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Abstract: Semi-conducting Fe oxide minerals, such as hematite, are well known to influence the
fate of contaminants and nutrients in many environmental settings and influence microbial
growth under suboxic to anoxic conditions through a myriad of different processes. Recent

studies of Fe oxide reduction by Fe(ll) have demonstrated that reduction of Fe at one surface can



result in the release of Fe(ll) different one. Termed Fe(ll) catalyzed recrystallization, this
phenomena is attributed to conduction of additional electrons through the mineral structure from
the point of contact to another which occurs because of the minerals’ semi-conductivity. While it
is well understood that Fe(l1) plays a central role in redox cycling of elements, the environmental
implications of Fe(ll) catalyzed recrystallization need to be further explored. Here, we provide
evidence that the Fe mineral conductivity underpinning Fe(ll) catalyzed recrystallization can
couple the reduction of Cr, a priority metal contaminant, with an electron source that is cannot
directly affect Cr. This is shown for both an abiotic electron source, a potentiostat, as well as the
metal reducing bacteria Shewanella Putrefaciens. The implications of this work show that semi-
conductive minerals may be links in subsurface electrical networks that physically distribute

redox chemistry and suggests novel methods for remediating Cr contamination in groundwater.

1. Introduction

Hematite’s natural abundance and thermodynamic properties make it a central player in
the cycling of many different contaminants and nutrients, and therefore a continuing focus for
biogeochemical research.’! Hematite play an important role in the abiotic cycling of U, where
reduction of hematite by sulfidization will result in the long term precipitation of reduced U/Fe
solids.!2 Dissimilatory metal reducing bacteria (DMRB) can also rely on hematite in aquifers and
soils as a primary electron sink for their anoxic metabolism.%*3 Biotic reduction by metal
reducing bacteria is one of the primary drivers of Fe reduction in natural soils. A variety of
mechanisms allow microbes to access these solid electron sinks, which include the use of
microbial nanowires, release of electron carriers, such as cytochrome-C, as well as direct contact

with minerals by surface colonization.®*1” Metal reducing bacteria use these mechanisms to



access electron acceptors at ranges as large as 10 um to 20 um, as well as access nanopores that
are too small for cells to enter.1%18 Dissimilatory metal reducing bacteria (DMRB) have also
been observed to use these mechanisms with conductive electrodes held at a reducing potential,

which has provided the basis for development of microbial fuel cells.*®2°

Typically, Fe oxides are considered the terminal electron acceptor in bacterial metal
reduction. However, recent studies using isotopically labeled Fe(ll) have demonstrated that the
semi-conductivity of hematite (and other similar Fe oxides) results in a dynamic cycling of the
atoms within the mineral .2~ Further investigation of this phenomena revealed that the labeled
Fe(Il) initially in solution would sorb to one surface of the mineral and then an unlabeled Fe(Il)
would be released on another surface, thus bringing the mineral closer to isotopic equilibrium
over time.?*?® This phenomena, termed Fe(l1) catalyzed recrystallization, is postulated to arise
from conduction of the electron donated by Fe(Il) from the initial point of sorption to another
point on the mineral, which is a direct result of the mineral’s semi-conductivity. The primary
focus of these studies has been understanding the cycling of Fe in these systems, but the
implications of cycling of other elements or the influence on bacterial metal reduction have not
been ignored.?® Fe(ll) catalyzed recrystallization has shown to influence metal cycling:
recrystallization of Fe solids in the presence of U boosted incorporation of U into the Fe solid
over long times, while recrystallization of Mn doped Fe solids resulted in enhanced release of
Mn over time.?”?8 |t also has been explored with DMRB, showing that the Fe(I1) produced by
bacterial metal reduction can drive recrystallization and transformation of Fe solids.?® One area
that has not been investigated thoroughly, however, is how the conductivity that underpins
Fe(ll)-catalyzed recrystallization could mean that Fe oxides can electrically link redox reactions.

In this scenario, a redox reaction (such as bacterial metal reduction) may occur on one surface of



a semi-conductive Fe oxide, and the resulting electron may be delivered to another surface that
can then drive redox reactions at that physically distinct surface. A recent study has explored this
possibility with the model compound, cytochrome-c, which was used to represent biotic Fe(ll)
oxidation.3® However, further investigation is required to understand the full range of redox

chemistry which can be mediated by hematite.

