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ABSTRACT 

Magnetite (Fe3O4) is an environmentally ubiquitous mixed-valent iron (Fe) mineral which can 

form via biotic or abiotic transformation of Fe(III) (oxyhydr)oxides such as ferrihydrite (Fh). It 

is currently unclear whether environmentally relevant biogenic Fh from Fe(II)-oxidizing 

bacteria, containing cell-derived organic matter, can transform to magnetite. We compared 

abiotic and biotic transformation: 1) abiogenic Fh (aFh); 2) abiogenic Fh coprecipitated with 

humic acids (aFh-HA); 3) biogenic Fh produced by phototrophic Fe(II)-oxidizer Rhodobacter 

ferrooxidans SW2 (bFh); 4) biogenic Fh treated with bleach to remove biogenic organic matter 

(bFh-bleach). Abiotic or biotic transformation of Fh was promoted by Fe2+
aq or Fe(III)-reducing 

bacteria. Fe2+
aq-catalyzed abiotic reaction with aFh and bFh-bleach led to complete 

transformation to magnetite. In contrast, aFh-HA only partially (68%) transformed to 

magnetite, and bFh (17%) transformed to goethite. We hypothesize that microbial biomass 

stabilized bFh against reaction with Fe2+
aq. All four Fh substrates were transformed into 

magnetite during biotic reduction, suggesting that Fh remains bioavailable even when 

associated with microbial biomass. Additionally, there were poorly ordered magnetic 

components detected in the biogenic end-products for aFh and aFh-HA. Nevertheless, abiotic 

transformation was much faster than biotic transformation, implying that initial Fe2+
aq 

concentration, passivation of Fh and/or sequestration of Fe(II) by bacterial cells and associated 

biomass play major roles in the rate of magnetite formation from Fh. These results improve our 

understanding of factors influencing secondary mineralization of Fh in the environment. 

 

Key words: Biogenic ferrihydrite, biogeochemical cycling, secondary mineral transformation, 

magnetic susceptibility 
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INTRODUCTION 

Magnetite (Fe3O4), a mixed-valent magnetic mineral containing both Fe(II) and Fe(III) in a 

ratio of 1:2, is widespread in environments such as soils and sediments.1 Magnetite is 

bioavailable, serving as an electron sink or electron source for Fe(II)-oxidizing and Fe(III)-

reducing bacteria respectively, contributing to biogeochemical cycling of Fe in terrestrial and 

aquatic environments.2, 3 Additionally, the unique properties of magnetite allow for its use in 

many diverse applications including medical treatments, carbon sequestration, and groundwater 

remediation. 4-6 Thus, understanding the formation mechanisms of magnetite in the 

environment is beneficial for understanding biogeochemical cycling of Fe, and also for 

developing new bioinspired materials for industrial applications. 

In natural environments, magnetite can be formed via abiotic or biotic mechanisms 

including biotic transformation of Fe(III) (oxyhydr)oxide minerals such as ferrihydrite (Fh).2, 7, 

8 Fe2+
aq and dissimilatory Fe(III)-reducing bacteria can promote the transformation of Fh to 

magnetite or other crystalline ferric minerals, such as lepidocrocite (γ-FeOOH), goethite (α-

FeOOH), or hematite (α-Fe2O3), depending on geochemical conditions (e.g. Fe2+
aq 

concentration, pH or the presence of ligands).9-13  

In soil environments, Fh is often associated with natural organic matter (NOM), which is 

frequently approximated in laboratory studies by humic acids (HA), a chemically isolated 

subfraction of NOM.8, 14, 15 Fh may be reduced by NOM either abiotically (via reduced 

functional groups present in NOM such as hydroquinones) or, more often, microbially by 

microorganisms using this organic matter as a carbon substrate.16, 17 Previous experiments 

studying abiotic reduction of Fh containing adsorbed organic matter or coprecipitated with 

organic matter showed decreasing initial Fe(III) reduction rates and degrees of reduction with 

increasing amounts of mineral-bound organic matter.18-21 For biotic reduction of OM- Fh 

substrates, the effects of OM on Fh transformation to secondary phases depended on the extent 

OM acted as an electron shuttle for microbes, and the extent of surface site blocking and/or 
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aggregation.22-24 In the environment, OM may also be associated with Fe minerals as a 

byproduct of Fe(II)-oxidizing bacteria, for example photoferrotrophs which can harvest light 

energy and oxidize Fe(II) to Fe(III) (oxyhydr)oxides. This OM is usually associated with 

biogenic Fe(III) (oxyhydr)oxides (i.e. ferrihydrite) in oxygen-limited anoxic sediments, such as 

creeks, rhizosphere and wetland systems.25-28 The incorporation and/or surface aggregation of 

biomass can substantially impact mineral properties and transformation pathways of biogenic 

Fe(III) (oxyhydr)oxides.20 However, little is known about the effects of microbial biomass on 

the reductive transformation pathways of biogenic Fe(III) (oxyhydr)oxides. 

