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Abstract

Ferrous iron formed during microbial ferric iron reduction induces phase transformations
of poorly crystalline into more crystalline and thermodynamically more stable iron (oxy-
hydr)oxides. Yet, characterizing the resulting decreases in the reactivity of the remaining oxide
ferric iron toward reduction (i.e., its reducibility) has been challenging. Here, we used the
reduction of six-line ferrihydrite by Shewanella oneidensis MR-1 as a model system to demon-
strate that mediated electrochemical reduction (MER) allows directly following decreases in
oxide ferric iron reducibility during the transformation of ferrihydrite into goethite and mag-
netite which we followed by X-ray diffraction analyses and transmission electron microscopy
imaging. Ferrihydrite was fully reducible in MER at both pHymgr of 5.0 and 7.5. Decreases
in iron oxide reducibility associated with ferrihydrite transformation into magnetite were ac-
cessible at both pHyger because the formed magnetite was not reducible under either of these
conditions. Conversely, decreases in iron oxide reducibility associated with goethite formation
were apparent only at the highest tested pHygr of 7.5 and thus the thermodynamically least
favorable conditions for iron oxide reductive dissolution. The unique capability to adjust the
thermodynamic boundary conditions in MER to the specific reducibility of individual iron
(oxyhydr)oxides suggests that this electrochemical approach is broadly applicable for studying
changes in iron oxide reducibility in heterogeneous environmental samples such as soils and

sediments.
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Introduction

Microbial electron transfer reactions to iron (oxyhydr)oxides (hereafter referred to as iron oxides)
are central to many redox processes that control the biogeochemical cycling of elements and redox
transformations of pollutants in both natural and engineered systems.'™ Iron-reducing microor-
ganisms utilize oxide ferric iron (oxide-Fe''") as terminal electron acceptor for anaerobic respiration
of organic substrates.*® These microorganisms preferentially reduce poorly crystalline iron oxides
with lower thermodynamic stabilities, and hence higher reduction potentials, over crystalline iron
oxides.? ' Ferrihydrite is among the most abundant poorly crystalline iron oxides in nature and
is often used by iron-reducing microorganisms in anaerobic microbial respiration.'#3 Yet, the
ferrous iron (Fe!') that forms during microbial ferrihydrite reduction can induce transformations
of the unreacted ferrihydrite into thermodynamically more stable iron oxides, such as goethite and
magnetite. 1419 These transformations cause a decrease in the reactivity of the remaining oxide-
Fe'l! toward reduction as a consequence of the decreases in iron oxide reduction potentials and
specific surface areas that are associated with the transformations. We will subsequently refer to
the reactivity of the iron oxide toward reduction as reducibility, which we broadly define to include

111

both the rates and extents of electron transfer to oxide-Fe™'. The decrease in iron oxide reducibility

during phase transformations may constrain microbial respiration to the remaining oxide-Fe!™ /722
Determining decreases in iron oxide reducibility during phase transformations is therefore essential
to understand biogeochemical and pollutant transformation processes that are coupled to microbial
iron oxide reduction 232>

The importance of microbial reductive dissolution and transformation of poorly crystalline iron
oxides is well documented. 147102630 However, earlier studies primarily focused on two aspects:

First, the quantification of Fe!l formation during microbial Fe!

reduction (e.g. by colorimetric
assays) and second, the characterization of changes in iron oxide mineralogy (e.g., by spectroscopic

techniques). While information on both aspects is critical to understand the dynamics of microbial
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iron oxide reduction and the resulting phase transformations, such information does not provide
direct insights into the decreases in iron oxide reducibility associated with the phase transfor-
mations. Obtaining insights into the decreases in iron oxide reducibility is challenging because
reducibility assessments need to be performed on a well-defined thermodynamic basis to compare
the reducibility of the initial poorly crystalline iron oxide to the reducibility of its transformation
products. These different reducibilities can be detected in assessments performed over a wide range
of thermodynamic boundary conditions for iron oxide reduction. However, commonly used reduc-

tive dissolution assays=1"3>

provide only limited possibilities to adjust these boundary conditions
because they are typically performed at a single pH and with a single reductant.

We recently introduced mediated electrochemical reduction (MER) as a novel approach to
analyze iron oxide reducibility.”®3” MER allows controlling and systematically altering the ther-
modynamic boundary conditions for iron oxide reduction by independently varying the pH in and
the reduction potentials applied to the electrochemical cells to which iron oxide suspensions are
added. The electrochemical cells contain dissolved, redox-active mediator molecules that facilitate
electron transfer from the working electrodes of the cells to the added iron oxides. This electron
transfer to the iron oxides results in reductive current peaks that provide direct measures of both

I reduction, 2852 Using MER, we demonstrated that the reducibilities

rates and extents of oxide-Fe
of pure goethite and hematite can be linked to the thermodynamic driving forces for their reductive
dissolution as defined by the boundary conditions in MER.?” We subsequently showed that MER
also allows following decreases in iron oxide reducibility during ferrihydrite transformation into
goethite and magnetite that we induced by reacting ferrihydrite with dissolved Fe'l.3¢ We quanti-
tatively linked the decreases in iron oxide reducibility to concurrent phase transformations that we
determined using X-ray diffraction (XRD). Based on this previous work, we hypothesize that MER
is also applicable to determine changes in iron oxide reducibility during microbial ferrihydrite

reduction and the resulting transformation of ferrihydrite into thermodynamically more stable iron

oxides. Demonstrating this applicability is important given the key role of microbial iron oxide
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reduction in many biogeochemical and pollutant transformation processes.
This work aims to establish that MER allows to directly quantify decreases in iron oxide re-
ducibility associated with the transformation of poorly crystalline into thermodynamically more

