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Abstract 

The aim of this dissertation was to investigate the interfacial reactions between 

uranium (U) and natural organic matter NOM) affecting the solubility, adsorption, and 

precipitation of U in organic-rich environments. The chemical interactions between U and 

NOM are not well understood, which justified the following research objectives: 1) Identify 

the effect of pH on U speciation and the organic functional chemistry in mineralized 

deposits from the Jackpile Mine.; 2) Identify the precipitation of U(VI) and NOM as a 

function of pH (2, 4 and 7); 3) Identify changes in DOM chemistry due to the reaction of 

NOM and U at acidic and neutral pH. Field and laboratory approaches used in this work 

contribute novel information about U speciation and reactivity in organic-rich 

environments. Fundamental knowledge from this work will be useful to identify future 

strategies towards remediation for contaminated sites.  
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Chapter 1: Introduction 

The legacy of mining activities has resulted in numerous sites with elevated metal 

concentrations in water and soil.1, 2 The western part of the United States has a legacy of over 

160,000 abandoned mines and represents a particular extensive area of exposure to mine wastes.3 

Uranium (U), and other metals concentrations in drinking water sources exceed United States 

Environmental Protection Agency (EPA) and World Health Organization (WHO) standards in the 

U.S.4-7 The problem is particularly important in regions where U mining has occurred.  Several 

Native American tribes or pueblos in the southwestern US have had large U mines located on their 

lands.  Studies have reported U concentrations of 35.3-772 μg L−1 in surface waters near the Pueblo 

of Laguna, New Mexico (NM), neighboring the Jackpile Mine.1 Metal concentrations that may 

impact human health for Native American people were also found to be correlated to mine source 

distance.4  

The goal of this dissertation was to understand the chemical interfacial reactions between U 

and natural organic matter (NOM) affecting the solubility of U and changes in the molecular 

composition of NOM at environmentally relevant pH. This dissertation has been divided into 5 

chapters and 3 appendixes. Chapter 2 is a literature review on the topics covered by this 

dissertation, including a background on uranium occurrence, chemistry, and mining, and natural 

organic matter (NOM) chemistry, the occurrence of U and NOM in the environment, and their 

interactions with each other, ending with a review of knowledge gaps. Chapters 3, 4, and 5 are the 

main body of work of the dissertation, formatted as research articles.  
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Chapter 3 has been published in Environmental Science and Technology: 

(https://doi.org/10.1021/acs.est.9b00407) and relates to the investigation of the functional group 

chemistry of natural organic matter (NOM) associated with both U(IV) and U(VI) in solids from 

mineralized deposits exposed to oxidizing conditions from the Jackpile Mine, Laguna Pueblo, NM 

using spectroscopic and aqueous chemistry techniques. Chapter 3 includes a discussion of the 

spectroscopy and aqueous chemistry results and provides potential mechanistic explanations of the 

interactions between U and NOM in samples from the Jackpile Mine.  

Chapter 4 of this study focuses on the adsorption and precipitation of U due to the reaction 

with NOM at pH 2, pH 4, and pH 7. This chapter includes a discussion of the results from aqueous 

analyses, microscopy, and spectroscopy measurements on the solids collected at pH 2, pH 4, and 

pH 7. A discussion of the findings include:  i) precipitation of U- and K-bearing crystalline solids 

detected at pH 4, ii) adsorption of U onto POM identified in the bulk at pH 2 and pH 4, and ii) the 

precipitation of inorganic, U-bearing solids at pH 7 detected in the absence of NOM.  

Chapter 5 builds on our understanding of the adsorption and precipitation of U in the presence 

of NOM and focusses on identifying changes in dissolved organic matter (DOM) functional group 

chemistry resulting from the reaction with U(VI) at acidic and neutral pH in batch experiments. 

Spectroscopy and ultrahigh-resolution mass spectrometry were used to identify changes in the 

molecular composition of DOM resulting from the reaction with U. This chapter provides insights 

into the possible molecular changes in the organic functional chemistry due to reactions between 

U and NOM at pH conditions relevant to acid mine drainage and surface waters neighboring 

organic-rich environments. The manuscripts resulting from chapter 4 and chapter 5 are being 

prepared for submittal for publication. Appendices A, B and C contain supplementary information 

for chapters 3, 4, and 5, respectively.  

https://doi.org/10.1021/acs.est.9b00407
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Chapter 2: Literature Review 

2.1 Uranium Mining in the US and legacy.  

The legacy of operations for uranium (U) mining in the USA is distributed across several 

states, and many of these sites were located close to Native American communities. Studies have 

reported U concentrations of 35.3-772 μg L−1 in surface waters near the Pueblo of Laguna, New 

Mexico (NM) neighboring the Jackpile Mine, one the largest uranium mines in the US.2 These 

concentrations exceed the US Environmental Protection Agency maximum contaminant level of 

30 μg L−1.5 Additionally, the U concentration detected in solid samples from the Jackpile Mine, 

adjacent to the Rio Paguate, was 9300 mg kg−1.2 The Jackpile Mine has been listed in the EPA 

National Priorities List for the Comprehensive Environmental Response, Compensation, and 

Liability Act (CERCLA) cleanup.6 Uranium (U) is regulated because it can cause cancer, kidney 

toxicity, miscarriages, birth defects and heart diseases.3, 8, 9Recent evidence suggests that 

residential proximity to abandoned mine-sites results in increased serum cumulative inflammatory 

potential, independent of metals-intake via drinking water. A study in the Grants Mining District 

located in western NM reports that U-bearing dust affects the extent of U dissolution in simulated 

lung fluids, which could have potential health implications. 10  

2.2 Natural Organic Matter.  

Natural organic matter (NOM) is a complex combination of heterogeneous organic 

molecules, resulting from the decomposition of animal and plant matter.8 NOM consist of and 

extraordinarily complex mixture of compounds including carbohydrates, amino acids, and 

protein.9 Because of the molecular heterogeneity and complexity of NOM, it is often is 

characterized based on its solubility. Natural organic matter is most abundant in litter layers and 

upper mineral horizons, of soils and is transported to subsoils by water as dissolved molecules and 



4 

 

fine suspended colloids or dissolved organic matter (DOM)10, 11  Dissolved organic matter is the 

organic matter fraction that passes through a 0.45-μm filter; while particulate organic matter 

(POM) refers to the organic particles remaining on a 0.45 μm filter.12 8 DOM affects 

biogeochemical processes, particle stability and transport, metal complexation, and production of 

disinfection byproducts (DBPs) during water and wastewater treatment.21-25  

The dissolved organic matter (DOM) fraction of NOM is closely associated with the 

mineral matrix of soil due to the strong complexation between surface metals and acidic organic 

ligands, particularly with those associated with aromatic structures.10 Changes in pH and reactions 

with metals affect the molecular composition of DOM and POM. 

Natural organic matter can also be operationally defined as a mixture of humic and 

nonhumic substances. The recognizable plant debris and organic compounds, such as 

polysaccharides, lignin, proteins, and polypeptides, are categorized as nonhumic substances.13 The 

remaining high-molecular-weight, highly transformed, brown- to black-colored materials are 

considered humic substances (HS).14 Humic substances are often described as coiled, long-chain 

molecules or two- or three-dimensional cross-linked macromolecules with a wide range of organic 

functional groups. The molecular structure and chemistry of HS are still not well understood 

because of intrinsic chemical heterogeneity, geographical variability.15 Thus, HS are also 

operationally fractioned based on their solubility.16 Fulvic acid (FA) are soluble at all pH values, 

humic acids (HA) are insoluble at pH < 2 but soluble at higher pH, whereas humins are insoluble 

in water at all pH values.17, 18 Despite the arbitrary nature of this separation method, it is mostly 

used to achieve a segregation of humic substances according to their chemical properties, which 

chiefly depend on surface functional groups and macromolecular structure. 
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The major constituents of NOM are C, O, H, and N; other elements are P and S. The 

elemental compositions are more distinguishable according to fractionation (FA vs HA) than to 

sources and geographical areas. Fulvic acid have lower contents of C and N but higher contents of 

O and S than HA. Based on elemental compositions, the mole ratios of O/C, H/C, or N/C are 

calculated to indicate the degree of polarity/ aromaticity and unsaturation of carbon chains. The 

O/C ratios are about 0.5 for HA and about 0.7 for FA. The H/C ratios, which have a larger variation, 

are about 1.0 for HA and about 1.4 for FA. In general, FA has greater aliphatic character, while 

HA is of higher aromaticity and hydrophobicity. Insoluble humin is believed to be similar HA, 

with slightly less aromatic groups and acidity but higher contents of polysaccharide and alcoholic 

OH.13, 15, 16 

Suwannee River natural organic matter (SRNOM)is a well-known end member of NOM 

from an aquatic system and is a reference material of the International Humic Substances Society. 

The SRNOM was acquired from 36,890 L of filtered river water that was concentrated 40-fold on-

site using reverse osmosis (RO) systems. After RO, the concentrated sample was desalted by cation 

exchange (CEX), freeze dried, and homogenized. The overall yield of dissolved organic carbon 

(DOC) was 84.2%. The final NOM sample supplied to the IHSS, which is designated 2R101N, 

contains only 3.89% inorganic ash, which reasonably allows most chemical analyses. 19-21  

2.3 Gaps and Limitations in Existing Literature.  

This dissertation work addresses a current gap in the literature related to understanding the 

chemical interactions between NOM, and U which affect U adsorption, precipitation, and 

dissolution in organic-rich environments at environmentally relevant pH. While the presence of 

NOM in sandstone formations is well established, the effects of uranium interaction with NOM on 

the organic group functional chemistry has not been identified.2, 53-55 Improving the current 
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understanding on the organic functional group chemistry found in sandstone formations and 

mineralized U deposits will help to identify the binding mechanisms influencing the interactions 

of U and NOM. These interactions may ultimately affect the reactive transport of U in soils, surface 

water and groundwater, and uptake in plants. Although several methods have been used to 

understand the mineralogy of sandstone formations and U mineralized deposits, the analysis of 

particulate NOM is challenging.12 The application of X-ray photoelectron spectroscopy (XPS) to 

observe changes of organic functional groups in U mineralized deposits as a result of pH changes 

has not been widely used.56, 57  

The effect of pH on the precipitation of U in the presence of NOM needs to be further 

investigated given the effect it has on U and NOM chemistry. One approach has been modelling 

the reactivity of U with specific functional groups (e.g. carboxyl or phenolic) for fulvic acid (FA) 

and humic acid (HA). 2, 10, 23 Few experimental studies have been conducted to understand the 

influence of pH on the precipitation of U in the presence of NOM.18, 35, 58-60 Laboratory experiments 

conducted in a previous study showed that the complexation of uranyl with carboxyl groups of 

NOM is possible by forming uranyl–carboxyl compounds.61 Despite previous efforts, the role of 

pH on U and NOM reactions which ultimately influences U solubility in the environment needs to 

be better understood. 

While there are several studies of the interactions between DOM and U, there is limited 

information about the reactions of U-DOM that control the complexation chemistry and its effect 

on U solubility in the environment.29, 30, 32, 35 Dissolved organic matter contains metal-binding 

functional groups (such as carboxylates, phenols, amines, thiols) with binding affinities and ligand 

densities spanning many orders of magnitude.62 Binding of U by DOM remains poorly understood 

at the molecular scale under environmentally relevant conditions.62 Understanding the reaction 
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mechanisms between U and DOM continue to be challenging at the molecular scale by the intrinsic 

complexity of DOM and U chemistry,  the lack of binding constants, and analytical limitations.62 

Improving the current understanding of the influence of pH on U-DOM complexes will help to 

identify how the solubility of U changes in natural waters.30, 32, 63, 64 Although there is evidence 

that the hydrophobicity of DOM influences U mobility65, the behavior of different functional 

groups as a function of pH and the reaction with U is still not well understood.  

The integration of experiments using natural samples from mineralized deposits, 

laboratory-controlled experiments with advanced analytical techniques could provide new 

information about the effect of pH on interfacial reactions such as complexation, adsorption and 

precipitation between NOM, and U. 

2.4. Research Objectives 

This research sought to advance the understanding of the interfacial chemical reactions 

between U and NOM in organic-rich environments which are currently not well understood. Part 

of this work contributes to the state of the current knowledge by identifying the organic functional 

group chemistry and U species (i.e U(IV) and U(VI)) in mineralized deposits. Laboratory 

experiments aim to studying the effects of pH and NOM on the adsorption and precipitation, as 

well as the changes on the organic functional group chemistry of DOM due to these reactions. 

The overarching objective of this dissertation is to combine experiments using natural 

samples from an organic-rich mineralized U deposit  and laboratory-controlled conditions to 

investigate the chemical reactions affecting the speciation of U(IV), U(VI) and the organic 

functional group chemistry in organic-rich environments using aqueous analyses, advanced 

spectroscopy, microscopy and, ultrahigh-resolution mass spectrometry. 

The specific objectives and hypotheses of this work are (Figure 1): 
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Objective 1: Identify the effect of pH on U speciation and the organic functional chemistry in 

mineralized deposits from the Jackpile Mine. 

Hypothesis 1: Changes in pH affect the binding of carboxylic functional groups in NOM and the 

speciation of U(IV) and U(VI) in mineralized deposits. 

Objective 2: Identify the precipitation of U(VI) and NOM as a function of pH (2, 4 and 7) 

Hypothesis 2: Natural organic matter at pH 4 enhances the co-precipitation of U(VI)-NOM 

compared to pH 2 and pH 7. 

 Objective 3: Identify changes in DOM chemistry due to the reaction of NOM and U at acidic and 

neutral pH.   

Hypothesis 3: The aqueous complexation between U and DOM at pH 4 affects the organic 

functional group chemistry and the molecular structure of DOM. 

 

Figure 1: Research Summary - Schematic of interfacial reactions between U and NOM at 

environmentally relevant pH 
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Abstract. 

We investigated the functional group chemistry of natural organic matter (NOM) 

associated with both U(IV) and U(VI) in solids from mineralized deposits exposed to oxidizing 

conditions from the Jackpile Mine, Laguna Pueblo, NM. The Uranium (U) content in unreacted 

samples was 0.44% to 2.6% by weight determined by X-ray fluorescence (XRF). In spite of 

prolonged exposure to ambient oxidizing conditions, ≈49% of U(IV) and ≈51% of U(VI) were 

identified on U-LIII edge extended X-ray absorption fine structure (EXAFS) spectra. Loss on 

ignition and thermogravimetric analyses (TGA) identified between 13% and 44% of NOM in the 

samples. Carbonyl, phenolic and carboxylic functional groups in the unreacted samples were 

identified by fitting of high-resolution X-ray photoelectron spectroscopy (XPS) C 1s and O 1s 

spectra. Peaks corresponding to phenolic and carbonyl functional groups had higher intensity than 

those corresponding to carboxylic groups in samples from the supernatant from batch extractions 

conducted at pH 13, 7 and 2. U(IV) and U(VI) species were detected in the supernatant after batch 

extractions conducted under oxidizing conditions by fitting of high-resolution XPS U 4f spectra. 

The outcomes from this study highlight the importance of pH on the organic functional group 

chemistry and U speciation in mineralized deposits. 
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3.1 Introduction 

The legacy of operations for uranium (U) mining in the USA has impacted several sites, 

many of which are located near Native American communities. For example, studies have 

reported U concentrations of 35.3-772 μg L−1 in surface waters near the Pueblo of Laguna, New 

Mexico (NM) neighboring the Jackpile Mine.1 These concentrations exceed the US 

Environmental Protection Agency maximum contaminant limit of 30 μg L−1.2 Additionally, the 

U concentration detected in solid samples from the Jackpile Mine, adjacent to the Rio Paguate, 

was 9300 mg kg−1.1 A recent study in the Grants Mining District in NM reports that U-bearing 

dust affects the extent of U dissolution in simulated lung fluids, which could have potential 

health implications. 3 The Jackpile Mine has been listed in the EPA National Priorities List for 

CERCLA cleanup.4 

Natural organic matter (NOM) and U co-occur in the Jackpile Sandstone Member of the 

Morrison Formation. Sandstone formations are characterized by varied sizes of sorted pebbles 

and sands, and lenses of concentrated NOM.5 Uranium is trapped within the NOM-layers of 

detritus and humus, leading to the formation of NOM-U rich deposits.6 Natural organic matter 

may enhance the preservation of U(IV) phases for more than 30 million years exposed to 

oxidizing fluids.5, 12  

Organic functional groups play a key role in the chemical speciation and reactivity of U 

and other metals in the environment. Dissolved humic substances facilitate the transport of U and 

other metals as a function of pH by affecting the sorption on mineral surfaces.13-16 Soluble U 

complexes with humic substances in peats.17 The formation of U(VI)-humate complexes between 

pH 4 and 6 can influence sorption of U on NOM.17, 18 Previous studies found that U is 

predominantly bound in bidentate-mononuclear complexes to carboxyl ligands in natural NOM, 
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inhibiting the precipitation of U minerals.19-22 Furthermore, U(IV) can complex with NOM 

functional groups, resulting in the formation of monomeric U(IV) species that have been 

observed in anoxic sediments and ore deposits together with other crystalline U(IV) phases such 

as uraninite.23-26 Other studies reported NOM complexation influences the abiotic oxidation rate 

of Fe(II) by O2.
27, 28, 29 For example, functional groups such as quinones act as terminal electron 

acceptors in anaerobic microbial respiration, while phenols serve as electron donors for the 

reduction of electron acceptors, such as Fe(III), Mn(IV), arsenate, Cr(VI), and U(IV).30-32 

Despite these findings, the influence of pH on the organic functional group chemistry and U(IV) 

and U(VI) co-occurring in U mine sites remained unknown. 

