
 

 

BIOAVAILABILITY OF ORGANIC CARBON FROM FE(II) 

REACTED FERRIHYDRITE NATURAL ORGANIC MATTER 

COPRECIPITATES 

by 

NADIA NOOR 

(Under the Direction of Aaron Thompson) 

ABSTRACT 

 Ferrihydrite (Fh) mineral associated soil organic matter (SOM) is considered to be 

protected. But the multiplicity of interactions between Fh and OM suggest OM protection can be 

disrupted. Under anoxic conditions, Fh that comes in contact with aqueous Fe(II) can be 

transformed into more stabilized iron minerals such as lepidocrocite, goethite, hematite, etc. While 

previous studies have shown that the presence of OM and the ratio of C/Fe can impact this 

transformation process, it is unknown how reaction with Fe(II) will impact the bioavailability of 

OM in the Fh-OM association. To investigate this, I first synthesized C isotope-labeled Fh-OM 

coprecipitates with a range of molar C/Fe ratios and reacted them with Fe(II) for the different time 

periods. Changes in the coprecipitate were then characterized using mössbauer spectroscopy 

(MBS) and ultrahigh-resolution scanning transmission electron microscopy (STEM). I found that 

reaction with Fe(II) drove a localized increase in Fh crystallinity, especially in the low C/Fe 

coprecipitates and also resulted in the partial release of OM from the coprecipitates. Higher C/Fe 

containing coprecipitates forestalled this transformation, but longer reaction times resulted in the 



higher release of OM and in a localized increase in Fh crystallinity. Then I further incubated the 

Fh-OM coprecipitates with microbes under oxic conditions and measured the mineralization of 

CO2-C, and changes in dissolved organic carbon (DOC) and solid phase C. I found that the Fe(II) 

reacted coprecipitates protected more of the coprecipitated C than the unreacted coprecipitates 

when the C/Fe ratio of the coprecipitates was low. While the significant OM was solubilized from 

the coprecipitates only a small amount of OC was mineralized to CO2. Following the microbial 

incubation, the crystallinity of the Fe in the coprecipitates decreased. Lastly, I examined the OM 

bioavailability in naturally occurring Bacteriogenic Fe-OM coprecipitates using the same methods 

and found the native OM was more protected than the OM in the synthesized Fe-OM 

coprecipitates.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Explanation of dissertation format 

This dissertation comprises Five chapters. Chapter one provides a review of the current 

literature and introduces the research problem. Chapters two to four and Appendix A comprise the 

core experimental work discussed in detail (present study). Chapter Five is a conclusion that 

reconnects the results of this dissertation and discusses its application in soil systems. Below I 

briefly outline each of the core experimental chapters.  

Chapter 2 focuses on the bioavailability of organic matter contained in coprecipitates of 

ferrihydrite and Suwanee river natural organic matter that reacted with Fe(II). This study expands 

on collaborative work I was a part of that characterized the electron-transfer and atom exchange 

during Fe(II) catalyzed transformation of Organic matter-Ferrihydrite coprecipitates. This study 

was published in Environmental Science & Technology in 2018 (Zhou et al., 2018). In Chapter 2, 

I measured the bioavailability of organic matter from those coprecipitates using a microbial 

incubation technique common for assessing soil carbon availability, but I used 13C-labeled 

substrates and microbial communities to distinguish between the microbes, media, and the co-

precipitated organic matter. This work suggested that the Fe(II) reacted coprecipitates showed 

protection against the biodegradation of the coprecipitated C but the reason behind this was unclear 

from this study. To investigate the reason I focused on the change in the coprecipitates that 

occurred after Fe(II) reaction.  In Chapter 3, I expanded my work to examine natural plant litter 

extracted organic matter as the base for the co-precipitates, here using 13C-labeled plant material 
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and unlabeled microbes. In this chapter, I quantified changes in the crystallinity and morphological 

of the Ferrihydrite- natural organic matter coprecipitates after reacting with Fe(II). I have 

submitted this chapter for publication (In review) in the Soil Science Society of America Journal 

(Special issue). This study demonstrated that the Fe(II) reaction can develop localized increased 

crystallinity in the coprecipitates and this process may result in the release of some coprecipitated 

C. Chapter 4 is a parallel to Chapter 2, this time examining the bioavailability of the plant-litter 

derived coprecipitates I generated for Chapter 3. This study showed that the product of Fe(II) 

reacted coprecipitate protects the coprecipitated C compared to the unreacted coprecipitated and 

the bioavailability of C was related to the changes that occurred in the coprecipitates during the 

reaction with Fe(II). In the Chapters discussed so far, I examined synthesized coprecipitates, which 

are often less complex than naturally occurring coprecipitates, which can also have other elements 

(e.g., aluminum and heavy metals) associated with them. In Appendix A, I expand my work to 

examine the bioavailability of organic matter in naturally occurring coprecipitates collected from 

an iron floc emerging from a local wetland. In addition to assessing the bioavailability, I have also 

evaluated the release of some heavy metals during the aerobic microbial incubation. This work 

demonstrated that the iron floc showed higher protection against the biodegradation of the 

associated C than the synthesized coprecipitates.  
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LITERATURE REVIEW  

Soil organic matter as a carbon reservoir 

Soil is a large reservoir of carbon (C) and the soil C pool is 3.3 times the size of the 

atmospheric pool and 4.5 times the size of the biotic pool (Lal, 2004). Among the global soil 

carbon (SC) pool of 2500 Gigatons (Gt), about 1550 Gt is soil organic carbon (SOC) and 950 Gt 

is soil inorganic carbon (SIC) (Lal, 2004). Due to the high amount of SOC, a small amount of C 

release as carbon dioxide (CO2) or methane can cause quantitatively relevant variation in the 

atmospheric concentration of greenhouse gases (Ciais et al., 2013). Soil organic matter (SOM) 

also retains nutrients as well as pollutants, and thus it supports plant growth and also prevents 

contamination of aquatic systems (Lal, 2004). The release of SOC plays a vital role in the 

biogeochemical processes in rivers, lakes and estuaries as well (Marín-Spiotta et al., 2014). 

There are several mechanisms to protect SOM against decomposition. These processes can 

be separated into three major groups: (1) chemical stabilization, (2) physical protection and (3) 

biochemical stabilization (Christensen, 1996; Stevenson, 1994). Chemical stabilization results 

from the chemical and physiochemical binding between SOM and soil minerals (Feller & Beare, 

1997; Hassink, 1997; Ladd et al., 1985). Physical protection is the influence of aggregation 

formation (Edwards & Bremner, 1967; Elliott, 1986; Jastrow, 1996; Tisdall & OADES, 1982), 

which protects SOM by forming a physical barrier between the microbes and enzymes and their 

substrates (Coleman & Elliot, 1988). Biochemical stabilization is the stabilization of SOM due to 

recalcitrant compounds and through chemical complexation processes in soil.  
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Figure 1.1: Five principal carbon pools and fluxes between them (SOC= soil organic carbon, SIC= 

soil inorganic carbon). Source: (Ascenso et al., 2018). 

Interaction of Fe oxide mineral and organic matter 

           In soil, the organo-mineral associations can protect OM by imposing chemical, physical 

and biogeochemical stabilization (Kaiser & Guggenberger, 2003). Direct correlation between the 

specific surface area of minerals and concentration of OC have shown surface adsorption to be one 

of the major processes to preserve OM in soil and marine sediments (Keil et al., 1994; Mayer, 

1994). But later studies have also shown that a broader set of interactions occur on the surface of 

minerals that can impact organic matter. For instance, mineral surfaces can act as a catalyst for 

organic reactions, they can serve as redox partners for the decomposition of OM through direct 

electron transfer or by generating reactive oxygen species that can oxidise OM, and they can 

compartmentalize soil and sediments by creating unique microsites that host diverse microbial 

communities with different modes of interacting with OM. (Kleber et al., 2021).   
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Among soil minerals, studies showed that the reactive iron oxide minerals alone store 20% 

of OM in soil and sediments (Lalonde et al., 2012; Wagai & Mayer, 2007). The higher sorption 

capacity of short-range-ordered (SRO) iron oxide minerals compared to layered silicate clays, for 

instance, is an important feature of these minerals in biogeochemical cycles and the stabilization 

of SOM (Kaiser & Guggenberger, 2003). Although iron oxide minerals are considered to retain 

significant OM in soil, iron minerals are also redox-sensitive and this can impact its interaction 

with SOM. The resulting interaction between the Fe(III) and Fe(II) dictates the speciation, 

mobility, and reactivity of iron in the environment (Melton et al., 2014), which can ultimately 

impact the interaction of the Fe oxide minerals and the OM associated with them. 

Natural organic matter (NOM) can associate with Fe minerals through adsorption and 

coprecipitation. Where an adsorption complex forms simply by the sorption of OM on pre-existing 

Fe oxides surface, the coprecipitation complex forms due to the formation of Fe oxide mineral in 

presence of dissolve organic carbon that incorporates in the mineral during its formation process.  

Coprecipitation is a common feature of redox fluctuation soil where the molar C/Fe ratio of soil 

pore water is 0.2 – 6 (Chen et al., 2014; Cheng et al., 2010; Katoh et al., 2004) and upon aeration 

Fe(II) quickly oxidized to insoluble Fe(III), which sorbs surrounding NOM and precipitates as a 

Fe oxide mineral-NOM coprecipitate (Cheng et al., 2010; Riedel et al., 2013). Compared to 

adsorption, coprecipitation is a more dominant feature of sediments (Henneberry et al., 2012; 

Katoh et al., 2004; Mikutta et al., 2014; Pokrovsky & Schott, 2002), retains more OC, and may 

provide stronger C stability (Chen et al., 2014). However, studies have also observed no difference 

in the bioavailability of adsorbed and coprecipitated C following microbial incubation (Eusterhues 

et al., 2014b).  
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Whether OC coprecipitated with an iron oxide mineral is “stable” is a matter of current 

debate as the release of OC can be triggered by both biotic, abiotic factors and also can change if 

the iron oxide minerals transform (Kleber et al., 2021; Lalonde et al., 2012). Changes in redox 

conditions can alter the behavior of iron oxide minerals, which can impact the availability of 

associated OC. For example, anoxic conditions can promote the reductive dissolution of ferric iron 

oxide minerals and this can result in substantial release of associated OC (Adhikari et al., 2016; 

Grybos et al., 2007; Grybos et al., 2009). Although several studies are examining the reductive 

release of OC from iron minerals, only a handful of studies have been conducted on OC availability 

under oxic conditions(Adhikari et al., 2019; Porras et al., 2018).   

Aerobic respiration of mineral associated OM 

Aerobic microbial respiration is the most thermodynamically favourable pathway for 

mineralizing soil organic carbon (SOC) to CO2 (Lal, 2004, 2008) and adds around 60 Pg C y-1 to 

the atmosphere (Lal, 2004). As a majority portion of SOC is associated with the soil minerals, 

understanding the bioavailability of mineral associated OC is critical for understanding the global 

C cycle.  (Kögel‐Knabner et al., 2008; Mikutta et al., 2007; Porras et al., 2018). Thus far, only a 

few studies have directly investigated the bioavailability of OC from the mineral-SOM 

associations (Adhikari et al., 2019; Eusterhues et al., 2014a; Mikutta et al., 2006; Porras et al., 

2018; Torn et al., 1997).  

Among different factors enhancing the respiration of SOC, the labile source of OM tends 

to increase respiration by enhancing microbial growth (Fontaine et al., 2007; Porras et al., 2018; 

Wild et al., 2014). Fontaine et al. 2003, suggested that the fresh labile SOC can enhance microbial 

growth and increase the rate of SOC respiration through co-metabolism. However, the type of OM 

and different iron oxide minerals can have a different effects. For example, Mikutta et al. 2007, 
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found a 50 – 90% decrease in the decomposition of OM from forest floor extract over 90 days 

when sorbed to goethite, where other studies have shown 27.9% Ferrihydrite (Fh) associated fulvic 

acid and 4.2% Fh associated glucose respiration occurred under aerobic conditions (Adhikari et 

al., 2019). Porras et al. 2018, found less than 3% of the Fh-associated glucose was respired after 

80 days. It is important to note that most of the studies examining Fh associated OC mineralization 

were conducted with glucose, fulvic acid or a single C compound containing OM. There is a 

knowledge gap regarding the bioavailability of OC from Fh-NOM coprecipitates that needs to be 

addressed.  

Iron oxide minerals in the soil 

Different types of iron oxide minerals can be present in the soil depending on the pedogenic 

condition favouring the formation mechanism of FeIII oxide minerals. Due to their higher 

thermodynamic stability, goethite (Gt) and hematite (Hm) are the most common Fe-oxides in soil, 

especially in older soils, e.g. oxisols, and ultisols. Ferrihydrite (Fh) which is an excellent well 

studied short-ranged order (SRO) mineral is thermodynamic most unstable or metastable and 

lepidocrocite (Lp) is of intermediate stability. Despite the lower stability, SRO minerals are 

predominant in the younger soils characterizing the non-equilibrium state in the pedo-

environment, which favours the formation of these minerals kinetically but hinders the 

transformation into more stable minerals by an association with adsorbed ions or molecules, such 

as phosphate and organics (Chesworth, 2007; Schwertmann & Taylor, 1989).  

Formation of Iron oxide mineral in the soil  

The formation of different iron oxide minerals in soil depends on the soil physicochemical 

condition. Gt mineral forms through either slow oxidation of FeII ions, or solid FeII compounds 

such as pyrite or siderite, or from Fh. For the formation of Hm, Fh is the precursor(Chesworth, 
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2007). Whereas, Gt forms from dissolved, partly hydrolyzed FeIII ions (e.g., Fe(OH)2
+) in solution 

by nucleation and crystal growth, Hm nucleates and grows within nano-sized Fh aggregates. The 

success of the formation of one mineral over another in this competing process of Gt and Hm 

formation is highly dependent on several factors especially temperature, water activity, pH and Al 

concentration. (Chesworth, 2007). Ferrihydrite minerals form due to quick aeration of 

Fe2+containing soil water or the aeration occurs in presence of compounds with high affinity for 

Fe oxide surfaces such as organic matter, phosphate, silicate etc. These adsorbates inhibit the 

formation of more crystalline FeOOH forms or proper structural order and also retard the 

transformation into a more stable mineral. Ferrihydrites usually occur in cool climate temperate 

soil, especially in concretions, oxidation of horizons of glayed soils, Podzol B horizons, drains 

and ditches of lowland soil. As these soils are prone to waterlogged conditions, it can result in 

the redissolution of Ferrihydrite by reduction. Lp forms in soils through the oxidation of 

dissolved Fe2+ directly or via a green rust intermediate. It frequently occurs in non-calcareous 

redoximorphic soils, where Fe2+ is formed by biotic reduction. Schwertmannite forms only in 

the presence of high concentrations of sulfate and at very low pH. Magnetite in the soil is usually 

inherited from rocks, but a recent study reported pedogenic magnetite likely from the bacterial 

origin (Geiss et al., 2008). It results from the intracellular reaction of ferrihydrite with dissolved 

Fe2+ at ambient temperature and neutral pH. (Chesworth, 2007). 
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Figure 1.2: Common Pathways of iron oxide formation and transformation. (Source: 

(Chesworth, 2007)) 

Fe(II) catalyzed mineral transformation 

The association of aqueous Fe2+ with iron oxides often leads to the transformation of less 

stable iron oxide minerals, such as Fh, into more stable phases, such as Hm and Gt (Hansel et al., 

2003; Jang et al., 2003; Jeon et al., 2003), or to mixed-valence compounds such as green rust or 

Magnetite. Fh mineral transformation is thought to occur via classical Oswald ripening, where 

larger particles grow at the expense of smaller particles (Hiemstra, 2018; Hiemstra et al., 2019) 

and oriented aggregation, where nanoparticles rearrange themselves through Brownian motion to 

achieve a more stabilized structure (Li et al., 2012). The reducing capacity of Fe(II) induces 
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interfacial electron transfer to structural Fe(III) (Tronc et al., 1992; Williams & Scherer, 2004) and 

stimulates atom for atom dissolution and re-precipitation as a more thermodynamically stable 

phase (Cornell & Schneider, 1989), hence accelerating the transformation process often called 

Fe(II) catalyzed recrystallization (Jiang et al., 2014; Tronc et al., 1992). The reaction between the 

aqueous Fe(II) and Fe(III) oxides is extremely complex. Previously the reaction between the 

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

minerals (Coughlin & Stone, 1995; Sørensen & Thorling, 1991). But later application of 

Mössbauer spectroscopy helped to demonstrate electron transfer between the Fe(II) and Fe(III) 

minerals (Géhin et al., 2007; Williams & Scherer, 2004). 57Mössbauer spectroscopy can only 

detect the 57Fe isotope, making the other Fe isotopes, such as 56Fe, transparent. The use of Fe 

isotopes (to differentiate between the structural Fe and Fe in the solution) and Mössbauer 

spectroscopy has proven the atom exchange process involved more than just the sorption and 

increased reduction potential of adsorbed Fe(II) (Zhou, 2018). Studies following these processes 

have shown that along with electron transfer and mineral transformation, atom exchange between 

the aqueous and solid phases can occur without visible mineral transformation. The outcome of 

Fe(II) catalyzed atom exchange on Fh minerals depends on multiple factors such as the Fe(II) 

concentration, pH, the presence of anion or other impurities, etc. (Boland et al., 2014; Chen et al., 

2015; Hansel et al., 2005; Liu et al., 2008). In general, the Fe(II)/ Fe(III) ratio has a large influence, 

where the higher Fe(II) concentrations can lead to the formation of Gt and Mt, and lower 

concentration can result in Lp mineral formation (Boland et al., 2014; Hansel et al., 2005). 

Moreover, the presence of impurities such as chloride tends to favour Lp formation (Hansel et al., 

2005; Liu et al., 2008). Atom exchange during the Fe(II) catalyzed Fe oxide recrystallization can 

also drive the re-arrangement or loss of co-precipitated elements and potentially organic matter 
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(Zhou et al., 2021). Studies have shown that the presence of organic carbon, both sorbed and 

coprecipitated with Fh does not influence the Fe atom exchange kinetics during the Fe (II) 

catalyzed recrystallization (Pasakarnis, 2013). In some instances, the presence of organic carbon 

was also found not to influence the rapid transformation of Fh to Lp, but it did end up stabilizing 

Lp and preventing its further transformation to Mt to Gt (Pasakarnis et al.). Another study showed 

that the amount of Fh transformation is indirectly related to the C/Fe ratios (Chen et al., 2015). 

Although it is clear that the presence of OM creates some sort of resistance towards the Fh mineral 

transformation, the mechanism behind this inhibition is unclear. In addition, most of the studies 

examining the Fe(II) catalyzed OC associated Fh mineral transformation were conducted using 

single organic ligands or relatively homogenous OM isolates (Daugherty et al., 2017; Royer, 

Burgos, Fisher, Jeon, et al., 2002). That raises the question that how the Fe(II) catalyzed the 

mineral transformation of Fh minerals will occur when it is associated with Natural Organic Matter 

(NOM).  

Bacteriogenic Iron (oxyhydr) oxide (BIOS):  

Bacteriogenic iron oxides (BIOS) are common in environments with strong redox gradients 

such as natural water, sediments, wetlands, groundwater etc. (Duckworth et al., 2009; Emerson & 

Weiss, 2004; Ferris, 2005; Weiss et al., 2004). In the redox gradient suboxic zone where high 

ferrous iron containing fluids meet oxygenated conditions such as groundwater seeps (Fleming et 

al., 2014; James & Ferris, 2004), wetland soils (Emerson & Weiss, 2004; Weiss et al., 2004) and 

in the rhizosphere  Fe(II) oxidizes via both abiotic and biotic process (Druschel et al., 2008; 

Neubauer et al., 2007; Weiss et al., 2003; Weiss et al., 2007). Iron oxidizing bacteria can accelerate 

the Fe(II) oxidation process and stimulate the formation of ferric oxide co-precipitates with cell 

exudates and other forms of organic matter (Druschel et al., 2008). There is growing recognition 
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that the Fe(III) (oxyhydr) oxide minerals, especially Fh, prevails in BIOS that forms at redox 

gradients (Duckworth et al., 2009; Emerson, 2019; Emerson et al., 2010; Ferris, 2005). Most of 

our knowledge regarding the OC stability in Fh coprecipitates is based on abiotically synthesized 

Fh, but there are substantial structural differences between synthesized Fh-OM coprecipitates and 

BIOS. Compared to synthesized Fh-OM coprecipitates, BIOS has a lower crystallinity, a smaller 

crystal domain size, and a lower surface area. BIOS has an affinity for metal cations and oxyanions 

of arsenic and chromium (Cismasu et al., 2011; Kikuchi et al., 2019; Posth et al., 2010; Whitaker 

& Duckworth, 2018). Moreover, cell-derived OM is incorporated (2 – 5% OC) in BIOS (Muehe 

et al., 2013; Schmid et al., 2014; Sowers et al., 2017). Although it has been acknowledged that 

OM can be associated with BIOS, what is not known is the bioavailability of this OM.  

 

OBJECTIVES 

The iron oxide mineral associated with organic matter is considered to be less accessible 

for microbial degradation than other forms of OC. However, recent studies have illustrated that a 

broad set of interactions control organic matter stability associated with minerals. Such as, the 

mineral surface catalyzes organic reactions, electron transfer process occurs or reactive oxygen 

species generates from the mineral that can oxidize OM, compartmentalization of soil and 

sediments by mineral can create unique microsites that host diverse microbial communities, which 

interact with OM etc. (Kleber et al., 2021). These multiplicities of interactions indicate that 

“mineral associate OM is protected” is a highly simplistic general assumption of this complex 

system. Moreover, the redox-sensitive change of the iron oxide mineral-OM coprecipitates and its 

impact on the bioavailability of iron oxide mineral associated OM is yet to unveil.  
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Accordingly, the objectives of this study are:  

(i) To measure the bioavailability of OC from Ferrihydrite-Suwanee river natural organic 

matter reacted with Fe(II) (Chapter 2). 

(ii) To investigate the change in Ferrihydrite natural organic matter coprecipitate 

morphology and crystallinity following reaction with Fe(II) and ageing (Chapter 3).  

(iii) To investigate the bioavailability of OC from Ferrihydrite natural organic matter 

coprecipitates after reacting with Fe(II) (Chapter 4). 