I reduction. We used a model

stable iron oxides induced by Fe!' formed during microbial Fe
incubation system containing six-line ferrihydrite, the facultative anaerobic bacterium Shewanella
oneidensis strain MR-1, and lactate as electron donor. We chose this model system because
ferrihydrite reduction by S. oneidensis and the resulting transformation of ferrihydrite into thermo-

dynamically more stable oxides are well studied, 1216262830

yet electrochemical assessments of the
associated changes in iron oxide reducibility remain missing. As compared to only following micro-
bial iron oxide reduction during the incubations, the electrochemical analyses offer the advantage
that (changes in) iron oxide reducibilities are assessed under well-defined thermodynamic boundary
conditions that can be controlled in the electrochemical cells. The boundary conditions can further
be systematically varied to characterize the reducibilities of iron oxides with very different thermo-
dynamic stabilities. In our incubations, we systematically varied the initial lactate concentration
to direct ferrihydrite transformation into different ratios of goethite and magnetite. We combined
established analyses of Fe!! formation (quantification by the phenanthroline assay) and changes in
iron oxide mineralogy (by XRD and electron microscopy (EM)) during the incubations with novel
assessments of decreases in iron oxide reducibility using MER. We focused these assessments on
decreases in the extents of electron transfer to oxide-Fe'' in MER and not the rates at which these
electrons are transferred.*® In addition to MER, we employed mediated electrochemical oxidation

111

(MEO) to assess changes in the reactivity of Fel! formed during microbial Fe' reduction toward

oxidation, 3240
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Materials and Methods

Solutions and suspensions

All suspensions and solutions (see Supporting Information, Section S1 for a list of chemicals) were
prepared with doubly deionized water (resistivity >18.2 MQ-cm, Barnstead Nanopure Diamond
Water Purification System). Anoxic solutions for incubations inside an anoxic glovebox (see below)

were prepared by purging them with ultrahigh purity N> (99.999%) for at least 3 h.

Microbial Fe'! reduction experiments

Microbial Fe!! reduction experiments, collection and preparation of iron oxide suspensions for
spectrophotometric analyses using the phenanthroline assay, XRD and EM analyses as well as
MER and MEO were performed inside an anoxic glovebox (N, atmosphere, <2 ppm O, Unilab
2000, MBraun). Six-line ferrihydrite was synthesized*! as described in Section S2 and was
used in the incubations within 1 week of being synthesized. Bacterial cultures were prepared as
described in Section S3. Incubations were conducted with resting cell cultures in a non-growth
medium to limit increases in cells numbers as well as the microbial production of extracellular
polymeric substances and electron shuttling compounds which would likely have resulted in more
complex Fe'l-induced mineral transformations. Prior to use, all glassware was autoclaved (Zirbus
Technology, LTA 2x3x4) and pH-buffered solutions were filter-sterilized (0.22 yum polyethersulfone
syringe filters, TPP). Incubations were carried out in duplicate 100 mL glass vials that were sealed
with butyl rubber stoppers and crimped with aluminium caps. The crimped incubation vials were
autoclaved and subsequently flushed with ultrahigh purity N, (99.999%) through sterile filters (0.22
um polyethersulfone syringe filters, TPP). Incubation vials were filled with sterile solutions buffered
to pH 7.00 (0.03 M 3-(N-morpholino)propanesulfonic acid (MOPS), 0.01 M NaCl) that contained

varying lactate concentrations of 0.078, 0.30, 1.25, 5.00 or 20.00 mM. Ferrihydrite suspensions
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I concentration of 5.0 mM. Microbial incubations

were added to the incubation vials to an initial Fe
were thus started at varying initial electron donor-to-acceptor ratios (lactate:Fe'!) of 1:16, 1:4, 1:1:,
4:1, and 16:1 electron equivalents, assuming that S. oneidensis oxidized lactate to acetate and

I We chose these ratios based

thus transferred four electrons per lactate molecule to oxide-Fe
on previous studies!>1020-2850 o direct ferrihydrite transformation into goethite (at low ratios
and hence lower initial Fe!' formation rates) and magnetite (at high ratios and hence higher initial
Fe!' formation rates). We did not assess potential microbial production of extracellular polymeric
substances and electron shuttling compounds during the incubations and we did not elucidate by
which pathway electrons were transferred from S. oneidensis to the oxides because these analyses
would have been outside the scope of our work.

Microbial reduction of ferrihydrite was initiated by the addition of suspended S. oneidensis
cells to the incubation vials to concentrations of ~ 2.2-10% cells mL~!. The inoculated incubation
vials were rotated at 20 rpm on an overhead shaker (Reax 2, Heidolph) for the duration of the
incubations (up to 36 d) at 25+2°C. At multiple time points during the incubations, 7.0 mL iron
oxide suspension aliquots were collected from the sealed incubation vials through sterile needles
into disposable plastic syringes. Duplicate vials for a given donor-to-acceptor ratio were sampled
in an alternating pattern. The time points at which the individual vials were analyzed therefore

varied between the duplicates. On the collected aliquots, we conduced the following analyses: 1.

11

We quantified Feqotal, phen and Fephen

concentrations using the phenanthroline (phen) assay (after

dissolution of the iron oxides in 3 M HC1)*2%3 and calculated Fegg oy Concentrations by subtracting

i
Feph R

, from Feqoal, phen concentrations. 2. We determined the mineralogy and morphology of the
iron oxides by XRD and EM (see below). 3. We quantified the extents to which electrons were

T and from Fe' using MER and MEO, respectively (see below). Incubations

transferred to oxide-Fe
were terminated once microbial iron oxide reduction had ceased and mineralogical transformations
had stopped. Sterile control vials containing ferrihydrite but no S. oneidensis cells showed no

mineral transformation, no formation of Fe'!, and no changes in the reducibility of oxide-Fe
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over 552 h (Section S4). We performed additional incubations with bicarbonate and piperazine-
1,4-bis(2-ethanesulfonic acid) buffers instead of MOPS buffer and summarize the results of these

incubations in Section S5.

