. S.; Sparks, D. L.; Bar-Tal, A.; Feigenbaum, S. Kinetics of Calcium 

Magnesium Exchange on Soil Using a Stirred-Flow Reaction Chamber. SOIL SCI 

SOC AM J 1989, 53 (2), 406–410. 

(43) Sparks, D. L. Application of Chemical Kinetics to Soil Chemical Reactions. In 

Kinetics of Soil Chemical Processes; Academic Press, 1989. 

(44) Bar-Tal, A.; Feigenbaum, S.; Sparks, D. L.; Pesek, J. D. Analyses of Adsorption 

Kinetics Using a Stirred-Flow Chamber: I. Theory and Critical Tests. Soil Sci. 

Soc. Am. J. 1990, 54 (5), 1273. 

https://doi.org/10.2136/sssaj1990.03615995005400050012x. 

(45) McGrail, B. P.; Elbert, W. L.; Bakel, A. J.; Peeler, D. K. Measurement of Kinetic 

Rate Law Parameters on a Na-Ca-Al Borosilicate Glass for Low-Activity Waste. 

J. Nucl. Mater. 1997, 249 (2), 175–189. 

(46) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-

Energy Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37 

(2), 785–789. https://doi.org/10.1103/PhysRevB.37.785. 

(47) Becke, A. D. A New Mixing of Hartree–Fock and Local Density‐functional 

Theories. J. Chem. Phys. 1993, 98 (2), 1372–1377. 

https://doi.org/10.1063/1.464304. 

(48) Küchle, W.; Dolg, M.; Stoll, H.; Preuss, H. Energy‐adjusted Pseudopotentials for 

the Actinides. Parameter Sets and Test Calculations for Thorium and Thorium 

Monoxide. J. Chem. Phys. 1994, 100 (10), 7535–7542. 

https://doi.org/10.1063/1.466847. 



 

 83 

(49) Ulrich, K.-U.; Singh, A.; Schofield, E. J.; Bargar, J. R.; Veeramani, H.; Sharp, J. 

O.; Bernier-Latmani, R.; Giammar, D. E. Dissolution of Biogenic and Synthetic 

UO 2 under Varied Reducing Conditions. Environ. Sci. Technol. 2008, 42 (15), 

5600–5606. https://doi.org/10.1021/es800647u. 

(50) Clavier, N.; Crétaz, F.; Szenknect, S.; Mesbah, A.; Poinssot, C.; Descostes, M.; 

Dacheux, N. Vibrational Spectroscopy of Synthetic Analogues of Ankoleite, 

Chernikovite and Intermediate Solid Solution. Spectrochim. Acta. A. Mol. Biomol. 

Spectrosc. 2016, 156, 143–150. https://doi.org/10.1016/j.saa.2015.11.035. 

(51) Driscoll, R. J. P.; Wolverson, D.; Mitchels, J. M.; Skelton, J. M.; Parker, S. C.; 

Molinari, M.; Khan, I.; Geeson, D.; Allen, G. C. A Raman Spectroscopic Study of 

Uranyl Minerals from Cornwall, UK. RSC Adv 2014, 4 (103), 59137–59149. 

https://doi.org/10.1039/C4RA09361E. 

(52) Chamberlin, T. C. The Method of Multiple Working Hypotheses. Science 1965, 

148 (3671), 754–759. 

(53) Wellman, D. M.; Gunderson, K. M.; Icenhower, J. P.; Forrester, S. W. Dissolution 

Kinetics of Synthetic and Natural Meta-Autunite Minerals, X 3− n 
 ( n )  + [(UO 2 

)(PO 4 )] 2 · XH 2 O, under Acidic Conditions. Geochem. Geophys. Geosystems 

2007, 8 (11), n/a-n/a. https://doi.org/10.1029/2007GC001695. 

 

  



 

 84 

CHAPTER FIVE 
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Abstract 

The precipitation of uranyl phosphate minerals can limit the mobility of uranium 

at contaminated sites, but the presence of organic ligands, like the root-exudate citrate, 

can remobilize the uranium through ligand-promoted dissolution. In this study, saturated 

soil column experiments demonstrate that citrate both mobilizes cations from the soil, 

such as aluminum, iron, magnesium, calcium, and sodium, and promotes the dissolution 

of the uranyl phosphate mineral chernikovite [(H3O)(UO2)(PO4)•3H2O] in a soil matrix. 

In a column receiving 1 mM citrate, the dissolved uranium concentrations in the effluent 

were over four-orders of magnitude greater than uranium concentrations in the effluent 

from a column without citrate. The concentration of uranium from the citrate column 

reached a maximum of 54 μM and then decreased even though most (86%) of the solid 

chernikovite remained within the source. This suggests that the solubility of the uranyl 

phosphate decreased with time. X-ray diffraction analyses of the initial chernikovite 

source and the recovered uranyl phosphate sources show changes in the diffraction peak 

positions that correlate to differences in the length of the mineral interlayer. These 

changes are most noticeable in the source recovered from the column without citrate and 

suggest that cations in the soil may be incorporated into the uranyl phosphate structure. In 
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batch dissolution experiments, the uranyl phosphates prepared with the inclusion of 

cations, like calcium, magnesium, and potassium, as well as the sources recovered from 

the columns produced less dissolved uranium than the initial chernikovite source. 

Collectively, these findings indicate that the chernikovite sources are changing to less 

soluble forms during the column experiments, likely due to interactions with cations.  

Introduction 

The transport of uranium in the environment is controlled by a combination of 

geological, chemical, and biological processes. One such process is the precipitation of 

sparingly soluble, fast forming uranyl phosphate minerals that can limit the transport of 

the highly mobile uranyl ion (UO2
2+).1,2 Because of these characteristics, the formation of 

uranyl phosphate is a potential mechanism used in remediation strategies designed to 

limit the mobility of uranium, the most common radionuclide in soils at U.S. Department 

of Energy facilities.3–8 However, organic ligands, which can be produced naturally by 

plant roots and microorganisms or can be contaminants at nuclear legacy sites, can hinder 

formation of uranyl phosphates or remobilize uranium from existing uranyl phosphate 

minerals.1,4,8–11 The very presence of sparingly soluble phosphate minerals, like uranyl 

phosphate, in the soil can increase the release of chelating organic ligands from plant 

roots, and this can lead to the release of uranyl phosphate, which emphasizes the complex 

relationship between minerals, ligands, and plants.12 

Uranyl phosphate minerals have a wide range in solubilities independent from the 

effects of organic ligands.1 For autunite group minerals like autunite 

(Ca[(UO2)(PO4)]2•3H2O), sodium-autunite (Nan[(UO2)(PO4)]n•xH2O), potassium-
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ankoleite (Kn[(UO2)(PO4)]n•xH2O) or chernikovite ((H3O)(UO2)(PO4)•3H2O), changes in 

the interlayer cation and hydration state can affect the solubility of the uranyl phosphate 

at equilibrium. For example, the solubility product for synthetic chernikovite is log Ksp = 

-22.73 whereas for potassium-ankoleite it is nearly 4 orders of magnitude less (log Ksp = -

26.47).13,14  

Batch, continuously stirred tank reactor (CSTR), and single pass flow through 

(SPFT) studies have reported changes in autunite group mineral solubility over time and 

suggested that these changes in solubility were due to the formation of less soluble uranyl 

phosphates than the initial autunite group mineral present at the start of the 

experiment.9,15,16 In quartz packed column experiments, Reinoso-Maset et al. found 

evidence of cations from a representative background porewater solution substituting into 

the interlayer of uranyl phosphate minerals and changing mineral composition.17 While 

batch, CSTR, and SPFT are ideal for monitoring, characterizing, and quantifying 

chemical reactions and quartz column experiments simulate hydrological conditions, 

these experimental systems do not address other important process that influence ligand-

promoted dissolution of uranyl phosphate in a soil matrix, like competing ligand 

complexation from soil cations, effects of cations leaching from the soil, and enhanced 

sorption due to complex geomedia. 

The objective of this work is to understand the effects of a soil matrix on the 

citrate-promoted dissolution of chernikovite and overall transport of uranium. To reach 

this objective, different concentrations of citrate were used as the influent in a set of 

experiments using columns filled with soil and a chernikovite source. Naturally occurring 
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ions were mobilized from the soil, and uranium was mobilized in varying concentrations 

from the sources and measured in the effluent. The sources were recovered after the 

experiments and analyzed to identify changes in the chernikovite source. Batch 

experiments were also conducted to understand how the solubility of the recovered 

sources may have changed by exposure to ions from the soil or citrate.  

Materials and Methods 

Uranyl Phosphate Synthesis 

The chernikovite for the column sources was synthesized using a similar method 

described in Ferguson et al.9 However, to distinguish the uranium of the chernikovite 

source from the natural uranium of the SRS soil, the 0.3 M uranyl solution was made 

from a U3O8 with the uranium composed of 98% 235U. The U3O8 source was heated in 

concentrated nitric acid for oxidization, diluted to 0.3 M uranyl, and pH adjusted to 2.54 

using NaOH before mixing with the 0.31 M with 0.31 M sodium phosphate dibasic 

heptahydrate [Na2HPO4•7H2O]. The mixture was placed on a tube rotator and allowed to 

react for 24 hours. The mixture then underwent three centrifuge rinses, consisting of 

centrifuging, replacing 85% of the supernatant with fresh deionized water, and 

resuspension, to ensure the removal of free ions from the precipitate. After the last rinsing 

cycle, the precipitate was placed in a desiccator to dry. 

For comparison in the batch solubility experiments, six different uranyl 

phosphates were synthesized. Two batches of chernikovite (sample named UP A and UP 

B) were synthesized using the method described in Ferguson et al.9 to test the consistency 

of the solubility of the material. A uranyl phosphate with potassium (sample named 
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Direct KUP) was synthesized using a direct precipitation method which is the same as the 

one for chernikovite described in Ferguson et al.9 except potassium dihydrogen phosphate 

(KH2PO4) is used instead of the sodium phosphate compound, and the 0.31 M phosphate 

solution is pH adjusted to 8.97 using NH4OH before mixing with the uranyl nitrate 

solution.  

Another uranyl phosphate with potassium (sample named Indirect KUP) was 

formed using an indirect synthesis method based on Wellman et al.18 Synthesized 

chernikovite (400 mg) was added to a 23 mL solution of 2 M KCl and sonicated for 10 

minutes to increase interaction between the solid and aqueous KCl. The mixture was 

placed on a tube rotator and allowed to react for twelve days before undergoing the 

centrifuge rinse cycle described above and then drying in a desiccator. Uranyl phosphate 

with magnesium (sample named Indirect MgUP) and uranyl phosphate with calcium 

(sample named Indirect CaUP) were also formed using the indirect synthesis method 

described above except MgCl2 and CaCl2 were used respectively instead of the KCl. To 

act as a control sample, another chernikovite sample (sample named No Cation UP) 

underwent the same procedure as the indirect synthesis method described above except 

DI water was used instead of a 2 M salt solution. 

Column Experiments 

Two columns were setup, one with 1 mM citrate in the influent solution (1 mM 

citrate column) and another without citrate in the influent solution (no-citrate column). 

