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Abstract

Microbial reduction of Fe(III) minerals at neutral pH is faced by the problem of electron transfer from the cells to the
solid-phase electron acceptor and is thought to require either direct cell-mineral contact, the presence of Fe(III)-chelators
or the presence of electron shuttles, e.g. dissolved or solid-phase humic substances (HS). In this study we investigated to which
extent the ratio of Pahokee Peat Humic Acids (HA) to ferrihydrite in the presence and absence of phosphate influences rates
of Fe(III) reduction by Shewanella oneidensis MR-1 and the identity of the minerals formed. We found that phosphate gen-
erally decreased reduction rates by sorption to the ferrihydrite and surface site blocking. In the presence of low ferrihydrite
concentrations (5 mM), the addition of HA helped to overcome this inhibiting effect by functioning as electron shuttle
between cells and the ferrihydrite. In contrast, at high ferrihydrite concentrations (30 mM), the addition of HA did not lead
to an increase but rather to a decrease in reduction rates. Confocal laser scanning microscopy images and ferrihydrite sedi-
mentation behaviour suggest that the extent of ferrihydrite surface coating by HA influences the aggregation of the ferrihy-
drite particles and thereby their accessibility for Fe(III)-reducing bacteria. We further conclude that in presence of dissolved
HA, iron reduction is stimulated through electron shuttling while in the presence of only sorbed HA, no stimulation by elec-
tron shuttling takes place. In presence of phosphate the stimulation effect did not occur until a minimum concentration of
10 mg/l of dissolved HA was reached followed by increasing Fe(III) reduction rates up to dissolved HA concentrations of
approximately 240 mg/l above which the electron shuttling effect ceased. Not only Fe(III) reduction rates but also the mineral
products changed in the presence of HA. Sequential extraction, XRD and 57Fe-Mössbauer spectroscopy showed that crystal-
linity and grain size of the magnetite produced by Fe(III) reduction in the presence of HA is lower than the magnetite pro-
duced in the absence of HA. In summary, this study shows that both the concentration of HA and Fe(III) minerals strongly
influence microbial Fe(III) reduction rates and the mineralogy of the reduction products. Thus, deviations in iron (hydr)oxide
reactivity with changes in aggregation state, such as HA induced ferrihydrite aggregation, need to be considered within nat-
ural environments.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Fe(II) and Fe(III) minerals such as siderite (FeIICO3),
vivianite ðFeII

3 ðPO4Þ2 � 8H2OÞ, magnetite ðFeIIFeIII
2 O4Þ,
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ferrihydrite (FeIII(OH)3), goethite (a-FeIIIOOH), lepidocro-
cite (c-FeIIIOOH) or hematite ðc� FeIII

2 O3Þ are subject to a
large number of chemical and biological redox transforma-
tions in the environment. The biologically driven iron redox
cycle includes Fe(III)-reducing as well as Fe(II)-oxidizing
bacteria that inhabit a broad range of environments includ-
ing, oxic, anoxic, microoxic, pH-neutral or acidic, ambient-
temperature and hydrothermal conditions (Lovley et al.,
2004; Kappler and Straub, 2005; Weber et al., 2006;
Konhauser et al., 2011). Members of the genera Shewanella
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and Geobacter have been found to be the dominating spe-
cies in pH-neutral environments promoting microbial iron
reduction (Thamdrup, 2000; Lovley et al., 2004).

In order to use poorly soluble iron (oxyhydr)oxides as
terminal electron acceptor which cannot pass the cell mem-
brane, iron-reducing microorganisms have developed at
least three different strategies to transfer electrons: Electron
transfer (1) by direct contact between cells and the mineral
surface, (2) by reduction of complexed and thus solubilized
Fe(III) facilitated by endogenous or exogenous chelating
compounds, and (3) by using redox-active electron shut-
tling molecules (for review see Lovley et al., 2004; Lovley,
2008). Electron transfer via direct contact between cells
and the mineral surface has been suggested to be mediated
via conductive pili or pilus-like appendages (Reguera et al.,
2005; Gorby et al., 2006) and via outer membrane cyto-
chromes (Ruebush et al., 2006). However, there is substan-
tial evidence that microbial Fe(III) reduction does not
necessarily need direct contact between cells and minerals
(Nevin and Lovley, 2002b; Lies et al., 2005). Flavin com-
pounds, capable of electron shuttling and Fe(III) complex-
ation, were shown to be produced and excreted by
Shewanella strains (Taillefert et al., 2007; Marsili et al.,
2008; von Canstein et al., 2008).

Besides these relatively simple and structurally defined or-
ganic molecules, heterogeneous humic substances (HS) can
stimulate Fe(III) mineral reduction (Lovley et al., 1996b).
HS are common constituents of soils and sediments, com-
posed of detrital organic material containing metal-ion-com-
plexing and redox-active functional groups (Stevenson,
1994). HS can be separated into three fractions with different
pH dependent water solubility (i.e., fulvic acids, humic acids
(HA), and humins). 9,10-anthraquinone-2,6-disulfonate
(AQDS) has often been used in laboratory studies as a simple
surrogate for quinone moieties in HS (Coates et al., 1998;
Fredrickson et al., 1998; Kukkadapu et al., 2004; O’Lough-
lin, 2008). However, the significance of experiments in which
HS are substituted by artificial electron shuttling compounds
such as AQDS for understanding microbial electron transfer
and mineral transformation is questionable due to the heter-
ogeneous, polymeric and polydispersive nature of HS. For
instance, in contrast to AQDS (Wolf et al., 2009), HS
strongly sorb to Fe minerals and show a pH-dependent solu-
bility behaviour. The structure of HS is also known to vary
with geochemical conditions such as pH, ionic strength and
HS redox state. Thus, the availability of redox active func-
tional groups is likely to change as a function of molecule
aggregation (Thieme et al., 2007).

It has been suggested that HS can stimulate microbial
iron reduction in three ways: (1) by solubilization of Fe(III)
minerals via iron complexation and transport of the Fe(III)
to the cells (Lovley et al., 1996a; Nevin and Lovley, 2002a),
(2) by complexation of Fe(II), thus preventing surface site
blockage and providing thermodynamically favourable
conditions for Fe(III) reduction (Royer et al., 2002b), or
(3) via electron shuttling by transferring electrons from
the cells to the Fe(III) minerals (Lovley et al., 1996b; Royer
et al., 2002a; Bauer and Kappler, 2009). Studies investigat-
ing electron shuttling typically have been conducted using
very high HS concentrations (up to 2 g/l) (Lovley et al.,
1996b; Coates et al., 1998), compared to natural concentra-
tions of HS between 0.4 mg/l in groundwater and 60 mg/l in
surface water (Aiken, 1985) (0.2–30 mg C/l). Recently it has
been shown that electron shuttling between cells and fer-
rihydrite occurs if the dissolved HA concentration exceeds
a minimum of 5 mg C/l (Jiang and Kappler, 2008). The
stimulation by HA ceased at a maximum reduction rate
for HA concentrations of 25 mg C/l and higher (Jiang
and Kappler, 2008). All these studies exclusively describe
the effect of dissolved HS on microbial iron reduction. Re-
cently, it has been shown that also solid-phase humic com-
pounds can function as electron shuttles (Roden et al.,
2010). Additionally, it can be expected that sorption of
HS to iron mineral surfaces (Weng et al., 2006; Kaiser
et al., 2007) will influence the reactivity of these iron miner-
als (Mikutta and Kretzschmar, 2008) and the bacteria-min-
eral interactions, respectively. The charge and accessibility
of the mineral surface was shown to change after sorption
of organic polymers (Kretzschmar and Sticher, 1997; Mi-
kutta et al., 2008). However, the effect of dissolved versus
sorbed HS on the function of HS as electron shuttle and
on the microbial transformation of iron minerals has not
been determined.

