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ARTICLE INFO ABSTRACT

Editor: Hailiang Dong Coexistence of crystals with multiple facets on an individual particle or different crystals is prevalent in real
environments. However, the reduction efficiency of individual crystal facets in facet-combined system is still
enigmatic. This study aimed to determine the reduction efficiencies of different facets of hematite by Shewanella
oneidensis MR-1. An iron isotope tracer was used to distinguish Fe(II) produced from reduction of the combined
and separate hematite {001} and {100} facets, i.e., Hem {001} nanoplates and Hem {100} nanorods. Hem {001}
nanoplates was reduced 1.8 times more significantly than Hem {100} nanorods when the two facets combined,
whereas Hem {001} nanoplates was reduced only 1.2 times more significantly than Hem {100} nanorods in
separate reactors. Initial ~ 72% and final ~ 63% of reduced atoms from Hem {001} nanoplate demonstrated the
facet-preferential reduction of hematite crystal when the facets combined. The pseudo-first-order rate constants
(k) of reduced Fe(II) for Hem {001} nanoplates and {100} nanorods were 3.2 and 2.0 x 107247}, respectively.
We attributed the more efficient reduction of Hem {001} nanoplates than Hem {100} nanorods to their dif-
ferences in surface hydroxyl groups, surface charges, ligand-bound conformation and steric effects. These find-
ings provide new insights into microbe-mineral interaction based on the crystal facet and the overall role of Fe
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oxides nanocrystals in the environments.

1. Introduction

Iron(IIl) oxides serve as the terminal electron acceptors in dissimi-
latory iron(Ill) reduction (DIR) processes that play an important role in
Fe biogeochemical cycle and the associated fate and transport of vital
elements (e.g., C, N, and P) (Colombo et al., 2014; Furukawa and Dale,
2013; Murray and Hesterberg, 2006; Roden and Urrutia, 2002; Van
Cleemput, 1998; Weber et al., 2006; Wolf et al., 2009). Electrons that
originate from intracellular catabolism are transferred to cell surface-
localized c-type cytochromes, which catalyze the extracellular electron
transfer for the reduction of Fe(Ill) via different pathways, including
direct contacts, nanowires, and electron shuttles (Kappler et al., 2021;
Melton et al., 2014). Recently, Fe mineral morphologies, including
surface defects, crystallinity and particle sizes, were reported to impact
the reduction efficiency of Fe(III)-reducing bacteria (Bose et al., 2009;

Cutting et al., 2009; Liu et al., 2016; Notini et al., 2019). In soil and
groundwater systems, the different geochemical conditions can result in
different Fe mineral morphologies and further alter the dominant
exposed facets of Fe oxides (Cornell and Schwertmann, 2004; Huang
etal., 2018; Lvetal., 2018; Zong et al., 2019). The types and proportions
of dominant exposed facets have been identified to dominate the
biogeochemical behavior of Fe oxides, due to their unique surface and
intrinsic structures (Hu et al., 2021; Huang et al., 2016; Huang et al.,
2018; Lv et al., 2018; Yang et al., 2011). However, there are limited
studies on the reactivity of exposed facets in DIR processes.

Hematite (a-Fep03), the most thermodynamically stable Fe oxide on
Earth's surface, has diverse crystal morphologies, such as well-defined
platy crystals and spherical crystals (Carbone et al., 2005; Cornell and
Schwertmann, 2004; Echigo et al., 2013). Hematite, therefore, is an
ideal Fe(IIl) oxide for exploring the reduction efficiency of different
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facets in crystals. The commonly exposed facets of hematite grain are
{001}, {012} and {110} (Mackrodt et al., 1987; Noerpel et al., 2016). In
previous studies, two classical hematite single crystals that are struc-
turally well-defined, hematite {100} and {001} facets (Huang et al.,
2018; Kerisit, 2011) (referred to hereafter as Hem {001} nanoplate and
Hem {100} nanorod), were utilized to react with Fe(IlI)-reducing bac-
teria, respectively (Hu et al., 2020; Hu et al., 2021). The results showed
that the structural Fe(IlI) of Hem {001} nanoplate were more easily
reduced than that of Hem {100} nanorod owing to its higher conduc-
tivity, more surface reaction sites, and more oxidizing surface (Hu et al.,
2020; Hu et al., 2021). Nonetheless, although these differences in he-
matite nanocrystals have the potential to lead to a facet-preferential
reduction upon the crystal facets combined, it has so far remained a
mystery.

The reactions at mineral-water interfaces are central of aqueous
reactivity in natural waters, soils, and sediments (Hochella, 2013; Put-
nis, 2014; Yanina and Rosso, 2008). All of these fundamental reaction
processes, e.g., adsorption/desorption (Jiang et al., 2020; Mei et al.,
2020), interfacial electron transfer (Joshi et al., 2017; Yanina and Rosso,
2008), and precipitation/dissolution (Liu et al., 2021; Namgung et al.,
2014), are strongly determined by the specific mineral facets available
to aqueous solutions. Therefore, it is of significance to understand the
interfacial reactions on individual crystallographic mineral facets. He-
matite nanocrystals with high mobility and can be transported to sub-
surface (Luo et al., 2017), such that the microbially mediated reduction
of hematite nanocrystals frequently occurs in the subsurface soils and
groundwater. The crystal structure of hematite nanocrystals is generally
anisotropic (Cornell and Schwertmann, 2004; Taylor et al., 2019), and
the enclosed facets of individual particles will inherently expose two or
more distinct sets of surface atomic structures. It is well established that
coexistence of crystals with multiple facets on an individual particle or
different crystals is prevalent in soil and groundwater systems. There-
fore, when assessing the reactivity and bioavailability of Fe oxide
nanocrystals in real environments, the effects of the coexistence of
multiple crystal facets on the bioreduction reactivity of individual
crystal facets should be considered.