The column experiments were conducted using cylindrical tubes (3.9 cm in diameter and 

10.5 cm in length) with a fluid inlet plug on the bottom and an outlet plug on the top. A 
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porous ceramic plate was attached to the inlet plug to create an even distribution of the 

influent along the width of the column, and a glass fiber filter was attached to the outlet 

plug to prevent soil particles from entering the effluent. 

The columns were dry-packed with 179.98 ± 0.24 g of Savannah River Site soil 

(see Chapter Six, Lysimeter Experimental Setup for more details regarding soil 

characteristics) using a funnel at the top of the columns to promote a uniform mix of soil 

particle sizes when packing the columns. Half of the soil was poured into the columns, 

and then the chernikovite sources were placed in the center of the tubes after which the 

remaining soil was added. The sources for the columns each contained 200 mg of 

chernikovite spiked with 235U (see above for synthesis) and placed on a circular glass 

fiber filter 4.7 cm in diameter that had been cut in half. The halved filter was folded and 

sewn together using unwaxed dental floss (Appendix B, Figure B.1). The radioactivity in 

sources was counted before and after the experiment on a High Purity Germanium 

Detector to determine the amount of uranium removed from the source during the 

experiment. 

The columns were saturated with DI water four days before the start of the 

experiment. The differences between the saturated column weights and the dry column 

weights were used to determine the column pore volumes as 45.90 mL for the no-citrate 

column and 45.45 mL for the 1 mM citrate column The influent solution for the no-citrate 

column consisted of an artificial rainwater solution based on concentrations from 

collected rainwater in Appendix B, Table B.1. The influent solution for the citrate column 

consisted of the same artificial rainwater solution as background electrolyte and 1 mM 



 

 90 

equivalent of sodium citrate dihydrate (Na3C6H5O7•2H2O), spiked with the appropriate 

volume of C-14 citrate to achieve 10,350 cpm/mL, and pH adjusted to 5.02. 

Peristaltic pumps were used to provide a constant upward flow rate of 0.71 

mL/min for the no-citrate column and 0.73 mL/min flow rate for the 1 mM citrate 

column. A bromine spiked influent solution was used for the first 46 mL to produce a 

tracer curve (Appendix B, Figure B.2), and then the influent was switched to the 

appropriate solution for each column. A fraction collector was used to capture the 

effluent. For the first 5 pore volumes, 2 mL fractions were collected and then 5 mL for 

the next 20 pore volumes and 10 mL for the remaining pore volumes. The experiment ran 

for a total of 54.3 pore volumes. The vials of collected effluent were weighed to 

determine flow rate and flow volume. 

The pH of the collected effluent was measured, and a portion of the effluent was 

diluted in 2% HNO3 for uranium, aluminum, iron, calcium, magnesium, sodium, and 

potassium concentration analyses by inductively coupled plasma-mass spectrometer 

(ICP-MS). For the effluent from the 1 mM citrate column, a 1 mL aliquot was removed 

and mixed with 4 mL of HiSafe 3 (PerkinElmer) liquid scintillation cocktail and counted 

using a Tri-Carb Liquid Scintillation Analyzer to measure 14C and subsequently the 

aqueous citrate concentration. The aqueous citrate concentration was determined by 

multiplying the fraction of 14C remaining in solution by the total citrate concentration in 

solution (e.g., isotope dilution). 
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Soil Analysis 

After the column experiments, the soil was extruded from the columns and 

segmented into approximately 2 cm sections along the column length. The soil segments 

were collected in plastic bags and homogenized by hand. For each bagged segment, 2 ± 

0.1 g of soil was transferred to a glass beaker, weighed, and placed in an oven at 120 °C 

for 48 hours to determine the soil moisture content. Sample weights after 24 hours and 48 

hours in the oven were compared to ensure samples were dry. To determine uranium 

concentrations in the soil, the EPA Method 3050B was used to extract all 

environmentally available elements. Briefly, 10 mL of a 1:1 conc. HNO3 and DI water 

solution was added to the dried samples. Samples were heated at 95 °C for 15 minutes 

and allowed to cool before 5 mL of conc. HNO3 were added, and samples effluxed for 30 

minutes. After samples were heated until all but 5 mL of solution had evaporated, they 

were diluted with DI water to 100 mL and analyzed by ICP-MS.  

Solid Phase Characterization 

The morphologies of the initial chernikovite source material and the two sources 

recovered from the column experiments were compared using a Hitachi HD2000 

scanning transmission electron microscope (STEM). Samples were prepared by 

suspending the uranyl phosphate solids in ethanol and pipetting 3 μL of the suspended 

solution onto a copper-coated lacey carbon grid (300 mesh). 

A Cu source Rigaku MiniFlex powder X-ray diffractometer was used to produce 

diffraction patterns of the initial chernikovite source, the recovered sources from the 

columns, Direct KUP, Indirect KUP, Indirect MgUP, and Indirect CaUP. To prepare 
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samples for X-ray diffraction (XRD) analysis, suspended solutions of the uranyl 

phosphate solids and DI water were pipetted onto glass slides and air dried. 

Batch Dissolution Experiments 

Batch experiments were performed to measure the dissolution of various uranyl 

phosphates. This included the material in the initial chernikovite column source and the 

two recovered column sources, as well as several uranyl phosphate samples prepared 

with different cations substituted into their interlayer. The sample list consisted of two 

replicates of UP A, two replicates of UP B, three replicates of No Cation UP, three 

replicates of Direct KUP, three replicates of Indirect KUP, three replicates of MgUP, 

three replicates of CaUP, three replicates of the original column source (Col UP), three 

replicates of the recovered no citrate column source (No Cit Col UP) and three replicates 

of the recovered 1 mM citrate column source (1 mM Cit Col UP). 

Samples were prepared with 75 mg of solid in 30 mL of DI water. Due to the 

limited amount of column sources remaining, only 50 mg of solid in 20 mL of DI water 

was used for the column samples which maintained the same solid to solution ratio as the 

other samples. Samples were pH adjusted to 5.5±0.05 using 0.1 M tetramethylammonium 

hydroxide (to prevent the addition of another cation that could be incorporated into the 

uranyl phosphate) and 0.01 M HCl. However, due to the buffering capacity of the uranyl 

phosphates, particularly the unreacted chernikovite, the pH drifted and had to be adjusted 

an additional four times over the course of 11 days before the pH remained relatively 

constant. During this time the samples were placed on a table shaker. A table of the initial 

pH and final pH at the end of the 11 days is provided in Appendix B, Table B.2. After 12 
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days, 2 mL aliquots were removed from the sample and filtered using a 0.2 μM 

polypropylene syringe filter. Samples were diluted with 2% nitric acid to an appropriate 

amount for aqueous uranium concentration analysis by ICP-MS. 

Results 

The results include data from the column experiments comprised of the 

concentration of cations in the column effluents as well as the soil distributions of 

uranium from the sources. Solid phase characterization using microscopy and XRD are 

presented to examine alterations in the chernikovite column sources. The uranium 

concentrations from the batch dissolution experiments are reported to evaluate the 

dissolution of the recovered column sources and other forms of uranyl phosphate. 

Concentration of Ions in the Column Effluents 

The bromine tracer for the column experiments reached the effluent at 0.97 pore 

volumes and peaked at 1.90 pore volumes (Appendix B, Figure B.2). For the no-citrate 

column, the concentration of cations predominantly remained constant except for an 

initial decrease in magnesium, calcium, and sodium and a flux in concentration for iron 

and potassium during the first five pore volumes before reaching steady concentrations 

for the rest of the experiment (Figure 5.1). The effluent concentration of 235U (the 

uranium isotope predominant in the chernikovite source) remained constant throughout 

the experiment at a concentration less than 1 nM. The concentration of the other cations 

commonly found in soil also remained relatively low with steady-state concentrations of 

238U less than 1 nM, aluminum less than 2 μM, iron less than 1 μM, magnesium less than 
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30 μM, calcium less than 7 μM, sodium less than 200 μM, and potassium less than 35 

μM. 

For the 1 mM citrate column, citrate was first measured in the effluent at 4.5 pore 

volumes (Figure 5.1). Citrate concentration in the effluent continued to increase until the 

influent concentration (980 μM) was reached at 36.3 pore volumes. The uranium from 

the source (235U) exceeded background concentration in the effluent after 14 pore 

volumes of flow when the concentration of citrate in the effluent was at 0.33 mM (Figure 

5.1). The concentration of 235U in the effluent continued to increase with a slight plateau 

around 36 μM from 29.4 – 32.6 pore volumes before reaching a maximum concentration 

of 54.4 μM at 36.9 pore volumes. The 235U concentration in the effluent proceeded to 

decrease for the remainder of the experiment except for another slight plateau around 32 

μM from 44.4 – 47.6 pore volumes. The effluent concentrations for 238U followed the 

same trend as the 235U concentrations just described except at concentrations 170 times 

lower than the 235U concentrations with a maximum concentration of 0.32 μM. Based on 

mass balance calculations, 10% of the uranium in the chernikovite source was removed in 

the effluent. 

Greater effluent concentrations for cations commonly found in soil were also 

observed in the 1 mM citrate column compared to the no-citrate column, except for 

potassium which maintained concentrations less than 35 μM after the initial flux in 

concentration during the first few pore volumes. Peaks in the concentration were 

observed for the other cations. Aluminum started to increase in concentration at 2.5 pore 

volumes and had a maximum concentration of 471 μM at 27.3 pore volumes. Iron 
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concentration increased at 10.8 pore volumes and reached a maximum of 14.6 μM at 33.7 

pore volumes. After an initial decrease, both magnesium and calcium concentrations 

increased at 6.0 pore volumes and peaked at 11.4 pore volumes with concentrations of 

122.5 μM and 20.4 μM respectively. Sodium concentrations started to increase at 1.3 

pore volumes, reached a max of 2700 μM near 6 pore volumes, and then decreased until 

18.4 pore volumes after which the sodium concentration in the effluent increased again in 

conjuncture with the citrate concentration since sodium citrate was used as the source of 

citrate in the influent.  

The pH of the effluent for both columns was similar and remained relatively 

constant around 4.5 except for a small peak in the pH from the 1 mM citrate column 

effluent that spanned from 4.5 – 34 pore volumes and reached pH= 5.11.  
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Figure 5.1. Effluent concentrations of 235U, 238U, Al, Fe, Mg, Ca, Na, K, citrate, and pH as functions of pore 

volume for the column exposed to 1 mM citrate (blue circles) and the column without citrate (black open 

squares). The error bars are the standard deviation in the analysis and are mostly smaller than the markers. 
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Vertical Distribution of Uranium within Columns 

After the completion of the flow component of the column experiments, the two 

uranyl phosphate sources were recovered and counted on a HPGe to determine the 

amount of uranium removed from the sample. The source recovered from the no-citrate 

column had similar counts for 235U pre- and post-experiment and therefore negligible loss 

of uranium. However, the source recovered from the 1mM citrate column had less counts 

after the column experiment correlating to 13.5% less uranium after the experiment than 

at the start.  