The main objective of this study was to assess the factors governing the rates and extent of 

abiotic and biotic reductive transformation of OM-ferrihydrite to magnetite in order to 

understand how such OM-mineral associations might influence biogeochemical Fe cycling in 

the environment. Here, we studied the abiotic and biotic transformation of abiogenic and 

biogenic Fh, with and without OM by Fe2+
aq or Fe(III)-reducing bacteria Shewanella oneidensis 

MR-1, respectively. We monitored Fh transformation over time by following Fe redox 

speciation with the spectrophotometric ferrozine assay, magnetic susceptibility, and analysed 

the transformation products by Mössbauer spectroscopy.  

 

MATERIALS AND METHODS 

Preparation of Fh substrates. Abiogenic ferrihydrite (aFh) was precipitated by reaction of 

Fe(NO3)3*9H2O (40 g) with KOH (1 M) until pH 7.5.29 The material was centrifuged (7500 

rpm; 10 min) and washed in ultrapure H2O (Milli-Q) to remove nitrate ions, with washing 

repeated three times. Abiogenic ferrihydrite coprecipitated with humic acids (aFh-HA) was 

synthesized following a similar approach as for aFh, except 3.26 g humic acids (Sigma-Aldrich, 

H16752) was added into Fe(NO3)3*9H2O (40 g) before addition of KOH (1 M). The mass of 

HA was chosen to ensure that the C/Fe ratio of aFh-HA matched that of bFh (see section: 

Mineral characterization), which allows aFh-HA as more of an analogue to biogenic Fh using 
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abiogenic synthesis procedures. Biogenic ferrihydrite (bFh) was produced from Fe(II) oxidation 

by the phototrophic Fe(II)-oxidizer Rhodobacter ferrooxidans SW2.30 The mineral precipitate 

was centrifuged and washed with ultrapure H2O to remove ions and loosely associated bacteria 

from the medium, with the washing step repeated three times. Organic matter free biogenic 

ferrihydrite (bFh-bleach) was obtained by exposing bFh to 6% NaOCl to remove biogenic 

organic matter. This treatment was repeated up to 6 times, rolling at 40 rpm/min for 6 hours 

during each treatment and decanting the supernatant solution after centrifugation.31 The treated 

samples were washed in ultrapure H2O to remove NaOCl. The Fe total concentration of all four 

starting materials was determined by chemical dissolution (1 M HCl) followed by the 

spectrophotometric ferrozine assay.32  

Strains and medium. Information about microbial strains and cultivation is provided in the SI. 

Incubation experiments. Abiotic experiments were performed in 50 ml serum bottles with 10 

mM anoxic HEPES buffer, 3 mM Fh and 7 mM FeCl2. For biotic experiments, a cell suspension 

of S. oneidensis MR-1 with cell concentration 5×108 cells/mL was added to 10 mmol/L Fh with 

9 mM lactate as electron donor in anoxic HEPES buffer (10 mM; pH 7.2). Triplicate 

experiments were used for Fe concentration quantification, and another set of triplicates were 

used for magnetic susceptibility (MS) measurements for each batch reactor. Separate bottles 

were required for MS because removal of solid material for Fe quantification interferes with 

MS analysis. Control bottles containing no Fe2+
aq or inoculum were included to confirm the 

absence of spontaneous transformation of Fh. All experiments were incubated at 28°C in 

darkness. Figure S1 gives further details of all batch reactors with the four Fh substrates under 

abiotic and biotic reductive conditions.  

Mineral characterization. The specific surface area (SSA) of the four Fh substrates was 

determined by the Brunauer-Emmett-Teller (BET) method (Gemini VII Surface Area and 

Porosity Analyzer, Micromeritics, Germany). Fh substrates were analyzed by N2 adsorption at 

77 K after the samples were dried at 60°C in an oven. For zeta potential (ZP) measurement, the 
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four Fh substrates were diluted with 10 mM HEPES buffer, which was adjusted to pH 7.2 in 

order to have the same pH as in the initial medium. All measurements were conducted using a 

Zetasizer Nano ZSP with Zetasizer Nano Series disposable folded capillary cells (DTS1070; 

Malvern, Herrenberg, Germany). Total organic carbon (TOC) was quantified using a TOC 

analyzer (Model 2100S, Analytik Jena, Germany) after the samples were dried at 60°C in an 

oven. For Mössbauer analysis, samples of four Fh substrates and final mineral products were 

filtered on 0.45 μm filter papers and embedded in Kapton tape in a glovebox (100% N2). These 

samples were stored in anoxic air-tight bottles at -20°C until analysis. The samples were 

measured at 140 K using a 57Fe Mössbauer spectrometer (WissEL) with a 57Co/Rh source. 