While the presence of NOM in sandstone formations is well established, the functional 

groups have not been identified.1, 33-35 Improving the understanding of the organic functional 

group chemistry found in sandstone formations and mineralized U deposits will help to identify 

the binding mechanisms influencing the interactions of U and NOM. These interactions may 

ultimately affect the reactive transport of U in soils, surface water and groundwater, and uptake 

in plants.36 Although several methods have been used to understand the mineralogy of sandstone 

formations and U mineralized deposits, the analysis of particulate NOM is challenging.6 The 

application of X-ray photoelectron spectroscopy (XPS) to observe changes of organic functional 

groups in U mineralized deposits as a result of pH changes is not well documented.37, 38 

Integrating XPS analyses with other physical and chemical methods could provide new 

information about NOM functional chemistry in U samples from mineralized deposits. 

The objective of this study was to identify the organic functional group chemistry in U 

mineralized deposits from the Jackpile Mine. We integrated excitation emission matrix 

spectroscopy (EEMS), XPS, XAS, thermal analyses and batch extraction experiments. A novel 



22 

 

aspect of this investigation is identifying the influence of pH on the organic functional group 

chemistry, U(IV) and U(VI) co-occurring in samples of complex mineralogy from a sandstone 

geological formation through the integration of a variety of analytical techniques with laboratory 

experiments. The results of this study provide insights about the reactions between NOM and U 

in mineralized deposits which are relevant for risk assessment and remediation strategies. 

 3.2 Materials and Methods 

3.2.1 Sample Collection.  

Two solid samples (JP1 and JP2) from mineralized deposits from the Jackpile Mine (35° 

8'28.09"N, 107°20'19.67"W) were collected from a location described in a previous study.1 

Samples were collected in the summer of 2017, crushed, and sieved with a US Standard #230 

mesh (63 µm). We referred as “unreacted samples” to the crushed and sieved solids before any 

treatment was applied to them. 

3.2.2 Solid Analyses. 

 Solid phase analyses were conducted on unreacted samples by X-ray Fluorescence 

(XRF); and C, H, N, and O elemental analysis. X-ray absorption spectroscopy (XAS) and XPS 

were performed on unreacted samples, on reacted solids after loss-on-ignition (LOI), and on 

solids remaining from batch extraction experiments. X-ray absorption spectroscopy 

measurements were conducted at Beamline 7-3 at the Stanford Synchrotron Radiation 

Laboratory (SSRL) at the U LIII edge in fluorescence mode. Data was collected at room 

temperature in a He purged environmental chamber. Linear combination fitting was performed 

using the following reference materials as end-members as measured from other studies: 

monomeric U(IV),39 uraninite,40 U(VI) adsorbed with ferrihydrite,41 and the coffinite reference 
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was obtained from the Mineral Collection in the Department of Earth and Planetary Sciences, 

University of New Mexico. References and standards were pulverized and pressed into the slots 

of aluminum holders and sealed with Kapton tape on both sides. Data processing and analyses 

for XAS was conducted using Athena and Artemis software.42 A Kratos Ultra DLD X-ray 

Photoelectron Spectrometer was used to acquire the near surface (<10 nm) atomic composition 

and oxidation states. Survey spectra were acquired at 80 eV and high resolution at 20 eV pass 

energy. Monochromatic Al source was used at 150 W power to obtain C 1s and U 4f high-

resolution spectra from the top ~4-10 nm of the surface. Three areas per replicate were analyzed, 

average and standard deviations are reported. Shirley background subtraction was used to 

process the spectra using CasaXPS software. Additional details about these methods are included 

in the Supporting Information (SI). 

3.2.3 Acid Digestion and Dolution Metal Analyses.  

Acid digestions in triplicates were conducted to assess the U acid-extractable content 

from the mineralized surface deposit solids, by adding 2 mL HNO3, 6 mL HCl, and 3 mL 

concentrated HF into 50 mL Teflon digestion tubes containing 2.000 ± 0.002 g of homogenized 

samples. Inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively 

coupled plasma mass spectrometry (ICP-MS) measured metal concentrations in solution. 

Additional description of these methods is in the SI. 

3.2.4 Thermal Analyses for Solids. 

............ The NOM content in the mineralized deposit solid samples was estimated by LOI and 

thermogravimetric analyses (TGA). Details of these methods are provided in the SI.  

3.2.5 Extraction of Natural Organic Matter.  
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Natural organic matter from the mineralized deposit solid samples was identified by a 

modified approach of the Nagoya Method as described in a study conducted to characterize 

humic substances by EEMS and parallel factor analysis.43, 44 Detailed information about batch 

extractions is in the SI. Briefly, NOM from our samples was extracted with a 0.1 N NaOH 

solution at pH 13. Reactions were carried out in triplicate for 24 h at 4°C. A set of batch reactors 

was acidified from pH 13 to pH 7 with concentrated trace metal grade HCl. Exposing these 

samples to pH 7 is environmentally relevant because circumneutral pH conditions are 

characteristic of the Rio Paguate near the Jackpile Mine.1 Another set of batch reactors was 

acidified from pH 13 to pH 2. Exposing these samples to pH 2 is relevant because acid drainage 

has been observed in mine waste sites.45-47 Subsequently, after adjusting pH, samples were 

centrifuged, decanted, and filtered using a 0.2 µm filter. Supernatant samples were stored at 4°C 

in the dark until EEMS analysis. Remaining solids (reacted solids) were stored for XAS and XPS 

analyses. 

3.2.6 Excitation Emission Matrix Spectroscopy (EEMS) Analyses.  

Excitation emission matrix spectroscopy was used as a rapid, nondestructive, and 

sensitive method to provide information of the fluorescing fraction of the NOM. Absorbance 

spectra of dissolved NOM solutions were measured from 200 nm to 800 nm on a Varian Cary 

300UV spectrophotometer in 1-cm quartz cells. Fluorescence spectra were acquired on a Varian 

Eclipse spectrofluorometer. Excitation wavelengths were sampled from 240 nm to 450 nm at 5-

nm intervals; emission wavelengths were sampled every 2 nm from 300 nm to 600 nm. A Milli-

Q water blank was subtracted from each absorbance and fluorescence measurement. MilliQ 

water was 18 MΩ resistivity and < 5 ppb TOC. Samples were diluted if the absorbance in a 1-cm 
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cell was greater than 0.4 at 240 nm. Corrections for fluorescence were made for lamp excitation 

intensity and detector emission responses, and afterward, corrections for inner filter effects were 

applied using standard approaches.48 Finally, the results were calibrated first to the water Raman 

signal of each instrument and then in quinine sulfate units (QSU). Fluorescence results were 

processed with an in-house MATLAB script (Math-Works, MA). Dissolved NOM was 

quantified by measuring the dissolved organic carbon (DOC) via automated heated-persulfate 

oxidation following an additional filtration through a 0.45μm PVDF filter.   

3.2.7 Effect of pH on Organic Functional Chemistry and U Species.  

............Batch extraction experiments assessed the effect of pH on the organic functional groups in 

the NOM from the mineralized deposit solids from the Jackpile Mine. For this set of reactions, we 

used the sample with the highest NOM content (JP2) as determined by LOI and TGA. Natural 

organic matter was extracted by using 0.1 N NaOH and after 24 h of reaction, the pH was acidified 

from pH 13 to pH 7 and from pH 13 to pH 2 with metal trace grade HCl. After reaching the target 

pH, the supernatant was decanted and filtered through a 0.45 µm filter. Drops of the decanted and 

filtered supernatant at pH 13 (control), pH 7 and pH 2 were drop-cast on a freshly cleaved mica 

surface and allowed to dry. Dried supernatants and reacted solids from batch extraction 

experiments were then analyzed by XPS to obtain high-resolution spectra for C 1s, O 1s, and U 

4f. A high-resolution C 1s and O1s spectrum from fresh cleaved mica was obtained to account for 

the adventitious carbon present on the mica surface. Out of the total carbon detected, less than 10% 

was due to adventitious carbon on the surface of freshly cleaved mica (Figure S1). The rest of the 

carbon corresponded to the NOM in the supernatant. Five peaks have been used to fit the high-

resolution C 1s spectra to specific functional groups: aliphatic C-C at 285 eV, secondary carbon 
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(C*-C-OH/C*-C=O) at 285.8 eV, phenol carbon at 286.5 eV, carbonyl carbon at 288.0 eV and 

carboxylic C at 289.2 eV. Details about sample preparation for XPS analyses are provided in the 

SI. Metal concentrations in the supernatant from each batch extraction reactor were analyzed by 

ICP-OES/ICP-MS. All reactions were carried out on triplicates. 

3.3 Results and Discussion 

3.3.1 Uranium in Unreacted Mineralized Deposit Solid Samples from the Jackpile Mine.  

Samples contained 0.440.03% (JP1) and 2.610.09% (JP2) U by weight according to acid 

digestions and ICP-OES results. XRF analyses detected 1.02% (JP1) and 8.22% (JP2) by weight 

U. XRF and acid digestions are different approaches to measure the concentration of U in the 

solid samples. XRF measures the total bulk concentration of a particular element, while acid 

digestions determine the total acid extractable elemental concentration. Both techniques measure 

the elemental content in a sample and the results complement each other. The concentrations of 

U found in our samples are 3 to 4 orders of magnitude higher than the crustal U average of 2.78 

mg kg-1.11 Previous studies have found co-occurrence of U and other elements in mine wastes 

and wetlands adjacent to the Jackpile Mine.1, 35  

............Unreacted sample JP2 showed 19.4 rel% U(IV) and 80.6 rel% U(VI) relative (rel) to the 

total U detected in the near surface by high-resolution U 4f XPS spectra (Figure 1A). Spectra 

from U-LIII edge XANES on sample JP2 also suggests that the unreacted solid samples contained 

a mixture of U(IV) and U(VI) (Figure 2). Unreacted samples averaged ≈49% of U(IV) and ≈51% 

of U(VI) according to the linear combination fitting of the U-LIII edge EXAFS spectra. Linear 

combination fits of the EXAFS spectra suggested samples contained more monomeric U(IV) 

(29%) than coffinite (19%) and also lacked uraninite (Figure 2C and Table S1). Previous studies 

also found monomeric U, coffinite, and oxidized U in the Jackpile Mine and in an undisturbed U 
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roll-front ore deposit in Wyoming; and in the microbial reduction of U(VI) in subsurface 

systems.1, 24, 25, 39 The proportions of U species found by XPS (near surface) and XAS (bulk) are 

different due to the characteristics of each technique. However, both results complement each 

other and confirm the existence of U(IV) and U (VI) in the surface and bulk part of our samples. 

Additional analyses were pursued to investigate the physical and chemical characteristics of the 

NOM from the Jackpile Mine.  

3.3.2 Natural Organic Matter in Mineralized Deposits from the Jackpile Mine.  

Natural Organic Matter Content. LOI and TGA were used to estimate the NOM content in the 

unreacted samples (Figure 3). Sample JP2 exhibited higher mass loss (44.80.22% by LOI and 

43.190.74% by TGA) than JP1 (13.60.26% by LOI and 13.840.99% by TGA). Volatilization 

of NOM caused the mass loss in the samples. Other research found lower content of NOM in 

Jackpile Mine samples, ranging from 0.07% to 21.8% by LOI at 550ºC, and 1.2% to 2.8% by LOI 

at 850ºC while wetlands adjacent to the Jackpile Mine contained 14% to 15% NOM by LOI.1, 33, 

35, 49, 50 A recent study in the Mulga Rock U deposit in Western Australia found that the LOI at 

550ºC ranged between 1 to 57% by weight.51 U-LIII edge XANES analyses detected the oxidation 

of U in the solid samples after LOI (Figure 2B). The heat treatment (550 ºC) likely oxidized the 

amorphous U(IV), while coffinite remained stable at this temperature. Other literature has also 

reported U oxidation when solids are exposed to high temperatures.52 

Elemental Analysis. For this analysis, we used the sample with the highest NOM content (JP2) as 

determined by LOI and TGA. Unreacted samples showed 33.2% C, 10.8% O, 1.4% H and 0.16% 

N by weight for sample JP2. These findings are within range of another study in the Grants Belt.49 

The low H/C ratio (0.513) indicates high aromaticity as suggested in other studies.53, 54 Moreover, 
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low O/C (0.243) and (O+N)/C (0.247) ratios indicate low hydrophilicity and polarity.53, 54, 55, 56 

Elemental analyses require a pure organic sample to avoid accounting for the C, O, H, and N from 

the minerals contained in the sample. The C detected with this technique is within the range 

identified by TGA and LOI. 

Fluorescence Properties of Extracted Organic Matter from Mineralized Deposits from the 

Jackpile Mine. Excitation emission matrix spectroscopy (EEMS) was used to assess the chemical 

properties of the fluorescing fraction of the NOM from the mineralized deposits samples from the 

Jackpile Mine. Samples JP1 and JP2 showed two major peak regions corresponding to the 

macromolecular signature of humic substances (Figure 4). Peak A corresponds to the Ex/Em 

wavelengths of 260/380-460 nm, and peak C corresponds to 320-360/420-460 nm according to 

previous studies.44, 57 The change observed on EEMS at pH 2 is attributed to the precipitation of 

humic acids which are insoluble at low pH.15, 58 The dissolved organic carbon measured at pH 7 

was 14.01.7 mg L-1 for JP1 and 8.70.9 mg L-1 for JP2. 

Organic Functional Group Chemistry from Mineralized Deposits from the Jackpile Mine. Phenolic 

(18.32.5 rel%) and carbonyl (8.60.7 rel%) functional groups were more abundant while 

carboxylic groups (5.80.2 rel%) were the least abundant relative to the total carbon detected by 

high-resolution XPS C 1s and O 1s on the surface of unreacted solid samples (Figure 1 and Figure 

S2). Fitting of high-resolution XPS C 1s showed the characteristic peaks for phenolic (286.5 eV), 

carbonyl (288 eV) and carboxylic (289 eV) functional groups in the unreacted solid samples. The 

peak due to secondary carbon (all carbons bonded to phenolic, carbonyl and carboxylic carbon) 

was included in the fit at 285.6 eV. Contrary to what has been reported in previous studies on 

NOM, we found that carboxylic functional groups were less abundant than phenols or carbonyls.59, 

60 This finding is likely due to the fact that our samples are highly aromatic as suggested by the 
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low H/C ratio. As suggested in other studies, the concentration of phenolic and carbonyl functional 

groups may affect the occurrence of U(IV) and U(VI), as both functional groups can influence the 

speciation of U found in our site.31, 59 Batch extraction experiments at pH 13, 7 and 2 were 

conducted to investigate changes in functional chemistry of NOM and U oxidation state as a 

function of solution pH.  

3.3.3 Effect of pH on Organic Functional Group Chemistry. 

 Fitting of high resolution XPS C 1s and O 1s spectra show more changes in peak intensity 

corresponding to phenolic and carbonyl functional groups compared to carboxylic groups in the 

supernatant in response to pH changes from batch extractions (Figure 1 and Figure S2). For 

instance, the relative percent of phenolic groups in C 1s high resolution spectra increased with pH 

from 5.4 rel% at pH 13 to 14.4 rel% at pH 7 and to 11.0 rel% at pH 2. Likewise, the supernatant 

of reactor at pH 13 contained 1.5 rel% to 6.9 rel% fewer carbonyl groups than reactors at pH 7 and 

pH 2. In contrast to phenolic and carbonyl groups, the intensity of peaks corresponding to 

carboxylic groups in the supernatant of reactor at pH 13 were similar to reactor supernatants at pH 

7 and pH 2 (within a range of 1.2 rel% to 1.7 rel%). Previous studies suggest that U in peat systems 

was coordinated to C atoms with carboxyl groups from particulate NOM through bidentate-

mononuclear U(IV/VI) complexes.26 Other studies found that U-phenolic bonds are prevalent at 

pH 6, while UO2-carboxyl bonding is predominant at pH 3.5.61 Furthermore, research found that 

U(VI) was immobilized by natural NOM and reduced U(IV) was bound with carboxylic groups in 

plant roots.62 Our results suggest that carboxylic functional groups may help to stabilize U(IV) in 

these environments.  

Our XPS data indicate a possible complexation at pH 13 between carboxylic functional 

groups with U or other elements found in the surface our samples such as K, Fe, or V (Table S2). 
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A peak located between carboxyl group (289 eV) and carbonyl group (288 eV) was observed at 

23.50.2 rel% only in the supernatant from reactor at pH 13 (Figure 1B). A previous study showed 

that the electrostatic interactions between different chemical moieties cause shifts in the binding 

energy detected by XPS.63 For example, the formation of surface complexes (e.g. C-O-M) may 

cause a shift of the binding energy of carboxylic carbon (C(=O)-OH) to a lower value than the 

characteristic peak for carboxyl groups alone. Further research is necessary to study the 

mechanism of interaction between specific organic functional groups, U, and other metals 

occurring in mineralized deposits. Ongoing studies from our research group are assessing the 

binding of U and organic functional groups in more controlled laboratory environments using XPS; 

these include possible oxidation of NOM at high pH. 

The peak intensity corresponding to phenolic, carbonyl, and carboxylic functional groups 

as a result of the batch extractions in the reacted solids compared to peaks observed on the 

unreacted samples decreased except for the carbonyl peak after the reaction at pH 13 (Figure S3). 

Further investigation about the mechanisms and interactions between these functional groups and 

U in our samples should be pursued. 

3.3.4 Effect of pH on U Species. 

 A mixture of U(IV) and U(VI) was detected on the supernatant and reacted solids of all reactors. 