Chemical analyses were used to determine the distribution of uranium in the soil 

within the columns (Figure 5.2). In the no-citrate column, the concentration of uranium 

within the soil column formed a sharp peak near the source with a maximum 

concentration of 41 μg of 235U per a g of soil. The peak of uranium reached 2.5 cm below 

the source and 2.5 cm above the source. For the 1 mM citrate column, the concentration 

distribution of uranium within the soil column also forms a peak near the source with a 

maximum concentration of 38 μg of 235U per a g of soil, but uranium from the 

chernikovite reached 2.2 cm below the source and 5.1 cm above the source. The soil 

closest to the effluent (5.1 cm above the source) had a concentration of 8 μg of 235U per a 

g of soil. 



 

 98 

 

Figure 5.2. Soil 235U concentration profile for the 1 mM citrate (blue circles) and the column without citrate 

(black open squares). The thick vertical error bars are the vertical range of the sample segments. The lines 

connected data points are included for clarity, and the dashed line denotes the location of the source. The 

flow was upward. 

 

Solid Phase Characterization of Uranyl Phosphates 

The initial chernikovite sources consisted of homogenous, well-defined platelets 

with smooth, relatively round edges and is consistent with the morphology of autunite 

group minerals (Figure 5.3).15,17–19 The shape and morphology of the uranyl phosphate 

mineral in the source recovered from the 1 mM citrate column was similar to the initial 

source (Figure5.3). In contrast, the uranyl phosphate recovered from the no-citrate 

column was quite different. It was heterogeneous with frayed and jagged grain edges, and 

some of the grains were elongate to fibrous, instead of the plate-like grains typical of the 

initial source. 
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Figure 5.3. STEM images of the initial chernikovite source and the sources recovered from the column with 

no citrate and the column exposed to 1 mM citrate after the 50 pore volumes of flow. 

 

The peaks on XRD patterns are also slightly different among various uranyl 

phosphate samples (Figure 5.4). The initial chernikovite source has a (001) basal 

reflection at 9.0 Å (9.82° 2θ peak). The source recovered from the no-citrate column 

produced a diffraction pattern with two prominent peaks in this region corresponding to 

9.2 Å (9.58° 2θ peak) and 8.7 Å (10.20° 2θ peak) d-spacings. The diffraction pattern for 

the source recovered from the 1 mM citrate column has a (001) basal reflection at 8.6 Å 

(10.30° 2θ peak). 

Differences in diffraction patterns were also observed for the synthesized uranyl 

phosphates that had undergone potassium, magnesium, or calcium cation substitution. 

Uranyl phosphates with potassium have a basal reflection at 8.9 Å (9.90 ° 2θ peak) for 

the indirect synthesis method and 9.1 Å (9.76° 2θ peak) for the direct synthesis. The basal 

reflections were at 10.0 Å (8.84° 2θ peak) for uranyl phosphate with magnesium and at 

10.4 Å (8.50° 2θ peak) for the uranyl phosphate with calcium. 
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Figure 5.4. XRD patterns of the initial chernikovite source, the uranyl phosphate sources recovered from 

the no citrate column and the column exposed to 1 mM citrate, potassium-uranyl phosphate through direct 

precipitation, potassium-uranyl phosphate through indirect synthesis, magnesium-uranyl phosphate, and 

calcium uranyl phosphate. 

 

Batch Dissolution of Uranyl Phosphates 

Batch experiments were used to measure uranium dissolution from the various 

uranyl phosphate samples. The dissolved uranium concentration from the initial 

chernikovite column source was 25 μM, which is much greater than the dissolved 
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uranium concentrations from the recovered column sources (0.28 μM for the 1 mM 

citrate, and 0.07 μM for the no-citrate recovered source). The two identical batches of 

chernikovite precipitate (UP A and UP B) had comparable dissolved uranium 

concentrations at 16.7 μM and 10.3 μM. However, the chernikovite (No Cation UP) that 

served as a control for the indirect synthesis process (meaning already formed 

chernikovite precipitate was allowed to mix in deionized water for twelve days) exhibited 

less dissolution with uranium concentrations of 2.59 μM. For uranyl phosphate with 

potassium, the indirect synthesized material had dissolved uranium concentrations of 0.16 

μM, and the direct precipitation material had dissolved uranium concentrations of 0.05 

μM. The uranyl phosphates with alkaline earth metals dissolved the least. The uranyl 

phosphate with magnesium had dissolved uranium concentrations of 0.02 μM, and the 

uranyl phosphate with calcium had dissolved uranium concentrations of 6 x 10-3 μM, 

which is three orders of magnitude less than the dissolved uranium concentrations from 

chernikovite.  
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Figure 5.5. The dissolved uranium concentrations from batch solubility experiments of several different 

uranyl phosphate sources near pH 5.5: the initial chernikovite column source (Col UP), the uranyl 

phosphate source recovered from the no-citrate column (No Cit Col UP), and the uranyl phosphate source 

recovered from the 1 mM column (1 mM Cit Col UP), chernikovite (UP A and UP B), chernikovite that 

underwent the same procedure as the cation substituted uranyl phosphate to serve as a control (No Cation 

UP), potassium-uranyl phosphate through direct precipitation (Direct K-UP), potassium-uranyl phosphate 

through indirect synthesis (Indirect K-UP), magnesium-uranyl phosphate (Mg-UP), calcium uranyl 

phosphate (Ca-UP),. The error bars are the standard deviation from replicate samples. 

 

 

Discussion 

The results of these experiments provide perspectives on the association among 

citrate, soil, and uranyl phosphate dissolution. To evaluate the data, the insight is broken 

up into three key components: the effect of citrate on mobility of uranium from a 

chernikovite source, the effect of citrate on the mobility of other cations found in soils, 

like sodium, potassium, magnesium, calcium, aluminum, and iron, and the effect of these 

cations on uranyl phosphate minerals. These factors are taken together to evaluate the 
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changes observed between the sources recovered from the no-citrate and 1 mM citrate 

column experiments and the original chernikovite source.  

Effect of Citrate on Mobility of Uranium from a Chernikovite Source 

The differences in the distribution of 235U in the columns as well as the 

differences in the 235U effluent concentrations between the no-citrate column and the 1 

mM citrate column presented in the results above suggest that citrate increases the release 

and transport of uranium from the uranyl phosphate source through ligand-promoted 

dissolution.  

For the no-citrate column, the vertical distribution of 235U in the soil implies that 

the uranium transport from the uranyl phosphate source was limited, only reaching 2.5 

cm above and below the source (Figure 5.2). Water flow was upward with a flow velocity 

of 9.9 x 10-4 cm/s, a rate significantly faster than that expected for diffusion, so transport 

through mobile pore fluid by advection would have caused the concentration to be 

skewed upward. However, the observed symmetrical distribution of uranium in the no-

citrate column indicates that diffusion, not advection, through pore fluid was the primary 

mechanism for uranium transport within this column. Transport of a radionuclide by 

diffusion in the opposite direction of advective flow has also been reported in lysimeter 

studies.20–23 The limited upward transport of uranium from the source suggests that 

uranium did not reach the effluent during the course of the experiment which is 

corroborated by the low 235U concentration of less than 1 nM in the effluent (Figure 5.1). 

These findings agree with the HPGe counting results that show negligible loss of uranium 

from the chernikovite source over the course of the experiment. 
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For the 1 mM citrate column, the vertical distribution of 235U in the soil reveals an 

unsymmetrical distribution that covers a greater vertical distance than the spread of 235U 

in the no-citrate column (Figure 5.2). The downward distribution of 235U in the 1 mM 

column reached 2.2 cm below the source and resembles the downward distribution 

observed in the no-citrate column. This similarity in downward distribution between the 

columns suggests that downward transport (opposite direction of advective flow) for 

uranium from the source in the 1 mM citrate column was also due to diffusion through 

the pore fluid. While the downward distribution of 235U for the 1 mM citrate column is 

similar to the no-citrate column, the upward distribution is 2.6 cm greater for the 1 mM 

citrate than the no-citrate column, reaching 5.1 cm above the source and forming an 

unsymmetrical distribution that is skewed in the upward direction. This upward tailing of 

uranium concentrations in the column exposed to citrate suggests that citrate increases the 

release of uranium from the chernikovite source into an aqueous phase through citrate-

promoted dissolution, which facilitates advective flow transport of the uranium through 

the column. 

The increase in dissolution and mobility of uranium from a uranyl phosphate 

source due to citrate-promoted dissolution is also supported by the effluent 

concentrations of 235U. For the 1 mM citrate column, the 235U effluent concentrations 

reached over four orders of magnitude greater than the 235U effluent concentrations for 

the no citrate column (Figure 5.1). However, unlike the CSTR experiments described in 

Chapter Four, a steady state concentration was not reached for dissolved uranium in the 1 

mM citrate column effluent for the duration of the experiment. Instead, the uranium 
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concentration increased to a peak and decreased even though HPGe counting revealed 

that 86% of the initial uranium remained within the source. With the majority of the 

source still available to be dissolved, this decrease in dissolved uranium is 

disproportionate to the mass of chernikovite remaining and suggests that another 

mechanism besides lack of mass is responsible for the decrease in uranium 

concentrations. This decrease in the release of 235U and the lack of steady state 

concentration in the effluent imply a decrease in the solubility of the available uranyl 

phosphate. Effluent concentrations for 238U follow the same trend as the 235U 

concentrations. The primary source of the 238U is likely the small amount of 238U 

included within the chernikovite source instead of the natural uranium in the Savannah 

River Site soil reported by Montgomery et al.24 since the 238U/235U ratio in the effluent is 

similar to the chernikovite source. Therefore, the decrease in 238U is also due to a 

decrease in solubility of the uranyl phosphate. 

The change in the solubility of the uranyl phosphate could be due to the presence 

of a limited, more soluble phase at the surface of the chernikovite, as suggested in the 

CSTR experiments without pretreatment (Appendix A, Figure A.5). This surface phase is 

easily mobilized by citrate resulting in the observed increase in dissolved uranium 

concentration, but once this easily accessible uranium is depleted, the rate of uranium 

release slows resulting in the observed decrease. In addition to a more soluble surface 

phase, there is evidence that the original chernikovite source changes to a less soluble, 

more thermodynamically favorable uranyl phosphate which could also facilitate a 

decrease in dissolved uranium concentration and is discussed in a later section. However, 
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for both mechanisms, the chernikovite source is overall becoming less easily dissolved. A 

similar peak in effluent uranium concentrations was reported in column experiments 

investigating ligand-promoted dissolution of various uranium phases in literature,4,17,25 

which suggests that this phenomena is not unique to this system but rather can be applied 

to a broader range of ligand-promoted dissolution reactions. The results from this study 

suggest that citrate effectively increases the dissolution of chernikovite and release of 

uranium even in the presence of a soil matrix where other cations from the soil (sodium, 

potassium, magnesium, calcium, aluminum, and iron) are available to compete with 

uranium to form complexes with citrate which is discussed in the following section.  

Effect of Citrate on Mobility of Cations from the Soil 

Sodium, magnesium, calcium, aluminum, and iron also had greater concentrations 

in the 1 mM citrate column effluent than in the no citrate column effluent (Figure 5.1). 

These cations are commonly found in soil and were leached from the soil in the column 

by the citrate, forming cation-citrate aqueous species. Although also present in the soil, 

potassium was the only cation that had similar concentrations in the effluent for both the 

no-citrate column and the 1 mM citrate column. The consistency of potassium 

concentration in the effluents of both columns indicate that citrate has no noticeable 

effect on potassium release from the soil due to poor complexation favorability between 

potassium and citrate in comparison to the other cations present. 

