
ABSTRACT 

 

THE EFFECTS OF ORGANIC LIGANDS ON BIOTIC OXIDATION OF FE(II) IN 

REDUCED NONTRONITE BY PSEUDOGUBENKIANIA SP. STRAIN 2002 

 

 

by Simin Zhao 

Nitrate-dependent Fe(II) oxidation (NDFO) is important for multiple environmental 

processes including nitrate remediation, heavy metal mobility and transport, and nuclear 

waste disposal. Past research has focused on microbial oxidation of either aqueous Fe2+ or 

structural Fe(II) in minerals, however, the effects of organic ligands on this process are 

not yet well understood, though organic ligands are ubiquitous in natural environments. 

The aim of this research was to study the NDFO process of structural Fe(II) in reduced 

nontronite (rNAu-2) by lithoautotrophic Pseudogulbenkiania sp. Strain 2002 in the 

presence oxalate (OXA) and nitrilotriacetic acid (NTA), to determine their effects on 

Fe(II) oxidation and mineral transformations. Bio-oxidation experiments were conducted 

using microbially reduced NAu-2 and nitrate as the sole electron donor and acceptor, 

respectively, under bicarbonate buffered neutral pH condition. A much faster rate of 

Fe(II) oxidation by strain 2002 than that of chemical oxidation by nitrite suggests a 

dominating biological role in the NDFO process. Fe(II) oxidation rate and extent were 

much higher in OXA and NTA groups than in no-ligand group. The ligand-promoted 

dissolution of rNAu-2 and the formation of highly bio-oxidizable Fe(II)-ligand complex 

and reduction of Fe(III)-ligand complex back to Fe(II)-ligand complex by structural 

Fe(II) in rNAu-2 via a process called interfacial electron transfer are the mechanisms for 

the enhanced oxidation rate and extent. In all biotic treatments, nitrate was predominantly 

reduced to N2 with a small amount of N2O gas and a negligible amount of nitrite. The 

ratio of oxidized Fe(II) to reduced nitrate was non-stoichiometric, probably resulting 

from heterotrophic nitrate reduction by cell-stored carbon. Structural Fe in rNAu-2 was 

more susceptible to chelation and liberation by organic ligands compared to unreduced 

NAu-2, but the structure of rNAu-2 was nearly restored to unreduced NAu-2 upon 

microbial oxidation in the presence of oxalate and NTA. Ferrosilite precipitated in abiotic 

oxalate group but not in biotic oxalate group, apparently due to oxidation of Fe(II) to 

Fe(III). No new minerals precipitated in NTA groups (biotic or abiotic), apparently due to 

its strong chelating ability. The results of this study highlight the importance of organic 

ligands on microbially-mediated Fe(II) oxidation kinetics and mineral transformations. 

These findings have important implications for iron and nitrogen biogeochemical cycles 

in natural environments. 
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1. INTRODUCTION 

Iron-bearing clay minerals are widely distributed in soils, sediments, and 

sedimentary rocks (Petschick et al.,1996; Stucki and Kostka, 2006; Ito et al., 2017). The 

redox state of structural Fe in clay minerals can be cycled either chemically or 

biologically (Ernstsen et al., 1998; Jaisi et al., 2005; Stucki and Kostka, 2006; Dong et 

al., 2009). The redox-activated iron-bearing clay minerals can potentially be applied for 

environmental remediation of many contaminants such as nitrate, (Ernstsen et al., 1996; 

Zhao et al., 2013, 2015, 2017), chromium (Michael et al., 2014; Liu et al., 2018), and 

uranium (Zhang et al., 2009).  

In contrast to a large body of literature on microbial reduction of structural Fe(III) 

in clay minerals by dissimilatory iron reducing bacteria (DIRB) (Kostka et al., 1996, 

1999; Kim and Dong 2004; Jaisi et al., 2007; Dong et al., 2009; Dong 2012; Liu et al., 

2017; Burton et al., 2018), studies on microbially catalyzed Fe(II) oxidation are still 

limited. Previous research on microbial oxidation of Fe(II) has mainly focused on 

aqueous Fe2+ and iron oxides (Weber et al., 2006a; Picardal 2012; Melton et al., 2014; 

Bryce et al., 2018; Chen et al., 2018, Jamieson et al., 2018; Liu et al., 2018); but a few 

recent studies have reported microbial oxidation of structural Fe(II) in clay minerals 

including biotite (Shelobolina et al., 2012a); smectite and illite (Shelebolina et al., 2012b; 

Zhao et al., 2013, 2015, 2017; Xiong et al., 2015). The microbes that are actively 

involved in Fe(II) oxidation in circumneutral pH environments are mainly 

microaerophilic Fe(II)-oxidizing bacteria, anaerobic phototrophic Fe(II)-oxidizing 

bacteria, and nitrate-dependent Fe(II)-oxidizing (NDFO) bacteria (Straub et al., 1996; 

Weber et al., 2001; Kappler et al., 2004; Emerson et al., 2010; Hedrich et al., 2011; Lin et 

al., 2012; He et al., 2016; Laufer et al., 2017). Without requirement for light, NDFO 

microbes are more abundant than phototrophic Fe(II)-oxidizing bacteria under anoxic 

conditions (Kappler and Straub 2005), and they play important roles in coupled Fe and N 

biogeochemical cycles, which has attracted extensive research interest over the last 

decade, mostly using aqueous Fe2+ or iron oxides.  
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Microbial communities catalyzing the NDFO process are found in various 

environments such as rice paddy soils, aquifers, and marine, brackish or freshwater 

sediments (Straub et al., 1996; Weber et al., 2006a; Li et al 2016; Scholz et al., 2016). 

With nitrate as electron acceptor, NDFO bacteria can gain energy to support cell growth 

through the following reaction (Straub et al., 1996; Weber et al., 2001, 2006b; Kappler et 

al., 2005) : 10Fe2+ + 2NO3
- +24H2O → 10Fe(OH)3 +18H+ + N2 (1). In this process, 

nitrate is usually reduced to nitrogenous gas, with nitrite as an intermediate product 

(Kappler et al., 2005; Weber et al., 2006b, Liu et al., 2018), whereas iron, in forms of 

aqueous Fe2+ and structural Fe(II) in Fe oxides or Fe-bearing clay minerals, can be 

oxidized to Fe(III), forming secondary iron minerals like goethite (Klueglein et al. 2014), 

lepidocrocite (Chen et al., 2018), vivianite (Zhao. et al., 2013), ferrihydrites, magnetite 

and green rust (Pantke et al. 2011). The secondary minerals formed are dependent on 

microbial strains, geochemical conditions, and Fe(II) forms (aqueous, oxide or clay 

minerals). For NDFO, most functional bacteria are mixotrophic (Bryce et al., 2018) and 

they require an organic co-substrate such as acetate to sustain Fe(II) oxidation and nitrate 

reduction. Such organisms include Acidovoraxsp. strain BoFeN1 (Kappler et al., 2005), 

Acidovorax ebreus strain TPSY (Byrne-Bailey et al., 2010), Acidovorax sp. strain 2AN 

(Chakraborty et al., 2011), and Pseudogulbenkiania sp. strain MAI-1 (Kopf et al., 2013). 

To date, only a few strains, including Pseudogulbenkiania sp. strain 2002 (Weber et al., 

2006b) and an enrichment culture KS (Straub et al., 1996) are reported to be capable of 

CO2 fixation and NDFO under lithoautotrophic conditions with Fe(II) as the sole electron 

donor and nitrate as the sole electron acceptor. Strain 2002 (Shelebolina et al., 2012b; 

Zhao et al., 2013, 2015, 2017) and enrichment culture KS (Xiong et al., 2015) have been 

proven to be capable of oxidizing structural Fe(II) in clay minerals.  

In nature Fe can form complexes with organic ligands (Fe-ligand) and natural 

organic matter (Fe-OM) (Perdue et al., 1976; Luther et al., 1996; Jansen et al., 2003; 

Hopwood et al., 2015), which may alter the kinetics of NDFO. Organic matter can be 

excreted by microbes, e.g. siderophore (Neilands et al., 1981), and root exudes (Fox et 

al., 1990; Jones et al., 1998). Organic acids can also be derived from sediments (Luther et 

al., 1992) and synthetic sources such as nitrilotriacetic acid (NTA) used for 

bioremediation of petroleum contaminated aquifers (Lovley et al., 1994) and for 
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decontamination of heavy metals at DOE sites (Bucheli-Witschel et al., 2001). Past 

studies have shown that Fe complexation with OM can affect Fe speciation, reactivity, 

and distribution (Taillefert et al., 2000; Jansen et al., 2003; Sharma et al., 2010; 

Vindedahl et al.,2016; Scholz et al., 2016; Gröhlich et al., 2017). To better understand 

NDFO in nature, it is therefore important to study Fe(II) oxidation kinetics and mineral 

transformations in the presence of ligands.  