Fitting of high-resolution XPS U 4f spectra of the reacted solids indicates that U(IV) decreased for 

all reactors relative to the unreacted samples suggesting that U oxidation occurred in the solid 

sample surface as a result of the reaction conditions tested in our study (Figure S3). The surface 

concentration of U(VI) in the reacted solids increased by 14.0 rel% at pH 13, 4.4 rel% at pH 7 and 

14.6 rel% at pH 2 when compared to the unreacted solids.  
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Analyses of U-LIII edge XANES spectra also identified a mixture of U(IV) and U(VI) in 

the reacted solid samples, as well as unreacted solids as discussed earlier (Figure 2). Linear 

combination fitting of the U-LIII edge EXAFS spectra detected similar proportions of U(IV) and 

U(VI) components on reacted solids from batch extraction reactors at pH 7 [46% U(IV) and 54% 

U(VI)] and pH 2 [49% U(IV) and 51%(VI)] (Table S3). The species of U in the reacted solids 

likely changed as a function of the pH conditions we investigated. Mineral forms of U such as 

uraninite and coffinite are stable in subsurface environments while biogenic uraninite and 

monomeric U(IV) oxidize more readily.64, 65, 66 Previous research has also found U(VI) with 

reduced U-bearing minerals such as coffinite in the Jackpile Mine.1, 8, 45 Similarly, other studies 

conducted on organic-rich subsurface sediments found U(IV), and U(VI).51, 67, 68  

A mixture of U(IV) and U(VI) was identified using high-resolution XPS U 4f spectra of 

the supernatant from all batch extractions. The peak intensity corresponding to U(IV) in the 

supernatant was higher for the reactor at pH 2 and lower for the reactor at pH 13 (Fig. 1). While 

we found U(IV) and U(VI) species in the reacted solids, it is interesting to observe U(IV) in the 

supernatant from the batch extractions conducted in oxidizing conditions. The U(IV) detected in 

solution may be U(IV)-NOM colloids, which have been observed in groundwater and wetlands.69 

However, the oxidation kinetics of U(IV) species in the supernatant and the mechanisms of 

formations need to be investigated. 

 The concentration of U measured in solution in reactors at pH 13 and pH 2 was similar 

(pH 13 = 34.52.78; pH 2 = 40.213.49 mg L-1), while U in solution for the reactor at pH 7 was 

at least 15-fold lower (1.861.28 mg L-1, Figure S4). High U concentrations in solution found at 

pH 2 may be due to the weak adsorption with the solids at this pH. Higher concentrations of U in 

solution at pH 13 are likely due to the complexation of U with organic functional groups from the 
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NOM and possibly with inorganic ligands as well. These findings complement the XAS analysis 

which also indicated that the U-NOM binding decreased in reacted solids. The concentration of U 

in solution may depend on the co-precipitation of humic substances, and solubility of other U-

bearing phases as a function of pH as suggested by other studies.6, 51 Specific mechanisms causing 

changes in the soluble U as a function of pH require further investigation in the context of the 

complex mineralogy of the Jackpile Mine.  

3.4 Environmental Implications  

The main findings of our study indicate that phenolic and carbonyl functional groups are 

more abundant than carboxyl functional groups in the NOM from the Jackpile Mine mineralized 

deposit samples, and show detectable changes on the XPS C 1s spectra after batch extraction at 

pH 13, pH 7 and pH 2. Contrary to what is commonly found in NOM59, 60, carboxylic functional 

groups were the least abundant. Limited changes in the XPS C 1s peaks characteristic of the 

carboxylic groups were observed as a function of the pH conditions tested in this study. A unique 

finding of our study is that U(IV) was identified in unreacted solids, exposed to surface oxidizing 

conditions for several decades, as well as in reacted solids and in the supernatant collected from 

the batch reaction experiments conducted in oxidizing conditions. In addition to detecting U(IV) 

in supernatants from batch experiments at pH 13, 7 and 2; we observed noticeable differences in 

photoelectron peak intensities corresponding to phenolic- and carbonyl-, in comparison to those 

for carboxylic-functional groups. The organic functional groups in these mineralized deposit 

samples from the Jackpile Mine could affect the redox, complexation, and precipitation chemistry 

of U. These chemical reactions could be relevant to the mobilization of the dissolved, colloidal, 

and particulate forms of U(IV) and U(VI) as shown in other studies.26, 70 For instance, a recent 

investigation found high concentration of U(VI) in organic-rich layers as monodentate complexes 
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bound to carboxyl and phosphoryl groups of humic substances above a wetland redox boundary, 

and the complexation of U(IV) by NOM in reducing conditions.71 Understanding changes in 

organic functional chemistry at pH 7 and pH 2 is environmentally relevant due to their influence 

on chemical reactions that could impact U mobility and transport from the Jackpile Mine to surface 

waters and plants.1, 36 For example, circumneutral pH conditions are characteristic of surface 

waters adjacent to the Jackpile Mine, while lower pH is commonly observed in sites affected by 

acid mine drainage.1, 45, 47 Future research is necessary to identify specific mechanisms through 

which functional groups from the NOM found in our study control U reactivity in sites with 

complex mineralogy such as the Jackpile Mine, particularly the influence of NOM on U(IV) 

stabilization in oxic conditions. This information is essential for the development of risk 

assessment and remediation strategies in this site and other organic-rich uranium mineral deposits. 

These findings identify the need for further investigations related to the influence of organic 

functional groups on heavy metal transport and reactivity. 
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Figure 1. Fitting of high resolution XPS Carbon (C 1s) and Uranium (U 4f) spectra of A) unreacted 

Jackpile Mine solids. Fitting of high resolution XPS Carbon (C 1s) and Uranium (U 4f) spectra of 

supernatant from batch extraction reactors at: B) pH 13; C) pH 7; and D) pH 2; and E) Percent 

composition of C 1s and U 4f spectra.   
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Figure 2. X-ray Absorption Spectroscopy (XAS) of unreacted and reacted solids (after LOI, pH 2 

and pH 13) from the Jackpile Mine (JP2). A) U-LIII edge EXAFS of the Jackpile Mine solid samples 

using the following references: uraninite, coffinite and monomeric U(IV) for U(IV) and uranyl-

adsorbed ferrihydrite as reference for U(VI).; B) Normalized bulk U-LIII edge XANES spectra 

using uraninite (nano-UO2) as reference for U(IV) and U(VI) adsorbed ferrihydrite as reference 

for U(VI).; and C) Linear combination fitting of the U-LIII edge EXAFS spectra of U(VI) and 

U(IV) species in the Jackpile Mine solid samples. 
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Figure 3. Thermal Analyses (Thermogravimetric Analysis, TGA, and Loss on Ignition, LOI) to 

estimate organic matter content in solid samples from the Jackpile Mine mineralized deposits: A) 

Change in mass content as a function of temperature (TGA) for unreacted solid samples JP1 and 

JP2.; and B) Mass loss comparison between TGA and LOI. 
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Figure 4. Excitation-emission matrix spectroscopy (EEMS) from supernatant of batch extraction 

reactors at pH 7 and pH 2 from the Jackpile Mine samples: A) JP1; and B) JP2. Note QSE scaling 

differences on the color bar for each EEM. 
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Abstract. 

We investigated the interfacial reactions of U(VI) in the presence of natural organic matter 

(NOM) at pH 2, pH 4, and pH 7 in batch experiments with analyses done by chemical methods, 

electron microscopy, and advanced spectroscopy. Batch experiments reacted 200 mg L-1 of 

Suwannee River NOM with 100 M U(VI) in a 0.01M KCl solution. Soluble U concentrations at 

pH 2 and pH 4 after 0.5 h and 24h of reaction (p-value <0.05)  decreased after reaction with NOM 

for 0.5 h, followed by an increase to near the initial concentration after 24 h. Soluble U at pH 7 at 

0.5 h and 24 h remained close to the initial concentration of 100 M, indicating that NOM 

facilitates the solubility of U at circum-neutral pH. Bulk analyses conducted by EXAFS indicate 

that U(VI) is mainly adsorbed to particulate organic matter (POM) at pH 4. Precipitates of U(VI)- 

and K-bearing crystalline solids at pH 4 characterized by transmission electron microscopy (TEM). 

This investigation demonstrates that adsorption and precipitation of U(VI) in the presence of NOM 

is relevant at pH 2 and pH 4, while the aqueous complexation of U by dissolved organic matter 

(DOM)1 at pH 7 prevents its adsorption and precipitation. The reactions of U(VI) with NOM are 

relevant to mineralized deposits, radwaste repositories, wetlands, and other environmental 

systems. 

4.1 Introduction 

Uranium (U) ore deposits often have elevated concentrations of natural organic matter (NOM). 

Recent studies found the NOM abundance in U mineralized deposits ranging from 1% to 57%.2, 3 

The presence of NOM and pH fluctuations likely influence the seasonal variability of U 

concentration in surface waters and its accumulation in aquatic and riparian soils and plants.4, 5 

However, the mechanisms influencing the reactions of U in the presence of NOM are not well 
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understood. The toxic effects of U are well known.6, 7  For reference the U.S. Safe Drinking Water 

Act regulations establish a maximum contaminant level (MCL) of 30 gL-1 y.8  

Natural organic matter is a complex combination of heterogeneous organic molecules, 

which often is characterized in part by its solubility. Dissolved organic matter (DOM) is 

operationally defined as the organic matter fraction that passes through a 0.45-μm filter; while 

particulate organic matter (POM) refers to the organic matter retained by a 0.45 μm filter.9 10 The 

solubility of NOM is determined in part by pH. At high pH values11-13, the deprotonation of organic 

functional groups (e.g. phenolic and carboxylic groups) increases the hydrophilicity and, therefore, 

the solubility of NOM.14, 15 The solubility of NOM, in turn, influences the solubility of many 

metals, including U.16  

The solubility of U is influenced by inorganic and organic reactions. For example, the 

solubility of uranyl minerals (e.g., uranyl-oxides, -silicates, -carbonates, -vanadates, or -

phosphates) in oxidizing environments is influenced by pH, and complexation by inorganic and 

organic compounds, most notably carbonate ions. 17-20  Reactions with DOM and POM can affect 

the solubility of U as well. For instance, DOM may inhibit the precipitation of U minerals through 

the formation of U bidentate-mononuclear soluble complexes with carboxyl ligands.21-28  

Particulate organic matter may decrease the U solubility through adsorption, surface complexation, 

and possibly precipitation.29-32 A previous study found that even at low pH conditions where U 

shows limited adsorption to sediment minerals, NOM immobilized U through its binding  to 

carboxylic groups as a surface bidentate complex.33 Another study that evaluated  water discharged 

from a U mine site found that cationic forms of U are predominant (e.g (UO2)3 (OH)5+) at pH 6.0 

to pH 6.6, and favored the adsorption of U onto the organic-rich sediments of a natural wetland.34 

Other studies have shown adsorption of UO2
2+ onto NOM in the pH range of 4 to 5.35 It has also 
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been reported that the formation of U-humate complexes between pH 4 and 6 can influence the 

solubility of U in organic-rich environments.30, 31 Other studies suggest that low pH enhances U 

adsorption onto silica sand in the presence of FA24 and onto hematite in the presence of HA.36 

Thus, the interactions of U with NOM are varied, depend on numerous chemical and surface 

characteristics, and not well understood.37 

The effect of pH on the precipitation of U in the presence of NOM needs to be further 

investigated. One approach has been modelling the reactivity of U according to a series of 

functional groups (e.g. carboxyl or phenolic) for fulvic acid (FA) and humic acid (HA). 2, 10, 23 Few 

studies have been conducted to understand the influence of pH on the precipitation of U in the 

presence of natural organic matter2 and humic acids.13, 27 Laboratory experiments conducted in a 

previous study showed that the complexation of uranyl with carboxyl groups from NOM may form 

uranyl–carboxyl complexes.40  

The objective of this study was to identify the effect of pH on the adsorption, precipitation, and 

solubilization of U(VI) in the presence of NOM by integrating laboratory-controlled batch 

experiments, spectroscopy, and electron microscopy. This investigation focused on U(VI) rather 

than both U(IV) and U(VI), because this is the oxidation state that is thermodynamically stable in 

most surface waters. The novelty of this investigation is the use of advanced microscopic and 

spectroscopic techniques to identify the adsorption and precipitation of U(VI) after reaction with 

NOM. The experimental conditions of our study are relevant for understanding the precipitation 

of U(VI) and NOM from mine drainage and source waters at circum-neutral pH. Our results 

provide insight into the interfacial reactions (i.e adsorption, complexation, precipitation) affecting 

the solubilization of U(VI) in organic-rich environments.  
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4.2 Materials and Methods  

4.2.1 Chemicals. Suwannee River natural organic matter (NOM) was purchased from the 

International Humic Substance Society (IHSS). We used the Suwannee River NOM in our study 

because is a well characterized, commercially available, reference material, and has been used in 

numerous investigations of metal-NOM interactions.41-44 Uranium in 4% HNO3 for an analytical 

grade standard was acquired from SCP Science, Plasma Cal. Potassium Chloride (KCl) 99.999% 

trace metals basis was purchased from Sigma-Aldrich. We used 10 N NaOH solution from EMD, 

and 2% HNO3 PlasmaPure grade from SCP Science to adjust pH.  

4.2.2 Batch Experiments. In this paper we use U to denote U(VI) unless otherwise stated. We 

conducted 50-mL batch experiments at pH 2, pH 4, and pH 7 to assess the effect of pH on U and 

NOM precipitation. The variation on pH throughout the experiment was < 0.1. The U and NOM 

concentrations chosen for this study are based on conditions reported in a previous investigation 

using solid samples from the Jackpile Mine, New Mexico, USA.3 In this study, we used controlled 

experimental conditions to work in a more constrained system (i.e. the Suwannee River NOM and 

uranyl nitrate) to reduce the complexity of working with natural samples and enable specific 

reactions between U and NOM to be studied.3 We were interested in rapid reactions (< 24 h) 

between U and NOM which are relevant for certain natural and engineered systems. Thus, we 

chose reaction times of 0.5 h and 24 h for our experiments. Ionic strength can have a significant 

effect on cation binding to NOM at near neutral pH45, 46 and can influence cation adsorption to 

organic functional groups.47 We therefore used 0.010 M KCl as a swamping electrolyte to 

minimize changes in ionic strength during the experiments. Two stock solutions of 400 mgL-1 

NOM and 200 M-UO2(NO3)2 in 0.02 M KCl were prepared. Equal volumes of stock solutions 

were added to 50-mL polypropylene centrifuge tubes to reach an initial concentration of 200 mgL-
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1 NOM and 100 M-UO2(NO3)2 in 0.01 M KCl as shown in Table S1. Control experiments 

containing only 100 M-UO2(NO3)2 in 0.01 M KCl (Control U), and only 200 mgL-1 NOM 

(Control NOM) were prepared as well. We conducted six replicates of each experiment. pH 

adjustments were conducted with HNO3 or NaOH. Experiments were then capped and placed in a 

tumbler. One additional control experiment in the absence of KCl and NaOH was conducted to 

identify the effect of KCl and NaOH on interfacial reactions between U and NOM at the longest 

reaction time (24 h). We used NH4OH to adjust pH. This sample was named Control 1; solids 

collected from this reaction were analyzed by TEM and XAS.   

4.2.3 Aqueous Analyses. Chemical analyses were conducted on supernatant samples collected 

from all experiments after the reaction time (0.5 h and 24 h). Samples were centrifuged, and the 

supernatant was filtered through 0.20 µm syringe membranes (Pall Acrodisc, Westborough, MA, 

USA). Samples were acidified using ultrapure HNO3 for subsequent measurement of the soluble 

U concentration by inductively coupled plasma mass spectroscopy (ICP-MS). 

Dissolved Organic Carbon (DOC) measurements were conducted according to Standard 

Methods 5310c52 using the Persulfate-Ultraviolet method using a Teledyne-Tekmar Fusion TOC 

analyzer. All samples were filtered through a 0.20 μm syringe filter. An auto dilution of 10 to 1 

for all samples was performed and analyzed by a Fusion TOC analyzer. The carbon content in the 

NOM used in this study was 50.7 wt. % according to the International Humic Substance Society 

catalog, so that a solution of 200 mg/L of NOM corresponds to 101.4 mgL-1 of DOC.   

We measured the zeta potential of unfiltered samples from experiments U-KCl-NOM, 

control U, and control NOM after centrifugation and filtration using a Malvern Zetasizer Nano-ZS 

equipped with a He-Ne laser (633nm) and non-invasive backscatter optics (NIBS). The zeta 

potential in each sample was measured three times and the average was calculated.  
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Statistical analyses were conducted to analyze soluble U and DOC data using R statistical 

software.53 The Shapiro-Wilks normality test was used to determine if the data were parametric or 

non-parametric. A three-way Anova was used for multivariant analyses as a function of pH (2, 4, 

and 7) considering concentrations of U and DOC in control experiment U, experiment U-NOM 

and time (0.5 h and 24 h).  A t-test was also used to assess the significance of differences between 

U and U-NOM at each pH value tested in our experiments.  

4.2.4 Solid Analyses. Solids were collected by centrifuging samples after the corresponding 

reaction time. Solids were combined from triplicate experiments, air dried and stored. Solid 

samples were analyzed by the following methods.   

X-ray fluorescence. Bulk chemical analysis to determine the elemental composition of precipitates 

was done using an EDAX Orbis μXRF spectrometer with a Rh anode X-ray tube. It was operated 

at 40 kV and 800 μA with the 30μm polycapillary optic. The samples were evacuated to 0.3 torr 

and data were collected for 600 live seconds. We measured 5 analytical points on each sample, 

and we present the average of all measurements. 

Electron Microprobe Microanalysis (EPMA) X-ray Mapping. We conducted EPMA on solid 

samples collected from experiments U-KCl-NOM after 0.5 h of reaction to confirm the presence 

of U on these samples. We chose these samples since soluble U concentration decreased after 0.5 

h. A droplet of the disaggregated sample suspended in acetone was deposited on a silicon wafer 

and on 3 mm Cu mesh grids covered with a holey carbon support film for TEM analysis. Samples 

mounted on the silicon wafer for EPMA were coated with approximately 150 nm of gold, to enable 

quantitative determination of carbon. Qualitative X-ray mapping was performed on a JEOL 8200 

Superprobe electron microprobe equipped with five wavelength dispersive spectrometers (WDS). 

Operating conditions were 15 kV accelerating voltage, 30 nA beam current, and a beam diameter 
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of 1 μm. Qualitative WDS mapping was also conducted on the TEM grids to locate U-rich particles 

prior to TEM analysis.  

Transmission Electron Microscopy (TEM) and Electron Energy Loss Spectroscopy (EELS). TEM 

was conducted using Bright-Field TEM imaging (BFTEM), Selected Area Electron Diffraction 

(SAED), and Energy Dispersive X-ray Spectroscopy (EDS) using a JEOL 2010F Field Emission 

Gun scanning transmission electron microscope (FEG/STEM) instrument operating at 200 kV. 