For the other cations, the extent of the increase in concentrations due to citrate 

ranged from only a 3x increase for calcium concentrations to a 350x increase for 

aluminum concentrations. The differences in the impact of citrate on the cation 
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concentrations stem from the abundance of leachable cation in the soil and the 

favorability of the specific cation-citrate aqueous complex. The slight increase and then 

decrease in pH that was observed in the 1 mM column effluent may be due to hydrogen-

forming complexes with these cations released by the citrate. 

Unlike the effluent concentrations for the no-citrate columns which remained 

relatively constant (the early variations in concentration within the first five pore volumes 

are likely due to an initial flushing of loosely bound cations), the effluent concentrations 

for these cations (except potassium) have a peak for the 1 mM citrate column (Figure 

5.1). These increases and subsequent decreases in cation concentrations suggest the 

presence of a finite amount of soluble phase surface cations on the soil, similar to the 

soluble surface uranyl phosphate phase discussed above. The timing of the release of 

these soil-bound cations seems dependent on cation charge with monovalent sodium 

reaching a peak in the concentration first, followed by the divalent cations magnesium 

and calcium, and then trivalent aluminum and iron. Part of the initial sodium increase is 

likely from the sodium-citrate influent solution since the detection of sodium in the 

effluent occurs within 0.3 pore volumes of the bromine tracer and before the 

breakthrough of citrate. This delay in the breakthrough of citrate compared to the 

breakthroughs for bromine and sodium suggests that another mechanism, likely sorption 

to the soil, slows the transport of citrate along the column and release into the effluent. A 

small amount of citrate may also be degraded by biological factors.  

Based on the results above, it is clear that the presence of a soil matrix does not 

prevent citrate-promoted dissolution of uranyl phosphate since out of all the cations 
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measured, uranium has the largest increase in concentration when citrate is present in the 

system. However, the interactions between citrate and the soil does impact the release of 

uranium from the chernikovite source. Not only can the soil impede citrate movement 

through sorption, but the cations from the soil compete with the uranium from the 

chernikovite to form complexes with the citrate. These competing complexations from 

the soil cations delay the citrate-promoted dissolution of chernikovite so that uranium 

was the last cation to reach the effluent. This process may also be responsible for the 

observed plateau in the 235U concentration at 29.4 – 32.6 pore volumes as aluminum and 

iron neared their peak concentrations. Additionally, the removal of soil cations from the 

system by citrate prevents the soil cations from interacting with the chernikovite which 

can affect uranium mobility as discussed in the following sections. 

Effect of Cations on Uranyl Phosphate Structure and Solubility 

The uranyl phosphates synthesized with different cations in this study had 

different XRD (001) basal reflection peak positions, which corresponds to different d-

spacings (interlayer distances) than the original chernikovite source (Figure 5.4). These 

changes in XRD peak position can provide insight on the alteration of the uranyl 

phosphate mineral structure, specifically expansion and contraction of the mineral 

interlayer, due to the interaction between cations and uranyl phosphate. The uranyl 

phosphates with divalent cations had larger d-spacings than the other uranyl phosphates 

synthesized which indicates an expansion in the interlayer from the 9.0 Å of the original 

chernikovite source to 10.0 Å for magnesium and 10.4 Å for calcium. This expansion of 

the uranyl phosphate interlayer is likely due to the incorporation of magnesium and 
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calcium in the mineral interlayer. The interlayers of the uranyl phosphates with potassium 

had similar interlayer distances to the original chernikovite, but there were slight 

differences in the interlayer spaces for each synthesis with the direct synthesis method 

having a 0.2 Å larger interlayer. This difference in interlayer distance for the different 

synthesis methods suggests that the potassium cations were more deeply incorporated 

into the uranyl phosphate interlayer with the direct synthesis method, where the 

potassium cations were present in the solution during the initial precipitation stage, and 

therefore expanded the interlayer more. For the indirect method, the uranyl phosphate had 

already precipitated as chernikovite, and the potassium ions may have only partially 

exchanged with the hydronium ions already in the interlayer.  

The importance of cation interactions with uranyl phosphate is further emphasized 

in the results from the batch dissolution of the synthesized uranyl phosphates since all of 

the uranyl phosphates synthesized with common soil cations had lower dissolved 

uranium concentrations than the chernikovite precipitates (UP A/B) (Figure 5.5). Even 

the No Cation UP sample had at least 4x lower dissolved uranium concentrations than the 

chernikovite precipitates although the UP A/B samples and the No Cation UP had the 

same chemical components. This suggests that the uranyl phosphate of the No Cation UP 

altered to a more thermodynamically stable, less soluble phase during the extra twelve 

days it was allowed to react. Munasinghe et al.15 reported a similar decrease in dissolved 

uranium concentrations for chernikovite over time. 

The uranyl phosphates with divalent cations had uranium concentration over 500x 

less than the chernikovite samples for uranyl phosphate with magnesium and over 1700x 
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less for uranyl phosphate with calcium (Figure 5.5). The lower uranium concentrations 

for uranyl phosphates with divalent cations combined with the XRD data implies that the 

incorporation of magnesium and calcium in the interlayer increases the stability of the 

uranyl phosphate mineral, likely due to the greater charge and attraction of the 2+ cation 

with the polyhedra sheets compared to a monovalent cation, which decreases the 

solubility and therefore release of uranium from the uranyl phosphate. Both uranyl 

phosphates with potassium also had lower concentrations than the chernikovite samples, 

but there was a difference between the dissolved uranium concentrations for the indirect 

and direct synthesis methods since the indirect synthesis sample had over 3x greater 

dissolved uranium concentrations than the direct synthesis sample. The difference in 

dissolved uranium concentrations for the two uranyl phosphates with potassium 

complements the XRD data and suggests that the deeper incorporation of potassium in 

the interlayer of the direct precipitation material increases stability of the uranyl 

phosphate making it more resistant to dissolution. This supposition supports the 

prediction of Wellman et al.18 that sodium-autunite synthesized through direct 

precipitation would be less soluble than sodium-autunite produced through indirect 

synthesis. These findings demonstrate the sensitivity of the uranyl phosphate structure 

and solubility not only to the inclusion of different cations in the interlayer but also to 

different formation processes. 



 

 111 

Evidence of Alteration of Uranyl Phosphate Source 

The recovered sources from both the no-citrate column and the 1 mM column 

exhibit changes from the initial chernikovite source in morphology observed through 

STEM images, crystal structure revealed by XRD patters, and source dissolution.  

For the no-citrate column source, the alteration of morphology from the 

homogeneous, smooth, round-edged platelets of the original chernikovite source to the 

heterogeneous jagged-edged grains is indicative of weathering, likely due to interactions 

between the chernikovite and cations from the soil (Figure 5.3). This association between 

cations and the uranyl phosphate source is corroborated by the XRD diffraction patterns. 

The presence of two peaks in the (001) basal reflection region corresponding to 9.2 and 

8.7 Å d-spacings in the diffraction pattern of the no-citrate column recovered source 

compared to the more compact peak of the original chernikovite source at 9.0 Å suggests 

that the recovered source may contain more than one uranyl phosphate phase (Figure 

5.4). Based on the difference in the diffraction patterns among the uranyl phosphates 

synthesized with different cations, the changes in the interlayer distance of the mineral 

are likely a result of cations from the soil being incorporated into the chernikovite 

interlayer and altering the mineral. Similar alterations in diffraction patterns were 

observed by Reinoso-Maset et al.17 due to exchanges of the cations in the uranyl 

phosphate interlayer with cations from background porewater in quartz-filled column 

experiments.  

No noticeable differences were observed in the morphologies of the recovered 

source from the 1 mM citrate column and the original chernikovite source (Figure 5.3). 
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However, the source recovered from the 1 mM citrate column had a d-spacing 0.4 Å less 

than the original chernikovite source which suggests that the original chernikovite source 

was altered during the 1 mM citrate column experiment. This slight contraction of the 

uranyl phosphate interlayer could be from the formation of sodium-autunite (favorable 

due to the high concentration of sodium from the sodium citrate in the influent), which 

has a nearly identical diffraction pattern to chernikovite, or a more ordered uranyl 

phosphate phase as suggested in Ferguson et al.9 A change from the initial chernikovite 

source to either of these uranyl phosphate phases could decrease the solubility of the 

uranyl phosphate source in the 1 mM citrate column which agrees with the decrease in 

dissolved uranium concentration in the effluent discussed previously. 

The dissolved uranium concentrations from the batch dissolution experiments 

reveal that both of the recovered uranyl phosphate sources from the column experiments 

had lower dissolved uranium concentrations than the original chernikovite source (Figure 

5.5). The recovered uranyl phosphate source from the 1 mM citrate column had dissolved 

uranium concentrations 89x lower than the dissolved uranium concentrations for the 

original chernikovite while the no-citrate column had uranium concentrations 357x less 

than the original source. This drastic decrease in uranium dissolution between the initial 

column source and recovered sources is consistent with an alteration of the initial 

chernikovite to a less soluble uranyl phosphate phase. The change in the chernikovite 

source is likely from interactions with cations in the column either from the soil or the 

influent sodium-citrate solution as predicted in the XRD results of these sources and the 
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lower uranium concentrations from the dissolution of uranyl phosphates synthesized with 

cations.  

Out of the two recovered column sources, the source from the no-citrate column 

shows greater deviation from the original source than the 1 mM source with its more 

weathered morphology, additional peaks in the diffraction pattern, and less dissolution. 

These differences between the two recovered sources are likely due to greater interaction 

with cations from the soil in the no-citrate column. Citrate, in addition to mobilizing the 

uranium in the 1 mM citrate column, also complexed with and removed cations from the 

soil which would have lessened the interaction between the soil cations and uranyl 

phosphates in the column with citrate. The cations interacting with the 1 mM citrate 

column source are limited to sodium and potentially potassium since citrate did not form 

complexes with potassium. Therefore, these findings suggest that the uranyl phosphate 

source recovered from the column with 1 mM citrate is more soluble than the source 

recovered from the column with no-citrate because the presence of citrate hindered the 

interactions between soil cations and the uranyl phosphate source preventing the 

incorporation of these cations into the interlayer.  