The effect of individual organic matter on NDFO has been explored for aqueous 

Fe2+. Fe(II)-ligand complexes, for instance Fe(II)-NTA, can be oxidized by various 

NDFO strains including Acidovorax ebreus strain TPSY, Pseudogulbenkiania strain 

2002 and Pseudogulbenkiania sp. strain MAI-1 (Weber et al., 2006b; Carlson et al., 

2013; Kopf et al., 2013). Fe(II)-EDTA can be oxidized by Dechloromonas strain 

UWNR4, BoFeN1, Microbacterium sp. W5, Pseudogulbenkiania strain 2002 and 

Thiobacillusdenitrificans (Chakraborty et al., 2013; Klueglein et al., 2015; Zhou et al., 

2016; Kiskira et al., 2017). While NTA and EDTA can enhance Fe2+ oxidation process 

through prevention of cell encrustation and maintenance of cell viability by forming 

soluble Fe(III)-ligand products, Fe(II)-EDTA may be toxic to BoFeN1 and 

Pseudogulbenkiania strain 2002, as these two strains showed retarded cell growth and 

decreased nitrate reduction capacity in the presence of EDTA (Klueglein et al., 2015; 

Kiskira et al., 2017). Contrary to Fe(II)-NTA and Fe(II)-EDTA complexes, other Fe-OM 

complexes such as Fe-fulvic acid and Fe-humic acid decreased oxidation rate by, 

possibly because these large Fe-OM complexes cannot enter the periplasm for enzymatic 

oxidation (Peng et al., 2018). Consistent with this explanation, Pahokee Peat Humic Acid 

(PPHA) showed an inhibitory effect on Fe(II) oxidation by Pseudogulbenkiania sp. strain 

MAI-1, but small ligand such as citrate showed an enhancement (Kopf et al., 2013). The 

effect of ligand on NDFO kinetics is further complicated by the possibility of abiotic 

oxidation of Fe(II)-ligand complexes by nitrite, which may contribute to a significant 

fraction of iron oxidation in NDFO (Kopf et al., 2013). However, Carlson et al. (2013) 

reported that oxidation of Fe(II)-NTA by Acidovorax ebreus TPSY is a microbially 

catalyzed process. These observations suggest that the effects of organic matter on Fe(II) 

oxidation rate and extent, and the role of nitrite-induced abiotic oxidation of Fe(II) may 

be strain-specific. 
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Despite a few recent studies on the role of OM in microbial oxidation of aqueous 

Fe2+, the effect of OM on microbial oxidation of structural Fe(II) in clay minerals has not 

yet been studied, even though OM commonly coexists with clay minerals in natural 

environments (Lovely et al., 1986; Kahle et al., 2004; Lehmann et al., 2015). This 

knowledge gap is in contrast to extensive studies of the OM effects on bioreduction of 

Fe(III)-bearing oxides and clay minerals (Arnold et al., 1988; Lovely et al., 1996; Urrutia 

et al., 1999; Royers et al., 2002a, b; Liu et al., 2017; Stern et al., 2018). In these studies, 

natural organic matter (Royers et al., 2002a, b), humic substances (Liu et al., 2017; Stern 

et al., 2018), NTA (Arnold et al., 1988; Urrutia et al., 1999; Lovely et al., 1996), oxalate 

and citrate (Kostka et al., 1999), and malate (Urrutia et al., 1999), were observed to 

enhance bio-reduction of Fe(III) in Fe-bearing minerals like Fe oxides and clay minerals. 

Mechanisms for such enhancements include: 1) chelation that solubilizes Fe(III) from Fe-

bearing minerals to form soluble Fe(III)-complexes, which are more susceptible to 

microbial reduction (Lovley et al., 1996; Koska et al., 1999; Parrello et al., 2016; Liu et 

al., 2017); 2) electron shuttling to enhance Fe(III) reduction (Royers et al., 2002a,b; Liu 

et al., 2017; Stern et al., 2018); 3) formation of soluble Fe(II) products that prevents 

Fe(II) sorption onto mineral and cell surfaces and thus removes the inhibitory effect 

(Urrutia et al., 1999). However, equivalent research has not been studied for microbial 

oxidation of structural Fe(II) in clay minerals in the presence of ligands. It remains 

unclear if similar mechanisms operate for NDFO of clay minerals. 

The objective of this study is therefore to fill the above knowledge gap by 

studying nitrate-dependent oxidation of structural Fe(II) in a microbially reduced iron-

rich smectite, nontronite (rNAu-2) by nitrate-dependent Fe(II) oxidizer 

Pseudogulbenkiania strain 2002 with or without the presence of oxalate (OXA) and 

NTA, two representative model ligands. Specifically, we aim to study the effect of 

oxalate and NTA on: 1) the rate and extent of Fe(II) oxidation and nitrate reduction; 2) 

mineralogical changes associated with NDFO. Based on the known effects of OM on 

bioreduction of structural Fe(III) in clay minerals and on microbial oxidation of aqueous 

Fe2+, we hypothesize that Fe(II) oxidation rate and extent of rNAu-2 in NDFO will be 

enhanced in the presence of OXA and NTA. Wet chemistry was used to measure the 

kinetics of Fe(II) oxidation and nitrate reduction, which was fitted with a kinetic rate 
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model. UV-visible spectroscopy was used to measure Fe(II)-ligand complex formation. 

Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and electron 

microscopy were used to determine mineralogical transformations. The results of this 

study highlight the importance of organic ligands on the NDFO kinetics and mineral 

transformation. 

2. MATERIALS AND METHODS 

2.1. Bacterial cultivation  

Pseudogulbenkiania sp. strain 2002 was isolated by most-probable-number 

enumeration under nitrate-dependent Fe(II)-oxidizing condition (Weber et al., 2006b). 

Strain 2002 is an anaerobic betaproteobacterium capable of heterotrophic growth with 

organic substrate as electron donor and nitrate as electron acceptor, or litho-autotrophic 

growth with Fe(II) as electron donor and nitrate as electron acceptor (Weber et al., 2006b, 

2009). Strain 2002 is routinely cultured in anoxic freshwater basal medium with sodium 

acetate (10mM) and sodium nitrate (10 mM) as electron donor and accepter, respectively 

in the presence of vitamins and trace minerals (Weber et al., 2009). Prior to experiment, 

frozen stock of strain 2002 was activated for 24 hours, and then transferred to a new 

growth medium. Cell growth was periodically monitored by turbidity measurement at OD 

600 nm on a spectrophotometer (Figure 1A). When reaching the log phase, cells were 

harvested and washed three times with repeated centrifugation (6000 g, 10min) and 

resuspension with anoxic (80:20 N2: CO2 purged) bicarbonate buffer (29.76 mM 

NaHCO3 and 1.34 mM KCl at pH 7.0) to remove acetate and nitrate. After the final wash, 

cells were resuspended in the same bicarbonate buffer to serve as a stock.  The stock cell 

concentration was checked through direct cell counts (Petroff-Hausser counting chamber, 

0.02-mm depth), and once a correlation between optical density at 600 nm (OD600) and 

cell count was established (Figure 1B, R2=0.9984), OD was used in subsequent 

experiments as a proxy for cell counts.  
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2.2. Mineral, Media and Experiment Set-up 

2.2.1. Preparation of microbially reduced NAu-2  

Nontronite (NAu-2), purchased from the Clay Minerals Society, has a formula of 

M0.72(Si7.55Al0.45)(Fe3.83Mg0.05)O20(OH)4, where M represents interlayer cations such as K, 

Ca, and Na. The Fe content of NAu-2 was 24%, of which 92% was in octahedral site and 

8% in tetrahedral site (Keeling et al., 2000; Gates et al., 2002). The NAu-2 sample was 

size fractionated to obtain a size range of 0.02-0.5 μm (Liu et al., 2011).  NAu-2 (5 g/L) 

was suspended in bicarbonate buffer, purged with N2/CO2 (80:20), and autoclaved.  

Bio-reduction of structural Fe(III) in NAu-2 was achieved using Shewanella 

putrefaciens CN32 with lactate (10 mM) as electron donor, structural Fe(III) in NAu-2 as 

electron acceptor, and anthraquinone-2,6-disulfonate (AQDS) (0.1 mM) as electron 

shuttle at 30oC  (Jaisi et al., 2007; Zhao et al., 2013). When the Fe(III) reduction extent 

reached 23%, the reduction vials were pasteurized (one time at 80oC for 3 hrs) to stop the 

reaction (Jasi et al., 2008). The reduced NAu-2 (hereafter called rNAu-2) was washed 

with repeated centrifugation and resuspension to remove lactate, AQDS and CN32 cells. 

The washed rNAu-2 was re-suspended in the same buffer, adjusted to a final pH of 6.8-

7.0 with anoxic sterile HCl or NaOH, and pasteurized, e.g., three rounds of hot (80oC 1 hr 

) and cold (4oC 0.5 hr ) water bath (Zhao et al., 2013; 2015). The sterilization of rNAu-2 

stock solution was confirmed by lack of growth of CN32 cells on agar plates.  

2.2.2. Preparation of organic ligands 

Oxalate (OXA) is commonly present in the rhizosphere soil (Jones et al., 1988), 

and Nitrilotriacetic acid (NTA) as a synthetic OM is frequently used in decontamination 

sites such as DOE Hanford site. NTA is also widely used in daily products such as 

detergent and cleanser, and it is present in surface water, groundwater, and soils (Bott et 

al., 1980). Therefore, these two ligands were chosen as representatives to study their 

effect on NDFO. NTA and OXA powders were purchased from Sigma. These two 

powders were suspended with Milli-Q water to stock solution, wrapped with aluminum 

foil to prevent light degradation, adjusted pH to 7 with NaOH, purged with N2 (100%, 30 
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minutes) to get anaerobic solution, and crimp-sealed with blue rubber stoppers and 

aluminum cap. The solution was then transferred to an anaerobic chamber (Coy 

Laboratory Products, Grass Lake, Michigan) and filter-sterilized.  

To rule out the possibility that these two ligands may be used as growth substrate 

by strain 2002, a cultivation experiment was pre-performed through inoculation of strain 

2002 cells with different organic substrates including: oxalate, NTA, and acetate in a 

freshwater basal medium in the presence of  nitrate, vitamins, and trace minerals (Weber 

et al., 2009). Results showed that strain 2002 cannot use oxalate or NTA as a growth 

substrate (Figure S1), and thus NTA and OXA were used for subsequent NDFO 

experiment.   