(iv) Compare the bioavailability of OC from Bacteriogenic iron (oxyhydr) oxide (BIOS) 

with synthesized Fh-NOM coprecipitates, along with the release of heavy metal from 

the BIOS (Appendix A).  
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CHAPTER 2 

Bioavailability of carbon from Suwannee river natural organic matter-ferrihydrite 

coprecipitates after reaction with Fe(II) 
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ABSTRACT 

The iron oxide mineral and organic matter (OM) association consider being a stabilization 

mechanism of OM in soil.  In redox fluctuating conditions, the interaction of Fe(II) with Fe(III) in 

the iron oxide mineral result in mineral transformation, electron exchange or atom exchange which 

can impact the stability of the associated OM. To measure the bioavailability of the OM, Suwannee 

River natural organic matter-Ferrihydrite coprecipitates (SRNOM-Fh) was reacted with Fe(II) for 

1,7, and 14 days and incubated under the oxic condition with soil microbial community. Additional 

13C labeled Na-lactate was also used to ensure the activity of the microbial community.  We found 

that the 1 day Fe(II) reacted SRNOM-Fh protected 9±3% more of the coprecipitated C than the 

unreacted coprecipitate. For 7 and 14 days reacted coprecipitates no significant impact on the OM 

protection was observed. All the coprecipitates sorbed 1-2% of the added lactate regardless of the 

treatments. The mineralization of CO2-C from the coprecipitates was low and a higher 

concentration of coprecipitated C was released in the solution. During the first few days of the 

incubation, around 10% of the lactate was mineralized by the microbial community and later they 

continued using the coprecipitated C as an energy source. This study suggests that under the oxic 

condition, the product of freshly Fe(II) reacted Fh-OM coprecipitate can introduce protection to 

the associated OM against biodegradation.  

 

INTRODUCTION  

Mineral association with organic matter (OM) is one of the major mechanisms stabilizing 

OM in the soil (Lehmann & Kleber, 2015; Schmidt et al., 2011) and comprises OM associations 

via chemical bonds to minerals and also OM that is physically protected by minerals in micro-

aggregates or coprecipitates (Kleber et al., 2015; Kögel‐Knabner et al., 2008). Short-range ordered 
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(SRO) minerals (e.g., allophane, ferrihydrite, nano-goethite, etc.) are often found in close 

association with OM owing to their high surface areas. The SRO iron (Fe) mineral ferrihydrite 

(Fh) is commonly studied as an index of various SRO-Fe phases found associated with OM. 

However, the soil Fe plays multiple roles in the ecosystem biogeochemistry (Chen et al., 2020) 

and among them, electron transfer or exchange can impact the fate of OM associated with Fh 

mineral.  

Fe minerals can protect OM from extracellular enzymes and heterotrophic microbes by sorption 

and create structural protection during coprecipitation reactions (Kaiser & Guggenberger, 2003; 

Kleber et al., 2015; Oades, 1988; Totsche et al., 2018). But, when anoxic conditions occur, 

microbial use of Fe (III) as an electron acceptor results in the reductive dissolution of Fe(III) to 

Fe2+(aq) (Lipson et al., 2010; Roden & Wetzel, 1996), which may release the associated OM in 

the Fe-OM coprecipitates or OM that was protected in the Fe(III) cemented micro-aggregates 

(Chen et al., 2020; De-Campos et al., 2012; Pan et al., 2016). Under oxic conditions, the oxidation 

of Fe(II) by O2 can generate hydroxyl free radicals that can either mineralize OM to CO2 or 

increase OM bioavailability (Hammel et al., 2002; Wood, 1994). Despite the complexity of Fe 

playing both a role in protecting OM (Gentsch et al., 2015; Mikutta et al., 2007; Porras et al., 2018) 

as well as promoting OM release and mineralization (Dubinsky et al., 2010; Huang & Hall, 2017), 

few studies have looked directly at the bioavailability of OM in Fe-OM associations via classic 

aerobic microbial respiration incubations (Adhikari et al., 2019; Porras et al., 2018). 

When Fe oxide minerals, especially the metastable ones such as Fh and lepidocrocite (Lp), react 

with aqueous Fe(II) they undergo secondary mineralization and transform to more stable forms 

(Hansel et al., 2005; Pedersen et al., 2005). The more stable Fe minerals, such as goethite(Gt) and 

hematite (Hm), do not go through such transformation but forms Fe(III) coating on the mineral 
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surface due to electron transfer with Fe(II) or a stable sorbed Fe(II) phase (Catalano et al., 2010; 

Gorski & Scherer, 2011; Larese-Casanova & Scherer, 2007). The Fe(II) interaction with the Fe(III) 

in the mineral itself is a complex process and the presence of coprecipitated or adsorbed OM 

complicates the Fe mineral transformation process even complex as discussed in chapter- 3 and 4.   

The objective of this study is to determine the fate of OM associated with Fe oxide minerals that 

have gone through electron transfer and atom exchange in the presence of Fe(II), which has not 

yet been reported. To test this, we synthesized a Suwannee River natural organic matter- 

Ferrihydrite (SRNOM-Fh) coprecipitate with a C/Fe molar ratio of 1.2 and reacted it with Fe(II) 

under anoxic conditions for 1d, 7d and 14d in presence of PIPES buffer. Then the resulted products 

were incubated in presence of a soil microbial inoculum under oxic conditions in the presence of 

lactate and we measured the change in C content and also an evolution of CO2. In a previous study 

Eusterhuse, et al., 2014a measured the mineralization of OM from Fh-OM coprecipitate with no 

labile C source where a very low amount of C utilization was observed from the coprecipitate 

especially when sulfonated lignin was used as OM source in the coprecipitate. This could result 

from a less active microbial community due to the lack of labile C source during the 68 days of 

incubation time. In soil, the microbial community can utilize different labile C sources that can 

keep them alive and active to work on the mineral associate C. Chen, et al., 2020 also showed that 

the use of added C during the incubation study increased the decomposition of native soil OC.  To 

ensure the activity of the microbial community and also to imitate the natural soil condition we 

used lactate as a labile C source for the microbes. Moreover, 13C labeled lactate was used to 

differentiate the coprecipitated C from the added lactate. We hypothesize that the interaction of 

Fe(II) with Fh-OM coprecipitates will increase the bioavailability of the OC.  
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MATERIALS AND METHODS 

Organic matter- Ferrihydrite coprecipitate synthesis and characterization  

Suwannee River natural organic matter (SRNOM) was purchased from the International 

Humic Substances Society (IHSS)  and used without further treatment as an OM source to prepare 

the coprecipitates. Its C content was 50.7% and its functional group composition includes 

carboxyl, phenolic, aromatic and aliphatic functional groups at 11.2, 2.5, 23 and 27% respectively, 

as reported by IHSS (Compositions). To prepare SRNOM-Fh coprecipitate, required masses of 

SRNOM was dissolved in 1L of ultrapure 18.2 MΩ water at pH 9.0 under vigorous stirring. The 

solution pH was adjusted back to pH 7.0 and 1g ferric nitrate (Fe (NO3)3.9H2O) was added to 

generate an initial molar C/Fe ratio of 1.2. The pH of the solution was readjusted at 7.5 with 1M 

KOH under stirring to produce SRNOM-Fh coprecipitate. Synthesized coprecipitates were 

centrifuged and washed with ultrapure 18.2 MΩ water twice and the final C content was measured 

using a Thermo Flash 2000 Elemental Analyzer. The solids were transferred into an anoxic glove 

box chamber filled with mixed gas (7% H2, and 93% N2) and dispersed in ultrapure water by 

sonication. The coprecipitates were used in slurry form within a few days after preparation. A 

detailed characterization of the coprecipitates including X-ray diffraction (XRD, Rigaku Mini Flex 

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

cryostat (CCS-850 System, Janis Research Co., Wilmington, MA), surface area measurement etc. 

were done and described in details in our previously published manuscript (Zhou et al., 2018). In 

the analysis, Fh 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) to be 15.5 m2 g–1, which was smaller than 

pure ferrihydrite (269 m2 g–1) but consistent with Fh in aggregated form based on prior published 
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studies (Chen & Sparks, 2018; Eusterhues et al., 2008). The presence of OM in association with 

Fh can result in a decreased surface area.  

Secondary mineral transformation experiment 

Natural isotopic abundance Fe(II) stock solution was made by dissolving Fe(0) in 

concentrated hydrochloric acid (Notini et al., 2018). The deionized water was degassed with N2 

over 2h and equilibrated in the glove box at least overnight before use. The SRNOM-Fh 

coprecipitate in 15mL of piperazine-N, N′-bis (ethanesulfonic acid) (PIPES) buffer (10 mM, pH 

7.0) was reacted for 1d, 7d and 14d with 2mM Fe(II) in three different batches on an end-over-end 

shaker (Zhou et al., 2018) in an anaerobic glovebox chamber. The Coprecipitate solid loading rate 

was ~10 mM Fe(III) in the reactors. The resulting Fe(II) reacted coprecipitates were then 

centrifuged and washed with anoxic ultrapure water twice before analysis.  

Carbon bioavailability measurement  

To study the bioavailability of carbon from SRNOM-Fh coprecipitates after reacting with 

Fe(II), incubation studies were performed under oxic conditions for 26 d using SRNOM-Fh 

samples reacted with Fe (II) for either 1 d, 7 d, or 14 d at molar C/Fe ratio of 1.2 (along with 

associated Fe(II)-free controls). The microbial inoculum was extracted from freshly collected soil 

(0 to 15cm depth) from J. Phil Campbell Sr. Research and Education Center of the University of 

Georgia, Athens. Briefly, the inoculum was isolated by incubating the soil at 24 ºC for 7 d at 60% 

water holding capacity and then shaking it in a 4mM CaCl2 solution for 24 h before passing the 

slurry through a 5 µm filter (Eusterhues et al., 2014b). A small amount (0.1 ml) of this inoculum 

was then transferred to a selective growth media containing (per liter): 0.5 g KH2PO4, 1.0 g NaSO4, 

2.0 g NH4Cl, 0.5 mM CaCl2, 0.1 mM MgSO4, and 13C labeled 1mM Na-lactate. The solution was 

placed inside the incubator on a rotatory shaker at 29º C overnight to target an exponential growth 
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phase of the microbial community (the target was an optical density reading minimum of 0.36 – 

0.37 at 600 nm). The incubation studies were carried out in 30 ml opaque serum bottles containing 

20 mg of coprecipitate, 15 ml of selective media, and microorganisms added at 2 × 108 cells ml-1. 

1mM 13C labeled Na-lactate (98% enriched) in the selective growth media was used to ensure 

enough carbon for the survival of the microorganisms during the incubation period.  

To investigate the difference in the bioavailability of OC from the SRNOM-Fh samples with and 

without Fe(II), four treatments with duplicates were conducted as follows:  (1) SRNOM-Fh + 

Media + Microorganisms; (2) SRNOM-Fh reacted with Fe(II) + Media + Microorganisms; (3) 

Media + Microorganisms; (4) Only media. Here, treatment #3, ‘Media + Microorganisms’ and 

treatment #4, ‘Only media’ served as controls. With three different levels of SRNOM-Fh aging (1 

d, 7d, 14 d aged) with or without reaction with Fe (II), a total of 16 parallel reactor bottles were 

set up in this experiment. The pH was maintained at 7 for all reactors. During the whole incubation 

period, the bottles were rotated on a rotatory shaker under a laminar flow hood under laboratory 

atmospheric conditions. To measure the emission of CO2(g) from each reactor, gas sampling was 

done at 1, 2, 3, 5, 7, 10, 13, 16, and 26 d from crimp sealed butyl rubber stoppers on the reactors. 

After finishing each sampling, the reactors were uncapped and kept open for at least six hours, to 

circulate the air from the atmosphere to the reactor bottles to reach an equilibrium. Then the 

reactors were crimp sealed with butyl rubber stoppers again and kept sealed until the next sampling 

date. Initial (time zero) sampling was also done from all the reactors. Gas samples were collected 

with gastight syringes and stored in pre‐evacuated gas collection vials. The CO2(g) concentration 

was measured using LI -840A CO2/H2O gas analyzer and 13CO2 concentration were measured 

using Picarro G2201-i isotope analyzer. The pH and the dissolved organic carbon (DOC) content 

after incubation were measured using a pH meter and Shimadzu TOC-500 analyzer. The total C 
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and 13C isotope content of the solids before and after incubation were measured using a Thermo 

Flash 2000 Elemental Analyzer coupled to a Thermo Delta V Isotope Ratio Mass Spectrometer 

via the Thermo Conflo IV open split Interface.  

Thermogravimetric analysis  

To thermal stability of the SRNOM-Fh coprecipitate was assessed by thermal analysis 

using ramped combustion in the University of Pennsylvania lab. 6mg sample 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. The thermal stability 

of the SRNOM-Fh coprecipitates was determined using the temperature at which the peak in CO2 

evolution occurred. 

Data analysis  

The amount of CO2-C mineralized from the coprecipitates, as well as the per cent (%) 

contribution of added lactate to CO2-C respiration, was calculated using a two-source mixing 

model.  

The per cent contribution of added 13C-lactate to CO2 respiration (P 13
C_lactate),  

P13Clactate  =
x13[CO2]_𝐹ℎ−𝑆𝑅𝑁𝑂𝑀− x13[CO2]𝑛𝑜 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 

x[13C]𝑙𝑎𝑐𝑡𝑎𝑡𝑒− x[13C]𝐹ℎ−𝑆𝑅𝑁𝑂𝑀
 *100 

Where, x13[CO2]𝐹ℎ−𝑆𝑅𝑁𝑂𝑀 and x13[CO2]𝑛𝑜 𝑙𝑎𝑐𝑡𝑎𝑡𝑒  are atom fraction of 13C of CO2 respired from 

Fh-SRNOM coprecipitates reactor with added lactate and Fh-SRNOM coprecipitates reactor 
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without  added lactate, respectively;   x[13C]lactate and x[13C]Fh_SRNOM are the initial atom 

fraction of 13C content of the lactate and Fh-NOM coprecipitate, respectively.  

Statistical analysis 

Statistical analysis was conducted between the Fe(II) reacted and unreacted coprecipitates 

using T-test in JPM software and excel.  

 

RESULTS AND DISCUSSION 

Change in solid-phase C content 

SRNOM-Fh coprecipitates were reacted with Fe(II) for 1d, 7d and 14d under anoxic 

conditions along with the unreacted controls and later the products were incubated under oxic 

conditions with a microbial inoculum to measure the bioavailability of C. The before and after 

incubation solid sample C content (Figure 2.1, Table 2.1 and 2.2) suggest that the reaction of Fe(II) 

with the coprecipitate (in all treatments) reduced C degradation relative to the unreacted 

treatments, although these reductions were minor. For example, the SRNOM-Fh reacted with 

Fe(II) for 14 d lost 31±1 % of the coprecipitated C, whereas the unreacted control lost 35± 6 % (p 

value 0.49). For 7 day treatments these values were 32±1 % and 34±1 %, respectively and they 

were significantantly  different (p value 0.05). In the 1d Fe(II) reacted SRNOM-Fh coprecipitate 

31±2.0 % of the coprecipitated C was lost compared to 40±3.6 of the C lost in the unreacted control 

(p value 0.14), suggesting aging may offer additional protection against C degradation (Figure 2.1a 

and Table 2.1). Although the statistical analysis showed no significant differences in the Fe(II) 

reacted and unreacted controls of the 1d and 14 days treatments but the small amount of sample 

size and difference in the values suggest protection of the coprecipitated C in the Fe(II) reacted 

treatments, especially in case of 1d reacted treatment.  
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We used 13C labeled lactate to distinguish between external C and the co-precipitate C during the 

incubation. The data suggest that the coprecipitates sorbed minor amounts of C from the solution 

regardless of the treatment i.e. this occurred in both the reacted and unreacted controls (Figure 

2.1b, Table 2.2). There was no effect of reaction with Fe(II) on the amount of solid phase lactate 

accumulation (Table 2.2), with Fe(II) reacted and unreacted coprecipitates in all the treatments 

sorbing between 1.7 – 2% of 13C-lactate. However, the buffer PIPES may have contributed to the 

sorbed C during the reaction with Fe(II) and this was not isotopically labeled and thus would not 

be distinguished from the co-precipitate C.  

Coprecipitate characterization 

 To characterize the stability of C in SRNOM-Fh coprecipitates after reaction with Fe(II), 

we characterized SRNOM-Fh coprecipitates before and after Fe(II) reaction using thermal analysis 

during ramped combustion. We used the temperature where we saw the max CO2 peaks as a guide 

for C thermal stability and found no C thermal stability change in SRNOM-Fh before and after 

Fe(II) reaction (Table 2.1). We further compared the C thermal stability in SRNOM-Fh with a 

C/Fe molar ratio of 0.8 where Fe(II) usually start the mineral transformation. The temperature 

where we observed max CO2 peak increased after mineral transformation occurred, indicating the 

C thermal stability in SRNOM-Fh coprecipitates increased by Fh transformation. 

CO2-C Mineralization 

Our result suggests that only a small amount of coprecipitated C (around 2%) was respired 

as CO2 and the flux was higher during the first five days of incubation (Figure 2.2 and 2.3). The 

total CO2-C respiration from the unreacted controls was a little higher than the Fe(II) reacted 

treatments (14d and 7d ) except for the 1d reacted coprecipitates (Figure 2.3). For 14d Fe(II) 

reacted coprecipitate, the total CO2-C respired was 800±19 µg g-1, whereas it was 891µg g-1 for 
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unreacted controls. For the 7d treatments, the values were 733 µg g-1 and 756 µg g-1 for the reacted 

and unreacted, respectively. In the 1d Fe(II) reacted SRNOM-Fh reactor the total CO2-C respired 

was 667±134 

 µg g-1 and in the unreacted controls it was 442±67 µg g-1. The control reactor vial with the media 

and microbial inoculum had higher CO2-C respiration than all our treatments indicating that the 

microbial inoculums were alive and well active.  

The per cent contribution of added lactate to CO2-C respiration indicates around 7 to 10% of the 

added lactate was respired as CO2-C in different treatments (Figure 2.2). The microbial inoculums 

were grown in the 13C-lactate containing media before adding to the incubation experiment. In our 

experiment, we have observed only 7.4 % of the total CO2 respired from the “Media with 

inoculum” control. This indicates inspite of our best effort the microbes were not fully labeled and 

also during the incubation study under the oxic condition the ambient microbes might have 

interacted with the media in the reactors.  

The 13CO2-C respiration occurred only during the first 3 to 5 days of the incubation and later no 

such respiration occurred. This suggests that the microbial community used the added lactate 

during the first 5 days of the incubation. Moreover, for both the 14d and 1d reacted coprecipitate, 

the total CO2-C respired from added lactate in the Fe(II) reacted treatments was higher i.e. 10 µg 

g-1  (for both) than the unreacted coprecipitates i.e. 7 µg g-1  and 4 µg g-1   respectively. This could 

indicate that the reaction of Fe(II) with the coprecipitate offered some protection for the 

coprecipitated C, which biased the microbial community to further prefer the lactate as their energy 

or C source initially. Unfortunately, the CO2-C respiration data from the 7d reacted treatments got 

contaminated and we cannot come to any conclusion regarding that treatment.  
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From solid C measurements, a decrease in the C content after incubation in all treatments was 

seen, but not much of this released C was emitted as CO2. The total DOC measurement data and 

the mass balance calculation indicated that 30-65% of the coprecipitated C that was released from 

the coprecipitates during incubation remained in the solution rather than emission as CO2 (Table 

2.3, Figure 2.4).  

In our previous study (Zhou et al., 2018) we have conducted a detailed examination regarding the 

changes that occurred in the SRNOM-Fh C/Fe 1.2 coprecipitate after reacting with Fe(II). The 

SRNOM-Fh coprecipitate after reacting with Fe(II) for 14d showed no transformation into 

secondary mineral where Fh coprecipitated with humic acid transformed into Gt. Although the 

complete mineral transformation was not observed in the SRNOM-Fh coprecipitates after reaction 

with Fe(II), the Mössbauer spectroscopic temperature profile revealed that the blocking 

temperature for Fe(II) reacted SRNOM-Fh was higher than the SRNOM-Fh coprecipitate aged in 

the buffer solution without the Fe(II). This is consistent with an increased crystallinity, particle 

size or particle aggregation through particle-particle magnetic interactions (Berquó et al., 2007; 

Berquó et al., 2009). Moreover, Fe atom exchange and electron transfer between the structural 

Fe(III) and the Fe(II) in the solution was also observed.  

To get a better understanding of the change in the coprecipitate after reacting with Fe(II) the 

thermal stability of the SRNOM-Fh coprecipitate (Table 2.4) following Thermogravimetric 

analysis (TGA) (Plante et al., 2009) was also measured. The result showed no difference in the 

maximum CO2 peak temperature suggesting that there is no difference in the stability of C in the 

Fe(II) reacted SRNOM-Fh C/Fe 1.2 coprecipitate and the unreacted SRNOM-Fh coprecipitate. To 

compare this data with a lower C/Fe  molar ratio 0.8 coprecipitate both Fe(II) reacted and unreacted 

were also analyzed following the TGA method, which showed increased thermal stability with 
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coprecipitate reacted with Fe(II) compared to the unreacted coprecipitate. This suggested that the 

increasing C content may have prevented the transformation after reacting with Fe(II) resulted in 

no increased thermal stability of the coprecipitate.  

A few studies have been conducted before focusing on the bioavailability of C from Fe-OM 

coprecipitates under oxic conditions (Adhikari et al., 2019; Eusterhues et al., 2014b; Porras et al., 

2018). Eusterhues et al. 2014 (Eusterhues et al., 2014b) found that the microbial community could 

not immediately mineralized organo-mineral associated C but needed adaptation before starting 

slow degradation. Another study showed that the Fh bound organic compounds had lower 

bioavailability than the free organic compounds and the glucose bioavailability was lesser than the 

bioavailability of Fulvic acid (Adhikari et al., 2019).  In our study, we have observed that the 

microbial inoculum used the lactate only first three to five days of the incubation along with the 

coprecipitate C and later used the coprecipitated C as their C source  

Overall, this study suggests that SRNOM-Fh coprecipitates with a C/Fe molar ratio of 1.2 after 

reacting with Fe(II) has the potential to increase the stability of coprecipitated C.  But it is also 

important to notify that the difference between the Fe (II) reacted and unreacted coprecipitate was 

very negligible. This could be due to a lack of wholesale secondary mineral transformation, 

although the Mössbauer data reveals the SRNOM-Fh coprecipitate increases crystallinity after 

reaction with Fe(II) and that could be the cause of seeing some differences in C stability in the 

reacted coprecipitate compared to the unreacted coprecipitate.  