Different facets of an individual particle or different crystals are
interactive and interdependent, on account of the competitive effect
between different facets and interfacial electron transfer via bulk con-
duction (Soltis et al., 2017; Yanina and Rosso, 2008; Zarzycki et al.,
2015). The coexisted crystals with multiple facets are believed to have a
unique biochemical reactivity that is different from the isolated single
crystals. The distribution of adsorbed Fe(II) on individual facet of a
hematite particle was recorded, and the results suggested a stronger
selectivity of Fe(II) adsorption onto hematite {001} facet relative to
hematite {100} and {012} facets (Taylor et al., 2019). Two isolated
single crystals of hematite were also employed to react with Fe(Il)
separately, however, it was reported that hematite {012} facet exhibits a
stronger reactivity than hematite {001} facet (Wu et al., 2021). The
interaction of crystal facets may be responsible for the difference in the
reactivity of hematite facets to Fe(II) between Taylor et al. (2019) and
Wu et al. (2021) (Taylor et al., 2019; Wu et al., 2021). Therefore, we
hypothesize that the interaction of crystal facets might determine the
biogeochemical reactivity of mineral crystals (Taylor et al., 2019).

To test our hypothesis, the present study explored the reduction ef-
ficiency of hematite facets in the mixture when they are exposed to Fe
(IlD)-reducing bacteria in the facet-combined system. Two architec-
tural hematite nanocrystals with different dominant exposed facets were
synthesized. Moreover, we used the isotope-labeled hematite nano-
crystals, i.e., isotopically natural hematite and “®Fe-enriched hematite,
to differentiate Fe(II) produced from the reduction of each hematite
facet by Shewanella oneidensis MR-1. New insights into the facet-
preferential reduction of hematite nanocrystals and interplays of crys-
tal facets in the facet-combined system are presented. The findings of
this study help us to better understand the bio-reducibility of Fe minerals
with different exposed facets in the environments.
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2. Materials and methods
2.1. Chemicals and materials

All of the chemical reagents used in this study were of analytical
grade and purchased from Sigma-Aldrich without further purification,
except for *SFe-enriched zerovalent iron (99.94% purity) from Isoflex.
All reagent stocks were obtained by dissolving the corresponding solids
into deionized water (18.2 MQecm). Shewanella oneidensis MR-1 strain
was gained from laboratory stocks. The Hem {001} nanoplates and Hem
{100} nanorods were synthesized based on a modified solvothermal
method according to previous studies (Chen et al., 2010; Li et al., 2009).
More details about the synthesis procedure were in Text S1 of the sup-
porting information (SI).

2.2. Synthesis of isotope-labeled hematite nanocrystals and
characterization

Isotope-labeled hematite nanocrystals were synthesized from zer-
ovalent Fe metals with unique isotope compositions. To be specific, the
isotopically natural hematite nanocrystals (referred to as ¥ Hem) with
2.30 =+ 0.01% of “’Fe were prepared from isotopically natural zer-
ovalent iron, while the 56Fe-enriched hematite nanocrystals (referred to
as “®Hem) with virtually no °’Fe were prepared from °Fe-enriched
zerovalent iron. The Fe metal was firstly dissolved in 6 M HCI, from
which a ~ 0.5 M Fe(II) stock was obtained. Then excess HoO5 (3 mL of
30% H302) was added. The volume of resulting Fe(III) stock (pH ~ 0.5)
was reduced to ~ 2 mL through heating in a water bath. To avoid the
hydrolysis between dissolved Fe(IlI) and water molecules, pH of the
solution was maintained at pH < 1 by the addition of concentrated HCl
throughout the heating period. Note that the subsequent synthesis
procedures can increase the pH values of solution because of the addi-
tion of ultrapure water and other chemical agents (e.g., ethanol or 1, 2-
diaminopropane). Moreover, hematite is the thermodynamically most
stable Fe mineral in soil (Barton et al., 2012), and therefore, the corro-
sion or partial dissolution of hematite nanocrystals during the synthesis
were negligible in this study.

The synthesized hematite nanocrystals were characterized by X-ray
diffraction (XRD) (D2 Phaser, Bruker). The XRD data were collected over
2-theta range from 10 to 100° using Cu Ka radiation. The morphology of
the hematite was measured with a field emission scanning electron
microscopy (SEM) (Sigma 300, ZEISS) and a high-resolution trans-
mission electron microscopy (HRTEM) (FEI Tecnai G2 F20 TEM, Thermo
Fisher Scientific). Both SEM and HRTEM images were processed using
Digital Micrograph software. °’Fe Mossbauer spectra were collected on a
spectrometer WSS-10 (Wissel GmbH) that operated at 13 K (SHI-850,
Janis Research). FTIR, XPS, and BET specific surface area analyses were
also conducted with detailed procedures provided in SI Text S2. In
addition, the details of surface charge density measurements were pro-
vided in SI Text S3.

