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ABSTRACT 

The association between natural organic matter (NOM) and iron (Fe) minerals was widely 

found in soil and sediments and has been shown to impact the fate of Fe minerals and NOM. 

Ferrihydrite, a ubiquitous Fe mineral, serves as important sink for NOM and rapidly transforms to 

secondary Fe minerals in the presence of Fe(II). The associated NOM has been found to influence 

the Fe(II)-catalyzed ferrihydrite transformation pathway, but it remains unclear how various NOM 

affects this transformation and the implication. This study specifically investigates how different 

species of NOM affect Fe(II)-catalyzed ferrihydrite transformation under different C/Fe ratios. A 

series of Fe isotope tracer experiments were conducted to measure Fe atom exchange and electron 

transfer between aqueous Fe(II) and ferrihydrite in the presence of diverse NOM species. The fate 

of Ni during Fe(II)-catalyzed transformation of NOM-Fh coprecipitate was also investigated.  

Ferrihydrite was found less susceptible to Fe(II)-catalyzed transformation with increasing 

C/Fe ratio and fulvic acids and Suwannee River NOM (SRNOM) in the coprecipitates need lower 

C/Fe ratio than humic acids to completely inhibit formation of secondary Fe minerals. At C/Fe 

ratios where ferrihydrite transformed to secondary minerals, goethite was dominant in ferrihydrite 

coprecipitated with humic acids, whereas lepidocrocite was favored in ferrihydrite coprecipitated 

with fulvic acids and SRNOM. Adsorbed SRNOM may be more inhibitive than coprecipitated 

SRNOM on Fe(II)-catalyzed ferrihydrite transformation under similar C/Fe ratios. Despite no 

secondary mineral transformation at high C/Fe ratios, Mössbauer spectra indicated electron 

transfer still occurred between Fe(II) and ferrihydrite coprecipitated with fulvic acid and SRNOM. 

In addition, isotope tracer experiments revealed that a significant fraction of structural Fe(III) in 

the ferrihydrite mixed with the aqueous phase Fe(II) (~85%). After reaction with Fe(II), Mössbauer 



www.manaraa.com

vii 
 

spectroscopy indicated some subtle changes in the crystallinity, particle size or particle interactions 

in the coprecipitate.  

The effect of coprecipitated SRNOM on Ni(II) distribution during Fe(II)-catalyzed 

ferrihydrite transformation was investigated with adsorbed Ni(II) and coprecipitated Ni(II). Ni(II) 

adsorbed on ferrihydrite was more resistant to acid extraction after Fe(II)-catalyzed transformation 

and suggested that structural incorporation of Ni into secondary Fe minerals occurred. With 

coprecipitated SRNOM, ferrihydrite did not transform to secondary minerals in the presence of 

Fe(II) but extensive Fe atom exchange between aqueous Fe(II) and structural Fe(III) still occurred. 

Limited change in Ni stability was observed, suggesting there was only small portion of Ni 

redistributed in the presence of Fe(II). Pre-incorporated Ni(II) in Ni-SRNOM-Fh coprecipitate was 

partially released (6-8 %) in the presence of Fe(II), but the distribution of remaining Ni(II) in the 

solid did not change measurably. Our observation suggests that the presence of SRNOM limited 

the redistribution of Ni most likely because of limited transformation of ferrihydrite to secondary 

minerals.       

  



www.manaraa.com

viii 
 

PUBLIC ABSTRACT 

Iron is the fourth most abundant elements in the Earth’s crust and can be found as Fe oxides 

in virtually all soils and sediments. These Fe oxides normally exist as tiny particles in natural 

environment and can associate with so many critical components in soil, such as natural organic 

matter (NOM), trace metals and nutrients. Despite the association with Fe minerals was widely 

found for many natural substances, the interactions between them and the implication to 

chemicals’ behavior in nature remain poorly understood. Our goal is to better understand the 

interaction between Fe oxides and the key components in natural environment to help 

environmental engineers and soil scientists address important site contamination and soil health 

issues. This work specifically focused on the interactions between Fe oxide, NOM and a trace 

metal (nickel), which aids the understanding of carbon cycle that will impact climate change and 

the fate of trace metals that impact groundwater safety.     

Recently, several worldwide investigations have shown significant amount of NOM in soil 

and sediments is directly associated with Fe oxides. Associating with Fe oxides can improve the 

stability of NOM and reduce its release as CO2 into the air suggesting that Fe oxides may play a 

critical role in global carbon cycle and climate change. Reducing environments are common in 

soil and sediment and it has been known for decades that some Fe oxides can be transformed to 

different Fe oxides under reducing environment which may affect the stability of associated NOM. 

Our study showed that the association of Fe oxides with NOM can improve the stability of Fe 

oxides and inhibit transformation to other minerals. More specifically, the species of NOM and 

the ways NOM bonded to Fe oxides were found to have different effects on the activity of Fe 

oxide. Our results suggest that NOM and Fe oxides association formed in different types of soil or 

sediments may have behave differently under reducing environment and provide additional 
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evidence that understanding the geochemistry of Fe oxides is critical to understanding carbon and 

trace metal preservation.   
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CHAPTER 1: INTRODUCTION 

The Biogeochemical Fe Cycle   

As the final product of nuclear fusion of stars, Iron (Fe) is one of the dominant elements in 

the universe (1, 2). Not surprisingly, Fe is also one of the most abundant elements on earth and 

occupies essential roles in important natural processes including the origin of life (3-5). 

Specifically, the active redox properties of Fe result in Fe having a significant role in elemental 

geochemical cycles and microbial respiration. It has been well established that association with Fe 

minerals controls the mobility, bioavailability and overall fate of many elements, such as carbon, 

phosphate, nitrate and most trace metals. 

Iron can exist in multiple oxidation states with the most commonly found oxidation states 

in natural environments being ferrous (Fe(II)) and ferric (Fe(III)). The redox transition between 

Fe(II) and Fe(III) is referred to as the Fe redox cycle and is mediated by multiple microbial and 

chemical reactions as illustrated in Figure 1.1. Abiotic and microbial Fe(II) oxidation by oxygen 

are the most common pathways to form Fe(III) or Fe(III) minerals (6-10). Fe(II) oxidation by 

photoferrotrophs, N species, manganese and other natural oxidants have also been demonstrated 

in the laboratory and observed in natural soil and sediments (11). Due to the low solubility of 

Fe(III), most oxidized Fe(II) precipitates as Fe(III) minerals. Fe(III) reduction has also been widely 

observed in natural environments by dissimilatory Fe reduction bacteria (12, 13), photochemical 

Fe(III) reduction (14) and other abiotic reduction by electron doped humic substances or sulfide 

species (15-17). The multitude of abiotic and microbial mediated reactions result in active dynamic 

cycling between Fe(II) and Fe(III) and allow both oxidation states to coexist in a wide variety of 

environments (18, 19). 
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The coexistence of Fe(II) and Fe(III) minerals forms one of the most influential redox 

couples in soil and groundwater chemistry (20). The Fe(II)-Fe(III) redox couple has been linked 

to the mobility and fate of trace metals, nutrients and groundwater pollutants that closely associate 

with Fe minerals (21-24). The Fe redox couple has also been shown to affect stability and 

bioavailability of Fe minerals themselves (25, 26). The reaction between Fe(II) and Fe(III) 

minerals was originally conceptualized simply as adsorption of Fe(II) onto the surface of Fe(III) 

minerals (27-29). Adsorption of Fe(II) on Fe(III) minerals became of more interest as it became 

clear that sorbed Fe(II) reduced a variety of groundwater pollutants (27, 29, 30). The prevailing 

hypothesis was that this was due to the increased reduction potential of sorbed Fe(II) relative to 

aqueous Fe(II) (27, 31). Increased reactivity was, at the beginning, attributed to increased electron 

density in Fe(II) atoms or the formation of some specific surface species (32-34). However, 

observations comparing the competitive sorption of Fe(II) and trace metals, such as Co2+ and Ni2+ 

that with similar atomic size, found that Fe(II) uptake was three times more than other metals, and 

surprisingly, the presence of Fe(II) also increased the uptake of Ni2+, Co2+ and Cu2+ (28, 35-37). 

Based on these observations, a different perspective of Fe(II)-Fe(III) interaction involving an 

electrochemical reaction emerged (28). 

Over the next decade, direct laboratory observation of electron transfer between Fe(II) and 

Fe(III) mineral was achieved using the isotope specificity of 57Fe Mössbauer spectroscopy (38, 

39). 57Fe Mössbauer spectroscopy only recognizes 57Fe isotope, other Fe isotopes, such as 56Fe, 

are transparent in 57Fe Mössbauer spectroscopy. Capitalizing on the isotope specificity, Fe 

minerals made with 57Fe were reacted with 56Fe(II). The emerging of a 57Fe(II) doublet in 57Fe 

Mössbauer spectroscopy indicated that an electron was transferred from 56Fe(II) into 57Fe(III) and 

reduced it to 57Fe(II),  which provided direct evidence that Fe(III) minerals were reduced by 
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aqueous Fe(II). Fe minerals were also made with 56Fe, including goethite, hematite and magnetite, 

and reacted with 57Fe(II) (38, 40, 41). Since 56Fe is transparent to 57Fe Mössbauer spectroscopy, 

the 56Fe mineral does not have any Mössbauer signal. After reaction with 57Fe(II), the presence of 

a sextet that was consistent with the Fe mineral present indicates aqueous 57Fe(II) was oxidized by 

Fe(III) and transferred into structural 57Fe(III). These Fe isotope and Mössbauer spectroscopy 

based experiments provide compelling evidence that electron transfer occurs between Fe(II) and 

Fe(III) minerals which provided an alternative conceptual model for explaining sorbed Fe(II) 

reactivity than simply an increased reduction potential of adsorbed Fe(II). It was, however, still 

unclear what the fate of injected electron was and how this facilitated adsorption of some trace 

metals in the presence of Fe(II).  

Additional isotope experiments were designed to explore the fate of the injected electron 

and the movement of Fe(II) and Fe(III). Fe has four stable isotopes, including 54Fe, 56Fe, 57Fe and 

58Fe, and some radioactive isotopes (For example 55Fe, half-life = 1004 days). Using inductively-

coupled plasma mass spectrometry (ICP-MS) or multi-collector ICP-MS (MC-ICP-MS) the 

relative abundance of Fe isotopes in different samples can be measured. This allowed experiments 

to be designed that use Fe isotopes as tracers to track Fe atom movement during the redox cycle 

of aqueous Fe(II) and Fe(III) minerals. Some early studies used 55Fe as tracer by synthesizing 

Fe(III) minerals enriched with 55Fe and measured the release of 55Fe during the reaction with Fe(II) 

(26, 42). Isotopic mixing was observed for ferrihydrite, lepidocrocite and goethite, indicating 

extensive Fe atom exchange occurred between aqueous Fe(II) and those Fe(III) minerals. More 

recently, 57Fe enriched aqueous Fe(II) was applied to track Fe atom exchange with Fe minerals 

that has natural abundance (~ 2.1% of 57Fe, 91.8% of 56Fe) (43-47). In addition, these experiment 

measured the isotope composition in aqueous Fe over time, as well as the solid Fe mineral and 
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even extracted Fe(II), giving more details about the Fe isotope mixing process. Based on these 

experiments, a conceptual model for the reaction of Fe(II) and Fe(III) minerals was proposed 

named the redox-driven conveyor belt (Figure 1.2) (44).  The conceptual model included  five 

steps:  Fe(II) sorption, electron transfer, oxide growth, electron bulk conduction, and Fe reductive 

dissolution (44). Electron conduction in bulk was directly supported with the observation in 

hematite where Fe(II) oxidation and Fe(III) dissolution occurred at different crystal faces in the 

presence of aqueous Fe(II) (48). The electron migration through goethite surfaces was suggested 

to proceed by short path length along specific directions (49), no particle size change in goethite 

was observed by our group (44), but a recent study showed anisotropic morphological changes 

occurred during the recrystallization of goethite, resulting in an increase in particle width (50). The 

electrons injected by Fe(II) can also be localized in a trapping site as suggested by a revised 

conceptual model (51).   

To better explain the Fe isotope mixing data, serval models were suggested to describe the 

Fe atom movement between aqueous Fe(II) and Fe minerals. We have evolved from a linear model 

(42) to non-linear models that better describe the Fe atom exchange process (52). A homogenous 

model was suggested based the assumption that exchanged solid would go further exchange with 

aqueous Fe(II) and finally reach a homogenous Fe isotope distribution (53). But a recent study 

found a decreasing susceptibility of goethite to further exchange with aqueous Fe(II) and a hybrid 

model was suggested to include the exchange and burial situations that may happen during Fe 

atom exchange (54). Despite the efforts of us and many others, it remains a challenge to explain 

the Fe isotope mixing data and describe the Fe atom exchange process.  

Fe atom exchange between aqueous Fe(II) and Fe minerals is coupled with Fe mineral 

dissolution and reprecipitation process, during which the recrystallization of Fe mineral occurred 
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(51). The extent of Fe atom exchange, or Fe mineral recrystallization, varies between different Fe 

minerals and brought disparate impacts on the recrystallized solids. For goethite, the Fe(II)-

catalyzed recrystallization did not show significant change in its crystal size or stability (52), 

similar as magnetite and hematite where lower percent of Fe atom exchange observed (43, 46). 

But for some Fe minerals that were poorly crystallized, Fe(II)-catalyzed recrystallization 

dramatically changes the morphology of solid as it transforms into secondary Fe minerals coupled 

with a complexed Fe atom mixing process (26, 42, 55). In this situation, the Fe(II)-catalyzed 

mineral recrystallization was normally called as Fe mineral transformation. Among those Fe 

minerals that are subject to Fe(II)-catalyzed transformation, ferrihydrite may be the one get most 

attention.  

Fe (II)-catalyzed Ferrihydrite Transformation  

Ferrihydrite, a short-range ordered Fe hydroxide, is widely spread in soils and sediments. 

It can be easily precipitated at high pH and was normally the first Fe mineral to form (56, 57). Due 

to its low crystallinity, ferrihydrite is thermodynamically unstable and can be transformed into 

more crystallized Fe minerals by aging at high temperature or under reducing environment (58-

61). Significant research has been done to understand the ferrihydrite transformation pathway in 

the last two decades (55, 61-64). Specifically, the Fe(II)-catalyzed ferrihydrite transformation 

pathway has been investigated under a wide range of conditions. Fe(II) concentration and 

Fe(II)/Fe(III) ratio have been found to have the most significant influence on the rate of ferrihydrite 

transformation and the identity of secondary Fe minerals formed (55, 64, 65). At high Fe(II) 

loading ( > 1.0 mmol Fe(II)/g ferrihydrite), magnetite was observed coupled with the formation of 

goethite and small percentage of lepidocrocite; at low Fe(II) loading, magnetite disappeared and 

the lepidocrocite growth increased (55, 64). One study suggested that continuous exposure to Fe(II) 



www.manaraa.com

6 
 

would eventually transform lepidocrocite into goethite (62). Lepidocrocite was also suggested as 

the precursor of goethite during the mineral transformation, but it is not necessary for the formation 

of goethite. Ligands also affect the rates and ratios of secondary Fe minerals formation (55). 

Chloride resulted in relatively slower ferrihydrite transformation than sulfate, and lepidocrocite 

was more favorable in the presence of chloride. Bicarbonate inhibited the formation of magnetite 

and resulted in more accumulation of goethite (55).  

The mechanism behind ferrihydrite transformation, however, remains unclear. One study 

suggested that attached Fe(II) can transfer electrons into ferrihydrite and form a “reactive 

ferrihydrite” phase before the formation of secondary Fe minerals (62). Another study using 6-line 

ferrihydrite speculated that ferrihydrite needs to coagulate and grow through Ostwald ripen during 

the reaction with Fe(II), and the mineral transformation would not start until the particles exceeded 

a certain size (66). The Fe(II)-catalyzed ferrihydrite transformation becomes even more 

complicated in natural environments as ferrihydrite normally associate with lots of substances in 

the soil or sediments, such as natural organic matter.  

The Interaction of Natural Organic Matter and Fe Minerals 

Natural organic matter (NOM) in soil and sediments has received increasing attention 

because of accumulating concerns about atmospheric CO2 concentration. As one of the most 

important carbon reservoirs, NOM in soil stores 2-3 times that of carbon than atmospheric CO2 

(67), which directly impacted the carbon cycle between soil and air and may control the CO2 

concentration (68). The stability of NOM in soil is also critical in the carbon cycle. According to 

several investigations, significant portions of NOM in soil and sediments were directly associated 

with Fe phase (69, 70). This NOM and Fe association was reported to inhibit microbial degradation 

of NOM and increase carbon stability in soil (71, 72), which would further affect global carbon 
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cycle and climate change. In addition, the associated NOM would alter the properties and behavior 

of Fe minerals and affect other elements that closely associated with Fe phase (73-75).  

NOM can associate with Fe minerals through adsorption and coprecipitation. Adsorption 

of NOM to Fe minerals has been extensively studied (76-78). NOM is a mixture of various 

molecular structures and the adsorption mechanisms vary depending on the characteristic and 

proportion of the key functional groups in NOM (79). Interactions between NOM and Fe minerals 

include but are not limited to electrostatic interaction, van der Waals interaction, ligand exchange, 

hydrophobic interaction, H-bonding, chelation and cation bridging (79). NOM fractionation 

occurred during adsorption to Fe minerals and large and intermediate size NOM fractions were 

preferentially adsorbed by Fe oxides (76, 77). Adsorbed NOM was also found to facilitate 

aggregation of Fe minerals and reduce Fe mineral reactivity (80, 81).  

Compared to adsorption, coprecipitation of NOM and Fe mineral is a more dominant 

process in sediments (82-84). During the Fe redox cycle, ferrihydrite is normally the first Fe(III) 

mineral to form and coprecipitate with surrounding NOM and is why most of the studies about 

NOM-Fe mineral coprecipitates focused on the NOM-Ferrihydrite coprecipitate. Coprecipitation 

can lead to more carbon retained by ferrihydrite and stronger carbon stability than adsorption (75). 

The surface area of the NOM-Fh coprecipitate significantly decreased due to the facilitated 

aggregation and surface blockage by coprecipitated NOM. Even though the particle size of the 

NOM-Fh coprecipitate increased compared to pure ferrihydrite, the crystal size of ferrihydrite in 

the coprecipitate was reduced by coprecipitated NOM (73).  

The effect of NOM on Fe(II)-catalyzed ferrihydrite transformation is of growing interest 

because it not only impacts the stability of associated NOM but also affects the fate of trace metals 

and nutrients that associate with ferrihydrite. From previous studies, we know NOM can inhibit 
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Fe(II)-catalyzed ferrihydrite transformation (42, 85, 86), however, the mechanism behind this 

inhibition is unclear. In addition, little is known about the effect of NOM species on this Fe(II)-

catalyzed ferrihydrite transformation, which is important because there exists diverse NOM 

compositions in different soils. A direct comparison between adsorbed OM and coprecipitated OM 

on Fe(II)-catalyzed ferrihydrite transformation has also not been done nor has the implications of 

these reactions to the fate of trace metals been investigated.  

Objectives and Hypotheses 

The overall objective of my work is to explore the effect of NOM on Fe(II)-catalyzed 

ferrihydrite transformation and its implication to trace metal cycling. I investigated the impact of 

different NOMs on ferrihydrite transformation pathways, and tracked electron transfer and Fe atom 

exchange between aqueous Fe2+ and structural Fe3+ during these reactions. I also compared the 

influence of coprecipitated NOM and adsorbed NOM on ferrihydrite transformation at different 

C/Fe ratios. In addition, the effect of NOM on Ni redistribution during Fe(II)-catalyzed ferrihydrite 

transformation was also investigated. My work has four main objectives addressing multiple 

specific hypotheses as outlined below. 

Objective 1: Quantify rates of Fe2+-catalyzed ferrihydrite mineral transformation in the 

presence of different NOM. 

Hyp. 1a: Ferrihydrite coprecipitated with fulvic acid will transform to secondary minerals 

slower in the presence of Fe2+ than ferrihydrite coprecipitated with humic acid at given similar 

C/Fe ratio. 

Hyp. 1b: Ferrihydrite will transform to secondary minerals slower in the presence of Fe2+ 

when NOM is adsorbed on the surface compared to coprecipitated NOM. 
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Hyp 1c: Freeze dried and wet ferrihydrite will have different transformation rate and 

pathway in the presence of Fe(II). 

Objective 2: Determine if NOM affects the extent of Fe atoms exchanged during Fe2+-

catalyzed ferrihydrite mineral transformation. 