X-ray diffraction analysis

The solids in the collected 7.0 mL aliquots were analyzed by XRD, as described in Aeppli et al.=°
and Section S6. X-ray diffractograms were recorded (D8 Advance, Bruker) from 10 to 70°26
(step size 0.02°26 and 6 or 10 s acquisition time per step) in Bragg-Brentano geometry using
Cu Ka radiation (1 =1.5418 A, 40 kV and 40 mA) and a high-resolution energy-dispersive 1-D
detector (LYNXEYE). The identities of the transformation products and the mass fractions of all
Fe phases in each aliquot were determined by Rietveld quantitative phase analysis (TOPAS Version
5, Bruker) using a hkl-phase for ferrihydrite calibrated according to the partial or no known crystal
structure (PONKCS) method=4443 and published structure files for goethite, magnetite, siderite

and lepidocrocite.

Electron microscopy

We investigated the iron oxides in the collected 7.0 mL aliquots on a dedicated scanning transmission
electron microscope (STEM, 2700Cs, Hitachi) operated at an acceleration voltage of 200 kV, as

1. 36

described in Aeppli et al.*” and Section S7. Images were recorded using a secondary electron or

high angular annular dark field detector.

Mediated electrochemical analyses

We used MER and MEO to characterize changes in the reactivities of Fe!! toward reduction and

111

Fe!l toward oxidation, respectively, over the course of the microbial Fe'l reduction experiments.

MER and MEO measurements were conducted using two eight-channel potentiostats (models
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1000B and 1000C, CH Instruments) operated in chronoamperometric mode®38, The setup of the
electrochemical cells is described in Section S8. The reduction potentials applied to the working
electrodes (WEs) of MER and MEO cells were measured against Ag/AgCl reference electrodes
(RelB, ALS) but are reported herein versus the standard hydrogen electrode (EPI\I’IER and EglEo).
MER and MEO analyses of each sample were conducted on duplicate electrochemical cells
according to the following procedure. First, pH-buffered solutions were added to the WE cylinders.
MER measurements were performed at pHyer=5.0 (0.01 M acetate and 0.01 M KCl), 7.0 and 7.5
(both 0.01 M MOPS and 0.01 M KCI), all at applied reduction potentials of EN'"R=-0.35V. We
chose these MER conditions based on our previous work,%? in which we demonstrated that these

111

conditions allow assessing the loss of oxide-Fe'™ reducibility upon ferrihydrite transformation

into goethite and magnetite. We note that the primary motivation behind choosing these MER

conditions was to characterize oxide-Fe!!l

reducibility and not to closely mimic (pH) conditions
typically encountered during iron oxide reduction in natural soils.>® MEO measurements were
performed at pHyveo=5.0 (0.01 M acetate and 0.01 M KCl) and an applied oxidation potential
of EMEO=+0.79V. MER and MEO measurements were initiated by applying EY"X and EN"° to
MER and MEO cells, respectively. Once stable background currents were obtained, we added
the mediators diquat (1,1’-ethylene—2,2’-bipyridil, standard reduction potential EEI=—O.35 V) to
MER cells and ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), Eg=+0.70 V) to
MEDO cells (both from 10 mM stock solutions). Diquat reduction in the MER and ABTS oxidation
in the MEO cells resulted in reductive and oxidative current peaks, respectively. When currents
had returned to baseline values, the concentrations of reduced diquat in the MER and oxidized
ABTS in the MEO cells were 0.255 mM and 0.251 mM, respectively. We calculated these values
with the Nernst equation using the volumes and concentrations of mediator stock solutions that
we added to the electrochemical cells and the published standard reduction potentials of the two

mediators. At this point, 50 uL of the iron oxide suspensions in the 7.0 mL aliquots collected from

the incubation vials (see above) were pipette-transferred into each MER and MEO cell. Mediated
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T in MER and mediated oxidation of oxide-associated and dissolved Fe! in

reduction of oxide-Fe
MEO resulted in reductive and oxidative current peaks, respectively. MER and MEO measurements
were terminated when currents re-attained the baseline values measured prior to the addition of the
iron oxide suspensions to the electrochemical cells.

Herein, we discuss iron oxide reducibility in terms of the extents of electron transfer to oxide-
Fe' under defined MER conditions despite the fact that reduction rates were more susceptible
than reduction extents to changes in iron oxide mineralogy during ferrihydrite transformation in
our previous study.2® However, the analysis of rates had larger uncertainties than the analysis of
extents and these uncertainties were particularly pronounced for samples that had been extensively
reduced by S. oneidensis and hence had small current responses in MER.

We determined the moles of electrons transferred from the WE to oxide-Fe'! in MER and

1

hence the moles of Fe™ atoms reduced, ngm  (molg m), by integration of reductive current peaks
MER

in response to adding iron oxide suspensions to the MER cells (eq. [I)).

tend

Nl = % Ivigr dt (D

to
where Ivgr is the baseline-corrected reductive current (A), F is the Faraday constant, and ty and
tend (s) denote the initial and final integration boundaries for each reductive current peak. We
analogously determined the moles of oxide-associated and dissolved Fe!' atoms that were oxidized

in MEO, Ngen (molg,n), by integration of oxidative current peaks (eq. .

tend

DRl = F —Imveo dt ()
to

where Ivigo is the baseline-corrected oxidative current (A). We divided npm  and np.n by the
MER MEO
volume of iron oxide suspension added to the electrochemical cells (50 uL) to obtain concentrations

of Fe' reduced in MER (Fey . ) and Fe'! oxidized in MEO (Feyy. ). Baseline subtraction and peak

10
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integration were performed using Matlab (MathWorks, code see Section S9). Error bars represent

deviations of single measurements from the mean of duplicate electrochemical measurements. We

I 111

report extents of Fe™ reduction in MER as fractions of the total Fe"™" concentrations present in

the incubation vials at the time of sample collection as quantified by the phenanthroline assay, i.e.