The identity and properties of the mineral products
formed during microbial iron reduction are of interest be-
cause of their ability to release, transform and sequester
nutrients or pollutants (Borch et al., 2010). The formation
of specific mineral phases during microbial iron reduction
does not depend on a specific microbial strain but rather
on the geochemical conditions present during their forma-
tion (Mann, 2001; Konhauser et al., 2008; Piepenbrock
et al., 2011). Previous studies showed a slow Fe(II)-induced
recrystallization (via a reductive dissolution-reprecipitation
or structural rearrangement mechanism) of ferrihydrite to
goethite, lepidocrocite or hematite at low Fe(II) concentra-
tions at the mineral surface (Gálvez et al., 1999; Cornell and
Schwertmann, 2003) while elevated Fe(II) concentrations
lead to magnetite formation by topotactic conversion of
the ferrihydrite (Ardizzone and Formaro, 1983). Conse-
quently, depending on Fe(II) concentration, lepidocrocite
(Fredrickson et al., 2003), goethite and magnetite (Hansel
et al., 2003; Kukkadapu et al., 2004; Borch et al., 2007)
have been identified as products of microbial Fe(III) reduc-
tion. The amount of Fe(II) present during the reduction
process and the rate of Fe(II) formation controls the trans-
formation of ferrihydrite to either goethite or magnetite
(Zachara et al., 2002; Coker et al., 2008). Additionally,
the presence of bicarbonate or phosphate during microbial
iron reduction either leads to preferential formation of sid-
erite (Fredrickson et al., 1998) or green rust and vivianite
(Hansel et al., 2003; Borch et al., 2007), depending on the
concentration of these anions. The different iron phases
produced during microbial Fe(III) reduction differ in redox
reactivity and sorption capacity. Therefore, identification of
the geochemical factors controlling the type and reactivity
of the secondary iron minerals formed is essential for pre-
diction of pollutant degradation and nutrient sequestration
(Borch et al., 2010). The effect of HS on the identity of bio-
genic iron minerals formed during Fe(III) reduction has not
been determined systematically so far.
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In summary, the effects of HS at naturally relevant con-
centrations on microbial iron reduction are poorly under-
stood. Based on the knowledge outlined above we
hypothesize that the HA concentration influences the
microbial reducibility of ferrihydrite as well as the identity
of the minerals produced during microbial reduction.
Therefore the main objectives of this study were: (1) to
determine the range of HA concentrations that lead to stim-
ulation of microbial ferrihydrite reduction, (2) to identify
and evaluate the effects of dissolved versus adsorbed HA
on ferrihydrite reduction, and (3) to identify the biogenic
precipitates formed during ferrihydrite reduction in pres-
ence of phosphate and HA.

2. EXPERIMENTAL PROCEDURES

2.1. Bacterial cultures

Shewanella oneidensis strain MR-1 was kindly provided
by Jeff Gralnick (Univ. Minnesota). We chose this strain
as our model strain since it is well characterized, easy to cul-
tivate and for its ability to utilize a broad variety of different
substrates (Nealson and Myers, 1990; Venkateswaran et al.,
1999). Aerobic cultures on lysogeny broth (Luria Bertani
medium; LB medium) agar plates were streaked out from
a frozen stock kept at �80 �C. LB-medium contained (per
l): 10 g tryptone, 5 g yeast extract and 5 g NaCl (for LB-
plates 12 g agar was added). LB-plates were incubated at
28 �C for approximately 24 h and afterwards kept at 4 �C
for up to 10 days. For liquid cultures, 50 ml of liquid LB
medium in a 200 ml Erlenmeyer flask were inoculated with
a single colony from the LB-plate. The capped flask was
incubated at 28 �C on a rotary shaker at 150 rpm under ini-
tial oxic conditions. The cell concentration in LB-cultures
was determined by optical density (OD) measurements at
600 nm. OD600 was calibrated against cell counts obtained
by direct counting with a Thoma-chamber by light micros-
copy (Axioscope 2, Zeiss, Germany). At the end of expo-
nential growth, cells had consumed O2 completely and
switched to anaerobic metabolism (Lies et al., 2005). The
inoculum for experiments was prepared as follows: 2 ml
of a LB-grown cell culture was harvested after 14 h at late
exponential growth phase and centrifuged (5 min,
10,600 g). Cells were washed twice with LML medium,
resuspended in 2 ml of medium and diluted to a final con-
centration of 2 � 105 cells/ml in culture tubes containing
LML medium. LML medium was prepared after Myers
and Myers (1994), containing 12 mM HEPES buffer (pH
7) and 30 mM lactate as electron donor. The pH was ad-
justed with NaOH instead of NaHCO3 before autoclaving.

2.2. Preparation of ferrihydrite suspensions and humic

substance solutions

Ferrihydrite was synthesized according to Schwertmann
and Cornell (2000) and Raven et al. (1998) by adding 40 g
of Fe(NO3)3 � 9H2O to 500 ml water followed by pH
adjustment (1 M KOH) to a final pH of 7.2. After centrifu-
gation and 4 times washing with Millipore�-water, the wet
pellet was resuspended in water to an approximate
concentration of 0.5 M Fe(III). This suspension was stored
in the dark in tightly closed serum bottles (butyl rubber
stoppers). Deoxygenation under vigorous stirring was done
by alternating application of vacuum and N2 purging for
10 min each in total three times. The freeze-dried mineral
product was characterized by l-X-ray diffraction (l-
XRD). Since we observed the formation of crystalline
mineral phases (hematite) either after autoclaving or after
storing the ferrihydrite suspension for longer than 3 months
(Fig. A1, Appendix 1 in Supplementary data), suspensions
used for this study were not sterilized and always used with-
in 2 months after synthesis for experiments. N2-BET mea-
surements of several independently synthesized batches of
the ferrihydrite yielded surface areas between 240–280 m2/
g after freeze-drying.

For experiments with HA, IHSS (International Humic
Substances Society) Pahokee Peat Humic Acid 1R103H2
was dissolved either in Millipore�-water or 50 mM phosphate
buffer (pH 7) at different concentrations of up to 24 mg/ml fol-
lowing previous studies (e.g. Jiang and Kappler, 2008). If nec-
essary, the pH was readjusted to 7 by dropwise addition of 2 M
NaOH. The HA solutions were shaken for 1 h before filter-
sterilization (cellulose acetate, 0.2 lm) into autoclaved culture
tubes closed with butyl rubber stoppers. After filtration the
solution was deoxygenated under sterile conditions by alter-
nating application of vacuum and N2 for 5 min each.

2.3. Experimental setup

Fe(III) reduction experiments were conducted in LML
medium with 30 mM lactate as electron donor. To monitor
Fe(II) and mineral formation during microbial Fe(III)
reduction, approximately 30 tubes were set up per experi-
mental condition in parallel with the same amount of med-
ium, ferrihydrite, cells, phosphate or HA, respectively (for a
complete list of experimental setups see Table A1, Appen-
dix 2 in Supplementary data). Sterile culture tubes (total
volume 23 ml) were filled with 9 ml (cultures containing
5 mM i.e. 0.5 g/l ferrihydrite) or 6 ml (cultures containing
30 mM i.e. 3.2 g/l ferrihydrite) of anoxic LML-medium.
The headspace was exchanged with N2 and the tubes were
sealed with butyl rubber stoppers. For sample treatments
in the glove box (mineral preparation, sequential extrac-
tion) smaller culture tubes with screw cap fixed butyl rubber
stoppers (total volume 17 ml) were used. Finally, ferrihy-
drite suspension, HA solution (prepared either in water or
phosphate buffer, see above) or phosphate buffer solution,
and the cells (final cell number: 2 � 105 cells/ml) were in-
jected with syringes and the tubes were incubated horizon-
tally at 28 �C in the dark. In experiments where phosphate
buffer or HA dissolved in phosphate buffer was added, the
final phosphate concentration was 0.8 mM.