Based on a combined understanding of Fe(ll) driven recrystallization, and the biotic and
abiotic redox cycling of Fe oxides, we investigate whether a DMRB or other electron source
would be able to affect reduction of an electron acceptor, such as Cr, via hematite reduction,
even when that source cannot directly react with this electron acceptor. Chromium is chosen as
the terminal electron acceptor for these systems owing to its relevance for contaminated soils and
sediments as well as serving as an ideal chemical probe for electron fate. This probe is needed to
distinguish between reduction that occurs because of direct electron conduction versus indirect
reduction by Fe(ll) released from the hematite surface. Cr(V1) is a carcinogenic and highly
soluble metal, and is often produced and released to soils and groundwater through industrial
activities, while Cr(l11) is relatively insoluble and has minimal toxicity.3-33 Cr can be directly
reduced by metal reducing microbes to form Cr(OH)s, but can alternatively be reduced by Fe(ll)
to form mixed Fe/Cr hydroxide solids, which are typically in the form Cr1 xFex(OH)s, where X is
as large as 0.75.1%-% Indeed, Cr has already been used as a chemical probe to understand
changes in Fe(l1) activity during the redox cycling of goethite.®® Thus, the type of Cr solid
formed after reduction will be indicative of the source of the reducing electron (that is, Fe(ll) or
direct conduction). Numerous studies have shown redox coupling between bacteria and hematite
or hematite and Cr, however, there appear to be no studies, if any, that demonstrate how these

paired processes might operate simultaneously. The overarching goal of this work, therefore, was



to determine how hematite can link these two processes, resulting in a spatially segregated redox
couple. This is accomplished through two experimental lines: 1) abiotic experiments, where a
potentiostat provides current to a hematite sample immersed in a solution with Cr, and 2) biotic
experiments, where the metal reducing bacteria Shewanella Putrefaciens is electrically
connected to a hematite electrode that is immersed in a solution containing Cr. The results of
these experiments are then used to determine how hematite semi-conductivity influences the
coupling of these two redox reactions. The results of this work show that hematite acts as a
mediator for reduction, allowing for reaction to occur between Cr and the electron source despite

spatial segregation.

2. Materials and Methods

2.1 Experimental Set-up

Two electrochemical experimental systems were used to examine how hematite mediates
the coupling between Cr reduction and bacterial metabolism: a potentiostatic setup where a
DStat potentiostat provided the current for reduction, and a biotic setup where S. Putrefaciens
provided the current for reduction (figure 1). The potentiostat was built following the given®’
instructions. Both experiments used a 3D printed two chamber system, a polished specular
hematite electrode (Ward’s Scientific, sample from Republic, MI), graphite electrode, and a
coated paper cation exchange membrane (Membranes International, Inc.) which was used to
separate the electrodes while allowing for charge equilibration. This experimental set up was
chosen because it allowed for physical separation of bacteria and Cr, thus hematite would serve
as the mediator for all redox reactions that occur. The potentiostatic experiments used a Ag/AgCl

reference electrode to correctly set voltages. All electrodes were fabricated in house except for



one type of hematite electrode: a thin section of specular hematite mounted on silver epoxy
which was prepared by Spectrum Petrographics™. Measurements of hematite resistivity were
also taken to quantify the intrinsic variability of the hematite used to make electrodes (SI).
Further details on the fabrication and handling of the electrodes and the chamber are included in

the supplemental information.

Figure 1: Experimental setups and materials. All experimental chambers are filled with a basal
salt solution, and the chamber divided in half by a cation exchange membrane which prevented
migration of Cr and bacteria. a. Schematic of potentiostatic experiments. The hematite electrode
on the left chamber half is the working electrode for the DStat potentiostat, referenced to the
Ag/AgCI reference electrode, while the carbon electrode is the counter electrode housed on the
right chamber half. b. Schematic of biotic and control experiments. The left chamber half has a
hematite electrode which is electrically connected to the carbon electrode on the right chamber
half via a resistor. Current is generated by S. Putrefaciens which exists solely on the right half of

the chamber, and potential drops are measured across the connecting resistor to determine



current. c. Photograph of a potentiostatic setup in an anoxic glove bag. d. Photograph of a carbon

(left) and bulk hematite (right) electrode used in this work.