FeIH /FeHI

Mer/Fephe,- This ratio theoretically varies between 0 (none of the Fe'' was reducible in MER)

and 1 (all Fe was reducible in MER). For selected sampling points during the incubations, we

collected only MER and MEO but no phenanthroline data (this was the case for about one fifth

111

phen concentrations

of all sampling points). For these sampling points, we linearly interpolated Fe

from the Feg}{en concentrations measured at the preceding and subsequent sampling point.

Results and discussion

Microbial Fe!!I reduction

We performed incubations of six-line ferrihydrite with resting cells of S. oneidensis MR-1 at

electron donor-to-acceptor ratios (lactate:Fe!'") from 1:16 to 16:1 electron equivalents. Figure -c

II

show changes in the concentrations of Feotal, phen, Fephen

(both determined with the phenanthroline

11

assay) and the resulting calculated Fcf:phe

., over the course of the incubations at donor-to-acceptor
ratios of 1:16 (panel a), 1:1 (panel b) and 16:1 (panel c). Results of additional incubations at
the intermediate donor-to-acceptor ratios of 1:4 and 4:1 are presented in Section S10. At all
donor-to-acceptor ratios, the concentrations of Feyoal, phen Teémained approximately constant at 5.0

mM throughout the incubations, implying that the phenanthroline assay always accounted for

all iron initially added to the incubation vials. The concentrations of FelIDIherl increased and the

I
phen

111

calculated concentrations of Fe__ decreased over the course of all incubations, demonstrating that

111

S. oneidensis reduced oxide-Fe™. The rates and extents of microbial Fe'' reduction increased as

the donor-to-acceptor ratio was increased from 1:16 (Figure [Tp) to 16:1 (Figure [Ic), in line with

11
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previous studies. 1216126

In incubations with donor-to-acceptor ratios of 1:16 and 1:4 (Figures [Th and S15a), the con-
centrations of Fe!l that had formed by the end of the incubations were in good agreement with
the maximum possible Fe!! concentrations that we calculated based on the assumption that all
added lactate was oxidized to acetate and the reducing equivalents liberated in this oxidation were
transferred to oxide-Fe'"! (Section S11). These observations thus suggest that microbial iron oxide
reduction in these incubations ceased when the electron donor lactate was completely consumed.
In incubations with donor-to-acceptor ratios of 1:1 and above (Figures [Ib,c and S15b), microbial

11

reduction of oxide-Fe"" remained incomplete at the end of the incubations despite stoichiometric or

even excess reducing equivalents in lactate relative to Fe!ll

(Section S11). Microbial respiration in
these incubations therefore likely ceased as a result of decreasing iron oxide reducibility, as detailed
below. Although not explicitly tested, we consider it less likely that reduction ceased because of

microbial cell death given that previous work showed that resting cells of Shewanella putrefaciens

1 4647

CN32 were capable of reducing Fe™™ in clay minerals beyond 30 d of incubation.

11T

Iron oxide transformations during microbial Fe™ reduction

I reduction

We determined changes in iron oxide mineralogy and morphology during microbial Fe
by XRD and EM analyses. In all incubations, goethite and magnetite were the main products
of ferrihydrite transformation. By comparison, the formation of both crystalline siderite and
lepidocrocite was minor (final mass fractions smaller than 1%) and is thus not further discussed.

Figure [1[d-f show the temporal changes in the molar fractions of Fe!ll

in ferrihydrite, goethite and
magnetite over the course of the incubations. Figure[Tlg-i show EM images of iron oxides collected
toward the end of the incubations when microbial iron oxide reduction had leveled off. Additional
EM images of iron oxides sampled over the course of the incubations are presented in Section S12.

We observed good agreement between iron oxide mineralogy determined by XRD and iron oxide

morphologies apparent from EM images.

12
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At the lowest donor-to-acceptor ratio of 1:16 (Figure [I[d), ferrihydrite exclusively transformed
into goethite with 96% of oxide-Fe!!! being present as goethite after 516 h. Goethite formation was
confirmed by the EM image which shows goethite needles with lengths and widths of 60-600 nm
and 10-50 nm, respectively (Figure[Ilg). We ascribe the formation of goethite to low concentration

111

ratios of formed Fe!l to oxide-Fe!!! in this incubation. Such low ratios presumably resulted in low

concentrations of ferrihydrite-associated Fe!! that are known to catalyze its transformation into
goethite through a dissolution-reprecipitation mechanism,1214124262730036

At donor-to-acceptor ratio of 1:1 (Figure [T), ferrihydrite transformed into a final mixture of
32% goethite-Fe!'l and 62% magnetite-Fe!"! (6% unreacted ferrihydrite). The EM image in Figure
[Th shows goethite needles (lengths and widths of up to 100 nm and ~ 10 nm, respectively) in close
association with diamond-shaped magnetite particles (diameters of 80-300 nm; in agreement with
crystallite sizes of = 177 nm that we estimated from the X-ray diffractograms in Figure S13a).
Magnetite formation was not continuous over the course of the incubation (Figure[Tg): In an initial
phase (< 120 h), only goethite formed. After this initial phase, magnetite formed over a relatively
short time span from 120 to 290 h, which is depicted by the vertical grey bar in Figure[Ie. Magnetite
formed at the expense of both ferrihydrite and goethite, as previously reported.#

Transformation of ferrihydrite into magnetite became more extensive as the donor-to-acceptor
ratio increased from 1:4 to 4:1 (Figures E]e, S16 and Section S11). This trend was consistent
with increasing concentration ratios of Fe!l to oxide-Fe!ll 151162853036l which presumably resulted in
higher concentrations of ferrihydrite-associated Fe!l. This associated Fe!! is known to favor solid
state conversion of ferrihydrite into magnetite.#34” The magnetite that formed in these incubations
had close to stoichiometric ratios of structural Fe':Fel of 1:(0.51+0.02), as determined from the
X-ray diffractograms=Y (Section S13).