 

CONCLUSION  

This study demonstrated that the product of Fe(II) reacted SRNOM-Fh coprecipitates with 

a C/Fe ratio of 1.2 can increase the stability of coprecipitated C by reducing biodegradation. This 
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effect is more prominent in the freshly Fe(II) reacted coprecipitates. The previous study has 

suggested that the Fh mineral can protect its associated C from biodegradation (Adhikari et al., 

2019) and our study emphasizes that this effect can be more prominent after the coprecipitates 

went through Fe(II) reaction. Moreover, we also suggest the use of some labile form of C as the 

initial food source for the microbial community during the incubation study as we have seen 

around 10% of the added lactate being used in the first few days of the incubation and later the 

inoculum continued using the coprecipitated C as their food source. This initial use of the available 

labile C source ensured the activity of the microbial inoculum during the incubation that has 

previously been not observed (Eusterhues et al., 2014a). In the natural environment, the Fh-OM 

coprecipitate under reducing conditions can react with the Fe(II) which can result in the mineral 

transformation, electron exchange, atom exchange between Fe(III) and Fe(II) (Zhou et al., 2018). 

Our study demonstrated that even without complete mineral transformation the freshly Fe(II) 

reacted coprecipitate can retain more associated C in the soil following an oxic condition. Although 

this is a highly complex process and the reaction time, C/Fe ratio, pH, types of organic matter etc. 

can change this scenario.  
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TABLES AND FIGURES 

 

Figure 2.1: (a)Percent (%) loss of C from the SRNOM-Fh solids during incubation(b) Percent (%) 

contribution of added lactate C sorbed on the coprecipitate. This calculation was done following a 

two-source mixing model. The two points for the same treatment represent replications in both 

graphs.  
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Figure 2.2: (a) CO2-C (µg g-1 h-1) respiration from added lactate; (b) cumulative CO2 respiration 

from added lactate and (c) Percent contribution of CO2-C  from added lactate to total 

CO2 respiration. 
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Figure 2.3: (a) CO2-C respiration from SRNOM-Fh coprecipitate (b) Cumulative CO2-C 

respiration from SRNOM-Fh. The CO2-C respiration from the Media and Media+ inoculum 

treatments are also added to this graph for comparison purposes. The error bars indicate standard 

deviation between replicates. 

 

Figure 2.4: DOC (mmol L-1) concentration in the reactors after incubation. This indicates that 

higher DOC was remained in the 1d treatment reactors after incubation compared to the 14 and 

7days treatments reactors. The error bars indicate the standard deviation between replicates.  
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Table 2.1: Change in C content in the SRNOM-Fh coprecipitates during incubation.  

Treatment Replication Before 

(mmol C 

/g soil) 

After 

(mmol C/g 

solid) 

% loss of C 

from 

SRNOM-Fh 

Average 

% loss of 

C from 

SRNOM-

Fh 

SRNOM_Fh_14d Rep 1 8.3 5.0 39 35±5.6  

Rep 2 8.3 5.7 31 

SRNOM_Fh+Fe(II)_14d Rep 1 7.8 5.3 32 31±1.2 

Rep 2 7.8 5.4 30 

SRNOM_Fh_7d Rep 1 8.4 5.6 34 34±0.8 a 

Rep 2 8.6 5.6 35 

SRNOM_Fh+Fe(II)_7d Rep 1 7.7 5.3 32 32±0.5a 

Rep 2 7.7 5.3 31 

SRNOM_Fh_1d Rep 1 8.5 4.9 42 40±3.6 

Rep 2 8.5 5.3 37 

SRNOM_Fh + Fe(II)_1d Rep 1 8.1 5.7 30 31±2.0 

Rep 2 8.2 5.5 33 
a = indicates a significant difference.   

 

Table 2.2: Percent (%) contribution of added lactate in the SRNOM-Fh during incubation  

Treatment  Replication  % contribution of 

added lactate C in 

the solid  

Average  

SRNOM_Fh_14d Rep 1 1.0 1.7±1.0 

Rep 2 2.4 

SRNOM_Fh+Fe(II)_14d Rep 1 1.6 1.8 ±0.2 

Rep 2 1.9 

SRNOM_Fh_7d Rep 1 2.0 2.0±0.0 

Rep 2 2.0 

SRNOM_Fh+Fe(II)_7d Rep 1 2.1 2.1±0.0 

Rep 2 2.1 

SRNOM_Fh_1d Rep 1 1.0 1.3±0.5 

Rep 2 1.7 

SRNOM_Fh+Fe(II)_1d Rep 1 1.6 1.7±0.0  
Rep 2 1.7 
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Table 2.3: Mass balance calculation for total C content (mg) in each reactor containing 20mg of 

coprecipitates in 15ml of media, Initial and after incubation study.  

Treatment  Initial  After 

C 

content  

Media+ 

Inoculum 

Total  C 

content  

CO2-C 

release  

DOC  Total  

SRNOM_Fh_14d 1.98 0.23 2.2 1.22 0.015 1.1 2.4 

SRNOM_Fh_14d 1.99 0.23 2.2 1.41 0.013 1.0 2.5 

SRNOM_Fh+Fe(II)

_14d 

1.87 0.23 2.1 1.30 0.016 1.1 2.4 

SRNOM_Fh+Fe(II)

_14d 

1.86 0.23 2.1 1.33 0.016 1.0 2.4 

SRNOM_Fh_7d 2.03 0.23 2.3 1.37 0.015 0.6 2.0 

SRNOM_Fh_7d 2.06 0.23 2.3 - 
  

- 

SRNOM_Fh+Fe(II)

_7d 

1.86 0.23 2.1 1.29 0.015 0.8 2.1 

SRNOM_Fh+Fe(II)

_7d 

1.84 0.23 2.1 - 
  

- 

SRNOM_Fh_1d 2.04 0.23 2.3 1.19 0.008 1.3 2.5 

SRNOM_Fh_1d 2.04 0.23 2.3 1.30 0.010 1.2 2.5 

SRNOM_Fh+Fe(II)

_1d 

1.94 0.23 2.2 1.39 0.012 1.4 2.8 

SRNOM_Fh+Fe(II)

_1d 

1.96 0.23 2.2 1.34 0.015 1.4 2.7 

 

 

Table 2.4. The temperature at which max CO2 peak was measured in SRNOM-Fh coprecipitates 

Sample Information Max CO2 peak (℃) 

SRNOM-Fh (C/Fe = 1.2)  289 

SRNOM-Fh (C/Fe = 1.2) with Fe2+ 287 

SRNOM-Fh (C/Fe = 0.8) 289 

SRNOM-Fh (C/Fe = 0.8) with Fe(II) 295 
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CHAPTER 3 

Localized Alteration of Ferrihydrite Natural Organic Matter Coprecipitates Following 

Reaction with Fe(II) 
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ABSTRACT  

 

Coprecipitation of natural organic matter (NOM) with Ferrihydrite (Fh) can alter the 

trajectory of Fe(II) catalyzed transformation. High C/Fe molar ratio Fh-NOM coprecipitates are 

expected to resist transformation completely and preserve OM. However, most studies have 

examined this using only single organic compounds. To explore how heterogeneous NOM would 

influence this process, we reacted Low (0.8) and High (1.8) C/Fe molar ratio Fh-NOM 

coprecipitates (synthesized with a 13C-labeled plant litter extract) with 2 mM Fe(II) for 1 and 14 

days under anoxic conditions and examined changes in the solid phase with Mössbauer 

spectroscopy (MB) and ultrahigh-resolution scanning transmission electron microscopy (STEM). 

We found Fe(II) reaction drove localized increases in Fh crystallinity accompanied by partial 

expulsion of NOM from the coprecipitates. Higher initial solid phase C/Fe ratios forestalled this 

transformation but did not prevent it completely. STEM images of the Low C/Fe coprecipitate 

revealed localized lepidocrocite-like phases after only 1 day of reaction with Fe(II), whereas no 

changes were observed for the High C/Fe until 14 days when these phases had lost significant 

NOM (C/Fe ratio decreased to 0.7). MB spectra corroborate the STEM findings revealing increases 

in coprecipitate crystallinity. Fe(II) reaction stimulated the partial exchange of coprecipitate 13C-

NOM for the organic PIPES buffer, suggesting coprecipitate OM composition may evolve over 

time, especially when exposed to Fe(II). Our findings suggest that Fe(II) mediated Fh-NOM 

transformation is highly dynamic and has the potential to influence the stability of NOM in Fh 

even at higher C/Fe ratios.  
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INTRODUCTION 

Ferrihydrite (Fh) is a common short-range-ordered (SRO) Fe(III) phase in soils and 

sediments (Cornell & Schwertmann, 2003; Jambor & Dutrizac, 1998). Fh is thermodynamically 

unstable and will transform into more stable iron (oxyhydr)oxide minerals such as goethite, 

hematite, magnetite, and lepidocrocite over time (Kukkadapu et al., 2003; Schwertmann & Murad, 

1983). The sorption of Fe(II)(aq) to Fh accelerates this transformation through a process of electron 

transfer and atom exchange (Boland et al., 2014; Hansel et al., 2005; Pedersen et al., 2005; 

Williams & Scherer, 2004). Although many studies have examined Fe(II) catalyzed the 

transformation of Fh, there is no consensus regarding the transformation/crystallization pathway 

to product minerals (Boland et al., 2014; Hansel et al., 2005) as minor changes in the geochemical 

conditions such as pH, Fe(II)(aq) concentration, the presence of cations and counterions, and 

organic ligands can alter the composition of the secondary minerals (Boland et al., 2014; Chen et 

al., 2015; Hansel et al., 2005; Jones et al., 2009; Liu et al., 2016; ThomasArrigo et al., 2018; 

ThomasArrigo et al., 2019; Zhou et al., 2018).  

During Fe(II) catalyzed recrystallization, the concentration of solid associated (sorbate) Fe(II) are 

major factors for the formation of secondary minerals (Chen et al., 2015). For example, lower 

sorbate Fe(II) concentrations can lead to lepidocrocite (Lp) formation whereas higher sorbate 

Fe(II) can lead to goethite (Gt) (Boland et al., 2014). Ferrihydrite, due to its higher available 

surface area, can adsorb more Fe(II) than Gt which facilitates the complete transform into 

secondary minerals within less than 3 d, whereas it often takes more than 7 d for Gt transformation 

to occur (Pedersen et al., 2005). However, in the natural environment especially in biologically 

active soils and sediments that have dissolved organic matter (OM) Fh is typically coprecipitated 

with natural organic matter (NOM) (Chen et al., 2014; Lalonde et al., 2012). Association of OC 
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can decrease Fh’s available surface area and also block the adsorption of Fe(II) (Chen et al., 2014; 

Eusterhues et al., 2008; Jones et al., 2009). A coprecipitate C/Fe molar ratio greater than 2.8 is 

likely to result in complete blockage of the adsorption sites and prevent Fe(II) adsorption in 

mineral surface (Chen et al., 2014) and the threshold value to prevent transformation is 1.6 (Chen 

et al., 2015). Despite a consensus that OM can interfere with Fe(II) mediated Fh transformation, 

significant uncertainty remains regarding the specific interactions (Chen et al., 2015; 

ThomasArrigo et al., 2018; ThomasArrigo et al., 2019; Zhou et al., 2018). For example, some 

studies report coprecipitated OM retards Fh transformation progressively with increasing C/Fe 

molar ratios and secondary mineral formation dependent on Fe(II) concentrations (Chen et al., 

2015), whereas other studies suggest longer reaction times and higher Fe(II) concentrations can 

cause Fh-OM transformation even when the initial C/Fe molar ratios are above 1.6 (ThomasArrigo 

et al., 2018). While, it is well accepted that various organic functional groups can drive 

transformations in consistent trajectories (Sheng et al., 2020; ThomasArrigo et al., 2019), our 

understanding of how Fh-OM coprecipitates behave when exposed to Fe(II) is largely based on 

experiments with single organic ligands or relatively homogenous OM isolates (Daugherty et al., 

2017; Royer, Burgos, Fisher, Unz, et al., 2002). It remains unclear how Fh-NOM coprecipitates 

with more complex OM profiles will behave. In our previous study, we found that the reaction of 

Fe(II) with Fh coprecipitated with Suwannee River natural organic matter (SRNOM) resulted in 

electron exchange between the Fe(II)(aq) and Fe(III) and some minor increases in the Fe phase 

crystallinity, increased particle size, and aggregation (Zhou et al., 2018). Another recent study 

showed that Fh-SRNOM coprecipitates went through an electron exchange process after reacting 

with Fe(II) without secondary mineral transformation, but decreased their ability to retain nickel 

(Ni) (Zhou et al., 2021). These findings make it clear that changes are occurring in the Fh-NOM 



 

37 

coprecipitates during reaction with Fe(II) that affect Fh behavior. There is, however, considerable 

uncertainty on how those changes will manifest for more complex OMs. The majority of this 

uncertainty arises from experiments using various types of NOM as a C source for the 

coprecipitates. Resolving the Fe(II) mediated mineral transformation of Fh-NOM is critical for 

predicting the long-term impact of OM on the mineral binding of various constituents of interest. 

To address this, we examined the effects of NOM concentration and Fe(II) exposure (aging) time 

on NOM and Fe composition of Fh-NOM co-precipitates. We hypothesized that the C/Fe ratio and 

Fe(II) exposure time will govern the transformation product composition. To test this, we 

synthesized Fh-NOM coprecipitates at Low and High C/Fe ratios that based on prior literature 

should promote and hinder Fh transformation, respectively. Furthermore, we used 13C-NOM 

(extracted from 13C-Bermudagrass) as the source of C in the co-precipitates to distinguish co-

precipitated NOM from the organic PIPES buffer in the media. Along with the elemental analysis 

of the co-precipitates before and after reacting with Fe(II), we examined the solids using 

Mössbauer spectroscopy and Ultra-high-resolution scanning transmission electron microscopy 

(STEM). 

 

MATERIALS AND METHODS 

Preparation of 13C labeled DOM 

Labeled dissolved organic matter (DOM) was prepared by extracting 13C labeled 

Bermudagrass litter with water. Briefly, a pulse labeling method was used to label Tifton-85 

bermudagrass (Cynodon dactylon x Cynodon nlemfuencis) with 13CO2 (99.999 atom%, Cambridge 

Isotope Laboratories Inc.). Bermudagrass was grown in flats of C-free sand with some residual 

potting medium under greenhouse conditions for four weeks. All flats were fertilized with 0.7 
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mmol (15NH4)2SO4 once a week. For 13C pulse labelling, bermudagrass was transported to a 

Conviron growth chamber with a temperature of 35°C and CO2 concentration of 500 ppm 

maintained using a Qubit G400-2 gas mixing system coupled with a S157 infrared CO2 analyzer 

(Kingston, Ontario, CA). Pulse labelling was carried out once a week for 6 weeks. Bermudagrass 

was exposed to 13CO2 for 8 h with a flow rate of 13CO2 approximately 0.5 L min-1. Labeled above 

ground biomass was harvested and immediately frozen. The frozen material was freeze-dried and 

ground using Wiley mill to <1 mm. Ground materials were mixed with ultrapure 18.2 MΩ water 

with a solid to water ratio of 1/20 (w/v). The mixture was shaken at 140 rpm in a horizontal shaker 

for 48 h and filtered through a 0.45 μm polyvinylidene fluoride membrane filter. The total organic 

carbon concentration and 13C isotope content was measured and later diluted with ultrapure water 

to achieve the required concentration to prepare the coprecipitates. Molecular composition 

characterization of dissolved NOM was done using Fourier transform ion cyclotron resonance 

spectroscopy (FTICR). The NOM was comprised predominantly of lignin-derived molecules and 

aliphatic compounds (according to the Van Krevelen diagram) with mean population O/C and H/C 

values of 0.2±0.08 and 1.5±0.3, respectively (SI Figure 6). Detailed information regarding the 

DOC extracted from similar material is available elsewhere (Chen et al., 2020). Here an O/C ratio 

around 0.2 was considered to identify as Lingin derived material but literature also considered an 

O/C ratio around 0.4 to identify Lingin derived formulae (Kim et al., 2003). Although we used the 

Van Krevelen space diagram but lately this diagram being avoided to show FTICRMS data with 

chemical classes (Koch & Dittmar, 2006; Šantl-Temkiv et al., 2013)as it does not ensures the 

structure and there can be discrepancies regarding the data interpretation.  
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Ferrihydrite (Fh) and Ferrihydrite-Natural organic matter (Fh-NOM) coprecipitates 

synthesis 

All the chemicals used in this study were laboratory grade. Ferrihydrite was synthesized 

by dissolving Fe(NO3)3.9H2O in ultrapure water and pH was adjusted to 7 using 1M KOH 

(Schwertmann & Cornell, 2008). Fh-NOM coprecipitates with an initial solution C/Fe molar ratio 

of 0.8 or 1.8 were prepared by following the methods described by Chen et al. (Chen et al., 2014). 

Briefly, the required amount of Fe(NO3)3.9H2O was mixed with labeled 13DOC solution under 

vigorous stirring. The pH of the suspension was raised from ~2.0 to 7 by slowly adding 0.1 M 

KOH. Synthesized Fh and Fh-NOM coprecipitate were centrifuged at 10,000 rpm for 10 min and 

washed twice using degassed ultrapure water and stored in the glove box (97% N2 and 3% H2) for 

at least 48 h to remove O2 gas before reacting with Fe(II) in our experiments as described below. 

Reacting Fh-NOM coprecipitates with Fe(II) 

Freshly-synthesized, moist Fh and Fh-NOM coprecipitate were resuspended in anoxic 

PIPES (1,4-piperazinediethanesulfonic acid) buffer (10 mM, pH 7) and stirred for 1 d inside the 

glovebox (filled with 97% N2 and 3% H2) to remove residual O2. A portion of the Fh and Fh-NOM 

coprecipitates were reacted with Fe(II) in 100 ml opaque serum bottles containing 33.6 mg of total 

Fe (as an Fh-NOM slurry) and 60 mL of anoxic PIPES buffer (10 mM, pH 7). FeSO4.7 H2O was 

added to the bottle (except the controls) to obtain a final Fe(II) concentration of 2 mM (Chen et 

al., 2015). The reaction was carried out in the anoxic glove box on a rotatory shaker in two batches: 

one reacted with Fe(II) for 24 h (henceforth “Fresh”); one reacted for 14 days (henceforth “Aged”). 

After the reactions, the Fe(II)-reacted Fh and Fh-NOM samples were rinsed with degassed 18.2 

MΩ ultrapure water twice by centrifuging them at 10,000 rpm for 10 min. After washing the 
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samples, a small amount of degassed water was added to maintain a moist slurry and the samples 

were stored at -20 °C before analysis.  

Analysis for 13C, total C and Fe in the solid 

The total C and 13C isotope content of the solid phase were measured by lyophilizing a 

portion of the solid sample, crimped in a tin capsule, and analyzing it in a Thermo Flash 2000 

Elemental Analyzer coupled to a Thermo Delta V Isotope Ratio Mass Spectrometer via the Thermo 

Conflo IV open split Interface. The total Fe content was measured using inductively coupled 

plasma mass spectrometry (ICP-MS, Perkin Elmer, Elan 9000) after the dissolution of  2 mg 

coprecipitates in 5 ml 30% HCl for 1hr and volume up to 30 ml with 1% HCl (Chen et al., 2014). 

We calculated the amount of 13C-natural organic matter in the solid samples (P 13C-NOM in solid) 

using a two-source mixing model. 

𝑃13CNOMin solid =
x[13C]Fh_NOM− x[13C]𝐹ℎ

x[13C]NOM− x[13C]Fh
 *100 

where x[13C]Fh_NOM and x[13C]Fh are atom fraction of 13C isotope in the coprecipitates and 13C 

content of the Fh, respectively;  x[13C]NOM is the initial atom fraction of 13C content of the 

bermudagrass extract. 

Mössbauer analysis  

Mössbauer analysis (MB) was done using a 50-mCi 57Co/Rh source under 5 K, 13 K, and 

35 K (RT) to characterize Fe in the coprecipitates after reacting with Fe(II) along with the 

unreacted controls. Collected solid samples were washed twice with ultrapure water by placing the 

samples in a falcon centrifuge tube with a sufficient amount of water following gentle shaking and 

centrifuged at 3000g for 10 min. The supernatant was then poured off, the samples were placed in 

an O-ring and sealed between two pieces of Kapton tape, and immediately frozen in a −20 °C 

freezer. MB was analyzed using Recoil software and spectra fitting was done using Voigt-based 



 

41 

fitting (VBF). In addition, mass-specific magnetic susceptibility (MS) measurement was collected 

on coprecipitates at 295K in a Bartington magnetic susceptibility meter (MS2B). Measurements 

were calibrated against a well-characterized standard set used previously (Thompson et al., 2011). 

Scanning transmission electron microscopic images (STEM) 

STEM images were obtained using an ultra-high resolution scanning transmission electron 

microscopy (STEM-Hitachi SU 9000EA) with a resolution of 0.4 nm and operated at 30 kV. The 

solid sample slurry was placed on a silica chip and dried overnight, which was later analyzed under 

the microscope.  A secondary electron detector was used for collecting the images and EDS spectra 

were recorded with Oxford Ultim Extreme software. 

 

 RESULTS 

Total Fe and C content of the coprecipitates 

Total Fe, C and 13C isotope i.e. coprecipitated C contents were measured in the solids before 

and after reaction with Fe(II) (Table 3.1). In the Fresh samples, all treatments and unreacted 

controls retained nearly their initial measured C/Fe ratios of either 0.8 and 1.8, for the Low and 

High treatments, respectively. However, in the Aged samples, the C/Fe molar ratios decreased. 

For the Aged Low coprecipitates, the C/Fe molar ratio decreased from 0.8 to 0.5 and for the Aged 

High coprecipitates it decreased from 1.8 to 0.7. Interestingly, Fe(II) reaction drove up the total C 

content of the Fresh and Aged Low coprecipitates relative to the unreacted controls, although the 

Fe(II) reacted coprecipitates lost more 13C NOM at the expense of unlabeled OC from the media 

than their paired unreacted controls. For instance, the OC in the Fe(II)-reacted Fresh-Low 

coprecipitate was comprised of 64% NOM, whereas the unreacted pared control was comprised of 

88% NOM. For the Aged co-precipitates, which also experienced a decrease in C/Fe ratio, the loss 
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of NOM fraction was even greater, with the Aged Low coprecipitates comprising 34% NOM after 

reaction with Fe(II) compared to 56% NOM in its unreacted control. The High C/Fe treatments 

had similar trends, although the relative fractions of NOM after reaction were greater (Table 3.1). 

Finally, our pure Fh controls gained some OC after 1d and 14d of aging and the values were higher 

than the Fe(II) reacted Fh. The PIPES buffer could be the source of C although we did not see any 

change in the pH content of the reactors. This increased C content did not appear to influence the 

transformation of Fh, which was complete after 1 d (Figure B.5). This measured OC may also have 

been an experimental or analytical contaminant. 