All experimental solutions used in these experiments were made in 18MQ water with
ACS grade chemicals. To ensure that S. Putrefaciens would perform metal reduction (as opposed
to respiring oxygen) and to prevent premature oxidation of Fe or Cr, all experiments were
performed in an anoxic glove bag (CoyLabs, 2-3% Hz, balance N2). Solutions were prepared in
normal laboratory air, purged with N2 for at least 1 hour, and then immediately transferred to the
anoxic glove bag. Measured oxygen levels in the glove bag were always below 1 ppm
throughout experiments. A background basal salts solution (BSS) with a 50 mM sodium PIPES
buffer concentration was used to fill the chambers for all experiments.® A buffer was included in
the BSS because hematite dissolution is known to increase solution pH. Initial experimental pHs
were 7.1 + 0.2, and the only significant pH increase (0.8 pH units) was observed in an
experiment where no Cr was included, likely due to hematite dissolution (Table 1, expt. A). Cr
was added to experiments through a small volume spike of 50 mM potassium chromate stock to
the chamber containing the hematite electrode, and there was no evidence of Cr migration across

the cation exchange membrane in any experiment.

The primary differences between the two experiments was that of electrical configuration
(figure 1). For potentiostatic experiments, the Dstat potentiostat was connected to the hematite,
graphite, and reference electrode. It was controlled using a Python script to poise the hematite
working electrode at —1000 mV vs. Ag/AgCL.3"38 In these experiments, the graphite electrode
served as a counter electrode. Both the thin section hematite electrode and “bulk’ hematite
electrodes were used in these experiments as working electrodes. When using a thin section

electrode, care was taken to ensure that the only conductive surface in contact with the



experimental solution was hematite. In potentiostatic experiments, currents provided to the
working electrode were directly reported by the potentiostat using a built in measurement
circuit.3” For biotic experiments, the graphite and hematite electrodes were simply connected
with a 100 € resistor, which provided sufficient resistance to allow for current measurement
while not overly restricting current flow from S. Putrefaciens. For biotic experiments, a Keithley
2100 multimeter controlled by a Python script was used to measure and log voltages measured
across the connected resistor, which was then converted to current.®® Total amounts of electron
transfer were calculated by integrating measured current in time using a trapezoidal method, as

implemented in the NumPy package.*®

Sampling of experimental systems involved collection of aqueous samples, and in the
potentiostatic experiment with a thin electrode, collection of the electrode itself. Aqueous
samples collected from biotic experiments were filtered on 0.22 um PES syringe filters to
remove any possible bacteria. All samples were acidified within 12 hours after collection by the
addition of 3 drops of 6N HCI, and were stored in plastic falcon tubes. Cr concentrations were
measured in these samples using a Perkin Elmer Nexlon 300-D ICP-MS and Fe in these samples
through the Ferrozine method, which were then converted to mole amounts by using the solution
volume calculated by changes in experimental mass.“>#! Further analytical details are available

in the supplementary information.

2.2 Culture conditions

S. Putrefaciens, strain CN-32 (ATCC), was grown up from 50% glycerol stocks frozen at
—80°C, in tryptic soy broth over a 16 hour period and harvested in the exponential growth phase

by centrifugation and rinsing with BSS 3 times. On the final rinse, anoxic BSS was used. All



solutions used in biotic experiments were autoclaved at 121 °C prior to use, and all experimental
surfaces (electrodes, chamber interiors, cation exchange membrane, etc.) were sterilized by
either rinsing with 70% ethanol and drying in a biosafety cabinet, or by exposure to UV light for
a minimum of 60 seconds. Bacteria were provided 10 mM lactate as a carbon source, and initial
cell concentrations in experiments were 107-108 cells/mL, measured using the optical density at

660 nm as calibrated to measurements with a Guava flow cytometer.

Table 1 - Summary of experimental configurations. Uncertainties are the largest of either the ICP-
MS measurement error (i.e. derived from the standard error of the calibration curve regression) or

std. dev. of the replicate samples.