2.3. Microbially mediated reduction experiments

All the reagents were autoclaved (120 °C for 20 mins) and purged by
ultrapure N3 (99.999% purity) for 2 h before equilibration inside an
anaerobic chamber for 24 h or longer. The Shewanella oneidensis MR-1
cells were aerobically cultured in 100 mL serum bottles with Luria-
Bertani medium (LB, 10 g L™! tryptone, 5 g L™! yeast extract, and 10
g L™! NaCl) on a rotary shaker at 180 rpm for 16 h at 30 °C in the dark.
Once the culture entered the log phase (ODggo 2.4-2.8), cells were
harvested by centrifugation at 8000 rpm for 5 mins at 4 °C. To remove
the residual LB medium, the resuspension was washed 5 times using
sterile 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid HEPES plus
30 pM phosphate culture medium (Royer et al., 2002). The resulting cell
pellets were then resuspended in a Nj-purged culture medium and
stored at 4 °C.
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Fig. 1. The SEM images (a, f), HRTEM images (b, g), FFT patterns (c, h). Insets in images (a) and (f) are schematic drawings of a nanoplate and a nanorod. 13 K
Mossbauer spectra of isotope-labeled hematite nanocrystals with (d) NAHem {001} nanoplate; (e) 5°Hem {001} nanoplate; (i) NAfem {100} nanorod; and (j) 5°Hem

{100} nanorod.

The batch experiments of microbially mediated reduction were
conducted using 50 mL sterile serum bottles in triplicate. Each serum
bottle contained 25 mL mixed suspension including 10 mM sodium
lactate, 0 or ~ 108 cells mL™! of Shewanella oneidensis MR-1 cells,
anaerobic culture medium, 50 mM of HEPES buffer, 0 or 10 pM of
anthraquinone-2,6-disulfonate (AQDS) and 1 or 2 g L™! of hematite
nanocrystals. The suspension was adjusted to pH 7.0 with 0.1 M NaOH
or HCI under the optimal conditions of Shewanella oneidensis MR-1 cell
(Weihe et al., 2019). All the procedures were performed in an anaerobic
chamber (93% N3 and 7% Hj, Coy) where the oxygen level was
controlled to <1 ppm by circulating the atmosphere over a Pd catalyst,
which was confirmed with an oxygen sensor (CAM-12, Coy). The serum
bottles were sealed with butyl rubber stoppers and incubated on an
orbital shaker at 180 rpm in the dark at 30 °C. The duration of the
experiment was 30 days, during which the serum bottles were opened
for subsampling at different time intervals. During subsampling, a ho-
mogeneous 3 mL aliquot was removed from each bottle and centrifuged
at 9500 rpm for 10 mins. The subsampling procedures were believed to
posse a negligible effect on the system's Fe mass balance (Hu et al., 2020;
Notini et al., 2019). The supernatants were acidified with 2% HCIl. The
solids were extracted with 3 mL of 0.6 M HCl for 12 h (Luo et al., 2017),
centrifuged and filtered to 0.22 pm. The Fe(II) and total Fe concentra-
tions in the supernatants and the extractants were quantified based on
the 1,10-phenanthroline method (Tamura et al., 1974). Additional solid
samples used for Mossbauer, SEM, and HRTEM analyses were collected
by filtering suspensions through syringe filters and air drying inside the
anaerobic chamber.

2.4. Isotope-labeled microbially mediated reduction

In the present study, *°Fe and V*Fe were applied to differentiate Hem
{001} nanoplate and Hem {100} nanorod. Four different treatments
were carried out in triplicate as following: (1) a mix of 25 mg **Hem
{001} nanoplates and 25 mg V*Hem {100} nanorods, (2) 25 mg “Hem

{001} nanoplates and 25 mg 56Hem {100} nanorods, (3) 12.5mg 56Hem
{001} nanoplates and 37.5 mg NAgem {100} nanorods, and (4) 37.5 mg
SHem {001} nanoplates and 12.5 mg MHem {100} nanorods. A series
of mass ratios (i.e., 0.5, 1, and 2) of 56Hem {001} nanoplate and NAHem
{100} nanorod were set for exploring the effects of the facets mixing on
the facet-preferential reduction in the present study. Except for the
isotope composition and mixing proportion of hematite nanocrystals,
these treatments were carried out according to the section of Microbially
Mediated Reduction Experiments.

2.5. Analyses of Fe isotope compositions

Iron isotopic composition were measured using a quadrupole
inductively coupled plasma mass spectrometer (ICP-MS, NexION 300D,
Perkin-Elmer), operating in a collision cell mode. A collision cell gas
(93% He and 7% Hj) was used to eliminate the isobaric interferences
(ArO" and ArN™). All solutions were diluted to roughly 1 pM Fe with 2%
HNOs. Fe isotope fractions were computed by multiplying the numbers
in each isotope channel by the sum of all four channels' total counts
(masses of 54, 56, 57, and 58) (Frierdich et al., 2015; Handler et al.,
2009; Handler et al., 2014).