At each sampling time, several tubes (from the 30 parallel
tubes) were selected (1) to quantify total Fe(II) and total
Fe(III) concentrations by acid digestion and (2) to obtain
samples for mineral identification by 57Fe-Mössbauer spec-
troscopy and XRD and for sequential extraction of iron min-
erals. Complete digestion of the biogenic solids in the tubes
was necessary in order to avoid inhomogeneous sampling
with syringes and to determine the total amount of Fe(II)



K. Amstaetter et al. / Geochimica et Cosmochimica Acta 85 (2012) 326–341 329
and Fe(III) including precipitates that sorbed to the glass
walls. In order to calculate the maximum reduction rates,
these total Fe(II) concentrations were plotted against time.
A linear regression was used to derive the maximum slope
for Fe(III) reduction rates during exponential phase (for
examples see Fig. A2, Appendix 3 in Supplementary data).

Nearly all experiments were performed at least twice.
The reduction rates of replicate experiments were used to
calculate average values of iron reduction rates for one spe-
cific experimental condition. The experiment with 400 mg/l
HA and phosphate and a few of the phosphate-free exper-
iments were performed once, but three parallel tubes were
analyzed to determine the total Fe(II) concentration at each
sampling time point. Total iron concentrations were usually
slightly lower than aimed for (3.8–4.8 mM instead of 5 mM,
24–29 mM instead of 30 mM) due to variations of the con-
centration in ferrihydrite stocks and due to dilution by add-
ing the various solutions (HA, etc.) but will be referred to as
5 and 30 mM ferrihydrite setups throughout the text.

Our experiments included setups that contained combi-
nations of medium, cells or ferrihydrite both in the presence
or absence of phosphate without any HA amendments
(Table A1, Appendix 2 in Supplementary data). The reduc-
tion rates determined for those experiments therefore also
account for potential effects of endogenous shuttling com-
pounds excreted by the bacteria. In the absence of bacteria,
no iron reduction was observed.

2.4. Sampling

In order to determine total concentrations of Fe(III) and
Fe(II) (see below), culture tubes were sacrificed at different
time points and the minerals in the tubes were completely
dissolved by adding 2.25 and 3 ml of 12 M HCl to the 5
and 30 mM ferrihydrite cultures, respectively.

Samples for 57Fe-Mössbauer spectroscopy, l-XRD and
sequential extraction were prepared in an anoxic glove box
(100% N2 atmosphere) harvesting one screw-cap culture
tube for each analysis at the chosen time-point. The sam-
ples were transferred stepwise into 2 ml-Eppendorf� tubes
and centrifuged (2 min, 9700 g). Subsamples of the superna-
tant were kept in the glove box and analyzed for dissolved
Fe(II) and Fe(tot). The remaining solids were prepared for
57Fe-Mössbauer spectroscopy, dried for l-XRD or sequen-
tially extracted. It has to be noted that after the initial cen-
trifugation step, not only dissolved Fe2+ but also small
ferrihydrite colloids with sorbed Fe(II) could be present
in the supernatant. However, based on the absence of sig-
nificant concentrations of dissolved Fe(III) (see e.g.
Fig. 7), we consider this fraction to be negligible.

2.5. Sequential extraction

The protocol for sequential iron mineral extraction was
modified after Roden and Zachara (1996). Loosely bound
Fe(II) was extracted by a 1 M sodium acetate solution
(pH 5). Vivianite and poorly crystalline minerals such as
ferrihydrite were dissolved in 0.5 M HCl, whereas crystal-
line minerals such as goethite, magnetite and hematite were
dissolved in 6 M HCl. Control experiments showed that
synthetic siderite was dissolved partly in the acetate extrac-
tion solution and completely dissolved in 0.5 M HCl (data
not shown).

Solutions used for the extraction steps under anoxic con-
ditions were purged with N2 (30 min) before being brought
into the glove box. For the first extraction step, 1.5 ml anoxic
sodium acetate solution was added to the precipitates (that
were separated by centrifugation) and incubated for 24 h in
the dark. The mixture was centrifuged (2 min, 9700g) and
the supernatant was kept for Fe analysis. The residual solid
was extracted with 1.5 ml of anoxic 0.5 M HCl. After 2 h of
incubation (in the dark), the mixture was again centrifuged
and the supernatant was kept for Fe analysis. The remaining
solids were dissolved in 1.5 ml of 6 M HCl at 70 �C in a water
bath for 30 min outside the glove box. The extract was then
analyzed for the Fe content.

2.6. Analytical methods

Dissolved HA were quantified by absorption measure-
ments at 465 nm with a plate reader of filtered samples
(Spin-X nylon membrane tubes, 0.22 lm, Costar, USA).
LML-medium or phosphate buffer did not show significant
interference at this wavelength. A filtered stock solution of
IHSS standard Pahokee Peat Humic Acid (1R103H2) was
diluted in 50 mM phosphate buffer to obtain a calibration
curve between 0.03 and 0.3 g/l. It is known that sorption
of HA to the ferrihydrite surface is not homogeneous for
all HA molecules present and leads to a slight fractionation
of HA (Sharma et al., 2010). However, Sharma and co-
workers (2010) showed that this does not cause significant
variations in calculation of the actual HA concentrations.
Additionally, due to the high concentration of non-humic
organic molecules stemming from the microbial growth
medium, quantification of HA via alternative methods such
as DOC analysis was not possible.

Fe(II) was quantified using the ferrozine assay (Stookey,
1970). In order to quantify total iron (Fe(tot)) concentra-
tions, aliquots were reduced with 10% w/v NH2OH �HCl
dissolved in 1 M HCl. Fe(II) and Fe(tot) samples were
mixed with a 0.1% (w/v) solution of ferrozine prepared in
50% (w/v) ammonium acetate buffer. Absorbance was mea-
sured at 562 nm in microtiter plates with a plate reader. It
has been shown previously that even high concentrations
of natural organic matter do not interfere with the ferrozine
assay (Voillier et al., 2000).

Samples taken right after setting up the cultures showed
that iron concentrations in the filtrates (present due to com-
plexation by humic substances) or dispersed ferrihydrite
particles were below or close to the detection limit of the
ferrozine assay, even at high HA concentrations. Only after
3 weeks, concentrations of approximately 0.1 mM of
Fe(III) were detectable in the filtrate of cell-free setups con-
taining 0.6 g/l HA and 5 mM ferrihydrite suggesting the
formation of HA-Fe colloids or complexes with a size less
than 0.45 lm.

The specific surface area of iron minerals was deter-
mined by the Brunauer-Emmett-Teller (BET) method with
a Gemini 2375 Surface Area Analyzer (Micromeritics,
Germany) with N2 as adsorbing gas. Dry mineral samples
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were degassed for 30 min under vacuum at 105 �C, before
measuring a five-point-BET-curve.

Microscopic analysis was performed at a Leica TCS SP2
confocal laser scanning microscope. Cells were stained
using the NanoOrange protein dye (Invitrogen, USA) in a
1:100 dilution. Excitation wavelength of the laser was set
to 458–514 nm (max. 485 nm) and fluorescence of the pro-
tein dye was detected between 530 and 630 nm (max.
590 nm). Three different sections of each sample were
scanned along the z-axis to collect light microscopy and
fluorescent data simultaneously at different focus levels.

For 57Fe-Mössbauer spectroscopic analysis (the instru-
ment was set to detect exclusively 57Fe species and will be
named Mössbauer spectroscopy throughout the script)
wet mineral samples were sealed between layers of Kapton�

tape in the anoxic glove box. Samples were mounted in a
close-cycle exchange-gas cryostat (Janis, USA) that allowed
cooling of the sample to 4.2 K. Mössbauer spectra were col-
lected with a constant acceleration drive system in transmis-
sion mode and with a 57Co source. Spectra were calibrated
against a spectrum of alpha-Fe metal foil collected at room
temperature. Spectra calibration and fitting was performed
with Recoil software (University of Ottawa, Canada) using
Voigt based spectral lines.