2.2.3. Microbial oxidation of rNAu-2 

Balch tubes (25 mL) containing 6 mL bicarbonate buffer were purged, sealed, and 

autoclaved. After sterilization, these tubes were transferred to an anaerobic chamber and 

sterilized rNAu-2 stock solution was added to achieve a final concentration of ~5 g/L 

rNAu-2 (containing structural Fe(II) ~4.9-5 mM) as the sole electron donor, amended 

with anoxic and sterilized sodium nitrate as the sole electron acceptor (~10 mM final 

conc.). Vitamins and trace minerals were omitted to maintain a non-growth condition 

(Weber et al., 2006b).  

Two separate experimental groups were set up to examine the effect of NTA and 

OXA. A small amount of NTA or OXA stock solution was added to separate tubes to 

achieve a final concentration of 5 mM. Finally, cell stock suspension was added to 

achieve a final cell concentration of ~ 3 x108 cell/mL. Two biotic groups were set up: 

Fe(II) + Cells+ NO3
- + NTA and Fe(II) + Cells +NO3

- + OXA. The no-ligand control 

group was identical to experimental treatments but without any ligand: Fe(II) + Cells+ 

NO3
-. Two abiotic controls were set up for each ligand: Fe(II) + NO3

- + NTA, Fe(II) + 

Cells (heat killed) + NO3
- + NTA; Fe(II) + NO3

- + OXA, Fe(II) + Cells (heat killed) + 

NO3
- + OXA. For N2 gas measurement, separate experiments were set up, where the 

headspace of each tube was purged with helium for 15 minutes using sterile needles right 

after cell inoculation. Because all control and experimental groups were amended with 

NO3
-, in later descriptions NO3

- was omitted for succinctness. For heat-killed (HK) 
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controls, a separate aliquot of cells (again at ~ 3 x108 cell/mL) was killed by heating at 

121oC for 30 minutes, cooled to room temperature, and then added to the tubes. The total 

volume for each treatment solution was ~ 10 mL. All groups were conducted in 

duplicates and were incubated in an anaerobic chamber at 30oC with no light exposure 

(aluminum foil wrapped). The pH for each group was recorded at the end of the 

experiment (60 days). 

2.2.4. Abiotic oxidation of rNAu-2 by nitrite in the presence of organic ligands 

To rule out the possibility that some amount of nitrite could have been produced, 

which can chemically oxidize Fe(II) in the NDFO process, a supplementary experiment 

was set up to examine such chemical reaction. Sterilized rNAu-2 (final conc. 5 mM) was 

used as electron donor and sterilized nitrite (NaNO2, final concentration 2 mM) as 

electron acceptor under bicarbonate buffered condition in 25-mL Balch tubes: rNAu-2 + 

NO2
- + OXA (5 mM), rNAu-2 +NO2

- + NTA (5 mM), and rNAu-2 + NO2
-. Nitrite of 2 

mM in concentration was used because about 2 mM nitrate was consumed in the biotic 

groups in the first two days and no more than 2 mM nitrite should have been produced. 

Nitrite, structural Fe(II), and dissolved Fe2+ concentrations were monitored with the 

sulfanilamide method, 1,10-penanthroline method and revised Ferrozine method, 

respectively, as described below. 

2.2.5. Organic ligand dissolution effects on unreduced NAu-2 

Because we observed more dissolution of rNAu-2 (by NTA and OXA) in abiotic 

groups than in cell-added groups, we hypothesized that bio-oxidation of rNAu-2 

stabilized the structure and resulted in less dissolution. To test this hypothesis, a 

supplementary experiment was performed, where a sterile and anoxic NAu-2 solution 

(99.4% of Fe was Fe(III), 5 g/L) was mixed with anoxic OXA (5 mM) or NTA (5 mM) 

and NaNO3
- (10 mM ) for 16 days. The dissolved cations (Fe, Si, Mg, and Al) were 

measured with inductively-couple plasma optical emission spectrometry (ICP-OES) as 

described below. 
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2.2.6. Interfacial electron transfer from Fe(II) in rNAu-2 to Fe(III)-ligand complexes  

Because we observed partial dissolution of rNAu-2, Fe-ligand complexation, and 

a much faster Fe(II) oxidation rate in the OXA and NTA groups than in the no-ligand 

group, we proposed that OXA and NTA dissolved rNAu-2, released Fe(II) and Fe(III) 

formed complexes with these ligands, and Fe(II)-ligand complexes were then bio-

oxidized to Fe(III)-ligand complexes by strain 2002 via NDFO. The resulting Fe(III)-

ligand complexes may receive electrons from structural Fe(II) in rNAu-2 via a process 

similar to interfacial electron transfer (IET), but in a reversed direction. To test this 

hypothesis, a supplementary experiment was designed by mixing 0.9 mM Fe(III)-NTA 

complex (1:1 FeCl3 - NTA ratio, pH 7) with rNAu-2 [pH 7, 4.8 mM Fe(II)]. To test the 

electron-donating capacity of rNAu-2, once the production of aqueous Fe2+ stopped, a 

fresh spike of Fe(III)-NTA was added until there was no more reduction of Fe(III)-NTA 

upon addition of a new spike. Structural Fe(II) in rNAu-2, aqueous Fe2+, and total 

aqueous Fe concentration were monitored with 1,10-penanthroline and Ferrozine 

methods as described below.  

2.3. Analytical Methods 

2.3.1. Measurements of Fe(II), nitrate, nitrite and N2 Concentrations 

The reaction progress was monitored by measuring time-course change of 

concentrations of clay-associated Fe(II), dissolved Fe2+, clay-associated total Fe, 

dissolved total Fe, nitrate, and nitrite. Clay-associated Fe(II) was measured on the clay 

solid. To prevent chemical oxidation of Fe(II) by nitrite under acidic boiling condition 

used in this method, supernatant was separated from the solid via centrifugation at 10,000 

x g for 10 minutes. The clay pellet was washed three times with anoxic and sterile 

bicarbonate buffer (Zhao et al., 2015) and resuspended for 1,10-penanthroline 

measurement (Amonette and Templeton, 1998). To measure aqueous Fe2+ and aqueous 

total Fe, samples were collected from the supernatant and were measured with a revised 

ferrozine method using sulfamic acid treatment to remove nitrite before complexation of 

Fe2+ with Ferrozine (Schaedler et al., 2017). Total aqueous Fe was measured with the 
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revised Ferrozine method once Fe3+ was reduced to Fe2+ by hydroxylamine 

hydrochloride. Concentrations of nitrate and nitrite in the supernatant were determined 

with a diazotization method using sulfanilamide under acidic condition. The 

measurement was made with a Lachat Quickchem 8500 Series ii Flow Injection Analysis 

System (Instruments et al., 2000). Headspace N2 gas was measured with an Agilent 

7890A Gas Chromatographic (GC) system.  

2.3.2. Fe-ligand complex measurement with ultraviolet–visible spectrophotometry and 

dissolved metal concentrations with inductively coupled plasma optical emission 

spectrometry (ICP-OES) 

NTA and oxalate are strong chelates that can dissolve clay minerals to form NTA- 

and OXA-complexes (Kostka et al., 1999; He et al., 2011), and thus may affect the 

kinetics of NDFO. Fe-NTA and Fe-OXA complex formation was examined over time (2, 

16, and 60 days) with ultraviolet–visible spectrophotometry (UV-vis) (Pozdnyakov et al., 

2008; De et al., 2015). Fresh samples were extracted with 1 mL sterile syringe and 

centrifuged (10,000 x g, 10 minutes). The supernatant was filtered through a 0.22 µm 

nylon filter. Absorption spectra with a scan range of 200 nm-800 nm were recorded using 

a model 1050 high-performance lambda spectrophotometer (Perkin Elmer, Waltham, 

Massachusetts).  

To monitor any ligand-induced NAu-2 and rNAu-2 dissolution, clay suspensions 

were filtered and fixed in 2% nitric acid (final conc.). Dissolved cations (Fe, Si, Mg, and 

Al) in the filtrate were measured over the same time duration (60 days) with ICP-OES 

(Agilent 5110 ICP-OES at the STAR lab, Ohio State University, USA).  

2.3.3 FTIR and XRD 

Structural changes of NAu-2 upon bio-reduction and bio-oxidation with or 

without organic ligands were examined using attenuated total reflection infrared 

spectroscopy (ATR-FTIR). NAu-2 suspension was collected from the reaction tubes and 

centrifuged (10,000 x g, 15 minutes). The supernatant was removed, and the pellet was 

dried at 30oC in an anaerobic chamber incubator. Approximately 2 mg of the dried NAu-

2 pellet was prepared for ATR and analyzed utilizing a Spectrum 100 Frontier Infrared 

https://en.wikipedia.org/wiki/Waltham,_Massachusetts
https://en.wikipedia.org/wiki/Waltham,_Massachusetts
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Spectrometer (Perkin-Elmer, Waltham, Massachusetts). The spectra were scanned by 

accumulating 4 scans at 1 cm−1 resolution in the mid-IR range (Frost et al., 2002, Zhao et 

al., 2015).  

At the end of the experiment, mineralogical transformations as a result of 

microbial oxidation of Fe(II) in the presence of NTA and OXA were studied with powder 

X-ray diffraction (XRD). Clay suspension was centrifuged and washed three times to 

make a smear amount to a petrographic slide followed by drying in a 30oC incubator 

inside an anaerobic chamber. The dried slide was ethylene-glycolated in a desiccator 

overnight until XRD analysis (Moore and Reynolds, 1997) to distinguish expandable 

nontronite from non-expandable clay mineral such as illite. Powder X-ray patterns were 

collected using a Scintag X-ray powder diffractometer with CuKα radiation. The sample 

was scanned with a step size of 0.02 and speed of 0.6o per minute for a 2-theta range of 2o  

to 70o, but XRD patterns up to 40o two-theta were shown because major diffraction peaks 

were present within this range. Burker’s Diffrac. Eva software was used to identify 

mineral phases. The software uses the PDF2-1992 database as a reference source.  