Hyp. 2a: The extent of Fe atom exchange between aqueous Fe2+ and ferrihydrite will 

decrease as the C/Fe ratio increases.   

Hyp. 2b: Fe atom exchange between aqueous Fe2+ and ferrihydrite will be slower in the 

presence of adsorbed NOM than coprecipitated NOM. 

Objective 3: Measure whether NOM affects electron transfer between aqueous Fe2+ and 

structural Fe3+ in ferrihydrite. 

Hyp. 3a: The amount of electron transferred from aqueous Fe2+ to Fe3+ in ferrihydrite will 

be reduced by NOM and will increase as the initial Fe(II) concentration increases.  

Hyp. 3b: Electron transfer between aqueous Fe2+ and ferrihydrite will be less with adsorbed 

NOM than coprecipitated NOM given similar Fe2+/Fe3+ and C/Fe ratio. 

Objective 4: Evaluate whether Ni redistributes in OM-Fh association during Fe2+-

catalyzed ferrihydrite recrystallization.   

Hyp. 4a: The presence of NOM will reduce the amount of Ni sorbed by ferrihydrite. 

Hyp. 4b: Fe2+-catalyzed recrystallization of ferrihydrite will redistribute adsorbed Ni and 

increase its stability even without the formation of secondary Fe minerals. 

Hyp. 4c: Associated NOM will reduce the release of pre-incorporated Ni during Fe2+-

catalyzed ferrihydrite recrystallization.   
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Thesis Overview 

My thesis consists of three main chapters which address the objectives and hypotheses 

listed above. Chapter 2 addresses the effect of NOM species on Fe(II)-catalyzed ferrihydrite 

transformation including whether electron transfer and Fe atom exchange occur and what these 

finding suggest about inhibition mechanism of NOM. Chapter 2 was recently published in 

Environmental Science & Technology (87). Chapter 3 explores the inhibition of humic acid and 

fulvic acid over a wider range of C/Fe ratios. The impact of coprecipitated OM and adsorbed OM 

on Fe(II)-catalyzed ferrihydrite transformation were also compared in this chapter. Chapter 4 

addresses the objective 4 by introducing Ni into NOM and ferrihydrite coprecipitates through 

adsorption or coprecipitation, and characterizing the Ni distribution during ferrihydrite 

recrystallization. 

In Chapter 2, Different species of NOM were used to synthesize NOM-Fh coprecipitates. 

Those coprecipitates were reacted with different Fe(II) to track mineral transformation, electron 

transfer and Fe atom exchange. The comparison of different NOM on ferrihydrite transformation 

dynamics and electron transfer was carried out. A elaborate investigation was carried out to 

understand the Fe atom exchange process between aqueous Fe(II) and NOM-Fh coprecipitate. This 

chapter has been published on Environmental Science & Technology at September 7, 2018 (DOI: 

10.1021/acs.est.8b03407) 

In chapter 3, I expanded the experimental conditions in NOM-Fh association. The 

difference of humic acid and fulvic acid on ferrihydrite transformation were further explored at 

different C/Fe ratios. The adsorbed and coprecipitated SRNOM were compared in the perspective 

of ferrihydrite mineral transformation and Fe atom exchange. The fate of NOM during Fe(II)-
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catalyzed ferrihydrite transformation was explored. This chapter will be extended and prepare for 

submission to peer-reviewed journal. 

Chapter 4 focused on the effect of coprecipitated NOM on Ni distribution during Fe(II)-

catalyzed ferrihydrite transformation. Ni adsorption by ferrihydrite with or without NOM were 

compared in the presence of Fe(II). The distribution of Ni after Fe(II) treatment were investigated 

through extraction experiments. Pre-incorporated Ni in ferrihydrite and NOM-Fh coprecipitate 

were also prepared and reacted with aqueous Fe(II). The Ni distribution before and after Fe mineral 

recrystallization was characterized through acid dissolution. Fe atom movement in these studies 

was tracked with 57Fe labeled Fe(II).  

Appendix A shows the study comparing the transformation pathway of wet ferrihydrite 

and freeze dried ferrihydrite in the presence of aqueous Fe(II). The results indicates the dry and 

wet cycle experienced by ferrihydrite in nature will affect Fe(II)-catalyzed transformation pathway. 

Appendix B contains some preliminary data I obtained to investigate the role of defects on metal 

sorption by goethite. The relationship between Fe atom exchange and metal incorporation was also 

discussed. Appendix C contains a manuscript in preparation for submission to a peer-reviewed 

journal in which we explore the effect of NOM on stable Fe isotope fractionation. In this work, I 

designed and carried out the experiments and assisted with the explanation of mineral 

characterization data. Appendix D contains a manuscript that has been submitted to peer-reviewed 

journal in which I provided Mössbauer spectroscopy characterization and analysis of the natural 

samples.     
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Figure 1.1. Microbially and chemically mediated reactions that constitute the biogeochemical Fe cycle (11).



www.manaraa.com

13 
 

 

Figure 1.2. Conceptual model for the five steps associated with the redox-driven conveyor belt 
mechanism to explain how bulk goethite Fe(III) atoms and aqueous Fe(II) can become 
completely mixed via growth and dissolution at separate goethite surface sites. The left surface 
may be considered a reference plane in the original goethite crystal at the start of the process (t0), 
and through growth on the left and dissolution on the right, this reference plane will migrate over 
time (t0 → t5) until time t5, at which point 100% atom exchange has occurred (44). 
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CHAPTER 2: FE(II)-CATALYZED TRANSFORMATION OF ORGANIC MATTER-

FERRIHYDRITE COPRECIPITATES (87) 

Abstract 

Ferrihydrite is a common Fe mineral in soils and sediments that rapidly transforms to 

secondary minerals in the presence of Fe(II). Both the rate and products of Fe(II)-catalyzed 

ferrihydrite transformation have been shown to be significantly influenced by natural organic 

matter (NOM). Here we used enriched Fe isotope experiments and 57Fe Mössbauer spectroscopy 

to track the formation of secondary minerals, as well as electron transfer and Fe mixing between 

aqueous Fe(II) and ferrihydrite coprecipitated with several types of NOM. Ferrihydrite 

coprecipitated with humic acids transformed primarily to goethite after reaction with Fe(II). In 

contrast, ferrihydrite coprecipitated with fulvic acids and Suwannee River NOM (SRNOM) 

resulted in no measurable formation of secondary minerals. Despite no secondary mineral 

transformation, Mössbauer spectra indicated electron transfer still occurred between Fe(II) and 

ferrihydrite coprecipitated with fulvic acid and SRNOM. In addition, isotope tracer experiments 

revealed that a significant fraction of structural Fe in the ferrihydrite mixed with the aqueous phase 

Fe(II) (~ 85%). After reaction with Fe(II), Mössbauer spectroscopy indicated some subtle changes 

in the crystallinity, particle size or particle interactions in the coprecipitate. Our observations 

suggest that ferrihydrite coprecipitated with fulvic acid and SRNOM remains a highly dynamic 

phase even without ferrihydrite transformation. 
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Introduction  

Organic matter (OM) in soils and sediments is often associated with iron (Fe) minerals (69, 

70). The close association between organic matter and Fe minerals influences Fe mineral 

properties and behavior as well as the availability of organic matter carbon in soils. For example, 

carbon associated with Fe minerals in soils has recently been shown to be protected from microbial 

mineralization (88, 89). The significant influence of Fe minerals on carbon availability in soils 

makes it important to understand Fe mineral –OM reactions to better predict and mitigate climate 

change and soil health (90-92). 

Ferrihydrite is an Fe(III) mineral that is often found associated with organic matter and is 

ubiquitous in both soils and sediments (93-95). Ferrihydrite associated with has been shown to 

lead to smaller crystal sizes and more defects (94, 96, 97). Despite the smaller crystal sizes, 

however, ferrihydrite in the presence of OM tends to have smaller surface areas compared to pure 

ferrihydrite, which has been attributed to OM blocking surface sites and facilitating aggregation 

(75, 96). In addition to the physical changes in both crystal size and surface area, OM is has also 

been shown to inhibit the crystallization of ferrihydrite and transformation to secondary minerals 

(42, 86, 98).  

While ferrihydrite on its own is metastable and will slowly transform to secondary minerals 

such as hematite and goethite, transformation is rapidly accelerated in the presence of dissimilatory 

Fe(III)-reducing bacteria (DIRB) and Fe(II) (61, 62, 99). Which secondary Fe minerals form (e.g., 

lepidocrocite, goethite, or magnetite) has been found to depend on multiple factors including Fe(II) 

concentrations, pH, and anions or other impurities (55, 62, 100). In general, Fe(II)/Fe(III) ratio 

seems to have the largest influence with higher Fe(II) concentrations leading to goethite and 
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magnetite, whereas lepidocrocite tends to be more prevalent at lower Fe(II) concentrations (55, 

62). Lepidocrocite formation also appears to be favored in the presence of chloride (55, 100).   

Since both Fe(II), which accelerates ferrihydrite transformation, and OM, which inhibits 

ferrihydrite transformation, are often present together in reducing environments, recent studies 

have explored how OM influences both DIRB and Fe(II)-catalyzed ferrihydrite mineral 

transformation (42, 86, 101-103). Organic matter that was coprecipitated or adsorbed with 

ferrihydrite has been found to inhibit Fe(II)-catalyzed ferrihydrite mineral transformation (42, 86, 

103). For example, ferrihydrite coprecipitated with OM extracted from the O horizon of an Ultisol 

resulted in less transformation with higher C/Fe ratio. At C/Fe ratios equal to or greater than 1.6, 

no ferrihydrite transformation was observed (86). Adsorbed fulvic acid also resulted in significant 

inhibition of ferrihydrite transformation (C/Fe ratio 4.18) (42). The bio-reduction of ferrihydrite 

can also be altered by OM. Coprecipitated OM was found to reduce ferrihydrite bio-reduction rates 

(101). Some studies, however, found that coprecipitated humic acid reduced ferrihydrite bio-

reduction rates at low C/Fe ratios (≤ 0.8) but enhanced the extent of bio-reduction at high C/Fe 

ratios (≥ 1.8) (104, 105).   

While these studies clearly show that OM influences the transformation of ferrihydrite in 

the presence of both DIRB and Fe(II), and at high enough C/Fe ratios can even completely inhibit 

Fe(II)-catalyzed ferrihydrite transformation, it remains unclear how OM inhibits Fe(II)-catalyzed 

ferrihydrite transformation. Some have suggested that OM inhibits electron transfer between Fe(II) 

and ferrihydrite which then prevents ferrihydrite from transforming to secondary minerals (42, 86). 

It has also been shown Fe atom exchange between aqueous Fe(II) and structural Fe(III) is less in 

the presence of OM and some have suggested that the inhibition of atom exchange may be 

responsible for less ferrihydrite transformation (42, 103). Here, we directly evaluate whether Fe 
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electron transfer and atom exchange between Fe(II) and ferrihydrite are inhibited in the presence 

of OM. Specifically, we used 57Fe Mössbauer spectroscopy and Fe isotope tracers to measure Fe 

electron transfer and atom exchange between aqueous Fe(II) and ferrihydrite coprecipitated with 

five different organic matters. Our findings indicate that both Fe electron transfer and atom 

exchange occur between Fe(II) and ferrihydrite coprecipitated with OM even when no secondary 

mineral transformation is observed.  

 
Material and Methods 

OM - Ferrihydrite Coprecipitates Synthesis and Characterization  

Five organic matters (OMs) were used in this study to prepare OM-ferrihydrite (OM-Fh) 

coprecipitates, including Pahokee Peat humic acid (PPHA), Elliot Soil humic acid (ESHA), 

Pahokee Peat fulvic acid (PPFA), Suwannee River fulvic acid (SRFA), and Suwannee River 

natural organic matter (SRNOM). All of the OMs were purchased from International Humic 

Substances Society (IHSS, St. Paul, MN) and used without further treatment. The carbon percent 

and main functional group compositions in OMs, as reported by IHSS (106), are descripted in 

Table 2.1. To produce OM-Fh coprecipitates, appropriate masses of OMs were dissolved in 1 L 

deionized water at pH 9.0 under vigorous stirring. The solution pH was adjusted back to pH 7.0 

before the adding of 1 g ferric nitrate (Fe(NO3)3∙9H2O) to generate an initial molar C/Fe ratio of 

1.6. The mixed solution was re-adjusted to pH 7.5 with 1 M KOH to form OM-Fh coprecipitates 

under stirring. The coprecipitates were centrifuged and washed with deionized water twice. The C 

lost from solution and C content in the final coprecipitates were measured using a TOC analyzer 

(TOC-V and SSM-5000A, Shimadzu). The final C/Fe ratios in the coprecipitates were listed in 

Table 2.2. The solids were transferred into an anaerobic glovebox filled with mixed gas (7% H2 
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and 93% N2) and dispersed in deionized water by sonicator. All OM-Fh coprecipitates were used 

as wet within 7 days.  

The solids were characterized by X-ray diffraction (XRD, Rigaku Mini Flex II) and with 

57Fe Mössbauer spectrometer (Web Research Inc., Edina, MN) equipped with closed-cycle 

cryostat (CCS-850 System, Janis Research Co., Wilmington, MA), similar as we described before 

(107). Ferrihydrite was the only Fe mineral detected by XRD and Mössbauer spectroscopy. The 

specific surface area of freeze dried SRNOM-Fh (C/Fe = 1.2) coprecipitate was determined by N2 

adsorption BET analysis (Quantachrome Nova 1200) and was found to be 15.5 m2 g-1, which was 

smaller than pure ferrihydrite (269 m2 g-1) but consistent with published studies (86, 96).  

Secondary Mineral Transformation Experiments 

All experiments were done in an anaerobic glovebox. Deionized water were degassed with 

N2 over 2 hours and equilibrated in the glovebox at least overnight before using. Natural isotopic 

abundance Fe(II) stock solutions (denoted NAFe(II), ~100 mM) were made by dissolving NAFe(0) 

in hydrochloric acid (107).  

To investigate the effect of coprecipitated OMs on Fe(II)-catalyzed ferrihydrite 

transformation, we reacted 2 mM NAFe(II) with different OM-Fh coprecipitates in 15 mL 

piperazine-N,N’-bis (ethanesulfonic acid) (PIPES) buffer (10 mM, pH 7.0). Lower buffer 

concentration to 1 mM was tried but the system pH cannot hold. Coprecipitate solids loadings 

were set at ~10 mM Fe(III) in all the reactors. Reactors were placed on an end-over-end rotator 

and sampled over 14 days. Aqueous Fe(II) concentrations were measured during the reaction using 

the 1,10-phenantroline method (108). The reacted solids were collected with glass microfiber 

filters (Whatman) and characterized on the filter with XRD and Mössbauer spectroscopy. No 

background subtraction has been applied to XRD pattern due to the weak signal of ferrihydrite and 
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background from the filter. Based on the results of XRD, we fit Mössbauer spectra using the Recoil 

software (Ottawa, Canada) to determine the percent of secondary Fe minerals in the reacted Fe 

solids (109).   

Electron Transfer Experiments  

To track the electron transfer between Fe(II) and ferrihydrite with coprecipitated OMs, we 

reacted 56Fe(II) with some OM-Fh coprecipitates under similar conditions as mineral 

transformation experiments. An 56Fe(II) stock solution (~99.8% 56Fe) was made by dissolving 

56Fe(0) powder (Isoflex, San Francisco, CA, USA) in concentrated HCl, as with NAFe(0). All OM-

Fh coprecipitates were reacted in 10 mM PIPES buffer (pH 7.0) with or without 2 mM 56Fe(II) 

over 1 day, the reacted coprecipitates were collected on glass filters and characterized with 57Fe 

Mössbauer spectroscopy.  

For a subset of reactors containing SRNOM-Fh (C/Fe = 1.2) and PPFA-Fh (C/Fe = 1.4) 

coprecipitates, we varied the initial 56Fe(II) concentration from 2 to 5 mM. The coprecipitates 

reacted with 56Fe(II) for 1 and 7 days. After reaction, half of the reacted solid was totally dissolved 

by 4 M HCl, and we measured Fe(II) and total Fe concentrations in the dissolved solution using 

1,10-phenanthroline. Another half of the solid from same batch was characterized with 57Fe 

Mössbauer spectra at 77 K. The solids were sealed with Kapton tape in glovebox before 

transferring to the Mössbauer spectrometer. We used Recoil to fit the Mössbauer spectra. 

Isotope Mixing Experiments  

Fe isotope mixing experiments between aqueous Fe(II) and OM-Fh coprecipitates were 

conducted under similar conditions as the mineral transformation study. Instead of NAFe(II), we 

reacted 57Fe enriched Fe(II) (~95% 57Fe, Isoflex) with SRNOM-Fh (C/Fe = 1.2) coprecipitate at 

Fe(II)/Fe(III) ratio of 0.2. The initial Fe(II) concentration and isotope composition were measured 



www.manaraa.com

20 
 

before adding the SRNOM-Fh (C/Fe = 1.2) coprecipitate. Triplicate reactors were allowed to react 

for 1 hour, 1 day, 7 days and 14 days. At each time point, 2 mL of suspension was collected and 

centrifuged. The supernatant was filtered through a 0.22 μm filter and acidified with 10 μL 

concentrated HCl. The solids were subjected to Fe(II) extraction with 10 mM piperazine-N,Nʹ-bis 

(3-propanesulfonic acid) (PIPPS) buffer at pH 3.5 over 20 minutes. The extracted solids were 

dissolved by 4 M HCl. The remaining suspension in the vials was filtrated through the glass filter 

to collect the solid for XRD characterization.  

Fe(II) and total Fe concentration in the filtered supernatant, extraction solution, and 

dissolved solids over time were measured with 1,10-phenantroline. Fe isotope composition 

analysis in aqueous, extracted and solid phase Fe was performed with a quadrupole inductively 

coupled plasma-mass spectrometer (ICP-MS, Agilent 7900) using He gas in collision cell mode to 

remove isobaric interferences (predominantly 40Ar16O and 40Ar16O1H) for 56Fe and 57Fe. Sample 

preparation and measurement methods were same as we described before (52).  

To investigate the isotope distribution in 57Fe(II)-treated SRNOM-Fh (C/Fe = 1.2) 

coprecipitates, we did sequential extractions as a function of reaction time, similar as previous 

studies (110, 111). Solids were resuspended in 0.1 M HCl for 5 minutes and centrifuged to get the 

supernatant as extraction 1, following another 10 minutes extraction using same acid and method 

for extraction 2. An additional 3 extractions were done in 0.2 M HCl for 10 minutes each. Finally, 

the residual solid after the 5 sequential extractions was totally dissolved with 4 M HCl. The Fe 

concentrations and isotope composition in each extraction were measured, as above. 
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Results and Discussion 

Fe(II)-catalyzed Mineral Transformation of OM-Fh Coprecipitates  

To evaluate if organic matter influences Fe(II)-catalyzed mineral transformation of 

ferrihydrite, we coprecipitated five different soil organic matters with ferrihydrite. We included 

two humic acids (PPHA and ESHA), two fulvic acids (PPFA and SRFA) and one natural organic 

matter (SRNOM) at an initial C/Fe ratio of 1.6. Ferrihydrite is the only Fe mineral found in these 

coprecipitate by XRD and Mössbauer spectra. We also compared the SRNOM-Fh (C/Fe = 1.2) 

Mössbauer spectra to ferrihydrite prepared without OM present (Figure 2.1). At 77 K (and above) 

the Mössbauer spectra of ferrihydrite and SRNOM-Fh (C/Fe = 1.2) after synthesis are an Fe(III) 

doublet (CS = 0.47 mm/s, and QS = 0.73 and 0.76 mm/s, respectively). In the absence of OM, 

ferrihydrite began to order to a sextet at 25 K in contrast to SRNOM-Fh (C/Fe = 1.2) which 

remained predominantly a doublet at 25 K, indicating that the superparamagnetic blocking 

temperature (TB) is higher for ferrihydrite alone than for SRNOM-Fh (C/Fe = 1.2) consistent with 

previous observations of NOM-Fh coprecipitates (86, 96). We also observed that all Fe(III) in the 

OM-Fh coprecipitate was magnetically ordered at T = 14 K, suggesting the majority of Fe(III) was 

present as ferrihydrite rather than Fe(III)-OM complexes which would likely occur as a doublet.  

Note that in contrast to previous work (86, 96), we did not observe a large change in the quadrupole 

splitting of SRNOM-Fh (C/Fe = 1.2) coprecipitates as a function of C/Fe ratio (data not shown). 