At the highest donor-to-acceptor ratio of 16:1 (Figure[Iff), we observed incomplete ferrihydrite

1

transformation: 47% of oxide-Fe™ were still present as ferrihydrite at the end of the experiment

(particles with diameters of ~ 5 nm in the EM image in Figure [Ifi). Goethite was the dominant

13
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transformation product under these conditions, making up 47% of the oxide-Fe'l'. The EM image
shows that formed goethite needles had lengths of up to 30 nm and widths of ~ 5 nm (Figure [I}).
These goethite needles were considerably smaller than those formed at the donor-to-acceptor ratio
of 1:16, as evident from the EM images (Figure [If,g) and the crystallite sizes that we estimated
from X-ray diffractograms (3 and 13 nm, respectively, Figures S14 and S12a). While the high
final Fe!" concentrations (> 3 mM) in this experiment should favor ferrihydrite transformation into
magnetite over goethite, only very small amounts of magnetite formed (i.e., 7% of oxide-Fe'll were
present as magnetite at the end of the incubation). We speculate that the high lactate concentrations
(initial concentrations of 20 mM) disfavored magnetite formation through adsorption of lactate
onto the ferrihydrite surface and that this lactate adsorption suppressed Fe?* adsorption and thus
electron transfer from Fe?* to ferrihydrite-Fe!'!, a key step in the transformation of ferrihydrite into

magnetite. 5152

111

Decreases in iron oxide reducibility during microbial Fe"" reduction

Mediated electrochemical reduction and oxidation at pHygr = pHMmEo = 5.0

Figure [2a-c show selected current responses obtained in MER (red traces) and MEO (blue traces)
at pHver = pHMeo = 5.0 of iron oxide suspensions collected at the beginning, during, and at
the end of the incubations at donor-to-acceptor ratios of 1:16, 1:1 and 16:1. Figure [2d-f show
the concentrations of Fe' reduced in MER (Fey..) and Fe' oxidized in MEO (Fey;. ) that
we calculated from the reductive (eq. [I)) and oxidative (eq. [2) current responses, respectively.
We compare these concentrations to the concentrations of Feg}fen and FelIDIhen determined by the
phenanthroline assay (semi-transparent symbols in Figures 2[d-f; replotted from Figure [Th-c).
Incubations with ferrihydrite transformation into goethite. During incubations at donor-to-

acceptor ratios of 1:16 and 16:1 that led to ferrihydrite transformation into goethite (Figure[I[d,f), the

areas of current peaks decreased in MER and increased in MEO (Figure[2a,c). These changes solely
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1T

reflected microbial Fe™ reduction: over the entire course of the incubations, the concentrations of

m
Feyier

with the phenanthroline assay (Figure 2d,f). All Fe''' and Fe'! was therefore detected in MER

and Feg[EO were in very good agreement with the corresponding concentrations determined

and MEO, respectively. We conclude that the thermodynamic boundary conditions in MER and
MEO at pHyer = pHMeo = 5.0 were sufficiently reducing and oxidizing, respectively, to result

l'in ferrihydrite and goethite and complete oxidation of Fell that was

in complete reduction of Fe
dissolved or adsorbed to the ferrihydrite and goethite surfaces.

Incubations with ferrihydrite transformation into goethite-magnetite mixtures. In incubations
with ferrihydrite transformation into goethite-magnetite mixtures (at donor-to-acceptor ratio of
1:1), MER peak areas decreased and MEO peak areas concurrently increased during the first phase
of the incubation at < 120 h (Figure[2b) when ferrihydrite transformed into goethite (Figure[Ie). In

this first phase, the concentrations of Felll .. and Fell . matched the corresponding concentrations

MER MEO
determined with the phenanthroline assay. Similar to the two incubations discussed above, this

I

finding again implies that all Fe'"" in ferrihydrite and goethite was reducible in MER and all dissolved

and adsorbed Fe!l was oxidizable in MEO. During the first phase of the incubation, changes in the

current responses in MER and MEO therefore solely reflected microbial Fe!

reduction. Upon
magnetite formation in the second phase of the incubation between 120 and 290 h, not only MER

but also MEO peak areas decreased (Figure ) and the concentrations of Felll .. and Fell

MER MEo WeTe

lower than the concentrations determined with the phenanthroline assay (Figure [2g). These results
imply that the reactivities of Fe!'l toward reduction and Fe!' toward oxidation decreased during
magnetite formation: structural Fe''' and Fe!' in magnetite were therefore not or only partially
reducible and oxidizable in MER and MEO, respectively. We note that these changes in the
reactivities of oxide-Fe' and Fe! would have gone unnoticed had only the phenanthroline and
XRD data been available.

11

We assessed what fraction of the Fe™ in magnetite was reducible in MER: For the iron oxide

suspensions collected at the end of the incubation, we would have expected a reducible concentration
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111
of FeMER

of 0.96+0.02 mM, assuming that all goethite-Fe''' in the mixture (32% of oxide-Fe'',
Figure [Ik) but none of the magnetite-Fe'! had been reducible. This calculated concentration is

111
MER

111

higher than the measured concentration of Fe =0.61+0.11 mM, implying that none of the Fe

in magnetite was reducible and that only part of the Fe!ll

in goethite was reducible. The goethite in
the goethite-magnetite mixture obtained at the end of the incubation was thus less reducible than
the goethite that had formed on the onset of the incubation at < 120 h.