2.3.4. SEM 

At the end of the experiment, cell-rNAu-2 associations and newly formed 

minerals were observed with scanning electron microscopy (SEM). After fixation with 

2.5% glutaraldehyde and 2% paraformaldehyde, clay suspensions were mounted onto a 

poly-L-lysine pretreated cover slide for 10 minutes, followed by a series of ethanol 

dehydration, and critical point drying with a Tousimis Samdro-780A Critical Point Dryer 

(CPD) (Dong et al., 2003). The cover slips were subsequently mounted to SEM stubs 

with clear double-sided sticky tape and gold-coated. SEM observations were made with a 

Zeiss Supra 35 variable pressure (VP) SEM equipped with EDAX Genesis 2000 X-ray 

energy dispersive spectroscopy (SEM/EDS). The chemical composition of clay mineral 

was obtained using EDS with a 7-10 keV accelerating voltage and 8-10 mm working 

distance. 

https://en.wikipedia.org/wiki/Waltham,_Massachusetts
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2.3.5. Biogeochemical modeling 

The Fe complex species were calculated with Visual MINTEQ3.1 software. The 

progress of the experiments was simulated using the React program of the Geochemist’s 

Workbench software package and the Minteq thermodynamic dataset (Bethke, 2008). We 

amended the dataset by including rNAu-2 (see Supplementary Information). We first 

simulated the abiotic oxidation of Fe(II) in rNAu-2 by nitrite, and considered the 

following reactions:  

Nontronite-Fe(II) + 2/3NO2
-  + 8/3 H+ = Nontronite-Na  + 2 Na+ + 1/3 N2(aq)  + 4/3 H2O 

In the presence OXA, we considered the oxidation of oxalate-Fe(II) complex, 

2/3NO2
- +2 Fe(II)-Oxalate(aq) + 8/3 H+ = 1/3 N2(aq)  + 4/3 H2O + 2 Fe(III)-Oxalate+ 

In the presence of NTA, we considered the oxidation of NTA-Fe(II) complex, 

2/3NO2
- + 2 Fe(II)(NTA)2

---- + 8/3 H+  = 1/3 N2(aq)  + 4/3 H2O + 2 Fe(III)(NTA)2
--- 

We computed the rates of Fe(II) oxidation using the first-order rate equation, 

 Fe Fe(II)r k m=  , (1) 

where kFe is the rate constant (s-1) and mFe(II) the concentration of ferrous iron. We 

estimated the kFe value by fitting the modeling results to the laboratory observations.  

To simulate microbial Fe(II) oxidation with ligands, we described microbial 

Fe(II) oxidation and nitrate reduction as a kinetic process: 

Nontronite-Fe(II) + 2.4*H+ + .4*NO3
-  -> Nontronite-Na + 1.2*H2O  + .2*N2(aq)  + 

2*Na+ 

In the presence of NTA and oxalate, we assume the Fe(II) oxidation as a 3-step process: 

1) partial dissolution of rNAu-2, release of Fe(II), and formation of Fe(II)-ligand 

complex. This is an initiator step; 2) biotic oxidation of Fe(II)-ligand by nitrate to Fe(III)-

ligand complex; 3) reduction of Fe(III)-ligand complex back to Fe(II)-ligand complex by 

structural Fe(II) in rNAu-2. Steps 2 and 3 repeat until the reduction capacity of rNAu-2 is 

exhausted. Our independent control experiment showed that step 3 is extremely fast. 

Thus, we assume the rate limiting step is step 2.  

Therefore, the oxidation of NTA-Fe(II) by nitrate can be written as: 

Fe(II)(NTA)2
----  + 1.2*H+  + .2*NO3

-  -> Fe(III)(NTA)2
---  + .1*N2(aq)  + .6*H2O, 

or the oxidation of Oxalate-Fe(II): 
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Fe(II)-Oxalate(aq)  + 1.2*H+  + .2*NO3
-  ->Fe(III)-Oxalate+ + .1*N2(aq)  + .6*H2O. 

In addition, we also considered the oxidation of endogenous organic carbon coupled to 

nitrate reduction: 

Acetate- + .6*H+ + 1.6*NO3
- -> 2*HCO3

-  + .8*N2(aq)  + .8*H2O 

Due to the lack of identity of cellular organic carbon, we use acetate as an electron donor 

for nitrate reduction, but this assumption does not affect the rate calculation. 

We computed the rate r of microbial reaction using the modified Monod equation, 

 
A

max D

A A

m
r V m

m K
=   

+
 (2) 

where Vmax is the maximum rate (s−1),  is a factor that accounts for the extent of Fe(II) 

oxidation, [X] is biomass concentration in gram dry weight per kg water (g·kg−1), mD is 

the concentration of Fe(II) or endogenous organic carbon, and mA and KA are the 

concentrations of nitrate and the half-saturation constant, respectively. We evaluated the 

impact of Fe(II) oxidation extent according to 

 
Fe(III)

o

1
f

f
 = −  (3) 

where fFe(III) is the fraction of solid-phase Fe(III) in the total solid-phase iron (Fe(II) 

and Fe(III)), and fo is the threshold fraction where iron oxidation ceases, presumably due 

to the blockage of electron transfer channels by the formation of Fe(III) in the mineral. 

We do not consider the extent in organic matter oxidation (i.e.,  =1). We also ignore cell 

growth, due to the relatively large biomass provided at the beginning of the experiments. 

We set the KA value of 2.3 µM (Jin and Roden, 2011) and estimate the Vmax value by 

fitting the modeling results to laboratory observations.  
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3. RESULTS 

3.1 Microbial oxidation of bio-reduced NAu-2 with or without organic ligands  

3.1.1 Nitrate-dependent Fe(II) oxidation of rNAu-2 with or without the presence of 

ligands 

Throughout the experimental duration (60 days), the pH remained in the range of 

6.8-7.0 in all control and experimental groups. In the absence of ligands, abiotic controls 

in our previous studies did not show any Fe(II) oxidation or nitrate reduction , thus, we 

do not consider abiotic groups in the no ligand group (Zhao et al., 2013, 2015, 2017). In 

the presence of live cells, the oxidation of structural Fe(II) in rNAu-2 (Fig. 3a) was 

coupled with reduction of nitrate (Fig. 3b). Structural Fe(II) in rNAu-2 was rapidly 

oxidized in the first day at a rate of 0.31 mM/d followed by a slow oxidation rate until the 

end of the experiment (Fig. 3c). When nitrate reduction slowed, there was abundant 

Fe(II) remaining, and therefore, a second spike of nitrate was added on day 16. The 

results showed that nitrate reduction and Fe(II) oxidation slightly continued. The ultimate 

extent of Fe(II) oxidation, from two spikes of nitrate, reached 48% (Table 1), consistent 

with our earlier studies (Zhao et al., 2013, 2015). Negligible amounts of soluble Fe2+ and 

soluble total Fe were observed (Fig. 4A), suggesting that Fe(II) oxidation might have 

occurred in solid state. The ratio of the amount of nitrate reduction to the amount of 

Fe(II) oxidized was much greater (1.9) than the stoichiometric ratio of 0.2 according to 

equation 1. Such high ratios have been observed before (Zhao et al., 2013, 2015, 2017; 

Chen et al., 2018, Liu et al., 2018) and can be ascribed to extra nitrate reduction by 

cellular carbon stored in the cytoplasm. According to our modeling results, nitrate 

reduction by the oxidation of endogenous organic carbon accounted for 79% of the total 

nitrate reduction.  

Abiotic or heat-killed OXA groups did not exhibit any Fe(II) oxidation (Fig. 3d) 

or nitrate reduction (Fig.3e). Abiotic or heat-killed cell controls showed similar 

concentrations of soluble Fe2+ and soluble total Fe (Fig. 4A), suggesting that aqueous 

Fe2+ was derived from rNAu-2 dissolution and soluble Fe3+ was negligible. A time-course 

decrease in soluble Fe2+ (from 0.75 to 0.2 mM) was likely due to precipitation of Fe2+-
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bearing mineral or sorption of Fe2+ to rNAu-2. In the live cell experiments, the presence 

of OXA greatly accelerated Fe(II) oxidation. In the OXA + cells treatment, Fe(II) was 

rapidly oxidized in the first day followed by a slow oxidation to the end of the experiment 

(Figs. 3d & f). Again, addition of a second spike of nitrate slightly promoted continued 

Fe(II) oxidation. A total of 83% (Table 1) structural Fe(II) initially present in rNAu-2 

was oxidized. According to the modeling results, 96% of the Fe(II) in rNAu-2 was 

oxidized by microbes and the remaining Fe(II) (4%) was oxidized by nitrite. The 

modeling results further revealed that the bulk rate of microbial Fe(II) oxidation in the 

system was controlled by the oxidation rate of Fe(II)-OXA complex, and the direct 

oxidation of structural Fe(II) by nitrate was negligible (Fig. 3f). A small amount of 

aqueous Fe2+ (0.6 mM) was measured within the first hour but became undetectable after 

that, suggesting that live cells quickly oxidized aqueous Fe2+ that may be released 

initially from rNAu-2. Interestingly, dissolved total Fe concentration was much higher 

than aqueous Fe2+ concentration (Fig. 4A), suggesting that Fe3+ from oxidation of 

aqueous Fe2+ remained soluble in the presence of OXA via complexation.  

Again abiotic or heat-killed NTA groups did not exhibit any Fe(II) oxidation (Fig. 