For l-XRD analyses, dried precipitates were prepared in
the anoxic glove box. The solids were grinded in an agate
mortar, suspended in approximately 50 ll of N2-flushed
ethanol and transferred with a glass pipette into small
indentations (diameter 2 mm) on a silicon wafer. After
evaporation of the ethanol, the samples were covered in
the anoxic glovebox with a piece of clear plastic wrap (poly-
ethylene) which remained oxygen tight for approximately
45 min (based on tests with chemically synthesized Fe(II)
carbonate minerals, not shown) and allowed XRD analysis
outside the glovebox under anoxic conditions. The l-XRD-
device (Bruker D8 Discover X-ray diffraction instrument,
Bruker AXS GmbH, Germany) consists of a Co Ka X-
ray tube, operating at 30 kV, 30 mA, which is either con-
nected to a polycapillary that allows measurements at a
spot diameter of 50 lm or a monocapillary with a spot
diameter of 300 lm. Each sample was measured in three
overlapping frames of 30� 2h, within 1 min measuring time
for each frame, using a GADDS� area detector. The EVA�

10.0.1.0 software was used to merge the three measured
frames of one sample and to identify the contained mineral
phases using the PDF-database licensed by ICDD (Interna-
tional Centre for Diffraction Data). X-ray diffractograms
showed a broad signal in a 2h range from 17� to 29�, orig-
inating from the polyethylene foil which was used to protect
the samples from oxidation. In this range and at smaller an-
gels the intensity of the X-rays diffracted by the mineral lat-
tice is reduced, due to the foil.

3. RESULTS AND DISCUSSION

3.1. Effect of phosphate and HA on Fe(III) reduction rates

and extent

To determine the influence of HA on microbial reduction
of ferrihydrite and mineral transformation, IHSS standard
Pahokee Peat Humic Acid was added at different concentra-
tions to cultures of Shewanella oneidensis MR-1 containing
either 5 mM (0.53 mg/l) or 30 mM (3.21 mg/l) ferrihydrite.
Since phosphate is environmentally relevant and can influ-
ence microbial reduction and specifically its mineral prod-
ucts (Fredrickson et al., 1998; Zachara et al., 2002; Borch
et al., 2007), we also determined the effect of phosphate on
Fe(III) reduction rates and mineral transformation.

Phosphate binds strongly to iron oxide surfaces and has
been shown to hinder microbial Fe(III) reduction (Borch
et al., 2007). Although we observed a decrease in reduction
rates in the presence of 0.8 mM phosphate in both 5 and
30 mM ferrihydrite setups (Fig. 1), we did not detect a sig-
nificant change in the percentage of Fe(III) reduced at the
end of microbial reduction, compared to phosphate-free
setups. The extent of Fe(III) reduction reached up to 80–
90% within 4–8 days in all 5 mM ferrihydrite setups and
was thus almost complete. Approximately 40% of Fe(III)
were reduced in the 30 mM ferrihydrite setups within 5–
11 days. This is in contrast to the study by Borch et al.
(2007), where Fe(II) formation decreased with increasing
phosphate concentration (although in that study complete
ferrihydrite reduction was not observed even in absence
of phosphate). However, in their study microbial reduction
was most likely not finished at the time point of analysis
(after 7 days). Some of the differences observed could also
be due to the different medium composition (HEPES buffer
and 30 mM lactate in our study vs. PIPES buffer and 3 mM
lactate in the study by Borch and co-authors) and due to
the different Fe(III) mineral substrates (pure ferrihydrite
in our study vs. ferrihydrite-coated quartz sand, see e.g. dif-
ferences observed by Ekstrom et al., 2010).

In our study, the reduction rates decreased for both fer-
rihydrite concentrations (5 and 30 mM) in the presence of
phosphate but the reduction extent remained constant
(Fig. 1). Differences in Fe(III) reduction rates in the pres-
ence of phosphate were also previously described by Fred-
rickson et al. (1998) who compared reduction of 45 mM
hydrous ferric oxide (HFO) by Shewanella putrefaciens

CN32 in either bicarbonate- or PIPES-buffered medium,
both with and without 4 mM phosphate. They found that
in the first three days of microbial iron reduction phosphate
slowed down the reduction process in PIPES-buffered med-
ium (with 27 mM lactate), comparable to our observations
in HEPES-buffered medium (with 30 mM lactate). In con-
trast, in presence of bicarbonate buffer Fredrickson and
co-workers (1998) observed similar Fe(III) reduction rates
with and without phosphate.

The addition of HA did also not change the extent of
reduction in our experiments but instead it increased the rate
of Fe(III) reduction under certain conditions (Fig. 1). At the
low ferrihydrite concentration (5 mM), stimulation of iron
reduction by HA (compared to the HA-free but phos-
phate-containing setups) was observed at total HA concen-
trations ranging from 50 to 400 mg/l, although at 400 mg/l
HA, iron reduction rates did not further increase compared
to the 200 mg/l setup (Fig. 1c). In contrast, at 30 mM ferrihy-
drite only a HA concentration of 50 mg/l caused stimulation
of ferrihydrite reduction (Fig. 1d). At HA concentrations
above 50 mg/l, the reduction rates decreased to values even



Fig. 1. Total Fe(II) formed over time by Shewanella oneidensis MR-1 in cultures containing (a) 5 mM and (b) 30 mM ferrihydrite with no
additions (�), 0.8 mM phosphate (h), 50 mg/l HA (+), 100 mg/l HA (�), 200 mg/l HA (4) and 400 mg/l HA (�) (all cultures amended with
HA contained 0.8 mM phosphate), representative experiments are shown (please note the differing scales in panel a and b). Maximum rates
for microbial reduction of (c) 5 mM and (d) 30 mM ferrihydrite by Shewanella oneidensis MR-1 in cultures containing different total
concentrations of HA and in all cases 0.8 mM phosphate. Solid horizontal lines indicate maximum reduction rates of cultures that contained
neither phosphate nor HA. Error bars indicate highest and lowest values for the maximum rate obtained from replicate experiments. In panel
d error bars are smaller than the symbols. Images of culture supernatants after addition of different concentrations of HA, in the presence of
(e) 5 mM and (f) 30 mM ferrihydrite. Pictures show, from left to right, tubes containing 0, 50, 100, 200 and 400 mg/l HA (total concentrations;
all tubes contain 0.8 mM phosphate). All images were taken before microbial Fe(III) reduction started.
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lower than the rate determined in presence of only phos-
phate, probably by blocking of ferrihydrite surface sites by
HA. At all HA concentrations tested, the Fe(III) reduction
rates in 30 mM ferrihydrite setups did not significantly ex-
ceed the reduction rates measured in absence of phosphate.
These results show a strong dependence of microbial iron
reduction rates on the ratio of HA to ferrihydrite and will
be discussed in detail in section 3.2 and 3.4.

3.2. Microbial electron transfer in presence of dissolved and

sorbed HA

The acceleration of Fe(III) reduction observed in some
of our experiments after HA addition could be due to (1)
electron shuttling via dissolved HA (Lovley et al., 1996b;
Royer et al., 2002a; Jiang and Kappler, 2008), (2) Fe(III)
solubilization by complexation (Lovley et al., 1996a; Nevin
and Lovley, 2002a), (3) scavenging of dissolved Fe(II)
thereby maintaining the thermodynamic driving force for
further Fe(III) reduction (Royer et al., 2002b) and decreas-
ing Fe(II) sorption, or (4) potentially even facilitating elec-
tron transfer through sorbed HA (Marsili et al., 2008). In
order to evaluate the actual mechanism responsible for
the acceleration, we quantified the adsorbed and dissolved
fractions of HA present in our experiments.

After adding HA at total concentrations from 50 to
400 mg/l to the Fe(III)-reducing cultures, quantification of
HA in the culture supernatant showed that a significant



Table 1
Concentration of total and dissolved Pahokee Peat Humic Acid (HA) and calculated concentration of Fe(II) complexed by dissolved HA in
cultures containing 5 or 30 mM of ferrihydrite. HA concentrations were determined by UV analysis. For calculation of Fe(II) complexation
see Appendix 6 in Supplementary data.