 

Environmental Implications 

The findings in this work provide insight into the complex biogeochemical 

processes that control uranium mobility from a chernikovite source in a near-surface 

environment. Organic-ligands, cations from the soil, and uranyl phosphate dissolution are 

connected, with each factor affecting another. Citrate, which is produced by plant roots 
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and microbes, increases the mobility of chernikovite through ligand-promoted dissolution 

in a soil matrix. However, cations from the soil play a key role in limiting uranium 

transport either by integrating into the uranyl phosphate interlayer, which alters the 

uranyl phosphate phase and decreases the solubility of the mineral or by complexing with 

the organic ligand itself and decreasing the availability of the organic ligand to promote 

dissolution of the chernikovite. The susceptibility of uranyl phosphate to change to 

thermodynamically more stable forms, especially in the presence of cations, results in 

large changes in the mobility of uranium in a system. Based on these results, the effects 

of organic ligand-promoted dissolution as well as changes to the initial uranyl phosphate 

minerals due to soil cation incorporation should be considered in analysis of future 

remediation strategies or contaminated sites where uranyl phosphate controls the release 

of uranium. 
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Abstract 

 Sparingly soluble uranyl phosphate minerals can limit uranium mobility in 

oxidizing, sub-surface environments. To better understand the effect of soil and natural 

weather conditions on the release of uranium from these minerals over time, sources 

consisting of the uranyl phosphate mineral chernikovite [(H3O)(UO2)(PO4)•3H2O] were 

placed in field lysimeters for 13 and 16 months. The transport of uranium from the uranyl 

phosphate sources remained within 5 cm of the source with 97% of the uranium retained 

within the sources. Solid phase characterizations of the sources before and after 

deployment reveal changes in the initial chernikovite due to the integration of potassium 

and calcium cations from the soil into the uranyl phosphate structure. These altered 

uranyl phosphate sources recovered from the lysimeters post-deployment are less soluble 

than the original chernikovite source and more resistant to citrate-promoted dissolution at 

citrate concentrations of 1 mM or less. The results from this study provide insight into the 

long-term stability of uranyl phosphate in the environment. 

Introduction 

Uranium (U) contamination is a global concern because of uranium’s chemical 

and radiological toxicity and its widespread presence in groundwater and soils due to 
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both natural processes and anthropogenic activities related to nuclear energy and 

weapons production.1–6 In oxidizing conditions, the highly mobile U(VI) cation, uranyl 

(UO2
+2), can be immobilized by forming poorly soluble uranyl phosphate minerals.7–14 

The solubility of uranyl phosphate minerals can govern the release of uranium in natural 

uranium deposits,15 uranium mine sites,16–19 and nuclear legacy sites like the Fernald site 

in Ohio and the DOE-K25 site at Oak Ridge, Tennessee.20,21 Additionally, uranyl 

phosphates can serve as a waste form to contain uranium for remediation efforts.8–14 

The uranyl phosphates most often identified in natural systems and field sites are 

members of the autunite group with an alkali or alkali earth metal in the mineral 

interlayer, like autunite (Ca[(UO2)(PO4)]2•3H2O), sodium-autunite 

(Nan[(UO2)(PO4)]n•xH2O), or potassium-ankoleite (Kn[(UO2)(PO4)]n•xH2O).13,15–21 For 

autunite group minerals, changes in the interlayer cation and hydration state can 

drastically affect the solubility of the uranyl phosphate at equilibrium as described by 

solubility products (Ksp) for synthetic chernikovite ((H3O)(UO2)(PO4)•3H2O) with a log 

Ksp of -22.73 and potassium-ankoleite with a log Ksp of -26.47.22,23 Chernikovite, the 

most soluble mineral in the autunite group, tends to form in laboratory experiments even 

though other less soluble uranyl phosphates, like autunite and Na-autunite are more 

thermodynamically favorable.10,11,13,24 This is likely because chernikovite precipitation is 

more kinetically favorable (faster) than autunite precipitation. Prior studies have reported 

changes in uranyl phosphate solubility over time and evidence of solution cations 

substituting into the interlayer of the uranyl phosphate.13,25,26 The range of Ksp values 

within the autunite group leads to highly variable uranium concentrations, controlled by 
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changing autunite phases, which are sensitive to environmental conditions. These 

changes in uranyl phosphate phases and the environmental factors that instigate the 

transitions are poorly understood, yet they have the potential to affect our predictions of 

uranium mobility in the environment. This study evaluates the impact of exposure to soil 

and natural weather conditions on a chernikovite source and how changes in the uranyl 

phosphate due to these factors can affect the release of uranium in the presence of an 

organic ligand. 

In order to better capture the uranyl phosphate transition from the lab-produced 

chernikovite to field-reported K-, Na-, or Ca-bearing autunite minerals, this study 

deployed chernikovite sources in field lysimeters for 13 and 18 months in the 

Radionuclide Fate and Transport Experiment (RadFATE) lysimeter test bed at Clemson 

University (Clemson, SC, USA). Field lysimeters are a useful technique to link the 

control of laboratory-scale experiments with the authenticity of field-scale experiments. 

This technique has been used in previous studies to explore the biogeochemical processes 

controlling the transport of plutonium, neptunium, strontium, and technetium in the 

vadose zone.27–34 While field lysimeters are still exposed to natural meteorological 

conditions, they allow for characterization of the initial source and close monitoring of 

conditions. In field-scale studies, the chemical and physical characteristics of the original 

radionuclide source are often poorly known, and therefore, tracking alterations in the 

recovered source must be retroactively extrapolated to determine the state of the initial 

source.  
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In addition to the variability in uranyl phosphate phases and exposure to soil and 

weather, dissolved organic matter can impact the release of uranium through ligand-

promoted dissolution.9,26,35–37 Organic ligands are ubiquitous in the environment. They 

are produced by plant roots and microorganisms from metabolic processes and can be co-

contaminates with radionuclides at nuclear legacy sites.3 Previous work has shown that 

increasing concentration of the plant root exudate citrate in batch dissolution experiments 

increased the dissolution of chernikovite, but at higher citrate concentrations the 

effectiveness of the citrate decreased due to a combination of surface saturation and 

secondary phase precipitation to a less soluble uranyl phosphate.26 However, changes to 

the chernikovite source due to weathering and environmental exposure could affect the 

influence of organic ligands on the release of uranium in the environment and therefore 

needs to be further studied.  

The overreaching aim of this study is to understand the effect of natural exposure 

on a chernikovite source to better predict uranyl phosphate transformations and their 

impact on uranium transportation in the environment. The objectives of this work are to 

(1) assess uranium release and transport from a chernikovite source over a year of 

exposure to natural conditions, (2) characterize changes in the initial chernikovite source 

due to exposure to soil and natural conditions of the field lysimeter experiments, and (3) 

evaluate the differences in solubility and citrate-promoted dissolution between 

chernikovite and the uranyl phosphate sources recovered from the lysimeters.. 
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Materials and Methods 

Field Lysimeter Experiment Setup 

The RadFATE lysimeters in this study, labeled Lysimeter A and Lysimeter B, 

consisted of 60 cm tall and 15.24 cm diameter PVC pipes packed with a 1:1 ratio of US 

Silica C778 ASTM graded sand (see Appendix C, Figure C.1 for grain size distribution) 

and soil from the Savanah River Site (SRS). The SRS soil was taken from the West 

Borrow Pit of the Savannah River Site (additional details are provided by Roberts et al., 

2012)38 and has a sand/silt/clay ratio of 66/14/20 with the clay fraction predominantly 

kaolinite, organic matter content less than 1%, and a pH of 4.76 for a 1:1 soil to water 

solution. Additional soil properties are described in Montgomery et al.39 The soil/sand 

mixture was packed partially saturated with a gravimetric water content of 12.5%. The 

lysimeters were packed in 5 cm lifts using the same procedure for packing as the Proctor 

method and followed the ASTM D698 in terms of weight and drop of hammer, with 15 

blows every 5 cm of soil in order to prevent preferential flow paths through the soil. A 

radioactive source was placed half-way along the column. The source consisted of 200 

mg of chernikovite spiked with 235U (see below for synthesis) contained within a pocket 

of two 47 mm glass fiber filters sewn together using unwaxed dental floss (Appendix C, 

Figure C.2).  

The packed PVC pipes were maintained vertically using secondary containment 

pipes and were kept in an above-ground metal roll-off pan (Appendix C, Figure C.3). 

Although both lysimeters were packed on the same day, Lysimeter B was deployed 9 

months after Lysimeter A. Once deployed, the lysimeters were open at the top and 
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exposed to natural weather conditions for 13 months (Lysimeter A) and 18 months 

(Lysimeter B). An Andropogon virginicus was planted in Lysimeter A. However, it is 

assumed that the plant had no discernable effect on uranium transport because the roots 

of the plant grew around the soil column as opposed to in it (Appendix C, Figure C.4). 

Tubing was attached to the bottom of the PVC pipes in order to collect the lysimeter 

effluent. The pH and dissolved oxygen of the effluent were measured along with the 

uranium concentrations using inductively coupled plasma mass spectrometry (ICP-MS).  

Uranyl Phosphate Synthesis 

The chernikovite for the lysimeter sources was synthesized using a similar 

method described in Ferguson et al.26 However, to distinguish the uranium of the 

chernikovite source from the natural uranium of the SRS soil, the 0.3 M uranyl solution 

was spiked with uranium-235 in order to make a higher than natural 235U/238U ratio of 

0.12 in 1 M HNO3. The spiked uranyl nitrate solution was then mixed with 0.31 M 

sodium phosphate dibasic heptahydrate [Na2HPO4•7H2O] prepared in deionized water. 

The pH of the combined solution was adjusted to 3 using NaOH and placed on a tube 

rotator for 24 hours. The mixture then underwent three centrifuge rinses, consisting of 

centrifuging, replacing 85% of the supernatant with fresh deionized water, and 

resuspension, to ensure the removal of free ions from the precipitate. After the rinsing 

cycles, the precipitate was placed in a desiccator to dry. Precipitate was characterized as 

chernikovite using x-ray diffraction (XRD). 

A synthesized uranyl phosphate with potassium (UP-K) and uranyl phosphate 

with calcium (UP-Ca) were made to compare with the sources recovered from the 
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lysimeters for XRD and X-ray photoelectron spectroscopy (XPS) analyses. The method 

for the uranyl phosphate with potassium is the same as the one for chernikovite described 

in Ferguson et al.26 except potassium dihydrogen phosphate (KH2PO4) is used instead of 

the sodium phosphate compound, and the 0.31 M phosphate solution is pH adjusted to 

8.97 using NH4OH before mixing with the uranyl nitrate solution. For the uranyl 

phosphate with calcium, an indirect synthesis method was used based on Wellman et al.40 

Synthesized chernikovite (400 mg) was added to a 23 mL solution of 2 M CaCl2 and 

sonicated for 10 minutes to increase interaction between the solid and aqueous CaCl2. 

The mixture was placed on a tube rotator and allowed to react for twelve days before 

undergoing the centrifuge rinse cycle described above and then drying in a desiccator.  

Soil Analysis 

The plastic column of the lysimeter was cut open in a HEPA-filtered glove box, 

and the soil segmented into 1 cm sections along the lysimeter length. The soil segments 

were collected in plastic bags and homogenized by hand. For each bagged segment, 2 ± 

0.1 g of soil was transferred to a glass beaker, weighed, and placed in an oven at 120 °C 

for 48 hours to determine the soil moisture content. Sample weights after 24 hours and 48 

hours in the oven were compared to ensure samples were dry. Samples were ashed at 450 

°C for 6 hours in a furnace to measure soil organic matter. To determine uranium 

concentrations in the soil, the EPA Method 3050B was used to extract all 

environmentally available elements. Briefly, 10 mL of a 1:1 conc. HNO3 and DI water 

solution was added to the ashed samples. Samples were heated at 95 °C for 15 minutes 

and allowed to cool before 5 mL of conc. HNO3 were added, and samples effluxed for 30 
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minutes. After samples were heated until all but 5 mL of solution had evaporated, they 

were diluted with DI water to 100 mL and analyzed by ICP-MS.  