Experiment | Electron source | Hematite Initial Cr
ID electrode |Concentration
type (LM)
A DStat Bulk IN.D.
B DStat Bulk 14.3+/-0.8
C DStat Thin 11.8+/-2.0
D S. Putrefaciens |Bulk 22.5+/-1.1

2.3. XPS and Electron Microprobe Analysis

Finally, changes in the hematite surface were studied by comparing a polished thin
electrode that was used in an experiment to one which had been left unreacted. The analyses
could suggest potential reactions and solids that are forming at the electrode surface and evaluate
the mechanism of Cr reduction. Once the electrode had been used in an experiment, it was dried
and kept in an anoxic environment until just before analysis. An EOL-JXA-8200 Superprobe

electron microprobe was used to collect electron backscatter images and Energy Dispersive X-
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Figure 2: Graphs showing trends of electron
transfer, dissolved Cr concentration, and
dissolved Fe in potentiostatic experiments. In all
experiments, the hematite electrode is poised to

—1000mV vs. Ag/AgCL.

ray Spectroscopy (EDS) spectra of the
thin electrode surfaces. The electron beam
current was 2.5nA, and no additional
electrode treatment was necessary to
collect images. X-ray photoelectron
spectroscopy (XPS) was performed on the
unreacted and reacted thin electrodes
using a Physical Electronics Versaprobe 11
x-ray photoelectron spectrometer to
determine shifts in the relative molar
abundance of different elements.
Elemental peaks were fitted using
Multipak software provided with the
spectrometer.
3. Results and discussion

All experimental configurations
are described in table 1. Control
experiments without reduction (i.e.
without a potentiostat) showed that the
impact of sorption on Cr removal was
minimal and that electron transfer would
not occur without the inclusion of the

potentiostat or the metal reducing bacteria
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Figure 3: Results for current transfer and Cr
changes in the hematite chamber from
experiment D with S. Putrefaciens as the current

generator.

(SI for details). Hematite resistivity was
also calculated in three different samples
of hematite varied significantly between
the three samples, ranging from 500Qm
to nearly 11000Qm, illustrating a
significant heterogeneity in the hematite
electrical properties, despite being from
the same source material (See Sl for

details).

3.1 Dissolved Cr and Fe Time
series of measured Fe, Cr, and electron
transfer during potentiostatic experiments
(A, B and C from table 1) are shown in
figure 2. Expt A, which used no Cr, and
Expt. C, which used Cr and a thin section
hematite electrode, had an order of
magnitude larger Fe(ll) released into

solution (46 and 77 umol Fe,

respectively) when compared to the experiment B (12 umol), as well as significantly larger

transferred electrons (A: 1842, B: 215, C: 1277 umol electrons). Measurable Fe(l11) was only

observed in experiment A (figure S4). Fe(ll) was also observed in the chamber containing the

carbon electrode in this experiment to similar concentrations, indicating that Fe had crossed the
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cation exchange membrane (figure S4). In potentiostatic experiments with Cr, dissolved amounts
of Cr decreased by 96% (exp B) and 89% (exp C) in 40 hr. After ~40 hr, the dissolved Cr
amount remained below detection levels. No Cr was detected in the carbon electrode chamber at
any time point during the experiment. In experiment B, near complete Cr removal is observed
prior to any appearance of Fe(ll), while in experiment C, Cr removal and Fe(ll) release occur
simultaneously.

The results of the biotic experiment (D) are shown in figure 3. No form of Fe was
detected in this experiment. In contrast with potentiostatic experiments, not all Cr was removed.
The rate of Cr removal in this experiment was also slower than that observed in potentiostatic
experiments B and C.

In both the biotic experiments and abiotic experiments, Cr was removed from solution,
though at differing rates. Since the control experiments clearly demonstrated that sorption was
not affecting the Cr concentrations, the only driver for this observed behavior is reduction, which
must be associated with the current delivered. This is corroborated by the emergence of Fe(ll) in
potentiostatic experiments, which is a natural result of hematite reduction by the delivered
current. Results from the dissolved concentrations of Cr do not, however, illustrate whether this
reduction is the result of electrons directly being conducted to Cr associated with the hematite
surface, or if this is the result of indirect reduction by Fe(ll) released from the hematite surface.