3. Results and discussion

3.1. Mineralogical and morphological characteristics of isotope-labeled
hematite nanocrystals

XRD confirmed the identity of hematite (a-Fe;Os, JCPDS No.
99-0060) without any impurity and its high crystallinity (Fig. S1). The
strongest peaks in XRD pattern, e.g., (104) peak for Hem {001} nano-
plate and (110) peak for Hem {100} nanorod, represented the more
dominant crystal development of Hem {100} nanoplate in c direction
and the more dominant crystal development of Hem {001} nanoplate in
a-b direction, respectively (Chan et al., 2015; Cornell and Schwertmann,
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Fig. 2. Percentage of > Fe isotope in reduced Fe(Il) fraction (a and b) and the
origin of the reduced Fe(Il) (¢ and d) of the microbially reduced Fe from re-
actors containing an equal mix of isotopic-labeled Hem {001} nanoplate and
Hem {100} nanorod. In panel (a) and (c), Hem {001} nanoplate is labeled with
the 5°Fe isotope, while in panel (b) and (d), Hem {100} nanorod is labeled with
the 5°Fe isotope. Values for data points represent the mean of triplicate re-
actions, error bars are the standard deviation of triplicate measurements, and
error bars not visible are smaller than symbols.

2004). FTIR spectra also showed that no residual organic impurities
existed on hematite powders after calcination at 400 °C for 2 h (Fig. S2).
The SEM and TEM images showed the plate-like and rod-like morphol-
ogies of the two hematites (Fig. 1a, f, and S3), which were composed of
hexagonal nanoplate and hexagonal nanorod as reported previously
(Huang et al., 2018; Lv et al., 2018). HRTEM and fast-Fourier transform
(FFT) patterns disclosed that the lattice fringe of the hexagonal nano-
plates (i.e., Hem {001} nanoplate) was 0.25 nm with an interfacial angle
of 60°, which was consistent with structural features of (110), (—120),
and (—210) lattice planes along the [001] zone axis (Fig. 1b and c). The
exposed {001} and {113} facets occupied ~ 87.6% and ~ 12.4% of total
surface area, which were calculated according to the mean diameter and
thickness (261.45 and 18.61 nm) of the nanoplate (Fig. S4a and S4b).
Additionally, the dominant exposed facets of hexagonal nanorod were
enclosed by six equivalent {100} facets occupying ~93.9% of the total
surface area according to the mean length and width (498.58 and 67.53
nm) (Fig. 1g, h, S4c, and S4d). Therefore, the dominant exposed facets of
synthetic hematite nanoplate and nanorod were Hem {001} nanoplate
and Hem {100} nanorod, respectively (insets in Fig. la and f).
Mossbauer spectra were used to verify the intended isotope composi-
tions of hematite. While there were no absorption peaks in *®Fe-enriched
hematite samples (Fig. le and j), a sextet of hematite signals were
observed in the isotopically natural hematite samples (center shift (§) =
0.47 mm s}, quadrupole splitting (4) = 0.27 mm s, Fig. 1d and ).

3.2. Microbially mediated reduction of isotope-labeled Hem {001}
nanoplate and Hem {100} nanorod

The mixture with equal amounts of 56Hem {001} nanoplate and
NAHem {100} nanorod was inoculated with Shewanella oneidensis MR-1
in the presence of electron shuttles (i.e., AQDS). All 57Fe in the reactor
was from V*Hem {100} nanorods, with the initial °’Fe abundance being
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1.19 + 0.03% (dashed line in Fig. 2a). The temporal changes of >’Fe
abundance in aqueous and HCl-extracted Fe(II) can be used to track the
origin of the reduced Fe during microbial respiration (Fig. 2a and
Table S1). If **Hem {001} nanoplate and “*Hem {100} nanorod were
reduced equally efficiently by Shewanella oneidensis MR-1 in the pres-
ence of AQDS, the isotopic abundance of total Fe(II) were expected to be
maintained at >’Fe = 1.19% throughout the experiments. Nevertheless,
the °"Fe isotopic abundance in the total Fe(II) fraction decreased to 0.73
+ 0.04% after 8 h incubation and then gradually increased to 0.88% =+
0.01% after 30 days (Fig. 2a). The >Fe isotopic abundance was signif-
icantly lower than the completely mixed value, i.e., 1.19%, which meant
that more Fe(III) on 56Hem {001} nanoplate was reduced than that on
NA-fem {100} nanorod.