Electron energy loss spectroscopy was carried out on the JEOL 2010F using GATAN GIF 2000 

image filtering system and EDS X-ray analysis was performed using an Oxford AZTec EDS 

system with an ultrathin window XMax 80N 80 mm2 SDD EDS detector. Both point EDS analysis 

in TEM mode and X-ray maps in STEM mode were obtained. Quantification of EDS data was 

carried out using the thin film approximation using theoretical K-factors. TEM analyses were 

conducted on solids collected from experiment U-KCl-NOM, Control U (U+KCl) and Control 

NOM (NOM). Table S1 summarizes these analyses.  

Electron energy loss spectrometry (EELS) was carried out on a sample collected after 24 

h from experiment U-KCl-NOM at pH 4 to investigate the composition of the crystalline solids. 

The EELS measurements on the solids were carried out using the GATAN GIF system at 197 kV 

in imaging mode on the carbon edge with an energy resolution of 1 eV. Calibration of each 

spectrum was carried out using the C K edge at 284 eV and the K L2 edge at 296 eV. 

X-ray Absorption Spectroscopy. XAS measurements were conducted on solids collected from 

experiments of U-KCl-NOM and U-NOM (Control 1) at pH 4 after 24h reaction time. We chose 

these samples because they showed the most prominent decrease in the soluble U concentration of 

the solution at pH 4 and to evaluate the effect of KCl on the reactions of U and NOM at pH 4. 

XAS measurements were conducted on beamline 7-3 at the Stanford Synchrotron Radiation 
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Lightsource (SSRL) at the U LIII edge in fluorescence mode. Data were collected at 10 K using a 

closed cycle cryostat. Samples were pulverized and pressed into the slots of aluminum holders and 

sealed with Kapton tape on both sides. Data processing and analyses for XAS were conducted 

using Athena and Artemis software.54   

4.3 Results and Discussion  

4.3.1 Effect of NOM on U Solubility. Soluble U concentrations decreased after 0.5 h in 

experiments with NOM (U-KCl-NOM) at pH 2 and pH 4, compared to experiments without NOM 

(Control U) (Figure 1). However, soluble U concentrations subsequently increased after 24 h 

compared to results after 0.5 h (p-values <0.05). At pH 7, minimal changes in soluble U 

concentrations were observed in experiments with NOM after 0.5 h and 24 h. In experiments 

conducted at pH 7 without NOM we observed the precipitation of inorganic U-bearing solids at 

0.5 h and 24 h. The pH did not change more than 0.1 pH units in these experiments.  Results 

obtained for each experiment are presented in more detail below.  

Experiments at pH 2. Soluble U concentration decreased in experiments U-KCl-NOM after 0.5 h 

from an initial concentration (100 M), but then resolubilized after 24 h. The soluble U 

concentration was 78.510.8 M after 0.5 h and increased to 99.23.7 M after 24 h. In control 

experiments without NOM (Control U), soluble U concentration remained constant at 100.50.21 

M for the duration of the experiment. The DOC in all experiments at pH 2 ranged from 80 to 85 

mgL-1. In experiments U-KCl-NOM, DOC was 83.12.7 mgL-1 after 0.5 h, 82.6 2.2 mgL-1 after 

24 h and in control experiments without U (Control NOM) it was 85.2 0.01 mgL-1 (Figure S1). 

 Our results showed that the soluble U concentration in the presence of NOM is affected by 

pH and reaction time. Several studies reported the effect of HA and FA on U mobility through 
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adsorption and complexation.21, 24, 27, 36 However, there are limited studies reporting adsorption 

and desorption of U onto NOM.37 For example, in the presence of HA, the adsorption of U by 

hematite was enhanced at low pH.36 The adsorption of U-humic complexes on quartz was enhanced 

between pH 3 to 6.21 The soluble U concentration likely decreased after 0.5 h by the adsorption of 

uranyl ions onto the POM. Consistent with our results, the adsorption of U onto other minerals and 

sediments have been observed to take place within 0.5 h.47, 55, 56 For instance, rapid adsorption of 

U onto ferrihydrite, independent of pH, has been observed within minutes of reaction.47  

The soluble U concentration likely increased after 24 h by U desorption reactions. Studies have 

shown that the desorption of U from minerals preloaded with U is completed within minutes to 

hours.56-59 A study using soils containing HA showed rapid desorption of U, while soils without 

HA did not show any U desorption.60 A study found that the dissolution of Fe-oxides released 

adsorbed metals and may increase As and U mobility in ground water.61   

Experiments at pH 4. The soluble U concentrations decreased more at pH 4 than at pH 2 after 0.5 

h possibly due to rapid adsorption of uranyl ions onto POM. Soluble U concentration increased 

after 24 h relative to 0.5 h, as observed in experiments conducted at pH 2. Soluble U concentration 

was 62.619.7 M after 0.5 h and increased to 95.33.1 M after 24 h in experiments U-KCl-

NOM, likely due to the desorption of the U. There was little change in the soluble U concentration 

in Control U experiments at 0.5 h and 24 h (Figure 1). The DOC in all experiments ranged from 

84 to 88 mgL-1. In experiments U-KCl-NOM, DOC was 86.61.3 mgL-1 after 0.5 h and 85.1 0.8 

mgL-1 after 24 h. In experiments without U (Control NOM), DOC was 86.6 0.06 mgL-1. (Figure 

S1).  

Our results showed that the association of U with POM increases from pH 2 to pH 4. Other 

investigations have found that the adsorption of U onto POM increases from pH 2 to pH ranging 
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from 4 – 6.13 62, 47 Other studies suggested that HA and FA from NOM enhance the adsorption of 

U  at low pH.24, 36 Uranyl ions can bind to HA significantly at pH 4.5 and 5.5.2  The adsorption of 

U onto silica sand in the presence of FA at pH < 6.5 was lower compared to the adsorption onto 

silica sand without FA.24. Rapid adsorption of U onto hematite at pH 4 occurred within 0.5 h,55 

and onto goethite at pH 6 was reported to be complete within minutes.56 An important 

characteristic is that HA precipitates at acidic pH10-12, 23, 63-66, thus we pursued solid 

characterization analyses to better investigate this precipitation reactions.  

Experiments at pH 7. In experiments U-KCl-NOM at pH 7, soluble U concentrations remained 

close to the initial concentration (100 M) over time. These results suggest that the aqueous 

complexation of U by DOM facilitates the solubility of U at pH 7. The soluble U concentration 

was 87.43.3 M after 0.5 h and 99.63.7 M after 24h (Figure 1). The aqueous complexation of 

U with organic ligands from DOM at circumneutral pH increases the mobility of U species.24, 25, 

67 Consistent with our results, the aqueous complexation of dissolved humic substances with U at 

circumneutral pH can lead to less U adsorption onto POM.21, 27, 68, 69 Specifically, the formation of 

U-humate aqueous complexes at neutral pH decreases U adsorption onto POM.70 Thus, our results 

confirm the effect of NOM on U solubility at pH 7.  

The DOC concentrations measured in experiments U-KCl-NOM at pH 7 were slightly 

higher than those measured at pH 2 and pH 4. The DOC concentration in all experiments at pH 7 

ranged from 87 to 89 mgL-1. In experiments U-KCl-NOM at pH 7, the DOC concentration was 

87.70.4 mgL-1 after 0.5 h, and 88.6 0.1 mgL-1 after 24 h. In experiments without U (Control 

NOM) at pH 7, the DOC concentration was 89.1 0.01 mgL-1 (Figure S1).  Our results suggest that 

as pH increases from pH 2 to pH 7, NOM becomes more soluble due to the deprotonation of 

carboxyl functional groups. The high DOC concentration detected at pH 7 is consistent with 
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literature studies reporting HA precipitate at low pH, while HA is soluble at high pH.10-12, 63, 66, 71, 

72 Our results are in agreement with literature showing that high DOC concentrations increase the 

solubility and mobility of U.21, 73, 74
 Consistent with our findings, studies showed that higher pH 

promotes the dissolution of POM and increases the dissolved concentration of heavy metals 

through formation of metal-organic complexes.75-77  

In the absence of NOM (U Control experiment), the soluble U concentration decreased 

over time due to inorganic precipitation reactions at pH 7. The soluble U concentration was 0.30.3 

M after 0.5 h and 0.090.1 M after 24h compared to the initial concentration (100 M). The 

inorganic precipitation of  U (VI) from solution takes place at pH >4 and complete precipitation 

occurs at circumneutral pH.38, 39 The precipitation of uranyl oxide hydrate phases ( e.g., 

metaschoepite (UO3(H2O)2), compreignacite (K2(UO2)6O4(OH)6(H2O)7), sodium compreignacite 

(Na2(UO2)6O4(OH)6(H2O)7), and clarkeite (Na(UO2)O(OH)) occurs at pH 5 to pH 7. 19, 56, 78-82  The 

precipitation of these solids depends on the saturation caused by the concentration of cations and 

uranyl oxycations, and solution pH .19, 56, 78-82  

Statistical analyses indicate that our data are normally distributed (p-values>0.05). Thus, 

we conducted three-way parametric Anova tests. We found statistical differences in soluble U 

concentrations for pH 2 and pH 4 with respect to time (0.5 h and 24 h) and in U-KCl-NOM 

experiments (p-values <0.05). Statistical differences were detected for pH 2, pH 4, and pH 7 with 

respect to control U experiments (p<0.05). Statistical differences (p-value <0.05) were detected in 

the DOC concentration for pH 2, pH 4, and pH 7 with respect to NOM control and U-KCl-NOM 

experiments. There are no statistical differences in the DOC concentration between pH2, pH 4, 

and pH 7 with respect to time (p-value >0.05). See Tables S2 and S3. 
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We measured the -potential of solids in unfiltered samples from experiments conducted 

at pH 2 and pH 4. We focused on samples at pH 2 and pH 4, because at these pH values we 

observed solids in these samples (Figure S2). -potential measurements showed increasingly 

negative surface charge with increasing pH from pH 2 to pH 4. Even at pH 2 the dominant surface 

charge was negative, resulting in electrostatic attraction with positive uranyl cations. -potential 

of samples from NOM control experiment is more negative compared to samples from the U-KCl-

NOM experiment. -potential in U control experiments is close to zero at pH 2 and pH 4. The -

potential indicates the dominant surface charge of a particle. The results suggest that adsorption of 

positive uranyl ions onto POM causes an increase in -potential (to a more positive value) by 

neutralizing some of its negative functional groups. Other studies have reported that POM alone 

has a lower -potential relative to experiments in which metals are present.83, 84  

4.3.2 Solid Analyses: From Adsorption to Precipitation.  Solids collected from batch 

experiments were analyzed to study the effect of NOM on interfacial reactions with U, and to 

determine if the precipitation of U-bearing solid phases contributed to the changes in soluble U 

concentrations at different pH values. XAS measurements found that U is primarily adsorbed to 

POM on solids collected from U-KCl-NOM and U-NOM (Control 1) reactions at pH 4 after 24 h. 

Energy dispersive X-ray spectroscopy (EDS) using TEM detected adsorption of U onto POM at 

pH 2 and pH 4, and the precipitation of U-K-Na-bearing crystalline phases on samples from U-

KCl-NOM experiments at pH 4 after 24 h. The Na in our experiments was introduced by NaOH 

solution used for pH adjustments. Higher concentrations of U were detected by XRF in solids 

collected from reactions of U-KCl-NOM at pH 4 than at pH 2 after 0.5h and 24h. Inorganic 
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precipitation was detected by integrating -XRF and TEM measurements on solids collected from 

U Control experiments at pH 7.   

Micro X-ray fluorescence. Analysis by XRF detected higher U concentration on solids collected 

from experiments U-KCl-NOM at pH 4 (0.26 ±0.05 atomic U % at 0.5 h and 0.20 ±0.04 atomic U 

% at 24 h) compared to solids collected at pH 2 (0.09± 0.02 atomic U % at 0.5 h and  0.05± 0.01 

U at 24 h, (Figure S2). No solids were recovered from experiments U-KCl-NOM at pH 7. The 

highest concentration of U detected in solids from this study was from the U control experiments 

(no NOM) at pH 7 (2.30 ±0.09 atomic U % at 0.5 h and 3.97±0.38 atomic U% at 24 h). No solids 

were detected in the control experiments at pH 2 and pH 4. These results are consistent with the 

observations from aqueous analyses on soluble U concentration discussed earlier. Experiments in 

which solutions showed a higher decrease in soluble U concentration, had a higher concentration 

of U on solids.    

Analysis by XRF also detected higher concentration of K on solids collected from 

experiments U-KCl-NOM at pH 4 (6.90 ±2.52 atomic K % at 0.5 h and 7.58 ±2.28 atomic K % at 

24 h) compared to solids collected at pH 2 (5.05± 2.92 atomic K % at 0.5 h and  2.99± 0.31 K at 

24 h, Figure S1). The highest concentration of K detected was on solids collected from the Control 

experiment containing only U and KCl at pH 7 (27.22 ±0.61 atomic K % at 0.5 h and 27.39±7.86 

atomic K% at 24 h). The −XRF measurements we report represent the mass fraction of U and K 

in the solid, but without accounting for the mass of C. This method does not measure the absolute 

concentration of U and K in the solid. Additional analyses were conducted to detect adsorbed and 

precipitated phases of U and K and NOM in these solids. 

X-ray absorption spectroscopy. We observed the maximum decrease in the soluble U 

concentration in U-KCl-NOM experiments at pH 4. The maximum U concentration on the solids 
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analyzed by -XRF also corresponds to experiments U-KCl-NOM at pH 4. Thus, we chose the 

solid samples from reactions of U-KCl-NOM and U-NOM at pH 4 after 24 h to conduct XAS 

analyses. Note that XAS is a bulk, not a surface technique, thus these analyses correspond to the 

molecular-scale coordination of U associated with POM in the bulk. Results showed that U is 

mainly adsorbed to POM on both samples, U is likely bound to carboxylic functional groups 

adsorbed to POM (Figure 2). We identified distances of U-C pairs between 2.90± 0.03 Å and 3.44± 

0.03 Å in samples from experiments U-KCl-NOM and U-NOM. We also identified a distance of 

3.94± 0.03 Å between U-U pairs possibly due to the presence of crystalline phases only in the 

sample from experiment U-KCl-NOM. As expected, XANES analyses found that U(VI) was the 

dominant form of U in both samples. The distances between U-O pairs were 2.27± 0.04A and 

2.43± 0.03 Å for both reactors at pH 4. Our results agree with another study which identified 

distances of 2.36 ± 0.05 Å for U-O bridging and 2.48 ± 0.05 Å for bidentate ligand formation on 

the carboxylate groups of humics. Their results suggested a mix of these two surface complexes.85 

The U-C binding characteristics we present are within the range reported by another study which 

suggests that U-C distances can vary between 2.8 and 3.2 Å depending on the organic compounds 

and pH value.86 The signatures corresponding to U-C observed in our study are similar to those 

from monomeric U(IV) reported in previous studies.25, 87 These XAS signatures suggest the 

adsorption of U(IV) onto organic C.25, 87 Even though our system only contains U(VI), the 

signature U(IV)-C56, 72 previously identified should be highlighted as it suggests the adsorption of 

U onto organic C by surface complexation as we observed in our system. Electron microscopy 

analyzes were conducted to further analyzed the solids obtained from experiments conducted in 

this study. 
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Electron Microscopy Analyses. The adsorption of U adsorbed onto amorphous POM was detected 

on solids collected from reactions of U-KCl-NOM at pH 2. Crystalline U-K phases associated with 

POM were detected at pH 4. U-K bearing solid phases were detected at pH 7 in the absence of 

NOM (Control U).   

Experiment at pH 2. In samples collected from reactions of U-KCl-NOM, we found no evidence 

of distinct U-bearing particles on the POM, although U was detected on POM after 0.5 h and 24 

h. EMPA showed the spatial association of U and organic carbon (C) from POM after 0.5 h likely 

due to the adsorption U onto POM. Energy dispersive X-ray spectroscopy (EDS) detected 0.30 U 

atomic % and 67.6 C atomic % (Figure S3). U-bearing crystalline solids were not detected by TEM 

on samples at 0.5 h and 24 h. The heterogeneity in U concentration within the POM observed at 

0.5 h and 24 h and the absence of U-bearing particles suggests U is likely adsorbed onto POM at 

pH 2 (Figure 3 and Figure 4). Measurements by TEM-EDS found 0.6 atomic % U, 5.8 atomic % 

K, and 79.7 atomic % C on solids collected after 0.5 h (Figure S5 A-B) and 1 atomic % U, 1 atomic 

% K, and 74 atomic % C after 24 h (Figure 4B). TEM analysis did not detect crystalline U-bearing 

particles at pH 2. The DF-STEM images illustrate that higher Z nanoparticles are present 

associated with the POM at pH 2. However, STEM EDS mapping indicates that these particles are 

not U-rich particles (Figure S4).  

Experiments pH 4. The heterogeneity of U concentration in solids collected from reaction of U-

KCl-NOM at pH 4 indicated, in addition to the adsorption of U onto POM, the precipitation of U-

Na-K-bearing crystalline phases. The identification of U associated with both amorphous and 

crystalline solids on these samples is a unique result compared to the observations at pH 2. EPMA 

X-ray mapping of solids at pH 4 collected after 0.5 h showed less spatial association of U and C 

from POM compared to the samples at pH 2, likely because there is a lower concentration of POM 
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as pH increases from 2 to 4. Dark-field scanning transmission electron microscopy (DF-STEM) 

conducted on the solids collected from U-KCl-NOM experiment after 0.5 h detected amorphous 

carbon-rich solids, which we infer is POM. TEM-EDS detected 0.4 atomic % U, 0.5 atomic % K 

and carbon (75 atomic %) after 0.5 h in these solids (Figure S5). DF-TEM detected amorphous 

solids and U -K and U-Na crystalline bearing particles (<0.5 m) on the sample collected at 24 h. 