Reaction with 2 mM Fe(II) at pH 7.0 resulted in similar amounts of Fe(II) sorbed on the 

five different coprecipitates (17 to 23 μmol) (Table 2.2). About 60-80% of the ferrihydrite 

coprecipitated with humic acids transformed to secondary minerals after two weeks as estimated 

by relative areas from Mössbauer Spectroscopy (Figure 2.2). Mössbauer parameters of the 

secondary mineral are consistent with goethite (CS = 0.48 mm/s, QS = -0.24 mm/s, H = 48-49 
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mm/s) (95) and XRD confirmed goethite as the primary secondary mineral (Figure 2.3 and 2.4). 

In contrast, the ferrihydrite coprecipitated with fulvic acids (PPFA and SRFA), as well as SRNOM 

that is enriched with fulvic content, remained ferrihydrite after two weeks of reaction with Fe(II) 

(Figure 2.2). XRD patterns and Mössbauer spectroscopy indicated no measurable formation of 

secondary Fe minerals (Figure 2.3 and 2.5). 

Our results are consistent with previous observations of inhibition of ferrihydrite 

transformation in the presence of organic matter. Sorption of SRFA onto ferrihydrite at a high OM 

concentration and C/Fe ratio (150 mg/L SRFA, C/Fe = 4.2) inhibited ferrihydrite transformation 

substantially (42). At a lower SRFA concentration and C/Fe ratio (25 mg/L, C/Fe = 0.7), 

ferrihydrite transformed to goethite and lepidocrocite (42). Organic matter extracted from highly 

weathered, acidic soil (Ultisol) coprecipitated with ferrihydrite also resulted in less ferrihydrite 

transformation as the C/Fe ratio increased and no secondary minerals were observed at C/Fe 

greater than 1.6 (which is similar to the 1.2 to 1.6 C/Fe ratio used here) (86). The Ultisol extracted 

organic matter was composed of abundant carboxyl C with only a small amount of aromatic and 

phenolic C making it more similar to fulvic acid OM than humic acid OM (75, 86). More recently, 

coprecipitated polygalacturonic acid (PGA) and OM in freshwater flocs comprised predominantly 

of ferrihydrite and lepidocrocite was also found to inhibit ferrihydrite transformation around C/Fe 

ratio of 2.5 (103).  

While the presence of organic matter as sorbed, coprecipitated, or in natural flocs has been 

shown to inhibit Fe(II)-catalyzed ferrihydrite mineral transformation (42, 86, 103), the mechanism 

of inhibition is still questionable and it is unclear why higher fulvic content inhibits ferrihydrite 

transformation more than humic acids. Some possible explanations for why fulvic acids inhibit 

transformation more then humic acids may be due to differences in (i) amount of Fe(II) sorption, 
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(ii) OM molecular weights (MW), or (iii) carboxylic content of OM.  Fulvic acids have higher 

carboxylic contents compared to humic acids (Table 2.1) and it has been suggested that the 

carboxylic groups can bind strongly to ferrihydrite surfaces via ligand exchange, or associate with 

Fe(II) and prevent the direct complexing with structural Fe(III) and thus reduce the rate of Fe(II) 

oxidation (112-115). Previous results with a soluble OM extracted from Ultisol with a high 

carboxylic content, however, resulted in substantial ferrihydrite transformation at C/Fe ratio 1.2, 

which suggests that carboxylic content may not be the controlling factor in whether ferrihydrite 

transformation occurs or not (75, 86). Different amounts of sorbed Fe(II) between humic and fulvic 

ferrihydrite coprecipitates is also an unlikely explanation as we observed similar amounts of Fe(II) 

sorbed by fulvic and humic coprecipitates (20 ± 3μmol, Table 2.2). We speculate that molecular 

weight differences in fulvic and humic acids may play an important role. Fulvic acids have lower 

MW than humic acids and tend to have higher charge density, and interaction with fulvic acids 

may inhibit ferrihydrite aggregation and growth via Ostwald ripening (66, 79, 116-119). 

Regardless, it is clear from our data that OM with high fulvic contents inhibits Fe(II)-catalyzed 

ferrihydrite transformation to secondary minerals more than humic acids. 

 

Fe(II)-ferrihydrite Electron Transfer in the Presence of Organic Matter 

To explore how fulvic acid and SRNOM inhibit Fe(II)-catalyzed ferrihydrite 

transformation, we used 57Fe Mössbauer spectroscopy to determine if Fe(II)-Fe(III) electron 

transfer still occurred when ferrihydrite was coprecipitated with PPFA, SRFA, and SRNOM. 

Previous studies inferred that OM suppressed electron transfer from less sorption of Fe(II) on the 

ferrihydrite surface and that inhibited electron transfer was responsible for why ferrihydrite 

transformed less with OM present (42, 86). Here, we reacted naturally abundant OM-Fh 

coprecipitates with 56Fe(II) (which is invisible in Mössbauer spectroscopy). After reaction with 
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56Fe(II), we observed a high velocity peak emerge with Mössbauer parameters consistent with an 

Fe(II) doublet (CS = 1.16±0.05 mm/s and QS = 2.93±0.06 mm/s) (Figure 2.6) (38, 120). The 

presence of an Fe(II) doublet in the Mössbauer spectra indicates that some of the 57Fe(III) in the 

naturally abundant ferrihydrite coprecipitates (2.3% 57Fe) was reduced and that electron transfer 

occurred between aqueous Fe(II) and ferrihydrite coprecipitated with the different OM. We assume 

that the proportion of 57Fe(II) reduced is the same as the proportion of 56Fe(III) and the overall 

Fe(III). Unfortunately, the Mössbauer spectra cannot distinguish whether the Fe(II) doublet 

represents sorbed Fe(II), structural Fe(II), or Fe(II) complexed with OM. The Mössbauer spectra 

from the labeled isotope experiment, does, however, provide conclusive evidence that Fe(II) 

reduced Fe(III) in the ferrihydrite coprecipitate structure. Using a similar approach we also 

previously observed electron transfer between Fe(II) and goethite with adsorbed organic carbon 

(121, 122). Electron transfer between Fe(II) and ferrihydrite in the presence of OM is also 

consistent with biological reduction of ferrihydrite at high C/Fe ratio (16, 104). Despite clear 

evidence for electron transfer between Fe(II) and the OM-Fh coprecipitates, both the Mössbauer 

spectra and XRD indicate no secondary Fe minerals formed.  

To test whether sorbing more Fe(II) (and possibly having more electron transfer) might be 

needed to induce Fe(II)-catalyzed ferrihydrite transformation in presence of OM, we reacted the 

SRNOM-Fh (C/Fe = 1.2) coprecipitate with higher concentrations of 56Fe(II) (up to 5 mM). As the 

aqueous Fe(II) concentration increased, a similar Fe(II) doublet emerged with increasing relative 

areas (Figure 2.7). The increase in relative area of the Fe(II) doublet indicates more 57Fe(III) in 

the ferrihydrite was reduced, however, no secondary Fe mineral was observed after seven days of 

reaction based on the Mössbauer spectra and XRD patterns (Figure 2.8). We also varied initial 

Fe(II) concentration in PPFA-Fh coprecipitate reactors and similarly observed no mineral 
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transformation (Table 2.2). Our results provide compelling evidence that OM is not inhibiting 

secondary mineral transformation of ferrihydrite by suppressing electron transfer between Fe(II) 

and ferrihydrite as previously suggested (42, 86). 

To probe whether Fe(II) was complexing or reacting with the OM, we measured how much 

of the sorbed Fe(II) underwent electron transfer and reduced Fe(III) in the ferrihydrite structure. 

To do this, we compared the relative area of the Fe(II) doublet from the Mössbauer spectra to the 

percent of Fe(II) measured with 1,10-Phenanthroline method in the dissolved coprecipitates 

(Figure 2.9). The strong agreement between the percent of Fe(II) in the ferrihydrite  (the relative 

area of the doublet) and the percent Fe(II) by dissolution indicated that nearly all of the sorbed 

Fe(II) reduced Fe(III) in ferrihydrite such that there is a 1:1 apparent stoichiometry between Fe(II) 

sorbed and Fe(III) in ferrihydrite reduced. The 1:1 electron transfer stoichiometry confirms that 

the SRNOM did not inhibit electron transfer from sorbed 56Fe(II) to ferrihydrite nor did the 

SRNOM bind Fe(II) and prevent it from participating in electron transfer. The OM may still, 

however, be participating by serving as an electron shuttle between the Fe(II) and ferrihydrite as 

has been previously suggested for dissimilatory Fe reduction (16, 104).  

 

Fe Mixing Between Aqueous Fe(II) and OM-Fh Coprecipitate 

Another possible explanation for the lack of ferrihydrite transformation in the presence of 

OM may be that OM inhibits the release of the Fe(II) from the ferrihydrite structure (i.e., if no 

dissolution occurs, then reprecipitation as a secondary mineral does not occur). To test whether 

Fe(II) release and mixing occurs between aqueous Fe(II) and the SRNOM-Fh (C/Fe = 1.2), we 

used an Fe isotope tracer approach similar to our previous work with other Fe minerals.(121)  We 

reacted 57Fe enriched aqueous Fe(II) (~95% 57Fe) with SRNOM-Fh (C/Fe = 1.2) made from natural 

abundant Fe (~2.3% 57Fe) and tracked the Fe concentrations and isotope composition over time in 
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the aqueous phase, an extracted phase, and the residual solid (Figure 2.10). Fe(II) recovery from 

the three phases gave near complete mass balance over the course of the experiment (90-94%) 

(Figure 2.11). Fe isotope compositions changed over time in all three phases with 57Fe in the 

aqueous phase decreasing from 95% to 42% within 2 hours accompanied by a rapid increase 57Fe 

in the residual solid (from 2.3% to 13%) (Figure 2.10, Table 2.5). This initial rapid isotope mixing 

was followed by a slower mixing over the next 14 days with both the aqueous phase and solid 

residual 57Fe contents approaching the calculated completely mixed 57Fe value of 17.5% (19 and 

18%, respectively). The extracted Fe(II) had a similar isotope composition to the aqueous Fe(II) 

suggesting that the aqueous phase equilibrated with the extracted Fe similar to what we previously 

observed with goethite (52).  As expected, we observed rapid and near complete mixing of the 

isotope tracer in ferrihydrite without OM (Figure 2.12) (26, 42). 

The substantial decrease in 57Fe in the aqueous phase and increase in the SRNOM-Fh (C/Fe 

= 1.2) solid 57Fe indicates that Fe atoms mixed between the two phases despite no observable 

secondary mineral transformation. While our work is not directly comparable to others because of 

differences in OM used, C/Fe ratios, and coprecipitate treatment, the near complete isotope mixing 

we observed in the presence of OM is not consistent with other recent observations. For example, 

precipitating ferrihydrite with a model OM (polygalacturonic acid – PGA) or adsorbing OM 

(SRFA) on ferrihydrite were both shown to inhibit Fe atom exchange (42, 103). Precipitating 

ferrihydrite with PGA resulted in only 15% estimated Fe atom exchange compared to 100% in the 

absence of PGA (103), and sorption of 150 mg/L SRFA was also shown to lower the extent of Fe 

isotope exchange (42). In both cases, the reduced Fe atom exchange was suggested to explain the 

lack of ferrihydrite mineral transformation in the presence of PGA or OM. Note that both the PGA 

and SRFA experiments were with higher C/Fe ratios (2.5 and 4.2, respectively) than the 1.2 C/Fe 
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ratio used here. Higher C/Fe ratios inhibit ferrihydrite mineral transformation more (42, 82, 86, 

101). which may explain why more inhibition of atom exchange was observed in these studies. 

Another potentially important variable in our work is that we did not freeze-dry our OM-Fh 

coprecipitates. Freeze drying changes the aggregation state and structure of ferrihydrite and has 

been implicated in reduced Fe atom exchange (42, 123).  

The extensive mixing of the isotope tracer we observed for SRNOM-Fh (C/Fe = 1.2) 

suggests that a significant fraction of the SRNOM-Fh (C/Fe = 1.2) recrystallized without 

transformation to any secondary minerals. Quantifying the extent of recrystallization, however, is 

challenging. Multiple approaches have been used to estimate the percent of solid recrystallized 

(see a recent review of recrystallization models) (53). Modeling approaches have evolved from 

using a simple linear isotope mixing model (also referred to as the fractional approach) (42, 44) to 

a non-linear model that accounts for the different amounts of Fe in the aqueous and solid phase 

(also referred to as the homogeneous model) (46, 52, 53, 124). An alternative, stochastic 

simulation-based approach that assumes a linked 1:1 transfer of Fe atoms between solution and 

the solid has also been used to successfully interpret the isotope data and successfully reproduces 

the measured ~10-5 s-1
 reductive dissolution rate of goethite (125).  

While the non-linear, homogeneous models is a better approach than the linear model, it 

still requires the assumption that Fe atoms that have participated in exchange can further exchange 

with aqueous phase and result in a homogeneous isotope distribution in the solid phase. Our 

previous sequential extraction data with goethite, however, suggested that the isotopes were not 

homogenously distributed in the solid phase, but rather that a 57Fe gradient developed in the 

goethite solids (52). To account for a heterogeneous distribution within the solid, a heterogeneous 

has been proposed where equilibration between the exchanged solids and aqueous phase is not 



www.manaraa.com

28 
 

assumed (53, 54). The heterogeneous model, however, requires information on the spatial 

distribution of the isotopes in the solid which is analytically difficult to obtain (53). Recent work, 

however, with hematite and Atom Probe Tomography (APT) suggest that APT is a promising 

approach for mapping isotope distribution in solids (126). Since we do not have direct 

measurements of the spatial distribution in the SRNOM-Fh (C/Fe = 1.2) coprecipitates, we used a 

sequential extraction approach to evaluate whether we could reasonably assume homogeneous 

distribution of the isotopes in the SRNOM-Fh (C/Fe = 1.2) coprecipitate. More specifically, we 

sequentially extracted SRNOM-Fh (C/Fe = 1.2) before and after reaction with Fe(II) and measured 

Fe isotope composition in each extraction (Figure 2.13). Although we cannot definitely determine 

what portion of the particle we are extracting, it seems a reasonable first approximation to assume 

that the sequential extractions are removing Fe atoms from progressively deeper within the bulk 

structure. After two hours of reacting with 57Fe(II), a clear gradient in 57Fe isotope concentration 

is apparent as more Fe was extracted. The initial extracted Fe was close to the 57Fe isotope 

composition of the aqueous Fe and decreases but never reaches the initial 57Fe composition of the 

SRNOM-Fh (C/Fe = 1.2) coprecipitate (Table 2.6). After longer Fe(II) reaction times (1, 7, and 

14 days), the 57Fe isotope gradient became less. By fourteen days, the 57Fe approached a more 

homogeneous distribution throughout the extracted solid. Based on the relatively homogeneous 

distribution of 57Fe in the SRNOM-Fh (C/Fe = 1.2) suggested by the extraction data at 14 days, 

we used the non-linear, homogeneous model to estimate that 85 ± 3% of Fe atoms in the SRNOM-

Fh (C/Fe = 1.2) exchanged and recrystallized by 14 days. Note we did not estimate the extent of 

recrystallization over time as the sequential extraction data suggest the isotopes are 

heterogeneously distributed in the solids. We found it surprising to observe such extensive 
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recrystallization of the SRNOM-Fh (C/Fe = 1.2) after reaction with Fe(II) given that we did not 

observe any measurable formation of secondary minerals with XRD or Mössbauer spectroscopy. 

SRNOM-Fh (C/Fe = 1.2) Before and After Reaction with Fe(II) 

To further probe whether there might be more subtle changes in the SRNOM-Fh (C/Fe = 

1.2) particles in the absence of transforming to secondary minerals, we collected Mössbauer 

spectroscopy temperature profiles before and after Fe(II)-catalyzed recrystallization. The 

temperature profiles revealed some difference in the blocking temperature (TB) which is where the 

ferrihydrite transitions from a superparamagnetic state to an antiferromagnetic state and 

ferrihydrite doublet transitions to a sextet (127, 128). The TB for SRNOM-Fh (C/Fe = 1.2) is higher 

(close to 25K) after reacting with Fe(II) compared to SRNOM-Fh (C/Fe = 1.2) aged in buffer 

without Fe(II) (Figure 2.14). Plotting the distribution of the hyperfine field also reveals a shift 

towards a larger hyperfine field both with aging and in the presence of Fe(II) with a larger shift 

observed in the presence of Fe(II) (Figure 2.17). The higher TB and shift to a larger hyperfine field 

as well as a more narrow distribution of the SRNOM-Fh (C/Fe = 1.2) hyperfine field after reaction 

with Fe(II) may be due to increased crystallinity, particle size, or particle aggregation through 

particle-particle magnetic exchange interactions (128-130). These possible changes are also 

consistent with slightly slower Fe dissolution rates of SRNOM-Fh (C/Fe = 1.2) after reaction with 

Fe(II) (Figure 2.18). In addition, we also visually observed the SRNOM-Fh (C/Fe = 1.2) particles 

settled more in the presence of Fe(II) which suggests increased particle size or aggregation (Figure 

2.19). We caution that while the changes in blocking temperature, hyperfine field, and dissolution 

rates are consistent with increased particle size, crystallinity, or aggregation, we cannot definitely 

conclude what is responsible for the changes. It is, however, clear from the Mössbauer 
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spectroscopy temperature that Fe(II)-catalyzed recrystallization does alter the SRNOM-Fh (C/Fe 

= 1.2) particles to some extent even though no secondary minerals form.   

 

Environmental Implications  

Our finding of extensive mixing of SRNOM-Fh (C/Fe = 1.2) during reaction with Fe(II) 

suggests that ferrihydrite may be even more dynamic than we thought under reducing conditions 

and interact extensively with surrounding fluid even when no secondary minerals are observed to 

form. This finding of a “hidden” pathway for ferrihydrite-fluid mixing, where no secondary 

mineral formed but the blocking temperature changed, may have interesting implications for the 

stability of carbon associated with ferrihydrite in soils and natural flocs (86, 131) and the notion 

of soil carbon preservation by Fe minerals (86, 132). In addition, the extensive mixing we observed 

raises questions about the fate of other elements associated with ferrihydrite when exposed to 

redox cycling (133, 134). For example, others have found that Fe(II)-catalyzed recrystallization of 

goethite and hematite can redistribute heavy metals, such as Ni, Pb and Cr,  between the mineral 

structure and the mineral surface (134, 135). The extensive mixing we observed for SRNOM-Fh 

(C/Fe = 1.2) and aqueous Fe(II) raises the interesting question of whether a similar redistribution 

may occur for recrystallized ferrihydrite even in the absence of secondary Fe mineral 

transformation.   

Finally, our results clearly demonstrate that ferrihydrite transformation to more stable 

minerals is influenced by the nature of the organic matter present during ferrihydrite formation. 

Based on our results and those of others (42, 86), we speculate that ferrihydrite formed in the 

presence of fulvic acids or fulvic acids enriched OM may be more resistant to transformation than 

ferrihydrite formed in the presence of humic-like OM. In nature, the stability of OM-Fh 
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precipitates would likely be impacted by geological setting (aquatic vs. terrestrial) as well as 

precipitation (well-flushed soils vs. not), and time (131, 136, 137). 
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Table 2.1. Properties of different natural organic matter compiled from IHSS website (106) 
unless otherwise noted. 

Sources C (%) Carboxyl b 

(%) 

Phenolicb 

(%) 

Aromaticc 

(%) 

Aliphaticc 

(%) 

Suwannee River Fulvic Acida  52.3 11.2 2.8 22 35 

Suwannee River NOM 50.7 11.2 2.5 23 27 

Elliot Soil Humic Acida 59.5 8.3 1.9 41 27 

Pahokee Peat Humic Acid 56.4 9.0 1.9 47 19 

Pahokee Peat Fulvic Acidd 51.3 10.6 5.4 40.4 17.1 

a. humic acid and fulvic acid are operationally defined based on their solubility at different pH ranges; 
b. Measured by titration using 0.1 M NaOH. Carboxyl is the charge density (meq/g C) at pH 8.0; Phenolic 
is two times the change in charge density (meq/g C) between pH 8 and pH 10; 
c. Analyzed from NMR peak area percentages.  
d. Pahokee Peat Fulvic Acid data is from reference cited here (138). 
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Table 2.2. Summary of Fe(II) experimental results with OM-Fh coprecipitates. 