Changes in Fh-NOM Crystallinity and Morphology 

Mössbauer spectroscopy  

Mössbauer spectra (MB) collected at 35K, 13K and 5K were used to characterize changes 

in the crystallinity of the Fe(II)-reacted coprecipitates relative to the unreacted controls. At the 

lowest collection temperature (5K), the Fe(III) populations of all the samples were magnetically 

ordered into a sextet (Figure 3.5 and 3.6). Portions of the sample forming a sextet at higher 

temperatures (13K and 35K) are more crystalline than the remaining portions that require lower 

temperatures to magnetically order and this can be used to compare the relative crystallinity of the 

Fh-NOM coprecipitates (Thompson et al., 2006; Thompson et al., 2011).  

Reaction with Fe(II) increased the crystallinity of the coprecipitates in all the treatments relative 

to the paired unreacted controls (Figure 3.5 and 3.6). For example, the emerging sextet for the 

Fe(II) reacted Fresh Low coprecipitate (Figure 3.5 a, b) is sharper at 13K than sextet for the 

unreacted control, indicating a greater crystallinity. For the Aged Low coprecipitates, (Figure 3.5 

c, d) sextet development starts at a higher temperature (i.e. 35K) and already becomes fully 

developed at 13K, indicating the Low coprecipitates crystallinity increases with Fe(II) aging time. 
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The High C/Fe coprecipitates follow a similar trend (Figure 3.6), although the degree of 

crystallinity increase is much less than the Low C/Fe coprecipitates or the C-free Fh control (Figure 

3.5 a, c and Figure 3.6 a, c). Thus, the C/Fe ratio appears to govern the degree of crystallinity 

increase upon reaction with Fe(II), likely by hindering crystal ripening as shown previously 

(Eusterhues et al., 2008; Mikutta, 2011; Schwertmann et al., 2005).  

Scanning Transmission Electron Microscopy (STEM) 

Scanning transmission electron microscopy (STEM) images of the unreacted and Fe (II) 

reacted coprecipitates along with EDS mappings (Figure 3.1- 3.4, Figure B.1- B.5) illustrate the 

variation in the crystallinity, morphology, and distribution of Fe in the coprecipitates. After 

reaction with Fe(II), all of the coprecipitates exhibited some morphological changes relative to 

their unreacted controls, although most of the changes were localized and did not extend over the 

full coprecipitate structure. 

Fe(II) reacted Fresh (1d reacted) Low C/Fe coprecipitates (Figure 3.1) developed localized regions 

with ordered, crystalline-like phases that were absent in the paired unreacted controls. The 

coprecipitates had a bulk aggregated structure (1 – 8 µm) but also had localized nano-sized crystals 

growing within the aggregate with morphology suggestive of Lepidocrocite (Lp) (Figure 3.1, c-e) 

(Schwertmann & Thalmann, 1976). In places, the bulk aggregates were laminated in lath Lp-like 

crystals (Figure 3.1, e), while in other places they were covered in nm sized (<10nm) Lp-like 

phases (Figure 3.1, c), and elsewhere there appeared 10 – 65 nm sized Lp-like crystals (Figure 3.1, 

d) along with nanoclusters of the original Fh, similar to structures reported by ThomasArrigo et al. 

2019. 

As these Low Fe(II) reacted coprecipitates aged for 14 d exposed to Fe(II) they developed nano-

sized phases resembling Fh minerals on the bulk Fh structure’s surface (Figure 3.2) along with 80 
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– 100 nm sized mineral clusters in some parts of the samples. Fh nano-particles are usually ≤10 

nm in size (Hochella et al., 2008; Michel et al., 2007) or for freshly precipitated, as small as 1 – 3 

nm (Cismasu et al., 2011; Hochella et al., 2008) and above 8 nm Fh is thermodynamically unstable 

at room temperature and transforms into nano-goethite or hematite (Hiemstra, 2015; Navrotsky et 

al., 2008). To assess the possibility that magnetite may have formed, we ran magnetic 

susceptibility (MS) on these coprecipitates. The MS values of the coprecipitate ranged 

from 1.7× 10−7- 20.4 × 10−7 m3 kg−1 except for the Fresh Fe(II) reacted Fh which was had a higher 

MS value (5.6× 10−5 m3 kg−1) (Table B.1). Typically, Fh, Gt and Hm have MS values ~ 5.0 × 10-

7 m3 Kg-1. The usual MS values for magnetite and maghemite are ∼4.5 × 10−4 m3 kg−1 (Michel et 

al., 2010; Thompson et al., 2011) suggesting magnetite or maghemite have not formed in the 

coprecipitates, but may have formed transitionally in the pure Fh control. EDS mapping of the 

Aged coprecipitates shows the de novo Fh deposits contained C and clusters of C appeared at the 

edge of the bulk Fh structure (Figure B.2). For the Fe(II) reacted High coprecipitates localized iron 

spherules (1.5 µm sized) (Franke et al., 2009) (Figure 3.3) appeared after 1d and developed into 

<10nm sized Lp-like crystals after 14 d (Figure 3.4).  

 

DISCUSSION 

C dynamics during Fe(II) reaction with coprecipitates 

Our experiment involved the incubation of Fh-NOM coprecipitates generated using 13C-

labeled NOM in a solution containing an organic PIPES (1,4-Piperazinediethanesulfonic acid) 

buffer with natural C isotopic composition. Prior work has suggested PIPES buffer does not react 

significantly with Fe phases (Henneberry et al., 2012). However, our Fh-NOM coprecipitates 

progressed through a sequence whereby they first accumulated PIPES from the solution (after 1 d 
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of reaction) with concomitant loss of NOM and then lost a large fraction of both C sources as the 

reactions proceeded to 14 d. Reaction with Fe(II) uniformly drove the greater loss of the NOM but 

in some cases higher accumulation of PIPES. The point of zero charges (PZC) of Fh is between 7 

and 9 (Cornell & Schwertmann, 2003; Parks, 1965). In our reactor vials, the pH was set between 

7 and 6.8, which might have resulted in a slight positive surface charge on the Fh. The NOM was 

dominated by lignin-derived molecules, which likely contain an excess of negatively charged 

carboxyl groups (pKa 3 – 4) and thus the PZC of the coprecipitates was likely between 4 and 7 

(ThomasArrigo et al., 2019) and the surface likely negatively charged. The pKa value for the 

PIPES buffer is 6.7 at 25°C which gives it a buffering range of 6.1 to 7.5. Therefore, the charged 

surface could result in some complex formation with the buffer. Chen et al. (Chen et al., 2015) 

observed no change in the total C content of Fh-NOM coprecipitates after reacting them with Fe(II) 

in a PIPES buffer but later found the resulting transformation products desorbed significant C 

when exposed to an anoxic 0.1 M NaH2PO4 desorption solution. Exchange between coprecipitate 

OM and PIPES could have occurred in the Chen et al (2015) study and not been detected as they 

did not use isotopes to distinguish C sources. 

The coprecipitates (both Low and High) retained their approximate initial C/Fe ratio after reacting 

with Fe(II) for 1d, but after 14d the C/Fe molar ratio decreased substantially (Table 3.1). For the 

High coprecipitate, the C/Fe molar ratio decreased from 1.8 to 0.7. A slight decrease in the C/Fe 

ratio in the High coprecipitate after Fe(II) reaction might be expected, but this change was 

substantial. It could result from structural flaws in Fh-NOM coprecipitate that resulted in high 

dissolution rates, or simply the net consequence of 14 days of reaction in a solution containing 

PIPES buffer. ThomasArrigo et al. 2017  also found coprecipitate C/Fe ratio to decrease (from 1.2 

to 0.9) after extended (70 d) reaction with 1mM Fe(II), and similar to our study they observed the 
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development of Lp in the coprecipitates. Conversely, other studies have shown no or only a slight 

change in the C/Fe molar ratio after reaction with Fe(II) (Chen et al., 2015; ThomasArrigo et al., 

2019), however, these studies used lower C/Fe ratios or different OM sources.  

Localized mineral transformation 

The morphology of the Low coprecipitate changed after 1 d of reaction with Fe(II) (Figure 

3.1) with the development of lepidocrocite (Lp)-like nano-sized crystal growths and this 

development was not uniform rather it was localized along with the bulk Fh structure. 

Interestingly, a similar change in the High C/Fe coprecipitates occurred after reaction with Fe(II) 

for 14 days (Figure 3.4). Higher OM loading on Fh typically hinders Fe(II) sorption to the Fh 

surface by blocking the mineral surface sites or micropore entrances and forestalls the Fh 

transformation process (Chen et al., 2014; Chen et al., 2015; Hiemstra et al., 2019). We suspect 

the emerging transformation of the High Fh-NOM coprecipitates that we observe results from the 

loss of OC (Table 3.1) and subsequent atom exchange between the Fe(II) and Fe(III) (Zhou et al., 

2018). This loss of OC (decrease of C/Fe ratio of 1.8 to 0.7) likely then allowed further Fe(II) to 

adsorb on the Fh surface and promote localized mineral transformation. The EDS mapping data 

illustrated that the de novo Lp like phases were relatively C-poor (Figure  B.4). Thus the Aged 

High C/Fe coprecipitates and the Fresh Low C/Fe coprecipitates behaved similarly suggesting that 

at some point during the 14d reaction time, the High C/Fe coprecipitates lost sufficient C to allow 

Fe(II) catalyzed transformations to begin in localized regions. A recent study has also suggested 

that higher Fe(II) concentrations and longer experimental durations can result in the mineral 

transformation of coprecipitates with Fe/C ratios >1.6 (ThomasArrigo et al., 2018).  

The wide size distribution of Lp particles formed likely occurred due to the presence of a mixture 

of NOM compounds. The NOM used in our study is a heterogeneous mixture of soluble 
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compounds likely containing a range of sizes and functional groups (Kellerman et al., 2018; 

Newcomb et al., 2017). NOM with a variety of functional groups and diversity of size, charge, 

hydrophobicity, charge density, etc. likely results in multiple bonding mechanisms with Fh 

(Kappler et al., 2021; Kleber et al., 2021), which can impact the transformation of minerals over 

time. ThomasArrigo et al. 2019 showed that Fh coprecipitated with polygalacturonic acid results 

in thicker Lp, whereas Fh coprecipitated with citric acid results in thin hedge-hog like laminar Lp 

growth surrounding the aggregate structure. Moreover, the fast oxidation of Fe(II) usually results 

in a thin Lp structure development (Cornell & Schwertmann, 2003; Kassim et al., 1982; 

Schwertmann & Thalmann, 1976) and the presence of any excess carboxyl groups can facilitate 

this fast transformation process (ThomasArrigo et al., 2019). The NOM used in our study was 

dominated by lignin-derived molecules (Figure B.6) that likely contain significant carboxyl groups 

as it was soluble and this likely impacted the Fe(II) oxidation rate and resulted in localized Lp 

phases.  

Pure Fh transformed into Gt within 1day reaction with Fe(II) (Figure B.5). The formation of Lp 

and Gt usually occurs through Oswald ripening of Fh where the presence of Fe(II) increases the 

dissolution rate and subsequent reprecipitation to a more thermodynamically stable phase via 

adsorption and electron transfer of Fe(II) with the structural Fe(III), with Lp the typical precursor 

of Gt formation (Cornell & Schwertmann, 2003). Therefore, the dissolution and reprecipitation of 

Fh as Lp may have resulted in OM association with Lp that prevented the further transformation 

into Gt. Moreover, after 14day Fe(II)  reaction the Low coprecipitate crystallinity increased and 

EDS mapping showing OM accumulating on the edge of the mineral phases.  
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CONCLUSION 

Our results suggest the C/Fe molar ratio of Fh-NOM coprecipitates has a governing effect 

on the morphological and crystallinity changes that occur during reaction with Fe(II). We found 

localized morphological changes in coprecipitates with Low C/Fe ratios (0.8) after only 1d of 

reaction with Fe(II) while High C/Fe ratio (1.8) coprecipitates remained unchanged. After 14 d of 

reaction with Fe(II), the C/Fe ratios decreased for all coprecipitates and localized transformations 

could then be observed also for the High C/Fe coprecipitates. Previous studies have generally set 

upper limits of C/Fe ratios for Fe-NOM coprecipitates, whereby no mineral transformation would 

take place upon exposure to Fe(II). Our work here suggests this assumption is not valid at least 

when coprecipitates are generated from diverse NOM sources and future studies should examine 

coprecipitates at the nano-scale to assess the potential for localized transformations. Our study also 

illustrates that OC exchange can occur between the coprecipitated C and the other C source in 

solution. Such OC exchange is likely a very common phenomenon in the natural environment and 

likely impacts the composition of OM associated with short-range-ordered (SRO) minerals, such 

as ferrihydrite. The interplay between minerals and organic matter is likely much more dynamic 

than typically appreciated and the potential for changes in soil solution conditions (i.e. redox shifts, 

changes in DOM composition or concentrations) are likely to have implications for the stability of 

mineral associated organic matter, especially for redox-active SRO Fe phases.  
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TABLES AND FIGURES 

Table 3.1: Elemental composition of the synthesized coprecipitates (Initial) and after reacting with 

Fe(II) (Final) in PIPES buffer.  

 

Sample  Initial  

 

Final   

Fe 

 

Total C  

 

C: Fe 

molar 

ratio  

Fe 

 

Total C  

 

Fraction 

of 13C -

NOM  

C: Fe 

molar 

ratio  

(mg g-1) (mol/mo

l) 

(mg g-1) (%) (mol/

mol) 

Fresh Fh 819 - - 534 43 n.d. 0.4 

Fh with Fe 

(II)  

819 - - 593 11 n.d.  0.08 

Low C/Fe  469 80 0.8 466 85 88 0.9 

Low C/Fe 

with Fe (II)  

469 80 0.8 505 105 64 1.0 

High C/Fe 407 157 1.8 352 136 81 1.8 

High C/Fe 

with Fe (II) 

407 157 1.8 381 136 76 1.7 

Aged Fh  972 - - 563 70 n.d. 0.5 

Fh with Fe 

(II) 

972 -  1426 28 n.d. 0.09 

Low C/Fe  949 163 0.8 511 59 56 0.5 

Low C/Fe 

with Fe(II)  

949 163 0.8 671 71 34 0.5 

High C/Fe  850 328 1.8 460 70 72 0.7 

High C/Fe 

with Fe(II) 

850 328 1.8 512 76 60 0.7 

 

 

 

 

 

 

 



 

50 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: STEM image of Fresh Low unreacted (a,b) and reacted coprecipitate with Fe(II)  

(c-e). 
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Figure 3.2: STEM image of Aged Low unreacted (a) and reacted coprecipitate with Fe(II) (b,c). 
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Figure 3.3: STEM image of Fresh High unreacted (a,b) and reacted coprecipitate with Fe(II) 

 (c-e). 
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Figure 3.4: STEM image of Aged  High unreacted (a,b) and reacted coprecipitate with Fe(II)  

(c-e). 
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Figure 3.5: Mössbauer spectra (at 35K, 13K, and 5K) of the Fresh Low (a,b) and Aged Low (c,d) 

C/Fe coprecipitates both unreacted and Fe(II) reacted respectively.  
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Figure 3.6: Mössbauer spectra (at 35K, 13K, and 5K) of the Fresh High (a,b) and Aged High (c,d) 

C/Fe coprecipitates both unreacted and Fe(II) reacted respectively.  
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CHAPTER 4 

Bioavailability of natural organic matter coprecipitated with ferrihydrite and pre-reacted 

with Fe(II) 
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ABSTRACT 

Ferrihydrite-Natural organic matter (Fh-NOM) coprecipitates stabilize organic matter 

(OM) against biodegradation. However, under anoxic conditions, the adsorption of Fe(II)aq to 

Fe(III) minerals can drive their transformation to more crystalline phases, which may impact the 

bioavailability of OM. To test if Fe(II)-catalyzed atom exchange and re-crystallization would alter 

OM availability, we assessed OM availability using a 45-day oxic microbial incubation of Fe-

NOM coprecipitates before and after a 1-day and 14-day exposure to Fe(II). We found the Fe(II) 

reacted coprecipitates lost less OM than the unreacted controls, with 1-day Fe(II) reacted 

coprecipitates offering the most protection (28%). Mineralization of coprecipitated NOM-C was 

very low across all treatments (~1-5%), with most loss of solid-phase C retained as dissolved 

NOM-C (around 30 – 50% of the coprecipitated C). Moreover, the changes in the coprecipitate 

crystallinity and morphological appearance following the incubation experiment was also 

measured using Mössbauer spectroscopy and Scanning transmission electron microscopy. The 

crystallinity of the coprecipitates decreased and the initial C/Fe ratio before incubation impacted 

the extent of the changes. Our study suggests that the product of Fe(II) reacted Fh-NOM can 

protect the coprecipitated C but this depends on the C/Fe molar ratio and the changes that occur to 

the coprecipitates during Fe(II) reaction. Moreover, we have observed decreasing crystallinity 

during incubation which has the potential to impact other biogeochemical cyclings such as 

nutrients and heavy metals.  
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INTRODUCTION 

Association with minerals is a major mechanism responsible for the accumulation and 

persistence of organic matter (OM) in soil (Eusterhues et al., 2003; Kaiser & Guggenberger, 2000; 

Mikutta et al., 2006; Mikutta et al., 2007; Schmidt et al., 2011), often terms Mineral Associated 

Organic Matter (MAOM). Strong chemical bonds between the mineral surfaces and organic 

molecules and the trapping of OM within mineral pores (which are inaccessible for microbes and 

enzymes) can protect OM from microbial mineralization (Jones & Edwards, 1998; Kaiser & 

Guggenberger, 2003, 2007). However, even in association with minerals, microorganisms can use 

the OM as an energy source and/or facilitate desorption of the OM (Kalbitz et al., 2005; McGhee 

et al., 1999; Singh et al., 2003).  

Short-Range-Ordered (SRO) minerals are ubiquitous in soils (Cornell & Schwertmann, 

2003; Jambor & Dutrizac, 1998) and are often investigated using a common SRO mineral, 

ferrihydrite (Fh). The abundance of OM in soil is strongly correlated with SRO minerals 

(Rasmussen et al., 2018). Fh mineral associated OM is often considered to be protected, however 

recent studies suggest that while SRO Fe minerals can facilitate short term protection of SOM, 

they may not promote long term C stabilization (Chen et al., 2020; Hall et al., 2018). Fh and OM 

can form associations through either adsorption or coprecipitation, with coprecipitation considered 

to protect OM better (Adhikari et al., 2019; Chen et al., 2014; Eusterhues et al., 2014b; Eusterhues 

et al., 2008; Mikutta et al., 2008; Riedel et al., 2013). However, exposure to anoxic conditions can 

result in a dissolution of Fh resulting in higher mineralization of the coprecipitated OM (Chen et 

al., 2020). Hall et al. (2018) found that in soils experiencing frequent redox fluctuations, older 

carbon is better correlated with crystalline Fe minerals than with SRO-Fe minerals. This recent 
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understanding suggests Fh-OM associations will likely require further protection in redox 

fluctuating conditions in order to for OM to persist (Chen et al., 2020). 

The Fe(III) in Fh can continuously exchange electrons with Fe(II) sorbed to the surface 

under anoxic conditions (Zhou et al., 2018) and this can cause it to transform into more stabilized 

minerals such as lepidocrocite, goethite, hematite etc. through a process known as Fe(II) mediated 

transformation (Kukkadapu et al., 2003; Schwertmann & Murad, 1983). Whether this process 

provides some protective effect on the mineral associated OM is currently unknown. Previous 

studies have shown that Fe(II) mediated transformation of Fe oxide minerals can result in 

substantial release of co-precipitated Ni and Zn (Catalano et al., 2010), suggesting that the same 

may occur with OM. However, the degree of Fe mineral transformation and electron transfer is 

sensitive to the C/Fe ratio, Fe(II) concentration, and length of reaction, so the trajectory is not 

clear.  

To investigate these questions, we reacted Fh-NOM with Fe(II) and then incubated the 

coprecipitates with microbes under oxic conditions to evaluate the OM bioavailability. Noting that 

the C/Fe molar ratio and Fe(II) reaction time are likely important, we examined coprecipitates at 

low and high C/Fe ratios exposed to Fe(II) for 1 or 14 days. We used a mixed microbial community 

extracted from the soil as a microbial inoculum and discriminated between the microbial C and 

media by producing co-precipitates with 13C labeled NOM. In addition to assessing the 

bioavailability of the OM, we also evaluated changes in the crystallinity and morphological 

appearance of the coprecipitates.  
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MATERIALS AND METHODS  

Preparation of 13C isotope labeled NOM 

Labeled natural organic matter (NOM) solution was prepared from a water extract of 13C 

labeled Burmudagrass litter. Briefly, a pulse labeling method was used to label Tifton-85 

bermudagrass (Cynodon dactylon x Cynodon nlemfuencis) with 13CO2 (99.999 atom%, Cambridge 

Isotope Laboratories Inc.). Bermudagrass was grown in flats of C-free sand with some residual 

potting medium under greenhouse conditions for four weeks. All flats were fertilized with 0.7 

mmol (15NH4)2SO4 once a week. For 13C pulse labeling, bermudagrass was transported to a 

Conviron growth chamber with a temperature of 35°C and CO2 concentration of 500 ppm 

maintained using a Qubit G400-2 gas mixing system coupled with a S157 infrared CO2 analyzer 

(Kingston, Ontario, CA). Pulse labeling was carried out once a week for 6 weeks. Bermudagrass 

was exposed to 13CO2 for 8 h with a flow rate of 13CO2 approximately 0.5 L min-1. Labeled above-

ground biomass was harvested and immediately frozen before being transported to the laboratory. 

The frozen material was freeze-dried and ground using Wiley mill to <1 mm. Ground materials 

were mixed with 18.2 MΩ deionized water (DI) with a solid to water ratio of 1/20 (w/v). The 

mixture was then shaken at 140 rpm in a horizontal shaker for 48 h and filtered through a 0.45 μm 

polyvinylidene fluoride membrane filter. The total organic carbon concentration of the stock 

solution was measured by Shimadzu-500 TOC analyzer and later diluted with ultrapure DI water 

to achieve the required concentration to prepare the coprecipitates. Molecular composition 

characterization of dissolved NOM was done using Fourier- transform ion cyclotron resonance 

spectroscopy (FTICR), which revealed a composition dominated by lignin-derived molecules and 

aliphatic compounds (according to the Van Krevelen diagram) with mean population O/C and H/C 

values of 0.2±0.08 and 1.5±0.3, respectively (Figure C.4). Here an O/C ratio around 0.2 was 
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considered to identify as Lingin derived material but literature also considered an O/C ratio around 

0.4 to identify Lingin derived formulae (Kim et al., 2003). Although we used the Van Krevelen 

space diagram but lately this diagram being avoided to show FTICRMS data with chemical classes 

(Koch & Dittmar, 2006; Šantl-Temkiv et al., 2013)as it does not ensures the structure and there 

can be discrepancies regarding the data interpretation. 