HA total (mg/l) 5 mM Ferrihydrite 30 mM Ferrihydrite

HA dissolved (mg/l) Complexed Fe(II) (mM) HA dissolved (mg/l) Complexed Fe(II) (mM)

48.9 14.4 0.11 n.d. 0.00
94.8 47.6 0.35 n.d. 0.00

191.7 126.6 0.93 n.d. 0.00
390.4 318.0 2.33 7.4 0.05

n.d.: not detectable = below detection limit of instrument (0.01 mg/l).
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fraction of the added HA was adsorbed to the mineral sur-
face (Table 1). In the 5 mM ferrihydrite setups, dissolved
HA concentrations between 14.4 and 318.0 mg/l were mea-
sured, indicating that in all 5 mM ferrihydrite setups dis-
solved HA was present (Table 1). Doubling of the total
HA concentration from 191.7 mg/l to 390.4 mg/l lead to
an almost equivalent increase of 191.4 mg/l in dissolved
HA concentrations (from 126.6 to 318.0 mg/l, Table 1),
meaning that virtually no additional HA were sorbed to
the mineral surface due to surface saturation with HA. This
was confirmed by HA sorption isotherms (based on the
Langmuir equation) for 5 mM ferrihydrite (Appendix 4 in
Supplementary data). Calculations based on the isotherm
data yielded maximum amounts of 145 mg HA sorbed
per g ferrihydrite in phosphate containing solutions and
292 mg HA per g ferrihydrite in the absence of phosphate
at total concentrations of approximately 310 mg HA/l
and 530 mg HA/l, respectively (Appendix 4 in Supplemen-
tary data). The differences in sorption maxima with and
without phosphate showed that competitive sorption of
phosphate and HA occurred at the mineral surface. In pres-
ence of 30 mM ferrihydrite, surface saturation was not
achieved at any HA concentration used in our experiments.
Consequently, in all 30 mM ferrihydrite setups there was an
excess of mineral surface sites relative to sorbed HA mole-
cules present. The mineral surface was therefore just par-
tially covered with HA molecules. The highest HA
concentration of 400 mg/l resulted in a dissolved HA con-
centration of 7.4 mg/l (Table 1). This sorption behavior
could also be observed visually. The liquid phase in the cul-
ture tubes containing 30 mM ferrihydrite remained clear
after ferrihydrite sedimentation (with exception of the
400 mg/l setup), whereas in the 5 mM ferrihydrite setups
a brownish-colored supernatant was observed at all HA
concentrations (Fig. 1e and f).

A stimulation of microbial reduction by dissolved HA was
observed in the 5 mM ferrihydrite setups where addition of
HA increased Fe(III) reduction rates. The rates in presence
of HA are not only higher than in phosphate-amended setups
but also higher than in phosphate-free setups (Fig. 1c). The
acceleration of Fe(III) reduction can be explained by the
presence of significant concentrations of dissolved HA shut-
tling electrons from the cells to the Fe(III) minerals. In all
5 mM ferrihydrite setups the HA concentrations were above
the lower limit of HA necessary for stimulation of Fe(III)
reduction (10 mg/l dissolved HA) (Jiang and Kappler,
2008). From our data it can also be seen that after exceeding
surface saturation of the mineral particles with adsorbed HA
no further acceleration of iron reduction rates occurred. In
presence of 5 mM ferrihydrite this was the case above a sur-
face loading of 145 mg adsorbed HA/g ferrihydrite and
240 mg/l dissolved HA (Appendix 4 in Supplementary data).
With further addition of HA the iron reduction rates re-
mained at a constant elevated level, while the concentration
of dissolved HA was still increasing (Table 1 and Fig. 1).
Jiang and Kappler (2008) also suggested an upper limit of dis-
solved HA for electron shuttling (50 mg/l HA in experiments
using 1 mM ferrihydrite in the presence of phosphate). This
suggests that above a certain threshold concentration of dis-
solved HA – that may vary in individual experiments depend-
ing on surface area of minerals used, cell density, etc. – the
electron transfer process may be limited either by the meta-
bolic activity of the cells (i.e. by the oxidation rate of organic
carbon and the release of a certain number of electrons per
time) or by the electron transfer from dissolved (reduced)
HA to the mineral surface that is limited by the number of
surface sites available at the mineral surface.

In contrast to the 5 mM setups, in all 30 mM ferrihydrite
setups the addition of HA did not stimulate Fe(III) reduc-
tion compared to the setups that contained neither HA nor
phosphate. Only the addition of 50 mg/l HA led to an in-
crease of the reduction rates compared to phosphate-con-
taining setups. The inhibiting effect of phosphate was
most likely compensated by the added HA via competitive
sorption at surface sites (comparable to the sorption iso-
therms, Appendix 4 in Supplementary data). The low
reduction rates observed even at higher HA concentrations
suggest that despite the presence of a significant amount of
HA, these sorbed HA molecules did not stimulate microbial
Fe(III) reduction (for detailed discussion of the decrease in
reduction rates with increasing HA concentration in the
30 mM experiments see section 3.4). Even in 30 mM fer-
rihydrite setups with addition of 400 mg/l HA where
7.4 mg/l of HA remained in solution, this amount was
not sufficient to significantly stimulate microbial iron reduc-
tion (Fig. 1d). This observation is again in agreement with
the study from Jiang and Kappler (2008), who showed that
a minimum concentration of 10 mg/l dissolved HA is neces-
sary to stimulate microbial ferrihydrite reduction.

Since all experiments with HA also contained phosphate,
for comparison we performed experiments with 5 and 30 mM
ferrihydrite and varying HA concentrations in the absence of
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phosphate (Appendix 5 in Supplementary data). Similar to
the phosphate-containing experiments, in the 30 mM ferrihy-
drite setups we observed complete sorption of HA (Appendix
5 Table A2 in Supplementary data) and no stimulation,
rather inhibition, of microbial iron reduction (Fig. A5 in
Supplementary data) at any of the HA concentrations tested
(with even slightly lower rates than measured in the presence
of phosphate). This supports the observation that sorbed HA
molecules alone do not accelerate the electron transfer be-
tween bacteria and iron minerals, but rather negatively influ-
ence the mineral surface similar to sorbed phosphate.
Experiments with 5 mM ferrihydrite conducted in the ab-
sence of phosphate showed complete HA sorption at the
two lowest total HA concentrations (52.0 and 84.2 mg/l
HA) (Table A2 in Supplementary data) causing a decrease
in Fe(III) reduction rate (Fig. A5 in Supplementary data).
At higher total HA concentrations (216.1, 320.2 and
518.4 mg/l HA) a significant fraction of HA was in solution
(Table A2 in Supplementary data) and the Fe reduction rates
increased with increasing concentrations of dissolved HA
similar to the experiments in the presence of phosphate
(Fig. A5 in Supplementary data). Therefore the general con-
clusions drawn from the phosphate-containing experiments
regarding the effect of sorbed and dissolved HA on inhibition
and stimulation of Fe(III) reduction remain the same also in
absence of phosphate.

3.3. Importance of Fe(II) and Fe(III) complexation by HA

for microbial ferrihydrite reduction

Besides facilitating electron transfer from cells to poorly
soluble Fe(III) minerals by electron shuttling, dissolved HS
also have been suggested to stimulate microbial Fe(III)
reduction by Fe(II) complexation and thus removal of the
metabolic product, i.e. Fe(II), thereby maintaining the ther-
modynamic driving force for further reduction (Royer
et al., 2002a,b). Consequently, with increasing concentra-
tions of dissolved HA more Fe(II) is expected to be com-
plexed, thus more Fe(III) is expected to be reduced at a
likely higher reduction rate. To determine whether this mech-
anism played a role in our experiments, we calculated the the-
oretical amount of Fe(II) that can be complexed by the
dissolved HA present, based on the content of acidic func-
tional groups given by the IHSS (Table 1, Appendix 6 in
Supplementary data). According to these calculations,
126.6 and 318.0 mg/l dissolved HA should complex 0.93
and 2.33 mM Fe(II), respectively (Table 1, Appendix 6 in
Supplementary data). Consequently an increase of the total
HA concentration from 200 to 400 mg/l in presence of
5 mM ferrihydrite should have a major effect on the Fe(II)
complexation and thus on the iron reduction rates. However,
the reduction rates were almost the same in the 200 and
400 mg/l setups and no further increase in total Fe(II) formed
was observed. We therefore conclude that Fe(II) complexa-
tion played a minor role for stimulation of Fe(III) reduction
in our experiments. In addition to complexation of Fe(II),
HA can also complex and solubilize Fe(III). We observed
low Fe(III) concentrations (0.1 mM) in HA filtrates after
incubating HA with ferrihydrite in the absence of Fe(III)-
reducing cells for three weeks (data not shown). Although
we did not quantify the kinetics of this complexation reaction
in detail, this process did probably also occur to a low extent
during incubation of the ferrihydrite/HA mixtures with
Fe(III)-reducing cells (however, the dissolved Fe(III) concen-
tration remained below the detection limit during the exper-
iments). Therefore, we cannot exclude the influence of low
amounts of complexed Fe(III), as suggested by Nevin and
Lovley (2002a), on the observed increase in iron reduction
rates with increasing HA concentrations.