OC Source C/Fe 
Nominal 

C/Fe 
TOCa 

Solid C 
Content (%)b 

Fe(II) Initial 
(μmol) 

Fe(II) Sorbed 
(μmol) 

End 
Mineralsc 

PPHA 1.6 1.6 17.7 31.1 20.4 G 
ESHA 1.6 1.6 17.7 30.6 20.3 G 
SRFA 1.6 1.1 11.3 32.7 19.7 Fh 
PPFA 

1.6 1.4 15.9 
31.5 22.5 Fh 
58.1 27.6 Fh 
88.7 30.1 Fh 

SRNOM  
1.6 

 
1.2 

 
13.9 

30.5/30.11 16.7/19.4d Fh 
59.7 26.4 Fh 
81.9 26.8 Fh 

a. C/Fe ratio calculated from C content measured by TOC analyzer and total Fe content measured by 
dissolution and quantification with 1,10-phenanthroline; 
b. Calculated from C/Fe ratio, ferrihydrite was calculated as FeOOH; 
c. G = goethite; Fh = ferrihydrite. 
d. Two different batches of SRNOM-Fh (C/Fe = 1.2) used in ET and AE study, In ET study, 16.7 μmol 
Fe(II) was sorbed; In AE study, we have slightly more Fe(II) sorbed.   
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Table 2.3. Mössbauer spectral parameters derived from fitting samples in Figure 2.4. 

OM-Fh Reaction 
time (day) Component Relative 

area (%) 

Center 
shift, CS 
(mm/s) 

QS or 2ε b 
(mm/s) 

σ(Δ)c 
(mm/s) 

Hyperfine 
field, H 
(Tesla) 

χν2 

PPHA-Fh 
(1.6) 

0 Fe(III) doublet  100 0.47 0.76 0.35  1.6 
        

1 Fe(II) doublet 4.07(.47) 1.28 3.17 0.38  2.9 
 Fe(III) doublet 51.70(.46) 0.46 0.69 0.15   
 Goethite 44.23(.45) 0.48 -0.22 48.63 0.94  
        

14 Fe(II) doublet 3.54(.34) 1.13 3.39 0.13  2.4 
 Fe(III) doublet 39.94(.43) 0.46 0.70 0.25   
 Goethite 56.52(.44) 0.48 -0.23 48.98 0.73  
        

ESHA-Fh 
(1.6) 

0 Fe(III) doublet  100 0.47 0.76 0.33  1.6 
        

1 Fe(II) doublet 3.76(.33) 1.28 3.19 0.41  2.9 
 Fe(III) doublet 28.91(.29) 0.47 0.71 0.12   
 Goethite 67.33(.36) 0.48 -0.23 48.23 2.16  
        

14 Fe(II) doublet 8.27(.74) 1.26 3.92 2.21  3.1 
 Fe(III) doublet 19.69(.39) 0.42 0.7 0.29   
 Goethite 72.05(.68) 0.48 -0.22 49.04 0.97  
        

a value in parenthesis reflects the error (1σ) in determination of the relative area for each component 
b QS = quadrupole splitting; 2ε = quadrupole shift parameter in sextet 
c σ(Δ) = standard deviation of quadrupole splitting component 
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Table 2.4. Mössbauer spectral parameters derived from fitting SRNOM-Fh  
(C/Fe = 1.2) samples reacted with different amount of Fe(II).  

Initial 
Fe(II)  
(mM) 

Component Relative 
area (%) 

Center 
shift, CS 
(mm/s) 

Quadrupole 
splitting, QS 

or 2ε b 
(mm/s) 

σ(Δ)c 
(mm/s) χν2 

2  Fe(II) doublet  12.02(.62) 1.16 3.0 0.89 1.82 
 Fe(III) doublet 87.98(.62) 0.47 0.70 0.33  
       

4 Fe(II) doublet 14.56(.81) 1.21 2.90 0.70 1.42 
 Fe(III) doublet 85.44(.61) 0.46 0.68 0.33  
       

5 Fe(II) doublet 17.29(.53) 1.12 2.90 0.90 2.24 
 Fe(III) doublet 82.71(.53) 0.45 0.68 0.34  
       

a value in parenthesis reflects the error (1σ) in determination of the relative area for each component 
b 2ε = quadrupole shift parameter in sextet 
c σ(Δ) = standard deviation of quadrupole splitting component 
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Table 2.5. Summary of Fe isotope data during reactions between aqueous Fe(II) and SRNOM-Fh coprecipitate (C/Fe = 1.2) at pH 7.0. 

Time 
(d) 

Aqueous Extracta Solid 

Fe(II) 
(μmole) f57Fe f56Fe f54Fe Fe(II) 

(μmole) f57Fe f56Fe f54Fe Fe 
(μmole) f57Fe f56Fe f54Fe 

0 30.11(0.42) 0.95(0.006) 0.026(0.006) 0.001(0) NA NA NA NA 152.7(3.41) 0.02(0) 0.92(0.001) 0.055(0) 

0.083 11.72(1.0) 0.42(0.007) 0.53(0.007) 0.028(0) 13.9(0.66) 0.38(0.016) 0.57(0.015) 0.03(0.001) 139.04(6.02) 0.13(0.002) 0.82(0.002) 0.043(0) 

1 10.36(0.10) 0.30(0.002) 0.65(0.002) 0.034(0) 13.0(0.25) 0.29(0.002) 0.67(0.003) 0.035(0) 145.75(8.78) 0.16(0.001) 0.79(0.001) 0.042(0) 

7 10.45(0.48) 0.19(0.002) 0.75(0.001) 0.046(0) 12.32(0.34) 0.19(0.002) 0.76(0.002) 0.046(0) 139.43(4.37) 0.17(0.005) 0.78(0.005) 0.048(0) 

14 10.68(0.91) 0.19(0.001) 0.75(0.001) 0.046(0) 11.94 (0.50) 0.19(0.002) 0.76(0.002) 0.046(0) 132.83(2.59) 0.18(0.002) 0.78(0.002) 0.048(0.001) 
        a. Around 80% of sorbed Fe(II) was extracted by this extraction method, less than 3% of Fe in the extraction was Fe(III). 
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Table 2.6. Fe mass and isotope composition in each fraction during the sequential extraction to 
SRNOM-Fh (C/Fe ratio 1.2) reacted with 57Fe(II) over different time. 

Fe(II) 
treated time  

(d) 
Fraction Fe(II)  

(μmol) 
Fe(III) 
(μmol) 

Total Fe 
(μmol) 

57Fe percent 
 (%) 

57Fe 
mass 

(μmol) 

Sum of 
57Fe 
mass 

(μmol) 

Percent of 
Fe mass 

recovered 
(%) 

0 

aqueous  30.9(0.3) - _- 94.6(0.3) 29.2 

32.9 98.1 

extract 1 0 11.2 11.2(0.3) 2.6(0.03) 0.3 

extract 2 0 20.2 20.2(0.1) 2.6(0.03) 0.5 

extract 3 0 28.4 28.4(0.3) 2.6(0.005) 0.7 

extract 4 0 28.4 28.4(0.2) 2.6(0.003) 0.7 

extract 5 0 19.9 19.9(0.1) 2.6(0.01) 0.5 

residual 0 32.9 32.9(0.1) 2.6(0.02) 0.8 

0.08 

aqueous  13.6(0.2) - - 33.6(0.1) 4.6 

34.3 96.9 

extract 1 15.2(0.3) 8.5 23.7(0.3) 31.6(0.2) 7.5 
extract 2 0.6(0.1) 15 15.6(0.1) 23.4(0.1) 3.7 
extract 3 0.1(0.3) 25.3 25.4(0.3) 18.7(0.1) 4.7 
extract 4 0.4(1.3) 24.6 25(1.3) 16.6(0.1) 4.2 
extract 5 0(0.3) 16.1 16.1(0.3) 15.6(0.04) 2.5 
residual 1.9(0.8) 47.1 49(0.8) 14.7(0.1) 7.2 

1 

aqueous  13.1(0.3) - - 25.8(0.1) 3.4 

32.2 93.8 

extract 1 13.5(0.2) 9 22.5(0.8) 25.4(0.03) 5.7 
extract 2 0.5(0.1) 9.5 10(0.5) 22.1(0.1) 2.2 
extract 3 0.8(0.7) 16.3 17.1(0.7) 19.6(0.03) 3.4 
extract 4 0.4(0.04) 23.6 24(1.6) 18.2(0.1) 4.4 
extract 5 0.1(0.06) 10.4 10.5(0.2) 17.2(0.5) 1.8 
residual 3.2(0.1) 62.3 65.5(1.2) 17.3(0.03) 11.3 

7 

aqueous  12.9(0.4) - - 22.2(0.04) 2.9 

30.1 92.8 

extract 1 13.4(0.4) 6.1 19.5(0.6) 22.3(0.2) 4.3 
extract 2 1.5(0.04) 11 12.5(0.7) 20.3(0.05) 2.5 
extract 3 0.1(0.1) 6 6.1(0.2) 19.3(0.1) 1.2 
extract 4 0.2(0.2) 6.9 7.1(0.3) 18.6(0.1) 1.3 
extract 5 0.1(0.1) 8.3 8.4(0.1) 18(0.4) 1.5 
residual 2.3(0.1) 87.7 90(0.6) 18.2(0.2) 16.4 

14 

aqueous  12.4(0.1) - - 20.2(0.1) 2.5 

29.9 93.6 

extract 1 13.2(0.3) 6.1 19.3(0.4) 19.9(0.1) 3.8 
extract 2 0.3(0.1) 5.2 5.5(0.5) 18.3(1.1) 1.0 
extract 3 0.2(0.03) 9.2 9.4(0.1) 18(0.1) 1.7 
extract 4 0.1(0.06) 10.4 10.5(1.1) 16.9(0.5) 1.8 
extract 5 0.1(0.04) 10.7 10.8(0.3) 16.9(0.1) 1.8 
residual 2.8(0.2) 92.6 95.4(2.8) 18.1(0.1) 17.3 
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Table 2.7. Mössbauer parameters derived from fitting spectra in Figure 2.16. 

Sample 
 <CS>a 

(mm/s) 
<QS>b 

(mm/s) 
<H>c 
(T) 

std(H) (T) or 
std(QS) 

(mms-1)d 

Area 
(%) 

χν2 

Aged SRNOM-
Fh (1.2) 

With 
Fe(II) 

Fe(II) Doublet 1.59 2.60 - 0.81 2.92 3.16 

Fe(III) Sextet 0.48 -0.02 43.30 10.71 97.08 
No 

Fe(II) Fe(III) Sextet 0.48 -0.01 39.28 12.54 100 1.71 

a Center shift.  
b Quadrupole splitting for doublets and quadrupole shift parameter for sextets. 
c Hyperfine field. 
d Standard deviation of the Voigt profile for the hyperfine field or quadrupole splitting parameters.  
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Figure 2.1. Mössbauer temperature profile of (a) wet Fh and (b) SRNOM-Fh (C/Fe = 1.2) 
coprecipitate. 
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Figure 2.2. Percent of transformation of OM-ferrihydrite coprecipitates to secondary Fe minerals 
during reaction with 2 mM NAFe(II). Percent of secondary Fe minerals formed was determined 
from relative areas of Mössbauer spectra given in Table 2-3. Conditions: 10 mM Fe(III) from 
OM-Fh, initial C/Fe ratio of 1.6 (see Table 2-2 for final C/Fe ratio), 10 mM PIPES at pH 7.0. 
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Figure 2.3. X-ray diffraction of (a) PPHA-Fh (C/Fe = 1.6), (b) ESHA-Fh (C/Fe = 1.6), (c) 
SRFA-Fh (C/Fe = 1.1) and (d) PPFA-Fh (C/Fe = 1.4) reacted with 2 mM Fe(II) in 10 mM PIPES 
(pH 7.0) over 14 days. Solids were collected and characterized with 0.22 μm glass fiber filter (e). 
Measurement was conducted at step width 0.02 at 30 kV and 15 mA. The identical peaks of 
secondary Fe mineral in (a) and (b) are consistent with goethite and the intensity of peaks 
increased over time.   
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Figure 2.4. Mössbauer spectra and fitting of (a) PPHA-Fh (C/Fe = 1.6) (b) ESHA-Fh (C/Fe = 
1.6) reacted with 2 mM NAFe(II) over time. The spectra were fitted using one sextet and two 
doublets with Recoil. Based on XRD result (Figure 2.3) and Recoil fitting report, in PPHA-Fh 
(C/Fe = 1.6), there are 44.23% of goethite and 51.70% of ferrihydrite in 1 day sample, and 
56.52% of goethite and 39.94% of ferrihydrite in 14 days sample; in ESHA-Fh(C/Fe = 1.6),  
there are 67.33% of goethite and 28.91% of ferrihydrite in 1 day sample, and 72.05% of goethite 
and 19.69% of ferrihydrite in 14 days sample. Detailed fitting parameters were listed in Table 
2.3.   
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Figure 2.5. X-ray diffraction of SRNOM-Fh (1.2) reacted with 2 mM Fe(II) over time in PIPES 
buffer, pH 7.0. Solids were collected and characterized on the 0.22 μm glass filter. No mineral 
transformation was observed over 28 days.   
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Figure 2.6. 57Fe Mössbauer spectra of various OM-Fh coprecipitates (10 mM Fe(III)) reacted 
with 2 mM 56Fe(II) in 10 mM PIPES buffer (pH 7.0) over 1 day. Spectra were collected at 77 K. 
A ferrous peak emerged in reacted OM-Fh coprecipitates. 
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Figure 2.7. Mössbauer spectra of SRNOM-Fh (C/Fe = 1.2) reacted with 56Fe(II) at various 
concentrations over 7 days. Percent labels are the percent relative area of the Fe(II) doublets 
(Table 2.4). Conditions: 0 to 5 mM 56Fe(II), 10 mM Fe(III) from SRNOM-Fh (C/Fe = 1.2) 
synthesized with naturally abundant Fe, 10 mM PIPES at pH 7.0. 
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Figure 2.8. X-ray diffraction of reacted SRNOM-Fh (C/Fe = 1.2) with various Fe(II) 
concentration. Same solids as measured in Figure 2.7. 
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Figure 2.9. A comparison of the percent Fe(II) in SRNOM-Fh (C/Fe = 1.2) coprecipitates reacted 

with 56Fe(II) as measured by the relative area of the Fe(II) doublet in the Mössbauer spectra and 

percent of Fe(II) in the dissolved coprecipitates, same condition as Figure 2.7. Table 2.4 contains 

Mössbauer spectra and fitting parameters from which the relative area of the Fe(II) doublets were 

determined. 
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Figure 2.10. Percent 57Fe in aqueous Fe(II), extracted Fe(II) and residual SRNOM-Fh (C/Fe = 1.2) 

over time. The horizontal dashed line is the calculated 57Fe percent completely mixed value of 

17.45%. Conditions: 2 mM 57Fe(II), 10 mM Fe(III) from SRNOM-Fh (C/Fe = 1.2) synthesized 

with naturally abundant Fe, 10 mM PIPES at pH 7.0. Values for data points represent the mean of 

triplicate reactors; error bars not visible are smaller than symbols. 
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Figure 2.11. Fe(II) distribution in each phase during Fe(II) reaction with SRNOM-Fh (C/Fe = 
1.2). 
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Figure 2.12. Measured 57Fe percentage of aqueous Fe(II) and residual solid Fe over time when 2 
mM 57Fe(II) was reacted with wet ferrihydrite and SRNOM-Fh (C/Fe = 1.2) synthesized with 
naturally abundant Fe. Dash line represents the completely mixed 57Fe percent value in pure Fh 
reactors.  
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Figure 2.13. Percent of 57Fe isotope in each fraction of sequentially extracted Fe from SRNOM-

Fh (C/Fe = 1.2). Data is shown for SRNOM reacted with Fe(II) for vary amounts of time (2 h, 1 

d, 7 d, and 14 d) at similar condition as Figure 2.10. The completely mixing line is the calculated 

mass balance of 57Fe percent (18.3%) in the reactor assuming the isotopes in the solids and 

aqueous phases have complete mixed (See SI for calculation). Values for data points represent the 

mean of triplicate experiments. 
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Figure 2.14. Mössbauer spectra of SRNOM-Fh (C/Fe = 1.2) alone and reacted with Fe(II) over 28 

days at 25 K. 
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Figure 2.15. Mössbauer spectra of SRNOM-Fh (C/Fe = 1.2) with or without Fe(II) over 28 days 
at 14 K. 
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Figure 2.16. Mössbauer spectra fitting of SRNOM-Fh (C/Fe = 1.2) aged with or without Fe(II) 
over 28 days. 
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Figure 2.17. Hyperfine field distribution of SRNOM-Fh (C/Fe = 1.2) with or without Fe(II) at 14 
K. 
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Figure 2.18. Acid dissolution with 0.2 M HCl to (a) SRNOM-Fh (C/Fe = 1.2) treated with Fe(II) 
in PIPES buffer (pH 7.0) over time; (b) SRNOM-Fh (C/Fe = 1.2) aged in PIPES buffer (pH 7.0) 
over time. 
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Figure 2.19. The sedimentation of SRNOM-Fh (C/Fe = 1.2) in PIPES buffer (pH 7.0) with or 
without 2 mM Fe(II) over 30 minutes. 
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CHAPTER 3: EFFECT OF C/FE RATIO ON FE(II)-CATALYZED TRANSFORMATION OF 

FERRIHYDRITE 

 
Abstract 

The inhibition of natural organic matter (NOM) on Fe(II)-catalyzed ferrihydrite 

transformation has been shown in many studies, but yet to be further explored under wider 

conditions. Here we investigated Fe(II)-catalyzed transformation of ferrihydrite coprecipitated 

with different species of NOM at various C/Fe ratios. Adsorbed NOM were also used and 

compared. Both coprecipitated NOM and adsorbed NOM decreased the percent of ferrihydrite 

transformation to secondary minerals as the C/Fe ratio increased. Further comparison between 

humic acid and fulvic acid revealed that at low C/Fe ratio ferrihydrite coprecipitated with humic 

acids transformed primarily to goethite after reaction with Fe(II). In contrast, ferrihydrite 

coprecipitated with Suwannee River NOM (SRNOM) and fulvic acid transformed primarily to 

lepidocrocite which has lower crystallinity than goethite. The fulvic content was found to be more 

inhibitive than humic acids on Fe(II)-catalyzed ferrihydrite transformation at different C/Fe ratios. 

Adsorbed SRNOM was found to inhibit ferrihydrite transformation at lower C/Fe ratio than 

coprecipitated SRNOM. The fate of NOM in SRNOM-Fh coprecipitates was also tracked during 

the reaction with Fe(II). No carbon release was observed regardless of whether ferrihydrite 

transformed into secondary Fe minerals or not.  The thermal stability of carbon, however, was 

found to increase with the formation of secondary Fe minerals, whereas no change was observed 

in SRNOM-Fh coprecipitate that underwent extensive Fe atom exchange without formation of 

secondary Fe minerals. 
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Introduction 

Abundant natural organic matter (NOM) in soil and sediments was directly associated with 

Fe minerals and this association has been shown deeply affect the fate of Fe minerals (69, 139). 

Fe(II)-catalyzed ferrihydrite transformation, an important Fe mineral behavior, was found 

inhibited by with the presence of NOM decades ago (85). Further study about the effect of NOM 

on Fe(II)-catalyzed ferrihydrite transformation has been carried by us and many others (42, 47, 86, 

87). With the help of Fe isotope tracers, the electron transfer and atom exchange between aqueous 

Fe(II) and ferrihydrite in the presence of NOM was deeply investigated (42, 87). Adsorbed 

Suwannee River fulvic acid was found to reduce 55Fe release from ferrihydrite and inhibit the 

formation of goethite (42). With higher C/Fe ratios, less ferrihydrite was transformed until the 

transformation was totally inhibited (86). While our study found even without the formation of 

secondary Fe minerals, there still has extensive Fe atom exchanged between aqueous Fe(II) and 

ferrihydrite, and we suggested the inhibited electron transfer and Fe atom exchange cannot explain 

the lack of ferrihydrite transformation by NOM. To date, there are lots of studies focused on the 

impact of NOM on ferrihydrite transformation but the mechanism behind the inhibition of 

ferrihydrite transformation is still in debate. The use of different NOM and methods of associating 

them with ferrihydrite in these studies make the comparison and discussion even more challenging.  