Dissolved Fe(ll) was only observed in potentiostatic experiments (A, B, C), but the
amounts of dissolved Fe(ll) varied (Figure 2). These variations, including the lack of observed
dissolved Fe(ll) in experiment D, track well with the variations in the total electrons transferred
between these experiments. Delivered electrons result in reduction of hematite, thus Fe(ll)

production is mechanistically linked to the amount of current transfer. The number of electrons
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Figure 4: EDS spectra (left) and electron backscatter images (right) of polished

thin hematite electrodes collected via an electron microprobe. The spectra of
labeled components a,c and d did not differ between the control (unreacted)
electrode and reacted electrode, while component b was only observed in the

reacted electrode.
transferred varied widely between experiments even under similar conditions, which is most

likely due to the intrinsic variations in resistivity of the hematite used in this study. These

variations are discussed in depth in the supporting information.
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Surface chemistry results

To better understand the fate of reduced Cr and Fe, Electron backscatter images, EDS
spectra, and XPS spectra were collected to characterize changes in surface of the thin electrode
used in a potentiostatic experiment (figure 4 for backscatter images and EDS, S5 for XPS spectra).
As shown in Figure 4, an unreacted hematite electrode has a widespread Fe phase (in white, labeled
a) that is most likely the hematite, as well as two other phases (c,d) corresponding to Al-Si
minerals. In the reacted electrode, the widespread Fe phase seen in unreacted hematite electrode
has been replaced with an alternate Fe phase (labeled b in Figure 4) that shows differences in the
EDS spectra from the original Fe phase. The variability of the hematite surface observed further
supports the assertion that the hematite used here had significant intrinsic variability which lead to
variations in its resistivity (SI). No Cr was detected on the reacted electrode surface using the
electron microprobe, however, the Cr amounts used were likely too low to detect using an electron
microprobe. XPS spectra were collected to determine relative ratios of elemental species at the
electrode surface, and had sufficient sensitivity to detect Cr (SI FOR SPECTRA). Cr was not
detected at any point in the unreacted electrode, while Cr/Fe ratios ranged from 0.00 (i.e. no Cr)
to 0.53 in the reacted thin electrode. Additional information from both analyses (raw spectra, other
analyzed elements, additional images, etc.) are given in the supplementary information.

The Cr peak observed in the XPS spectra of the reacted hematite electrode indicates that
the Cr is associated with the hematite surface (Figure S5). Moreover, heterogeneity in surface Cr
distribution was also observed in the XPS measurements, as evidenced by the different Cr/Fe
ratios observed. Previous studies of Cr reduction in the presence of Fe showed that Cr will form
a mixed Cr/Fe solid when exposed to Fe(ll), with Cr/Fe ratios as low as 0.33, as opposed to

forming a pure phase Cr(OH)3 when directly reduced.*% Multiple locations on the hematite
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surface (5 of 21) have Fe/Cr ratios within the range of a mixed Cr/Fe solid (SI Tables S1 and
S2). The largest Cr/Fe ratio observed in the XPS results is 0.5, which would still correspond to a
mixed Cr/Fe solid, rather than a pure Cr phase. While these results positively identify the
formation of the mixed Cr/Fe solid as a major pathway for Cr reduction, they do not necessarily
eliminate the possibility of some direct reduction, which would form Cr hydroxide solids.
However, the surface analyses here strongly suggest that indirect reduction by Fe(ll) is a major
source of Cr reduction in these experiments.

The indirect reduction process also explains why the timing of Fe(ll) release and Cr
reduction vary between experiments (i.e. that in expt. B Cr reduction precedes Fe(ll) release,
while in expt. C, they occur simultaneously). If the delivered current produces Fe(ll) at a rate
faster than Cr reduction by Fe(l1) can occur, then both Cr removal and Fe(ll) release would occur
simultaneously. This hypothesis is further supported by the variations in electron transfer, where
experiment C had more electrons transferred (and therefore a higher current) compared to
experiment B. Lastly, this would then explain why no dissolved Fe(ll) is observed in the biotic
experiment D, as the current, and therefore, Fe(ll) reduction rate, were much lower than the rate
of Cr reduction by Fe(ll).

Electron and Mass Balance

To finalize a conceptual model of the mechanisms at play, it is valuable to compare the
total transferred electrons to the amount of observed Cr and Fe reduction to complete the
electron and mass balance. Since reduction is the only source of Cr removal, it is relatively
simple to do this for Cr by considering the relevant half reaction:

Cr(VI) (aq) + 3 e- <-> Cr(I1) (s) 1)
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Therefore, the total mol of Cr removed is 3x the electrons required to drive this reduction.

Table 2 summarizes the amount of calculated Cr reduction in each experiment with Cr (B, C, D),

based on the total electrons delivered during Cr reduction. In potentiostatic experiments B and C,

while all of the Cr is removed from solution, there are significantly more electrons measured via

the current compared to that required to create the observed Cr reduction. The remaining

electrons most likely result in Fe reduction, which will be discussed below.