3g) or nitrate reduction (Fig. 3h). These controls showed similar concentrations of soluble 

Fe2+ and total Fe, suggesting that there was no soluble Fe3+, and aqueous Fe2+ was 

derived from rNAu-2 possibly via chelation. However, unlike the OXA group, soluble 

Fe2+ showed a time-course increase (from 0.70 to 1.5 mM), likely due to continued 

dissolution of rNAu-2 by NTA. In the presence of live cells, Fe(II) in the NTA + cells 

group was rapidly oxidized in the first day followed by a slow oxidation afterwards (Figs. 

3g & 3i) with the total extent of bio-oxidation reaching 85% (Table 1) after two spikes of 

nitrate addition. Microbes accounted for 93.1% of the total Fe(II) oxidation. Again the 

modeling results revealed that the bulk rate of microbial Fe(II) oxidation in the system 

was controlled by the oxidation rate of Fe(II)-NTA complex, and the direct oxidation of 

structural Fe(II) by nitrate was negligible (Fig. 3i). Similar to the OXA group, the 

concentration of total dissolved Fe was much higher than that of aqueous Fe2+ (Fig. 4B), 

suggesting that Fe3+ from oxidation of aqueous Fe2+ remained soluble via complexation 

with NTA. Interestingly, total dissolved Fe in biotic NTA group was much lower than 

those in abiotic and heat-killed controls (Fig. 4B), suggesting that live cells oxidized 
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rNAu-2 and thus may have stopped/slowed continuous dissolution of reduced NAu-2 by 

NTA.  

Within the experimental period, no nitrite or ammonium was detected in all 

experimental groups, which is similar to previous observations (Weber et al., 2006b, 

Zhao et al., 2013, 2015, 2017; Chen et al., 2018, Liu et al., 2018). The majority of nitrate 

was reduced to N2 at the end of day 16, with a small amount of N2O observed in NTA 

and no-ligand group (Fig. 5). The total N2 and N2O produced in NTA, OXA, and the no 

ligand group (0.020 mmol, 0.015 mmol, 0.013 mmol, respectively) were close to half of 

the amount of nitrate reduction in the three biotic groups (0.0378 mmol, 0.032 mmol, 

0.0379 mmol), which supports eq. 1 and previous observations (Chen et al., 2018; Liu et 

al., 2018).  

3.1.2 Abiotic oxidation of rNAu-2 by nitrite  

Although nitrite production was negligible, a supplementary experiment was 

performed to test Fe(II) oxidation by nitrite. The abiotic nitrite rNAu-2 oxidation 

supplementary experiment modeling results (Fig. 6) showed that the addition of OXA or 

NTA did not enhance significantly the rate of ferrous iron oxidation. The rate in rNAu-2, 

rNAu-2+OXA, and rNAu-2+NTA groups was 0.168 mM/d, 0.121 mM/d and 0.295 

mM/d, respectively. According to the modeling results, the oxidation of OXA-Fe(II) and 

NTA-Fe(II) complex accounted for 5.4% and 40.6% of the total abiotic nitrite iron 

oxidation, respectively (Fig. 6c, f, and i). The bio-oxidation rate in the presence of NTA 

and OXA was about 7 times faster than the abiotic rate, while the no-ligand group was 

about one time faster than that. The pseudo-first order kinetic constant (Fig. 7) for 

biological Fe(II) oxidation in the presence of NTA and OXA and no-ligand group in the 

beginning of the experiment were 0.0497 h-1 (R2=0.57), 0.0398 h-1 (R2=0.74) and 0.0031 

h-1 (R2=0.99), respectively, while that for chemical Fe(II) oxidation by nitrite were 

0.0028 h-1  (R2=0.91), 0.0011 h-1  (R2=0.83) and 0.0015 h-1 (R2=0.90), respectively. A 

comparison between these constants revealed that biological oxidation of structural Fe(II) 

in rNAu-2 is much faster than chemical oxidation of Fe(II) by nitrite, with or without the 

presence of organic ligands. This is consistent with former observations in which nitrite 

oxidation contributed only a small fraction of Fe(II) oxidation while biological oxidation 
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plays a more important role in Fe oxidation in NDFO for Fe-bearing clay minerals 

(Shelobolina et al., 2012b; Zhao et al., 2013).  

3.1.3. Spectroscopic evidence for Fe-OXA and Fe-NTA complex formation 

To confirm complexation of Fe with OXA and NTA in these treatments, UV-vis 

absorption spectroscopy was performed. Characteristic peaks for Fe(III)-OXA complex at 

260 nm (Pozdnyakov et al., 2008) and Fe(III)-NTA complex  258 nm (De et al., 2015), 

were observed for the OXA and NTA samples, respectively (Fig. 8). Unlike the biotic 

OXA group where the absorbance peak persisted until day 60 (Fig. 8C), the abiotic and 

heat-killed OXA control groups showed disappearance of the peak at day 16 (Figs. 8A, 

B), which is consistent with a time-course decrease of total Fe in these groups (Fig. 4A). 

In contrast, the absorbance peak for the abiotic and heat-killed NTA groups (Fig. 8D, E) 

showed a time-course increase, suggesting that aqueous Fe in these groups increased over 

time, consistent with measurements of aqueous Fe2+ and total Fe (Fig. 4B). The 

absorbance peak for the abiotic treatment did not show any time-course change, again 

consistent with nearly constant concentration of aqueous total Fe (Fig. 4B). The 

geochemical modeling using Visual Minteq 3.1 showed that Fe-oxalate and Fe-NTA- 

were the dominant Fe-complexes in biotic OXA and NTA groups, respectively (Table 2), 

consistent with the UV-Vis spectroscopic results. 

3.1.4 Interfacial electron transfer between Fe(III)-ligand complexes and rNAu-2 

Co-existence of Fe(III)-ligand complexes (Figs. 3 & 8) and rNAu-2 suggests the 

possibility of interfacial electron transfer from structural Fe(II) of rNAu-2 to chelated 

Fe(III)-ligand complex. Therefore, a separate experiment was set up to directly test 

electron transfer from structural Fe(II) in rNAu-2 to Fe(III)-NTA. The first spike of 

Fe(III)-NTA (0.9 mM) was consumed instantaneously (Fig. 9A) and an equivalent 

amount of structural Fe(II) in rNAu-2 was oxidized (Fig. 9B). In the second spike, the 

redox reaction between Fe(II) in rNAu-2 and Fe(III)-NTA was instantaneous again, but 

only a half of the added Fe(III)-NTA (0.45 mM) was consumed and about 0.5 mM of 

structural Fe(II) oxidized. The third spike of Fe(III)-NTA (0.8 mM) showed that IET 
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almost stopped and structural Fe(II) remained at about 2.9 mM. The total oxidation extent 

was about 40% with three spikes of Fe(III)-NTA.  

 

3.2 Effects of organic ligand on NAu-2 dissolution 

The observation of aqueous Fe2+ in the presence of OXA and NTA (Fig. 4) 

prompted us to explore the effects of these ligands on dissolution of rNAu-2. Aqueous 

concentrations of Si, Al, Fe, and Mg were measured throughout experimental period to 

monitor dissolution of rNAu-2. Aqueous Fe was negligible in the rNAu-2+Cell group 

without ligand (Fig. 10A).  About 0.75 mM of aqueous total Fe was measured by day 2 in 

abiotic and heat-killed OXA controls, but aqueous Fe gradually decreased by day 60. In 

the presence of live cells, the level of aqueous Fe was maintained throughout the entire 

60-day period, suggesting that cell activity oxidized Fe2+ to Fe3+, which was maintained 

in the aqueous phase.   

Fe concentrations were higher in abiotic NTA group than in abiotic OXA group 

increased over time (Fig. 10A), consistent with the trend of aqueous Fe2+ and total Fe 

over shorter time interval (Figs. 4A & B). However, in the presence of live cells and 

NTA, smaller amounts of Fe were measured in aqueous solution, suggesting that biotic 

oxidation of rNAu-2 may have inhibited dissolution of rNAu-2 by NTA.  

Similar to Fe, low levels of aqueous Si were observed in the no-ligand group. 

Unlike the time-course decrease of Fe concentration in the abiotic and heal killed OXA 

groups (Figs. 4A & 10A), Si concentration first increased and then decreased (Fig. 10B) 

suggesting that Si precipitated later than Fe. In the two NTA abiotic groups, aqueous Si 

concentration increased over time, similar to Fe concentration (Fig. 10A). In the biotic 

NTA group aqueous Si concentration remained low until day 60, again similar to Fe 

Aqueous Mg concentrations were low and similar across all OXA and NTA 

groups (Figure 10C). Similarly, aqueous Al concentrations were low, but showed a time-

course decrease in most treatments (Figure 10D). The measured molar ratios of Fe/Si and 

Al/Si in aqueous solution varied over time, and were different from the corresponding 

molar ratios in the structural formula of rNAu-2, suggesting incongruent dissolution 

(Figure 11). In general, the Fe/Si ratios were higher than the corresponding ratio in rNAu-
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2 (except for no ligand+cell group), and the Al/Si ratios were lower than the 

corresponding ratio in rNAu-2 (except those samples at day 2). 

A comparison of aqueous Fe and Si concentration between the abiotic and biotic 

OXA/NTA groups showed lower dissolution of rNAu-2 in the presence of bacteria, 

suggesting that microbial oxidation of Fe(II) inhibited rNAu-2 dissolution. Indeed, the 

dissolution experiments of unreduced NAu-2 in the presence of OXA and NTA (Fig. 12) 

showed much lower levels of aqueous Fe, Si, Mg, and Al relative to those with rNAu-2 

(Fig. 10). This finding confirmed that rNAu-2 was more susceptible to ligand-induced 

dissolution than oxidized NAu-2 (Kostka et al., 1999; Liu et al., 2018).  