Spectra were fitted using the Voigt based fitting (VBF) routine in the Recoil software 

(University of Ottawa).33 

Fe concentration quantification and Magnetic susceptibility. Information about Fe 

concentration quantification and in-situ volume-dependent magnetic susceptibility (MS) 

measurements is provided in the SI. 

Calculation of delay between Fh reduction and magnetite formation (Δt). In order to 

determine the differences between the increase in Fe(II)/Fe(III) ratio and increase in MS for the 

four Fh substrates in abiotic and biotic transformation experiments, the Fe(II)/Fe(III) and MS 

triplicate average values for individual batch reactors over time were fitted with the Hill 

equation (see Supporting Information), with the first order derivative calculated using Origin 

Pro 2017. 
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RESULTS 

Ferrihydrite substrate properties. Mössbauer spectroscopy of all four Fh substrates at 140 K 

(Figure S2) were characterized by doublets with hyperfine parameters that were indicative of 

ferrihydrite, with some potential interparticle interactions such as formation of larger aggregates 

due to HA and microbial biomass in samples aFh-HA and bFh.19 C content, specific surface 

area (SSA), and zeta potential for ferrihydrite substrates are given in Table S1. TOC analyses 

revealed the C/Fe molar ratio of bFh and aFh-HA to be similar (0.39 and 0.42) while that of 

aFh and bFh-bleach were close to zero. The similarity of C/Fe and mineralogy of aFh and bFh-

bleach suggests that the bleach (NaOCl) was successful at removing ~97% biomass in bFh 

without affecting the mineralogical phase, although this cannot be fully confirmed without a 

more thorough analysis using high resolution methods (e.g. high resolution transmission 

electron microscopy) which fall beyond the scope of this study. Due to the blockage of mineral 

surface sites by HA, as well as the formation of larger aggregates, aFh-HA had much lower 

SSA, 13 m2/g, compared to aFh (306 m2/g). Similarly, the surface charge for aFh-HA was very 

negative at -21.7 mV, while that of aFh was positive with +12.7 mV. The surface charge for bFh 

was also negative with -27.0 mV due to the presence of biomass. However, although the C/Fe 

molar ratios of bFh and aFh-HA were similar, the SSA of bFh (228 m2/g) was not as low as that 

of aFh-HA, which implies that the extent of mineral surface site blockage by biomass and/or 

formation of aggregates was lower for bFh than for aFh-HA. Given that NaOCl removed ~97% 

biomass in bFh, the bFh-bleach had slightly higher SSA (255 m2/g) than bFh and a more 

positive surface charge with +2.60 mV.  

 

Fh reduction and transformation over time. Variations of Fe2+
aq for both abiotic and biotic 

transformation of the four Fh substrates as well as the variations of solid-phase Fe(II)/Fe(III) 

ratio of abiotic and biotic transformation are shown in Figure 1. The solid-phase Fe(II)/Fe(III) 

ratio was the ratio between total Fe(II) (including structural Fe(II) and adsorbed Fe(II)) and 
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total Fe(III) (including structural Fe(III) and adsorbed Fe(III)) which were determined by the 

spectrophotometric ferrozine assay. No Fe3+
aq was detected in any experiment. Detailed data 

are included in the SI. 

 In the abiotic transformation experiment Fe2+
aq decreased over time, likely due to 

adsorption and reaction with Fh. The Fe(II)/Fe(III) ratios at the first measured time point (0.5 

h) for all four Fh substrates were ~0.2 (i.e. not zero), suggesting adsorption of Fe2+
aq. The 

Fe(II)/Fe(III) ratio of aFh rapidly increased to 0.43 over 6 hours, and more slowly to 0.46 over 

14 days. Compared with aFh, the Fe(II)/Fe(III) ratio of aFh-HA and bFh-bleach increased more 

slowly to 0.42 and 0.47 in 14 days respectively. Conversely, the Fe(II)/Fe(III) ratio for bFh only 

increased to 0.08 in 56 days, even though some Fe2+
aq was adsorbed to the mineral surface at 

the beginning of experiment.  