Experiment | Cr reduced | e transfer | Measured

ID (umol) implied by | e transfer
Cr reduction | (umol)
(wmol)

B 4.7 14.1 79.4

C 3.1 9.3 583

D 5.5 16.5 10.5

Table 2 - Comparison of Cr loss by reduction to electron

transfer. Electrons transferred are windowed to the

period in which Cr loss is observed. In the case of

potentiostatic experiments, this is partway through the
experiment, while in biotic experiments, the entire
experimental time is considered.

The case of the biotic
experiment presents an opposite

trend however: the amount of

electrons implied by Cr reduction is

larger than the measured current.

Based on the collected data, the

reasons for such anomalous high Cr

reduction in biotic experiment

remain unexplained. This type of

discrepancy was previously observed in studies of Cr reduction by Fe(lIl) in the presence of

organic matter.*? In that work, Cr “autoreduction” by organic ligands present in the natural

mineral drove the excess Cr. In that case, Fe(ll) only contributed to the rate limiting step of

Cr(VI) reduction to Cr(V) and subsequent reduction of Cr(V) all the way to Cr(l1l) was

performed by photochemically produced oxygen radicals from the organic matter.1*® Although,

there’s no organic matter available to provide those radicals in these experiments, hematite is a

well-known photocatalyst that may serve a similar role in this system, where light stimulates

photochemistry that reduces Fe or Cr.143044 The hematite films used for those purposes, however
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is of much higher purity from that of the natural mineral here, nor was there specific control for
the lighting conditions in these experiments, which make it difficult to determine if light would
have such a measurable impact. While beyond of the scope of the work performed here,
additional work that quantifies the potential for photocatalyzed reduction by natural hematite
samples would be invaluable both for a better understanding of Cr dynamics as well as how the
photocatalytic properties of natural hematite samples may influence aquatic geochemistry.

A similar process can be applied to Fe to complete the balance of electron transfer, in
which each mol of Fe(Il) measured accounts for a mol of the transferred electrons, following the
half reaction:

Fe(lll) (s) + e- <->Fe(ll) 2
For the biotic experiment D, no dissolved Fe is measured and the electron balance is already
complete (barring the excess reduction observed). However, as evident in Figure 2, the dissolved
Fe measured in potentiostatic experiments is an order of magnitude smaller than the total
electrons transferred, even considering Fe that has crossed the cation exchange membrane to the
carbon electrode side is considered (Figure S4). The only other potential redox reaction in this
system would be splitting of water into hydrogen and oxygen, however, no gas evolution was
observed in any experiment. Any measured current beyond that which contributes to Cr
reduction must, therefore, result in Fe reduction. The electron backscatter images and EDS
spectra support this assertion, as evidenced by the significant change in surface morphology after
use in the experiment. The electrode surface, which was originally populated with a “bright” Fe
solid have transformed into a darker Fe solid with a different EDS spectra. The physical and
compositional transformations are clearly indicative of reductive Fe dissolution by the delivered

current, however this does not constrain the fate of Fe(ll) that is not observed in solution.
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The fate of Fe(ll) cannot be completely determined directly from the analyses performed

here, but there are a few reasonable possibilities: (1) Fe(ll) generated remains sorbed to the

hematite electrode surface. Indeed, Fe(ll) sorption to Fe (oxy)hydroxides is well documented and

has previously been observed during cyclic oxidation and reduction of goethite.?* In those

experiments, reduced Fe(ll) persisted even throughout oxic conditions by associating with the

surface, so it is very likely at least some amount of Fe(l1) would be retained on the surface.¢4°

The dissolved Fe(l1) forms a precipitate on the hematite surface, which is what comprises the

“new” phase observed in electron backscatter images after use in the experimental set up, which

has been observed in other studies of hematite redox cycling.>#%4” Both sorption of reduced Fe as

Figure 2-Schematic of conceptual model which
illustrates how electrons interact with hematite to
reduce Fe and Cr. Conducted electrons from an
arbitrary source produce Fe(II) which can either
reduce Cr to form a solid or remain as Fe(II) to

distribute between sorbed and dissolved species.

well as precipitation of other Fe minerals is
reasonable here and would readily close the
balance of electrons, however, further studies
are needed that explicitly track Fe fate, such
as through the use of an isotopically labeled
Fe tracer. Overall, the closure of the Cr, Fe,
and electron balances illustrates a picture of
the dynamics at play in these experiments.