Heterogeneous composition was detected by TEM-EDS on amorphous and crystal solids. For 

instance, amorphous solids had lower U and K concentrations (0.4 atomic % U; 2.4 atomic % K) 

compared to the crystalline solids (3.31 atomic % U, 10.04 atomic % K).  

Amorphous solids had a higher concentration of C (64 atomic % C) than the crystalline 

solids (9.72 atomic %) (Figure 3 E-H). These results suggest that U is adsorbed to the POM while 

inorganic precipitates are not associated with POM. SAED patterns show that the crystalline 

structures are consistent with grimselite [010] [K3NaUO2(CO3)3·H2O] (Figure X). Electron energy 

loss spectra obtained from several individual crystals confirm that the phase is a carbonate, as 

shown in Figure 4. Carbonates have a very distinct sharp peak at 290 eV; however, the K L2 edge 

in EELS spectra occurs at 296 eV, resulting in significant peak overlap between the K edge and C 

edge for carbonate. Nevertheless, a distinct shoulder is apparent on the lower energy side of the K 

edge that occurs at ~289 eV, about 1 eV lower than the typical energy of the carbonate peak in 

most minerals that occurs at 290.2 eV.88 One possibility is that the energy of the carbonate peak is 

shifted to slightly lower energy in grimselite, as occurs, for example, in cerussite (PbCO3), where 

the carbonate peak energy is 289.9 eV, but the energy shift is significantly larger in the case of 

grimselite. A further possibility is that this 289 eV peak is due to the presence of carboxylate 

groups coordinated to U, instead of carbonate. Such structures have been reported where U(VI) 

could be coordinated with other tricarboxylates89 but retain the hexagonal symmetry of grimselite. 
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However, such structures result in a much larger unit cell, which is inconsistent with our electron 

diffraction data. We therefore favor the interpretation that this peak is a carbonate peak, rather than 

the result of carboxylate.  However, past studies have shown that grimselite forms under near-

neutral to alkaline conditions and not at low pH,90, 91, suggesting that grimselite may have 

precipitated metastably in these experiments. Another investigation reports the formation of 

metaschoepite [UO3(H2O)2] at pH 4.2 - 4.3 and Na-compreignacite [Na2(UO2)6O4(OH)6·7H2O]  at 

pH ~592. However, the SAED patterns we found in our study do not coincide with metaschoepite 

or Na-compreignacite and the presence of K in the EDS and EELS data is inconsistent with either 

of these phases. Thus, the solid precipitated from experiment U-KCL-NOM at pH 4 likely 

corresponds to another U-phase. We are aware that the presence of CO3 is unlikely at pH 4, so 

these data most likely suggests that U(VI) could be coordinated with other tricarboxylates in a 

similar manner than grimselite as other study suggests.89 TEM-EDS analyses of samples collected 

from experiment of U-NOM in the absence of KCl at pH 4 after 24 h did not detect crystalline U-

bearing solids. These results confirm that U is adsorbed to POM at pH 4 in the absence of KCl, in 

agreement with XAS results.   

It has been shown that humic substances can influence the immobilization and removal of 

U ions from aqueous solutions through adsorption and surface complexation.93 In the presence of 

HA, the adsorption of U is enhanced at lower pH and is decreased with increasing pH.29 Previous 

studies suggest that the adsorption of U at low pH values is likely enhanced due to the formation 

of protonated solid HA.11, 13, 93 Other studies showed that HA enhances the adsorption of U on 

hematite particles at low pH.31, 35  

Experiments pH 7. No precipitates were recovered from the U-KCl-NOM experiments at pH 7 

after 0.5 h or 24 h. However, we detected the inorganic precipitation of U- and K- crystalline 
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precipitates in the U control experiment by TEM (i.e. no NOM) at pH 7 (Figure S6). These solids 

are stable crystalline structures as they did not exhibit sensitivity to the electron beam. The 

composition and electron diffraction data are consistent with clarkeite [Na(UO2)O(OH)(H2O)0-1]. 

Based on thermodynamic modeling, schoepite, [(UO2)8O2(OH)12·12(H2O)], would be stable under 

these conditions.92 Other studies conducted with goethite report U surface precipitation of 

crystalline uranyl precipitates (e.g., schoepite and metaschoepite) at pH 656 and at circumneutral 

pH.37, 94 However, the SAED data obtained for this sample in our study are not consistent either 

schoepite or metaschoepite.  

4.4 Mechanistic Insights.  

This study shows the effect of pH on U adsorption, precipitation, and solubility in the presence of 

NOM. EXAFS and TEM results found that U is primarily associated with POM at pH 2 and pH 4 

due to adsorption. However, precipitation of crystalline U-bearing phases was also detected in 

solids from reactions with NOM in a KCl solution at pH 4. These observations indicate that POM 

serves as a substrate for the adsorption and precipitation of U at pH 4. The solid-aqueous interfacial 

reactions between U, KCl, and NOM at pH 7 show that complexation of U-KCl-DOM facilitates 

the solubility of U at circumneutral pH.  

We found differences in the adsorption and precipitation of U at 0.5 h and 24 h in the 

presence of NOM at pH 4. The TEM data indicate heterogeneity in the distribution of amorphous 

and crystalline U-phases onto POM in samples collected after 0.5 h and 24 h, suggesting that 

crystal nucleation occurred as the reaction reaches 24 h. Precipitates formed in aqueous solutions 

containing U, KCl, and NOM. Within the first 0.5 h of reaction, U adsorbs onto small POM grains 

and then these possible aggregate into larger grains these aggregates rapidly adsorbed onto POM. 

Our findings suggest that at 0.5 h the adsorption of U onto POM is the primary mechanism of 
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reaction between NOM and U-KCl, while the precipitation of U-K crystalline bearing solids is 

evident after 24 h of reaction. The surface of the POM could act as sites for heterogeneous 

nucleation of U-K bearing crystals as the reaction time progresses from 0.5 h to 24 h. The initial 

adsorption of U onto POM might be a precursor step for the precipitation of crystalline U-K 

bearing solids. Our results are unique given that other studies reported exclusively the adsorption 

of U onto organic material.31, 36 However, other investigations have shown that metal ions adsorbed 

to POM can lead to the growth of crystalline phases.95, 96 Also, it has been reported the growth of 

new solid phases typically involves metastable amorphous nanoparticle or cluster compounds 

generated during the initial stages of heterogeneous precipitation reactions.97, 98  

After an initial decrease, the U concentration increased after 24 h in experiment U-KCl-

NOM at pH 2 and pH 4 due to: 1) U desorption reactions; or 2) the dissolution of U-bearing solids 

that may have precipitated during the reaction with NOM. Previous work investigating the 

adsorption of U onto natural sediments reports the temporary adsorption of U-NOM complexes.59, 

99, 100 Further investigations are necessary to better understand the kinetics of adsorption and 

surface precipitation reactions of U with POM as a function of pH in environmentally relevant 

conditions.   

Our observations show that at pH 7, U remains in solution in the presence of NOM. 

Aqueous complexation of U-DOM enhances the solubility of U at circumneutral pH.  Other studies 

have shown the adsorption of U onto NOM increases with pH below pH 7.74 Conversely, U 

adsorption  decreases at pH 7.74 Future research is needed to better understand changes in POM 

and DOM chemistry due to the reaction with U and other metals. 
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4.5 Environmental Implications  

Results from this work reveal information about interfacial reactions of U and NOM in organic-

rich environments using a well-characterized organic material, Suwanee River NOM. The 

influence of pH on U, POM, and DOM reactions can affect the solubility and accumulation of U 

in natural environments. Adsorption and precipitation were studied at a reaction time of 0.5 h and 

24 h, which is applicable for short-term scenarios in natural and engineered systems. For example, 

the retention time in engineered systems for ion exchange and precipitation of U usually ranges 

from minutes to hours.102 However, these time scales are much shorter than those occurring in 

natural environments such as  an aquifer or involving organic detritus in the bottom of a wetland.103 

These reactions may occur in remediation processes such as treatment of acid mine drainage 

solutions (pH ranging between 2 and 4) and in natural waters (circumneutral pH). This work 

highlights the importance of metal and NOM interactions as these affect surface complexation, 

precipitation, and solubilization reactions that should be consider in reactive transport models for 

risk assessment and remediation purposes. Future research is necessary to improve the 

understanding of the optimal conditions for adsorption and precipitation of U and NOM for metal 

immobilization. Such studies could improve our understanding about the role of kinetics on the 

adsorption and precipitation of U in organic-rich environments. This information could be useful 

for sites affected by anthropogenic activities such as mining legacy, nuclear repositories, and other 

energy related applications. 
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 C) 

Soluble U 

(M) 

pH 2 pH 4 pH 7 

U-KCl-NOM U-KCl U-KCl-NOM U-KCl U-KCl-NOM U-KCl 

 After 0.5 hr. 78.510.8 101.35.3 62.619.3 98.30.5 87.43.3 37.313.1 

After 24 hr. 99.23.7 101.71.8 95.33.1 101.11.8 99.63.7 1.80.7 

 

Figure 5.  Soluble U concentration in batch experiments containing NOM, U in 4% HNO3 and 

KCl (purple) and U control experiment containing U in 4% HNO3 (yellow) at (A) 0.5 h, (B) 24 h, 

and (C) Soluble U concentration summary results. Initial concentrations used are 200 mgL-1 NOM 

and 100 M-UO2(NO3)2 in 0.01 M KCl 
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Figure 2 X-ray absorption fine structure spectroscopy (XAFS) of solids collected from U-KCl-

NOM and U-NOM batch experiments at pH 4 after 24 h reaction. (A) U LIII-edge EXAFS, (B) 

EXAFS Fourier transform and shell by shell fits indicate the presence of U likely bound to organic 

functional groups on POM through adsorption and U-U due presence of crystalline solid phases 

only in sample from U-KCl-NOM experiment. (C) Results table for shell by shell fits of the 

EXAFS signal. 
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Figure 6 Bright-field TEM (TEM) and dark-field scanning transmission electron microscope 

(STEM) images, energy dispersive X-ray spectroscopy (EDS) spectra and selected area electron 

diffraction (SAED) patterns for solids collected from batch reactions of U-KCl-NOM after 24 at 

pH 2 (A, B, C) and pH 4 (D, E, F, G, H, I).  TEM image and SAED pattern (A, C) show the 

adsorption of U onto amorphous POM at pH 2, indicated by the presence of a distinct U X-ray 

peaks in the EDS spectrum (B). EDS indicates low concentrations of U adsorbed onto POM (E), 

SAED shows diffuse diffraction rings characteristic of an amorphous phase (F) at pH 4 that 

contains lower concentrations of U than at pH 2. Crystallites of U-K-NA bearing solids with were 

identified at pH 4 (G, H) and slightly tilted SAED pattern that is consistent with the [010] zone 

axis of grimselite (I).  
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Figure 7 Electron energy loss spectra (EELS) (A), dark-field scanning transmission electron 

microscope (DF-STEM) image (B) and energy dispersive spectroscopy (STEM-EDS) X-ray (C, 

D). Two EEL spectra for grimselite are shown in red and green showing the presence of the K L3 

and L2 3 edges at 294 and 296 eV, respectively. A distinct shoulder is present on the lower energy 

side of the K edge at 289 eV, which could be attributable to either carbonate or carboxylic groups. 

The lower spectrum (brown) is from the amorphous holey carbon film support with a distinct 284 

eV edge that can be assigned to the C * peak. This feature is also apparent in the grimselite spectra 

because the crystallites occur directly on the holey carbon film support. The 289 eV feature is not 

present in the amorphous carbon substrate. Right hand images show a Dark-Field STEM image of 

the crystallites and X-ray maps of U and C, demonstrating that the crystallites contain C associated 

with U. An X-ray signal from the amorphous holey carbon film is clearly apparent in the lower 

right and upper left of the carbon X-ray map.    
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Abstract. 

 We investigated the changes in dissolved organic matter (DOM) chemical composition 

resulting from the reaction of U(VI) with natural organic matter (NOM) at acidic and neutral pH 

in batch experiments. We used 200 mg L-1 of Suwannee River NOM with 100 M U(VI) for 24 h 

in batch reactors.  Chemical and structural differences were detected in experiments at pH 2, pH 4 

and pH 7, caused by the decrease in dissolved organic carbon (DOC) after reaction of U with 

NOM. The relative percent content of phenols and carboxylic functional groups in the supernatant 

decrease in U-NOM experiments compared to Control NOM at pH 2, pH 4, and pH 7 (p-value 

<0.05) as indicated by XPS analyses. At low pH, the abundance of compounds with higher O/C 

ratio in Control NOM experiments found acid-catalyzed hydrolysis products, but the abundance 

of these products is lower in U-NOM experiments, as indicated by ESI FTI-CR MS. These results, 

integrated with TEM and XAS analyses, suggest that the aqueous complexation of U with phenols 

and carboxylic groups from DOM, and, the adsorption of U onto POM affect the molecular 

composition of NOM. This study provides insights into the possible molecular changes in the 

organic functional chemistry due to reactions between U and NOM in organic-rich environments.  

5.1 Introduction.  

Uranium (U) naturally accumulates in organic-rich soils and geologic formations such as 

sandstone deposits, and roll-front formations.1-3 Understanding the mechanisms affecting the 

reactivity of U and natural organic matter (NOM) is relevant to predicting the solubility of these 

constituents caused by natural and anthropogenic processes for risk assessment and remediation 

strategies. However, the reactions influencing the solubility U and NOM in environmentally 

relevant conditions remain poorly understood.  
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Interactions between U and NOM can affect the solubility of U in soils. Natural organic matter is 

most abundant in litter layers and upper mineral horizons, and is transported to subsoils in water 

as dissolved molecules and fine suspended colloids (collectively, “dissolved organic matter” or 

“DOM”)6, 7 Changes in pH and reactions with metals affect the molecular composition of NOM. 

Acid-catalyzed hydration reactions cause a shift towards highly oxygenated, high-molecular 

weight compounds by oxidation of carbon–carbon double bonds. These reactions increase O/C 

ratios without affecting the total number of carbons or H/C ratios in a molecule.8 High aromaticity 

is indicated by a low H/C ratio, while low O/C represents low hydrophilicity and polarity. 

Complexation of U by DOM is a relevant mechanism affecting U solubility in natural waters. 

DOM facilitates the solubility and mobility of U1, 9-11 through the complexation of U with humic 

acid (HA) between pH 4.5 and 7.12 Alternatively, particulate organic matter (POM) decreases U 

solubility through adsorption, and precipitation reactions.13-15 At pH<3, carboxylic groups in NOM 

can increase the adsorption of U to mineral surfaces likely due to the low solubility of HA at low 

pH.10, 16 17 Previous studies conducted by our group and others found that the solubility of U from 

an organic-rich deposit is greatly influenced by pH, due to the reactions of NOM and U1, 2, 9, 10, 18 

Despite these observations, the changes in DOM functional group chemistry due to the reaction 

with U will benefit from further investigation.  

While there are several studies of the interactions between DOM and U, there is limited 

information about the reactions of U-DOM that control the complexation chemistry and its effect 

on U solubility in the environment.9, 19-21 Dissolved organic matter contains metal-binding 

functional groups (such as carboxylates, phenols, amines, thiols) with binding affinities and ligand 

densities spanning many orders of magnitude.22 Binding of U by DOM remains poorly defined at 

the molecular scale under environmentally relevant conditions.22 Understanding the reaction 
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mechanisms between U and DOM continues to be challenging at the molecular scale by the 

intrinsic complexity of DOM and U chemistry.  Information is especially lacking on the binding 

constants, as well as significant analytical challenges.22 Improving the current understanding of 

the influence of pH on U-DOM complexes will help understand how the solubility of U changes 

in natural waters.19, 20, 23, 24 Although there is evidence that the hydrophobicity of DOM influences 

U mobility25, the influence of pH and U on the organic functional chemistry of DOM is still not 

well understood.  

The objective of this study is to identify changes in DOM chemistry due to the reaction of 

NOM and U at acidic and neutral pH.  The novelty of this investigation is the identification of the 

molecular changes in DOM after the reaction with U by coupling batch reactions with advanced 

mass spectrometry, microscopy and spectroscopy. The experimental approach provides insights 

on the mechanisms affecting the solubility of U due to the reaction with NOM at environmentally 

relevant pH.   

5.2 Materials and Methods 

5.2.1 Chemicals.   

Suwannee River natural organic matter (NOM) was purchased from the International 

Humic Substance Society. We used the Suwannee River NOM in our study because it is a widely 

used and well characterized reference material available from the International Humic Substances 

Society (IHSS), and has been used in numerous other investigations of metal-NOM interactions.26-

28 Analytical grade uranium in 4% HNO3 was acquired from SCP Science PlasmaCal. We used 

28% NH4OH purified by double distillation from Sigma-Aldrich and 2% HNO3 PlasmaPure grade 

from SCP Science to adjust pH. Water LC-MS and methanol LC-MS, purchased from Fluka 
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Chromasolv, were used to conduct solid phase extraction on the DOC samples prior to conducting 

Fourier-transform ion cyclotron resonance mass spectrometry (FTICR-MS). 

5.2.2 Batch Experiments.   

We use U in this paper to denote U(VI) unless otherwise stated. 50-mL batch experiments 

at pH 2, pH 4, and pH 7 were used to assess the effect of pH on DOM chemistry and U solubility. 

The U and NOM concentrations were selected to represent relevant conditions found in mine 

wastes.2, 18, 29 We used well characterized Suwannee River NOM (SRNOM)  to limit the 

complexity that would be encountered with working with natural samples from a mineralized 

deposit.2 Two individual stock solutions of 200 M-UO2(NO3)2 and 0.4 g/L SRNOM were 

prepared to provide a source of U(VI) and NOM. Stock solutions were added to 50-mL 

polypropylene centrifuge tubes to reach an initial concentration of 100 M of U and 0.2 g/L 

SRNOM according to Table S1. We also prepared control experiments using the same 

concentrations described earlier to determine the effect of U (Control NOM) and NO3
- on DOM 

structure, and a control reactor to monitor the effect of NOM on U solubility (Control U).  Six 

replicates of batch reactors were prepared, reactors were then capped and placed in a tumbler to 

allow reaction for 24h.  