Ferrihydrite (Fh) and Ferrihydrite-natural organic matter (Fh-NOM) coprecipitates 

synthesis  

All the chemicals used in this study were laboratory grade. Ferrihydrite was synthesized 

following Schwertmann and Cornell, 2008,  where, Fe(NO3)3.9H2O was dissolved in 18.2 MΩ 

water and pH was adjusted at 7 using 1M KOH. Fh-NOM Coprecipitates with a C/Fe molar ratio 

of 0.8 and 1.8 were prepared by following the well-accepted method described by Chen et al. 2014. 

Briefly, Fe(NO3)3.9H2O was mixed with dissolved labeled 13C-NOM containing the required 

amount of C to achieve the required C/Fe ratio under vigorous stirring. The pH of the suspension 

was raised from ~2.0 to 7 by slowly adding 0.1 M KOH. Synthesized Fh and Fh-NOM 

coprecipitate was centrifuged at 3000rpm for 10 minutes and washed twice using degassed 18.2 

MΩ ultrapure water and stored in the glove box to remove O2 before preparing them for reaction 

with Fe(II).  

Reacting Fh-NOM coprecipitates with Fe(II) 

Freshly-synthesized, moist Fh, and Fh-NOM coprecipitate were resuspended in anoxic 

PIPES (1,4-piperazinediethanesulfonic acid) buffer (10 mM, pH 7) and stirred for 1 d inside the 

glovebox (filled with 97% N2 and 3% H2) to remove residual oxygen. A portion of the Fh and Fh-

NOM coprecipitates were reacted with Fe(II) in 125 ml opaque serum bottles containing 33.6 mg 

of total Fe (as an Fh-NOM slurry) and 60 mL of anoxic PIPES buffer (10 mM, pH 7). FeSO4.7H2O 



 

62 

was added to the bottles (except the controls, listed as “unreacted control”) to obtain a final Fe(II) 

concentration of 2mM (Chen et al., 2015). The reaction was carried out in the anoxic glove box on 

a rotatory shaker in two batches: one reacted with Fe(II) for 24 h (henceforth “Fresh”); one reacted 

for 14 days (henceforth “Aged”). After the reactions, the Fe(II)-reacted Fh and Fh-NOM samples 

along with the unreacted controls were rinsed with degassed 18.2 MΩ ultrapure anoxic water twice 

by centrifuging them at 10,000 rpm for 10 min. A small amount of degassed water was added to 

maintain a moist slurry and two-thirds of each sample was stored at 4 °C and used within 24 h for 

this incubation study. The moisture content of the samples was measured on separate aliquots. The 

remainder of the samples were stored at -20 °C for characterization. Total Fe, total C, and the C 

isotopic composition were measured. The C/Fe ratio of the coprecipitates in the Fresh reactor 

remained unchanged but the C/Fe ratio decreased in the Aged reactors (Table 4.1). This change 

was higher for the 1.8 C/Fe ratios containing coprecipitates and it decreased from 1.8 to 0.7. To 

keep it simple in the literature we still addressed this coprecipitate as “High” but it's important to 

keep in mind that the ratio of it is almost similar to the Low coprecipitates. The crystallinity and 

morphological changes were also analyzed using Mössbauer spectroscopy (MB) and ultrahigh-

resolution scanning transmission electron microscopy (STEM).  

Collection of soil microbial inoculum  

Soil microbial inoculum was obtained by enrichment from freshly collected soil (0 – 10 

cm depth) from a field at the J. Phil Campbell Sr. Research and Education Center, University of 

Georgia, Athens-GA. The soil was shaken in a 4 mM CaCl2 solution for 24 h and passed through 

5 μm filters (Eusterhues et al., 2014b). A small portion of that filtrate was added to Luria broth 

(LB) media and incubated for 12 h at 25°C to stimulate active microbial growth. The resulting 

incubated solution was centrifuged at 3000 rpm for 10 min, and the supernatant was discarded. 
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The microbial enrichments were then washed with 18.2 MΩ ultrapure water twice to remove the 

remaining LB media and resuspended in a small amount of selective media containing 0.5 g 

KH2PO4, 1.0 g NaSO4, 2.0 g NH4Cl, 0.5 mM CaCl2, 0.1 mM MgSO4, and 3 mM glucose (per Liter 

basis).  

Experimental setup and sample collection  

An incubation study was conducted in 125ml opaque serum bottles containing 30 mg of 

the solid sample and 55ml of selective media containing 0.5 g KH2PO4, 1.0 g NaSO4, 2.0 g NH4Cl, 

0.5 mM CaCl2, 0.1 mM MgSO4,  and 1mM glucose (per Liter basis) (Ginn et al., 2014). The soil 

microbial inoculum was added at a rate of 2х108 cells ml-1 (except in the non-inoculated controls, 

to which no inoculum was added). This concentration was based on a cell growth curve (cell 

numbers counted via agar plate count method) and targeted the late log phase of growth. A detailed 

description of the incubation setup is available in the supporting information section (Table C.8).  

The vials were seal capped with butyl rubber stoppers and continuously shaken on a 

rotatory shaker at 20 °C for 45 d. To measure the dissolution and mineralization of the NOM, we 

sampled initially every day (for 3 d), then every three days (for the next 9 d), and then every five 

days (for the next 20 d), and then took a final sample at 45 d. For the Fresh and Aged reactors, the 

sampling dates varied slightly for two of the time points due to logistic issues, but variations were 

accounted in the calculations. During each sampling day, 4 ml of the solution was collected and 

filtered through a 0.22 µm polyvinylidene fluoride filter for dissolved organic carbon (DOC) 

analysis and 28.5 ml of reactor gas was collected and stored in pre-evacuated sealed sterile vials 

for further analysis. After each sampling, the vials were uncapped for at least 6 h and left under a 

laminar hood on the rotatory shaker to expose them to O2 and prevent the development of anoxic 

conditions. At the end of the incubation experiment, the solid samples were washed twice with 
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18.2 MΩ ultrapure water and stored at -20 °C for further analysis. The incubation study was 

conducted with two biotic reactor replicates, but only one un-inoculated control. During the 

incubation, the pH varied only slightly within the range of 6.1 – 7.0 (Table C.9 and C.10). 

Solid sample analysis for 13C, total C and Fe content 

The 13C isotope (i.e. coprecipitated C) and total C content of the solid phase were measured 

by lyophilizing a portion of the solid sample, crimping it in a tin capsule, and analyzing it in a 

CHN Carlo Erba Elemental Analyzer. The total Fe content was measured using inductively 

coupled plasma mass spectrometry (ICP-MS, Perkin Elmer, Elan 9000). 

The per cent contribution of added 13C-NOM from bermudagrass extract remaining in the solid 

samples after incubation study (P 13C-NOM in solid) was calculated using a two-way source 

mixing model. 

𝑃13CNOMin solid =
x[13C]𝐹ℎ−𝑁𝑂𝑀 after− x[13C]𝐹ℎ

x[13C]𝑁𝑂𝑀− x[13C]𝐹ℎ
 *100 

where, x[13C]Fh_NOM
after and x[13C]𝐹ℎ  are atom fraction of 13C isotope in the coprecipitates after 

incubation and 13C content of the Fh, respectively;  x[13C]NOM is the initial atom fraction of 13C 

content of the bermudagrass extract. 

Added 13C-NOM in DOC and total DOC  

The added 13C-NOM in the dissolved organic carbon (DOC) content was measured by 

freeze-drying the sampled solution and analyzing the collected pallet in the CHN Carlo Erba 

Elemental Analyzer. The proportion of added 13C-NOM in the DOC was calculated following a 

two-source mixing model. 

𝑃13CNOMin DOC =
x[13DOC]𝐹ℎ−𝑁𝑂𝑀 − x[13DOC]𝐹ℎ

x[13DOC]𝑁𝑂𝑀− x[13C]𝐹ℎ_𝑁𝑂𝑀
 *100 

where, x[13DOC]Fh_NOM
 and x[13DOC]𝐹ℎ  are atom fraction of 13DOC isotope in the reactor at each 

data collection point and 13DOC content of the Fh control reactor, respectively;  x[13DOC]NOM is 
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the initial atom fraction of 13DOC content of the bermudagrass extract and  x[13C]𝐹ℎ_𝑁𝑂𝑀 is the 

initial added 13C-NOM content of the solid coprecipitate.   

Total DOC concentration of the solution was measured using a Shimadzu-500 TOC analyzer.  

Gas sampling and measurement  

To measure the CO2 losses during the experiment and their 13C isotopic content, gas 

samples were collected from the headspace of each experiment vial. Using gas-tight syringes, 

3.5ml of gas was collected and over-pressurized in a pre-evacuated 3ml glass vial (Exetainer, 

Labco Inc., UK) for measurement of CO2 concentration using Licor 640A. A separate 25-ml gas 

sample was collected from each experimental vial and over-pressurized into pre-evacuated 20-ml 

glass serum bottles capped with Teflon septa and sealed with aluminum crimps for the 

measurement of 13C-CO2 gas. The δ13C values of CO2 were measured by injecting 20-ml of 

headspace gas using a gas-tight glass syringe into a Piccaro G 220-i. A separate 2.5 ml aliquot of 

the gas sample was injected in a Licor LI-840A CO2/H2O gas analyzer using a gas-tight syringe 

and the CO2 concentration was measured against standards ranging from 0% to 2.5% CO2. 

The per cent contribution of added 13C-NOM to CO2 respiration (P 13
C_NOM) was calculated using 

a two-source mixing model.  

P13CNOM  =
x13[CO2]𝐹ℎ_𝑁𝑂𝑀− x13[CO2]𝐹ℎ 

x[13C]𝐹ℎ_𝑁𝑂𝑀− x[13C]𝐹ℎ
 *100 

Where, x13[CO2]𝐹ℎ_𝑁𝑂𝑀 and x13[CO2]𝐹ℎ are atom fraction of 13C of CO2 respired from Fh-NOM 

coprecipitates and Fh during the incubation period, respectively;   x[13C]Fh_NOM and x[13C]Fh 

is the initial atom fraction of 13C content of the solid phase Fh-NOM coprecipitate and Fh, 

respectively.  

Fluxes of CO2 derived from the added 13C-NOM were calculated by multiplying total CO2 fluxes 

by their fractional contributions. 
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Mössbauer analysis 

Mössbauer spectroscopy was collected using 50-mCi 57Co/Rh source at 5 K, 13 K, and 

35 K to characterize Fe mineral phases and to compare phase crystallinity before and after 

incubation. Solid samples were washed twice with ultrapure water by suspending the samples in 

~ 5 ml of water, gently shaking the samples, and then centrifuging them at 10,000 rpm for 10 min. 

The supernatants were then poured off, the pelleted samples were mounted in a nylon o-ring, sealed 

between two pieces of Kapton tape, and immediately frozen at −20 °C. Mössbauer spectra were 

analyzed using Recoil software and spectra fitting was done using Voigt-based fitting (VBF) as 

described elsewhere (Thompson et al., 2011).  

Scanning transmission electron microscopy (STEM)  

Electron microscopy images were obtained using an ultra-high resolution scanning 

transmission electron microscopy (STEM-Hitachi SU 9000EA) with a resolution of 0.4 nm 

operating at 30 kV. The solid sample slurry was placed on a silica chip and dried overnight 

before analysis. A secondary electron (SE) detector was used for collecting the images and EDS 

spectra were recorded with Oxford Ultim Extreme software.  

 

RESULTS 

Changes in crystallinity and morphological appearance of the coprecipitates 

The Mössbauer spectra (MB) of the coprecipitate before and after incubation and scanning 

transmission electron microscopy (STEM) images and EDS mapping are presented in Figure 4.4 

- 4.16. After incubation, the Fh controls (no NOM) (Figure 4.8) crystallinity increased but 

decreases in Fe phase crystallinity observed in the coprecipitates (Figure 4.4 - 4.7) except the Fresh 

High C/Fe coprecipitates (relative to the un-incubated samples). The Fe(II) reacted samples 
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generally had higher crystallinity than the un-reacted controls, and the Aged samples had higher 

crystallinity than the Fresh samples (Noor and Thompson, In Review); these relationships were 

maintained through the microbial incubation, again except the Fresh High C/Fe coprecipitate.  

The ultrahigh resolution scanning transmission electron microscopy (STEM) images 

support the Mössbauer spectroscopy results (Figure 4.9-4.16) illustrating changes following 

microbial incubation consistent with decreasing iron phase crystallinity except for Fresh High C/Fe 

control. The Fresh Fe(II) reacted Low coprecipitate initially had localized Lp like phases that 

largely disappeared after microbial incubation revealing images similar to our unreacted Fh 

controls (Figure 4.10). Similarly, the Fe(II) reacted Aged High C/Fe coprecipitate also had Lp like 

phases before incubation which decreased in appearance frequency after microbial incubation 

(Figure 4.15) but did not completely disappear.  

The behavior of the Fresh High C/Fe control coprecipitate was anomalous relative to the 

other samples. Following microbial incubation, its net Fe crystallinity increased (MBS Figure) and 

the STEM revealed the formation of some highly crystalline phases, with EDS mapping suggesting 

a high enrichment of Ca (Figure 13). This Ca enrichment may promote both the Fe crystallinity 

increase and different C behavior by blocking the adsorption of media C (Sowers et al., 2018). 

This source of Ca could be the media used that contained 0.5mM litre-1 CaCl2.  

Change in C content  

To evaluate changes in the carbon content of the coprecipitates during the microbial 

incubation, we characterized changes in both the 13C labeled (from co-precipitated NOM) and 

unlabeled C (from the media and microbes). Our previous work illustrated that during the reaction 

with Fe(II), some of the initial coprecipitated NOM-C was lost and the coprecipitates accumulated 

minor amounts of unlabeled C from the reaction solutions (likely from the PIPES buffer). 
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After incubation, less coprecipitated C was lost from the Fe(II) reacted samples than the unreacted 

controls, which suggests reaction with Fe(II) increased the stability of the coprecipitated C (Table 

C.1). The Fe(II) reacted Fresh Low coprecipitates retained 28% more coprecipitated C than its 

control (p-value 0.01), the highest among all the treatments. However, the Fe(II) reacted High 

coprecipitates exhibited wide variation between the Fresh and Aged treatments, with the Fresh 

coprecipitate retaining only 5% more than its paired control (p-value 0.09), while the Aged sample 

retained 19% more coprecipitated C than its paired control (p-value 0.01). This again likely reflects 

the alteration of the Aged High coprecipitates that resulted from their decrease in C/Fe ratio from 

1.8 to 0.7 during reaction with Fe(II). 

Mineralization of coprecipitated NOM-C and total CO2-C  

The fraction of total CO2 represented by coprecipitated NOM-C was very low for all 

treatments (Figure 4.3 and Table C.3). For the Low, C/Fe coprecipitates, the Fe(II) reacted 

coprecipitates mineralized more NOM-C than the unreacted paired controls, with 3.2 ± 0.4% and 

4.7±0.6% vs. 1.5 ± 0.1% and 2.9±0.1%, for the Fresh and Aged samples, respectively. However, 

in the High C/Fe coprecipitates, in Fresh controls mineralized more coprecipitated C (2.3± 0.6%) 

than the Fe(II) reacted coprecipitates (4.1± 0.7%), and for the Aged High samples, no differences 

in carbon mineralization were minor (Figure 4.3 and Table 4.3).  

In our study, mineralization of coprecipitated C as CO2 was very low and only around 1 to 5% of 

the coprecipitated C was respired in all the treatments. The reduced bioavailability of NOM-C 

from the coprecipitates is expected but this was extremely low. Mikutta et al., 2007 Found 50 –

90% decrease in the decomposition of organic matter from forest floor extract over 90 days when 

sorbed to Gt. Another study showed 27.9% Fh associate fulvic acid but 4.2% Fh associate glucose 

respiration occurred under aerobic conditions (Adhikari et al., 2019). Porras et al, 2018 conducted 



 

69 

a microbial incubation study with synthesized Fh-13C labeled glucose association to measure 

bioavailability of C under aerobic condition and also found only less than 3% of the associated 

glucose was respired after 80 days. In our experiment, the higher CO2 emission from the 

coprecipitates than the Fh control and the CO2 emission rate from the “microbial inoculum and 

media containing” control ensure that the low respiration value of NOM-C was not experimental 

artifact and the microbial inoculums were healthy and active. 

Dissolved OC 

Total DOC at all the sampling points was tracked, but 13DOC was measured only for three 

sampling points (day 1, day 3 and at the end of the incubation period). To do a mass balance 

calculation for each sampling day, an estimated 13DOC concentration for all sampling points were 

calculated by linear interpolation (Figure 4.2).  

The 13DOC concentration increased over time in all the coprecipitates whereas total DOC 

concentration decreased over time. The coprecipitates released 30% to 50 % of the coprecipitated 

C (Figure 4.2 and Table C.3), but also resorbed other sources of C from the solution (i.e., glucose 

or microbial exudates). The linear interpolation of the values might have resulted in the 

overestimation of the 13DOC values. Mass balance calculation also indicates that in some of the 

treatments the recovered coprecipitated C was a little higher than what was added (Table 4.4 and 

4.5). Fe(II) reacted Fresh Low C/Fe coprecipitates released slightly more 13C-NOM than unreacted 

controls, which was respectively 43% and 35% of their initial coprecipitated C in the solids (Figure 

4.2 a, Table C.3). The opposite pattern observed in the Fe(II) reacted High C/Fe coprecipitate, 

where the Fe(II) reacted coprecipitates released 29% and the unreacted control released 40% of 

the coprecipitated C. A similar pattern was observed in the non-inoculated control as well (SI 

Figure 2 a, b). Fe(II) pre-reacted Aged, Low and High C/Fe molar ratio containing coprecipitates 
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released more coprecipitated C in the solution than the unreacted controls (Figure 4.2 c; Table 

C.3). For Fe(II) reacted Low C/Fe coprecipitates it was 51% and for unreacted control the 35% of 

the coprecipitated C. Similar trends were observed in the non-inoculated reactors (Figure C.2 c, d 

and Table C.2).  

 

DISCUSSION 

The Fe(II) reacted coprecipitates promoted protection against biodegradation for the 

coprecipitated C and this effect was prominent when the C/Fe ratio of the coprecipitates were 

below 0.8. This statement was true regardless of the reaction time (1 day or 14 day). During the 

reaction of the coprecipitates with Fe(II), the coprecipitates lost C and the crystallinity of the 

coprecipitates also increased. These changes in the coprecipitates likely resulted in a more 

organized arrangement in the coprecipitates where the remaining coprecipitated C (after reaction 

with Fe(II)) was strongly associated with the mineral structure and this could have thus resulted in 

higher retention of the OM. In the first day of reaction, the High C/Fe coprecipitates it did undergo 

detectable changes in crystallinity (by either TEM or Mössbauer) and offer no additional protection 

of the OM during microbial incubation than the unreacted controls. However, after 14 days of 

reaction, the High C/Fe coprecipitates lost significant coprecipitated C (the C/Fe ratio decreased 

from 1.8 to 0.7) and its crystallinity increased. These changes resulted in higher level of protection 

for the remaining coprecipitated C against biodegradation than controls. These findings suggest 

the reaction of Fe(II) with coprecipitates and resulting transformation of the coprecipitates is a key 

factor determining the bioavailability of the coprecipitated C. In previous laboratory incubation 

studies, mineral association has been shown to decrease C bioavailability (Jones & Edwards, 1998; 

Kleber et al., 2015; Mikutta et al., 2007). Adhikari et al. (2019) showed that Fh bound glucose and 
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fulvic acid has lower bioavailability compared to free organic compounds. In our study, we have 

also observed that the coprecipitated C was protected, even in the unreacted controls. More 

uniquely, our study  suggests that reaction with Fe (II) can  increase the level of of this protection.  

In our experiment, the crystallinity of the coprecipitates decreased after the microbial 

incubation, during which non-labeled C from the glucose and microbial exudate-containing media 

sorbed to the coprecipitates. The sorption of non-labeled C could likely be responsible for the 

decreasing crystallinity as studies have shown that increased OC loading decreases crystallinity of 

Fh-OM coprecipitates (Chen et al., 2014; Eusterhues et al., 2008). After Fe(II) reaction, the 1d 

reacted Low C/Fe coprecipitates and 14 day reacted High C/Fe coprecipitates both developed Lp-

like localized phases and the crystallinity increased, but after incubation, those Lp phases appeared 

to disappear from the 1d reacted Low coprecipitates while it decreased, but did not disappear in 

the 14 day reacted High coprecipitates. This suggests that the longer interaction between Fe(II) 

and the coprecipitates mediated the increase in crystallinity and increased the resistance of the co-

precipitated OM to desorption during the microbial incubation.  

 

CONCLUSION 

Overall, Fe(II) pre-reacted coprecipitates can retain more coprecipitated C when the C/Fe 

molar ratio of the coprecipitates is 0.8 or less. The mineralization of coprecipitated C from the 

Fe(II) pre-reacted and unreacted coprecipitate is less than 5% where the dissolved C concentration 

can be up to 50% of the coprecipitated C. Moreover, the crystallinity of the coprecipitates 

decreased during the microbial incubation study. The C/Fe ratio, Fe(II) reaction and aging process 

can bring changes in the crystallinity and morphology of the coprecipitates, which can direct the 

later changes following microbial incubation. In the natural environment, under reducing 



 

72 

conditions the dissolution of Fh mineral can result in higher mineralization of the associated OM 

in presence of Fe(II) (Chen et al., 2020). Our results suggest that those Fe(II) interacted Fh-NOM 

coprecipitates when subject to an oxic condition can protect the coprecipitated C more than the 

Fe(II) unreacted Fh-NOM coprecipitates. Although this effect is sensitive to the C/Fe ratio of the 

coprecipitates and the interaction time of Fe(II) with the coprecipitates. Moreover, our finding 

regarding the decreasing crystallinity of the Fh-NOM coprecipitates during microbial incubation 

can also impact concurrent nutrient and heavy metal cycling in the soil.  
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Figure 4.1:  Added 13C-NOM (mg 30g-1) and Total C (mg 30g-1) in the Fresh (a, b) and Aged (c, 

d) sample before and after biotic incubation. 
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Figure 4.2: Added 13C-NOM in DOC and total DOC in Fresh (a, b) and Aged (c, d) biotic reactors. 