3.4. Effect of HA-iron mineral aggregation on the

accessibility of iron minerals

Our experiments showed that, depending on the concen-
trations of ferrihydrite and HA, HA either stimulated micro-
bial Fe(III) reduction by electron shuttling or inhibited
Fe(III) reduction. The absence of a clear correlation between
Fe(III) reduction rates and HA concentration observed in the
30 mM ferrihydrite setups showed that another effect, besides
surface blocking due to HA sorption, obviously played a role.
Visual observation of the glass culture tubes showed differ-
ences in particle sedimentation behaviour at different ferrihy-
drite and HA concentrations (Fig. 2), leading to the
hypothesis that the ferrihydrite aggregate size and thus the
surface area available for bacterial electron transfer were dif-
ferent at the two different ferrihydrite concentrations. This is
important since microbial Fe(III) reduction can depend on
the available surface area of the Fe(III) mineral (Roden
and Zachara, 1996; Roden, 2003).

The size of the ferrihydrite aggregates differed even in the
absence of HA at the two ferrihydrite concentrations used,
with larger aggregates and faster sedimentation in the
30 mM compared to the 5 mM setup (Figs. 2a and 3a and b,
Appendix 7 in Supplementary data). Microscopy images sug-
gested small but visible differences between the 5 mM and the
30 mM setups (Fig. 3a and b) and in particular the observed
sedimentation speed and visual observation of the aggregates
(Fig. 2a) clearly indicate a different size distribution of the fer-
rihydrite aggregates between the two concentrations investi-
gated. However, not only ferrihydrite concentration but also
the presence of HA influenced the aggregate formation. In
all 5 mM ferrihydrite setups the HA-coated ferrihydrite parti-
cles were distributed almost homogeneously in the culture tube
even after a few minutes and settled very slowly (Fig. 2b). Con-
focal laser scanning microscopy images showed mostly small,
individual mineral particles for 5 mM setups, sometimes also a
few larger particles, in particular in HA-containing setups
(Fig. 3a, c and e, Appendix 7 in Supplementary data). In con-
trast, 30 mM ferrihydrite setups amended with 0–200 mg HA/
l showed aggregated mineral particles (Fig. 3b, d and f, Appen-
dix 7 in Supplementary data) and faster sedimentation than in
the 5 mM ferrihydrite containing setups (Fig. 2c). Only after
addition of 400 mg/l HA to 30 mM ferrihydrite the sedimenta-
tion was slow with a speed comparable to the speed observed
for the 5 mM ferrihydrite setups. Comparing these results
from sedimentation experiments to the concentrations of dis-
solved HA (Table 1) showed that in all setups containing dis-
solved HA the sedimentation was slow, suggesting the
presence of small-sized particles, while in the absence of
detectable amounts of dissolved HA, sedimentation was rapid



Fig. 2. Ferrihydrite particle aggregation indicated by sedimenta-
tion behaviour of mineral particles before bacterial inoculation.
Image (a) shows tubes that contain 5 mM (left tube) and 30 mM
ferrihydrite (right tube) without any additions. Images were taken
2 min after shaking. Note the difference in ferrihydrite aggregate
size visible in the close-up image. Image (b) shows tubes containing
5 mM and image (c) 30 mM ferrihydrite with and without addition
of HA. Images were taken 10 min after shaking. Pictures show,
from left to right, tubes containing 0, 50, 100, 200 and 400 mg/l HA
(total concentrations; all tubes contain 0.8 mM phosphate buffer).
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due to larger mineral aggregates. Interestingly, the 30 mM fer-
rihydrite setup containing 400 mg/l HA showed slow sedimen-
tation similar to 5 mM containing setups (Fig. 2) but also large
aggregates in the microscopy images (Fig. 3f). The associated
HA may have lowered the density of the large aggregates en-
ough so they could stay in the water column for a longer time
than aggregates formed in presence of lower HA concentra-
tions. In any case, the 400 mg/l HA setup contained large
aggregates that showed a lower bioaccessibility and therefore
lower reduction rates (see discussion below) (Fig. 1).

Since our results suggest that the presence of sorbed HA
influenced ferrihydrite aggregation and microbial electron
transfer to ferrihydrite, it is necessary to understand the
geochemical factors controlling the aggregation of such
particles. Vermeer et al. (1998) showed that adsorption of
negatively charged HA molecules to positively charged iron
minerals lowered the point of zero charge (pzc) of hematite.
They also found less HA sorption on small hematite parti-
cles compared to large ones due to higher negative surface
charge density of small HA-coated hematite particles.
Strong repulsion between the negatively charged, small,
HA-coated hematite particles and additional negatively
charged dissolved HA molecules prevented further HA
adsorption. In addition, it has been shown that the change
in surface charge by adsorption of HA to colloidal magne-
tite particles increased the stability of colloidal magnetite
dispersions, probably due to repulsion of the negatively
charged particles, preventing aggregation (Illés and Tomb-
ácz, 2006).

A similar stabilization of small mineral particles proba-
bly occurred in our 5 mM ferrihydrite experiments, where
the mineral particles were relatively small in the absence
of HA (Figs. 2a and 3a and c). Adsorption of HA to these
small ferrihydrite aggregates led to a high negative charge
density on the aggregates, which caused a stabilization or
further disintegration of the present iron mineral aggregates
(Fig. 3c and e). Particle aggregation was obviously pre-
vented and led to a high surface area per amount of ferrihy-
drite with less intra-aggregate sites and good access for
microbial cells to surface sites for electron transfer. The
simultaneous presence of dissolved HA which we observed
in our experiments with 5 mM ferrihydrite additionally pro-
moted iron reduction by the dissolved HA acting as elec-
tron shuttle (Fig. 1c).

In presence of 30 mM ferrihydrite and HA concentra-
tions >50 mg/l, reduction rates decreased to values even
lower than in the absence or presence of just phosphate
(Fig. 1d), indicating that the ferrihydrite surface available
for the Fe(III)-reducing bacteria further decreased. This
could be due to further aggregation instead of electro-
static repulsion of charged particles (in contrast to the
5 mM ferrihydrite setups) after inhomogeneous sorption
of negatively charged HA to the positively charged, lar-
ger primary particles. Confocal laser scanning microscopy
images support this conclusion showing larger mineral
aggregates for the higher ferrihydrite concentration, espe-
cially in presence of HA (Fig. 3f, Appendix 7 in Supple-
mentary data). Illés and Tombácz (2006) described the
non-uniform distribution of negatively charged HS on
the positively charged magnetite surface as “patch-wise
charge heterogeneity”, leading to electrostatic attraction
between the patches of opposite charge on the mineral
surface and promoting aggregation of the particles. In
this case, HA act as bridging molecules between mineral
particles. The particle aggregation leading to more intra-
aggregate sites and a decrease in available surface sites
for Fe(III) reduction (Fig. 3f), in combination with the
lack of dissolved HA, probably explains the observed
low reduction rates in presence of 100–400 mg/l HA
(Fig. 1d). The fact that the reduction rate was slightly
higher in presence of 50 mg/l HA suggests that at this
HA concentration the amount of HA sorbed to mineral
aggregates was probably not high enough to cause signif-
icant particle aggregation.