Nevertheless, preferential reduction of one isotope (i.e., isotopic
fractionation) may have biased our data in this study. Isotopic frac-
tionation occurs in many biological and geochemical processes and
causes changes in Fe isotope composition (Boschker and Middelburg,
2002; Chanda et al., 2021; Crosby et al., 2005). Previous studies have
reported that the DIR enhanced the reduction of lighter Fe isotopes
(Boschker and Middelburg, 2002; Chanda et al., 2021). Thereby, the
56Fe,/54Fe ratio of Fe reduced from Fe(III) oxide was lower than the value
of initial Fe(Ill) oxide (Crosby et al., 2005; Johnson et al., 2005).
Additionally, the direct electron exchange between aqueous Fe(II) and
Fe(III) oxide could lead to the isotope fractionation, because Fe oxides
preferentially absorb heavier isotopes that can further undergo electron
transfer to form a new layer of mineral (Wu et al., 2010). Furthermore,
the continuous interactions between Fe(II) and the neoformed Fe(III)
layer could lead to further isotopic mixing (Reddy et al., 2015). Note
that Hem {001} nanoplate was labeled with the lighter isotopes,
therefore it may be favored by isotopic fractionation (Chanda et al.,
2021; Crosby et al., 2005). The value of 56pe/54Fe isotopic fractionation
between aqueous Fe(II) and the solid Fe(IIl) oxide is approximately 3%o
(Crosby et al., 2005). In the present study, the ratio of 56Fe/>*Fe in the
completely mixed hematite nanocrystals (*®Fe/>*Fepematite) Was 34.10%,
whereas the ratio of °°Fe/>*Fe in the solution Fe(II) (56Fe/54Fe501uﬁon)
was calculated as 43.79% after incubation for 30 days. Therefore, the
value of *°Fe/>*Fe isotopic fractionation (i.e., 56Fe/>*Fegotution Mminus
56Fe/54Fehematite) was 9.7%, which is much larger than the ~ 3%..
Consequently, the observed changes of Fe isotope abundance in this
study are ascribed to the facet-preferential reduction of Hem {001}
nanoplate, instead of the Fe isotope fractionation.

To further estimate whether the facet-preferential reduction of he-
matite nanocrystals is ascribed to the differences between two hematite
nanocrystals or the selective use of one isotope, we reversed the isotope
labeling of the Hem {001} nanoplate and Hem {100} nanorod and
measured the isotopic composition in total Fe(II) fraction during mi-
crobial respiration. Hence, NAHem {001} nanoplates and 56Hem {100}
nanorods were prepared and confirmed by Mossbauer spectra (Fig. 1a
and g), and all 57Fe present in the reactor was from NAftem {001}
nanoplate this time. The %”Fe isotopic abundance in total Fe(II) fraction
was 1.73 £ 0.01% after inoculation for 8 h, gradually reduced to 1.48%
=+ 0.09% over 30 days (Fig. 2b and Table S1) and still did not reach the
completely mixed value of 1.19% at the end of the incubation. The
relatively high %"Fe isotope abundance suggested more Fe(II) produced
from the reduction of ¥*Hem {001} nanoplate than that from °Hem
{100} nanorod. As for both isotope experiments, the Fe(II) fraction
reduced from Hem {001} nanoplates is larger than that reduced from
Hem {100} nanorod. Switching the hematite isotope labels appeared to
have no effect on the origin of Fe(II) formed from microbial respiration
of the hematite facet mixture. Consequently, the effect of the isotope
fractionation on the selective use of one isotope was believed to be
negligible during the microbial reduction (Notini et al., 2019). Both
experiments indicated that, in the combined system, Hem {001} nano-
plate was preferentially reduced by Shewanella oneidensis MR-1 relative
to Hem {100} nanorod, which was independent of the type of the he-
matite nanocrystal labeled with >Fe.
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To compare the two batch experiments with switched isotope la-
beling regardless of which hematite was labeled with >’Fe, we calculated
the amounts of Fe reduced from each hematite nanocrystal based on the
57Fe abundance in total Fe(Il) fraction. The specific calculation equa-
tions were shown in eq. 1-2. To convert the percentage of >Fe in the
reduced atoms to the percentage of atoms arising from the NAFe-labeled
hematite facet we divided the abundance of *’Fe per 0.023 (abundance
of ’Fe in our natural abundant samples). Then the amounts of reduced
Fe atoms were calculated via multiplying the percentage of atoms
reduced from each hematite facet by the total amount of Fe(II) (eq. 3-4).
By this means, the amounts of reduced Fe(II) in both switched isotope
experiments could be compared regardless of which hematite was
labeled with %’Fe (Fig. 2c and d, Table $2). In the two switched isotope
experiments, the mean Fe(Il) fractions produced from the reduction of
Hem {001} nanoplates during microbial respiration were both ~ 72%
initially and ~ 63% at the end (Table S2). The mean density of Fe(II)
reduced from Hem {001} nanoplate and Hem {100} nanorod were
~0.53 mM and ~0.31 mM after 30 days, respectively (Fig. S5a). In
addition, the pseudo-first-order rate constants (k) of Fe(II) generation
were 3.2 x 1072 d~! for Hem {001} nanoplates and 2.0 x 10~2d ! for
Hem {100} nanorods (Fig. S5b). Both these results suggested that Hem
{001} nanoplates is more favorable for reduction than Hem {100}
nanorods. This further proved that facet-preferential reduction of he-
matite nanocrystals should be ascribed to the differences between the
hematite facets rather than isotopic fractionation.

"Fe abundance of reduced Fe(II)

P from MHem = 1

rom - Hem 0.023 m

P from SHem — 1 — "Fe abundance of reduced Fe(II) @
0.023

A from MHem = P from “Hem x Total amount of Fe(IT) 3)
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A from **Hem = P from **Hem x Total amount of Fe(II) 4

where P is percentage of reduced Fe atoms, A is amounts of reduced Fe
atoms, 0.023 is the abundance of °’Fe in natural abundant sample.