 

 

 

 

 

 

 

 

a 
b 

c 
d 



 

75 

 

 

 

 

 

Day 

0 10 20 30 40 50

C
u
m

u
la

ti
ve

 1
3
C

-N
O

M
 t
o
 C

O
2
 r

e
s
p
ir

a
ti
o
n
 (

m
m

o
l 
K

g
-1

 )
	

	

0

100

200

300

400

500 Fh

 

Fh with Fe (II)

 

 C/Fe=Low

C/Fe=High

 C/Fe =Low with Fe (II)

 

C/Fe =High with Fe (II)

 

Day 

0 10 20 30 40 50

C
u
m

u
la

ti
ve

 1
3
C

-N
O

M
 t
o
 C

O
2
 r

e
s
p
ir

a
ti
o
n
 (

m
m

o
l 
K

g
-1

 )
	

	

0

50

100

150
Fh

 

Fh with Fe (II)

 

 C/Fe=Low

C/Fe=High

 C/Fe =Low with Fe (II)

 

C/Fe =High with Fe (II)

 

 

Day 

0 10 20 30 40 50

C
u
m

u
la

ti
ve

 C
O

2
 r

e
s
p
ir

a
ti
o
n
 (

m
o
l 
K

g
-1

 )
	

	

0

5

10

15

20
Fh

 

Fh with Fe (II)

 

 C/Fe=Low

C/Fe=High

 C/Fe =Low with Fe (II)

 

C/Fe =High with Fe (II)

 

Day 

0 10 20 30 40 50

C
u
m

u
la

ti
ve

 C
O

2
 r

e
s
p
ir

a
ti
o
n
 (

m
o
l 
K

g
-1

 )
	

	

0

1

2

3
Fh

 

Fh with Fe (II)

 

 C/Fe=Low

C/Fe=High

 C/Fe =Low with Fe (II)

 

C/Fe =High with Fe (II)

 

 

Figure 4.3: Added 13C-NOM mineralization as CO2 -C, cumulative 13C-NOM and Cumulative 

CO2 respiration from the Fresh (a, b, c) and Aged (d, e, f ) biotic reactors, respectively.  
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Figure 4.4:  Mössbauer spectra (at 35K, 13K, and 5K) of before and after incubation solids of 

Fresh Low C/Fe unreacted ( a,b) and Fe(II) reacted (c,d) coprecipitates.  
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Figure 4.5:  Mössbauer spectra (at 35K, 13K, and 5K) of before and after incubation solids of 

Aged Low C/Fe unreacted ( a,b) and Fe(II) reacted (c,d) coprecipitates.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

80 

   

        

a b 

c d 



 

81 

Figure 4.6:  Mössbauer spectra (at 35K, 13K, and 5K) of before and after incubation solids of 

Fresh High C/Fe unreacted ( a,b) and Fe(II) reacted (c,d) coprecipitates.  
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Figure 4.7:  Mössbauer spectra (at 35K, 13K, and 5K) of before and after incubation solids of 

Aged High C/Fe unreacted ( a,b) and Fe(II) reacted (c,d) coprecipitates.  

 

 

   

Figure 4.8:  Mössbauer spectra (at 35K, 13K, and 5K) of before (a) and after(b) incubation solids 

of Fresh Fh.  
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Figure 4.9: STEM image of Fresh Low C/Fe molar coprecipitates before (a,b) and after (c ) 

incubation.  

 

 

 

Figure 4.10: STEM image of Fresh Low C/Fe with Fe(II) reacted coprecipitates before (a-c) and 

after (d, e ) incubation.  



 

85 

 

Figure 4.11: STEM image of Aged Low C/Fe with Fe(II) reacted coprecipitates before (a-c) and 

after (d-f ) incubation.  
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Figure 4.12: STEM image of Fresh High C/Fe coprecipitates before (a,b) and after 

 (c,d ) incubation.  
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Figure 4.13: STEM image of Fresh High C/Fe with Fe(II) reacted coprecipitates before (a,b) and 

after (c-e ) incubation.  

 

 

Figure 4.14: STEM image of Aged High C/Fe before (a,b) and after (c,d ) incubation.  
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Figure 4.15: STEM image of  Aged High C/Fe with Fe(II) reacted coprecipitates before (a,b) 

and after (c-f ) incubation.  

 

 

 

Figure 4.16: STEM image of Aged Fh mineral before and after reacted with Fe(II). 
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Table 4.1: Change in C/Fe molar ratio of the Fe(II) reacted and unreacted coprecipitates after 1d 

(Fresh ) and 14d (Aged ). The initial C/Fe indicates the synthesised C/Fe molar ratio of the 

coprecipitates.  

 

Treatment Initial C/Fe C/Fe After reaction 

Fresh  Aged 

Low C/Fe  0.8 0.9 0.5 

Low C/Fe with Fe(II) 0.8 1.0 0.5 

High C/Fe  1.8 1.8 0.7  

High C/Fe with Fe(II) 1.8 1.7 0.7 
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CHAPTER 5  

CONCLUSION 

Summary  

This work shows new evidence regarding the change in the Ferrihydrite-Natural organic matter 

(Fh-NOM) coprecipitates following reaction with Fe(II) and its impact on the stability of the 

associated organic matter (OM). In this work, the bioavailability of organic carbon (OC) from the 

Fe(II) reacted Fh-NOM has been measured. To demonstrate the effect of Fe(II) reaction on the Fh-

NOM coprecipitate and its impact on the bioavailability of OC, I conducted laboratory studies 

using synthesized Fh-NOM coprecipitates. Along with that I also measured the bioavailability of 

OC from the naturally occurring bacteriogenic iron(oxyhydrr)oxides (BIOS) and also the release 

of associated heavy metals (appendix). 

In the first experiment, I measured the bioavailability of OC from Ferrihydrite-Suwannee 

river natural organic matter (Fh-SRNOM) with a C/Fe molar ratio of 1.2 reacted with Fe(II) for 1, 

7, and 14 days. I found that the reaction with Fe(II) decreased the bioavailability of OC relative to 

unreacted controls, but primarily in the freshly Fe(II) reacted samples (1 day). I separately assessed 

the thermodynamic stability of the OC in the 1 day reacted coprecipitates, but found no discernable 

difference from the controls. In this experiment labeled lactate was added to ensure the growth of 

the microbial community and all the solid sample sorbed a small amount of added lactate 

regardless of the treatments. This raised a question regarding the impact of Fe(II) reaction on the 

coprecipitates crystallinity of structure. The microbial community used the added lactate for the 

first few days but after that, they continued using the coprecipitate C as their food source.  
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In the 2nd experiment, I further investigated the impact of the Fe(II) reaction of the 

coprecipitates crystallinity and structure, I focused on changes in the Fh-NOM coprecipitates 

occurring during the reaction with Fe(II). I conducted a 2nd  laboratory experiment where this time 

Ferrihydrite-Natural organic matter (Fh-NOM) coprecipitates were synthesized using an 

isotopically-labeled NOM (13C) and then reacted with Fe(II) for 1 and 14 days. Here I found that 

reaction with Fe(II) drove localized increases in Fh crystallinity without complete mineral 

transformation in the low C/Fe molar coprecipitate after 1 day reaction. This process also resulted 

in the partial release of coprecipitated C. This localized change in crystallinity also occurred in the 

high C/Fe molar ratio coprecipitate when they lost a substantial amount of coprecipitated C after 

reacting with Fe(II) during longer reaction time (i.e. in our study 14days). This study also 

demonstrated that the coprecipitated OM composition can be exchanged readily with OC from the 

media.  

In the third experiment, I measured the bioavailability of the OM in the Fh-NOM 

coprecipitates studied in the 2nd experiment. Here I found that during the microbial incubation 

assay, the Fe(II) reacted coprecipitate lost less OM than the unreacted coprecipitate with again the 

freshly reacted (1 day) coprecipitates retaining the most of their initial coprecipitated C. The result 

also suggested that a small amount of coprecipitated was mineralized as CO2 and most of the 

released coprecipitated C remained in the solution. This could result from the continuous 

interaction between the released coprecipitated C and the solid surface making the C unavailable 

for the microbial inoculum to use as a food source.  In addition, the crystallinity of the Fe(II) 

reacted coprecipitates decreased during the incubation, likely because of the sorption of OC from 

the solution.  
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A fourth experiment was conducted and partially analyzed (Appendix A) to compare the 

bioavailability of the C from the synthesized coprecipitates with natural coprecipitates. In this 

experiment, I collected some bacteriogenic iron (oxyhydr)oxides (BIOS), which contained OM, 

and conducted a similar microbial incubation to evaluate the OM bioavailability. I found that the 

BIOS OC was retained better than the synthesized Fh-NOM coprecipitates OC. Further, I found 

that the BIOS sorbed less OC from the solution than the coprecipitate and did not change 

crystallinity or crystal morphology during the incubation. Finally, I also measured the release of 

heavy metals during the aerobic microbial incubation and found of the initial metals in the BIOS, 

10% of the Zn and 4% of the Cu released, whereas the release of other heavy metals such as Ni, 

Pb, Cr, As, Al were less than 1% of the original abundances.  

Environmental implications 

Due to the increasing atmospheric CO2 concentration and growing concern regarding 

climate change, the stabilization of C in the soil is receiving increasing interest. Among different 

C stabilization mechanisms, the association of OM with minerals is considered a key mechanism 

reducing the amount of microbial decomposition. The high abundance of Iron oxide minerals 

especially short ranged ordered (SRO) Ferrihydrite (Fh) mineral and its ability to adsorb dissolved 

organic matter (DOM) introduced a general assumption that Fh mineral stabilizes C in the soil. 

But the redox sensitivity of the iron oxide minerals and multiplicity of interaction among the 

Fe(III) in the mineral and Fe(II) in the solution can have a significant impact on the mineral 

associated OM. Although there have been detailed studies conducted regarding the dissimilatory 

iron reduction under reducing conditions and the resulting impact on the associated C, a few studies 

have been conducted regarding the bioavailability of iron mineral associated C under aerobic 

conditions. Moreover, there have been no studies conducted to assess the bioavailability of C from 
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the iron oxide mineral-organic matter associations after reacting with Fe(II). Therefore, this study 

introduces a new insight into the stability of C in the soil.  

Overall, my study provides further understanding of how complex and dynamic the 

interaction of iron mineral -organic matter association with Fe(II) can be. This complex interaction 

can impact the stabilization of C in soil. My study demonstrated that under anoxic conditions the 

interaction of Fe(II) with the Fe(III) minerals can cause localized morphological changes and 

increase the crystallinity of the Fh minerals. This process can result in the release of associated C 

from the coprecipitate and also change the C composition in the coprecipitate by exchanging C 

with the surrounding C sources. Later should these coprecipitates become subjected to oxic 

conditions they are likely to protect the mineral associated C from microbial degradation better 

than non-Fe(II) reacted coprecipitates. This finding will help us understand how the C stabilization 

potential of soil might change when exposed to redox dynamics. Moreover, our study also suggests 

the crystallinity of Fe(II) reacted Fh-NOM coprecipitates decreases after microbial incubation. 

Although our study was conducted in a liquid media instead of dry conditions, if a similar situation 

prevails in the soil then this decreasing crystallinity i.e. increasing the surface area of the Fh-NOM 

coprecipitate can have an impact on other biogeochemical processes occurring in the soil such as 

heavy metal or nutrient cycling.  
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ABSTRACT  

Bacteriogenic iron(oxyhydr)oxides (BIOS) are common in soil redox transition 

conditions and quiescent waterways and are well known to retain dissolve organic matter and 

heavy metals in these environments. However, our understanding of the bioavailability of BIOS 

associated organic matter and heavy metals are limited. In this study, we have conducted a 

microbial incubation study under aerobic conditions using soil microbial inoculum. We have also 

included C/Fe coprecipitate and Fh as a control for comparison with BIOS. We found that the 

BIOS lost 27% of its initial C whereas 56% of the C was lost from the coprecipitate. Moreover, 

we have added 1mM 13C labeled Na-lactate in the reactors and found that sorption of Na lactate in 

the coprecipitate and Fh was higher than the BIOS. 9.2±2.5% and 8.2± 3% added Na lactate was 

sorbed on the coprecipitate and Fh, respectively, whereas 3.9±0.4% was sorbed on the BIOS. 30% 

of the C from the BIOS was released during the incubation and around 0.04 to 10% of heavy metal 

release were observed. Among the heavy metals, the maximum release of Zn (10%) was observed 

following Cu (4.4%). Along with that we have used the scanning transmission electron microscopy 

technique to observe the morphological change in the BIOS, coprecipitate and Fh before and after 

incubation. The BIOS and coprecipitate did not show any morphological change after incubation, 

but the Fh transformed into goethite during incubation.  

 

INTRODUCTION 

Bacteriogenic iron(oxyhydr)oxides (BIOS) are composites of intact or partly degraded 

remains bacterial cells mixed with poorly ordered iron(oxyhydr)oxides minerals (Ferris, 2005). 

They can be produced in aerobic surface water (Duckworth et al., 2009; Emerson & Weiss, 2004; 

Ferris, 2005) where chemical or bacterial oxidation of Fe2+ to Fe3+ follows hydrolysis resulting in 
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precipitation in association with bacterial cells (Ferris, 2005) and/ or in the suboxic zone [i.e. ~5–

50 µM O2 (Druschel et al., 2008)] of a redox gradient where high concentrations of Fe2+ containing 

water intersects with oxygenated water creating an environment where iron-oxidizing bacteria can 

outcompete abiotic Fe2+ oxidation reactions (Druschel et al., 2008; Ferris, 2005; Whitaker & 

Duckworth, 2018). BIOS usually prevail in quiescent waterways and oxygen-limited sediments 

(Tyler D Sowers et al., 2019), groundwater seeps (Bruun et al., 2010; Fleming et al., 2014; James 

& Ferris, 2004), springs (Emerson & Revsbech, 1994), mines (Chan et al., 2004; Swanner et al., 

2011), wetland soils (Emerson & Weiss, 2004; Weiss et al., 2004), and also in the rhizosphere 

(Neubauer et al., 2007; Weiss et al., 2003; Weiss et al., 2007). 

Due to the broad distribution and reactive surface properties of natural 

iron(oxyhydr)oxides, they have a high affinity to sorb dissolve organic matter (DOM). BIOS also 

has a preferential sorption tendency towards aromatic and carboxylic C compounds (Tyler D 

Sowers et al., 2019). Moreover, they tend to sorb the dissolve metals (Morgan & Stumm, 1996) or 

toxicants (Whitaker et al., 2018) present in the aquatic environment. BIOS have been found as a 

good adsorbent of As(III), As(V), U(VI), Sr(II), Pb(II), Cu(II), Zn(II) (Bussan & Strathmann, 

2007; Katsoyiannis et al., 2006; Langley et al., 2009; Sowers et al., 2017). BIOS are embedded in 

a biofilm matrix (Flemming & Wingender, 2010) which can impact their reactivity. The biofilm 

contains bacteria, Fe oxidizing and reducing organisms (Emerson et al., 2010; Toner et al., 2012), 

cell-derived organic matter (Chan et al., 2004; Chan et al., 2009; Ferris et al., 1989; Kennedy et 

al., 2003) which can directly bind metals. Along with that their sorption ability to DOM can also 

impact the surface charge properties which can ultimately impact the retention ability of heavy 

metals, contaminants, and toxicants. Therefore, the release of organic matter can impact the 

associated metals and their biogeochemistry. The sorption-desorption ability of the BIOS along 
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with the reductive release of heavy metals were analyzed previously. But there is little information 

available regarding the bioavailability of C and the release of heavy metal under aerobic 

conditions.  

Due to their short range ordered (SRO) structure, BIOS has been compared with two-line 

ferrihydrite (2LFh) in terms of their ability to retain metals and contaminants (Emerson et al., 

2010). However, relative to 2LFh, BIOS have a smaller crystal size, and more negative charges 

(Duckworth et al., 2009; Sowers et al., 2017). Studies have also shown that BIOS are more resistant 

to crystal transformation than synthesized Fh (Picard et al., 2015; Toner et al., 2012). The 

adsorption and incorporation of organic matter into biogenic Fh can also enhance its 

hydrophobicity (Fortin & Langley, 2005). For example, BIOS has been found to sorb half as much 

DOM as 2LFh (Tyler D Sowers et al., 2019), but as much as eightfold higher amounts of heavy 

metals (Katsoyiannis et al., 2006; Sowers et al., 2017). However, the bioavailability of OM in 

BIOS has not been measured. 

Thus, we designed a study to measure the bioavailability of organic matter from the BIOS 

and also assessed the release of heavy metals during OM decomposition. We coupled this with 

parallel incubations of a Fh-NOM coprecipitate with a similar C/Fe ratio as the BIOS. In addition 

to tracking the loss of C and mineralization OM to CO2, we tracked changes in the morphology 

and crystallinity of the BIOS using scanning transmission electron microscopy and Mössbauer 

spectroscopy. 
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MATERIALS AND METHODS 

Sample collection and characterization 

Iron flocks were collected in November 2020, 24 h after a heavy rainfall event from a 

shallow natural wetland connected to a low-flow shallow stream in Whitehall forest (Leech 

wetland; 33°52'48.69"N, 83°21'36.67"W, Athens, Georgia; Figure 9). Samples were collected 

carefully using a syringe without disturbing the underlying soil in several 50-ml polypropylene 

falcon tubes. All the samples were collected from the same location and the tubes were filled 

to the top with the wetland water to eliminate air space. Samples were transported to the 

laboratory on dry ice, where they were immediately centrifuged at 10,000g for 10 min. The 

supernatant was then decanted and all the samples were pooled into a 50-ml centrifuge tube in 

an anoxic glovebox (97% N2, 3%H2). A 40-mL aliquot of anoxic 18.2MΩ (nanopure) water 

was added and mixed with the sample using vortex shaking to homogenize the samples. The 

BIOS samples were centrifuged for a final time at 10,000g for 10 min., the supernatant decanted 

(Whitaker et al., 2018) and a small amount of nanopure water was added to make a slurry. A 

subsample was separated to measure the moisture content and elemental composition of the 

slurry. The samples were preserved in the -20°C freezer before further experimental analysis. 

Moisture content was measured by taking a small amount of sample (wet mass basis)  and oven 

drying it at 70°C for 24h and calculating the dry mass per cent. The pH of the sample was 7.1 

after collection. The pH, Temperature, Eh, dissolved O2 concentration and conductivity of the 

wetland water was 6.5, 17.0°C, -33.1 mV, 9.60 mg L-1, 25.8 µs cm-1, respectively. Total C, 13C 

isotope and N content of the BIOS was measured on the freeze-dried sample and analyzed using a 

CHNS element analyzer. Total Fe, As, Na, Ca, Mg, Al, K, Cr, Cu, Zn, Pb, Ni, Cd, Mn, P, Si content 

of the sample was analyzed by dissolving the solid sample in concentrated HCl and HNO3 acids 
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following filtration through a 0.22 µm polyvinylidene fluoride filter via inductively coupled 

plasma mass spectrometry (ICP-MS) (Whitaker et al., 2018). The X-ray diffraction (XRD), 

Mössbauer spectroscopy and Scanning transmission electron microscopy (STEM) image analysis 

was also done to get an overall idea about the mineralogical composition of the sample along with 

its morphological appearance.  

Ferrihydrite (Fh) and Fh-C coprecipitates synthesis 

In this study natural BIOS were compared with synthesized Fh and Fh-C coprecipitates. In 

previous studies, Fh was preferred as a control (Tyler D Sowers et al., 2019; Whitaker & 

Duckworth, 2018; Whitaker et al., 2018) or coprecipitates prepared from a particular type of C 

compound were used (ThomasArrigo et al., 2017). Our understanding of BIOS indicates that it 

will have more similarities in activity with Fh-C coprecipitates than with Fh, but either way, we 

have used both coprecipitate and Fh as a control. To prepare Fh-C coprecipitates, dissolved natural 

organic matter (DOC) was extracted from a fresh litter sample of the O horizon from the same 

location where BIOS were sampled to maintain similarity in organic matter type. Collected fresh 

litter samples were mixed with DI water and continuously shaken for 24h at a 1:2 (w/v) ratio. The 

mixture was centrifuged at 20,000 g for 20 min and suspension was then pressure filtered through 

a 0.45 μm polyvinylidene fluoride membrane filter (Chen et al., 2014; Chen et al., 2015). The DOC 

concentration of the stock solution was measured by Shimadzu TOC-500 analyzers and later 

diluted with ultrapure 18.2 MΩ deionized water (DI) water to achieve the required concentration 

to prepare the coprecipitates.  

Freshly extracted DOC was used to prepare Fh-C coprecipitates with a C/Fe molar ratio of 

0.5 following the methods described by Chen et al (Chen et al., 2014). The C/Fe molar ratio of 0.5 

was chosen as the C/Fe molar ratio of the collected BIOS was 0.58. Briefly, Fe(NO3).9H2O was 
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mixed with DOC stock solution containing the required amount of C to achieve the required C/Fe 

ratio under vigorous stirring. The pH of the suspension was raised from ~2.0 to 7 by slowly adding 

0.1 M KOH.  

2LFh was synthesized following (Schwertmann & Cornell, 2008) where Fe(NO3).9H2O 

was dissolved in ultrapure 18.2 MΩ water and pH were adjusted at 7 using 1M KOH. Synthesized 

Fh and C/Fe coprecipitate was centrifuged at 10,000rpm for 10 minutes and washed twice using 

18.2 MΩ ultrapure water and stored in the 4°C refrigerators and used within days after preparation.  

Microbial inoculum collection 

Soil microbial inoculum was obtained from the soil in the same area as the BIOS was 

collected to approximate a microbial community that might also be exposed to the BIOS in the 

natural system. Freshly collected soil from the top 10 cm was shaken in a 4 mM CaCl2 solution 

for 24 h and passed through 5μm filters (Eusterhues et al., 2014b). A small portion of that filtrate 

was added to Luria broth (LB) media and incubated for 12 h at 25°C to achieve the most active 

cells. The resulting incubated solution was centrifuged at 3000 rpm for 10 min, and the supernatant 

was discarded. The microbial enrichments were then washed with 18.2 MΩ ultrapure water twice 

to remove the remaining LB media and resuspended in a small amount of selective media 

containing 0.5 g KH2PO4, 1.0 g NaSO4, 2.0 g NH4Cl, 0.5 mM CaCl2, 0.1 mM MgSO4, and 1 mM 

13C-Na lactate (per Liter basis).  

Incubation experiment set up and sample collection 

The incubation study was conducted in 125-ml opaque serum bottles containing 30-mg of 

BIOS and 50-ml of selective media containing 0.5 g KH2PO4, 1.0 g NaSO4, 2.0 g NH4Cl, 0.5 mM 

CaCl2, 0.1 mM MgSO4,  and 1 mM 13C-Na lactate (per Liter basis) (Ginn et al., 2014). The soil 

microbial inoculum was added at a rate of 2х108 cells ml-1. Two separate sets of reactors with a 
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similar set-up were also included where the BIOS was replaced with Fh and Fh-C coprecipitates. 

These treatments were named as “BIOS/Fh/Coprecipitate + Na-lactate + Inoculum”. Along with 

that, three sets of controls such as (i) BIOS + Without Na-lactate + Inoculum (ii) BIOS + Only 

media (where no Na-lactate or microbial inoculum added in the media) (iii) Media with Lactate 

and Inoculum (No solid samples added). All the vials were seal capped with butyl rubber stoppers 

and continuously shaken on a rotatory shaker at 20°C. The experiment was conducted for 9 days 

in total. Sampling was done every 24 h for the first 5 days then every other day for the next 4 days. 