Fig. 3. Overlay of fluorescence and light microscopy images showing the localization of bacterial cells (green spots) and ferrihydrite particles
(dark areas) directly after inoculation and before incubation. The different panels show cultures containing 5 mM (upper row) and 30 mM
ferrihydrite (bottom row). Setups contain medium, ferrihydrite, cells and (a and b) no additions, (c and d) 0.8 mM phosphate, or (e and f)
0.8 mM phosphate + 400 mg/l HA. All scale bars equal 50 lm. More images are shown in Appendix 7 in Supplementary data.
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3.5. Consequences of HA-mineral aggregate formation for

electron shuttling and Fe(III) reduction rates

As demonstrated, HA can either stimulate Fe(III) reduc-
tion by electron shuttling or hinder electron transfer by
sorption, surface blocking and/or aggregate formation
leading to a decreased amount of bioaccessible surface sites.
The scheme in Fig. 4 illustrates and summarizes the com-
plex interplay of the main components in our experimental
system of iron minerals, HA, phosphate and Fe(III)-reduc-
ing bacteria, considering the effects of phosphate and vary-
ing concentrations of HA and ferrihydrite.

The changes in ferrihydrite sedimentation behavior
showed that at the higher ferrihydrite concentration the fer-
rihydrite aggregates are larger, and thus the accessible sur-
face area per mass ferrihydrite decreases (see illustration in
Fig. 4a and b). Sorption of phosphate to the mineral surface
blocks surface sites for electron transfer leading to de-
creased reduction rates (Figs. 1c and d 4c and d). The addi-
tional presence of HA seems to partially outweigh the
inhibiting effect caused by phosphate, potentially due to
competitive sorption on ferrihydrite particles (Fig. 4e and
f). However, the presence of HA did not show an accelera-
tion of microbial Fe(III) reduction under each condition
investigated (Fig. 1c and d). In fact, HA sorption can block
surface sites on the mineral and restrict the accessibility for
bacteria. Furthermore, the negatively charged cells compete
with the negatively charged HA (and phosphate) for
sorption sites also lowering the number of cells present at
the mineral surface as evidenced by the confocal laser scan-
ning microscopy images (Fig. 3, Appendix 7 in Supplemen-
tary data). Additionally, and probably even more
important, negatively charged HA molecules (and phos-
phate) bind to ferrihydrite particles, change the net surface
charge of the iron mineral particles from positive to nega-
tive (at least partially) and depending on the size of the fer-
rihydrite particles, lead either to repulsion of the particles
and disintegration of small aggregates (Figs. 4c, e, g and
3c and e) or to formation of larger iron mineral-HA aggre-
gates (Figs. 4f, h and 3f). These larger ferrihydrite-HA
aggregates are less accessible for bacteria either due to their
smaller surface area per mass ferrihydrite (in comparison to
the non-aggregated ferrihydrite particles) or due to repul-
sion of negatively charged cells by the negatively charged
mineral surface (Fig. 4f and h). Both effects lead to lower
reduction rates. The aggregation effect resulting in a low-
ered bioaccessible surface area can be observed at low
HA to ferrihydrite ratios (30 mM ferrihydrite experiments,
Fig. 1d). In this case either none or only very few HA mol-
ecules are present in solution not supporting electron shut-
tling and requiring direct contact between cells and the
mineral surface for electron transfer. In the presence of
low ferrihydrite concentrations (5 mM), a further increase
of the HA:ferrihydrite ratio leads to the presence of signif-
icant concentrations of dissolved HA (Table 1). Once the
minimum amount of 10 mg/l dissolved HA necessary for



Fig. 4. Schematic illustration of changes in size of mineral aggregates, aggregate surface area and coverage of the aggregates by cells,
phosphate and HA. The different panels illustrate cultures containing 5 mM (upper row) and 30 mM ferrihydrite (bottom row). All setups
contain medium, ferrihydrite and cells. The concentrations of phosphate and humic acids (HA) vary in the different diagrams as indicated
above the diagrams.
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electron shuttling is reached, microbial reduction is stimu-
lated (Figs. 1c and 4e). Dissolved HA effectively shuttle
electrons between cells and ferrihydrite superseding the
need for direct contact between cells and the mineral sur-
face. However, the stimulating effect (indicated by increas-
ing reduction rates) levels off as soon as the mineral surface
is saturated with adsorbed HA in presence of more than
200 mg/l total HA (Figs. 1c and 4g). This suggests an upper
limit of dissolved HA concentration above which the reduc-
tion rate is no longer limited by the electron transfer be-
tween cells and ferrihydrite via dissolved HA but rather
by the release of electrons from the cells or the electron
transfer from dissolved HA to the limited number of sur-
face sites on the mineral surface. In summary, we conclude
that the rates of electron transfer from Fe(III)-reducing
cells to ferrihydrite (including HA electron shuttling)
strongly depend on the HA:ferrihydrite ratio, on aggregate
sizes, on the sorption capacity of ferrihydrite for HA, and
thus on the proportions of dissolved and adsorbed HA.

3.6. Effect of phosphate and HA on mineral (trans)formation

during microbial Fe(III) reduction

The presence of both phosphate and HA are expected to
influence mineral formation during microbial Fe(III) reduc-
tion. We therefore identified the minerals produced by
l-XRD and for some experiments also by 57Fe-specific
Mössbauer spectroscopy (Figs. 5 and 6). Additionally, we
quantified dissolved, loosely bound, poorly crystalline and
crystalline Fe species by sequential extraction (Fig. 7).

The influence of phosphate on the identity of the miner-
als formed was most obvious for experiments containing
5 mM ferrihydrite. During the fast and almost complete
microbial reduction, biogenic Fe(II) precipitates were
formed in presence of phosphate (Fig. 5a) while in the ab-
sence of phosphate only dissolved Fe2+ remained (extrac-
tion data not shown). The Fe(II) minerals that formed
were identified as vivianite by Mössbauer spectroscopy
(Fig. 5a) and XRD (Fig. A6, Appendix 8 in Supplementary
data) both in absence and presence of HA. In these exper-
iments the ferrihydrite surface available for Fe(II) adsorp-
tion was depleted too fast to promote solid phase
conversion of ferrihydrite to magnetite or recrystallization
to goethite or lepidocrocite. Instead, the formed Fe(II) re-
mained in solution as Fe2+ or, in the presence of phosphate,
precipitated as vivianite, as similarly reported in previous
studies (Kukkadapu et al., 2004; Borch et al., 2007). In con-
trast to the 5 mM ferrihydrite setups, cultures containing
30 mM ferrihydrite showed formation of magnetite and
goethite during reduction by Shewanella oneidensis MR-1

(Figs. 5b and 6). These observations agree well with earlier
findings of goethite and magnetite formation during micro-
bial ferrihydrite reduction (Hansel et al., 2003; Borch et al.,
2007;Piepenbrock et al., 2011).

While the influence of phosphate on biogenic (trans)forma-
tion of iron minerals has been the subject of several studies



Fig. 5. Mössbauer spectra of ferrihydrite reduced by Shewanella oneidensis MR-1. (a) 5 mM Ferrihydrite reduced in presence of 0.8 mM
phosphate, after 11 days of incubation (measured at 77 K). (b) 30 mM of ferrihydrite reduced, after 9 days of incubation (measured at 4.2 K).
Open circles: measured data, filled areas: modelled relative amounts of identified minerals, solid line: fitted spectrum.

Fig. 6. X-ray diffractograms of precipitates formed during reduc-
tion of 30 mM ferrihydrite by Shewanella oneidensis MR-1 in
presence of 50 and 200 mg/l HA, respectively. Furthermore,
reference experiments without additions and in the presence of
0.8 mM phosphate buffer (pb) are shown. Samples were collected
after Fe(III) reduction stopped. Reference patterns of magnetite
and goethite are shown for comparison. The gray bar indicates the
signal of the foil covering the sample holder to maintain anoxic
conditions during measurements. The sample with phosphate
buffer was measured without the protecting polyethylene foil.