Statistical analyses were conducted to analyzed soluble U and DOC concentration data 

using R statistical software.30 The Shapiro-Wilks normality test was used to assess if data were 

parametric or non-parametric. A three-way Anova was used for multivariate analyses as a function 

of pH (2, 4, and 7) considering concentrations of U and DOC in control reactor U and reactor U-

NOM.  A t-test was also used to compare statistical significance between U and U-NOM at each 

pH value tested in our experiments.  
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5.2.3 Microscopy and spectroscopy analyses.   

After 24 h, reactors were centrifuged and filtered through a 0.2 μm syringe filter. 

Supernatant was analyzed by X-ray photoelectron spectroscopy (XPS) and solids collected were 

analyzed by transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS). 

X-ray photoelectron spectroscopy. Drops of the decanted and filtered supernatant at pH 2, pH 4, 

and pH 7 were drop-cast on a freshly cleaved mica surface and allowed to dry. Dried supernatant 

and reacted solids from batch extraction experiments were then analyzed by XPS to obtain high-

resolution spectra for C 1s, O 1s, and U 4f. High-resolution C 1s and O1s spectrum from freshly 

cleaved mica was obtained to account for the adventitious carbon present on the mica surface. Out 

of the total carbon detected, less than 10% was due to adventitious carbon on the surface of freshly 

cleaved mica (Figure S1). The rest of the carbon corresponded to the NOM in the supernatant. 

Details about sample preparation for XPS analyses were provided previously.2 

Transmission electron microscopy (TEM). TEM was conducted using Bright-Field TEM imaging 

(BFTEM), Selected Area Electron Diffraction (SAED) and Energy Dispersive X-ray Spectroscopy 

(EDS) using a JEOL 2010F Field Emission Gun scanning transmission electron microscope 

(STEM) (FEG/STEM) instrument operating at 200 kV. This instrument is equipped with a 

GATAN GIF 2000 image filter system and an Oxford AZTec EDS system with an ultrathin 

window XMax 80N 80 mm2 SDD EDS detector.  

X-ray absorption spectroscopy. XAS measurements were conducted on beamline 7-3 at the 

Stanford Synchrotron Radiation Lightsource (SSRL) at the U LIII edge in fluorescence mode. Data 

were collected at 10 K using a close cycle cryostat. Samples were pulverized and pressed into the 

slots of aluminum holders and sealed with Kapton tape on both sides. Data processing and analyses 

for XAS were conducted using Athena and Artemis software.31   
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5.2.4 DOM analyses.  

Supernatant was centrifuged and filtered through a 0.2 μm syringe filter prior to FTICR-

MS and DOC analyses.  

Electrospray ionization Fourier-transform ion cyclotron resonance mass spectrometry (ESI FT-

ICR MS). Samples were desalted using solid phase extraction (SPE) using a styrene-

divinylbenzene copolymer (PPL, Varian Bond Elut).32-34 Details of SPE extraction and recoveries 

are available in the Supplementary Information section. Samples recovered from SPE were diluted 

with methanol and analyzed at the National High Magnetic Field Laboratory at Florida State 

University on a 9.4 T FT-ICR MS. Electrospray ionization (ESI) was used in negative mode to 

generate largely unfragmented molecular ions. A detailed description of the instrument is given 

elsewhere.35 The ESI negative mode favors the detection of molecules with acidic functional 

groups 36, 37 and has been used to study DOM from the Suwannee River.33 Experimental conditions 

were: needle voltage, +4.4 kV; Q1 set to 50 m/z; and the heated, resistively-coated glass capillary 

operated at 180 ˚C. Ninety-six individual scans were averaged for each sample and internally 

calibrated using an organic matter homologous series separated by 14 Da (–CH2 groups). Mass 

spectra were externally calibrated with a polyethylene glycol standard and then internally 

calibrated using a set of m/z values within the samples. Several criteria were met for picking out 

the calibration list: (1) peaks have a signal-to-noise (S/N) ratio ≥5, (2) peaks that have intermediate 

intensities to minimize instrumental artifacts that yield peaks with too high or too low intensities, 

and (3) peaks have an error. All m/z lists, with an S/N ≥ 4, were first searched for 13C peaks and 

confirmed they were mostly singly-charged. The 13C peaks were not included in the formulae 

calculations. The mass measurement accuracy was less than 1 ppm for singly-charged ions across 

a broad m/z range (100–900 m/z). The mass resolution was 350 K at 339 m/z. Data analysis 
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software (PetroOrg version X) was used to convert raw spectra to a list of m/z values (‘‘features”), 

applying FTMS peak picker with a signal-to-noise ratio (S/N) threshold set to 7 and absolute 

intensity threshold to the default value of 100. Chemical formulae were assigned using in-house 

software following the Compound Identification Algorithm (CIA), described by Kujawinski and 

Behn (2006) and modified by Minor et al. (2012). Chemical formulae were assigned based on the 

criteria listed above and taking into consideration the presence of C, H, O, N, S, and P and 

excluding other elements.  

We evaluated the chemical character of all of the data points for each sample spectrum 

using Van Krevelen diagrams on the basis of their molar H:C ratios (y-axis) and molar O:C ratios 

(x-axis)38 We used Van Krevelen diagrams to visualize and compare NOM chemistry between 

samples from U-NOM and control reactors at different pH values, and enable approximate 

grouping of compounds into major biochemical classes (i.e., lipids, proteins, lignin, carbohydrates, 

and condensed aromatics)39 We report, compound classes as relative abundance values based on 

counts of C, H, and O for the following H:C and O:C ranges: lipids (0 < O:C ≤ 0.3, 1.5 ≤H:C ≤ 

2.5), unsaturated hydrocarbons (0 ≤ O:C ≤ 0.125, 0.8 ≤ H:C < 2.5), proteins (0.3 < O:C ≤ 0.55, 1.5 

≤ H:C ≤ 2.3), amino sugars (0.55 < O:C ≤ 0.7, 1.5 ≤ H:C ≤ 2.2), carbohydrates (0.7 < O:C ≤ 1.5, 

1.5 ≤ H:C ≤ 2.5), lignin (0.125 < O:C ≤ 0.65, 0.8 ≤ H:C < 1.5), tannins (0.65 < O:C ≤ 1.1, 0.8 ≤ 

H:C < 1.5), and condensed hydrocarbons (0 ≤ 200 O:C ≤ 0.95, 0.2 ≤ H:C < 0.8)40, 41 

Dissolved Organic Carbon (DOC). Prior to conducting DOC analyses, MeOH was 

evaporated to dryness with nitrogen gas at 60 °C for 24 hours. Samples were then rehydrated with 

10 mL Milli-Q water and sonicated for 15 minutes before DOC analysis. DOC analyses were done 

according to Standard Methods 5310c42 using the Persulfate-Ultraviolet method and a Teledyne-

Tekmar Fusion TOC analyzer. All samples were filtered through a 0.20 μm syringe filter to remove 
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colloidal particles.  A 10 to 1 auto dilution was done for all samples by the Fusion TOC analyzer.  

The carbon content in the NOM used in this study was 50.7% according to the International Humic 

Substance Society catalog, so that a solution of 200 mg/L of NOM corresponds to 101.4 mgL-1 of 

DOC.   

5.2.5 Aqueous Inorganic Analyses.  

After the reaction time (24 h), reactors were centrifuged, and supernatant was filtered through 0.2 

µm syringe membranes. Samples were acidified using ultrapure HNO3 to quantify the soluble U 

in the supernatant from each batch extraction reactor by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) and trace metal concentrations by inductively coupled plasma 

mass spectroscopy (ICP-MS). 

5.3. Results and Discussion 

5.3.1 Uranium and NOM Chemistry on Unreacted and Reacted Solids.  

We analyzed the unreacted NOM and the solids collected from experiments U-NOM and control 

NOM experiments conducted at pH 2, pH 4, and pH 7. 

Organic Functional Chemistry in Unreacted NOM. Fitting of high-resolution XPS C 1s data 

showed the characteristic peaks for phenolic (286.5 eV), carbonyl (288 eV), and carboxylic (289 

eV) functional groups in the unreacted solid samples.  Surface of unreacted solid NOM samples 

(as received) has phenolic (9.922.5 rel%), carbonyl (6.060.7 rel%), and carboxylic (80.10.2 

rel%) functional groups. The identification of these functional groups by XPS is consistent with 

that presented in a previous publication from our research group about solids from mineralized 

deposits.2 

Association of U and POM on Reacted Solids. We conducted XAS and TEM to understand the 

association and coordination of U in solids collected from U-NOM experiments at pH 2 and pH 4. 
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XAS measurements detected that U is primarily adsorbed to POM on solids collected from 

reactions of U and NOM at pH2 and pH 4. Electron microscopy analyses detected the adsorption 

of U onto POM at pH 2 and pH 4. Inorganic precipitation was detected by integrating -XRF and 

microscopy in reactors without NOM (U control) at pH 7.  Analyses conducted by TEM on the 

solid samples collected from reactors U-NOM at pH 2 and pH 4 by TEM detected amorphous 

solids, which we infer is POM. In the absence of NOM (Control U) at pH 7, we detected inorganic 

precipitation of U-K bearing solid phases, likely corresponding to clarkeite. Batch reactions of U 

and NOM experiments at pH 2, 4, and 7 were conducted to investigate changes in functional 

chemistry of DOM as a function of solution pH and the reaction with U. 

XAS results show that U is mainly adsorbed to POM on both samples, U is likely bound 

to carboxylic functional groups adsorbed to POM (Figure 1). We identified distances between U-

C pairs between 2.90± 0.03 Å and 3.44± 0.03 Å in samples from reactors at pH 2 and pH 4. The 

distances we found for the U-O pairs are 2.27± 0.04A and 2.43± 0.03A for both experiments. A 

shoulder identified at pH 2 at 3.95 Å is likely caused by the self-absorption of functional groups 

in POM. In both samples U was assumed to be present as U(VI) only, and XANES analyses 

confirmed that U(VI) is the predominant U oxidation state. These results are consistent with those 

presented in Ch 4 in which the bulk of U is adsorbed to POM. Our results are also in agreement 

with another study of the reactions of U and organic acids which identified U-O for bridging (2.36 

± 0.05 Å) and bidentate (2.48 ± 0.05 Å) ligand formation on the carboxylate groups of HA 

suggesting a mix of these two surface complexes.43 The U-C binding characteristics we report are 

within the range reported by another study which suggest that U-C distances can vary between 2.8 

and 3.2 Å depending on the organic compounds and pH value.3 The signatures corresponding to 

U-C observed in our study are similar to those from monomeric U(IV) reported in previous 
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studies.44, 45 Even though our system contains only U(VI), the similarities found between U(IV)-C 

by XAS should be highlighted as they show the adsorption of U onto POM. Microscopy analyzes 

were conducted to further analyze the solids obtained from reactions conducted in this study. 

5.3.2 Effect of U and pH on DOM Chemistry.  

The DOC concentration increased with pH and it ranged from 80 to 85 mg/L. The DOC 

concentration in U-NOM experiments is lower than in the Control NOM experiments, indicating 

the reaction with U affects the DOC concentration. In reactors containing U and NOM, DOC 

decreased by 1.80.27 mgL-1 at pH 2, by 1.6 0.26 mgL-1 at pH 4, and by 0.40.79 mgL-1 at pH 7 

compared to control reactors without U (Figure 2A).  Statistical analyses indicate that our data are 

parametric (p-values>0.05). Thus, we conducted three-way parametric Anova tests. Statistical 

differences (p-value <0.05) were detected in the DOC concentration for pH 2, pH 4, and pH 7 with 

respect to control NOM and U-NOM experiments (p-value <0.05).  

At pH 2 and pH 4, soluble U concentration decreased in U-NOM experiments compared 

to Control NOM experiments (Figure 2B). At pH 7, soluble U concentration remained close to the 

initial concentration (~100 M) in U-NOM experiments, indicating that U complexation with 

NOM facilitates U solubility. In contrast, in the absence of NOM (U Control) the soluble U 

concentration remaining after 24 h is negligible, likely due to the inorganic precipitation of U at 

pH 7 (Fig 3B). These findings are consistent with the results presented in Chapter 4. Differences 

in soluble U concentration were detected for pH 2, pH 4, and pH 7 with respect to control U 

experiments (p<0.05). We did not find statistical differences in soluble U concentrations for pH 2 

pH 4, and pH 4 in U-NOM experiments (p-values <0.05). See Tables S2 and S3 in the SI. 

Effect of U and pH on DOM Organic Functional Group Chemistry. Fitting of high resolution XPS 

C 1s spectra obtained from supernatant samples show a decrease in peak intensity of phenol, and 
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carboxylic functional groups following reaction with U at different pH values with respect to 

control experiments without U (Control NOM). Statistical analysis shows that phenol and 

carboxylic groups in experiments U-NOM are statistically different (p<0.05) at pH 2, pH 4, and 

pH 7 while in Control NOM experiments, they are not different (p > 0.05). This suggests that the 

changes observed in the functional chemistry of DOM are likely due to the reaction with U at the 

pH values tested in this study. There was no difference in the carbonyl functional groups. High 

resolution spectra for C 1s from reactor U-NOM at pH 4 show the most noticeable decrease across 

our experimental design with respect to Control NOM. The number of phenolic functional groups 

decreased from 20.6 rel% to 12.4 rel% and carboxylic functional groups decreased from 12.6 rel% 

to 7.6 rel% when comparing reactor U-NOM to NOM control reactor. However, high resolution 

spectra for C 1s show less changes on the functional groups relative percent when comparing 

reactor U-NOM to control NOM at pH 7 (Figure 3). 

............Previous studies suggest that U in peat systems was coordinated to C atoms with carboxyl 

groups from particulate NOM through bidentate-mononuclear U(IV/VI) complexes.46 Other 

studies found that U-phenolic bonds are prevalent at pH 6 while UO2-carboxyl bonding is 

predominant at pH 3.5.47 We previously found that phenols are the most abundant functional 

groups in NOM from a U mineralized deposit and were the most senstive to pH changes.2 Further 

analyses were conducted by ESI FT-ICR MS to identify changes on the molecular composition of 

DOM due to the reaction with U. 

ESI FT-ICR MS Analysis on DOC Chemistry. We used ESI FT-ICR MS to compare the molecular 

composition of DOM due to the reaction with U at environmentally relevant pH. We analyzed 

samples from U-NOM and Control NOM, and Control HNO3 experiments at pH 2, pH 4, and pH 

7. We quantified the recovery of DOC and soluble U during the SPE process to have a basis of 
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how representative the purified DOC and U is in relation to the initial concentrations before the 

SPE process. The DOC recovery from the SPE in this work is within the range reported by another 

study using PPL cartridges (20%-65%).48 Our results show that pH affects the DOC and U 

recovery. The DOC recovery decreases as pH increases from pH 2 to pH 7, while the recovery of 

soluble U increases with pH. We summarize our results by pH in Figure 4. The limited recovery 

might be due to incomplete elution of a fraction of apparent high molecular weight from the solid 

phase. A study comparing the original samples and SPE extracts using PPL cartridges found no 

significant differences in their molecular weight distribution.48 Other studies have shown that PPL 

cartridge material offered the highest DOM recoveries and extracted a more representative 

proportion of DOM.49 Thus, the DOM recovery by SPE is less critical for subsequent FT-ICR MS 

analysis, because those fractions that are not sufficiently recovered have comparatively small 

effects on the mass spectra.33  

Out of the total compounds detected in U-NOM experiment at pH 4, 70% are also seen in 

U-NOM at pH 2. This shows that experiments conducted at pH 2 and pH 4 share great similarities 

in the molecular structure of DOM. Additionally, from a chemical standpoint conditions at pH 2 

and pH 4 can be classified as acidic. Also, ESI-FTICR-MS is not a quantitative technique due to 

variations in ionization efficiency among analytes and the SPE recovery variations among the 

experiments we conducted. Thus, we decided to only focus on comparing pH 2 and pH 7 

experiments for the rest of the analyses shown. 

Van Krevelen diagrams of experiments conducted at pH 2 show higher O/C ratios in unique 

compounds detected in Control NOM experiments indicating the presence of acid catalyzed 

(hydrolysis) products (Figure 5). The identification of high O/C elemental ratio at pH 2 observed 

in our study is consistent with observations from another study that attributed this to the presence 
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of acid-base catalyzed hydrolysis products.8 However, unique compounds detected in U-NOM 

experiments are shifted to a lower O/C elemental ratio compared to NOM control experiments at 

pH 2. These results suggest that the products of the reaction of U with NOM are different to those 

from the NOM Control experiment. The low O/C ratio (0.2-0.5) and low H/C ratio (0.5-1.0)  of 

unique compounds detected in the U-NOM experiments suggest the presence of less saturated 

compounds with low degrees of oxidation, such as lignin-like and condensed hydrocarbon 

compounds. In contrast, unique compounds detected in Control NOM experiment have higher 

abundance of compounds with higher elemental O/C ratios (0.4-0.8) and higher elemental H/C 

ratios (0.7-1.5) compared to U-NOM experiment. This suggests the presence of tannin-like and 

lignin-like compounds.50  

At neutral pH, we did not detect a shift in the O/C and H/C ratios on the NOM Control 

experiments compared to the U-NOM experiments. In contrast to experiments conducted at acidic 

pH, we found that at pH 7, unique compounds detected in U-NOM experiments show a slight 

higher relative abundance of compounds  with an O/C ratio (0.4-0.6) and H/C ratio (0.8-1.5), which 

corresponds to the lignin-like and tannin-like compounds. Control NOM do not show trends in the 

relative abundance of compounds with elemental ratios of O/C and H/C (0.8-1.5). The molecular 

composition of the SRNOM we report is consistent with that found in terrestrial and aquatic DOM, 

with C, H, and O formulae among the most abundant and atomic O:C (0-1.2) and H:C (0.3-2.5) 

ratios.51-53 

The shift observed in the van Krevelen diagrams for O/C elemental ratio at pH 2 is 

consistent with the shift observed in m/z spectra for NOM compared to U-NOM. All compounds 

were distributed over the mass range of m/z 200−800 (Figure SX). At pH 2, the mass spectrum in 
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U-NOM experiment is skewed to the lower m/z region compared to Control NOM. Experiments 

conducted at pH 7 did not show significant changes on the m/z distributions as observed at pH 2.  