 

3.3 Mineralogical changes associated with nitrate-dependent Fe(II) oxidation 

3.3.1 FTIR results 

FTIR for the original NAu-2 showed an absorption band at 3554 cm-1, which can 

be assigned to Fe-Fe-OH-stretching (Lee et al., 2006). Upon bio-reduction, this peak 

shifted to a lower wavelength of 3539 cm-1 with decreased intensity (Fig. 13). No peak 

shift or sharpening was observed in the abiotic OXA and NTA groups. However, upon 

bio-oxidation by Strain 2002, this peak shifted back to 3546 cm-1 for the no-ligand group 

and 3553 cm-1 for the organic ligand groups. In the absence of ligands, the broadened 

peak shape of rNAu-2 was not restored upon bio-oxidation, whereas in the presence of 

ligands, especially NTA, the peak shape was largely restored. Similar changes were 

observed for the absorption peak at 820 cm-1, which can be attributed to Fe-Fe-OH 

bending (Gates et al., 2005). For example, bio-reduction of Fe(III) in NAu-2 shifted the 

peak from 818 cm-1 to 814 cm-1 and decreased its intensity, but bio-oxidation of Fe(II) in 

rNAu-2 sharpened the peak shape and shifted the position back to 816 cm-1 and 817 cm-1, 

for the no-ligand group and the ligand-amended groups, respectively. These results 

indicated that bio-oxidation in the presence of organic ligands, especially NTA, better 

restored the NAu-2 structure. 
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3.3.2 XRD results 

XRD patterns showed that nontronite was present as a dominant mineral in all the 

samples. Relative to un-reduced NAu-2, bio-reduction resulted in lower intensity and 

slightly broadened (001) peak (Fig. 14). The presence of OXA and NTA did not change 

the rNAu-2 peaks. In addition to nontronite, talc was detected in all groups after bio-

reduction. After bio-oxidation for 60 days, the d(001) peak increased in intensity and 

became slightly sharper. In the OXA groups (with or without bacteria, reduced or 

oxidized NAu-2), whewellite, a hydrated calcium oxalate, with a formula CaC2O4 ·H2O, 

was detected (Fig. 14). However, ferrosilite (Fe2Si2O6) was only found in the abiotic 

rNAu-2 + OXA group (Fig. 15) and may be responsible for the time-course decrease 

aqueous concentrations of Fe and Si (Figs. 10A&B). Upon bio-oxidation, this ferrous 

mineral disappeared, likely because of a low level of aqueous Fe2+ (Fig. 4A). No new 

minerals were detected in the abiotic or biotic NTA group and no-ligand group.  

3.3.3 SEM observations 

SEM observations of the biotic NAu-2 groups showed cell association with 

rNAu-2 particles after 60 days (Fig. 16). No obvious cell encrustation was found in all 

biotic groups, even after 60 days of incubation (Fig. 16). This is consistent with our 

aqueous data showing low aqueous Fe in no-ligand group (Figs. 4 & 10) and solid-state 

oxidation of Fe(II) in rNAu-2 (Zhao et al., 2013, 2015). In the presence of ligands, Fe(III) 

should be in the soluble, complexed form (Figs. 4, 8, & 10), not in cell encrustation. The 

formation of whewellite in both abiotic and biotic OXA groups was confirmed by SEM 

observations (Fig. 17A). In the biotic and abiotic OXA groups, quartz was also observed, 

based on energy dispersive spectrum (EDS) (Fig. 17B), which would explain the 

decreased concentration of aqueous Si by day 60 (Fig. 10B). Ferrosilite was detected in 

the abiotic OXA group (Fig. 18C) but absent in biotic the group, consistent with XRD 

data (Fig. 14).  
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4. DISCUSSION 

4.1 The effect of organic ligands on microbially catalyzed NDFO 

Strain 2002 coupled oxidation of Fe(II) in rNAu-2 with reduction of nitrate to N2 

and N2O (Fig. 5). The Fe(II) oxidation rate and extent were greatly enhanced by the 

presence of ligands. This effect is similar to that of organic matter on the reduction rate 

and extent of solid-phase Fe(III) by DIRB (Arnold et al., 1988; Lovley et al., 1996; 

Urrutia et al., 1998; Kostka et al., 1999; Urrutia et al., 1999; Royers et al., 2002a, b; Liu 

et al., 2017). Previous studies proposed that organic ligands can chelate with Fe(III) to 

form soluble Fe(III)-complexes and that organic matter can also function as electron 

shuttle to facilitate Fe(III) reduction (Urrutia et la., 1998; Kostka et al., 1999; Royers et 

al., 2002 a, b; Liu et al., 2017). However, similar mechanisms have not been proposed for 

the oxidation of structural Fe(II) in rNAu-2.  

Without any ligands, Fe(II) oxidation occurred primarily in solid state (e.g., little 

aqueous concentrations of Fe2+ and total Fe, Fig. 4), consistent with previous studies 

(Zhao et al., 2013, 2015). In the presence of organic ligands (OXA and NTA), Fe(II) was 

partially liberated from the rNAu-2 structure (Fig. 4), leading to the formation of  Fe(II)-

oxalate and Fe(II)-NTA complexes (Fig. 8, Table 2). Because aqueous Fe2+ is oxidized 

much faster than structural Fe(II) in rNAu-2 in the NDFO process (Table 3) and in air 

(Zeng et al., 2019), the liberation of Fe(II) from solid to aqueous solution and formation 

of Fe(II)-OXA and Fe(II)-NTA complexes may have been responsible for the high rates 

of Fe(II) oxidation at the beginning of the experiment (Fig. 3d, g). This mechanism is 

similar to the one proposed for solid-form Fe(III) bio-reduction by DIRB in the presence 

of organic ligands (Lovley et al., 1996; Urrutia e tal., 1999; Kostka et al., 1999; Royer et 

al., 2002).  

However, the above Fe-complexation mechanism alone is not sufficient to fully 

explain the enhanced Fe(II) oxidation kinetics, because the amount of ligand-complexed 

Fe(II) was low (0.5 mM, Fig. 4) relative to a much higher  amount of Fe(II) that’s swiftly 

oxidized in the first day (~2.2 mM, Figs. 3d and g). Furthermore, it is unlikely that OXA 

and NTA initially dissolved a large fraction of rNAu-2 for subsequent oxidation, because 

the concentration of aqueous total Fe was maintained at a constant low level (e.g., 

0.6mM, no time-course increase, Fig. 4). Therefore, an apparent paradox emerged 
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between the small amount of liberated aqueous Fe2+ and the much larger amount of Fe(II) 

oxidation observed in the first day for ligands amended groups. Thus, there should be a 

link that connects aqueous Fe(II)-complex oxidation and structural Fe(II) oxidation, as 

such this apparent paradox can be explained by invoking interfacial electron transfer 

(IET) from structural Fe(II) to oxidized ligand-complexed Fe(III) as a replenishing 

mechanism to sustain ligand-complexed Fe2+. In this case, the overall oxidation rate was 

then dominated by the ligand-complexed aqueous Fe2+, not by direct oxidation of 

structural Fe(II) before the bioavailable pool of structural Fe(II) for IET was exhausted. 

The supplementary experiment (Fig.9) and our previous observation for Fe(II)-NTA 

oxidation in air (Zeng et al., 2019) demonstrated the feasibility of this IET process. 

Previous studies have shown interfacial electron transfer from sorbed Fe(II) to structural 

Fe(III) in clay minerals (Schaefer et al., 2010; Neumann et al., 2013). Our data prompt us 

to propose a similar IET but in an opposite direction, e.g., from structural Fe(II) to 

aqueous, ligand-complexed Fe(III). 

The above evidence collectively leads us to propose a model for ligand-facilitated 

Fe(II) oxidation in the biotic NDFO process (Fig. 18). Initially, organic ligands released 

some Fe(II) from rNAu-2 dissolution and formed Fe(II)-ligand complexes. Second, 

Fe(II)-ligand complexes were rapidly oxidized by strain 2002 through NDFO. 

Subsequently, aqueous Fe(III)-ligand complexes were re-reduced by structural Fe(II) in 

rNAu-2 via a reversed IET, leading to structural Fe(II) oxidation.  

In addition to the enhancement of the Fe(II) oxidation rate, the presence of NTA 

and OXA also increased the oxidation extent of Fe(II) in rNAu-2 (85% and 83%, 

respectively) relative to the no-ligand control (about 48%). Our supplementary 

experiment showed that IET does not really enhance the oxidation extent, because 

repeated addition of Fe(III)-NTA only oxidized about 40% structural Fe(II) in rNAu-2  

(Fig. 9). Therefore, other mechanisms may have increased the bio-available pool of Fe(II) 

when NTA and OXA were present. Possible reasons include ligand-promoted dissolution 

of rNAu-2 (Fig. 10) or breakup of rNAu-2 to smaller particles, both of which would 

make structural Fe(II) more available for bio-oxidation. Indeed, previous studies have 

observed that incongruent dissolution caused disintegration of clay particles to smaller 
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sizes (Ramos et al., 2011) and increased the surface area by organic ligands (Golubev et 

al., 2006) or inorganic acids (Komadel 2003; Carrado and Komadel 2009).  