Solid Phase Characterization 

The morphologies of the initial chernikovite source material and the two sources 

recovered from the lysimeters were characterized using a Hitachi HD2000 scanning 

transmission electron microscope (STEM) with energy dispersive spectroscopy (EDS) to 

identify which elements were present in the sample. Samples were prepared by 

suspending the uranyl phosphate solids in ethanol and pipetting 3 μL of the suspended 

solution onto a copper-coated lacey carbon grid (300 mesh). 

Differences in the mineral phases between the initial chernikovite source and the 

recovered sources from the lysimeters were determined by XRD and compared to Ca-UP 

and K-UP diffraction patterns. Suspended solutions of the uranyl phosphate solids and DI 

water were pipetted onto glass slides and air dried for analysis by a Cu source Rigaku 

MiniFlex powder X-ray diffractometer. 

XPS was used to examine changes in the near-surface uranium coordination and 

elemental composition of the initial chernikovite source, K-UP, and the recovered 

lysimeter sources. To prepare samples, a small amount of thermoplastic adhesive 

(TempFix Mounting Adhesive) was placed on a 6x6x1 mm aluminum mounting plate and 

heated to 120 °C on a hot plate. After 5 minutes, 3 μL of uranyl phosphate suspended in 

ethanol was pipetted onto the surface of the melted adhesive. The mounting plate with the 

adhesive and embedded uranyl phosphate particles was removed from the hot plate after 

an additional 3 minutes and cleaned with a Kim Wipe to remove any loose particles after 
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cooling. Carbon tape was used to attach the aluminum mounting plate with the embedded 

sample onto a sample holder. Clemson University Electron Microscopy Facility staff 

scientists analyzed the samples using a PHI Versa Probe III with a monochromatic Al Kα 

X-ray source (hν = 1486.6 eV) and performed the peak fitting for the data. 

Citrate-promoted Batch Dissolution Experiments 

Batch experiments were performed following the methods described in Ferguson 

et al.26 in order to compare the results of this study to the dissolution of chernikovite 

reported in the previous paper. In summary, five samples were prepared for each 

recovered source from the lysimeters with 20 mg of uranyl phosphate in 8 mL of solution 

which preserves the solid to solution ration of the prior experiment. The uranyl phosphate 

was washed for seven rinse cycles in 10 mM NaCl solution using the same centrifuging, 

supernatant removal, and resuspension of solid procedure that was described in the uranyl 

phosphate synthesis section. Each sample solution had a different citrate concentration (0, 

0.1 mM, 1 mM, 10 mM, and 50 mM), and all solutions were pH adjusted to 4 using HCl. 

Citrate solutions were prepared using sodium citrate dihydrate (Na3C6H5O7•2H2O) in 

deionized water. Samples were placed on a tube rotator for 12 hours. Aliquots (2 mL) 

were removed and filtered using a 0.2 µm polypropylene syringe filter. A portion of the 

filtered solution was diluted by a factor of 1000 in 2% HNO3 by weight for aqueous 

uranium concentration analysis by inductively coupled plasma-mass spectrometer (ICP-

MS). After collecting the aliquots, the samples were returned to the tube rotator and 

allowed to mix for one week when the sampling was repeated. 
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Results and Discussion 

Uranium Transport 

The lysimeter effluent and soil analyses were used to determine uranium transport 

in the lysimeter. Uranium concentrations in the effluents of both lysimeters remained 

below the EPA limit at concentrations less than 1 ppb with no elevated 235U/238U ratio 

that would indicate uranium from the uranyl phosphate sources. The absence of the 235U 

of the source in the effluent suggests that the uranium from the uranyl phosphate source 

was retained within the lysimeter. These findings agree with the effluent data from the 

column with no citrate exposure described in the previous study (Figure 5.1).  

In the soil analysis, 0.94 mg and 2.84 mg of uranium from the uranyl phosphate 

sources (denoted by a 235U/238U ratio greater than the 0.007 U isotopic ratio of the soil) 

were detected in the soil of Lysimeter A and Lysimeter B, respectively. Uranium from 

the source was detected in the soil both above and below the source location in the 

column (Figure 6.1). For Lysimeter A, the maximum concentration of uranium in the soil 

was 1.2 μg of U per g of soil, and 5 cm below the uranyl phosphate source and 1 cm 

above the source. Lysimeter B has a higher maximum uranium concentration than 

Lysimeter A at 6.5 μg of U per g of soil, and uranium from the uranyl phosphate source 

reached 2 cm below the source and 3 cm above the source.  
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Figure 6.1. Total uranium concentration soil profiles for a) Lysimeter A and b) Lysimeter B. The yellow 

markers denote samples with uranium from the uranyl phosphate source, distinguished by a 235U/238U ratio 

greater than the 0.007 U isotopic ratio of the soil. 

 

This distribution of uranium from the source suggests downward and upward 

transport of the source uranium. Similar soil distributions have been observed in other 

lysimeter studies with plutonium, strontium, technetium, and neptunium sources.27–34 

While modeling has shown that the downward migration is predominantly from 

advective flow due to rainwater and diffusion, the migration upward is caused by a 
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combination of diffusion through the pore spaces at distances close to the source,31–34 

advection from evaporation,31,32 transpiration from plants,28,29 and plant uptake.29,30  

In this work, the upward migration is likely due to a combination of diffusion and 

evaporation. Although Lysimeter A had a plant at the surface, it exhibited 2 cm less 

upward uranium movement than Lysimeter B with no plant, which is further evidence 

that the plant in Lysimeter A was unable to interact with the source and had no 

discernable influence on uranium migration (Figure 6.1). The greater upward migration 

observed in Lysimeter B could be because Lysimeter B had an extra nine months of 

contact between the packed soil column and the source before Lysimeter B was opened 

and exposed to the elements. This additional sitting period for Lysimeter B provided 

more time for diffusion than Lysimeter A had.  

Transformation of Source 

Solid phase characterization of the uranyl phosphate sources revealed differences 

between the initial chernikovite source and the sources recovered from the lysimeters 

after deployment. Images from STEM show changes in the morphology of the uranyl 

phosphate sources (Figure 6.2). The original chernikovite source has homogenous, well-

defined platelets with smooth, relatively round edges and is consistent with the 

morphology of autunite group minerals.13,25,40,41 The sources recovered from Lysimeter A 

and Lysimeter B have rough, frayed edges and wider gaps between platelets. In addition 

to the uranium and phosphate present in the original chernikovite source, EDS also 

detected potassium, calcium, and magnesium in the sources recovered from the 

lysimeters. These changes in morphology and elemental composition suggest that 
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exposure to the soil and natural conditions weathered the chernikovite source and resulted 

in an association between the uranyl phosphate source and cations from the soil, either by 

cation sorption at the surface of the uranyl phosphate mineral or incorporation of the 

cations into the mineral structure.  

 

Figure 6.2. STEM images of the initial chernikovite source and the sources recovered from Lysimeter A 

and Lysimeter B after deployment at two magnifications. 

 

XRD patterns of the recovered sources from Lysimeter A and Lysimeter B have 

additional peaks and changes in peak location that were not present in the diffraction 

pattern of the original chernikovite source (Figure 6.3). While the diffraction pattern of 

the initial uranyl phosphate source has a (001) basal reflection at 8.6 Å (10.22° 2θ peak) 

and resembles the chernikovite reference pattern, Lysimeter A has a peak corresponding 

to 9.0 Å d-spacing (9.78° 2θ peak) with a slight shoulder referring to higher d-spacings, 

and Lysimeter B has three prominent peaks at 10.0 Å (8.84° 2θ peak), 9.1 Å (9.76° 2θ 
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peak), and 8.5 Å (10.46° 2θ peak). The change in peak location to larger d-spacings of 

the (001) basal reflection implies an expansion of the uranyl phosphate interlayer that 

could be caused by the substitution of cations from the sediment into the chernikovite 

interlayer, altering the mineral. In particular, the shifted and additional peaks observed in 

the XRD patterns of the recovered lysimeter sources match the (001) basal reflections of 

synthesized uranyl phosphate with potassium (similar to K-ankoleite) and uranyl 

phosphate with calcium (similar to Ca-autunite). Based on these diffraction patterns, the 

chernikovite source in Lysimeter A has altered more towards a potassium uranyl 

phosphate while the source in Lysimeter B likely has a combination of calcium, 

potassium, and sodium or the hydronium ion of the initial chernikovite in the interlayers. 

Reinoso-Maset et al.25 reported similar changes in XRD patterns due to exchanges of the 

cations in the uranyl phosphate interlayer with cations from background porewater in 

quartz column experiments. The longer sitting period and exposure time for Lysimeter B 

would have provided more time for the cations to be incorporated into the uranyl 

phosphate source and could be responsible for the differences between the two recovered 

sources.  
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Figure 6.3. XRD patterns of the initial chernikovite source, the uranyl phosphate sources recovered from 

Lysimeter A and Lysimeter B, uranyl phosphate synthesized with potassium, uranyl phosphate with 

calcium substitution, and Lysimeter A and Lysimeter B recovered sources after exposure to 50 mM citrate. 

The chernikovite reference is PDF Card #: 00-029-0670.  

 

Differences in the surface binding state of uranium and surface composition 

between chernikovite, uranyl phosphate with potassium (UP-K), and the source recovered 

from Lysimeter B were also observed in XPS spectra (Figure 6.4). The spectrum for 

chernikovite consists of a single component labeled Species 1 with a Uf47/2 peak at 
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382.49 eV, a satellite at 385.29 eV, and a Uf45/2 peak at 393.29 eV (Appendix C, Table 

C.1). Drot et al.42 reported a similar binding energy for uranyl sorbed to phosphate at 

382.4 eV. The UP-K sample produced an XPS spectrum comprised of 78.02% of Species 

1 which suggests that UP-K predominantly has the same structural environment as 

chernikovite. However, UP-K also includes 21.98% of another component, labeled 

Species 2, with a Uf47/2 peak at 381.11 eV, a satellite at 383.91 eV, and a Uf45/2 peak at 

391.83 eV (Figure 6.4 and Appendix C, Table C.1). The difference in XPS spectra 

between chernikovite and UP-K demonstrates that XPS can detect the changes in the 

uranium coordination caused by the incorporation of different cations into the interlayer, 

which we hypothesize is Species 2. The spectrum for the source recovered from 

Lysimeter B exhibits an even greater deviation from the chernikovite spectra with a 

composition of 62.19% of Species 1 and 37.81% of Species 2. The increased presence of 

Species 2 indicates more change in the structural environment and coordination of the 

uranium in the uranyl phosphate near the surface, likely due to the substitution of more 

cations in the mineral’s interlayer which corroborates the findings of the XRD data. 
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Figure 6.4. U4f XPS spectra for chernikovite (left), uranyl phosphate with potassium (middle), and 

recovered uranyl phosphate source from Lysimeter B (right). Smoothed raw data is shown in grey, and the 

fit envelope is shown in black. The purple peaks represent Species 1 and the orange peaks represent 

Species 2. 