Proposed Mechanism

Figure 5 proposes a conceptual model
for this experimental system based on the
above analyses, illustrating the fate of Cr, Fe,
and electrons in this experimental system.

Electrons that arrive at the hematite
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electrode, regardless of their origin, dissolve hematite, producing Fe(ll) at the interface of the
hematite electrode and solution. The resulting Fe(ll) most likely reduces Cr to form mixed Fe/Cr
solids, with perhaps some direct reduction occuring. When the rate of Cr reduction is slower than
the delivered current or all Cr has been reductively precipitated, excess Fe(ll) is produced. This
Fe can be found both in solution and associated in some way with the hematite electrode. This
proposed mechanism is a natural extension of the established mechanism behind Fe(ll) catalyzed
recrystallization; the main difference here from those works is that there is a separate source of
electrons as well as a terminal electron acceptor instead of Fe(ll) as electron source and terminal
electron acceptor.?22430 These results demonstrate that hematite, or other semi-conductive Fe

minerals, may serve a broader role in controlling redox chemistry in natural soils.

Implications for environmental processes

The results of this work have immediate and direct implications for the cycling and
remediation of Cr in natural groundwaters, as they clearly demonstrate that semiconducting Fe
oxide minerals are able to effectively distribute donated electrons beyond their source. Fe(0) is
often used in permeable reactive barriers to remediate groundwaters contaminated with Cr(\V1),
however, their efficacy decreases in time due to the formation of passivating mixed Fe/Cr solids
that prevent further reaction.®**34° It may be possible to include hematite into these reactive
barriers in such a way that the reduction of Cr occurs at a separate location from Fe(0), which is
the electron source, thereby extending the life and remediation capacity of these reactive barrier
systems. Alternatively, it may eventually be possible to build hematite “antennas” into a Cr
contaminated groundwater system which can be poised at a reducing potential and therefore

drive Cr reduction. The results of this work lay the foundation for these developments, though
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further investigation is required to better understand how to engineer this mechanism into a
remediation strategy.

Dissimilatory metal reducing bacteria (DMRB) are well established to rely heavily on Fe
hydr(oxides), such as hematite, as an electron acceptor during anaerobic metabolism, and the
results here add potential interactions between an Fe oxide and DMRB. The biotic experimental
results clearly demonstrated that hematite created a coupling between microbial metabolism of
lactate and Cr reduction, implying that semiconductive phases, such as hematite, may enabling
the coupling of other redox processes. One prominent example is direct interspecies electron
transfer (DIET), where one bacterial species will donate the electrons from their metabolism to
another species.®®! The observed coupling of reactions here supports the possibility that
bacterial communities could use hematite as a mediator for these electron transfers. These results
are also in good alignment with assertions that bacteria can use conductive substrates (i.e.
minerals, other bacteria) to form bacterially active networks, as metal reducing bacteria here
used hematite to access Cr as a terminal electron acceptor.3°1-> Further investigation is required
to understand the prevalence of these networks in natural soils and their importance to bacterial
growth in natural settings.

Some of the earliest electrochemical studies, where sacrificial anodes were used to
prevent oxidation of metal ship components, established that electrical contact was sufficient to
couple redox reactions of different metals that were otherwise separated.>®® This work follows
in the footsteps of that foundational work: hematite enabled spatially segregated redox coupling
between a metal reducing bacteria or other electron source, and Cr. The results of this work,
however, outline only the first steps of broader understanding of how mineral conductivity may

influence groundwater chemistry. Fe(ll) forms favorable redox couples with other priority
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contaminants such as U or As, and this mechanism could play a role in the remediation or natural
cycling of those contaminants.®°"-6 Fe(11) catalyzed recrystallization has been demonstrated for
goethite, another semi-conducting Fe mineral, thus the results here also imply that this
conduction mechanism may be more broadly applicable wherever Fe cycling occurs. Further
investigation is needed, however, to demonstrate the range of biogeochemical systems where this
mechanism is relevant, further understand the influence of these processes on hematite surface
chemistry and illustrate the importance for this mechanism in natural soils and groundwater.
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