During each sampling, 3.5-ml of gas sample was collected for CO2 measurement and 25-ml for 

13CO2 measurement. Gas samples were stored in pre-evacuated sealed sterile vials and analyzed 

within 2 to 3 days. At the same time, 5ml solution was collected and filtered through a 0.22 µm 

polyvinylidene fluoride filter for DOC, pH and heavy metal analysis. After each sampling, the 

vials were uncapped for at least 6 hrs and left under a laminar hood on the rotatory shaker to ensure 

the mixing of atmospheric O2 in the reactors and avoid the buildup of anoxic conditions. At the 

end of the incubation experiment, the solid samples were collected, washed twice with 18.2 MΩ 

ultrapure water and stored at -20 °C for future analysis. The experiment was conducted with two 

replicates of each treatment.  

Solid sample characterization 

The before and after incubation, solid samples were analyzed using Mössbauer 

spectroscopy and Scanning transmission electron microscopy (STEM). Mössbauer spectra were 

collected using 50-mCi 57Co/Rh source at 5 K, 13 K, and 35 K. Solid samples were washed twice 

with ultrapure water by suspending the samples in ~ 5 ml of water, gently shaking the samples, 

and then centrifuging them at 10,000 rpm for 10 min. The supernatants were then poured off, the 

pelleted samples were mounted in a nylon o-ring, sealed between two pieces of Kapton tape, and 
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immediately frozen at −20 °C. Mössbauer spectra were analyzed using Recoil software and spectra 

fitting was done using Voigt-based fitting (VBF) as described elsewhere (Thompson et al., 2011). 

The STEM image was obtained using an ultrahigh resolution scanning transmission electron 

microscopy (STEM-Hitachi SU 9000EA) with a resolution of 0.4 nm operating at 30 kV. The solid 

sample slurry was placed on a silica chip and dried overnight before analysis. A secondary electron 

(SE) detector was used for collecting the images and EDS spectra were recorded with Oxford 

Ultim Extreme software. X-ray diffraction spectra of the initial BIOS sample was collected using 

the Bruker D8-Advance XRD system. The sample was scanned at a speed of 0.1 sec/step, with an 

increment of 0.01 deg/ step and 2 theta range (10 to 80) was used.   

Sample analysis calculations  

The per cent contribution of added 13C labelled Na -lactate from the solution media to the 

solid samples after incubation study (P 13C Na- lactate in solid) was calculated using a two-way 

source mixing model. 

P13CNa lactatein solid =
x[13C] after− x[13C]𝐹ℎ

x[13C]𝐷𝑂𝐶− x[13C]𝐹ℎ
 *100 

where, x[13C] after and x[13C]𝐹ℎ  are atom fraction of 13C isotope in the coprecipitates after 

incubation and 13C content of the Fh, respectively;  x[13C]DOC is the initial atom fraction of added  

13C Na -lactate. The C content of the solids after incubation was calculated by subtracting the 

amount of labelled Na-lactate sorbed on the solid after incubation. 

The amount of DOC from the BIOS or Coprecipitate was calculated by subtracting the “Media 

with Na-lactate+ Inoculum” reactors from the “BIOS/Coprecipitate+ Na-lactate+ Inoculum. Later 

the amount of C released in each sampling time was added along with the amount remained in the 

solution at the end of the experiment to get the total amount of C released. The per cent C released 

from the solid was then calculated using the initial C content of the BIOS/Coprecipitate.  
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RESULTS  

Characterization of BIOS synthesized Fh and C/Fe coprecipitates 

Scanning transmission electron microscopy image (STEM) of collected BIOS, synthesized 

2LFh, and coprecipitate are shown in Figures 6 and 8. The morphology of BIOS particles 

comprises a ragged morphology along with some rounded particles with particles sizes ranged 

from approximately 50 to 200 nm (Figure A. 6). Many particles also have a sheath or tube-like 

morphology that is characteristic of iron (oxyhydr)oxide that has been produced by Fe(II)-

oxidizing bacteria (i.e., BIOS). This morphology is similar to what has previously been reported 

(Duckworth et al., 2009; Ferris, 2005; Haaijer et al., 2008; Posth et al., 2010; T. D. Sowers et al., 

2019; Whitaker et al., 2021; Whitaker & Duckworth, 2018). In contrast, the synthesized Fh, and 

Fh-NOM coprecipitates both had rounded aggregates with jagged edges. After incubation, we did 

not observe any substantial morphological changes in the BIOS (Figure A.7) or the Fh-NOM 

coprecipitate (Figure A.8), but the Fh exhibited substantial transformation to needle-like 

structures, resembling goethite.  

The elemental composition of BIOS, along with total Fe, C content of the Fh and 

coprecipitate are shown in Table 1. The BIOS samples were predominantly composed of Fe (781 

mg g-1 solid) and C (98 mg g-1solid), which gave the BIOS a C/Fe molar ratio of 0.6. The BIOS 

contained significant Si (X mg g-1 solid) and Ca (56 mg g-1 solid) as well as lower concentrations 

of Cu, As, Cr, Pb, Ni, Cd, Zn, Mn, P, Ca, Mg, and Na (ranging from 0.2 – 13 mg g-1solid). The Fe 

content of the synthesized Fh was in line with other reported values (Michel et al., 2010). We 

synthesized the Fh-NOM to match the C/Fe ratio of the BIOS (0.58), but during the synthesis and 

washing some loss of Fe and C occurred, resulting in a coprecipitate with C/Fe ratio of 0.3. This 

decrease in C/Fe ratio than target C/Fe ratio is not unusual and some decrease in C/Fe ratio during 
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the synthesis process is expected especially when the ratio is at the lower end (ThomasArrigo et 

al., 2017). The X-ray diffraction pattern for BIOS showed (Figure A.9) similarities with 

amorphous Fh XRD pattern along with some sharp peaks indicating silica structure.  

Change in C content 

After incubation, the Fh-NOM coprecipitate lost more C (56% of initial) than the BIOS 

(27% of initial), whereas the Fh gained C from the incubation media (Figure A.1). A similar C loss 

occurred across all BIOS incubation controls (i.e., those without added microbial inoculum or 

without added lactate) suggesting this loss is not governed by the microbial inoculum. The % 

contribution of added lactate in the solid after incubation suggest that the C/Fe coprecipitate and 

Fh gained or sorbed higher amount of C from the Lactate than the BIOS. The BIOS sorbed 

3.9±0.4% whereas the C/Fe coprecipitate and Fh sorbed 9.2±2.5% and 8.2±3%, respectively. 

Dissolved organic matter, mineralization of CO2-C and heavy metal release  

The dissolved organic carbon (DOC) content increased for the first 120 hrs of the 

incubation and then decreased for all treatments (Figure A.3) and was higher in the BIOS than in 

the other treatments. Based on analysis of the solid phases, ~30% of the initial C was lost from the 

BIOS during the 216 hrs of incubation time, whereas 20% was lost from the coprecipitate.  

The addition of lactate increased the total CO2-C respiration from the BIOS reactors and the 

highest amount of CO2-C respired was from the BIOS reactor with lactate and inoculum (182 mg 

g-1 CO2-C), whereas the reactor without the added lactate respired 57 mg g-1 CO2-C (Figure 4 and 

5). The addition of lactate may have increased the activity of the microbes in the BIOS itself, which 

may have resulted in this higher emission of CO2. The maximum CO2 released from the BIOS 

reactor with lactate and inoculum was at day 1 of incubation.  
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In our experiment we have used labeled lactate to differentiate the CO2-C respiration from the 

lactate and the CO2-C respiration from the BIOS. The labeled 13CO2 sample analysis is not 

complete yet and will be included in future preparations of this data. The total CO2-C respiration 

from the C/Fe coprecipitate was 10 mg g-1 CO2-C and from Fh containing reactor it was 15 mg g-

1 CO2-C.  

The release of heavy metal from the BIOS during microbial incubation under aerobic 

condition was measured and presented in Figure A.5. Around 0.04 – 10% of the heavy metal 

present in the BIOS was released over time. The maximum amount of Zn i.e. 10% from the BIOS 

was released. Around 4.35 % of Cu was released. The amount of Ni, Pb, Cr, As and Al was 0.075%, 

0.047%, 0.042%, 0.6%, 0.68%, respectively.  
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Figure A.1: Percent (%) loss of carbon from the solid during incubation. This calculation was 

done based on the amount of C present in the solids before incubation and the amount of C left 

after incubation. The effect of labeled added C was also considered during the calculation.  
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Figure A.2: Percent (%) contribution of added lactate to the solid during incubation i.e. the 

percentage of added lactate sorbed to the solids after incubation. The use of 13C labeled lactate 

ensured that this C came from only lactate.  
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Figure A.3: Dissolved organic carbon concentration (DOC) during the microbial incubation.  
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Figure A.4: (a) CO2 mineralization over time and (b) cumulative CO2 mineralization.  
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Figure A.5: Aqueous concentrations of (a) Zn (b) Ni (c) Pb (d) Cr (e) As (f) Cu and (g) Al during 

the microbial incubation.  

 

   

  

Figure A.6: Scanning transmission electron microscopy image of BIOS before incubation. 
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Figure A.7: Scanning transmission electron microscopy image of BIOS after incubation  
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 Figure A.8: Scanning transmission electron microscopy image of coprecipitate (a) before and (b) 

after incubation as well as (c) Fh treatment after incubation, illustrating the formation of new 

crystal structures.  
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Figure A.9: X-ray diffraction pattern of collected BIOS.  
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Figure A.10: (a) GPS map of the sampling site where the yellow pinpointing out the exact position. 

(b, c) the iron containing flocks in the wetland from where the sampling occurred. (d, e) collected 

sample in the tube. 
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Table A.1: Elemental composition of the BIOS and synthesized coprecipitates, Ferrihydrite.  

Sample  Element  Initial (mg g-1) C/Fe ratio  

BIOS C 98 0.58 
13C 1.1 

Na 5.9 

Mg 7.0 

Al 13 

K 5.9 

Ca 56 

Fe 781 

Zn 0.3 

Cd 6.5 

Ni 5.4 

Pb 2.8 

Cr 2.2 

As 0.9 

Cu 0.2 

Mn 1.7 

P 3.0 

Si 510 

Fh C 28 0.1 
13C 0.3 

Fe 791 

Coprecipitate  C 60 0.3 

Atom%13C 1.07 

Fe 1029 
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APPENDIX B  

SUPPLEMENTAL INFORMATION OF CHAPTER 3 

 

      

 

 

 

 

 

 

 

 

 

 

Figure B.1: EDS mapping of results of Fresh Low unreacted (a-b) and reacted coprecipitate with 

Fe (II) (c, d).  

 

 

 

 

 

a b 

c d 



 

134 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2: EDS mapping of results of Aged Low unreacted (a, b) and reacted coprecipitate 

with Fe (II) (c, d).  

 

 

 

 

 

 

 

 

 

 

a b 

c d 



 

135 

  

 

 

 

 

 

 

 

 

 

 

 

Figure B.3: EDS mapping of results of Fresh High unreacted (a-c) and reacted coprecipitate 

with Fe(II) (d-f). 
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Figure B.4: EDS mapping of results of Aged High unreacted (a, b) and reacted coprecipitate 

with Fe(II) (c, d). 
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Figure B.5: STEM image of Aged unreacted (a-c) and Fe(II) reacted (d-f) Fh. (g) Fresh Fe(II)  

reacted Fh.  
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Figure B.6: Van Krevelen space diagram (VKD) of the 13C-DOM used as a C source for preparing 

the coprecipitate from FTICR analysis. (b) Van Krevelen diagram of DOC from an Arctic stream. 

Image Source: Dr. Rose Cory (University of Michigan). This image was used to compare our Van 

Krevelen diagram.  

 

Table B.1: Magnetic susceptibility of the Fh mineral and Fh-NOM coprecipitates  

Fresh 

Sample name Magnetic susceptibility  

(10-8 m3Kg-1) 

Fh 164 

Fh with Fe (II) 5674 

C/Fe =Low 106 

C/Fe =Low with Fe(II) 204 

C/Fe =High -48 

C/Fe =High with 1.8+Fe(II) 17 

Aged Fh 98 

Fh with Fe(II) 63 

C/Fe =Low 100 

C/Fe =Low with Fe(II) 197 

C/Fe =High 28 

C/Fe =High with 1.8+Fe(II) 62 

 

 

a 

b 
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APPENDIX C  

SUPPLEMENTAL INFORMATION OF CHAPTER 4 

Table C.1: Total C and added 13C-NOM content of the solids before and after incubation study 

(mg /30mg unit) for Fresh samples. The same treatment names indicating replications. 

Treatment  Total C  

(before)   

Total 

C 

(after)  

Added 13C-

NOM (before)  

Added 13C-NOM 

 (after) 

% loss of 

added  
13C-NOM 

Fh 1.29 1.79 0.00 0.00 0 

Fh 1.29 1.74 0.00 0.00 0 

Fh with Fe (II) 0.33 0.75 0.00 0.00 0 

Fh with Fe (II) 0.33 0.73 0.00 0.00 0 

C/Fe= Low  2.54 2.84 2.27 1.11 51 

C/Fe =Low 2.54 2.80 2.27 1.09 52 

C/Fe= Low with Fe (II) 3.16 2.85 2.02 1.53 24 

C/Fe = Low with Fe (II) 3.16 2.98 2.02 1.53 24 

C/Fe =High 4.07 3.66 3.32 2.07 38 

C/Fe = High 4.07 3.83 3.32 2.04 39 

C/Fe = High with Fe (II) 4.09 3.56 3.10 2.00 35 

C/Fe = High with Fe (II) 4.09 3.51 3.10 2.08 33 

 

Without the presence of inoculum  

 

C/Fe = Low  2.54 2.62 2.27 1.17 48 

C/Fe = Low with Fe (II)  3.16 2.61 2.02 1.68 17 

C/Fe = High 4.07 3.47 3.32 2.29 31 

C/Fe= High with Fe (II)  4.09 3.15 3.10 2.28 27 

Fh  1.29 1.58 0.00 0.00 0 

Fh with Fe(II)  0.33 0.49 0.00 0.02 0 
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Table C.2: Total C and added 13C-NOM content of the solids before and after incubation study 

(mg/30mg unit) for Aged samples. The same treatment names indicating replications. 

Treatment Total C  

(before)  

 

Total C 

(after)  

Added 13C-

NOM 

(before)  

Added 13C-

NOM 

(after) 

% loss of 

added  
13C-NOM 

Fh 2.12 bdl 0.00 bdl bdl 

Fh 2.12 bdl 0.00 bdl bdl 

Fh with Fe (II) 0.84 bdl - bdl bdl 

Fh with Fe (II) 0.84 bdl - bdl bdl 

C/Fe= Low 1.77 1.81 0.99 0.62 38 

C/Fe= Low 1.77 1.90 0.99 0.61 38 

C/Fe= Low with Fe 

(II) 

2.14 1.63 1.00 0.73 26 

C/Fe = Low with Fe 

(II) 

2.14 1.61 1.01 0.73 28 

C/Fe =High 2.09 2.48 1.50 0.87 42 

C/Fe = High 2.09 2.36 1.50 0.87 42 

C/Fe = High with Fe 

(II) 

2.28 2.16 1.36 1.03 24 

C/Fe = High with Fe 

(II) 

2.28 1.93 1.36 1.04 23 

Without the presence of inoculum  
 

C/Fe = Low  1.77 1.97 0.99 0.67 33 

C/Fe = Low with Fe 

(II)  

2.14 1.68 1.07 0.73 32 

C/Fe = High  2.09 2.33 1.50 0.95 37 

C/Fe= High with Fe 

(II)  

2.28 2.29 1.36 1.17 14 

Fh  2.12 bdl 0.00 bdl bdl 

Fh with Fe(II)  0.84 bdl - bdl bdl 

# bdl= Below detection limit.  
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Table C.3: per cent contribution of added 13C-NOM released as DOC and CO2-C (% of solid 13C-

NOM initially present in the solids) in Fresh and Aged reactors.  

Treatment 

13C NOM in DOC 

 

13C-NOM in CO2 

 

Fresh Aged Fresh Aged 

C/Fe= Low 34 38 1.4 2.8 

C/Fe= Low 36 31 1.5 3.0 

C/Fe= Low with Fe(II) 41 49 3.4 5.1 

C/Fe = Low with Fe(II) 45 54 2.9 4.2 

C/Fe =High  40 33 3.6 2.5 

C/Fe = High 40 38 4.6 2.6 

C/Fe = High with Fe(II) 29 50 1.9 2.7 

C/Fe = High with Fe(II) 29 46 2.7 2.7 

Without microbial inoculum  

C/Fe = Low  36 41 2.2 1.1 

C/Fe = Low with Fe(II)  42 59 6.9 1.5 

C/Fe = High  38 41 3.2 0.7 

C/Fe= High with Fe(II) 29 59 4.9 1.0 
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Table C.4: Mass balance calculation for added 13C-NOM in each Fresh reactor. The calculation 

has been done based on 30mg solid in 55ml solution basis.  

Before   

  

  

  

  

  

  

  

  

  

After 

Treatment  C in 

solid 

(mg/3

0 mg)   

Solution 

(mg/55ml

) 

Tota

l C  

C in solid 

(mg/30mg

) 

C 

released 

in 

solution 

(mg/55ml

) 

Mineralize

d CO2-C 

(mg/30mg) 

Total 

C  

Fh 0 0 0.0 0.00 0 0 0.0 

Fh 0 0 0.0 0.00 0 0 0.0 

Fh with Fe 

(II) 

0.00 0 0.0 0.02 -0.01 0 0.0 

Fh with Fe 

(II) 

0.00 0 0.0 0.02 -0.01 0 0.0 

C/Fe= Low  2.27 0 2.3 1.11 0.78 0.03 1.9 

C/Fe =Low 2.27 0 2.3 1.09 0.82 0.03 1.9 

C/Fe= Low 

with Fe (II) 

2.02 0 2.0 1.53 1.33 0.12 3.0 

C/Fe = 

Low with 

Fe (II) 

2.02 0 2.0 1.53 1.34 0.15 3.0 

C/Fe =High 3.32 0 3.3 2.07 0.83 0.07 3.0 

C/Fe = 

High 

3.32 0 3.3 2.04 0.91 0.06 3.0 

C/Fe = 

High with 

Fe (II) 

3.10 0 3.1 2.00 0.89 0.06 2.9 

C/Fe = 

High with 

Fe (II) 

3.10 0 3.1   

  

  

  

  

  

2.08 0.89 0.08 3.1 

Without the presence 

of inoculum  

      

C/Fe = 

Low  

2.27 0 2.3 1.17 0.82 0.05 2.0 

C/Fe = 

Low with 

Fe (II)  

2.02 0 2.0 1.68 1.25 0.11 3.0 

C/Fe = 

High 

3.32 0 3.3 2.29 0.85 
0.14 

3.3 

C/Fe= High 

with Fe (II)  

3.10 0 3.1 2.28 0.90 
0.15 

3.3 
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Table C.5: Mass balance calculation for added 13C-NOM in each Aged reactor. The calculation 

has been done based on 30mg solid in 55ml solution basis.  

Before   After 

Treatment  C in 

solid 

(mg/ 

30 

mg)   

Solution 

(mg/55ml

) 

Tota

l C  

  C in solid 

(mg/30mg

) 

C 

released 

in 

solution 

(mg/55ml

) 

Mineralize

d CO2-C 

(mg/30mg) 

Total 

C  

Fh 0.00 0 0.0   

  

  

  

  

  

  

  

  

  

  

  

bdl 0.00 0.00 0.0 

Fh 0.00 0 0.0 bdl 0.00 0.00 0.0 

Fh with Fe 

(II) 
0.17 0 0.2 bdl 0.00 0.01 0.0 

Fh with Fe 

(II) 
0.17 0 0.2 bdl 0.00 0.00 0.0 

C/Fe= Low 0.99 0 1.0 0.62 0.37 0.03 1.0 

C/Fe= Low 0.99 0 1.0 0.61 0.30 0.03 0.9 

C/Fe= Low 

with Fe (II) 
1.0 0 1.0 0.73 0.49 0.04 1.2 

C/Fe = Low 

with Fe (II) 
1.01 0 1.0 0.73 0.56 0.04 1.3 

C/Fe =High 1.50 0 1.5 0.87 0.49 0.05 1.4 

C/Fe = High 1.50 0 1.5 0.87 0.55 0.04 1.5 

C/Fe = High 

with Fe (II) 
1.36 0 1.4 1.03 0.68 0.04 1.8 

C/Fe = High 

with Fe (II) 
1.36 0 1.4 1.04 0.62 0.04 1.7 

Without the presence of inoculum  

  

C/Fe = Low 0.99 0.00 1.00 

  

  

  

  

0.666 0.408 0.0108 1.1 

C/Fe = Low 

with Fe (II) 
0.73 0.00 0.70 1.072 0.624 0.0108 1.7 

C/Fe = High 1.50 0.00 1.50 0.952 0.588 0.018 1.6 

C/Fe= High 

with Fe (II) 
1.36 0.00 1.40 1.172 0.804 0.0144 2.0 
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Table C.6: Mass balance calculation for total C in the Fresh reactor. The calculation has been done 

based on 30mg in 55ml of solution. 

Before   

  

  

  

  

  

After 

Treatment  C in 

solid 

(mg/3

0 mg)   

Solution  

(mg/55m

l) 

Tota

l C  

C in 

solid 

(mg/30m

g) 

DOC 

(mg/55m

l) 

Mineraliz

ed CO2-C 

(mg/30mg

) 

Tota

l C  

Fh 1.29 3.3 4.6 1.79 1.56 2.7 6.1 

Fh 1.29 3.3 4.6 1.74 1.44 2.6 5.8 

Fh with Fe (II) 0.33 3.3 3.6 0.75 1.56 3.7 6.1 

Fh with Fe (II) 0.33 3.3 3.6 0.73 1.44 4.5 6.7 

C/Fe= Low  2.54 3.3 5.8   

  

  

  

  

  

  

  

  

  

2.84 2.04 3.7 8.6 

C/Fe =Low 2.54 3.3 5.8 2.80 1.92 3.4 8.1 

C/Fe= Low with 

Fe (II) 

3.16 3.3 6.4 2.85 2.16 3.4 8.4 

C/Fe = Low with 

Fe (II) 

3.16 3.3 6.4 2.98 2.28 3.6 8.9 

C/Fe =High 4.07 3.3 7.3 3.66 2.04 4.3 10 

C/Fe = High 4.07 3.3 7.3 3.83 2.04 5.5 11 

C/Fe = High with 

Fe (II) 

4.09 3.3 7.4 3.56 2.16 3.7 9.5 

C/Fe = High with 

Fe (II) 

4.09 3.3 7.4 3.51 2.16 4.1 9.8 

Media  _ 3.3 3.3 _ 1.56 3.3 4.9 

Media  _ 3.3 3.3 _ 1.32 4.0 5.4 

Without the presence of inoculum  

  

C/Fe = Low  2.54 4.0 6.6   

  

  

  

  

  

2.62 1.56 1.19 5.4 

C/Fe = Low with 

Fe (II)  

3.16 4.0 7.2 2.61 1.92 1.08 5.6 

C/Fe = High 4.07 4.0 8.1 3.47 1.8 2.59 7.9 

C/Fe= High with 

Fe (II)  

4.09 4.0 8.1 3.15 2.04 2.30 7.5 

Fh  1.29 4.0 5.3 1.58 0.96 2.66 5.2 

Fh with Fe(II)  0.33 4.0 4.4 0.49 1.08 3.17 4.7 
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Table C.7: Mass balance calculation for total C in the Aged reactor. The calculation has been done 

based on 30mg in 55ml of solution. 