 

The atomic concentration of these XPS samples confirms an increase of soil-

relevant cations in the source recovered from Lysimeter B (Table 6.1). Since the 

interlayer hydrogen is not detectable with XPS, only uranium (52.39%) and phosphorous 

(47.61%) were identified in chernikovite, which agrees with the expected 1:1 U to P ratio 

for chernikovite. In addition to the uranium and phosphorus the KUP sample has 5.38% 

potassium and trace amounts of calcium, possibly from sample contamination. The 

source recovered from Lysimeter B has the greatest variety of cations with 25.06% 

calcium, 6.25% of both potassium and magnesium, and 5.23% of sodium while uranium 

and phosphorous concentrations are 32.57% and 25.64% respectively. This concentration 

distribution confirms the presence of calcium and potassium, in the source recovered 

from Lysimeter B as predicted by XRD. 
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Table 6.1. Atomic percent concentrations of sodium, magnesium, phosphorus, potassium, calcium and 

uranium determined by XPS for chernikovite, uranyl phosphate with potassium (UP-K), and the source 

recovered from Lysimeter B. 

 Na1s Mg2s P2p K2p Ca2p U4f7 

Chernikovite 0 0 47.61 0 0 52.39 

UP-K 0 0 45.59 5.38 1.83 45.91 

Lysimeter B 4.23 6.25 25.64 6.25 25.06 32.57 

 

Solubility and Citrate-Promoted Dissolution of Recovered Sources 

The batch experiments compare the solubility and citrate-promoted dissolution of 

chernikovite, the initial starting material, to the uranyl phosphate sources recovered from 

the lysimeters (Figure 6.5). With no citrate in solution, the sources recovered from the 

lysimeters produced nearly identical dissolved uranium concentrations at 5.36 μM for 

Lysimeter A and 5.40 μM for Lysimeter B after 12 hours. After a week, the dissolved 

uranium concentrations for Lysimeter A decreased slightly to 4.85 μM while Lysimeter B 

decreased to 3.89 μM. Based on previously published dissolved uranium concentrations 

for chernikovite, the solubility of both of the recovered lysimeter sources is half that of 

the original chernikovite mineral.26  

For all three uranyl phosphates, dissolved uranium concentrations increased with 

increasing citrate concentrations. At citrate concentrations less than 10 mM, the 

recovered sources released less uranium into solution than chernikovite, (Figure 6.5). 

However, at citrate concentrations 10 mM or greater, the difference between dissolved 

uranium concentrations of the recovered sources and chernikovite lessens. For 50 mM 

citrate, dissolved uranium concentrations of the source recovered for Lysimeter A are 

only 13% less than the uranium concentrations of chernikovite while uranium 

concentrations for the Lysimeter B recovered source are 16% greater than uranium 
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concentrations for the chernikovite. Using a combination of experimental data and 

geochemical modeling, Ferguson et al.26 predicts the secondary-phase precipitation of 

Na-autunite as chernikovite dissolves in systems with sodium citrate concentrations of 10 

mM or greater. This convergence of uranium concentrations from the dissolution of 

different uranyl phosphate sources suggests the secondary phase precipitation of a 

common mineral, likely Na-autunite due to the 3:1 sodium to citrate ratio from the 

addition of sodium citrate dihydrate. For chernikovite, the sodium would substitute with 

the hydronium in the interlayer, and for the sources recovered from the lysimeter solids, 

the sodium would exchange with the soil cations that integrated into the uranyl phosphate 

interlayer from soil exposure.  

After exposure to 50 mM sodium citrate, the remaining uranyl phosphate solids 

produced XRD patterns that lacked the additional shoulder (Lysimeter A) and extra peaks 

(Lysimeter B) that denoted the substitution of cations from the soil into the interlayer 

(Figure 6.3). This change in XRD patterns suggests that these additional cations, 

particularly calcium, have been exchanged for sodium, which has a diffraction pattern 

nearly identical to chernikovite. The greater variety of soil cations incorporated into the 

Lysimeter B source could be responsible for the greater difference between the dissolved 

uranium concentrations at 12 hours and one week observed for the Lysimeter B 

recovered source as these cations are exchanged with sodium. Some potassium may have 

remained in the interlayer of the Lysimeter A recovered source since the basal peak did 

not move despite exposure to sodium citrate. When exposed to citrate, the recovered 
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Lysimeter A source released less uranium than the other two sources, possibly due to this 

retention of potassium.  

 

Figure 6.5. Dissolution of the source recovered from Lysimeter A (yellow marker), source recovered from 

Lysimeter B (blue marker), and chernikovite (black markers) in batch experiments sampled at 12 hours 

(circle markers) and one week (triangle markers) with citrate concentrations from 0 – 50 mM at pH 4 (A). 

The data within the gray box is expanded to better observe data at low citrate concentrations (B). 

Dissolution instrumental error bars are plotted, but most are smaller than marker size. Chernikovite data is 

taken from Ferguson et al.26  

 

Environmental Implications 

Uranyl phosphates are important minerals that control uranium release in natural 

deposits as well as contaminated sites and have the potential to be waste forms for 

uranium. The findings of this study reveal the mobility of uranium from a chernikovite 

source and provide insight into the mechanisms responsible for hindering additional 

uranium release from uranyl phosphate sources.  

Although the uranyl phosphate source for this study is synthesized chernikovite, 

the most kinetically favorable and most soluble uranyl phosphate form,13,36 over 97% of 

the uranium was contained within the source. Uranium transport was predominantly 
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governed by diffusion through the pore spaces and remained within 5 cm of the source 

after a year of exposure to soil and natural weather conditions, including seasonal 

temperature changes and rainfall. However, based on XRD and XPS analysis, the 

recovered lysimeter sources are no longer just chernikovite. The incorporation of cations 

into the interlayer of the chernikovite sources, due to exposure to the soil and natural 

weather conditions, has altered the sources forming a different uranyl phosphate phase 

that solubility experiments prove is less soluble than the original chernikovite phase. This 

change from chernikovite to a less soluble uranyl phosphate source likely hindered the 

release of uranium in the lysimeters. Although the recovered sources are still susceptible 

to ligand-promoted dissolution by the root exudate citrate, these altered uranyl phosphate 

sources released less uranium than the original chernikovite when exposed to low citrate 

concentrations and transitioned to a Na-autunite phase at high sodium citrate 

concentrations. 

This study demonstrates that while chernikovite is likely the first uranyl 

phosphate phase to form in the environment and during remediation, the chernikovite will 

change to a less soluble uranyl phosphate phase simply due to contact with the soil and 

natural weather conditions without the application of any artificial solutions. The 

alterations in uranyl phosphate phases and solubility should be considered for analysis of 

future remediation strategies or contaminated sites where uranyl phosphate controls the 

release of uranium. However, this transformation is likely not permanent and is very 

sensitive since similar conditions can produce different uranyl phosphates with different 

solubilities. Although diffusion was predominantly responsible for the transport of 
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uranium in this study, other mechanisms, like advection complimented with ligand-

promoted dissolution, may have a greater role in uranium transport from a uranyl 

phosphate source in a study over a longer timeframe. Further investigation is necessary to 

determine the environmental factors influencing these changes in the uranyl phosphate, 

and the effect these alterations have on uranium release over time. 
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 CHAPTER SEVEN 

 

VII. CONCLUSIONS AND FUTURE WORK 

 

Conclusions 

The work presented here systematically investigates the role of citrate-promoted 

dissolution on the release of uranium from the uranyl phosphate mineral chernikovite 

across experiments ranging from Ångstrom to meter spatial scales. The first phase of this 

research used batch experiments and continuously stirred tank reactors (CSTR) to 

determine the extent, quantify the kinetics, and propose mechanisms for the citrate-

promoted dissolution of chernikovite. Building on this work, the second phase used soil 

column experiments to understand the effect of soil on the release of uranium from 

chernikovite with and without the presence of citrate. The field lysimeter experiments in 

the final project show the effect of time and natural weather conditions on the 

chernikovite as a uranium source. There are three primary conclusions that can be drawn 

from this work.  

Citrate Enhances the Dissolution of Uranyl Phosphate 

Lab-scale experiments demonstrated that citrate enhances uranyl phosphate solubility. 

Dissolution of uranyl phosphate increases with increasing citrate concentrations and 

occurs on a scale of hours. This trend holds true for all experiments in this study: the 

batch experiments (both with chernikovite and uranyl phosphate sources recovered from 

lysimeters), CSTR experiments, and even column experiments, where the soil matrix can 

interfere with ligand-promoted dissolution via citrate sorbing to the soil and soil cations 

competing with uranyl phosphate for citrate-complexation. The column experiments 
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showed that citrate can not only promote dissolution but affect transport mechanisms for 

uranium in solution. In the column without citrate, uranium mobility was limited, and 

transport was governed predominantly by diffusion. In the column with citrate, uranium 

transport was governed by both advection and diffusion. While previous studies1,2 

attributed the release of uranium from ligand-promoted dissolution to a simple two-step 

surface complexation mechanism, this current work demonstrates that the process is more 

complicated because at higher citrate concentrations and over time the release of uranium 

from the uranyl phosphate is hindered. 

Alteration Layers and Secondary-Phase Precipitation Hinder Citrate-Promoted 

Dissolution 

A combination of changing alteration layers at the surface of the chernikovite and 

secondary-phase precipitation mechanisms hinder the release of uranium at higher citrate 

concentrations. As discussed in Chapter Four of this dissertation, ligand surface 

saturation likely caused the formation of an alteration layer composed of uranyl-citrate 

complexes at the surface and impeded the release of uranium into the aqueous solution. 

Alternatively, in Chapter 5, it is hypothesized that a limited amount of a more soluble 

uranyl phosphate surface layer could be responsible for the increase in uranium effluent 

concentrations and then the subsequent decrease in uranium concentrations following the 

depletion of this more soluble surface layer. Both of these alterations layers affect the 

release of uranium and could cause a decrease in the rate of uranium release at higher 

citrate concentrations and over time. The observed decrease of uranium effluent 

concentration in the citrate column experiment and the decrease in the citrate-promoted 
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dissolution rate at higher retention times and higher citrate concentrations in the CSTR 

experiment is also likely due to the formation of a less-soluble secondary uranyl 

phosphate phase, which would reduce uranium release. 

Uranyl Phosphate Solid Phases are Sensitive to Physical Transformations 

Uranyl phosphate sources can be highly variable due to ion exchange with major 

cations in the interlayers. It appears the free energy of these phases are sufficiently 

comparable to have a variety of uranyl phosphate-major cation phases present and 

competing with each other. The uranyl phosphate sources recovered from both the 

column without citrate and the column with citrate are less soluble than the initial 

chernikovite source and exhibit changes in the crystal structure indicative of 

incorporation of cations in the mineral interlayer forming a different uranyl phosphate 

phase. These findings suggest that exposure to soil as well as citrate can alter the uranyl 

phosphate phase and release of uranium. 