We also assessed the fraction of total Fe!l in magnetite that was oxidizable in MEO at the end

of the incubation. For this assessment, we first calculated the concentration of Fell in magnetite.

11 11

To this end, we estimated the concentration of Fe phen

in magnetite by multiplying the total Fe
concentration (3.0+0.02 mM, Figure ) by the molar fraction of total Fe''l that was present in
magnetite (0.62, Figure ). We estimated a concentration of Fe!! in magnetite of 0.98 + 0.03 mM

' in magnetite with the ratio of Fe!! to Fe!'! in magnetite

by multiplying the concentration of Fe
(0.52, Figure S21b). Second, we calculated a concentration of Fe!l that was not oxidizable in
MEDO of 0.64+0.11 mM by subtracting FeglEo (1.26+0.01 mM, Figure ) from Feghen (1.90+0.11
mM, Figure[lb). The concentration of Fe!! that was oxidizable in MEO was thus smaller than the
concentration of Fell in magnetite (0.98 + 0.03 mM). Hence, only a fraction (around 65%) but not
all of the the structural Fe'! in magnetite was oxidizable in MEO.

The biogenic magnetite formed herein was not reducible at pHygr = 5.0, whereas abiotically
formed magnetite that we previously analyzed was fully reducible under the same MER condi-
tions.% This lower reducibility of the biogenic than the abiotically formed magnetite likely resulted
from a combination of factors, including differences in the morphology and stoichiometry of the
magnetites, as discussed below, as well as differences in magnetite surface accessibility caused by
coatings of other minerals on the magnetite surface. EM images revealed that the biogenic mag-
netite was larger (diameters of 80-300 nm, EM images in Figure S20e,f) than the abiotically formed
magnetite (diameters of 10-30 nm, EM images in Figures S23 and S24 in Aeppli et al.®®). These

particle sizes were in good agreement with crystallite sizes that we estimated based on the X-ray
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diffractograms (i.e., 117 nm for biogenic magnetite (Figure S13a) and only 15 nm for abiotically
produced magnetite (Figure S11a,b in Aeppli et al.*®)). The biogenic magnetite had a close to
stoichiometric ratio of structural Fe''':Fe!! of 1:0.52 (Figure S21b) as compared to the abiotically
formed magnetite which was understoichiometric (structural Fell:Fell of 1:0.37, Figure S16a,b in
Aeppli et al.®%). The higher stoichiometry of the biogenic magnetite implies that it had a lower
reduction potential than the abiotically formed magnetite.**>> We note that previous studies also
observed closer to stoichiometric ratios of structural Fe!':Fe!! for biogenic than abiotically formed
magnetite.”®>% Qur finding that variations in the morphological and mineralogical properties of a
given mineral (here biogenic versus abiotically produced magnetite) largely alter the reducibility
of oxide-Fe!'! highlights the need for MER because such reactivity differences cannot be inferred

from spectroscopic and microscopic analyses alone.

Mediated electrochemical reduction at pHyggr = 7.5

To determine decreases in iron oxide reducibility associated not only with the transformation of
ferrihydrite into magnetite (which was apparent in the MER analyses at pHypr = 5.0) but also
of ferrihydrite transformation into goethite, we analyzed the same iron oxide suspensions also at
higher pHygr of 7.5 and thus at smaller thermodynamic driving force for iron oxide reductive
dissolution. Figure [3p-c show selected reductive current responses obtained in MER at pHygr =
7.5 of iron oxide suspensions collected over the course of the incubations. For direct comparison,
we replotted current responses obtained on the same iron oxide suspensions during analysis at
pHMmEer = 5.0 (see Figure 2h-c). The reductive current responses obtained at pHygr = 7.0 lay in
between the responses obtained at pHyper = 7.5 and 5.0 (Section S14). We assessed iron oxide
reducibility in terms of the extents of Fe'!! reduction in MER, as presented in Figure [3d-f in the
form of Fe'l reducible in MER relative to Fegﬁen (.e., Feg[lERfFeéﬂen).

Incubations with ferrihydrite transformation into goethite. All iron oxide suspensions collected

from incubations in which ferrihydrite preferentially transformed into goethite (i.e., at donor-to-
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acceptor ratios of 1:16 and 16:1) showed reductive current peaks at pHygr = 7.5, implying that at

111

least part of the oxide-Fe™" remained reducible under these conditions (Figure ,c). Integration of

the reductive current peaks revealed that Fe!ll

in suspensions collected at the onset of the incubations
(when Fe!! was present primarily in the form of ferrihydrite) was fully reducible. With increasing
ferrihydrite transformation into goethite, however, iron oxide reducibility decreased. At the end of
the incubations, only about 50% - 60% of the Fe'll was reducible (i.e., Feg[lER/Fe;%en =0.48+0.01
after 503 h, Figure |3d and 0.57+0.02 after 856 h, Figure ). The lower reducibility of oxide-Fe!'l
at pHymEr = 7.5 than pHygr = 5.0 was consistent with the smaller thermodynamic driving force for
goethite reductive dissolution at the higher pHygr: Using a standard reduction potential, EY, for
goethite of 0.768 V,>* we estimated that the increase in pHygg from 5.0 to 7.5 (at ENFR = -0.35 V)
lowered the reaction driving force, A, G, for the reductive dissolution of goethite from —47 to —4 kJ
per mole of transferred electrons (Section S15). Our observation of incomplete goethite reduction
at A,G = —4 kJ mol’! was in good agreement with our previous work in which we showed that
the extents of goethite reduction in MER decreased from fully reducible to non-reactive when A,G
increased from —20 to —7 kJ mol™'.*? By comparison, A,G values for the reductive dissolution of
ferrihydrite remained strongly negative even at pHygr = 7.5 (i.e., A;G = =25 kJ mol! at PHMER
= 7.5 in comparison to —68 kJ mol! at pHMER = 5.0; as estimated based on an assumed Eﬁ of
ferrihydrite of 0.98 VO, Ferrihydrite thus remained fully reducible at the higher pHyer, as shown
for ferrihydrite suspensions collected at the onset of the incubations (Figure [3j.c).