In the biotic transformation experiments, the Fe2+
aq concentration in batch reactors 

containing aFh-HA, bFh and bFh-bleach were higher (1.3-1.47 mM) than in that with aFh (1.03 

mM) after 36 days. This is likely because Fe2+
aq produced in these batch reactors could not react 

with Fh either due to surface site blockage by HA or biomass, or potentially due to changes to 

the surface reactivity of bFh-bleach during  bleach treatment which were not detectable via 

Mössbauer spectroscopy. However, after 153 days, there were decreases of Fe2+
aq indicating 

that the Fe(II) produced by S. oneidensis adsorbed to and reacted with the Fh. The Fe(II)/Fe(III) 

ratio of aFh increased rapidly to 0.43 over 52 hours, and kept increasing more slowly to 0.52 

over 36 days. Compared with aFh, the Fe(II)/Fe(III) ratio of aFh-HA and bFh-bleach increased 

more slowly reaching 0.52 in 7 days and 0.45 in 14 days, respectively, and kept increasing to 

0.81 and 0.96 over 153 days. The Fe(II)/Fe(III) ratio of bFh continuously increased to 2.28 in 

153 days. Only Fe(II)/Fe(III) of aFh was close to the stoichiometric magnetite ratio of 0.5, while 

the other three Fh substrates showed much higher values (0.96 for aFh-HA, 2.28 for bFh, 0.81 

for bFh-bleach), suggesting that magnetite might not have been the only transformation product. 
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Figure 1. Ferrihydrite transformation promoted by Fe2+
aq or Fe(III)-reducing bacteria S. 

oneidensis MR-1, respectively. (a) and (b) are Fe2+
aq concentration in abiotic and biotic 

transformations of ferrihydrite; (c) and (d) are solid phase Fe(II)/Fe(III) ratios over time 

in abiotic and biotic transformation of ferrihydrite. Error bars indicate range of triplicate 

culture bottles. Bars not visible are smaller than the symbols. Please note the different 

time scales for abiotic and biotic batch reactors. 

 

Magnetic susceptibility (MS) results for abiotic and biotic transformation are shown in 

Figure 2. Changes to magnetic susceptibility in the experimental batch reactors matched 

expected changes based on Fe2+
aq concentrations and Fe(II)/Fe(III) ratios described above. A 

previous study on in-situ magnetic susceptibility measurements showed MS measurements to 

be suitable for following microbial Fe(III) mineral transformation, in particular magnetite 

formation and transformation.34 Given the composition of the media (only lactate and HEPES 
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buffer were present), we expect that only the formation of ferrimagnetic magnetite will 

contribute to high increases in MS. Thermodynamically stable minerals goethite, hematite and 

remaining paramagnetic minerals such as starting ferrihydrite have a much smaller, positive 

MS. 

In abiotic experiments, the MS of aFh increased rapidly to 935×10-6 SI in only 3 hours. The 

following decrease to 559×10-6 SI (43% decrease compared to the maximum MS) by day 22 

likely indicates an increase of magnetite grain size. If part of the magnetite particles grow above 

the critical volume of the superparamagnetic to single domain transition, the overall MS value 

of the sample could decrease because of the lower MS of single domain particles compared to 

the smaller superparamagnetic grains.35 Similarly, the MS of bFh-bleach increased rapidly to 

896×10-6 SI in 1 day followed by a decrease to 755×10-6 SI by day 22 (16% decrease compared 

to maximum MS). For aFh-HA, MS increased to 834×10-6 SI in 2 days and continued to slowly 

increase to 963×10-6 SI over 22 days. However, there was no MS change of bFh during 64 days, 

which is consistent with the Fe(II)/Fe(III) ratio of bFh, implying that microbial biomass present 

in bFh blocked the reaction between bFh and Fe2+
aq.  

In biotic Fh reduction experiments, the MS of aFh increased rapidly to 3345×10-6 SI in 2 

days and decreased to 2871×10-6 SI (14% decrease compared to the maximum MS) after 47 

days, similar to aFh in the abiotic experiment. Increasing trends of MS for aFh-HA, bFh and 

bFh-bleach were similar in which MS increased quickly in the first 133 days and kept slowly 

increasing until 278 days. The final MS value of bFh (1070×10-6 SI) in the biotic transformation 

experiment was similar with that of the other three Fh substrates in abiotic transformation, 

which owing to the fact that the final Fe(III) concentrations in the solid phase were also similar 

(2.8±0.2 mM), suggests a similar amount of magnetite was likely produced. The final MS 

values of aFh, aFh-HA and bFh-bleach were higher (2871×10-6 SI, 4222×10-6 SI and 2441×10-
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6 SI respectively) than that of bFh in biotic transformation, and had correspondingly higher final 

solid Fe(III) (3.4-4.6 mM).  