We did not identify any U-C soluble compounds in this work. This observation could be 

attributed to the following: (1) U likely formed complexes with DOM molecules with low 

abundances, such that these complexes were not detected by FTICR-MS as the presence of metals 

(Na) is an obstacle for ionization of the analytes of interest,54, 55 or complicate molecular formulae 

identification as metal-humic complexes do not stand out from the bulk and can only be identified 

through time-consuming molecular formula calculations on each individual measured mass.56 (2) 

U−DOM complexes may have dissociated during ESI (e.g., those weakly or singly coordinated 

with S- or N-containing functional groups) and (3) U-DOM complexes were removed during the 

SPE (low U concentration measured after the SPE).56-58  

5.4 Considerations about U-NOM Reactions.  

This work shows the effect of the reaction between U and NOM on the DOM organic functional 

group chemistry at environmentally relevant pH. We found differences on the organic functional 

chemistry of DOM between experiments conducted with and without U. Our results show that the 

reaction with U primarily affects the relative concentration of phenol and carboxylic groups due 

to the complexation of U-DOM and the adsorption of U onto POM as indicated by EXAFS and 

TEM. We used ESI FT-ICR MS to complement XPS results on the supernatant to elucidate 

changes in the composition of organic matter due to the reaction with U at acidic and neutral pH. 

Our results show differences in the molecular composition of DOM after the reaction with U at 

pH 2 and pH 7, suggesting that pH and U play a role on the chemistry of DOM. The compositional 

similarity in the DOM of Control NOM experiments upon changing the pH suggests that likely 

the changes observed in DOM are due to the reaction with U.  At acidic pH, more compounds 
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were ionized in U-NOM experiments suggesting that the reaction with U causes DOM to be more 

ionizable. Increases of the O/C and H/C ratios in DOM control experiments at pH 2 suggest that 

acid-catalyzed reactions (hydrolysis)8 is the main mechanism causing the changes in the DOM. 

However, in experiments with U at the same pH, we observed that unique compounds have lower 

O/C and H/C molecular ratios. Other studies have reported the presence of U-humate complexes 

at acidic pH.56-58  Overall, this work highlights the importance of phenol groups in the reactivity 

of U, aside from carboxylic groups. It is likely that U binds to phenolic and carboxylic functional 

groups in DOM through complexations reactions.  Further work should be pursued to identify the 

U-DOM complexes are likely being formed in reactors at pH 2, pH 4, and pH 7. 

5.5. Environmental Implications.  

Results from this work reveal information about interfacial reactions of U and NOM under pH 

conditions relevant to organic-rich environments. The influence of pH on U and DOM reactions 

can affect the solubility and accumulation of U in natural environments. Our work suggests that 

complexation reactions between U and phenolic and carboxylic functional groups in DOM could 

play an important role on the U chemistry in organic-rich environments.2 The ability of dissolved 

organic matter (DOM) to complex with metals through phenol and carboxylic functional groups 

has profound implications for  metal transport, solubility, bioavailability, and toxicity.56, 59-

61Understanding the molecular mechanisms of U-DOM can help to improve the understanding on 

U reactivity in organic-rich environments and lead to a better assessment of its solubilization and 

associated risks to the environment. Trace metal complexation by DOM has been studied for 

decades, but even today, determination of binding constants is hampered by the intrinsic 

complexity of DOM, the lack of stoichiometric information, and analytical limitations.18 Metal 

binding by DOM remains poorly defined at the molecular scale under environmentally relevant 
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conditions, such as low concentrations of metals relative to DOM.22 Future studies are warranted 

to further optimize and validate the methodology and to explore detailed molecular compositions 

and structures of U−DOM complexes that affect biological uptake and speciation of U in the 

environment. 
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Figure 8 X-ray absorption fine structure spectroscopy (XAFS) of solids collected from U- NOM 

experiments conducted for 24 h reaction. U LIII-edge EXAFS of sample at A) pH 2 and B) pH 4. 

C) Results table for shell by shell fits of the EXAFS signal. 
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Figure 9. A) Dissolved organic matter (DOM) and B) soluble U concentration after 24 h reaction 

of NOM and U in 4% NO3 (purple), control experiments containing only NOM (brown) and only 

U in 4% NO3 (yellow). 
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Figure 10. Fitting of high resolution XPS Carbon (C1s) of NOM control reactors and U+NOM as 

a function of pH of supernatant samples after 24 h reaction A) pH 2, B) pH 4, C) pH 7 and D) 

percent composition of C 1s. 
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Figure 11. Recovery from solid phase extraction (SPE) using a styrene-divinylbenzene copolymer 

(PPL, Varian Bond Elut) of batch experiments containing NOM and U in 4% NO3 (purple) and 

Control NOM (brown) conducted at pH 2, pH 4, and pH 7: A) Dissolved organic carbon (DOC) 

and B) soluble uranium (U) concentration, and C) Summary of percent DOC and U recovery from 

SPE. Initial concentration of DOC 87 mgL-1 and 100 M U. 
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Figure 5. Van Krevelen diagrams of the masses uniquely calculated from the ultrahigh-resolution 

mass spectrum of U-NOM and NOM Control experiments conducted at pH 2 (purple) and pH 7 

(green). Elemental ratios O/C and H/C for unique compounds in A) U-NOM experiments and B) 

NOM Control experiments.   
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Chapter 6. Conclusions and Implications 

6.1 Overall Conclusions.  

The results from the experimental work conducted in this research contribute to a better 

understanding of the role of NOM on U(IV) and U(VI) solubility, adsorption, and precipitation 

reactions. This work also highlights the effects of U on the organic functional chemistry of POM, 

and DOM at environmentally relevant pH. The experimental work involved the use of natural 

samples and laboratory control experiments. Samples were analyzed with analytical techniques 

including X-ray spectroscopy (XPS, XAS), microscopy (TEM, SEM, EDS, EELS) ultrahigh-

resolution mass spectrometry (ESI FT-IRC MS) and aqueous measurements (IPC-MS, TOC). 

Chapter 3 of this dissertation investigated the functional group chemistry of natural organic matter 

(NOM) associated with U(IV) and U(VI) in solids from mineralized deposits from the Jackpile 

Mine, Laguna Pueblo, NM. Chapter 3 represents a novel effort toward better understanding the 

role of organic matter on U speciation under environmentally relevant pH conditions. The main 

contribution of Chapter 3 is to emphasize that phenolic and carbonyl functional groups are more 

abundant in the organic matter fraction in these mineralized deposits in which both reduced U(IV) 

and oxidized U(VI) were present. Carboxyl groups were less abundant in the organic matter 

fraction of the samples obtained from the study site, which is contrary to what has been observed 

in other studies. Chapter 3 is a contribution to the limited literature related to organic matter-

uranium interactions and therefore it is relevant to other organic-rich sandstone formations where 

U and other heavy metals co-occur.  

 Chapter 4 investigated the effect of pH on the adsorption, precipitation, and solubilization 

reactions of U(VI) in the presence of NOM. The main contribution of this chapter is to highlight 

that adsorption of U onto POM leads to the precipitation of U-bearing crystalline solids at pH 4 
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after 24 h. Results also showed that adsorption reactions are relevant as in the bulk, U(VI) was 

mostly adsorbed to POM at pH 2 and pH 4. These results confirm that complexation of U and 

DOM favors the solubility of U at pH 7. Chapter 4 contributes to the scarce body of knowledge 

related to the effect of NOM and pH on the precipitation of U in organic-rich environments  

Chapter 5 studied changes on chemistry of dissolved organic matter (DOM) resulting from 

the reaction with U(VI) at acidic and neutral pH. The relative percent content of phenols and 

carboxylic acids decreased after the reaction with U for 24 h compared to control experiments 

without U. Compounds from DOM had a lower atomic O/C ratio at acidic pH because of the 

reaction with U. This finding suggests that the aqueous complexation of U and DOM compounds, 

and the adsorption of U onto POM (Chapter 4) at acidic pH can influence the molecular 

composition of DOM. The compositional similarity in the DOM detected in control experiments 

(without U) upon changing the pH suggests that the changes observed in DOM are likely due to 

the reaction with U. Overall, this work highlights the importance of phenol groups in the reactivity 

of U, aside from carboxylic groups. Further work should be pursued to identify the U-DOM 

complexes are likely being formed in reactors at pH 2, pH 4, and pH 7. 

6.2 Environmental Implications and Future Research.   

The elevated concentrations of U in surface waters neighboring U mineral deposits is a 

concern for the nearby communities. This study investigated the combined roles of NOM and pH 

on the interfacial chemical reactions affecting the solubility, adsorption, and precipitation of U in 

organic-rich environments.   

This work is significant given that the reactions studied in this Ph.D. research may occur 

in remediation processes such as treatment of acid mine drainage solutions (pH ranging between 

2 and 4) and at natural waters (circumneutral pH). Understanding changes in organic functional 
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chemistry at pH 7 and pH 2 is environmentally relevant due to their influence on chemical reactions 

that could impact U mobility and transport from the U mineralized deposits to surface waters and 

plants.  This work highlights the importance of metal and NOM interactions as these affect surface 

complexation, precipitation, and solubilization reactions that should be consider in reactive 

transport models for risk assessment and remediation purposes. 

The results from this investigation suggests that complexation reactions between U and 

phenolic and carboxylic functional groups in DOM play an important role on the U chemistry in 

organic-rich environments. The ability of DOM through phenol and carboxylic functional groups 

to complex with metals has implications for  metal transport, solubility, bioavailability, and 

toxicity. Understanding the molecular mechanisms of U-DOM interactions can help to improve 

the understanding of U reactivity in the organic-rich environments and lead to a better assessment 

of its solubilization and associated risks to the environment. 

The findings reported in this Ph.D. dissertation also identify the need for further 

investigations related to the influence of organic functional groups on heavy metal transport and 

reactivity. Future studies are necessary to investigate the role of kinetics on the adsorption, 

precipitation, and re-solubilization of U in the presence of NOM. The design of column 

experiments using similar conditions to the ones studied in this research also remain subject to 

future investigations. Further studies are necessary to investigate the role of NOM and pH in 

engineered devices to remove U (constructed wetlands, NOM- filters, etc).  
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Appendix A 

Supplementary Information from Chapter 3: Organic Functional Group Chemistry in 

Mineralized Deposits Containing U(IV) and U(VI) from the Jackpile Mine in New Mexico  
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Additional Materials and Methods.  

 

X-ray Fluorescence. Bulk chemistry analysis was performed on the unreacted samples using X-

ray Fluorescence (XRF) with a Rigaku ZSX Primus II with Rhodium X-ray tube that quantitatively 

determines major and minor atomic elements, from B to U. The software is ZSX Primus II that 

performs both qualitative and quantitative analysis.  

 

Thermal analyses for solids. The OM content in the mineralized surface deposits from the 

Jackpile Mine solid samples was estimated by loss-on-ignition (LOI) and thermogravimetry 

(TGA). Samples were dried at 105C for 12 h in ceramic crucibles to remove the moisture and 

then heated in a muffle furnace at 550C for 5 h. The weight difference between 105 and 550°C is 

attributed to the OM content.1-3 A thermogravimetric analyzer (TGA Q50-TA Instruments, USA) 

was used to corroborate the results obtained by LOI and to assess additional mass loss in the 

samples after 550°C. For the TGA, we used ≈5 mg of samples in alumina crucibles and raised the 

temperature from ambient (~25C) to 1000°C at 15C min−1 under air atmosphere flowing at 100 

mL min−1. Thermal analyses were tested on triplicates for each sample.  

 

Elemental Analysis. Carbon, hydrogen, oxygen and nitrogen content as weight percent was 

determined by Elemental Analyzer Continuous Flow Isotope Ratio Mass Spectrometry using a 

Costech ECS 4010 Elemental Analyzer coupled to a ThermoFisher Scientific Delta V Advantage 

mass spectrometer via a CONFLO IV interface. 
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X-ray Photoelectron Spectroscopy. A Kratos Ultra DLD X-ray Photoelectron Spectrometer 

(XPS) was used to acquire the near surface (<10 nm) elemental composition and oxidation states. 

Monochromatic Al source was used at 150 W power to obtain C 1s and U 4f high-resolution 

spectra from top ~4-10 nm of the surface. Charge neutralization was used during acquisition. 

99.9% pure Au reference powder was used to calibrate the spectra. Three areas per samples were 

analyzed. Average and standard deviations are reported. Shirley background was used to process 

the spectra. Quantification utilized sensitivity factors that were provided by the manufacturer. A 

70% Gaussian / 30% Lorentzian (GL (30)) line shape was used for the curve fittings. Constraints 

used in curve fitting of U 4f spectra were established in our previous study.4 Five peaks have been 

used to curve high-resolution C 1s spectra – aliphatic C-C at 285 eV, secondary carbon (C*-C-

OH/C*-C=O) at 285.8 eV, phenol carbon at 286.5 eV, carbonyl carbon at 288.0 eV and carboxylic 

C at 289.2 eV. High-resolution O 1s were fitted using 2 peaks, one due to single bonded O-C 

(532.5 eV) and one due to double bonded O=C (531.5 eV). These values are based on the reference 

database.5 Qualitative X-ray mapping of epoxy-mounted polished ore samples was performed on 

a JEOL 8200 electron microprobe.  

............XPS on supernatant from batch reactors. The C 1s spectrum from freshly cleaved mica 

and drop-cast supernatant samples were acquired simultaneously. High-resolution C 1s spectrum 

from fresh cleaved mica was obtained to account for the adventitious carbon present on the mica 

surface. In fresh mica, carbon peaks were constrained in intensity and position with respect to the 

intensity and position of K 2p3/2 peak (Figure S1 A). For supernatant samples drop-cast on the 

mica surface, the C peaks constrained to the intensity of K 2p were included in the curve fit first, 

and then the additional peaks due to deposited supernatant were added. Figure S1 shows the 

contribution of C from the mica into the overall C 1s spectrum.  
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X-ray Absorption Spectroscopy. X-ray Absorption Spectroscopy measurements were performed 

at Beamline 7-3 at the Stanford Synchrotron Radiation Laboratory. Measurements were conducted 

at the U LIII Edge in fluorescence mode using a 30 element Ge detector and a double crystal Si(220) 

Monochromator, calibrated at the first inflection point of a Y metal foil absorption at 17038.4 eV. 

Data was collected at room temperature in a He purged environmental chamber. No change was 

observed through consecutive scans, nor changes in the absorption when first and last scans of the 

series, ruling out beam damage during the measurement. Data were normalized and background 

subtracted using the IFEFFIT software package. Samples sets were reduced and analyzed using 

Athena and Artemis6 with standard methods and benchmarks.  

 

Aqueous Chemical Extraction. To assess the acid extractable elements from the mineralized 

surface deposits from the Jackpile Mine samples, acid digestions were conducted on triplicates by 

adding 2 mL HNO3 and 6 mL HCl and 3 mL concentrated HF into 50 mL Teflon digestion tubes 

containing 2.000 ± 0.002 g of homogenized sample. All reagents used were ultra high purity. The 

digestion tubes were then heated in a Digi prep MS SCP Science block digester at 95° C for 2 

hours. Following heating, acid extracts were diluted to 50 mL with mega ohm waster and filtered 

through a 0.45 μm filter to remove suspended solids. Metal concentrations in solution were 

measured by ICP-OES and ICP-MS. 

 

Inductively Coupled Plasma (ICP). Elemental concentrations in supernatant from the filtered 

acid digestion of the mineralized surface deposits from the Jackpile Mine samples and the batch 

experiments were measured using a PerkinElmer Optima 5300DV Inductively Coupled Plasma-
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Optical Emission Spectrometer (ICP-OES). Trace elemental concentrations were measured using 

a PerkinElmer NexION 300D (Dynamic Reaction Cell) Inductively Coupled Plasma-Mass 

Spectrometer (ICP-MS). Both ICPs are calibrated with a 5-point calibration standards and QC 

samples were analyzed periodically to ensure quality results. 

 

Modified approach of the Nagoya Method. Glassware, plasticware, and vials were precleaned 

by soaking in 1 N NaOH for 3 h followed by thorough rinse with 18.2 MΩ water followed by soak 

in 1 N HCl for 3 h followed by thorough rinse with 18.2 MΩ water and dried before use. 

Homogenized mineralized surface deposits from the Jackpile Mine samples (500 mg) were placed 

in 15 ml polypropylene falcon tubes then 10 ml of 0.1 N NaOH were added. The tubes were capped 

and mixed with a vortex for 1 min to disaggregate particles and suspend in base solution. Reactions 

were carried for 24 h at 4°C with periodic hand shaking. After 24 h, samples were centrifuged at 

3000 revolutions per minute (rpm) for 15 min. The supernatant was decanted and filter using 

0.2m filter into VOE vials purchased from AWR. 
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Table S1. Linear combination fitting of the U-LIII EXAFS spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Non-normalized elemental composition (% weight) measured by XRF from unreacted 

samples from mineralized surface deposits from the Jackpile Mine. 

Solids 

Analyzed

U(IV) 

Coffinite

U(IV) 

Monomeric 

U(IV) 

Uraninite

U(VI) 

Adsorbed

CV EH26 After LOI 0.153 0 0 0.608

CV EH39 Unreacted 1 0.179 0.338 0 0.484

CV EH40 Unreacted 2 0.199 0.251 0 0.512

CV EH41 pH 7 0.104 0.281 0.08 0.556

CV EH42 pH 2 0.223 0.211 0.071 0.521
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Si 25.7% 23.6%

U 1.02% 8.22%

Fe 10.3% 4.6%

K 1.4% 1.2%

Ca 5.22% 0.60%

V 0.07% 0.02%

Without Normalization %

Element JP 1 JP 2
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Table S3. Acid extractable elemental composition (% weight) from unreacted samples from 

mineralized surface deposits from the Jackpile Mine. 