Incubations with ferrihydrite transformation into goethite-magnetite mixtures. During ferrihy-

drite transformation into goethite-magnetite mixtures (i.e., at donor-to-acceptor ratio of 1:1, Figure

ws [3, reductive current responses in Figure [3p), iron oxide reducibility decreased at pHygr = 7.5

407

408

409

410

during the first phase of the incubation at < 120 h when ferrihydrite transformed into goethite.
Only about 66% of the Fe''! in the suspensions collected at the end of the first phase at 120 h were
reducible in MER. Iron oxide reducibility subsequently decreased further between 120 and 290 h,

concurrent with magnetite formation. At the end of the incubation, only about 15% of the Fe!! in
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the collected suspensions were reducible in MER. We ascribe the decrease in iron oxide reducibility

111

during the second phase of the incubation to the formation of structural Fe'"" in magnetite that was

not reducible at pHyer = 7.5 given that it also was not reducible at pHygr = 5.0.

111

Combining microbial Fe"" reduction, iron oxide transformations and de-

creases in iron oxide reducibility

Il reduction,

Fi gure shows the complementary information obtained from analyses of microbial Fe
iron oxide phase transformations, and decreases in iron oxide reducibility for the incubation at
donor-to-acceptor ratio of 1:1. We replotted changes in the concentration of FelIDIhen (blue dotted

1T

line, right y axis), oxide-Fe'l phase fractions (as % of remaining Fe'") (colored stacked bars) and

the reducibility of the remaining oxide-Fe!" in MER (red solid and dashed lines for pHygr = 5.0 and

7.5, respectively, left y axis). The bars depicting oxide-Fe'll

phase fractions are stacked in the order
of decreasing reducibility in MER, as measured herein, with ferrihydrite at the bottom, followed by
goethite and magnetite on top. The decrease in iron oxide reducibility at pHmgr = 5.0 concurred
with magnetite formation (i.e., the red solid line decreases in parallel to the summed heights of the
ferrihydrite and goethite bars in Figure[da). At pHygr = 7.5, the decrease in iron oxide reducibility
was more pronounced than at pHygr = 5.0 due to the lower reducibility of goethite at this higher
pPHMER (i.e., the red dashed line for pHygr= 7.5 is closer to the ferrihydrite bars than the red solid
line for pHygr = 5.0 in Figure p). The finding that magnetite was not electrochemically reducible
at either pHyEr and goethite was only partially reducible at pHygr = 7.5 despite the low EII\{/[ER of
—0.35 V suggests that S. oneidensis was unable of respiring to these oxides given that respiration of
this organism was reported to stall already at much higher reduction potentials of —0.24 to —0.20
V.012'We note that microbial iron oxide reduction ceased at approximately the same time at which

the electrochemical reducibility decreased considerably. Based on this observation we propose that

future studies more systematically assess the degree to which decreases in iron oxide reducibility
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constrain microbial iron oxide reduction.

Implications

This work demonstrates that MER allows determining decreases in iron oxide reducibility during
the microbial reductive dissolution and transformation of ferrihydrite into goethite and magnetite.
Information on iron oxide reducibility obtained by MER complements traditionally employed

Il reduction and iron oxide transformations. In MER, decreases in iron

analyses of microbial Fe
oxide reducibility can be assessed over a wide range of thermodynamic boundary conditions for iron
oxide reduction that can be specifically adapted to the reducibilities of the iron oxides of interest,
as illustrated in the schematic Figure @p: The poorly crystalline starting phase (green) is highly
reducible over the entire range of thermodynamic boundary conditions for iron oxide reduction,
which is adjusted through variations in pHygr (as shown herein) or EIIXIER. In contrast, the
crystalline transformation product or mixtures of such products (orange) exhibit lower reducibilities,
as becomes apparent in MER at higher pHygr or EIIEI/IER.

We propose that MER could be used in future studies to assess the relative importance of two

main factors that have been postulated to control rates and final extents of microbial iron oxide

reductions that are coupled to phase transformations: the increase in iron oxide thermodynamic

17118120 19121122

stability and the decrease in the iron oxide specific surface area, that result from the
phase transformations. While MER can only measure the combined effects of both factors on
Fel reducibility, future work could additionally follow decreases in iron oxide specific surface
area during the transformations. This information would make it possible to determine the relative
effects of the two factors on microbial iron oxide reduction. Furthermore, we expect that the unique
feature of MER to adjust the thermodynamic boundary conditions for iron oxide reduction renders
MER a widely applicable approach to assess the effects of diverse system variables on iron oxide
reducibility. These variables include, but are not limited to, the presence of adsorbed inorganic