The surface area of Fe oxide has been reported to strongly impact its
reactivity in biogeochemical processes (Roden and Urrutia, 2002; Roden
and Zachara, 1996). However, the Hem {001} nanoplate and Hem
{100} nanorod used in this study have similar surface areas of 13.4 m?
g~ ! and 11.8 m? g~! based on BET isotherm using N, as adsorbate
(Fig. S6). If the reduction of hematite nanocrystals were only a function
of surface area, it would be 53.2% (13.4/ (13.4 + 11.8)) of the Fe(II)
reduced from Hem {001} nanoplate and 46.8% (11.8/ (13.4 + 11.8))
reduced from Hem {100} nanorod. Instead, the initial ~ 72% and final
~ 63% of reduced atoms from Hem {001} nanoplate were observed
(Fig. 2 and Table S2). Based on the findings above, we concluded that
the facet-preferential reduction of hematite nanocrystals is not related to
their surface areas but can instead be attributed to their internal
properties.

3.3. Extents of hematite facet reduction (separate vs. combined)

To assess whether facet-preferential reduction of hematite nano-
crystal in both switched isotope experiments was simply ascribable to
the linear combination of the reduction of two hematite nanocrystals,
the experiments where 1 g L™! of each hematite nanocrystal in two
separate bottles were conducted. Then we added the average concen-
tration of Fe(Il) produced from both hematite facets. The total Fe(Il)
reduced from the facet-separate system was compared with that from
the facet-combined system (Fig. 3a and Table S3). After incubation for
30 days, the amounts of total Fe(I[) were similar no matter the separate
or combined reduction since both systems contained equal hematite
density (1 g L' of Hem {100} nanorods pluslg L' of Hem {001}
nanoplates). Nevertheless, there was a distinct difference between the
fractions of Fe(II) reduced from Hem {001} nanoplates (area above the
x-axis, Fig. 3b) and from Hem {100} nanorods (area below the x-axis,
Fig. 3b). At the end of the experiments, the amounts of Fe atoms reduced
from Hem {001} nanoplate were 1.2 times greater than that from Hem
{100} nanorod (gray shaded area) when the two incubated separately,
which is similar to previous studies (Hu et al., 2020; Hu et al., 2021).
However, the amounts of Fe atoms reduced from Hem {001} nanoplate
were 1.8 times greater than that from Hem {100} nanorod (blue shaded
area) when the two hematite facets combined (Fig. 3b and Table S4). In
addition, the initial rates of Fe(III) reduction (calculated fromt=itot=
i + 1) in the facet-combined and -separate systems were also different
(Fig. S7). The initial rate of Fe(IIl) reduced from Hem {001} nanoplate
was 1.9 times greater than that from Hem {100} nanorod when the
reduction happened separately (Fig. S7b). In comparison, the initial rate
of Fe(III) reduced from Hem {001} nanoplate was 3.2 times greater than
that of Hem {100} nanorod when the facets combined (Fig. S7a). Both
the extent and initial rate of Fe(III) reduction indicated that Hem {001}
nanoplate is more prone to reduction compared with Hem {100}
nanorod in the facet-combined system.

After reduction for 30 days, both hematite nanocrystals had break-
ages and defects regardless of whether the incubation was separate or
combined (Fig. S8), revealing that reductive dissolution of hematite
nanocrystals occurred via microbially mediated corrosion of the solid
surface. Nevertheless, due to the disordered sites and various types of
breakages and defects, it is difficult to quantify the reduction extents of
both hematite facets by the percentages of the breakages and defects on
their surfaces (Eggleston et al., 2006; Taylor et al., 2019). Both SEM and
Mossbauer spectroscopy found no secondary Fe mineral in all the ex-
periments over 30 days (Fig. S8 and S9). In contrast, previous studies
have reported the formation of vivianite and extracellular magnetite
during the microbially mediated reduction of hematite (Luo et al., 2017;
Notini et al., 2019).The absence of the vivianite phase in the present



J. Hua et al.

Chemical Geology 614 (2022) 121166

56.3% Lattice OH

= = Raw Intensity
(a) f —o— Peak Sum
4 —— Background
5 7# ] 24.9% Lattice 0>

18.8% Surface OH

Intensity (a.u.)

= = Raw Intensity

—a— Peak Sum

L —— Background

[ 75.2% Lattice O*
12.6% Lattice OH

12.2% Surface OH

Intensity (a.u.)

526 528 530 532 534

Binding energy (eV)

526 528 530 532 534

Binding energy (eV)

Fig. 4. O 1 s XPS spectra of (a) Hem {001} and (b) Hem {100}. The color lumps in the panels represent the percentage of each functional group based on peak fitting.

study could be explained by the low phosphate content in the culture
medium (30 pM). In addition, the amount of reduced Fe atoms in both
hematite nanocrystals was relatively low (approximately 0.8 mM),
which probably hindered the formation of the extracellular magnetite
phase.