 

 

Figure 2. Magnetic susceptibility (MS) over time in abiotic (a) and biotic (b) 

transformation of ferrihydrite. Error bars indicate range of triplicate culture bottles. Bars 

not visible are smaller than the symbols. Please note the different time scales for the abiotic 

and biotic batch reactors. 

 

Identity of Fh transformation products. 140 K Mössbauer spectra of transformation products 

are shown in Figure 3, with corresponding fit parameters presented in Table S2. Our data 

showed that the solid-phase products formed during Fe(II)-catalyzed abiotic transformation and 

during dissimilatory iron reduction of ferrihydrite by S. oneidensis MR-1 were goethite and 

magnetite, sometimes associated with a strong Fe(II) doublet in Mössbauer spectra, the identify 

of which cannot be accurately determined but likely corresponds to Fe(II) which adsorbed to 

the mineral surface. Some spectra also required the inclusion of a poorly ordered magnetic 

phase. This phase potentially represents either superparamagnetic magnetite, or goethite which 

have not undergone full magnetic ordering at 140 K. The Fe(II)-catalyzed abiotic 

transformation of aFh and bFh-bleach led to complete transformation to magnetite, which is 

consistent with the Fe concentration results for aFh and bFh-bleach in which the solid-phase 
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Fe(II)/Fe(III) ratios for both Fh were close to 0.5 which is the stoichiometric Fe(II)/Fe(III) ratio 

of magnetite. In contrast, aFh-HA only underwent partial transformation to magnetite (68.2%), 

with paramagnetic Fe(III) (28.5%) and Fe(II) (3.3%) remaining in the solids after 22-days 

cultivation. The bFh underwent further transformation into more thermodynamically stable 

goethite (16.7%); however, no magnetite was produced within 64 days.  

Conversely, all four Fh substrates were transformed into magnetite during biotic Fe(III) 

reduction, although not to completion. Evidence of remaining Fh suggests that even though the 

HA and biomass associated Fh is bioavailable, the organic matter still partially prevents 

transformation of Fh to magnetite. The maximum transformation extent of Fh in the biotic 

experiment is 68.5% for the bFh-bleach phase. Although aFh had no organic matter, there was 

a lower relative abundance of magnetite (~62.3%) produced compared to bFh-bleach with 

paramagnetic Fe accounting for the remaining spectral area. For aFh-HA and bFh, nearly half 

of the Fe was present as magnetite, at 49.9% and 56.1%, respectively.  

The Fe(II)/Fe(III) ratio of each of the magnetite formation products was determined based 

on Mössbauer spectroscopy and is shown in Table S3.36 The ratios varied between samples, 

with aFh-HA (biotic) having lowest value of 0.33, suggesting that stoichiometric magnetite was 

not formed. In contrast, bFh-bleach (biotic) had the highest Fe(II)/Fe(III) ratio of 0.54 which 

suggests a relatively reduced magnetite. In the only two samples which converted completely 

to magnetite without any additional transformation products, the ratios were calculated to be 

0.45 and 0.40 for aFh and bFh-bleach (abiotic), respectively. This suggests that magnetite 

formed from the bleach-washed biogenic ferrihydrite is partially oxidized in comparison to the 

pure ferrihydrite. However, no clear pattern emerged which suggests that abiotic or biotic 

reactions favor either more reduced or more oxidized magnetite. 
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Figure 3. Mössbauer spectra of ferrihydrite transformation induced by Fe2+
aq abiotically 

((a)-(d)) and S. oneidensis MR-1 biotically ((e)-(h)). (a)(e) are aFh transformation 

products; (b)(f) are aFh-HA transformation products; (c)(g) are bFh transformation 

products; (d)(h) are bFh-bleach transformation products. Open circles: measured data, 

solid line: fitted spectrum, filled areas: modelled relative amounts of identified minerals. 