15163

and organic species on the iron oxide surface as well as the substitution of iron in the oxide
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Figure 1. Iron oxide reduction by S. oneidensis MR-1 at varying initial concentrations of the elec-
tron donor lactate. Incubations were performed with 5.0 mM initial ferrihydrite-Fe"" and at initial
donor-to-acceptor ratios in electron equivalents of 1:16 (0.078 mM lactate, panels a., d., g.), 1:1
(1.25 mM lactate, panels b., e., h.), and 16:1 (20.0 mM lactate, panels c., f., i.). Results are shown
for duplicate incubation vials (A and B in filled and open symbols, respectively). a.-c. Changes in
the concentrations of ferric iron (FeL”hen, red circles), ferrous iron (Fel'o'hen, blue squares) and total
iron (Fetotal, phen, grey triangles) during the incubations, as determined with the phenanthroline as-
say (phen). Note that Fe! was calculated by subtracting Fe!! _ from Feya phen- d--f. Changes

phen phen
in the molar Fe' fractions in ferrihydrite, goethite and magnetite during the incubations, as deter-
mined by X-ray diffraction. The mass fractions of crystalline siderite and lepidocrocite were <1.1%
in all samples and are thus not shown. Molar Fe'' fractions were determined from iron oxide mass
fractions as described in Aeppli et al.®8. The vertical grey bar in panel e. depicts the time span
of magnetite formation. g.-i. Selected electron microscopy images of iron oxides collected at late
stages of the incubations (as specified on the images). Images were recorded using a secondary

electron detector. Lines in panels a.-f. serve as visual guides.
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Figure 2. Changes in the reactivities of Fe!' and Fe'' over the course of the incubations as assessed

by mediated electrochemical reduction (MER) and oxidation (MEQ), respectively. Incubations were
performed with 5.0 mM initial ferrihydrite-Fe'" and at initial electron donor-to-acceptor ratios in elec-
tron equivalents of 1:16 (panels a., d.), 1:1 (panels b., e.), and 16:1 (panels c., f.). Results are
shown for duplicate incubation vials (A and B in filled and open symbols, respectively). a.-c. Se-
lected reductive and oxidative current peaks obtained during MER (red) and MEO (blue) of iron oxide
suspensions collected from the incubation vials at the beginning, at an intermediate time, and toward
the end of the incubations, as specified on the plots. The x axis labels tyer and tyeo refer to the
time (min) during MER and MEO measurements, respectively. The horizontal scale bar next to the
axis label depicts a time span of 10 min. MER and MEO measurements were performed at pHyeg =
pHwmeo = 5.0 and applied reduction potentials of ENER = —0.35 V and EMEC = +0.79 V, respectively.
d.-f. Changes in the concentrations of Fe'" reduced in MER (Fejcg, red circles) and Fe! oxidized in
MEO (Fe:\'AEO, blue squares) during the incubations as determined in MER and MEO, respectively.
The sums of Fe,vIER and FeMEO are shown as grey triangles. The iron concentrations determined
with the phenanthroline assay are replotted from Figure [Ta-c (semi-transparent symbols). The ver-
tical grey bar in panel e. depicts the time span of magnetite formation. Lines in panels d.-f. serve
as visual guides.
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Figure 3. Changes in iron oxide reducibility over the course of the incubations as assessed by me-
diated electrochemical reduction (MER). Incubations were performed with 5.0 mM initial ferrihydrite-
Fe'l and at initial electron donor-to-acceptor ratios in electron equivalents of 1:16 (panels a., d.), 1:1
(panels b., e.), and 16:1 (panels c., f.). MER data are shown for duplicate incubation vials (A and B in
filled and open symbols, respectively). a.-c. Selected reductive current responses obtained during
MER of iron oxide suspensions collected from the incubation vials at the beginning, at an interme-
diate time, and toward the end of the incubations, as specified on the plots. The x axis label fyer
refers to the time (min) during MER measurements. The horizontal scale bar next to the axis label
depicts a time span of 20 min. Current responses were obtained in MER at pHyer=5.0 (replotted
from Figure -c) and 7.5, both at applied reduction potentials of EMR = —0.35 V. d.-f. Changes
in iron oxide reducibility expressed in terms of reduction extents over the course of the incubations.
Results of MER measurements at pHyer = 7.5 (diamonds) and 5.0 (triangles) are shown. Reduction

: : i 1l 1T Il
extents are presented as fractions of total oxide-Fe™ reducible in MER (i.e., FeMER/FeIDh on)- Feph en

was determined with the phenanthroline assay (phen). We ascribe the Fel'l__/Fel ratios > 1 in

MER phen
panel d to slightly lower Fe!' concentrations measured by the phenanthroline assay (Fe!' ) than
I

phen
actual Fe™ concentrations. This explanation is supported by the slightly incomplete mass balance
in Figure [Ta. The vertical grey bar in panel e. depicts the time span of magnetite formation. Lines
in panels d.-f. serve as visual guides.
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Figure 4. a. Combined analyses of microbial Fe'll reduction, iron oxide transformation, and de-
creases in iron oxide reducibility over the course of the incubation at an initial electron donor-to-
acceptor ratio in electron equivalents of 1:1. Concentrations of Fel'clhen are shown the right y axis
(blue dotted line; determined by the phenanthroline assay and re-plotted from Figure [1b). Concen-
trations of Fe:\',:ER at pHuer = 5.0 (red triangles) and pHuer=7.5 (red diamonds), both at applied
reduction potentials of E,'}I"ER = —0.35V, are shown on the left y axis. The concentration equivalents
of Fe''' in ferrihydrite, goethite and magnetite were determined based on the molar Fe'!! fractions in
these iron oxides (Figure [T) and are shown as colored stacked bars in green, orange and black,
respectively. The concentration equivalents of Fe'' in magnetite were determined based on the mo-
lar Fe' fraction in magnetite and the stoichiometry of magnetite and are shown as white bars. b.
Schematic illustration of changes in iron oxide reducibility during the Fe'-induced transformation of a
poorly crystalline starting phase (green) into a (mixture of) crystalline transformation product(s) (or-
ange). Iron oxide reducibility is determined in MER over a range of thermodynamic driving forces for
iron oxide reductive dissolution, which can be altered by varying pHmer and/or the applied reduction
potential, ENER.
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