 

 

 

 

  

average stdev average stdev

Si 19.2% 0.54% 17.32% 1.06%

U 0.44% 0.02% 2.61% 0.09%

Fe 4.21% 0.23% 1.19% 0.06%

K 0.45% 0.02% 0.19% 0.02%

Ca 2.10% 0.07% 0.03% 0.02%

Al 3.29% 0.06% 0.52% 0.01%

V 0.01% 0.00% -0.01% 0.00%

Mg 0.75% 0.06% 0.04% 0.01%

Cu 0.01% 0.00% 0.00% 0.00%

Element

Sample JP1 JP2
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Table S4. Standard deviation for fitting of high resolution XPS spectra obtained for carbon (C 1s) 

and uranium (U 4f). Note that high resolution spectra were collected from 3 locations per sample 

(n=3). 

 

 

  

Unreacted 

Mine Wastes
as is 0.7% 2.5% 0.2% 0.0% 0.8% 0.8%

13 2.1% 0.8% 0.1% 0.2% 12.3% 12.3%

7 2.7% 2.0% 0.9% 0.0% 5.5% 5.5%

2 1.1% 2.1% 0.6% 0.0% 4.8% 4.8%

13 0.6% 1.1% 0.2% 0.0% 2.8% 2.8%

7 0.9% 2.5% 0.6% 0.0% 1.9% 1.9%

2 0.7% 1.8% 0.1% 0.0% 2.1% 2.1%

 Sample   pH  U (IV) U (VI) 

Reacted 

Solids

Supernatant

Phenol 

(COH)

Carboxylic 

 (COOH)
C-O-M

Carbonyl  

  (C=O)
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Figure S1. Fitting of high resolution C 1s XPS spectra constraining peaks due to carbon on the 

surface of mica to the intensity of peaks of K 2p peaks: A) freshly cleaved mica; B) Supernatant 

from reactor at pH 13; C) Supernatant from reactor at pH 7; and D) Supernatant from reactor at 

pH 2. Highlighted peaks are due to carbon present on the surface of mica. 
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Figure S2. Fitting of high resolution O 1s XPS spectra of mineralized deposits from the Jackpile 

Mine. Relative percent of C=O is shown in red.: A) unreacted samples; B) Supernatant from 

reactor at pH 13; C) Supernatant from reactor at pH 7; and D) Supernatant from reactor at pH 2. 

 

 

B) Supernatant pH 13

C) Supernatant pH 7 D) Supernatant pH 2

A) Unreacted
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Figure S3. Fitting of high resolution XPS carbon (left hand side: C 1s) and uranium (right hand 

side: U 4f) spectra of reacted solids from sample JP2: A) pH 13; B) pH 7; C) pH 2 and D) Percent 

composition of C 1s and U 4f spectra. 

D)

13 10.3% 14.6% 5.3% 5.4% 94.6%

7 5.7% 12.7% 3.6% 15.0% 85.0%

2 2.2% 5.9% 5.2% 4.8% 95.2%

pH  U (IV)Sample

Reacted Solids

U (VI) 
Phenol 

(COH)

Carboxylic 

(COOH)

Carbonyl  

(C=O)

D)
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Figure S4. Uranium concentration in supernatant from batch extraction reactors at pH 2, 7 and 13 

after a 24h reaction. 
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Appendix B 

Supplementary Information from Chapter 4: From Adsorption to Precipitation of U(VI) in 

the Presence of Natural Organic Matter   
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Additional Materials and Methods.  

 

Micro X-ray Fluorescence. Bulk chemistry analysis was performed on the unreacted samples 

using X-ray Fluorescence (XRF) with a Rigaku ZSX Primus II with Rhodium X-ray tube that 

quantitatively determines major and minor atomic elements, from B to U. The software is ZSX 

Primus II that performs both qualitative and quantitative analysis.  

X-ray Absorption Spectroscopy. X-ray Absorption Spectroscopy measurements were performed 

at Beamline 7-3 at the Stanford Synchrotron Radiation Laboratory. Measurements were done at 

the U LIII Edge in fluorescence mode using a 30 element Ge detector and a double crystal Si(220) 

Monochromator, calibrated at the first inflection point of a Y metal foil absorption at 17038.4 eV. 

Measurements were performed at room temperature in a He filled acrylic box. No change was 

observed through consecutive scans, nor changes in the absorption when first and last scans of the 

series, ruling out beam damage during the measurement. Samples sets were reduced and analyzed 

using Athena and Artemis 1 with standard methods and benchmarks.  

Inductively Coupled Plasma (ICP). Elemental concentrations in supernatant from the filtered 

acid digestion of the mineralized surface deposits from the Jackpile Mine samples and the batch 

experiments were measured using a PerkinElmer Optima 5300DV Inductively Coupled Plasma-

Optical Emission Spectrometer (ICP-OES). Trace elemental concentrations were measured using 

a PerkinElmer NexION 300D (Dynamic Reaction Cell) Inductively Coupled Plasma-Mass 

Spectrometer (ICP-MS). Both ICPs are calibrated with a 5-point calibration standards and QC 

samples were analyzed periodically to ensure quality results. 
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Table S1. Batch reactors setup  

 

ID Reaction 
U 

(M) 

KCl 

(M) 

NOM 

(mgL-1) 

pH 

adjust 

Reaction 

time (h) 

Uaq 

and 

DOC 

TEM XRF XAS Purpose 

U- KCl-NOM 
U+ KCl 

+NOM 
100 0.01 0.2 NaOH 0.5, 24 Yes Yes Yes Yes 

Reaction to evaluate the 

precipitation of U in the presence of 

NOM at ionic strength conditions 

observed in the field2-4 

(environmentally relevant). 

Control  

U 
U + KCl 100 0.01 0 NaOH 0.5, 24 Yes Yes Yes No 

Control to evaluate the 

precipitation of U and KCl in the 

absence of NOM. 

Control 

NOM 
NOM 100 0.01 0.2 NaOH 24 Yes Yes Yes No 

Control to evaluate the 

precipitation of POM in the 

absence of U and KCl. 

Control  

1 
U + NOM 100 0 0.2 NH4OH 24 No Yes No Yes 

Control to evaluate the 

precipitation of U in the presence of 

NOM and absence of KCl and 

NaOH. 

 

 

 

 

 



 

 

 

 

Table S2. p-values (Shapiro-Wilken Test for Normality)   

  

 Results Normality Test for Soluble U  Results Normality Test for DOC 

Reactor 
pH 2 pH 4 pH 7 pH 2 pH 4 pH 7 pH 2 pH 4 pH 7 pH 2 pH 4 pH 7 

0.5 h 24 h 0.5 h 24 h 

NOM+U 0.46 0.50 0.13 0.47 0.43 0.14 0.36 0.36 0.92 0.31 0.57 0.35 

U 0.31 0.46 0.18 0.25 0.38 0.29 0.11 0.69 0.37 0.84 0.36 0.17 



 

 

Table S2. ANOVA Tests  

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Anova: All pH values - time - U - UNOM  

(Soluble U M) 

Response: pH 2, pH 4 and pH 7   

  

 

Df  

 Sum 

Sq  

Mean 

Sq  

 F 

value     Pr(>F)     

U          1 120.34 120.34 128.86 

9.34E-

13 

U_NOM       1 1.43 1.43 1.53 0.22 

time      1 0.35 0.35 0.37 0.55 

Residuals 32 29.88 0.93   
 

 

Anova: pH 2 pH 4 - time - U - UNOM  

(Soluble U M) 

Response: pH 2 and H 4    

  Df   Sum Sq  Mean Sq   F value     Pr(>F)     

U          1 0.09 0.09 0.14 0.72 

U_NOM       1 3.26 3.26 4.92 0.04 

time      1 7.41 7.41 11.19 3.22E-03 

Residuals 20 13.24 0.66   

Anova: All  pH values - time - NOM - UNOM                 

(DOC ppm) 

Response: pH 2, pH 4 and pH 7   

  

 

Df  

 Sum 

Sq  

Mean 

Sq  

 F 

value     Pr(>F)     

NOM 1 83.76 83.76 461.21 3.18E-13 

U_NOM       1 2.13 2.13 11.75 3.45E-03 

time      1 4E-03 4E-03 0.02 0.89 

Residuals 16 2.91 0.18   



 

 

 

 

 

 

 

 

Figure S1. Dissolved organic matter (DOM) concentration in solution in batch reactors 

containing U-KCl-NOM (purple), U control reactor containing (yellow) and NOM control 

reactor (brown) after a reaction of A) 0.5 h, B) 24h.   

 

 

 

 

 

  



 

 

 

 

 

Figure S2. -Potential of supernatant samples from batch reactors U-KCl-NOM (purple), U 

control reactor containing (yellow) and NOM control reactor (brown) after a reaction time of 0.5 

h. and 24 h. at A) pH 2, B) pH 4.   

 

 

  



 

 

 

 

 

 

 

Figure S2. Solid Analysis by -XRF on samples collected from batch experiments U-NOM-KCl 

(purple) and U control reactor without NOM (yellow) after a reaction of A) 0.5 h and B) 24 h. 

Data presents U concentration as weight percent. 

  



 

 

 

 

Figure S3. Electron microprobe images, WDX maps and qualitative energy dispersive spectra 

(EDS) on solids collected after 0.5 h batch reactions of SRNMO, uranium in 4% NO3 and KCl at 

A) pH 2, and B) pH 4.  



 

 

 

 

 

Figure S4. Scanning transmission electron microscope - energy dispersive spectroscopy (STEM-

EDS) maps for solids for solids collected from batch reactions of U-KCl-NOM after 24 at pH 2 

indicating the association of U, C, Cl, Na and K in these solids. K-rich particles, likely KCl, are 

not associated with POM. U-rich particles are not detected in this sample. 

 

 

 

 

 



 

 

 

 

Figure S5. Dark-field scanning transmission electron microscope (DF-STEM) images and energy 

dispersive X-ray spectroscopy (EDS) spectra for solids collected from batch reactors U-KCl-

NOM after 0.5 h at pH 2 and pH 4 indicating the adsorption of U onto POM at pH 2 (A, B) and 

pH 4 (C, D) shown by the presence of  distinct U peaks in the EDS spectra. 

 

 

 

 

 

  



 

 

 

 

 

 

Figure S6. Dark-field scanning transmission electron microscope (DF-STEM) images, energy 

dispersive spectroscopy (EDS) spectra, high resolution transmission electron microscopy 

(HRTEM) and (inset) Fast Fourier Transform extracted from HRTEM image. for solids collected 

from U control reactor containing (U-KCl) at pH 7 after 0.5 h indicating (A, B, C) the 

precipitation of U- and K- bearing nanocrystalline bearing solids. The compositional and 

electron diffraction data are most consistent with clarkeite nanocrystals, but possibly with 

another U-bearing phase that remains unidentified. 

 

 

 



 

 

 

Figure S7. Scanning transmission electron microscope - energy dispersive spectroscopy (STEM-

EDS) maps for solids for solids collected from batch reactions of U-KCl-NOM after 24 at pH 4 

indicating the association of U, C, Cl, Na and K in these solids. U and K-rich particles are detected 

in this sample. The intensity of the color is correlated with the concentration of the element in the 

sample.   
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Appendix C 

Supplementary Information from Chapter 5:  Changes on dissolved natural organic matter 

resulting from the reaction with U(VI) at acidic and neutral pH 

 

  



 

 

Additional Materials and Methods.  

 

X-ray Absorption Spectroscopy. X-ray Absorption Spectroscopy measurements were performed 

at Beamline 7-3 at the Stanford Synchrotron Radiation Laboratory. Measurements were done at 

the U LIII Edge in fluorescence mode using a 30 element Ge detector and a double crystal Si(220) 

Monochromator, calibrated at the first inflection point of a Y metal foil absorption at 17038.4 eV. 

Measurements were performed at room temperature in a He filled acrylic box. No change was 

observed through consecutive scans, nor changes in the absorption when first and last scans of the 

series, ruling out beam damage during the measurement. Samples sets were reduced and analyzed 

using Athena and Artemis 1 with standard methods and benchmarks.  

Inductively Coupled Plasma (ICP). Elemental concentrations in supernatant from the filtered 

acid digestion of the mineralized surface deposits from the Jackpile Mine samples and the batch 

experiments were measured using a PerkinElmer Optima 5300DV Inductively Coupled Plasma-

Optical Emission Spectrometer (ICP-OES). Trace elemental concentrations were measured using 

a PerkinElmer NexION 300D (Dynamic Reaction Cell) Inductively Coupled Plasma-Mass 

Spectrometer (ICP-MS). Both ICPs are calibrated with a 5-point calibration standards and QC 

samples were analyzed periodically to ensure quality results. 

Solid Phase Extraction and Recoveries of DOC and soluble U from SPE. Solid phase 

extraction (SPE) was conducted on the supernatant prior FTICR-MS analysis, as the presence of 

dissolved salts negatively impacts the ESI-FTMS response. SPE is used to minimize matrix effects 

and to eliminate any remaining salts in the supernatant, which would otherwise suppress the ion 

generation within the electrospray and negatively impact the ESI-FTMS response. We conducted 

SPE on supernatant samples using Varian Mega Bond Elut PPL SPE cartridges filled with 6 g of 

a functionalized styrene-divinylbenzene polymer (PPL) sorbent. We chose PPL cartridges for our 



 

 

study because PPL material offered the best properties for the highest DOM recoveries, extracted 

a more representative proportion of DOM.32 PPL cartridges recovery presents advantageous 

characteristics for subsequent FT-ICR MS analysis as it minimizes too strong and too weak DOM-

sorbent interactions.33-36 The cartridges were conditioned by gravity fed using 3 mL of methanol 

followed by 3 mL of high purity grade water at the corresponding pH.  Then, 10 mL of sample 

were then added followed by 6 mL of high purity grade water.  After the cartridge was dried, 5 

mL of methanol was used to elute the DOM to be analyzed by FTICR-MS.  

 We quantified the DOC and soluble U recovery of the SPE process to have a basis of how 

representative the purified DOC and U is in relation to the concentrations after the reaction time 

was completed. We collected three samples during the SPE process: No SPE, Rinse and Recovery. 

No SPE samples corresponds to the samples before they passed through the SPE cartridges to 

determine the DOC and U concentrations after the reaction time was completed and before the 

SPE process. Rinse corresponds to the DOC or U concentrations flushed from the resin by the 

rinsing solution (10 mL sample + 3 mL high purity grade water).  Recovery corresponds to the 

DOC and U concentrations recovered from the SPE cartridge with 5 mL of MeOH. 

  



 

 

Table S1. Batch reactors setup for U-NOM precipitation experiments 

 

ID Reaction 
U 

(M) 

NOM 

(mgL-1) 

HNO3 

(%) 
FTICR XPS XAS Purpose 

U-NOM U+ NOM 100 0.2 4% Yes Yes Yes 

Reaction to evaluate the effect of U on the organic 

functional chemistry of DOM at environmentally 

relevant pH  

Control 

NOM 
NOM 100 0.2 0% Yes Yes No 

Control to evaluate the effect of pH on the functional 

chemistry of DOM in the absence of U  

Control 

HNO3 
NOM + HNO3 100 0.2 4% Yes No No 

Control to evaluate the effect of HNO3 on the 

functional chemistry of DOM in the absence of U 

Control U U  100 0 4% No No No 
Control to evaluate the soluble concentration of U in 

the absence of NOM. 

 

 



 

 

 

Table S2. p-values (Shapiro-Wilken Test for Normality)   

 

 

 

Normality Test -  

Soluble U (mM) 
 Normality Test -  

DOC (ppm) 
 

Reactor 
pH 

2 

pH 

4 

pH 

7  
Reactor 

pH 

2 

pH 

4 

pH 

7 

U 1.00 0.78 0.78  NOM 0.14 0.63 0.25 

NOM+U 0.46 0.08 0.19  NOM+U 0.96 0.28 0.96 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

Table S3. ANOVA Tests  

Anova: All pH values - NOM - UNOM (DOC ppm) 

Response: pH 2, pH 4 and pH 7   

  
 

Df  

 Sum 

 Sq  

Mean 

 Sq  

 F  

value     
Pr(>F)   

NOM 1 30.98 30.98 53.11 3.40E-04 

U_NOM       1 3.51 3.51 6.02 0.049 

Residuals 6 3.50 0.58   
 

Anova: All pH values - U – UNOM (Soluble U M) 

Response: pH 2, pH 4 and pH 7   

  
 

Df  

 Sum 

 Sq  

Mean 

 Sq  

 F  

value     
Pr(>F)   

U          1 63.58 63.58 78.00 2.50E-07 

U_NOM       1 0.19 0.19 0.23 0.64 

Residuals 15 12.23 0.82   
 

Anova: All pH values in U-NOM   

Response: pH 2, pH 4 and pH 7    

   Df  
 Sum 

 Sq  

Mean 

 Sq  

 F  

value     
Pr(>F)     

 

COH 1 23.00 23.00 35.05  0.001960 ** 

COOH 1 11.52 11.52 17.56  0.008572 ** 

CO 1 0.19 0.19 0.29 0.61  

Residuals 5      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 

Anova: All  pH values in NOM (COOH) 

Response: pH 2, pH 4 and pH 7   

   Df  
 Sum 

 Sq  

Mean 

 Sq  

 F  

value     
Pr(>F)     

COH 1 0.02 0.02 0.01 0.94322 

COOH 1 0.13 0.13 0.03 0.861 

CO 1 18.64 18.64 4.85 0.07884 . 

Residuals 5     

---      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 



 

 

 

 

 

  
Figure S1.  Dissolved organic carbon (DOC) recovery of salt phase extraction (SPE) 

from batch control reactor HNO3 (orange) and from batch reactors containing NOM 

and U in 4% NO3 (purple) 

 

 

  



 

 

 

 

 

 
Figure S2.  Dissolved organic carbon (DOC) recovery of salt phase extraction (SPE) 

from batch control reactor HNO3. 
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