The central role of biogeochemical reactivity of Fe oxide crystals in
determining the efficiency of microbially mediated reduction is unre-
lated to the facet-separate or -combined incubation (Cutting et al., 2009;
Notini et al., 2019). However, mineral morphology plays a critical role
in impacting the efficiency of microbially mediated reduction. For
instance, Fe oxide grains with more surface defects or lower crystallinity
produce more Fe(II) during DIR processes (Eggleston et al., 2006; Notini
et al., 2019). This means Fe(IlI) on the defective or poor crystalline
surfaces has stronger reactivity than that on the perfect or crystalline
surfaces (Notini et al., 2019). Similarly, in the present study, facet-
preferential reduction of Hem {001} nanoplate in the faceted-
combined system might be attributable to its stronger biogeochemical
reactivity than Hem {100} nanorod. The pores and defects on both Hem
{001} nanorod and Hem {100} nanoplate might accelerate the reduc-
tive dissolution of Fe atom by Fe(IIl)-reducing bacteria (Fig. S3). Note
that the low surface area of both hematite nanocrystals (e.g., 13.4 and
11.8 m? g™!) implied that the both hematite surfaces were very smooth
and didn't get etched or partially dissolved during the synthesis (Fig. S6).
Both the hematite single crystals have almost similar surface pores
(Fig. S6), and there was no direct correlation between the defects and
the crystal facets, thereby, in this study, the effects of defects on facet-
preferential reduction were negligible.

The facet-preferential reduction on hematite nanocrystals can also be
attributed to conductivity, resistance, and oxidizing surface as reported
in the literatures (Hu et al., 2020; Hu et al., 2021). Moreover, the
different reactivity of Hem {001} nanoplate and Hem {100} nanorod are
probably related with the surface hydroxyl groups (Hu et al., 2020). The
O 1 s peak fitting results of the XPS spectra indicated that surface hy-
droxyl group (-OH) on Hem {001} nanoplate was more abundant than
that on Hem {100} nanorod (Fig. 4a and b, Table S5). The two higher
energy peaks at 531.5 and 531.3 eV are assigned to hydroxyl groups
(Fe-OH adsorbed) as a result of the adsorption and dissociation of water
(Baltrusaitis et al., 2007; Hu et al., 2021; Wu et al., 2021). In addition,
the experimental point of zero charge values of Hem {001} nanoplate
and Hem {100} nanorod were 7.8 and 6.1, respectively (Fig. S10). Hem
{001} nanorplate is more positive charged than Hem {100} nanorod
because there were more surface hydroxyl groups on Hem {001}
nanorplate. The Hem {001} nanoplate facet with more hydroxyl groups
could provide more adsorption sites for electron shuttles (i.e., electron
donor), accelerating the reduction of Hem {001} nanoplate by Fe(III)-
reducing bacteria (Hu et al., 2020; Luetzenkirchen et al., 2013). More-
over, it has been reported that different from Hem {100} nanorod,
ascorbic acid could form an inner-sphere bidentate mononuclear

complex on Hem {001} nanoplate surface, which facilitates the electron
transfer between ascorbic acid and Hem {001} nanoplate (Huang et al.,
2017a; Huang et al., 2017b). Since the structures of many organic
electron shuttles (e.g., AH,QDS) are similar to ascorbic acid (Larsen
et al., 2006), the shuttle-mediated reduction of Fe(III) on Hem {001}
nanoplate is also faster than that on Hem {100} nanorod. Moreover,
Hem {001} nanoplate is of higher surface charge than Hem {100}
nanorod (Fig. S10), such that AQDS and cytochromes are more prone to
adsorb onto Hem {001} nanoplate through electrostatic attraction (Hu
et al., 2020; Sokolov et al., 2001). Therefore, Hem {001} nanoplates
were more favorable for reduction than Hem {100} nanorods in the
present study. The Fe coordination environments on different crystal
facets are different, which can dominate the binding mode and electron
transfer efficiency of Fe(II) on the hematite surface (Catalano et al.,
2010; Rosso et al., 2010; Wu et al., 2021). Although the interactions
between Fe(Ill)-reducing bacteria and crystal facets are complicated
(Bose et al., 2009; Malvankar and Lovley, 2012; Reguera et al., 2005),
the different Fe coordination environments on hematite facets might
contribute to the facet-preferential reduction during DIR process.

Furthermore, this inherent difference in reducibility between two
hematite nanocrystals can be ascribed to their unique surface atomic
arrangements (Bai et al., 2020; Han et al., 2021). Hem {100} nanorod
exhibited a concave-convex topography with the width of the grooves
being only 4.559 A (Han et al., 2021). Since the width of the groove is
too small, the concave Fe(III) sites on Hem {100} nanorod are inacces-
sible to electron donors for microbial respiration through direct cell-
mineral contacts (Lower et al., 2007; Lower et al., 2009; Madej et al.,
2014). In comparison, all surface Fe(III) sites on Hem {001} nanoplate
are accessible to electron donors during microbial Fe reduction, as Hem
{001} nanoplate is exposed as a flat plane. Therefore, both ligand-bound
conformation and steric effects are more beneficial for reduction of Hem
{001} nanoplate relative to Hem {100} nanorod. Therefore, we
concluded that the more reduction localized on the facet with higher
biogeochemical reactivity (i.e., facet-preferential reduction) in the facet-
combined system, which is obviously different from that in the facet-
separate system. In especial, we found 1.8 times higher reduction de-
gree of Hem {001} nanoplate relative to Hem {100} nanorod when the
facets combined, whereas that was only 1.2 time higher when the facets
ware separate.