 

DISCUSSION 

Role of initial Fe2+
aq concentration and Fe(II)/Fh ratio in Fh transformation. Abiotic 

transformation was faster compared to biotic transformation, implying that the initial Fe2+
aq 

plays a dominant role in the rate of magnetite formation from Fh. Previous studies on Fe(II)-

induced abiotic transformation of ferrihydrite showed that magnetite accumulation is only 

observed at Fe2+
aq concentration exceeding 0.3 mM (equivalent to 0.5 mmol Fe[II]/g 

ferrihydrite); otherwise only lepidocrociteor and/or goethite formed after 140 hours.7, 12 In our 

abiotic experiments, we cannot rule out the possibility that lepidocrocite and/or goethite formed 

as intermediate products. However, given the Fe(II) concentration (Fe(II) to Fh ratio was 2.3, 

equivalent to 28 mmol Fe[II]/g ferrihydrite) and long duration of experiments (more than 510 

hours) such phases might have undergone transformation to magnetite and are thus not visible 

in the Mössbauer spectra. This initial Fe2+
aq concentration was based on our abiotic preliminary 

experiments in which Fe2+
aq was reacted with aFh at different Fe(II)/Fe(III) ratios (ranging from 

0.5 to 10). In these preliminary experiments, MS results showed that no magnetite formed when 

the Fe(II)/Fe(III) ratio was 0.5, and neither when the Fe(II)/Fe(III) ratio was 10 (Figure S3). 

Although the Fe(II)/Fe(III) ratio of 0.5 (equivalent to 6 mmol Fe[II]/g ferrihydrite) is higher 

than that required for magnetite nucleation,7 the absence of any increase of MS implied that no 

magnetite was produced. Therefore, we speculate that there were Fe(III) (oxyhydr)oxides with 

lower MS, such as lepidocrociteor or goethite, transformed from Fh when the initial 

Fe(II)/Fe(III) is too low (lower than 0.5) to initiate nucleation of magnetite. When the initial 
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Fe(II)/Fe(III) is high (higher than 10), the rate of reduction was so fast, that all Fh substrate was 

used by the bacteria, and an insufficient number of nucleation sites were available to promote 

formation of magnetite. However, in biotic batch reactors, the total Fe(II)/Fe(III) ratio for aFh 

was much lower (0.29) when magnetite was produced, implying the strong influence of bacteria 

on magnetite transformation.  

Role of S. oneidensis in Fh transformation. Although bacteria can initiate nucleation of 

magnetite at low Fe(II) concentration, based on results of final mineral products percentages 

(Figure 4), the transformations of aFh, bFh-bleach and aFh-HA to magnetite were restricted 

within the biotic systems compared to the abiotic systems. For instance, the relative amounts of 

magnetite formed in aFh, bFh-bleach and aFh-HA were lower in biotic systems than abiotic 

systems (based on Mössbauer spectroscopy data). In biotic systems, magnetite precipitation is 

catalyzed by the microbial reduction of Fe(III) (i.e. ferrihydrite) which leads to the release of 

Fe(II) which can further react with Fh to form magnetite. Previous studies have shown that the 

association of Fe(II) with solid phases can significantly increase the reactivity of the Fe(II), 

since surface complexation of Fe(II) by hydroxyl groups on the mineral surface stabilizes the 

Fe(III) oxidation state and can decrease in the Fe(III)-Fe(II) redox potential.37-39 In the biotic 

batch reactors, the reaction between Fe(III) in the solid phase and Fe(II) produced by the 

bacteria might be inhibited by bacterial cells (S. oneidensis MR-1) blocking surface sites, and 

thus decrease the extent of Fh transformation to magnetite. The passivation of Fh, and/or 

sequestration of Fe(II) by bacterial cells and associated biomass, such as extracellular polymeric 

substances (EPS), were confirmed by preliminary experiments of biotic transformation with 

different cell numbers. S. oneidensis MR-1 with a cell number 2×109 cells/mL produced more 

Fe(II)total (4.25 mM; Fe(II)total denotes Fe(II) in aqueous and solid phase) from aFh than that 

with cell number 1×109 cells/mL (3.83 mM) and 5×108 cells/mL (3.18 mM) (Figure S4). 

Additionally, Fe(II)/Fe(III) of Fh transformation with cell number 2×109 cells/mL (0.96) was 

higher than that with cell number 1×109 cells/mL (0.7) and 5×108 cells/mL (0.52). However, the 
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MS of Fh transformation with cell number 2×109 cells/mL (601×10-6) was much lower than that 

with cell number 1×109 cells/mL (2928×10-6) and 5×108 cells/mL (2871×10-6). Mössbauer 

spectroscopy results were consistent with above Fe concentration which showed 70.5% and 

62.3% Fe were present as magnetite transformation products from Fh by S. oneidensis MR-1 

with cell number 1×109 cells/mL and 5×108 cells/mL (Figure 3 and Figure S5). However, it is 

hard to distinguish the sextet present in transformation products from Fh by S. oneidensis MR-