In Chapter 2, we made some efforts to compare the effect of different NOM on Fe(II)-

catalyzed ferrihydrite transformation, and found fulvic acid was more inhibitive than humic acid 

(87). But note it was only tested under certain C/Fe ratio, we want to see if this conclusion still 

correct at broader conditions. In addition, only coprecipitated NOM was investigated on Fe(II)-

catalyzed ferrihydrite transformation in last chapter. We know adsorption was also a very 

important way for the combination of NOM and Fe minerals (78, 140). There are some studies 
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investigating how adsorbed NOM impacts ferrihydrite transformation (42, 141), however, there is 

no study comparing the effect of coprecipitated OM and adsorbed OM on Fe(II)-catalyzed 

ferrihydrite transformation. Maybe more importantly, little is known about the fate of NOM during 

Fe(II)-catalyzed transformation of ferrihydrite, which would be extremely meaningful to 

understand the stability of carbon in soil and sediments. Here different species of OM were used 

to synthesize OM-Fh coprecipitates with different C/Fe ratios and reacted with aqueous Fe(II), and 

the ferrihydrite transformation pathways were compared under different conditions. The Fe(II)-

catalyzed transformation of ferrihydrite with adsorbed and coprecipitated SRNOM were also 

investigated and compared in this study. To understand the fate of NOM during ferrihydrite 

transformation, we probed the carbon content and thermal stability in SRNOM-Fh coprecipitates 

before and after reaction with Fe(II).  

Materials and Methods 

Fe Minerals Preparation and Transformation Experiments 

Similar methods as we described in chapter 2 were used to synthesize ferrihydrite and 

NOM-Fh coprecipitates (87). The amount of OM added at the beginning was adjusted to get 

coprecipitates with different C/Fe ratios. Ferrihydrite coprecipitated with Leonardite humic acid 

(LHA) and Suwannee River NOM (SRNOM) were denoted as LHA-Fh coprecipitate and 

SRNOM-Fh coprecipitate, respectively. The experiments for Fe(II)-catalyzed transformation of 

ferrihydrite and NOM-Fh coprecipitates were set exactly same as we described in chapter 2. To 

investigate the effect of adsorbed NOM on Fe(II)-catalyzed ferrihydrite transformation, we reacted 

wet ferrihydrite with 2 mM aqueous Fe(II) in the presence of dissolved SRNOM. A stock solution 

of dissolved SRNOM (1 g/L) was used to obtain different initial SRNOM concentrations in each 

reactors. Wet ferrihydrite was then added to adsorb SRNOM over 24 hours at pH 7.0. Aqueous 



www.manaraa.com

61 
 

Fe(II) enriched with 57Fe (~95% 57Fe) was then added to catalyze ferrihydrite transformation and 

further probe the Fe atom exchange between Fe(II) and ferrihydrite in the presence of adsorbed 

NOM. Same methods for sample collection and measurement were applied as we described in 

chapter 2. Note we tried to measure the amount of adsorbed NOM with TOC analyzer, but the 

organic buffer (PIPES) used in this experiment had extremely high carbon concentration and 

compromised the signal of SRNOM in TOC analyzer, and make the data indecipherable.  

Carbon Characterization 

The carbon content in NOM-Fh coprecipitate before and after reaction with Fe(II) were 

measured by TOC analyzer and CHN analyzer. The solid was collected through centrifugation and 

washed with deionized water twice to remove the residual PIPES buffer. Further carbon 

characterization was carried out in our collaborators’ lab in University of Pennsylvania. The 

thermal stability of the SRNOM-Fh coprecipitates was assessed by thermal analysis using ramped 

combustion. Samples (~6 mg) were heated to 105 °C at 10°C min-1, held at 105 °C for 15 minutes 

to dry and equilibrate the sample, then heated at 10°C min-1 to 800°C. Experiments were performed 

in an oxidizing atmosphere of 40 mL min-1 of CO2-free synthetic air (20% O2 and N2 balance) 

using a Netzsch STA 449PC Jupiter simultaneous thermal analyzer equipped with an automatic 

sample carrier (ASC) and a type-S platinum/ rhodium (Pt/PtRh) sample carrier (Netzsch–

Gerätebau GmbH, Selb, Germany). The gas outlet of the thermal analyzer was coupled to a LICOR 

LI-820 infrared gas analyzer (Licor Biosciences, Lincoln, NE) for evolved gas analysis of CO2 

during the ramped combustion. Thermal stability of the SRNOM-Fh coprecipitates was 

determined using the temperature at which the peak in CO2 evolution occurred.  
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Results and Discussion 

Effect of C/Fe Ratio on OM-Fh Coprecipitate Transformation Products  

We previously showed that fulvic acids inhibit Fe(II)-catalyzed ferrihydrite transformation 

more than humic acids at a C/Fe ratio around 1.2 (87). To determine if a similar trend exists over 

a range of C/Fe ratios, we synthesized OM-Fh coprecipitates with different C/Fe ratios using a 

humic acid (Leonardite humic acid, LHA) and an NOM similar to fulvic acid (Suwannee River 

NOM, SRNOM).  

For ferrihydrite coprecipitated with LHA at C/Fe ratio 0.8, goethite and small percent of 

lepidocrocite were formed in the reacted solid and the intensity of XRD peaks increased over time 

(Figure 3.1). Interestingly, lepidocrocite was formed at a later time point than goethite, and the 

intensity of XRD peaks for both Fe minerals increased over time. At a C/Fe ratio of 1.6, only 

goethite was found and the intensity of XRD peaks at each time point were weaker compared to 

C/Fe ratio of 0.8 suggesting that less ferrihydrite was transformed (Figure 3.2). At an even higher 

C/Fe ratio of 3.2, the ferrihydrite transformation was totally inhibited (Figure 3.3). Comparing the 

XRD patterns at 7 days reveals a marked difference in transformation products as a function of 

C/Fe ratio (Figure 3.4). Magnetite was only found in pure ferrihydrite and was inhibited in the 

presence of NOM, the intensity of goethite XRD peaks decreased as the C/Fe ratio increased and 

were barely present at C/Fe ratio 3.2. Very limited amount of lepidocrocite was found at a C/Fe 

ratio of 0.8.     

In addition to LHA-Fh coprecipitate, we also synthesized SRNOM-Fh coprecipitate with 

different C/Fe ratios. In contrast to Leonardite humic acid, ferrihydrite coprecipitated with 

SRNOM, which has significant fulvic acid, transformed only into lepidocrocite at the lower C/Fe 

ratio (0.8) (Figure 3.5). We observed a similar result with ferrihydrite coprecipitated with 
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Suwannee River fulvic acid (SRFA) at C/Fe ratio 0.8, but with lower intensity of XRD peaks 

(Figure 3.6). Compared to the dominance of goethite in LHA-Fh (C/Fe = 0.8) coprecipitate and 

other HA-Fh (C/Fe = 1.6) coprecipitates (87), lepidocrocite appeared to form more in ferrihydrite 

coprecipitated with fulvic acid or SRNOM at low C/Fe ratio (Figure 3.6). This observation is 

consistent with a published study where adsorbed SRFA (25 mg/L, C/Fe ratio ~0.4) facilitated the 

accumulation of lepidocrocite (81.2%) and inhibited goethite formation (42). At low Fe(II)/Fe(III) 

ratios, it was also observed that coprecipitated OM inhibited the formation of goethite and 

facilitated lepidocrocite formation (86). Our observation that lepidocrocite is the dominant 

transformation product from ferrihydrite coprecipitated with fulvic acid and SRNOM is consistent 

with our earlier conclusion that fulvic acid is more inhibitive than humic acid (87) because 

lepidocrocite has lower crystallinity than goethite and is normally regarded as the precursor of 

goethite (55, 142).  

Since it has been observed that NOM can facilitate ferrihydrite reduction at high C/Fe ratio 

by dissimilatory Fe(III)-reducing bacterium (DIRB) (104), we further increased the C/Fe ratio in 

SRNOM-Fh coprecipitate to test if carbon facilitated ferrihydrite transformation also occurred 

during aqueous Fe(II)-catalyzed transformation of ferrihydrite. Over 7 days reaction with Fe(II), 

no secondary Fe mineral was observed in SRNOM-Fh (C/Fe = 2.4) coprecipitate (Figure 3.7), 

consistent with what we observed in LHA-Fh (C/Fe = 3.2) coprecipitate and in contrast to what 

was observed with DIRB. Our results suggest that other processes must be occurring in DIRB 

reduction of ferrihydrite other than what we are observing when adding aqueous Fe(II) to induce 

Fe(II)-catalyzed ferrihydrite transformation as we only observed inhibition of NOM on Fe(II)-

catalyzed ferrihydrite transformation (Figure 3.4 and 3.8).  
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Less ferrihydrite transformation at higher C/Fe ratios, however, is consistent with previous 

work using adsorbed Suwannee River fulvic acid (SRFA) where ferrihydrite transformation was 

completely inhibited with 150 mg/L SRFA (C/Fe ratio ~2.5) (42). A similar trend was also 

observed in a study with coprecipitated OM extracted from an Ultisol, but magnetite was not totally 

inhibited until C/Fe ratio 1.2 in their study (86). In another study, complete inhibition of magnetite 

was reported in the presence of bicarbonate (55). The inhibition of carbon on ferrihydrite structural 

conversion and nucleation were proposed to explain the lack of magnetite formation (143). In these 

studies, different carbon sources were used making it difficult to directly compare the data. We 

also want to note the characterization method in our study may not be sensitive enough to catch 

the small amounts of magnetite observed in the previous studies.  

To evaluate whether different amounts of Fe(II) sorb on the different C/Fe ratio ferrihydrite 

coprecipitates, we measured the amount of Fe(II) sorbed by LHA-Fh coprecipitates with different 

C/Fe ratios (Figure 3.9). We observed more Fe(II) sorption with increasing of C/Fe ratio possibly 

because of additional sorption to NOM (144). However, it was challenging to distinguish whether 

Fe(II) was sorbed to  Fe minerals or NOM. Based on our study and others (87, 145, 146), NOM 

can be an electron shuttle and may not inhibit the electron transfer between Fe(II) and ferrihydrite. 

With more Fe(II) sorbed on NOM-Fh coprecipitate with higher C/Fe ratio, there may be more 

electrons available for ferrihydrite, however,  ferrihydrite still not transform. This is consistent 

with our earlier conclusion that limited electron transfer is not responsible for the lack of 

ferrihydrite transformation (87). We do not, however, know how the presence of NOM change the 

redox potential of Fe(II)-Fe(III) which may influence electron transfer and subsequent ferrihydrite 

transformation. Indeed, Studies have suggested that OM can decrease Fe(II) oxidation rate by 

preventing formation of the inner-sphere complex between Fe(II) and the oxide surface (33, 114).  
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Effect of Adsorbed OM on Fe(II)-catalyzed Ferrihydrite Transformation 

In addition to coprecipitation, adsorption of NOM on the ferrihydrite surface is another 

common way for NOM to associate with ferrihydrite in soil and sediments (88, 147, 148), 

particularly considering the large surface area of ferrihydrite. To evaluate whether adsorbed and 

coprecipitated OM have a similar influence on Fe(II)-catalyzed ferrihydrite transformation, we 

reacted ferrihydrite equilibrated with different concentrations of SRNOM with 57Fe(II) for 7 days. 

Adsorbed OM resulted in a decreased percentage of ferrihydrite transformation with an increase 

in C/Fe ratios, similar to what we observed with coprecipitated OM (Figure 3.10). At an SRNOM 

concentration of 120 mg/L (C/Fe ratio = 0.5), adsorbed OM inhibited the formation of magnetite 

and facilitated lepidocrocite formation, with only minor transformation to goethite over 7 days 

(Figure 3.10). As SRNOM concentration further increased, Fe(II)-catalyzed ferrihydrite 

transformation was completely inhibited. The lowest C/Fe ratio where we saw overall 

transformation inhibition with adsorbed NOM was around C/Fe ratio 1.0 (120 mg/L SRNOM). 

But considering only around 70% of SRNOM may adsorb to ferrihydrite estimated from similar 

study (149), suggesting that the actual C/Fe ratio in the SRNOM-Fh association may be lower and 

close to 0.7. Note for the SRNOM-Fh coprecipitate with C/Fe ratio 0.8, we observed secondary Fe 

minerals formed at the same Fe(II) concentration. Based on these estimates, it appears that 

adsorbed NOM may inhibit Fe(II)-catalyzed ferrihydrite transformation more than coprecipitated 

NOM but additional work is needed to over a wider range of conditions to evaluate this.  

Effect of Adsorbed OM on Fe Atom Exchange 

To track the Fe atom movement between aqueous Fe(II) and ferrihydrite in the presence of 

adsorbed SRNOM, we used a 57Fe(II) tracer and measured aqueous Fe(II) concentration and 

isotopic composition over time. Aqueous Fe(II) concentration indicates more Fe(II) was sorbed by 
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ferrihydrite alone (Figure 3.11) most likely because the formation of magnetite can incorporate 

Fe(II) in its octahedral sites (95). In the presence of SRNOM, Fe(II) sorption was slightly increased 

with higher initial SRNOM concentration, indicating the adsorbed SRNOM on ferrihydrite may 

provide additional sorption sites for Fe(II). When lepidocrocite and goethite both formed, a slight 

decrease in Fe(II) sorption was observed over time possibly due to the formation of secondary Fe 

minerals that have lower surface areas than ferrihydrite (150).  

In the absence of SRNOM, ferrihydrite transformed into secondary Fe minerals and the 

57Fe percent in the aqueous dropped rapidly to 19.4% over 2 hours which is below the calculated 

completely mixed isotopic proportion of 21.3% (Table 3.1). One explanation for the drop below 

the completely mixed value may be direct incorporation of aqueous Fe(II) into magnetite (43, 55). 

The reacted solid was extracted with 0.4 M HCl extraction in an attempt to selectively dissolve 

ferrihydrite while leaving the newly formed magnetite and goethite. The 57Fe percent in the 

extractable solid was 17.8% which lower than the 57Fe percent in the aqueous phase suggesting 

that some of ferrihydrite had not exchanged or completely mixed with the aqueous Fe(II) (Table 

3.1). The residual solid after extraction was totally dissolved by 5 M HCl and the 57Fe percent in 

it was 24.8% which is higher than extracted ferrihydrite phase. Our results confirmed that there 

was a heterogeneous distribution of Fe isotope in the solids. Over 7 days, the 57Fe percent in 

aqueous phase increased to 21.7% and became closer to the extracted ferrihydrite (20.5%). The 

57Fe percent in secondary Fe minerals decreased to 21% over 7 days, which may be resulted by its 

further exchange with aqueous phase or the formation of new secondary Fe minerals with lower 

57Fe percent. Our selective extractions and quantifying isotope distributions suggest a promising 

approach for evaluating the Fe isotope distributions in solids with secondary Fe minerals, which 

will help overcome the challenge of interpreting isotope data in a heterogeneous system. 
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In the presence of 120 mg/L SRNOM, lepidocrocite and goethite were formed in the 

presence of Fe(II). The initial C/Fe ratio in the presence of 120 mg/L was around 0.5, but the 

amount of carbon adsorbed on ferrihydrite maybe even lower (149). The percent of 57Fe in aqueous 

Fe(II) phase decreased from 95% to 32.1% over 2 hours, not as much as it decreased with pure 

ferrihydrite (19.4%). It further dropped to 19.5% and exceeded the calculated isotope equilibrium 

value over 1 day reaction, but didn’t increased over longer reaction time as we observed in pure 

ferrihydrite (Figure 3.10). The 57Fe percent in secondary Fe minerals after 7 days was 21.8% 

which was higher than aqueous phase. Clearly there is a heterogeneous Fe isotope distribution in 

the reacted solids when secondary Fe minerals are formed which makes it challenging to interpret 

the isotope data and estimate the percent of Fe atom exchange (52).  

 With even higher initial SRNOM concentration (240 mg/L, C/Fe ratio ~1.0), ferrihydrite 

transformation was totally inhibited and a higher 57Fe percent in the aqueous phase was observed, 

suggesting less atom exchange occurred between aqueous Fe(II) and ferrihydrite. The extent of 

57Fe percent change was consistent with what we observed in SRNOM-Fh coprecipitate that with 

C/Fe ratio 1.2 (Figure 2.10). Note lower C/Fe ratio was used with adsorbed SRNOM to achieve 

this similar inhibition as observed with coprecipitated SRNOM. In addition, considering not all 

SRNOM was adsorbed by ferrihydrite, the C/Fe ratio in solid phase would be even lower than 1.0 

(estimated to be 0.7) (149). Further increasing the SRNOM concentration (480 mg/L, C/Fe ratio 

~2.0), we saw less 57Fe percent change in aqueous Fe(II) especially at early time point, but it is not 

proportional to the amount of SRNOM added. If we look at the results after 7 days reaction, it is a 

somewhat surprising to see similar Fe isotope compositions in aqueous Fe(II) under such varied 

SRNOM concentrations. Our results are, however, consistent with our speculation that 
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coprecipitated SRNOM that organic matter may work as electron shuttle, and there still has 

extensive Fe atom exchange occurred in the lack of ferrihydrite transformation.       

Comparison Between Coprecipitated and Aadsorbed OM 

Our limited data shows preliminary evidence that adsorbed SRNOM may be more 

inhibitive than coprecipitated SRNOM on Fe(II)-catalyzed ferrihydrite transformation and Fe atom 

exchange. This is consistent with another study that found ferrihydrite with adsorbed OM was less 

susceptible to reduction comparing to the one with coprecipitated OM (101). A possible reason for 

the different effects between adsorbed and coprecipitated NOM observed is that coprecipitated 

NOM decreased edge-sharing FeO6 octahedra and resulted smaller crystal size in ferrihydrite (73, 

74). Our study also showed the crystallinity of ferrihydrite decreased in the presence of 

coprecipitated NOM (87). These observations indicate ferrihydrite coprecipitated with NOM 

might be more susceptible to Fe atom exchange or recrystallization due to its lower stability than 

ferrihydrite. The adsorbed NOM, however, would not change the crystallinity of ferrihydrite as its 

interaction mostly occurred at the surface of minerals (112, 148). In addition, adsorption to 

ferrihydrite can fractionate NOM and make it has different composition with coprecipitated NOM 

(151). The preference of aromatic carbon and larger size NOM moieties during the adsorption to 

Fe mineral surface may also better inhibit the reactivity of ferrihydrite (75, 77).         

 Fate of NOM during Ferrihydrite Transformation.  

To investigate the fate of NOM during Fe(II)-catalyzed ferrihydrite transformation, we 

measured the carbon content in SRNOM-Fh coprecipitates before and after reaction with Fe(II) 

(Table 3.2). In SRNOM-Fh (C/Fe = 1.2) coprecipitate, we found no secondary Fe mineral formed 

after reaction with Fe(II) and the carbon content in the coprecipitate was also not changed, even 

though we observed extensive Fe atom exchanged (87). Ferrihydrite transformation occurred in 
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SRNOM-Fh (C/Fe = 0.8) coprecipitate after reaction with Fe(II), there is still no evidence showing 

carbon release during the process. Chen et al. also found carbon content remained unchanged in 

OM-Fh coprecipitate after reaction with Fe(II), but they suggested the bound OM was less stable 

(86).   

To further characterize the stability of carbon in SRNOM-Fh coprecipitates after reaction 

with Fe(II), we characterized SRNOM-Fh coprecipitates before and after Fe(II) treatment using 

thermal analysis during ramped combustion. We used the temperature where we saw the max CO2 

peaks as a guide for carbon thermal stability, and found there is no carbon thermal stability change 

in SRNOM-Fh (C/Fe = 1.2) before and after Fe(II) treatment (Table 3.3). In this SRNOM-Fh (1.2) 

coprecipitate, we observed no Fe mineral transformation. We further compared the carbon thermal 

stability in SRNOM-Fh (C/Fe = 0.8) where Fe(II) can start the mineral transformation. The 

temperature where we observed max CO2 peak increased after mineral transformation occurred, 

indicating the carbon thermal stability in SRNOM-Fh (C/Fe = 0.8) coprecipitate increased by 

ferrihydrite transformation.  

Conclusion 

In this study, we found the increasing of C/Fe ratio, regardless of whether it is humic acid 

or fulvic acid, results in less ferrihydrite transformation in the presence of aqueous Fe(II). 

Comparing our data with other studies suggests the effects of NOM are different between Fe(II)-

catalyzed transformation and the dissimilatory Fe(III) reducing bacterium induced transformation. 