Before   

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

After 

Treatment   C in 

solid 

(mg/ 

30 mg)   

Solution 

(mg/ 

55ml) 

Total 

C  

C in 

solid 

(mg/ 

30mg

) 

DOC 

(mg/ 

55ml

) 

Mineralize

d  

CO2-C   

(mg/30mg) 

Total 

C  

Fh 2.12 4.7 6.8 bdl 2.04 0.63 2.7 

Fh 2.12 4.7 6.8 bdl 2.04 0.78 2.8 

Fh with Fe (II) 0.84 4.7 5.5 bdl 2.04 0.76 2.8 

Fh with Fe (II) 0.84 4.7 5.5 bdl 2.04 0.57 2.6 

C/Fe= Low 1.77 4.7 6.4 1.81 2.04 0.78 4.6 

C/Fe= Low 1.77 4.7 6.4 1.89 2.04 0.78 4.7 

C/Fe= Low with Fe 

(II) 

2.14 4.7 6.8 1.63 2.04 0.74 4.4 

C/Fe = Low with Fe 

(II) 

2.14 4.7 6.8 1.61 2.04 0.87 4.5 

C/Fe =High 2.09 4.7 6.7 2.48 1.92 0.81 5.2 

C/Fe = High 2.09 4.7 6.7 2.36 1.92 0.73 5.0 

C/Fe = High with Fe 

(II) 

2.28 4.7 6.9 2.16 2.28 0.55 5.0 

C/Fe = High with Fe 

(II) 

2.28 4.7 6.9 1.93 2.16 0.72 4.8 

Media  _ 4.7 4.7 _ 1.2 0.53 1.7 

Media  _ 4.7 4.7 _ 1.32 0.76 2.1 

Without the presence of inoculum    
C/Fe = Low 1.77 6.0 7.8 1.97 2.28 0.22 4.5 

C/Fe = Low with Fe 

(II) 

2.14 6.0 8.2 1.68 2.40 0.31 4.4 

C/Fe = High 2.09 6.0 8.1 2.33 1.92 0.52 4.8 

C/Fe= High with Fe 

(II) 

2.28 6.0 8.3 2.29 2.40 0.31 5.0 

Fh 2.12 6.0 8.2 bdl 2.28 0.22 2.5 

Fh with Fe(II) 0.84 6.0 6.9 bdl 2.28 0.16 2.4 
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Table C.8: Description of each reactor along with their designated names that have been used in 

this manuscript.  

 

Treatment name Description of reactors or vials 

Fh containing Fh, selective media with microbial inoculum  

Fh with Fe (II) containing Fe(II) reacted Fh, selective media with microbial 

inoculum  

C/Fe= Low containing C/Fe low molar ratio coprecipitates, selective media with 

microbial inoculum  

C/Fe= High containing C/Fe High molar ratio coprecipitates, selective media 

with microbial inoculum 

C/Fe=Low with Fe 

(II) 

Containing Fe(II) reacted C/Fe low molar ratio coprecipitates, 

selective media with microbial inoculum 

C/Fe=High with Fe 

(II) 

Containing Fe(II) reacted C/Fe High molar ratio coprecipitates, 

selective media with microbial inoculum 

Media Selective media along with microbial inoculum 

Without microbial 

inoculum 

 

All the reactors under this heading have no microbial inoculum in 

the reactor vials  

C/Fe = Low containing C/Fe low molar ratio coprecipitates and selective media 

C/Fe = High containing C/Fe High molar ratio coprecipitates and selective media 

C/Fe= Low with Fe 

(II) 

Containing Fe(II) reacted C/Fe low molar ratio coprecipitates and 

selective media 

C/Fe= High with Fe 

(II) 

Containing Fe(II) reacted C/Fe High molar ratio coprecipitates and 

selective media 

Fh containing Fh and selective media 

Fh with Fe(II) containing Fe(II) reacted Fh and selective media 

Media Selective media without microbial inoculum 

Media (no glucose) Selective media but no glucose was added and also without 

microbial inoculum 
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Table C.9: Change in pH during the incubation period in Fresh reactor.  

 

Treatments  pH values at each sampling date 

Fh 6.6 7.2 7.2 7.3 7.4 7.3 7.3 7.3 7.3 7.1 7.2 7.2 

Fh 6.5 7.2 7.2 7.3 7.4 7.4 7.3 7.3 7.3 7.2 7.3 7.1 

Fh with Fe (II) 6.2 6.5 6.6 6.7 6.8 6.7 6.7 6.7 6.9 6.8 6.7 6.8 

Fh with Fe (II) 6.2 6.5 6.6 6.6 6.8 6.7 6.8 6.8 6.8 6.8 6.7 6.9 

C/Fe= Low 6.3 7.0 7.2 7.2 7.3 7.3 7.3 7.5 7.5 7.3 7.1 7.1 

C/Fe= Low 6.4 7.1 7.1 7.2 7.3 7.3 7.4 7.4 7.5 7.4 7.3 7.1 

C/Fe=High 6.3 6.9 7.0 7.0 7.2 7.3 7.3 7.3 7.3 7.3 7.3 7.1 

C/Fe=High 6.3 6.9 7.0 7.0 7.2 7.2 7.2 7.2 7.2 7.3 7.3 6.8 

C/Fe= Low with 

Fe (II) 

6.3 6.7 6.8 6.9 7.1 7.0 7.0 7.1 7.2 7.2 7.1 7.1 

C/Fe= Low with 

Fe (II) 

6.2 6.7 6.8 6.9 7.1 7.2 7.2 7.1 7.2 7.1 7.0 7.1 

C/Fe = Higwith Fe 

(II) 

6.3 6.6 6.7 6.8 7.0 7.2 7.1 7.1 7.1 7.1 7.0 7.1 

C/Fe = High with 

Fe (II) 

6.1 6.6 6.7 6.8 6.9 6.9 7.1 7.1 7.1 7.1 7.1 7.1 

Media +MO 6.3 6.6 6.6 6.7 6.7 6.7 6.7 6.8 6.7 6.7 6.6 6.7 

Media +MO 6.2 6.5 6.6 6.7 6.8 6.7 6.7 6.8 6.8 6.8 6.7 6.8 

Without microbial inoculum 

 

C/Fe = Low 6.9 6.5 6.7 6.8 6.9 6.8 6.8 7.0 7.0 7.0 7.0 7.0 

C/Fe= High 6.9 6.3 6.6 6.7 6.8 6.7 6.8 6.9 6.9 6.9 6.8 6.9 

C/Fe = Low with 

Fe(II) 

6.8 5.9 6.5 6.6 6.6 6.5 6.5 6.6 6.6 6.7 6.6 6.7 

C/Fe = High with 

Fe(II) 

6.8 6.2 6.5 6.6 6.6 6.5 6.6 6.6 6.6 6.7 6.5 6.6 

Media 6.8 6.3 6.1 6.5 6.5 6.3 6.3 6.4 6.4 6.2 6.3 6.4 

Media 6.8 6.2 6.4 6.5 6.5 6.4 6.4 6.6 6.5 6.4 6.5 6.5 

Media without  

glucose 

6.8 6.8 6.8 6.9 6.9 6.8 6.8 6.9 6.8 6.7 6.7 6.7 

Media without 

microbes 

6.8 6.8 6.8 6.9 7.0 6.8 6.9 6.9 6.9 6.8 6.8 6.8 

Fh 7.1 6.3 7.0 7.1 7.0 7.0 7.0 7.0 7.0 7.0 7.0 6.9 

Fh with Fe(II) 6.8 6.4 6.3 6.4 6.4 6.3 6.3 6.4 6.4 6.4 6.5 6.4 
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Table C.10: Change in pH during the incubation period in Aged reactor.  

 

Treatment pH values at each sampling date 

Fh 6.2 7.0 6.9 7.0 6.9 6.8 6.9 6.9 6.7 

Fh 6.2 7.1 6.9 6.9 7.0 6.9 6.9 6.9 6.7 

Fh with Fe (II) 6.1 6.8 6.7 6.7 6.7 6.7 6.6 6.7 6.5 

Fh with Fe (II) 6.1 6.7 6.6 6.6 6.7 6.6 6.6 6.7 6.5 

C/Fe = Low 6.3 7.0 6.9 6.9 6.9 6.9 6.9 6.9 6.7 

C/Fe =Low 6.3 6.9 7.0 6.9 6.9 6.9 6.9 6.8 6.7 

C/Fe =High 6.2 7.0 6.9 6.9 6.8 6.8 6.8 6.7 6.6 

C/Fe =High 6.3 6.9 6.9 6.9 6.8 6.8 6.7 6.8 6.5 

C/Fe = Low with Fe 

(II) 

6.1 6.8 6.8 6.8 6.8 6.6 6.6 6.6 6.4 

C/Fe = Low with Fe 

(II) 

6.1 6.8 6.8 6.7 6.8 6.7 6.7 6.6 6.4 

C/Fe = High with Fe 

(II) 

6.2 6.9 6.8 6.7 6.7 6.7 6.6 6.6 6.5 

C/Fe =High with Fe 

(II) 

6.3 6.8 6.8 6.7 6.8 6.7 6.6 6.5 6.4 

Media +MO 6.2 6.7 6.6 6.6 6.7 6.5 6.5 6.4 6.3 

Media +MO 6.3 6.7 6.6 6.6 6.7 6.5 6.5 6.4 6.3 

Without microbial inoculum 

 

C/Fe =Low  7.1 6.8 6.7 6.7 6.7 6.6 6.5 6.5 6.4 

C/Fe =High 7.1 6.7 6.7 6.7 6.7 6.5 6.5 6.5 6.3 

C/Fe =Low with Fe 

(II) 

7.0 6.7 6.6 6.6 6.6 6.5 6.5 6.4 6.3 

C/Fe = High with Fe 

(II) 

7.0 6.7 6.6 6.5 6.6 6.5 6.4 6.3 6.3 

Media 7.0 6.6 6.4 6.4 6.4 6.4 6.4 6.3 6.1 

Media 7.0 6.6 6.5 6.5 6.4 6.3 6.4 6.3 6.1 

Media without  

glucose 

7.0 7.0 6.9 6.9 6.8 6.6 6.6 6.5 6.3 

Media without 

glucose 

7.0 7.0 6.9 6.8 6.8 6.6 6.7 6.5 6.3 

Fh  7.0 6.8 6.7 6.8 6.7 6.6 6.5 6.5 6.3 

Fh with Fe(II)  6.9 6.5 6.4 6.4 6.4 6.3 6.2 6.2 6.1 
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Figure C.1: Added 13C-NOM (mg/30g) in the (a) Fresh and (b) Aged solid sample before and after 

incubation without microbial inoculum. 
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Figure C.2:  Added 13C-NOM in DOC and DOC in Fresh (a, b) and Aged (c, d) reactors without 

microbial inoculum. 
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Figure C.3: Added 13C-NOM to CO2 respiration, cumulative 13C-NOM and Cumulative CO2 

respiration from the Fresh (a,b,c) reactors without microbial incubation.  
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Figure C.4: (a) Van Krevelen space diagram (VKD) of the 13C-DOM used as a C source for 

preparing the coprecipitate from FTICR analysis. (b) Van Krevelen diagram of DOC from an 

Arctic stream. Image Source: Dr. Rose Cory (University of Michigan). This image was used to 

compare our Van Krevelen diagram.  

 

 
 

Figure C.5: Images of the 1d reacted coprecipitates along with control.  
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APPENDIX D 

Biodegradation of Ferrihydrite-Humic acid coprecipitate 

MATERIALS AND METHODS 

Synthesis of Ferrihydrite-Humic acid coprecipitate 

Ferrihydrite-Humic acid (Fh-HA) coprecipitates with a C/Fe molar ratio of 1.6 was prepared using 

Leonardite humic acid standard purchased from the International Humic Substances Society 

(IHSS). Humic acid was dissolved in 5M KOH to prepare the stock solution. The stock solution 

later was diluted with 0.1M KOH to achieve the required concentration to prepare the 

coprecipitates with a C/Fe molar ratio of 1.6. Fe (NO3)3.9H2O was mixed with the required amount 

of humic acid solution under vigorous stirring following the methods described by Chen et al 

(Chen et al., 2014). The pH of the suspension was raised from ~2.0 to 7 by slowly adding 0.1 M 

KOH. After the formation of the coprecipitate, this solution was centrifuged at 12000 rpm for 5 

minutes. After washing twice with the 18MΩ DI water the coprecipitate was stored in the glove 

box (97% N2, 3%H2) before further use.  

Microbial inoculum collection 

For incubation study under oxic conditions, soil microbial inoculum was obtained from 

freshly collected soil (0-10 cm depth) from J. Phil Campbell Sr. Research and Education Center, 

University of Georgia, Athens-GA. The soil was shaken in a 4 mM CaCl2 solution for 24 h and 

passed through 5 μm filters (Eusterhues et al., 2014b). A small portion of that filtrate was added 

to Tryptic soy broth (TSB) media and incubated for 12 h at 25°C. The resulting incubated solution 

was centrifuged at 3000 rpm for 10 min, and the supernatant was discarded. The microbial 
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inoculums were washed with DI water twice to remove the remaining TSB media and then 

resuspended in a small amount of selective media containing 0.5 g KH2PO4, 1.0 g NaSO4, 2.0 g 

NH4Cl, 0.5 mM CaCl2, 0.1 mM MgSO4, and Na lactate (per Liter basis) having concentration of 

0, 0.5, 1,2 and 3mM to use for different batches of the experiment. The microorganisms were again 

incubated in this media for 12 h to give them enough time to adjust to this new media condition 

before adding to the experimental treatments.  

For study under anoxic conditions, Shewanella oneidensis MR1 was purchased from American 

Type Culture Collection (ATCC) and used as the microbial inoculum source. The inoculum was 

grown on the TSB media and incubated for 12 h at 29°C. Later it was centrifuged at 3000 rpm for 

10 min and followed the same procedure that was used for the soil microbial culture solution 

preparation described above (Ginn et al., 2014).  

Experimental setup 

The microcosm studies were conducted under both oxic and anoxic conditions in 30ml 

opaque serum vials containing 30mg of Fh-HA coprecipitate in 20ml of selective media containing 

(per litre basis) 0.5 g KH2PO4, 1.0 g NaSO4, 2.0 g NH4Cl, 0.5 mM CaCl2, 0.1 mM MgSO4, and Na 

lactate having a concentration of 0, 0.5, 1, 2 and 3mM. In this study, the effect of the presence of 

a different concentration of Na lactate on the biodegradation of Fh-HA coprecipitate was also 

analyzed, therefore, the four different concentration of Na lactate (0.5, 1, 2, 3 mM) was used along 

with a control containing no Na lactate. The vials under oxic conditions contained soil 

microorganisms and vials under anoxic conditions contained Shewanella oneidensis MR1 along 

with the coprecipitate and selective media at the rate of 2×10^8 CFU ml-1. To compare the 

responses of the presence of Na lactate and the microorganisms, there were controls with each 

batch of experiments containing only Fh-HA coprecipitate and Na lactate containing selective 
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media; Na lactate containing selective media and microorganisms without the coprecipitates. The 

incubation study was conducted for 7 days.  

The final treatments layout:  

Fh-HA+ Inoculum+ Lactate: The reactors contained coprecipitate in sterilized Na lactate 

containing media with different concentrations (0.5, 1, 2 and 3) along with microbial inoculum.  

Fh-HA+ Lactate: Un-inoculated reactors only containing Fh-HA coprecipitate in the media 

containing different concentrations of Na lactate.  

Inoculum + Lactate: The inoculum was suspended in the selective media containing different 

concentrations of Na lactate (No coprecipitate).  

The reactor vials were seal capped with butyl rubber stoppers and continuously shaken on a 

rotatory shaker. Oxic condition study was conducted in the laminar hood under a laboratory 

atmosphere, whereas the anoxic condition study was conducted in the glove box (97% N2, 3%H2). 

The reactors were opened during the sampling time with proper measures to prevent 

contamination. The reactors under oxic condition study were kept open for six hours after each 

sampling time in the laboratory atmosphere inside the laminar hood to circulate the air inside the 

reactors with the outside air. This was done to prevent the formation of anoxic conditions in the 

reactors.  

Sample analysis 

To measuring the dissolved organic carbon (DOC), acid extractable Fe(II) and emission of 

CO2(g) sampling were done at days 0, 3, 5, and 7. 250µl of liquid samples were collected using 

sterile pipette tips and added 1ml of 0.625 M HCl to measure the Fe (II) concentration following 

modified ferrozine method (Thompson et al., 2006). The DOC concentration was measured by 

collecting 750 µl of the solution using 0.22 micron syringe filter and analyzed in the Shimadzu 
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5050 TOC analyzer. The CO2(g) concentration was measured in LICOR CO2/H2O analyzer (Li-

840A model).  
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Figure D.1: HCL -extracted Fe (II) over time under anoxic conditions. (a) Fh-HA coprecipitates 

with microbial inoculum and different concentrations of Na lactate (b) Fh-HA coprecipitate 

without microbial inoculum (c) Inocumum with different concentrations of lactate. 
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Figure D.2: HCL -extracted Fe (II) over time under oxic condition (a) Fh-HA coprecipitate with 

microbial inoculum and different concentrations of Na lactate (b) Fh-HA coprecipitate without 

microbial inoculum(c) Inocumum with different concentrations of lactate. 

Under anoxic conditions, over the period of time, the reduction of Fe(III) to Fe(II) 

increased and it was highest with the presence of 3mM Na lactate (Figure D. 1a). The reduction 

rate in the reactor containing inoculum and 3mM Na lactate was significantly different from the 

reactor containing no lactate (Figure D.1a and b). There were differences in the Fe reduction rate 

in the reactors containing different concentrations of Na lactate but the difference is not significant 

(Figure D. 1a). Reduction of Fe(III) to Fe(II) also occurred in the reactors without any microbial 
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inoculum (Figure 1b). The reduction rate was significantly different from the reactor without the 

lactate (Figure D. 1b). This reduction could be an abiotic reduction process but the experiment was 

not done in a sterile condition, therefore, this reduction could be the result of microbial 

contamination in the vials. Fe reduction was not observed in the control (Figure 1c) containing 

Inoculum and lactate as expected.  

Despite being under the oxic condition, a small amount of reduction of Fe was observed in the 

reactors containing the coprecipitates along with the inoculum and lactate (Figure: 2a). The 

reduction rate was significantly different from the reactors containing no lactate (zero lactate). No 

Fe reduction was observed in the reactors containing coprecipitates and lactate (Figure: 2b). The 

reduction in the oxic condition may have resulted due to the formation of anoxic pockets in the 

coprecipitates, which triggered the activity of facultative anaerobic microorganisms, resulting in 

the reduction of Fe(III) to Fe(II).  
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Figure D.3: Dissolve organic carbon (DOC) over time under anoxic condition experiments 

containing (a) Fh-HA coprecipitate with microbial inoculum and different concentrations of Na 

lactate (b) Fh-Ha coprecipitate without microbial inoculum(c) Inocumum with different 

concentrations of lactate. 
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Figure D.4: Dissolve organic carbon (DOC) over time under oxic condition experiments 

containing (a) Fh-HA coprecipitate with microbial inoculum and different concentrations of Na 

lactate (b) Fh-Ha coprecipitate without microbial inoculum(c) Inocumum with different 

concentrations of lactate. 

Under anoxic conditions, the concentration of DOC decreased over the period of time in 

the reactors containing the coprecipitate along with the inoculum and lactate (Figure D. 3a). This 

rate is significantly different between the reactor containing 3mM lactate and the one with zero 

lactate (Figure D.3a). The DOC concentration in the reactors containing coprecipitate and lactate 
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(Figure: 3b) did not change much over the period of time which indicates the decrease in the DOC 

concentration on the reactors containing coprecipitate along with inoculum and lactate (Figure D. 

3a) was occurred due to the sorption of the microbial inoculum on the surface of the coprecipitate 

minerals. The CO2 (g) emission data showed no increased in the emission rate over time which 

also supports this conclusion. Similar trend was observed in the reactors under oxic condition 

(Figure D. 4).  
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Figure D.5: CO2(g) emission over time under anoxic condition experiments containing (a) Fh-HA 

coprecipitate with microbial inoculum and different concentrations of Na lactate (b) Fh-Ha 

coprecipitate without microbial inoculum(c) Inocumum with different concentrations of lactate. 
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Figure D.6:CO2(g) emission over time under oxic condition experiments containing (a) Fh-HA 

coprecipitate with microbial inoculum and different concentrations of Na lactate (b) Fh-Ha 

coprecipitate without microbial inoculum(c) Inocumum with different concentrations of lactate. 

Under anoxic conditions, the CO2 (g) emission did not increase over time which is expected 

(Figure: 5). Under oxic conditions CO2 (g) emission increased over time and was maximum in the 

reactors containing the 3mM Na lactate (Figure D.6). 
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Figure D.7: Growth curve of Shewanella oneidensis MR1 over time.  

REMARKS 

This study was initially conducted to see the effect of different concentrations of Na lactate 

on the biodegradation of Fh-HA coprecipitate. This experiment was helpful to determine the 

minimum concentration of Na lactate requires for the survival of the microbial community without 

causing interference in the microbial interaction with the coprecipitates.  

This experiment has some drawbacks such as, not having the Humic acid or the Na lactate being 

labeled. Which created problems to differentiate the sources of carbon in the solution. Moreover, 

in controls (Fh-HA and Na lactate, no inoculum) there was no sterilization process adopted apart 

from autoclaving everything initially, which raised the question of contamination in those vials 

over the period of time. This issue could have been avoided by using sodium azide in the vials. Na 

azide has a poisonous impact that prevents the growth of microorganisms. Along with that, this 

study needed some detailed examination of the coprecipitate samples before and after the 

incubation period.  