1 with cell number 2×109 cells/mL as being due to either goethite or magnetite due to poor 

signal to noise ratio. This undefined sextet corresponds to up to 25% Fe present. Therefore, 

biotic transformation results with different cell numbers suggested bacterial cells and associated 

biomass, such as EPS, adsorbed/complexed Fe(II), potentially passivated Fh surface and 

hindered the reaction between Fh and Fe(II). A similar effect has been observed when Fh was 

inoculated with Fe(III)-reducing bacteria resulting in a decrease of the transformation rate for 

Fh and spatial heterogeneity of the secondary mineralization products compared to abiotic Fh 

transformation.40-43 Additionally, a previous study which explored the effect of a dissolved 

organic exudate released by Fe(III)-reducing bacteria on the kinetics of Fh transformation (by 

isolation of the exudate containing Fe(II)) showed that it is the presence of the bacteria cells, 

and not the exudate alone, which hinders transformation rates of Fh to secondary minerals.40 
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Figure 4. The percentages of transformation products from ferrihydrite induced by Fe2+
aq 

abiotically (a) and by S. oneidensis MR-1 (b).  

 

Delay between reduction and magnetite formation (Δt). There is a clear lag between the 

increase of Fe(II)/Fe(III) ratio and the increase of MS for aFh-HA, bFh and bFh-bleach during 

biotic transformation (Figure 5). This suggests a delay in the order of days to months between 

the production of Fe(II) by biotic Fe(III) reduction and the precipitation of magnetite. The 

averaged triplicate values of Fe(II)/Fe(III) ratios in the solids and MS average were fitted with 

the Hill equation which provided a close approximation to the data (see supplementary 

information). The first order derivative of the respective model was then calculated to provide 

information related to the rates of Fe(III) reduction and magnetite formation. The fastest rate of 

Fe(II)/Fe(III) or MS increase were determined from the maxima of the respective first order 

derivatives (Figure 5, Table S4). We refer to the difference between maximum rate of 
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Fe(II)/Fe(III) or MS increase as Δt. There was almost no delay for the three Fh substrates (aFh, 

aFh-HA, bFh-bleach) which transformed to magnetite during abiotic transformations (Figure 

S6). In biotic transformations, aFh showed almost no delay (<1 d), while for bFh-bleach, aFh-

HA and bFh, the Δt were 19 d, 33 d and ~40 d, respectively. We postulate that the mechanisms 

which are causing these delays between biotic Fe(III) reduction and magnetite formation 

include: (i) Fh surface passivation by an organic layer and (ii) complexation of Fe(II) by 

bacterial cells. An organic layer formed by biomass (from the Fe(II)-oxidizing bacteria which 

produced the Fh) or HA can block or passivate the surface Fh against reaction with Fe(II), 

resulting in no direct magnetite production. As mentioned above, bacteria cells 

adsorbing/complexing with Fe(II) could passivate Fe(II) and hinder the reaction between Fh 

and Fe(II). We postulate that over time this organic layer and bacteria cells degrade, allowing 

the reaction between Fe(II) and Fh and initiating transformation to magnetite. Similar results in 

previous studies showed the strong initial interactions between biogenic organic matter and iron 

with biogenic organic matter released over the course of days to weeks, eventually allowing the 

iron minerals to precipitate. 44-46  
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Figure 5. Fe(II)/Fe(III) compared to MS over time in biotic transformation of aFh (a), 

aFh-HA (b), bFh (c) and bFh-bleach (d). The red and blue lines correspond to 

Fe(II)/Fe(III) and magnetic susceptibility, respectively. Inserts show the first derivative of 

Fe(II)/Fe(III) and MS. 

 

Effect of humic acid and biomass on the rates and extent of transformation of Fh. All Fh 

substrates in both abiotic and biotic experiments transformed to magnetite with the exception 

of bFh in the abiotic experiment. The bFh underwent further transformation into more 

thermodynamically stable goethite with no magnetite produced within 64 days in the abiotic 

experiment. Similar results have been found in other studies which demonstrate organic matter 

strongly retards or even suppresses Fe(II)-induced abiotic transformation of Fh when exposed 

OM-Fe coprecipitates with C/Fe molar ratios of ~0.7-4.2 at 0.2−5.0 mM Fe2+
aq.