The comparison between adsorbed NOM and coprecipitated NOM showed some preliminary 

evidence that adsorbed NOM may be more inhibitive than coprecipitated NOM on Fe(II)-catalyzed 

ferrihydrite transformation. Adsorbed SRNOM slows down the Fe isotope composition change in 

aqueous Fe(II), but extensive Fe isotope mixing still appears to occur between aqueous Fe(II) and 
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ferrihydrite. The NOM associated through different pathways is likely to have different 

implications for stability of ferrihydrite in reducing environments. In environments that have more 

fluctuate pH or redox potential, the coprecipitation of ferrihydrite and NOM can be a common 

process which would form a more dynamic NOM-Fh phase (152, 153).  

We also found fulvic acid and humic acid would lead to different ferrihydrite 

transformation pathways at low C/Fe ratio. With humic acid, goethite was predominant in the 

secondary Fe minerals. Whereas lepidocrocite formed more when ferrihydrite coprecipitated or 

adsorbed with fulvic acid and NOM that was enriched with fulvic content. As expected, 

ferrihydrite transformation to more stable minerals is strongly influenced by the nature of the 

organic matter present during ferrihydrite formation. Based on our results and those of others (42, 

86), we speculate that higher percentage of ferrihydrite and lepidocrocite were expected in Fe 

minerals associated with highly decomposed OM than those newly formed OM.  

As an important sink for the storage of carbon in soil and sediments, ferrihydrite was found 

associate with NOM during Fe(II)-catalyzed transformation. No carbon release or change in 

thermal stability was observed in SRNOM-Fh coprecipitate after reaction with Fe(II) in the lack 

of ferrihydrite transformation. The formation of secondary Fe minerals was found to improve the 

thermal stability of NOM. However, this was only tested under a very limited condition. More 

work is needed to test the carbon distribution or stability during Fe mineral transformation or 

recrystallization.  
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Table 3.1. The 57Fe percent in different phases during Fe(II)-catalyzed  
ferrihydrite transformation. 

Time 
(d) 

57Fe Percent (%) 
Aqueous Fe 0.4 M HCl 

extracted 
Residual solid 

0 95.0 (0.2) - - 
0.08 19.4 (0.3) 17.8 (0.2) 24.8 (0.5) 

1 21.6 (0.1) - - 
7 21.7 (0.2) 20.5 (0.2) 21.0 (0.4) 

 
  

 

 

 

 

 

 

 

 

Table 3.2. The carbon percent in SRNOM-Fh coprecipitate before and after  
reaction with Fe(II). 

 

 

 

 
 
 
 

 

 

 

Sample Information Percent  in sample  

N (%) C (%) 

SRNOM-Fh (C/Fe =1.2) in PIPES buffer 0.198 9.712 

SRNOM-Fh (C/Fe = 1.2) +2mM Fe(II) in PIPES buffer 0.212 9.620 

SRNOM-Fh (C/Fe = 0.8) in PIPES buffer 0.000 6.878 

SRNOM-Fh (C/Fe = 0.8) +2mM Fe(II) in PIPES buffer  0.000 7.393 
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Table 3.3. The temperature at which max CO2 peak was  
measured in SRNOM-Fh coprecipitates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Sample Information Max CO2 peak (℃) 

SRNOM-Fh (C/Fe = 1.2) alone 289 

SRNOM-Fh (C/Fe = 1.2) with Fe2+ 287 

SRNOM-Fh (C/Fe = 0.8) alone 289 

SRNOM-Fh (C/Fe = 0.8) with Fe2+ 295 
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Figure 3.1. X-ray diffraction pattern of LHA-Fh (C/Fe = 0.8) reacted with 2 mM Fe(II) in 10 mM 
PIPES (pH 7.0) over 14 days. Solids were collected and characterized with 0.22 μm glass filter. 
The identical peaks of secondary Fe mineral are consistent with goethite and lepidocrocite. 
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Figure 3.2. X-ray diffraction pattern of LHA-Fh (C/Fe = 1.6) reacted with 2 mM Fe(II) in 10 mM 
PIPES (pH 7.0) over 7 days. Solids were collected and characterized with 0.22 μm glass filter. 
The identical peaks of secondary Fe mineral are consistent with goethite. 
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Figure 3.3. X-ray diffraction of LHA-Fh (C/Fe = 3.2) reacted with 2 mM Fe(II) in 10 mM PIPES 
(pH 7.0) over 14 days. Solids were collected and characterized with 0.22 μm glass filter. No 
secondary Fe mineral was observed. 
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Figure 3.4. X-ray diffraction patter of LHA-Fh coprecipitate with different initial C/Fe ratio 
reacted with aqueous Fe(II) over 7 days.  
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Figure 3.5. X-ray diffraction pattern of SRNOM-Fh (C/Fe = 0.8) coprecipitate reacted with 2 
mM Fe(II) in 10 mM PIPES (pH 7.0) over 7 days. Solids were collected and characterized with 
0.22 μm glass filter. The identical peaks of secondary Fe mineral are consistent with 
lepidocrocite. 
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Figure 3.6. The X-ray diffraction pattern of different OM-Fh coprecipitates (C/Fe = 0.8) reacted 
with 2 mM Fe(II) over 7 days.   
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Figure 3.7. X-ray diffraction pattern of SRNOM-Fh (C/Fe = 2.4) coprecipitate reacted with 2 
mM Fe(II) in 10 mM PIPES (pH 7.0) over 7 days. Solids were collected and characterized with 
0.22 μm glass filter. No secondary Fe mineral was observed. 
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Figure 3.8. X-ray diffraction patter of LHA-Fh coprecipitate with different initial C/Fe ratio 
reacted with aqueous Fe(II) over 7 days. 
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Figure 3.9. Fe(II) sorption by LHA-Fh coprecipitates with different C/Fe ratios. Condition: 2 
mM Fe(II), 10 mM Fe(III) in the coprecipitates, 10 mM PIPES buffer, pH 7.0.  
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Figure 3.10. X-ray diffraction patter of wet ferrihydrite reacted with Fe(II) in the presence of 
adsorbed SRNOM. The ferrihydrite and dissolved SRNOM was equilibrated in solution (pH 7.0) 
overnight before the adding of aqueous Fe(II).  
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Figure 3.11. The amount of Fe(II) sorption by wet ferrihydrite in the presence of different 
concentrations of SRNOM. Sorbed Fe(II) was calculated with the initial Fe(II) concentration 
deducted by aqueous Fe(II) concentration at different time point.   
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Figure 3.12. The 57Fe percentage in aqueous Fe(II) during the reaction of wet ferrihydrite and 
Fe(II) in the presence of different amount of SRNOM. The red line indicates the equilibrium of 
57Fe percent calculated from initial Fe mass and isotope composition. 
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CHAPTER 4: NI DISTRIBUTION DURING FE(II)-CATALYZED FERRIHYDRITE 

TRANSFORMATION: INFLUENCE OF NATURAL ORGANIC MATTER 

Abstract 

Trace metals associated with iron (Fe) minerals have been shown to redistribute between 

the aqueous phase, mineral surface, and bulk minerals when reacted with Fe(II). Natural organic 

matter (NOM), often found with Fe minerals in soil, has been shown to impact Fe mineral 

transformations, especially Fe(II)-catalyzed ferrihydrite transformation. Little, however, is known 

about the effect of NOM on trace metal redistribution during Fe(II)-catalyzed ferrihydrite 

transformation. Here I investigated Ni redistribution during Fe(II)-catalyzed transformation of 

ferrihydrite associated with NOM. The acid extractable portion of Ni adsorbed on ferrihydrite 

decreased from 51% to 17% in the presence of Fe(II), potentially caused by incorporation of Ni 

into the structure of secondary Fe minerals formed during ferrihydrite transformation. Ferrihydrite 

coprecipitated with Suwannee River natural organic matter (SRNOM-Fh) did not transform but 

extensive Fe atom exchange between aqueous Fe(II) and structural Fe(III) in SRNOM-Fh 

coprecipitate still occurred. The acid extractable portion of Ni adsorbed on SRNOM-Fh 

coprecipitate decreased 5-9% in the presence of Fe(II), suggesting there was little change to Ni 

stability or Ni distribution. To evaluate the release of Ni, Ni pre-coprecipitated with ferrihydrite 

and Ni pre-coprecipitated with ferrihydrite and SRNOM were made. Increased Ni release was 

observed in the presence of Fe(II) during the beginning of reaction, but released Ni appeared to 

resorb as secondary Fe minerals formed. No significant Ni resorption or mineral transformation 

was observed in Ni-SRNOM-Fh coprecipitate where no secondary Fe minerals formed. Acid 

dissolution experiments indicate the residual Ni did not redistribute in Ni-SRNOM-Fh 
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coprecipitate after reaction with aqueous Fe(II), even though extensive Fe atom exchange between 

aqueous Fe(II) and structural Fe(III) in Ni-SRNOM-Fh coprecipitate was measured.     

Introduction 

In soils and sediments, aqueous Fe(II) and Fe(III) minerals often coexist (11, 154). The 

redox cycle between Fe(II) and Fe(III) is linked to cycling of other important elements, such as C, 

N, and P (51, 155-157). Fe isotope tracer studies have provided compelling evidence that Fe atom 

exchange occurs between aqueous Fe(II) and Fe minerals (26, 44, 124) and includes Fe(II) 

adsorption, electron injection into Fe(III) minerals, and Fe(III) reduction and release (44). The Fe 

mineral dissolution and reprecipitation during Fe atom exchange induces, in some cases, 

recrystallization of Fe minerals (52, 53).  

Natural Fe minerals are normally formed under complex environments and often associated 

with trace metals either through coprecipitation or adsorption (158-161). Metal association with 

Fe minerals can alter the transport and fate of trace metals (162, 163) and the Fe redox cycle. Fe 

mineral recrystallization has been shown to impact the distribution and availability of associated 

trace metals (161, 164, 165). When aqueous Fe(II) is present it can increase Ni2+, Cu2+ and Co2+ 

uptake by goethite and the incorporation of trace metals into goethite was proposed (28). XAS 

evidence of Ni incorporation into goethite and hematite during Fe(II)-catalyzed recrystallization 

was also reported by Frierdich et al. (134). Fe(II)-catalyzed recrystallization was also shown to 

result in the release of pre-incorporated Ni and Zn in goethite and hematite (161, 166). The amount 

of trace metal released from the Fe mineral is correlated with the extent of Fe atom exchange 

between aqueous Fe(II) and Fe mineral (167). More recently, some natural ligands and anions were 

found to inhibit the metal redistribution during Fe mineral recrystallization, but the extent of Fe 

atom exchange under these situations was not tracked (168, 169).  
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Unlike hematite and goethite, Fe(II)-catalyzed recrystallization of ferrihydrite results in 

transformation to secondary minerals (61, 170). The redistribution of associated metals during 

ferrihydrite transformation has been investigated (135, 150, 171, 172) and incorporation of metals 

into secondary Fe minerals has been suggested for Cu2+, Zn2+, Mn2+, Co2+, Sb5+, As5+ and U6+ 

(172-177). Some studies have shown spectroscopic evidence that As5+ and Sb5+ that were adsorbed 

to ferrihydrite were structurally incorporated into goethite and hematite formed during the 

ferrihydrite transformation (173-175). The stability of metals significantly increased after 

incorporation and may have also altered the properties of the secondary Fe minerals (150, 172). 

For ferrihydrite, most of metal redistribution studies focused on the role of mineral transformation 

but have not investigated the role of Fe atom exchange as was explored in the goethite and hematite 

studies.   

Similar to trace metals, NOM is frequently found associated with Fe minerals in soil and 

sediments (69, 148, 178). The associated NOM has been shown to inhibit ferrihydrite 

transformation (85, 86), but our recent study found that even without secondary Fe mineral, there 

is still  extensive Fe atom exchange between aqueous Fe(II) and Fe(III) in NOM-Fh coprecipitate 

(87). The “hidden” Fe atom exchange (i.e., hidden in the sense that no secondary minerals form) 

raises the interesting question of how OM affects metal redistribution during ferrihydrite 

recrystallization. Currently, little is known about the fate of metals during the recrystallization of 

OM-Fh coprecipitate when secondary Fe minerals do not form. Here I investigate the effect of 

coprecipitate NOM on Ni redistribution during Fe(II)-catalyzed ferrihydrite transformation. 

Specifically, I investigated (i) Ni adsorption by pure ferrihydrite and SRNOM-Fh (C/Fe = 1.2) in 

the absence and presence of Fe(II); (ii) the release of pre-incorporated Ni in Ni-Fh coprecipitate 

and Ni-SRNOM-Fh coprecipitate in the absence and presence of Fe(II).  
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Materials and Methods 

Synthesis and Characterization of Ferrihydrite Minerals 

Pure 2-line ferrihydrite and SRNOM-Fh (C/Fe = 1.2) coprecipitate were synthesized as 

described in Chapter 2 and 3. Ferrihydrite and SRNOM-Fh (C/Fe = 1.2) with pre-incorporated Ni 

were also prepared following the method modified from the procedures described by Schwertmann 

and Cornell (95). Ferrihydrite with pre-incorporated Ni (denoted as Ni-Fh coprecipitate) was 

synthesized by slowly adding 1 M KOH into a 200 mL solution containing 25 mM ferric nitrate 

and 1.5 mM Ni(II) chloride (Ni/Fe ratio 0.06) until pH 7.5 was achieved in the solution. Vigorous 

stirring was applied during the whole process. The coprecipitate was washed with deionized water 

for 3 times and stored in glovebox as wet. Similar synthesis method was used to prepare Ni-

SRNOM-Fh coprecipitate but with extra 188 mg SRNOM dissolved (C/Fe ratio 1.6) prior to the 

adding of 1 M KOH. All solids were used as wet and within 7 days after synthesis.   

Ni Adsorption Experiments 

Ni adsorption onto pure ferrihydrite and SRNOM-Fh (C/Fe = 1.2) coprecipitate were 

investigated in triplicate reactors. Each reactor consisted of 1 mM Ni(II), 10 mM PIPES buffer, 

and 10 mM NaCl (for ionic strength). In some reactors, 1 mM 57Fe labelled Fe(II) (~97% of 57Fe)  

was added. Pure ferrihydrite and SRNOM-Fh (C/Fe =1.2) were then added to achieve 10 mM 

Fe(III) in each reactor. The pH was adjusted back to pH 7.0 ± 0.05 using 1 M KOH. The reactors 

were rotated on end-over-end rotators while wrapped in aluminum foil. One mL aliquots at each 

time point were collected and centrifuged. The supernatant was filtered through 0.22 μm filters to 

collect aqueous samples. Solids were resuspended in 10 mM PIPPS at pH 3.0 for 20 minutes as a 

mild Ni extraction. After mild extraction, the residual solids were totally dissolved in 5 M HCl. 

Fe(II) and Ni concentration in each sample were measured separately with Phenanthroline method 
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and ICP-MS (87). One reactor at each time point was sacrificed and filtered through an 0.22 μm 

glass filter to prepare XRD samples.   

Ni Release Experiments 

The effect of Fe(II) on pre-incorporated Ni in Ni-Fh and Ni-SRNOM-Fh coprecipitate were 

probed by macroscopic Ni release, mild extraction and acid dissolution. The coprecipitates were 

set in 10 mM PIPES buffer at pH 7.0 with or without 1 mM Fe(II) labelled with 57Fe. Similar 

methods as we used in Ni adsorption experiments were applied to collect and measure aqueous 

Ni(II), extracted Ni(II) and residual Ni(II). The reacted Ni-SRNOM-Fh coprecipitate was leached 

with 0.1 M HCl. The reacted solids under different conditions were collected by centrifugation 

and resuspended in 10 mL of 0.1 M HCl. One mL aliquots reacted over 2 min, 5 min, 15 min, 30 

min, 60 min and overnight were collected and the concentration of dissolved Ni and Fe were 

measured as described above. 

 

Results and Discussion 

Ni(II) Adsorption by Ferrihydrite With and Without NOM 

To explore the influence of NOM on Ni adsorption by ferrihydrite, I measured Ni 

adsorption to ferrihydrite and SRNOM-Fh coprecipitate with and without Fe(II) present. In the 

absence of Fe(II), around 80% of Ni(II) was sorbed to ferrihydrite within 1 day followed by a 

slower rate of removal plateauing about 85% Ni(II) adsorbed over 14 days (Figure 4.1). This 

behavior of initial rapid adsorption of Ni(II) at pH 7.0 followed by a slower adsorption is consistent 

with other studies investigating trace metals sorption by ferrihydrite (106, 179) where the 

formation of inner-sphere sorption complex is typically invoked to explain the fast removal and 

surface diffusion was invoked to explain the slow sorption process. In the presence of aqueous 



www.manaraa.com

90 
 

Fe(II), a similar trend in Ni(II) sorption was observed with slightly more Ni sorbed (~5%) (Figure 

4.1). The small effect of Fe(II) on Ni(II) adsorption to ferrihydrite is somewhat surprising as a 

significant amount of ferrihydrite was transformed to magnetite and goethite in the presence of 

Fe(II) (Figure 4.2).  

Even more surprisingly, I found the presence of SRNOM in the SRNOM-Fh coprecipitates 

(C/Fe=1.2) also had minimal effect on the amount of Ni(II) adsorbed with between 85 and 88% 

Ni(II) adsorbed (Figure 4.1). Coprecipitated NOM extensively altered ferrihydrite properties as 

reported by us (87) and others (75, 96), and NOM itself may interact with metal cations (180, 181). 

Despite this, SRNOM had little effect on Ni adsorption to ferrihydrite. Note that no secondary Fe 

minerals were observed in SRNOM-Fh coprecipitate (C/Fe = 1.2) over 14 days which may explain 

why slightly less Ni(II) sorption occurred in the presence of Fe(II) on SRNOM-Fh as Fe(II) may 

have blocked Ni(II) sorption sites (Figure 4.2). 

To further characterize Ni(II) associated with the ferrihydrite and SRNOM-Fh 

coprecipitate, a mild extraction at pH 3.0 was applied. No Fe(III) was detected in the extraction. 

The amount of residual Ni in the extracted solid was also measured by completely dissolving the 

solids. Ni distribution in ferrihydrite reactors with or without Fe(II) is shown in Figure 4.3. In the 

absence of Fe(II), the amount of extracted Ni(II) was constant but with an increase in residual Ni 

and a decrease in aqueous Ni. The presence of Fe(II) significantly decreased the amount of 

extracted Ni(II) (< 20% over 14 days) and increased the residual Ni(II) (> 60%), which is 

consistent with the formation of secondary Fe minerals. Around 90% of the initial added Ni was 

recovered during the sequential extraction. In SRNOM-Fh (C/Fe = 1.2) coprecipitate, the residual 

Ni was all around 40% with or without the presence of Fe(II) (Figure 4.4), suggesting that there 

was no significant change of Ni stability in SRNOM-Fh coprecipitate.  
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 To better compare the effect of coprecipitated OM on the stability of associated Ni, the 

percent of extractable Ni in solid-bound Ni (extracted + residual) was calculated and compared in 

Figure 4.5. For both ferrihydrite and SRNOM-Fh with and without Fe(II), a decrease of 

extractable Ni over time was observed, which may cause by the diffusion of adsorbed Ni(II) into 

the inner structure of the ferrihydrite (182). In addition, aggregation of ferrihydrite and SRNOM-

Fh coprecipitate in 10 mM PIPES buffer may also contribute to the increased stability of Ni(II) to 

some extent (183). While the amount of extractable Ni(II) decreased over time for both ferrihydrite 

and SRNOM-Fh, there were other marked differences in the effect of Fe(II) (Figure 4.5). With 

ferrihydrite alone, there was a large effect of Fe(II) with significantly smaller fraction of the solid 

Ni(II) extracted in the presence of Fe(II) (17% compared to 51% without Fe(II)). The obviously 

improved stability of Ni was related to the structural incorporation of Ni into secondary Fe 

minerals during ferrihydrite transformation (150, 184, 185).  

Whereas with SRNOM-Fh (C/Fe = 1.2), the transformation of ferrihydrite was inhibited 

by coprecipitated SRNOM, but the presence of Fe(II) still decreased the fraction of Ni extracted 

from the solid (5-9%), indicates increased Ni stability in the solids by the presence of Fe(II). It is 

consistent with what Flynn et al. observed in goethite and hematite, where 9-10 % of Ni 

incorporated by the Fe(II)-catalyzed recrystallization of Fe minerals (134, 167-169). Based on our 

earlier study (87), Fe atom exchange between aqueous Fe(II) and ferrihydrite may still occur in 

the absence of secondary Fe minerals, and  may redistribute Ni during Fe dissolution and 

reprecipitation process (or recrystallization, similar to the situation in goethite or hematite). 