K. Amstaetter et al. / Geochimica et Cosmochimica Acta 85 (2012) 326–341 337
(Fredrickson et al., 1998; Borch et al., 2007), the effect of HA
on mineral identity during ferrihydrite reduction has not been
studied in detail and will be discussed here in particular for our
experiments with 30 mM ferrihydrite. However, the general ef-
fects of HA on Fe mineralogy discussed here for the 30 mM
ferrihydrite data hold also true for the experiments with HA
and 5 mM ferrihydrite (see Appendix 8 in Supplementary
data). For all setups containing 30 mM ferrihydrite we identi-
fied magnetite as mineral product, goethite was only present in
the absence of phosphate or HA (Fig. 6). A quantitative anal-
ysis of this Mössbauer spectrum (Fig. 5b) showed the forma-
tion of 69% magnetite, 24% goethite and a residual amount
of 7% ferrihydrite at the end of microbial reduction. This ratio
suggests topotactic conversion to magnetite over Fe(II)-in-
duced recrystallization to goethite as preferential conversion
mechanism. Additionally, XRD analysis of precipitates
formed in presence of HA and phosphate showed lower inten-
sities and broader signals than samples taken from HA- and
phosphate-free cultures (Fig. 6). The broadening of the reflec-
tions became even more pronounced with increasing HA con-
centrations. This indicates the formation of iron minerals that
show more short range ordering and/or smaller particle size
due to sorption of phosphate and/or HA to the mineral surface
during mineral formation.

Studies investigating the effect of phosphate on mineral
reduction (Hansel et al., 2003; Borch et al., 2007) showed for-
mation of different minerals during ferrihydrite reduction by
Shewanella putrefaciens strain CN32 in the presence or ab-
sence of phosphate. They observed that higher crystalline
phases like goethite were exclusively formed in absence of
phosphate. Abiotic experiments showed that phosphate hin-
ders the transformation of ferrihydrite to goethite or hema-
tite (Gálvez et al., 1999). Blocking of the ferrihydrite
surface prevents Fe(II) sorption, thus decreasing the density
of sites occupied with Fe(II) and lowering the number of sur-
face sites where conversion of ferrihydrite to magnetite or
goethite can take place. Additionally, magnetite crystalliza-
tion (crystal growth) can be inhibited by the presence of phos-
phate by blocking specific crystal faces (Couling and Mann,
1985). Another abiotic study on precipitation of ferrihydrite
described a significant decrease in particle size and structural
order of ferrihydrite with increasing organic matter to iron
ratios (Eusterhues et al., 2008). This means sorption of phos-
phate and HA to newly forming crystallites prevents the for-
mation of large crystal domains and therefore limits the
formation of more crystalline minerals such as goethite.

In order to quantify the distribution of Fe(II) and
Fe(III) in the dissolved, loosely bound, poorly crystalline
and crystalline fractions at different stages of ferrihydrite
reduction, we used a sequential extraction procedure
(Fig. 7). Generally (independent of whether phosphate



Fig. 7. Dissolved (N), loosely bound (�), poorly crystalline (j) and crystalline (�) Fe(II) fractions (top row) and Fe(III) fractions (bottom
row) quantified by sequential extraction of precipitates formed during microbial reduction of 30 mM ferrihydrite (a and b) no additions, (c
and d) with 0.8 mM phosphate (e and f) with 50 mg/l HA + 0.8 mM phosphate and (g and h) with 200 mg/l HA + 0.8 mM phosphate. Figures
show representative data from independent experiments. Please note the different scales (y-axis) in the upper and lower row. Data points are
connected as a guide to the eye. A Table of measured data from this diagram is given in Appendix 9 in Supplementary data.
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and/or HA were present), the highest Fe(II) concentrations
were detected in the fraction of loosely bound Fe(II), some
Fe(II) stayed in solution, some was bound in the poorly
crystalline fraction and the lowest amount of Fe(II) was
present in the crystalline fraction. Also, in all setups we
did not detect significant amounts of Fe(III) in the fraction
of dissolved iron. However, we observed distinct differences
in the crystalline fraction depending on the presence of
phosphate or HA. The presence of magnetite and goethite
identified by Mössbauer spectroscopy and XRD in HA-
and phosphate-free setups (Figs. 5b and 6) was confirmed
by the presence of Fe(II) and Fe(III) in the crystalline frac-
tion (Fig. 7a and b). In contrast, after addition of phos-
phate and with increasing concentrations of HA no Fe(II)
was found in the crystalline fraction and the Fe(III) fraction
shifted towards poorly crystalline species (Fig. 7). In sum-
mary, the sequential extraction data reveal the following
trends: (1) Fe(II) (and to a great extent Fe(III)) bound in
crystalline phases was only detectable in the absence of
phosphate or HA (Fig. 7a and b), (2) addition of phosphate
or HA led to an increase of Fe(II) present in dissolved or
adsorbed form (Fig. 7c, e and g) and (3) the majority of
Fe(III) was present in poorly crystalline form (Fig. 7d, f
and h). Overall, this suggests together with the spectro-
scopic analysis of the minerals that the solubility of the bio-
genic magnetite increased in the presence of phosphate and
HA due to the formation of smaller mineral particles and/
or a decreased order in the crystal structure.

4. CONCLUSIONS

In this study we evaluated how the presence of HA influ-
enced microbial reduction of the Fe(III) mineral ferrihy-
drite at neutral pH. We found that electron shuttling via
HA cannot be enhanced infinitely by increasing amounts
of HA but electron shuttling is rather restricted to a rela-
tively narrow range of dissolved HA concentrations with
increasing rates with increasing HA concentrations from
�10–240 mg/l HA. This suggests that electron shuttling is
of minor importance in anoxic groundwater aquifers that
contain HS concentrations mostly below the concentration
range that can stimulate electron transfer from cells to
Fe(III) minerals (e.g. 0.4 mg/l in groundwater, (Aiken,
1985)). We also found that depending on iron mineral
and HS concentrations, HS do not only stimulate but also
lower electron transfer rates to ferrihydrite by sorption to
the ferrihydrite surface leading to particle aggregation and
thus to a decreased bioavailable surface area. Obviously
both dissolved and ferrihydrite-sorbed HA influence micro-
bial electron transfer from cells to ferrihydrite. Therefore,
seasonal changes of HS concentrations for example due
to flooding events in rice paddy fields can have a large im-
pact on iron mineral turnover rates and on biogeochemical
iron cycling.

The observed changes in mineral crystallinity in the pres-
ence of humic compounds have to be considered when eval-
uating the reactivity of Fe minerals in the environment. It
has been shown that crystalline Fe(III) minerals such as
goethite, akaganeite, hematite and magnetite are reduced
at much lower rates and only to a smaller extent compared
to poorly crystalline ferrihydrite (Lovley and Phillips,
1988). Similar observations were made for the microbial
oxidation of reduced iron minerals by iron-oxidizing bacte-
ria. While more soluble minerals such as siderite were oxi-
dized by anoxygenic phototrophic Fe(II)-oxidizing
bacteria, more crystalline or less soluble minerals such as
vivianite and magnetite were not oxidized by the same bac-
teria (Kappler and Newman, 2004). In addition, the crystal-
linity of the mineral products also controls the further
reactivity of the minerals. Fe(II) sorbed to Fe(III) minerals
with low crystallinity was less efficient in the reductive
transformation of organic pollutants under anoxic condi-
tions than Fe(II) sorbed to highly crystalline Fe(III)
minerals such as hematite (Elsner et al., 2004). Therefore
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biogenic minerals formed in presence of phosphate or HA,
similar to our precipitates, do have a higher potential to be
involved in biogeochemical cycling of Fe but very likely
also show a lower efficiency in reductive transformation
of contaminants.

In summary our results suggest that iron cycling in envi-
ronmental systems not only depends on pH, solute chemis-
try, microbial strains, reduction mechanisms involved and
the identity of initially present minerals, but also on the
aggregation state of Fe minerals as controlled by HS (i.e.
by the HS:Fe ratio) or by the concentration of the mineral
itself. Therefore, the effect of HS-induced Fe mineral aggre-
gation on microbial iron mineral transformation and reac-
tivity has to be included in the framework of environmental
iron biogeochemistry.
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