3.4. Effects of mixing proportions and AQDS on microbially mediated
reduction

To evaluate the effects of mixing proportion of two hematite nano-
crystals on the microbial Fe reduction when the facets combined, we
inoculated the mixture of both isotope-labeled hematite nanocrystals
with varying mass ratios of 56Hem {001} nanoplate/NAHem {100}
nanorod in the presence of AQDS. The amounts of Fe atoms reduced
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Fig. 5. Surface-area-normalized instantaneous rate of microbial Fe(III) reduction of Hem {001} nanoplate and Hem {100} nanorod in the mixture with mixing

proportions of Hem {001} nanoplate/Hem {100} nanorod.

from Hem {001} nanoplate and Hem {100} nanorod were calculated
based on the °”Fe abundance (Fig. S11 and Table S6) and the total Fe(II)
amount. After inoculation for 30 days, 39%, 62%, and 78% of Fe atoms
in total Fe(Il) fraction originating from Hem {001} nanoplate were
observed in the incubations with 0.5, 1, and 2 of mixing proportions,
respectively (Fig. S12 and Table S7). The increases in the mixing pro-
portion (mass ratios of Hem {001} nanoplate/Hem {100} nanorod) led
to an increase in the Fe atoms originating from Hem {100} nanorod.
Furthermore, time-dependent reduction rates (calculated fromt =ito t
=i+ 1) of Fe atoms for both hematite nanocrystals normalized by
surface area were calculated (Fig. 5). The initial Fe(III) reduction rate
were 5.5, 4.4, and 3.7 x 1077 mol L' min~! m~2 for Hem {001}
nanoplate, and 2.5, 2.3, 2.4 x 10~7 mol L~ min~! m~2 for Hem {100}
nanorod in the incubations with 0.5, 1, and 2 mixing proportions. It
should be noted that change the mixing proportions of hematite nano-
crystals might induce variations of both BET and surficial reaction sites
of the mixture. However, Hem {001} nanoplate had a faster reduction
rate than Hem {100} nanorod in all treatments. Therefore, mixing
proportions of two hematite nanocrystals appear to have no apparent
effects on the reduction rate of each hematite nanocrystal.

The kinetics of total Fe(II) reduced from Hem {001} nanoplate and
Hem {100} nanorod by Shewanella oneidensis MR-1 were monitored with
or without AQDS (Fig. S13). The ratio of Fe(I) to the total iron in
noninoculated reactors (control treatments) was below 0.3% throughout
the experiments (Fig. S13, dashed line). When AQDS was added as an
electron shuttle, the extents of Fe(IlI) reduction of the two hematite
nanocrystals were greater than those without AQDS, which is consistent
with previous studies (Cutting et al., 2009; Zachara et al., 2011). In the
presence of AQDS, the initial reduction rate of Fe(IIl) from Hem {001}
nanoplate at 8 h was 7.9 x 10~7 mol L™} min~! m~2 and that from Hem
{100} nanorod was 2.9 x 10~7 mol L' min~! m 2. In the absence of
AQDS, the initial Fe(III) reduction rate was 0.72 x 107 mol L ™! min~!
m~2 for Hem {001} nanoplate and 0.38 x 1077 mol L™! min~! m~2 for
Hem {100} nanorod. In both cases, the initial Fe reduction rates of Hem
{001} nanoplate were almost 2 times higher than that of Hem {100}
nanorod. Therefore, facet-preferential reduction of hematite nano-
crystals is independent of whether the electron transforms through
direct cell-mineral contacts or electron shuttles, i.e., AH,QDS.

4. Conclusions

The microbially mediated reduction of Fe(III) oxides is one of the
most important biogeochemical processes on Earth's surface and
significantly impacts the fate and bioavailability of vital elements and
pollutants (Roden et al., 2010; Shi et al., 2020; Shi et al., 2012; Weihe

et al., 2019). In the present study, the isotope-labeled hematite facets
were prepared using isotopic tracers to track iron provenance during
DIR processes. Based on the results of Fe isotope tracer, the initial and
final fractions of Fe(II) produced by the preferential reduction of Hem
{001} nanoplates to total reduced Fe(Il) were ~ 72% and ~ 63%,
respectively. Our results, for the first time, demonstrated the reduction
degree of Hem {001} nanoplate relative to Hem {100} nanorod (1.8
times higher) was greater than that expected by simple linear addition of
separate reactors (1.2 times higher). Moreover, the k values of reduced
Fe(Il) were 3.2 x 10~2 d~! for Hem {001} nanoplates and 2.0 x 1072
d~! for Hem {100} nanorods in the facet-combined system. Our findings
illustrate that, in facet-combined system, the differences in reduction
efficiency between different crystal facets have been underestimated
because more reduction is localized on the crystal facet with stronger
reactivity. Changes of the surface of Fe minerals can change their
availability to environmental pollutants (Cornell and Schwertmann,
2004; Huang et al., 2018). In this work, facet-preferential reduction can
result in the differences in corrosion efficiency of varying crystal facets,
which strongly impact the adsorption capability and reactivity of crystal
facets through changing the surface areas and adsorption sites (Cornell
and Schwertmann, 2004; Notini et al., 2019; Roden and Zachara, 1996).
The results of present study provide an insight into the availability and
reactivity of varying crystal facets to vital elements and pollutants in
soils and sediments. Overall, this work promotes our understanding of
the interactive and interdependent relations between different exposed
facets and helps us to clarify the biogeochemical behaviors of Fe oxide at
mineral-water interfaces and the overall role of Fe oxide nanocrystals in
the environments.
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