Chernikovite sources placed in mesoscale field lysimeters and exposed to the soil 

for >13 months demonstrated comparable solid phase transformations and decreases in 

overall solubility, consistent with the findings from lab scale testing. Solid phase 

characterization confirmed the incorporation of cations, like potassium and calcium, from 

the soil into the uranyl phosphate interlayer altering the chernikovite as suggested from 

the batch and column tests discussed in Chapter Five. As with the sources recovered from 

the column experiments, the sources recovered from the field lysimeters were less soluble 

than the initial chernikovite mineral though the sources from the columns have an even 

lower solubility, potentially due to the longer exposure time to exchangeable cations, 
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differences in the pH of the column source batch experiment (pH 5.5) compared to the 

lysimeter source batch experiment (pH 4), or the difference in hydrogeologic conditions 

between the column and field lysimeters which could impact the availability of 

exchangeable cations to interact with the chernikovite sources. For citrate-promoted 

dissolution, the recovered lysimeter sources release less uranium than chernikovite at 

lower citrate concentrations. However, at citrate concentrations of 10 mM or greater, the 

dissolved uranium concentrations from the different sources converge, suggesting 

convergence of the systems to a similar mineral phase, likely Na-autunite, through 

secondary phase precipitation as observed in Chapter Four.  

Broader Significance 

Altogether, this body of work demonstrates the impact of the citrate, soil, and 

natural weather conditions on the release of uranium from chernikovite, the uranyl 

phosphate that is most soluble and most likely to form first in the environment. These 

results can be used to improve predictions of uranium transport by offering kinetic rate 

constants for citrate-promoted dissolution of chernikovite that can be used as an analogue 

or estimate for similar root exudates to model the mobility of uranium from uranyl 

phosphate sources in organic rich environments. Additionally, the mechanisms proposed 

in this work can guide future research to develop models that account for changing 

thermodynamic endpoints in order to capture the rate of transformation of the uranyl 

phosphates, especially in environments where ionic exchange is favorable for the uranyl 

phosphate. These experiments show that the change from chernikovite to these other 

uranyl phosphate phases can greatly affect the release of uranium. Future research is 
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needed to quantify the thermodynamic transitions of these uranyl phosphate phases and 

better understand the environmental factors governing these changes as well as 

monitoring the long-term impact of these changes on the retention of uranium. 

Future Work 

The changeability of uranyl phosphates and a lack of understanding of the factors 

affecting these changes in uranyl phosphate generate many knowledge gaps for future 

investigation. The experiments in this study predominantly focused on a specific system 

of chernikovite, citrate, and pH 4. Performing similar experiments to the ones presented 

in this work with a different uranyl phosphate, organic ligand, or pH would determine if 

the trends reported in this study apply to a broader range of systems. While I predict that 

the mechanisms proposed in this work will still be applicable, changing these factors 

should affect the extent of ligand-promoted dissolution, formation of secondary-phase 

precipitation, and surface saturation. For example, using a less soluble, more 

thermodynamically favorable uranyl phosphate starting material may result in more 

stability of the uranyl phosphate throughout the experiments and a decrease in secondary 

phase precipitation and alteration of the original phosphate phase. As for organic ligands, 

a larger organic ligand like fulvic acid may increase the prevalence of ligand surface 

saturation. Increasing the pH will introduce competing anions (OH- and CO3
2-) that will 

also complex with uranyl in addition to the organic ligand complexing with uranyl. 

Varying these factors could provide valuable insight on the complex interactions between 

uranyl phosphates and organic ligands. 



 

 154 

An alternative direction for future work is to examine the variability in the 

formation of chernikovite and the effect of these variations on the solubility. Perhaps due 

to the fast kinetics of uranyl phosphate precipitation, uranyl phosphates have a large 

variation in reported solubilities even for the same uranyl phosphate mineral.3 

Chernikovite in particular has reported log Ksp values ranging from -12.17 to -22.73.4,5 

The chernikovite used in this study has a log Ksp of -13.52 with a formation reaction time 

of 24 hours. An experiment systematically exploring the effect of formation reaction time 

for chernikovite on solubility could provide a better understanding of the formation of 

uranyl phosphates. This experiment could be augmented by forming chernikovite in a 

micromodel, as done in Fanizza et al.6 to determine the effect of varying flow rates on the 

morphology and solubility of the uranyl phosphate precipitate. 

The results from this work suggest that chernikovite forms first in the 

environment before changing to the different, less soluble uranyl phosphate phases found 

at field sites. While changes in the chernikovite were observed throughout this study, 

little is known regarding the conditions, time frame, and finality of these changes. 

Column experiments could be performed varying the number of pore volumes for the 

experiment length to determine the minimal amount of exposure needed to observe 

changes in the source as well as the effect of additional exposure on source alteration. 

The stability of these altered sources could be measured using batch dissolution 

experiments. To more realistically simulate the long-term uranyl phosphate 

transformation occurring in the environment, lysimeter field experiments should extend 

for five and ten years. The combination of these experiments should be able to trace the 
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changes in the chernikovite source over time. The column experiments make it possible 

to study the effect of contact time with soil on uranyl phosphate transformation by 

controlling pore volume and flow rate while the long-term lysimeter experiments can 

provide an endpoint resembling environmental conditions. 

In addition to solubility and solid phase characterization, calorimetry experiments 

could be used to distinguish differences in uranyl phosphate phases as well as quantifying 

important thermodynamic parameters. Calorimetry can determine the enthalpies of 

formation (ΔH0) for the various uranyl phosphates described throughout this work and 

future work suggestions. Solubility experiments can determine the Gibbs free energy 

(ΔG0) using Eq. 7.1, and entropy (ΔS0) can be calculated using Eq. 7.2. 

∆𝐺0 = −2.3026𝑅𝑇 ∙ log𝐾𝑠𝑝   Eq. 7.1 

∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0    Eq. 7.2 

where R is the universal gas constant, T is absolute temperature, and Ksp is the solubility 

constant. These thermodynamic parameters offer additional insight into the relative 

stability of these uranyl phosphate phases. 

Lastly and most importantly, this dissertation generates data from several 

experiments across multiple scales. This data can be used to produce models that can be 

upscaled along with the experiments. Therefore, the Ksp and rate constants determined 

from the CSTR experiments in Chapter Four can be included in a model to predict the 

transport in a column, lysimeter, and field-site. The success and limitations of these 

models will help the transition between lab-scale and field-scale observations which will 

lead to more accurate predictions of contaminant transport in the environment. 
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Appendix A 

A. Mechanism and Kinetics of Citrate-Promoted Dissolution of Uranyl Phosphate  

 

 

Figure A.1. XRD patterns of the uranyl-phosphate starting material before exposure to citrate (no citrate), 

and the precipitate remaining after exposure to different citrate concentrations in CSTR dissolution 

experiments. The chernikovite reference is PDF Card #: 00-029-0670 and the sodium citrate reference is 

PDF Card #: 00-043-1524. 
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Figure A.2. Diagram of the continuously stirred tank reactor (CSTR) used in this study. Dimensions of the 

internal volume are approximately 4.2 cm diameter and 2.1 cm height. 

 

 

Figure A.3. SEM images of (a) the synthesized uranyl-phosphate starting material and (b) the uranyl-

phosphate synthesized in the presence of 10 mM citrate. 
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Figure A.4. Optimized structures for the middle (left) and end-on (right) 1:2 complexes. U blue, O red, P 

orange, Na purple, C green, H white. 

 

 

Figure A.5. Dissolution of chernikovite in a continuously stirred tank reactor without pretreatment of the 

solid with citrate. Four different concentrations of citrate were tested with repeat experiments of the 100 

mM (A and B) and 10 mM (A – D) citrate concentrations and very little consistency among repeated 

experiments. The stages of the experiments are denoted on the graph: a washing stage with 10 mM NaCl, 

and citrate entering the inlet at a flow rate of 1mL/min, 0.5 mL/min, and 0.25 mL/min at pH 4. Individual 

data points plotted with lines for clarity. 
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Figure A.6. The pH of the effluent from the CSTR dissolution experiments with four different 

concentrations of citrate (denoted by marker color), a washing step and three different flow rates (denoted 

by marker shape). 

 

 

Figure A.7. Images from an optical microscope of chernikovite with no citrate exposure (initial starting 

material) and after exposure to 0.1 mM citrate and 10 mM citrate. Aggregation and heterogeneity of uranyl-

phosphate particles decrease with increasing citrate concentrations 
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Figure A.8. The model in Eq. 4.3 fitted with a global reaction rate constant. Without allowing the reaction 

rate constant to change with flow rate, the model under predicts the faster flow rates and overpredicts at the 

slowest flow rates. 
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Appendix B 

B. Citrate-Promoted Dissolution of Uranyl Phosphate in a Soil Column 

 

 

Figure B.1. An image of the glass fiber filter pocket sewn together with floss to contain the chernikovite 

source 

 

 

Table B.1. The concentration of salts for the artificial rainwater used as background electrolyte for the 

influent solutions of the column experiments 

  μM 

NaCl 102.71 

KCl 6.69 

CaCl2 45.48 

MgCl2 18.49 

FeCl3 4.91 
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Figure B.2. The breakthrough bromine tracer curve for the 1 mM citrate column 
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Table B.2. The initial pH and final pH after 5 pH adjustments of the samples for the batch solubility 

experiment 

Sample 

Initial 

pH Final pH 

UPA-A 4.04 5.77 

UPA-B 4.12 5.5 

UPB-A 3.97 5.37 

UPB-B 4.01 5.6 

NoCatA 4.63 5.14 

NoCatB 4.73 5.26 

NoCatC 4.76 5 

DirKUPA 4.32 5.46 

DirKUPB 4.36 5.51 

DirKUPC 4.31 5.51 

IndKUPA 5.21 5.71 

IndKUPB 5.52 5.79 

IndKUPC 5.49 5.62 

MgUPA 5.1 5.43 

MgUPB 5.12 5.54 

MgUPC 5.03 5.62 

CaUPA 5.5 5.61 

CaUPB 5.56 5.61 

CaUPC 5.59 5.6 

ColUPA 4.26 5.4 

ColUPB 4.31 5.45 

ColUPC 4.23 5.39 

NoCitA 5.55 5.39 

NoCitB 5.68 5.39 

NoCitC 5.73 5.35 

1mMCitA 5.65 5.25 

1mMCitB 5.69 5.28 

1mMCitC 5.58 5.48 
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Appendix C 

C. Alteration of a Uranyl Phosphate Source from Environmental Exposure  

 

  
Figure C.1. Grain size distribution of the sand used 

 

 

 

 

Figure C.2. An image of a recovered lysimeter source. The uranyl phosphate encased within glass fiber 

filter pocket sewn together with floss 
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Figure C.3. The Radionuclide Fate and Transport Experiment (RadFATE) lysimeter testbed at Clemson 

University 
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Figure C.4. Images of dissected Lysimeter A after deployment showing the plant roots growing around the 

soil column from two different viewpoints 

 

 

Table C.1. The XPS peaks and satellite binding energies of Species 1 and Species 2 for the chernikovite, 

uranyl phosphate with potassium (UP-K), and source recovered from Lysimeter B 

    Binding Energies (eV) 

   Species 1 Species 2 

 Sample   4f7/2 Sat 4f5/2 4f7/2 Sat U4f5/2 

Chernikovite Avg. 382.49 385.29 393.29    

 stDev. 0.11 0.11 0.11    

UP-K Avg. 382.70 385.50 393.50 381.11 383.91 391.91 

 stDev. 0.18 0.18 0.18 0.37 0.37 0.37 

Lysimeter B Avg. 382.55 385.35 393.35 381.03 383.83 391.83 

 stDev. 0.41 0.41 0.41 0.46 0.46 0.46 
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