The non-stoichiometric ratio of oxidized Fe(II) to reduced nitrate was consistent 

with previous observations (Weber et al., 2009, Zhao et al., 2013, 2015, 2017; Chen et 

al., 2018, Liu et al., 2018). The modeling results suggest that the excess amount of nitrate 

consumption was due to heterotrophic nitrate reduction by stored carbon in 2002 cells or 

from nitrate assimilation. In addition, nitrate assimilation could also have contributed to 

extra nitrate consumption as well, because Strain 2002 is reported to be able to reproduce 

under both heterotrophic and lithoautotrophic conditions (Weber et al., 2006b). Nitrite 

was not accumulated in any groups, again consistent with previous studies (Weber et al., 

2006b; Zhao et al., 2013; Chen et al., 2018; Liu et al., 2018). There could be two possible 

reasons: 1) in the NDFO process, nitrate was directly reduced to nitrogenous gases (N2 

and N2O), or 2) nitrite was formed as a transient product that rapidly reacted with Fe(II) 

in NAu-2. Nonetheless, chemical Fe(II) oxidation by nitrite should be insignificant 

compared to biological oxidation (Figs. 6&7), consistent with previous observations in 

that nitrite, when present in small amounts, plays less important roles in Fe(II) oxidation 

compared to biological Fe(II) oxidation (Liu et al., 2018), and in that biological Fe(II) 

oxidation in clay minerals should be dominant in this process (Shelobolina et al., 2012b; 

Zhao et al., 2013).  

 

4.2 Organic ligand effects on NAu-2 dissolution and secondary mineral precipitation 

Our results suggest that OXA and NTA, as strong metal chelators, can enhance 

dissolution of bio-reduced NAu-2 (Figs. 4&10). Reduced smectite is less stable than 

unreduced smectite probably due to reduction-induced dehydroxylation (Stucki et al., 

1996, Manceau et al., 2000), and can therefore readily dissolve in the presence of ligands 

(Kostka et al., 1999). The dissolved Fe/Si and Al/Si molar ratios were not in line with 

that in the NAu-2 (M0.72(Si7.55Al0.45)(Fe3.83Mg0.05)O20(OH)4) structure in both the OXA 

and NTA groups (Fig. 11), suggesting incongruent dissolution. However, the ATR-FTIR 

spectra for the post-dissolution residual rNAu-2 were similar to those for the original 

rNAu-2, suggesting that OXA and NTA only dissolved some rNAu-2, possibly small and 

poorly crystalline rNAu-2, but did not alter the structure of the residual rNAu-2. This 
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effect of OXA and NTA is in contrast to a previous observation where the presence of 

humic acid drastically changed the smectite structure (Liu et al., 2017). This difference is 

probably because nontronite is less susceptible to dissolution by OXA and NTA than by 

humic acid. Between the two ligands, NTA promoted more extensive dissolution of 

rNAu-2 than OXA. When OXA and NTA were added to rNAu-2, they would form 

Fe(II)-ligand complexes through the following steps, where L represents different ligands 

(Tada et al., 2011):  

Fe + L⇌FeL  (a) 

FeL + L ⇌FeL2  (b) 

The log stability constants of Fe(II) with oxalate in (a) and (b) were 3.05 and 5.15, 

respectively, while those for NTA were 8.83 and 12.8, respectively (Micskei. et al., 

1987). Therefore, when Fe was chelated by NTA, the strong chelating ability of NTA 

prevented Fe(II) from precipitating, while Fe in the OXA abiotic groups was more likely 

to precipitate as ferrosilite (Fe2Si2O6) (Fig. 15, 17C).  

Unexpectedly, the presence of live 2002 cells resulted in less dissolution relative 

to the abiotic groups (Figs. 4A&B, 10A&B), suggesting that microbial oxidation of 

rNAu-2 back to NAu-2 stabilized the NAu-2 structure. Indeed, unreduced NAu-2 showed 

a lower amount of ligand-induced dissolution than rNAu-2 (Fig. 12). Bio-oxidation of 

Fe2+ to Fe3+ also prevented precipitation of ferrosilite in the OXA group, because of a 

negligible level of aqueous Fe2+ (Fig. 4A). Bio-oxidation not only stabilized the NAu-2 

structure against dissolution, but also restored the bioreduction-induced, altered structure 

back to its original integrity, as evidenced by restoration of the d(001) peak sharpness 

(Fig. 14) and both Fe-Fe-OH stretching and bending peaks in FTIR spectra (Fig. 13). The 

restoration was more complete in the presence of OXA and NTA, apparently because of 

the higher extents of structural Fe(II) oxidation in the ligand treatment groups (Figs. 

3d&g).  

 

4.3 Environmental implication  

Although previous studies have unraveled chemically and microbially mediated 

Fe-redox cycling in clay minerals (Lee et al., 2006; Shelobolina et al., 2012b; Dong 2012; 

Zhao et al., 2013, 2015,2017), the effects of organic matter on the Fe-redox cycle have 
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remained understudied. Our findings expand previous understandings of the microbially-

mediated Fe-redox cycle by including the role of organic ligands in mediating the 

process.. The results of this study demonstrated that the rate and extent of Fe(II) 

oxidation in rNAu-2 by nitrate-dependent iron oxidizers were strongly enhanced by the 

presence of organic ligands, similar to their role in Fe(III) reduction process. Thus, in 

various natural environments like soils, aquatic systems and sediments, where organic 

matter and clay minerals are abundant (Lovley et al., 1986; Kahle et al., 2004; Lehmann 

et al., 2015), organic ligands are expected to play significant roles in Fe redox cycles of 

clay minerals. More important, this study suggests that ligand-complexed, aqueous Fe2+ 

and Fe3+ can function as effective “electron shuttles” to increase the bioavailability of 

solid-state Fe, which may not be otherwise redox available or active. This would have 

major implications for several environmental processes, because clays minerals are 

ubiquitous and they play very important roles in nutrient cycling and contaminant 

transformation (Dong 2012). Thus, organic ligands are expected to affect the fate and 

transport of nutrients and contaminants in the environment. The role of organic matter 

should be further studied to better understand the coupled Fe, C, and N cycles in nature, 

and to maximize the benefits in environmental remediation process.  

Apart from their influence on Fe redox process, organic ligands can also induce 

mineral dissolution-precipitation, thus altering the petrophysical property of soils and 

sediments. At DOE contamination sites like Hanford, where dumped wastes contain NTA 

as high as 5.2 -10.5 mM (Bucheli-Witschel et al., 2001), the physicochemical properties 

of soils and sediments could have been impacted through mineral dissolution-and re-

precipitation, which further affects contaminant transport. Furthermore, clay minerals, 

due to their low permeability, have previously been proposed as landfill and nuclear 

waste disposal barrier materials (Wong et al., 2017; Claret et al., 2018). However, 

dissolution and secondary mineral formation induced by organic matter may alter the 

porosity and permeability of clay minerals, and thus alter their utility as backfill 

materials. For example, Schindler and Singer (2017) proposed that mineral surface 

coatings formed from dissolution-reprecipitation contain complex and variable porosities 

that affect solute diffusion and transport. Therefore, such organic matter effects on the 

physiochemical properties of clay minerals should be investigated further to better 
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understand contaminant transport and potential application of clay for contaminant 

disposal.  

 

5. CONCLUSIONS 

Oxalate and NTA enhanced the rate and extent of microbially-mediated oxidation 

of structural Fe(II) in reduced nontronite by Pseudogulbenkiania sp. strain 2002. A much 

higher rate of bio-oxidation of structural Fe(II) in rNAu-2 than the Fe(II) oxidation rate 

by nitrite in NAu-2 suggests a dominating biological role in the NDFO process. 

Dissolution of structural Fe(II) and formation of soluble Fe(II)-ligand complexes 

accounted for its rapid rate of Fe(II) oxidation because aqueous Fe2+ is oxidized more 

rapidly than structural Fe(II).  The rapid rate of Fe(II) oxidation is maintained through 

interfacial electron transfer from structural Fe(II) in rNAu-2 to Fe(III)-ligand complexes. 

Ligand-promoted dissolution and particle fragmentation are responsible for enhanced 

extent of Fe(II) oxidation. The presence of oxalate and NTA enhanced incongruent 

dissolution of rNAu-2. Dissolved Fe and Si in abiotic oxalate groups were precipitated 

with quartz and ferrosilite formation while dissolved Fe and Si were not precipitated in 

abiotic or biotic NTA groups due to its strong chelating ability. The results of this study 

highlight the influence of organic ligands on microbially mediated Fe oxidation kinetics, 

mineral dissolution-precipitation, and mineral transformations.  
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TABLE CAPTIONS 

Table 1. Fe(II) concentration before and after bio-oxidaiton, and bio-oxidation extent and 

rate in different cell treatment groups. 

Table 2. Calculated Fe(II) speciation (Visual MINTEQ 3.1) of cell treatment groups in 

the presence of NTA or OXA. 

Table 3. Aqueous Fe2+ or clay structural Fe(II) oxidation rate by Strain 2002 in NDFO. 

Bio-oxidation of aqueous Fe2+ is faster than of structural Fe(II) in rNAu-2.  
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FIGURE CAPTIONS 

Figure 1. A: Strain 2002 growth curve after one-round aqueous medium culture 

activation from frozen stock; B: Cell number correlation with OD 600nm absorbance 

(R2=0.9984). 

Figure 2. Growth curve of Strain 2002 on acetate, oxalate and NTA. Duplicate cultures 

are shown in solid and dash lines, respectively. No growth was observed in the presence 

of nitrilotriacetic acid (NTA) and oxalate (OXA) as sole carbon substrate. Duplicate 

cultures are shown in solid and dash lines, respectively. 