To confirm that Fe atom exchange between aqueous Fe(II) and SRNOM-Fh (C/Fe=1.2) 

still occurred in the presence of Ni(II), the same 57Fe(II) tracer was used to track Fe atom 

movement during the reaction. The Fe(II) mass in aqueous phase, extractable pool and the residual 
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solid phase was tracked over time, around 90-105% of initial added Fe(II) was recovered (Figure 

4.6). The percentage of 57Fe in aqueous Fe(II) dropped from 97% to 25% over one hour 

accompanied by a rapid increase in solid Fe (from 2.3% to 10%). The initial rapid Fe isotope 

mixing was followed by a further mixing over 14 days reaction, and the Fe isotope composition in 

the aqueous and solid Fe phase was finally approached the complete isotopic mixing (Figure 4.7). 

Since we don’t known if Fe isotope was homogeneously distributed in the solid phase, we chose 

not to estimate the percent of atom exchange based on the homogenous model (53, 54, 87), but 

certainly there was extensive Fe isotope mixing between aqueous Fe and solid Fe in the presence 

of Ni. Our data here showed SRNOM-Fh (C/Fe = 1.2) coprecipitated was recrystallized and would 

redistribute the adsorbed Ni as others suggested (161, 167). That will explain the increased Ni 

stability we observed through acid extraction method. But note that the redistribution of Ni caused 

by Fe atom exchange in SRNOM-Fh coprecipitate (no secondary mineral) was less significant than 

the situation in ferrihydrite where mineral transformation occurred. 

In SRNOM-Fh coprecipitate, SRNOM itself may associate with Ni and impact its fate. 

Unfortunately, we do not have any data to explore on the distribution of Ni between SRNOM and 

ferrihydrite. A study has reported more than 70% of Pb(II) in OM-Fh coprecipitate bonded with 

ferrihydrite(186), but we do not know if it applies to our experiment as Ni and Pb behave quite 

differently during their interaction with Fe minerals (28, 172).  More efforts are needed to figure 

out the Ni distribution between SRNOM and ferrihydrite, then we can better discuss the effect of 

NOM on the fate of Ni. 

Ni(II) Release From Ni-Fh and Ni-SRNOM-Fh Coprecipitate With and Without Fe(II) 

Trace metals can associate with Fe minerals not only through adsorption but also 

coprecipitation. To explore the fate of pre-incorporated Ni in ferrihydrite with or without NOM 
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under reducing environment, ferrihydrite coprecipitated with Ni(II) (denoted as Ni-Fh) and 

ferrihydrite coprecipitated with Ni(II) and SRNOM (denoted as Ni-SRNOM-Fh) were synthesized 

and reacted with aqueous Fe(II). Same initial Ni/Fe was set to synthesis two coprecipitates, but 

higher final Ni/Fe ratio was measured in Ni-SRNOM-Fh coprecipitate (0.061) than Ni-Fh 

coprecipitate (0.046). The presence of SRNOM increased Ni uptake by coprecipitation, indicating 

part of Ni in the coprecipitate may associate with SRNOM. XRD pattern and Mössbauer 

spectroscopy showed ferrihydrite is the only Fe mineral in Ni-Fh and Ni-SRNOM-Fh 

coprecipitates.  At 25 K and 14 K, ferrihydrite was better magnetically ordered than Ni-Fh 

coprecipitate, implying the pre-incorporated Ni decreased Fe-Fe interaction (Figure 4.8). But its 

influence was less obvious compared to SRNOM. The Mössbauer spectroscopy of different solids 

at 14 K were fitted with Recoil and got the hyperfine field distribution. The pre-incorporated Ni 

slightly changed the hyperfine field distribution in ferrihydrite, and it was negligible compared to 

the influence of coprecipitated SRNOM (Figure 4.9).  

In the absence of Fe(II), there was around 2.2% Ni(II) released from Ni-Fh coprecipitate 

and 2.4% from Ni-SRNOM-Fh coprecipitate (Figure 4.10). After the adding of Fe(II) over 2 hours, 

increased Ni(II) release was observed in both Ni-Fh and Ni-SRNOM-Fh coprecipitates. After a 

longer reaction time, a quick drop of aqueous Ni(II) concentration was observed in Ni-Fh 

coprecipitate, while the aqueous Ni(II) in Ni-SRNOM-Fh reactor was stabilized around 45 μM.  

Note the released Ni(II) only account 6-8% of pre-incorporated Ni in the Ni-SRNOM-Fh 

coprecipitate, which is very consistent with the observation in goethite with pre-incorporated Ni 

(~8% Ni release was reported) (166). In the presence of Fe(II), the situation in Ni-Fh system and 

Ni-SRNOM-Fh system were quite different. Goethite and magnetite was identified in Ni-Fh 

coprecipitate after reaction with Fe(II), while no secondary Fe mineral was found in Ni-SRNOM-
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Fh coprecipitate (Figure 4.11). The Fe(II)-catalyzed Ni-Fh transformation was trigger by the 

Fe(III) dissolution and reprecipitation process, during which the pre-incorporated Ni can be 

released by Fe dissolution (62, 135, 187). But with the precipitation of new Fe minerals, part of 

the released Ni would be incorporated into the structure or resorbed to the surface of secondary Fe 

minerals (150, 188, 189).  

To better understand the Ni distribution in the solid, a mild extraction at pH 3.0 was applied 

to all solids reacted with or without Fe(II), and residual Ni in the extracted solid was also measured. 

For Ni-Fh coprecipitate, not surprisingly, the presence of Fe(II) decreased the amount of extracted 

Ni accompanied with increasing in residual Ni (Figure 4.12). For better comparing, the extractable 

portion of pre-incorporated Ni was calculated and plotted in Figure 4.13. The extraction method 

used here can extract around 50% of pre-incorporated Ni from the Ni-Fh coprecipitate aged in 

buffer over 2 hours and further decrease to around 40%. The improvement of Ni stability by aging 

may due to the aggregation of Ni-Fh coprecipitate in buffer or the further Ni diffusion as we 

discussed before. The presence of Fe(II) induced the transformation of ferrihydrite and 

significantly decreased the fraction of extractable Ni in the solid phase, which is consistent with 

structural incorporation of heavy metals during the formation of secondary Fe minerals (150, 185, 

189).  

While in Ni-SRNOM-Fh coprecipitate, the presence of Fe(II) did not transform ferrihydrite 

into secondary Fe minerals. Significant Fe atom exchanged between aqueous Fe(II) and the 

structural Fe(III) in Ni-SRNOM-Fh coprecipitate still occurred based on our 57Fe(II) tracer 

experiment (Figure 4.14). This extensive Fe atom exchange may explain the partial release of pre-

incorporated Ni from Ni-SRNOM-Fh coprecipitate (167, 169). The amount of extractable and 

residual Ni, however, was not changed measurably, implies the residual Ni was not redistributed 
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(Figure 4.15). To further investigate the Ni distribution in Ni-SRNOM-Fh with or without Fe(II) 

treatment, acid dissolution was applied to dissolve the whole solids while measuring the Ni release. 

After aging in PIPES buffer with or without Fe(II) over 14 days, there is no measurable difference 

of Ni distribution in the reacted solids (Figure 4.16). The extensive Fe atom exchange between 

aqueous Fe(II) and Fe(III) in Ni-SRNOM-Fh coprecipitate can partially release pre-incorporated 

Ni but will not redistribute the residual Ni in the solid. It is challenging to explain this observation 

without known the binding of Ni between SRNOM and ferrihydrite, the characterization of X-ray 

absorption spectroscopy would be extremely beneficial to interpret our macroscopy observations.   

Environmental Implications 

This study shows some interesting results about Ni sorption by ferrihydrite in the presence 

of NOM and Fe(II) and has important implications to predict the stability of trace metals under 

complex environment. During ferrihydrite transformation, adsorbed trace metal can incorporate 

into the structural of secondary Fe minerals. The presence of NOM inhibited ferrihydrite 

transformation and limited the incorporation of adsorbed trace metal. Even though we observed 

the Fe atom exchange between aqueous Fe(II) and Fe minerals in the presence of NOM may 

partially incorporate adsorbed metals, but it is less significant compared to mineral transformation. 

When NOM, trace metal and Fe mineral coprecipitate together, the presence of Fe(II) can partially 

release the pre-incorporated Ni, while the residual Ni was not measurably redistributed. Under 

redox dynamic environments, this study indicates the presence of NOM will compromise the 

stability of heavy metals associated with poor crystalized Fe minerals by inhibiting Fe mineral 

transformation and structural metal incorporation during the process.  
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Table 4.1. Ni mass distribution in ferrihydrite reactors with or without Fe(II) over time. 

Time 
(d) 

Aqueous Ni (mM) Extracted Ni (mM) Residual Ni (mM) Sum (mM) Recovery 
Percent (%) 

no Fe(II) with Fe(II) no Fe(II) with Fe(II) no Fe(II) with Fe(II) no 
Fe(II) 

with 
Fe(II) 

no 
Fe(II) 

with 
Fe(II) 

0 1.01(0.004) 1.01(0.004) - - - - 1.01 1.01 100 100 
0.08 0.368(0.022) 0.295(0.018) 0.462(0.013) 0.350(0.002) 0.082(0.001) 0.233(0.009) 0.912 0.878 90.3 86.5 

1 0.205(0.01) 0.161(0.014) 0.468(0.013) 0.248(0.003) 0.217(0.005) 0.487(0.007) 0.889 0.895 88.0 88.2 
7 0.170(0.012) 0.119(0.006) 0.456(0.005) 0.140(0.008) 0.350(0.007) 0.663(0.042 0.975 0.923 96.6 90.9 
14 0.149(0.01) 0.107(0.008) 0.419(0.004) 0.141(0.019) 0.398(0.003) 0.677(0.013) 0.966 0.924 95.6 91.1 
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Table 4.2. Ni mass distribution in SRNOM-Fh coprecipitate reactors with or without Fe(II) over time. 

Time 
(d) 

Aqueous Ni (mM) Extracted Ni (mM) Residual Ni (mM) Sum (mM) Recovery 
Percent (%) 

no Fe(II) with Fe(II) no Fe(II) with Fe(II) no Fe(II) with Fe(II) no 
Fe(II) 

with 
Fe(II) 

no 
Fe(II) 

with 
Fe(II) 

0 1.02(0.008) 0.99(0.019) - - - - 1.02 0.99 100 100 
0.08 0.333(0.025) 0.316(0.021) 0.508(0.011) 0.464(0.014) 0.086(0.005) 0.128(0.009) 0.927 0.908 90.9 91.7 

1 0.178(0.013) 0.201(0.019) 0.482(0.003) 0.407(0.014) 0.214(0.004) 0.270(0.014) 0.874 0.878 85.7 88.7 
7 0.128(0.012) 0.167(0.013) 0.351(0.003) 0.302(0.058) 0.370(0.021) 0.417(0.082) 0.849 0.886 83.2 89.5 
14 0.119(0.008) 0.161(0.012) 0.390(0.005) 0.337(0.014) 0.367(0.006) 0.380(0.011) 0.876 0.878 85.9 88.7 
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Table 4.3. Ni mass distribution in Ni-Fh coprecipitate reactors with or without Fe(II) over time. 

Time 
(d) 

Aqueous Ni (mM) Extracted Ni (mM) Residual Ni (mM) Sum (mM) Recovery 
Percent (%) 

no Fe(II) with Fe(II) no Fe(II) with Fe(II) no Fe(II) with Fe(II) no 
Fe(II) 

with 
Fe(II) 

no 
Fe(II) 

with 
Fe(II) 

0 0 0 - - - - 0.460 0.460 100 100 
0.08 0.011(0.001) 0.055(0.006) 0.219(0.002) 0.146(0.002) 0.189(0.004) 0.184(0.001) 0.419 0.385 89.6 83.8 

1 0.009(0.001) 0.020(0.006) 0.148(0.001) 0.051(0.002) 0.258(0.004) 0.355(0.002) 0.416 0.425 90.4 92.5 
7 0.01(0.002) 0.009(0.002) 0.153(0.003) 0.026(0.003) 0.276(0.005) 0.373(0.005) 0.439 0.408 95.5 88.6 
14 0.01(0.001) 0.007(0.001) 0.147(0.001) 0.018(0.003) 0.271(0.01) 0.367(0.031) 0.428 0.392 93.1 85.2 
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Table 4.4. Ni mass distribution in Ni-SRNOM-Fh coprecipitate reactors with or without Fe(II) over time. 

Time 
(d) 

Aqueous Ni (mM) Extracted Ni (mM) Residual Ni (mM) Sum (mM) Recovery 
Percent (%) 

no Fe(II) with Fe(II) no Fe(II) with Fe(II) no Fe(II) with Fe(II) no 
Fe(II) 

with 
Fe(II) 

no 
Fe(II) 

with 
Fe(II) 

0 0 0 - - - - 0.62 0.62 100 100 
0.08 0.015(0.006) 0.045(0.003) 0.29(0.004) 0.273(0.007) 0.263(0.014) 0.258(0.004) 0.567 0.575 91.5 92.8 

1 0.015(0.002) 0.042(0.002) 0.283(0.002) 0.264(0.002) 0.268(0.005) 0.268(0.005) 0.566 0.574 91.3 92.5 
7 0.015(0.001) 0.036(0.002) 0.250(0.002) 0.235(0.002) 0.283(0.013) 0.282(0.003) 0.548 0.552 88.4 89.0 
14 0.016(0.001) 0.038(0.002) 0.257(0.003) 0.240(0.002) 0.309(0.010) 0.305(0.000) 0.584 0.583 94.2 94.0 
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Figure 4.1. Ni(II) adsorption by (a) pure ferrihydrite and (b) SRNOM-Fh (C/Fe =1.2) with or 
without Fe(II) overtime. Experimental conditions: 1 mM Ni(II), 10 mM Fe(III) from Fh, 10 mM 
PIPES (pH 7.0), 1 mM Fe(II). Each point represents the average of triplicate samples. 
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Figure 4.2. X-ray diffraction pattern of ferrihydrite and SRNOM-Fh (C/Fe=1.2) reacted with or 
without Fe(II) in the presence of adsorbed Ni after 14 days. Note: G = goethite, M = magnetite.   
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Figure 4.3. Sequential extraction of Ni in ferrihydrite reactors (a) without Fe(II) and (b) with 
Fe(II) over time. Same experimental conditions as listed in Figure 4.1. Data are listed in Table 
4.1. 
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Figure 4.4. Sequential extraction of Ni in SRNOM-Fh (C/Fe=1.2) coprecipitate reactors (a) 
without Fe(II) and (b) with Fe(II) over time. Same experimental conditions as listed in Figure 
4.1.  Data are listed in Table 4.2. 
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Figure 4.5.  Fraction of extracted Ni in overall Ni associated in solid phase. (a) Ferrihydrite with 
or without Fe(II) over time; (b) SRNOM-Fh (C/Fe = 1.2) with or without Fe(II) over time. I 
measured the extracted Ni by PIPPS solution at pH 3.0 over 20 minutes, and the residual Ni in 
the extracted solid. The fraction was calculated with extracted Ni divided by the sum of extracted 
Ni and residual Ni.   
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Figure 4.6. Fe mass distribution between different phase in the reactor of SRNOM-Fh (C/Fe = 
1.2) with 1 mM 57Fe(II). Extracted Fe(II) indicates the amount of Fe(II) extracted at 10 mM 
PIPPS solution (pH 3.0).  
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Figure 4.7. Fe isotope mixing process between aqueous Fe(II) and SRNOM-Fh in the presence of 
Ni(II), same condition as Figure 4.1.  
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Figure 4.8. The Mössbauer spectroscopy of ferrihydrite, Ni-Fh coprecipitate and Ni-SRNOM-Fh 
coprecipitate at (a) 25 K; (b) 14 K.  
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Figure 4.9. Hyper-fine field distribution in wet ferrihydrite, Ni-Fh coprecipitate and Ni-SRNOM-
Fh coprecipitate at 14 K. 
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Figure 4.10. The Ni released from (a) Ni-Fh coprecipitate and (b) Ni-SRNOM-Fh coprecipitate 
with or without 1 mM Fe(II) at 10 mM PIPES buffer (pH 7.0). The overall Ni concentration are 
460 μM in Ni-Fh system and 620 μM in Ni-SRNOM-Fh system. 
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Figure 4.11. X-ray diffraction pattern of ferrihydrite and SRNOM-Fh (C/Fe=1.2) reacted with or 
without Fe(II) in the presence of adsorbed Ni after 14 days. Note: G = goethite, M = magnetite.  
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Figure 4.12. Ni distribution in Ni-Fh coprecipitate reactors (a) without Fe(II) and (b) with Fe(II) 
over time. The extracted Ni indicated the amount of Ni released during mild extraction at pH 3.0.  
The residual Ni was measured by dissolving the extracted solid with 5 M HCl. All the data were 
listed in Table 4.3. 
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Figure 4.13. The fraction of Ni extractable under pH 3.0 from the reacted Ni-Fh coprecipitates 
with or without Fe(II).  
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Figure 4.14. The 57Fe percent in aqueous Fe(II), extracted Fe and the residual Fe after reacting 1 
mM 57Fe(II) with Ni-SRNOM-Fh coprecipitate at pH 7.0. 
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Figure 4.15. Sequential extraction of Ni in Ni-SRNOM-Fh coprecipitate reactors (a) without 
Fe(II) and (b) with Fe(II) over time. All the data were listed in Table 4.4. 
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Figure 4.16. The release of Ni during the dissolution of solid Ni-SRNOM-Fh coprecipitates 
treated with or without 1 mM Fe(II) over 14 days.  
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CHAPTER 5: ENVIRONMENTAL SIGNIFICANCE 

Summary 

This work shows new evidence about the reactivity of Fe mineral associated with NOM 

under reducing environment and explores the implications for the fate of trace metals. The 

association of NOM with Fe minerals is of significant interest because they are often found 

together in soil and sediments and previous studies found the NOM inhibits Fe(II)-catalyzed 

ferrihydrite transformation. In this study, we showed that the species of NOM play an important 

role in Fe(II)-catalyzed ferrihydrite transformation with fulvic acids inhibiting transformation to a 

much greater extent than humic acids. NOM associated through adsorption and coprecipitation 

were also found have different extent inhibition on Fe(II)-catalyzed transformation of ferrihydrite. 

Using stable Fe isotopes and Mössbauer spectroscopy, we collected direct evidence to show that 

electron transfer inhibition was not responsible for NOM inhibition of ferrihydrite transformation, 

and that Fe atom exchange between aqueous Fe(II) and ferrihydrite occurs even in the lack of 

ferrihydrite transformation. My findings reveal that significant mixing between the ferrihydrite 

mineral structures and surrounding fluid can occur even when no ferrihydrite transformation is 

observed. My work has significant implications for how other elements, such as carbon and trace 

metals often found associated with ferrihydrite, cycle in the environment.     

The study of different NOM-Fh coprecipitates with similar C/Fe ratio shows fulvic acids 

and Suwannee River NOM that has abundant fulvic content required lower C/Fe ratio than humic 

acids to inhibit Fe(II)-catalyzed ferrihydrite transformation. This indicates that fulvic content has 

higher inhibition capacity than humic acids on ferrihydrite transformation. Under conditions where 

secondary Fe minerals formed, we found goethite was predominant in ferrihydrite coprecipitated 

with humic acids, whereas lepidocrocite formation was favored in ferrihydrite coprecipitated with 
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fulvic acids. Different inhibition behavior between fulvic acid and humic acid was found across a 

wide range of conditions. My work demonstrates that nature of the organic matter present during 

ferrihydrite transformation can strongly influence the fate of ferrihydrite. Based on our result, we 

speculate that ferrihydrite formed in the environment with further decomposed NOM (i.e., more 

fulvic content) may be more resistant to Fe(II)-catalyzed transformation than those with newly 

formed NOM (i.e., more humic content). We also found adsorbed NOM needed a lower C/Fe ratio 

than coprecipitated NOM to inhibit Fe(II)-catalyzed ferrihydrite transformation suggesting that 

adsorbed NOM may be more inhibitive than coprecipitated NOM on ferrihydrite reactivity. In 

nature, the stability of NOM-Fe association would likely be impacted not only by the properties 

of NOM but also the natural process to form the association (i.e., through coprecipitation or 

adsorption).                