18-20, 47-49 Here, 

the lower C/Fe molar ratio of bFh (0.39) and higher initial Fe2+
aq concentration (~7 mM) 

compared with previous studies still appears to limit abiotic Fh transformation, implying the 
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delaying or even inhibiting effect of biomass on Fh transformation. Although the C/Fe molar 

ratios of aFh-HA and bFh are similar, the extent of decrease of the Fh transformation rate by 

microbial biomass is much larger compared with HA. Even when treated with bleach to remove 

97% biomass for bFh, the residual biomass or the lower surface reactivity of bFh-bleach due to 

the bleach treatment still delayed the Fh transformation. The possible mechanisms for the 

delaying or inhibiting effect of HA and biomass on Fh transformation could be the complexation 

of Fe(II) by OM which can decrease free Fe2+
aq concentration in the solution and thus lower 

secondary mineral transformations of Fh.22, 50 However, based on the Fe2+
aq concentration in 

our study, there was less Fe2+
aq removal in abiotic transformation and more Fe2+

aq in the aqueous 

phase of biotic transformation for Fh with OM than that without OM, suggesting complexation 

of Fe(II) by OM is a minor component of our system. 

Magnetite forms via solid-state conversion of Fh or via dissolution of Fh and subsequent 

re-precipitation and/or a combination of both.8, 51, 52 For both pathways, adsorption of Fe(II) to 

Fh is necessary to induce electron transfer and drive the transformation.40, 53, 54 Additionally, 

previous experimental results have also demonstrated that the microbial reduction rate and 

extent of Fe(III) (oxyhydr)oxides are controlled by the surface area and site concentration of 

the Fe(III) (oxyhydr)oxides.22, 55, 56 HA and biomass partially blocked adsorption sites, and 

therefore prevented or slowed the transformation of Fh to magnetite. The specific surface area 

results of the four Fh substrates also confirmed this assumption; the presence of HA and 

biomass decreased SSA of Fh, and lead to formation of larger aggregates, resulting in the lower 

accessible surface area per mass ferrihydrite for electron transfer. Recent studies on atom 

exchange between aqueous 57Fe(II) or 56Fe(II) with Fh-OM show that even though electron 

transfer still occurs between Fe(II) and Fh-OM, no measurable formation of secondary minerals 

can be observed.20, 57 These results imply that although OM fails to prevent the electron transfer 

between Fe(II) and Fh-OM, it can retard secondary mineral transformation of Fh by inhibiting 

Fh aggregation and growth via Ostwald ripening, thus stabilizing Fh. Alternatively, the presence 
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of HA and biomass can induce a negative surface charge of Fh, which can block sorption of 

negatively charged cells on Fh surface due to electrostatic repulsion. In summary, both HA and 

biomass affect Fh mineral properties, such as sorption sites availability, surface area and mineral 

charge, inducing unique mineral transformation behavior for bFh and aFh-HA from aFh under 

abiotic and biotic reducing conditions. Additionally, the abiotic transformation products from 

bFh and aFh-HA were goethite and magnetite respectively, suggesting while the similar 

mechanisms for the delaying or inhibiting impact of HA and biomass on Fh transformation may 

be at play, the overall effect of HA vs biomass association with Fh was different. 

Environmental implications. The transformation of Fe minerals directly influences Fe cycling 

as well as the fate of associated nutrients and contaminants. Magnetite formation is of particular 

interest due to its high reactivity towards pollutants in the environment, and its magnetic 

properties, which make it as a potential tool for climate reconstruction and organic contaminant 

detection.58, 59 This study advances our understanding of the formation of magnetite under 

different geochemical settings relevant to the environment. Our work further advances previous 

studies 20, 22, 57 which have predominantly focused on the transformation of ferrihydrite and not 

specifically looked at the rates of magnetite precipitation as we have investigated here. The 

results of our study highlight the importance of the Fe(II)/Fh ratio in the rate and extent of 

magnetite formation. Abiotic ferrihydrite transformation to magnetite may not occur in soils 

and sediments containing extremely low or high Fe(II)/Fh ratios. For example, such a scenario 

may be expected in the surface water which is fully oxygenated. Additionally, we hypothesized 

that microbial biomass associated with biogenic Fh could block or inhibit the reaction between 

Fh and Fe2+
aq and stabilize Fh; however, Fh remains bioavailable even when associated with 

biomass, as demonstrated by the transformation to magnetite. However, although the OM-Fh 

co-precipitates are more stable than pure Fh in natural environment over long periods of time, 

it can still undergo transformation, especially if there is a shift in the geochemical conditions. 

Further studies on the bonding between biomass and Fh, such as the sorption vs. 
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inclusion/occlusion into the structure, as well as the release of OC and variation of magnetite 

particle sizes during microbial reduction of bFh is needed to make definitive conclusions on the 

biogeochemical impacts of biomass on Fe cycling. 
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