Figure 3. Time-course concentration change of: total Fe(II) (dissolved in solution + 

structural Fe(II) in rNAu-2), nitrate, and nitrite in NDFO without the addition of ligand 

(a-c), and in the presence of OXA (d-f) and NTA (g-i). Data points are experimental 

results (, with cells; , no cells abiotic; , heat-killed control), and error bars are the 

standard deviation of replicate experiments; solid lines are the modeling results. Jump of 

nitrate concentration at day 16 stands for a second spike of nitrate. Abiotic controls in the 

no-ligand group were not considered as Zhao et al. (2013, 2015, 2017) had observed no 

reaction in such groups. No nitrate reduction or Fe(II) oxidation were observed in no cells 

abiotic or heat-killed control group for OXA and NTA groups. The presence of OXA (d) 

and NTA (g) enhanced Fe(II) oxidation rate and extent than no ligand group (a).  

Figure 4. Time-course change of dissolved aqueous Fe2+ and total aqueous Fe in NDFO. 

A: OXA groups. B: NTA groups. Negligible amounts of soluble Fe2+ and total aqueous 

Fe were measured in no ligand group (green curves in A and B). In abiotic and heat killed 

OXA and NTA groups (black and blue curves), dissolved Fe2+ amount were identical to 

total aqueous Fe, suggsting rNAu-2 dissolution by these ligands. Dissolved Fe2+ in 

abiotic OXA and heat-killed OXA control groups gradually precipitated over time, but 

that in abiotic and heat-killed NTA groups increased over time. In contrast, in biotic 

OXA and NTA groups (red curves) aqueous Fe2+ rapidly decreased to a negligible level, 

while total Fe remained steady, suggesting that Fe(II)-OXA oxidized to form soluble 

Fe(III)-OXA. Lower levels of aqueous Fe2+ and total Fe in biotic NTA group than in 

abiotic and heat killed NTA groups (e.g., compare the red curves with black/blue curves) 
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sugget a stablizing effect by biotic oxidation of Fe(II) in rNAu-2. Error bars are from two 

replicate experiments.  

Figure 5. Nitrogeneous gas production in bio-oxidized NTA, OXA, and no ligand group 

(16 day incubation). The majority of gas products were N2, with small amounts of N2O 

produced in NTA and no ligand group. NTA and OXA abiotic groups did not show N gas 

production with no nitrate reduction. 

Figure 6. Chemical oxidation of Fe(II) in rNAu-2 by nitrite without the addition of ligand 

(a-c), in the presence of OXA(d-f)  and NTA (g-i). The addition of OXA or NTA did not 

enhance significantly the rate of ferrous iron oxidation. Data points are experimental 

results, and error bars are from two replicate experimental tubes; solid lines are modeling 

results. 

Figure 7. Initial pseudo-first-order rate constants (k) comparison between cell biotic 

oxidation and nitrite abiotic oxidation of Fe(II) in NAu-2 with NTA, OXA or no-ligand 

in the beginning of the incubation. Nitrite was omitted in legend. Cell biological Fe(II) 

oxidation with or without the presence of organic ligands were much faster than that of 

nitrite abiotic Fe(II) oxidation.  

Figure 8. Time-course changes of UV-vis spectra showing Fe-oxalate (260 nm, A, B, C) 

and Fe-NTA (258 nm, D, E, F) complexes. Abiotic and heat-killed OXA groups showed 

an absorbance peak at day 2 but disappeared since day 16. Abiotic, heat killed and biotic 

NTA groups all showed Fe-NTA absorbance peak from day 2 to da 60.  

Figure 9. Interfacial electron transfer (IET) from Fe(II) rNAu-2 to Fe(III)-NTA, as 

evidenced by instaeneous jump of aqueous Fe2+ upon addition of Fe(III)-NTA (A) and a 

corresponding decrease of structural Fe(II) in rNAu-2 (B). Without addition of Fe(III)-

NTA, no IET cocurred and there was no aqueous Fe2+ or total Fe (aqueare symbols in A). 

In the second and third spikes, added Fe(III)-NTA complexes were only partially 

reduced, as evidenced by lower amount of Fe2+ production than the amount of total 

aqueous Fe (e.g., residual Fe(III)-NTA remaining). IET stopped at the third spike with 

only 0.1 mM Fe(III)-NTA reduced to Fe(II)-NTA. Error bars are standard deviation from 

two replicate experiments. 
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Figure 10. Time course (day 2, 16 to 60) changes of aqueous concentrations of Fe (A), Si 

(B), Mg (C), and Al (D) in biotic and abiotic incubations with rNAu-2 in the presence or 

absence of OXA and NTA. rNAu-2 and NO3
- were omitted in group names in each group 

for succinctness.  

Figure 11. Aqueous Fe/Si and Al/Si ratio from rNAu-2 dissolution for OXA group (A, 

C), and NTA group (B, D). Dashed line denotes corresponding stoichiometric ratio in 

NAu-2 structure. The dissolution of Fe, Si, and Al were incongruent under the effects of 

OXA and NTA for rNAu-2.  

Figure 12. Dissolved Fe, Si, Al, Mg centration of unreduced NAu-2 under the effects of 

OXA and NTA. Negligible amounts of Fe, Si, Al, and Mg dissolution were observed in 

OXA and NTA group for unaltered NAu-2. 

Figure 13. FTIR spectra of Fe-Fe-OH-stretching and Fe-Fe-OH-bending bands in (a) 

unreduced NAu-2; (b) rNAu-2; (c) abioitic rNAu-2 + OXA; (d) abiotic rNAu-2 +NTA; 

(e) cell oxidized rNAu-2; (f) cell+OXA oxidized rNAu-2; (g) cell+NTA oxidized rNAu-

2. 

Figure 14. X-ray diffraction patterns for ethylene-glycolated, unreduced NAu-2, rNAu-2, 

rNAu-2 + OXA abiotic, rNAu-2 + NTA abiotic, cell oxidized rNAu-2, cell+OXA 

oxidized rNAu-2, and cell+NTA oxidized rNAu-2 after incubation of 60 days. Three 

broad peaks correspond to d001, d002, and d005 reflections of nontronite. T: talc; W: 

whewellite; F: ferrosilite. 

Figure 15. X-ray diffraction patterns for NAu-2 sample with OXA under abiotic 

conditoin (ethylene-glycolated). Ferrosilite and Whewellite were deteccted in this 

sample. 

Figure 16. SEM images of Strain 2002 after incubation for 60 days in OXA (A), NTA (B) 

and no-ligand group (C). No cell encrustations were found in NAu-2 experimental groups 

with or without the presence of organic ligands. 

Figure 17.  Scanning elctron microscpic (SEM) images and energy dispersive 

spectroscopy (EDS) spectrum showing: (A) Formation of Whewellite in aboitic OXA 
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gorup,  (B) Quartz formed in biotc OXA group, (C) Ferrosilite formed in abitoic OXA 

group.  

Figure 18. A conceptual model for ligand-facilitated Fe(II) oxidation in the biotic NDFO 

process through interfacial electron transfer between rNAu-2 and Fe(III)-ligand 

complexes. Organic ligands promoted dissolution of Fe(II) from the rNAu-2 structure and 

formed Fe(II)-ligand complexes, and Fe(II)-ligand complexes were rapidly oxidized by 

strain 2002 through NDFO. Subsequently, aqueous Fe(III)-ligand complexes were 

reduced back to Fe(II)-ligand complexes by structural Fe(II) in rNAu-2 via a reversed 

IET, leading to structural Fe(II) oxidation. 
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TABLES 

Table 1. Fe(II) concentration before and after bio-oxidaiton, bio-oxidation extent and rate 

Ligand 

Initial Fe(II) 

Conc. 

Final Fe(II) 

Conc. 

Bio-oxidation 

extent 

Initial Bio-oxidation rate 

(1day) 

 
mM mM % mM/day 

OXA 4.926±0.215 0.841±0.015 82.927±0.316 1.854±0.068 

NTA 4.893±0.121 0.735 ±0.005 84.979±0.101 2.475±0.013 

None 5.083±0.111 2.633± 0.089 48.191±1.757 0.309±0.035 

Bio-oxidation extent was calculated according to:  

Oxidation extent=
𝐹𝑒 (𝐼𝐼)𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝐹𝑒(𝐼𝐼)60𝑑𝑎𝑦𝑠

𝐹𝑒 (𝐼𝐼)𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

Bio-oxidation rate was calculated according to: Oxidation rate=
𝐹𝑒 (𝐼𝐼)1𝑑𝑎𝑦−𝐹𝑒(𝐼𝐼)𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∆ 𝑡𝑖𝑚𝑒
 

Table 2. Calculated Fe(II) Speciation (Visual MINTEQ 3.1) in biotic OXA and NTA 

group 

NTA 
 

OXA 
 

Fe Species Concentration (M) Fe Species Concentration (M) 

Fe (NTA)2
4- 2.09E-06 Fe-(Oxalate)2

2- 1.53E-04 

Fe2+ 9.53E-08 Fe2+ 6.15E-05 

FeHNTA (aq) 1.06E-08 FeOH+ 1.19E-07 

FeNTA- 7.76E-04 Fe-Oxalate (aq) 5.22E-04 

FeOHNTA2- 5.67E-08 
  

 

Table 3. Aqueous Fe2+ or clay structural Fe(II) oxidation rate by strain 2002 in NDFO 

Fe Species 

Initial 

Fe(II)  Con. 

(mM) 

Initial NO3
- 

Con. (mM) Cells/ml Buffer 

Rate 

mM/d 

(first day) Refs. 

rNAu-2 

(26%) 4.4 9 1× 108 PIPES 0.7 Zhao et al., 2015 

rNAu-2 

(27%) 4.3 9 1× 108 Bicarbonate 1.0 Zhao et al., 2015 

Fe(II)-NTA 10 2.2 1× 108 PIPES 2.0 Weber et al., 2006b 

FeSO4 3.5 2 6× 107 PIPES 3.2 Chen et al., 2018 
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