Using stable Fe isotopes and Mössbauer spectroscopy, we tracked the electron transfer and 

Fe atom exchange between aqueous Fe(II) and ferrihydrite associated with NOM. We found the 

electron transfer was not inhibited by coprecipitated NOM suggesting that NOM may work as 

electron shuttles between aqueous Fe(II) and ferrihydrite. By increasing the initial Fe(II) 

concentration, we observed more electron transferred into ferrihydrite, but still no ferrihydrite 

transformation occurred. These findings provide direct evidence that extent of electron transfer 

into the ferrihydrite NOM coprecipitate does not explain the lack of ferrihydrite transformation in 

the presence of coprecipitated NOM. In the absence of ferrihydrite transformation, the additional 

57Fe(II) tracer experiments showed extensive Fe isotope mixing occurred between aqueous Fe(II) 

and SRNOM-Fh coprecipitate and reached a homogenous Fe isotope distribution over 14 days. 

This observation indicates the Fe mineral dissolution and reprecipitation, or Fe mineral 

recrystallization, still occurred even without the formation of secondary Fe minerals. The 
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ferrihydrite in NOM-Fh coprecipitate remains active and can exchange with aqueous Fe(II). Our 

finding of hidden mixing raises important questions about the fate of associated NOM in the 

coprecipitate and other elements that may associate with ferrihydrite, such as some trace metals. 

The goal of this thesis was to shed some lights on these important questions.   

As an important way to stabilize NOM in soil and sediments, the coprecipitated NOM in 

ferrihydrite was not released after reaction with Fe(II), even in the situation ferrihydrite 

transformed to secondary Fe minerals. The further characterization shows the thermal stability of 

carbon in NOM-Fh coprecipitate increased after ferrihydrite transformation occurred. Our 

observations indicate NOM associated with ferrihydrite was stable under reducing environment 

and its stability may even be improved with the formation of secondary Fe minerals. Ni was also 

introduced to our system to test the implication of “active” NOM-Fh coprecipitate to the stability 

of associated metal. Even though we observed partial incorporation of adsorbed Ni into 

recrystallized NOM-Fh coprecipitate (with no secondary Fe mineral formation), it is less 

significant compared to the formation of secondary Fe minerals, during which big amount of Ni 

incorporated into secondary Fe minerals. The Fe(II)-catalyzed recrystallization of ferrihydrite with 

or without NOM partially released pre-incorporated Ni, but those released Ni was resorbed with 

the formation of secondary Fe minerals. No similar resorption process was observed in the absence 

of ferrihydrite transformation. In general, the presence of coprecipitate NOM did not significantly 

change the amount of Ni associated with ferrihydrite, but it compromised the stability of associated 

Ni by preventing the formation of secondary Fe minerals and extensive metal incorporation during 

the process. Our findings suggest that, at least for Ni and SRNOM, Fe(II)-catalyzed ferrihydrite 

transformation may be increase the stability of associated OM and metals.  
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Recommendations for Future Work 

Despite the efforts of us and many others on Fe(II)-catalyzed transformation of ferrihydrite 

associated with NOM, there remain many questions about this NOM-Fe association and its 

interaction with surrounding environment. In our study, 57Fe enriched aqueous Fe(II) was used to 

investigate the Fe atom exchange between aqueous Fe(II) and ferrihydrite with or without NOM. 

The interpretation of the Fe isotope data, however, is challenging and over the last few years 

multiple models have been introduced and debated in the literature. To address the complexity of 

these models, we developed an approach to estimate the isotope distribution in the solids by wet 

chemical extractions before choosing a model to apply. When secondary Fe minerals formed, 

however, the heterogeneous isotope distribution between secondary Fe minerals and ferrihydrite 

we found in chapter 3 contains abundant information about the mineral transformation process, 

but has not yet been fully explored. Since only preliminary data was obtained, we did not give the 

isotope data further discussion. A more systematic experiment to track the Fe isotope and mass 

change in aqueous Fe(II) phase, sorbed Fe(II) phase, residual ferrihydrite and secondary Fe 

minerals over time would be an interesting avenue to explore. Considering the isotope mixing 

between aqueous Fe(II) and ferrihydrite is, we think, a fast process, more data points at earlier 

reaction time would be needed which could give us more information about the relationship 

between Fe atom exchange and ferrihydrite transformation. Data on isotope changes in the 

different secondary minerals would help us better understand Fe(II)-catalyzed ferrihydrite 

transformation from a different perspective.  

As concerns about atmospheric CO2 concentration increase, the stability of carbon in the 

NOM-Fh association will get more and more attention. Thus far, very limited studies explored the 

stability of associated carbon during Fe mineral transformation or recrystallization. We have done 
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some preliminary tests, but it is definitely not enough to understand the fate of Fe associated carbon 

under reducing environment. The carbon distribution and bioavailability during Fe mineral 

transformation or recrystallization will be needed to better predict the fate of NOM associated with 

Fe minerals.  

In addition to carbon, the NOM-Fe mineral association is also important sink for many 

trace metals and nutrients in soil. In our study, we investigated the fate of Ni during Fe(II)-

catalyzed transformation of ferrihydrite associated with NOM. Similar investigation with other 

trace metals is needed, as they may behave differently in the nature.  More spectroscopy and 

microscopy evidence are also needed to tell the distribution of trace metal between NOM and Fe 

minerals. May be more interestingly, with elemental mapping techniques (such as STXM), we can 

see how these trace metals will redistribute during Fe mineral transformation or crystallization in 

the presence of NOM.     

There still have many other Fe minerals can transform to secondary Fe minerals similar as 

we observed in ferrihydrite, such as vivianite, siderite, etc.. They all have important implications 

for us to understand the elements geochemical cycle in soil. However, little was known about their 

transformation under more complicated environment. Additional studies focused on these 

overlooked Fe minerals were expected for the better understanding of Fe dynamics in the real 

environment.  
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APPENDIX A: THE ROLE OF FREEZE DRYING IN FE(II)-CATALYZED 

FERRIHYDRITE TRANSFORMATION 
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Data Report 

Fe(II)-catalyzed ferrihydrite transformation has been widely investigated and many factors 

have been found to alter the rate and species of secondary Fe mineral formation (55, 62, 65). The 

results from different studies, however, get confusion when further compared the experimental 

conditions and species of secondary Fe minerals. In addition, the transformation pathways from 

ferrihydrite to lepidocrocite, goethite or magnetite are still in debate. To further explore this Fe(II)-

catalyzed ferrihydrite transformation, wet and freeze dried ferrihydrite were used and compared 

for mineral transformation in this study. From the Mössbauer temperature profiles (Figure A.1), 

the unreacted freeze dried ferrihydrite was well ordered at 25 K while wet ferrihydrite only 

partially ordered, difference still exist even at 14 K. This observation indicates freeze dried 

ferrihydrite has stronger Fe-Fe interactions and higher crystallinity compared to wet ferrihydrite. 

I further fitted the 14 K spectroscopies (Figure A.2) and got the hyperfine field distribution in the 

two solids (Figure A.3). Freeze dried ferrihydrite has more narrow hyperfine field distribution 

compared to wet ferrihydrite, and bigger average hyperfine field value (47.5 T compared to 44.4 

T). The result of freeze dried ferrihydrite is consistent with others reported before (95).     

Wet ferrihydrite and freeze dried ferrihydrite were treated by aqueous Fe(II) under similar 

Fe(II)/Fe(III) ratios at pH 7.0 over time. From the XRD results of wet ferrihydrite reactors (Figure 

A.4), diffraction peaks that consistent with goethite started to form within 2 hours and their 

intensity improved over time. Over 1 day reaction, extra diffraction peaks appeared that can be 

attributed to magnetite. No other secondary Fe minerals were found even with longer reaction time. 

The Fe(II) mass distribution was also tracked over time (Figure A.5). A good Fe(II) mass balance 

was achieved during the reaction, indicates no net Fe(II) loss due to accidental oxidation. Aqueous 

Fe(II) sorption by Fe minerals normally reach equilibrium over hours (40, 190), but a continuing 
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aqueous Fe(II) lose was observed in ferrihydrite reactor over 14 days, accompanied with an 

increase in residual Fe(II). It is consistent with the formation of magnetite as it consumes Fe(II) 

and incorporates them into mineral structure, which made them less susceptible to the mild 

extraction. The presence of goethite and magnetite is consistent with other studies under high 

Fe(II)/Fe(III) ratio (55, 64). The tardy appearance of magnetite after goethite, however, is an 

interesting observation that may indicate goethite as the precursor or catalyst for magnetite to form. 

Magnetite that has higher crystallinity and stability was found to form during goethite dehydration 

in other study (191).  

To investigate the effect of freeze drying on ferrihydrite transformation, I also reacted 

freeze dried ferrihydrite with aqueous Fe(II) under same initial Fe(II)/Fe(III) ratio and pH. 

Different from the magnetite and goethite observed in wet ferrihydrite, only lepidocrocite was 

found in freeze dried ferrihydrite after 1 day reaction (Figure A.6). It indicates freeze dried 

ferrihydrite is less active or susceptible to mineral transformation as lepidocrocite has lower 

crystallinity than goethite and was regard as intermediate product during ferrihydrite 

transformation to goethite (113, 142). Magnetite, however, was also found in freeze dried 

ferrihydrite after 14 days reaction (Figure A.6). It took longer for magnetite to form in freeze dried 

ferrihydrite, and it is surprising to see no goethite as it has lower crystallinity than magnetite and 

would be expected easier to form. The dominance of lepidocrocite in freeze dried ferrihydrite may 

also be contributed by the anion existed in the Fe(II) stock solution. In this experiment, the Fe(II) 

stock solution was made by dissolving Fe metal in HCl, abundant Cl- was introduced with Fe(II), 

which is in favor of lepidocrocite to form (55, 100). 
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Figure A.1. Mössauer spectroscopies of (a) wet ferrihydrite and (b) freeze dried ferrihydrite at 77 
K, 25 K and 14 K.  
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Figure A.2. Mössbauer spectroscopy and fitting of (a) wet ferrihydrite and (b) freeze dried 
ferrihydrite at 14 K. Both with center shift value 0.47 mm/s, the average hyperfine field value in 
wet ferrihydrite is 44.4 T, and in freeze dried ferrihydrite is 47.5 T. 
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Figure A.3. Hyperfine field distribution of wet and freeze dried ferrihydrite at 14 K. 
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Figure A.4. X-ray diffraction pattern of wet ferrihydrite reacted with 2 mM Fe(II) in 10 mM 
PIPES (pH 7.0) over time. The identical peaks of secondary Fe mineral are consistent with 
goethite and magnetite. 
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Figure A.5. Fe(II) mass distribution during 2 mM Fe(II) catalyzed wet ferrihydrite 
transformation in 10 mM PIPES buffer (pH 7.0) over time. The “pH 5.5 extract” indicates the 
sorbed Fe(II) that can be extracted by 10 mM MES buffer at pH 5.5. Residual Fe(II) reflects the 
Fe(II) in the post-extraction solids measured by dissolving the solid with 4 M HCl.  
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Figure A.6. Freeze dried ferrihydrite reacted with 4 mM Fe(II) in PIPES buffer (pH 7.0) over 
time. The Fe(II)/Fe(III) ratio is similar with wet ferrihydrite. Lepidocrocite was the main 
secondary Fe mineral found in the early stage, but after longer reaction time magnetite start to 
form.  
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APPENDIX B: THE ROLE OF DEFECTS IN NI SORPTION BY GOETHITE 
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Data Report 

Our group has shown the defects in goethite may facilitate the electron transfer between 

aqueous Fe(II) and structural Fe(III) (107). To further investigate if the defects in goethite impact 

metal sorption, we did Ni sorption experiments with as-synthesized goethite (As-Goethite) and 

hydro-thermal treated goethite (HT-Goethite) that has less defects. 57Fe enriched aqueous Fe(II) 

(99.37% of 57Fe) was added to investigate the effect of Fe atom exchange on Ni sorption by 

goethite. The surface area of As-goethite is 28 m2/g, slightly higher than 22 m2/g in HT-goethite.  

Around 85 μM Ni was equilibrated in 25 mM HEPES buffer at pH 7.5, then different 

goethite were added into the solution to achieve 2 g/L solid loading. For the reactors with Fe(II), 

aqueous Ni (~85 μM) and 1 mM Fe(II) were equilibrated in buffer before the adding of goethite 

(2 g/L). Triplicate reactors were set for each time point. The aqueous Ni concentrations were 

measured over time (Table B.1). Over 20 days, 71.3% of aqueous Ni was adsorbed by As-goethite, 

while only 57.2% was adsorbed by HT-goethite. After normalized by the surface area, the sorption 

capacity is 1.09 μmol/m2 with As-goethite and 1.11 μmol/m2 with HT-goethite, very consistent 

with each other. In the absence of Fe(II), the different Ni adsorption by two types of goethite was 

mainly caused by the difference in surface area. 

The presence of Fe(II) inhibited the Ni adsorption by As-goethite and HT-goethite (Figure 

B.1), which is contradict with the observation of Coughlin et al. that 1 mM Fe(II) slightly enhanced 

Ni(II) sorption around pH 7.0 (28). But note the Ni concentration used in their study (4.47 μM) is 

much lower than our situation (85 μM), the surface available for ion sorption in their study was 

still plenty and the competition between Fe(II) and Ni(II) for adsorption points may not impact 

Ni(II) adsorption. To further characterize the adsorbed Ni, we did mild extraction to the solid with 

0.4 M HCl. In As-goethite reactors, we extracted 60% of Ni associated with solid in the absence 
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of Fe(II), and it decreased to 37% with the presence of Fe(II). Similar in HT-goethite, the percent 

of extractable Ni in solid phase decreased from 49% to 40% with the presence of Fe(II). Aqueous 

Fe(II) inhibited the amount of Ni(II) adsorbed by goethite, but increased the stability of associated 

Ni.  

To investigate the role of Fe(II) in Ni adsorption by As-goethite and HT-goethite, we 

measured the Fe(II) concentration and isotope composition in the aqueous phase over time. Around 

39% of Fe(II) was sorbed by As-goethite and only 27% by HT-goethite (Figure B.2).  More Fe(II) 

sorbed by As-goethite than HT-goethite. We also observed bigger 57Fe percent change in As-

goethite than HT-goethite (Figure B.3), indicates more Fe atom exchange occurred in As-goethite 

reactors. The amount of Fe(II) sorbed may explain the different extent of Fe atom exchange. The 

extractable Ni in As-goethite decreased 23% in the presence of Fe(II), but only decreased 9% in 

HT-goethite, it may be related to the different extent of Fe atom exchange we observed between 

As-goethite and HT-goethite.
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Table B.1. Ni adsorption by As-synthesized goethite and hydro-thermal treated goethite. 

Time 
(d) 

 Aqueous Ni (μM) Extracted Ni (μM) Adsorbed Ni(uM) Percent of 
extracted (%) 

 As-Gt HT-Gt As-Gt HT-Gt As-Gt HT-Gt As-Gt HT-Gt 
0  85.43(2.58) 85.43(2.58)   0 0   

1 No Fe(II) 35.20(4.51) 48.92(3.42)   50.23 36.51   
With Fe(II) 52.93(1.35) 63.69(0.59)   32.50 21.74   

20 No Fe(II) 24.51(6.51) 36.54(4.60) 36.81(0.50) 24.11(0.60) 60.92 48.89 60 49 
With Fe(II) 36.05(0.71) 48.65(1.49) 18.45(0.96) 14.74(1.54) 49.38 36.78 37 40 
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Figure B.1. The aqueous Ni concentration change over time in (a) As-goethite and (b) HT-
goethite with or without Fe(II).   
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Figure B.2. Aqueous Fe(II) concentration in the reactors over time. Each data point indicates the 
average value of triplicate reactors. 
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Figure B.3. The percent of 57Fe isotope in aqueous phase over time. Due to the interruption of 
58Ni, we did not count 58Fe in the Fe isotope composition, only 54Fe, 56Fe and 57Fe were 
considered. 
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APPENDIX C: EFFECT OF ORGANIC C ON STABLE FE ISOTOPE 

FRACTIONATION AND ISOTOPE EXCHANGE KINETICS BETWEEN 

AQUEOUS FE(II) AND FERRIHYDRITE AT NEUTRAL PH 
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Effect of organic C on stable Fe isotope fractionation and isotope exchange kinetics 

between aqueous Fe(II) and ferrihydrite at neutral pH 1 

Abstract 

Ferrihydrite is ubiquitous in soil and sediments, and because of its co-existence with 

organic matter, ferrihydrite plays an important role in regulating geochemical cycles of Fe, C, 

nutrients, and toxic metals in nature. Although pure ferrihydrite is easily transformed to more 

stable iron oxides upon interaction with aqueous Fe(II), mineralogical transformation is inhibited 

in the presence of structural impurities such as  C and Si. Therefore, understanding the factors 

controlling the reactivity of ferrihydrite, especially in the presence of organic C and Si, is critical 

to understanding the role of ferrihydrite in geochemical cycles. Equilibrium stable Fe isotope 

fractionations, expressed as 56Fe/54Fe ratios, are fundamental thermodynamic properties and 

therefore reflect the nature of Fe bonding in ferrihydrite. In this study, we investigated stable Fe 

isotope fractionation between aqueous Fe(II) and ferrihydrite that was coprecipitated with natural 

organic matter to evaluate whether inhibition of mineralogical transformation by organic C also 

influences the reactivity and Fe-bonding in ferrihydrite. Experiments conducted using Suwannee 

River natural organic matter (SRNOM) coprecipitated with ferrihydrite (molar C:Fe =1.2) 

produced an equilibrium 56Fe/54Fe fractionation of -2.42 ± 0.17‰ between aqueous Fe(II) and 

Ferrihydrite-SRNOM coprecipitates. This fractionation factor differs from that previously 

determined between Fe(II)aq and pure ferrihydrite (-3.20‰), but is similar to that measured for 

Fe(II)aq–Si-ferrihydrite, -2.58 ± 0.14‰, at a Fe:Si molar ratio of unity. Furthermore, the addition 

of C markedly increased the Fe isotope exchange rates to a similar degree as was found with Si-

                                                 
1 This work is in preparation for submission to a peer-reviewed journal, in which I am the 

second author and contribute to experimental design and conduction. Isotope data collection and 
analysis were carried out in University of Wisconsin-Madison.  
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substituted ferrihydrite, suggesting similar effects on both bonding and reactivity upon addition of 

similar amounts of C and Si. Because ferrihydrite often occurs with organic matter in soils (e.g., 

wetlands) and sediments, these results are important in the interpretation of Fe isotope 

fractionation and exchange kinetics during mineral-fluid interactions in natural ferrihydrite-

bearing systems. 
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APPENDIX D: EFFECT OF BICARBONATE AND PHOSPHATE ON ARSENIC 

RELEASE FROM MINING-IMPACTED SEDIMENTS IN THE CHEYENNE 

RIVER WATERSHED, SOUTH DAKOTA, USA 
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Effect of bicarbonate and phosphate on arsenic release from mining-impacted sediments in the 

Cheyenne River watershed, South Dakota, USA 2 

Abstract 

The mobilization of arsenic (As) from riverbank sediments affected by gold mining legacy 

in north-central South Dakota was examined using aqueous speciation chemistry, spectroscopy, 

and diffraction analyses. Gold mining resulted in the discharge of approximately 109 metric tons 

of mine waste into Whitewood Creek (WW) near the Homestake Mine and Cheyenne River at 

Deal Ranch (DR), 241 km downstream. The highest concentrations of acid-extractable As 

measured from solid samples was 2,020 mg kg-1 at WW and 385 mg kg-1 at DR. Similar sediment 

mineralogy between WW and DR was identified using XRD, with the predominance of alumino-

silicate and iron-bearing minerals. Alkalinity measured in surface water at both sites ranged from 

1,000 to 2,450 mg-1 as CaCO3 (10-20 mM HCO3
- at pH 7). Batch laboratory experiments were 

conducted under oxidizing conditions to evaluate the effects of NaHCO3 (0.2 mM and 20 mM) 

and NaH2PO3 (0.1 and 10 mM) on the mobilization of As. These ions are relevant for the site due 

to the alkaline nature of the river and nutrient mobilization from the ranch. The range of As(V) 

release with the NaHCO3 treatment was 17-240 μg L-1. However, the highest release (6,234 μg 

L-1) occurred with 10 mM NaH2PO3, suggesting that As release is favored by competitive ion 

displacement with phosphate compared to bicarbonate. Although higher total As was detected in 

WW solids, the As(V) present in DR solids was labile when reacted with NaHCO3 and NaH2PO3, 

which is a relevant finding for communities living close to the river bank. The results from this 

study aid in a better understanding of As mobility in surface water sites affected by mining legacy.   

                                                 
2 This work has been submitted to Environmental Science: Processes & Impacts, in which 

I am the coauthor and contributed to data collection and analyses of Mössbauer spectroscopy. 
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